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Δ change in
µ micro-
µg microgram
µm micrometer
µV microvolt
A alveolar
a arterial
AARC American Association for Respiratory Care
ABG(s) arterial blood gas(es)
A/C assist/control
ACBT active cycle of breathing technique
ADH antidiuretic hormone
AIDS acquired immunodeficiency syndrome
AII airborne infection isolation
ALI acute lung injury
ALV adaptive lung ventilation
ANP atrial natriuretic peptide
AOP apnea of prematurity
APRV airway pressure release ventilation
ARDS acute  respiratory distress syndrome
ARF acute respiratory failure
ASV adaptive support ventilation
ATC automatic tube compensation
ATM atmospheric pressure
ATPD ambient temperature and pressure, dry
ATPS ambient temperature and pressure, saturated 

with water vapor
auto-PEEP unintended positive end expiratory pressure
AV arteriovenous
AVP arginine vasopressin
B barometric
BAC blood alcohol content
BE base excess
bilevel PAP bilevel positive airway pressure
BiPAP registered trade name for bilevel PAP device
BP blood pressure
BPD bronchopulmonary dysplasia
BSA body surface area
BTPS body temperature and pressure, saturated with 

water vapor
BUN blood urea nitrogen
C compliance
c capillary
C′ pulmonary-end capillary
° C degrees of Celsius
CaO2 arterial content of oxygen
C a v O( )− 2 arterial-to-mixed venous oxygen content 

difference
CC closing capacity
cc cubic centimeter
Cc′O2 content of oxygen of the ideal alveolar capillary
CD dynamic characteristic or dynamic compliance
CDC U.S. Centers for Disease Control and Prevention
CDH congenital diaphragmatic hernia
CHF congestive heart failure
CI cardiac index
CINAHL Cumulative Index to Nursing and Allied Health 

Literature
CL lung compliance (also CLung)
cm centimeters
cm H2O centimeters of water pressure
CMS Centers for Medicare and Medicaid Services
CMV controlled (continuous) mandatory or mechanical 

ventilation
CNS central nervous system
CO carbon monoxide

ABBREVIATIONS

CO2 carbon dioxide
COHb carboxyhemoglobin
COLD chronic obstructive lung disease
COPD chronic obstructive pulmonary disease
CPAP continuous positive airway pressure
CPG Clinical Practice Guideline
CPOE computerized physician order entry
CPP cerebral perfusion pressure
CPPB continuous positive pressure breathing
CPPV continuous positive pressure ventilation
CPR cardiopulmonary resuscitation
CPT chest physical therapy
CPU central processing unit
CQI continuous quality improvement
CRCE continuing respiratory care education
Cs static compliance
CSF cerebrospinal fluid
CSV continuous spontaneous ventilation
CT computed tomography
CT tubing compliance (also Ctubing)
CV closing volume
CvO2 venous oxygen content
CvO2 mixed venous oxygen content
CVP central venous pressure
D diffusing capacity
d diameter
DC discharges, discontinue
DC-CMV dual controlled–continuous mandatory  

ventilation
DC-CSV dual controlled–continuous spontaneous 

ventilation
DIC disseminated intravascular coagulation
Dm diffusing capacity of the alveolocapillary 

membrane
DO2 oxygen delivery
DPAP demand positive airway pressure
DPPC dipalmitoyl phosphatidylcholine
DVT deep venous thrombosis
E elastance
EAdi electrical activity of the diaphragm
ECCO2R extracorporeal carbon dioxide removal
ECG electrocardiogram
ECLS extracorporeal life support
ECMO extracorporeal membrane oxygenation
EDV end-diastolic volume
EE energy expenditure
EEP end expiratory pressure
EHR electronic health record
EIB exercise-induced bronchospasm
EMR electronic medical record
EPAP end positive airway pressure
ERV expiratory reserve volume
ET endotracheal tube
ETCO2 or etCO2 end-tidal CO2

F fractional concentration of a gas
° F degrees Fahrenheit
f respiratory frequency, respiratory rate
FDA U.S. Food and Drug Administration
FEF forced expiratory flow
FEFmax maximal forced expiratory flow achieved during 

FVC
FEFX forced expiratory flow, related to some portion 

of FVC curve
FETX forced expiratory time for a specified portion of 

FVC
FEV1 forced expiratory volume at 1 second



FiCO2 fractional inspired carbon dioxide
FIF forced inspiratory flow
FiO2 fractional inspired oxygen
FIVC forced inspiratory vital capacity
FRC functional residual capacity
FVC forced vital capacity
FVS full ventilatory support
f/VT rapid shallow breathing index (frequency divided 

by tidal volume)
Gaw airway conductance
g/dl grams per deciliter
[H+] hydrogen ion concentration
HAP hospital-acquired pneumonia
Hb hemoglobin
HBO hyperbaric oxygen (therapy)
HCAP health care–associated pneumonia
HCH hygroscopic condenser humidifier
HCO3

− bicarbonate
H2CO3 carbonic acid
He helium
He/O2 helium/oxygen mixture; heliox
HFFI high-frequency flow interrupter
HFJV high-frequency jet ventilation
HFNC high-flow nasal cannula
HFO high-frequency oscillation
HFOV high-frequency oscillatory ventilation
HFPV high-frequency percussive ventilation
HFPPV high-frequency positive pressure ventilation
HFV high-frequency ventilation
HHb reduced or deoxygenated hemoglobin
HMD hyaline membrane disease
HME heat and moisture exchanger
HMEF heat and moisture exchange filter
H2O water
HR heart rate
ht height
Hz hertz
IBW ideal body weight
I inspired
IC inspiratory capacity
ICP intracranial pressure
ICU intensive care unit
ID inner diameter
I:E inspiratory-to-expiratory ratio
ILD interstitial lung disease
IMPRV intermittent mandatory pressure release 

ventilation
IMV intermittent mandatory ventilation
INO inhaled nitric oxide
IPAP inspiratory positive airway pressure
IPPB intermittent positive pressure breathing
IPPV intermittent positive pressure ventilation
IR infrared
IRB institutional review board
IRDS infant respiratory distress syndrome
IRV inverse ratio ventilation
IRV inspiratory reserve volume
IV intravenous
IVC inspiratory vital capacity
IVH intraventricular hemorrhage
IVOX intravascular oxygenator
kcal kilocalorie
kg kilogram
kg-m kilogram-meters
kPa kilopascal
KPI key performance indicator
L liter
LAP left atrial pressure

lb pound
LBW low birth weight
LED light emitting diode
LFPPV-ECCO2R low-frequency positive pressure ventilation with 

extracorporeal carbon dioxide removal
LMS learning management system
LTACH long term acute care hospital
LV left ventricle
LVEDP left ventricular end-diastolic pressure
LVEDV left ventricular end-diastolic volume
LVSW left ventricular stroke work
m2 meters squared
MABP mean arterial blood pressure
MAlvP mean alveolar pressure
MAP mean arterial pressure or mean airway pressure
MAS meconium aspiration syndrome
max maximal
MDI metered dose inhaler
MDR multidrug resistant
mEq/L milliequivalents per liter
MEP maximum expiratory pressure
metHb methemoglobin
mg milligram
mg% milligram percent
mg/dl milligrams per deciliter
MI myocardial infarction
MICP mobile intensive care paramedic
MI-E mechanical insufflation-exsufflation
MIF maximum inspiratory force
MIGET multiple inert gas elimination technique
min minute
MIP maximum inspiratory pressure
ml milliliter
mm millimeter
MMAD median mass aerodynamic diameter
mm Hg millimeters of mercury
mmol millimole
MMV mandatory minute ventilation
mo month
MOV minimal occluding volume
mPaw − Paw mean airway pressure
MRI magnetic resonance imaging
msec millisecond
MV mechanical ventilation
MVV maximum voluntary ventilation
NaBr sodium bromide
NaCl sodium chloride
NAVA neurally adjusted ventilatory assist
NBRC National Board of Respiratory Care
NEEP negative end expiratory pressure
nHFOV nasal high-frequency oscillatory ventilation
NICU neonatal intensive care unit
NIF negative inspiratory force (also see MIP and MIF)
NIH National Institutes of Health
NIV noninvasive ventilation
nM nanomole
nm nanometer
NMBA neuromuscular blocking agent
nM/L nanomole per liter
NO nitric oxide
NO2 nitrous oxide
NP nasopharyngeal
NPO nothing by mouth
NPV negative pressure ventilation
NPPV noninvasive positive pressure ventilation
NSAIDs nonsteroidal antiinflammatory drugs
nSIMV nasal synchronized intermittent mandatory 

ventilation
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Preface

Donald F. Egan, MD, the original author of Egan’s Fundamentals 
of Respiratory Care, sought to provide a foundation of knowl-
edge for respiratory students learning the practice in 1969. 
However, the scope of the respiratory care profession is ever-
expanding, and the skills and information needed to be an 
effective respiratory therapist have expanded with it. With 
improved technology and vast scientific and medical advances, 
the body of knowledge required for respiratory therapists  
has increased greatly since the first edition of the text was 
published.

Now in its eleventh edition, Egan’s Fundamentals of Respi
ratory Care encompasses the most relevant information to 
date and has provided a comprehensive knowledge base for 
students and professionals for more than 45 years. While these 
updated editions of Egan’s Fundamentals of Respiratory Care 
still accomplish Dr. Egan’s original goal—“to present what is 
felt to be the minimum knowledge for the safe and effective 
administration of inhalation therapy”—this text also goes far 
beyond the minimum, delving into important concepts and 
providing detailed information and resources to enhance stu-
dent comprehension.

Every editor, guest editor, and contributor to the book is a 
leading figure in respiratory care, and the vast experience of 
these individuals ensures that critical content is covered accu-
rately. Using the combined knowledge of these individuals, 
Egan’s Fundamentals of Respiratory Care covers the role of respi-
ratory therapists, the scientific bases for treatment, and clinical 
application skills. With 56 detailed chapters all focused on a 
unique aspect of respiratory care, Egan’s Fundamentals of Respi
ratory Care is without equal in providing the prerequisite infor-
mation required of a respiratory therapist today.

ORGANIZATION

This edition of the text is organized in a logical sequence of 
sections and chapters that build on each other to facilitate com-
prehension of the material. The earlier sections provide a basis 
for the profession and cover the physical, anatomic, and physi-
ologic principles necessary to understand succeeding chapters. 
The later chapters address specific cardiopulmonary diseases 
and the diagnostic and therapeutic techniques that accompany 
them. Details on preventive and long-term care are also pro-
vided in the later chapters. In order of presentation, the seven 
sections are:
I. Foundations of Respiratory Care
II. Applied Anatomy and Physiology

III. Assessment of Respiratory Disorders
IV. Review of Cardiopulmonary Disease
V. Basic Therapeutics
VI. Acute and Critical Care
VII. Patient Education and Long-Term Care

FEATURES

There are many characteristic features throughout the book 
designed with the student in mind, making Egan’s Fundamen
tals of Respiratory Care unique and engaging as a primary text-
book. Each chapter begins in a similar manner, outlining the 
content and drawing attention to what should be mastered 
through the use of:
• Chapter Objectives
• Chapter Outlines
• Key Terms
The most important features within each chapter are accented 
by the ample use of figures, boxes, and tables containing key 
information and by the use of:
• “Rules of Thumb”—“pearls” of information highlighting 

rules, formulas, and key points necessary to the study of 
respiratory therapy and to future clinical practice

• “Mini-Clinis”—critical thinking case studies illustrating 
potential problems that may be encountered during pa-
tient care

• Clinical Practice Guidelines—statements of care extracted 
from the AARC list of guidelines defining evidence-based 
practice

• Therapist-Driven Protocols—examples of decision trees 
developed by hospitals and used by respiratory therapists to 
assess patients, initiate care, and evaluate outcomes

Also, each chapter concludes with:
• A “Summary Checklist” of key points that the student should 

have mastered on completion of the chapter
• A complete list of references

NEW TO THIS EDITION

This edition has been updated to reflect the most current infor-
mation in the National Board for Respiratory Care (NBRC) 
Therapist Exam Content Outline. Also featured is an expanded 
role for the NBRC Exam Matrix Correlation chart within all  
of the student and instructor offerings. Several chapters have 
been added, including Fundamentals of Respiratory Care Re-
search; Flexible Bronchoscopy and the Respiratory Therapist; 
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Extracorporeal Life Support (ECLS); Patient Ventilator Inter-
action; and Trauma, Obesity, Burns, and Near Drowning; and 
many other chapters have been substantially revised or com-
pletely rewritten to reflect the dynamic and expanding field of 
respiratory care. Furthermore, the content of the entire text has 
been refined and simplified to be more easily understood and 
relevant to our key audiences: respiratory therapy students, 
faculty, and therapists throughout the world.

LEARNING AIDS

Workbook

The Workbook for Egan’s Fundamentals of Respiratory Care is an 
exceptional resource for students. Offering a wide range of 
activities, it allows students to apply the knowledge they have 
gained using the core text. Presented in an engaging format, the 
workbook breaks down the more difficult concepts and guides 
students through the most important information. Beyond the 
many NBRC-style multiple-choice questions in the workbook, 
students are challenged with exercises such as fill-in-the-blanks, 
matching, case studies, short answers, and more. Answers to the 
Workbook are available on the Evolve site.

FOR THE INSTRUcTOR

Evolve Resources

Evolve is an interactive learning environment designed to work 
in coordination with this text. Instructors may use Evolve to 
provide an Internet-based course component that expands the 
concepts presented in class. Evolve can be used to publish the 
class syllabus, outlines, and lecture notes; set up “virtual office 
hours” and e-mail communication; and encourage student par-
ticipation through chatrooms and discussion boards. Evolve 
also allows instructors to post exams and manage their grade 
books.

The intuitive and comprehensive Evolve Learning Resources 
associated with this text provide instructors with valuable 
resources to use as they teach, including:
• More than 3000 test bank questions available in ExamView
• Comprehensive PowerPoint presentations for each chapter
• An image collection of the figures in the book
• Lesson plans
• Workbook answer key
For more information, visit http://evolve.elsevier.com/Egans or 
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C H A P T E R  1 

History of Respiratory Care

PATRICK J. DUNNE

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Define	respiratory care.
◆	 Summarize	some	of	the	major	events	in	the	history	of	science	and	medicine.
◆	 Explain	how	the	respiratory	care	profession	began.
◆	 Describe	the	historical	development	of	the	major	clinical	areas	of	respiratory	care.
◆	 Name	some	of	the	important	historical	figures	in	respiratory	care.
◆	 Describe	the	major	respiratory	care	educational,	credentialing,	and	professional	associations.
◆	 Explain	how	the	important	respiratory	care	organizations	began.
◆	 Describe	the	development	of	respiratory	care	education.
◆	 Predict	future	trends	for	the	respiratory	care	profession.

CHAPTER OUTLINE

Definitions
History of Respiratory Medicine and Science

Ancient	Times
The	Middle	Ages,	the	Renaissance,	and	the	

Enlightenment	Period
Nineteenth	and	Early	Twentieth	Centuries

Development of the Respiratory Care Profession
Clinical	Advances	in	Respiratory	Care

Professional Organizations and Events
American	Association	for	Respiratory	Care	(AARC)
Respiratory	Care	Week

Fellow	of	the	American	Association	for	Respiratory	
Care	(FAARC)

Board	of	Medical	Advisors	(BOMA)
American	Respiratory	Care	Foundation	(ARCF)
International	Council	for	Respiratory	Care	(ICRC)
National	Board	for	Respiratory	Care	(NBRC)
Committee	on	Accreditation	for	Respiratory	Care	

(CoARC)
Respiratory Care Education
Future of Respiratory Care

2015	and	Beyond

KEY TERMS

aerosol	medications
airway	management
American	Association	for	

Respiratory	Care	(AARC)
American	Respiratory	Care	

Foundation	(ARCF)
Board	of	Medical	Advisors	(BOMA)
cardiopulmonary	system

Committee	on	Accreditation	for	
Respiratory	Care	(CoARC)

Fellow	of	the	American	Association	
for	Respiratory	Care	(FAARC)

International	Council	for	Respiratory	
Care	(ICRC)

mechanical	ventilation
National	Board	for	Respiratory	Care	

(NBRC)

oxygen	therapy
physician	assistant
pulmonary	function	testing
respiratory	care
respiratory	care	practitioner(s)
respiratory	therapist(s)	(RTs)
respiratory	therapy

T he history of science and medicine is a fascinating 
topic, which begins in ancient times and progresses to 
the twenty-first century. Although respiratory care is a 

newer discipline, its roots go back to the dawn of civilization. 
The first written account of positive pressure ventilation using 
mouth-to-mouth resuscitation is thought to have been recorded 

more than 28 centuries ago.1 Air was thought to be one of the 
four basic elements by the ancients, and the practice of medi-
cine dates back to ancient Babylonia and Egypt. The progres-
sion of science and medicine continued through the centuries, 
and development of the modern disciplines of anesthesiology, 
pulmonary medicine, and respiratory care during the twentieth 
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A human resources survey conducted in 2014 by the Ameri-
can Association for Respiratory Care (AARC) revealed that 
there were approximately 172,000 RTs practicing in the United 
States3; this represented a 19% increase over a similar study 
conducted 4 years earlier in 2009. As the incidence of chronic 
respiratory diseases continues to increase, the demand for RTs 
is expected to be even greater in the years ahead. Although the 
RT as a distinct health care provider was originally a uniquely 
North American phenomenon, since the 1990s there has been 
a steady increase in interest of other countries in having spe-
cially trained professionals provide respiratory care. This trend 
is referred to as the globalization of respiratory care.

HISTORY OF RESPIRATORY MEDICINE 
AND SCIENCE

Several excellent reviews of the history of respiratory care have 
been written, and the reader is encouraged to review these pub-
lications.1,4-6 Summaries of notable historical events in science, 
medicine, and respiratory care are provided in Tables 1-1 and 
1-2. A brief description of the history of science and medicine 
follows.

Ancient Times

Humans have been concerned about the common problems of 
sickness, disease, old age, and death since primitive times. Early 
cultures developed herbal treatments for many diseases, and 
surgery may have been performed in Neolithic times. Physicians 
practiced medicine in ancient Mesopotamia, Egypt, India, and 
China.1,4,7 However, the foundation of modern Western medi-
cine was laid in ancient Greece with the development of the 
Hippocratic Corpus.1,4,7,8 This ancient collection of medical 
treatises is attributed to the “father of medicine,” Hippocrates, 

century depended on the work of many earlier scientists and 
physicians. This chapter describes the history and development 
of the field of respiratory care and possible future directions for 
the profession.

DEFINITIONS

Respiratory care, also known as respiratory therapy, has been 
defined as the health care discipline that specializes in the pro-
motion of optimal cardiopulmonary function and health.2 
Respiratory therapists (RTs) apply scientific principles to 
prevent, identify, and treat acute or chronic dysfunction of the 
cardiopulmonary system.2 Respiratory care includes the assess-
ment, treatment, management, control, diagnostic evaluation, 
education, and care of patients with deficiencies and abnor-
malities of the cardiopulmonary system.2 Respiratory care is 
increasingly involved in the prevention of respiratory disease, 
the management of patients with chronic respiratory disease, 
and the promotion of health and wellness.2

RTs, also known as respiratory care practitioners, are health 
care professionals who are educated and trained to provide 
respiratory care to patients. Approximately 75% of all RTs work 
in hospitals or other acute care settings.3 However, many 
RTs are employed in clinics, physicians’ offices, skilled nursing 
facilities, cardiopulmonary diagnostic laboratories, and public 
schools. Others work in research, disease management pro-
grams, home care, and industry. RTs also are employed by col-
leges and universities to teach students the skills they need to 
become RTs. Regardless of practice setting, all direct patient care 
services provided by RTs must be done under the direction of 
a qualified physician. Medical directors are usually physicians 
who are specialists in pulmonary medicine, anesthesiology, 
and/or critical care medicine.

TABLE 1-1 

Major Historical Events in Science, Medicine, and Respiratory Care from Ancient Times to  
the Nineteenth Century

Dates Historical Event

Ancient Period
1550	BC What	may	be	the	world’s	oldest	medical	document,	known	as	Ebers Papyrus,	describes	an	ancient	Egyptian	inhalational	

treatment	for	asthma.
800	BC Biblical	reference	to	what	may	be	the	first	recorded	episode	of	mouth-to-mouth	resuscitation.
500-300	BC Hippocrates	(460-370	BC;	Greece)	describes	diseases	as	“humoral	disorders”	and	speculates	that	an	essential	substance	

in	air	enters	the	heart	and	is	distributed	throughout	the	body.
304	BC Erasistratus	of	Alexandria	describes	the	pneumatic	theory	of	respiration,	in	which	air	travels	through	the	lungs	to	the	heart	

and	then	through	the	air-filled	arteries	to	the	tissues	of	the	body.
100-200	AD Galen	(130-199	AD)	in	Asia	Minor	identifies	“pneuma”	as	the	vital	substance	in	inspired	air	that	enters	the	heart	and	then	

the	blood.

Middle Ages (500-1500 AD) and Renaissance (1450-1600)
500-1500	AD The	Middle	Ages	brings	a	period	of	little	scientific	progress	in	the	West;	however,	this	period	coincides	with	the	Golden	

Age	of	Arabian	medicine	(850-1050	AD).
1400s-1500s da	Vinci	(1452-1519;	Italy)	performs	human	dissections	and	physiologic	experiments	on	animals,	learning	that	

subatmospheric	intrapleural	pressures	inflate	the	lungs	and	that	there	is	a	vital	substance	in	air	that	supports	combustion.
1542 Vesalius	(1514-1564;	Belgium),	one	of	the	great	early	pioneers	in	human	anatomy,	performs	a	thoracotomy	on	a	pig,	

placing	a	reed	tracheotomy	tube	for	ventilation	of	the	animal,	and	resuscitates	an	apparently	dead	person.

Continued
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Dates Historical Event

Seventeenth Century (1600s)
1628 Harvey	(1578-1657;	England)	describes	the	arterial	and	venous	circulatory	systems.
1643 Torricelli	(1608-1647;	Italy)	builds	the	world’s	first	barometer	for	measurement	of	atmospheric	pressure.
1648 Pascal	(1623-1662)	describes	the	relationship	between	altitude	and	barometric	pressure.
1662;	1666 Boyle	(1627-1691;	England)	explains	the	inverse	relationship	between	gas	pressure	and	volume	(Boyle’s	law:	pressure	[P]	

×	volume	[V]	=	k	or	[P1V1]	=	[P2V2]).	Boyle	also	describes	a	mysterious	substance	in	air	that	supports	combustion.
1683 van	Leewenhoek	(1632-1723;	Holland)	improves	the	microscope	and	begins	the	science	of	microbiology.

Eighteenth Century (1700s)
1738 Bernoulli	(1700-1782;	Switzerland)	determines	that	as	the	velocity	of	a	liquid	or	gas	increases,	the	pressure	decreases	

(Bernoulli	principle).	Bernoulli	also	proposed	that	gases	are	composed	of	tiny	particles	in	rapid,	random	motion.	This	idea	
became	the	basis	of	the	modern	kinetic	theory	of	gases,	which	was	developed	further	by	Maxwell	(1831-1879;	Scotland)	
in	1860.

1744 Fothergill	(1712-1780;	England)	reports	successful	resuscitation	methods.
1754 Black	(1728-1799;	Scotland)	rediscovers	carbon	dioxide,	which	he	calls	“fixed	air”	(prior	work	had	been	done	by	van	

Helmot	in	the	1600s).
1771 Scheele	(1742-1786;	Sweden)	makes	“fire	air”	(oxygen)	by	heating	magnesium	oxide;	Scheele’s	findings	are	published	in	

June	1774.
1774 Priestley	(1733-1804;	England),	usually	credited	with	the	discovery	of	oxygen,	publishes	his	work	on	“dephlogisticated	air”	

(oxygen)	3	months	after	Scheele’s	report.
1775 Lavosier	(1743-1794;	France)	renames	“dephlogisticated	air”	“oxygen,”	or	“acid	maker”	and	shows	that	oxygen	is	

absorbed	by	the	lungs	and	consumed	by	the	body,	producing	carbon	dioxide	and	water	vapor,	which	are	exhaled.
1776 Hunter	(1728-1793;	England)	recommends	use	of	a	fireplace	bellows	for	artificial	ventilation.
1787 Charles	(1746-1823;	France)	describes	the	relationship	between	gas	temperature	and	volume;	Charles’	law:	volume	(V)/

temperature	(T)	=	constant;	or	(V1/T1)	=	(V2/T2).
1794 Lavosier	(1743-1794;	France)	describes	oxygen	absorption	by	the	lungs	and	carbon	dioxide	production.
1798 Beddoes	(1760-1808;	England)	establishes	the	Pneumatic	Institute	in	Bristol	and	uses	oxygen	to	treat	various	disorders.

Nineteenth Century (1800s)
1800 Henry	(1774-1836;	England)	determines	that	the	amount	of	gas	dissolved	in	a	liquid	is	directly	proportioned	to	its	partial	

pressure	(Henry’s	law).
1800s Fick	(1829-1911)	describes	a	method	to	calculate	cardiac	output	based	on	oxygen	consumption	and	arterial	and	venous	

oxygen	content:	Qt	=	( �VO2)/(CaO2	−	CvO2).
1801-1808 Dalton	(1766-1844;	England)	describes	his	atomic	theory	and	the	relationship	between	the	partial	pressures	and	total	

pressure	of	a	gas	mixture;	Dalton’s	law:	P1	+	P2	+	P3	.	.	.	PN	=	PTotal,	where	P	=	pressure.
1806 de	LaPlace	(1749-1827;	France)	describes	the	relationship	between	pressure	and	surface	tension	in	fluid	droplets.
1808 Gay-Lussac	(1778-1850;	France)	describes	the	relationship	between	gas	pressure	and	temperature;	Gay-Lussac’s	law:	

pressure	(P)/temperature	(T)	=	constant;	or	(P1/T1)	=	(P2/T2).
1811 Avogadro	(1776-1856;	Italy)	describes	“Avogadro	principle,”	in	which	equal	volumes	of	all	gases	(at	the	same	temperature	

and	pressure)	contain	the	same	number	of	molecules.
1816 Laennec	(1781-1826;	France)	invents	the	stethoscope	for	chest	auscultation	and	lays	the	foundation	for	modern	

pulmonology	with	his	book	Diseases of the Chest.
1831 Graham	(1805-1869;	Scotland)	describes	diffusion	of	gases	(Graham’s	law).
1837 Magnus	(1802-1870;	Germany)	measures	arterial	and	venous	blood	oxygen	and	carbon	dioxide	content.
1846 Hutchinson	(1811-1861;	England)	develops	the	spirometer	and	measures	the	vital	capacity	of	more	than	2000	human	

subjects.
1864 Jones	(United	States)	patents	a	negative	pressure	device	to	support	ventilation.
1865 Pasteur	(1822-1895;	France)	describes	his	“germ	theory”	of	disease.
1876 Woillez	develops	the	spirophore	negative	pressure	ventilator.
1878 Bert	(1833-1886;	France)	shows	that	low	inspired	oxygen	levels	cause	hyperventilation.
1880 MacEwen	reports	success	with	oral	endotracheal	intubation.
1885 Miescher-Rusch	demonstrates	that	carbon	dioxide	is	the	major	stimulus	for	breathing.
1886;	1904 Bohr	(1855-1911;	Danish)	describes	the	oxyhemoglobin	dissociation	curve.
1888 The	Fell-O’Dwyer	device	combines	a	foot-operated	bellows	with	a	laryngeal	tube	for	ventilatory	support.
1895 Roentgen	(1845-1923;	Germany)	discovers	the	“x-ray.”	A	direct	vision	laryngoscope	is	introduced	by	Jackson	in	the	United	

States	and	Kirstein	in	Germany.

Data	from	references	1,	3-9,	11-14,	and	17.

TABLE 1-1 

Major Historical Events in Science, Medicine, and Respiratory Care from Ancient Times to  
the Nineteenth Century—cont’d
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TABLE 1-2 

Major Historical Events in Science, Medicine, and Respiratory Care in the Twentieth and  
Twenty-First Centuries

Twentieth Century
Early	1900s Bohr	(1855-1911;	Denmark),	Hasselbach	(1874-1962;	Denmark),	Krogh	(1874-1940;	Denmark),	Haldane	(1860-1936;	

Scotland),	Barcroft	(1872-1947;	Ireland),	Priestly	(1880-1941;	Britain),	Y.	Henderson	(1873-1944;	United	States),	L.	J.	
Henderson	(1878-1942;	United	States),	Fenn	(1893-1971;	United	States),	Rahn	(1912-1990;	United	States),	and	others	
make	great	strides	in	respiratory	physiology	and	the	understanding	of	oxygenation,	ventilation,	and	acid-base	balance.

1904 Bohr,	Hasselbach,	and	Krogh	(1874-1940)	describe	the	relationships	between	oxygen	and	carbon	dioxide	transport.	
Sauerbruch	(1875-1951;	Germany)	uses	a	negative	pressure	operating	chamber	for	surgery	in	Europe.

1907 von	Linde	(1842-1934;	Germany)	begins	large-scale	commercial	preparation	of	oxygen.
1909 Melltzer	(1851-1920;	United	States)	introduces	oral	endotracheal	intubation.
1910 Oxygen	tents	are	in	use,	and	the	clinical	use	of	aerosolized	epinephrine	is	introduced.
1911 Drager	(1847-1917;	Germany)	develops	the	Pulmotor	ventilator	for	use	in	resuscitation.
1913 Jackson	develops	a	laryngoscope	to	insert	endotracheal	tubes.
1918 Oxygen	mask	is	used	to	treat	combat-induced	pulmonary	edema.
1919 Strohl	(1887-1977;	France)	suggests	the	use	of	forced	vital	capacity	as	a	measure	of	pulmonary	function.
1920 Hill	develops	an	oxygen	tent	to	treat	leg	ulcers.
1926 Barach	develops	an	oxygen	tent	with	cooling	and	carbon	dioxide	removal.
1928 Drinker	develops	his	“iron	lung”	negative	pressure	ventilator.
1938 Barach	develops	the	meter	mask	for	administering	dilute	oxygen.	Boothby,	Lovelace,	and	Bulbulian	devise	the	BLB	mask	at	

the	Mayo	Clinic	for	delivering	high	concentrations	of	oxygen.
1940 Isoproterenol,	a	potent	beta-1	and	beta-2	bronchodilator	administered	via	aerosol,	is	introduced.	Most	common	side	effects	

are	cardiac	(beta-1).
1945 Motley,	Cournand,	and	Werko	use	intermittent	positive	pressure	breathing	to	treat	various	respiratory	disorders.
1947 The	ITA	is	formed	in	Chicago,	Illinois.	The	ITA	later	becomes	the	AARC.
1948 Bennett	introduces	the	TV-2P	positive	pressure	ventilator.
1948 FEV1	is	introduced	as	a	pulmonary	function	measure	of	obstructive	lung	disease.
1951 Isoetherine	(Bronkosol),	a	preferential	beta-2	aerosol	bronchodilator	with	fewer	cardiac	side	effects,	is	introduced.
1952 Mørch	introduces	the	piston	ventilator.
1954 The	ITA	becomes	the	AAIT.
1958 Bird	introduces	the	Bird	Mark	7	positive	pressure	ventilator.
1960 The	Campbell	Ventimask	for	delivering	dilute	concentrations	of	oxygen	is	introduced.
1961 Jenn	becomes	the	first	registered	respiratory	therapist.	Also,	metaproterenol,	a	preferential	beta-2	bronchodilator,	is	

introduced
1963 Board	of	Schools	is	formed	to	accredit	inhalation	therapy	educational	programs.
1964 The	Emerson	Postoperative	Ventilator	(3-PV)	positive	pressure	volume	ventilator	is	introduced.
1967 The	Bennett	MA-1	volume	ventilator	is	introduced,	ushering	in	the	modern	age	of	mechanical	ventilatory	support	for	routine	

use	in	critical	care	units.
1967 Combined	pH-Clark-Severinghaus	electrode	is	developed	for	rapid	blood	gas	analysis.
1968 Fiberoptic	bronchoscope	becomes	available	for	clinical	use.	The	Engström	300	and	Ohio	560	positive	pressure	volume	

ventilators	are	introduced.
1969 ARDS	and	PEEP	are	described	by	Petty,	Ashbaugh,	and	Bigelow.
1970 Swan-Ganz	catheter	developed	for	measurement	of	pulmonary	artery	pressures.	The	ARCF	is	incorporated.	The	JRCITE	is	

incorporated	to	accredit	respiratory	therapy	educational	programs.
1971 Continuous	positive	airway	pressure	is	introduced	by	Gregory.	Respiratory Care	journal	is	named.
1972 Siemens	Servo	900	ventilator	is	introduced.
1973 IMV	is	described	by	Kirby	and	Downs.	The	AAIT	becomes	the	AART.
1974 IMV	Emerson	ventilator	is	introduced.
1974 NBRT	is	formed.
1975 Bourns	Bear	I	ventilator	is	introduced.
1977 The	JRCITE	becomes	the	JRCRTE.
1978 Puritan	Bennett	introduces	the	MA-2	volume	ventilator.	The	AAR Times	magazine	is	introduced.
1979 AIDS	is	recognized	by	the	Centers	for	Disease	Control	(CDC	[later,	Centers	for	Disease	Control	and	Prevention]).
1982 Siemens	Servo	900C	and	Bourns	Bear	II	ventilators	are	introduced.
1983 The	NBRT	becomes	the	NBRC.
1983 President	Reagan	signs	proclamation	declaring	National	Respiratory	Care	Week
1984 Bennett	7200	microprocessor	controlled	ventilator	is	introduced.
1984 The	AART	is	renamed	the	AARC.
1991 Servo	300	ventilator	is	introduced.
1992,	1993 The	AARC	holds	national	respiratory	care	education	consensus	conferences.
1994 The	CDC	publishes	the	first	guidelines	for	the	prevention	of	ventilator-associated	pneumonia.
1998 The	CoARC	is	formed,	replacing	the	JRCRTE.

Continued
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a Greek physician who lived during the fifth and fourth centu-
ries bc.1,7,8 Hippocratic medicine was based on four essential 
fluids, or “humors”—phlegm, blood, yellow bile, and black 
bile—and the four elements—earth (cold, dry), fire (hot, dry), 
water (cold, moist), and air (hot, moist). Diseases were thought 
to be humoral disorders caused by imbalances in these essential 
substances. Hippocrates believed there was an essential sub-
stance in air that was distributed to the body by the heart.1 The 
Hippocratic Oath, which admonishes physicians to follow 
certain ethical principles, is given in a modern form to medical 
students at graduation.1,8

Aristotle (384-322 bc), a Greek philosopher and perhaps the 
first great biologist, believed that knowledge could be gained 
through careful observation.1,8 Aristotle made many scientific 
observations, including observations obtained by performing 
experiments on animals. Erasistratus (~330-240 bc), regarded 
by some as the founder of the science of physiology, developed 
a pneumatic theory of respiration in Alexandria, Egypt, in 
which air (pneuma) entered the lungs and was transferred to 
the heart.1,7 Galen (130-199 ad) was an anatomist in Asia Minor 
whose comprehensive work dominated medical thinking for 
centuries.1,6,7 Galen also believed that inspired air contained a 
vital substance that somehow charged the blood through the 
heart.1

The Middle Ages, the Renaissance, 
and the Enlightenment Period

The Romans carried on the Greek traditions in philosophy, 
science, and medicine. With the fall of the Western Roman 
Empire in 476 ad, many Greek and Roman texts were lost and 
Europe entered a period during which few advances were made 
in science or medicine. In the seventh century ad, the Arabians 
conquered Persia, where they found and preserved many of the 
works of the ancient Greeks, including the works of Hip-
pocrates, Aristotle, and Galen.1,7 A Golden Age of Arabian medi-
cine (850-1050 ad) followed.

An intellectual rebirth in Europe began in the twelfth 
century.1,7 Medieval universities were formed, and contact with 
the Arabs in Spain and Sicily reintroduced ancient Greek and 
Roman texts. Magnus (1192-1280) studied the works of Aristo-
tle and made many observations related to astronomy, botany, 
chemistry, zoology, and physiology. The Renaissance (1450-
1600) ushered in a period of scientific, artistic, and medical 
advances. Leonardo da Vinci (1452-1519) studied human 
anatomy, determined that subatmospheric intrapleural pres-
sures inflated the lungs, and observed that fire consumed a vital 
substance in air without which animals could not live.1,4 Vesa-
lius (1514-1564), considered to be the founder of the modern 
field of human anatomy, performed human dissections and 
experimented with resuscitation.1 In 1543, the date commonly 
given as the start of the modern Scientific Revolution, Coper-
nicus observed that the Earth orbited the sun.8 Before this time, 
it had been accepted that the Earth was the center of the 
universe.

The seventeenth century was a time of great advances in 
science. Accomplished scientists from this period include 
Kepler, Bacon, Galileo, Pascal, Hooke, and Newton. In 1628, 
Harvey fully described the circulatory system.4,8 In 1662, the 
chemist Boyle published what is now known as Boyle’s  
law, governing the relationship between gas volume and pres-
sure.8 Torricelli invented the barometer in 1650, and Pascal 
showed that atmospheric pressure decreases with altitude.1,4 
van Leeuwenhoek (1632-1723), known as the “father of mi-
crobiology,” improved the microscope and was the first to 
observe and describe single-celled organisms, which he called 
“animalcules.”7

The eighteenth-century Enlightenment Period brought 
further advances in the sciences. In 1754, Black described  
the properties of carbon dioxide, although the discovery  
of carbon dioxide should be credited to van Helmont, whose 
work occurred approximately 100 years earlier.1 In 1774, 
Priestley described his discovery of oxygen, which he called 

Twenty-First Century
2002 The	NBRC	adopts	a	continuing	competency	program	for	respiratory	therapists	to	maintain	their	credentials.
2002 The	Tripartite	Statements	of	Support	are	adopted	by	the	AARC,	NBRC,	and	CoARC	to	advance	respiratory	care	education	

and	credentialing.
2003 The	AARC	publishes	its	white	paper	on	the	development	of	baccalaureate	and	graduate	education	in	respiratory	care.	Asian	

bird	flu	appears	in	South	Korea.
2004 The	Fiftieth	AARC	International	Congress	is	held	in	New	Orleans.
2005 Number	of	working	respiratory	therapists	in	the	United	States	reaches	132,651.
2006 The	National	Heart,	Lung	and	Blood	Institute	(NHLBI)	of	the	U.S.	Department	of	Health	and	Human	Services	begins	national	

awareness	and	education	campaign	for	COPD.	The	AARC	works	with	government	officials	to	recruit	and	train	respiratory	
therapists	for	disaster	response

2007 The	first	AARC	president	to	serve	a	2-year	term	begins	term	of	office.
2008 First	of	three	conferences	held	for	2015	and	Beyond	strategic	initiative	of	the	AARC.
2010 The	Patient Protection and Affordable Care Act	is	signed	into	law	by	President	Barak	Obama.

Data	from	references	1,	3-9,	11-14,	and	17.

TABLE 1-2 

Major Historical Events in Science, Medicine, and Respiratory Care in the Twentieth and  
Twenty-First Centuries—cont’d
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niques that matured in the twentieth century. As the scientific 
basis for oxygen therapy, mechanical ventilatory support, and 
administration of medical aerosols became well established, the 
need for a health care practitioner to provide these services 
became apparent. Concurrent with this need was the continu-
ing development of specialized cardiopulmonary diagnostic 
tests and monitoring procedures, which also required health 
care specialists to perform.

The first health care specialists in the field were oxygen tech-
nicians in the 1940s.1,4,5 The first inhalation therapists were 
oxygen technicians or oxygen orderlies who could haul cylin-
ders of oxygen and related equipment around the hospital and 
set up oxygen tents, masks, and nasal catheters. The develop-
ment of positive pressure breathing during World War II for 
breathing support of high-altitude pilots led to its use as a 
method to treat pulmonary patients and deliver aerosol medi-
cations during the 1950s, expanding the role of the inhalation 
therapist. Inhalation therapists began to be trained in the 1950s, 
and formal education programs began in the 1960s.1,4,5 The 
development of sophisticated mechanical ventilators in the 
1960s naturally led to a further expansion in the role of RTs, 
who soon also found themselves responsible for arterial blood 
gas and pulmonary function laboratories. In 1974, the designa-
tion respiratory therapist became standard, and the RT became 
the allied health professional primarily concerned with the 
assessment, diagnostic testing, treatment, education, and care 
of patients with deficiencies and abnormalities of the cardio-
pulmonary system. The historical development of several clini-
cal areas of respiratory care is described next, followed by an 
overview of the establishment of the major professional orga-
nizations in the field. The evolution of respiratory care educa-
tion is also described.

“dephlogisticated air.”1,4 Before 1773, Scheele performed the 
laboratory synthesis of oxygen, which he called “fire air”; a 
general description of his discovery appeared in 1774, and a 
more thorough description appeared in 1777.1,4 Shortly after 
the discovery of oxygen, Spallanzani worked out the relation-
ship between the consumption of oxygen and tissue respira-
tion.1 In 1787, Charles described the relationship between gas 
temperature and volume now known as Charles’ law.8 In experi-
ments performed between 1775 and 1794, Lavoisier showed 
that oxygen was absorbed by the lungs and that carbon dioxide 
and water were exhaled.1,4 In 1798, Beddoes began using oxygen 
to treat various conditions at his Pneumatic Institute in Bristol.1,4

Nineteenth and Early  
Twentieth Centuries

During the nineteenth century, important advances were made 
in physics and chemistry related to respiratory physiology. 
Dalton described his law of partial pressures for a gas mixture 
in 1801 and his atomic theory in 1808.8 Young in 1805 and de 
LaPlace in 1806 described the relationship between pressure 
and surface tension in fluid droplets.8 Gay-Lussac described the 
relationship between gas pressure and temperature in 1808; in 
1811, Avogadro determined that equal volumes of gases at the 
same temperature and pressure contain the same number of 
molecules.1,8 In 1831, Graham described his law of diffusion for 
gases (Graham’s law).8

In 1865, Pasteur advanced his “germ theory” of disease, 
which held that many diseases are caused by microorganisms.8 
Medical advances during this time included the invention of the 
spirometer and ether anesthesia in 1846, antiseptic techniques 
in 1865, and vaccines in the 1880s.1,4,7 Koch, a pioneer in bac-
teriology, discovered the tubercle bacillus, which causes tuber-
culosis, in 1882, and the vibrio bacterium, which causes cholera, 
in 1883.7 He also developed Koch’s postulates, which are criteria 
designed to establish a causative relationship between a microbe 
and a disease. Respiratory physiology also progressed with the 
measurement in 1837 of blood oxygen and carbon dioxide 
content, description around 1880 of the respiratory quotient, 
demonstration in 1885 that carbon dioxide is the major stimu-
lant for breathing, and demonstration in 1878 that oxygen 
partial pressure and blood oxygen content were related.1,4,9 In 
1895, Roentgen discovered the x-ray, and the modern field of 
radiologic imaging sciences was born.8 Pioneering respiratory 
physiologists of the early twentieth century described oxygen 
diffusion, oxygen and carbon dioxide transport, the oxyhemo-
globin dissociation curve, acid-base balance, and the mechanics 
of breathing and made other important advances in respiratory 
physiology (see Table 1-2).

DEVELOPMENT OF THE 
RESPIRATORY CARE PROFESSION

Clinical Advances in Respiratory Care

The evolution of the respiratory care profession depended in 
many ways on developments in the various treatment tech-

	

RULE OF THUMB

When	looking	for	information	about	the	respiratory	care	
profession,	the	best	place	to	look	is	the	AARC	(see	
www.AARC.org).	The	AARC’s	newly	constructed	Virtual 
Museum	can	be	accessed	through	the	AARC	Web	site.

Oxygen Therapy
The therapeutic administration of oxygen first occurred in 
1798, and in 1878 Bert showed that lack of oxygen caused 
hyperventilation. But the physiologic basis and indications for 
oxygen therapy were not well understood until the twentieth 
century.1,4 Large-scale production of oxygen was developed by 
von Linde in 1907. The use of a nasal catheter for oxygen 
administration was introduced by Lane in the same year.1,4 
Oxygen tents were in use in 1910, and an oxygen mask was used 
to treat combat gas–induced pulmonary edema in 1918.1 In 
1920, Hill developed an oxygen tent to treat leg ulcers, and in 
1926, Barach introduced a sophisticated oxygen tent for clinical 
use. Oxygen chambers and whole oxygen rooms were designed.1,4 
In 1938, a meter mask was developed by Barach to administer 
dilute oxygen.1,4 The BLB mask (named for Boothby, Lovelace, 
and Bulbulian) to administer 80% to 100% oxygen to pilots was 

http://www.AARC.org
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Mechanical Ventilation
Mechanical ventilation refers to the use of a mechanical device 
to provide ventilatory support for patients. In 1744, Fothergill 
advocated mouth-to-mouth resuscitation for drowning 
victims.1,6 During the mid to late 1700s, there was a great deal 
of interest in resuscitation and additional procedures for car-
diopulmonary resuscitation were developed.1,4,6 Positive pres-
sure ventilation using a bag-mask system or bellows was 
suggested. However, the observation that a fatal pneumothorax 
may result caused this technique to be rejected around 1827.1,4 
Interest in negative pressure ventilation developed, and the first 
negative pressure tank ventilator was described in 1832.6 Other 
negative pressure ventilators began to appear in the mid-1800s; 
in 1928, the iron lung was developed by Drinker, an industrial 
hygienist and faculty member at Harvard University.1 Emerson 
developed a commercial version of the iron lung that was used 
extensively during the polio epidemics of the 1930s and 1950s 
(Figure 1-1).1,12 The chest cuirass negative pressure ventilator 
was introduced in the early 1900s, and a negative pressure 
“wrap” ventilator was introduced in the 1950s.13 Other early 
noninvasive techniques to augment ventilation included the 
rocking bed (1950) and the pneumobelt (1959).13

Originally, positive pressure ventilators were developed for 
use during anesthesia and later were altered for use on hospital 
wards.14 Early positive pressure ventilators included the Drager 
Pulmotor (1911), the Spiropulsator (1934), the Bennett TV-2P 
(1948), the Morch Piston Ventilator (1952), and the Bird Mark 
7 (1958) (Figure 1-2).1,14 More sophisticated positive pressure 
volume ventilators were developed in the 1960s and included 
the Emerson Postoperative Ventilator, MA-1 (Figure 1-3), Eng-
strom 300, and Ohio 560.1,14 A new generation of volume ven-
tilators appeared in the 1970s that included the Servo 900, 
Bourns Bear I and II, and MA-II. By the 1980s, microprocessor-
controlled ventilators began to appear, led by the Bennett 7200 
in 1984; in 1988, the Respironics bilevel positive airway pressure 
(BiPAP) device was introduced for providing noninvasive posi-
tive pressure ventilation in a wide variety of settings.1 During 

introduced during World War II and later used on patients.1,4 
By the 1940s, oxygen was widely prescribed in hospitals, 
although there was still no good way to measure blood oxygen 
levels routinely until the mid-1960s, with the introduction of 
the Clark electrode, followed by the clinical use of the ear oxim-
eter in 1974 and the pulse oximeter in the 1980s.1,4,5 The Camp-
bell Ventimask, which allowed the administration of 24%, 28%, 
35%, or 40% oxygen, was introduced in 1960, and modern ver-
sions of the nasal cannula, simple oxygen mask, partial rebreath-
ing mask, and nonrebreathing mask were available by the late 
1960s. Portable liquid oxygen systems for long-term oxygen 
therapy in the home were introduced in the 1970s, and the 
oxygen concentrator soon followed. Oxygen-conserving devices, 
including reservoir cannulas, demand pulse oxygen systems, 
and transtracheal oxygen catheters, were introduced in the 
1980s.

The 2000s saw further advances in home oxygen therapy 
equipment with the introduction of oxygen concentrators used 
in conjunction with a pressure booster to allow for the transfill-
ing of small, portable oxygen cylinders in the home. Smaller, 
lightweight portable oxygen concentrators were also intro-
duced. Both of these advances have greatly enhanced the ability 
of patients receiving long-term oxygen therapy to ambulate 
beyond the confines of their home. Furthermore, the National 
Institutes of Health launched the Long-Term Oxygen Treatment 
Trial (LOTT) as a randomized trial to explore the benefits  
of supplemental oxygen in patients with chronic obstructive 
pulmonary disease (COPD) and only mild resting hypoxemia 
(SpO2 89% to 93%) or with exercise desaturation.10

Aerosol Medications
Aerosol therapy is defined as the administration of liquid or 
powdered aerosol particles via inhalation to achieve a desired 
therapeutic effect. Bland aerosols (sterile water, saline solutions) 
or solutions containing pharmacologically active drugs may be 
administered. In 1802, the use of inhaled Datura leaf fumes, 
which contain atropine, to treat asthma was described.11 Early 
use of aerosol medications dates to 1910, when the first use of 
aerosolized epinephrine was reported. Later, other short-acting 
bronchodilators such as isoproterenol (1940), isoetharine 
(1951), metaproterenol (1961), albuterol sulfate (1980), and 
levalbuterol (2000) were introduced, primarily for the emer-
gency treatment of acute asthma attacks.11 In the late 1990s, 
long-acting bronchodilators—administered twice daily—were 
introduced for the maintenance treatment of COPD. Oral and 
injectable steroids were first used in the treatment of asthma in 
the early 1950s, and the use of aerosolized steroids for the main-
tenance of patients with moderate to severe asthma began in 
the 1970s.11 Newer medications continued to be developed for 
aerosol administration, including even longer acting broncho-
dilators (once every 24 hours), mucolytics, antibiotics, antiin-
flammatory agents, and combination drugs such as long-acting 
bronchodilators and antiinflammatories in a single dose. Along 
with newer respiratory drugs, newer delivery devices such as dry 
powder inhalers and innovative designs for small-volume nebu-
lizers have been introduced.

FIGURE 1-1	 Iron	lung	patients	in	a	1950s	polio	ward.	(From	the	
Associated	Press	and	Post-Gazette.com	Health,	Science	and	
Environment.	http://www.post-gazette.com/pg/05094/482468.stm.)

http://Post-Gazette.com
http://www.post-gazette.com/pg/05094/482468.stm
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FIGURE 1-2	 Bird	Mark	7,	introduced	in	1958	by	Bird	(A),	and	Bennett	PR-2,	introduced	in	1963	by	Bennett	(B),	were	pneumatically	
powered,	pressure-limited	positive	pressure	ventilators	that	could	provide	assist-control	ventilation	and	were	used	to	deliver	intermittent	
positive	pressure	breathing	treatments.	

A

B

FIGURE 1-3	 Bennett	MA-1	ventilator,	introduced	in	1967,	played	
a	major	role	in	making	mechanical	ventilatory	support	routinely	
available	in	intensive	care	units	throughout	the	world.	

the 1990s and early 2000s, new ventilators have continued to be 
developed, including the Hamilton G5, Servo-i, PB 980, and 
Drager V500 and VN500 series (see Chapter 45). Between 1970 
and 2004, more than 50 new ventilators with various character-
istics were introduced for clinical use.15,16

Early mechanical ventilators provided modes for which 
breaths were delivered according to a preset frequency and 

inspiratory time, regardless of any inspiratory effort on the part 
of the patient (what anesthesiologists of the time called “con-
trolled” ventilation). The early Bird and Bennett ventilators 
invented in the 1950s allowed for initiating inspiration by 
detecting the patient’ inspiratory effort, called “assist.” This 
feature was incorporated in later modes that also had preset 
breath frequency (called assist/control, a term that is anachro-
nistic but persistent to this day). The terminology related to 
modes of ventilation has evolved along with the complexity of 
ventilator technology (see Chapter 45). In 1967, the addition of 
positive end expiratory pressure (PEEP) as a mode feature was 
introduced for use in patients dying from the newly described 
acute respiratory distress syndrome (ARDS). The use of PEEP 
helped stabilize and keep alveoli from collapsing at the end of 
exhalation. Other forms of modern ventilation include inter-
mittent mandatory ventilation (IMV), introduced in 1971, fol-
lowed by synchronized IMV, in 1975, and mandatory minute 
volume ventilation in 1977.1,4 Pressure support ventilation and 
pressure-controlled ventilation were introduced in the 1980s, 
followed by airway pressure release ventilation and inverse ratio 
ventilation. In the 1990s, volume support ventilation, pressure-
regulated volume control, and adaptive support ventilation 
were introduced. Automatic tube compensation, proportional 
assist ventilation, neutrally adjusted ventilatory assist, and other 
modes of ventilation occurred in the twenty-first century. In 
fact, there are now hundreds of names of modes of ventilation, 
making a classification system essential for understanding ven-
tilator technology (see Chapter 45).

Because traditional short-term mechanical ventilation, re-
gardless of mode, necessitates using an endotracheal tube, there 
is always the potential for one or more serious complications 
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(FVC), and in 1948, forced expiratory volume in 1 second 
(FEV1) was suggested as a measure of obstructive lung disease 
by Tiffeneau.9

Arterial and venous oxygen and carbon dioxide contents 
were measured in 1837, and methods to measure blood oxygen 
and carbon dioxide levels were available in the 1920s. These 
early methods for measuring blood oxygen, carbon dioxide, and 
pH were slow and cumbersome. In 1967, the combined pH, 
Clark, and Severinghaus electrodes produced a rapid and  
practical blood gas analyzer for routine clinical use.1,4 The ear 
oximeter was introduced in 1974, and the pulse oximeter was 
introduced in the 1980s. Sleep medicine became well estab-
lished in the 1980s, and polysomnography became a routine 
clinical test, often performed by RTs.

PROFESSIONAL ORGANIZATIONS 
AND EVENTS

American Association for Respiratory 
Care (AARC)

Founded in 1947 in Chicago, the Inhalational Therapy Associa-
tion (ITA) was the first professional association for the field of 
respiratory care.1,4,5 The purpose of the ITA was to provide for 
professional advancement, foster cooperation with physicians, 
and advance the knowledge of inhalation therapy through edu-
cational activities.5 The ITA provided a forum to discuss the 
clinical application of oxygen therapy, improve patient care, and 
advance the art and science of the field.1 There were 59 charter 
members of the ITA.1 The ITA became the American Associa-
tion for Inhalation Therapists (AAIT) in 1954, the American 
Association for Respiratory Therapy (ARRT) in 1973, and the 
American Association for Respiratory Care (AARC) in 1982.4,5 
By 2014, membership in the AARC had reached 50,000 RTs, RT 
students, physicians, nurses, and others interested in respiratory 
care. The AARC also has a formal affiliation with all 50 state 
respiratory societies (known as Chartered Affiliates), as well as 
with similar organizations in several foreign countries.17

During the 1980s, the AARC began a major push to intro-
duce state licensure for RTs based on the National Board for 
Respiratory Care (NBRC) credentials.18 As of 2014, 49 states, 
the District of Columbia, and Puerto Rico have state licensure 
or some other form of legal credentialing required for the prac-
tice of respiratory care. State licensing laws set the minimum 
educational requirements and the method of determining com-
petence to practice. Competency is typically determined by 
obtaining a passing grade on a credentialing examination 
(administered by the NBRC) after graduation from an approved 
training program. State licensing boards also set the number of 
continuing education credits required to keep a license active.

The stated mission of the AARC is to “encourage and 
promote professional excellence, advance the science and prac-
tice of respiratory care, and serve as an advocate for patients, 
their families, the public, the profession and the respiratory 
therapist.”19 The AARC serves as an advocate for the profession 
to legislative and regulatory bodies, the insurance industry, and 

known as ventilator-associated events (VAEs). The most 
common (but preventable) VAE is an infection known as 
ventilator-associated pneumonia (VAP). VAP is a deadly and 
very costly complication of invasive mechanical ventilation that 
develops when external microorganisms accidentally enter the 
airway. There has been a concerted effort to try to support in-
adequate ventilation noninvasively, by using a nasal or full-face 
mask, to avoid the need for endotracheal intubation. When 
noninvasive ventilation does not work and endotracheal or tra-
cheostomy tubes are necessary, RTs must be constantly vigilant 
in their efforts to prevent VAP and all other VAEs.

Airway Management
Airway management refers to the use of various techniques and 
devices to establish or maintain a functional air passageway. 
Tracheotomies may have been performed to relieve airway 
obstruction in 1500 bc.6 Galen, the Greek anatomist, described 
a tracheotomy and laryngeal intubation in 160 ad. Vesalius, the 
anatomist, described a tracheotomy in an animal in 1555.1,6 In 
1667, Hooke described a tracheotomy and use of a bellows for 
ventilation.6 In 1776, tracheal intubation was suggested for 
resuscitation.6 In 1880, MacEwen reported success with oral 
endotracheal intubation in patients.6 O’Dwyer further described 
the technique for endotracheal tube placement. By 1887, Fell 
had developed a bellows–endotracheal tube system for mechan-
ical ventilation, and this system was used in 1900 to deliver 
anesthesia.6

In 1913, the laryngoscope was introduced by Jackson. Addi-
tional early laryngoscopes were designed by Kirstein, Janeway, 
and others.1,6 Endotracheal intubation for anesthesia adminis-
tration was firmly established by World War I. After the war, 
Magill introduced the use of soft rubber endotracheal tubes, 
and this made blind nasal intubation possible, as described by 
Magill in 1930.6 In 1938, Haight advocated nasotracheal suc-
tioning for secretion removal, and in 1941, Murphy described 
the ideal suction catheter, which included side holes known as 
“Murphy eyes.”6 The double-lumen Carlen tube for indepen-
dent lung ventilation was introduced in 1940, followed by a 
double-lumen tube developed by Robertshaw in 1962. Damage 
to the trachea by the tube cuff was reduced with the introduc-
tion of low-pressure cuffs in the 1970s.6

Cardiopulmonary Diagnostics and 
Pulmonary Function Testing
Pulmonary function testing refers to a wide range of diagnos-
tic procedures to measure and evaluate lung function. The 
volume of air that can be inhaled in a single deep breath was 
first measured in 1679, and the measurement of the lung’s 
residual volume was first performed in 1800.9 In 1846, Hutchin-
son developed a water seal spirometer, with which he measured 
the vital capacity of more than 2000 subjects.9,17 Hutchinson 
observed the relationship between height and lung volume and 
that vital capacity decreases with age, obesity, and lung disease. 
Hering and Breuer described the effects of lung inflation and 
deflation on breathing—the Hering-Breuer reflex—in 1868.4 
In 1919, Strohl suggested the use of forced vital capacity  
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Directors, including Specialty Section chairpersons, are elected 
directly by the AARC membership. The AARC Board of Direc-
tors meets three times per year to conduct the official business 
of the association.

Each year, the incoming AARC president assigns interested 
members to chair or serve on more than 50 standing or tempo-
rary AARC committees. Many of the initiatives of the AARC are 
undertaken and eventually brought to completion through 
committee work. The AARC Board of Directors also receives 
input from each of the 50 Chartered Affiliates that constitute 
the House of Delegates. Each Chartered Affiliate elects two of 
their members to represent the interests of their state affiliate 
in the meetings of the House of Delegates. The 100 delegates 
elect their own leaders so that they can conduct the business of 
the House of Delegates. The House of Delegates meets twice per 
year. The efforts of the Board of Directors, the House of Dele-
gates, and the numerous committees of the AARC are sup-
ported by a staff of more than 35 employees of the AARC who 
work full time in the association’s executive offices, which are 
located in Irving, Texas.

Many volunteers who have been elected to the AARC or 
House of Delegates leadership positions or have been asked to 
chair important committees started by volunteering at the affili-
ate level. Student members of the AARC are always welcomed 
as volunteers, especially at the affiliate level. Student members 
of the AARC have access to a wide array of resources that can 
greatly enhance the experience of becoming a professional RT.

Respiratory Care Week

In November 1982, President Reagan signed a proclamation 
declaring the third week of each October as National Respira-
tory Care Week. Since then, Respiratory Care Week has become 
a yearly event to promote lung awareness and the work of RTs 
in all care settings. RTs (and students) around the United States 
use Respiratory Care Week to celebrate their profession and 
dedication to high-quality patient care. Many respiratory care 
departments use the opportunity to conduct special events in 
their hospitals to help raise awareness of the vital role the RT 
plays as a member of the health care team. Other departments 
plan community activities to help the public understand the 
importance of good lung health and the role RTs play in diag-
nosing and treating breathing disorders. Respiratory Care Week 
is also an excellent opportunity for respiratory therapy students 

the general public. To fulfill its mission, the AARC sponsors 
many continuing educational activities, including international 
meetings, conferences and seminars, publications, and a sophis-
ticated Web site (see www.AARC.org).18 In addition to the 
monthly science journal Respiratory Care, the AARC publishes 
the monthly news magazine AARC Times and numerous elec-
tronic newsletters. In the fall of each year, the AARC also spon-
sors the International Respiratory Congress, the largest 
respiratory care scientific meeting in the world. Finally, in an 
effort to ensure that the unique practice interests of AARC 
members are addressed (e.g., neonatal/pediatrics, adult acute 
care, management, home care, diagnostics), members are 
invited to join one or more of 10 Specialty Sections (Box 1-1) 
within the AARC, designed to facilitate networking and the free 
exchange of ideas.

The leadership and direction of the AARC is provided by a 
Board of Directors, which comprises members who volunteer 
their time and services. The executive officers of the Board of 
Directors include the president, immediate past-president, 
president-elect, vice-president for internal affairs, vice-president 
for external affairs, and secretary-treasurer. The remainder of 
the Board of Directors consists of a minimum of six members-
at-large plus the chairpersons of the Specialty Sections having 
at least 1000 members. At the present time, 6 of the 10 Specialty 
Sections meet this requirement. All members of the Board of 

MINI CLINI
Preparing a Presentation for 
Respiratory Care Week

PROBLEM:  You are a staff therapist in a 300-bed hospital. 
Your supervisor asks you to prepare a 20-minute presentation 
on the history and development of the respiratory care profes-
sion to be presented at the department’s annual Respiratory 
Care Week luncheon. How would you gather the information 
needed and develop your presentation?

SOLUTIONS:  First, review this chapter to get an overview of 
the history and development of the respiratory care profession. 
You may also want to read one or two of the supplemental 
references that are cited. Next, go to the AARC Web site (see 
www.AARC.org) and review the “Resources” and “Site Map” 
sections, which list many helpful resources. You should be able 
to find sections on “The History of the AARC,” “Strategic Plan 
of the AARC,” “Position Statements,” and “White Papers.” There 
will also be a portal to AARC’s Virtual Museum. You should 
also find a section on Respiratory Care Week. Review the mate-
rial that the AARC has provided and develop an outline for 
your presentation. Your outline may include a brief overview 
of the history of science and medicine, the development of the 
respiratory care profession, and the future of respiratory care 
in the twenty-first century. After you have your outline, decide 
on your delivery method. PowerPoint slides are easy to make 
and use. If you choose to do a PowerPoint presentation, a good 
rule of thumb is about one slide per minute, so you would  
need about 20 slides. Using your outline, begin to develop your 
presentation.

 Box 1-1 AARC Specialty Sections

Adult	Acute	Care
Continuing	Care/Rehabilitation
Diagnostics
Education
Home	Care
Long-Term	Care
Management
Neonatal/Pediatrics
Sleep
Surface	and	Air	Transport

http://www.AARC.org
http://www.AARC.org
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student members of the AARC. The ARCF awards and scholar-
ships are presented at the awards ceremony held in conjunction 
with the annual International Respiratory Congress of the 
AARC. Respiratory therapy students who are interested in 
applying for an ARCF scholarship should visit the ARCF Web 
site (see www.arcfoundation.org) to learn more about this great 
opportunity.

International Council for Respiratory 
Care (ICRC)

The International Council for Respiratory Care (ICRC) is an 
AARC-sponsored organization dedicated to the globalization of 
high-quality respiratory care. As mentioned previously, having 
formally trained professionals working in a dedicated depart-
ment to assume full responsibility for providing respiratory care 
under medical direction was a uniquely North American phe-
nomenon (i.e., the United States and Canada). However, during 
the 1970s and 1980s, when many foreign physicians came to the 
United States to study, they became aware of what an RT was 
and the important role RTs played in hospitals nationwide. 
When these physicians returned to their native countries, they 
wished to have their own specialized team able to provide the 
same level of high-quality respiratory care. However, because 
the health care delivery system is structured differently in each 
country, the specially trained teams were most often nurses, 
physicians, or physical therapists, not RTs.

Formed in 1991, the ICRC (in close collaboration with the 
International Committee of the AARC) began to offer fellow-
ships to interested foreign clinicians that provide the opportu-
nity to visit the United States for 2 weeks before the annual 
International Respiratory Congress to observe how respiratory 
care is practiced in various settings. The idea is to allow these 
international fellows to observe how the various components 
of respiratory care are practiced in several cities. The interna-
tional fellows can then take back to their home countries ideas 
and practices that can be integrated into their unique health 
care delivery systems. The program has been so successful that 
many countries (e.g., Mexico, Costa Rica, Taiwan) are starting 
to establish respiratory therapy training programs similar to the 
American model. As of 2014, participants in this program have 
included 142 international fellows from 54 countries.

National Board for Respiratory  
Care (NBRC)

The credentialing body for registered RTs began in 1960 as the 
American Registry of Inhalation Therapists (to test and creden-
tial registered therapists), and a certification board was estab-
lished in 1968 to certify technicians.1,4 These two groups merged 
in 1974 as the National Board for Respiratory Therapy, which 
became the National Board for Respiratory Care (NBRC) in 
1983.1,4 Also in 1983, the National Board for Cardiopulmonary 
Technologists joined the NBRC, and the credentialing examina-
tions for pulmonary function technology were brought in 
under the respiratory care umbrella.1,4 Currently, there are two 
levels of clinical practice credentialing examinations in the 
United States: the certified respiratory therapist (CRT) and the 

to become ambassadors of the profession to the rest of the 
student body. Some respiratory therapy classes conduct free 
breathing tests on campus, in shopping malls, or in community 
centers.

Fellow of the American Association for 
Respiratory Care (FAARC)

In any given profession, there are always individuals who go 
above and beyond what is expected of the average practitioner. 
To recognize RTs and physician members who have achieved 
such distinction, in 1998, the AARC established the Fellow of 
the American Association for Respiratory Care (FAARC) 
award. To be considered for FAARC status, nominees must be 
either a registered RT or a licensed physician and have a 
minimum of 10 consecutive years of membership in the AARC. 
Of greater importance, nominees for FAARC demonstrate 
superior achievement, not only in patient care and research, but 
as a volunteer serving the profession. Individuals selected to 
receive this prestigious award are so noted by having “FAARC” 
appear after their name following educational degrees and 
credentials.

Board of Medical Advisors (BOMA)

Because RTs can practice only under medical direction, it is 
essential that the AARC leadership receive formal input from 
physicians on all matters and questions pertaining to patient 
care. The Board of Medical Advisors (BOMA) is the group of 
physicians who provide this valuable input. The BOMA com-
prises approximately 18 physicians who are appointed by their 
respective professional medical associations (e.g., American 
College of Chest Physicians, American Thoracic Society, Society 
for Critical Care Medicine) to serve this cause voluntarily. The 
BOMA meets annually, but the chairperson of the BOMA 
attends all meetings of the AARC Board of Directors. Individual 
members of the BOMA are assigned by the AARC president to 
serve as a medical liaison to each of the 10 Specialty Sections of 
the AARC and to standing committees. Effective medical direc-
tion at the hospital level is indispensable for the practice of safe, 
high-quality respiratory care.

American Respiratory Care  
Foundation (ARCF)

Established in 1970 by the AARC, the American Respiratory 
Care Foundation (ARCF) is a not-for-profit charitable founda-
tion that helps promote and further the mission of the AARC. 
Commonly known as the Foundation, the ARCF collects and 
manages contributions from individuals, corporations, and 
other foundations to recognize individual achievements of 
excellence in clinical practice, chronic disease management, 
public respiratory health, scientific research, and literary excel-
lence. A current focus of the ARCF is to promote the attain-
ment of more advanced training among RTs to advance 
scientific inquiry in respiratory care. The ARCF also provides 
research grants to establish the scientific basis of respiratory 
care further. Finally, the ARCF oversees and distributes numer-
ous scholarships for respiratory therapy students who are 

http://www.arcfoundation.org
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degrees. There are approximately 300 associate, 50 baccalaure-
ate, and 3 graduate-level degree programs in the United States; 
19 programs in Canada; and a handful of respiratory care edu-
cational programs in Mexico, South America, Japan, India, 
Taiwan, and other countries.23,24

registered respiratory therapist (RRT) (see www.NBRC.org). 
The NBRC also offers several specialty credentialing examina-
tions for RRTs who satisfy additional requirements through 
experience in a specialized area of practice.

	

RULE OF THUMB

For	requirements	for	testing,	examination	schedules,	
study	guides,	and	requirements	for	maintaining	your	
CRT	or	RRT	credential,	check	with	the	NBRC	(see	
www.NBRC.org).

In 1998, the NBRC renamed the lower level certified respira-
tory therapist (CRT, or entry-level respiratory therapist); the 
advanced level remained registered respiratory therapist (RRT, 
or advanced-level respiratory therapist).20 The NBRC began 
offering specialty examinations for pulmonary function tech-
nology in 1984 and neonatal/pediatrics in 1991. Because of the 
proliferation of new technology and innovative medical prac-
tice, additional specialty credentialing examinations have been 
proposed in the areas of adult acute care and polysomnography.

Committee on Accreditation for 
Respiratory Care (CoARC)

In 1956, the first guidelines for respiratory care educational 
programs were published, followed by the formation of the 
Board of Schools to accredit programs in 1963.1 The Board of 
Schools was replaced by the Joint Review Committee for Inhala-
tion Therapy Education (JRCITE) in 1970, led by its first chair-
man, Helmholtz.1,4 The JRCITE became the Joint Review 
Committee for Respiratory Therapy Education (JRCRTE) in 
1977 and then the Committee on Accreditation for Respira-
tory Care (CoARC) in 1996 (see www.COARC.com).4 Today, 
respiratory care educational programs in the United States are 
accredited by the CoARC in collaboration with the Association 
of Specialized and Professional Accreditors.21,22

RESPIRATORY CARE EDUCATION

The first formal educational course in inhalation therapy was 
offered in Chicago in 1950.1 In the 1960s, numerous schools 
were developed to prepare students to become RTs. Early pro-
grams concentrated on teaching students the proper applica-
tion of oxygen therapy, oxygen delivery systems, humidifiers, 
and nebulizers and the use of various intermittent positive pres-
sure breathing (IPPB) devices. The advent of sophisticated criti-
cal care ventilators, blood gas analyzers, and monitoring devices 
in the 1960s and 1970s helped propel the RT into the role of 
cardiopulmonary technology expert.

Respiratory care educational programs in the United States 
are offered at technical and community colleges, 4-year colleges, 
and universities. These programs are designed to prepare com-
petent RTs to care for patients. The minimum degree required 
to become an RT has traditionally been an associate degree.21 
However, many associate degree graduates see great opportu-
nity in pursuing their bachelor’s degree and some even higher 

	

RULE OF THUMB

Jobs	in	management,	education,	research,	or	advanced	
clinical	practice	may	require	bachelor	or	graduate	level	
educational	preparation.

The AARC completed a Delphi study and held two impor-
tant Education Consensus Conferences in the early 1990s to 
assess the status of respiratory care education and recommend 
future direction for the field.25-28 The first conference suggested 
that major trends affecting the field were advances in technol-
ogy; demographic trends and the aging of the population; a 
need to provide better assessment, outcome evaluation, problem 
solving, and analytic skills; use of protocol-based care; and the 
need to increase the focus on patient education, prevention, and 
wellness, to include tobacco education and smoking cessation.27 
The conference concluded that the curriculum should encom-
pass a broad scope of clinical practice, a significant arts and 
science component, emphasis on communication skills, and a 
minimum of an associate degree to enter practice. The second 
Educational Consensus Conference, held in the fall of 1993, 
focused on strategies to implement the recommendations made 
at the first conference.28 Both conferences identified the need 
for more baccalaureate and graduate education in respiratory 
care. The view that programs should prepare students better in 
the areas of patient assessment, care plan development, proto-
cols, disease management, pulmonary rehabilitation, research, 
and geriatrics/gerontology became well accepted.29,30

In 1997, Mishoe and MacIntyre31 described a profession as 
“a calling or vocation requiring specialized knowledge, meth-
ods, and skills as well as preparation, in an institution of higher 
learning, in the scholarly, scientific, and historical principles 
underlying such methods and skills.” These authors noted that 
professional roles are different and more complex than techni-
cal roles, which are oriented to performing specific tasks as 
ordered by the physician. Examples of professional roles in 
respiratory care include patient assessment and care plan devel-
opment, ventilator management, disease management, pulmo-
nary rehabilitation, and respiratory care consulting services. 
Technical roles may include basic task performance (e.g., 
oxygen, aerosol therapy, bronchial hygiene), routine diagnostic 
testing (e.g., electrocardiography, phlebotomy), and other rou-
tine tasks in which little or no assessment is required and deci-
sions are limited to device selection and fine-tuning therapy.31 
In professional practice, the therapist may function as a physi-
cian extender who applies protocols or guidelines.31 Examples 
include making protocol-based ventilator adjustments, apply-
ing assessment-based care plans, and performance of advanced 
procedures such as arterial line insertion and management, 

http://www.NBRC.org
http://www.NBRC.org
http://www.COARC.com
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intubation and extubation of patients, application of ventilator 
weaning protocols, and application of advanced cardiopulmo-
nary technologies (e.g., extracorporeal membrane oxygenation, 
nitric oxide therapy, aortic balloon pumps).

According to Mishoe and MacIntyre,31 economic, educa-
tional, and institutional forces may limit respiratory care in 
certain settings to a task-oriented, technical role. There are 
many opportunities, however, for the RT to function as a physi-
cian extender, in a role similar to that of the physician assistant. 
Working under the supervision of a physician, the physician 
assistant may perform many medical procedures that might 
otherwise be performed by a physician. In a similar way, the 
respiratory physician extender could improve the quality of  
care while controlling costs and minimizing unnecessary  
care. Many authorities believe that the critical thinking, assess-
ment, problem-solving, and decision-making skills needed for 
advanced practice in the twenty-first century require advanced 
levels of education.31

In 1998, Hess32 observed that a task orientation has coin-
cided with a pattern of overordering and misallocation of respi-
ratory care services. Therapist-driven protocols and the 
increasing use of the RT as a consultant may allow physicians 
to order protocols as opposed to specific therapies. The thera-
pist assesses the patient, develops a care plan, implements the 
plan, and evaluates and modifies care as appropriate.32 Protocol-
based care has been shown to be safe and effective, while reduc-
ing misallocation of care and helping to control costs.33,34 
Acceptance by physicians of RTs as consultants depends on the 
professionalism, education, and skill of the therapists at the 
bedside.32

In 2001, a report of the Conference Proceedings on Evidence-
Based Medicine in Respiratory Care was published.34 Evidence-
based practice requires careful examination of the evidence for 
diagnosis, treatment, prognosis, and, in turn, practice using a 
formal set of rules.35 The best evidence is used for clinical deci-
sion making, which should lead to optimal respiratory care.35 
Evidence-based practice has been advocated for all respiratory 
care delivered.

In 2002, the AARC, NBRC, and CoARC published their  
“Tripartite Statements of Support,” which suggested that all  
RTs seek and obtain the RRT credential.36 An AARC white 
paper followed in 2003, which encouraged the continuing 
development of baccalaureate and graduate education in  
respiratory care.37

FUTURE OF RESPIRATORY CARE

In 2001, David Pierson, MD, a prominent pulmonary physician 
and one of the many physician supporters of RTs, set out to 
describe the future of respiratory care.38 Among other respon-
sibilities, Pierson predicted a much greater use of patient assess-
ment and protocols in chronic disease state management in all 
clinical settings. He also envisioned a more active role for RTs 
in palliative and end-of-life care, increasing emphasis on 
smoking COPD. Pierson also predicted an increase in the use 
of RTs acting as coordinators and caregivers in home care.

MINI CLINI
Educational Program Advisory 
Committee

PROBLEM:  You are asked to serve on your respiratory care 
educational program advisory committee. The committee 
wants to know how respiratory care education has developed 
and where it should be headed. You are appointed as a member 
of a subcommittee to research these issues. What should  
you do?

SOLUTIONS:  You may want to read the sections in this 
chapter that cover the history and development of respiratory 
care education to get an overview. You may wish to obtain 
copies of some of the reference materials that are cited. Items 
that may be helpful are the AARC Delphi Study,26 reports of 
the AARC education consensus conferences,27,28 and articles 
about the future of respiratory care. 30-33,37-41 You may wish to 
review the AARC strategic plan (see www.AARC.org) and 
AARC statements regarding respiratory care education and 
credentialing.11,40,41 By reviewing these materials, you should be 
well-prepared to discuss the future direction of your educa-
tional program.

2015 and Beyond

In 2005, recognizing that many national politicians were begin-
ning to call for an overhaul of the U.S. health care delivery 
system, the AARC Board of Directors began to think strategi-
cally, which led to the formation in 2007 of a special task force 
called “2015 and Beyond.” The task force was charged with the 
envisioning potential new roles and responsibilities of RTs by 
2015 and beyond. The leadership of the task force decided to 
convene three strategic conferences to answer the following five 
key questions about the profession39:
1. How will most patients receive health care services in the 

future?
2. How will respiratory care services be provided?
3. What new knowledge, skills, and attributes will RTs need to 

be able to provide care that is safe, efficacious, and cost-
effective in 2015?

4. What education and credentialing systems will be needed  
to ensure RTs acquire the new knowledge, skills, and 
attributes?

5. How should the profession transition from traditional prac-
tice to the newer system without adversely affecting the exist-
ing workforce?
The initial 2015 and Beyond conference was held in the 

spring of 2008, and a consensus was reached that there were 
likely to be40:
• Eleven significant changes in how health care would be deliv-

ered (Box 1-2)
• Nine changes likely to occur in the U.S. health care workforce 

(Box 1-3)
• Five expected changes in how respiratory care services would 

be provided (Box 1-4)

http://www.AARC.org
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From	Bunch	D:	2015	and	beyond.	AARC	Times	33:50,	2009.

 Box 1-2 2015 and Beyond: 11 Predicted 
Changes in Health Care

1.	 More	patients	will	receive	diagnoses	of	chronic	and	acute	
respiratory	diseases.

2.	 Cost	increases	will	continue	to	grow,	creating	challenges	for	
all	payers	of	health	care	services.

3.	 Personal	electronic	health	records	will	become	more	widely	
used	in	all	health	care	settings.

4.	 Health	care	consumers	will	pay	a	greater	percentage	of	
costs	but	will	have	new	options	for	obtaining	care.

5.	 Retail	storefront	health	care	and	the	Internet	will	stimulate	
consumer-driven	cost	competition.

6.	 Acute	care	hospitals	will	continue	to	provide	episodic,	
cutting-edge	respiratory	life	support	technology;	however,	
subacute	and	home	care	providers	will	continue	to	play	
important	roles.

7.	 Subacute	and	long-term	care	will	increase	in	volume	and	
complexity.

8.	 The	disconnect	between	prevention	and	acute	care	
treatment	will	lessen	but	not	disappear.

9.	 All	health	care	delivery	will	undergo	increasing	scrutiny	for	
quality	that	will	be	linked	to	reimbursement	under	a	new	
system	called	Pay for Performance.

10.	 New	models	for	the	delivery	of	health	care	will	emerge,	
such	as	Accountable Care Organizations	and	Medical 
Home.

11.	 Reimbursement	and	costs	will	influence	the	development	
and	success	of	these	new	models.

 Box 1-3 2015 and Beyond: Nine Likely 
Changes in the Health  
Care Workforce

1.	 There	will	be	national	and	regional	shortages	of	certain	
providers	in	all	sectors	of	health	care.

2.	 There	will	be	long-term	competition	for	all	health	care	
professionals.

3.	 The	clinical	demand	will	increase	at	a	faster	pace	than	the	
workforce	will	be	able	to	expand.

4.	 The	imbalance	in	jobs	and	available	workforce	will	be	
aggravated	by	the	retirement	of	current	providers.

5.	 Brutal	work	hours	requiring	24/7	staffing	will	dissuade	many	
individuals	from	pursuing	health	care	careers.

6.	 Shortages	of	teaching	faculty	and	a	limited	number	of	
training	programs	will	limit	the	number	of	entrants	into	allied	
health	professional	schools.

7.	 Traditional	clinical	sites	will	be	limited	in	number	and	variety	
and	will	need	to	be	expanded	to	alternative	sites,	such	as	
physicians’	offices	and	patients’	homes.

8.	 Newer	educational	technologic	resources	will	challenge	
traditional	education.

9.	 Health	care	delivery	organizations	will	find	reinvestment	in	
education	an	attractive	way	to	secure	competent	and	loyal	
workers.

From	Bunch	D:	2015	and	beyond.	AARC	Times	33:50,	2009.

 Box 1-4 2015 and Beyond: Five Changes 
Expected in Respiratory Care

1.	 The	science	of	respiratory	care	will	continue	to	evolve	and	
increase	in	complexity,	and	clinical	decisions	will	increasingly	
be	data-driven.

2.	 Patient	care	teams	will	become	the	standard	throughout	
health	care.

3.	 New	respiratory	life-support	technologies	will	be	developed	
and	deployed.

4.	 Reimbursement	changes	will	be	the	most	important	impetus	
for	more	recognition	of	the	importance	of	health	promotion	
and	disease	state	management.

5.	 Concerns	over	public	health	issues	and	military	and	disaster	
response	will	continue	and	require	new	skill	sets	for	all	
respiratory	care	providers.

From	Bunch	D:	2015	and	beyond.	AARC	Times	33:50,	2009.

 Box 1-5 Seven Major Competencies 
Required by Respiratory 
Therapists by 2015

1.	 Diagnostics
2.	 Chronic	disease	state	management
3.	 Evidence-based	medicine	and	respiratory	care	protocols
4.	 Patient	assessment
5.	 Leadership
6.	 Emergency	and	critical	care
7.	 Therapeutics

From	Barnes	TA,	Gale	DD,	Kacmarek	RM,	et	al:	Competencies	needed	
by	graduate	respiratory	therapists	in	2015	and	beyond.	Respir	Care	
55:601,	2010.

In the words of one conference organizer, “the take home 
message was that indeed the scope and depth of respiratory care 
practice will increase by 2015.”39 The second conference was 
held in the spring of 2009 and built on the findings of the 2008 
conference by identifying the competencies needed by graduate 
RTs and the educational content and curriculum that would be 
needed to practice in 2015 and beyond. Conference participants 
agreed that there would be seven major competencies (Box 1-5) 
that future RTs would need to practice effectively by 2015.40,41 
The third conference was held in the summer of 2010 to deter-
mine how the educational programs for entry-level RTs would 
have to be structured to accomplish the seven major competen-
cies identified during the 2009 conference. The recommenda-
tions of the third conference were published in 2011.42

Although the respiratory care profession is undergoing sub-
stantial change, there will be a continuing demand for respira-
tory care services well into the future because of advances in 
treatment and technology, increases in the general population, 
and increases in the elderly population (the baby boomers). A 
growing population will result in increases in asthma, COPD, 
and other chronic respiratory diseases. There will also be a 
continuing demand for controlling costs and ensuring that care 
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provided is evidence-based, safe, and effective. Respiratory care 
will need to be provided using carefully designed protocols to 
ensure that patients get the appropriate care at the right time 
and that unnecessary care is reduced or eliminated. Aggressive 
steps to prevent disease and control the cost of chronic respira-
tory disease will be essential. Effective smoking cessation and 
tobacco education programs and aggressive disease manage-
ment and pulmonary rehabilitation for patients with moderate 
to severe asthma, COPD, and other chronic respiratory disease 
will continue to be needed.

As exemplified by the 2015 and Beyond project, the knowl-
edge, skills, and attributes needed by RTs will continue to 
expand, and it will become increasingly difficult to prepare RTs 
for expanded practice within the credit hour limitations of 
many existing programs. To alleviate this situation, associate 
degree programs may develop articulation agreements with 
4-year colleges and universities to allow their graduates to com-
plete the bachelor degree in respiratory care without leaving 
their home campus; distance education technology will play an 
important role and allow this to occur at minimal cost.

Bachelor degree programs often seek to provide students 
with a foundation for leadership in the profession in the areas 
of management, supervision, research, education, or clinical 
specialty areas. To meet the leadership needs of the profession, 
some baccalaureate programs have already implemented post-
baccalaureate certificates or master degree programs. Clinical 
areas in which more graduate education programs could be 
beneficial include critical care, cardiopulmonary diagnostics, 
clinical research, sleep medicine, rehabilitation, and preparation 
as a pulmonary physician assistant. There also will be an increas-
ing demand for RTs with master and doctoral degrees to serve 
as university faculty, educators, and researchers.

◗	Use	of	aerosolized	medications	for	the	treatment	of	
asthma	began	in	1910,	with	numerous	new	drugs	being	
developed	in	the	twentieth	century	and	continuing	up	to	
the	present.

◗	Mechanical	ventilation	was	explored	in	the	1800s.	In	1928,	
Drinker	developed	his	iron	lung;	this	was	followed	by	the	
Emerson	iron	lung	in	the	1930s,	which	was	used	
extensively	during	the	polio	epidemics	of	the	1940s	and	
1950s,	and	the	modern	critical	care	ventilator,	which	
became	available	in	the	1960s.

◗	The	ITA	was	founded	in	1947,	becoming	the	AAIT	in	
1954,	the	AART	in	1973,	and	the	AARC	in	1982.

◗	The	AARC	now	has	10	Specialty	Sections	to	provide	
resources	to	members	based	on	where	they	are	employed	
and	practice.

◗	The	ARCF	offers	many	scholarships	and	grants	to	
respiratory	therapy	students	and	is	promoting	advanced	
training	for	RTs.

◗	Although	originally	found	only	in	the	United	States	and	
Canada,	the	practice	of	respiratory	therapy	is	quickly	
expanding	around	the	world.

◗	Respiratory	Care	Week	is	a	yearly	event	to	promote	the	
profession	and	raise	awareness	of	the	importance	of	good	
lung	health.

◗	 In	the	future,	there	will	be	an	increase	in	demand	for	
respiratory	care	because	of	advances	in	treatment	and	
technology;	increases	in	and	aging	of	the	population;	and	
increases	in	the	number	of	patients	with	asthma,	COPD,	
and	other	cardiopulmonary	diseases.

The RT of the future will be focused on patient assessment, 
care plan development, protocol administration, disease man-
agement and rehabilitation, and patient and family education, 
to include tobacco education and smoking cessation.
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Q uality is defined as a characteristic reflecting a high 
degree of excellence, fineness, or grade. Ruskin, a 
nineteenth-century British author, stated, “Quality is 

never an accident. It is always the result of intelligent effort.” 
Conclusions drawn from the assessment of quality are only 
temporary because the components of quality are constantly 
changing. Specifically, quality, as applied to the practice of respi-
ratory care, has many dimensions. It encompasses the people 
who administer the respiratory care, the equipment used, and 
the manner in which the care is provided. Determining the 
quality of services provided by a respiratory care department 
requires intelligent efforts to establish guidelines for delivering 
high-quality care and a method for monitoring the care. The 
conclusions about how respiratory care has been delivered 

change as clinical practice and expectations change. In the 
current cost-attentive era of health care, quality can be chal-
lenged by pressures to minimize cost, making the measurement 
and monitoring of quality even more important. There is a new 
emphasis on the value of the care that is provided, where value 
is defined as quality/cost. The higher the quality and the lower 
the cost, the higher the value will be of the care delivered.

This chapter reviews systems for delivering respiratory care 
and the evidence that supports providing high-quality respira-
tory care. In particular, we review the elements of a hospital-
based respiratory care program, focusing on medical direction, 
practitioners, and technical direction. With the goal of high 
quality being the competent delivery of care that is appropriate, 
we then discuss respiratory care protocols as an important way 

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆ Understand the elements for delivering high-quality respiratory care.
◆ Explain how respiratory care protocols improve the quality of respiratory care services.
◆ Understand evidence-based medicine.
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method, or failing to provide therapy that is clinically indi-
cated.5 Table 2-1 reviews studies evaluating the allocation of 
respiratory care services and the frequency of misallocated 
care.3,6-12 These studies provide much evidence that misalloca-
tion of respiratory care occurs frequently. Such misallocation 
has led to the use of respiratory care protocols that are imple-
mented by RTs (as described in the section on Methods for 
Enhancing the Quality of Respiratory Care).

Respiratory Therapists

In addition to competent medical direction and using well-
constructed respiratory care protocols (see Fig. 2-1), capable 
RTs are an indispensable element in delivering high-quality 
respi ratory care. The quality of RTs depends primarily on their  
training, education, experience, and professionalism. Training 
teaches students to perform tasks at a competent level, whereas 
clinical education provides students with the knowledge they 
can use in evaluating a situation for making appropriate deci-
sions.13 Both adequate training and clinical education are 
required to produce qualified RTs for assessing patients and 
implementing respiratory care protocols.14

Designations and Credentials of 
Respiratory Therapists

The two levels of general practice credentialing in respiratory 
care are (1) certified respiratory therapists (CRTs) and (2)  
registered respiratory therapists (RRTs). Students eligible to 
become CRTs and RRTs are trained and educated in colleges 
and universities. After completion of an approved respiratory 
care educational program, a graduate may become credentialed 
by taking the entry-level examination to become a CRT. A CRT 
may be eligible to sit for the registry examinations to become a 
credentialed RRT. Students who complete a 2-year program 
graduate with an associate degree, and students who complete 
a 4-year program receive a baccalaureate degree. Some RTs go 
on to complete a graduate degree (e.g., master or doctorate) 
with additional study in the areas of respiratory care, education, 
management, or health sciences. The further development of 
graduate education in respiratory care has been encouraged by 
the American Association for Respiratory Care (AARC), and 
several masters-level RT programs are currently available.15

Respiratory care education programs are reviewed by the 
Committee on Accreditation for Respiratory Care (CoARC). 
This committee is sponsored by four organizations: the AARC, 
the American College of Chest Physicians (ACCP), the Ameri-
can Society of Anesthesiologists (ASA), and the American Tho-
racic Society (ATS). The CoARC is responsible for ensuring that 
respiratory therapy educational programs follow accrediting 
standards or essentials as endorsed by the American Medical 
Association (AMA). Members of the CoARC visit respiratory 
therapy educational programs to judge applications for accredi-
tation and make periodic reviews. The mission of the CoARC, 
in collaboration with the Association of Specialized and Profes-
sional Accreditors, is to promote high-quality respiratory 
therapy education through accreditation services. An annual 
listing of accredited respiratory therapy programs is published. 

to deliver high-quality respiratory care. Finally, we review the 
concept of evidence-based medicine as it applies to the practice 
of respiratory care. Other aspects of measuring and monitoring 
quality and patient safety are discussed in Chapter 3.

ELEMENTS OF A HOSPITAL-BASED 
RESPIRATORY CARE PROGRAM: 
ROLES SUPPORTING QUALITY CARE

Medical Direction

The medical director of respiratory care is professionally 
responsible for the clinical function of the department and 
provides oversight of the clinical care that is delivered (Box 2-1). 
Medical direction for respiratory care is usually provided by  
a pulmonary/critical care physician or an anesthesiologist. 
Whether the role of a respiratory care service medical director 
is designated as a full-time or part-time position, it is a full-time 
responsibility; the medical director must be available on a 
24-hour basis for consultation with and to give advice to other 
physicians and the respiratory care staff. The current philoso-
phy of cost containment and cost-effectiveness, dictated by 
medical care market forces, poses a challenge to the medical and 
technical leadership of respiratory care services to provide 
increasingly high-quality patient care at low cost. A medical 
director must possess administrative, leadership, and medical 
skills.1

Perhaps the most essential aspect of providing high-quality 
respiratory care is to ensure that the care being provided is 
appropriate (i.e., is clinically indicated) and that it is delivered 
competently. Traditionally, the physician has evaluated patients 
for respiratory care and has written the specific respiratory 
therapy orders for the respiratory therapist (RT) to follow. 
However, such traditional practices often have been associated 
with what has been called “misallocation of respiratory care.”2-4 
Such misallocation may consist of ordering therapy that is not 
indicated, ordering therapy to be delivered by an inappropriate 

 Box 2-1 Responsibilities of a Medical 
Director of Respiratory Care

• Medical supervision of respiratory therapist in the following 
areas:
• General medical, surgical, and respiratory nursing wards
• Intensive care units
• Ambulatory care (including rehabilitation)
• Pulmonary function laboratory

• Development and approval of department clinical policies 
and procedures

• Supervision of ongoing quality assurance activities
• Medical direction for respiratory care in-service and training 

programs
• Education of medical and nursing staffs regarding respiratory 

therapy
• Participation in the selection and promotion of technical staff
• Participation in preparing the department budget
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TABLE 2-1 

Frequency of Misallocation of Respiratory Care Services in Selected Series

Type of Service Author Date Patient Type No. Patients Frequency of Overordering Frequency of Underordering

Supplemental 
oxygen

Zibrak et al6 1986 Adults NS 55% reduction in incentive 
spirometry after therapist 
supervision began

NA

Brougher et al7 1986 Adult, non-ICU 
inpatients

77 38% ordered to receive O2 
despite adequate oxygenation

NA

Small et al8 1992 Adult, non-ICU 
inpatients

47 72% of patients checked had 
PaO2 > 60 mm Hg or SaO2 > 
90% but were prescribed O2

NA

Kester and 
Stoller3

1992 Adult, non-ICU 
inpatients

230 28% for supplemental O2 8% for supplemental O2

Albin et al9 1992 Adult, non-ICU 
inpatients

274 61% ordered to receive 
supplemental O2 despite 
SaO2 ≥ 92%

21% underordered, including 
19% prescribed to receive 
inadequate O2 flow rates

Shelledy et al12 2004 Adults 75 0 5.3% indicated but not 
ordered

Bronchial 
hygiene 
techniques

Zibrak et al6 1986 Adults NS 55% reduction in incentive 
spirometry after therapist 
supervision began

NA

Shapiro et al10 1988 Adult, non-ICU 
inpatients

3400 
evaluations

61% reduction of bronchial 
hygiene after system 
implemented

NA

Kester and 
Stoller3

1992 Adult, non-ICU 
inpatients

230 32% 8%

Shelledy et al12 2004 Adults 75 37.5% 8%
Bronchodilator 

therapy
Zibrak et al6 1986 Adults NS 50% reduction in incentive 

aerosolized medication after 
therapist supervision began

NA

Kester and 
Stoller3

1992 Adult, non-ICU 
inpatients

230 12% 12%

Shelledy et al12 2004 Adults 75 34.4% 5.3%
Kester and 

Stoller3
1992 Adult, non-ICU 

inpatient
230 40% 6.7%

ABGs Browning et al11 1989 Surgical ICU 
inpatients

724 ABGs 42.7% inappropriately ordered 
before guidelines implemented

NA

Modified from Stoller JK: The rationale for therapist-driven protocols. Respir Care Clin N Am 2:1, 1996.
ABGs, Arterial blood gases; ICU, intensive care unit; NS, Not stated; NA, not assessed.

As of May 2014, there were approximately 453 CoARC-approved 
respiratory care programs.

Credentialing is a general term that refers to recognizing 
individuals in particular occupations or professions. Generally, 
the two major forms of credentialing in the health fields are 
state licensure and voluntary certification. Licensure is the 
process in which a government agency gives an individual per-
mission to practice an occupation. Typically, a license is granted 
only after verifying that the applicant has demonstrated the 
minimum competency necessary to protect the public health, 
safety, or welfare. Licensure laws are normally made by state 
legislatures and enforced by specific state agencies, such as 
medical, nursing, and respiratory care boards. In states where 
licensure laws govern an occupation, practicing in the field 
without a license is considered a crime punishable by fines or 
imprisonment or both. Licensure regulations are based on a 
practice act that defines (and limits) what activities the profes-
sional can perform. Two other forms of state credentialing are 
less restrictive. States that use title protection simply safeguard 

the use of a particular occupational or professional title. Alter-
natively, states may request or require practitioners to register 
with a government agency (registration). Neither title protec-
tion nor state registration constitutes a true practice act, and 
because both title protection and registration are voluntary, 
neither provides strong protection against unqualified or 
incompetent practice.

Certification is a voluntary, nongovernment process whereby 
a private agency grants recognition to an individual who has 
met certain qualifications. Examples of qualifications are grad-
uating from an approved educational program, completing a 
specific amount of work experience, and performing acceptably 
on a qualifying examination. The term registration is often 
used interchangeably with the term certification, but it also may 
refer to a type of government credentialing. As a voluntary 
process, certification involves standards that are often higher 
than the minimum standards specified for entry-level compe-
tency. A major difference between certification and licensure is 
that certification generally does not prevent others from working 
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Licensure and certification help ensure that only qualified 
RTs participate in the practice of respiratory care. Many institu-
tions conduct annual skills checks or competency evaluations 
in compliance with The Joint Commission (TJC, formerly the 
Joint Commission on Accreditation of Healthcare Organiza-
tions [JCAHO]) requirements. Beyond TJC-required skills 
checks, experience with respiratory care protocols suggests the 
need to develop and monitor additional skills among RTs (Box 
2-2). Ensuring and maintaining these skills require ongoing 
training and quality review programs, which are discussed in 
Chapter 3 (see section on Monitoring Quality in Respiratory 
Care).

Professionalism

By definition, professionalism is a key attribute to which all RTs 
should aspire and that must guide respiratory care practice. 
Webster’s New Collegiate Dictionary defines a profession as “a 
calling that requires specialized knowledge and often long and 
intensive academic preparation.” A professional is characterized 
as an individual conforming to the technical and ethical stan-
dards of a profession. RTs demonstrate their professionalism by 
maintaining the highest practice standards, engaging in ongoing 
learning, conducting research to advance the quality of respira-
tory care, and participating in organized activities through  
professional societies such as the AARC and associated state 
societies. Box 2-3 lists the professional attributes of the RT. We 
emphasize the importance of these attributes because the con-
tinued value and progress of the field depend critically on the 
professionalism of each practitioner.16

in that occupation, as do most forms of licensure. Both types 
of credentialing apply in respiratory care.

The primary method of ensuring quality in respiratory care 
is voluntary certification or registration conducted by the 
National Board for Respiratory Care (NBRC). The NBRC is 
an independent national credentialing agency for individuals 
who work in respiratory care and related services. The NBRC is 
cooperatively sponsored by the AARC, ACCP, ASA, ATS, and 
National Society for Pulmonary Technology. Representatives of 
these organizations make up the governing board of the NBRC, 
which assumes the responsibility for all examination standards 
and policies through a standing committee. The NBRC provides 
the credentialing process for both the entry-level CRT and the 
advanced-practitioner RRT. As established in January 2006, to 
be eligible for either the CRT or the RRT examination, all can-
didates must have an associate degree or higher. An additional 
advanced-practitioner credential, the neonatal/pediatric spe-
cialist (NPS), has been established for the field of pediatrics. The 
NBRC also encourages professionals in the field to maintain 
and upgrade their skills through voluntary recredentialing. 
Both CRTs and RRTs may demonstrate ongoing professional 
competence by retaking examinations. Individuals who pass 
these examinations are issued a certificate recognizing them as 
“recredentialed” practitioners. In addition to the certification 
and registration of RTs, the NBRC provides credentialing in the 
area of pulmonary function testing for certified pulmonary 
function technologists (CPFTs) and registered pulmonary func-
tion technologists (RPFTs). Since its inception, the NBRC has 
issued more than 350,000 professional credentials to more than 
209,000 individuals. According to United States Bureau of 
Labor Statistics data from 2012, there were approximately 
119,300 active RTs, many of whom hold more than one creden-
tial. Table 2-2 shows the distribution of these credentialed 
individuals.

At the time of publication, 48 states, the District of Colum-
bia, and Puerto Rico have some form of state licensure. Many 
states use the NBRC entry-level respiratory care examination 
for state licensing, whereas others simply verify NBRC creden-
tials. Most licensure acts require the RT to attain a specified 
number of continuing education credits to maintain his or her 
license. Continuing education helps practitioners keep up to 
date and aware of the changes and advances that occur in their 
health care field.

TABLE 2-2 

Distribution of Credentialed Practitioners

Credential Type No. Credentialed Practitioners

CRT 219,830
RRT 130,375
CPFT 12,711
RPFT 4279
NPS 11,491

NOTE: As of February 2013. Practitioners may hold more than one credential 
(i.e., RRTs are also CRTs and NPS are also CRTs or RRTs).

 Box 2-2 Additional Respiratory Therapist 
Skills Required for  
Implementing Protocols

• Assess and evaluate patients regarding indications for 
therapy and for the most appropriate delivery method

• Be cognizant of age-related issues and how they affect the 
patient’s ability to understand and use various treatments

• Adapt hospital policies and procedures to alternative care 
sites

• Conduct and participate in research activities to ensure a 
scientific basis for advances in respiratory care technology

• Communicate effectively with all members of the health care 
team, and advance knowledge in the field of respiratory care

 Box 2-3 Professional Characteristics of a 
Respiratory Therapist

• Completes an accredited respiratory therapy program
• Obtains professional credentials
• Participates in continuing education activities
• Adheres to the code of ethics put forth by the institution or 

state licensing board or both
• Joins professional organizations



22 SECTION I • Foundations of Respiratory Care

checked and specific maintenance procedures must be per-
formed on a regular basis. Because of rapidly changing respira-
tory care technology, the job of the technical director poses 
significant challenges. Circuit boards and computers have 
replaced simpler mechanical devices. New medications and 
delivery devices for the treatment of asthma and newer strate-
gies for treating other respiratory diseases (e.g., low-stretch 
ventilatory approaches for acute respiratory distress syndrome 
[ARDS]) continue to evolve. Individuals responsible for techni-
cal direction must ensure that these new devices, methods, and 
strategies not only are effective but also have value.

Respiratory Care Protocols

In an effort to improve the delivery and allocation of respiratory 
care services, respiratory care protocols (also known as 
therapist-driven protocols) have been developed and are in use 
in many hospitals in the United States, Canada, and other coun-
tries. Respiratory care protocols are guidelines for delivering 
appropriate respiratory care treatments and services (i.e., treat-
ments and services that are clinically indicated, delivered by the 
correct method, and discontinued when no longer needed). 
Protocols may be written in outline form or may use algo-
rithms (an example of which is a branching logic flow diagram 
[Figures 2-1 and 2-2]).

Gaylin and colleagues17 conducted a telephone survey in 
1999 of 371 RT members of the AARC, of whom 51% were 
practitioners, 26% were clinical supervisors, and 23% were 
administrators. When asked if their organizations used guide-
lines or protocols, 98% of the respondents indicated that they 
did. Of the 2% who did not, 53% were planning their use. A 
survey conducted by the AARC in 2005 indicated that of 681 
responding hospitals, 73% were providing care by means of at 
least one protocol.18 More recently, the 2009 AARC Human 
Resources Survey showed that of 2764 responders, approxi-
mately two-thirds (65.7%) indicated that they have delivered 
respiratory care by protocol.19 Finally, in a survey of 348 RT 
program directors, more than 95% reported teaching RT stu-
dents how to treat using RT protocols.20 The use of respiratory 
care protocols by qualified RTs is a logical practice because well-
trained RTs possess extensive knowledge of respiratory care 
modalities and have the assessment and communication skills 
required to implement the protocols effectively.21

The success of a respiratory care protocol program requires 
several key elements, including active and committed medical 
direction, capable RTs, collaboration with physicians and nurses, 
careful monitoring, and a responsive hospital environment 
(Box 2-5). As further evidence that RT protocols have been 
widely adopted, the ACCP has identified the elements of an 
acceptable respiratory care protocol (Box 2-6). This document 
may serve as a guide for developing protocols. Protocols may  
be constructed for individual therapies, such as aerosol the-
rapy, bronchopulmonary hygiene, bronchodilators, O2 therapy, 
hyperinflation techniques, suctioning, and pulse oximetry. Pro-
tocols also can be written for a specific purpose, such as arterial 
blood gas (ABG) sampling, weaning from mechanical ventila-
tion, decannulating a tracheostomy, and titrating O2 therapy.

In the highly regulated careers of health care, professional-
ism also requires compliance with external standards, such as 
the standards set by TJC and the government. One such stan-
dard is defined by the Health Insurance Portability and Account-
ability Act (HIPAA) of 1996. HIPAA sets standards regarding 
the way personal health information is communicated and 
revealed in the transmission of medical records and in the 
written and verbal communication in the hospital. Some spe-
cific provisions of HIPAA are presented in Box 2-4. As with all 
hospital and health care personnel, standards of respiratory 
therapy professionalism require knowledge of HIPAA and com-
pliance with its terms.

Technical Direction

Another important element for delivering quality respiratory 
care is technical direction. Technical direction is often the 
responsibility of the manager of a respiratory care department, 
who must ensure the equipment and the associated protocols 
and procedures have sufficient quality to ensure the safety, 
health, and welfare of the patient using the equipment. Medical 
devices are regulated under the Medical Device Amendment 
Act of 1976, which comes under the authority of the U.S. Food 
and Drug Administration (FDA). The FDA also regulates the 
drugs that are delivered by RTs. The purpose of the FDA is to 
establish safety and effectiveness standards and to ensure that 
these standards are met by equipment and pharmaceutical 
manufacturers.

Procedures and protocols related to the use of equipment 
and medications must be written to provide a guide for the 
respiratory care staff. In addition, equipment must be safety 

 Box 2-4 Health Insurance Portability and 
Accountability Act of 1996

The use and disclosure of protected health information (PHI) by 
a covered entity are prohibited by the Health Insurance 
Portability and Accountability Act unless it is a permitted use or 
disclosure for purposes of treatment, payment, or health care 
operations or is authorized by the patient. When disclosure or 
use of PHI is permitted, ensure that only the minimum 
necessary information is disclosed.

DEFINITION OF TERMS
Use: Release of PHI within the institution
Disclosure: Release of PHI outside the institution
PHI: Individually identifiable health information
Covered entity: Health care provider, health plan, health care 

clearinghouse
Permitted: As long as there are reasonable safeguards in place 

regarding the Privacy Rule and the information given is the 
“minimum necessary”

Treatment: Necessary information can be disclosed to all 
involved in treatment (physicians, nurses, allied health 
personnel)

Payment: To allow for billing, for insurance purposes and 
third-party payers

Authorized: Patient’s written agreement for permitted use
Minimum necessary: Reasonably necessary to accomplish 

intended purpose
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MINI CLINI
A Specific Treatment Protocol: 
Aerosolized Bronchodilator Therapy

PROBLEM:  A 54-year-old woman is admitted to the hospital 
with an exacerbation of chronic obstructive pulmonary disease 
(COPD). She has a history of smoking one and one-half pack 
of cigarettes per day for 32 years. She is alert and oriented, and 
her respiratory rate is 32 breaths/min. On auscultation, she has 
bilateral wheezes on inspiration and exhalation. Her vital 
capacity (1.3 L) is greater than the predicted minimal volume 
for effective incentive spirometry, but she is unable to take in 
a slow, deep breath and hold it for longer than 5 seconds, which 
is the criterion sometimes used for appropriate metered dose 
inhaler (MDI) use. What should the RT do now?

SOLUTION:  Following the aerosol therapy protocol algo-
rithm, this patient would receive an aerosolized bronchodilator 
treatment from a small-volume nebulizer with a mouthpiece. 
An algorithm for aerosolized bronchodilator therapy is shown 
in Figure 2-1.

MINI CLINI
A Specific Treatment Protocol: 
Aerosolized Bronchodilator Therapy

PROBLEM:  A 70-year-old woman is admitted from the 
emergency department with an asthma exacerbation. She is a 
nonsmoker and has advanced dementia. She is alert and calm, 
and her respiratory rate is 24 breaths/min. She has bilateral 
wheezes on exhalation. The patient is able to take deep breaths, 
but she cannot follow simple directions. What would be the 
bronchodilator device of choice for this patient?

SOLUTION:  This patient should receive a small-volume neb-
ulizer, because she does not fulfill MDI criteria (because of her 
advanced dementia). The aerosolized bronchodilator therapy 
algorithm that guides this decision is shown in Figure 2-1.

Successful implementation of protocols requires acceptance 
by various stakeholders in the hospital, including the hospital 
administrators, physicians, nurses, and RTs. Hospital adminis-
trators are likely to accept RT protocols if they are convinced 
that protocols enhance patient care, improve allocation of respi-
ratory care services, and reduce costs. Physicians are likely to 
accept RT protocols if they are convinced that protocols will 
enhance their patients’ care, preserve the physician’s ability to 
specify orders if desired, and maintain the physician’s awareness 
of changes in a patient’s condition and changes in the respira-
tory care plan. Physicians’ acceptance also requires their having 
trust in the quality, professionalism, and competence of the 
respiratory therapy staff. Nurses are likely to accept protocols if 
they are persuaded that protocols will enhance the efficiency of 
care, help relieve sometimes excessive nursing workloads, and 
preserve communication with the bedside nurse regarding the 
patient’s plan of treatment. Finally, successful implementation 
and acceptance of protocols by RTs requires a desire to be  
progressive, confidence in their own assessment and communi-
cation skills, “ownership” of the protocol process (e.g., by par-
ticipating in drafting the protocol policies and strategies by 
which protocols are put in place), and willingness to change and 
to abandon outdated task-driven practices in respiratory care.

Features of RT departments that are ready for and embrace 
change have been studied22 and are presented in Box 2-7. Steps 
and tactics to ensure successful implementation of respiratory 
care protocols are described in Box 2-8. Selecting a planning 
team with broad membership that includes physicians, nurses, 
and administrators is a key element in developing a protocol 
implementation process that avoids potential barriers and satis-
fies the institution’s specific and unique requirements. Once 

MINI CLINI
A Specific Purpose Protocol: Oxygen 
Therapy Titration

PROBLEM:  A 42-year-old man has returned to a medical-
surgical nursing unit from the recovery room after a cholecys-
tectomy. He has no history of lung disease and is wearing a 
nasal cannula at 2 L/min. He is alert and oriented; his respira-
tory rate is 18 breaths/min and heart rate is 82 beats/min. When 
the RT arrives to check his oxygen setup and pulse oximeter 
reading, his SpO2 (pulse oximeter reading) is 97% on the 2 L/
min nasal cannula. What should the RT do next?

SOLUTION:  Following the O2 therapy titration protocol algo-
rithm, the RT removes the nasal cannula and returns in 15 
minutes to recheck the patient’s SpO2 reading, which is now 
93% on room air. The RT discontinues the O2 therapy. An O2 
therapy titration algorithm is shown in Figure 2-2.

 Box 2-6 Elements of an Acceptable 
Respiratory Care Protocol as 
Described by the American 
College of Chest Physicians

• Clearly stated objectives
• Outline that includes an algorithm
• Description of alternative choices at decision and action 

points
• Description of potential complications and corrections
• Description of end points and decision points at which the 

physician must be contacted
• Protocol program

 Box 2-5 Key Elements of a Respiratory 
Care Protocol Program

• Strong and committed medical direction
• Capable respiratory therapists (RTs)
• Active quality monitoring
• Collaborative environment among RTs, physicians, and 

nurses
• Responsiveness of all participants to address and correct 

problems
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Aerosol Therapy

Indications:
Current, or history, of bronchospasm

Type of medication:
Bronchodilator

Patient alert?

Shallow
breathing?

Can patient take
a deep breath?

Small-volume
nebulizer with

mask

PAP* device
with mask

PAP* device
with mouthpiece

VC �
minimal

predicted?

MDI
criteria met?

Small-volume
nebulizer with
mouthpiece

MDI
with a
spacer

*Appropriate PAP (positive airway pressure) device.

    •  PEP (i.e., Thera PEP)
    •  Measured PEP (i.e., EZ PAP)
    •  Oscillatory device (i.e., Acapella)
    •  Intermittent CPAP

No

No

NoNo

No

Yes

Yes

YesYes

Yes

FIGURE 2-1 Respiratory care protocol. Aerosolized bronchodilator therapy algorithm for current or history of bronchospasm. CPAP, 
Continuous positive airway pressure; MDI, metered dose inhaler; PAP, positive airway pressure; PEP, positive expiratory pressure; VC, vital 
capacity. 

 Box 2-7 “Highly Desired” Features of a Change-Avid Respiratory Therapy Department

From Stoller JK, Kester L, Roberts VT, et al: An analysis of features of respiratory therapy departments that are avid for change. Respir Care 53:871, 2008.

1. Having a close and collegial working relationship  
between the medical director and the respiratory  
therapists (RTs)

2. Having a strong and supportive champion for change in the 
hospital administrative structure (e.g., hospital leaders, 
medical director)

3. Using data and other evidence to define problems and 
measure the effectiveness of proposed solutions

4. Using multiple and redundant types of communication to 
cascade information throughout the respiratory therapy 
department

5. Being attentive to the forces of resistance and obstacles to 
change and being able to navigate within institutional systems 
and people to achieve change

6. Being willing to confront, engage, and gain closure on tough 
issues

7. Having and maintaining a culture of internal, self-imposed, 
systematic, ongoing education and knowledge acquisition

8. Consistently rewarding and recognizing change-avid behavior 
among respiratory therapy department members

9. Fostering ownership for change rather than just complying 
with external policies and demands and, as part of this 
ownership, taking the time to identify and involve 
stakeholders (e.g., physicians, nurses, hospital thought 
leaders and decision makers) in change

10. Paying attention to leadership development and succession 
planning in the RTs

11. Having and communicating a vision in the department

protocols have been designed, it is often advisable to do pilot 
studies, either of each protocol individually or of a group of 
protocols on a single hospital floor or unit. By using this staged 
rollout with an initial pilot trial, unexpected problems can be 
worked out and helpful feedback can be gathered from protocol 
users before the protocols are implemented on a hospital-wide 
basis.

A comprehensive approach for using protocols is to combine 
specific protocols to form a respiratory therapy consult service 

or an evaluate-and-treat program, which is used in institutions 
such as the Cleveland Clinic and the University of California at 
San Diego. With the use of a respiratory therapy consult service, 
the sequence of events for a respiratory therapy consult may 
occur as shown in Box 2-9.

A carefully structured assessment tool and care plan form 
(Figures 2-3 and 2-4) are essential elements for a comprehensive 
protocol program. These tools help ensure consistency among 
therapist evaluators. The following Mini Clini on Writing a 
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FIGURE 2-2 Respiratory care protocol to determine when oxygen concentration should be increased or decreased or when the therapy 
should be discontinued. (1) Shortness of breath, tachycardia, diaphoresis, confusion. (2) O2 saturation measured by pulse oximeter (SpO2) 
criteria may be modified with documented evidence of preexisting chronic hypoxemia. (3) Appropriate time lapse for recheck: 10 minutes for 
patients without pulmonary history; 20 minutes for patients with pulmonary history. NOTE: O2 concentration should not be decreased more 
than once per shift. D/C, Discontinue. 

Yes

No

Yes No

No Yes

Yes No

No Yes

No Yes

Delay O2

titration, see
O2 algorithm

Does patient
require O2 to

maintain SpO2
≥ 92%?

Restart O2

maintain SpO2
≥ 92%

Recheck (3)

Does patient have
clinical signs of
hypoxemia? (1)

Is SpO2
≥ 92%

on room air?

Is SpO2
≥ 92% on
room air?

Is SpO2 < 92%?

D/C O2

D/C O2

Check SpO2

on next shift
(while awake)

Recheck on
next shift

(while awake)

Is patient’s SpO2

or O2 sat
≥ 92%? (2)

  O2 to
achieve an

SpO2 ≥ 92%
Recheck (3)

Continue
present O2

therapy

  O2 to maintain
SpO2 ≥ 92%
Recheck (3)
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Respiratory Care Plan shows how an assessment tool and care 
plan document, used along with corresponding algorithms, can 
guide therapists in developing an appropriate respiratory care 
plan. Other essential elements of a respiratory care protocol 
service include ensuring the respiratory therapist’s competence 
to deliver the care as part of a quality control program (see 
Figure 2-5) and assessing the accuracy of audits (see Figure 2-6).

Demonstrated advantages of respiratory care protocols 
include better allocation of respiratory care services without an 
increased frequency of respiratory care treatments and cost 
savings (Tables 2-3 and 2-4). Other advantages include more 
responsive respiratory care with more adjustment of respiratory 
care services to keep pace with patients’ changing clinical  
status and more versatile use of respiratory care services  
(Table 2-5).12,23-26

 Box 2-9 Sequence of Events for a 
Respiratory Care Consult

1. A physician writes an order for a respiratory care protocol or 
consult.

2. A physician order entry system or the nursing unit secretary 
notifies a respiratory therapist (RT) evaluator.

3. The evaluator assesses the patient using specific guidelines.
4. The evaluator writes a care plan using designated indications 

and algorithms and documents the care plan in the patient’s 
chart for review by the physician.

5. The RT covering the nursing unit delivers the care.
6. The patient is assessed on a shift-by-shift basis for changes 

in status and indicated modifications for the care plan, which 
are also documented.

7. The physician is notified of any deterioration in the patient’s 
status.

8. When indications for respiratory care no longer exist, 
respiratory care treatment is discontinued, and notification is 
placed in the patient’s chart.

 Box 2-8 Tactics for Implementing 
Respiratory Care Protocols

1. Select a planning team with diverse membership.
2. Conduct an audit to assess the occurrence of misallocation 

of therapy to justify departure from usual care.
3. Identify sources of resistance (e.g., physicians, nurses, 

administrators, respiratory therapists [RTs]).
4. Design a protocol program that fits the individual hospital.
5. Develop a training program for RTs.
6. Develop an evaluation and quality monitoring system.

MINI CLINI
Writing a Respiratory Care Plan

PROBLEM:  A 40-year-old woman with a history of asthma 
was admitted to the hospital for gastrointestinal dysmotility 
with abdominal distention. Her chest radiograph showed an 
elevated diaphragm with accompanying atelectasis in the bases 
of the lung fields. Her laboratory test results were as follows: 
white blood cell count 10,200 cells/mcl, hemoglobin 11.6 g/dl, 
and platelet count 260,000/mm3. Her pulse oximetry reading 
was 96% on room air; no ABGs were drawn. Her heart rate was 
84 beats/min, blood pressure was 110/78 mm Hg, respiratory 
rate was 20 breaths/min, and temperature was 36.8° C. She was 
alert and oriented, and her vital capacity was 1.35 L. She is 5 
feet 7 inches tall and has a predicted minimal vital capacity of 
0.927 L (15 ml/kg of ideal body weight). On auscultation, her 
breath sounds were decreased bilaterally and she had slight 
inspiratory wheezes in the apices of her lung fields. She had a 
weak, nonproductive cough and was able to ambulate on her 
own. A respiratory care evaluation should be performed for 
this patient.

SOLUTIONS:  The patient’s assessment score sheet and her 
respiratory therapy care plan, using the respiratory therapy 
consult protocol and treatment algorithms currently in use at 
the Cleveland Clinic, are shown (see Figures 2-3 and 2-4).

TABLE 2-3 

Cost Savings Associated With Respiratory  
Care Protocols

Author Date Duration of Study Cost Savings

Hart 
et al36

1989 3 mo $4316 (decrease in 
actual costs)

Walton 
et al37

1990 6 yr 9.7% (decrease in 
charges)

Orens38 1993 1 yr $81,826 (decrease 
in costs for one 
nursing unit)

Ford39 1994 1 yr $150,000 (decrease 
in costs)

Komara 
and 
Stoller40

1995 40 postsurgical 
patients; oxygen use 
up to 6 days

53.3% (decrease in 
costs)

Shrake 
et al41

1996 2 years, 4420 patients; 
cost comparisons: 3 
months after protocol

$15,337 for 3 study 
months, annualized 
to $61,348/year

Stoller 
et al25

1998 1 year, 145 patients $20 (decrease in 
true costs/patient)

Kollef 
et al26

2000 9 months, 694 patients $186 (decrease in 
charges/patient)

Shelledy 
et al12

2004 3 months, 75 patients $75,395 (estimated 
annual decrease)

Modified from Haney DJ: Therapist-driven protocols for adult non-intensive 
care unit patients: availability and efficacy. Respir Care Clin N Am 2:93, 
1996. 

RULE OF THUMB

Respiratory care protocols have been shown to help 
ensure that the correct respiratory care treatments are 
delivered to the patients who are likely to benefit from 
the therapy (i.e., improved allocation of respiratory 
care).
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FIGURE 2-3 Evaluation form for guiding a standardized patient assessment and assigning a severity of respiratory illness score. The 
score for the greatest degree of dysfunction for each assessment category is written in the right-hand column and tallied to determine the 
severity of respiratory illness (triage) score. RR, Respiratory rate; VC, vital capacity. (Courtesy Cleveland Clinic Respiratory Institute, Cleveland, 
Ohio.)

Total points

The Cleveland Clinic Foundation

Department of Pulmonary Disease

Respiratory Therapy Evaluation

Date:       /      / Age:
Time: Ht:
Diagnosis:

Respiratory therapist

40
5’ 7’’

Inpatient ID label

Chart Assessment

Clinical findings 0 X X X

X

X

X

X

X1 2 3 4 Points

Pulmonary
status

(�) History

(�) Smoking

Smoking
history

�1 pk a day

Smoking
history

�1 pk a day

Pulmonary
impairment

(acute or chronic)

Severe or
chronic with
exacerbation 3

0

2

20110/7084

96% RA

10.2 11.6 260k

0.927L

1.35L

Surgical
status

No
surgery

General
surgery

Lower
abdominal

Thoracic
or upper

abdominal

Thoracic with
pulmonary

disease
Chest
x-ray

Clear or
not indicated

Chronic
changes or

x-ray pending

Infiltrates,
atelectasis
or pleural
effusions

Infiltrations
in more than

one lobe

Infiltrate �
atelectasis
�pleural
effusion

Patient Assessment

Clinical findings

X X

X

X

X

X

Respiratory
pattern

Regular
pattern

RR 12-20

Increased
RR 21-25

Dyspnea on
exertion,
irregular
pattern

RR 26-30

Decreased vital
capacity*
RR 31-35

Severe SOB,
use of

accessory
muscles
RR � 35

0

0

4

Mental
status

Alert,
oriented,

cooperative

Lethargic,
follows

commands

Confused,
does not follow

commands

Obtunded Comatose

Breath
sounds

Clear to
auscultation

Decreased
unilaterally

Decreased
bilaterally

Crackles in
the bases

Wheezing
and/or
rhonchi

X 2
Cough

effectiveness
Strong,

spontaneous,
nonproductive

Strong,
productive

Weak,
nonproductive

Weak,
productive or

weak with
rhonchi

No spontan-
eous cough or
may require
suctioning

0
Level of
activity

Ambulatory Ambulatory
with

assistance

Temporarily
nonambulatory

Bed rest, able to
position self

Bed rest,
unable to

position self

0

11

3

Oxygen 
required for

SpO2 � 92%

No oxygen 1-3 liters 4-6 liters �50%
�100%

100%

Lab test: Date:       /      / pH PaCO2 PaO2 HCO3 Sat/FIO2

WBC Hb Plts

Pulmonary function test:

Minimal pred. VC

VC Peak flow

SpO2/FIO2 Vital signs:

Temperature (24 hr max)

HR BP RR

Date:       /      /

*VC � 10 minimal predicted: Predicted ideal body weight
(males: 50 � 2.54 x inches �60)

(females: 45 � 2.54 � inches �60)
Multiply above ideal body wt. � 15 cc for min. pred. VC

Triage 1
�20

Triage 2
(16-20)

Triage 3
(11-15)

Triage 4
(6-10)

Triage 5
(0-5)

Triage #



FIGURE 2-4 Care plan form for recording a patient’s indications for therapy and the therapeutic modalities for treating the indications. 
ABGs, Arterial blood gases; COPD, chronic obstructive pulmonary disease; CPAP, continuous positive airway pressure; GI, gastrointestinal; 
Hx, history; IPPB, intermittent positive pressure breathing; Incen. spiro., incentive spirometer; PEP, positive expiratory pressure; RA, room air. 
(Courtesy Cleveland Clinic Respiratory Institute, Cleveland, Ohio.)

Aerosol
Therapy

Post Thoracic Surgery Protocol

Aerosol Therapy

Triage Number 3

Albuterol X

X

X

X

X

QID and prn

at night

To be used q1hr

96%/RA 1.35 l

Time of Evaluation

Date of Evaluation

Your patient has been evaluated by the Respiratory Therapy
Consult Service.  Based on the patient’s clinical indicators,
the Care Plan designated below will be implemented.

Diagnosis(es) GI dysmotility

Hx asthma

Care plan modifications, made in response to changes in the patient’s condition, are available for your review through the Phamis Last
Word computer system.

Signature: Respiratory Therapy Evaluator

Print Name: /Beeper:

bph

Hyperinflation

Oxygen Therapy

Monitoring

Suctioning

Comments Patient needs encouragement to cough effectively.

FrequencyNeb.DPI MDI

Clinical Indications

Respiratory Therapy
Consult/Evaluation

Care Plan

Bronchospasm

History of
bronchospasm

Inflammation/
mucosal edema

Proteinaceous
secretions

Home regimen

Productive
cough

Rhonchi on
auscultation

History of
mucous
prod. disease

Atelectasis

Pos. drainage

Incen. spiro.

FIO2 %

Pulse oximetry

Nasal-tracheal

Percussion/vibration

CPAP/PEP

Liters/minute

ABGs

Tracheal

Coughing techniques

IPPB

Resp. mechanics

Upper abdominal or
thoracic surgery, or
COPD & surgery

Restrictive disease
associated with
quadriplegia and/
or dysfunctional
diaphragm

SpO2 � 92%
on room air

PaO2 �
55 mm Hg
on room air

Clinical 
signs of
hypoxemia

O2 titration
(pulse ox.)

Unstable resp.
status

SpO2 � 92%
on room air or 4
Lpm O2 (ABGs)

Oximetry sat/FIO2 Vital capacity

Presence of
secretions

Unable to cough
effectively

Altered
consciousness

Patient unable
to deep breathe
and cough
spontaneously

Broncho/Pulm
Hygiene Hyperinflation Oxygen

Therapy
Respiratory
Monitoring

IMPRINT/LABEL

Suctioning

Physician order
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FIGURE 2-5 Example of a skills checklist for suctioning. DOB, Date of birth; MRN, medical record number. 

Suctioning

Date First name Last name Employee number
Use your employee number only, Do NOT use any letters.mm/dd/yyyy

Supervisor Observed by

Patient or simulation? � Patient
� Simulation

Last 4 digits of patient MRN Unit

Age (If applicable) � Neonate/infant (0-18 mos.) � Child (19 mos.-8 yrs.) � Adolescent (9-18 yrs.)

� Adult (19-69 yrs.) � Geriatric (70�yrs.)

Did the RT interact appropriately with the patient with regard to the specific age category listed above?
(If applicable)

� Yes � No

� Yes � No

� Yes � No

� Yes � No

� Yes � No

� Yes � No

� Yes � No

� Yes � No

Observe OSHA standards for universal precautions

Pre-assesses patient
  1.  Heart rate
  2.  Respiratory rate
  3.  Breath sounds 
  4.  Pulse oximetry

Perform suctioning procedure
  1.  Maintain sterile technique
  2.  Pre-oxygenate
  3.  Hyper-inflate at least 5-6 times with artificial airways
  4.  Suction
  5.  Lubricate catheter for nasotracheal route
  6.  Insert catheter smoothly as far as possible, careful to stop on encountering resistance
  7.  Apply suction intermittently as catheter is withdrawn
  8.  Suction period should not exceed 15 seconds
  9.  Oxygenate and hyper-inflate after each pass with the catheter
10.  Lavage as needed
11.  Repeat until airways are clear or as the patient tolerates
12.  Note amount, color, and consistency of any secretions

Post treatment assessment
  1.  Heart rate
  2.  Respiratory rate
  3.  Breath sounds
  4.  Cough
  5.  Sputum
  6.  Mental status
  7.  Activity 

Assures patient safety and clean environment
  1.  Removes all other trash from bed and area
  2.  Verifies medical support systems are intact (ex. oxygen)
  3.  Ensures patient safety (ex. bedrails are up)

Charts appropriately
  1.  Charts correctly in Mediserve in a timely manner
  2.  Includes any complications and/or adverse events and informs physician 

Comments

Skills Checklist

According to section standards

Prepare equipment and assess patient
  1.  Verify order, verifies patient using at least 2 patient identifiers (Name, MRN, DOB)
  2.  Introduce self and explains procedure (If applicable)
  3.  Correctly assemble the equipment per procedure manual, suction kit, manual resuscitator, oxygen,
       saline for lavage, suction source (wall outlet: 80-120 mm Hg portable: 3-5 inches Hg), lubricating jelly
       for nasotracheal route

(Last name, first name)

(Enter as unit-bed number ex. H81-15 or G111-09)(If applicable)
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FIGURE 2-6 Form for providing feedback to therapist evaluators on their patient assessment and care plan writing performance. 
Agreement is indicated by an A (auditor) and a T (therapist) in the same triage scoring box or therapeutic category. (Courtesy Cleveland 
Clinic Respiratory Institute, Cleveland, Ohio.)

A � Auditor
T � Therapist

Pulmonary Status

0 1 2

Triage Score

Care Plan

3 4

Surgical Status

Chest X-Ray

Respiratory Pattern

Mental Status

Breath Sounds

Cough

Level of Activity
Oxygen Requirement

The triage score was ___________% correct.*

*“% Correct” defined as the percent of auditor’s scores (for each of the eight axes) with which the therapist’s score agrees.

The care plan was ______% correct.*

*“% Correct” defined as (number of agreements)/six (total items for therapy).

Care plan complete?

Evaluation on time?

Frequencies correct?

Yes

Yes

Yes

No

No

No

Comments:

Total   A____  T____

Aerosol bph Hyperinflation Oxygen Pulse Ox Suctioning

A � Auditor

T � Therapist

Therapist:
Auditor:
Date:

Diagnosis:

Care Plan Audit

Stamp Here

EVIDENCE-BASED MEDICINE

Another important concept regarding high-quality care is 
evidence-based medicine. Evidence-based medicine refers to 
an approach to determining optimal clinical management based 
on several practices, as follows28-32: (1) a rigorous and systematic 
review of available evidence, (2) a critical analysis of available 
evidence to determine which conclusions are most sound and 
applicable, and (3) a disciplined approach to incorporating the 

literature with personal practice and experience. In a broader 
context, evidence-based medicine can be thought of as under-
standing and using the best quality evidence available (i.e., the 
best-designed, most rigorous clinical trials) to support the most 
appropriate and correct possible clinical decisions.

In rating the quality of scientific evidence, it is important to 
recognize the various designs and types of study designs from 
which scientific evidence comes.32 This section reviews these 
designs. The simplest and least rigorous design is a single case 
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report, in which a new clinical issue or problem is described in 
a single patient. A description of the favorable outcome of using 
a new mode of mechanical ventilation in one patient with 
refractory hypoxemia is an example of a single case report. 
Although single case reports have value in pointing out new 
insights and new possibilities for treatment, disease associa-
tions, or disease causation, they cannot prove the effectiveness 
of a treatment or the causality of a risk factor because, by 
nature, they lack a control or comparison group (i.e., a group 
that is similar to the patient or patients described, differing only 
in whether the risk factor of interest was present or the treat-
ment of interest was applied). Collecting a group of patients 
with similar clinical features is called a case series and may have 
greater impact than a single case report because it suggests that 
the issue is more general than in a single patient alone. However, 
like a single case report, a case series cannot prove the efficacy 
of a treatment or the causality of a risk factor because no com-
parison or control group is included.

Cohort studies, which compare the clinical outcomes in two 
compared groups (or cohorts), generally have greater scientific 
rigor than case studies or case series and consist of two broad 
types of study designs: observational cohort studies and ran-
domized controlled trials. In trying to establish whether a treat-
ment works (i.e., has efficacy), an observational cohort study 
compares the outcomes between two groups of patients when 
the treatment is allocated to one group but not the other. More 

specifically, an observational cohort study of a new mode of 
mechanical ventilation would compare the outcomes between 
two groups of similar patients (i.e., especially similar with 
regard to their risk for developing the outcome measure that is 
being studied) when the mode of mechanical ventilation is 
determined either by physician choice (i.e., the physician 
decided to use this treatment in this patient) or by patient 
choice. In contrast to an observational cohort study, in a ran-
domized controlled trial, sometimes regarded as the most 
methodologically rigorous study design (when well conducted), 
the outcomes of two similar groups of patients are compared 
when the use of the new mode of mechanical ventilation is 
determined not by patient or physician choice but rather by 
chance alone (randomization). When ideally designed and con-
ducted, a randomized controlled treatment trial eliminates all 
sources of bias that would prevent attributing differences in 
outcomes between the compared groups to anything other than 
the treatment that is being studied. In this way, randomization 
can “isolate” the effect of the treatment. Said differently, at its 
best, a randomized controlled treatment trial provides rigorous 
evidence about the efficacy of the treatment because all other 
potential biases and confounding variables (e.g., features of the 
compared patient groups, other medications, or other treat-
ments that the study participants are receiving) are eliminated 
from consideration. This allows the investigators and the readers 
of the clinical trial results to confidently attribute outcome 

TABLE 2-4 

Summary of Available Randomized Trials on the Effectiveness of Respiratory Care Protocols

Clinical Activity Author Date No. Patients Findings

Weaning from mechanical ventilation Kollef et al43 1997 357 Use of protocols was associated with shorter duration of 
mechanical ventilation

Ely et al44 1996 300 Routine daily trials of spontaneous breathing trials were 
associated with shorter duration of mechanical ventilation

Marelich et al45 2000 253 Use of protocols shortened duration of mechanical ventilation
Respiratory care protocol service Stoller et al25 1998 145 Use of respiratory therapy consult service was associated 

with improved allocation of respiratory care service with 
lower costs and no adverse events

Kollef et al26 2000 694 Use of respiratory protocol service was associated with 
fewer orders discordant with guidelines and lower charges

From Stoller JK: Are respiratory therapists effective? Assessing the evidence. Respir Care 46:56, 2001.

TABLE 2-5 

Changes in Modalities After Protocol Implementation

Author Date Observed Reductions in Misallocated Therapy After Implementation of 
Protocols (%)

Change from Before Protocol to 
Current Status

Hart et al36 1989 37 (aerosol, hyperinflation) 48%-11%
Walton et al37 1990 49.1 (aerosol, chest physiotherapy)
Beasley et al46 1992 11.9% (blood gas use) 42.7%-30.8%
Ford,39 1994 57% (aerosol, chest physiotherapy) 7000-4000 treatments
Orens,38 1993 35% (aerosol, bronchopulmonary, hygiene, hyperinflation oxygen, oximetry)

From Haney DJ: Therapist-driven protocols for adult non-intensive care unit patients: availability and efficacy. Respir Care Clin N Am 2:93, 1996.
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FIGURE 2-7 Study design of the two types of randomized controlled trial: parallel-control and crossover. In a parallel-control trial, after 
randomization (R), one group receives the study treatment, while the control group receives the comparison treatment (possibly a placebo). 
At the end of the subsequent observation period, study outcomes are measured, and the trial is over. In a crossover trial, one group initially 
receives the study treatment and the other group receives the comparison treatment; outcomes are measured; and after a washout period 
(see text), each group receives the alternative treatment for another period, after which outcomes are measured again. 
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tered to the first study group can wear off completely (or 
so-called washout), allowing the study group to return to its 
baseline state before the alternative treatment is administered. 
When the effects of treatment are permanent (e.g., surgery, 
radiation therapy), a crossover trial involving that treatment 
cannot be done because washout of the treatment effect is not 
possible.

Evidence-based medicine requires knowledge of how to 
analyze carefully the results of clinical trials (e.g., randomized 
controlled trials and observational cohort studies) and how to 
apply the results of such research to high-quality clinical prac-
tice. Other tools of evidence-based medicine include system-
atically reviewing the available literature, or what is called 
meta-analysis of the literature.29,30 A meta-analysis of a clinical 
question (e.g., does a low-stretch mechanical ventilation strat-
egy improve survival in ARDS?)33 identifies, analyzes, and sum-
marizes the body of literature about this topic by assessing  
the quality of the available evidence and giving greater weight 
to better designed, more rigorous studies. Sometimes, meta-
analyses pool the actual data from different trials together when 
pooling is scientifically and statistically permissible. In other 
instances (called narrative analyses), the meta-analysis simply 
evaluates the quality of the data from each available trial (based 
on explicit methodologic criteria) to offer a conclusion about 
the clinical issue.

A meta-analysis performed as part of an evidence-based 
approach to determining the optimal ventilatory approach for 
ARDS might weigh the results of large randomized clinical trials 
of low-stretch versus conventional tidal volume approach 
mechanical ventilation more heavily than the results of small 
observational studies. As an example of a narrative meta-
analysis, a 2003 evidence-based review of the management of 
individuals with alpha-1 antitrypsin deficiency issued graded 
recommendations for testing for this genetic cause of COPD.34 

differences between the compared groups to the treatment that 
is being studied.

Different types of the randomized controlled trials exist and 
include the parallel-control study and the crossover study 
(Figure 2-7). Parallel-control treatment studies compare two 
groups: one receives the treatment being studied, and the other 
receives the control treatment. Sometime after the end of the 
treatment, outcomes in the two groups are assessed and com-
pared, especially regarding the main outcome of interest in the 
study. For example, a parallel-control randomized trial of low-
stretch ventilation for ARDS would compare one group of 
patients receiving low-stretch ventilation with another (other-
wise similar) group receiving higher stretch ventilator settings, 
and the two groups would be compared after a prespecified 
period with regard to key outcomes, such as survival, discharge 
from the intensive care unit, and organ system failures. This 
very design was used in the ARDSNet parallel-control random-
ized controlled trial that showed the superiority of using a tidal 
volume of 6 ml/kg (ideal body weight) in managing patients 
with acute lung injury or ARDS.33

In the other type of randomized controlled trial—the cross-
over trial—the study treatment is first administered to one 
group of study subjects while the other group receives the 
control or comparison treatment, and then, after measuring 
outcomes and a subsequent “washout period” (in which the 
effects of the initial treatment decay and wear off fully), the 
group initially given the study treatment receives the control 
treatment and the group initially given the control treatment 
receives the study treatment. The crossover study design  
offers a statistical advantage of greater power to detect a differ-
ence between the compared groups, which means that fewer 
study participants are required to find a statistically significant 
difference, if one exists. However, crossover studies can be per-
formed only when the effects of the initial treatment adminis-
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SUMMARY CHECKLIST

◗ High-quality respiratory care can be defined as the 
competent delivery of indicated respiratory care services.
◗ Essential elements for delivering quality respiratory care 

include:
◗ Energetic and competent medical direction
◗ Methods for providing indicated and appropriate 

respiratory care
◗ Educated, competent respiratory care personnel

◗ Adequate, well-maintained equipment
◗ Intelligent system for monitoring performance 

improvement
◗ Delivery of high-quality respiratory care requires the 

combined activities of a qualified and committed medical 
director and capable RTs and can be enhanced by 
well-constructed respiratory care protocols.

◗ Respiratory care protocols are guidelines for delivering 
appropriate respiratory care services and are widely used 
in current respiratory care practice.

◗ Available evidence suggests that use of respiratory care 
protocols can improve allocation of respiratory care 
services. In doing so, the use of respiratory care protocols 
lessens misallocation of respiratory care.
◗ Misallocation of respiratory care services, which hinders 

the delivery of high-quality respiratory care, can be 
defined as overordering or underordering of respiratory 
care services and is common in current practice.

◗ Practitioner credentialing is important in respiratory care; 
the RRT represents the highest credential and is based on 
successful completion of the NBRC examination.

◗ Maintaining and improving quality requires ongoing 
monitoring, as may be accomplished by quality audits and 
repeated competence testing of RTs.

◗ Evidence-based medicine is an approach to determining 
the best possible patient management based on critically 
assessing the available evidence. It is recommended that 
RTs use this approach as they assess the information that 
is available regarding respiratory care management 
strategies.
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RULE OF THUMB

The randomized controlled clinical trial is often 
considered to be the most rigorous type of study 
design to prove the efficacy of a treatment. The optimal 
randomized controlled clinical trial is designed to be 
free from bias that can confuse the study results and is 
well-conducted.

A level A recommendation (i.e., that testing should be per-
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analyzing available information and allowing the clinician to 
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and of various respiratory care treatment modalities using an 
evidence-based approach.28-30 The Clinical Practice Guidelines 
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further examples of evidence-based medical practice.
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C H A P T E R   3 

Quality, Patient Safety, 
Communication, and Recordkeeping

SCOTT P. MARLOW AND UMUR HATIPOĞLU

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Define	the	meaning	of	quality	in	health	care	services.
◆	 Understand	the	basic	tools	used	in	quality	improvement	projects.
◆	 Describe	established	methods	of	quality	improvement	such	as	Six	Sigma	and	Lean	Management.
◆	 Understand	the	importance	of	monitoring	quality	to	promote	better	patient	outcomes.
◆	 Identify	impediments	to	care	and	risk	in	the	direct	patient	environment.
◆	 State	how	communication	can	affect	patient	care.
◆	 Describe	the	two-patient	identifier	system.
◆	 List	the	factors	associated	with	the	communication	process.
◆	 Describe	how	to	improve	your	communication	effectiveness.
◆	 Describe	how	to	recognize	and	help	resolve	interpersonal	or	organizational	sources	of	conflict.
◆	 List	the	common	components	of	a	medical	record.
◆	 State	the	legal	and	practical	obligations	involved	in	recordkeeping.
◆	 Describe	how	to	maintain	a	problem-oriented	medical	record.
◆	 Describe	how	to	apply	good	body	mechanics	and	posture	to	moving	patients.
◆	 Describe	how	to	ambulate	a	patient	and	the	potential	benefits	of	ambulation.
◆	 Write	definitions	of	key	terms	associated	with	electricity,	including	voltage,	current,	and	resistance.
◆	 Identify	the	potential	physiologic	effects	that	electrical	current	can	have	on	the	body.
◆	 State	how	to	reduce	the	risk	for	electrical	shock	to	patients	and	yourself.
◆	 Identify	key	statistics	related	to	the	incidence	and	origin	of	hospital	fires.
◆	 List	the	conditions	needed	for	fire	and	how	to	minimize	fire	hazards.
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Practical	Aspects	of	Recordkeeping
Problem-Oriented	Medical	Record
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resolution, and recordkeeping that comprise essential compo-
nents of high-quality patient care.

QUALITY CONSIDERATIONS

What Is Quality?

The quality of a service or product refers to the sum of its 
properties that serve to satisfy the needs of its consumer. High-
quality services get high demand and also become a source of 
pride and financial success for the producer.

The Methods of Quality Improvement

Methods of attaining and ensuring quality were born in the 
automobile manufacturing industry in Japan, led by American 
engineers and scientists. These principles were only later 
adopted in the United States. William Edwards Deming (1900-
1993), an electrical engineer and statistician, is credited for 
laying the foundations of quality control and management. 
Working first with the Japanese automobile industry and later 
with Ford Motor Company, Deming believed that high quality 
can be obtained only by a major culture change promoting a 
continuous improvement cycle in an organization. In essence, 
Deming suggested that the purpose of an organization is to 
constantly seek improvement of its product or service aligned 
with customer needs.1 Rather than relying on constant inspec-
tion, quality should be built into the product from the begin-
ning by design of the process or structure. Emphasis must be 
placed on the quality of the product and pride in the workman-
ship rather than on sheer quantitative productivity. Quality 
improvement must be everyone’s job, starting from executive 
management to the front-line worker. Deming heavily relied on 
statistical quality control techniques, established by Walter A. 
Shewhart (1891-1967), another American engineer and scien-
tist. Through statistical process control charts (SPCs), Shewhart 
pointed out that in every process associated with production, 
there was a variability, which he termed common cause varia-
tion. Common cause variation in a process can be quantitated 
by monitoring over time. Using sound statistical principles, an 
upper confidence limit (UCL) and a lower confidence limit 
(LCL) could be determined that define the range of common 
cause variation. A continuous monitoring of the process is pos-
sible by taking a small but representative sample and charting 

P rovision of high-quality care in a safe environment is 
the focus of today’s health care industry. Achieving this 
goal requires the integration of multiple disciplines, 

including respiratory therapy. Consequently, respiratory thera-
pists (RTs) should be familiar with the concepts of quality 
improvement as it relates to health care.

This chapter will define quality and how it relates to health 
care. Through a narrative review, we will outline how quality is 
measured, monitored, and adapted to our health care environ-
ment. Discussions regarding quality in health care will demon-
strate how RTs share the general responsibilities for providing 
a safe and effective health care environment with nurses and 
other members of the health care team. RTs are also required to 
have specific technical knowledge of the environment of direct 
patient care. In addition to technical skills, all health care pro-
fessionals must be able to communicate effectively with each 
other and with patients and patients’ families and to document 
pertinent information. Figure 3-1 shows this relationship for 
patient safety. This chapter aims to provide the foundational 
knowledge needed to understand the general aspects of patient 
safety considerations, communication in health care, conflict 

FIGURE 3-1	 Patient	safety	continuum.	
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Do Phase
In the Do phase, the intervention is begun and observations are 
recorded. On occasion, observations may need to be made on 
a limited sample that is representative of the entire process. The 
size of that sample should be determined by statistical methods 
that may require the help of a quality improvement professional 
or biostatistician. The observations are plotted on a statistical 
process chart or its simpler version, a so-called run chart, for 
analysis (Figure 3-4).

Run charts are graphic representations of data over a period 
of observation. In contrast to SPCs, there are no defined upper 
and lower limits. Rather, movement of the data points around 
the median value (the gray line) is visualized and interpreted. 
Rules of interpretation are based on statistical principles. A 
consistent change in the placement of data points on either side 
of the median indicates special cause variation. The run chart 
in Figure 3-4 displays the percentage of patients who have 

numerical values on the SPC. Should the sample for any given 
time interval reveal values outside of the range—for example, 
higher or lower than UCL and LCL, respectively—then special 
cause variation is suspected (Figure 3-2). This unnatural pattern 
will then need to be investigated for a cause. Shewhart’s SPCs 
continue to form the backbone of continuous quality improve-
ment. Another important contribution to the practice of quality 
improvement by this brilliant engineer is the Plan-Do-Study-
Act (or Plan-Do-Check-Act) cycle, also known as the Shewhart 
cycle.

Plan-Do-Study-Act Cycle

The Plan-Do-Study-Act Cycle (PDSA) can be seen visualized as 
the wheels of the car that is continuous quality improvement. 
As the wheels of PDSA turn, one gets closer to that difficult-to-
achieve “perfect” product or service.

Plan Phase
In the Plan phase, clear goals are set for the quality improve-
ment process. These goals are best stated in the form of hard 
numbers such as “a 20% increase in referrals to pulmonary 
rehabilitation on discharge for patients with chronic obstructive 
pulmonary disease (COPD.” The planned intervention should 
be stated clearly. For instance, “respiratory therapist stationed 
on the nursing floor will distribute pulmonary rehabilitation 
program pamphlets to clinical team and remind clinicians to 
place the order for patients with COPD.” A time limit should 
be specified, for example “a 20% increase in referrals to pulmo-
nary rehabilitation on discharge over the next 3 months.” 
During the planning phase, it is also helpful to create a diagram 
or a flow chart of the process that needs to be improved. The 
project team may choose to use tools such as the fishbone (or 
Ishikawa) diagram to systematically evaluate the different 
factors that affect the process and contribute to the problem, 
that is, people, technology, environment, materials, equipment, 
and methods (see Mini Clini and Figure 3-3).

FIGURE 3-2	 Statistical	process	control	chart	showing	proportion	
of	patients	having	to	be	readmitted	to	the	hospital	after	discharge.	
Upper	(UCL)	and	lower	(LCL)	control	limits	are	marked	with	gray 
lines.	At	approximately	September	2011,	there	appears	to	be	a	
spike	in	readmissions	to	the	hospital	outside	of	the	UCL	that	may	
require	investigation.	

1

0.4

0.3

0.2

0.1

0.5

0.0

JanOctJulAprJanOctJulAprJan Apr

2010 2011 2012
Month

P
ro

po
rt

io
n

UCL = 0.4173

LCL = 0.0038

P = 0.2106

FIGURE 3-4	 Run	chart	showing	percentage	of	patients	who	
received	pneumonia	vaccination	over	time.	
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Measure: Identify metrics, develop data collection plan, collect 
baseline data.

Analyze: Evaluate collected data in the measure phase, deter-
mine root causes for the problem and estimate the relative 
impact of each.

Improve: Discuss, develop, and implement solutions to the 
root cause(s), and confirm that the intervention is well 
targeted.

Control: Continue to implement solutions and follow metrics 
to ensure maintenance and adoption.

Origin of the Term Six Sigma
Sigma (σ) is a Greek letter that is used to note standard devia-
tion in a normally distributed population. Accordingly, one 
standard deviation from the mean in each direction, that is, ± 
1 σ, contains approximately 68% of the population. Similarly, 
2 times σ contains 95% and 3 times σ contains 99%. If one 
considers a process to operate at 1 σ, then one would have to 
accept a 68% rate of successful product (or a failure rate of 
32%). At the 2 σ level of acceptance, the failure rate would be 
5% and at 3 σ, it would be 1%. At 6 Sigma, the rate of failure 
would be 3 in 1 million (or 0.000003). Thus, the Six Sigma 
process has a goal of a very, very small error rate (Figure 3-5).

Lean Management

Lean management is a business management philosophy that 
focuses on eliminating waste or non–value added activities. The 
origins of lean management are in the Japanese automobile 
maker, Toyota Motor Company. Lean management is analogous 
to ergonomics; eliminating waste of time, excess work, and 
unevenness of product are the goals. This goal is achieved by 
broadly using the principles of “just in time” (i.e., having equip-
ment, personnel, supplies at the right place at the right time, 
Figures 3-6 and 3-7) and “Jidoka” (a joining of automation and 
human intelligence that results in a higher level of quality 
control). According to the Jidoka principle, any person involved 
in a service or manufacturing of product can stop the process 
if he or she sees a defect.

Lean management uses tools similar to those in PDSA and 
Six Sigma, with emphasis on waste elimination. These have 
been collectively termed the lean toolbox. The main instrument 
is value stream mapping, which is essentially a flow chart with 
emphasis on identifying value-added activities versus those that 
are not.

received pneumonia vaccination before discharge from the hos-
pital before and after the onset of a quality improvement 
project. In this instance, six data points are observed above the 
median value after the project starts. Five or more points on 
one side of the median indicates special cause variation (an 
interpretation rule), in this case, the consequence of an effective 
project.

Study (or Check) Phase
In the Study phase, the observations are analyzed, usually by 
examination of the process charts. The barriers to achieving the 
set goals are considered and discussed.

Act Phase
In the Act phase, based on the analysis performed in the Study 
phase, modifications to the intervention are made.

The Plan-Do-Study-Act Cycle Starts Over
The paradigm of the PDSA cycle has served as the foundation 
for modern quality management systems such as the lean man-
agement system and Six Sigma, which are discussed in the fol-
lowing section.

FIGURE 3-5	 Normal	(Gaussian)	distribution.	LSL,	Lower	specific	
limit;	USL,	upper	specific	limit.	
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RULE OF THUMB

The	crucial	components	of	a	quality	improvement	
project	are	summarized	in	the	PDSA	cycle:
Plan:	Determine	the	specific	aim,	duration,	data	

collection	strategy,	and	team	that	will	run	the	quality	
improvement	project.

Do:	Collect	data	and	record	the	observations.
Study:	Analyze	results	and	derive	conclusions.
Act:	Change	the	process	for	improvement,	plan	the	

next	cycle.

Six Sigma

By the mid-twentieth century, it had become obvious to the 
leading industrial companies that the rate of defective products 
had to be lowered to maintain market competitiveness and 
customer loyalty. Developed by the American telecommunica-
tions company Motorola, the Six Sigma method for quality 
improvement recognizes that there is a natural variation in 
process output that can be measured and monitored over  
time. Controlling and reducing this variation are the keys to 
business success. Statistical methods are used to calculate 
acceptable variation. There has to be a strong commitment on 
the part of management, from top to bottom, to these princi-
ples. The Six Sigma method also is based on the belief that 
improvement to existing processes is always possible and has to 
be achieved systematically. Analogous to the PDSA cycle, Six 
Sigma adopts the (Define-Measure-Analyze-Improve-Control 
(DMAIC) cycle for continuous quality improvement.
Define: Describe and validate the problem, create solutions, 

create a process map, and create a timeline for completion 
of the project.
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MINI CLINI
Case Study

Michael Breathewell, an RRT, is the respiratory therapy manager 
in the respiratory care department of a 300-bed unit in Our Lady 
of Sacred Lungs Hospital. Over the past 6 months, he has been 
made aware, through the newly implemented serious event 
reporting system (SERS), of the time delay in delivery of sched-
uled inhaled bronchodilator treatments to patients. There is 
increasing pressure from physicians, nursing, and administration 
to fix this problem. After careful review of the cases, Michael 
determines that the problem occurs throughout all shifts and with 
different RTs and services involved. He believes that the problem 
may be due to a system issue and not special cause variation.

There are over 200 scheduled treatments given per day at the 
hospital. Tracking each treatment delay on a daily basis would be 
a huge job. Therefore, Michael has to select a sample that repre-
sents the time delay for the entire population. He asks the hospital 
biostatistician for help. Based on several assumptions, the biostat-
istician determined that 16 randomly sampled events were needed 
to have a fair idea of the average time delay between scheduled 
treatments and actual delivery.

Next, Michael asks for the help of a quality improvement 
professional in choosing the appropriate statistical process control 
chart for studying and monitoring the process of bronchodilator 
administration. He then begins collecting and graphing the data.

After a 3-month period of observation, he determines that 
there is an average of 15 minutes of delay between scheduled time 
and delivery time per patient see (Figure 3-6).

Michael decides to apply the Plan-Do-Study-Act cycle (PDSA) 
to tackle the issue.

PLAN:  Michael calls a brainstorming session with floor respira-
tory managers and the medical director of respiratory care at this 
hospital. During the meeting, Michael and the group identify and 
analyze the problem and map the process. To facilitate the discus-
sion, he uses an Ishikawa fishbone diagram to explore potential 
causes. Figure 3-6 shows the completed fishbone diagram. The 
fishbone allows a systematic discussion of possible contributors 
to the problem by considering factors related to machines, people, 
material, and process. The attendees overwhelmingly feel that the 
bulk of the time is spent getting the nebulizer and tubing, setting 
up the patient, and then returning back to the room. They also 
research best practices and conduct a literature review to under-
stand reasons for delay in delivering nebulized treatments.

An attendee points out that administration of bronchodilators 
via metered dose inhalers (MDIs) has been found to be equivalent 
in efficacy across different diseases and disease severity.2-4

After some deliberation, weighing the balancing measures 
such as cost difference, the group decides to switch to broncho-
dilator administration via MDIs with a spacer and to follow time 
delay between scheduled time of bronchodilator delivery and 
actual time of delivery. The group decides that a 3-month obser-
vation should be enough to determine the effect of the interven-
tion and meet monthly to review results. Michael and the team 
also identify the measures of success, including monitoring time 
delay between order entry and administration of the medication 
and employee satisfaction. Michael meets with hospital adminis-
tration and with the chief financial officer, getting their support 
and ensuring financial feasibility of the switch.

DO: The group begins to administer scheduled short-acting 
bronchodilators by MDI with a spacer throughout the hospital 
floors. At least 16 observations of bronchodilator administration 
are made randomly throughout the day and recorded on the 
statistical process chart. Although the literature provides strong 
support for this intervention, Michael carefully reviews patient 
outcomes (e.g., treatment failure that results in a higher level of 
care or intensive care unit admission) to ensure that the switch to 
MDIs does not have unintended consequences.

STUDY:  Michael measures the effect of the intervention and 
sees a trend toward reduction in delay times after 1 month and is 
pleased. However, some RTs suggest that further reduction in 
delays might be possible if patients’ MDIs and spacers are kept at 
the bedside.

ACT:  The suggestion to switch to delivery by MDI is discussed 
with the committee for pharmacy and therapeutics and is 
approved. MDIs with the patient’s name stamp and spacer are 
kept at the bedside.

At the end of 3 months, Michael studies the process chart 
(Figure 3-7) and notes that delays have been consistently below 
the LCL of the original process. He congratulates the entire team 
and continues to monitor progress. Michael and colleagues plan 
to refine the intervention through iterative cycles, going back to 
the plan phase if future results are not as expected or yield unin-
tended consequences.

What Is Quality in Health Care?

As the reader can see, there are common themes in all quality 
improvement approaches: Identification of process compo-
nents, increasing efficiency (reducing waste), standardization 
(reducing common variation), and a teamwork approach in 
implementing solutions. Broadly speaking, health care delivery 
systems were slow to adopt these principles, with the possible 
exception of laboratory medicine. Rising health care costs, 
however, have brought about a revolution in how health care is 
delivered in the United States. In line with the Patient Protection 

and Affordable Care Act, the Centers for Medicare and Medicaid 
Services (CMS) began the Hospital Value-Based Purchasing 
Program, which rewarded or penalized hospitals based on their 
performance in the domains of process measures (also called 
core measure compliance), outcomes, patient experience, and 
efficiency. The Hospital Value-Based Purchasing Program is 
budget neutral, meaning that superior performance is rewarded 
and poor performers have to pay a penalty. Funds from the 
penalties provide the money for the rewards to hospitals that 
perform well. The federal government also enacted the Hospital 
Readmissions Reduction Program, which is strictly a penalty 
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FIGURE 3-7	 Time	delay	between	scheduled	and	delivered	
nebulization.	LCL,	Lower	control	limit;	PDSA,	Plan-Do-Study-Act;	
UCL,	upper	control	limit.	
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program that withholds a certain percentage of entire CMS 
reimbursements if the hospital has excess readmissions within 
30 days of index discharge, compared to the national mean. 
With these incentives and threats of penalties, the health care 
industry is now adopting principles of quality improvement 
quickly.

The National Academy of Medicine (formerly the Institute 
of Medicine), the health arm of the National Academy of Sci-
ences, suggests the following dimensions in health care quality: 
Safety, Timeliness, Effectiveness, Efficiency, Equity, Patient-
centeredness (STEEP). These elements also define the starting 
points for quality improvement projects in health care.

Adoption of clinical guidelines and protocols are also impor-
tant steps toward standardizing care and thereby driving im-
provement and reducing variation in outcomes (see Chapter 2). 

This satisfies the effectiveness and efficiency dimensions of 
health care quality. The patient safety dimension is addressed 
by adopting the “Jidoka” principle—stopping the process when 
any team member sees a defect in delivery of the care. Com-
prehensive and effective handoffs, as discussed later, between 
RTs are also critical for patient safety. RT-run education pro-
grams fulfill the patient centeredness principle. RTs also play  
a vital role in implementation of the guideline-based RT  
protocols and disease management programs, which represent 
a holistic approach to patient care across the continuum of 
health care settings. Disease management is discussed in the 
following section, and protocols are discussed in more detail in 
Chapter 2.

Disease Management
Disease management refers to an organized strategy of deliver-
ing care to a large group of individuals with chronic disease to 
improve outcomes and reduce cost. Disease management has 
been defined as a systematic population-based approach to 
identify persons at risk, intervene with specific programs of 
care, and measure clinical and other outcomes.5,6 Disease man-
agement programs comprise four essential components: (1) an 
integrated health care system that can provide coordinated care 
across the full range of patient needs; (2) a comprehensive 
knowledge base regarding the prevention, diagnosis, and treat-
ment of disease that guides the plan of care; (3) sophisticated 
clinical and administrative information systems that can help 
assess patterns of clinical practice; and (4) a commitment to 
continuous quality improvement. Disease management pro-
grams may be developed for chronic conditions such as asthma, 
diabetes, COPD, and congestive heart failure.

A disease management program for COPD might be adopted 
by a health care provider, insurance company, or health main-
tenance organization in defining its practice approach to indi-
viduals with COPD. The disease management program might 
contain algorithms addressing when to suspect COPD, tests  
to perform (e.g., spirometry, alpha1-antitrypsin level, diffusing 
capacity), medications to prescribe based on disease severity, 
management of exacerbations, and indications for rehabilita-
tion. Disease management programs are often outlined in doc-
uments containing branched logic algorithms that specify care, 
similar to respiratory care protocols (see Chapter 2); however, 
disease management protocols often address large groups and 
are based on an underlying diagnosis rather than on individual 
signs and symptoms. Other dimensions of the COPD manage-
ment program include a data collection activity regarding the 
number of patients served, the outcomes of care, and, perhaps, 
the associated costs. In addition, as with quality monitoring in 
general, ongoing review and periodic updating and revision of 
the care algorithms are important dimensions of the program.

Monitoring Quality in Respiratory Care

Beyond ensuring that all elements of a high-quality respiratory 
care program are in place, quality must be monitored to ensure 
that it is being maintained. Strategies to monitor quality include 
intrainstitutional monitoring practices, centralized government 
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FIGURE 3-6	 Time	delay	between	scheduled	and	delivered	
nebulization.	LCL,	Lower	control	limit;	UCL,	upper	control	limit.	
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remains the first goal of hospitals and respiratory care services. 
Performance improvement, also commonly called continuous 
quality improvement, is an ongoing process designed to detect 
and correct factors hindering the provision of quality and cost-
effective health care. This process crosses department boundar-
ies and follows the continuum of the patient’s care. In 2009, TJC 
set forth three standards for monitoring performance improve-
ment along with associated elements of performance detailing 
how the monitoring is to be conducted. These standards are 
listed in Box 3-2. Meeting quality goals is increasingly being tied 
to reimbursement rates by the CMS and insurers to hospitals; 
this phenomenon has been called “pay for performance.”9 
Beyond general monitoring goals for respiratory therapy, use of 
respiratory care protocols creates the need for additional quality 
monitoring benchmarks regarding correctness, consistency, 
efficacy, and effectiveness (Box 3-3, Chapter 2).

At the present time, specific methods to monitor the quality 
of respiratory care protocol programs include conducting care 
plan audits in real time and ensuring practitioner training by 
using case study exercises. Evolving innovations include using 
simulation exercises to enhance and to measure the perfor-
mance of RTs.

Monitoring correctness of respiratory care plans can be 
accomplished by using a care plan audit system. Care plan audi-
tors must be therapists who are experienced in providing respi-
ratory care and patient assessment. The auditors must also be 
practiced in using the institution’s protocol system and in 
writing care plans. With an auditing system, the auditor writes 
a care plan for a patient and compares it with the care plan 
written by the therapist evaluator to determine correctness. A 
specified number of audits should be performed monthly, with 
results tabulated and reported monthly or quarterly, depending 
on the size of the hospital. Feedback must be provided to the 
evaluators whose care plans are being audited to show their 
proficiency or to indicate areas that require improvement. 
Figure 2-6 shows a form used at the Cleveland Clinic to provide 
feedback to evaluators.

monitoring bodies, such as the Centers for Medicare and Med-
icaid Services (CMS), and independent agencies such as The 
Joint Commission (TJC).

Intrainstitutional quality assurance often uses skills checks 
or competencies. Competence, or the quality of being compe-
tent, can be defined as having suitable or sufficient skill, knowl-
edge, and experience for the purposes of a specific task.7 
Competence for a specific skill is frequently determined by 
observation of the practitioner’s performance of the skill 
according to a prescribed checklist. Annual competency checks 
are documented for skills and procedures that carry some 
degree of patient risk (e.g., arterial puncture, aerosol therapy, 
bilevel positive airway pressure setup). An example of a skills 
checklist is shown in Figure 2-5.

Although skills checks have traditionally been done in person 
or with direct supervision of patient care activities, a new 
dimension of skills training and certification that is being 
widely implemented is the use of clinical simulation, using 
either low-fidelity or high-fidelity simulation trainers. Such 
simulation training, in which RTs use technology that attempts 
to reproduce reliably a true patient or true patient scenario, is 
similar to the flight simulator training that commercial airline 
pilots undergo to achieve certification to fly various airplanes. 
Uses of simulation training in respiratory therapy involve intu-
bation, ventilator management, arterial line placement, and 
optimizing teamwork in acute resuscitation scenarios.8

Many health care organizations, including hospitals, sub-
acute care facilities, and outpatient clinics, seek voluntary 
accreditation as a way to improve their service and assure the 
public that they maintain high standards. In health care, TJC is 
a very important organization. TJC (as the Joint Commission 
on the Accreditation of Healthcare) was formed in 1951 by the 
American College of Surgeons, the American Hospital Associa-
tion, and the American Medical Association. Accreditation by 
TJC is based on satisfying specific standards established by pro-
fessional and technical advisory committees.

TJC requires a hospital service to have a quality assurance 
plan to provide a system for controlling quality. Nine generally 
recognized steps for a quality assurance plan are used as the 
basis for quality assurance programs (Box 3-1).

Current standards of TJC for accreditation emphasize 
organization-wide efforts for performance improvement. 
Despite increased emphasis on cost containment, quality care 

 Box 3-1 Nine Steps for a Quality 
Assurance Plan

1.	 Identify	problem
2.	 Determine	cause	of	problem
3.	 Rank	problem
4.	 Develop	strategy	for	resolving	problem
5.	 Develop	appropriate	measurement	techniques
6.	 Implement	problem-resolution	strategy
7.	 Analyze	and	compile	results	of	intervention
8.	 Report	results	to	appropriate	personnel
9.	 Evaluate	intervention	outcome

 Box 3-3 Quality Monitoring Benchmarks

•	 Monitoring	the	correctness	of	respiratory	care	plans
•	 Monitoring	the	consistency	of	formulating	respiratory	care	

plans	among	therapist	evaluators
•	 Evaluating	the	efficacy	of	algorithms	or	protocols
•	 Evaluating	the	overall	effectiveness	of	the	protocol	program

 Box 3-2 The Joint Commission Standards 
for Performance Improvement

•	 The	hospital	collects	data	to	monitor	its	performance.
•	 The	hospital	compiles	and	analyzes	data.
•	 The	hospital	improves	performance	on	an	ongoing	basis.

Compiled	from	The	Joint	Commission,	Oakbrook	Terrace,	IL.
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the responsibilities of equipment purchase and maintenance, 
continuing education, and quality improvement may be as-
signed to nursing personnel. Some experience suggests that 
nurses may be uncomfortable with these additional burdens,13 
so careful planning and stakeholder assessment is needed before 
decentralization could be implemented.

Although less commonly practiced, another aspect of 
restructuring and redesign is cross-training personnel and 
using assistive staff. Cross-training among professional health 
care workers can be attempted by teaching activities normally 
performed by a specific discipline but not restricted by licensing 
to personnel of another discipline. Nurses might cross-train  
RTs to perform phlebotomy, whereas RTs might cross-train 
nurses to perform metered dose inhaler (MDI) therapy. 
Although theoretically appealing, this strategy has fallen into 
disfavor because of the substantial associated challenges in 
implementation.

Cross-training assistive personnel involves on-the-job train-
ing of unlicensed personnel, who may not have an educational 
background in health care, to perform basic technical functions. 
These assistive personnel may learn to perform some nursing 
functions, such as taking vital signs, measuring intake and 
output, and inserting urinary catheters; laboratory technician 
activities, such as phlebotomy and simple urinalysis; and respi-
ratory therapy activities, such as incentive spirometry follow-up 
and O2 checks. The intent of using cross-trained assistive per-
sonnel, whose compensation is lower than that of licensed 
health care workers, is to enable an institution to reduce the 
number of nurses, laboratory technicians, and RTs they employ, 
thereby reducing costs. Although some aspects of hospital 
restructuring and redesign have been implemented and persist, 
others (e.g., cross-training and decentralization) have been 
abandoned.

SAFETY CONSIDERATIONS

Safety is a very important part of ensuring high-quality care. 
Importantly, patient safety must always be the first consider-
ation in respiratory care. Although the RT usually does not have 
full control over the patient’s environment, efforts must be 
made to minimize potential hazards associated with respiratory 
care. The key areas of potential risk for patients, RTs, and 
co-workers are patient movement and ambulation, electrical 
hazards, fire hazards, and general safety concerns. Each of these 
will be discussed as part of attention to providing high-quality, 
safe care.

Patient Movement and Ambulation

Basic Body Mechanics
Posture involves the relationship of the body parts to each other. 
A person needs good posture to reduce the risk for injury when 
lifting patients or heavy equipment. Poor posture may place 
inappropriate stress on joints and related muscles and tendons. 
Figure 3-8 illustrates the correct body mechanics for lifting a 
heavy object. The correct technique calls for a straight spine and 
use of the leg muscles to lift the object.

Another monitoring method found useful for respiratory 
therapy consult services is the case study exercise (or simulated 
patient scenario exercise). Simulated patient exercises can help 
determine the consistency of respiratory care plans among ther-
apist evaluators. The scores of individual RTs may be tracked 
over time to identify problems and assess improvement.

Simulated patient exercises may consist of a set of three or 
four patient scenarios. All RTs working under the protocol 
system, whether or not they are evaluators, complete an assess-
ment sheet and, following the associated algorithms, write a 
care plan for each scenario. The assessment sheets and the care 
plans are compared with the gold standard, or correct assess-
ments and care plans, as determined by the consensus of the 
education coordinator and the supervisors. Scores are tabulated 
for the individual RTs, and the number of errors for each 
therapy is examined. If a particular therapy consistently has a 
large number of associated errors, the algorithm is reviewed for 
errors or vagueness. To facilitate administering and grading 
patient simulation exercise results, a computer-based system 
that scores the assessments and care plans and provides feed-
back to the RT has been used.10 Performance data of individual 
RTs are maintained in a database to calculate and track aggre-
gate performance statistics.

Peer Review Organizations

In addition to the voluntary accreditation process that health 
care organizations use to help ensure patients are receiving 
quality care, the federal government has established an elabo-
rate system of peer review organizations (PROs) to evaluate  
the quality and appropriateness of care given to Medicare  
beneficiaries. PROs evaluate care provided to individual patients 
in real time to assess and ensure compliance with federal 
guidelines.

In recent years, health care organizations have attempted to 
improve the quality of patient care while reducing costs by 
implementing several innovative health care models. Histori-
cally, models that were commonly implemented were hospital 
restructuring and redesign and patient-focused care. Protocols 
and disease management represent continuing solutions. 
Accountable care organizations (ACOs)11 have been proposed 
as a solution to enhance quality and lessen cost. An ACO can 
be broadly thought of as an emerging model in which a group 
of health care providers aligns and agrees together to try to meet 
quality and care targets and to receive payments as a collective 
entity, from which individual payments then can be disbursed. 
The ACO can benefit as a group from its success and can absorb 
losses as a group related to its failure to meet the targets.

Restructuring and redesign involved changing the basic  
organization of health care services in an attempt to do more 
with less, thereby increasing value. Approaches for restructuring 
have commonly included cross-training employees, using unli-
censed assistive staff, and decentralizing services.12 In one of 
these approaches, when respiratory therapy departments are 
decentralized and respiratory care management is eliminated, 
RTs are deployed to individual nursing units and report to 
nursing supervisors. When complete decentralization occurs, 
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Moving the Patient in Bed
Conscious people assume positions that are the most comfort-
able. Bedridden patients with acute or chronic respiratory dys-
function often assume an upright position, with their arms 
flexed and their thorax leaning forward. This position helps 
decrease their work of breathing. In other cases, patients may 
have to assume certain positions for therapeutic reasons such 
as when postural drainage is applied.

Figure 3-9 shows the correct technique for lateral movement 
of a bed-bound patient. Figure 3-10 illustrates the ideal method 
for moving a conscious patient toward the head of a bed. Figure 
3-11 shows the proper technique for assisting a patient to the 
bedside position for dangling his or her legs or transfer to a 
chair.

Ambulation
Ambulation (walking) helps maintain normal body function. 
Extended bed rest can cause numerous problems, including bed 
sores and atelectasis (low lung volumes). Ambulation should 
begin as soon as the patient is physiologically stable and free of 
severe pain. Ambulation has been shown to reduce the length 
of hospital stay after hip surgery and in patients recovering from 
community-acquired pneumonia.13,14 RTs may assist to ambu-
late patients while they are on a mechanical ventilator or while 
on O2. Safe patient movement includes the following steps:

1. Place the bed in a low position and lock its wheels.
2. Place all equipment (e.g., intravenous [IV] equipment, 

nasogastric tube, surgical drainage tubes) close to the 
patient to prevent dislodgment during ambulation.

3. Move the patient toward the nearest side of bed.
4. Assist the patient to sit up in bed (i.e., arm under nearest 

shoulder and one under farthest armpit).
5. Place one hand under the patient’s farthest knee, and grad-

ually rotate the patient so that his or her legs are dangling 
off the bed.

6. Let the patient remain in this position until dizziness or 
lightheadedness lessens (encouraging the patient to look 
forward rather than at the floor may help).

FIGURE 3-8	 Body	mechanics	for	lifting	and	carrying	objects.	

FIGURE 3-9	 A,	Method	to	pull	a	bed-bound	patient.	B,	Method	
to	push	a	bed-bound	patient.	
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7. Assist the patient to a standing position.
8. Encourage the patient to breathe easily and unhurriedly 

during this initial change to a standing posture.
9. Walk with the patient using no, minimal, or moderate 

support (moderate support requires the assistance of two 
practitioners, one on each side of the patient).

10. Limit walking to 5 to 10 minutes for the first exercise.
Monitor the patient during ambulation. Note the patient’s 

level of consciousness, color, breathing, strength or weakness, 
and complaints such as pain or shortness of breath throughout 
the activity. Ask the patient about his or her comfort level fre-
quently during the ambulation period. Ensure that chairs are 
present so emergency seats are available if the patient becomes 
distressed. Ambulation is increased gradually until the patient 
is ready to be discharged. Each ambulation session is docu-
mented in the patient chart and includes the date and time  
of ambulation, length of ambulation, and degree of patient 
tolerance.
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MINI CLINI
“Tingling” Equipment

PROBLEM:  An RT is caring for a patient on a mechanical 
ventilator that requires both electrical and pneumatic power 
for operation. When the RT touches the metal housing of the 
ventilator, a shock is felt. How should the RT handle the situ-
ation based on this observation?

DISCUSSION:  All therapeutic instruments used in patient 
care, including mechanical ventilators, should be connected to 
grounded outlets (three-wire). Because the ground wire is a 
protection device only and not part of the main circuit, equip-
ment may continue to operate without the clinician being 
aware that a problem exists. Because the RT felt a tingling 
sensation when touching the ventilator, this could represent an 
improper ground and possible serious current leakage. In this 
situation, the RT should immediately take the equipment out 
of service and get it replaced (while providing backup ventila-
tion). All electrical equipment used in patient care should be 
routinely checked for appropriate grounding.

FIGURE 3-10	 Method	to	move	a	patient	up	in	bed	with	the	
patient’s	assistance.	

FIGURE 3-11	 Method	to	assist	a	patient	in	dangling	the	legs	at	
the	side	of	the	bed.	
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Electrical Safety

The potential for accidental shocks of patients or personnel in 
the hospital exists because of the frequent use of electrical 
equipment. The presence of invasive devices, such as internal 
catheters and pacemakers, may add to the risk for serious harm 
from electrical shock. Although this risk is present, it has been 
significantly reduced in recent years through a combination of 
education and more rigid standards for wiring, especially in 
patient care areas. RTs must understand the fundamentals of 
electrical safety because respiratory care often involves the use 
of electrical devices.

Fundamentals of Electricity
The ability of humans to create and harness electricity is one of 
the most important developments in modern times. Because 
controlled electricity is available on a 24-hour-a-day basis,  
we can depend on it to power the equipment and appliances 
that make modern life comfortable and productive. Despite  
the fact that electricity is one of the most popular sources of 
power, most people who use it have a poor understanding  
of it. This lack of knowledge is often a major factor in cases  
of electrocution.

Electricity moves from point A to point B because of differ-
ences in voltage. Voltage is the power potential behind the 
electrical energy. Low-voltage batteries (e.g., 9 V) are sufficient 
to power a small flashlight but inadequate to power a major 
appliance such as a microwave oven. Most homes and hospitals 
are powered with 120-V power sources. Power sources that have 
high voltage have the potential to generate large amounts of 
electrical current. The current that moves through an object is 
directly related to the voltage difference between point A and 
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For example, as long as a person is insulated by normal 
clothing and shoes and is in a dry environment, a 120-V shock 
may hardly be felt because the resistance is high in this situation 
(10,000 Ω). Current can be calculated as:

Current A V A or mA( ) , .= =120 10 000 0 012 12Ω

Currents of 12 mA would cause a tingling sensation but no 
physical damage.

However, if the same person is standing without shoes on a 
wet floor, a much higher current occurs because the resistance 
is much lower (1000 Ω). The current is then calculated as:

Current A V A or mA( ) .= =120 1000 0 12 120Ω

Because the heart is susceptible to any current level greater than 
100 mA, 120 mA represents a potentially fatal shock; this is in 
sharp contrast to the first example, in which the same voltage 
caused only a tingling sensation.

A shock hazard exists only if the electrical “circuit” through 
the body is complete, meaning that two electrical connections 
to the body are required for a shock to occur. In the previous 
example, the person standing in water with no shoes has 
“grounded” himself. The finger touching the hot wire provides 
the input source while the feet standing in water provide the 
exit to ground. If the same person is wearing rubber boots, the 
connection to ground does not exist and the current cannot 
flow through the individual.

In electrical devices, these two connections typically consist 
of a “hot” wire and a “neutral” wire. The neutral wire completes 
the circuit by taking the electrical current to a ground. A ground 
is simply a low-resistance pathway to a point of zero voltage, 
such as the earth (hence the term ground).

Figure 3-12 shows how current can flow through the body. 
In this case, a piece of electrical equipment is connected to an 
AC line power via a standard three-prong plug. However, 
unknown to the practitioner, the cord has a broken ground 
wire. Normally, current leakage from the equipment would flow 
back to the ground through the ground wire. However, this 
pathway is unavailable. Instead, the leakage current finds a path 
of low resistance through the practitioner to the damp floor (an 
ideal ground).

Current can readily flow into the body, causing damage to 
vital organs when the skin is bypassed via conductors such as 
pacemaker wires or saline-filled intravascular catheters (Figures 
3-13 and 3-14). Even urinary catheters can provide a path for 
current flow. The heart is particularly sensitive to electrical 
shock. Ventricular fibrillation can occur when currents of 20 µA 
(20 microamperes, or 20 millionths of 1 ampere) are applied 
directly to the heart.

Electrical shocks are classified into two types: macroshock 
and microshock. A macroshock exists when a high current 
(usually >1 mA) is applied externally to the skin. A microshock 
exists when a small, usually imperceptible current (<1 mA) 
bypasses the skin and follows a direct, low-resistance path into 
the body. Patients susceptible to microshock hazards are termed 
electrically sensitive or electrically susceptible. Table 3-1 summa-
rizes the different effects of these two types of electrical shock.

point B and inversely related to the resistance offered by the 
makeup of the object. Objects with low resistance (e.g., copper 
wires) allow maximum current to flow through the object. 
Objects with high resistance (e.g., rubber tubing) allow minimal 
or no current to flow through the object despite higher levels 
of voltage.

The simple analogy of water flowing through a piping system 
is useful to understand electricity. The water pressure level at 
the source is equivalent to the voltage. Higher water pressure 
provides the potential for greater water flow or current. The 
friction (resistance) offered by the pipe across the length of the 
pipe influences the flow exiting the other end. Pipes with lots 
of friction reduce the water flow (current) greatly. If the friction 
(resistance) is minimal, the water flow (current) is maximal. 
Similarly, when voltage is high and resistance is low, electrical 
current flows easily through the object.

The difference in resistance between two people or two 
objects explains why the same voltage applied to both can seri-
ously damage one and cause no effect to the other. Two people 
accidentally touching a “hot” wire with 120 V can experience 
two completely different sensations. A person with wet skin 
offers little resistance, and the 120 V passes through the person 
with high current and can cause serious injury or death. A 
person with dry skin, which offers high resistance, may not even 
feel a shock and experiences no injury. The degree of resistance 
offered by the skin varies from person to person based on the 
chemistry of the person’s skin, the cleanliness of the skin, and 
the amount of moisture on the surface. For this reason, it is 
never wise to touch a potentially hot wire even though your skin 
is dry.

As stated before, voltage is the energy potential from an 
electrical source, and it is measured with a voltmeter. Current 
is the flow of electricity from a point of higher voltage to one 
of lower voltage and is reported in amperes (amps). Current is 
measured with an ampmeter. The resistance to electrical current 
is reported in ohms. We can determine the resistance to current 
for any object by the following equation:

Resistance ohms Voltage V Current amps A( [ ]) ( ) ( [ ])Ω =

Current represents the greatest danger to you or your patients 
when electrical shorts occur. Voltage and resistance are impor-
tant only because they determine how much current potentially 
can pass through the body. High voltage provides greater poten-
tial for high currents, but if resistance is also very high, current 
would be minimal or nonexistent. Current represents the 
potential danger to the patient. The harmful effects of current 
depend on: (1) the amount of current flowing through the 
body, (2) the path it takes, and (3) the duration the current is 
applied. Higher currents (>100 milliamps [mA]) that pass 
through the chest can cause ventricular fibrillation, diaphragm 
dysfunction (owing to severe, persistent contraction), and 
death.

Because current is most important, you should be familiar 
with the equation used to calculate it:

Current A Voltage V Resistance( ) ( ) ( )= Ω
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FIGURE 3-14	 Possible	hazard	through	use	of	certain	cardiac	monitors	and	a	pacemaker.	
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FIGURE 3-12	 Hazard	created	by	broken	ground	wire.	
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FIGURE 3-13	 Possible	microshock	hazard	caused	by	patient	grounding.	
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Hospital fires can be very serious, especially when they occur 
in patient care areas and when supplemental O2 is in use. Fires 
in O2-enriched atmospheres (OEAs) are larger, more intense, 
faster burning, and more difficult to extinguish. In addition, 
some material that would not burn in room air would burn in 
O2-enriched air. Hospital fires are also more serious because 
evacuation of critically ill patients is difficult and slow. For these 
reasons, hospital fires often cause more injuries and deaths per 
fire than do residential fires. For a fire to start, three conditions 
must exist: (1) flammable material must be present, (2) O2 must 
be present, and (3) the flammable material must be heated to 
or above its ignition temperature. When all three conditions are 
present, a fire starts. Conversely, removing any one of the condi-
tions can stop a fire from starting or extinguish it after it has 
begun. Fire is a serious hazard around respiratory care patients 
using supplemental O2. Although O2 is nonflammable, it greatly 
accelerates the rate of combustion. Burning speed increases 
with an increase in either the concentration or the partial pres-
sure of O2.

Flammable material should be removed from the vicinity  
of O2 use to minimize fire hazards. Flammable materials 
include cotton, wool, polyester fabrics, bed clothing, paper 
materials, plastics, and certain lotions or salves such as petro-
leum jelly. Removal of flammable material is particularly 
important whenever O2 enclosures, such as O2 tents or crou-
pettes, are used.

Ignition sources, such as cigarette lighters, should not be 
allowed in rooms where O2 is in use. In addition, the use of 
electrical equipment capable of generating high-energy sparks, 
such as exposed switches, must be avoided. All appliances that 
transmit house current should be kept out of O2 enclosures. 
Children should not play with toys that may create a spark when 
O2 is in use. RTs must be diligent in educating patients and 
visitors about the dangers associated with spark-producing 
items, open flames, and burning cigarettes in the hospital envi-
ronment, especially in areas with O2-enriched air.

A frequent source of concern is the presence of static electri-
cal sparks generated by friction. Even in the presence of high O2 
concentrations, the overall hazard from static sparks with the 
materials in common use is very low. Solitary static sparks 

Preventing Shock Hazards
Most shock hazards are caused by inappropriate or inadequate 
grounding. Shock hazards can be eliminated or minimized if 
wiring in patient care areas is appropriate and if all equipment 
brought into the patient care area has been Underwriters Labo-
ratories (UL) approved and checked on a regular basis by a 
qualified person.

Ground Electrical Equipment Near  
the Patient
All electrical equipment (e.g., lights, electrical beds, ventilators, 
monitoring or therapeutic equipment) should be connected to 
grounded outlets with three-wire cords. In these cases, the third 
(ground) wire prevents the dangerous buildup of voltage that 
can occur on the metal frames of some electrical equipment.

Modern electrical devices used in hospitals are designed so 
their frames are grounded, but their connections to the patient 
are not. In this manner, all electrical devices in reach of the 
patient are grounded, but the patient remains isolated from 
ground. Because the ground wire is simply a protection device 
and not part of the main circuit, equipment continues to 
operate normally even if the ground wire is broken. All electri-
cal equipment, particularly devices used with electrically sus-
ceptible patients, must be checked for appropriate grounding 
on a regular basis by a qualified electrical expert.

Fire Hazards

In 1980, approximately 12,000 health care facility fires were 
officially reported in the United States.15 During the period of 
2006 to 2010, the average annual number of fires in health care 
facilities was 6240.14 These health care facilities include hospi-
tals, hospice facilities, nursing homes, mental health facilities, 
and doctors’ offices or clinics. This significant reduction in 
health care facility fires is primarily due to education and 
enforcement of strict fire codes.

Approximately 23% of fires in health care facilities occur in 
hospitals or hospice, and 46% occur in nursing homes; the most 
common site of origin of the fire is the kitchen.15 Medical facil-
ity fires cause an annual average of 6 civilian deaths, 171 civilian 
injuries, and approximately $52.1 million in damage.15

TABLE 3-1 

Effects of Electrical Shock*

Amperes (A) Milliamperes (mA) Microamperes (µA) Effects

Applied to Skin (Macroshock)
≥6 >6000 >6,000,000 Sustained	myocardial	contraction	followed	by	normal	rhythm;	temporary	respiratory	

paralysis;	burns,	if	small	area	of	contact
0.1-3 100-3000 100,000 Ventricular	fibrillation;	respiratory	center	intact
0.050 50 50,000 Pain;	fainting;	exhaustion;	mechanical	injury;	heart	and	respiratory	function	intact
0.016 16 16,000 “Let	go”	current;	muscle	contraction
0.001 1 1000 Threshold	of	perception;	tingling

Applied to Myocardium (Microshock)
0.001 0.1 100 Ventricular	fibrillation

Duration	of	exposure	and	current	pathway	are	major	determinants	of	human	response	to	electrical	shock.
*Physiologic	effects	of	AC	shocks	applied	for	1	second	to	the	trunk	or	directly	to	the	myocardium.
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treatments in a way that does not impede access to care and that 
reduces risk for falls. In addition, when care is completed, the 
RT should ensure that the patient has easy access to the patient 
call system.

Disaster Preparedness
A key component of disaster preparedness involves learning to 
transport and transfer critically ill patients safely. Another 
component includes preparing for a loss of electricity, whether 
it is due to an internal or external disaster. In these emergen-
cies, hospitals have backup generators to power essential equip-
ment. All electrical outlets may not function on the backup 
generator. Some hospitals designate emergency outlets with a 
red outlet or red dot on an outlet, whereas others may power 
an entire wing, such as a medical intensive care unit, with the 
backup generator power. It is important for the RT to know the 
specific hospital policy for power failures and other potential 
disasters.

Magnetic Resonance Imaging Safety
MRI exposes the body to powerful magnetic fields and a small 
amount of radiofrequency. This powerful magnetic field can 
create a risk to patients, health care workers, and equipment if 
metal objects are brought within specified proximity to the 
field. There are safe proximity areas referred to as safety zones 
or Gauss lines. Metal objects can be so forcefully attracted to the 
magnetic field that they can mimic a missile, causing physical 
harm. Reports of accidents associated with MRI have involved 
O2 cylinders, stethoscopes, scissors, and IV poles. Deaths have 
been described when O2 cylinders were pulled into the magnetic 
area where a patient was lying to undergo an MRI examination. 
RTs need to become familiar with MRI-compatible ventilators, 
O2 supplies, and ancillary equipment. Each radiology depart-
ment has specific rules and safety precautions that need to  
be communicated to all patients, caregivers, and health care 
personnel.

Medical Gas Cylinders
Use of compressed gas cylinders by RTs requires special han-
dling. The physical hazards resulting from improper storage or 
handling of cylinders include increased risk for fire, explosive 
release of high-pressure cylinders, and the toxic effect of some 
gases. It is important to store and transport cylinders in appro-
priate racks or chained containers. Compressed gas cylinders 
should never be stored without support.

Storage of medical-grade gases is regulated by National Fire 
Protection Association Standards 99 Healthcare Facilities Code 
(2014 edition) and monitored by TJC. Quantities of O2 or 
nitrous oxide of 300 cubic feet or less (about 12 E-cylinders) in 
a patient care area not to exceed 2100 m2 are required to be 
secured properly but do not have special storage room require-
ments.16 Storing 300 to 3000 cubic feet of O2 or N2O requires 
noncombustible or limited combustible storage rooms with 
self-closing doors and at least a 30-minute fire rating.16 Cylin-
ders must be stored 20 feet from any combustibles (5 feet if 
room is equipped with a sprinkler system).16 Follow your 

generally do not have sufficient heat energy to raise common 
materials to their flash points. The minimal risk that may be 
present can be reduced further by maintaining high relative 
humidity (>60%).

If you identify a fire in a patient care area, you must know 
what to do. Each hospital must have a core fire plan that identi-
fies the responsibilities of hospital personnel. The plan should 
be taught to all hospital personnel and practiced with fire drills 
to reinforce the education. Requirements may include routinely 
walking the fire exits and reviewing proper fire extinguisher 
training. Fire extinguisher training includes following the 
acronym PASS:

Pull the pin. There may be an inspection tag attached.
Aim the nozzle. Aim low at the bottom of the fire.
Squeeze the handle. The extinguisher has less than 30 seconds 

of spray time.
Sweep the nozzle across the base of the fire.
The core fire plan follows the acronym RACE:
Rescue patients in the immediate area of the fire. The person 

discovering the fire should perform the rescue.
Alert other personnel about the fire so they can assist in the 

rescue and can relay the location of the fire to officials. 
This step also involves pulling the fire alarm.

Contain the fire. After rescuing patients, shut doors to 
prevent the spread of the fire and the smoke. In patient 
care areas, follow your hospital policy regarding turning 
off O2 zone valves.

Evacuate other patients and personnel in the areas around 
the fire who may be in danger if the fire spreads.

RTs are frequently key participants in successful handling of 
hospital fires. First, they know where the O2 zone valves are 
located and how to shut them off. Second, they have the knowl-
edge and skills needed to evacuate patients receiving mechani-
cal ventilation or supplemental O2 to sustain life. Third, they 
know how to treat and resuscitate victims of smoke inhalation. 
For these reasons, RTs should be included in all hospital evacu-
ation planning and practices.

General Safety Concerns

In addition to electrical and fire safety, RTs need to be aware of 
general safety concerns, including the direct patient environ-
ment, disaster preparedness, magnetic resonance imaging 
(MRI) safety, and medical gas safety. Medical gas safety is dis-
cussed in more detail in Chapter 40.

Direct Patient Environment
The immediate environment around the patient can create risk 
for patient safety. Because RTs use medical equipment and par-
ticipate in direct patient care, it is necessary for RTs to be cog-
nizant of the patient’s immediate environment.

To reduce the risk for patient falls and allow easy access  
to care, the patient care environment should be as free of 
impediments to care as possible. Use of respiratory supplies and 
medical equipment by the RT creates an environment that 
could impede access to care and create a fall risk. It is the 
responsibility of the RT to position equipment, tubing, and 
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sender to measure communication success and provide addi-
tional information when needed.

Communication in Health Care

Effective communication is the most important aspect of pro-
viding safe patient care. The first two 2010 National Patient 
Safety Goals of TJC are to improve accuracy of patient identi-
fication and effectiveness of communicating critical test values 
among caregivers.17 All health care personnel must correctly 
identify patients before initiating care using a two–patient iden-
tifier system. The patient identifiers can include any two of the 
following: name, birth date, and medical record number. Effec-
tively communicating critical test values should include a “read 
back” scenario verifying the reporter and the receiver of the 
information and accurate reporting and recording of test values. 
Each institution may have specific values as critical test values; 
for example, RTs may be expected to report blood gas values of 
a pH less than 7.2 or a PaO2 less than 50 mm Hg. The process 
of the read back scenario is described in Box 3-4.

hospital policies and procedures when handling, transporting, 
or storing medical gas cylinders.

COMMUNICATION

Because the delivery of safe, high-quality health care requires 
interactions among many contributors from different disci-
plines (e.g., physicians, RTs, nurses, etc.), communication is 
essential to the quality mission of a health care organization. 
Strategies to enhance communication are critical to organiza-
tional success.

Communication is a dynamic human process involving 
sharing of information, meanings, and rules. Communication 
has five basic components: sender, message, channel, receiver, 
and feedback (Figure 3-15).

The sender is the individual or group who transmits the 
message. The message is the information or attitude that is 
communicated by the sender. Messages may be verbal or non-
verbal. Verbal messages are voiced or written. Examples of dif-
ferent kinds of messages are lectures, letters, and e-mail memos. 
Nonverbal communication is any communication that is not 
voiced or written. Nonverbal communication includes gestures, 
facial expressions, eye movements and contact, voice tone, 
space, and touch.

The channel of communication is the method used to trans-
mit messages. The most common channels involve sight and 
hearing, such as written and oral messages. However, other 
sensory input, such as touch, may be used with visual or audi-
tory communication. In addition, communication channels 
may be formal (memos or letters) or informal (conversation).

The receiver is the target of the communication and can  
be an individual or a group. One-on-one communication is 
often more effective because both parties can respond to each 
other. Communication with a group can be more challenging 
but is a more efficient way to get information to numerous 
individuals.

The last essential part of communication is feedback. Human 
communication is a two-way process in which the receiver 
serves an active role. Feedback from the receiver allows the 

FIGURE 3-15	 Elements	of	human	communication.	(See	text	on	pp.	49	to	50.)	
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 Box 3-4 “Read Back” Process to Ensure 
Accurate Communication  
of Information

PRESCRIBER/REPORTER
•	 Orders	or	critical	test	results	are	read	and	clearly	enunciated,	

using	two	patient	identifiers.
•	 Avoid	abbreviations.
•	 Ask	receiver	to	“read	back”	the	information	if	this	is	not	done	

voluntarily.
•	 Verify	with	the	receiver	that	the	information	is	correct.

RECEIVER
•	 Record	the	order	or	value.
•	 Ask	“prescriber/reporter”	to	repeat	if	information	is	not	

understood.
•	 “Read	back”	the	information,	including	two	patient	identifiers.
•	 Receive	confirmation	from	the	“prescriber/reporter”	that	the	

information	is	correct;	if	incorrect,	repeat	the	process.
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FIGURE 3-16	 Factors	influencing	communication.	(Modified	from	Wilkins	RL,	Sheldon	RL,	Krider	SJ:	Clinical	assessment	in	respiratory	
care,	ed	6,	St.	Louis,	2010,	Mosby.)
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state. The RT who considers all of these factors will become a 
better communicator. One example of this would the RT who 
combines a compassionate-toned verbal message such as, 
“You’re going to be all right now,” with a confirming touch of 
the hand is sending a much stronger message to an anxious 
patient than the message provided by either component alone. 
Several key purposes of communication are summarized in  
Box 3-5.

Improving Communication Skills

To enhance your ability to communicate effectively, focus  
on improving sending, receiving, and feedback skills. In addi-
tion, identify and overcome common barriers to effective 
communication.

Another setting for improving communication between RTs 
regards transitions of care or “hand-off” of care; that is, when 
one RT is telling a colleague about the care of a patient who will 
be passed to the incoming RT for care. An effective communica-
tion tool in this instance may be an SBAR (Situation, Back-
ground, Assessment, and Recommendation).18 An example of 
this would be an RT discussing a patient’s intolerance to non-
invasive ventilation. The situation is the patient is prescribed 
noninvasive ventilation but is not tolerating the device. The 
background is the patient has COPD and was admitted with a 
high PaCO2 and would benefit from the noninvasive ventila-
tion. The assessment is the patient feels “claustrophobic” in the 
current full-face mask. Finally, the recommendation would be to 
try a smaller, less-confining mask to improve patient comfort.

As an RT, you will have many opportunities to communicate 
with patients, other RTs, nurses, physicians, and other members 
of the health care team. Success as an RT depends on your 
ability to communicate with these key people. Poor communi-
cation skills can limit your ability to treat patients, work well 
with others, and find satisfaction in your employment.

Factors Affecting Communication

Many factors affect communication in the health care setting 
(Figure 3-16). The uniquely human or “internal” qualities of 
sender and receiver (including their prior experiences, attitudes, 
values, cultural backgrounds, and self-concepts and feelings) 
play a large role in the communication process.

Generally, the verbal and nonverbal components of com-
munication should enhance and reinforce each other. Other 
factors that can affect communication include the patient’s 
direct health care environment and their sensory or emotional 

 Box 3-5 Purposes of Communication in the 
Health Care Setting

•	 To	establish	rapport	with	another	individual,	such	as	a	
colleague,	a	patient,	or	a	member	of	the	patient’s	family

•	 To	comfort	an	anxious	patient	by	explaining	the	unknown
•	 To	obtain	information,	such	as	during	a	patient	interview
•	 To	relay	pertinent	information,	as	when	charting	the	results	

of	a	patient’s	treatment
•	 To	give	instructions,	as	when	teaching	a	patient	how	to	

perform	a	lung	function	test
•	 To	persuade	others	to	take	action,	as	when	attempting	to	

convince	a	patient	to	quit	smoking
•	 To	educate	and	confirm	understanding	as	in	a	“teach	back”	

scenario
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MINI CLINI
Patient Communication

PROBLEM:  A 73-year-old man with COPD is admitted to the 
emergency department for acute shortness of breath that is not 
relieved with rest. The patient has been admitted more than eight 
times during the past year for various respiratory problems. The 
patient’s physician thinks that this episode may reflect a worsen-
ing of his disease process and orders an inhaled bronchodilator 
via an MDI. After the RT enters the room and introduces herself, 
the patient becomes quite defensive, stating that he does not need 
any assistance with treatments and that she should just leave the 
medication in the room. The RT has not treated the patient in the 
past and has to decide how to respond to the patient’s request.

DISCUSSION:  Although this patient exhibited reluctance in 
allowing the RT to administer the therapy, enough verbal and 
perhaps nonverbal communication (message) was expressed by 
the patient (sender) for the RT (receiver) to determine a plan of 
action. Because human communication is a two-way process, the 
RT serves an active role for further messages and interaction. This 

is a key concept for RTs to master because it helps in identifying 
a patient’s problems, evaluating progress, and recommending 
further respiratory care. The RT must recognize that when an 
individual verbalizes disagreement with a treatment order and 
exhibits defensive behavior, the RT must attempt to understand 
what the patient is saying and must not overreact. The RT could 
try to put the patient at ease by making eye contact, gesturing 
effectively, and maintaining a safe distance from the patient when 
talking. The RT should seek feedback from the patient to ensure 
that the message was understood as it was intended. In this situ-
ation, it may be appropriate for the RT to review and demonstrate 
MDI use, ask the patient to “teach back” proper inhaler use, and 
observe the patient self-administer the medication. This process 
(message) can be repeated until the patient can demonstrate 
proper technique. Allowing the patient to participate actively in 
medical care when feasible may serve to help him maintain a sense 
of control over his disease process.

Practitioner as Sender
Your effectiveness as a sender of messages can be improved in 
several ways. These suggestions may be applied to the clinical 
setting as follows:
• Share information rather than telling. Health professionals 

often provide information in an authoritative manner by 
telling colleagues or patients what to do or say. This approach 
can cause defensiveness and lead to uncooperative behavior. 
Conversely, sharing information creates an atmosphere of 
cooperation and trust.

• Seek to relate to people rather than control them. This is of 
particular significance during communication with patients. 
Health care professionals often attempt to control patients. 
Few people like to be controlled. Patients feel much more 
important if they are treated as an equal partner in the rela-
tionship. Explaining procedures to patients and asking their 
permission to proceed is a way to make them feel a part of 
the decision making regarding their care.

• Value disagreement as much as agreement. When individu-
als express disagreement, make an attempt to understand 
what they are saying and do not become defensive. Be  
prepared for disagreement and be open to the input of 
others.

• Use effective nonverbal communication techniques. The non-
verbal communication that you use is just as important as 
what you say. Nonverbal techniques may include eye contact, 
effective gesturing, facial expressions, and voice tone. It is 
important that your nonverbal communication matches 
what you are saying. It is also important to be cognizant of 
cultural differences in nonverbal contact. Some cultures may 
view direct eye contact as inappropriate, whereas in our 
country most find it an effective communication tool.

Practitioner as Receiver and Listener
Receiver skills are just as important as sender skills. Messages 
sent are of no value unless they are received as intended. Active 
listening on the part of the receiver is required. Learning to 
listen requires a strong commitment and great effort. A few 
simple principles can help improve your listening skills, as 
follows:
• Work at listening. Listening is often a difficult process. It takes 

effort to hear what others are saying. Focus your attention 
on the speaker and on the message.

• Stop talking. Practice silent listening and avoid interrupting 
the speaker during an interaction. Interrupting the patient 
is a sure way to diminish effective communication.

• Resist distractions. It is easy to be distracted by surrounding 
noises and conversations. This is particularly true in a busy 
environment such as a hospital. When you are listening, try 
to tune out other distractions and give your full attention to 
the person who is speaking.

• Keep your mind open; be objective. Being open-minded is 
often difficult. All people have their own opinions that may 
influence what they hear. Try to be objective in your listening 
so that you treat everyone fairly.

• Hear the speaker out before making an evaluation. Do not just 
listen to the first few words of the speaker. This is a common 
mistake made by listeners. Often, listeners hear the first sen-
tence and tune out the rest, assuming they know what is 
being said. It is important to listen to the entire message; 
otherwise, you may miss important information.

• Maintain composure; control emotions. Allowing emotions, 
such as anger or anxiety, to distort your understanding or 
drawing conclusions before a speaker completes his or her 
thoughts or arguments is a common error in listening.
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mean different things to different people. These differences 
in meaning derive from differences in the background or 
culture between the sender and receiver and the context of 
the communication. For example, RTs often use the letters 
COPD to refer to patients with chronic obstructive pulmo-
nary disease caused by long-term smoking. Patients may 
hear COPD used in reference to them and be confused  
about the meaning and interpret COPD to mean a fatal lung 
disease. Never assume that the patient has the same under-
standing as you in the interpretation of commonly used 
symbols or phrases.

• Different value systems. Everyone has his or her own value 
system, and many people do not recognize the values  
held by others. A large difference among the values held by 
individuals can interfere with communication. A clinical 
supervisor may inform students of the penalties for being 
late with clinical assignments. If a student does not value 
timeliness, he or she may not take seriously what is  
being said.

• Emphasis on status. A hierarchy of positions and power exists 
in most health care organizations. If superiority is empha-
sized by individuals of higher status, communication can be 
stifled. Everyone has experienced interactions with profes-
sionals who make it clear who is in charge. Emphasis on 
status can be a barrier to communication not only among 
health care professionals but also between health care profes-
sionals and patients.

• Conflict of interest. Many people are affected by decisions 
made in health care organizations. If people are afraid that 
a decision will take away their advantage or invade their ter-
ritory, they may try to block communication. An example 
might be a staff member who is unwilling to share expertise 
with students. This person may feel that a student is invading 
his or her territory.

• Lack of acceptance of differences in points of view, feelings, 
values, or purposes. Most of us are aware that people have 
different opinions, feelings, and values. These differences can 
thwart effective communication. To overcome this barrier, 
an effective communicator allows others to express their dif-
ferences. Encouraging individuals to communicate their 
feelings and points of view benefits everyone. Most of us 
think we are always correct. Accepting input from others 
promotes growth and cooperation.

• Feelings of personal insecurity. It is difficult for people to 
admit feelings of inadequacy. Individuals who are insecure 
do not offer information for fear they appear ignorant or 
they may be defensive when criticized, blocking clear com-
munication. Many of us have worked with individuals who 
are insecure, realizing the difficulty in communicating with 
them.
To become an effective communicator, identify the purpose 

of each communication interaction and your role in it. Use 
specific sending, receiving, and feedback skills in each interac-
tion. Finally, minimize any identified barriers to communica-
tion with patients or peers, to ensure that messages are received 
as intended.

• Active listening is a key component in health care commu-
nication. Many of the messages being sent are vital to patient 
care. If you do not listen effectively, important information 
may be lost and the care of your patients may be 
jeopardized.

Providing Feedback
To enhance communication with others, effective feedback 
needs to be provided. Examples of effective feedback mecha-
nisms in oral communication with patients include attending, 
paraphrasing, requesting clarification, perception checking, and 
reflecting feelings:
• Attending. Attending involves the use of gestures and pos-

ture that communicates one’s attentiveness. Attending  
also involves confirming remarks, such as, “I see what you 
mean.”

• Paraphrasing. Paraphrasing, or repeating the other’s response 
in one’s own words, is a technique that is useful in confirm-
ing that understanding is occurring between the parties 
involved in the interaction. However, overuse of paraphras-
ing can be irritating.

• Requesting clarification. Requesting clarification begins with 
an admission of misunderstanding on the part of the listener, 
with the intent being to understand the message better 
through restating or using alternative examples or illustra-
tions. Overuse of this technique, as with paraphrasing, can 
hamper effective communication, especially if it is used in a 
condescending or patronizing manner. Requests for clarifi-
cation should be used only when truly necessary and always 
should be nonjudgmental in nature.

• Perception checking. Perception checking involves confirm-
ing or disproving the more subtle components of a com-
munication interaction, such as messages that are implied 
but not stated. For example, the RT might sense that a 
patient is unsure of the need for a treatment. In this case, 
the RT might check this perception by saying, “You don’t 
seem to be sure that you need this treatment. Is that 
correct?” By verifying or disproving this perception, both 
the health care professional and the patient understand each 
other better.

• Reflecting feelings. Reflecting feelings involves the use of 
statements to determine better the emotions of the other 
party. Nonjudgmental statements, such as, “You seem to be 
anxious about (this situation),” provide the opportunity for 
patients to express and reflect on their emotions and can 
help them confirm or deny their true feelings.

Minimizing Barriers to Communication
There are many potential barriers to effective communication. 
A skillful communicator tries to identify and eliminate or mini-
mize the influence of these barriers in all interactions. By mini-
mizing the influence of these barriers, the sender can help 
ensure that the message will be received as intended. Key bar-
riers to effective communication are the following:
• Use of symbols or words that have different meanings. Words 

and symbols (including nonverbal communication) can 
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1. Competing
2. Accommodating
3. Avoiding
4. Collaborating
5. Compromising

Competing
Competing is an assertive and uncooperative conflict resolution 
strategy. Competing is a power-oriented method of resolving 
conflict. A supervisor who uses rank or other forces to attempt 
to win is using the competing strategy. This strategy may be 
useful when an unpopular decision must be made or when one 
must stand up for his or her rights. However, because it often 
causes others to be quiet and feel inferior, competing should be 
used cautiously.

Accommodating
Accommodating is the opposite of competing. Accommodat-
ing is being unassertive and cooperative. When people accom-
modate others involved in conflict, they neglect their own 
needs to meet the needs of the other party. Accommodation is 
a useful strategy when it is essential to maintain harmony in 
the environment. Accommodation is also appropriate when an 
issue is much more important to one party or the other in a 
dispute.

Avoiding
Avoiding is both an unassertive and an uncooperative conflict 
resolution strategy. In avoiding conflict, one or both parties 
decide not to pursue their concerns. Avoidance may be 
appropriate if there is no possibility of meeting one’s goals. 
In addition, if one or both of the parties are hostile, avoid-
ance may be a good strategy, at least initially. However, too 
much avoidance can leave important issues unattended or 
unresolved.

Collaborating
As a conflict resolution strategy, collaborating is the opposite of 
avoiding. Collaborating is assertive and cooperative. In collabo-
ration, the involved parties try to find mutually satisfying solu-
tions to their conflict. Collaboration usually takes more time 
than other methods of conflict management and cannot be 
applied when the involved parties harbor strong negative feel-
ings about each other.

Compromising
Compromising is a middle-ground strategy that combines 
assertiveness and cooperation. People who compromise give up 
more than individuals who compete but give up less than indi-
viduals who accommodate. Compromise is best used when a 
quick resolution is needed that both parties can accept. However, 
because both parties often feel they are losing, compromise 
should not be used exclusively.

Deciding which type of conflict resolution strategy to use 
requires knowledge of the context, the specific underlying 
problem, and the desires of the involved parties.

CONFLICT AND CONFLICT 
RESOLUTION

Conflict is sharp disagreement or opposition among people 
over interests, ideas, or values. Because no two people are exactly 
alike in their backgrounds or attitudes, conflict can be found in 
every organization. Health care professionals experience a great 
deal of conflict in their jobs. Rapid changes occurring in health 
care have made everyone’s jobs more complex and often more 
stressful. Because conflict is inevitable, all health care profes-
sionals must be able to recognize its sources and help resolve or 
manage its effect on people and on the organization.

Sources of Conflict

The first step in conflict management is to identify its potential 
sources. The four primary sources of conflict in organizations 
are (1) poor communication, (2) structural problems, (3) per-
sonal behavior, and (4) role conflict.

Poor Communication
Poor communication is the primary source of conflict in orga-
nizations. The previously discussed barriers to communication 
all are potential sources of conflict. If a supervisor is unwilling 
to accept different points of view for dealing with a difficult 
patient, an argument may occur. The importance of good com-
munication cannot be overemphasized.

Structural Problems
The structure of the organization itself can increase the likeli-
hood of conflict. Conflict tends to grow as the size of an orga-
nization increases. Conflict is also greater in organizations 
whose employees are given less control over their work and in 
organizations in which certain individuals or groups have 
excessive power. Structural sources of conflict are the most rigid 
and are often difficult to control.

Personal Behavior
Personal behavior factors are a major source of conflict in orga-
nizations. Different personalities, attitudes, and behavioral 
traits create the possibility of great disagreement among health 
care professionals and between health care professionals and 
patients.

Role Conflict
Role conflict is the experience of being pulled in several direc-
tions by individuals who have different expectations of a per-
son’s job functions. A clinical supervisor is often expected to 
function both as a staff member and as a student supervisor. 
Trying to fill both roles simultaneously can cause stress and 
create interpersonal conflict.

Conflict Resolution

Conflict resolution or management is the process by which 
people control and channel disagreements within an organi-
zation. The following are five basic strategies for handling 
conflict:
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Because the law requires that a record be kept of the patient’s 
care, a patient’s chart is also a legal document. For this reason, 
charting or recordkeeping must be done so that it is meaningful 
for days, months, or years.

Components of a Traditional  
Medical Record

Each health care facility has its own specification for the medical 
records it keeps. Although the forms themselves vary among 
institutions, most acute care medical records share common 
sections (Box 3-6). Documentation sheets are designed to 
report data briefly and to decrease time spent in documenta-
tion. Entries can include many measurements, and review of a 
sequence of entries can reveal trends in patient status.

Legal Aspects of Recordkeeping

Legally, documentation of the care given to a patient means that 
care was given; no documentation means that care was not 
given. Hospital accreditation agencies critically evaluate the 
medical records of patients. If the RT does not document care 
given (i.e., patient assessment data, interventions, and evalua-
tion of care rendered), the practitioner and the hospital may be 
accused of patient neglect.

Adequate documentation of care is valuable only in refer-
ence to standards and criteria of care. Similar to all departments 
in health care facilities, respiratory care departments must gen-
erate their own standards of patient care. For each standard, 
criteria must be outlined so that the adequacy of patient  
care can be measured. Documentation must reflect these 
standards.

Practical Aspects of Recordkeeping

Recordkeeping is one of the most significant duties that a health 
care professional performs. Documentation is required for each 
medication, treatment, or procedure. Accounts of the patient’s 
condition and activities must be charted accurately and in clear 
terms. Brevity is essential, although a complete account of each 
patient encounter is needed. The use of standardized terms and 
abbreviations is acceptable; however, TJC had published a “Do 
Not Use” abbreviation list developed to reduce potential errors 
(Table 3-2).19 Documentation of consultations with the attend-
ing physician that include the date and time of the conversation 
is recommended.

Accounts of care and the patient’s condition can be hand-
written, but with increasing frequency, EMRs facilitate data 
entry by selection from menus of choices or direct typing (see 
section on EMR in Chapter 7). In either case, you must docu-
ment only what is—not an interpretation or a judgment. 
Assessments of data must be clearly within one’s professional 
domain. When a practitioner cannot interpret the data obtained, 
he or she should state so in the record and contact another 
health care professional for advice or referral and document the 
referral in the patient’s medical record. Other general rules for 
medical recordkeeping are listed in Box 3-7. In addition to these 
general rules, each institution has its own policies governing 
medical recordkeeping.

RECORDKEEPING

By 2015, the U.S. government would like all medical record-
keeping to be done electronically. The electronic medical 
record (EMR) is changing the way health care practitioners 
document care, but the overall content and concept of what 
we record remains the same (see Chapter 7 for a full discus-
sion of the EMR). A medical record or chart presents a written 
picture of occurrences and situations pertaining to a patient 
throughout his or her stay in a health care institution. Medical 
records are the property of the institution and are strictly con-
fidential. This information is protected under the Health 
Insurance Portability and Accountability Act (HIPAA) of 1996. 
The content of a patient’s medical records, health insurance, 
or billing are not to be read or discussed by anyone except for 
the individuals directly caring for the patient in a hospital or 
medical care facility. In addition, the medical record is a legal 
document.

MINI CLINI
Legal Aspects of Recordkeeping

PROBLEM:  A patient was given a respiratory treatment by a 
respiratory care student, who forgot to chart that the therapy 
was given. The student reasoned that because he did not 
observe any adverse effects during or immediately after the 
treatment and he knew that the treatment was given, not docu-
menting the treatment in the medical record this one time 
would be acceptable. What are the problems associated with 
this student’s judgment and subsequent actions?

DISCUSSION:  The medical record is a legal document 
intended to identify types of care given to a patient and serve 
as a source of information to the physician, RT (including the 
student), and other health care providers in developing an indi-
vidualized plan of care. It further serves as a tool for evaluating 
the effectiveness in reaching the goals of therapy. Hospitals and 
other health care agencies critically evaluate the medical records 
of patients to maintain high-quality patient care. Failure to 
document care rendered, such as a respiratory treatment, 
hinders the process of providing high-quality care in several 
ways.

First, information that is important to the physician and 
other caregivers interested in the patient’s respiratory status is 
missing from the medical record. In this situation, although the 
student observed a lack of response by the patient during and 
immediately after the treatment, a delayed effect still could have 
occurred. Consequently, the physician or RT would have dif-
ficulty in establishing the cause of a condition change in the 
patient related to the respiratory treatment. From a legal per-
spective, patient care not documented may be viewed as care 
not rendered, making the hospital or institution vulnerable to 
charges of patient neglect, which would be difficult to defend 
in a court of law.
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TABLE 3-2 

The Joint Commission “Do Not Use” List*

Do Not Use Potential Problem Use Instead

U	(unit) Mistaken	for	0	(zero),	the	number	4	(four)	or	cc Write	“unit”
IU	(international	unit) Mistaken	for	IV	(intravenous)	or	the	number	10	(ten) Write	“international	unit”
Q.E.,	QD,	q.d.,	qd	(daily);	Q.O.D.,	

POD,	q.o.d,	qod	(every	other	day)
Mistaken	for	each	other;	period	after	the	Q	mistaken	for	I	and	

the	O	mistaken	for	I
Write	“daily”	or	“every	other	day”

Trailing	zero	(X.0	mg)†;	lack	of	
leading	zero	(.X	mg)

Decimal	point	is	missed Write	“X	mg”	or	“0.X	mg”

MS Can	mean	morphine	sulfate	or	magnesium	sulfate Write	“morphine	sulfate”
MSO4,	MgSO4 Confused	for	one	another Write	“magnesium	sulfate”

Additional Abbreviations, Acronyms, and Symbols for Possible Future Inclusion in the Official 
“Do Not Use” List
>	(greater	than);	<	(less	than) Misinterpreted	as	the	number	7	(seven)	or	the	letter	L;	confused	

for	one	another
Write	“greater	than”	or	“less	

than”
Abbreviations	for	drug	names Misinterpreted	owing	to	similar	abbreviations	for	multiple	drugs Write	drug	names	in	full
Apothecary	units Unfamiliar	to	many	practitioners;	confused	with	metric	units Use	metric	units
@ Mistaken	for	the	number	“2”	(two) Write	“at”
cc Mistaken	for	U	(units)	when	poorly	written Write	“mL”	or	“ml”	or	“milliliters”	

(“mL”	is	preferred)
µg Mistaken	for	mg	(milligrams)	resulting	in	1000-fold	overdose Write	“mcg”	or	“micrograms”

From	Joint	Commission	on	Accreditation	of	Healthcare	Organizations:	2010	JCAHO	“Do	Not	Use”	list.	http://www.jointcommission.org/hospitals.	Accessed	
September	17,	2014.
*Applies	to	all	orders	and	all	medication-related	documentation	that	is	hand-written	(including	free-text	computer	entry)	or	on	preprinted	forms.
†Exception:	A	“trailing	zero”	may	be	used	only	where	required	to	show	the	level	of	precision	of	the	value	being	reported,	such	as	for	laboratory	results,	imaging	
studies	that	report	size	of	lesions,	or	catheter/tube	sizes.	It	may	not	be	used	in	medication	orders	or	other	medication-related	documentation.

 Box 3-6 General Sections Found in a Patient Medical Record

ADMISSION DATA
Records	pertinent	patient	information	(e.g.,	name,	address,	
religion,	nearest	of	kin),	admitting	physician,	and	admission	
diagnosis

HISTORY AND PHYSICAL EXAMINATION
Records	the	patient’s	admitting	history	and	physical	examination,	
as	performed	by	the	attending	physician	or	resident

HEALTH MAINTENANCE AND IMMUNIZATIONS
Records	the	dates	of	administration

PHYSICIAN’S ORDERS
Records	the	physician’s	orders	and	prescriptions

PROGRESS NOTES
Keeps	a	continuing	account	of	the	patient’s	progress	for	the	
physician

NURSES’ NOTES
Describes	the	nursing	care	given	to	the	patient,	including	the	
patient’s	complaints	(subjective	symptoms),	the	nurses’	
observations	(objective	signs),	and	the	patient’s	response	to	
therapy

MEDICATION RECORD
Notes	drugs	and	IV	fluids	that	are	given	to	the	patient

ALLERGIES
Notes	reaction,	severity,	type,	and	date

VITAL SIGNS FLOWSHEET
Records	the	patient’s	temperature,	pulse,	respirations,	and	blood	
pressure	over	time

I/O SHEET
Records	patient’s	fluid	intake	(I)	and	output	(O)	over	time

LABORATORY RESULTS
Summarizes	the	results	of	laboratory	tests

CONSULTATION NOTE
Records	notes	by	physicians	who	are	called	in	to	examine	a	
patient	to	make	a	diagnosis

SURGICAL OR TREATMENT CONSENT
Records	the	patient’s	authorization	for	surgery	or	treatment

ANESTHESIA AND SURGICAL RECORD
Notes	key	events	before,	during,	and	immediately	after	surgery

SPECIALIZED THERAPY RECORDS AND PROGRESS 
NOTES
Records	specialized	treatments	or	treatment	plans	and	patient	
progress	for	various	specialized	therapeutic	services	(e.g.,	
respiratory	care,	physical	therapy)

SPECIALIZED FLOW DATA
Records	measurement	made	over	time	during	specialized	
procedures	(e.g.,	mechanical	ventilation,	kidney	dialysis)

ADVANCED DIRECTIVES
Records	wishes	and	documents	regarding	living	wills,	power	of	
attorney,	and	do-not-resuscitate	orders

http://www.jointcommission.org/hospitals
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TABLE 3-3 

Examples of Objective Data, Assessments, and Plans Typical for Documentation Using SOAP Notes

Objective Data Assessment Plan

Sputum Production
Thick,	purulent Respiratory	infection Humidity	therapy,	antibiotics

Auscultation
Expiratory	wheezing Bronchospasm Bronchodilator
Stridor Upper	airway	obstruction Racemic	epinephrine,	possible	intubation
Late-inspiratory	crackles Atelectasis Lung	expansion	therapy

Breathing Pattern
Prolonged	expiratory	time Bronchospasm Bronchodilators
Prolonged	inspiratory	time Upper	airway	obstruction Racemic	epinephrine;	consider	need	for	intubation
Rapid	and	shallow Restrictive	lung	disease Notify	physician,	perform	additional	assessment,	consider	lung	expansion	

therapy

Vital Signs
Acute	tachycardia/tachypnea Acute	respiratory	failure Obtain	ABGs,	chest	x-ray	films;	call	physician
Abnormal	sensorium Acute	hypoxia Assess	patient	further;	oxygen	therapy

ABGs
PaO2	40-60	mm	Hg Moderate	hypoxemia Give	O2	via	cannula	or	mask
PaO2	<	40	mm	Hg Severe	hypoxemia Give	high	concentration	O2	as	needed	and	consider	positive	pressure	

ventilation	with	PEEP	or	CPAP

Chest Radiograph
Low	lung	volumes	or	infiltrates Atelectasis Lung	expansion	therapy
Air	in	pleural	space Pneumothorax Insert	chest	tube

ABGs,	Arterial	blood	gas	analysis;	CPAP,	continuous	positive	airway	pressure;	PEEP,	positive	end-expiratory	pressure.

Problem-Oriented Medical Record

The problem-oriented medical record (POMR) is an alterna-
tive documentation format used by some health care institu-
tions. The POMR contains four parts: (1) the database, (2) the 
problem list, (3) the plan, and (4) the progress notes. Whether 
electronic or written, the precise forms these records take vary 
among institutions but will share common information.

The database contains routine information about the patient. 
A general health history, physical examination results, and 
results of diagnostic tests are included.

In the POMR, a problem is something that interferes with a 
patient’s physical or psychologic health or ability to function. 
The patient’s problems are identified and listed on the basis of 
the information provided by the database. The list of problems 
is dynamic; new problems are added as they develop, and prob-
lems are removed as they are resolved.

The POMR progress notes contain the findings (subjective 
and objective data), assessment, plans, and orders of the physi-
cians, nurses, and other practitioners involved in the care of the 
patient. The format used is often referred to as SOAP (S = sub-
jective information, O = objective information, A = assessment, 
P = plan of care). Figure 3-17 shows a representative SOAP form 
for respiratory care progress notes. Box 3-8 provides a hand-
written example of a SOAP entry. Table 3-3 lists common objec-
tive data gathered by RTs and examples of applicable assessments 
and plans. In many institutions, all caregivers chart on the same 
form, using the SOAP format.

 Box 3-7 General Rules for Medical 
Recordkeeping

•	 Entries	on	the	patient’s	chart	should	be	printed	or	handwritten	
unless	the	institution	is	using	an	electronic	medical	record.	
After	completing	the	account	in	the	handwritten	record,	sign	
the	chart	with	one	initial	and	your	last	name	and	your	title	
(CRT,	RRT,	Resp	Care	Student;	e.g.,	S.	Smith,	CRT).	
Institutional	policy	may	require	that	supervisory	personnel	
countersign	student	entries	in	the	hand-written	record.

•	 Do	not	use	ditto	marks.
•	 Do	not	erase.	Erasures	provide	reason	for	question	if	the	

chart	is	used	later	in	a	court	of	law.	If	a	mistake	is	made,	a	
single	line	should	be	drawn	through	the	mistake	and	the	
word	error	printed	above	it.	Then	continue	your	charting	in	a	
normal	manner.

•	 Record	after	completing	each	task	for	the	patient,	and	sign	
your	name	correctly	after	each	entry.

•	 Be	exact	in	noting	the	time,	effect,	and	results	of	all	
treatments	and	procedures.

•	 Chart	patient	complaints	and	general	behavior.	Describe	the	
type,	location,	onset,	and	duration	of	pain.	Describe	clearly	
and	concisely	the	character	and	amount	of	secretions.

•	 Leave	no	blank	lines	in	the	charting.	Draw	a	line	through	the	
center	of	an	empty	line	or	part	of	a	line.	This	prevents	
charting	by	someone	else	in	an	area	signed	by	you.

•	 Use	standard	abbreviations.	(Follow	the	“Do	Not	Use”	list.18)
•	 Use	the	present	tense.	Never	use	the	future	tense,	as	in	

“Patient	to	receive	treatment	after	lunch.”
•	 Spell	correctly.	If	you	are	unsure	about	the	spelling	of	a	

word,	look	it	up	in	a	dictionary.
•	 Document	conversations	with	the	patient	or	other	health	

care	providers	that	you	think	are	important	(e.g.,	you	
informed	the	patient’s	physician	or	nurse	that	the	patient	
seems	confused	or	more	short	of	breath).
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FIGURE 3-17	 Example	of	a	SOAP	form	for	respiratory	care	progress	notes.	(From	Des	Jardins	T,	Burton	GG:	Clinical	manifestations	and	
assessment	of	respiratory	disease,	ed	6,	St.	Louis,	2011,	Mosby.)
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RULE OF THUMB

Charting Progress Notes Using the  
SOAP Format
SOAP	stands	for	Subjective,	Objective,	Assessment,	
Plan.
•	 Subjective	information	obtained	from	the	patient,	his	

or	her	family	members,	or	a	similar	source
•	 Objective	information	based	on	caregivers’	

observations	of	the	patient,	the	physical	
examination,	or	diagnostic	or	laboratory	tests	such	
as	arterial	blood	gases	or	pulmonary	function	tests

•	 Assessment,	which	refers	to	the	analysis	of	the	
patient’s	problem

•	 Plan	of	action	to	be	taken	to	resolve	the	problem

 Box 3-8 Example of SOAP Entry

PROBLEM 1
Difficult	breathing.

SUBJECTIVE
“I	can’t	catch	my	breath.”

OBJECTIVE
Awake;	alert;	oriented	to	time,	place,	and	person;	sitting	upright	
in	bed	with	arms	leaning	over	the	bedside	stand;	pale,	dry	skin;	
respirations	26	breaths/min	and	shallow;	pulse	98	beats/min,	
regular	and	faint	to	palpation;	blood	pressure	112/68	mm	Hg,	
left	arm,	sitting	position;	body	temperature	101°	F;	bronchial	
breath	sounds	in	lower	posterior	lung	fields;	occasionally	
expectorating	small	volumes	of	mucopurulent	sputum.	Chest	
x-ray	film	shows	left	lower	lung	infiltrate.

ASSESSMENT
Retained	mucus	and	possible	infection.

PLAN
Therapeutic:	Assist	with	coughing	and	deep	breathing	at	least	

every	2	hours;	postural	drainage	and	percussion	every	4	
hours;	assist	with	ambulation	as	per	physician	orders	and	
patient	tolerance.

Diagnostic:	Continue	to	monitor	lung	sounds	before	and	after	
each	treatment.

Education:	Teach	patient	to	cough	and	deep	breathe	and	
evaluate	return	demonstration.
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SUMMARY CHECKLIST

◗	The	quality	of	a	service	or	product	refers	to	the	sum	of	its	
properties	that	serve	to	satisfy	the	needs	of	its	consumer.

◗	Quality	improvement	is	everyone’s	job.
◗	Statistical	process	control	and	run	charts	are	tools	that	

allow	continuous	monitoring	of	quality	of	service.
◗	Quality	improvement	projects	involve	different	phases:	

Planning	the	project,	implementing	the	project,	analyzing	
the	results,	and	changing	course	of	action	based	on	
analysis.

◗	Competency	is	defined	as	having	suitable	or	sufficient	
skills,	knowledge,	and	experience	for	the	purposes	of	the	
specific	task.

◗	Annual	competency	checks	need	to	be	documented	for	
skills	and	procedures	that	pose	potential	risk	to	patient	
safety.

◗	The	Joint	Commission	(TJC)	is	an	independent,	non-for-
profit	organization	that	strives	to	continuously	improve	
quality	and	safety	of	health	care	services	by	setting	high	
standards	and	evaluating	health	care	organizations	for	
adherence.

◗	TJC	requires	hospitals	to	have	quality	assurance	plans	
and	encourages	performance	improvement	efforts.

◗	Hospital	accreditation	by	TJC	is	based	on	satisfying	
specific	standards	established	by	professional	and	
technical	advisory	committees.

◗	Good	posture	is	needed	when	lifting	patients	or	heavy	
equipment	to	avoid	injury.

◗	Electrical	current	(flow)	is	the	dangerous	element	of	
electricity.	Current	is	directly	related	to	voltage	and	
inversely	related	to	resistance.

◗	A	microshock	is	a	small,	imperceptible	current	(<1	mA)	
that	enters	the	body	through	external	wires	or	catheters;	
microshocks	can	cause	ventricular	fibrillation.

◗	To	avoid	electrical	hazards,	always	ground	equipment	and	
use	only	equipment	that	has	been	checked	for	proper	
wiring.

◗	Fires	in	health	care	facilities	most	often	start	in	the	kitchen,	
but	when	they	occur	in	patient	care	areas,	loss	of	life	and	
serious	injuries	are	likely.

◗	Maintain	a	safe	and	clutter-free	direct	patient	care	
environment.

◗	Store	and	transport	medical	grade	gases	in	a	safe	and	
effective	manner.

◗	Communication	skills	play	a	key	role	in	the	ability	to	
identify	a	patient’s	problems,	to	evaluate	the	patient’s	
progress,	to	make	recommendations	for	respiratory	care,	
and	to	achieve	desired	patient	outcomes.

◗	 Individuals’	prior	experiences,	attitudes,	values,	cultural	
backgrounds,	self-concepts,	and	feelings	play	a	large	role	
in	the	communication	process.

◗	To	enhance	communication	ability,	focus	on	improving	
sending,	receiving,	and	feedback	skills;	in	addition,	be	able	
to	identify	and	overcome	common	barriers	to	effective	
communication.

◗	Choose	the	best	strategy	for	handling	conflict	considering	
knowledge	of	the	context,	the	specific	underlying	problem,	
and	the	desires	of	the	involved	parties.

◗	The	EMR	is	transforming	the	way	we	document	care	but	
not	the	concept	and	content	of	what	is	documented.

◗	A	medical	record	is	a	confidential	document	that	
summarizes	the	care	received	by	a	patient;	legally,	a	failure	
to	document	care	means	that	care	was	not	given.

◗	Following	accepted	standards,	each	medication,	
treatment,	or	procedure	provided	to	the	patient,	including	
his	or	her	condition	and	response	to	therapy,	must	be	
documented	in	accurate	and	clear	terms.

◗	When	entering	notes	in	a	POMR,	use	a	SOAP	format.
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C H A P T E R   4 

Principles of Infection 
Prevention and Control

MICHELE MESSAM AND THOMAS G. FRASER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Define	health	care–associated	infections	and	state	how	often	they	occur.
◆	 Describe	why	infection	prevention	is	important	in	respiratory	care.
◆	 Identify	and	describe	the	three	elements	that	must	be	present	for	transmission	of	infection	within	a	health	care	

setting.
◆	 List	the	factors	associated	with	an	increased	risk	for	a	patient	acquiring	a	hospital-acquired	infection.
◆	 State	the	three	major	routes	for	transmission	of	human	sources	of	pathogens	in	the	health	care	environment.
◆	 Describe	strategies	to	control	the	spread	of	infection	in	the	hospital.
◆	 Describe	how	to	select	and	apply	chemical	disinfectants	for	processing	respiratory	care	equipment.
◆	 Describe	equipment-handling	procedures	that	help	prevent	the	spread	of	pathogens.
◆	 State	when	to	use	personal	protective	equipment	during	patient	care.
◆	 Describe	surveillance	with	regard	to	infection	control.
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Interrupting	Transmission
Standard	Precautions
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Mouth,	Nose,	Eye,	and	Face	Protection
Respiratory	Protection
Gowns,	Aprons,	and	Protective	Apparel
Cough	Etiquette
Transmission-Based	Precautions

Protective	Environment
Transport	of	Infected	Patients
Medical	Devices	and	Bundles

Disinfection and Sterilization
Spaulding	Approach	to	Disinfection	and	Sterilization	

of	Patient	Care	Equipment
Cleaning
Disinfection
Sterilization

Equipment Handling Procedures
Maintenance	of	In-Use	Equipment
Processing	Reusable	Equipment
Disposable	Equipment
Fluids	and	Medications	Precautions
Handling	Contaminated	Articles	and	Equipment
Handling	Laboratory	Specimens

Surveillance for Hospital-Acquired Infections

KEY TERMS

antiseptic
bactericidal
bacteriostatic
cohorting

contact	precautions
disinfection
droplet	nuclei
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Healthcare	Infection	Control	

Practices	Advisory	Committee
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gens, (2) a susceptible host, and (3) a route of transmission for 
the pathogen (Figure 4-1).2

Sources of Infectious Agents

Humans (patients, personnel, or visitors) are the primary 
source for infectious agents in the health care setting, but inani-
mate objects (e.g., contaminated medical equipment, linen, 
medications) also have been implicated in transmission. Patients 
quickly contaminate their local hospital environment, particu-
larly high-touch surfaces, such as call lights, bed rails, tray 
tables, and bathrooms. People also may serve as their own 
source of infection, via endogenous flora. This latter process is 
called autogenous infection.

Susceptible Hosts

Susceptibility and resistance to infection vary greatly. Host 
factors in the acute setting that predispose to HAI can be  
considered modifiable and nonmodifiable. Host factors, such  
as poorly controlled diabetes mellitus, extremes of age, and 
underlying acquired (human immunodeficiency virus [HIV] 
infection) or iatrogenic (through chemotherapy or anti–tumor 
necrosis factor inhibitors) immunodeficiency, can enhance sus-
ceptibility to infection and are not readily modifiable in the 
acute setting. Surgical incisions and radiation therapy impair 
defenses of the skin and organ space. Medical devices, such as 
urinary tract catheters, central venous catheters, and endotra-
cheal tubes, increase the risk for infection by impeding local 
host defenses and providing a surface for the development of 
biofilms. The need for the medical device may be unavoidable. 
However, the risk for infection associated with it can be modi-
fied by employing appropriate techniques for insertion, main-
tenance, and removal.

Modes of Transmission

The three major routes for transmission of human pathogens 
in the health care environment are contact (direct and indirect), 
respiratory droplets, and airborne droplet nuclei (respirable par-
ticles <5 µm). Table 4-1 provides examples of the common 
transmission routes for selected microorganisms.3

P atients are at risk for developing infections during their 
hospital stay. A recent study estimated that 4% of hos-
pitalized patients in the United States develop a health 

care–associated infection.1 To help better understand preventive 
measures, infections can be categorized by where they originate. 
Those that develop outside the hospital are called community 
onset. Those that develop in the hospital are called hospital-
onset or nosocomial infections. However, in the current era, 
patients can receive care in many different settings—the home, 
the hospital, a skilled nursing facility, or an outpatient treat-
ment center. Patients who are at home but getting care in a 
nonhospital setting can develop community-onset infections 
that are related to health care and are not community acquired. 
The term health care–associated infection (HAI) refers to 
infections that develop in a patient during the course of medical 
treatment. This classification system is not arbitrary, because 
there are unique risks for HAIs such as the presence of an endo-
tracheal tube or a central venous catheter. HAIs also can be 
related to certain pathogens that are more likely to be resistant 
to one or more classes of antimicrobial agents. For example, 
Pseudomonas aeruginosa is commonly seen as a cause of HAI 
pneumonia; however, it is not routinely seen as a cause of 
community-acquired disease.

Efforts to decrease hospital-acquired infection and HAIs 
are commonly organized and coordinated by a hospital’s Infec-
tion Prevention (IP) program. IP programs are charged with 
reducing the risk for HAIs and thereby protecting patients, 
employees, and visitors. They do this by providing guidance to 
their organizations so that they can break the chain of events 
leading to HAIs. Guidance and prevention efforts are directed 
at overall organizational structure and systems (“this is what we 
do as an institution to prevent infection”) and at the individual 
caregiver level (“this is what I do to prevent infection”).

Protecting patients and health care professionals against 
HAIs requires strict adherence to IP procedures. These proce-
dures aim to eliminate the sources of infectious agents, create 
barriers to their transmission, and monitor and evaluate the 
effectiveness of control. IP departments coordinate activities 
and provide guidance to their institutions. Decreasing the risk 
for HAIs is a major and ongoing responsibility of all health care 
workers, including respiratory therapists (RTs). To fulfill this 
responsibility, RTs must be able to select and consistently apply 
a full spectrum of daily competencies. This chapter provides the 
foundation needed to assume this important responsibility.

SPREAD OF INFECTION

Three elements must be present for transmission of infection 
within a health care setting: (1) a source (or reservoir) of patho-

FIGURE 4-1	 Elements	that	must	be	present	for	infection	to	
spread.	

Source
Route

Host
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aerosol	filters

hospital-acquired	infections
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Administration
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standard	precautions

sterilization
surveillance
virucidal
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pathogens from one person to another are called fomites. Indi-
rect contact transmission involving fomites can occur when 
instruments have been inadequately cleaned between patients 
before disinfection or sterilization.

Droplet Transmission
Droplet transmission is a form of contact transmission, but the 
mechanism of transfer of the pathogen is distinct and addi-
tional prevention measures are required. Organisms that are 
transmitted by respiratory droplets include influenza and Neis-
seria meningitidis. Respiratory droplets are generated when an 
infected individual discharges large contaminated liquid drop-
lets into the air by coughing, sneezing, or talking. Respiratory 
droplets are also generated during procedures such as suction-
ing, bronchoscopy, and cough induction. Transmission occurs 
when infectious droplets are propelled (usually ≤3 feet through 
the air) and are deposited on another person’s mouth or nose. 
Using the distance of 3 feet or less as a minimum threshold for 
donning a mask has been effective in preventing transmission 
of infectious agents. However, experimental studies with small-
pox and investigations of outbreaks of severe acute respiratory 
syndrome (SARS) suggest that droplets from infected patients 
rarely are able to reach a person 6 feet away.4 A distance of 3 
feet or less around the patient is considered a short distance and 
is not used as a criterion for deciding when a mask should be 
donned to protect from exposure. Healthcare Infection Control 
Practices Advisory Committee (HICPAC) guidelines state it 
may be prudent to don a mask when within 6 to 10 feet of a 
patient or on entry into the room of a patient who is on droplet 
isolation.3

Airborne Transmission
Airborne transmission occurs via the spread of airborne droplet 
nuclei. These are small particles (≤5 µm) of evaporated drop-
lets containing infectious microorganisms that can remain sus-
pended in air for long periods. Microorganisms carried in this 
manner may be dispersed widely by air currents because of their 
small size and inhaled by susceptible hosts over a longer dis-
tance from the source patient compared with droplet trans-
mission. Examples of pathogens transmitted via the airborne 
route include Mycobacterium tuberculosis, varicella-zoster virus 
(chickenpox), and rubeola virus (measles).4

Special air handling and ventilation and respiratory protec-
tion are required to prevent airborne transmission because 
microorganisms may remain suspended in air and be widely 
dispersed by air currents before contacting a susceptible host. 
In addition to airborne infection isolation rooms, personal 
respiratory protection with National Institute for Occupational 
Safety and Health (NIOSH)–approved N-95 or higher respira-
tors is required to prevent airborne transmission.3 A surgical 
mask, used for droplet precautions, is insufficient.

Miscellaneous Types of  
Aerosol Transmission
The separation of organisms that are transmitted by aerosols 
into the categories of droplet and airborne is based on the usual 

TABLE 4-1 

Routes of Infectious Disease Transmission

Mode Type Examples

Contact Direct Hepatitis	A
HIV
Staphylococcus
Enteric	bacteria

Indirect Pseudomonas aeruginosa
Enteric	bacteria
Hepatitis	B	and	C
HIV

Droplet Haemophilus influenzae	(type	B)	
pneumonia	and	epiglottitis

Neisseria meningitidis	pneumonia
Diphtheria
Pertussis
Streptococcal	pneumonia
Influenza
Mumps
Rubella
Adenovirus
Rhinovirus

Vehicle Water-borne Shigellosis
Cholera

Food-borne Salmonellosis
Hepatitis	A

Airborne Aerosols Legionellosis
Droplet	nuclei Tuberculosis

Varicella
Measles
Smallpox

Vector-borne Ticks	and	mites Rickettsia
Lyme	disease

Mosquitoes Malaria
Fleas Bubonic	plague

HIV,	Human	immunodeficiency	virus.

Contact Transmission
Contact transmission is the most common route of transmis-
sion and is divided into two subgroups: direct and indirect. 
Direct contact transmission occurs when a pathogen is trans-
ferred directly from one person to another. Direct contact trans-
mission occurs less frequently than indirect contact in the 
health care environment but is more efficient. An example of 
direct contact transmission would be development of respira-
tory syncytial virus bronchiolitis in a bone marrow transplant 
recipient owing to transmission of the virus from an ill health 
care worker who did not perform appropriate hand hygiene 
before providing care.

Indirect contact transmission is the most frequent mode of 
transmission in the health care environment and involves trans-
fer of a pathogen through a contaminated intermediate object 
or person. The most common indirect contact transmission in 
health care involves unwashed hands of health care personnel 
that touch an infected or a colonized body site on one patient, 
or a contaminated inanimate object, and subsequently touch 
another patient. Inanimate objects that may serve to transfer 
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ate time, equipment, and training to provide the best possible 
care. Competent health care workers execute appropriate prac-
tice, such as attention to hand hygiene and adherence to infec-
tion prevention bundles of care on a daily basis with every 
patient. Failure to perform these basics is a deviation from good 
practice and cannot be tolerated. The presence of appropriate 
systems to deliver care and a committed workforce consistently 
executing best practice are necessary for an organization to reli-
ably prevent infections.6

Maintaining a Healthy Workforce

The day-to-day care of hospitalized patients relies on people. A 
sick health care worker not only has difficulty executing assign-
ments but could also serve as a source of infection for vulner-
able patients. There are multiple different components to 
maintaining a healthy workforce. The standard and transmission-
based precautions described later not only prevent transmission 
of pathogens from patient to patient but also protect health care 
workers. Other efforts employed to protect health care workers 
are employee immunization and chemoprophylaxis. Certain 
immunizations are recommended for susceptible health care 
personnel to decrease the risk for infection and the potential for 
transmission to patients and co-workers within the health care 
facility.5 The Occupational Safety and Health Administration 
(OSHA) mandates that employers offer hepatitis B vaccination. 
Vaccinations of health care workers in the absence of evidence 
of immunity against varicella, rubella, and measles should be 
strongly encouraged. In addition, health care personnel should 
receive the adult acellular pertussis vaccine, particularly those 
who care for young infants and children. Health care personnel 
without medical contraindications should receive an annual 
influenza vaccination.5 Health care worker influenza vaccina-
tion is the single most effective way to prevent health care–
associated influenza. A vaccinated population decreases the risk 
for presenteeism (health care workers being at work when sick). 
The importance of receiving an influenza vaccine is reflected in 
the recent requirement that health care facilities publicly report 
vaccination rates of their employees, licensed independent 
practitioners, volunteers, and adult students.7 To improve health 
care worker vaccination adherence, many organizations have 
made receiving a flu vaccine mandatory.

Uncommonly, health care workers are recommended to 
take antibiotics in addition to standard and transmission-
based precautions and vaccination, to prevent disease. Exam-
ples of these situations include postexposure prophylaxis after 
close contact with a patient with meningococcal meningitis or 
exposure to blood or body fluid of a patient with HIV. One 
specific situation in which vaccination and chemoprophylaxis 
are combined is exposure to a patient with Bordetella pertussis 
(whooping cough). Infants can develop severe complications 
from whooping cough, including death. If health care workers 
have had close contact with an active case of whooping cough, 
and have contact with infants younger than 1 year of age or 
women in the third trimester of pregnancy, they should receive 
prophylaxis in addition to having their vaccination status 
updated.3,5

manner in which disease is transmitted. In-depth investigations 
of outbreaks have demonstrated that the line between these  
two categories of transmission is sometimes blurry. In certain 
circumstances, such as during endotracheal intubation and 
aerosol-generating procedures, there is some evidence that 
organisms such as influenza and SARS can be transmitted via 
droplet nuclei. Similarly, norovirus, the most common cause of 
infectious diarrhea transmitted mainly by contact, probably 
also can be transmitted by swallowing aerosolized virus from 
vomitus. Based on these examples, aerosol transmission of 
droplet nuclei can be further refined as follows3:
• Obligate transmission: Under natural conditions, disease 

occurs after transmission of the microorganism only through 
airborne (droplet nuclei) aerosols. An example of obligate 
transmission is tuberculosis.

• Preferential transmission: Natural infection results from 
transmission through multiple routes, but airborne trans-
mission predominates. Measles is an example of preferential 
airborne transmission.

• Opportunistic transmission: Microorganisms that cause dis-
ease through other routes—droplet or contact—but under 
certain environmental conditions may be transmitted via 
airborne transmission. An example of this is SARS transmis-
sion via an aerosol plume that originated from sewage in the 
Amoy Gardens housing complex in the Kowloon section of 
Hong Kong in 2003.4

Awareness of these nuances of transmission informs health 
care workers to wear the appropriate personal protective equip-
ment depending on the clinical circumstances. For example, 
during a bronchoscopy for a patient infected with influenza, the 
possibility of opportunistic airborne transmission of the virus 
would cause one to consider wearing an N95 mask as opposed 
to a regular surgical mask.

Other Sources of Infection Not Involving 
Person-to-Person Transmission
Common vehicle transmission occurs via exposure to patho-
gens in contaminated food, water, or medications (e.g., heparin 
solution). Vector-borne transmission of infectious diseases 
from insects and rats and other vermin occurs but is of less 
significance in U.S. health care facilities.

INFECTION PREVENTION STRATEGIES

Creating a Safe Culture

From an organizational perspective, a crucial first step to 
decrease the risk for HAIs is the creation by leadership, at all 
levels, of a culture of safety in which there is a shared commit-
ment to patient and health care worker safety. Creating a culture 
of safety is also the responsibility of each individual health care 
worker. It is important that each person is empowered and 
willing to speak up and “stop the line” if the person has a 
concern that a patient or employee is in an unsafe situation.

Organizations also endorse best practices for infection pre-
vention by ensuring that the bedside caregiver has the appropri-
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The application of standard precautions by health care per-
sonnel during patient care depends on the nature of the interac-
tion and the potential for blood, body fluid, or pathogen 
contact. For some patient care situations, only gloves are 
required. In other cases, gloves, gowns, and face shield may be 
required. Box 4-1 describes standard precautions, including 
hand hygiene; use of gloves, masks, and eye protection; equip-
ment handling; and patient placement.

Hand Hygiene

The importance of hand hygiene to reduce the transmission of 
infectious agents cannot be overemphasized and is an essential 
element of standard precautions.8 Hand hygiene includes hand-
washing with either plain or antiseptic-containing soap and 
water for at least 15 seconds or the use of alcohol-based prod-
ucts (gels, rinses, and foams). In the absence of visible soiling 
of hands, approved alcohol-based products are preferred over 
antimicrobial or plain soap and water because of their superior 
microbicidal activity, reduced drying of skin, and convenience. 
The quality of performing hand hygiene can be affected by the 
type and length of fingernails and by wearing jewelry. Artificial 
fingernails and extenders should not be worn by health care 
workers because of their association with infections.8 Figure 4-2 
illustrates the proper technique for handwashing.

Gloves

Gloves protect both patients and health care workers. Gloves 
protect patients from exposure to pathogens that may be 
carried on the hands of health care workers. Gloves protect 
caregivers from contamination when contacting blood, body 
fluids, secretions, excretions, mucous membranes, and nonin-
tact skin of patients and when handling or touching visibly or 
potentially contaminated patient care equipment and environ-
mental surfaces.8

Caregivers should wear sterile gloves whenever performing 
invasive procedures. A single pair of nonsterile disposable gloves 
(e.g., latex, vinyl, nitrile) may be used for routine patient care. 
Hand hygiene always should be performed before donning 
gloves. Gloves should be changed between each patient contact 
and after any direct contact with infectious material, even if in 
the middle of a procedure. After removing the gloves, caregivers 
always must clean their hands. Gloves may have small, invisible 
defects or may be torn during use. The hands also can be con-
taminated during removal of the gloves. For these reasons, the 
wearing of gloves should never be used as a substitute for hand 
hygiene.

Mouth, Nose, Eye, and  
Face Protection

Face protection is an important component of standard precau-
tions because the mucous membranes of the eyes, nose, and 
mouth are particularly vulnerable to some types of pathogens. 
Masks protect mucosal surfaces against splashes or sprays, but 
should not be confused with particulate respirators that are 
recommended for protection from small particles (as described 
subsequently for airborne isolation [AI]). The wearing of masks, 

	

RULE OF THUMB

All	health	care	workers	with	patient	contact	should	
undergo	immunization	for	hepatitis	B	and	varicella	(if	
not	immune),	pertussis	booster,	and	annual	influenza	
vaccination.

Eliminating the Source of Pathogens

Elimination of all pathogens from any working environment is 
impossible. Nonetheless, standard infection prevention proce-
dures always include efforts to eliminate pathogens, and recom-
mended practices for cleaning and disinfecting noncritical 
surfaces in patient care areas should be followed. Procedures 
designed to remove environmental pathogens fall into two 
major categories: general sanitation measures and specialized 
equipment processing.

General sanitation measures help keep the overall environ-
ment clean. General sanitation aims to reduce the number of 
pathogens to a safe level. This reduction is achieved through 
sanitary laundry management, food preparation, and house-
keeping. Environmental control of the air (using specialized 
ventilation systems) and water complements these efforts.

The goal of specialized equipment processing is to decon-
taminate equipment capable of spreading infection. Equipment 
processing involves cleaning, disinfection, and sterilization 
(when necessary). Methods that kill bacteria are bactericidal, 
whereas methods and techniques that inhibit the growth of 
bacteria are bacteriostatic. Methods that destroy spores are 
sporicidal, and methods that destroy viruses are virucidal.

Interrupting Transmission

General sanitation measures and equipment processing have 
limits. To prevent the spread of infections between patients and 
to keep themselves healthy, health care personnel must take 
measures to stop infection. Best practices to limit transmission 
of pathogens in the hospital have been put forth by HICPAC 
and the Centers for Disease Control and Prevention (CDC). 
These recommendations include standard precautions and 
transmission-based precautions.3

Standard Precautions

The term standard precautions refers to the simplest level of 
infection control based on the recognition that all blood, body 
fluids, secretions, and excretions (with the exception of sweat) 
may contain transmissible infectious agents. Standard precau-
tions are intended to be applied to the care of all patients in all 
health care settings all the time. This is the primary strategy for 
the prevention of health care–associated transmission of infec-
tions among patients and health care personnel. To reduce risk 
for infection, a health care worker should employ personal pro-
tective equipment (PPE). PPE refers to various barriers used 
alone or in combination to protect mucous membranes, skin, 
and clothing from contact with infectious agents. Gloves, gowns, 
masks, eye protection, and face shields should be employed 
depending on the anticipated exposure.
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 Box 4-1 Standard Precautions

HAND HYGIENE
•	 Perform	hand	hygiene	before	and	after	patient	contacts,	

immediately	after	removing	gloves,	and	when	otherwise	
indicated	to	avoid	cross	contamination.

•	 Perform	hand	hygiene	after	touching	blood,	body	fluids,	
secretions,	excretions,	and	contaminated	items,	even	if	
wearing	gloves.

•	 Perform	hand	hygiene	between	tasks	and	procedures	on	the	
same	patient	if	cross	contamination	of	different	body	sites	is	
possible	(e.g.,	tracheostomy	care	after	assistance	with	a	
bedpan).

•	 Use	an	approved	alcohol-based	product	for	routine	hand	
hygiene.	If	hands	are	visibly	soiled,	use	soap	and	water.

GLOVES
•	 Perform	hand	hygiene	before	and	after	removing	gloves.
•	 Wear	clean	gloves	when	touching	blood,	body	fluids,	

secretions,	excretions,	and	contaminated	items.
•	 Don	clean	gloves	just	before	touching	mucous	membranes	

and	nonintact	skin.
•	 Change	gloves	between	tasks	and	procedures	on	the	same	

patient	after	contact	with	infectious	material.
•	 Remove	gloves	promptly	after	use,	before	touching	

noncontaminated	items	and	environmental	surfaces,	and	
before	going	to	another	patient.

MASKS, EYE PROTECTION, FACE SHIELDS
•	 Wear	a	mask	and	eye	protection	or	a	face	shield	to	protect	

mucous	membranes	of	the	eyes,	nose,	and	mouth	during	
procedures	and	patient	care	activities	that	are	likely	to	
generate	splashes	or	sprays	of	blood,	body	fluids,	secretions,	
and	excretions.

GOWNS
•	 Wear	a	clean	gown	to	protect	skin	and	prevent	soiling	of	

clothing	during	procedures	and	patient	care	activities	that	are	
likely	to	generate	splashes	or	sprays	of	blood,	body	fluids,	
secretions,	or	excretions.

•	 Remove	a	soiled	gown	as	promptly	as	possible	and	perform	
hand	hygiene	to	avoid	transfer	of	microorganisms	to	other	
patients	or	environments.

PATIENT CARE EQUIPMENT
•	 Handle	used	patient	care	equipment	soiled	with	blood,	body	

fluids,	secretions,	and	excretions	in	a	manner	that	prevents	
skin	and	mucous	membrane	exposures,	contamination	of	
clothing,	and	transfer	of	microorganisms	to	other	patients	and	
environments.

•	 Do	not	use	reusable	equipment	to	care	for	another	patient	
unless	it	has	been	cleaned	and	reprocessed	appropriately.

•	 Discard	single-use	items	properly.

OCCUPATIONAL HEALTH AND BLOOD-BORNE 
PATHOGENS
•	 Exercise	extreme	caution	when	handling	needles,	scalpels,	

and	other	sharp	instruments	or	devices;	when	cleaning	used	
instruments;	and	when	disposing	of	used	needles.

•	 Never	recap	used	needles,	handle	them	using	both	hands,	or	
point	toward	any	part	of	the	body.

•	 Do	not	remove	used	needles	from	disposable	syringes	by	
hand,	and	do	not	bend,	break,	or	otherwise	manipulate	used	
needles	by	hand.

•	 Place	used	disposable	syringes	and	needles,	scalpel	blades,	
and	other	sharp	items	in	appropriate	puncture-resistant	
containers;	place	reusable	syringes	and	needles	in	a	puncture-
resistant	container	for	transport	to	the	reprocessing	area.

•	 Use	mouthpieces,	resuscitation	bags,	or	other	ventilation	
devices	as	an	alternative	to	mouth-to-mouth	resuscitation	
methods	in	areas	where	the	need	for	resuscitation	is	
predictable.

PATIENT PLACEMENT
•	 Place	patients	who	contaminate	the	environment	or	who	do	

not	(or	cannot	be	expected	to)	assist	in	maintaining	
appropriate	hygiene	or	environmental	control	in	a	private	
room.

•	 If	a	private	room	is	unavailable,	consult	with	infection	
preventionist	regarding	patient	placement.

eye protection, and face shields in specified circumstances when 
exposures are likely to occur (e.g., bronchoscopy suite) is man-
dated by the OSHA Bloodborne Pathogen Standard.

Respiratory Protection

Respiratory protection (use of NIOSH-approved N-95 or 
higher level respirator) is intended for diseases (e.g., M. tuber-
culosis) that could be transmitted through the airborne route.3 
The term respiratory protection has a regulatory context that 
includes components of a program required by OSHA to 
protect workers: (1) medical clearance to wear a respirator, (2) 
provision and use of appropriate NIOSH-approved fit-tested 
respirators, and (3) education in respirator use.

Gowns, Aprons, and  
Protective Apparel

Isolation gowns and other apparel (aprons, leg coverings, boots, 
or shoe covers) also provide barrier protection and can prevent 

the contamination of clothing and exposed body areas from 
blood and body fluid contact and transmissible pathogens (e.g., 
respiratory syncytial virus and Clostridium difficile). Selection 
of protective apparel is dictated by the nature of the interaction 
of the health care worker with the patient, including anticipated 
degree of body contact with infectious material.3 In most 
instances, gowns are worn only if contact with blood and body 
fluid is likely. Clinical coats and jackets worn over clothing  
are not considered protective apparel. Isolation gowns always 
should be donned with gloves and other protective equipment 
as indicated. As with gloves and masks, a gown should be worn 
only once and then discarded. In most situations, aseptically 
clean, freshly laundered, or disposable gowns are satisfactory.

Cough Etiquette

The emergence of novel respiratory viruses such as SARS and 
Middle East respiratory syndrome (MERS) along with pan-
demic H1N1 influenza have reinforced the need for a strategy 
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FIGURE 4-2	 Steps	for	handwashing.	A,	Thorough	wetting	of	hands.	B,	Washing	around	wrist	and	forearm.	C,	Scrubbing	palm	of	hand.	
D,	Washing	between	digits	on	back	of	hand.	

Continued

for preventing transmission of respiratory infections at the first 
point of contact within a health care setting (e.g., physician’s 
office), termed respiratory hygiene/cough etiquette. This 
concept is a component of standard precautions.3 The elements 
of respiratory hygiene/cough etiquette include (1) education of 
health care personnel, patients, and visitors; (2) posted signs in 
language appropriate to the population served with instructions 
for patients and accompanying family members or friends; (3) 
source control measures (covering the mouth and nose with a 
tissue when coughing or placing a surgical mask on a coughing 

person when possible); (4) hand hygiene after contact with 
respiratory secretions; and (5) spatial separation (≥3 feet from 
persons with respiratory infections in common waiting areas).

Transmission-Based Precautions

Transmission-based precautions are for patients who are known 
or suspected to be infected with pathogens that require addi-
tional control measures to prevent transmission. There are three 
categories of transmission-based precautions based on the pre-
dominant manner in which the pathogen is transmitted: contact 
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precautions, droplet precautions, and airborne infection isola-
tion (see earlier section on Modes of Transmission). Whether 
used singularly or in combination, these precautions are always 
used in addition to standard precautions.3

Contact precautions are intended to reduce the risk for 
transmission by direct or indirect contact with the patient or 
the patient’s environment. Contact precautions require health 
care personnel and visitors to wear gowns and gloves for all 
interactions that may involve contact with the patient or the 
patient’s environment. Contact precautions are most com-
monly employed to decrease the spread of multidrug-resistant 
organisms such as C. difficile. Contact precautions are described 
in Box 4-2.

Droplet precautions are used to prevent a form of contact 
transmission that occurs when droplets are propelled short dis-
tances (≤3 feet through the air). Droplets are often generated 
with coughing, sneezing, suctioning, bronchoscopy, and cough 
induction. Health care personnel and visitors should don a 
mask during all interactions that may involve contact with such 
patients. Droplet precautions are employed for patients with 

E

G

F

 Box 4-2 Contact Precautions (Used in 
Addition to Standard Precautions)

•	 Place	the	patient	in	a	private	room;	if	a	private	room	is	
unavailable,	cohorting	is	acceptable.

•	 Perform	hand	hygiene	and	don	gown	and	gloves	to	enter	
room	whether	or	not	direct	patient	contact	is	anticipated.	
Wear	clean	gloves	when	entering	the	room.

•	 Remove	gown	and	gloves	before	leaving	the	patient’s	
environment	and	perform	hand	hygiene.

•	 After	glove	removal	and	hand	hygiene,	ensure	that	hands	do	
not	touch	potentially	contaminated	environmental	surfaces	or	
items	in	the	patient’s	room.

•	 Limit	transport	of	the	patient	from	the	room	to	essential	
purposes	only.

•	 When	possible,	dedicate	the	use	of	noncritical	patient	care	
equipment	to	a	single	patient	or	patient	cohort.

•	 If	use	of	common	equipment	or	items	cannot	be	avoided,	
ensure	that	it	is	adequately	cleaned	and	disinfected	before	
use	on	another	patient.

E,	Washing	around	the	cuticle.	F,	Drying	hands	with	clean	towel.	G,	Using	towel	to	turn	off	faucet.	FIGURE 4-2, cont’d



 Principles of Infection Prevention and Control • CHAPTER 4 67

minimum of two outdoor air changes per hour, minimum of 
12 total air changes per hour for new construction or 6 air 
changes per hour for existing buildings, and air exhausted 
directly to the outside).9 In settings where AII cannot be imple-
mented because of limited resources, physical separation, mask 
patients, and respiratory protection for health care personnel 
should be implemented to reduce the likelihood of airborne 
transmission. Box 4-5 describes airborne precautions that 
should be used in addition to standard precautions.

 Box 4-4 Guidelines for Cough-Inducing and 
Aerosol-Generating Procedures

•	 Cough-inducing	procedures	include	endotracheal	intubation	
and	suctioning,	diagnostic	sputum	induction,	aerosol	
treatments	(e.g.,	pentamidine	therapy),	and	bronchoscopy.

•	 Cough-inducing	procedures	should	not	be	performed	on	
patients	who	may	have	infectious	tuberculosis,	unless	the	
procedures	are	essential	and	can	be	performed	with	
appropriate	precautions.

•	 All	cough-inducing	procedures	performed	on	patients	who	
may	have	infectious	tuberculosis	should	be	performed	using	
booths	or	special	enclosures;	if	this	is	not	feasible,	a	room	
that	meets	the	ventilation	requirements	for	airborne	infection	
isolation	can	be	used.

•	 After	completion	of	cough-inducing	procedures,	patients	
who	may	have	infectious	tuberculosis	should	remain	in	their	
isolation	rooms	or	enclosures	until	coughing	subsides.	They	
should	be	required	to	cover	their	mouths	and	noses	with	
tissues	when	coughing.

•	 Before	the	enclosure	or	room	is	used	for	another	patient,	
enough	time	should	be	allowed	to	pass	for	at	least	99%	of	
airborne	contaminants	to	be	removed	(this	time	varies	
according	to	the	efficiency	of	the	ventilation	or	filtration	
system).

 Box 4-3 Droplet Precautions (Used in 
Addition to Standard Precautions)

•	 Place	the	patient	in	a	private	room;	if	a	private	room	is	
unavailable,	cohorting	is	acceptable.

•	 Special	air	handling	and	ventilation	are	unnecessary,	and	the	
door	may	remain	open.

MASK
•	 Perform	hand	hygiene	and	put	on	a	surgical	mask	before	

entering	the	room.
•	 Remove	mask	before	exiting	the	room	and	perform	hand	

hygiene.
•	 Limit	movement	and	transport	of	the	patient	from	the	room	

to	essential	purposes	only.
•	 If	transport	or	movement	is	necessary,	minimize	droplet	

transmission	by	having	the	patient	wear	a	surgical	mask.

MINI CLINI
Isolation Methods

PROBLEM:  A serious influenza outbreak occurs in a local 
long-term care facility. You are called to the emergency depart-
ment (ED) because four of the sickest patients are being admit-
ted together to your hospital for treatment. Currently, no 
private rooms are available for these patients. Outline the key 
isolation methods you would apply to help prevent the spread 
of influenza in your institution.

DISCUSSION:  Influenza spreads via the droplet route. Both 
standard and droplet precautions must be applied for these 
patients. When transporting these patients out of the ED, you 
must be sure they wear surgical masks. Because private rooms 
are unavailable, these patients need to be grouped together. If 
this is not feasible, the patients must be separated from other 
patients by at least 3 feet. Special air handling and ventilation 
are unnecessary, and the door may remain open. In addition to 
following standard precautions, all caregivers and visitors 
should wear surgical masks when within 3 feet of these patients 
(or entering the room). All remaining patients at the long-term 
care facility should be immunized with the flu vaccine (if not 
already) and be given antiviral prophylaxis.

presumed or confirmed infection with organisms known to be 
transmitted by respiratory droplets such as influenza. Droplet 
precautions are described in Box 4-3. Precautions for use when 
performing cough-inducing and aerosol-producing procedures 
are described in Box 4-4. Airborne infection isolation (AII) 
refers to isolation techniques intended to reduce the risk for 
selected infectious agents transmitted by “small droplets” of 
aerosol particles (e.g., M. tuberculosis).5 Persons who enter 
an AII room must wear respiratory protection (an NIOSH-
approved N-95 or higher respirator). Patients should be placed 
in a single-patient AII room that is equipped with special air 
handling and ventilation capacity that meets the American 
Institute of Architects/Facility Guidelines Institute standards 
(monitored negative pressure relative to surrounding area, 

 Box 4-5 Airborne Precautions (Used in 
Addition to Standard Precautions)

•	 Place	the	patient	in	a	private	negative-pressure	room	that	
has	6	to	12	air	changes	per	hour	and	either	safe	external	air	
discharge	or	HEPA	filtration	of	recirculated	air.

•	 Keep	the	room	door	closed	and	the	patient	in	the	room.
•	 If	a	private	room	is	unavailable,	cohorting	is	acceptable.
•	 Perform	hand	hygiene	and	don	respiratory	protection	when	

entering	the	room	of	a	patient	with	known	or	suspected	
infectious	pulmonary	tuberculosis.

•	 Remove	respiratory	protection	and	perform	hand	hygiene	
after	leaving	the	room.

•	 Susceptible	persons	should	not	enter	the	room	of	patients	
known	or	suspected	to	have	measles	(rubeola)	or	varicella	
(chickenpox)	if	other	immune	caregivers	are	available;	
individuals	who	are	immune	to	measles	or	varicella	need	not	
wear	respiratory	protection.

•	 Limit	transport	of	the	patient	from	the	room	to	essential	
purposes	only.

•	 If	transport	or	movement	is	necessary,	minimize	patient	
dispersal	of	droplet	nuclei	by	having	the	patient	wear	a	
surgical	mask.
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different permutations of VAP bundles described. Common 
components to most include maintaining the head of the bed 
above 30 degrees, routine mouth care with chlorhexidine, and 
minimizing sedation (daily sedation vacation).11 Other prac-
tices commonly included in VAP bundles are venous thrombo-
embolism prophylaxis and stress ulcer prophylaxis, even though 
these practices do not have a direct effect on the risk for pneu-
monia. Institutions should be committed to these processes of 
care, and individual health care workers should be familiar with 
these practices and execute them on a routine basis.11–13 Com-
pliance with bundles can be tracked over time as part of process 
improvement projects. Each individual component can be 
tracked, or all components can be tracked in an all or none, total 
appropriateness of care manner.

DISINFECTION AND STERILIZATION

Medical instruments are used in tens of millions of procedures 
in the United States every year. When properly performed, 
cleaning, disinfection, and sterilization procedures can reduce 
the risk for infection associated with the use of invasive and 
noninvasive medical instruments. Although a detailed review of 
disinfection and sterilization is beyond the scope of this chapter, 
overall principles are discussed, particularly as they pertain to 
the use of bronchoscopes. The interested reader is referred to 
detailed guidance available from the CDC.14 Table 4-2 lists defi-
nitions of the steps involved in equipment reprocessing.

Spaulding Approach to Disinfection 
and Sterilization of Patient  
Care Equipment

In 1968, Spaulding published his approach to disinfection and 
sterilization, which was based on the degree of risk for infection 

MINI CLINI
Spread of Infection

PROBLEM:  You work in the neonatal intensive care unit 
(NICU) of a large urban hospital. Over the last 2 days, many 
infants in the unit have developed serious Staphylococcus aureus 
infections. Identify the most likely source and route of trans-
mission and suggest ways to prevent spread of this serious 
infection.

DISCUSSION:  In hospitals, S. aureus commonly colonizes the 
skin of both health care professionals and visitors. Neonates are 
very susceptible hosts because of their poor immunity. Staphy-
lococcus infections spread mainly via direct contact transmis-
sion (see Table 4-1). To help prevent the spread of this infection 
to the newborn infants, you should try to disrupt the transmis-
sion route. Meticulous attention to hand hygiene and use of 
gloves would help. In addition, you could isolate the infected 
neonates from uninfected infants (cohorting) and, in an effort 
to identify patients who may be colonized, begin S. aureus 
screening of the umbilicus and nares of all infants in the NICU 
and all new admissions.

	

RULE OF THUMB

Apply	standard	precautions	when	caring	for	all	patients.
1.	 Wash	your	hands	after	touching	blood,	body	fluids,	

or	contaminated	items	(even	if	gloves	were	worn).
2.	 Wear	fresh,	clean	gloves	for	all	tasks	and	

procedures	involving	potential	contact	with	blood,	
body	fluids,	or	contaminated	items.

3.	 Exercise	extreme	caution	when	handling	“sharps.”
4.	 Handle	soiled	equipment	in	a	manner	that	prevents	

skin	and	mucous	membrane	exposures,	
contamination	of	clothing,	and	transfer	of	
microorganisms	to	other	patients	and	environments.5

Protective Environment

A specialized engineering approach to protect highly immuno-
compromised patients is a protective environment. A protective 
environment is used for patients with allogeneic hematologic 
stem cell transplants to minimize fungal spore counts in the air.3 
The rationale for such controls has been studies showing out-
breaks of aspergillosis associated with construction. Air quality 
for patients with hematologic stem cell transplants is improved 
through a combination of environmental controls that include 
(1) high efficiency particulate air (HEPA) filtration of incoming 
air, (2) directed room airflow, (3) positive room air pressure 
relative to the corridor, (4) well-sealed rooms to prevent infil-
tration of outside air, (5) ventilation to provide 12 or more air 
changes per hour, (6) strategies to reduce dust, and (7) prohibi-
tion of dried and fresh flowers and potted plants in rooms.

Transport of Infected Patients

By limiting the transport of patients with contagious disease, 
the risk for cross infection can be reduced. However, infected 
patients sometimes do need to be transported and, when that 
occurs, the patient needs to wear appropriate barrier protection 
(mask, gown, impervious dressings) consistent with the route 
and risk for transmission.3 Health care personnel receiving the 
patient need to be notified of the patient’s impending arrival 
and what infection control measures are required.

Medical Devices and Bundles

A large percentage of HAIs are device-related infections, includ-
ing ventilator-associated pneumonia (VAP), catheter-related 
bloodstream infection, and catheter-associated urinary tract 
infection. The best way to decrease host susceptibility to  
a device-related infection is first to limit device use and  
second to ensure that devices are placed and maintained appro-
priately. Prevention bundles—defined as the use of multiple 
different evidence-based best practices to prevent device-related 
infection—have been shown to decrease the incidence of HAIs 
significantly.10,11 Exactly how much each component of a bundle 
contributes to a reduction in infection is often difficult to deter-
mine. There are bundles for placement of central vascular cath-
eters, placement and maintenance of urinary catheters, and for 
the management of patients on ventilators. There are several 
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TABLE 4-2 

Equipment Processing Definitions

Term Definition

Cleaning Removal	of	all	foreign	material	(e.g.,	soil,	organic	
material)	from	objects

Disinfection	
(general	term)

Inactivation	of	most	pathogenic	organisms,	
excluding	spores

Disinfection,	
low	level

Inactivation	of	most	bacteria,	some	viruses,		
and	fungi,	without	destruction	of	resistant	
microorganisms	such	as	Mycobacterium 
tuberculosis	or	bacterial	spores

Disinfection,	
intermediate	
level

Inactivation	of	all	vegetative	bacteria,	most	
viruses,	most	fungi,	and	M. tuberculosis,	
without	destruction	of	bacterial	spores

Disinfection,	
high	level

Inactivation	of	all	microorganisms	except	
bacterial	spores	(with	sufficient	exposure		
times,	spores	may	also	be	destroyed)

Sterilization Complete	destruction	of	all	forms	of	microbial	life

TABLE 4-3 

Processing of Medical Equipment According to Infection Risk Categories

Category Description Examples Processing

Critical Devices	introduced	into	the	
bloodstream	or	other	parts	of	
the	body

Surgical	devices Sterilization
Intravascular	catheters
Implants
Heart-lung	bypass	components
Dialysis	components
Bronchoscope	forceps/brushes

Semicritical Devices	that	directly	or	indirectly	
contact	mucous	membranes

Bronchoscopes
Oral,	nasal,	and	tracheal	airways

High-level	disinfection

Ventilator	circuits/humidifiers
Pulmonary	function	testing	mouthpieces	and	tubing
Nebulizers	and	their	reservoirs
Resuscitation	bags
Laryngoscope	blades/stylets
Pressure,	gas,	or	temperature	probes

Noncritical Devices	that	touch	only	intact	
skin	or	do	not	contact	patient

Face	masks Detergent	washing
Blood	pressure	cuffs Low-	to	intermediate-level	

disinfectionVentilators

Modified	from	Chatburn	RL,	Kallstrom	TJ,	Bajasouzian	S:	A	comparison	of	acetic	acid	with	a	quaternary	ammonium	compound	for	disinfection	of	hand-held	
nebulizers.	Respir	Care	34:98–109,	1989.

involved in the use of the item in patient care.15 The three cat-
egories he described were critical, semicritical, and noncritical 
(Table 4-3). Critical items are categorized based on the high risk 
for infection if such an item is contaminated with pathogens, 
including bacterial spores (e.g., items that enter sterile tissue or 
the vascular system). Critical devices enter normally sterile 
tissues. Most of these items should be purchased sterile or be 
sterilized with steam if possible. Semicritical items come into 
contact with mucous membranes or nonintact skin; this 
includes most respiratory equipment. These items should be 
free of all microorganisms before use (bacterial spores may be 
present). Semicritical items require at least high-level disinfec-
tion using chemical disinfectants. Noncritical items come into 

contact with intact skin (an effective barrier to most microbes) 
but not mucous membranes. Most noncritical reusable devices 
may be decontaminated where they are used (e.g., bedpans, 
patient bed rails).

Bronchoscopes routinely become contaminated with high 
levels of organisms during a procedure because of the body 
cavities in which they are used. The benefits of these medical 
devices are numerous; however, proper reprocessing is crucial 
because numerous outbreaks and pseudo-outbreaks owing to 
improper procedures have been described. Individuals respon-
sible for bronchoscope reprocessing should receive initial and 
annual training, and their competency should be ensured. The 
five key components to bronchoscope reprocessing are cleaning, 
disinfecting, rinsing, drying, and storage (Box 4-6).14 Auto-
mated bronchoscope reprocessors (ABRs) offer many advan-
tages over manual disinfection because they automate several 
of these steps. Regardless of whether disinfection is done manu-
ally or with an ABR, personnel responsible for this task need to 
ensure reprocessing is done per device manufacturer and repro-
cessor guidelines with products registered with U.S. Environ-
mental Protection Agency (EPA) or cleared by the U.S. Food 
and Drug Administration (FDA). Health care workers should 
wear appropriate PPE while cleaning, disinfecting, or sterilizing 
medical equipment to protect themselves from potentially 
infectious material and chemical products used in the process.

Cleaning

Medical equipment must be cleaned and maintained according 
to the manufacturer’s instructions. Cleaning is the first step  
in all equipment processing, including those undergoing low-
level or high-level disinfection and sterilization. Cleaning 
involves removing all dirt and organic material from equip-
ment, usually by washing (see Table 4-3).14 Failure to clean 
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Chemical Disinfection
Chemical disinfection involves the application of chemical solu-
tions to contaminated surfaces or equipment. The EPA groups 
disinfectants based on whether the product label claims 
“limited,” “general,” or “hospital” disinfection.14 Numerous dis-
infectants are used alone or in combination in the health care 
setting, including alcohol, chlorine and chlorine products,  
glutaraldehyde, iodophors, phenolics, quaternary ammonium 
compounds, peracetic acid, and hydrogen peroxide. In most 
cases, a given product is designed for a specific purpose and 
should be used in a certain manner; the label should be read 
carefully. Table 4-4, excerpted from the CDC guideline for ster-
ilization and disinfection, summarizes common chemical dis-
infectants and their activity against various pathogens.14 Health 
care facilities should select disinfectant agents that best meet 
their overall needs. Product manufacturer’s recommendations 
for the amount, dilution, and contact time of disinfectants 
should be followed. A comprehensive overview of disinfectants 
in the hospital can be found in the updated CDC guidelines for 
disinfection and sterilization in health care facilities.14

For high-level disinfection to be effective, cleaned equipment 
must be completely immersed in the disinfectant solution. The 
FDA provides a list of cleared chemical disinfectants that can 
be used for high-level disinfection of medical devices. Cleared 
agents include 2.4% or greater glutaraldehyde, 0.55% orthoph-
thaldehyde (OPA), 0.95% glutaraldehyde with 1.64% phenyl-
phenate, 7.35% hydrogen peroxide with 0.23% peracetic acid, 
1.0% hydrogen peroxide with 0.08% peracetic acid, and 7.5% 
hydrogen peroxide.16 The choice of agent used in high-level 
disinfection is dictated by the device manufacturer.

After a set “contact” time, the equipment is removed, rinsed 
in sterile water (to remove toxic residues), and thoroughly 
dried. Equipment must be handled and stored carefully, to 
prevent recontamination during subsequent reassembly, pack-
aging, and storage.

Sterilization

Sterilization destroys all microorganisms on the surface of 
an article or in a fluid, which prevents transmission of patho-
gens associated with the use of that item. Both physical and 
chemical means can achieve sterilization. Physical methods 
include various forms of heat (steam) and ionizing radiation. 
Chemical methods of sterilization include low-temperature 
sterilization technologies such as ethylene oxide (EtO) gas. 
Table 4-5, excerpted from the CDC guideline for sterilization 
and disinfection, compares and contrasts the major methods of 
sterilization.14

Medical devices that have contact with sterile body tissues or 
fluids are critical items and should be sterile before use. If the 
object is heat resistant, steam sterilization is usually recom-
mended. However, increases in the use of medical devices that 
are heat and moisture sensitive have necessitated the develop-
ment of low-temperature sterilization technology. These 
include, but are not limited to, EtO, hydrogen peroxide gas 
plasma, and peracetic acid. A review of the commonly used 
sterilization technologies with a summary of advantages and 

equipment properly can render all subsequent processing efforts 
ineffective. Cleaning should occur in a designated facility with 
separate dirty and clean areas. Before being cleaned, the equip-
ment should be disassembled per manufacturer’s recommenda-
tions and examined for worn parts. Disassembly helps ensure 
good exposure to the cleaning agent.

Because water alone cannot dissolve organic matter, deter-
gents or enzymatic cleaners and brushes should be used to clean 
all internal and external surfaces of equipment. Enzymatic 
cleaners are neutral detergents with enzymes added that help 
remove organic (proteinaceous) material from equipment. 
Some EPA-registered products combine a germicide with a 
detergent, providing the dual action of cleaning and dis-
infection. This product type is generally appropriate for use on 
noncritical items. Noncritical items, such as stethoscopes, intra-
venous pumps, and ventilator surfaces, must be cleaned and 
low-level disinfected using an appropriate EPA-registered 
product before use on another patient.

Although careful cleaning removes most pathogens from the 
equipment, it cannot eliminate the risk for infection. For this 
reason, semicritical and critical medical equipment must then 
undergo either high-level disinfection or sterilization.

Disinfection

Disinfection describes a process used on medical equipment 
that destroys the vegetative form of all pathogenic organisms 
on an inanimate object, except bacterial spores. By definition, 
disinfection differs from sterilization by its lack of sporicidal 
activity.14 However, a few disinfectants kill spores with pro-
longed exposure times (hours) and are called chemical sterilants. 
Disinfection can involve either physical or chemical methods. 
The most common physical method of disinfection is pasteuri-
zation. Many chemical methods are used to disinfect respiratory 
care equipment.

 Box 4-6 Key Components of Bronchoscope 
Sterilization or Disinfection

Clean:	Mechanically	clean	external	surfaces,	including	brushing	
internal	channels	and	flushing	each	internal	channel	with	water	
and	a	detergent	or	enzymatic	cleaner.
1.	 Disinfect:	Immerse	bronchoscope	in	high-level	disinfectant	

and	perfuse	disinfectant	into	the	suction/biopsy	channel	and	
air/water	channel	and	expose	for	at	least	20	minutes	(or	
FDA-cleared	exposure	time).

2.	 Rinse:	The	bronchoscope	and	all	channels	should	be	rinsed	
with	sterile	water,	filtered	water,	or	tap	water.

3.	 Dry:	Rinse	insertion	tube	and	inner	channels	with	alcohol,	
and	dry	with	forced	air	after	disinfection	and	before	storage.

4.	 Store:	The	bronchoscope	should	be	stored	in	a	way	that	
prevents	recontamination	(e.g.,	hung	vertically	in	an	enclosed	
cabinet,	the	bronchoscope	should	not	touch	any	surface	of	
the	cabinet).

Data	from	Rutala	WA,	Weber	DJ,	and	the	Healthcare	Infection	Control	
Practices	Advisory	Committee	(HICPAC),	Centers	for	Disease	Control	
and	Prevention:	Guidelines	for	sterilization	and	disinfection	in	healthcare	
facilities,	Atlanta,	2008.	http://www.edu.gov./hicpac/.pdf/guidelines.

http://www.edu.gov./hicpac/.pdf/guidelines
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disadvantages can be found in the updated CDC guidelines for 
disinfection and sterilization in health care facilities.14 Follow-
ing is an overview of a few of these technologies.

Steam Sterilization
Moist heat in the form of steam under pressure is the most 
common, most efficient, and easiest sterilization method. Steam 
sterilization is the application of steam under pressure. Steam 
sterilization is efficient, quick, cheap, clean, and reliable. Equip-
ment always must be thoroughly cleaned before sterilization 
because materials that remain on the surfaces of equipment 
interfere with the effectiveness of the sterilization process. Clean 
equipment is wrapped in muslin, linen, or paper or placed in 
specially designed rigid containers, all of which are easily pen-
etrated by steam. Items must be properly packed in the auto-
clave to ensure exposure. The higher the temperature and 
pressure of the sterilizer, the shorter is the time needed for 
sterilization. The combination most commonly used for auto-
claving is 15 psi at 121° C for a minimum of 30 minutes. After 
sterilization, the packaging prevents recontamination during 
handling and storage. Numerous quality control monitors 
(mechanical, chemical, and biological) are employed to ensure 
adequate sterilization has taken place.

TABLE 4-4 

Comparison of the Characteristics of Selected Chemicals Used as High-Level Disinfectants or  
Chemical Sterilants

HP (7.5%) PA (0.2%) Glut (≥2.0%) OPA (0.55%) HP/PA 
(7.35%/0.23%)

HLD	claim 30	min	at	20°	C NA 20-90	min	at	
20°-25°	C

12	min	at	20°	C,	5	min	
at	25°	C	in	AER

15	min	at	20°	C

Sterilization	claim 6	hr	at	20°	C 12	min	at	50°-56°	C 10	hr	at	20°-25°	C None 3	hr	at	20°	C
Activation No No Yes	(alkaline	glut) No No
Reuse	lifea 21	days Single	use 14-30	days 14	days 14	days
Shelf	life	stabilityb 2	yr 6	mo 2	yr 2	yr 2	yr
Disposable	restrictions None None Localc Localc None
Materials	compatibility Good Good Excellent Excellent No	data
Monitor	MECd Yes	(6%) No Yes	(≥1.5%) Yes	(0.3%	OPA) No
Safety Serious	eye	damage	

(safety	glasses)
Serious	eye	and	skin	

damage	(conc	soln)e
Respiratory Eye	irritant,	stains	skin Eye	damage

Processing Manual	or	automated Automated Manual	or	automated Manual	or	automated Manual
Organic	material	

resistance
Yes Yes Yes Yes Yes

OSHA	exposure	limit 1	ppm	TWA None Nonef None HP-1	ppm	TWA
Cost	profile	(per	

cycle)g
+	(manual),	++	

(automated)
++++	(automated) +	(manual),	++	

(automated)
++	(manual) ++	(manual)

Data	from	Rutala	WA,	Weber	DJ,	and	the	Healthcare	Infection	Control	Practices	Advisory	Committee	(HICPAC),	Centers	for	Disease	Control	and	Prevention:	
Guidelines	for	sterilization	and	disinfection	in	healthcare	facilities,	Atlanta,	2008,	http://www.edu.gov./hicpac/.pdf/guidelines.
glut,	Glutaraldehyde;	HLD,	high	level-disinfectant;	HP,	hydrogen	peroxide;	NA,	not	applicable;	OPA,	orthophthalaldehyde	(FDA	cleared	as	a	high-level	
disinfectant,	included	for	comparison	with	other	chemical	agents	used	for	high-level	disinfection);	PA,	peracetic	acid;	PA/HP,	peracetic	acid	and	hydrogen	
peroxide;	TWA,	time-weighted	average	for	a	conventional	8-hour	workday.
aNumber	of	days	a	product	can	be	reused	as	determined	by	reuse	protocol.
bTime	a	product	can	remain	in	storage	(unused).
cNo	U.S.	Environmental	Protection	Agency	regulations,	but	some	states	and	local	authorities	have	additional	restrictions.
dMinimum	effective	concentration	is	the	lowest	concentration	of	active	ingredients	at	which	the	product	is	still	effective.
eConc	soln,	concentrated	solution.
fThe	ceiling	limit	recommended	by	the	American	Conference	of	Governmental	Industrial	Hygienists	is	0.05	ppm.
gPer	cycle	cost	profile	considers	cost	of	the	processing	solution	(suggested	list	price	to	health	care	facilities	in	August	2001)	and	assumes	maximum	use	life	
(e.g.,	21	days	for	hydrogen	peroxide,	14	days	for	glutaraldehyde),	five	reprocessing	cycles	per	day,	1-gallon	basin	for	manual	processing,	and	4-gallon	tank	for	
automated	processing.
+,	Least	expensive;	++++,	most	expensive.

MINI CLINI
Selection of a Disinfectant

PROBLEM:  You work in the pulmonary function laboratory 
of a community hospital. Immediately after performing spi-
rometry on a patient, you learn that he has been admitted and 
tests positive for pulmonary tuberculosis. You also remember 
him coughing into the spirometry tubing. You have four more 
patients scheduled for spirometry testing, beginning in 45 
minutes. How should you process the spirometry tubing to 
prevent transmission of the tuberculosis?

DISCUSSION:  Ideally, you would have a backup set of tubing 
to deal with this type of problem. If not, you need to disinfect 
or sterilize the tubing quickly. Because permanent spirometry 
tubing is made from heat-labile plastics, you cannot use steam 
(damage). Ethylene oxide (EtO) gas is an option, but aeration 
would take too long. Instead, you should select a broad-
spectrum, quick-acting disinfectant solution that works well in 
the presence of organic matter and does not damage rubber or 
plastic. Glutaraldehyde is a good choice, with a minimum 
exposure time of 20 minutes. A stabilized hydrogen peroxide–
based compound or a 1 : 50 sodium hypochlorite solution also 
might be considered.

http://www.edu.gov./hicpac/.pdf/guidelines


72 SECTION I • Foundations of Respiratory Care

Immediate Use Sterilization
Immediate-use (previously referred to as flash sterilization) 
“steam sterilization” is a modification of conventional steam 
sterilization in which the item is placed in an open tray or a 
specially designed container to allow for rapid penetration of 
steam.14 It is considered an acceptable practice for processing 
cleaned patient care items that cannot be packaged, sterilized, 
and stored before use. Its use only for reasons of convenience 
(e.g., to save time) should be discouraged.

Low-Temperature Sterilization Technologies
Low-temperature (<60° C) sterilants are needed for sterilizing 
temperature-sensitive and moisture-sensitive medical devices 
and equipment. Low-temperature sterilant technology includes 

TABLE 4-5 

Advantages and Disadvantages of Accepted Methods for Equipment Sterilization

Sterilization Method Advantages Disadvantages

Steam Nontoxic	to	patient,	staff,	environment
Cycle	easy	to	control	and	monitor
Rapidly	microbial
Least	affected	by	organic/inorganic	soils	

among	sterilization	processes	listed
Rapid	cycle	time
Penetrates	medical	packing,	device	lumens

Deleterious	for	heat-sensitive	instruments
Microsurgical	instruments	damaged	by	repeated	exposure
May	leave	instruments	wet,	causing	them	to	rust
Potential	for	burns

Hydrogen	peroxide	
gas	plasma

Safe	for	the	environment
Leaves	no	toxic	residuals
Cycle	time	is	28-75	min	(varies	with	model	

type)	and	no	aeration	necessary
Used	for	heat-	and	moisture-sensitive	items	

because	process	temperature	<50°	C
Simple	to	operate,	install	(208	V	outlet),	and	

monitor
Compatible	with	most	medical	devices
Requires	electrical	outlet	only

Cellulose	(paper),	linens,	and	liquids	cannot	be	processed
Sterilization	chamber	size	from	1.8-9.4	ft3	total	volume	(varies	with	

model	type)
Some	endoscopes	or	medical	devices	with	long	or	narrow	lumens	

cannot	be	processed	at	this	time	in	the	United	States	(see	
manufacturer’s	recommendations	for	internal	diameter	and	
length	restrictions)

Requires	synthetic	packaging	(polypropylene	wraps,	polyolefin	
pouches)	and	special	container	tray

Hydrogen	peroxide	may	be	toxic	at	levels	>1	ppm	TWA
100%	Ethylene	

oxide	(EtO)
Penetrates	packaging	materials,	device	

lumens
Single-dose	cartridge	and	negative	pressure	

chamber	minimizes	potential	for	gas	leak	
and	EtO	exposure

Simple	to	operate	and	monitor
Compatible	with	most	medical	materials

Requires	aeration	time	to	remove	EtO	residue
Sterilization	chamber	size	4.0-7.9	ft3	total	volume	(varies	with	

model	type)
EtO	is	toxic,	a	carcinogen,	and	flammable
EtO	emission	regulation	by	states	but	catalytic	cell	removes	99.9%	

of	EtO	and	converts	it	to	CO2	and	H2O
EtO	cartridges	should	be	stored	in	flammable	liquid	storage	cabinet
Lengthy	cycle/aeration	time

EtO	mixtures:	8.6%	
EtO/91.4%	HCFC;	
10%	EtO/90%	
HCFC;	8.5%	
EtO/91.5%	CO2

Penetrates	medical	packaging	and	many	
plastics

Compatible	with	most	medical	materials
Cycle	easy	to	control	and	monitor

Some	states	(e.g.,	California,	New	York,	Michigan)	require	EtO	
emission	reduction	of	90%-99.9%

CFC	(inert	gas	that	eliminates	explosive	hazard)	banned	in	1995
Potential	hazards	to	staff	and	patients
Lengthy	cycle/alteration	time
EtO	is	toxic,	a	carcinogen,	and	flammable

Peracetic	acid Rapid	cycle	time	(30-45	min)
Low	temperature	(50°-55°	C)	liquid	

immersion	sterilization
Environmentally	friendly	by-products
Sterilant	flows	through	endoscope,	which	

facilitates	salt,	protein,	and	microbe	
removal

Point-of-use	system,	no	sterile	storage
Biologic	indicator	may	be	unsuitable	for	routine	monitoring
Used	for	immersible	instruments	only
Some	material	incompatibility	(e.g.,	aluminum	anodized	coating	

becomes	dull)
One	scope	or	a	small	number	of	instruments	processed	in	a	cycle
Potential	for	serious	eye	and	skin	damage	(concentrated	solution)	

with	contact

Data	from	Rutala	WA,	Weber	DJ,	and	the	Healthcare	Infection	Control	Practices	Advisory	Committee	(HICPAC),	Centers	for	Disease	Control	and	Prevention:	
Guidelines	for	sterilization	and	disinfection	in	healthcare	facilities,	Atlanta,	2008,	http://www.edu.gov./hicpac/.pdf/guidelines.
CFC,	Chlorofluorocarbon;	HCFC,	hydrochlorofluorocarbon;	TWA,	time-weighted	average.

EtO, hydrogen peroxide gas plasma, ozone, vaporized hydrogen 
peroxide, and peracetic acid.14 We review the most commonly 
used process—EtO.

EtO is a colorless, toxic gas and potent sterilizing agent. 
Because it is active at ambient temperatures and is harmless to 
rubber and plastics, EtO is a good sterilant for items that cannot 
be autoclaved. Similar to steam, EtO penetrates most packaging 
materials, permitting prewrapping. Were it not for its many 
hazards, EtO would be the ideal sterilant.16 Acute exposure to 
EtO gas can cause airway inflammation, nausea, diarrhea, head-
ache, dizziness, and seizures. Chronic exposure to the gas is 
associated with respiratory infections, anemia, and altered 
behavior. Residual EtO left on processed equipment can cause 
tissue inflammation and hemolysis. When combined with 

http://www.edu.gov./hicpac/.pdf/guidelines
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pathogens, sterile water should still be used to fill bubble-type 
humidifiers.

The primary problem stems from contaminated condensate 
in the inspiratory limb of the ventilator circuit. Most often, the 
source of this contamination is the patient. Spillage of contami-
nated condensate into the patient circuit and the patient occurs 
when moving the tubing or the patient, increasing the risk for 
self-infection. In addition, microorganisms in this condensate 
can be transmitted to other patients via the hands of the health 
care worker handling the fluid, if he or she is negligent. This is 
another reason why it is crucial for RTs to practice hand hygiene 
before and after contact with every ventilated patient. Contact 
with the patient’s ventilator is considered contact with the 
patient’s body.

One way to address this problem is by reducing or eliminat-
ing circuit condensation. This reduction or elimination is easily 
achieved using heated wire circuits or a heat-and-moisture 
exchanger (HME). Available guidance does not recommend 
daily changing of HMEs. These devices should be inspected 
daily and replaced if contaminated with patient secretions or if 
flow resistance has increased. HMEs can be used safely for 48 
hours, and with some patient populations they may be able to 
be used for up to 7 days.17

Based on current knowledge, both the CDC and the Ameri-
can Association for Respiratory Care (AARC) have developed 
guidelines addressing ventilator-associated infection control. 
Box 4-8 provides general procedures for minimizing HAIs 

water, EtO forms ethylene glycol, which also can irritate tissues. 
Other potential problems include carcinogenic, mutagenic, and 
teratogenic effects. EtO concentrations greater than 3% are 
explosive.

EtO requires special attention to general safety precautions, 
equipment preparation, and sterilization cycle parameters. In 
addition, because of its toxicity, residual EtO must be removed 
from equipment after sterilization via a process called aeration. 
EtO is used to sterilize critical (and sometimes semicritical) 
items that cannot be steam sterilized.

EQUIPMENT HANDLING 
PROCEDURES

Equipment handling procedures that help prevent the spread of 
pathogens include maintenance of in-use equipment, process-
ing of reusable equipment, application of one-patient-use dis-
posables, and fluid and medication precautions.

Maintenance of In-Use Equipment

In-use respiratory care equipment that can spread pathogens 
includes nebulizers, ventilator circuits, bag-valve-mask devices 
(manual resuscitators), and suction equipment. Oxygen therapy 
and pulmonary function equipment are also implicated as 
potential sources of HAIs.

Nebulizers
Small-volume medication nebulizers (SVNs) also can produce 
bacterial aerosols. SVNs have been associated with health  
care–associated pneumonia, including Legionnaires disease, 
resulting from either contaminated medications or contami-
nated tap water used to rinse the reservoir. Procedures designed 
to prevent nebulizers from spreading pathogens are presented 
in Box 4-7.

Ventilators and Ventilator Circuits
The internal workings of ventilators are uncommon sources for 
infection; this is partly a result of the widespread use of high-
efficiency particulate air/aerosol (HEPA) filters, which have an 
efficiency rate of 99.97%, and the use of sheathed suction cath-
eters, which help reduce endotracheal tube contamination. An 
inspiratory HEPA filter (placed between the machinery and the 
external circuit, proximal to any humidifier) can eliminate bac-
teria from the driving gas and prevent retrograde contamina-
tion back into the machine. An expiratory filter using a heated 
thermistor to prevent condensation performs the same function 
and still protects the internal ventilator components. Expiratory 
filters also prevent pathogens from being expelled into the sur-
roundings from the patient’s expired air.

The external ventilator circuitry poses the most significant 
contamination risk, particularly in systems using heated humid-
ifiers. The humidifiers themselves are rarely the problem. Bubble 
or wick designs produce little or no aerosol and pose minimal 
infection risk. In addition, heating the humidifier reduces  
or eliminates growth of most bacterial pathogens. However, 
because tap water or distilled water may harbor heat-resistant 

 Box 4-7 Procedures to Minimize Infection 
Risk With Nebulizers

LARGE-VOLUME NEBULIZERS AND MIST TENTS
•	 Always	fill	nebulizers	with	sterile	distilled	water.
•	 Fill	fluid	reservoirs	immediately	before	use;	do	not	add	fluid	

to	replenish	partially	filled	reservoirs.	If	fluid	is	to	be	added,	
discard	the	remaining	old	fluid	first.

•	 Drain	tubing	condensate	away	from	the	patient	and	discard	
as	contaminated	waste;	do	not	allow	condensate	to	drain	
back	into	reservoir.

•	 Sterilize	or	high-level	disinfect	large-volume	nebulizers	
between	patients	and	after	every	24	hours	of	use	on	the	
same	patient.

•	 Use	mist	tent	nebulizer	and	reservoirs	that	have	undergone	
sterilization	or	high-level	disinfection,	and	replace	them	
between	patients.

•	 Do	not	use	large-volume	room	air	humidifiers	that	create	
aerosols	unless	they	can	be	sterilized	or	subjected	to	
high-level	disinfection	at	least	daily	and	filled	only	with	sterile	
water.

SMALL-VOLUME NEBULIZERS
•	 Between	treatments	on	the	same	patient,	disinfect,	rinse	

with	sterile	water,	and	air	dry	small-volume	nebulizers.
•	 Between	patients,	replace	small-volume	nebulizers	with	

sterile	or	high-level	disinfected	units.
•	 Use	only	sterile	fluids	for	nebulization,	and	dispense	these	

fluids	aseptically.
•	 When	possible,	use	single-use	medication	vials;	if	using	

multidose	vials,	handle,	dispense,	and	store	them	according	
to	manufacturer’s	instructions	and	checking	expiration	dates.
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posable O2 humidifiers have a contamination rate of 33%. 
Conversely, prefilled, sterile disposable humidifiers present a 
negligible infection risk.20 On the basis of this knowledge, 
procedures that can help prevent O2 therapy apparatus from 
spreading pathogens are outlined in Box 4-9.

Pulmonary Function Equipment
The inner parts of pulmonary function testing equipment are 
not a major source for spread of infection. However, contami-
nation of external tubing, connectors, rebreathing valves, and 
mouthpieces can occur during testing. These components 
should be cleaned and subjected to high-level disinfection or 
sterilization between patients.21,22 The common practice of 
using HEPA filters to isolate the spirometer from the patient 
makes sense logically but has yet to be proved either effective 
or necessary in preventing HAI.

Other Respiratory Care Devices
Use of other respiratory care equipment, including O2 analyz-
ers, the hand-held bedside spirometer, and circuit probes, has 
been linked with hospital outbreaks of gram-negative bacterial 
infections.21 The most likely transmission route is direct patient-
to-patient contact via either the device itself or the contami-
nated hands of caregivers. The best way to control this problem 
is with proper hand hygiene and sterilization or high-level dis-
infection of the devices between patients.

Processing Reusable Equipment

Improperly processed reusable equipment is another potential 
source for pathogens. General principles for cleaning, disinfec-
tion, and sterilization were provided previously. This section 
presents specific guidelines for processing reusable respiratory 
care equipment and a special section on bronchoscope 
disinfection.

Respiratory Care Equipment
Several factors must be considered in selecting a processing 
method for reusable respiratory care equipment (Box 4-10). 

 Box 4-8 Procedures to Minimize Infection 
Risk With Mechanical Ventilators

•	 Do	not	routinely	sterilize	or	disinfect	the	internal	workings	of	
ventilators.

•	 Do	not	routinely	change	ventilator	circuit	more	often	than	
every	48	to	72	hours	with	HME.

•	 Sterilize	or	high-level	disinfect	reusable	breathing	circuits	and	
humidifiers.

•	 Periodically	drain	tubing	condensate	away	from	patient	and	
discard.

•	 Wash	hands	after	draining	tubing	condensate	or	handling	
the	fluid.

•	 Do	not	place	bacterial	filters	distal	to	humidifier	reservoirs.
•	 Use	sterile	water	to	fill	bubble	humidifiers.
•	 Use	sterile,	distilled	water	to	fill	wick	humidifiers.
•	 Change	HMEs	according	to	manufacturer’s	recommendation	

and	when	you	observe	evidence	of	gross	contamination	or	
mechanical	dysfunction.

•	 Do	not	routinely	change	HME	breathing	circuits	while	in	use.

HME,	Heat-and-moisture	exchanger.

associated with ventilator use. Mechanical ventilation exposes 
the patient to the risk for VAP, and the frequency of circuit 
changes and the relationship to VAP have been investigated.11 
Current guidelines suggest that ventilator circuits should not be 
changed routinely for infection control purposes; however, they 
should be changed when visibly soiled or malfunctioning.18

Bag-Mask Devices
Bag-mask devices are a source for colonizing both the airways 
of intubated patients and the hands of medical personnel.19 
Nondisposable bag-mask devices should be sterilized or high-
level disinfected between patients. In addition, the exterior 
surface of any bag-mask device should be cleaned of visible 
debris and disinfected at least once a day.

Suction Systems
Tracheal suctioning increases the risk for infection. Proper hand 
hygiene and gloving help minimize this risk. Although much 
has been made of the infection prevention advantages of 
sheathed suction systems over open tracheal suction systems, 
evidence is mixed as to whether it is clearly superior. However, 
guidance recommends in-line suctioning as part of VAP reduc-
tion program.18 There is no need to change a closed system 
suction catheter daily. To minimize the risk for cross contami-
nation during suctioning with an open system, a fresh, sterile, 
single-use catheter should be used on each patient. In addition, 
only sterile fluid should be used to remove secretions from the 
catheter. Last, both the suction collection tubing and collection 
canister should be changed between patients except in short-
term care units, where only the collection tubing needs to be 
changed.

Oxygen Therapy Apparatus
O2 therapy devices pose much less risk than other in-use equip-
ment but are still a potential infection hazard. In-use nondis-

 Box 4-9 Procedures to Minimize 
Infection Risk With Oxygen 
Therapy Apparatus

•	 Humidifiers	are	not	needed	with	flows	less	than	4	L/min.
•	 When	needed	and	whenever	possible,	prefilled,	sterile	

disposable	humidifiers	should	be	used.
•	 With	reusable	humidifiers,	fluid	reservoirs	should	be	filled	

immediately	before	use	with	sterile	distilled	water.
•	 Fluid	must	not	be	added	to	replenish	partially	filled	

reservoirs.	If	fluid	is	to	be	added,	discard	the	remaining	old	
fluid	first,	then	clean	and	dry	reservoir	before	refilling.

•	 The	tubing	and	oxygen	delivery	device	should	be	changed	
between	patients;	prefilled,	sterile,	disposable	humidifiers	do	
not	need	to	be	changed	between	patients	in	high-use	areas	
such	as	the	recovery	room.

•	 Prefilled,	disposable	humidifiers	can	be	used	safely	for	30	
days.
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4-1  Care of the Ventilator Circuit and Its Relationship 
to Ventilator-Associated Pneumonia

AARC Clinical Practice Guideline (Excerpts)*

■ INTRODUCTION
A	concern	related	to	the	care	of	a	mechanically	ventilated	
patient	is	the	development	of	VAP.	For	many	years,	this	
concern	focused	on	the	ventilator	circuit	and	humidifier.	The	
circuit	and	humidifier	have	been	changed	on	a	regular	basis	in	
an	attempt	to	decrease	the	VAP	rate.	However,	as	the	
evidence	evolved,	it	became	apparent	that	the	origin	of	VAP	
is	more	likely	from	sites	other	than	the	ventilator	circuit,	and	
the	prevailing	practice	has	become	one	of	changing	circuits	
less	frequently.	If	this	practice	is	safe,	it	would	offer	substantial	
cost	savings.	Other	issues	related	to	the	components	of	the	
circuit	and	VAP	also	have	become	more	important.	
Humidification	systems	can	be	either	active	or	passive.	
Increasingly,	in-line	suction	is	used	and	this	becomes	part	of	
the	ventilator	circuit.

■ QUESTIONS
A	systematic	review	of	the	literature	was	conducted	with	the	
intention	of	making	recommendations	for	change	frequency	of	
the	ventilator	circuit	and	additional	components	of	the	circuit.	
Specifically,	the	Writing	Committee	wrote	these	evidence-
based	clinical	practice	guidelines	to	address	the	following	
questions:
1.	Do	ventilator	circuits	need	to	be	changed	at	regular	

intervals?
2.	What	is	the	economic	impact	of	decreasing	the	frequency	

of	ventilator	circuit	changes?
3.	What	are	the	issues	related	to	circuit	type?
4.	Does	the	choice	of	active	versus	passive	humidification	

affect	ventilator	circuit	change	frequency?
5.	Do	passive	humidifiers	need	to	be	changed	at	regular	

intervals?
6.	Do	in-line	suction	catheters	need	to	be	changed	at	regular	

intervals?
7.	Are	there	specific	populations	for	which	the	

recommendations	should	be	altered?

■ RECOMMENDATIONS
Recommendation #1
Ventilator	circuits	should	not	be	changed	routinely	for	infection	
control	purposes.	The	available	evidence	suggests	no	patient	
harm	and	considerable	cost	savings	associated	with	extended	
ventilator	circuit	change	intervals.	The	maximum	duration	of	
time	that	circuits	can	be	used	safely	is	unknown.	(Evidence	
Grade	A)

Recommendation #2
Evidence	is	lacking	related	to	VAP	and	issues	of	heated	
versus	unheated	circuits,	type	of	heated	humidifier,	method	
for	filling	the	humidifier,	and	technique	for	clearing	condensate	
from	the	ventilator	circuit.	It	is	prudent	to	avoid	excessive	
accumulation	of	condensate	in	the	circuit.	Care	should	be	

taken	to	avoid	accidental	drainage	of	condensate	into	the	
patient’s	airway	and	to	avoid	contamination	of	caregivers	
during	ventilator	disconnection	or	during	disposal	of	
condensate.	Care	should	be	taken	to	avoid	breaking	the	
ventilator	circuit,	which	could	contaminate	the	interior	of	the	
circuit.	(Evidence	Grade	D)

Recommendation #3
Although	the	available	evidence	suggests	a	lower	VAP	rate	
with	passive	humidification	than	with	active	humidification,	
other	issues	related	to	the	use	of	passive	humidifiers	(e.g.,	
resistance,	dead	space	volume,	airway	occlusion	risk)	
preclude	a	recommendation	for	the	general	use	of	these	
devices.	The	decision	to	use	a	passive	humidifier	should	not	
be	based	solely	on	infection	control	considerations.	(Evidence	
Grade	A)

Recommendation #4
Passive	humidifiers	do	not	need	to	be	changed	daily	for	
reasons	of	infection	control	or	technical	performance.	They	
can	be	safely	used	for	at	least	48	hours,	and	with	some	
patient	populations,	some	devices	may	be	able	to	be	used	for	
up	to	1	week.	(Evidence	Grade	A)

Recommendation #5
The	use	of	closed	suction	catheters	should	be	considered	
part	of	a	VAP	prevention	strategy.	When	closed	suction	
catheters	are	used,	they	do	not	need	to	be	changed	daily	for	
infection	control	purposes.	The	maximum	time	that	closed	
suction	catheters	can	be	used	safely	is	unknown.	(Evidence	
Grade	A)

Recommendation #6
Clinicians	(e.g.,	respiratory	therapists,	nurses,	and	physicians)	
caring	for	mechanically	ventilated	patients	should	be	aware	of	
risk	factors	for	VAP	(e.g.,	nebulizer	therapy,	manual	
ventilation,	and	patient	transport).	(Evidence	Grade	B)

■ EVIDENCE GRADES
Grade A:	Scientific	evidence	provided	by	randomized,	

well-designed,	well-conducted,	controlled	trials	with	
statistically	significant	results	that	consistently	support	the	
guideline	recommendation;	supported	by	Level	1	or	2	
evidence

Grade B:	Scientific	evidence	provided	by	well-designed,	
well-conducted	observational	studies	with	statistically	
significant	results	that	consistently	support	the	guideline	
recommendation;	supported	by	Level	3	or	4	evidence

Grade C:	Scientific	evidence	from	bench	studies,	animal	
studies,	and	case	studies;	supported	by	Level	5	evidence

Grade D:	Expert	opinion	provides	the	basis	for	the	guideline	
recommendation,	but	scientific	evidence	either	provided	
inconsistent	results	or	was	lacking

*For the complete guidelines, see AARC Clinical Practice Guidelines, Care of the ventilator circuit and its relation to ventilator-associated pneumonia. Respir 
Care 48:569–879, 2003.
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particularly difficult to disinfect, and meticulous cleaning must 
precede any sterilization or high-level disinfection process.

Disposable Equipment

An important alternative to reprocessing equipment continu-
ally is employing single-patient-use disposable devices. In the 
past, only O2 therapy devices (i.e., masks, cannulas), suction 
apparatus (i.e., catheters, tubing), and some supplies were 
disposable. Today, manufacturers provide a range of dispos-
able devices, including humidifiers, nebulizers, incentive spi-
rometers, ventilator circuits, bag-valve-masks, and monitoring 
transducers.

Three major issues are involved in using disposable devices: 
cost, quality, and reuse. Cost issues boil down to straightforward 
dollar comparisons between purchasing and processing reus-
able devices versus stocking and distributing disposable devices. 
Good comparisons take into account direct and indirect costs 
(e.g., personnel, inventory, maintenance) and risk factors. Most 
recent findings support the cost-effectiveness of disposable 
devices over reusable devices in respiratory care.

Cost savings notwithstanding, many quality issues persist. 
Although disposable devices generally perform well, poor 
quality control remains a problem.20 Respiratory care managers 
need to evaluate carefully disposable devices being considered 
for bulk purchase before actual clinical use. To ensure reliability, 
this evaluation should include physical testing of multiple units 
of each model being assessed. Finally, bedside clinicians need to 
inspect carefully and confirm the operation of any disposable 
device before use.

Reusing high-cost, high-volume disposable equipment saves 
hospitals money. The practice of reusing devices labeled by the 
manufacturer for “single-use only” raises significant safety con-
cerns and issues of negligence. The FDA provides stringent 
regulations for reprocessing and reusing single-use devices.23 A 
reused single-use device must comply with the same regulatory 
requirements of the original manufactured device, including, 
but not limited to, submitting documents for premarket noti-
fication or approval, submitting adverse event reports, and 
meeting manufacturing and labeling requirements. The U.S. 
Centers for Medicare and Medicaid Services recommends that 
the reprocessing of single-use devices be performed by an FDA-
approved third-party reprocessor and not by hospitals.

Fluids and Medications Precautions

Unit dosing has decreased but has not eliminated the infection 
hazard associated with medications. Box 4-11 outlines several 
simple procedures designed to help prevent cross contamina-
tion while using fluids and medications.

Handling Contaminated Articles  
and Equipment

Contaminated items, whether reusable or disposable, should be 
enclosed in an impervious bag before removal from a patient’s 
room. Bagging helps prevent accidental exposure of both per-
sonnel and the environment to contaminated articles. A single 
bag is satisfactory if (1) the bag is strong and impervious, and 

When a device’s risk category is known, its composition must 
be matched to the resources available for hospital disinfection 
and sterilization. In this manner, each reusable device under-
goes the most effective and least costly processing approach 
available.

MINI CLINI
Selection of Equipment  
Processing Methods

PROBLEM:  A patient is discharged from the intensive care 
unit after extubation from mechanical ventilatory support. The 
following contaminated nondisposable items are returned to 
the respiratory care department for processing: the ventilator, 
the ventilator circuit and humidifier, a resuscitation bag, a 
mechanical (vane-type) respirometer, and a laryngoscope with 
blades. Outline what processing you would select for each item 
and why.

DISCUSSION:  First, the circuit, humidifier, and resuscitation 
bag should be disassembled and cleaned using a detergent or 
enzymatic cleaner combined with a low-level or intermediate-
level disinfectant. Because the ventilator, respirometer, and 
laryngoscope and blades cannot be immersed in water, they 
should immediately undergo surface disinfection, using an 
appropriate EPA-registered product.

 Box 4-10 Factors to Consider in Processing 
Reusable Equipment

•	 Infection	risk	(critical,	semicritical,	noncritical)
•	 Material	and	equipment	configuration
•	 Available	hospital	disinfection	resources
•	 Relative	cost	(labor	and	materials)

After cleaning and initial disinfection, you should sort the 
items according to risk category and heat sensitivity. No items 
from this patient pose a critical infection risk. The ventilator 
circuit, humidifier, resuscitation bag, respirometer, and laryn-
goscope are semicritical items, whereas the ventilator itself is a 
noncritical item. The ventilator circuit, humidifier, and resusci-
tation bag are also plastic and probably heat labile. The respi-
rometer and laryngoscope are heat stable.

When possible, semicritical items should be sterilized 
between patients; the heat-stable items should be autoclaved, 
and heat-labile items should undergo EtO sterilization. The 
ventilator (a noncritical item) need undergo only low-level to 
intermediate-level surface disinfection. The inner parts of the 
ventilator need not be sterilized or disinfected between patients.

HAIs associated with bronchoscopes have been most com-
monly reported with M. tuberculosis, nontuberculosis mycobac-
teria, and P. aeruginosa.22 The most common reasons for 
transmission include failure to adhere to recommended clean-
ing and disinfection procedures, failure of automated endo-
scope reprocessors, and flaws in design. Flexible endoscopes are 



 Principles of Infection Prevention and Control • CHAPTER 4 77

centralized or decentralized (to the various service depart-
ments). The following principles should be a part of any infec-
tion prevention surveillance program2: (1) use of standard 
definitions for HAIs; (2) use of microbiology-based data (when 
available), including resistance patterns for pathogens of signifi-
cance (e.g., S. aureus); (3) establishment of risk stratification for 
infection risk when available (e.g., ventilator days, device days); 
(4) monitoring of results prospectively and identifying trends 
that indicate unusual rates of infection or transmission within 
the facility; and (5) provision of feedback to stakeholders within 
the institution (e.g., surgical site infection rates reported back 
to individual surgeons). It is also common for infection preven-
tion programs to oversee hand hygiene and standard precau-
tions adherence observations.

Most hospitals perform surveillance for device-related infec-
tions: central line-associated bloodstream infections (CLABSI), 
catheter-associated urinary tract infections (CAUTI), and VAPs. 
It is also commonplace to track certain organisms, including  
C. difficile infection and methicillin-resistant S. aureus infec-
tion. Surveillance is performed by applying National Healthcare 
Safety Network (NHSN) definitions. Increasingly, there are 
regulatory mandates for the public reporting of surveillance 
results.

Traditionally, VAP was tracked and a standardized definition 
was employed. The VAP surveillance definition has significant 
limitations, including a lack of sensitivity and specificity that 
limits its usefulness.11 Recently, a new construct for evaluating 
the development of complications in ventilated adult patients 
has been developed and publicized by NHSN.24 Instead of fol-
lowing patients only for the development of VAP, surveillance 
is performed to look for ventilator-associated events (VAE). 
VAEs are broken down into three tiers: ventilator-associated 
conditions (VAC), infection-related ventilator-associated con-
ditions (IVAC), and possible and probable VAP (Figure 4-3). 
VAE surveillance starts with the identification of a VAC defined 
as an increase in the daily minimum positive end expiratory 
pressure (PEEP) or daily minimum fraction of inspired oxygen 
(FiO2) for 2 calendar days or longer after a period of stability. 
An IVAC is considered present if a VAC has been identified and 
there is an elevated temperature or white blood cell count and 
new antibiotics have been started and administered for 4 or 
more days. Possible VAP is identified in a patient with an IVAC 
who has purulent sputum by Gram stain or a positive sputum 
culture. Probable VAP is an IVAC in a patient with purulent 
sputum by Gram stain and a positive semiquantitative or quan-
titative sputum culture. The cultures need to be positive for a 
known respiratory pathogen. VAE surveillance is a new para-
digm in surveillance in that it tries to examine the overall safety 
of ventilator therapy and not focus just on infection-related 
outcomes. Conduct of this surveillance requires a partnership 
among infection prevention, critical care physicians, and respi-
ratory therapists.

The surveillance activities of an infection prevention 
program are most effective when they generate actionable data 
that are communicated to the bedside caregiver in a timely 
fashion. These data can become the springboard for continuous 

(2) the contaminated items can be bagged without contaminat-
ing the outer surface of the bag. Otherwise, the contaminated 
items should be double-bagged. Bags used for contaminated 
articles or waste materials should be clearly labeled or color-
coded for this purpose.

After bagging, reusable patient care equipment must be 
returned to the applicable processing area. Contaminated reus-
able equipment should remain bagged until ready for decon-
tamination or sterilization. When contaminated waste is being 
discarded, both OSHA procedures and any applicable local, 
state, or federal regulations must be followed.

Handling Laboratory Specimens

When gathering laboratory specimens (e.g., sputum), extreme 
care needs to be taken to prevent contamination of the external 
surface of the container. If the outside of the container is con-
taminated, the caregiver must either disinfect it or place it in an 
impervious bag. To minimize the likelihood of laboratory speci-
mens leaking during transport, they always should be placed in 
a sturdy container with a secure lid. When gathering a specimen 
from a patient on isolation precautions, the container must be 
placed in an appropriately labeled, impervious bag before it is 
removed from the room.

SURVEILLANCE FOR  
HOSPITAL-ACQUIRED INFECTIONS

Surveillance is an ongoing process of monitoring patients and 
health care personnel for acquisition of infection, colonization 
of pathogens, or both. It is one of the five key recommended 
components of an infection prevention program; the others are 
investigation, prevention, control, and reporting.2 Surveillance is 
a tool to provide HAI data on patients to provide outcome 
measurements either to ensure there is no ongoing problem or 
detect problems and intervene to prevent transmission of 
pathogens in the health care environment.

Generally, an infection prevention committee establishes 
surveillance policies and an infection preventionist or epidemi-
ologist administers them. The surveillance program may be 

 Box 4-11 Fluids and Medications 
Precautions

•	 Sterile	fluids	should	always	be	used	for	tracheal	suctioning	
and	to	fill	nebulizers	and	bubble	humidifiers.	These	fluids	
should	be	dispensed	aseptically.

•	 Sterile	water	should	be	used	when	rinsing	equipment.	If	tap	
water	must	be	used,	either	an	alcohol	rinse	must	follow	or	
the	equipment	must	thoroughly	air	dry	before	use.

•	 If	a	large	stock	bottle	of	sterile	fluid	must	be	reused,	the	
container	must	be	resealed	and	dated	after	opening.	
Remaining	fluid	should	be	discarded	within	24	hours.

•	 When	multidose	medication	vials	are	being	used,	they	must	
be	handled,	dispensed,	and	stored	according	to	
manufacturer’s	instructions	(on	the	label	or	package	insert).	
Medication	must	not	be	used	after	its	expiration	date.
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FIGURE 4-3	 Ventilator-associated	events	(VAE)	surveillance	algorithm.	

January 2015

*According to Centers for Disease Control (CDC).

Device-associated Module
VAE

(Modified April 2015)
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Figure 1: Ventilator-Associated Events (VAE) Surveillance Algorithm*

Ven�lator-Associated Condi�on (VAC)

A�er a period of stability or improvement on the ven�lator, the pa�ent has at least one of the following indicators of worsening oxygena�on:
1) Increase in daily minimum* FiO2 of ≥0.20 (20 points) over the daily minimum FiO2 in the baseline period, sustained for ≥2 calendar days.
2) Increase in daily minimum* PEEP values of ≥3 cmH2O over the daily minimum PEEP in the baseline period †,  sustained for ≥2 calendar days. 
*Daily minimum defined by lowest value of FiO2 or PEEP during a calendar day that is maintained for at least 1 hour.
†Daily minimum PEEP values of 0-5 cmH2O are considered equivalent for the purposes of VAE surveillance.

On or a�er calendar day 3 of mechanical ven�la�on and within 2 calendar days before or a�er the onset of worsening oxygena�on, the pa�ent 
meets both of the following criteria:

1) Temperature >38 °C or <36°C, OR white blood cell count ≥12,000 cells/mm3 or ≤4,000 cells/mm3.
AND
2) A new an�microbial agent(s) (see Appendix for eligible an�microbial agents) is started, and is con�nued for ≥4 calendar days.

Infec�on-Related Ven�lator-Associated Complica�on (IVAC)

On or a�er calendar day 3 of mechanical ven�la�on and within 2 calendar days before or a�er the onset of worsening oxygena�on, ONE of the 
following criteria is met (taking into account organism exclusions specified in the protocol):

1) Criterion 1: Posi�ve culture of one of the following specimens, mee�ng quan�ta�ve or semi-quan�ta�ve thresholds as outlined in 
protocol, without requirement for purulent respiratory secre�ons:

• Endotracheal aspirate, ≥10 5 CFU/ml or corresponding semi-quan�ta�ve result
• Bronchoalveolar lavage, ≥104 CFU/ml or corresponding semi-quan�ta�ve result
• Lung �ssue, ≥104 CFU/g or corresponding semi-quan�ta�ve result
• Protected specimen brush, ≥103 CFU/ml or corresponding semi-quan�ta�ve result

2) Criterion 2: Purulent respiratory secre�ons (defined as secre�ons from the lungs, bronchi, or trachea that contain >25 neutrophils and 
<10 squamous epithelial cells per low power field [lpf, x100])† plus a posi�ve culture of one of the following specimens (qualita�ve 
culture, or quan�ta�ve/semi-quan�ta�ve culture without sufficient growth to meet criterion #1):

• Sputum
• Endotracheal aspirate
• Bronchoalveolar lavage
• Lung �ssue
• Protected specimen brush
† If the laboratory reports semi-quan�ta�ve results, those results must correspond to the above quan�ta�ve thresholds. See 
addi�onal instruc�ons for using the purulent respiratory secre�ons criterion in the VAE Protocol.

3) Criterion 3: One of the following posi�ve tests:

• Pleural fluid culture (where specimen was obtained during thoracentesis or ini�al placement of chest tube and NOT from an 
indwelling chest tube)

• Lung histopathology, defined as: 1) abscess forma�on or foci of consolida�on with intense neutrophil accumula�on in 
bronchioles and alveoli; 2) evidence of lung parenchyma invasion by fungi (hyphae, pseudohyphae or yeast forms); 3) evidence 
of infec�on with the viral pathogens listed below based on results of immunohistochemical assays, cytology, or microscopy 
performed on lung �ssue

• Diagnos�c test for Legionella species
• Diagnos�c test on respiratory secre�ons for influenza virus, respiratory syncytial virus, adenovirus, parainfluenza virus, 

Possible Ven�lator-Associated Pneumonia (PVAP)

Pa�ent has a baseline period of stability or improvement on the ven�lator, defined by ≥2 calendar days of stable or decreasing daily minimum*
FiO2 or PEEP values. The baseline period is defined as the 2 calendar days immediately preceding the first day of increased daily minimum PEEP or 
FiO2.
*Daily minimum defined by lowest value of FiO2 or PEEP during a calendar day that is maintained for at least 1 hour.

rhinovirus  human metapneumovirus  coronavirus
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improvement in the delivery of care. Infection preventionists 
must communicate the results of surveillance activities to 
bedside caregivers in a meaningful way so that continuous 
improvements in care occur based on local data. Health care 
workers need to be willing to accept surveillance data in the way 
it is intended, not as a punitive grade, but as a tool to encourage 
reflection on current processes for delivering care. All health 
care workers should be aware of the rates of adherence in their 
area to bundles, hand hygiene, and HAI and should seek out 
their infection preventionist with any questions, observations, 
and suggestions on how care could be improved.

SUMMARY CHECKLIST

◗	The	five	major	routes	for	transmission	of	pathogens	are	
contact,	droplet,	airborne,	common	vehicle,	and	
vector-borne.

◗	 Infection	prevention	procedures	involve	(1)	eliminating	the	
sources	of	infectious	agents,	(2)	creating	barriers	to	their	
transmission,	and	(3)	monitoring	and	evaluating	the	
effectiveness	of	control.

◗	Failure	to	clean	equipment	properly	can	render	all	
subsequent	processing	efforts	ineffective.

◗	Physical	or	chemical	disinfection	destroys	the	vegetative	
form	of	pathogenic	organisms	but	cannot	kill	bacterial	
spores.

◗	Glutaraldehyde	(20	minutes)	is	the	most	common	option	
for	high-level	disinfection	of	semicritical	respiratory	care	
equipment.

◗	EtO	is	best	suited	for	sterilization	of	critical	moisture-
sensitive	or	heat-sensitive	items;	heat-stable	critical	items	
should	be	steam-sterilized.

◗	Among	respiratory	care	equipment,	large-volume	
nebulizers	have	the	greatest	potential	to	spread		
infection.

◗	Ventilator	circuits	should	be	changed	when	visibly	soiled	or	
malfunctioning.

◗	HMEs	may	be	used	up	to	96	hours	before	they	need	to	
be	changed.

◗	Single-use	items	should	be	reused	only	if	there	is	hard	
documented	evidence	that	reprocessing	poses	no	threat	
to	the	patient,	it	does	not	alter	the	function	of	the	device,	
and	FDA	guidelines	are	followed.	The	use	of	a	third-party	
reprocessor	is	recommended.

◗	Sterile	fluids	always	must	be	used	for	tracheal	suctioning	
and	filling	nebulizers	and	humidifiers.

◗	Hands	need	to	be	thoroughly	cleaned	after	any	patient	
contact,	even	when	gloves	are	used.

◗	Standard	precautions	must	be	used	in	caring	for	all	
patients,	regardless	of	their	diagnosis	or	infection	status.

◗	The	use	of	gloves	is	part	of	routine	basic	care	when	there	
is	skin	contact	with	a	patient.

◗	Masks,	goggles,	or	a	face	shield	must	be	worn	during	any	
procedure	that	can	generate	splashes	or	sprays	of	blood,	
body	fluids,	secretions,	or	excretions.

◗	RTs	must	be	familiar	with	the	overall	infection	prevention	
program,	including	surveillance	policies	and	procedures.

http://www.cdc.gov/ncidod/dhap/pdf/isolation2007pdf
http://www.cdc.gov/ncidod/dhap/pdf/isolation2007pdf
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C H A P T E R   5 

Ethical and Legal Implications 
of Practice

ANTHONY L. DEWITT

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Summarize	the	philosophical	foundations	of	ethics.
◆	 Explain	what	constitutes	an	ethical	dilemma	and	how	such	dilemmas	arise	in	health	care.
◆	 Describe	how	professional	codes	of	ethics	apply	to	ethical	decision	making.
◆	 Explain	how	traditional	ethical	principles	are	useful	in	resolving	ethical	dilemmas.
◆	 Describe	the	information	that	should	be	gathered	before	making	an	ethical	decision.
◆	 Explain	how	the	systems	of	civil	and	criminal	law	differ.
◆	 Describe	what	constitutes	professional	malpractice	and	negligence.
◆	 Explain	how	a	respiratory	therapist	can	become	liable	for	wrongful	acts.
◆	 List	the	elements	that	constitute	a	practice	act.
◆	 Explain	how	licensing	affects	legal	responsibility	and	liability.
◆	 Describe	how	changes	in	health	care	delivery	have	shaped	the	ethical	and	legal	aspects	of	practice.
◆	 Summarize	the	basic	elements	of	the	Health Insurance Portability and Accountability Act	of	1996	(HIPAA).
◆	 Describe	the	role	of	advance	directives	and	living	wills	in	health	care.
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ethical and legal, unethical but legal, ethical but illegal, or 
unethical and illegal.

For example, a therapist who spends 30 minutes after clock-
ing out visiting with a patient because the patient has no family 
is performing an act that is both ethical and legal. If the purpose 
of the visit, however, is to encourage the patient to offer her 
monetary gratuities for this extra visitation, the act would be 
legal but unethical because it seeks to exploit the emotional 
vulnerability of a patient. If the same patient, however, was a 
prisoner subject to a restriction on their right to visitation by 
the state, and the therapist knowingly violated the prohibition 
against visitation in violation of a state statute, the act would 
not be unethical (because the act does not violate the standards 
of the profession) but may well be illegal under state law. Finally, 
if the purpose of the visit was to rummage through a demented 
patient’s valuables for the purpose of taking their credit card 
and checkbook, the act would be both unethical (because it 
would be exploiting the patient’s mental vulnerabilities in viola-
tion of professional norms) and illegal (because it would be 
theft in violation of state criminal laws).

This chapter provides a foundation of principles related to 
the ethical and legal practice of respiratory care.

PHILOSOPHICAL FOUNDATIONS  
OF ETHICS

Although an in-depth discussion of philosophy is beyond the 
scope of this chapter, you should realize that ethics has its 
origins in philosophy. Philosophy may be defined as the love of 
wisdom and the pursuit of knowledge concerning humankind, 
nature, and reality.1 Ethics is one of the disciplines of philoso-
phy, which include ontology (the nature of reality), metaphys-
ics (the nature of the universe), epistemology (the nature of 
knowledge), axiology (the nature, types, and criteria of values), 
logic, and aesthetics. Ethics is primarily concerned with the 
question of how we should act. Although ethics may share 
common origins with the disciplines of law, theology, and eco-
nomics, as an applied practice, ethics is clearly different from 
these disciplines.1 Ethics can be described philosophically as a 
moral principle that supplements the golden rule and can be 

A n effective respiratory therapist (RT) must possess 
excellent clinical skills and an understanding of the 
business of health care. The health care industry, 

similar to all industries, must deliver services in an atmosphere 
in which ethical and legal considerations are an integral part of 
the organizational culture. RTs regularly encounter circum-
stances that require them to make choices or take actions that 
have ethical and legal implications. In society, ethics and law 
help maintain order, stability, and accountability. In profes-
sional practices, ethics guide RTs in carrying out their duties in 
a morally defensible way. Law establishes the minimum legal 
standards to which practitioners must adhere. Although not 
always the case, ethical practice may require a standard above 
that of legal practice. The tension between these two competing 
values can sometimes be problematic.

The force behind law is threefold: (1) state statutes regulate 
individual conduct by imposing criminal and sometimes civil 
penalties on those whose actions are considered to be against 
public policy by the legislative branch of government. The  
sanctions range from reparations and fines to imprisonment; 
(2) state statutes and professional boards regulate the practice 
of therapists and set minimum standards for competent prac-
tice as well as requirements for continuing education. Violation 
of licensing statutes and regulations can result in fines or disci-
pline or revoking of the individual practitioner’s license; and 
(3) the common law of civil liability for negligent and inten-
tional acts imposes a duty to pay compensation to individuals 
who are injured. Civil judgments are usually monetary—they 
do not affect personal liberty.

Sanctions for ethical misconduct range from a loss of profes-
sional standing to expulsion from the profession or professional 
societies. In some cases, ethical misconduct and legal misbehav-
ior may result from the same incident. The distinction between 
illegal acts and unethical behavior is not always obvious but is 
straightforward. An illegal act violates the standards of conduct 
set down for all citizens (e.g., domestic assault), whereas ethical 
misconduct usually relates to violations of professional and ethical 
norms established by the profession as a whole. A given act may 
fit any one of the following categories, depending on the cir-
cumstances and the ethical orientation of the person involved: 

KEY TERMS

advance	directives
assault
autonomy
axiology
battery
beneficence
benevolent	deception
breach	of	contract
compensatory	justice
confidentiality
consequentialism

defendant
distributive	justice
double	effect
formalism
informed	consent
intuitionism
justice
libel
living	will
malpractice
negligence

nonmaleficence
plaintiff
res ipsa loquitur
respondeat superior
rule	utilitarianism
slander
strict	liability
tort
veracity
virtue	ethics
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procedures. When the hospital admission or procedure is 
approved, specific requirements or limitations are usually asso-
ciated with the patient’s care. As a result, health care workers, 
including RTs, may find themselves engaged in clinical processes 
that are dictated more by the third-party payers than by patient 
needs. Under these circumstances, health care workers may feel 
frustrated and helpless if they believe a patient needs care 
beyond that approved by the third-party payer. Ethics may 
impose a duty on professionals to interact with and press for 
change with the third party.

The rationing of care continues to be a side effect of staffing 
patterns created by managed care. Although all businesses must 
carefully balance staffing patterns against productivity, managed 
care has brought this concept home in a major way to health 
care facilities. An RT working in an understaffed department 
may decide that Patient A can really forego therapy because the 
department is short staffed and Patient A is really not going to 
get better anyway. Although this may sound at first like a case 
of simple neglect of duty, it is also an ethical dilemma. Unless 
this behavior is endorsed by a treatment protocol approved by 
the medical director and medical staff, it may violate profes-
sional norms and be unethical to effectively prefer one patient 
over another on the basis of factors beyond the patient’s control.

The approaches used to address ethical issues in health care 
range from the specific to the general. Specific guidance in 
resolving ethical dilemmas is usually provided by a professional 
code of ethics. General approaches involve the use of ethical 
theories and principles to reach a decision.3

CODES OF ETHICS

A code of ethics is an essential part of any profession that claims 
to be self-regulating. The adoption of a code of ethics is one 
way in which an occupational group establishes itself as a pro-
fession. A code may try to limit competition, restrict advertise-
ment, or promote a particular image in addition to setting forth 
rules for conduct.4

The first American medical code of ethics (established in 
1847) was as much concerned with separating orthodox prac-
titioners from nontraditional ones as it was with regulating 
behavior. Even modern codes tend to be vague regarding what 
is prescribed and what is to be avoided.

The American Association for Respiratory Care (AARC) has 
adopted a Statement of Ethics and Professional Conduct. The 
current code appears in Box 5-1. This code represents a set of 
general principles and rules that have been developed to help 
ensure that the health needs of the public are provided in a safe, 
effective, and caring manner. Codes for different professions 
might differ from the code governing respiratory care because 
they may seek different goals. However, all codes of ethics seek 
to establish parameters of behavior for members of the chosen 
profession. Professional codes of ethics often represent overly 
simplistic or prohibitive notions of how to deal with open mis-
behavior or flagrant abuses of authority.

The most difficult ethical decisions arise from situations in 
which two or more right choices are incompatible, in which the 

summed up by a commitment to “respect the humanity in 
persons.”2

ETHICAL DILEMMAS OF PRACTICE

The growth of respiratory care has paralleled the development 
of advanced medical technology and treatment protocols. At 
the same time, during the 1970s and through the 1990s, the 
medical community has experienced rising expectations about 
acceptable standards of care. This is due to an ever-growing and 
sophisticated patient population fueled by medical benefit 
packages from the government and employers. In the latter part 
of the 1990s, managed care strategies and other cost-containment 
methods adopted by most third-party payers slowed the growth 
of the health care industry. The ethical and legal issues faced by 
practitioners, although changed in many cases, continued to 
grow. In the earlier period, RTs faced ethical dilemmas and legal 
issues associated with patient expectations, staffing, and quality 
of care, among others. RTs continue to face ethical dilemmas 
and legal issues; however, such dilemmas may now include the 
rationing of care, dealing with conflicts associated with third 
party–imposed standards of care, and delivery of the appropri-
ate standard of care in the face of cost constraints and corporate 
influence. Staffing issues continue to be a problem and are at 
the root of many of the ethical and legal concerns faced by RTs. 
As respiratory care continues to mature as a profession, these 
challenges are likely to increase. The twenty-first century has 
brought one particular challenge, although not new to health 
care or to RTs: a heightened awareness of the patient’s right to 
privacy. The Health Insurance Portability and Accountability Act 
of 1996 (HIPAA), discussed later in this chapter, is now a major 
consideration for RTs as they perform their jobs. It also has 
brought new opportunities in the form of the Patient Protection 
and Affordable Care Act of 2010 (PPACA). The PPACA has 
improved access to health care and increased reimbursement 
for patient care services, as well as creating disease management 
opportunities for RTs.

RTs work in complex health care settings. As a result, there 
is a large range of ethical dilemmas that may face the RT on a 
regular basis. The clinical aspects and the management aspects 
of health care are full of possibilities for ethical dilemmas. In 
addition, the ethical orientation of the RT plays a role in recog-
nition and identification of ethical dilemmas. The health care 
industry continues to be in a period of dynamic change, bring-
ing many new challenges. New technologic and management 
methodologies are continuously being introduced to accom-
plish the missions and goals of health care organizations. Over 
the past decade, there has been an almost complete change from 
a relatively open fee-for-service system to one in which care is 
managed in some fashion and the fees are in some form of 
capitated payment. These changes often pose serious ethical 
dilemmas.

For example, managed care uses a concept known as “restric-
tive gatekeeping.” Restrictive gatekeeping requires patients to 
obtain prior approval from their third-party payer, usually an 
insurance company, before hospitalization and before certain 
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choices represent different priorities, or in which limited 
resources exist to achieve a desired end. Ethicists readily admit 
that reducing these issues to simple formulations is not an easy 
task. The number and complexity of ethical dilemmas continue 
to grow as the complexity of life and health care increases. For 
health care, difficult ethical dilemmas continue to involve con-
cerns about the practical limits on financial resources, the 
growing emphasis on individual autonomy, and more research 
advances such as cloning and stem cell research. Resolution of 
these more complex problems requires a more general approach 
than that provided by a code of ethics. This more general per-
spective is provided by ethical theories and principles.

In addition to the moral obligations that ethical duties 
impose on RTs, ethical obligations are often cited in legal pro-
ceedings as a tool of cross-examination. If an RT expresses 
opinions or is accused of actions that would violate the ethical 
duties of the profession, the RT’s ignorance of ethical standards 
during cross-examination can have a powerful effect on a jury.

ETHICAL THEORIES AND PRINCIPLES

Ethical theories and principles provide the foundation for all 
ethical behavior. Contemporary ethical principles have evolved 

MINI CLINI
Conflicting Obligations

PROBLEM:  Mary Smith, a registered RT with 18 years’ expe-
rience, has worked for a large regional medical center for the 
past 10 years. She is generally happy with her work but is con-
cerned about the financial stability of the hospital. As a result, 
she has signed on with a temporary agency to ensure that she 
will have work if the hospital decides to initiate a reduction in 
force. On one of her scheduled days off, Mary Smith agrees to 
work a shift for the temporary agency at another hospital. Two 
hours before her shift is scheduled to begin, she receives a 
telephone message from the medical center where she is 
employed. Her supervisor asks Mary Smith to report to work 
at the medical center because the only experienced therapist on 
the shift has been in an automobile accident. Mary Smith is 
torn between her obligation to the medical center where she 
has worked for 10 years and the agency.

DISCUSSION:  Professionalism and ethics generally require a 
commitment to one’s duties. In this situation, Mary Smith 
must consider not only her duty but also the consequences of 
each decision that she might make. In either case, there is the 
possibility that her decision will leave a staffing shortage at one 
of the hospitals.

DISCUSSION  QUESTIONS:  Should Mary Smith cancel her 
shift with the agency, although she has agreed to give the agency 
a 4-hour notice except in an emergency? Should she work the 
shift at the agency as scheduled, using the rationale that she did 
not create the staffing problem at the medical center? Should 
she call her supervisor, explain the situation, and ask for help 
in making the right decision, realizing that the final decision 
would still be hers? Should she call her supervisor and tell the 
supervisor that she is ill and cannot come in and report to the 
agency job?

GUIDANCE:  Generally, a therapist’s loyalty should be to the 
primary institution that employs her. In this situation the hos-
pital has invested time, money, and benefits, as well as training, 
in the therapist, and the therapist owes the institution a duty 
of loyalty. Saying “I didn’t create the problem” does not solve 
the problem; it merely passes the buck. The agency may be 
annoyed at the change of plans, but likely has others to call. 
The same does not appear to be true of the hospital. Calling 
the supervisor makes the problem a shared problem, and that 
is probably not fair to the supervisor because the supervisor 
did not seek outside employment. Thus this situation requires 
the therapist to consider her duty of loyalty to her employer 
and do the right thing.

 Box 5-1 American Association for 
Respiratory Care Statement of 
Ethics and Professional Conduct 
(Revised July, 2004)

In	the	conduct	of	professional	activities,	the	respiratory	therapist	
shall	be	bound	by	the	following	ethical	and	professional	
principles.	Respiratory	therapists	shall:
•	 Demonstrate	behavior	that	reflects	integrity,	supports	

objectivity,	and	fosters	trust	in	the	profession	and	its	
professionals.	Actively	maintain	and	continually	improve	their	
professional	competence	and	represent	it	accurately.

•	 Perform	only	those	procedures	or	functions	in	which	they	
are	individually	competent	and	that	are	within	the	scope	of	
accepted	and	responsible	practice.

•	 Respect	and	protect	the	legal	and	personal	rights	of	patients	
they	treat,	including	the	right	to	informed	consent	and	refusal	
of	treatment.

•	 Divulge	no	confidential	information	regarding	any	patient	or	
family	unless	disclosure	is	required	for	responsible	
performance	of	duty	or	required	by	law.

•	 Provide	care	without	discrimination	on	any	basis,	with	
respect	for	the	rights	and	dignity	of	all	individuals.

•	 Promote	disease	prevention	and	wellness.
•	 Refuse	to	participate	in	illegal	or	unethical	acts	and	refuse	to	

conceal	illegal,	unethical,	or	incompetent	acts	of	others.
•	 Follow	sound	scientific	procedures	and	ethical	principles	in	

research.
•	 Comply	with	state	or	federal	laws	that	govern	and	relate	to	

their	practice.
•	 Avoid	any	form	of	conduct	that	creates	a	conflict	of	interest	

and	shall	follow	the	principles	of	ethical	business	behavior.
•	 Promote	health	care	delivery	through	improvement	of	the	

access,	efficacy,	and	cost	of	patient	care.
•	 Encourage	and	promote	appropriate	stewardship	of	

resources.

from many sources, including Aristotle’s and Aquinas’ natural 
law, Judeo-Christian morality, Kant’s universal duties, and the 
values characterizing modern democracy.5,6 Although contro-
versy exists, most ethicists agree that autonomy, veracity,  
nonmaleficence, beneficence, confidentiality, justice, and role 
fidelity are the primary guiding principles in contemporary 
ethical decision making.1,5

Each of these ethical principles, as applied to professional 
practice, consists of two components: a professional duty and a 
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tions between health care providers and the patient and has a 
chilling effect on the rapport that is so necessary for good care. 
In a poll conducted by the Louis Harris group, 94% of Ameri-
cans surveyed indicated that they wanted to know everything 
about their cases, even the dismal facts. Other than with pedi-
atrics and rare cases in which there is evidence that the truth 
would lead to a harm (e.g., suicide), the truth, provided in as 
pleasant a manner as possible, is probably the best policy.7

Truth telling also can involve documentation and medical 
recordkeeping. This type of dilemma is occurring more fre-
quently under strict managed care reimbursement protocols.FIGURE 5-1	 Reciprocal	relationship	between	professional	

obligations	and	patient	rights.	

Professional
obligations

Patient
rights

MINI CLINI
Patient Rights

PROBLEM:  An RT working at a hospital receives a physician 
order to administer an aerosolized bronchodilator treatment to 
a 26-year-old female patient with asthma admitted for sus-
pected pneumonia. The patient refuses the treatment on enter-
ing the room, stating that she is having a “bad day” today and 
does not want to be bothered by anyone. The patient is regarded 
as being competent and fully capable of making health  
care decisions for herself. How should the RT handle this 
situation?

DISCUSSION:  The RT must acknowledge and respect the 
patient’s right to decide freely whether or not to allow the 
respiratory care treatment. According to the principles of 
ethical theory and conduct, health care professionals have an 
obligation to promote patient autonomy by permitting freedom 
of will and freedom of action. It is also important that neither 
coercion nor deceit be used to get a patient to reverse his or her 
decision to refuse a treatment. According to the American Hos-
pital Association statement called “The Patient Care Partner-
ship,” the patient has the right to refuse treatment and to be 
informed of the medical consequences of her action.

The RT could talk to the patient and explore what the term 
“bad day” meant to her. It might be that she is not feeling well 
because of breathing problems from her asthma condition and 
worsening symptoms of possible pneumonia. The RT has an 
important role in ensuring that the patient understands the 
benefits of the respiratory treatment and the health conse-
quences of refusal so that the patient can make a well-informed 
decision. If the RT approaches the patient in a professional, 
nonthreatening manner, she may feel more at ease and be 
willing to discuss in greater depth why she does not want to 
take the treatment. It is common for a patient to refuse therapy 
initially only to change his or her mind after discussion with 
the RT. Should the patient still refuse the treatment after discus-
sion with the RT, the RT should remain nonjudgmental, even 
if he or she disagrees with the patient’s decision. Appropriate 
documentation in the medical record and physician notifica-
tion should then occur.

patient right (Figure 5-1). The principle of autonomy obliges 
health care professionals to uphold the freedom of will and 
freedom of action of others. The principle of beneficence obliges 
health care professionals to further the interests of others, either 
by promoting their good or by actively preventing their harm. 
The principle of justice obliges health care professionals to 
ensure that others receive what they rightfully deserve or legiti-
mately claim.

Expressed in each duty is a reciprocal patient right. Recipro-
cal patient rights include the right to autonomous choice, the 
right not to be harmed, and the right to fair and equitable treat-
ment. More specific rules can be generated from these general 
principles of rights and obligations, such as those included in a 
code of ethics.

Autonomy

The principle of autonomy acknowledges the personal liberty 
of patients and their right to decide their own course of treat-
ment and follow through on a plan on which they freely agree. 
It is from this principle that rules about informed consent are 
derived. Under the principle of autonomy, the use by an RT of 
deceit or coercion to get a patient to reverse the decision to 
refuse a treatment is considered unethical. Likewise, it is unethi-
cal and illegal to threaten a patient who is unwilling to sign a 
consent form.

Veracity

The principle of veracity (accuracy or truthfulness) is often 
linked to autonomy, especially in the area of informed consent. 
Generally, veracity binds the health care provider and the 
patient to tell the whole truth about the choices inherent in 
medical care. This means providing not only information about 
the benefits of a particular course of action but also what might 
go wrong and what kinds of frequent complications occur. The 
nature of the health care delivery process is such that both 
parties involved are best served in an environment of trust and 
mutual sharing of all information. Problems with the veracity 
principle revolve around such issues as benevolent deception. 
In actions of benevolent deception, the truth is withheld from 
the patient for, supposedly, his or her own good.

When the physician decides to withhold the truth from a 
conscious, well-oriented adult, the decision affects the interac-

Nonmaleficence

The principle of nonmaleficence requires that health care pro-
viders avoid harming patients and prevent harm actively where 
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MINI CLINI
Veracity

PROBLEM:  Jon performs pulmonary function testing, in-
cluding blood gases, for his hospital. Many of the patients he 
sees are attempting to qualify or requalify for continuous reim-
bursement for home oxygen use. To qualify, the patient’s PaO2 
must be less than 60 mm Hg on room air at rest. Patient A, who 
has home O2 therapy, is attempting to requalify, although her 
condition has improved from what it was 1 year earlier. Her 
blood gas results show a PaO2 of 63 mm Hg. The patient’s 
husband asks Jon if there is anything he can do, while relating 
how greatly his wife benefits from the O2. Jon tells the husband 
that there is nothing he can do and assists the husband in taking 
the patient out to her car. At the car, the husband pulls out his 
wallet, shows it to Jon, and repeats the question.

DISCUSSION POINTS:  RTs have an obligation to carry out 
their duties in the most competent and professional manner 
possible. Failure to do so may constitute both an ethical 
dilemma and a legal issue. Similarly, RTs have a duty to be 
truthful with third parties who may rely on their clinical results.

DISCUSSION  QUESTIONS:  What is the potential ethical 
dilemma in this situation? What ethical principles are involved 
here? What other ways could Jon have chosen to handle this 
situation?

GUIDANCE:  The ethical dilemma here is whether to accept 
cash to change a blood gas result, and there should be no ques-
tion about the right answer. It is never okay to accept money 
from patients for doing your job. It creates a situation in which 
a clinician feels obligated to perform additional or, in this case, 
unlawful acts for the patient. That is a slippery slope, and once 
a therapist starts down that path, there is frequently no turning 
back. Falsification of medical records can result in both civil 
and criminal liability. Accepting money to change the test result 
could be viewed as receiving a kickback under the federal Anti-
Kickback statute, which carries criminal penalties. It could be 
viewed as an unlawful and unethical act by the state board, and 
result in license discipline. Worse, it erodes the trust of other 
professionals—including physicians and nurses—in the scien-
tific objectivity and professional status of all the other thera-
pists who will be tarred with the same brush.

This Mini Clini involves the ethical principles of veracity 
and the duty of candor to third parties. Therapists have fought 
hard for professional recognition, and selling test results under-
mines the entire profession. The ethical principle of veracity is 
among the most important of the ethical principles because it 
has the potential to do the most damage if it is violated.

possible. It is sometimes difficult to uphold this principle in 
modern medicine because in many cases, drugs and procedures 
have secondary effects that may be harmful in varying degrees. 
Procedures carry risks for complications, not all of which can 
be predicted. For example, an RT might ask whether it is ethical 
to give a high dose of steroids to an asthmatic patient, knowing 
the many harmful consequences of these drugs. One solution 
to these dilemmas is based on the understanding that many 
helping actions inevitably have both a good and a bad effect, or 
double effect. The key is the first intent. If the first intent is good, 
the harmful effect is viewed as an unintended result. The double 
effect brings us to the essence of the definition of the word 
dilemma. The word comes from the Greek terms di, meaning 
“two,” and lemma, meaning “assumption” or “proposition.”8

Consideration of intent alone, however, does not settle the 
issue. Nonmaleficience and veracity cannot always be separated; 
effects must be explained, even if this may lead the patient to 
pass up the intended benefits of the treatment.

Beneficence

The principle of beneficence raises the “do no harm” require-
ment to an even higher level. Beneficence requires that health 
care providers go beyond doing no harm and contribute actively 
to the health and well-being of their patients. Many quality-of-
life issues are included within this dictum. Practitioners of 
medicine today possess the technology to keep some individuals 
alive well beyond any likelihood of meaningful recovery. This 
technology presents dilemmas for practitioners who have the 
ability to prolong life but not the ability to restore any uniquely 
human qualities.

One approach in this situation is for the RT to tell the patient 
that the physician will interpret the studies and provide a full 
report at the next office visit. All final discussion of results must 
ultimately go through the physician.

Some individuals interpret the principle of beneficence to 
mean that they must do everything to promote a patient’s life, 
regardless of how useful the life might be to that individual. 
Other professionals in the same situation might believe they are 
allowing the principle to be better served by doing nothing and 
allowing death to occur without taking heroic measures to 
prevent it. In an attempt to allow patients to participate in 
resolving this dilemma, legal avenues, called advance directives, 
have been developed.9 Advance directives allow a patient to give 
direction to health care providers about treatment choices in 
circumstances in which the patient may no longer be able to 
provide that direction. The two types of advance directives 
available at the present time and widely used are the living will 
and the durable power of attorney for health care. A durable 
power of attorney for health care allows the patient to identify 
another person to carry out his or her wishes with respect  
to health care, whereas a living will states a patient’s health 
care preferences in writing. As a result of the Patient Self-
Determination Act of 1990, most states require that all health 
care agencies receiving federal reimbursement under Medicare/
Medicaid legislation provide adult clients with information on 
advance directives.9,10

Confidentiality

The principle of confidentiality is founded in the Hippocratic 
Oath; it was later reiterated by the World Medical Association 
in 1949. It obliges health care providers to “respect the secrets 
which are confided even after the patient has died.”11 Confi-
dentiality, as with the other axioms of ethics, often must  
be balanced against other principles, such as beneficence. 
Notably, state laws require a breach of confidence under certain 
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health care providers. The widespread use of these data systems 
also threatens patient confidentiality. In an attempt to reduce 
this threat, most clinical databases are restricted to use by only 
the health care workers who have a need to know. In addition 
to being unethical, an RT who reads the file of a patient whom 
he or she is not treating would likely be in violation of institu-
tional policy. The accompanying Mini Clini below provides an 
example.

MINI CLINI
Confidentiality

PROBLEM:  Mary, an RT, is working the evening shift at a 
large urban medical center when she receives a telephone call 
from a friend telling her that her next door neighbor has been 
admitted to the medical center. Mary’s first thought is to check 
the neighbor’s file on the computer system to see why her 
neighbor has been hospitalized.

DISCUSSION  POINT:  Mary knows that the medical center 
has a policy that employees are to access only the charts for 
which they have a reason to do so.

DISCUSSION  QUESTIONS:  Should Mary access this chart 
via the computer system? If she does, what kind of violation 
will she be committing—ethical, legal, or both? What ethical 
principles, if any, would apply here? What is the harm in simply 
checking the computer on this patient? Is anyone likely to know 
if Mary accesses this patient’s information?

GUIDANCE:  The answer here is straightforward. She should 
absolutely not access the computer. The policy is there to keep 
the facility compliant with HIPPA and with state laws regarding 
privacy. Mary runs the risk for being fired because this action 
violates hospital policy. What harm does looking at the com-
puter do? It erodes the confidentiality that patients expect. The 
far greater harm will be to Mary’s reputation and future 
employability. If Mary does this, she will certainly be found out 
because the electronic medical record system has an “audit 
trail” that indicates who accessed the record and when. Mary 
will face hospital discipline for the policy violation (likely ter-
mination) and she may face criminal charges or civil adminis-
trative penalties under state and federal law for breaches of 
patient confidentiality. This action also places Mary at risk for 
a civil lawsuit for invasion of privacy.

The only exception to the rule of confidentiality regarding 
Mary’s neighbor is if Mary is assigned to provide care to her as 
a treating RT. Only then does she have a need to know what is 
in the chart and what is wrong with her neighbor. But even 
then, the wiser course, because of the close relationship, would 
be for Mary to ask that she be excused from this case and that 
someone else handle the clinical duties for the patient.

Why? If the patient has an illness that carries any stigma 
with it (human immunodeficiency virus [HIV] infection, 
pediculosis capitis, etc.), the patient will likely be very embar-
rassed if her neighbor knows about it. And, if the patient’s other 
neighbors learn about the condition from another source, 
Mary will be suspected. This will have consequences at work. 
For this reason, Mary should steer clear of this patient’s medical 
record.

	

RULE OF THUMB

Patient	information	should	be	discussed	only	in	private	
and	with	persons	who	have	a	legitimate	reason	and	
need	to	know.

conditions (e.g., reporting gunshot wounds or child abuse) in 
which risk to other parties may result from not disclosing events 
or results.

The main ethical issue surrounding confidentiality is whether 
more harm is done by occasionally violating its mandate or by 
always upholding it regardless of the consequences. This limita-
tion to confidentiality is known as the harm principle. This 
principle requires that practitioners refrain from acts or omis-
sions in which foreseeable harm to others could result, espe-
cially when the others are vulnerable to risk. This principle 
would require that confidentiality be maintained for a patient 
with acquired immunodeficiency syndrome (AIDS) in matters 
involving his or her landlord. In this case, confidentiality is 
justified because the landlord is not particularly vulnerable. 
However, if the patient was planning to marry, the harm prin-
ciple would require that confidentiality be broken because of 
the special vulnerability of the future spouse.

Confidentiality is usually considered a qualified, rather than 
an absolute, ethical principle in most health care provider–
patient relationships. These qualifications are often written into 
codes of ethics. The American Medical Association Code of 
Ethics, Section 9, provides the following guidelines: “A physician 
may not reveal the confidences entrusted to him in the course 
of medical attendance or the deficiencies he may observe in the 
character of patients, unless he is required to do so by law or 
unless it becomes necessary in order to protect the welfare of 
the community or a vulnerable individual.” Under the require-
ments of public health and community welfare, there is often a 
legal requirement to report such things as child abuse, poison-
ings, industrial accidents, communicable diseases, blood trans-
fusion reactions, narcotic use, and injuries caused with knives 
or guns.12 In many states, child abuse statutes protect the health 
care practitioner from liability in reporting even if the report 
should prove false as long as the report was made in good faith. 
Failure to report a case of child abuse can leave the practitioner 
legally liable for additional injuries that the child may sustain 
after being returned to the hostile environment.

Breaches of confidentiality more often result from careless 
slips of the tongue than from decision making or purposeful 
actions. Trading gossip about patients is unprofessional, unethi-
cal, and, in certain cases, illegal. Risks for inadvertent disclosure 
increase markedly when RTs may exchange information on 
social networks such as Facebook and LinkedIn. Such informa-
tion should never be placed in such social media networks, 
because doing so violates the rights of individual patients.

Because of the widespread use of computerized databases, 
confidential information, previously highly protected, is now 
relatively easy to obtain. Clinical data are available for close 
scrutiny by the clerical staff, laboratory personnel, and other 
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Despite medical and sociologic advances, potential viola-
tions of the individual’s right to privacy in certain populations, 
such as patients with AIDS, pose a special risk because disclo-
sure may result in economic, psychologic, or physical harm to 
the patient. RTs should adhere to the dictum found in the Hip-
pocratic Oath: “What I may see or hear in the course of the 
treatment or even outside of treatment of the patient in regard 
to the life of men, which on no account one must spread abroad, 
I will keep to myself, holding such things to be shameful to be 
spoken about.”13

Justice

The principle of justice involves the fair distribution of care. 
Rising health care expectations, coupled with the decreased 
availability of care because of cost, is making this principle an 
important one for health care workers. Population trends and 
the financial shortfalls in programs such as Medicaid and Medi-
care will contribute to the continuing importance of this 
principle.

The United States is rapidly approaching the point at which 
a balance must be found between health care expenses and the 
revenue available to pay for them. Efforts to achieve this balance 
may lead to some form of rationing of the delivery of health 
care services. This type of justice is properly referred to as dis-
tributive justice.

A second form of justice seen in health care is compensatory 
justice. This form of justice calls for the recovery for damages 
that were incurred as a result of the action of others. Damage 
awards in civil cases of medical malpractice or negligence are 
examples of compensatory justice. Compensatory justice often 
has been cited as playing a major role in increasing the cost of 
health care. However, the Congressional Budget Office esti-
mates that less than 2% of the cost of health care is related to 
medical malpractice. Studies by Zurich Insurance Company,14 
Harvard University, and Dartmouth College showed little to no 
impact on the cost of health care and generally debunk the myth 
that physicians always practice defensive medicine. The Harvard 
study showed that patients were not compensated in the pres-
ence of actual malpractice more frequently than physicians were 
held accountable in the absence of actual malpractice. Other 
studies generally confirm that the civil justice system does a 
good job of protecting the rights of health care workers and 
patients in negligence litigation. There is a general bias, fueled 
in part by media reports, against medical liability. Nationally, 
75% of medical negligence cases that go to trial are won by the 
medical provider.

Role Duty

Because no single individual can be solely responsible for pro-
viding all of a patient’s health care needs, modern health care 
is necessarily a team effort. There are more than 100 allied 
health professions, and allied health workers (excluding nursing 
and physicians) provide approximately 60% of all patient care. 
Each of the allied health professions has its own practice niche, 
defined by tradition or by licensure law. Practitioners have a 
duty to understand the limits of their role and to practice with 

fidelity. For example, because of differences in role duty, an RT 
might be ethically obliged not to tell a patient’s family how 
critical the situation is, instead having the attending physician 
do so.3 The previous Mini Clinis addressed role duty, and the 
accompanying Mini Clini presents another example of the 
ethics of role duty.

ETHICAL VIEWPOINTS AND  
DECISION MAKING

In deciding ethical issues, some practitioners try to strictly 
interpret one or more of the aforementioned ethical principles. 
Other practitioners seek to decide the issue solely on a case-by-
case basis, considering only the potential good (or bad) conse-
quences. Still other practitioners would appeal to the image of 
a “good practitioner,” asking themselves what a virtuous person 
would do in a similar circumstance. Finally, many practitioners 
acknowledge that they largely follow their intuition for making 
ethical decisions. These different viewpoints represent the four 
dominant theories underlying modern ethics.5,15 The viewpoint 
that relies on rules and principles is called formalism, or duty-
oriented reasoning. The viewpoint in which decisions are based 
on the assessment of consequences is called consequentialism. 
The viewpoint that asks what a virtuous person would do in a 
similar circumstance is called virtue ethics. When intuition is 
involved in the decision-making process, the approach is called 
intuitionism.

Formalism

Formalist thought asserts that certain features of an act deter-
mine its moral rightness. In this framework, ethical standards 
of right and wrong are described in terms of rules or principles. 
These rules function apart from the consequences of a particu-
lar act. An act is considered morally justifiable only if it upholds 
the rules or principles that apply.

The major objection to this duty-oriented approach lies in 
its potential for inconsistency. Critics of formalist reasoning 
insist that no principle or rule can be framed that does not have 
exceptions. These critics claim that no principle or rule can be 
framed that does not conflict with other rules.

Consequentialism

For the consequentialist, an act is judged to be right or wrong 
based on its consequences. Each possible act is assessed in terms 
of the relative amount of good (over evil) that it would cause. 
The most common application of consequentialism judges acts 
according to the principle of utility. The principle of utility, in 
its simplest form, aims to promote the greatest general good for 
most people.

Critics of this approach claim that it has two fundamental 
flaws. First, the analyzing and weighing the amount of good 
over evil that might occur is not always possible. Second, reli-
ance on the principle of utility to the exclusion of all else can 
result in actions that are incompatible with ordinary judg-
ments about right and wrong. A classic example of this problem 
can be seen in the true World War II case of the battle for 
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MINI CLINI
Role Duty

PROBLEM:  Sue, an RT, receives a request to perform a blood 
gas analysis for a patient on a ventilator because, as reported by 
the nurse, the patient’s oxygen saturation is only 61%. The patient 
has an order to obtain blood gas values as needed. As the nurse 
and RT look at the blood gas results, they both are surprised 
because the saturation is now 93%. The nurse suggests repeating 
the blood gas examination. The RT is about to comply until she 
notes the oximeter display on which the nurse is relying shows 
the patient with an O2 saturation of 93% and a pulse rate of 61 
beats/min.

DISCUSSION POINT:  Teamwork and role delineation are both 
essential components of good patient care. Each practitioner also 
has an obligation to perform his or her duties in the most com-
petent and professional manner possible.

DISCUSSION  QUESTIONS:  What kind of issue or dilemma 
exists here—legal, ethical, or both? What should the RT do at this 
point? Should an incident report be written and, if so, by whom?

GUIDANCE:  The dilemma here is to explain the nurse’s mistake 
in a way that does not jeopardize the working relationship with 
the nurse, while at the same time protecting the patient and the 
facility. Clearly a second blood gas value should not be obtained. 
Placement of the oximeter should be checked, and, if the oximeter 
is functioning properly, then it should be believed.

There are both legal and ethical components to the problem. 
The nurse had a good-faith belief that blood gas levels were 
required based on her understanding of the pulse oximeter. Her 
belief was wrong but reasonable. It is easily corrected with some 
training, and it is far better to discover this problem with an error 
that does not harm a patient as opposed to an error in which 
patient harm might have resulted.

The first issue is to explain the way the oximeter works and 
the meaning of the readings. Many nurses fail to understand the 
oxyhemoglobin dissociation curve, and as a result, interpret data 
from oximeters incorrectly. A therapist’s job is to educate both 

patients and other caregivers and to do so in a professional and 
nonjudgmental manner.

The second issue is to evaluate the level of risk. There is very 
limited legal risk in this situation because the patient simply was 
not harmed by the error. The ethical duty of veracity and the duty 
of loyalty to the employer create a tension, however, regarding the 
filing of an incident report. Incident reports are necessary to 
protect the institution.

The nurse may be very reluctant to write an incident report 
about this event because it makes her look bad. Sadly, in some 
institutions incident reports are used incorrectly as a disciplinary 
tool instead of as a method of reporting errors from which 
systems can be improved. So the nurse may not wish to write an 
incident report, but the therapist must insist in this case. In the 
current era ensuring high-quality care is so important that hos-
pitals must establish a culture in which reporting errors is 
encouraged and, in fact, expected as every caregiver’s obligation 
to use the experience of errors and “near miss” errors to improve 
care.

Why must a report be filed regarding the current event? First, 
the incident carried with it a strong presumption that risk to 
patients was present because the nurse did not understand the 
limits of the technology. Second, although a bad outcome was 
averted, at least one unnecessary blood gas level was obtained and 
a second was advocated. Third, the therapist is involved because 
she should have checked the oximeter before doing the first blood 
gas measurement to determine that the equipment was operating 
within specifications. So there is error on both sides of the issue. 
Even if the nurse does not write an incident report, the incident 
report should be written by the therapist and the mistake dis-
closed to the physician. Teamwork and a commitment to high-
quality care for patients requires honesty and full disclosure. 
Hospitals must ensure that reporting such events causes a focus 
on the process of care and opportunities to improve rather than 
on punishing the caregivers involved.

North Africa. In this scenario, there were two groups of sol-
diers but only enough antibiotics for one group. One group 
required the medication for syphilis contracted in the local 
brothels; the other group needed antibiotics for wounds sus-
tained in battle. The dilemma arose as to who should receive 
the antibiotics. Formalist or duty-oriented reasoning would 
base the decision about who should receive the antibiotics on 
some concept of justice, such as giving priority to the sickest or 
to the individuals most in need. However, the actual decision 
in this case was a consequentialist one, based not on the desire 
to distribute the drug justly but rather on the need to obtain a 
quick victory with as few casualties as possible. The scarce 
medication was given to the soldiers who were “wounded” in 
the brothels rather than in battle because these soldiers could 
be restored quickly and returned to the frontlines to aid the 
war effort.

Mixed Approaches

Mixed approaches to moral reasoning try to capitalize on the 
strengths of two major lines of ethical thought. One approach, 
called rule utilitarianism, is a variation of consequentialism. 
Under this framework, the question is not which act has the 
greatest utility but which rule would promote the greatest good 
if it were generally followed.

The rule utilitarian would agree with the formalist that truth 
telling is a necessary ethical principle but for a different reason. 
To the rule utilitarian, truth telling is a needed principle not 
because it has any underlying moral rightness but because it 
promotes the greatest good in professional-patient relation-
ships. Specifically, if truth telling were not followed consistently, 
trusting relationships between patients and health care profes-
sionals would be impossible.
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The rule utilitarian approach is probably the most appealing 
and useful to health care professionals. This approach is appeal-
ing because it addresses both human rights and obligations and 
the consequences of actions. Rule utilitarianism seems best  
able to account for the modern realities of human experience 
that so often affect the day-to-day practice of health care. 
However, although it has some value as an ethical framework, 
it has the disadvantage of being quite variable among caregivers. 
Where caregivers have different values and different educational 
levels, ethical decision making using this tool frequently is 
inconsistent.

Virtue Ethics

A theory of virtue ethics has evolved based in part on the limits 
of both formalism and consequentialism. Virtue ethics is 
founded not in rules or consequences but in personal attributes 
of character or virtue. Under this formulation, the first question 
is not, “How do I act in this situation?” but rather, “How should 
I carry out my life if I am to live well?” or “How would the good 
RT act?”

Virtue-oriented theory holds that professions have historical 
traditions. Individuals entering a profession enter into a rela-
tionship not only with current practitioners but also with the 
practitioners who have come before them. With these tradi-
tions comes a history of character standards set by the indi-
viduals who have previously distinguished themselves in that 
profession.

According to this perspective, the established practices of a 
profession can give guidance, without an appeal to either the 
specific moral principles or the consequences of an act.3 When 
the professional is faced with an ethical dilemma, he or she need 
only envision what the “good practitioner” would do in a similar 
circumstance. It is hard to imagine the good RT stealing from 
the patient, charging for services not provided, or smothering 
a patient with a pillow.

Rapidly changing fields such as respiratory care pose some 
problems for virtue ethics. What might be considered good 
ethical conduct at one time might be deemed wrong the next 
time. An example of this change over time is an RT who is asked 
not only to disconnect a brain-dead patient from a ventilator 
but also to remove the feeding tubes and intravenous lines.

In addition to the difficulty with changing values in virtue 
ethics, it provides no specific directions to aid decision making. 
The heavy reliance of virtue ethics on experience rather than 
on reason makes creative solutions less likely. Finally, practitio-
ners often find themselves in conflicting role situations for 
which virtue ethics has no answers. A good example is an RT 
who practices the virtue of being a good team player but is 
confronted with the need to “blow the whistle” on a negligent 
or incompetent team member.3 Despite these limitations, virtue 
ethics is probably the way most practitioners make their ethical 
decisions.

Intuitionism

Intuitionism is an ethical viewpoint that holds that there are 
certain self-evident truths, usually based on moral maxims such 

MINI CLINI
Role Duty

PROBLEM:  Courtney is the lone RT on duty on the midnight 
shift in a small, 65-bed rural hospital. She likes working at the 
small hospital and knows most of the patients and their condi-
tions by memory. The night is quiet and uneventful until 2:00 
am, when a code is called for a patient in the intensive care unit 
(ICU). Courtney immediately heads for the ICU while men-
tally noting the condition of the patient on whom the code has 
been called. She remembers that the patient is 78 years old and 
has COPD. Just as she nears the ICU, a second code is called 
for a patient in a room just outside of the ICU. Courtney 
quickly jogs her memory and remembers that this patient is a 
25-year-old woman with diabetes who has just given birth to a 
baby girl.

DISCUSSION  POINT:  The lone RT can attend to only one 
code, although she has an obligation to provide the best care 
possible to all patients. There is no protocol of which the RT is 
aware that would provide guidance about which patient she 
should help first. At the time the second code is called, she is 
at an equal distance from both patients.

DISCUSSION  QUESTIONS:  Is this RT facing an ethical 
dilemma? If so, what guiding principle or principles should be 
relied on to determine the best course of action? Which patient 
should the RT help first?

GUIDANCE:  The ethical dilemma here is one that arises more 
frequently than most clinicians realize. Fortunately, however, 
because it is not new there are certain principles that can be 
used to help guide decision making.

First of all, there is no “right” answer. The life of a 78-year-
old man is no less valuable than the life of a 25-year-old woman. 
They are both equal under the law and from an ethical point 
of view. But the therapist cannot be in two places at once. So, 
irrespective of whether it is fair, a choice must be made. Triage 
is the principle that guides the approach to these situations. 
According to the 2014 Unabridged Webster’s Third New Inter-
national Dictionary, the term triage comes from the French verb 
trier, meaning to separate, sift, or select. In this situation, the 
therapist has to sift through two choices. Triage originated from 
the need to treat multiple wounded soldiers with limited 
resources. Wounded soldiers were initially assigned into three 
categories: (1) those who would likely live without medical aid, 
(2) those who would likely die no matter what was done, and 
(3) those for whom immediate treatment would likely be 
lifesaving.

Between the two patients, there is a strong likelihood that 
no matter what is done for the 78- year-old patient, that patient 
will expire given his diagnosis and comorbidities. The young 
woman likely has the greatest chance for survival, so that life-
saving care will likely benefit her more than the 78-year-old 
patient. These are the factors that could be used to make the 
decision, but ultimately, the decision belongs to the therapist. 
No one can say whether one choice is better than the other. 
Ethics rarely involves the choice between good and evil, it 
usually involves a choice between good and better, or better and 
best. Because the lines are so gray, it is easy to cross them.
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performed on me?” The initial decision is considered ethical if, 
and only if, it passes this test of human values. A simpler but 
nonetheless comprehensive model is used by many ethicists. 
The model uses eight key steps (Box 5-2).

With or without these models, RTs are often at a double 
disadvantage in ethical decision making because RTs not only 
must live with their own decisions but also must support (and 
act on) the decisions of their physician colleagues. Unless excel-
lent communication exists, misunderstandings can occur. Such 
misunderstandings may be an essential factor in the high job 
stress, burnout, and attrition in respiratory care.

Classes in ethics, decision making, and communication skills 
are crucial components of the preparation of RTs for the often 
confusing and frustrating practice in today’s medical settings. 
The specialty requires practitioners who can go beyond simple 
assertions of right or wrong and provide justifications that are 
both right and reasoned. Many hospitals have ethics boards or 
committees to review and set policy and to assist in making 
informed ethical decisions. In addition to administrators and 
medical staff members, these committees may include a member 
of the lay public, a chaplain, and one or more experts in 
bioethics.

A major factor in the disciplinary decisions of professional 
boards is frequently whether the acts of the RT conformed to 
the ethical standards of the profession. Nearly every respiratory 
care practice act has ethical principles embedded in the statute 
and codified in state regulations. Every RT should be aware of 
what the particular state dictates in terms of ethical practice.

FIGURE 5-2	 Comprehensive	ethical	decision-making	model.	
(Redrawn	from	Brody	H:	Ethical	decisions	in	medicine,	ed	2,	
Boston,	1981,	Little,	Brown.)
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RULE OF THUMB

Never	attempt	to	make	ethical	decisions	for	others.	You	
can	only	make	them	for	yourself.

 Box 5-2 Ethical Decision-Making Model

1.	 Identify	the	problem	or	issue.
2.	 Identify	the	individuals	involved.
3.	 Identify	the	ethical	principle	or	principles	that	apply.
4.	 Identify	who	should	make	the	decision.
5.	 Identify	the	role	of	the	practitioner.
6.	 Consider	the	alternatives	(long-term	and	short-term	

consequences).
7.	 Make	the	decision	(including	the	decision	not	to	act).
8.	 Follow	the	decision	to	observe	its	consequences.

as “treat others fairly.” The easiest way to understand intuition-
ism is to think of as many timeless maxims as you can, which 
form the basis for intuitionism. These maxims may range from 
“do not kill” to “look before you cross the street.”6 As a decision-
making tool, intuitionism is not helpful, mostly because it 
depends on the intuitional abilities of the specific caregiver.

Comprehensive Decision-Making 
Models

To aid in the process of decision making in bioethics, several 
comprehensive models have been developed. Figure 5-2 depicts 
one example of a comprehensive decision-making model that 
combines the best elements of formalism, consequentialism, 
and virtue ethics. As is evident in this approach, the ethical 
problem is framed in terms of the conditions and who is 
affected. Initially, an action is chosen based on its predicted 
consequences. The potential consequences of this decision are 
compared with the human values underlying the problem. The 
short test of this comparison is a simple restatement of the 
golden rule, that is, “Would I be satisfied to have this action 

LEGAL ISSUES AFFECTING 
RESPIRATORY CARE

Not all decisions can be made in the confines of the medical 
community. The patient comes from outside this community 
of professionals, and with expectations different from those of 
the professionals who will care for her. Sometimes there is a 
conflict in the expectations and the results. Other times, there 
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Public (Criminal and Administrative) Law
The two major divisions of public law are criminal law and 
administrative law. Criminal law deals with acts or offenses 
against the welfare or safety of the public. Offenses against 
criminal law are punishable by fines, imprisonment, or both. In 
these cases, the accuser is the state, and the person prosecuted 
is the defendant.

Administrative law is the second major branch of public law. 
Administrative law consists of the countless regulations set by 
government agencies. Health care facilities face a large number 
of administrative and agency rules that affect almost every 
aspect of operation. RTs are obligated to abide by these rules 
and regulations.

Civil Law
Private or civil law protects private citizens and organizations 
from others who might seek to take unfair and unlawful advan-
tage of them. If an individual believes that his or her rights have 
been compromised, the individual can seek redress in the civil 
courts. In these cases, the individual bringing the complaint is 
known as the plaintiff, and the individual accused of wrong is 
the defendant. Civil courts, usually in the form of juries, decide 
between the two parties with regard to the degree of wrong and 
the level of reparation required. The category of civil law best 
related to respiratory care is tort law.

Tort Law. A tort is a civil wrong, other than a breach of 
contract, committed against an individual or property, for 
which a court provides a remedy in the form of an action for 
damages. Causes for the complaints may range from assault and 
battery to invasion of privacy. The basic functions of torts are 
to keep the peace between individuals and to substitute a com-
pensatory remedy for personal injury instead of allowing indi-
viduals to seek vengeance.

There are three basic forms of torts: negligent torts, inten-
tional torts, and torts in which liability is assessed regardless of 
fault (as in the case of manufacturers of defective products). 
The basic difference between negligent and intentional torts is 
the element of intent. An intentional tort always involves a 
willful act that violates another’s interest. A negligent tort does 
not have to involve any action at all. Instead, a negligent tort 
can consist of an omission of an action or a failure to carry out 
a professional duty.

Professional Negligence. Negligence, in its simplest terms, 
is the failure to perform one’s duties competently. For example, 
to clarify negligence to juries in Missouri, the state’s jury instruc-
tions state:

The term negligent or negligence as used in this [these] 
instruction[s] means the failure to use that degree of skill and 
learning ordinarily used under the same or similar circum-
stances by the members of defendant’s profession.‡

Negligence may involve acts of commission or omission. The 
tort of negligence is concerned with the compensation of an 
individual for loss or damages arising from the unreasonable 
behavior of another. The normal standard for the claim, for 

are medical errors or acts by professionals that fail to meet 
professional standards. When the result of those errors is patient 
injury or death, the possibility of professional liability results.

Recently, some hospitals and health care organizations have 
adopted a model that attempts to subvert the medical liability 
process. It involves the rapid investigation of sentinel events, 
and, where errors are made, the disclosure of those errors to the 
patient followed by an immediate apology. In those instances 
where there is compensable injury, immediate compensation is 
offered. This process has reduced medical liability costs for 
some providers.*

Unfortunately for professionals, in the absence of a system 
designed to address errors within the professional community, 
these problems often go to the courts. The problem of profes-
sional liability in the delivery of health care is significant. Pro-
fessional liability may contribute to increasing health care costs. 
Limits on medical liability have been key factors in recent leg-
islation; however, these limits often suffer from constitutional 
flaws.†

Practitioners are caught in the middle. On one hand, they 
are required to keep costs down by avoiding overuse of technol-
ogy and therapeutics. On the other hand, they are faced with  
a level of consumerism that holds them accountable when 
medical errors result from scarcity of resources. The costs, 
losses, frustration, and distraction brought about by the current 
level of legal intervention in health care practice are a concern, 
but a manageable one. Very few cases actually wind up going to 
court, and most therapists will practice their entire career 
without ever seeing the inside of a courtroom.

Systems of Law

Under our legal system, the law is divided into two broad classes: 
public law and civil law. Public law deals with the relationships 
of private parties and the government. Civil law is concerned 
with the recognition and enforcement of the rights and duties 
of private individuals and organizations.

‡Missouri Approved Instruction 11.06 (1990 Revision).

†See, for example, S. Okeson, Missouri Supreme Court overturns 2005 cap on 
liability lawsuits, Springfield News-Leader, August 1, 2012; available online at 
http://archive.news-leader.com/article/20120801/NEWS12/308010053/Missouri 
-Supreme-Court-liability-lawsuits-Springfield-Cox.

*See, for example, Health Affairs, January 2014—Communication-and-
resolution programs: the challenges and lessons learned from six early adopters; 
American Journal of Gastroenterology, November 2013—Effect of a health 
system’s medical error disclosure program on gastroenterology-related claims 
rates and costs; Bulletin of the American College of Surgeons, March 2013—
The University of Michigan’s Early Disclosure & Offer Program; Milbank Quar-
terly, December 2012—Disclosure, apology, and offer programs: stakeholders’ 
views of barriers to and strategies for broad implementation; Press release: 
Doing the right thing when things go wrong; Frontiers in Health Services 
Management, April 2012—Nurturing a culture of patient safety and achieving 
lower malpractice risk through disclosure: lessons learned and future directions; 
Press release: Honesty is the best policy: UMHS approach to medical error & 
malpractice spreads beyond Michigan; Annals of Internal Medicine, August 
2010—liability claims and costs before and after implementation of a medical 
error disclosure program; Press release: U-M’s efforts to encourage disclosure 
of medical errors decreased claims; Journal of Health and Life Sciences Law, 
January 2009—A better approach to medical malpractice claims? The Univer-
sity of Michigan experience.

http://archive.news-leader.com/article/20120801/NEWS12/308010053/Missouri-Supreme-Court-liability-lawsuits-Springfield-Cox
http://archive.news-leader.com/article/20120801/NEWS12/308010053/Missouri-Supreme-Court-liability-lawsuits-Springfield-Cox
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privileges. The claim must be established by a preponderance 
of the evidence to prevail. Essentially this means that a jury 
must be convinced that it is more likely than not that negligence 
occurred.

For the tort of negligence to cause liability, the breach of 
duty must be shown to be the cause of the injury. Causation 
revolves around whether the acts of negligence were the cause 
in fact and the legal cause of the damages. Causation in fact 
means simply that the negligent act of the caregiver caused the 
damages. Proximate causation or legal causation usually turns 
on foreseeability and whether it is fair to impose damages on a 
defendant.

Factual causation usually is a question for the jury. It is best 
illustrated in the context of a motor vehicle accident. If a car 
runs a stop sign but does not hit anyone, the driver may well be 
negligent, but no one could sue because the driver did not cause 
any harm. If there is a collision, there is harm flowing directly 
from the failure to stop. For that reason, the mere failure to 
provide the appropriate standard of care is insufficient to neces-
sitate payment of damages unless injury occurs as a result of 
the action or omission. In most states, the act of negligence does 
not have to be the only cause; it only has to be one cause. Some-
times this is referred to in jury instructions as a requirement 
that the defendant’s actions “caused or contributed to cause” the 
injury. Ordering O2 turned off on a severely hypoxemic patient 
might be the direct cause of the patient’s injury, but the thera-
pist’s acting on that order instead of questioning it could be 
thought of as a contributing cause.

Proximate causation turns on foreseeability. It tends to be a 
retrospective analysis. If an RT fails to check a ventilator as 
required, it is foreseeable that the patient could develop a com-
promised airway and sustain brain damage or die. The RT’s 
failure would be both the factual and the legal cause of the 
injury. Proximate causation also comes into play, however, when 
there are multiple wrongdoers. For example, a nurse requests a 
therapist’s help to place a patient on the bedside commode. The 
therapist is unaware that the patient’s systolic blood pressure is 
60 mm Hg by Doppler. The patient bears down, experiences a 
cardiac arrest, and dies. Although the actions of the therapist in 
helping to move the patient to the commode are the cause in 
fact, the therapist might escape liability because it was not fore-
seeable that helping the nurse move the patient would result in 
the patient’s death.

Most medical negligence lawsuits are defended by claiming 
that no matter what the medical error was, it was not the cause 
in fact of the patient’s death. This is frequently possible because 
only a very limited number of patients actually get autopsies. 
There may be no demonstrative evidence or pathology report 
detailing what caused the patient’s death.

For example, in a situation in which the leads were reversed 
in a patient receiving a dual-chamber pacemaker, the heart, on 
autopsy, showed focal areas of inflammation. The defendant 
had a pathologist testify that the most likely cause of death  
was not the failure to place the pacemaker leads in the correct 
position, but rather, a particularly virulent virus (never identi-
fied) that caused rhythm disturbances and death. In nearly 

example, in an automobile accident, is the duty imposed on 
individuals not to cause risk or harm to others, the standard 
being what a reasonable and prudent person should have fore-
seen and avoided. Professional negligence is different because 
the duty is defined by other professionals, and for that reason, 
requires expert testimony to establish.

In negligence cases, the breach of duty often involves the 
matter of foreseeability. Cases in which the patient falls, is 
burned, is given the wrong medication, or is harmed by defects 
in an apparatus often revolve around the duty of the health care 
provider to anticipate the harm. Duty is imposed by law. Courts 
tell us the following about duty:

For purposes of determining whether a duty exists, this Court 
has defined foreseeability as the presence of some probability or 
likelihood of harm sufficiently serious that ordinary persons 
would take precautions to avoid it. [citation omitted] The 
existence of a mere possibility is insufficient. Id. The test is  
not the balance of probabilities, but of the existence of some 
probability of sufficient moment to induce the reasonable  
mind to take the precautions which would avoid it.

Lopez v. Three Rivers Elec. Co-op., 26 S.W.3d 151, 156  
(Mo. 2000)

For the tort of negligence to be a valid claim, the four condi-
tions listed in Box 5-3 must be met.

The assessment of what is reasonable and prudent for an RT 
can be determined by guidelines established by a professional 
group (e.g., the AARC), by direct expert testimony, or by cir-
cumstantial evidence. The legal principle res ipsa loquitur (the 
thing speaks for itself) may apply where a court determines 
under the facts that the circumstantial evidence rises to a level 
to permit its assertion. Res ipsa loquitur is sometimes invoked 
to show that the harm would not ordinarily have happened if 
the individuals in control had used appropriate care. In these 
cases, negligence is established by inference.

For a claim of res ipsa loquitur to be supported, three basic 
conditions must be met: (1) The harm was such that it would 
not normally occur without someone’s negligence. (2) The 
action responsible for the injury was under the control of the 
defendant. (3) The injury did not result from any contributing 
negligence or voluntarily assumed risk on the part of the injured 
party. An example of res ipsa loquitur might be the failure to 
recognize that a patient’s right main stem bronchus had been 
intubated with a resultant pneumothorax. For negligence to 
occur, the breach in duty also must cause damage or injury to 
the individual. The injured party must file the lawsuit within 
the time frame set by the statute of limitations. The term injury, 
in this sense, may include not only physical harm but also 
mental anguish and other invasions of the patient’s rights and 

 Box 5-3 Elements of Negligence

•	 The	practitioner	owes	a	duty	to	the	patient.
•	 The	practitioner	breaches	that	duty.
•	 The	breach	of	duty	was	the	cause	of	damages.
•	 Damage	or	harm	came	to	the	patient.
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the practitioner directed such remarks only to the individual 
involved, it would not be slanderous; if the remark was made 
in the presence of a third party, it might constitute slander. Torts 
involving defamation are subject to short statutes of limitation 
and are generally disfavored in the law. The First Amendment 
to the Constitution may even provide a shield against slander 
or libel in many cases.

Caution to avoid unauthorized disclosure of patient infor-
mation is especially critical in cases involving diseases such as 
AIDS, which often carries a high degree of medical and social 
stigma. Patients have the legal right to expect that all informa-
tion about their illness will be held in strict confidence. Several 
states now have civil liability and criminal penalties for the 
release of confidential HIV test results in which the breach of 
confidence results in economic, psychologic, or bodily harm to 
the patient.

An assault is an intentional act that places another person 
in fear of immediate bodily harm. Threatening to injure 
someone through some overt act (e.g., swinging a bat at a 
person, even if it misses) is considered an act of assault. Battery 
represents unprivileged, nonconsensual physical contact with 
another person. In the classic act of assault and battery, one 
individual threatens injury through some overt act (throws a 
punch) and injures another through an overt act (connects with 
the punch).

Although battery is an unusual charge against a clinician 
(because of the nature of the work), it creates special problems. 
The major element of battery is physical contact without 
consent. When a practitioner performs a procedure without the 
patient’s consent, this contact may be considered battery. In 
most instances, there is an implied consent, created when the 
patient seeks care from the physician. This implied consent 
allows the performance of ordinary procedures without written 
consent. In all cases of unusual, difficult, or dangerous proce-
dures, such as surgery, the courts require written consent. For 
this reason, to avoid being accused of battery, RTs should always 
explain all procedures involving physical contact to their 
patients before they proceed. If a patient refuses something like 
a blood gas test, in the absence of some other factor that makes 
it unreasonable to do so, the patient’s refusal should be honored.

There are two general defenses against intentional torts. The 
first defense is that there was a lack of intent to harm and that 
only clinicians who engage in intentional conduct are liable. For 
example, if a practitioner fainted during a procedure and caused 
the patient injury, he or she would not be liable because the 
action was involuntary. The second defense is that the patient 
gave consent for the procedure. If the patient consented to the 
action, knowing the risks involved, the practitioner would not 
be liable. Consent by the patient for both nonroutine and 
routine procedures should be obtained in writing before care is 
rendered.

Strict Liability. Strict liability is a theory in tort law that 
can be used to impose liability without fault, even in situations 
in which injury occurs under conditions of reasonable care. The 
most common cases of strict liability are cases involving the use 
of dangerous products or techniques. Courts have imposed this 

every case, one of the primary defenses will always be a lack of 
medical causation.

Damages are another factor in negligence lawsuits. There are 
three kinds of damages: economic, noneconomic, and punitive. 
Economic damages are awarded for economic loss. For example, 
a working wife and mother killed in a vehicular accident leaves 
a family without a caregiver for the children and without the 
$45,000 a year salary she earned. Her economic damages include 
both the salary figure (adjusted for inflation and wage increases 
over her work life) and the cost of replacing the home care she 
rendered to her family.

Noneconomic damages include pain, suffering, disability, 
disfigurement, and loss of the enjoyment of life. Although eco-
nomic damages can be guided by hard numbers, juries are often 
left to decide the value of a person’s pain or suffering. Many 
states have limited the amounts that can be awarded for these 
elements of damage, as noted earlier, but in some states those 
caps have been overturned.

Punitive damages are damages that are awarded to punish 
wrongful conduct and discourage future unlawful conduct. 
Punitive damages are quite rare in medical negligence cases 
except where alcohol or drug use by caregivers is involved or 
where there is overwhelming negligence that is equivalent to 
intentional conduct. Some states also limit these damages.

Malpractice. Malpractice, as a form of negligence, can 
involve professional misconduct, unreasonable lack of skill or 
fidelity in professional duties, evil practice, or unethical conduct. 
There are three classifications of malpractice: (1) Criminal mal-
practice includes crimes such as assault and battery or eutha-
nasia (handled in criminal court). (2) Civil malpractice includes 
negligence or practice below a reasonable standard (handled in 
civil court). (3) Ethical malpractice includes violations of pro-
fessional ethics and may result in censure or disciplinary actions 
by licensure boards.

Intentional Torts. An intentional tort is a wrong perpe-
trated by someone who intends to do the act and, possibly, 
intends to do the harm. In contrast, in negligence, the profes-
sional fails to exercise adequate care in doing what is otherwise 
permissible. The acts must be intentionally performed to 
produce the harm or must be performed with the belief that 
the result was likely to follow. These torts are more serious  
than the tort of negligence, in that the defendant intended to 
commit the wrong. Consequently, punitive and actual damages 
may be awarded. Examples of intentional torts are acts that 
involve fraud, defamation of character, invasion of privacy, 
deceit, infliction of mental distress, and assault and battery.

In the hospital, the unwarranted discussion of the patient’s 
condition, diagnosis, or treatment for purposes other than the 
exchange of information is always deemed suspect in regard to 
defamation of character. Under the general title of defamation 
of character are the torts of libel and slander. Slander is the 
verbal defamation of an individual by false words by which his 
or her reputation is damaged. Libel is printed defamation by 
written words, cartoons, and such representations to cause the 
individual to be avoided or held in contempt. Libel and slander 
do not exist unless they are seen or heard by a third person. If 
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protects the RT not only from the plaintiff but also from any 
settling defendant who attempts to point the finger at the RT. 
It is crucial that the RT adhere to professional legal advice and 
not try to “go it alone” in a malpractice case. Sometimes well-
meaning but poorly informed risk professionals tell therapists 
that having their own insurance is likely to get them sued. This 
is simply untrue.

There is no central registry or online resource where an 
attorney can look up an individual and determine if she has 
malpractice insurance. As therapists exercise greater discretion 
about what treatments to give and under what circumstances, 
that discretion is likely to increase rather than decrease their 
malpractice liability risk. It is the negligent act that determines 
who will be sued, not the insurance status of that individual. 
Decisions about whom to sue are made early, before any oppor-
tunity is developed for discovery, and the presence or absence 
of insurance is unlikely to have any impact on the person suing. 
Whether the person being sued has malpractice insurance can 
have a huge impact, because the defendant may stand to risk 
losing her home and everything she has worked for in the event 
of an unsuccessful defense. For this reason, malpractice insur-
ance is an essential element of every RT’s professional respon-
sibility. No therapist should practice without it.

Avoiding Lawsuits
There is no foolproof formula for avoiding lawsuits; the right 
to bring suit is protected by the United States Constitution and 
guarded by the U.S. legal system. But the simplest and most 
effective way of avoiding lawsuits is both providing excellent 
care that meets professional standards and documenting that 
care carefully. Documenting the care that was given is a skill 
that every RT should develop, because it is what prevents, in 
most cases, lawsuits for professional negligence.

Practitioners should always deliver care in a professional 
manner and document care in a way that proves professional 
standards were met. For example, in the case of routine ventila-
tor care, frequent documentation of tube position and suction-
ing is vital to show that the patient’s airway was protected and 
that therapists were aware of the patient’s condition. Documen-
tation of an Allen’s test before an arterial blood gas measure-
ment shows attention to detail and documents that the patient’s 
circulation was assessed. Knowing both what to do and how to 
document it are critical to avoiding litigation.

A key step to avoid litigation is being aware of and conform-
ing to all professional standards regarding the care that is being 
delivered. All professionals should adhere to the legal require-
ments of professional licensure, and institutions should have 
policies and procedures that require the licensure status be veri-
fied upon employment and regularly thereafter.

Being aware of professional standards also includes keeping 
pace with institutional practice policies and procedures and the 
facility’s own internal standards of care.

Moreover, risk management is a job requirement for every 
clinician. It should be an ongoing component of departmental 
operation and professional development and should always 
address documentation standards and risk management.

principle on medical equipment manufacturers and on hospi-
tals. However, strict liability generally has not been extended to 
professional services.

Breach of Contract. Breach of contract is a more unusual 
legal claim than negligence. This claim is based on the theory 
that when a health care professional renders care, an implicit or 
explicit professional-patient “contract” is established. Essen-
tially, the contract binds the health care professional to place 
the patient’s welfare as the foremost concern, to act only in the 
patient’s behalf, to protect the patient’s life, to preserve the 
patient’s health, to relieve suffering, and to protect privacy. 
When the patient is injured as a result of the services rendered 
under this contract, the patient may claim that the failure of the 
health care professional to perform the service competently is 
a breach of the contract. Most state laws do not permit this kind 
of action, and those that do require high standards for proof.

RTs are responsible for their actions, as are members of all 
other professions. When these actions result in the injury of 
another, the injured party may turn to the courts for redress. If 
the RT, while acting for the physician, injures the patient 
through some negligent act, the patient may sue both the RT 
and the physician.

Civil Suits. Civil action can be brought for many reasons, 
such as to challenge a law or to prevent an activity. However, as 
in the case of malpractice suits, most civil suits seek monetary 
damages. The following scenario is an example of a situation 
that might involve the RT. The physician intends to order 0.5 ml 
of a bronchodilator for a 3-year-old asthmatic patient but inad-
vertently prescribes 5.0 ml of the drug. Because of the overdose 
given by the RT, the child dies.

A clearly articulated legal principle in negligence is that the 
duty owed to the patient is commensurate with the patient’s 
needs. In short, the more vulnerable the patient, the greater is 
the caregiver’s duty to protect. When the order is unclear or 
seems inappropriate under this principle, clinicians have an 
obligation to clarify rather than risk harm.

The suit could be brought against the physician for negli-
gence for ordering the overdose, against the nurses and RT for 
failing to recognize that the dose was incorrect for the child, 
and, possibly, against the pharmacist for failing to gain adequate 
information as to the nature of the patient so that an appropri-
ate dosage could be calculated. The plaintiff would base the 
secondary charges against the nurses and allied health practi-
tioners on the theory that liability would be incurred by the 
individuals who missed an opportunity to correct the first 
wrongdoer’s mistake. The hospital’s risk management depart-
ment and legal counsel can sometimes provide direction and 
counsel to the RT in the case of a civil suit. If the hospital in 
which the RT works does not provide malpractice insurance for 
the RT, then he or she should carry his or her own policy of 
malpractice insurance.

Professional liability insurance is available through the 
AARC’s preferred provider, and it provides RTs with an attorney 
not only to represent them in the case of a malpractice lawsuit 
but also in those rare instances in which a professional board 
questions the conduct of the RT. Should a judgment result, it 
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beyond the scope of this chapter. The practitioner in clinical 
practice need not be concerned with particular exceptions 
because, in most cases, basic patient confidentially requires a 
standard at least equal to the strictest interpretation of the 
Privacy Rule.16

The basic goal of the Privacy Rule is to protect all “individu-
ally identifiable health information,” commonly referred to as 
protected health information. Protected information includes 
any record or information that would or could identify or reveal 
(1) an individual’s past, present, or future physical or mental 
health or condition; (2) the provision of health care to the 
individual; or (3) the past, present, or future payment for the 
provision of health care to the individual. Protected health 
information includes information in any format, which may 
include patient charts (electronic or paper), faxes, e-mails, or 
other records. The Privacy Rule provides avenues for the normal 
and appropriate conduct of health care treatment and business 
for all “covered entities,” individuals, and organizations that 
have a legitimate need to access and use the information. 
Consent of the individual is not required for these covered 
entities.16

Medical Supervision

RTs are required by their scope of practice to work under com-
petent medical supervision. This requirement creates not only 
a professional relationship but also a legal one. If the RT is 
employed by the physician, the physician is liable for the RT’s 
actions. If the RT is employed by the hospital, the hospital is 
liable for the RT’s actions. Under the laws of some states, the 
supervising physician may still be liable even if the RT is 
employed by the hospital where the legal theory involves a 
failure to supervise. The legal basis for this liability is rooted in 
centuries-old common law. When tradesmen had apprentices 
and masters had servants, the negligence of the apprentice or 
servant was applied to the master who controlled the action of 
the servants. Under modern law, an employer is deemed a 
master, and an employee is deemed a servant. This principle, 
sometimes called vicarious liability, is premised on this centuries-
old concept expressed in Latin as respondeat superior (“let the 
master answer”).

Under the doctrine of medical supervision, the physician 
assumes responsibility for the wrongful actions of the RT as 
long as such negligence occurred in the course of the employer-
employee relationship. For this liability to apply, two conditions 
must be met: (1) the act must be within the scope of employ-
ment, and (2) the injury caused must be the result of an act of 
negligence. If the RT acted outside of his or her scope of prac-
tice, as outlined by licensure laws or by institutional regulations, 
the court would have to decide whether the physician would 
still be liable. If the RT, while in the patient’s room to deliver an 
aerosol treatment, went beyond the normal scope of practice 
and adjusted cervical traction, causing injury, it is doubtful  
that the physician could be held fully responsible. However, 
under the principle of respondeat superior, the hospital, as a 
corporate entity, could be held responsible for the actions of its 
employees.

Even if everyone does every possible thing right, there is no 
guarantee that the plaintiff or her attorney will understand this 
if the patient meets an untimely or unexpected death because 
of things outside the control of the clinicians. Just as there are 
“professionals” with medical degrees who will testify that every-
thing was done properly when standards of care were violated, 
so too are there people who are willing to say anything on behalf 
of a plaintiff in a lawsuit. Once a professional meets the baseline 
requirements of an expert witness (skill and expertise in the 
field and exposure to the facts of the case sufficient to form an 
opinion), in most cases his or her opinion will become evidence 
in the case. For this reason, malpractice insurance as well as 
having a good legal team to defend the case are the best safe-
guards a clinician has to protect against liability.

Not all cases wind up in court. Sometimes, when the parties 
are willing, a lawsuit can be avoided with mediation. However, 
when any potential legal claim or lawsuit surfaces, decisions 
about how to proceed should be made only with full input of 
institutional risk management and legal counsel experienced in 
professional negligence defense.

In recent years, the experience of several large hospital 
systems has suggested that active risk management practices 
and appropriate guest relations policies are two of the most 
effective tools to prevent malpractice litigation. Unhappy 
patients are identified quickly, and corrective action is imple-
mented immediately. Good guest relations programs encourage 
listening that often results in better clinical decision making, 
preventing the malpractice that is at the heart of every medical 
malpractice lawsuit. The best way to avoid a malpractice suit is 
to develop a good, sound relationship with the patient that 
communicates to the patient that he or she is important and 
valued.

Health Insurance Portability and 
Accountability Act of 1996

In August 1996, the U.S. Congress enacted HIPAA, which 
required, among other things, the establishment of Standards 
for Privacy of Individually Identifiable Health Information. 
These standards, which have become known as simply the 
Privacy Rule, added a major dimension to the need to treat 
medical records and information as confidential. The Privacy 
Rule was developed, with public comment and input, in the 
years after enactment of HIPAA. The final rule was issued in 
March 2002. Updates to the Privacy Rule are likely to continue, 
making it imperative that the practitioner remain up to date 
with the latest requirements of the rule. The primary goal of 
the rule was to strike a balance between protecting individuals’ 
health information and not impeding the exchange of informa-
tion needed to provide quality health care and protect the pub-
lic’s health and well-being.16

The Privacy Rule applies to all health care providers, health 
plan providers (with some exceptions, such as small employer 
plans with fewer than 50 participants administered solely by the 
employer), and health care clearinghouses. An example of a 
health care clearinghouse is an entity that processes insurance 
claims for payment. Some of the exceptions are complex and 
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MINI CLINI
Health Insurance Portability and 
Accountability Act

PROBLEM:  You, the RT, are in Ms. Smith’s room tending to 
her respiratory equipment when the telephone rings. Ms. Smith 
and some of her family members are well known to you because 
of her many previous hospitalizations. During this hospitaliza-
tion, Ms. Smith’s condition has progressively worsened and 
today has been a particularly bad day for her. At this point, she 
is having serious difficulty moving and even talking. As the 
telephone rings, she looks at you and in a barely audible voice 
asks you to please answer the telephone. You do so, and the 
person on the other end identifies herself as Ms. Smith’s grand-
daughter. You tell Ms. Smith that her granddaughter is on the 
telephone, but Ms. Smith simply looks away. You tell the grand-
daughter that Ms. Smith cannot talk right now and to call back 
later. The granddaughter asks you why Ms. Smith cannot talk, 
along with a series of specific questions about her condition.

DISCUSSION:  As the RT, how should you handle this 
situation?
1. What HIPAA guidelines, if any, are applicable in this case?
2. Because you know Ms. Smith and her family, is it permis-

sible to answer the granddaughter’s questions?
3. To avoid alarming the granddaughter, should you say Ms. 

Smith is asleep or in the bathroom?

GUIDANCE:  The first question is whether HIPAA applies. 
HIPAA pertains to “the individual’s past, present or future 
physical or mental health or condition.”* HIPAA requires that 
protected health care information never be disclosed to those 
who are not authorized to receive it, and the rule requires a 
written authorization of who can receive protected health 
information by the patient. Until you verify that the person on 
the other end of the phone is authorized in writing to receive 
information, you cannot disclose anything. You also may have 
no way of knowing whether this really is the daughter of the 
patient, even if you think you recognize the voice. The hospital 
has specific policies regarding the release of information, and 
you must follow those to protect yourself from any allegation 
of wrongdoing.

Simply because you know Mrs. Smith and her family, it is 
not sufficient to disclose information. Information must be 
given only to those on the written authorization. Verbal autho-
rizations are not permitted because (1) you have no way to 
prove that it happened and (2) the patient may later change  
his or her mind or forget who was authorized. Thus, until  
you know that the person is authorized in writing to receive 
the information, you may not disclose protected health 

information.*
Even though it may be difficult to tell a family member of 

a patient that you cannot share information over the phone, 
that is the answer that you must give. You may not say that Mrs. 
Smith is in the bathroom because it is not true. There is no 
ethical exception that permits lying to family members. Lying 
erodes trust in the health care system.

*See, for example, “What information is protected” on the Department  
of Health and Human Services website: http://www.hhs.gov/ocr/privacy/
hipaa/understanding/summary/index.html.

Historically, RTs have not been named individually as defen-
dants in malpractice cases because the law generally has not 
focused on their role as specialized health care providers sepa-
rate from the health care facility. Either the hospital or the 
physician is usually named as the defendant for the acts of  
the practitioner. RTs in these cases have been viewed simply  
as employees, merely carrying out the orders of a superior. 
However, with the increased application of state licensure regu-
lations governing respiratory care, and especially with the devel-
opment of respiratory care protocols giving RTs more autonomy, 
this relative protection from liability is changing rapidly. As RTs 
are given more discretion and are permitted to exercise inde-
pendent judgment, their decision making is likely to be more 
frequently called into question in court.

Scope of Practice
One measure of professionalism is the extent to which the 
group is willing to direct its own development and regulate its 
own activities. This self-direction is carried out mainly through 
professional associations and state licensure boards, which 
attempt to ensure that professionals exhibit minimum levels of 
competence.

Basic Elements of a Practice Act. Some practice acts 
emphasize one area over another, but most acts address the 
following elements:
• Scope of professional practice
• Requirements and qualifications for licensure
• Exemptions
• Grounds for administrative action
• Creation of examination board and processes
• Penalties and sanctions for unauthorized practice

Licensure Laws and Regulations. In licensure legislation, 
there is always a clause specifying a scope of practice. The scope-
of-practice statutes give general guidelines and parameters for 
the clinician’s practice. Deviation from these statutes could be 
a source of legal problems as the specialty seeks to add new 
duties. Practitioners must know the limits of their scope of care 
and seek amendments to the licensure regulations as they 
expand their practice. Ideally, the original language of a licen-
sure law should be broad enough to account for changes in 
practice without requiring continual amendment. Continuing 
education and regular review of the practice act are essential to 
ensure compliance with both the statute and evolving rules of 
the practice act.

Providing Emergency Care Without Physician Direc-
tion. One unique area that allows practice without the direc-
tion of a competent physician is that of rendering emergency 
medical care to injured persons. Good Samaritan laws protect 
citizens from civil liability for any errors they make while 
attempting to give emergency aid. Most states have legislated 
Good Samaritan statutes to encourage individuals to give 
needed emergency medical assistance. It is necessary for this aid 
to be given in good faith and free of gross negligence or willful 
misconduct. However, it is unlikely that the RT would be pro-
tected for giving aid that went beyond the expected skills of the 
individual or aid that went beyond that which could be defined 

http://www.hhs.gov/ocr/privacy/hipaa/understanding/summary/index.html
http://www.hhs.gov/ocr/privacy/hipaa/understanding/summary/index.html
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ciplined for various offenses related to the practice of respiratory 
care. Most RTs serve their entire professional careers and never 
have a problem with their professional boards. There are four 
significant things that RTs can be aware of now that would help 
prevent problems with their professional boards later.

Licensure Statute

All RTs should know in detail the requirements of their respira-
tory care practice act. They should know what is expected of 
them in terms of obtaining licensure and in the requirements 
to remain licensed. After receiving licenses, many professionals 
never look at their statute and never evaluate what actions  
are mandated by the rules and regulations enacted by their 
board. Some states by statute require that RTs report certain 
behavior.

Section 3758.5. Reporting Violations
If a licensee has knowledge that another person may be in viola-
tion of, or has violated, any of the statutes or regulations admin-
istered by the board, the licensee shall report this information 
to the board in writing and shall cooperate with the board in 
furnishing information or assistance as may be required.

California Respiratory Care Practice Act
Some states also require that employers make reports not only 
on individuals terminated for cause but also on the supervisors 
of the RTs.

Section 3758.6. Report on Supervisor
1. In addition to the reporting required under Section 3758, an 

employer shall also report to the board the name, profes-
sional licensure type and number, and title of the person 
supervising the licensee who has been suspended or termi-
nated for cause, as defined in subdivision (b) of Section 
3758. If the supervisor is a licensee under this chapter, the 
board shall investigate whether due care was exercised by 
that supervisor in accordance with this chapter. If the super-
visor is a health professional, licensed by another licensing 
board under this division, the employer shall report the 
name of that supervisor and any and all information per-
taining to the suspension or termination for cause of the 
person licensed under this chapter to the appropriate licens-
ing board.

2. The failure of an employer to make a report required by this 
section is punishable by an administrative fine not to exceed 
$10,000 per violation.
The second thing all RTs should do to protect themselves 

against licensure issues is to purchase an insurance policy that 
covers professional discipline. Most policies available for pur-
chase by RTs provide for coverage of both malpractice liability 
and professional discipline.

Understanding the Causes  
of Discipline

A review of professional discipline cases available from  
publicly available sources, including the California Board for 

as first aid, such as performing a tracheostomy. Good Samaritan 
rules generally apply only to roadside accidents and emergency 
situations outside the hospital, although this is not always the 
case. The doctrine has sometimes been used by physicians 
inside a health care organization who respond to an emergency 
on a patient who is not their own. However, in California, the 
statute for RTs specifically extends protection only where the 
acts of the RT are “outside both the place and the course of 
employment.”||

INTERACTION OF ETHICS AND  
THE LAW

A good example of the interaction of ethics and the law in 
respiratory care is the diversification of the field into home care 
and durable medical equipment supply. This diversification has 
led to new relationships between these elements of the health 
care system and has created the potential for unethical and 
unlawful activity. If a practitioner accepts some payment, such 
as a finder’s fee or percentage of the total lease costs for referring 
patients to a particular home care company or equipment 
service, he or she should be prepared to face charges of unethi-
cal and perhaps illegal practice.

Several federal and many state statutes address the legality of 
these types of transactions. Generally, these statutes say that 
anyone who knowingly or willfully solicits, receives, offers, or 
pays directly or indirectly any payment in return for Medicare 
business is guilty of a criminal offense. Violation of these stat-
utes carries the potential for prison, a substantial fine, or both. 
In addition, violation of the statutes by an organization can 
result in exclusion from Medicare and other federal health care 
programs.

In recent years, hospitals have been encouraged to appoint a 
corporate compliance officer (CCO) to oversee the hospital’s 
business practices and ensure that the hospital conforms to the 
law. In most hospitals with a working compliance plan, the 
CCO is freely available to discuss legal or ethical issues arising 
in the course of care. Appointed by the board of directors and 
reporting both to the hospital administration and to the board, 
the CCO often can address legal issues quickly and competently. 
Most hospitals use a toll-free anonymous number to allow 
employees who wish to remain anonymous to report wrongful 
activity. If the practitioner is aware of others who are engaged 
in these practices, he or she should report these activities to the 
appropriate state or federal health care agency. To aid the clini-
cian in maintaining an ethical stance on these new issues, the 
AARC has established a position statement about ethical per-
formance of respiratory home care.

PROFESSIONAL LICENSURE ISSUES

Because nearly every state has now passed some form of licen-
sure for respiratory care practitioners, more RTs are being dis-

||Cal. Bus. & Prof. Code § 3706.
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identifies a problem still faces retaliation. Several federal laws 
protect RTs who, because of their respect for ethical issues, 
speak out about wrongdoing.

Patient Protection and Affordable 
Care Act

In 2010, Congress passed the PPACA in an attempt to reform 
health care. Challenges to the PPACA are still finding their way 
through the state and federal courts, and results to date have 
been mixed. One thing that the statute did was improve whistle-
blower protections for hospital workers. Section 1558 of the 
PPACA amends the Fair Labor Standards Act of 1938 (FLSA) by 
adding Section 18C, which provides that an employer cannot 
discriminate “against any employee with respect to his or her 
compensation, terms, conditions, or other privileges of employ-
ment” because the employee, among other things:
1. Provided, caused to be provided, or is about to provide or 

cause to be provided to the employer, the Federal Govern-
ment, or the attorney general of a State information relating 
to the violation of, or any act or omission the employee 
reasonably believes to be a violation of, any provision of this 
title;

2. Actually did or is about to assist, participate, or testify in a 
proceeding about such violation; or

3. Objected to or refused to participate in any activity or task 
that the employee “reasonably believed” to be in violation of 
the statute or any rule or regulation promulgated under the 
statute.
Any employee who believes that he or she has been dis-

charged or discriminated against in violation of Section 18C of 
the FLSA is entitled to seek relief using the same procedures 
provided in 15 U.S.C. §2087(b), which contains the extensive 
whistleblower protections contained in the Consumer Product 
Safety Improvement Act of 2008. These procedures include filing 
a complaint concerning discrimination or retaliation with the 
Department of Labor, going through an administrative process 
to determine whether the employee’s conduct protected by 
Section 18C was “a contributing factor in the unfavorable per-
sonnel action” alleged by the employee, and providing for the 
filing of a civil action in federal court after exhaustion of the 
administrative remedies provided by the statute.

Section 1558 explicitly limits application of Section 18C only 
to violations of the statute’s central provisions related to medical 
care in hospital and clinic settings. Employees who report fraud, 
waste, or violations in traditional health care settings fall under 
the protections afforded by Section 1558. In most cases, an 
employee needs legal advice to pursue remedies under this 
section of the FLSA.

National Labor Relations Act

Although the National Labor Relations Act (NLRA) is usually 
thought of as a “union” statute, the NLRA provides protections 
to hospital workers whether they are organized into a union or 
not. Specifically, the NLRA provides for protection where a 
worker engages in actions for the benefit of all employees. For 
example, when an RT approaches the supervisor on behalf of 

Respiratory Care, reveals that the most frequent causes of pro-
fessional discipline are as follows:
• Substance abuse
• Domestic violence
• Sexual abuse
• Gross incompetence

Even in cases in which the cause of discipline is rooted in 
domestic violence or sexual abuse of another person, some 
form of substance abuse is often a contributing factor. Alcohol 
violations (driving while intoxicated, driving while impaired) 
are often the most frequent violation that brings an RT face to 
face with his or her professional board. RTs with alcoholism or 
a significant drug habit are almost certain to come before their 
professional board. Sometimes employers and supervisors take 
the position that as long as such a problem does not affect a 
person’s work at the facility, they should not address it. However, 
even in cases in which an RT does not use drugs or alcohol at 
work, the disease process is affecting their judgment and deci-
sion making and should be addressed. A supervisor who fails 
to report a substance abuser of any kind is asking for legal 
trouble, in the form of either a damages lawsuit or a visit from 
the professional board. Academic RTs should be especially vigi-
lant with students and should insist on substance abuse coun-
seling for any student who appears to have such a problem.

Sometimes human resources personnel and administrators 
do not see the value in addressing these kinds of problems and 
may counsel against discipline for impaired workers. Some-
times supervisors ignore the behaviors that should be red flags. 
Sometimes the human resources department may have made 
exceptions for other workers and fears that these exceptions 
may permit an inference of discrimination. None of these 
excuses sounds good to a jury.

Any good attorney will tell you that it is far better to defend 
a wrongful termination lawsuit than a wrongful death lawsuit. 
If you are wrong about the termination, the employee can be 
rehired. There is no remedy for the patient when an employee’s 
substance abuse leads to that patient’s death.

Engaging Counsel

If approached by the professional board, an RT should never 
talk to investigators without an attorney present. Every investi-
gation is by its nature oppressive and burdensome, and an attor-
ney ensures that the RT’s rights are respected and protected. 
Often in cases in which an RT has violated the professional code 
or engaged in conduct that merits discipline, an attorney can 
help negotiate a better resolution than the RT could without the 
help of a professional.

RESPIRATORY THERAPISTS WHO 
SPEAK OUT ABOUT WRONGDOING

RTs are in a unique position to help protect patients from mul-
tiple harms. Sometimes they have a duty to speak out about 
problems or issues in the department. Usually working with a 
CCO is the most effective way to effect change inside an orga-
nization. However, sometimes the person who speaks out and 
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in the health care system. Specific considerations include  
(1) factual premises and beliefs, such as the definition of death; 
(2) legal concepts, such as tort laws; (3) externally imposed 
mandates or expectations, such as hospital accreditation stan-
dards; and (4) the best managed care outcome. In many 
instances, such considerations uphold our moral convictions 
and provide support for a given action. The real challenge to 
RTs arises when moral principles dictate one course of action 
and factual knowledge, legal concepts, or external expectations 
dictate another.

Socrates demanded that professionals acknowledge the 
social context of their activities and recognize their obligations 
toward the segment of society that they profess to serve. As our 
analysis of ethical reasoning and the law has made clear, only 
by identifying, justifying, and prioritizing basic principles of 
human values can the RT resolve the difficult questions of pro-
fessional behavior consistently. To the extent that clearly articu-
lated principles guide our choices and actions, all involved will 
be well served.

all the workers on the second shift to request that shift differ-
entials be increased, that RT—who is engaged in what is called 
“protected concerted activity”—cannot be discharged for acting 
on behalf of the other RTs in the department. When an RT is 
discharged for such an offense, the RT has 180 days in which  
to make a complaint to the local office of the National Labor 
Relations Board. No attorney is necessary to make such a 
complaint.

False Claims Act

Buried in the banking section of the United States Code is a 
little-known statute called the False Claims Act (FCA) (31 USC 
§3729). The statute forbids making false claims against the gov-
ernment and provides for severe sanctions for people who do. 
Someone making a false claim against a government health care 
program can be made to repay three times the amount of the 
false claim plus a civil penalty of $5500 to $11,000 per false 
claim. Similar to the whistleblower protections built into the 
PPACA, the FCA contains language that prevents retaliation 
against an employee who gathers information or supports a 
government case against his or her employer. Remedies may 
include reinstatement and back pay.

Perhaps the most powerful part of the statute is the part that 
permits an employee with knowledge of fraud or false billing to 
file a lawsuit against the company or organization engaging in 
fraud. For example, when an emergency medical technician 
(EMT) knows that his employer is giving away free ambulance 
services to nursing homes in exchange for the Medicare busi-
ness of the nursing homes, the EMT could file an FCA case 
against the employer.

The government investigates such lawsuits and frequently 
intervenes in them. Where the government intervenes, the 
employee who blows the whistle stands to receive an award of 
up to 25% of the amount the government recovers. In recent 
years, the United States has recovered greater than $3 billion in 
fraudulently paid claims, most of which came from employees 
who blew the whistle on the fraud of their employers or 
competitors.

HEALTH CARE AND CHANGE

The health care industry is experiencing rapid change relating 
to how services are funded and how patients and health care 
workers interact. These changes are occurring at the same time 
that ethical considerations are reemerging as significant com-
ponents of how health care should be structured and delivered. 
Managed care affects the ethical decision-making process. 
Although the effect is not negative, it forces health care workers 
to take a new look at ethical dilemmas to arrive at both the best 
ethical outcome and the best managed care outcome. Patients 
no longer freely choose who will deliver health care services to 
them. Health care practitioners must consider not only the best 
services to deliver to patients but also the best managed care 
outcome.

If ethical reasoning is to be of any value, it must account for 
the reality of human experience and take into account changes 

	

RULE OF THUMB

The	letters	RCP	are	used	to	indicate	respiratory	care	
practitioner.	They	also	suggest	three	important	
characteristics	of	the	RT	when	confronted	with	ethical	
dilemmas:
Respect
Compassion
Professionalism

Health Care Advance Directives

In recognition of the right of competent adults to exercise 
choices concerning their health care, all 50 states and the Dis-
trict of Columbia have adopted some form of health care 
advance directives. Although the federal government acknowl-
edged the need for advance directives with the 1991 Patient 
Self-Determination Act by requiring that all hospitals receiving 
Medicaid or Medicare funds ascertain whether patients have or 
wish to have advance directives, the advance directive instru-
ments are state regulated.

SUMMARY CHECKLIST

◗	Ethical	dilemmas	occur	when	there	are	two	equally	
desirable	or	equally	undesirable	choices.	Ethical	dilemmas	
may	involve	situations	that	are	either	legal	or	illegal.

◗	Ethical	dilemmas	in	respiratory	care	involve	scope	of	
practice,	confidentiality,	working	within	levels	of	
professional	responsibility,	professional	development	
issues,	staffing	patterns,	or	recordkeeping.

◗	Professional	codes	of	ethics	are	general	guidelines	
established	to	identify	ideal	behavioral	parameters	by	
members	of	a	professional	group.	These	codes	are	often	
simplistic	and	tend	to	deal	with	behavior	over	which	there	
is	little	disagreement.

◗	Traditional	ethical	principles	are	rooted	in	philosophical	
thought	and	include	autonomy,	beneficence,	
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confidentiality,	role	fidelity,	justice,	nonmaleficence,	and	
veracity.	These	principles	are	used	in	the	ethical	decision-
making	process.

◗	There	are	two	basic	ethical	theories:	formalism	and	
consequentialism.	The	most	commonly	used	ethical	
decision-making	model	is	the	mixed	approach.	The	mixed	
approach	combines	components	of	formalism,	
consequentialism,	and	modern	decision-making	theory.

◗	The	basic	information	that	must	be	identified	before	a	
reasoned	ethical	decision	is	made	includes	the	problem	or	
issue,	the	individuals	involved,	and	the	ethical	principle	or	
principles	that	apply;	a	determination	of	who	should	make	
the	decision;	and	the	role	of	the	practitioner.

◗	Public	law	deals	with	the	relationships	of	private	parties	
and	the	government.	Civil	law	is	concerned	with	the	
recognition	and	enforcement	of	the	rights	and	duties	of	
private	individuals	and	organizations.

◗	Professional	malpractice	is	negligence	in	which	a	
professional	has	failed	to	provide	the	care	expected,	
resulting	in	harm	to	someone.	Examples	of	situations	that	
RTs	might	encounter	include	attempting	procedures	
beyond	the	practitioner’s	skill	level,	failure	to	perform	a	
duty	as	assigned,	or	failure	to	perform	the	duty	correctly.

◗	Like	members	of	other	professions,	RTs	are	responsible	
for	their	actions.	If	their	actions	result	in	injury	to	others,	
the	injured	party	or	parties	are	entitled	to	seek	redress	in	
the	courts.

◗	A	professional	license	provides	a	framework	under	which	a	
licensee	carries	out	his	or	her	duties.	Because	licensure	
acts	define	who	can	perform	specified	duties,	it	is	
expected	that	the	duties	will	be	performed	in	a	responsible	
manner	and	the	professional	will	be	responsible	for	his	or	
her	actions.	The	purpose	of	licensure	is	to	provide	for	the	
public’s	safety.	Practitioners	must	carry	out	their	duties	
with	an	eye	toward	defending	themselves	in	the	case	of	
legal	action.

◗	Patients	today	are	better	educated	and	hold	higher	
expectations	from	health	care	practitioners.	Many	patients	
are	assuming	responsibility	for	their	own	health	care,	
placing	the	health	care	practitioner	into	the	role	of	
consultant.

http://www.wma.net/en/30publications/10policies/c8/index.html
http://www.wma.net/en/30publications/10policies/c8/index.html
http://www.hhs.gov/ocr/privacysummary.pdf
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C H A P T E R   6 

Physical Principles of 
Respiratory Care

DANIEL F. FISHER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	properties	that	characterize	the	three	states	of	matter.
◆	 Describe	how	heat	transfer	occurs	among	substances.
◆	 Identify	the	three	common	temperature	scales	and	explain	how	to	use	them.
◆	 Describe	how	substances	undergo	change	of	state.
◆	 Describe	how	water	vapor	capacity,	absolute	humidity,	and	relative	humidity	are	related.
◆	 Describe	how	to	predict	gas	behavior	under	changing	conditions,	including	at	extremes	of	temperature	and	

pressure.
◆	 Describe	the	principles	that	govern	the	flow	of	fluids.

CHAPTER OUTLINE

States of Matter
Internal	Energy	of	Matter
Laws	of	Thermodynamics

Change of State
Liquid-Solid	Phase	Changes	(Melting	and	Freezing)
Properties	of	Liquids
Liquid-Vapor	Phase	Changes
Properties	of	Gases

Gas Behavior Under Changing Conditions
Gas	Laws
Effect	of	Water	Vapor

Properties	of	Gases	at	Extremes	of	Temperature	
and	Pressure

Critical	Temperature	and	Pressure
Fluid Dynamics

Pressures	in	Flowing	Fluids
Patterns	of	Flow
Flow,	Velocity,	and	Cross-Sectional	Area
Bernoulli	Principle
Fluid	Entrainment
Fluidics	and	the	Coanda	Effect

KEY TERMS

absolute	humidity
adhesion
ATPS
Avogadro’s	law
BTPS
Coanda	effect
cohesion
condensation
conduction
convection
critical	temperature
Dalton’s	law
dew	point
evaporation

flow	resistance
Graham’s	law
Henry’s	law
jet	entrainment
kinetic	energy
laminar	flow
Laplace’s	law
latent	heat	of	fusion
latent	heat	of	vaporization
law	of	continuity
laws	of	thermodynamics
melting	point
Pascal’s	principle
Poiseuille’s	law

potential	energy
radiation
relative	humidity	(RH)
solubility	coefficient
specific	gravity
STPD
strain-gauge	pressure	transducers
surface	tension
thermal	conductivity
thermodynamics
turbulent	flow
vaporization
viscosity
water	vapor	pressure
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both liquids and gases are considered fluids. Gases have no fixed 
volume or shape. Both of these qualities depend on local condi-
tions for the gas.

Plasma has been referred to as a fourth state of matter. 
Plasma is a combination of neutral atoms, free electrons, and 
atomic nuclei. Plasmas can react to electromagnetic forces and 
flow freely similar to a liquid or a gas (see Figure 6-1, D). 
Although mentioned here for the sake of completeness, plasmas 
are not discussed further because at this time they are not 
known to be relevant to the practice of respiratory care.

Internal Energy of Matter

The atoms that make up all matter are in constant motion at 
normal temperature.2 This motion is resulting from internal 
energy. There are two major types of internal energy: (1) poten-
tial energy, and (2) kinetic energy. Potential energy is referred 
to as the energy of position—that is, object balanced on a shelf. 
Potential energy is a result of the strong attractive forces between 
molecules. These intermolecular forces are why solids are rigid 
and liquids have viscosity and cohesiveness. These same inter-
molecular forces are not as strong in gases. Kinetic energy is the 
energy of motion, such as a falling object. Most internal energy 
in gases is in the form of kinetic energy.

Laws of Thermodynamics

The term thermodynamics can refer to either the science 
studying the properties of matter at various temperatures or the 
kinetics (speed) of reactions of matter at various temperatures. 
From the study of physics, we take special notice of the laws of 
thermodynamics. The laws describe how fundamental physical 
quantities (temperature, energy, and entropy) behave under 
various circumstances and forbid certain phenomena (such as 
perpetual motion). A basic knowledge of these principles is 
helpful in understanding many aspects of respiratory care. Of 
particular interest is the first law of thermodynamics, one 
version of which states that an increase in the internal energy 
of a closed system can be the result only of work performed on 
the system. Work can be viewed as the process of transferring 
energy to or from a system. The increase in internal energy of 
a system can be observed as an increase in heat (as with a 
humidifier) or pressure (as during mechanical ventilation).

Heat Transfer
When two objects exist at different temperatures, the first law 
of thermodynamics tells us that heat will move from the hotter 
object to the cooler object until the objects’ temperatures are 
equal. This is an example of transitioning from a higher state 
of energy to a lower state. Two objects with the same tempera-
ture exist in thermal equilibrium. Heat can be transferred in 
four ways: (1) conduction, (2) convection, (3) radiation, and (4) 
evaporation and condensation.

Conduction
Heat transfer in solids occurs mainly via conduction. Conduc-
tion is the transfer of energy by direct contact between hot and 
cold molecules. How well heat transfers by conduction depends 

STATES OF MATTER

There are three primary states of matter: solid, liquid, and gas. 
Figure 6-1, A to C depicts simplified models of these states of 
matter.

Solids have a fixed volume and shape. The molecules that 
make up the solid have the shortest distance to travel until they 
collide with one another. This motion has been referred to as a 
“jiggle.” Solids have a high degree of internal order; their atoms 
or molecules are limited to back-and-forth motion about a 
central position, as if held together by springs (see Figure 6-1, 
A). Solids maintain their shape because their atoms are kept in 
place by strong mutual attractive forces, called van der Waals 
forces.1

Liquids have a fixed volume, but adapt to the shape of their 
container. If a liquid is not held within a container, the shape is 
determined by numerous internal and external forces. Liquid 
molecules exhibit mutual attraction. However, because these 
forces are much weaker in liquids than in solids, liquid mole-
cules can move about freely (see Figure 6-1, B). This freedom 
of motion explains why liquids take the shape of their contain-
ers and are capable of flow. However, similar to solids, liquids 
are dense and cannot be compressed easily.

In a gas, molecular attractive forces are very weak. Gas mol-
ecules, which lack restriction to their movement, exhibit rapid, 
random motion with frequent collisions (see Figure 6-1, C). 
Gases have no inherent boundaries and are easily compressed 
and expanded. Similar to liquids, gases can flow. For this reason, 

FIGURE 6-1	 Simplified	models	of	the	four	states	of	matter.	
A,	Solid	(rigid	network	of	interconnected	springs).	B,	Liquid	(freely	
moving	spheres	with	no	space	among	them).	C,	Gas	(small	rapidly	
moving	particles	with	a	lot	of	space	among	them).	D,	Plasma	(small	
rapidly	moving	charged	particles	with	a	lot	of	space	among	them).	
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eye. Objects such as an electrical stove burner or a kerosene 
heater radiate some of their energy as visible light. In the clinical 
setting, radiant heat energy is commonly used to keep newborn 
infants warm.

Evaporation and Condensation
Vaporization is the change of state from liquid to gas. Vaporiza-
tion requires heat energy. According to the first law of thermo-
dynamics, this heat energy must come from the surroundings. 
In one form of vaporization, called evaporation, heat is taken 
from the air surrounding the liquid, cooling the air. In warm 
weather or during strenuous exercise, the body takes advantage 
of this principle of evaporative cooling by producing sweat. The 
liquid sweat evaporates and cools the skin.

Condensation is the opposite of evaporation. In condensa-
tion, gases become liquids. Because vaporization takes heat 
from the air around a liquid (cooling), condensation must give 
heat back to the surroundings (warming). A refrigerator (or air 
conditioner) works on the principle of repeated vaporization 
cycles. The food cools as it passes energy through the walls of 
the refrigerator into pipes containing condensed refrigerant. 
The refrigerant warms, vaporizes, and expands. Then a com-
pressor condenses the refrigerant again, releasing heat that is 
carried away to the atmosphere by a radiator. The condensed 
refrigerant is then passed by the food and the cycle repeats. The 
whole system is basically a heat pump transferring thermal 
energy from the food to the atmosphere. The next section 
expands on the concept of change of state and provides more 
detail on the processes of vaporization and condensation.

Temperature
Temperature and kinetic energy are closely related.2 Tempera-
ture is a measurement of heat. Heat is the result of molecules 
colliding with one another. The temperature of a gas, with most 
of its internal energy spent keeping molecules in motion, is 
directly proportional to its kinetic energy. In contrast, the tem-
peratures of solids and liquids represent only part of their total 
internal energy.

Absolute Zero
In concept, absolute zero is the lowest possible temperature that 
can be achieved. That is the temperature at which there is no 
kinetic energy. Because there is no energy, the molecules cease 
to vibrate and the object has no heat that can be measured. This 
temperature is defined to be absolute zero. Although researchers 
have come close to attaining absolute zero, no one has actually 
achieved it; this is due to the third law of thermodynamics, 
which states absolute zero is impossible to achieve.

Temperature Scales
Multiple scales can be used to measure temperature. The Fahr-
enheit and Celsius scales are based on properties of water (freez-
ing and boiling). A third scale, the Kelvin scale, is based on 
molecular motion. Absolute zero provides a logical zero point 
on which to build a temperature scale. The International System 
of Units (SI) units for temperature is measured in Kelvin (K) 

on both the number and the force of molecular collisions 
between adjoining objects.

Heat transfer between objects is quantified by using a mea-
sure called thermal conductivity. Table 6-1 lists the thermal 
conductivities of selected substances in centimeter-gram- 
second (cgs) system units. As is evident, solids (especially 
metals) tend to have high thermal conductivity. This is why 
metals feel cold to the touch even when at room temperature. 
In this case, the high thermal conductivity of metal quickly 
draws heat away from the skin, creating a feeling of “cold.” In 
contrast, with fewer molecular collisions than in solids and 
liquids, gases exhibit low thermal conductivity.

Convection
Heat transfer in both liquids and gases occurs mainly by con-
vection. Convection involves the mixing of fluid molecules at 
different temperatures. Although air is a poor heat conductor 
(see Table 6-1), it can efficiently transfer heat by convection. To 
do so, the air is first warmed in one location and then circulated 
to carry the heat elsewhere; this is the principle behind forced-
air heating in houses and convection heating in infant incuba-
tors. Fluid movements carrying heat energy are called convection 
currents.

Radiation
Radiation is another mechanism for heat transfer. Conduction 
and convection require direct contact between two substances, 
whereas radiant heat transfer occurs without direct physical 
contact. Heat transfer by radiation occurs even in a vacuum, 
such as when the sun warms the earth.

The concept of radiant energy is similar to that of light. 
Radiant energy given off by objects at room temperature is 
mainly in the infrared range, which is invisible to the human 

TABLE 6-1 

Thermal Conductivities in (cal/sec)/(cm2 °C/cm)

Material Thermal Conductivity (k)

Silver 1.01
Copper 0.99
Aluminum 0.50
Iron 0.163
Lead 0.083
Ice 0.005
Glass 0.0025
Concrete 0.002
Water	at	20°	C 0.0014
Asbestos 0.0004
Hydrogen	at	0°	C 0.0004
Helium	at	0°	C 0.0003
Snow	(dry) 0.00026
Fiberglass 0.00015
Cork	board 0.00011
Wool	felt 0.0001
Air	at	0°	C 0.000057

From	Nave	CR,	Nave	BC:	Physics	for	the	health	sciences,	ed	3,	
Philadelphia,	1985,	WB	Saunders.
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To convert degrees Celsius to degrees Fahrenheit, simply 
reverse this formula:

° = × ° +F C( . )1 8 32

For example:

° =C 100

° = × +F ( . )1 8 100 32

° =F 212

Figure 6-2 shows the relationship between the kinetic activ-
ity of matter and temperature on all three common tempera-
ture scales. For ease of reference, four key points are defined: 
(1) the zero point of each scale, (2) the freezing point of water 
(0° C), (3) body temperature (37° C), and (4) the boiling point 
of water (100° C).

CHANGE OF STATE

All matter can change state. Because respiratory therapists work 
extensively with both liquids and gases, they must have a good 
understanding of the key characteristics of these states and the 
basic processes underlying their phase changes.

Liquid-Solid Phase Changes (Melting 
and Freezing)

When a solid is heated, its molecular kinetic energy increases. 
This added internal energy increases molecular vibrations. If 
enough heat is applied, these vibrations eventually weaken the 
intermolecular attractive forces. At some point, molecules  
break free of their rigid structure, and the solid changes into  
a liquid.

Melting
The changeover from the solid to liquid state is called melting. 
The temperature at which this changeover occurs is the melting 
point.2 The range of melting points is considerable. For example, 
water (ice) has a melting point of 0° C, carbon has a melting 

with a zero point equal to absolute zero (0° K).3-7 Because the 
Kelvin scale has 100 degrees between the freezing and boiling 
points of water, it is a centigrade, or 100-step, temperature scale. 
The Kelvin scale has the unique quality of being based on the 
triple-point definition for water (the temperature at which all 
three phases of water exist). This temperature happens to be 
approximately 273° K (0.0° C).5-7

The cgs temperature system is based on Celsius (C) units. 
Similar to the Kelvin scale, the Celsius scale is a centigrade scale 
(100 degrees between the freezing and boiling points of water). 
However, 0° C is not absolute zero but instead is the freezing 
point of water.

In Celsius units, kinetic molecular activity stops at approxi-
mately −273° C. Therefore 0° K equals −273° C, and 0° C equals 
273° K. To convert degrees Celsius to degrees Kelvin, simply add 
273:

° = ° +K C 273

For example:

25 25 273 298° = + = °C K

Conversely, to convert degrees Kelvin to Celsius, you simply 
subtract 273. For example:

310 310 273 37° = − = °K C

The Fahrenheit scale is the primary temperature scale in the 
foot, pound, and second (fps) or British system of measure-
ment. Absolute zero on the Fahrenheit scale equals −460° F.

To convert degrees Fahrenheit to degrees Celsius, use the 
following formula:

° = ° −C F( ) .32 1 8

For example:

° =F 98 6.

° = −C ( . ) .98 6 32 1 8

° =C 37

FIGURE 6-2	 Linear	relationship	between	gas	molecular	activity,	or	pressure,	and	temperature.	The	graph	shows	comparable	readings	on	
three	scales	for	five	temperature	points.	

–273
0

–460

Celsius
Kelvin

Fahrenheit

–17.80
255.2

0

0
273
32

37
310

 

100
373
21298.6

Kinetic activity
or

 pressure



106 SECTION I • Foundations of Respiratory Care

sublimation occurs because the vapor pressure is low enough 
for the intermediate liquid not to appear.

Properties of Liquids

Liquids exhibit flow and assume the shape of their container. 
Liquids also exert pressure, which varies with depth and density. 
Variations in liquid pressure within a container produce an 
upward supporting force, called buoyancy.

Although melting weakens intermolecular bonding forces, 
liquid molecules still attract one another. The persistence of 
these cohesive forces among liquid molecules helps explain the 
physical properties of viscosity, capillary action, and surface 
tension.

Pressure in Liquids
Liquids exert pressure, which has the dimensions of force per 
unit area. The pressure exerted by a liquid depends on both its 
height (depth) and weight density (weight per unit volume), 
which is shown in equation form:

P h dL w= ×

where PL is the static pressure exerted by the liquid, h is the 
height of the liquid column, and dw is the liquid’s weight density.

For example, to compute the pressure at the bottom of a 
33.9-ft (1034-cm)-high column of water (density = 1 g/cm3), 
you would use this equation:

P h d

cm g cm

g cm

L w= ×
= ×
=

1034 1

1034

3

2

( )

The answer (1034 g/cm2) also equals 1 atmosphere of pressure 
(atm), or approximately 14.7 lb/in2. This figure does not account 
for the additional atmospheric pressure (PB) acting on the top 

point of greater than 3500° C, and helium has a melting point 
of less than −272° C.

Figure 6-3 depicts the phase change caused by heating water. 
At the left origin of −50° C, water is solid ice. As the ice is heated, 
its temperature increases. At its melting point of 0° C, ice begins 
to change into liquid water. However, the full change to liquid 
water requires additional heat. This additional heat energy 
changes the state of water but does not immediately change its 
temperature.

The extra heat needed to change a solid to a liquid is the 
latent heat of fusion. In cgs units, the latent heat of fusion is 
defined as the number of calories required to change 1 g of a 
solid into a liquid without changing its temperature. The latent 
heat of fusion of ice is 80 cal/g, whereas the latent heat of fusion 
of oxygen is 3.3 cal/g. This change of state, compared with 
simply heating a solid, requires enormous energy.

Freezing
Freezing is the opposite of melting. Because melting requires 
large amounts of externally applied energy, you would expect 
freezing to return this energy to the surroundings, and this is 
exactly what occurs. During freezing, heat energy is transferred 
from a liquid back to the environment, usually by exposure  
to cold.

As the kinetic energy of a substance decreases, its molecules 
begin to regain the stable structure of a solid. According to the 
first law of thermodynamics,4 the energy required to freeze a 
substance must equal that needed to melt it. The freezing and 
melting points of a substance are the same.

Sublimation is the term used for the phase transition from a 
solid to a vapor without becoming a liquid as an intermediary 
form. An example of sublimation is dry ice (frozen carbon 
dioxide). Dry ice sublimates from its solid form into gaseous 
CO2 without first melting and becoming liquid CO2. This 

FIGURE 6-3	 Temperature	as	a	function	of	time	for	1	g	of	water	heated	at	the	rate	of	1	cal/sec.	(Modified	from	Nave	CR,	Nave	BC:	
Physics	for	the	health	sciences,	ed	3,	Philadelphia,	1985,	WB	Saunders.)

Water to steam transition100

50

0

–50

Ice to water

Time in seconds (or calories added)

Te
m

pe
ra

tu
re

 (
° 

C
)

100 200 300 400 500 600 700 8000



 Physical Principles of Respiratory Care • CHAPTER 6 107

of the liquid. The total pressure at the bottom of the column 
equals the sum of the atmospheric and liquid pressures. In this 
case, the total pressure is 2068 g/cm2, equal to 29.4 lb/in2, or 
2 atm.

As shown in Figure 6-4, the pressure of a given liquid is the 
same at any specific depth (h), regardless of the container’s 
shape. This is because the pressure of a liquid acts equally in all 
directions. This concept is called Pascal’s principle.

Buoyancy (Archimedes’ Principle)
Thousands of years ago, Archimedes showed that an object 
submersed in water appeared to weigh less than in air. This 
effect, called buoyancy, explains why certain objects float in 
water. Liquids exert buoyant force because the pressure below 
a submerged object always exceeds the pressure above it. This 
difference in liquid pressure creates an upward or supporting 
force. According to Archimedes’ principle, this buoyant force 
must equal the weight of the fluid displaced by the object. The 
buoyant force (B) may be calculated as follows:

B d Vw= ×

where dw is weight density (weight/unit volume) and V is 
volume of displaced fluid. If the weight density of an object is 
less than that of water (1 g/cm3), it will displace a weight of 
water greater than its own weight. In this case, the upward 
buoyant force will overcome gravity, and the object will float. 
Conversely, if an object’s weight density exceeds the weight of 
water, the object will sink.

Clinically, Archimedes’ principle is used to measure the spe-
cific gravity of certain liquids. The term specific gravity refers 
to the ratio of the density of one fluid compared with the 
density of another reference substance, which is typically water. 
Figure 6-5 shows the use of a hydrometer to measure the spe-
cific gravity of urine. The specific gravity of gases also can be 
measured. In this case, O2 or hydrogen is used as the standard 
instead of water.

Gases also exert buoyant force, although much less than that 
provided by liquids. Buoyancy helps keep solid particles sus-
pended in gases. These suspensions, called aerosols, play an 

FIGURE 6-4	 Pascal’s	principle.	Liquid	pressure	depends	only	on	the	height	(h)	and	not	on	the	shape	of	the	vessel	or	the	total	volume	of	
liquid.	(Modified	from	Nave	CR,	Nave	BC:	Physics	for	the	health	sciences,	ed	3,	Philadelphia,	1985,	WB	Saunders.)

h

FIGURE 6-5	 Using	a	hydrometer	to	measure	the	specific	gravity	
of	a	urine	specimen.	The	scale	value	of	1.025	indicates	that	this	
urine	sample	has	a	weight	density	1.025	times	greater	than	that	of	
water.	
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important role in respiratory care. More detail on the charac-
teristics and use of aerosols is provided in Chapters 38 and 39.

Viscosity
Viscosity is the force opposing a fluid’s flow and is similar to 
friction in solids. The viscosity of a fluid is directly proportional 
to the cohesive forces between its molecules. The stronger these 
cohesive forces are, the greater the fluid’s viscosity. The greater 
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the surface adhere to the glass more strongly than they cohere 
to each other (see Figure 6-7, A). In contrast, a mercury menis-
cus is convex (see Figure 6-7, B). In this case, the cohesive forces 
pulling the mercury atoms together exceed the adhesive forces 
trying to attract the mercury to the glass.

Surface Tension
Surface tension is a force per unit length (equivalent to surface 
energy density with units of Nm−1 = Jm−2) exerted by like mol-
ecules at the surface of a liquid. A small drop of fluid provides 
a good illustration of this force. As shown in Figure 6-8, cohe-
sive forces affect molecules inside the drop equally from all 

a fluid’s viscosity, the greater is its resistance to deformation and 
the greater its opposition to flow.

The understanding of viscosity leads to the concept that 
fluids move in discrete cylindrical layers, called streamlines. This 
pattern of motion is called laminar flow. Laminar flow is viewed 
as concentric layers of fluid flowing parallel to the tube wall at 
velocities that increase toward the center. As shown in Figure 
6-6, frictional forces between the streamlines and the tube wall 
impede movement of the outer layers of a fluid. Each layer, 
moving toward the center of the tube, hinders the motion of 
the next inner layer less and less.

The difference in the velocity among these concentric layers 
is called the shear rate and is simply a measure of how easily 
these layers separate. Shear rate depends on two factors: (1) the 
pressure pushing or driving the fluid, called the shear stress, and 
(2) the viscosity of the fluid. Shear rate is directly proportional 
to shear stress and inversely proportional to viscosity.

In uniform fluids such as water or oil, viscosity varies with 
temperature. Because higher temperatures weaken the cohesive 
forces between molecules, heating a uniform fluid reduces its 
viscosity. Conversely, cooling a fluid increases its viscosity. This 
is why a car’s engine is so hard to start on a cold winter morning. 
The oil becomes so viscous that it impedes movement of the 
engine’s parts.

Blood, in contrast to water or oil, is a complex fluid that 
contains not only liquid (plasma, which is 90% water) but also 
cells in suspension. For this reason, blood has a viscosity 
approximately five times greater than the viscosity of water. The 
greater the viscosity of a fluid, the more energy is needed to 
make it flow. The heart works harder to pump blood than it 
would if it were pumping water. The heart must perform even 
more work when blood viscosity increases, as occurs in polycy-
themia (an increase in red blood cell concentration in the 
blood).

Cohesion and Adhesion
The attractive force between like molecules is called cohesion. 
The attractive force between unlike molecules is called adhe-
sion. These forces can be observed at work by placing a liquid 
in a small-diameter tube. As shown in Figure 6-7, the top of the 
liquid forms a curved surface, or meniscus. When the liquid is 
water, the meniscus is concave because the water molecules at 

FIGURE 6-6	 Effects	of	shear	stress	or	pressure	(P)	on	shear	
rate	(velocity	gradient	[v])	in	a	Newtonian	fluid.	(Modified	from	
Winters	WL,	Brest	AN,	editors:	The	microcirculation,	Springfield,	IL,	
1969,	Charles	C	Thomas.)
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FIGURE 6-7	 The	shape	of	the	meniscus	depends	on	the	relative	
strengths	of	adhesion	and	cohesion.	A,	Water:	Adhesion	stronger	
than	cohesion.	B,	Mercury:	Cohesion	stronger	than	adhesion.	
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FIGURE 6-8	 The	force	of	surface	tension	in	a	drop	of	liquid.	
Cohesive	force	(arrows)	attracts	molecules	inside	the	drop	to	one	
another.	Cohesion	can	pull	the	outermost	molecules	inward	only,	
creating	a	centrally	directed	force	that	tends	to	contract	the	liquid	
into	a	sphere.	
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work, dW = PdV = TdA, where dV is the change in volume and 
dA is the change in surface area. Because the area of a sphere is 
4πR2, dA = d(4πR2). From calculus, the differential of the 
expression 4πR2 is 8πRdR. The volume of a sphere is 4πR3/3, so 
dV = d(4πR3/3). Again taking the differential of this expression 
gives dV = 4πR2dR. Returning to dW, we now see that because 
PdV = TdA, it follows that P(4πR2dR) = T(8πRdR). Rearranging 
and solving for P with simple algebra we get the common 
expression for the law of Laplace:

P
T

R
=

2

For a structure such as a soap bubble, which has two  
liquid-air surfaces (and hence twice the surface tension) the 
equation is:

P
T

R
=

4

Figure 6-9 suggests that if two alveoli of different sizes are 
connected, the smaller one will tend to empty into the larger 
one. However, this does not happen because, in reality, the two 
alveoli would have different surface tensions. This is because of 
the thin layer of surfactant inside the alveoli that counteracts 
the surface tension. As the radius of the alveoli decreases, its 
internal surface area also increases but the volume of surfactant 
stays the same. Hence the thickness of the layer of surfactant 
increases, which decreases the surface tension. Therefore all 
other factors being equal, the two alveoli will reach equilibrium, 
at which point they have the same radius. Abnormalities in 
alveolar surface tension occur in certain clinical conditions, 
such as prematurity. These abnormalities may result in collapse 
of alveoli secondary to high surface tension.

Capillary Action
Capillary action is a phenomenon in which a liquid in a small 
tube moves upward, against gravity. Capillary action involves 
both adhesive and surface tension forces. As shown in Figure 
6-10, A, the adhesion of water molecules to the walls of a thin 
tube causes an upward force on the edges of the liquid and 
produces a concave meniscus.

Because surface tension acts to maintain the smallest possi-
ble liquid-gas interface, instead of just the edges of the liquid 
moving up, the whole surface is pulled upward. The strength of 
this force depends on the amount of liquid that contacts the 
tube’s surface. Because a small capillary tube creates a more 
concave meniscus and a greater area of contact, liquid rises 
higher in tubes with smaller cross-sectional areas (see Figure 
6-10, B).

Capillary action is the basis for blood samples obtained by 
use of a capillary tube. The absorbent wicks used in some gas 
humidifiers are also an application of this principle, as are 
certain types of surgical dressings.

Liquid-Vapor Phase Changes

Only after ice completely melts does additional heat increase 
the temperature of the newly formed liquid (see Figure 6-3). As 

TABLE 6-2 

Examples of Surface Tension

Substance Temperature (°C) Surface Tension (dynes/cm)

Water 20 73
Water 37 70
Whole	blood 37 58
Plasma 37 73
Ethyl	alcohol 20 22
Mercury 17 547

FIGURE 6-9	 Laplace	relationship.	Two	bubbles	in	a	liquid	matrix	
(models	of	alveoli).	They	have	different	sizes	but	the	same	surface	
tension.	Bubble	A,	with	the	smaller	radius,	has	the	greater	inward	
or	deflating	pressure	and	is	more	prone	to	collapse	than	the	larger	
bubble,	B.	Because	the	two	bubbles	are	connected,	bubble	A	
would	tend	to	deflate	and	empty	into	bubble	B.	Conversely,	
because	of	the	greater	surface	tension	of	bubble	A,	it	would	be	
harder	to	inflate	than	bubble	B.	
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directions. However, only inward forces affect molecules on the 
surface. This imbalance in forces causes the surface film to 
contract into the smallest possible surface area, usually a sphere 
or curve (meniscus). This phenomenon explains why liquid 
droplets and bubbles retain a spherical shape.

Surface tension is quantified by measurement of the force 
needed to produce a “tear” in a fluid surface layer. Table 6-2 lists 
the surface tensions of selected liquids in dynes per centimeter 
(cgs). For a given liquid, surface tension varies inversely with 
temperature: The higher the temperature, the lower is the 
surface tension. Surface tension plays an important role in 
determining the relative sizes of connected alveoli (Figure 6-9). 
To understand this, consider a spherical bubble of air in a liquid 
(analogous to an alveolus). According to Laplace’s law, the pres-
sure inside the bubble varies directly with the surface tension 
of the liquid and inversely with its radius. Internal surface 
tension (T) will attempt to contract the bubble but is opposed 
by the resulting pressure inside the bubble (P). To increase the 
radius by an amount dR, we must perform work, dW (where d 
represents an infinitesimal change as used in calculus). The 
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Energy is also needed to vaporize liquids, as with other phase 
changes. The energy required to vaporize a liquid is the latent 
heat of vaporization. In cgs units, the latent heat of vaporiza-
tion is the number of calories required to vaporize 1 g of a 
liquid at its normal boiling point.

Melting weakens attractive forces between molecules, 
whereas vaporization eliminates them. Elimination of these 
forces converts essentially all of the internal energy of a sub-
stance into kinetic energy. For this reason, vaporization requires 
substantially more energy than melting. As shown in Figure 6-3, 
almost seven times more energy is needed to convert water to 
steam (540 cal/g) than is needed to melt ice.

Evaporation, Vapor Pressure, and Humidity
Boiling is only one type of vaporization. A liquid also can 
change into a gas at temperatures lower than its boiling point 
through a process called evaporation. Water is a good example 
(Figure 6-11). When at a temperature lower than its boiling 
point, water enters the atmosphere via evaporation. The liquid 

the water temperature reaches 100° C, a new change of state 
begins—from liquid to vapor. This change of state is called 
vaporization. There are two different forms of vaporization: 
boiling and evaporation.

Boiling
The boiling point of a liquid is the temperature at which its 
vapor pressure exceeds atmospheric pressure. When a liquid 
boils, its molecules must have enough kinetic energy to force 
themselves into the atmosphere against the opposing pressure. 
Because the weight of the atmosphere retards the escape of 
vapor molecules, the greater the ambient pressure, the greater 
is the boiling point. Conversely, when atmospheric pressure is 
low, liquid molecules escape more easily and boiling occurs at 
lower temperatures. This is why cooking times must be increased 
at higher altitudes.

Although boiling is associated with high temperatures, the 
boiling points of most liquefied gases are very low. At 1 atm, O2 
boils at −183° C.

FIGURE 6-10	 Capillary	action.	A,	Adhesion	and	surface	tension	contribute	to	capillary	action	(capillarity).	B,	The	liquid	rises	highest	in	the	
smallest	tube.	(Modified	from	Nave	CR,	Nave	BC:	Physics	for	the	health	sciences,	ed	3,	Philadelphia,	1985,	WB	Saunders.)
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FIGURE 6-11	 Factors	influencing	vaporization	of	water.	See	text	for	details.	
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molecules are in constant motion, as in the gas phase. Although 
this kinetic energy is less intense than in the gaseous state, it 
allows some molecules near the surface to escape into the sur-
rounding air as water vapor (see Figure 6-11, A).

After water is converted to a vapor, it acts like any gas. Not 
to be confused with visible particulate water, such as mist or 
fog, this invisible gaseous form of water is called molecular 
water. Molecular water obeys the same physical principles as 
other gases and exerts a pressure called water vapor pressure. 
This pressure needs to be considered when calculating gas 
exchange (Chapter 13).

Evaporation requires heat. The heat energy required for 
evaporation comes from the air next to the water surface. As the 
surrounding air loses heat energy, it cools. This is the principle 
of evaporative cooling, which was previously described.

If the container is covered, water vapor molecules continue 
to enter the air until it can hold no more water (see Figure 6-11, 
B). At this point, the air over the water is saturated with water 
vapor. However, vaporization does not stop when saturation 
occurs. Instead, for every molecule escaping into the air, another 
returns to the water reservoir. These conditions are referred to 
as a state of equilibrium.

Influence of Temperature. No other factor influences 
evaporation more than temperature. Temperature affects evap-
oration in two ways. First, the warmer the air, the more vapor 
it can hold. Specifically, the capacity of air to hold water vapor 
increases with temperature. The warmer the air contacting a 
water surface, the faster is the rate of evaporation.

Second, if water is heated, its kinetic energy is increased, and 
more molecules are helped to escape from its surface (see Figure 
6-11, C). Last, if the container of heated water is covered, the 
air again becomes saturated (see Figure 6-11, D). However, the 
heated saturated air, compared with the unheated air (see Figure 
6-11, B), now contains more vapor molecules and exerts a 
higher vapor pressure (as shown by the manometer in Figure 
6-11, D). The temperature of a gas affects both its capacity to 
hold molecular water and the water vapor pressure.

The relationship between water vapor pressure and tempera-
ture is shown graphically in Figure 6-12. The left vertical axis 
plots water vapor pressure in both millimeters of mercury 
(mm Hg) and (kilopascals (kPa). The horizontal axis plots tem-
peratures between 0° and 70° C. This graph shows that the 
greater the temperature, the greater is the saturated water vapor 
pressure (bold red dots). Table 6-3 lists actual water vapor pres-
sures in saturated air in the clinical range of temperatures (20° 
to 37° C).

Humidity. Water vapor pressure represents the kinetic 
activity of water molecules in air. For the actual amount or 
weight of water vapor in a gas to be determined, the water vapor 
content or absolute humidity must be measured.

Absolute humidity can be measured by weighing the water 
vapor extracted from air using a drying agent. The common 
unit of measure for absolute humidity is milligrams of water 
vapor per liter of gas (mg/L). Absolute humidity values for satu-
rated air at various temperatures are plotted against the right 
vertical axis of Figure 6-12. The middle column of Table 6-3 

FIGURE 6-12	 Water	vapor	pressure	(PH O2 )	and	absolute	humidity	
(mg	H2O/L)	curves	for	gas	that	is	fully	saturated	(relative	humidity	
[RH]	=	100%)	and	gas	that	is	half	saturated	(RH	=	50%).	
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TABLE 6-3 

Vapor Pressure and Absolute Humidity for Air 
Saturated with Water Vapor

Temperature 
(°C)

Vapor Pressure 
(mm Hg)

Water Vapor 
Content (mg/L)

ATPS to BTPS 
Correction Factor*

20 17.50 17.30 1.102
21 18.62 18.35 1.096
22 19.80 19.42 1.091
23 21.10 20.58 1.085
24 22.40 21.78 1.080
25 23.80 23.04 1.075
26 25.20 24.36 1.068
27 26.70 25.75 1.063
28 28.30 27.22 1.057
29 30.00 28.75 1.051
30 31.80 30.35 1.045
31 33.70 32.01 1.039
32 35.70 33.76 1.032
33 37.70 35.61 1.026
34 39.90 37.57 1.020
35 42.20 39.60 1.014
36 44.60 41.70 1.007
37 47.00 43.80 1.000

ATPS,	Ambient	temperature	and	pressure	saturated;	BTPS,	body	
temperature	and	pressure	saturated.
*Correction	factors	are	based	on	760	mm	Hg	pressure.

lists these absolute humidity values for saturated air between 
20° and 37° C.

A gas does not need to be fully saturated with water vapor. 
If a gas is only half saturated with water vapor, its water vapor 
pressure and absolute humidity are only half that in the fully 
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saturated with water vapor. Under these conditions, even slight 
cooling of the gas causes its water vapor to turn back into the 
liquid state, a process called condensation.

Condensed moisture deposits on any available surface, such 
as on the walls of a container or delivery tubing or on particles 
suspended in the gas. Condensation returns heat to and warms 
the surrounding environment, whereas vaporization of water 
cools the adjacent air.

If air that is at an RH of 90% is cooled, its capacity to hold 
water vapor decreases. Although the water vapor capacity of the 
air decreases, its content remains constant. With a lower capac-
ity but the same content, the RH of the air must increase. 
Continued cooling decreases the air’s water vapor capacity until 
it eventually equals the water vapor content (RH = 100%). 
When content equals capacity, the air is fully saturated and can 
hold no more water vapor.

Because RH never exceeds 100%, any further decrease in 
temperature causes condensation. The temperature at which 
condensation begins is called the dew point. Cooling a satu-
rated gas below its dew point causes increasingly more water 
vapor to condense into liquid water droplets.

Figure 6-13 provides a useful analogy of the relationship 
among water vapor content, capacity, and RH. The various-
sized glasses represent the capacity of a gas to hold water vapor. 
The larger the glass, the greater is its capacity. The water in the 
glasses represents the actual water vapor content. A glass that is 
half full is at 50% capacity, or 50% RH. A full glass represents 
the saturated state, which is equivalent to 100% RH.

Figure 6-13, A, shows what happens when a saturated gas is 
heated. Warming a gas increases its capacity to hold water vapor 
but does not change its content. This is equivalent to pouring 
the contents of the full glass on the left in Figure 6-13, A into 

saturated state. Air that is fully saturated with water vapor at 
37° C, and 760 mm Hg has a water vapor pressure of 47 mm Hg 
and an absolute humidity of 43.8 mg/L (see Table 6-3). However, 
if the same volume of air were only 50% saturated with water 
vapor, its water vapor pressure would be 0.50 × 47 mm Hg, or 
23.5 mm Hg and its absolute humidity would be 0.50 × 
43.8 mg/L, or 21.9 mg/L.

When a gas is not fully saturated, its water vapor content can 
be expressed in relative terms using a measure called relative 
humidity (RH). The RH of a gas is the ratio of its actual water 
vapor content to its saturated capacity at a given temperature. 
RH is expressed as a percentage and is derived with the follow-
ing simple formula:

RH
content

capacity
(%) %= ×100

For example, saturated air at a room temperature of 20° C has 
the capacity to hold 17.3 mg/L of water vapor (see Table 6-3). 
If the absolute humidity is 12 mg/L, the RH is calculated as 
follows:

RH mg L mg L

RH

RH

= ×
= ×
=

12 17 3 100

0 69 100

69

. %

. %

%

Actual water vapor content does not have to be measured for 
RH to be computed. Instruments called hygrometers allow mea-
surement of RH using a wide variety of ingenuous mechanisms 
based on the effects of humidity on, for example, temperature 
through evaporation (psychrometers), the length of a human 
hair, or electrical capacitance and resistance.

When the water vapor content of a volume of gas equals its 
capacity, the RH is 100%. When the RH is 100%, a gas is fully 

FIGURE 6-13	 Relative	humidity	analogy.	A,	The	effect	of	increasing	capacity	without	changing	content,	as	when	heating	a	saturated	gas.	
B,	The	effect	of	decreasing	capacity,	as	when	cooling	a	gas.	See	text	for	details.	
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To compute the humidity deficit, simply subtract the actual 
water vapor content from its capacity at 37° C (43.8 mg/L).

Influence of Pressure. High temperatures increase vapor-
ization, whereas high pressures impede this process. Water mol-
ecules trying to escape from a liquid surface must push their 
way out against the opposing air molecules. If the surrounding 
air pressure is high, there are more opposing air molecules and 
vaporization decreases. Alternatively, low atmospheric pres-
sures increases vaporization.

Influence of Surface Area. The greater the available surface 
area of the gas in contact with air, the greater is the rate of liquid 
evaporation. This statement can be easily proved by comparing 
how quickly equal volumes of water evaporate under dry condi-
tions from a flat plate versus from a tall, narrow glass. The water 
spread over a flat plate evaporates more quickly compared with 
the same amount of liquid in a tall, narrow glass. This principle 
is applied to the design of certain humidifiers to increase their 
ability to put water vapor in the passing gas.

Properties of Gases

Gases share many properties with liquids. Specifically, gases 
exert pressure, are capable of flow, and exhibit the property of 
viscosity. However, in contrast to liquids, gases are readily com-
pressed and expanded and fill the spaces available to them 
through diffusion.

Kinetic Activity of Gases
Because the intermolecular forces of attraction of a gas are so 
weak, most of the internal energy of a gas is kinetic energy. 
Kinetic theory says that gas molecules travel about randomly at 
very high speeds and with frequent collisions.

The velocity of gas molecules is directly proportional to tem-
perature. As a gas is warmed, its kinetic activity increases, its 
molecular collisions increase, and its pressure increases. Con-
versely, when a gas is cooled, molecular activity decreases, par-
ticle velocity and collision frequency decrease, and the pressure 
decreases.

Molar Volume and Gas Density
A major principle governing chemistry is Avogadro’s law. This 
law states that the 1-g atomic weight of any substance contains 
exactly the same number of atoms, molecules, or ions. This 
number, 6.023 × 1023, is Avogadro’s constant. In SI units, this 
quantity of matter equals 1 mole.

Molar Volume. Avogadro’s law states that equal volumes of 
gases under the same conditions must contain the same number 
of molecules. At a constant temperature and pressure, 1 mole 
of a gas should occupy the same volume as 1 mole of any other 
gas. This ideal volume is termed the molar volume.

At standard temperature (0.0° C) and pressure (760 mm Hg), 
dry (STPD); the ideal molar volume of any gas is 22.4 L. In 
reality, there are small deviations from this ideal. For example, 
although the molar volumes of both O2 and nitrogen are 22.4 L 
at STPD, the molar volume of CO2 is closer to 22.3 L. These 
values are used to calculate gas densities and convert dissolved 
gas volumes into moles per liter.

MINI CLINI
Condensation and Evaporation

A good clinical example of condensation and evaporation is the 
hygroscopic condenser humidifier, a form of artificial nose 
(Figure 6-14). These devices consist of layers of water-absorbent 
material encased in plastic. When a patient exhales into an 
artificial nose, the warm, saturated expired gas cools, causing 
condensation on the absorbent surfaces. As condensation 
occurs, heat is generated in the device. When the patient inhales 
through the device, the inspired gases are warmed and the 
previously condensed water evaporates, aiding in airway 
humidification. Chapter 38 provides more detail on humidifi-
cation devices, including the artificial nose.

FIGURE 6-14	 Hygroscopic	condenser	humidifier.	
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progressively larger glasses. The amount of water does not 
change, but as the glasses get larger, they become less full. We 
started with a full glass (100% RH) but end up with one that is 
only one-third full (33% RH).

A decrease in capacity would have the opposite effect. In 
Figure 6-13, B, we start with a large glass, which is half full (50% 
RH). The capacity of the glass is decreased by pouring the water 
into progressively smaller glasses (equivalent to decreasing the 
gas temperature). Eventually, the water volume is enough to fill 
a smaller glass (100% RH). What happens if we try to empty 
this full glass into an even smaller one? Because the smaller glass 
has less capacity, the excess content must spill over. This spill-
over is analogous to the condensation occurring when a satu-
rated gas cools below its dew point. However, although 
condensation has removed the excess moisture from the air, the 
smaller glass is still full (100% RH).

In clinical practice, two additional measures of humidity are 
used: percent body humidity (BH) and humidity deficit. The BH 
of a gas is the ratio of its actual water vapor content to the water 
vapor capacity in saturated gas at body temperature (37° C). 
The BH is the same as RH except that the capacity (or denomi-
nator) is fixed at 43.8 mg/L:

BH
content mg L

(%)
( )

.
%= ×

43 8
100

The humidity deficit associated with a BH less than 100% 
represents the amount of water vapor the body must add to the 
inspired gas to achieve saturation at body temperature (37° C). 
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physiology, the term tension is often used to refer to the pressure 
exerted by gases when dissolved in liquids. The pressure or 
tension of a gas depends mainly on its kinetic activity. In addi-
tion, gravity affects gas pressure. Gravity increases gas density, 
increasing the rate of molecular collisions and gas tension; this 
explains why atmospheric pressure decreases with altitude.

Pressure is a measure of force per unit area. The SI unit of 
pressure is the N/m2, or Pascal (Pa). Pressure in the cgs system 
is measured in dynes/cm2, whereas pounds per square inch (lb/
in2 or psi) is the British foot-pound-second (fps) pressure unit. 
Pressure can also be measured indirectly as the height of a 
column of liquid, as is commonly done to determine atmo-
spheric pressure.

Measuring Atmospheric Pressure. Atmospheric pressure 
is measured with a barometer. A barometer consists of an evacu-
ated glass tube approximately 1 m long. This tube is closed at the 
top end, with its lower, open end immersed in a mercury reser-
voir (Figure 6-15). The pressure of the atmosphere on the 
mercury reservoir forces the mercury up the vacuum tube a 
distance equivalent to the force exerted. In this manner, the 
height of the mercury column represents the downward force of 
atmospheric pressure and is measured in either inches (British) 
or millimeters (metric). Barometer pressure is reported with 
readings such as 30.4 inches of mercury (Hg) or 772 mm Hg; 
this means that the atmospheric pressure is great enough to 
support a column of mercury 30.4 inches or 772 mm in height.

Alternatively, the term torr may be used in pressure readings. 
Torr is short for Torricelli, the seventeenth-century inventor of 
the mercury barometer. At sea level, 1 torr equals 1 mm Hg. A 
pressure reading of 772 torr is the same as 772 mm Hg.

Density. Density is the ratio of the mass of a substance to 
its volume. A dense substance has heavy (high atomic weight) 
particles packed closely together. Uranium is a good example of 
a dense substance. Conversely, a low-density substance has a low 
concentration of light atomic particles per unit volume. Hydro-
gen gas is a good example of a low-density substance.

In clinical practice, weight is often substituted for mass, and 
weight density (weight per unit volume [dw]) is actually mea-
sured. Solid or liquid weight density is commonly measured in 
grams per cubic centimeter. For gases, the most common unit 
is grams per liter. Because weight density equals weight divided 
by volume, the density of any gas at STPD can be computed 
easily by dividing its molecular weight (gmw) by the universal 
molar volume of 22.4 L (22.3 for CO2). Box 6-1 provides exam-
ples of gas density calculations.

For the density of a gas mixture to be calculated, the percent-
age or fraction of each gas in the mixture must be known. To 
calculate the density of air at STPD, the following equation  
is used:

d air FN gmw N FO gmw O L

d air

w

w

= × + ×
= × + ×

( ) ( ) .

( . ) ( .

2 2 22 4

0 79 28 0 21 32)) .

.

22 4

1 29d air g Lw =

FN and FO2 equal the fractional concentrations of N and O2 
in air.

Gaseous Diffusion
Diffusion is the process whereby molecules move from areas of 
high concentration to areas of lower concentration. Kinetic 
energy is the driving force behind diffusion. Because gases have 
high kinetic energy, they diffuse most rapidly. However, diffu-
sion also occurs in liquids and can occur in solids. Gas diffusion 
rates are quantified using Graham’s law. Mathematically, the 
rate of diffusion of a gas (D) is inversely proportional to the 
square root of its gram molecular weight:

D
gmw

gas ∝
1

According to this principle, light gases diffuse rapidly whereas 
heavy gases diffuse more slowly. Because diffusion is based on 
kinetic activity, anything that increases molecular activity 
quickens diffusion. Heating and mechanical agitation speed 
diffusion.

Gas Pressure
Whether free in the atmosphere, enclosed in a container, or 
dissolved in a liquid such as blood, all gases exert pressure. In 

 Box 6-1 Examples of Gas Densities dw at 
Standard Temperature and 
Pressure, Dry

dw	O2	=	gmw/22.4	=	32/22.4	=	1.43	g/L
dw	N2	=	gmw/22.4	=	28/22.4	=	1.25	g/L
dw	He	=	gmw/22.4	=	4/22.4	=	0.179	g/L
dw	CO2	=	gmw/22.4	=	44/22.4	=	1.97	g/L

FIGURE 6-15	 Major	components	of	a	mercury	barometer.	
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The height of a column of mercury is not a true measure of 
pressure. Height is a linear measure, whereas pressure repre-
sents force per unit area. The pressure exerted by a liquid is 
directly proportional to its depth (or height) times its density:

Pressure Height Density= ×

At sea level, the average atmospheric pressure supports a 
column of mercury 76 cm (760 mm) or 29.9 inches in height. 
If we also know that mercury has a density of 13.6 g/cm3 
(0.491 lb/in3), the average atmospheric pressure (PB) is calcu-
lated as follows:

cgs units P cm g cm g cmB: .= × =76 13 6 10343 2

fps units P in lb in lb inB: . . .= × =29 9 0 491 14 73 2

These two measures, 1034 g/cm2 and 14.7 lb/in2, are considered 
standards in the cgs and British fps systems, each being equiva-
lent to 1 atm.4-7

Similar to any solid material, a barometer’s housing reacts to 
temperature changes by expanding and contracting. In addi-
tion, the mercury column acts like a large thermometer. Both 
pressure and temperature affect the mercury level of a barom-
eter. For accuracy, the reading must be corrected for tempera-
ture changes.

Clinical Pressure Measurements. Mercury is the most 
common fluid used in pressure measurements both in barom-
eters and at the bedside. Because of the high density (13.6 g/
cm3) of mercury, it assumes a height that is easy to read for most 
pressures in the clinical range. Water columns also can be used 
to measure pressure (in centimeters of water [cm H2O]) but 
only low pressures. Because water is 13.6 times less dense than 
mercury, 1 atm would support a water column 33.9 feet high 
or about as tall as a two-story building.

Both mercury and water columns are still used in clinical 
practice, especially when vascular pressures are being measured. 
However, these traditional tools are rapidly being replaced by 
mechanical or electronic pressure-measuring devices. Even so, 
these new instruments must be calibrated against a mercury or 
water column before making measurements.

The simplest mechanical pressure gauge is the aneroid 
barometer, which is common in homes. An aneroid barometer 
consists of a sealed evacuated metal box with a flexible, spring-
supported top that responds to external pressure changes 
(Figure 6-16). This motion activates a geared pointer, which 
provides a scale reading analogous to pressure.

This same concept underlies the simple mechanical manom-
eters used to measure blood or airway pressure at the bedside 
(Figure 6-17). However, rather than the pressure acting exter-
nally on the sealed chamber, the inside is connected to the 
pressure source. In this manner, the flexible chamber wall 
expands and contracts as pressure increases or decreases.

A flexible chamber also can be used to measure pressure 
electronically. These devices are called strain-gauge pressure 
transducers. In these devices, pressure changes expand and 
contract a flexible metal diaphragm connected to electrical 
wires (Figure 6-18). The physical strain on the diaphragm 
changes the amount of electricity flowing through the wires. By 

FIGURE 6-16	 Aneroid	barometer.	
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FIGURE 6-17	 Mechanical	manometer	used	to	measure	a	
patient’s	airway	pressure.	

	

RULE OF THUMB

One	kilopascal	equals	approximately	10.2	cm	H2O.	A	
pressure	of	10	kPa	equals	approximately	100	cm	H2O.	
Conversely,	a	pressure	of	60	cm	H2O	equals	
approximately	6	kPa.

measuring this change in electrical voltage, we are indirectly 
measuring changes in pressure. Most modern medical devices 
use small, solid-state, piezoelectric pressure sensors. These 
devices work on the principle that certain materials generate an 
electric charge in response to applied mechanical stress.

Although millimeters of mercury and centimeters of water 
are still the most common pressure units used at the bedside, 
they do not represent the SI standard. The SI unit of pressure 
is the kPa; 1 kPa equals approximately 10.2 cm H2O or 7.5 torr. 
To convert between these pressure units accurately, use the 
factors provided in the rear inside cover of this book.
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the resulting PO2 is 0.21 × 282, or 59 torr, just more than one-
third of that available at sea level. Because the PO2 (not its 
percentage) determines physiologic activity, high altitudes can 
impair O2 uptake by the lungs. Mountain climbers must some-
times use supplemental O2 at high altitudes for this reason. By 
increasing the amount of O2 more than 0.21, we can raise its 
partial pressure and increase uptake by the lungs. For a practical 
application of this principle, see the accompanying Mini Clini.

Partial Pressures (Dalton’s Law)
Many gases exist together as mixtures. Air is a good example of 
a gas mixture, consisting mainly of O2 and N. A gas mixture, 
similar to a solitary gas, exerts pressure. The pressure exerted by 
a gas mixture must equal the sum of the kinetic activity of all 
its component gases. The pressure exerted by a single gas in a 
mixture is called its partial pressure.

Dalton’s law describes the relationship between the partial 
pressure and the total pressure in a gas mixture. According to 
this law, the total pressure of a mixture of gases must equal the 
sum of the partial pressures of all component gases. The prin-
ciple states that the partial pressure of a component gas must 
be proportional to its percentage in the mixture.8

A gas making up 25% of a mixture would exert 25% of the 
total pressure. For consistency, the percentage of a gas in a 
mixture is usually expressed in decimal form, using the term 
fractional concentration. A gas that is 25% of a mixture has a 
fractional concentration of 0.25. For example, air consists of 
approximately 21% O2 and 79% N. To compute the partial pres-
sure of each component, simply multiply the fractional concen-
tration of each component by the total pressure. Assuming a 
normal atmospheric pressure of 760 torr, the individual partial 
pressure is computed as follows:

Partial pressure Fractional concentration Total pressure= ×
PO torr torr2 0 21 760 160= × =.

PN torr torr= × =0 79 760 60.

As predicted by Dalton’s law, the sum of these partial pres-
sures equals the total pressure of the gas mixture.

What if the total pressure changed? Barometric pressure 
changes, in addition to minor fluctuations caused by weather, 
are mainly a function of altitude. Considering only O2, we know 
that its fractional concentration, or fractional inspired O2 
(FiO2), remains constant at approximately 0.21. At a PB of 760 
torr, the PO2 is equal to 0.21 × 760, or 160 torr. At 25,000 feet, 
the FiO2 of air is still 0.21. However, the PB is only 282 torr, and 

FIGURE 6-18	 Strain-gauge	pressure	transducer.	A,	No	pressure	is	applied.	B,	Pressure	is	applied	to	the	transducer.	An	ammeter	shows	
a	change	in	electrical	current	proportional	to	the	magnitude	of	pressure	applied.	
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MINI CLINI
Why Are Oxygen Masks Needed  
on Airplanes?

PROBLEM:  People who have traveled by air are familiar with 
the safety instructions given by the crew before flight. Instruc-
tions are included on how to use the O masks. When and why 
are these masks needed?

DISCUSSION:  At a typical cruising altitude of 30,000 feet, the 
PB outside the airplane cabin is approximately 226 torr. The 
inspired partial pressure of O2 (PiO2) is calculated as follows:

PiO torr torr2 0 21 226 47= × =.

If the cabin were to depressurize, travelers inside would be 
exposed to this low PiO2. At this PiO2, most people become 
unconscious within seconds and eventually die of lack of O2 
(anoxia).

To overcome this problem, emergency O2 masks are avail-
able when the cabin depressurizes. These masks, assuming a 
tight fit, probably provide approximately 70% O2, or an FiO2 
of 0.70. The PiO2 of a person wearing a mask under these 
conditions is calculated as follows:

PiO torr torr2 0 70 226 158= × =.

This PiO2 (about the same as at sea level) is sufficient to 
keep the passengers alive until the crew can bring the plane 
down to a safe altitude.
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molecules are squeezed closer together. If a gas-filled container 
could be enlarged, the gas would expand to occupy the new 
volume. Figure 6-19 illustrates the concepts of gas compression 
and expansion.

Gas Laws

Several laws help define the relationships among gas pressure, 
temperature, mass, and volume (Table 6-4). Using these laws,10,11 
the behaviors of gases under changing conditions can be pre-
dicted. Underlying all these laws are three basic assumptions: 
(1) No energy is lost during molecular collisions, (2) the volume 
of the molecules themselves is negligible, and (3) no forces of 
mutual attraction exist between these molecules. These three 
assumptions describe the behavior of an “ideal gas.” Under 
normal conditions, most gases exhibit ideal behavior.

Effect of Water Vapor

In clinical practice, most gas law calculations must take into 
account the presence of water vapor. Water vapor, similar to any 
gas, occupies space. The dry volume of a gas at a constant pres-
sure and temperature is always smaller than its saturated 
volume. The opposite is also true. Correcting from the dry state 
to the saturated state always yields a larger gas volume.

In contrast, high atmospheric pressures increase the partial 
pressure of inspired O2 (PiO2) in an air mixture. Pressures above 
atmospheric are called hyperbaric pressures.9 Hyperbaric pres-
sures commonly occur only in underwater diving and in special 
hyperbaric chambers.9 For example, at a depth of 66 feet under 
the sea, water exerts a pressure of 3 atm, or 2280 mm Hg (3 × 
760). At this depth, the O2 in an air mixture breathed by a diver 
exerts a PO2 of 0.21 × 2280, or approximately 479 mm Hg. This 
is nearly three times the PO2 at sea level.

The same conditions can be created on dry land in a hyper-
baric chamber. Hyperbaric chambers are used for controlled 
depressurization of deep-sea divers and to treat certain types of 
diving accidents. Clinically, hyperbaric chambers and O2 are 
used together to treat various conditions, including carbon 
monoxide poisoning and gangrene. Chapter 41 provides more 
details on this use of high-pressure O2.

Solubility of Gases in Liquids (Henry’s Law)
Gases can dissolve in liquids. Carbonated water and soda are 
good examples of a gas (CO2) dissolved in a liquid (water). 
Henry’s law states that at a constant temperature, the amount 
of a given gas that dissolves in a given type and volume of liquid 
is directly proportional to the partial pressure of that gas in 
equilibrium with that liquid. For O2 dissolved in blood, the 
equation is

C kPdO O2 2=

where CdO2 is the concentration of O2 of dissolved O2 in the 
blood at standard temperature and pressure dry conditions 
(milliliters per deciliter of blood, equivalent to mL/100 mL, also 
called volume percent), k is the constant of proportionality, or 
solubility coefficient (for blood k = 0.0031 mL/mm Hg/dL 
blood at 37° C). Note that this term shows up in the equation 
for the total O2 content of blood (see Chapter 12). For example, 
if the PaO2 is 100 mm Hg, the concentration of dissolved O2 is:

C mL dLdO2 0 0031 100 0 3= × =. .

Temperature plays a major role in gas solubility. High tem-
peratures decrease solubility, and low temperatures increase 
solubility. This is why an open can of soda may still fizz if left 
in the refrigerator but quickly goes flat when left out at room 
temperature. The effect of temperature on solubility is a result 
of changes in kinetic activity. As a liquid is warmed, the kinetic 
activity of any dissolved gas molecules is increased. This increase 
in kinetic activity increases the escaping tendency of the mol-
ecules and partial pressure. As an increasing number of gas 
molecules escape, the amount left in a solution decreases 
rapidly. For a practical application of this principle, see the 
accompanying Mini Clini, which discusses blood gases and 
patient temperature.

GAS BEHAVIOR UNDER  
CHANGING CONDITIONS

Gases, with large distances between their molecules, are easily 
compressed and expanded. When a gas is pressurized, the 

MINI CLINI
Blood Gases Versus Patient 
Temperature

PROBLEM:  Respiratory therapists (RTs) frequently need to 
sample and measure the partial pressures of O2 and CO2 
in patients’ arterial blood. These samples are called arterial 
blood gas (ABG) samples. Typically, ABG samples are measured 
in analyzers kept at a normal body temperature of 37° C. 
However, not all patients have normal body temperatures. 
Many are feverish (hyperpyrexia), and some have low body 
temperatures (hypothermia). What effect does this have on the 
measurements?

DISCUSSION:  The direct relationship between temperature 
and partial pressure causes higher arterial PO2 and PCO2 read-
ings at higher temperatures. At 37° C, the arterial PO2 in a 
normal adult is approximately 100 torr. However, at 47° C, the 
PO2 would be nearly twice as high. A smaller increase from 37° 
to 39° C increases the arterial PO2 less markedly from 100 torr 
to approximately 110 torr. Likewise, an increase in temperature 
increases the arterial PCO2. Arterial PCO2 values increase 
approximately 5% per degree Celsius. An increase in tempera-
ture from 37° to 39° C increases the PCO2 by approximately 
10%, from 40 torr to 44 torr.

The reverse is also true. Decreased temperatures decrease 
the arterial partial pressures of O2 and CO2. Correction equa-
tions are available to help compute these corrections; however, 
they correct only for the relationship between temperature and 
pressure and do not take into account metabolic and cardio-
vascular changes that accompany a change in a patient’s tem-
perature. For this reason, the use of corrected PO2 and PCO2 
readings remains controversial.
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FIGURE 6-19	 A	mass	of	gas	in	the	resting	state	exerts	a	given	pressure	(P)	at	a	given	temperature	(T)	in	cylinder	A.	In	cylinder	B,	as	the	
piston	compresses	the	gas,	the	molecules	are	crowded	closer	together,	and	the	increased	energy	of	molecular	collisions	increases	both	the	
temperature	and	the	pressure.	Conversely,	as	the	gas	expands	in	cylinder	C,	molecular	interaction	decreases	and	the	temperature	and	
pressure	decrease.	

T P T PT P

A B C

TABLE 6-4 

Laws Describing Gas Behavior Under Changing Conditions

Gas Law Basic Relationship Constants Description Working Formula* Clinical Applications

Boyle’s	law P	×	V	=	k Temperature,	
mass

Volume	of	a	gas	varies	inversely	
with	its	pressure

P1V1	=	P2V2 Ventilation	(see	Chapter	11)
Body	plethysmography	

(see	Chapter	19)
Compressed	volume	(see	

Chapter	38)
Charles’	law V

T
k= Pressure,	

mass
Volume	of	gas	varies	directly	with	

changes	in	its	temperature	(°K)
V
T

V
T

1

1

2

2

= ATPS	to	BTPS	corrections	
(see	this	chapter)

Gay-Lussac’s	
law

P
T

k= Volume,	
mass

Pressure	exerted	by	a	gas	varies	
directly	with	its	absolute	
temperature

P
T

P
T

1

1

2

2

= Cylinder	pressures	(see	
Chapter	38)

Combined	
gas	law

PV	=	nRT — Interaction	of	above	(none	held	
constant)

P V
nT

P V
nT

1 1

1

2 2

2

= Complex	interactions	of	
variables

*Use	the	working	formulas	to	calculate	the	new	value	of	a	parameter	when	a	gas	undergoes	a	change	in	P,	V,	n,	or	T.	For	example,	to	solve	for	a	new	volume	
(V2)	using	Boyle’s	law,	you	would	simply	rearrange	its	working	equation	as	follows:

V V P P2 1 1 2= ×

n,	Mass;	P,	pressure;	R,	the	gas	constant	(a	combined	constant	of	proportionality);	T,	temperature	(°K);	V,	volume.

The pressure exerted by water vapor is independent of the 
other gases with which it mixes, depending only on the tem-
perature and RH. The addition of water vapor to a gas mixture 
always lowers the partial pressures of the other gases present. 
This fact becomes relevant when discussing the partial pressure 
of gases in the lung, where the gases are saturated with water 
vapor at body temperature.

Corrected Pressure Computations
To compute the new or corrected partial pressure of a gas after 
saturation with water vapor, the following formula is applied:

P F P PC gas T H O= × −( )2

PC is the corrected gas pressure, Fgas is the fractional concentra-
tion of the gas in the gas mixture, PT is the total gas pressure of 
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In each case, the new volume equals the original volume times 
the correction factor.

Properties of Gases at Extremes of 
Temperature and Pressure

Most gases exhibit ideal behavior under normal conditions. 
However, gases can deviate from these expectations, especially 
at the extremes of pressure and temperature. The accompany-
ing Mini Clini (page 6-19) provides two good clinical examples 
of how gas behavior can deviate from the ideal.

Weak attractive forces (van der Waals forces) between gas 
molecules oppose their kinetic activity. Both temperature and 
pressure affect these forces. At high temperatures, the increased 
kinetic activity of gas molecules far overshadows these forces. 
However, at very low temperatures, kinetic activity lessens and 
these forces become more important. Likewise, very low pres-
sures permit gas molecules to move freely about with little 
mutual attraction. In contrast, high pressures crowd molecules 
together, increasing the influence of these forces.

The actual space occupied by gas molecules also can influ-
ence their behavior. At low pressure, the total mass of matter in 
a gas is a negligible fraction of the total volume. However, at 
very high pressures, molecular density becomes important, 
altering the expected relationship between pressure and volume.

Critical Temperature and Pressure

For every liquid, there is a temperature above which the kinetic 
activity of its molecules is so great that the attractive forces 
cannot keep them in a liquid state. This temperature is called 
the critical temperature. The critical temperature is the highest 
temperature at which a substance can exist as a liquid. The 
pressure needed to maintain equilibrium between the liquid 
and gas phases of a substance at this critical temperature is the 
critical pressure. Together, the critical temperature and pressure 
represent the critical point of a substance.

The critical temperature of water is 374° C. At this tempera-
ture, a pressure of 218 atm is needed to maintain equilibrium 
between the liquid and gaseous forms of water. No pressure can 
return water vapor to its liquid form at a temperature greater 
than 374° C.

Compared with liquids, gases have much lower critical 
points. Table 6-5 lists the critical points of four gases used in 
clinical practice: O2, helium, CO2, and nitrous oxide. The critical 
temperatures of O2 and He are well below the normal room 
temperature of 20° C (68° F).

the mixture, and PH O2  is the water vapor pressure at the given 
temperature (see Table 6-3). If only a single gas is present, Fgas 
equals 1, and the formula can be simplified:

P P PC T H O= −( )2

Correction Factors
Correction factors can be used to convert gas volumes from one 
set of conditions to another. Such computations are common 
in pulmonary function laboratories. But they are also common 
to mechanical ventilators. For example, suppose you set a tidal 
volume on a ventilator to 500 mL. If the ventilator’s output 
control valve metered out 500 mL, and if the gas was heated and 
humidified to body conditions (fully saturated at 37° C), then 
the gas volume would increase because of the heat and addition 
of water vapor. But how much would it increase? To find out, 
we need to use conversion equations. As it turns out, the volume 
increases to 562 (assuming ambient barometric pressure of 
760 mm Hg) which is a significant increase of 12%. The current 
standard of care for mechanical ventilation places emphasis on 
accurately dosing tidal volume to approximately 6 mL/kg. To 
maintain the desired accuracy, most intensive care unit ventila-
tor manufacturers correct the set tidal volume to convert from 
ambient temperature and pressure dry conditions (ATPD) to 
body temperature and pressure saturated conditions (BTPS), 
which in this case would mean decreasing the volume exiting 
the control valves by 62 mL. Such conversions are important for 
research when evaluating the performance of mechanical ven-
tilators in terms of volume delivery accuracy. In that case, the 
experiment generally involves measuring gas at (ATPD) and 
then converting to BTPS to make a fair comparison to the ven-
tilator’s display (which is corrected to BTPS).

In gas volume conversions, the four most common compu-
tations are as follows (PB in millimeters of mercury and tem-
perature in °C):
1. Correction from ambient temperature and pressure dry 

(ATPD) to body temperature and pressure saturated (BTPS), 
as is done in some mechanical ventilators.

Correction factor
P

P T
B

B

=
−

×
+47

310

273

2. Correction from ambient temperature and pressure satu-
rated (ATPS) to body temperature and pressure saturated 
(BTPS).

Correction factor
P P

P T
B H O

B

=
−
−

×
+

2

47

310

273

3. Correction from ATPS to standard temperature and pressure 
dry, STPD (0° C and 760 torr)

Correction factor
P P

T
B H O=

−
×

+
2

760

273

273

4. Correction from STPD to BTPS:

Correction factor
P TB

=
−

×
+

760

47

310

273

TABLE 6-5 

Critical Points of Three Gases

Gas °C °F Atmosphere

Helium	(He) −267.9 −450.2 2.3
Oxygen	(O2) −118.8 −181.1 49.7
Carbon	dioxide	(CO2) 31.1 87.9 73.0
Nitrous	oxide	(N2O) 36.5 97.7 71.8
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According to these principles, any gas with a critical tem-
perature above ambient should be able to be liquefied simply 
by having pressure applied. Both CO2 and N2O have critical 
temperatures above normal room temperature (see Table 6-5). 
Both gases can be liquefied by simple compression and stored 
as liquids at room temperature without cooling. However, both 
liquefied gases still need to be stored under pressure, usually in 
strong metal cylinders.

Liquid O2 is produced by separating it from a liquefied air 
mixture at a temperature below its boiling point (−183° C or 
−297° F). After it is separated from air, the O2 must be main-
tained as a liquid by being stored in insulated containers below 
its boiling point. As long as the temperature does not exceed 
−183° C, the O2 remains liquid at atmospheric pressure. If 
higher temperatures are needed, higher pressures must be used. 
If at any time the liquid O2 exceeds its critical temperature of 
−118.8° C, it converts immediately to a gas.

FLUID DYNAMICS

So far, liquids and gases have been presented under static, or 
nonmoving, conditions. However, both liquids and gases can 
flow. Flow is the bulk movement of a substance through space. 
The study of fluids in motion is called hydrodynamics. Because 
many respiratory care devices use hydrodynamic principles, the 
RT must have a good understanding of the basic concepts gov-
erning fluids in motion.

Pressures in Flowing Fluids

As we have seen, the pressure of a static liquid depends solely 
on the depth and density of the fluid. In contrast, the pressure 
exerted by a liquid in motion depends on the nature of the flow 
itself. As shown in Figure 6-20, A, the pressure exerted by a static 
fluid is the same at all points along a horizontal tube, depending 
only on the height (h) of the liquid column. However, when the 
fluid flows out through the bottom tube, the pressure progres-
sively decreases all along the tube length (see Figure 6-20, B). 
In addition, the decrease in pressure between each of the equally 
spaced vertical tubes is the same.

The decrease in fluid pressure along the tube reflects a 
cumulative energy loss, as predicted by the second law of 
thermodynamics.4 Available energy decreases because fric-
tional forces (flow resistance) oppose fluid flow. Frictional 
resistance to flow exists both within the fluid itself (viscosity) 
and between the fluid and the tube wall. Generally, the greater 
the viscosity of the fluid and the smaller the cross-sectional 
area of the tube, the greater is the decrease in pressure along  
the tube.

For any given tube length, flow resistance is defined as the 
constant of proportionality for an assumed linear relation 
between the pressure difference between the two points along 
the tube and the flow. The constant of proportionality (R) is 
simply the slope of the straight line relation:

R
P P

V
=

−∆
∆

( )1 2

�

MINI CLINI
Variations from Ideal Gas Behavior: 
Expansion Cooling and  
Adiabatic Compression

Boyle’s law describes gas behavior under constant temperature, 
or isothermal conditions.10 During isothermal conditions, the 
temperature of an ideal gas should not change with either 
expansion or contraction. For example, if an ideal gas were to 
escape rapidly from a high-pressure cylinder into the atmo-
sphere, its temperature should not change. The rapid expan-
sion of real gases causes substantial cooling. This phenomenon 
of expansion cooling is called the Joule-Thompson effect.

A rapidly expanding gas cools because the attractive force 
between its molecules is broken. Because the energy needed to 
break these forces must come from the gas itself, the tempera-
ture of the gas must decrease. This decrease in temperature, 
depending on the pressure drop that occurs, can be large 
enough to liquefy the gas. This is the primary method used to 
liquefy air for the production of O2.

Isothermal processes keep gas temperature constant. The 
internal energy will remain constant. In an adiabatic process, 
the container is insulated, resulting in no heat transfer into or 
out from the system. If the volume increases, the internal 
energy decreases to perform the work and thus the temperature 
decreases. If the volume is increased the internal energy is also 
increased, resulting in a higher temperature. Adiabatic pro-
cesses are used in liquefying gases.

Lung simulators are often constructed from rigid-walled 
containers such that the compressibility of the gas in the con-
tainer represents the compliance of the lungs (particularly 
useful for neonatal lung simulators). Such containers are often 
filled with very fine strands of copper (called copper wool) to 
absorb the heat generated when the gas is compressed, approxi-
mating isothermal conditions. However, this is not essential 
and adiabatic conditions can be assumed instead. The volume 
of the container (V in liters) required to simulate a given com-
pliance (C in cm H2O/L) is given by the equations:

V P C isothermanalB I= × ×1 35. ( )

V P C adiabaticB A= × ×1 9. ( )

The derivation of these equations is described elsewhere.12

The concept of critical temperature can be applied to distin-
guish between a true gas and a vapor. A true gas, such as O2, has 
a critical temperature so low that at room temperature and 
pressure it cannot exist as a liquid. In contrast, a vapor is the 
gaseous state of a substance coexisting with its liquid or solid 
state at room temperature and pressure. This is why molecular 
water is referred to as water vapor.

The concept of critical temperature and pressure also helps 
explain how gases are liquefied. A gas can be liquefied by being 
cooled to below its boiling point. Alternatively, a gas can be 
liquefied by being cooled to less than its critical temperature 
and then being compressed. The more a gas is cooled below its 
critical temperature, the less pressure will be needed to liquefy 
it. However, under no circumstances can pressure alone liquefy 
a gas existing above its critical temperature.
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of flow through tubes: laminar, turbulent, and transitional 
(Figure 6-21).

Laminar Flow
As discussed earlier, during laminar flow, a fluid moves in dis-
crete cylindrical layers or streamlines (see Figure 6-6). The dif-
ference in pressure required to produce a given flow, under 
conditions of laminar flow through a smooth tube of fixed size, 
is defined by Poiseuille’s law12:

P P
nLV

r
1 2 4

8
− =

�

π

where P1 is the pressure (dyne/cm2; equal to 0.001 cm H2O) at 
the upstream point (point 1), P2 is the pressure at the down-
stream point (point 2), n is viscosity (dyne • sec/cm2, called 
poise), L is length (cm), r is radius (cm) and �V is the flow (cm3/
min = mL/min). The viscosity of air is approximately 1.9 × 10−4 
poises; for water it is approximately 8.90 × 10−3 poises. A pres-
sure of 1 cm H2O is about 980 dyne/cm2.

Occasionally flow resistance is expressed in terms of the Poi-
seuille equation as:

R
V

nL

r
= =

∆P
�

8
4π

which indicates that resistance is very sensitive to changes in 
tube radius (e.g., doubling the tube radius decreases the resis-
tance by a factor or 24 = 8). Another way to view this is that 
increasing the tube radius by 19% will increase the flow by 
100% (i.e., double the flow; 1.194 = 2.0).

Turbulent Flow
Under certain conditions, the pattern of flow through a tube 
changes significantly, with a loss of regular streamlines. Instead, 
fluid molecules form irregular eddy currents in a chaotic pattern 
called turbulent flow (see Figure 6-21). This changeover from 

where R is resistance (cm H2O/L/sec, the most common units 
in pulmonary physiology), P1 is the pressure (cm H2O) at the 
upstream point (point 1), P2 is the pressure at the downstream 
point (point 2), and �V is the flow (L/sec). This equation has 
wide application in pulmonary physiology and respiratory care. 
The accompanying Mini Clini provides a good example of such 
application.

FIGURE 6-21	 Three	patterns	of	flow—laminar,	turbulent,	and	
transitional.	(Modified	from	Moser	KM,	Spragg	RG:	Respiratory	
emergencies,	ed	2,	St	Louis,	1982,	Mosby.)

Laminar flow

Turbulent flow

Transitional flow

P = K1  ×  V
.

P = K1 ×  V2
.

P = K1V  +  K2V2
. .

MINI CLINI
Differential Pressure 
Pneumotachometer

PROBLEM:  It is often necessary to measure and record 
changes in airflow as a patient breathes. How can we apply the 
formula for resistance to measure and record airflow?

DISCUSSION:  Airflow can be measured using a device called 
a pneumotachometer. One of the simplest designs is the dif-
ferential pressure pneumotachometer. A differential pressure 
pneumotachometer incorporates a flow tube with a known and 
constant resistance. If the formula for resistance is rearranged 
to solve for flow, it appears as follows:

∆ ∆�V k P P= × −( )1 1

FIGURE 6-20	 A,	The	pressure	is	the	same	at	all	points	along	
the	horizontal	tube	when	there	is	no	flow.	B,	A	progressive	decrease	
in	pressure	occurs	as	the	fluid	flows.	(Modified	from	Nave	CR,	Nave	
BC:	Physics	for	the	health	sciences,	ed	3,	Philadelphia,	1985,	WB	
Saunders.)

h

h

A

B

Patterns of Flow

The pressure difference that results from flow also varies  
with the pattern of flow. There are three primary patterns  
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is transitional, the total driving pressure equals the sum of the 
pressures resulting from laminar and turbulent flow:

P P k V k V1 2 1 2
2− = × + ×( ) ( )� �

where k1 and k2 are factors indicating the respective contribu-
tion of laminar and turbulent flow to overall driving pressure. 
When flow is mainly laminar, the pressure varies linearly with 
the flow. When flow is mainly turbulent, driving pressure 
varies exponentially with the flow. With all else equal, pressures 
generated during laminar flow are most affected by fluid vis-
cosity, whereas fluid density is the key factor when flow is 
turbulent.

Flow, Velocity, and  
Cross-Sectional Area

Clinically, the most common units of measurement describing 
flow are liters per minute (L/min) or liters per second (L/sec). 
In contrast, velocity is a measure of linear distance traveled by 
the fluid per unit of time. Centimeters per second (cm/sec) is a 
common velocity unit used in pulmonary physiology.

Although fluid flow and velocity are different measures, the 
two concepts are closely related. The key factor relating velocity 
to flow is the cross-sectional area of the conducting system. 
Figure 6-23 shows this relationship.

Throughout the tube, the fluid flows at a constant rate of 
5 L/min. At point A, with a cross-sectional area of 5.08 cm2, the 
velocity of the fluid is 16.4 cm/sec. At point B, the cross-sectional 
area of the tube decreases to 2.54 cm2, half its prior value. At 
this point, the velocity of the fluid doubles to 32.8 cm/sec. At 
point C, the passage divides into eight smaller tubes. Although 
each tube is smaller than its “parent,” together they provide a 

laminar to turbulent flow depends on several factors, including 
fluid density (d), viscosity (n), linear velocity (v), and tube 
radius (r). In combination, these factors determine Reynold’s 
number (Re).

Re =
ρ

µ
vdh

where ρ is the density of the fluid (kg/m3), v is the velocity of 
the fluid (m/sec), dh is the diameter of the tube (m), and µ is 
the dynamic viscosity of the fluid [kg/(m • sec)]. Flow is con-
sidered to be laminar when Re is less than 2000, transient when 
it is between 2000 and 3000, and turbulent when it is above 
3000. The equation shows that conditions favoring turbulent 
flow include increased fluid velocity, increased fluid density, 
increased tube diameter, and decreased fluid viscosity. In the 
presence of irregular tube walls, turbulent flow can occur when 
Re is less than 2000.

Flow through a tube with constant resistance is directly pro-
portional to the pressure difference (P1 − P2) across the tube. By 
measuring this pressure difference we can measure flow. To 
ensure linearity between pressure and flow, the pneumotach-
ometer is usually designed so that the flow pattern through the 
tube remains laminar, which simplifies calibration and use by 
having only one constant value for k.13 The pneumotachometer 
is calibrated by measuring (P1 − P2) at different flows, plotting 
flow on the vertical axis and (P1 − P2) on the horizontal axis. 
Then, using linear regression, the calibration factor k is derived 
(this is essentially drawing a straight line through the data 
points and calculating the slope). When using the pneumota-
chometer, the pressure difference is multiplied by k to get the 
flow. This technique is at the heart of many pulmonary function 
laboratory procedures and is also used by some mechanical 
ventilators that have flow sensors at the airway opening portion 
of the patient circuit.

When flow becomes turbulent, Poiseuille’s law no longer 
applies. Instead, the pressure difference across a tube is defined 
as follows:

P P
fLV

r
1 2

2

2 54
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π

where ΔP is the driving pressure, f is a friction factor based on 
the density and viscosity of the fluid and the tube wall rough-
ness, L is the tube length, and �V is the fluid flow.

Figure 6-22 compares the relationship between pressure and 
flow under laminar and turbulent conditions. As can be seen, 
when flow is laminar (Poiseuille’s law), the relationship between 
driving pressure and flow is linear. However, when flow becomes 
turbulent, driving pressure varies with the square of the flow 
( �V2). To double flow under laminar conditions, it is necessary 
to only double the driving pressure. To double flow under tur-
bulent conditions, the driving pressure would be increased 
fourfold.

Transitional Flow
Transitional flow is a mixture of laminar and turbulent flow. 
Flow in the respiratory tract is mainly transitional. When flow 

FIGURE 6-22	 Relationship	between	driving	pressure	and	flow	
under	laminar	and	turbulent	conditions.	
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point with a certain velocity (va) and a lateral pressure (Pa). 
According to the law of continuity, as the fluid moves into the 
narrow or constricted portion of the tube, its velocity must 
increase (vb > va). According to the Bernoulli theorem, the 
higher velocity at point b should result in a lower lateral pres-
sure at that point (Pb < Pa). As a fluid flows through the constric-
tion, its velocity increases and its lateral pressure decreases.

This equation also helps demonstrate how heliox therapy 
works. The equation implies that the lower the density, the 
higher is the velocity (and hence flow) for the same inspiratory 
effort (driving pressure) or the lower is the pressure for the 
same velocity—either way that is a good effect for someone 
struggling to breathe.

Fluid Entrainment

Jet entrainment is the design principle used in simple O2 masks 
with variable FiO2 settings, although they are often mistakenly 
called Venturi masks. In this case, a pressurized gas, usually O2, 
serves as the primary flow source. This pressurized gas passes 
through a nozzle or jet, beyond which is an air entrainment port 
(Figure 6-25, A). In this case, air entrainment occurs as a con-
sequence of fluid viscosity. The viscous shearing force that exists 
between moving and static layers of gas causes the nonmoving 
gas (room air) to be dragged into the moving stream of O2.

14 
The amount of air entrained depends on both the diameter of 
the jet orifice and the size of the air entrainment ports. For a 
fixed jet size, the larger the entrainment ports, the greater is the 
volume of air entrained, the higher is the total flow, and the 
lower is the FiO2 (see Figure 6-25, B). The entrained volume can 
still be altered, with fixed entrainment ports, by changing the 
jet diameter (see Figure 6-25, C). A large jet results in a lower 
gas velocity and less entrainment, whereas a small jet boosts 
velocity, entrained volume, and total flow.

Fluidics and the Coanda Effect

Fluidics is a branch of engineering that applies hydrodynamic 
principles in flow circuits for purposes such as switching, pres-
sure and flow sensing, and amplification. Because fluidic devices 
have no moving parts, they are very dependable and require 
little maintenance.

The primary principle underlying most fluidic circuitry is a 
phenomenon called wall attachment, or the Coanda effect. This 

10-fold increase in the cross-sectional area available for flow 
compared with point B. The velocity of the fluid decreases pro-
portionately, from 32.8 cm/sec to 3.28 cm/sec.

These observations show that the velocity of a fluid moving 
through a tube at a constant flow varies inversely with the avail-
able cross-sectional area. This relationship is called the law of 
continuity. Mathematically, the equation is as follows:

( ) ( ) ( )A v A v A v kn n1 1 2 2× + × + × =

where A is the cross-sectional area of the tube; v is the velocity 
of the fluid; 1, 2, and n are different points in the tube; and k 
is a constant value.

Although the principle holds true only for incompressible 
liquids, the qualitative features are similar for gas flow. This 
principle also underlies the application of nozzles or jets in fluid 
streams. Nozzles and jets are simply narrow passages in a tube 
designed to increase fluid velocity. A garden-hose nozzle is a 
good example of this principle in action. Clinically, jets are used 
in many types of respiratory care equipment, including pneu-
matic nebulizers (see Chapter 39) and gas entrainment or 
mixing devices (see Chapter 41).

Bernoulli Principle

In a steady flow, the sum of all forms of energy in a fluid is the 
same at all points along the path of flow. Consequently, the sum 
of kinetic energy, potential energy, and internal energy remains 
constant. The Bernoulli principle states that an increase in the 
velocity of the fluid results in a decrease in the sum of its static 
pressure, potential energy, and internal energy.11 The Bernoulli 
equation is:

p v gy constant+ + =
1

2
2ρ ρ

where p = pressure at some point in a tube, ρ = fluid density, 
v = fluid velocity, g = acceleration due to gravity, and y = eleva-
tion of the pressure point above a reference plane. Figure 6-24 
shows this relationship. Fluid is flowing through a tube at a 

FIGURE 6-23	 Fluid	velocity,	at	a	constant	flow,	varies	inversely	
with	the	cross-sectional	area	of	the	tube.	(Modified	from	Nave	CR,	
Nave	BC:	Physics	for	the	health	sciences,	ed	3,	Philadelphia,	1985,	
WB	Saunders.)

Volume flow rate
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Area = 5.08 cm2

Velocity = 16.4 cm/sec
A = 25.54 cm2

v = 32.8 cm/sec
A = 25.4 cm2

v = 3.28 cm/sec

FIGURE 6-24	 According	to	the	Bernoulli	theorem,	lateral	
pressure	of	a	flowing	fluid	must	vary	inversely	with	its	velocity.	 �Va,	
flow	in	tube	“a”;	va,	velocity	in	tube	“a”;	vb,	velocity	in	tube	“b”;	 �Vb,	
flow	in	tube	“b”;	Pa,	lateral	wall	pressure	in	tube	“a”;	Pb,	lateral	wall	
pressure	after	restriction	(see	text).	
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FIGURE 6-25	 Air	injector.	A,	Basic	design.	B,	Greater	
entrainment	and	total	flow	occurs	with	larger	entrainment	ports.		
C,	Alternatively,	a	smaller	jet	increases	source	gas	velocity	and	
entrains	more	air.	

Jet
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Larger ports

Smaller jet

Increased
flow

A
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FIGURE 6-26	 Coanda	wall	effect.	A,	Entrainment	into	the	fluid	stream.	B,	Wall	attachment	initiated	by	negative	pressure	near	wall.	
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SUMMARY CHECKLIST

◗	Gases	have	no	inherent	boundary,	are	readily	compressed	
and	expanded,	and	can	flow.

◗	Three	temperature	scales	are	in	common	use:	Kelvin	(SI),	
Celsius	(cgs),	and	Fahrenheit	(fps);	conversion	among	
these	scale	units	can	be	done	by	using	simple	formulas.

◗	Transfer	of	heat	energy	can	occur	by	conduction,	
convection,	radiation,	and	evaporation.

◗	Liquids	exert	pressure	and	exhibit	the	properties	of	flow,	
buoyant	force,	viscosity,	capillary	action,	and	surface	
tension.

◗	The	pressure	exerted	by	a	liquid	depends	on	both	its	
height	(depth)	and	weight	density.

◗	Surface	tension	forces	increase	the	pressure	inside	a	liquid	
drop	or	bubble;	this	pressure	varies	directly	with	the	surface	
tension	of	the	liquid	and	varies	inversely	with	the	radius.

◗	A	liquid	can	vaporize	by	either	boiling	or	evaporation;	in	
evaporation,	the	required	heat	energy	is	taken	from	the	air	
surrounding	the	liquid,	cooling	the	air.

◗	Vaporization	causing	cooling	and	condensation	causes	
warming	of	the	surroundings.

◗	The	capacity	of	air	to	hold	water	vapor	increases	with	
temperature.

◗	Relative	humidity	(RH)	is	the	ratio	of	water	vapor	content	
(absolute	humidity)	to	saturated	water	vapor	capacity;	for	a	
constant	content,	cooling	increases	RH	and	warming	
decreases	RH.

◗	The	rate	of	diffusion	of	a	gas	is	inversely	proportional	to	its	
molecular	weight.

◗	The	total	pressure	of	a	mixture	of	gases	must	equal	the	
sum	of	the	partial	pressures	of	all	component	gases.

◗	The	volume	of	a	gas	that	dissolves	in	a	liquid	equals	its	
solubility	coefficient	times	its	partial	pressure;	high	
temperatures	decrease	gas	solubility,	and	low	
temperatures	increase	gas	solubility.

◗	Volume	and	pressure	of	a	gas	vary	directly	with	
temperature;	however,	with	constant	temperature,	gas	
volume	and	pressure	vary	inversely.

◗	The	critical	temperature	of	a	substance	is	the	highest	
temperature	at	which	it	can	exist	as	a	liquid;	gases	with	
critical	temperatures	higher	than	room	temperature	can	be	
stored	under	pressure	as	liquids	without	cooling.

◗	Under	conditions	of	laminar	flow,	the	difference	in	pressure	
required	to	produce	a	given	flow	is	defined	by	Poiseuille’s	
law.

effect is observed mainly when a fluid flows through a small 
orifice with properly contoured downstream surfaces.15 We 
know that a jet or nozzle entrains any surrounding fluid, such 
as air, into the primary flow stream (Figure 6-26, A). If a care-
fully contoured curved wall is added to one side of the jet (see 
Figure 6-26, B), the pressure near the wall becomes negative 
relative to atmospheric pressure. The atmospheric pressure on 
the other side of the gas stream pushes it against the wall, where 
it remains “locked” until interrupted by some counterforce. By 
carefully extending the wall contour, we can deflect the fluid 
stream through a full 180-degree turn.

Various fluidic devices can be designed using this principle, 
including on/off switches, pressure and flow sensors, and flow 
amplifiers. These individual components can be combined  
into integrated fluidic logic circuits, which function much like 
electronic circuit boards but without the need for electrical 
power.
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C H A P T E R   7 

E-Medicine in Respiratory Care

NARCISO E. RODRIGUEZ, ALBERT J. HEUER, AND MADHU SASIDHAR

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Define	electronic	health	records	and	their	major	uses	in	respiratory	care.
◆	 State	the	differences	between	the	electronic	health	records	and	the	electronic	medical	record.
◆	 Identify	the	value	of	E-medicine	applications	in	informatics	and	clinical	decision	support.
◆	 Describe	E-medicine	applications	in	clinical	care	and	management.
◆	 Evaluate	the	trustworthiness	and	accuracy	of	health	information	sources.
◆	 Describe	major	uses	of	E-medicine	applications	in	health	care	administration.
◆	 Outline	steps	to	maintain	security	and	confidentiality	of	electronic	health	records.
◆	 Describe	major	E-medicine	applications	in	respiratory	care	education	and	training.

CHAPTER OUTLINE

The Electronic Health Record and the Electronic 
Medical Record
Computerized	Physician	Order	Entry
Enterprise	Software	Packages

Applications in Patient Care
Applications	in	Diagnostics
Applications	in	Treatment
Applications	in	Disease	Prevention

Informatics and Clinical Decision Support
Business	Intelligence
Clinical	Decision	Support
American	Association	for	Respiratory	Care	

Benchmarking	System
Telemedicine and Telemonitoring
Sources of Health Information

Health	Information	Sources	for	Respiratory	
Therapists	and	Other	Clinicians

Health	Information	Sources	for	Consumers

Applications in Health Care Administration
Documentation,	Workload,	Staffing,	and	Scheduling
Financial	Management
Quality	Assurance
Regulatory	Compliance
Web	Analytics
Human	Resources
Privacy	and	Confidentiality

Application in Training and Education
Clinical	Simulations
Full-Scale	Physiologic	Clinical	Simulators
Clinical	Education	Applications
National	Board	for	Respiratory	Care	Credentialing
Learning	Management	Systems

Future of E-Medicine

KEY TERMS

benchmarking
business	intelligence
clinical	decision	support
clinical	simulation
computerized	physician	order	entry
continuing	respiratory	care	

education
continuous	quality	improvement
electronic	health	record

electronic	medical	record
enterprise	software	packages
E-medicine
health	informatics
Health Information Technology for 

Economic and Clinical Health 
Act

information	retrieval
key	performance	indicators

learning	management	systems
picture	archiving	and	

communication	systems
point-of-care	testing
root-cause	analysis
telemedicine
telemonitoring
value-based	purchasing
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EHRs are more than a repository for medical records and 
patient-related information. EHRs are also a rich source of 
information that can be used in a variety of applications, 
including quality improvement and regulatory compliance, as 
detailed later in this chapter. EHRs also can serve as a vital 
source of data for conducting research, as discussed in Chapter 
7 of this text.

Computerized Physician Order Entry

A subset of EHRs is the computerized physician order entry 
(CPOE) system. Through CPOEs, orders can be electronically 
transmitted to the EHR, saving time and reducing transcription 
errors resulting from handwriting clarity issues. Built in stop-
gaps and prescribing templates alert physicians about potential 
dosing problems and drug interaction concerns. The interfacing 
of CPOE systems with other hospital computer systems also 
alerts RTs and other clinicians of new, expired, or changed 
orders. Thus the CPOE has helped facilitate patient care and 
reduce medical errors.4 All of these factors combined make both 
EHR and CPOE systems value-added features for health care 
organizations, clinicians, and patients alike. Indeed, EHRs and 
other computerized applications are helping transform medi-
cine and enhancing both efficiency and effectiveness in essen-
tially all aspects of health care and respiratory care.5

Enterprise Software Packages

An issue that had plagued health care organizations and our 
health care system involves the use of separate software pack-
ages for individual organizational functions, including but not 
limited to EHRs. In the past, the need for one such system to 
interface or “talk” to another was dealt with on an as-needed 
basis through ad-hoc software “patches.” Over time these sepa-
rate software packages, which were originally designed to stand 
alone or provide a specific or limited number of functions, 
became inefficient and much less able to meet the increasingly 
sophisticated and numerous requirements of health care orga-
nizations, including hospitals and departments within them. At 
about the same time that this problem was reaching critical 
proportions, the U.S. government (as part of a larger legislative 
initiative) passed the Health Information Technology for Eco-
nomic and Clinical Health Act, or the HITECH Act, as part of 
a national strategy for building a national health information 
infrastructure (Figure 7-1). Among other things, HITECH 
began providing incentives to hospitals, physicians, and other 

E -Medicine is the term that relates to the use of comput-
erized or digital technology to enhance efficiency and 
effectiveness of health care in general and more specifi-

cally in patient care. E-Medicine was initially used to describe 
the use of basic computer applications in clinical care, record-
keeping, and health education. However, because of significant 
and wide-spread technologic advancements, the term E-medicine 
now refers to a wide array of hardware and software applica-
tions used in essentially every facet of health care. As a vital part 
of the patient care team, respiratory therapists (RTs) need to 
have an understanding of, and be proficient in, many aspects of 
E-medicine. This chapter describes digital applications related 
to electronic health records, direct clinical care, disease manage-
ment, health care administration, health information sources, 
and training and education.

THE ELECTRONIC HEALTH  
RECORD AND THE ELECTRONIC 
MEDICAL RECORD

A transformation has taken place in the recent past whereby 
medical records formerly maintained primarily in paper form 
are now almost exclusively computerized and are maintained as 
part of the patient’s electronic health record (EHR). A closely 
related but different term is the electronic medical record 
(EMR), which represents the computerized record produced 
every time the patient (or consumer) uses health services. The 
EHR is the sum of all EMRs produced by a patient during the 
different encounters with various health care entities through-
out a lifetime. Unlike the EHR, which is owned by the patient, 
the EMR (the “chart”) is owned by the hospital or health care 
delivery organization.1 The terms EHR and EMR are so closely 
related that for simplicity we will use the term EHR to describe 
both concepts for the rest of this chapter.

Nonclinical information is also now electronic, such as 
patient demographics (e.g., age, gender, religion) and health 
insurance, as well as clinical information, including the patient’s 
history and physical examination information, progress notes, 
physician orders, laboratory and other testing results, vital signs 
trending, and other information formerly found only in the 
hard-copy chart. This information is now readily available to 
authorized clinicians via secured personal computers and 
mobile devices. In addition to being able to access existing 
medical information, new records can be more readily entered 
making most EHRs more current than paper records. Medical 
imaging and laboratory tests generally become a part of the 
EHR immediately as the results are finalized. The net impact of 
these factors is that the EHR has helped make disease diagnosis 
quicker and more accurate by facilitating the efficient access of 
medical records.2,3 EHRs are also proving to be a significant 
asset in the realm of patient treatment. When coupled with 
other computerized tools such as clinical decision support 
applications, EHRs have enhanced treatment and disease man-
agement, as discussed in more detail later. The core functions 
of EHRs are shown in Box 7-1.

 Box 7-1 Core Functions of Electronic 
Health Records

•	 Medical	records
•	 Results	reporting
•	 Computerized	physician	order	entry
•	 Clinical	decision	support
•	 Electronic	communication
•	 Channels	between	health	care	providers	and	patients
•	 Patient-entered	data
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health service providers who demonstrated that they are mean-
ingfully using their EHRs by meeting predefined standards for 
a number of objectives. These objectives relate to the submis-
sion of patient data to authorized third-party surveillance reg-
istries, making clinical data more easily available to patients via 
secure Internet sources, including vital sign changes and office 
visit summaries, as well as interfacing multiple functions 
together, such as EHRs with CPOE.6-8

To address these issues, hospitals and other health care pro-
viders often now use a single comprehensive software system or 
enterprise software package designed to provide integrated 
functionality to enhance both efficiency and effectiveness, as 
well as comply with the HITECH Act. A variety of such software 
packages are available to health care organizations (Table 7-1). 
These include McKesson, Cerner, Epic, Meditech, Siemens, 
which are major vendors of integrated software for health care 
organizations.7 In addition to serving as a secure repository 
for EHRs, these software packages provide integrated function-
ality for the use of EHR data for a multitude of purposes.  
Some purposes are for data input, such as what occurs when a 

FIGURE 7-1	 Electronic	health	records:	dimensions	of	the	national	health	information	structure.	(From	U.S.	Department	of	Health	and	
Human	Services.	Information	for	health:	a	strategy	for	building	the	national	health	information	infrastructure.	http://aspe.hhs.gov/sp/NHII/
Documents/NHIIReport2001/default.htm.	Accessed	September	25,	2006.)
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TABLE 7-1 

Top Vendors of Enterprise Electronic Health 
Record Systems (February 2010 to February 2011)

Vendor Location Website

Cerner Kansas	City,	MO http://www.cerner.com
CPSI Mobile,	AL http://www.cpsinet.com
Eclipsys Atlanta,	GA http://www.allscripts.com
Epic	Systems Verona,	WI http://www.epic.com
Healthcare	

Management	
Systems

Nashville,	TN http://www.hmstn.com

Healthland Minneapolis,	MN http://www.healthland.com
McKesson	

Provider	
Technologies

Alpharetta,	GA http://www.mckesson.com

Meditech Westwood,	MA http://www.meditech.com
Siemens	

Healthcare
Malvern,	PA http://www.medical.siemens	

.com

Modified	from	Top	vendors	of	enterprise	EMR	systems.	Modern	Healthc	
41:35,	2011.

http://aspe.hhs.gov/sp/NHII/Documents/NHIIReport2001/default.htm
http://aspe.hhs.gov/sp/NHII/Documents/NHIIReport2001/default.htm
http://www.cerner.com
http://www.cpsinet.com
http://www.allscripts.com
http://www.epic.com
http://www.hmstn.com
http://www.healthland.com
http://www.mckesson.com
http://www.meditech.com
http://www.medical.siemens.com
http://www.medical.siemens.com
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blood gas results immediately available at the point of care and 
alert the clinician of critical results. Additionally, this interfac-
ing enables the storage, retrieval, billing, and quality assurance 
of the blood gas analyzer data.

Point-of-care testing (POCT) refers to blood gas analysis 
performed at or near the site of a patient, in a setting that is 
different from a normal hospital clinical laboratory. POCT 
testing reduces the time required to produce blood gas test 
results (turnaround time) and thus improves clinical care and 
decision making for the clinician. POCT applications integrate 
seamlessly with the EHR allowing for immediate reporting of 
results and flagging of critical values. POCT applications can be 
used in a variety of clinical settings, including the operating 
room, critical care unit, emergency department (ED), maternity 
unit, and outpatient clinic.9

Medical Imaging and Picture Archiving and 
Communication Systems
Chest imaging (see Chapter 21), is critical in the practice of 
pulmonary and critical care medicine. Likewise, remote access 
of a patient’s imaging studies has become an important element 
in the delivery of care. Clinical integration of all these imaging 
modalities with the EHR is essential for the RT and other clini-
cians to help in the diagnosis of the pulmonary patient and to 
improve patient care and safety. A picture archiving and com-
munication system (PACS) is an application that allows for 
imaging storage, portability, communication, and clinical inte-
gration of all imaging modalities with the EHR.10 Technologic 
advances in E-medicine and computer applications have allowed 
for PACS enterprise systems to flourish. In addition to the 
advantages mentioned earlier, current PACS applications have 
enhanced medical treatment and research by providing a variety 
of digital tools for the manipulation and interpretation of 
radiologic images, including three-dimensional imaging and 
three-dimensional printing technology.

Pulmonary Function Testing  
and Interpretation
Essentially all of the older volume displacement and spirograph 
pulmonary function test (PFT) systems have been replaced by 
those that use computer interfaces to measure and interpret the 
results. Similarly, most hospitals interface their PFT systems 
with the EHR, which allows clinicians to access reports and 
graphics from multiple workstations and remote devices.

Interpretation of Pulmonary Function Tests
Computer algorithms use standard reference predicted values 
to aid in the interpretation of PFTs, including spirometry, lung 
volume, diffusing capacity, and bronchodilator response. The 
algorithms compare the patterns of the patient’s measured 
values with reference values based on age, height, gender, and 
race. The computer classifies the patterns of the patient’s mea-
sured values as either normal or abnormal with degrees of 
severity. However, qualified interpreters must consider the effect 
of patient effort and other factors on the computer-assisted 
interpretation of PFTs.

physician enters an order into a CPOE or an RT documents 
therapy given. Other purposes are for the retrieval, review, and 
interpretation of existing records, such as those used to provide 
direct patient care, or for nondirect care functions, such as 
billing, process improvement, regulatory reporting, or other 
similar functions discussed later in this chapter.4 In addition, 
enterprise software systems that interface the EHRs with func-
tions relevant to respiratory care and other clinical departments 
are almost universally in use.

APPLICATIONS IN PATIENT CARE

Applications in Diagnostics

Because the EHR contains an abundance of important clinical 
information, the RT needs to be able to promptly access and 
interpret key elements of it to assist the patient care team in 
accurately diagnosing the patient’s condition. This may involve 
hemodynamic monitoring, blood gas and point-of-care testing, 
medical imaging applications, and pulmonary function testing 
(PFT), among others.

Hemodynamic Monitoring
In hemodynamic monitoring computers calculate cardiac 
output (CO), monitor intravascular fluid volume, and provide 
cardiac parameters and indices using both invasive and nonin-
vasive applications. However, invasive methods using a pulmo-
nary artery catheter (see Chapter 51) have a multitude of 
complications, including the risk for infection and death.

As a result, the rapid evolution of E-medicine has allowed 
for the development of safer noninvasive continuous cardiac 
output monitoring applications in perioperative and intensive 
care medicine. Some of these applications include thoracic elec-
trical bioimpedance, thoracic bioreactance, vascular unloading 
technique, pulse wave transit time, and radial artery applana-
tion tonometry. According to clinical studies, these technologies 
are capable of providing cardiac output readings noninvasively 
and continuously with minimal complications. Like most new 
technologies, their performance and accuracy needs further 
validation. These new applications might prove to be innovative 
tools for the assessment of advanced hemodynamic monitoring 
without the drawbacks of invasive techniques.8 However, further 
discussion of these techniques is beyond the scope of this 
chapter.

Blood Gas Laboratories and  
Point-of-Care Applications
The accuracy and precision of blood gas data influence clinical 
decisions and patient safety. Computerized blood gas analyzers 
and computer-assisted quality assurance measures in a blood 
gas laboratory are crucial functions in a respiratory care depart-
ment. Quality assurance data are necessary for accreditation of 
blood gas laboratories by the College of American Pathologists 
(CAP), the Clinical Laboratory Improvement Amendments 
(CLIA), and The Joint Commission (TJC). Blood gas laboratory 
applications interface analyzers with the patient’s EHR to make 
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The American Thoracic Society has recommended pulmo-
nary function reference standards based on the National Health 
and Nutrition Examination Survey. These standards for predic-
tion of normal PFT values may differ from other reference 
values. This difference can confound the interpretation of suc-
cessive PFTs in an individual patient when clinicians focus on 
the computer-assisted interpretation of percent-of-predicted 
values, rather than the actual observed values.11 Clinicians 
should have a clear understanding of which reference values 
were used for each test and interpret PFT results accordingly.

MINI CLINIC
Computer-Assisted Interpretations  
of Pulmonary Function Tests in an 
Individual Patient

PROBLEM:  A patient with alpha1-antitrypsin deficiency has 
repeat PFTs, including a diffusing capacity of the lung for 
carbon monoxide (DLCO). Based on a computer-assisted 
interpretation, there appears to be a remarkable decrease in the 
percent-of-predicted value for DLCO. It was previously normal; 
now it is 68% of predicted, indicative of emphysema. An effec-
tive therapy, pooled human plasma alpha1-antitrypsin, is avail-
able but expensive. What additional information should the 
clinician evaluate?

DISCUSSION:  The clinician should determine (1) the actual 
observed DLCO values of the previous and repeat test and (2) 
whether the computer-assisted interpretations are based on 
different reference values among the tests. If the computer-
assisted percent-of-predicted values for each test were based on 
different sets of reference values, it could account for the 
change in DLCO. Further investigation of the results is 
warranted.

conventional ventilators allow for updating and adding new 
modes of ventilation via software updates, rather than purchas-
ing new ventilators.

Protocols for ventilator weaning and management of certain 
respiratory conditions (e.g., acute respiratory distress syn-
drome) coupled with the trending capabilities of today’s micro-
processor ventilators can improve patients’ outcomes and 
decrease length of stay. Complete, accurate, and consistent doc-
umentation of ventilator settings is key to achieve these goals. 
However, manual ventilator charting is frequently incomplete, 
inaccurate, and inconsistent, particularly regarding nomencla-
ture.14 Computerized ventilator charting applications have the 
potential to improve the quality and consistency of ventilator 
charting, especially when fully integrated with the patient’s 
EHR. Automated ventilator charting, verified by RTs, takes ven-
tilator charting a step further, with the potential to improve 
completeness, accuracy, consistency, and efficiency.15 Figure 7-2 
is an example of a computer screen for automated charting.

Therapist-Driven Protocols. Evidence-based, therapist-
driven protocols can improve health outcomes.16 Under medical 
supervision and based on patient assessment, RTs use protocols 
to allocate and titrate respiratory care. Consistency and timeli-
ness of implementation are keys to the effectiveness of proto-
cols. Automation of protocols at the point of care can help RTs 
address these concerns. An automated protocol for discontinu-
ation of the mechanical ventilation program on hand-held 
devices can decrease the time to the first spontaneous breathing 
trial and the length of stay in the intensive care unit (ICU) 
compared with a protocol without automation.17 These proto-
cols allow the RTs to enter information about each mechanically 
ventilated patient via a hand-held device throughout the  
shift. When the patients meet preset criteria, the computer 
application prompts the RTs to conduct a spontaneous breath-
ing trial to help determine the patient’s readiness for ventilator 
discontinuation.

Applications in Nonacute Care Settings and 
Chronic Diseases
Management of chronic diseases presents a serious challenge to 
the U.S. health care system. As of 2012, approximately half of 
all adults—117 million people—have one or more chronic 
health conditions. One of four adults has two or more chronic 
health conditions.18 Of the top 10 causes of death in 2010, 7 
were chronic diseases. Two of these chronic diseases—heart 
disease and cancer—together accounted for nearly 48% of all 
deaths.19 Chronic disease is present in 8 of 10 Americans on 
Medicare, and 84% of all health care spending in 2006 was for 
the 50% of the population who have one or more chronic 
medical conditions.20 As baby boomers continue to age, the 
proportion of the U.S. population 65 years old and older is 
expected to double. There is much interest in optimizing 
chronic disease management through advances in E-medicine 
technologies to improve health outcomes in a cost-effective 
manner. This is particularly noteworthy given the focus by the 
U.S. government on reducing short-term (within 30 days) hos-
pital readmissions. Hospitals have begun being penalized for 

Applications in Treatment

Many current devices, therapies, and protocols developed in  
the last decade rely on technologic advances generated by 
E-medicine applications. These applications can be used in 
acute or nonacute settings by RTs to provide support and care 
for the pulmonary patient.

Applications in the Acute Care Setting
Mechanical Ventilators. Conventional mechanical ventila-

tors use microprocessors to deliver and monitor modes of ven-
tilation.12 A “mode” of ventilation is a predetermined pattern of 
patient-ventilator interaction. Modes can be quite complex, as 
explained in detail in Chapter 45. Newer modes, such as neu-
rally adjusted ventilatory assist (NAVA), aim to enhance the 
patient-ventilator synchrony via automation that is highly 
responsive to the patient.13

Microprocessors perform additional functions. They provide 
for graphic outputs and touch screens and interfaces; they also 
control ventilator alarms and archive the history of set and 
measured values, which can be uploaded to a computer. Current 
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outcomes include earlier identification of deteriorating symp-
toms, better response to exacerbations, increased rate of sus-
tained exercise after pulmonary rehabilitation and decreased 
ED visits and hospitalizations.27-29 Additionally, E-medicine 
applications can help detect comorbidities, such as sleep apnea.27

Applications in Disease Prevention

As explained earlier, through HITECH, the federal government 
has committed unprecedented resources to supporting the 
adoption and use of EHRs.30 HITECH’s goal is not adoption 
alone but “meaningful use” of EHRs—that is, their use by pro-
viders to achieve significant improvements in care. Payments by 
third-party payers to health service providers are specifically 

excessive short-term readmissions for their patients with certain 
conditions, including chronic obstructive pulmonary disease 
(COPD). To address this initiative, hospitals and other health 
care providers have developed an array of protocols to address 
the main reasons for such readmissions. These protocols often 
emphasize patient and family education and follow-up and 
often use computer applications to help accomplish this.21,22

Asthma. E-Medicine applications for asthma include inter-
active Internet applications, such as games for children, web 
applications linked to cell phones for personalized or auto-
mated voice or text messaging, and other telemonitoring appli-
cations. Many of these applications use monitored patient data 
to tailor the adjustment to the plan of care. Some provide for 
personalized goals, calendars, and reminders. Educational tools 
include audiovisuals, games, and quizzes. In patients with per-
sistent asthma, evidence from research studies shows that these 
E-medicine applications can result in an improvement in 
asthma knowledge, self-management skills, peak flow rates, and 
adherence to inhaled corticosteroid controller medications and 
fewer symptoms, missed school days, nighttime awakenings, 
activity limitations, ED visits, and hospitalizations.23-26 These 
applications are generally well received by patients.24

Chronic Obstructive Pulmonary Disease. Increasingly, 
COPD is being managed in the home. Web-based telemonitor-
ing systems, smartphones, and mobile phones with computer 
applications extend the reach of health care providers into the 
home. E-Medicine applications for patients with COPD facili-
tates education, self-management, and timely feedback from 
health care providers (Figure 7-3). Patients generally have a 
positive attitude about the role of this technology, and the 
quality of the transmitted data is generally good.27 Improved 

FIGURE 7-3	 Telehealth	Homepod.	(Courtesy	Tele	Health	Ltd.	
Dublin,	Ireland.)

FIGURE 7-2	 Automated	ventilator	charting.	
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Education of the Public and Health  
Care Consumer
Today’s savvy health care consumers understand that access to 
good information is essential to health-related decision making. 
The Pew Internet and American Life Project found that more 
than 80% of Internet users report seeking health information 
online; for those with chronic conditions, the rate is 86%.38 
Those percentages will most likely increase over the coming 
years.

E-Medicine applications offer unique public access to health 
education materials through the use of a variety of interactive 
tools such as websites, videos and graphics, chat rooms, e-mail, 
games, social media, and so on, through any web-enabled 
device. RTs should not underestimate the impact of these appli-
cations on public health education and disease prevention.

The amount of data available on health-related and wellness-
related issues increases exponentially each year. RTs play an 
important role in helping their pulmonary patients assess accu-
rate information found on E-medicine applications. Box 7-2 
lists the factors to consider when educating pulmonary patients 
on evaluating the worthiness of E-medicine sources.39

INFORMATICS AND CLINICAL 
DECISION SUPPORT

Health informatics, which refers to the use of information 
technology in health care, combines advances in computer 
science and technology to improve clinical care, manage the 
health of populations, and accelerate research.

Business Intelligence

Business intelligence refers to a set of tools that permit capture, 
storage, and transformation of data into useful and actionable 
information. In health care, business intelligence tools are used 
to capture and integrate clinical data with relevant financial and 

FIGURE 7-4	 Example	of	a	web-based	tobacco	cessation	
resource.	(From	http://smokefree.gov.)

TABLE 7-2 

Websites Related to the Treatment of Tobacco 
Use and Dependence

Organization Website

Association	for	the	Treatment	
of	Tobacco	Use	and	
Dependence

http://www.ATTUD.org

Centers	for	Disease	Control	
and	Prevention

http://www.cdc.gov/tobacco/
quit_smoking/

International	Tobacco	Control	
Policy	Evaluation	Project

http://www.ITCProject.org

QuitNet http://www.quit.com/
U.S.	Department	of	Health	

and	Human	Services
http://www.SmokeFree.gov

U.S.	Surgeon	General’s	
Office

http://www.Surgeongeneral.gov/
initiatives/tobacco/

Society	for	Research	on	
Nicotine	and	Tobacco

http://www.TreaTobacco.net

Tobacco	Free	Kids http://www.TobaccoFreeKids.org
World	Health	Organization,	

Tobacco	Free	Initiative
http://www.WHO.int/tobacco

tied to the achievement of advances in health care processes and 
outcomes. Disease prevention and patient education are intrin-
sically part of these processes.

Treatment of Tobacco Use  
and Dependence
In the United States, tobacco use and dependence is the leading 
preventable cause of death and chronic diseases.31 Health care 
costs attributable to tobacco use are quite significant. Effective 
evidence-based treatments are available, but their implementa-
tion by health care providers is lagging.32 RTs can play a vital 
role in the treatment of tobacco-related diseases and are now 
using E-medicine as an aid to help tobacco users.

E-Medicine, including phone-based applications, provides 
exciting new components of treatment for tobacco use and 
dependence. With the extensive reach of the Internet and the 
demonstrated efficacy of some applications, the potential 
impact on health outcomes is immense. More than 10 million 
Internet users have searched for online information about how 
to quit smoking.33

Internet-based treatment programs can recruit tobacco users 
via search engines, or they can be an adjunct to telephone quit-
line counseling. Figure 7-4 shows the smokefree.gov tobacco 
treatment website. When E-medicine applications are tailored 
to individual tobacco users, with frequent automated contacts 
via e-mail or text messages, rates of long-term abstinence from 
tobacco use are similar to those with traditional evidenced-
based interventions.33-36

Consistent with the U.S. Public Health Service clinical prac-
tice guideline recommendation for a high-intensity, multicom-
ponent approach, web-based applications have the capacity to 
provide both counseling that promotes tailored quit strategies 
and tobacco cessation medications that have been approved by 
the U.S. Food and Drug Administration.37 These applications 
can provide sustained access to virtually limitless numbers of 
participants and are therefore very cost-effective. Table 7-2 lists 
some websites related to the treatment of tobacco use and 
dependence.

http://smokefree.gov
http://www.ATTUD.org
http://www.cdc.gov/tobacco/quit_smoking/
http://www.cdc.gov/tobacco/quit_smoking/
http://www.ITCProject.org
http://www.quit.com/
http://www.SmokeFree.gov
http://www.Surgeongeneral.gov/initiatives/tobacco/
http://www.Surgeongeneral.gov/initiatives/tobacco/
http://www.TreaTobacco.net
http://www.TobaccoFreeKids.org
http://www.WHO.int/tobacco
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alerts for drug-drug interactions and drug-allergy reactions. 
More advanced implementations may include examples of 
drug-disease interactions, such as when the selected drug dose 
is high for a patient whose latest creatinine value indicates renal 
impairment. More complex clinical guidelines, such as for 
weaning from mechanical ventilation, may be embedded within 
the EHR system. Condition-specific order sets, such as “care 
paths” for patients admitted with COPD, can guide the caregiv-
ers to ensure provision of evidence-based care.

Documentation templates are frequently used for decision 
support where rules are embedded into the logic behind the 
templates. As an example, a template for charting may direct 
the therapist to chart breath sounds and then subsequently 
direct them to record the type of sounds and location in the 
chest. Similar directions also may be used to prompt the RT  
for volume and flow settings for volume control modes of  
ventilation versus pressure and inspiratory time for pressure 
control modes.

Summaries of patient data and patient lists created based on 
specific criteria are other examples of decision support. For 
example, a work list may summarize patients who have been on 
noninvasive ventilation longer than a specified time and are 
therefore appropriate candidates for evaluation for skin break-
down. There is also increasing use of contextual reference infor-
mation within the EHR, using links to internal or external 
resources for additional information. Examples of this include 
reference links to internally hosted protocol documents from 
order sets and links to external web-based content providers 
such as UpToDate.

Evidence Supporting Clinical  
Decision Support
Several studies have evaluated the usefulness of CDS in patient 
care. CDS has demonstrated value in identifying high-risk 
patients using blood gas and laboratory results,42-44 as a diag-
nostic aid and in early identification of patients for interven-
tion.45,46 Knowledge-based systems have been shown to improve 
outcomes such as length-of-stay after myocardial infarction47 
and weaning from mechanical ventilation.48

Mobile Applications
Increasingly, mobile applications are being used to not only 
provide information to users but also capture health care data. 
Applications such as AirStrip allow remote users to visualize 
streaming vitals sign data and graphics. At the consumer level, 
mobile applications are driving consumer engagement via tele-
health, consumer education, and health applications that use 
mobile devices as a data collection tool.

Administrative Decision Support
Administrative decision support using electronic data takes two 
main forms, which could be considered as external and internal 
benchmarking. External benchmarking is most prominently 
represented by the American Association for Respiratory Care 
(AARC) Benchmarking System, which facilitates identification 
and adoption of best practices among similar respiratory care 

 Box 7-2 Factors to Consider When 
Reviewing E-Medicine Sources

•	 Web	address:
•	 .com—A	website	most	likely	to	a	for-profit	company
•	 .org—A	website	most	likely	from	a	nonprofit	organization
•	 .edu—A	website	published	by	an	educational	institution	

such	as	a	university
•	 .go—A	web	page	that	belongs	to	a	governmental	

organization
•	 When	assessing	credibility,	consider	the	following:

•	 Who	are	the	authors?
•	 What	are	their	credentials?
•	 Is	there	a	hidden	agenda?
•	 Who	published	the	information?
•	 Is	the	information	peer	reviewed?

•	 When	assessing	accuracy,	consider	the	following:
•	 Is	the	information	current?
•	 Is	the	information	supported	by	facts?
•	 Is	the	information	based	on	scientific	evidence?
•	 Is	the	original	source	listed?
•	 Do	other	sources	back	up	the	information?

•	 Red	flags	to	consider:
•	 Anonymous	information.
•	 There	appears	to	be	a	conflict	of	interest.
•	 The	information	presented	is	one-sided	or	biased.
•	 The	information	is	outdated.
•	 There	is	a	claim	of	a	miracle	or	secret	cure.
•	 No	evidence	is	cited.
•	 The	grammar	is	poor	and	words	are	misspelled.

operational data. Key performance indicators (KPIs) are indi-
cators of quality and efficiency that are selected based on 
reporting or operational requirements. Commercially available 
business intelligence systems allow KPIs to correlate with 
dimensions that typically include person, time, place, and so 
forth. For example, a hospital may be interested in ventilator-
associated pneumonia (VAP) events. In this case, KPIs may 
include daily ventilator census and incidence of VAP, which are 
then correlated with dimensions such as practitioners involved 
in the care of the patient before the event, hospital unit, date of 
VAP, and so on. This allows an institution to not only report on 
the aggregate rate of VAP but also recognize patterns relating to 
specific units and caregivers. Business intelligence also can be 
quite useful in research, especially in accessing data for retro-
spective clinical studies, as discussed in Chapter 8.

Clinical Decision Support

Clinical decision support (CDS) has been defined as “Health 
information technology functionality that builds upon the 
foundation of an EHR to provide persons involved in care pro-
cesses with general and person-specific information, intelli-
gently filtered and organized, at appropriate times, to enhance 
health and health care.”40,41 Examples of CDS include computer-
ized alerts and reminders, such as notification to a therapist that 
the selected tidal volume exceeds the recommended range for a 
patient, based on ideal weight and calculated using a previously 
recorded height measurement. CPOE systems, discussed else-
where in this chapter, frequently incorporate decision support 
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Research

Research is based on data (facts) that can be transformed into 
information (facts that answer questions). Thus any of the 
sources of data described earlier are potential research tools. 
Online databases provide both the framework and content for 
designing research studies (e.g., PubMed). Private databases 
(e.g., productivity and hospital business review resources) 
support internal process improvement initiatives.54,55 These 
issues are discussed in more detail in Chapter 8.

TELEMEDICINE AND 
TELEMONITORING

Telemedicine refers to the use of electronic and telecommuni-
cation technologies to support health care at a geographically 
different location from the patient, increasing access to specialty 
and patient care. Telemedicine can allow for the evaluation, 
diagnosis, treatment, monitoring, triage, consultation, and 
follow-up of patients without travel.56,57 According to the 
Centers for Medicare and Medicaid Services (CMS), telemedi-
cine seeks to improve a patient’s health by permitting two-way, 
real-time interactive communication between the patient and 
the physician or practitioner at the distant site. This electronic 
communication means the use of interactive computerized tele-
communications equipment that generally includes audio and 
video equipment. Telemedicine is viewed as a cost-effective 
alternative to the more traditional in-person way of providing 
medical care, such as face-to-face consultations or examinations 
between the clinician and patient.58 A form of telemedicine is 
telemonitoring, which involves the use of telecommunications 
and information technology to provide access to health assess-
ment, diagnosis, intervention, consultation, supervision, and 
information across distance.

Although best-practices in this area are still emerging, tele-
medicine and telemonitoring are gaining ground in respiratory 
care and in the overall management of all type of patients, 
including those with pulmonary disease. In some cases, it has 
facilitated the timely diagnosis and treatment of patients with 
limited access to health care facilities. In particular, patients in 
remote geographic locations or those with limited mobility 
such as ventilator-dependent individuals with severe neu-
romuscular disease have benefited from telemedicine.59 Com-
puter interfaces for telemonitoring facilitate patient assessment 
through the two-way transmission of key clinical data such as 
vital signs, pulmonary function measures, and patient-ventilator 
data and even the patient’s physical appearance captured by 
computer web cameras. Similar monitoring also can facilitate 
the early detection of and intervention for any deterioration in 
a patient’s condition. Such inventions have been shown to be 
helpful in reducing doctor visits and hospital admissions, a 
benefit to the patient and to the economics of health care.60

In addition, telemedicine has proved useful in facilitating  
the patient’s participation in computer-based disease manage-
ment programs. In particular, selected telemedicine applica-
tions have been created that bundle patient education, disease 

departments. Internal benchmarking is exemplified by the hos-
pital business review process. This form of benchmarking 
involves the creation and tracking of relevant quality and pro-
ductivity metrics to inform internal process improvement 
activities.

American Association for Respiratory 
Care Benchmarking System

In the 1950s, the Xerox corporation invented a process called 
benchmarking as a way to identify and adopt best practices that 
have developed among similar organizations.49 In 1989 Robert 
Camp wrote one of the first textbooks on benchmarking,50 out-
lining four basic steps (1) know your operation, (2) know the 
industry leaders or competitors, (3) incorporate the best, and 
(4) gain superiority.

Early in 2006, the leadership of the AARC, recognizing the 
need to establish a valid benchmarking resource for respiratory 
care, created an official benchmarking website designed for 
respiratory care department managers (http://www.respiratory 
benchmarking.org). Anyone can visit the site and take advan-
tage of educational resources (from the Site Navigation drop-
down menu). Department managers who are members (i.e., 
have a paid subscription to the AARC benchmarking system) 
may enter their department’s profile, including information on 
structure and function as well as personal contact information, 
although an anonymous option is provided.51 Next, managers 
enter productivity data on a monthly basis. This activity builds 
the communal database from which benchmarking reports are 
generated by all members.

Best practices are identified using reports. A manager creates 
a report based on a “compare group” comprising several other 
departments that are similar in structure and function. This 
compare group is identified by performing searches on the 
database using various criteria from the profile and studying 
the profiles of the departments matching those criteria. The 
report has two sections. The first section gives numeric values 
for various productivity metrics52 (definitions are available on 
the AARC benchmarking website) that indicate the depart-
ment’s percentile ranking. The manager is given the option  
of entering a desired percentile ranking, and the report will  
then calculate the opportunity (both in terms of dollars and 
number of staff positions) associated with improving the per-
centile ranking. The second section of the report is a list of all 
the departments in the compare group ranked according to 
percentile53 on each of the productivity metrics. This section of 
the report allows the department manager to identify the top 
performers. The next step for the manager is to study the pro-
files and monthly productivity data of the top performers to 
find clues about how they are achieving best practices. The 
manager is also encouraged to contact the top performers per-
sonally to ask questions.

The AARC Benchmarking System has grown and evolved 
since its inception and continues to provide essential informa-
tion to forward-thinking managers. It is a valuable tool for 
maintaining a completive advantage in the ever more demand-
ing economic environment of U.S. health care.

http://www.respiratorybenchmarking.org
http://www.respiratorybenchmarking.org
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manuscripts and other sources for clinical practice guidelines, 
evidence-based systematic reviews of clinical questions, accred-
iting agencies, or other relevant sources of important informa-
tion (Table 7-3).

Health Information Sources  
for Consumers

As discussed earlier, patients increasingly seek knowledge about 
diseases and treatments on their own. However, many users 
neglect to scrutinize the quality or source of the information, 
which is largely unregulated. Selected resources for pulmonary 
patients are listed in Table 7-4 and include the AARC website 
for patients (http://www.yourlunghealth.org), the websites of 
the National Lung Health Education Program (http://www 
.nlhep.org) dedicated to COPD patients, and MedlinePlus.gov 
of the National Library of Medicine. MedlinePlus features 
online interactive tutorials, practical instructional handouts  
for patients, a medical encyclopedia, and videos of surgical 
procedures.

APPLICATIONS IN HEALTH  
CARE ADMINISTRATION

E-Medicine applications also play an integral role in helping 
respiratory care managers and leaders maximize the value they 

management, interactive communication, and other features. 
Such multipronged systems have been shown to be effective in 
helping reduce chronic disease exacerbations and enhance the 
daily functioning and quality of life of patients with asthma and 
COPD, as discussed earlier in this chapter.61 Other telemedicine 
programs have shown promise in helping overcome logistical 
barriers such as transportation and scheduling that too often 
prevent individuals from participating in valuable disease man-
agement programs. In particular, telemedicine has helped facili-
tate the participation of COPD patients in remote access 
pulmonary rehabilitation programs in which they otherwise 
would not have been able to participate. Furthermore, their 
participation in such computer-aided rehabilitation programs 
has permitted these patients to achieve similar benefits associ-
ated with traditional rehabilitation programs (see Chapter 55), 
such as demonstrable enhancement in their tolerance for activi-
ties of daily living.62

Like many aspects of E-medicine, telemedicine seems to be 
in its infancy. As health care resource limitations and cost-
containment pressures continue, as well as improvements in the 
applications and the efficiencies they offer, it appears inevitable 
that use of this and related technologies will expand and become 
commonplace in health care and more specifically in respira-
tory care.

SOURCES OF HEALTH INFORMATION

Considering that almost half of adults in the United States have 
limited health literacy, E-medicine applications have the poten-
tial to improve our patients’ level of health literacy if used 
appropriately.63 Low health literacy compromises patient safety, 
limits the overall quality of health care, and accounts for 
increased health care costs. When patients have poor knowledge 
about their disease and the management of it, positive out-
comes become more difficult to achieve.64

Health Information Sources for 
Respiratory Therapists and  
Other Clinicians

Effective information retrieval is essential to evidence-based 
respiratory care. It enhances clinical expertise by providing 
information for the development of evidence-based, therapist-
driven protocols, and it aids in clinical decision making for the 
clinician. Although assessment skills of RTs generally sharpen 
with experience, their knowledge of the most up-to-date thera-
pies may diminish over time.65 However, the best available 
medical evidence is dynamic rather than static and the amount 
of available information is staggering. RTs need to be knowl-
edgeable about efficient ways to access, filter, and retrieve rele-
vant information effectively. They also must be prepared to 
guide increasingly sophisticated patients, many of whom 
actively seek medical information on the Internet.

E-Medicine applications are a far-reaching, rich source of 
information. RTs can use search engines such as PubMed, 
MEDLINE, and Google Scholar to access, filter, and retrieve 
information effectively. RTs can “bookmark” helpful websites, 

TABLE 7-3 

Helpful websites for Respiratory Therapists

Organization Website

American	Academy	of	Allergy,	
Asthma,	and	Immunology

http://www.aaaai.org

American	Academy	of	Pediatrics http://www.aap.org
American	Academy	for	Sleep	

Medicine
http://www.aasmnet.org

American	College	of	Allergy,	
Asthma,	and	Immunology

http://www.acaai.org

American	Association	for	
Respiratory	Care

http://www.aarc.org

American	Cancer	Society http://www.cancer.org
American	College	of	Chest	

Physicians
http://www.chestnet.org

American	Heart	Association http://www.heart.org
American	Lung	Association http://www.lung.org
American	Thoracic	Society http://www.thoracic.org
ARDS	Network http://www.ardsnet.org
Centers	for	Disease	Control	and	

Prevention
http://www.cdc.gov

Cochrane	Collaboration http://www.cochrane.org
Committee	on	Accreditation	for	

Respiratory	Care
http://www.coarc.com

Cystic	Fibrosis	Foundation http://www.cff.org
Global	Initiative	for	COPD http://www.goldcopd.com
National	Board	for	Respiratory	

Care
http://www.nbrc.org

National	Heart,	Lung,	and	Blood	
Institute

http://www.nhlbi.nih.gov/
health-pro

Society	for	Critical	Care	Medicine http://www.sccm.org
U.S.	Surgeon	General http://www.surgeongeneral.gov

http://www.aaaai.org
http://www.aap.org
http://www.aasmnet.org
http://www.acaai.org
http://www.aarc.org
http://www.cancer.org
http://www.chestnet.org
http://www.heart.org
http://www.lung.org
http://www.thoracic.org
http://www.ardsnet.org
http://www.cdc.gov
http://www.cochrane.org
http://www.coarc.com
http://www.cff.org
http://www.goldcopd.com
http://www.nbrc.org
http://www.nhlbi.nih.gov/health-pro
http://www.nhlbi.nih.gov/health-pro
http://www.sccm.org
http://www.surgeongeneral.gov
http://www.yourlunghealth.org
http://www.nlhep.org
http://www.nlhep.org
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load. These same data can be used by most such systems to 
calculate productivity of an individual RT or the department as 
a whole. Often such productivity results are expressed as a per-
centage of a certain benchmark or reference range. For example, 
if the productivity expectation for an RT to complete 24 aerosol 
treatments for an 8-hour shift (assuming no other workload), 
but because of several call-outs, the RT is assigned and com-
pletes 30 such treatments, then that therapist would have a 
productivity percentage of 30 (actual)/24 (assigned) or 125%. 
Figure 7-5 shows an example of a worksheet for workload cal-
culation. These software packages also facilitate computerized 
documentation, including ventilator-patient monitoring or 
charting the delivery of all forms of respiratory therapy, through 
computers or remote devices interfaced with the EHR. These 
documentation systems not only provide a record of the care 
provided and patient’s response, but are also interfaced with 
other facets of the comprehensive software platform, including 
those for billing and quality assurance.66

Financial Management

Computer hardware and software are universally used in the 
financial aspects of health care. The more predominant uses 
relate to financial accounting applications, including billing and 
accounts receivable, as well as managerial accounting functions, 
which encompass financial statement reporting, budgeting, and 
forecasting. A detailed description of each of these functions is 
beyond the scope of this text. Briefly, however, under the cate-
gory of financial accounting, accounts receivable is a fancy term 
for billing for and monitoring of the reimbursement for services 
provided. Most of the billing to CMS and private health insur-
ance providers and monitoring of such payments by hospitals 
is done through electronic software platforms. Often this pro-
cess is facilitated by features within the health care organiza-
tion’s EHR system, which accesses a portal to the payment 
system of CMS, the health insurance providers, or a subcontrac-
tor acting on their behalf.66

The financial accounting systems facilitate billing and inter-
face closely with the managerial platforms used for financial 
statement and budgeting. For example, once the software rec-
ognizes that a payment has been made by CMS, higher level 
financial statements such as the income statement can be imme-
diately updated to show an increase in revenue received. These 
and other computerized functions permit almost immediate 
updating and real-time viewing of the financial condition of the 
health care organizations. Software applications have enhanced 
managerial accounting functions in other ways, by facilitating 
the budgeting process, which ensure the health care organiza-
tions and respiratory departments have adequate resources to 
provide their services and perform their functions. Likewise, 
computer software permits faster and often more accurate 
financial forecasting, as well as the ability to make predictions 
under various economic and environmental scenarios.67

Quality Assurance

Computer software applications are a vital tool in health care 
quality assurance. Chapter 3 of this text provides some detail 

add to their health care organizations. In addition to the bench-
marking resources and business intelligence concepts described 
earlier in this chapter, there are other highly useful digital appli-
cations related to documentation, workload, and staffing; finan-
cial and quality management; human resources; regulatory 
compliance; and similar tools related to management and 
administration.

Documentation, Workload, Staffing, 
and Scheduling

Increasingly, the comprehensive software systems used by health 
care organizations, provide features that support department-
specific functions, including those essential to respiratory care 
departments. These software packages enable respiratory care 
department managers and other authorized personnel to 
retrieve, sort, and use information-relevant managing strategic 
functions such as resource use, staffing, and financial manage-
ment. In addition, such software systems can link these strategic 
functions with day-to-day operations, such as using hospital 
census (e.g., percentage occupancy) and acuity (e.g., average 
severity of illness) data, with how many RTs are needed during 
a given shift or other period to adequately handle such a patient 

TABLE 7-4 

Helpful Websites for Pulmonary Patients

Organization Website

Medical Associations
American	Academy	of	Allergy,	

Asthma,	and	Immunology
http://www.aaaai.org

American	Academy	for	Sleep	
Medicine

http://www.aasmnet.org

American	College	of	Chest	
Physicians

http://www.chestnet.org

American	Thoracic	Society http://www.thoracic.org
Society	of	Critical	Care	Medicine http://www.sccm.org

Patient Education and Support Organizations
American	Association	for	

Respiratory	Care
http://www.aarc.org
http://www.yourlunghealth.org

American	Heart	Association http://www.heart.org/heartorg
American	Lung	Association http://www.lungusa.org
Cystic	Fibrosis	Foundation http://www.cff.org
COPD	Foundation http://www.copdfoundation.org/
Global	Initiative	for	COPD http://www.goldcopd.com
Healthways http://www.QuitNet.com
National	Lung	Health	Education	

Program
http://www.nlhep.org

SmokeFree:	U.S.	Department	of	
Health	and	Human	Services

http://www.SmokeFree.gov

Government Agencies
Centers	for	Disease	Control	and	

Prevention
http://www.cdc.gov

Food	and	Drug	Administration	
(FDA)

http://www.fda.gov

National	Heart,	Lung,	and	Blood	
Institute	(NHLBI)

http://www.nhlbi.nih.gov

National	Institutes	of	Health	
(Medline)

http://www.nlm.nih.gov/
medlineplus/

National	Library	of	Medicine http://www.nlm.nih.gov/

http://www.aaaai.org
http://www.aasmnet.org
http://www.chestnet.org
http://www.thoracic.org
http://www.sccm.org
http://www.aarc.org
http://www.yourlunghealth.org
http://www.heart.org/heartorg
http://www.lungusa.org
http://www.cff.org
http://www.copdfoundation.org/
http://www.goldcopd.com
http://www.QuitNet.com
http://www.nlhep.org
http://www.SmokeFree.gov
http://www.cdc.gov
http://www.fda.gov
http://www.nhlbi.nih.gov
http://www.nlm.nih.gov/medlineplus/
http://www.nlm.nih.gov/medlineplus/
http://www.nlm.nih.gov/
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FIGURE 7-5	 Clinivision	Mobile	Patient	Charting	(MPC).	Workload	estimate	for	3	shifts	by	zone.	This	report	is	grouped	by	zone	and	then	
procedure	to	show	the	estimate	for	the	number	of	procedures,	work	units,	and	therapists	required.	(Image	used	by	permission	from	Nellcor	
Puritan	Bennett	LLC,	Boulder,	Colorado,	doing	business	as	Covidien.)
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invaluable tools for human resource functions of heath care 
facilities and those more specific to respiratory care depart-
ments by enabling them to maintain employee records, track 
training and education, and keep abreast of licensure and cre-
dentialing renewals, among many other similar applications. In 
addition, web resources have proved invaluable in helping 
recruit talented staff. The AARC website has a “Job Bank” 
feature that enables employers to post openings and furnishes 
qualified candidates with instructions on how to apply. Many 
state societies for respiratory care offer similar resources, and 
there are many proprietary recruitment websites, including 
Monster.com, Indeed.com, and ZipRecruiter.com.

Beyond this, many health care organizations are using web 
resources to help evaluate job candidates. In addition to being 
able to search state agencies to confirm a candidates’ licensure 
and the National Board for Respiratory Care (NBRC) websites 
to determine credentialing status, pre-employment criminal 
background checks can be easily done through services offered 
on the web for a fee-for-service basis. Furthermore, although it 
is controversial, employers are increasingly performing credit 
checks and reviewing the social media profiles and patterns in 
the screening process of candidates.71

Privacy and Confidentiality

The Health Insurance Portability and Accountability Act (HIPAA) 
of 1996 established standards and safeguards to protect the 
confidentiality of medical records, including those maintained 
on computers and other similar devices. Essentially all EHR 
software offered by reputable sources must be HIPAA compli-
ant, and health care organizations are required to have their 
staff trained on performing their functions within the guide-
lines of this law. However, in some ways technologic advance-
ments are threatening the protections offered by HIPAA. 
Increasingly, health information maintained and transmitted 
on portable devices such a laptop computers, tablets, and smart-
phones is circulating outside the HIPAA-protected zone. Such 
information is increasingly kept on, or downloaded to, storage 
devices such as “thumb drives” or in remote computerized 
servers known as “the cloud.” Furthermore, clinical datasets and 
databases originally intended for one purpose, such as regula-
tory compliance reporting or for clinical purposes, are being 
acquired by other organizations for different purposes, such as 
research and marketing. The required protection of all pro-
tected health information within such datasets is not always 
properly done, which poses further threats to patient confiden-
tiality. Patient information on social media is another area of 
concern. Although it will take some time for our governmental 
regulators to enact updated legislation to address the impact 
that such technology has had on HIPAA compliance and patient 
privacy and confidentially, the general sense is that such regula-
tion will eventually be adopted. In the meantime, RTs need to 
be ever mindful to protect and respect the confidentiality of 
patient information. Whether communicating patient informa-
tion verbally, in writing, or with the combined use of computer-
ized hardware and software, RTs should apply the HIPPA 
principles in protecting such data and using it only for its 

on the principles of and tools used for quality assurance in 
respiratory care and health care in general. However, it is impor-
tant to note that many tools used in the continuous quality 
improvement (CQI) model, for both enhancing and monitor-
ing quality, are computer-based. For example, a root-cause 
analysis is a process by which the underlying primary, second-
ary, and other notable causes of a medical error or other safety 
issues are identified, and then an action plan is created and 
implemented. Finally, an ongoing monitoring system is put in 
place to evaluate the plan’s effectiveness. Software applications 
exist and are commonly used to perform such an analysis. More 
broadly, hospital quality assurance, risk management, and even 
respiratory care departments use software applications that 
track quality data such as unplanned extubations and noninva-
sive mask-induced facial sores, to examine trends and the 
potential impact of corrective action.68

Regulatory Compliance

In a similar way that accounts payable systems of health care 
organizations use portals to facilitate reimbursement of services 
rendered; shared applications exist for the reporting of key 
compliance and regulatory data. For example, compliance with 
the meaningful-use objectives HITECH ACT discussed earlier 
in this chapter is done in this manner. In addition, CMS has 
introduced the value-based purchasing system, whereby reim-
bursement by CMS to hospitals and health care providers is 
partially based on their ability to meet a predefined set of stan-
dards. Reporting by hospitals to CMS for this program and 
other similar ones, such as 30-Day Short-Term Readmission 
Rates, are monitored through similar computer-based report-
ing systems.69

Web Analytics

Web analytics is a generic term that encompasses the study of 
the impact of a website on its users. It employs software to 
measure trends such as how many people visited a website, how 
many of those visitors were first-time or repeat visitors, how 
they came to the site (i.e., if they followed a link to get to the 
site or came there directly), what keywords they searched within 
the site’s search engine, how long they stayed on one or more 
web pages, what links they clicked on when they left the site, 
and other similar trends. Health care organizations have begun 
to use web analytics software for many purposes. In the realm 
of business management and administration, health care orga-
nizations are using web analytics to measure trends of current 
and potential customers, to help make predictions about future 
market conditions and as an aid in strategic business decisions. 
Many clinical applications for web analytics are gaining popu-
larity, including to track usage of educational websites that are 
designed as patient resources—for example, those used to for 
patients with chronic disorders such as COPD, cystic fibrosis, 
and neuromuscular diseases.70

Human Resources

In addition to their use in staffing and scheduling described 
earlier in this chapter, computer databases have proved to be 

http://Monster.com
http://Indeed.com
http://ZipRecruiter.com
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movements are exhibited that are synchronous with the phases 
of breathing and cough.

Learners are able to better immerse themselves in carefully 
planned case scenarios and performing in a manner similar to 
that of real clinical situations (Figure 7-6). They develop psy-
chomotor, critical thinking, decision-making, and team-
building skills. In contrast, traditional methods of didactic 
education in combination with clinical apprenticeships can 
result in increased knowledge, but limited, inconsistent experi-
ential learning opportunities. Clinical simulators, allow for 
more in-depth evaluation of learners’ competencies in a safe 
environment. They are an excellent tool to help respiratory care 
departments meet The Joint Commission (TJC) requirement of 
demonstrating the competencies of respiratory care staff in an 
ongoing manner.73 Recommended steps in clinical simulation 
education are diagrammed in Figure 7-7.

Clinical simulators are particularly valuable for learning how 
to function in rare but high-risk clinical situations. Training via 
simulators has resulted in improved performance of health care 
providers in emergency airway management, advanced life 
support, bronchoscopy, and surgery. Computer-based simula-
tors also have become a useful tool in promoting and optimiz-
ing the use of interprofessional teams within clinical settings.74,75 
Clinical simulators have the potential to reduce medical errors 
and improve patient safety. Simulations promote relatively 
comprehensive learning (Box 7-3) and allow for performance 
in clinical settings to become more refined and automatic.

intended purpose (see Rule of Thumb). Failure to comply with 
HIPAA is a federal violation of the law with financial and legal 
consequences for those involved.72

FIGURE 7-6	 Clinical	simulation	benefits	students.	(From	
Cummings	CW,	et	al:	Cummings	otolaryngeal:	head	and	neck	
surgery,	ed	2,	St	Louis,	2005,	Mosby.)

FIGURE 7-7	 Steps	in	clinical	simulation	education.	

Information Demonstration Practice Feedback Remediation

Measurement Diagnosis

	

RULE OF THUMB

Users	can	take	steps	to	help	prevent	computer	
infiltration	by	malicious	software	by	doing	the	following:
•	 Users	should	never	share	or	use	their	password	on	

public	unsecured	devices.
•	 Users	should	regularly	update	their	computers	with	

security	patches	from	authorized	sources.	For	
example,	patches	for	Windows	operating	systems	
are	available	on	the	Microsoft	website	(see	http://
www.update.microsoft.com).

•	 Users	should	install	a	virus	scanning	program	and	
regularly	update	it.

•	 Most	importantly,	users	should	be	careful	when	
opening	e-mail	file	attachments	and	refrain	from	
downloading	applications	from	unknown	sources.

APPLICATIONS IN TRAINING  
AND EDUCATION

Computing plays a central role in the education of respiratory 
care students, credentialing of graduates of educational pro-
grams, and continuing education for RTs.

Clinical Simulations

Computerized clinical simulations are a powerful learning 
tool. Computer-based simulation is a long-standing educa-
tional method for hazardous occupations that have shown 
remarkably low rates of failure (e.g., airline pilots, members of 
the military, astronauts, and nuclear power plant operators). 
Health care education has progressed to include the use of 
computer-based, full-body manikins and high-fidelity clinical 
simulators. These devices feature software to program clinical 
scenarios and simulated vital signs and physical examination 
findings that either improve or deteriorate in response to the 
actions of the learners. The simulators can reproduce situations 
requiring complex airway management or advanced life support. 
In virtual surgical simulators, certain devices allow learners to 
exert force against simulated tissue that offers realistic resis-
tance, and in virtual bronchoscopy simulators, vocal cord 

http://www.update.microsoft.com
http://www.update.microsoft.com
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reporting clinical educational activities for allied health profes-
sions, including respiratory care programs. The records help 
both students and faculty members track student progress in 
completing required competencies as they progress through 
their clinical rotation assignments (Figure 7-8). Functions may 
include the following:
• Streamlined data entry process minimizing data entry dupli-

cation that can occur between clinical sites, students, and the 
academic program

• A daily log for completed procedures and activities, which 
instructors validate

• Competency evaluations
• Automated surveys to accommodate questionnaires for stu-

dents, graduates, and clinical affiliates as required by accred-
iting agencies

• Cloud-based data and backup storage
A variety of such as software applications are available to 

educational institutions. These include DataArc (http://www 
.dataarc.ws/), E*Value (http://evaluehealthcare.com), and Ty-
phoon Group (http://www.typhongroup.com/), among others. 
Students and faculty can use any web-enabled device, including 
smart phones, to access these applications.

National Board for Respiratory  
Care Credentialing

The NBRC uses computerized credentialing examinations for 
both the written and clinical simulation examinations. Candi-
dates must go to a designated testing center, sit at a monitored 
computer terminal, and take the examination during the desig-
nated timeframe. Once candidates are done with the examina-
tion, they receive their score immediately. In addition, to achieve 
the advanced credentialing level, or Registered Respiratory 
Therapist (RRT) designation, candidates must demonstrate 
their ability to gather and interpret clinical information and 
then make or recommend clinical actions based on a clinical 
scenario. In the computerized simulation examination (CSE), 
RRT candidates must complete a series of case-based simula-
tions and demonstrate that they have adequately mastered the 
management of major respiratory diseases (Figure 7-9).

Full-Scale Physiologic  
Clinical Simulators

There are several full-scale, physiologic, clinical simulators 
available, two of which are SimMan (Laerdal Medical, Wap-
pingers Falls, NY) and the Human Patient Simulator (HPS) 
(CAE Healthcare, Quebec, Canada). These simulators generate 
physiologic functions, including pulse, blood pressure, cardiac 
rhythm, breathing, exhaled carbon dioxide, lung compliance, 
and bowel sounds. The airways are anatomically accurate to the 
level of the lung segments. Interdisciplinary teams can practice 
scenarios such as cardiac defibrillation, hemodynamic monitor-
ing, apnea, right main stem intubations, tension pneumothora-
ces, anesthesia administration, occluded endotracheal tubes, 
high-pressure alarm limits during mechanical ventilation, and 
loss of medical gas.

Clinical Education Applications

Management of clinical education involves a significant amount 
of documentation, tracking, scheduling, evaluations, clinical 
competencies, reporting, and compliance with accreditation 
standards. E-Medicine software applications have been devel-
oped to help educators manage each of these aspects of the 
clinical education process.

These applications are secured, password-protected, web-
based database management systems for documenting and 

FIGURE 7-8	 DataArc	documentation	of	clinical	competencies.	(Courtesy	DataArc	LLC,	League	City,	TX.)

Student
name and

initiator name

Kumar Patel
Tonya Cook

Kumar Patel
Heather

Neal-Rice

Kumar Patel
Tonya Cook

Date and IP
address

View record

Wednesday,
December
16, 2009

144.30.0.221

Saturday,
April 3, 2010
144.30.0.221

Tuesday,
October 20,

2009
144.30.0.221

Submission date
Delete record

Wednesday,
January 6, 2010

at 1:42 PM
144.30.0.221

Saturday, April 3,
2010 at 4:37 PM

144.30.0.221

Tuesday,
January 5, 2010

at 3:57 PM
144.30.0.221

Patient and
competency

and summary

Adult
vital signs

Satisfactory

Adult x-ray
interpretation
Satisfactory

Adult nasal
cannula

Satisfactory

Clinical
instructor

Tonya Cook

Tonya Cook

Michael Anders

Clinical site
and location

Baptist Health
Clinic

Baptist Health
Clinic

St. Vincent
Infirmary Medical

Center Clinic

Area
device

Adult floor
web

Medical
ICU web

Adult floor
web

 Box 7-3 Learner Objectives in 
Clinical Simulation

•	 Interpret	data
•	 Recognize	and	prioritize	problems
•	 Make	decisions
•	 Observe	consequences	of	decisions
•	 Develop	leadership	skills
•	 Develop	interpersonal	communication	skills
•	 Develop	team-building	skills
•	 Use	available	resources
•	 Manage	stress	and	crisis

http://www.dataarc.ws/
http://www.dataarc.ws/
http://evaluehealthcare.com
http://www.typhongroup.com/
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FIGURE 7-9	 National	Board	for	Respiratory	Care.	Practice	simulation	problem.	(Courtesy	NBRC,	Olathe,	KS.)

Continuing education is mandatory for national credential-
ing for the NBRC and often a requirement for state licensure. 
Credentials awarded by the NBRC are valid for a period of 5 
years and are subject to renewal through the Continuing Com-
petency Program (CCP) requirements. RTs are required to 
provide evidence to the NBRC that they are continuing to meet 
current standards of practice and have all the requirements for 
renewal. Web-based continuing respiratory care education 
(CRCE) courses, which have been preapproved or outright 
sponsored by the AARC, offer RTs an easily accessible, efficient, 
and cost-effective means of meeting continuing education 
requirements for CCP and state licensure purposes, as well as 
keeping current in their profession.

Learning Management Systems

To an increasing extent, respiratory care educators use online, 
web-based learning management systems platforms such as 
Moodle or Blackboard to augment traditional classroom courses 
known as web-enhanced courses or deliver entirely web-based 
courses (Figure 7-10). This technology improves access and 
management of course content for web-enhanced courses. 
Web-delivered courses make respiratory care education possible 
for students who might not otherwise be able to attend respira-
tory care programs such as those requiring flexible schedules or 

students in remote rural areas. Other adjunctive applications, 
such as Adobe Connect, permit live interaction between the 
student and faculty. Students can talk to their instructors and 
classmates via live audiovisual platforms. Participants also can 
have asynchronously access to archived classes and related 
course content and other material by the use of podcasts or 
recorded sessions.

American Association for Respiratory Care
The AARC provides many continuing education opportunities 
on the web (see http://www.aarc.org). Webinars and text-based 
courses are available in both live and asynchronous formats. RTs 
may earn CRCE credits by completing these courses (Figure 
7-11). The AARC also provides web-based CRCE credits 
through the Respiratory Care journal. RTs can read the journal, 
use a copy of the test that appears in the journal to draft answers, 
and then complete the web-based test on the journal website 
(http://www.rcjournal.com/crce_ttj.cfm). The AARC maintains 
a transcript of members’ CRCE credits, which RTs can access 
on the AARC website.

Additionally, to facilitate electronic networking among RTs, 
the AARC offers Specialty Sections and Roundtables. Each  
Specialty Section features an e-mail listserv for discussions, 
e-newsletters, e-bulletins, and a website.

http://www.aarc.org
http://www.rcjournal.com/crce_ttj.cfm


FIGURE 7-10	 Moodle	Learning	Management	System	course	homepage.	(Courtesy	Rutgers	School	of	Health	Related	Professions,	
Respiratory	Care	Program–North,	Newark,	NJ.)

FIGURE 7-11	 America	Association	for	Respiratory	Care,	Continuing	respiratory	care	education,	web-based	courses.	(Courtesy	AARC,	
Irving,	TX.)
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FUTURE OF E-MEDICINE

If the recent degree of changes in E-Medicine is a predictor of 
future developments, this chapter in the next edition of this 
book will look very different from this one. In the future, com-
puterized technologic applications described in this chapter, 
such as telemedicine and closed-loop decision-making on 
mechanical ventilators, will be more widespread, as well as 
refined and improved and most likely able to do more in much 
less time. In addition, new digital applications will emerge, 
including a vast assortment of diagnostic, treatment, educa-
tional, and disease management applications available to 
patients and clinicians alike. The current technology coupled 
with new developments hold great promise for helping opti-
mize the large-scale effectiveness and efficiency our health care 
system, as well as providing notable benefits to health care 
organizations and clinicians, including the RTs operating 
within it.

SUMMARY CHECKLIST

◗	E-Medicine	relates	to	the	use	of	computerized	or	digital	
technology	to	enhance	efficiency	and	effectiveness	of	
health	care	in	general	and	more	specifically	patient	care.

◗	EMRs	represent	the	computerized	records	produced	every	
time	a	patient	(or	consumer)	uses	health	services.

◗	The	EHR	is	the	sum	of	all	EMRs	produced	by	the	different	
encounters	of	the	consumer	with	various	health	care	
entities	throughout	a	lifetime.

◗	Enterprise	software	packages	are	designed	to	provide	
integrated	functionality	for	health	care	organizations	to	
enhance	both	efficiency	and	effectiveness	of	patient	care.

◗	E-Medicine	applications	can	be	used	in	acute	or	nonacute	
settings	by	RTs	to	provide	support	and	care	for	the	
pulmonary	patient.

◗	Health	informatics	combines	advances	in	computer	
science	and	technology	to	improve	clinical	care,	manage	
the	health	of	populations,	and	accelerate	research.

◗	Business	intelligence	refers	to	a	set	of	tools	that	permit	
capture,	storage,	and	transformation	of	data	into	useful	
and	actionable	information.

◗	CDS	provides	general	and	person-specific	information,	
intelligently	filtered	and	organized,	at	appropriate	times,	to	
enhance	health	and	health	care.

◗	Benchmarking	includes	four	basic	steps	(1)	know	your	
operation,	(2)	know	the	industry	leaders	or	competitors,		
(3)	incorporate	the	best,	and	(4)	gain	superiority.

◗	Telemedicine	and	telemonitoring	allow	for	the	evaluation,	
diagnosis,	treatment,	monitoring,	triage,	consultation,	and	
follow	up	of	patients	without	travel.

◗	The	Internet	is	a	rich	source	of	information	for	RTs	and	
patients	when	the	quality	and	source	of	information	are	
appropriate.

◗	 Information	retrieval	is	essential	to	practice	evidence-based	
respiratory	care.	It	enhances	clinical	expertise	by	providing	
information	for	the	development	of	evidence-based,	
therapist-driven	protocols,	and	it	aids	in	clinical	decision	
making	for	the	RT.

◗	Computers	and	digital	information	can	be	useful	to	
clinicians	in	optimizing	quality	of	care	and	to	patients		
and	their	families	participating	in	care	plans.

◗	Common	sense	is	the	best	prevention	against	infiltration	
by	malicious	software.

◗	Emerging	computer	applications	are	expected	to	support	
management	of	chronic	disease	and	potentially	reduce	
medical	errors.

◗	The	role	of	computer	applications	in	clinical	care,	
diagnostics,	management,	and	education	is	essential		
and	will	continue	to	expand.
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C H A P T E R   8 

Fundamentals of Respiratory 
Care Research

ROBERT L. CHATBURN

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Explain	why	research	activities	are	important	in	health	care.
◆	 Describe	several	sources	of	information	that	are	commonly	used	during	a	literature	search.
◆	 Give	examples	of	how	to	develop	a	study	idea	and	write	a	research	protocol.
◆	 Describe	the	three	basic	formats	for	publishing	a	research	study.

CHAPTER OUTLINE

Overview of Respiratory Care Research
The	Importance	of	Research	in	Health		

Care
How to Review the Literature

Bibliographic	Databases
Synthesized	Databases
Portals
Electronic	Journals	and	Books
General	Internet	Resources
Suggestions	for	Conducting	Searches

How to Be a Scientist
How	to	Develop	a	Study	Idea
How	to	Write	a	Study	Protocol
How	to	Analyze	the	Data

How to Get a Scientific Paper Published
How	to	Write	the	Abstract
How	to	Make	a	Poster
How	to	Write	a	Paper
How	to	Respond	to	Reviews

Summary

KEY TERMS

bibliographic	database
synthesized	database

portals
PubMed

hypothesis
research	protocol

OVERVIEW OF RESPIRATORY  
CARE RESEARCH

The chances that any of us will become a famous researcher may 
be slim. For example, more than 100,000 people are practicing 
respiratory therapy in the United States. Of those, maybe half 
are members of the American Association for Respiratory Care 
(AARC). Of those people, fewer than 1 in 100 are involved in 
presenting their research at the annual AARC Congress. Yet, 
every one of the 100,000 people in the respiratory care field 
needs to know how to read and understand scientific articles  
in medical journals. The same holds true for all health care 

workers. Even if you never conduct a study, you must be famil-
iar with the basic concepts of research to practice as a profes-
sional whose understanding grows from a scientific basis for 
respiratory care practice and from continuing education.

The main purpose of this chapter is to help you become an edu-
cated consumer of medical research. It will present a brief over-
view1 of the specific steps in conducting research and presenting 
your results. But if you want to actually perform research, to be 
a respiratory care scientist, the best thing you can do is find a 
mentor—someone who has experience conducting scientific 
studies and publishing the results. A mentor can help you turn 
the ideas in this chapter into practical realities.
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Unfortunately, not all sources of information are equally 
reliable. Let’s take a look at what is available.3,4

Bibliographic Databases

A database is a structured collection of facts. A list of names 
and phone numbers on a piece of paper is a database. A spread-
sheet containing a business profit and loss statement is a data-
base. And of course, a project created with a software database 
design program (e.g., Microsoft Access) is a database. A biblio-
graphic, or library database, contains books, book chapters, 
reports, citations, abstracts, and either the full text of the articles 
indexed or links to the full text. Perhaps the most popular bib-
liographic database is PubMed, a service of the U.S. National 
Library of Medicine that includes over 18 million citations from 
MEDLINE and other life science journals for biomedical arti-
cles back to 1948.5 PubMed (Figure 8-1) includes links to full 
text articles and other related resources in medicine, nursing, 
dentistry, veterinary medicine, health care systems, and pre-
clinical sciences. It provides a Clinical Queries search filters page 
as well as a Special Queries page. The site also provides auto-
matic e-mailing of search updates, the ability to save records, 
and filters for search results using “My NCBI.” The My NCBI 
feature is particularly useful because it will periodically e-mail 
you results of automatic searches on subjects and authors of 
interest to you, saving you a lot of time in just keeping up to 
date, aside from any focused research. Another free biblio-
graphic medical database you should know about is Search-
Medica. According to the website,

SearchMedica . . . (delivers) only the most clinically reputable 
content intended for practicing medical clinicians. With guidance 
from our advisory board of specialty physicians and our staff 
editors, SearchMedica scans well-known, credible journals, 
systematic reviews, and evidence-based articles that are written 
and edited for clinicians practicing in primary care and all 
major specialties. Using similar expertise, SearchMedica also 
selects and scans patient-directed websites, online CME courses, 

The Importance of Research in  
Health Care

Academic medicine has three basic missions: to heal, to teach, 
and to discover. Scientific research is the underlying theme that 
ties these activities together. These activities imply several 
classes of stakeholders: clinicians (who need the ability to assess 
the usefulness of new equipment and treatments), educators 
(who need the ability to find, summarize, and present evidence 
for clinical activities), administrators (who need to evaluate the 
quality of services and the validity of policies/procedures), and 
finally researchers (who need to be able to generate new ideas 
that inform the other stakeholders). The one skill that is common 
to all these stakeholders is the ability to read and critically evaluate 
published scientific reports. Without this skill, no meaningful 
evaluation of current practices can be made and no research 
can be planned.

HOW TO REVIEW THE LITERATURE

Students who have grown up in the digital age are quite familiar 
with finding information on the Internet. Practically everybody 
has a smart phone, and, in my experience, it is not uncommon 
for a therapist or medical resident to look up the answer to a 
clinical question in a matter of seconds during bedside rounds. 
Here is a true story: An experienced colleague and I were helping 
a young physician write a research protocol. One of his outcome 
variables was some measure of atelectasis. I asked him how he 
would quantitate that outcome. He suggested that maybe he 
could create some kind of score. I said that I had done that a 
number of years ago in a paper by me and a co-author named 
Deakins. Almost before I had completed the sentence, my col-
league had entered our names into a Google Scholar2 search and 
had the paper on the screen with the method for creating an 
atelectasis score. All this took less than 60 seconds. That is the 
power of knowledge in the information age!

FIGURE 8-1	 PubMed	screenshot.	
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best way to find new ones is to do a Google search on “search 
engines.” But remember, these sites generally use proprietary 
search algorithms rather than controlled vocabularies like 
PubMed. As a result, you are likely to get unexpected results.

Suggestions for Conducting Searches

The first and most important suggestion I can offer is to talk to 
a professional librarian. These people can show you all the tricks 
of the trade—things you never imagined could be done. And in 
some cases, they will even do the search for you. Some libraries 
offer free courses on how to use all kinds of software tools for 
conducting searches.

Finally, buy and use bibliographic software such as EndNote16 
or RefWorks.17 These programs let you import the results of 
your reference searches into your own database for future use. 
If you are an author, they will also help you manage the refer-
ences in your manuscripts. Programs like these will save you a 
lot of time and effort. A great free alternative is Zotero.18

Before moving on, I want to call your attention to another 
challenge. Just finding a source of research information is not 
enough. You must know how to read it. A great resource on this 
topic is a comprehensive book called “Studying a Study and 
Testing a Test: Reading Evidence-based Health Research” by 
Richard Riegelman MD, MPH, PhD.

HOW TO BE A SCIENTIST

OK, so just being an educated consumer of research is not 
enough for you. You want to do your own research projects. 
Perhaps you need an abstract to advance on your career ladder. 
Maybe you are involved in a quality improvement project and 
need to know the basics of research methodology. Hopefully, 
you have decided to be the next leading scientist in the Respira-
tory Care field. Whatever your motivation, I remind you that 
your first task is to find a mentor. After that, find a good text-
book. There have been only two textbooks on respiratory care 
research. One is fairly new,19 and the other is out of print (but 
still very useful if you can find a used one on Amazon.com).20 
Of course, there are many other fine textbooks on health care 
research and I suggest you consider as many as you can find 
(again, search Amazon.com). Back in 2004, Respiratory Care 
journal dedicated a whole issue to research and publication. It 
contained 19 articles written by the leaders in Respiratory Care 
research. I highly recommend that you find it and read it (Respi-
ratory Care, October 2004, Volume 49, Number 10).

In the next sections, we will look briefly at the major skills 
required to design, conduct, and report health care research.

How to Develop a Study Idea

No doubt, the biggest hurdle for someone new to research is 
how to generate an idea worth studying. You need passion. 
Those outside the research community often say that emotion 
and personal belief play no part in the scientific method and 
that only through detached objectivity can the truth be revealed. 
If this were in fact the case, there would be no human scientists. 
Without passion, there could be no hypothesis, without a 

and government databases of clinical trials and practice 
guidelines.6

Synthesized Databases

Synthesized databases are prefiltered records for particular 
topics. They are usually subscription-based with relatively large 
fees. This type of database may provide the “best” evidence 
without extensive searches of standard bibliographic databases. 
The leading database in this category is the Cochrane Collabo-
ration.7 UpToDate is another subscription-based service.8 It 
claims to be the largest clinical community in the world dedi-
cated to synthesizing knowledge for clinicians and patients.

Portals

Portals are web pages that act as a starting point for using the 
Web or web-based services. One example of a subscription 
based service is ClinicalKey,9 which provides links to books, 
journals, Clinics in Medicine, patient education resources,  
and images. Another example is Ovid,10 which provides links 
to books, journals, evidence-based medicine databases (e.g., 
Cochrane Collaboration), and the Cumulative Index to Nursing 
and Allied Health Literature (CINAHL). Most medical libraries 
will have subscriptions to both of these services.

Electronic Journals and Books

We are rapidly reaching the point at which all medical journals 
are available online. Some are available only online. You should 
already be reading Respiratory Care journal.11 Full text versions 
of Respiratory Care journal articles are available online back to 
January 2003. Open Forum abstracts (i.e., abstracts presented 
at the annual AARC Congress) are also available.

There are many sources of electronic versions of textbooks 
available on the Internet. From the PubMed homepage, select 
Books (instead of PubMed) from the drop down menu in the 
upper left-hand corner of the page. Enter a search term, and 
you will get a results page with links for books and figures from 
books. Subscription services include Oxford Reference Online,12 
STAT!Ref (great source for nursing and drugs),13 and Safari 
Books Online (excellent source of technical reference books).14 
Again, your medical library will probably have subscriptions to 
these services. Another great book resource is Amazon.15 
Amazon sells new books, but many times you can find used 
editions for a small fraction of their original cost.

	

RULE OF THUMB

If	you	don’t	want	to	buy	a	book	on	Amazon.com,	just	
use	the	website	to	get	ideas	before	you	go	to	the	
library.	This	is	also	a	quick	way	to	get	the	publisher	
information	if	you	need	to	reference	a	book	you	do	not	
have.

General Internet Resources

Google.com is perhaps the most popular of the general Internet 
search engines. Other options come and go, and, ironically, the 

http://Amazon.com
http://Google.com
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for this. First, a general problem, by its nature, is often spoken 
about in vague, undefined terms. Second, in attempting to 
explicitly describe the problem, it may appear to be overwhelm-
ing. One may easily become frustrated to the point of not being 
able to write anything.

One way to avoid this situation is to start small. Begin with 
a specific incident that stimulated either curiosity or irritation. 
Simply state what you see happening and why it is important. 
Write a narrative, first-person account of the incident. Now you 
can begin reviewing the literature, using key definitions related 
to your study idea to speed the search. Try to find similar prob-
lems in other disciplines to create original experimental 
approaches. For example, many problems concerning clinical 
measurement (e.g., airway pressure measurement) have been 
solved in the context of electrical or mechanical engineering. 
Keep in mind that not all ideas you have will be practical to 
study. When searching the literature, consider whether the 
experimental methods you will use are feasible for your situa-
tion (Box 8-1).

Once you have clarified your study purpose through your 
literature review, the next step is to develop a formal problem 
statement. This problem statement is the foundation of the 
actual study design. It dictates the concepts and methods used 
to gather data. It also determines the theoretical context in 
which the conclusion will be interpreted. From the problem 
statement comes either a brief statement of the study purpose(s) 
or a hypothesis statement. A hypothesis is a supposition or 
proposed explanation for an observation. For example, here is 
an actual problem statement from a published abstract:

Protective lung ventilation requires calculation of predicted body 
weight from gender and height. Thus, inaccuracy of height data 
in the electronic health record (EHR) is a risk factor for 
volutrauma. A study showed that bedside tape measurements or 
visual estimates of height in ventilated patients may be highly 
inaccurate but that height predicted by ulnar length might be an 
alternative. In our institution, height records are often based on 
patient self-reporting, with uncertain accuracy. The purposes of 
this study were: (1) to evaluate the difference between patient 
height of unknown origin recorded in the EHR and predicted 
height from ulnar length, and (2) to determine the effect of 
height difference in setting VT during ventilation.23

This is a descriptive study. There are no predetermined 
hypotheses. But such a study might generate hypotheses to  
test in future studies (e.g., error in height determination is 
associated with increased duration of mechanical ventilation). 

 Box 8-1 Factors Affecting the Feasibility of 
a Research Project

1.	 Significance	or	potential	benefits	of	study	results
2.	 Measurability	of	research	variables
3.	 Duration	and	timing	of	study
4.	 Availability	of	research	subjects
5.	 Availability	of	equipment	and	funds
6.	 Knowledge	and	experience	of	investigators

	

RULE OF THUMB

One	of	the	best	study	ideas	for	a	beginning	respiratory	
therapy	researcher	is	to	do	a	device	evaluation	
(particularly	a	new	device).21	This	kind	of	study	is	
usually	very	inexpensive	(vendors	often	donate	or	loan	
equipment	and	supplies)	and	does	not	require	approval	
by	the	institutional	review	board	(IRB)	(as	is	required	for	
studies	of	human	subjects).

	

RULE OF THUMB

Richard	Feynman,	who	received	the	Nobel	Prize	in	
Physics	in	1965,	once	said	that	“Science is the belief in 
the ignorance of experts.”

hypothesis there could be no experiment, and without experi-
mentation there would be no science. Choosing and defining a 
research topic are the first steps in applying the scientific method 
to a clinical research problem. This process implies concern or 
doubt about some concept or observation, usually based on the 
observer’s experience from clinical practice. Indeed, the scien-
tific method itself can be viewed as nothing more than orga-
nized curiosity. Curiosity about the details of one’s everyday 
activity provides the motivation for finding out how or why 
events are related. Curiosity and the creative energy it produces 
are vital ingredients of a productive research effort. The scien-
tific method simply provides a standardized and efficient tech-
nique for describing relationships among events in a way that 
can be verified by other observers. You can think of the scientific 
method as a way of creating beliefs based on evidence.

Your interest may be stimulated in a number of ways. One 
of the most obvious ways is to read medical journals. Often one 
investigator’s results will not completely answer the questions 
that another investigator seeks to answer. Perhaps the authors 
themselves suggest areas in which further work needs to be 
done (usually found in the Discussion section of a scientific 
paper). Occasionally, the results of an article contradict those 
of a previous study, creating the need for yet another look at 
the research problem. Review articles that cover the state of the 
art in some area of research are especially useful in helping you 
generate ideas along these lines. The basic concept to remember 
is that research breeds more research and that the truth in sci-
entific research is defined when the results of earlier experi-
ments and studies can be reproduced consistently by others.

Trying to develop research topics from personal experience 
is often the most frustrating approach for the beginning 
researcher. The natural tendency is to choose a general problem 
that everyone seems to recognize but no one does anything 
about. The difficulty lies in trying to narrow the general idea to 
a specific problem statement.22 There are at least two reasons 
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statistical calculators. Box 8-3 lists some basic concepts for 
making experimental measurements. Box 8-4 lists some basic 
concepts in statistics.

There are hundreds, perhaps thousands, of statistical proce-
dures used to analyze data once they are collected. Fortunately, 
there are only a handful of procedures that are used most of the 
time in the medical literature. If you learn nothing else, you 
should be familiar with calculating the mean and standard 
deviation of a set of numbers. You should know what a p-value 
is, that a t-test is used to compare two mean values (i.e., to test 
the hypothesis that they are from the same population of data), 
and that analysis of variance (ANOVA) is used to compare more 
than two mean values. A chi-square (χ2) or Fisher exact test is 

 Box 8-3 Basic Concepts for Making 
Experimental Measurements

Basic	measurement	theory
Accuracy
Precision
Inaccuracy,	bias,	and	imprecision
Linearity
Calibration
Sources	of	bias	(systematic	error)
Sources	of	imprecision	(random	error)

Measuring	specific	variables
Pressure
Flow
Volume
Humidity

Computerized	data	acquisition
Sensors
Analogue	to	digital	conversion
Signal	processing	software

 Box 8-2 Elements of a Protocol for 
Submission to an Institutional 
Review Board

1.	 Name	of	investigator/co-investigator
2.	 Title	of	project
3.	 Introduction
4.	 Purpose,	specific	aims,	and	hypotheses
5.	 Study	design

a.	 Specific	procedures
b.	 Population
c.	 Financial	considerations

•	 Compensation	to	subjects.
•	 Extra	costs	incurred	for	purposes	of	the	study

d.	 Risks	and	benefits
6.	 Consent	form

a.	 Purpose	of	the	study	and	individual	participation
b.	 Study	and	procedures
c.	 Risks	and	benefits
d.	 Alternatives	and	withdrawal
e.	 Treatment	after	the	study
f.	 Financial	considerations	(cost	responsibility	statement)
g.	 Confidentiality	statement
h.	 Identification	of	persons	obtaining	consent

Here is an example of another published abstract with explicit 
hypotheses:

The FiO2 for constant flow (CF) oxygen therapy via nasal 
cannula depends on a combination of factors, including 
breathing frequency and the anatomic reservoir (AR). Patients 
with COPD have end expiratory flows which do not reach zero, 
potentially eliminating the AR and decreasing FiO2. Pulsed flow 
(PF) devices that do not depend on the AR and FiO2 should not 
be affected by loss of the AR. The purpose of this study was to 
test 2 hypotheses: (1) loss of AR reduces FiO2 for CF, and (2) loss 
of AR does not affect FiO2 for PF.24

Creating clear statements of study purpose or hypotheses is 
a key element for success in research. The purpose or hypothesis 
makes clear what the experimental method should be. The 
Methods section of your study protocol is related to the purpose 
or hypothesis because it dictates what the outcome variables are 
and how to measure them, as well as how to analyze the data 
and what statistical tests to use.

How to Write a Study Protocol

Whether you are doing a small process improvement project, a 
device evaluation, or a major randomized controlled trial, you 
need a written study plan. Here are three reasons why: First, the 
process of writing it out will help you clarify the goals of the 
study and methods of investigation. The realization that prob-
lems in approach or analysis exist may not become clear until 
ideas are committed to paper. Second, you often must present 
a plan to obtain permission or approval to proceed with the 
study. Permission may need to be sought from a funding source, 
IRB, department manager, or student advisor before a study 
may begin. Third, the research plan, or research protocol, as it 
is often called, provides an operational guide for the entire 
research team. Successful coordination of study personnel is all 
but impossible without a detailed protocol. For these reasons, a 
properly formulated proposal is an essential first step in the 
research process. An example of a protocol outline, as might be 
required for review before gaining permission from an IRB for 
human studies, is shown in Box 8-2. The outline in Box 8-2 
might seem like overkill, but you can simplify it to fit your needs 
and it will impose discipline in the planning stages of your 
project. Another reason to do this is that it serves as the outline 
for any publication you may consider once the study is 
completed.

How to Analyze the Data

You don’t have to be a statistician to conduct research. However, 
you do need to understand some basic concepts, even if only to 
be able to communicate with a statistician consultant. Of 
course, you also have to understand at least some of the termi-
nology just to be able to read a scientific paper. Space does not 
permit us to explore this topic to any useful extent, so I will 
leave you with some suggestions for self-study in a series of 
boxes. If you are not familiar with any of the terms or topics in 
the boxes, study those. Textbooks are a good resource, and the 
Internet is a rich source of online texts, tutorials, and even 
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previous Rule of Thumb]). As with conducting the research 
itself, publishing your results requires much practice under the 
tutelage of an experienced mentor.

How to Write the Abstract

An abstract is a condensed version of a research paper that 
appears at the beginning of the publication. Many readers skim 
the abstract to see if they are interested enough to read the 
whole paper. Some readers do not have enough time to read 
anything more than abstracts. For these reasons, the abstract is 
an important element of a published paper. Furthermore, 
abstracts are sometimes published alone. For example, Respira-
tory Care journal devotes one issue each year (usually the 
November issue) to abstracts describing studies that were pre-
sented at the AARC Congress, the profession’s annual scientific 
meeting.

Writing a good abstract is an art.25 Most journals restrict the 
length of the abstract (e.g., 300 words or 2500 characters), so 
the challenge is to balance brevity with explicitness. My approach 
is to start with the text I wrote for the research protocol, includ-
ing the Introduction, (study purpose, hypothesis) and Methods 
(outcome measures, procedures, data analysis). Then, because 
most journals restrict your abstract to having a single graphic 
(if any), I create one illustration (table or graph) that summa-
rizes the data. Next, I simply describe that illustration in the 
Results section of the abstract. After that, I look again at the 
study purpose and/or hypothesis statements in the Introduc-
tion to the abstract. These are the key ideas that must be 
included in the Discussion/Conclusion section of the abstract. 
I explain how the results address the hypothesis and how I 
interpret the data. I may even provide a speculation or sugges-
tion for further study.

My first draft of an abstract may be 800 words or more, 
which is way too long. Now the process of shortening or redac-
tion begins. I read each word of every sentence and see which 
I can eliminate or replace with shorter ones or with abbrevia-
tions. If abbreviations are used, they should be placed in paren-
theses after the full word the first time they are used in the 
paper, to indicate the meaning of the abbreviation. The idea is 
to decrease word count while increasing clarity. It usually takes 
three or four passes through the entire abstract before the 
number of words is within the limit specified in the instructions 
to authors provided by the journal publisher. Needless to say, 
this process goes much more smoothly if you have an experi-
enced mentor by your side. I find that if I have everything I need 
from the study, including the illustration, writing an abstract 
takes about 2 hours (but this is after 30 years of practice).

Once completed, the abstract is usually submitted online for 
peer review by the editors and reviewers of the medical journal. 
Figure 8-3 shows what such an abstract looks like after submit-
ting online and conversion to a PDF format.

How to Make a Poster

If your abstract is accepted for publication, you may be invited 
to present a poster version at a medical convention, along with 
all the other studies from other authors that have been accepted. 

used to compare proportions. You do not need special statistical 
software; for many purposes, a Microsoft Excel spreadsheet 
functions quite well both for creating data collection forms and 
doing simple statistical procedures. Again, the Internet has 
many tutorials showing how to do these things. Finally, Figure 
8-2 is an algorithm showing how to select the most appropriate 
statistical procedure for a given set of data.

	

RULE OF THUMB

Although	you	should	be	somewhat	skeptical	about	
what	you	read	in	Wikipedia	(http://www.wikipedia.org),		
I	have	found	it	to	be	a	rich	and	very	detailed	source	of	
information	about	statistical	concepts.

 Box 8-4 Basic Concepts in Statistics

Levels	of	measurement
Nominal
Ordinal
Continuous

Significant	figures
Rounding	off
Descriptive	statistics

Data	representation
Graphs
Tables

Measures	of	the	typical	value	of	a	set	of	numbers
Mean,	median,	mode

Measures	of	dispersion
Standard	deviation,	variance,	coefficient	of	variation

Correlation	and	regression
Inferential	statistics

The	concept	of	probability
The	normal	distribution	and	standard	scores
Sampling	distributions
Confidence	intervals
Error	intervals
Data	analysis	for	device	evaluation	studies
Interpreting	manufacturers’	error	specifications
Hypothesis	testing
Type	I	and	II	errors
Power	analysis	and	sample	size
Rules	of	thumb	for	estimating	sample	size
Clinical	importance	versus	statistical	significance
Matched	versus	unmatched	data

HOW TO GET A SCIENTIFIC  
PAPER PUBLISHED

Once you have completed a research project, you need to com-
municate the results. As a health care researcher, you will 
encounter three basic ways to formally present your findings: 
the abstract, the poster, and the paper. Abstracts and papers are 
published in electronic and/or printed form in medical jour-
nals. Posters are presented in person at medical conventions. All 
three venues share the same basic outline structure: Introduc-
tion, Methods, Results, and Discussion (or Conclusions [see the 

http://www.wikipedia.org
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have a resolution less than 200 dpi, they may look grainy when 
printed. Once the poster is created in PowerPoint (Figure 8-5), 
the file is taken to a printer (university or hospital art depart-
ment or commercial establishment like Kinkos) and printed on 
a very large piece of poster paper (I use 42 by 74 inches). You 
can then roll it up and transport it in a special tube (cardboard—
cheap; plastic—less cheap) made for the purpose (available at 

FIGURE 8-2	 Statistics	selector	algorithm.	
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A poster allows a bit more freedom in terms of space.26 You 
generally are allowed to create a paper or cardboard poster 
fitting a space of approximately 4 feet tall by 6 feet long. The 
way I do it is to create a template in Microsoft PowerPoint 
(Figure 8-4). On this template there are text boxes and graphics. 
Make sure the graphics are at least 300 dots per inch (dpi), 
usually TIFF files. If the graphics are not in the right format or 
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FIGURE 8-3	 Abstract	examination.	
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FIGURE 8-4	 PowerPoint	poster	template.	

FIGURE 8-5	 Example	poster	created	in	PowerPoint.	

art supply stores). Such a tube is small enough to take as a 
carryon on a plane. Posters are usually presented in a group of 
maybe 10 to 15 in small rooms. The paper posters are hung on 
stands, and visitors walk around reading them and discussing 
them with the authors. In some cases, each author is given a few 
minutes at a podium to verbally summarize the study and 
answer questions.27

How to Write a Paper

If writing an abstract takes an experienced researcher 2 hours, 
then a full paper takes 20 to 100 hours. A paper has the same 
basic outline as an abstract or poster (Introduction, Methods, 
Results, Discussion or Conclusions) but goes into much greater 
detail. It also has an extra component, the References section.28 
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their own studies. The Methods section also will help the reader 
evaluate the quality of the data gathered during the study. 
Finally, the Methods section should include a brief description 
of how the data were analyzed. Provide a short discussion of the 
statistical procedures used and why they were appropriate for 
the experimental design. Unless the procedures were unusual, 
do not give the statistical equations used. However, many sta-
tistical procedures are based on certain assumptions about how 
the data were gathered (e.g., normality of the data or indepen-
dence of data points used in a linear regression). Thus enough 
information should be provided for the reader to evaluate the 
validity of any underlying statistical assumptions and, hence, 
the adequacy of the analysis. The specific statistical software 
that was used (if any) should also be cited in the Methods 
section.

The Results section of the paper presents the data gathered 
from the experiments. The order in which the information is 
given should correspond to the organization of the Methods 
section. In that section, the reader was introduced to the step-
by-step procedure used to study a particular problem. An 
expectation has been created in the reader’s mind for the result 
of each step of the procedure. Therefore the results should be 
presented in a logical progression from the beginning to the end 
of the experiment. This progression helps to assure the reader 
of the thoroughness of the experimental technique. The actual 
presentation of the data can take many forms. Use tables to 
summarize large amounts of raw data.30 Each table should be 
constructed so that its meaning is clear without having to refer 
to the text. The idea is to summarize and guide the interpreta-
tion of large amounts of data and to reduce the time necessary 
to read the article. If the table appears to be too large or complex, 
make use of figures or graphs. Again, you do not need special 
statistical software; Microsoft Excel is an excellent tool for 
making tables and graphs. The information presented in the 
Results section is usually in the form of “bare facts,” with little 
or no explanation of its significance. Interpretation of the data 
is presented in the Discussion section. Of course, this is a general 
rule and may be suspended at times if it is felt that elaboration 
of some point would help the reader’s flow of understanding. 
The responsibility for interpreting the generalizability of the 
results ultimately rests with the reader. The significance of any 
statistical hypothesis tests is usually reported in terms of a 
p-value. Differences associated with p-values less than 0.05 are 
considered significant by convention in medical studies.

In the Discussion section, the author must show how the 
results answered the research question that was first described 
in the Introduction.31 The results of statistical hypothesis tests 
must be translated into conclusions about the research hypoth-
eses stated in the Introduction. The implications and practical 
meaning of the study results should be explained. Also, the 
Discussion should interpret the results in the face of earlier 
studies’ conclusions. Specifically, how does the current study 
extend or add new knowledge? Does it contradict previous find-
ings, and, if so, what is the proposed reason? In addition, the 
Discussion should describe the limitations of the study design, 
any problems encountered, and any recommendations for 

The Introduction of the paper can start with the full text of the 
Introduction from your research protocol. There is no word 
limit for the Introduction (within reason), but most journals 
have a maximal word count for the full text of the paper (usually 
in the range of 2000 to 3000 words, depending on the journal). 
The purpose of the Introduction is to provide a brief back-
ground explaining why the study was conducted and why it is 
of interest. A statement of the research problem or hypothesis 
should be included. The references cited in the Introduction (if 
any) should support the theoretical framework of the hypoth-
esis, although an in-depth explanation should be saved for the 
Discussion section. The Introduction should also contain defi-
nitions of the general concepts discussed in the manuscript. 
Frequently used terms can be abbreviated after first being 
spelled out fully in the opening paragraphs.

	

RULE OF THUMB

Not	including	the	hypothesis	is	a	common	mistake	
among	beginners.	Describing	the	hypothesis	or	
research	problem	in	the	Introduction	of	the	paper	sets	
the	stage	for	the	Methods	(which	must	describe	how	
the	hypothesis	was	tested),	the	Results	(which	must	
correspond	to	all	the	methods	described),	and	the	
Discussion	(which	tells	how	the	results	addressed	the	
hypothesis,	discusses	how	this	paper	extends	existing	
knowledge,	and	comments	about	limitations	of	the	
paper	and	further	research	opportunities	to	answer	the	
questions	posed	in	the	paper).

The purpose of the Methods section is to explain to the 
reader exactly what was done to answer the research question 
and/or test the hypotheses described in the Introduction.29 The 
key concept here is that the reader must be given enough detail 
to repeat the study, including all assumptions, calculations, and 
statistical procedures and descriptions of all equipment used. 
The Methods section may contain several subdivisions; descrip-
tion of experimental subject population, inclusion and exclu-
sion criteria by which subjects are selected to participate in the 
research study, explicit experimental procedures, data analysis 
procedures, etc. An essential component of the Methods section 
is a complete description of any equipment used to gather the 
data. The calibration procedure for each measuring device 
should be described, along with any pertinent validation pro-
cedures. The procedure used to gather the data should be 
described. This description might include an outline of the 
experimental protocol that was approved by the hospital’s IRB. 
If the study involves humans or animals, state that IRB approval 
was received before collecting data (as is required). A descrip-
tion of the experimental procedure should include the actual 
steps involved in gathering the data and the time elapsed during 
each phase of the experiment. Any problems or unforeseen 
events that occurred during the study should be mentioned. 
The information in this section should be detailed enough to 
guide other researchers who might wish to verify the results in 
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comments are justified, see what you can do to make the 
required changes. Generally, you will be given a list of reviewers’ 
comments. In your response, you need to repeat each of the 
reviewer’s comments and then give your explicit answers and 
what you did to achieve the requested change in the manuscript 
(I use a numbered list to keep track of everything in this 
so-called point-by-point response that must accompany any 
resubmission). Keep three things in mind: (1) The time spent 
in revision is generally only a small fraction of the time already 
invested—you should not give up if you receive a rejection with 
an opportunity to revise. (2) Most manuscripts require revision 
and you are not being singled out. (3) Authors have the right 
to overrule a reviewer’s objection, but they must adequately 
support their points of view and convince the editor that they 
are right and that the reviewer’s point is in error. When the 
revision is complete, resubmit the manuscript. Depending on 
the journal, it may take as many as three rounds of revisions 
before a manuscript is accepted and ready for publication.

SUMMARY

Hopefully, this chapter has introduced you to the importance 
and methods of scientific research and has helped you become 
an educated consumer of medical research. Not everybody is 
cut out to be a scientist. But, as professionals, everyone practic-
ing respiratory care has the responsibility to intelligently evalu-
ate what they are doing in light of scientific evidence. 
Unfortunately, most of the things we do in medicine are not 
supported by strong evidence, despite the wealth of information 
in printed medical journals and on the Internet (in the form of 
databases, portals, and electronic media). And even when evi-
dence is available, it is often controversial. We rarely know any-
thing for sure, and we only have varying degrees of confidence. 
On the one hand, this situation is frustrating. On the other 
hand, there is no doubt that we are progressing. Which would 
you prefer, your least favorite health maintenance organization 
today or the best medicine of 100 years ago? Our current situ-
ation provides infinite possibilities for anyone who has an inter-
est in research and the willingness to help clarify the confusion 
just a bit. If you have enough interest (and hopefully a mentor) 
you can begin to create basic study ideas and conduct experi-
ments. With perseverance, it is quite possible for you to get your 
abstract accepted in Respiratory Care journal and present your 
poster at the Annual AARC Congress. Even if your personal 
goals do not include becoming a scientist, you should publish 
at least one abstract in your career to understand what is 
involved with moving the profession forward as a clinician, 
educator, or administrator.

future studies. The process of interpreting the results concerns 
not only the data generated by the study but also relates that 
data to other studies and theoretical frameworks. The Discus-
sion is the appropriate place to include detailed reviews of other 
related research, including references, which would help to 
develop the reader’s perspective and appreciation for the sig-
nificance of the study.

Some journals require a separate Conclusion statement at 
the end of the paper. The conclusions made should be briefly 
explained, including reasons for rejecting alternative interpreta-
tions. In addition, there should be a statement regarding the 
population to which the results can be generalized. Because the 
implications of a given study are usually speculative, it is appro-
priate to use words that are somewhat tentative in nature. For 
example, “The results of this study suggest that . . . .” or “Because 
of the significant differences found, it may be possible to . . . .” 
Such language emphasizes the fact that your interpretation is 
itself a hypothesis that may be tested by further research.

How to Respond to Reviews

Once your paper is completed and submitted to a journal for 
review, it will be given to two or three “peer reviewers.” These 
are your scientist peers who have expertise in the area of research 
described in your paper. They are invited by the editor of the 
journal to review the paper you submitted and will read and 
critique everything about your paper, from what words you use, 
to what measurements you made, to what statistical procedures 
you used. They will then recommend to the journal editor one 
of three outcomes: that your paper should not be considered 
for publication; that, with luck, your paper is rejected with an 
opportunity to revise and resubmit; or that the paper should be 
accepted as is. Rarely does a paper get accepted without any 
suggested revisions. The main reasons that papers get rejected 
are given in Box 8-5.32

Having a paper rejected is like being told your child is ugly 
and stupid. Most people react with negative emotions and give 
up. But if you can get past that phase, you have several options. 
First, examine whether the reviewers’ comments are justified. 
Sometimes they have just misunderstood what you did. If the 
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Even	after	doing	research,	we	may	still	be	confused,	
but	we	believe	we	are	confused	at	a	higher	level	about	
more	important	things.

 Box 8-5 The 10 Most Frequent Reasons for 
Manuscript Rejections

1.	 Inappropriate	statistics
2.	 Inappropriate	interpretation	of	results
3.	 Instrumentation	insufficient	for	the	study	purpose
4.	 Inadequate	or	biased	sampling	of	experimental	subjects
5.	 Unclear,	poorly	written,	or	overly	complex	text
6.	 Insufficient	(or	absent)	problem	statement
7.	 Inaccurate	or	inconsistent	data
8.	 Incomplete,	inaccurate,	or	outdated	literature	review
9.	 Insufficient	data

10.	 Defective	tables	or	figures

Modified	from	Pierson	DJ:	The	top	10	reasons	why	manuscripts	are	not	
accepted	for	publication.	Respir	Care	49:1246,	2004.
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SUMMARY CHECKLIST

◗	All	health	care	professionals	have	the	responsibility	to	
intelligently	evaluate	what	they	are	doing	in	light	of	
scientific	evidence.

◗	 Information	required	to	evaluate	professional	practice	can	
be	found	in	printed	medical	journals	and	on	the	Internet	(in	
the	form	of	databases,	portals,	and	electronic	media).

◗	Research	ideas	can	be	obtained	from	reading	research	
and	from	simply	observing	daily	practice.	General	ideas	
can	be	turned	into	statements	of	study	purpose	by	
describing	what	you	see	happening	and	why	it	is	
important.

◗	Research	results	can	be	disseminated	in	three	main	ways:	
abstracts,	posters,	and	papers	in	peer-reviewed	medical	
journals.
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The Respiratory System

CRYSTAL L. FISHMAN AND NARCISO E. RODRIGUEZ

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 State	the	major	developmental	events	of	the	respiratory	system.
◆	 Describe	how	genes	control	lung	development.
◆	 Describe	the	key	elements	of	normal	fetal	circulation.
◆	 State	what	happens	to	the	respiratory	system	at	birth.
◆	 Describe	the	developmental	events	in	the	respiratory	system	that	continue	after	birth.
◆	 Identify	the	main	structures	in	the	thorax	and	describe	their	functions.
◆	 Identify	and	describe	the	primary	and	accessory	muscles	of	breathing.
◆	 Describe	how	the	pulmonary	and	bronchial	circulations	are	organized	and	their	functions.
◆	 Describe	how	somatic	and	autonomic	nervous	systems	connect	to	and	control	the	lungs	and	respiratory	

muscles.
◆	 Identify	the	major	structures	of	the	upper	respiratory	tract	and	how	they	function.
◆	 Describe	how	the	lungs	are	organized	into	lobes	and	segments	and	the	airways	that	supply	them	with	

ventilation.
◆	 Describe	how	and	why	airways	produce	and	move	mucus.
◆	 Describe	how	the	structures	in	the	respiratory	bronchioles	and	alveoli	are	organized.
◆	 Describe	the	blood-gas	barrier.

CHAPTER OUTLINE

Development of the Respiratory System
Transition from Uterine to Extrauterine Life

Placental	Structure	and	Function
Fetal	Circulation
Cardiopulmonary	Events	at	Birth

Postnatal Lung Development
Upper	Airway
Lower	Airway	and	Alveoli
Development	of	Vascular,	Lymphatic,	and	Nervous	

Systems
Chest	Wall	Development,	Diaphragm,	and	Lung	

Volume
Respiratory System in the Adult

Surface	Features	of	the	Thorax
Components	of	the	Thoracic	Wall

Respiratory	Muscles
Pleural	Membranes,	Space,	and	Fluid
Mediastinum
Lungs

Pulmonary Vascular, Lymphatic, and Nervous 
Systems
Pulmonary	Circulation
Bronchial	Circulation
Lymphatics
Nervous	Control	of	the	Lungs
Efferent	Pathways
Afferent	Pathways

Anatomy of the Respiratory Tract
Upper	Respiratory	Tract
Lower	Respiratory	Tract

KEY TERMS

accessory	muscles	of	breathing
acinus
alae
alveolar-capillary	membrane
alveoli

angle	of	Louis
anterior	nares
apexes
carina
cilia

costal	cartilage
costophrenic	angle
cricoid	cartilage
diaphragm
ductus	arteriosus
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ductus	venosus
epiglottis
epistaxis
eustachian	tubes
external	nares
external	oblique
external	respiration
false	ribs
fissures
floating	ribs
foramen	ovale
gladiolus
glottis
hilum
hypopharynx
intercostal	muscles
intercostal	nerves
internal	oblique

internal	respiration
laryngopharynx
larynx
lobes
manubrium
mediastinum
mucociliary	escalator
nasopharynx
oropharynx
palate
parietal	pleura
pharynx
phrenic	nerves
pores	of	Kohn
primary	lobule
pseudostratified	epithelia
pulmonary	surfactant
rectus	abdominis	muscles

scalene	muscles
segments
soft	palate
sternal	angle
sternocleidomastoid	muscles
sternum
suprasternal	notch
trachea
true	ribs
turbinates
type	I	pneumocyte
type	II	pneumocyte
uvula
vallecula
visceral	pleura
xiphoid	process

T he primary function of the respiratory system is the 
continuous absorption of oxygen and the excretion of 
carbon dioxide. This exchange between the gas of the 

atmosphere and blood is termed external respiration. This 
process supports internal respiration, which is the exchange of 
gases between blood and tissues. To carry out external respira-
tion, the system brings gas into close proximity with the flowing 
blood in the pulmonary circulatory system. This close “match” 
of gas and blood across a large but extremely thin blood-gas 
barrier membrane enables efficient gas exchange to occur via 
simple diffusion.

The respiratory system includes the upper airways, chest 
wall, respiratory muscles, lower airways, pulmonary blood 
vessels, support nerves, and lymphatics. These organs support 
gas exchange and form early in the developing human. They 
undergo dramatic functional changes at the time of birth, 
beginning its primary role of breathing and external respiration 
at that moment.

From the moment of conception the human body undergoes 
tremendous growth and development—from embryo to fetus 
to infant and child, through puberty, and into young adulthood. 
A gradual loss of lung tissue and functional changes continue 
through the elderly years until the time of death. During the life 
span of a human, the respiratory system maintains external 
respiration by matching phenomenal amounts of air with a 
similar amount of blood flow. Approximately 250 million liters 
of each are moved and matched during an average 75-year life 
span. The respiratory system normally moves this amount of 
air and blood flow with a minimal amount of work. This system 
humidifies and warms inspired air while removing inhaled con-
taminants and filtering out chemicals and small blood clots 
deposited or formed in the blood. The respiratory system is 
regulated by the nervous system. It is capable of increasing func-
tion in response to elevated demands brought on by stressful 
conditions such as exercise and disease.

A functional understanding of the “normal” anatomy and 
physiology of the respiratory system is crucial to proper under-
standing of pulmonary disease and its treatment. The role of 
the respiratory care therapist in assessment and treatment of 
cardiopulmonary disorders requires an in-depth understanding 
of the structural and functional nature of the respiratory system.

DEVELOPMENT OF THE 
RESPIRATORY SYSTEM

The developing human undergoes a remarkable transformation 
from a single cell to an individual with a nearly complete set of 
organ systems. The developmental phases of a fertilized egg are 
divided into the embryonic and fetal periods. The embryonic 
period occurs during the first 8 weeks of pregnancy. Major 
organs will develop during this period. The fetal period occurs 
during the remaining 32 weeks of pregnancy. During this 
period, the organs continue to develop and refine their struc-
ture and function.

The respiratory system develops during these periods as a 
fluid-filled structure playing no role in gas exchange, yet must 
be developed sufficiently to assume this crucial activity at the 
time of birth. Its development is a continuous process that 
begins in the early stages of the embryonic period and extends 
for years after birth. The embryo is made up of three distinct 
germinal tissue layers that ultimately form all tissues and organs: 
endoderm, mesoderm, and ectoderm. From these layers the 
organs and systems will arise (Table 9-1).

The development of the respiratory system has been catego-
rized into various stages.1 Figure 9-1 shows the various stages 
of lung development, and Table 9-2 summarizes the major 
developmental events in each phase. Respiratory development 
begins in the embryonic period on or approximately day 22 
after fertilization. A primitive laryngotracheal tube forms from 
a groove in the fourth pharyngeal pouch. From that groove a 
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TABLE 9-1 

Structures Arising from the Three Germ Layers

Endoderm Mesoderm Ectoderm

Respiratory	tract Dermis	and	
muscles

Epidermis,	hair,	
and	nails

Digestive	tract,	
bladder	and	thyroid

Bone,	connective	
and	lymph	tissue

Lens	of	eyes	and	
skin	glands

Liver	and	pancreas Reproductive	and	
cardiovascular	
system

Central	and	
peripheral	
nervous	system

FIGURE 9-1	 Major	phases	of	respiratory	development.	
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tracheal bud forms by the end of the fourth week of life (Figure 
9-2). During week 5 of development, the tracheal bud continues 
to develop and bifurcates into left and right primary bronchial 
buds.

Injury to the embryo or genetic dysregulation during this 
crucial phase of development can lead to many congenital 
anomalies, including tracheoesophageal fistulas, esophageal 
atresia, choanal atresia, pulmonary hypoplasia, and complex 
heart and vascular anomalies discussed later in this text.

At approximately 6 weeks of development, lung and airway 
growth has the appearance of a glandular structure—hence the 
name of the second phase of development, the pseudoglandular 
stage (Figure 9-3). For the next 10 weeks, the growth and 
branching of the tracheobronchial tree and pulmonary vascu-
lature continue and culminate with formation of the terminal 
and respiratory bronchioles. The distinction between these two 
types of bronchioles is important. Terminal bronchioles are 
conducting airways only and do not participate in gas exchange 
with blood. Respiratory bronchioles have more superficial cap-
illaries and are capable of gas exchange with blood, becoming 
more elaborate as development continues.

Branching and dividing of the tracheobronchial tree occurs 
in several ways as the result of differential gene expression. The 
epithelial lining of the airways begins to differentiate into 
columnar epithelia in the proximal airways and differentiates 

into cuboidal epithelia in the more distal bronchioles (Figure 
9-4, A). Development of cilia, mucous glands, and goblet cells 
occur at this time and line most of the conducting airways.

Beginning with the trachea and moving distally, the amount 
of cartilage supporting the airway decreases as smooth muscle 
cells in the middle layer of the airway increase. Altered develop-
ment of smooth muscle, cartilage, and vascular structures can 
lead to other congenital pulmonary disorders, such as tracheo-
malacia and anomalous pulmonary arteries, causing the vascu-
lar rings to pinch the airway.

The canalicular stage (see Figure 9-4, B) begins at week 16 
and continues until week 26. The canalicular stage overlaps with 
the pseudoglandular stage because the superior regions are 
developing slightly faster than the inferior regions. During this 
phase, primary changes include the development of two to four 
more generations of respiratory bronchioles from each terminal 
bronchiole. In the last several weeks of this stage, the region 
beyond each terminal bronchiole forms the functional structure 
called the acinus, the basic gas-exchanging unit of the lung. At 
this time, the two principal epithelial cell types that cover the 
gas-exchange surface begin to appear, type I and type II pneu-
mocytes. At the end of the canalicular period (24 to 26 weeks 
of gestation), the fetus, if born, is capable of sufficient gas 
exchange and viable if supported with supplemental O2, ventila-
tory support, and surfactant administration.

During the terminal saccular stage (see Figure 9-4, C), more 
terminal bronchioles and their associated acini form and 
develop from 26 weeks to birth. The formation of the total 
number of terminal bronchioles is complete at the end of this 
phase. The cuboidal epithelia that line the blind tubules of the 
acinus continue to differentiate into rounded secretory cells 
(type II pneumocytes) and flatter squamous epithelial cells 
(type I pneumocytes). Capillaries continue to form near and 
bulge from the surface of the acinus. Although some type II 
pneumocytes form by 20 weeks of gestation, they are in such 
small numbers and of such primitive function that their impact 
on lung function is marginal. From this point until birth, there 
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TABLE 9-2 

Developmental Events of the Cardiopulmonary System

Gestational Age Developmental Event

Embryonic Period
20-22	days Primordial	pharyngeal	arches	form
21-23	days Primordial	respiratory	cells	form	on	fourth	pharyngeal	pouch,	primordial	heart	starts	forming
26th	day Laryngotracheal	bud	forms
4th	wk Primitive	trachea	develops
5th	wk Primary	bronchial	buds	form,	laryngeal	structures	develop

Fetal Period
Pseudoglandular Stage
6th	wk Segmental	and	subsegmental	bronchioles	form
7th	wk Diaphragm	complete
8th	wk Heart	complete,	fetal	circulatory	pattern	begins	to	develop
10th	wk Pulmonary	lymphatic	structures	develop
12th	wk Major	arteries	formed
13th	wk Major	airway	epithelia	and	mucus-producing	cells	formed,	smooth	muscle	cells	developing
14th	wk Principal	arteries	formed
16th	wk Terminal	bronchioles	and	associated	pulmonary	vessels	form

Canalicular Stage
16th-17th	wk Respiratory	bronchioles	and	immature	acini	begin	to	form
20th-24th	wk Type	I	and	II	pneumocytes	begin	to	appear	and	replicate
24th-26th	wk Pulmonary	capillaries	develop	at	surface	of	acinus,	immature	surfactant	begins	to	appear	in	lung	fluid

Terminal Saccular Stage
26th	wk–birth Terminal	saccules	increase	in	number,	pulmonary	capillary	density	and	proximity	increase,	type	I	and	II	pneumocytes	

continue	to	multiply,	surfactant	production	increases,	extrauterine	life	possible	with	support

Alveolar Stage
32th-40th	wk Immature	alveoli	begin	to	form	and	increase	in	number;	surfactant	production	matures
40th	week 50	million	immature	alveoli	formed

Period After Birth
Birth First	breath	and	lung	fluid	cleared,	adult	circulatory	pattern	established
8-10	yr 470	million	mature	alveoli	formed

FIGURE 9-2	 Successive	stages	in	the	development	of	the	respiratory	system	from	the	primitive	foregut.	A-C,	Lateral	views	of	the	caudal	
part	of	the	primordial	pharynx	showing	the	respiratory	diverticulum	and	partitioning	of	the	foregut	into	the	esophagus	and	laryngotracheal	
bud.	D-F,	Transverse	sections	illustrating	the	formation	of	the	tracheoesophageal	septum	and	showing	how	it	separates	the	foregut	into	the	
laryngotracheal	bud	and	esophagus.	(From	Moore	KL,	Persaud	TVN:	The	respiratory	system.	In	Moore	KL,	Persaud	TVN,	editors:	The	
developing	human:	clinically	oriented	embryology,	ed	8,	Philadelphia,	2008,	WB	Saunders.)
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RULE OF THUMB

The	development	of	mature	alveoli	marks	the	final	stage	
of	lung	development,	known	as	the	alveolar period.	
This	period	begins	at	approximately	32	weeks	of	
gestation	and	continues	for	years	after	birth.	As	a	
result,	premature	infants	younger	than	32	weeks	are	at	
greater	risk	for	developing	respiratory	distress.

FIGURE 9-3	 A-E,	Various	stages	in	the	growth	of	the	bronchi	as	the	lungs	enter	the	pseudoglandular	period	of	development.	(From	
Moore	KL,	Persaud	TVN:	The	respiratory	system.	In	Moore	KL,	Persaud	TVN,	editors:	The	developing	human:	clinically	oriented	embryology,	
ed	8,	Philadelphia,	2008,	WB	Saunders.)
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is rapid proliferation of alveolar ducts and sacs formed from the 
respiratory bronchioles.

The type I pneumocytes of the saccule walls thin and elon-
gate to cover the walls of this region. Type I cells become the 
primary gas-exchange cells in the lung with close approxima-
tion to developing pulmonary capillaries. Type II pneumocytes 
form and secrete the vital pulmonary surfactants that are neces-
sary to alter surface tension and help keep the lungs inflated.

The development of mature alveoli, accompanied by capil-
lary proliferation within the walls, marks the final phase of lung 
development and is known as the alveolar period (see Figure 9-4, 
D). This phase begins at about week 32 of gestation and con-
tinues for years after birth. During this phase the terminal sac-
cules develop hexagonal pouchlike regions called alveoli within 
their walls, resulting in greater numbers of alveoli that enlarge 
to a mature state over time.

A full-term newborn infant has approximately 50 million 
alveoli, this number continues to increase for approximately 2 
to 3 years after birth.2,3 The alveoli are lined with type I and II 
pneumocytes covering the pulmonary capillaries forming just 
below the basement membrane.

Human pulmonary surfactant, which promotes lung infla-
tion and protects the alveolar surface, begins to be produced 
around 24 to 25 weeks of development by type II pneumocytes. 
It is composed primarily of phospholipids, a small amount of 
protein (types SP-A, SP-B, and SP-C), and a trace of carbohy-
drates.4 Early research in pulmonary surfactants centered on the 
phospholipid components, mainly phosphatidylcholine (leci-
thin [L] and sphingomyelin [S]) and phosphatidylglycerol 
(PG). The amount of these phospholipids (the L/S ratio and PG 
concentration) provides a predictive index of the lung maturity 
in a fetus before birth and the risks for the development of 
respiratory distress.5 An L/S ratio of 2 or more indicates a rela-
tively low risk for the development of respiratory distress syn-
drome, whereas an L/S ratio of less than 1.5 is associated with 
a high risk.

Surfactant synthesis is regulated by numerous hormones, 
genes, and factors, including glucocorticoids.6 Glucocorticoste-
roid production increases at the end of gestation and stimulates 
receptors in type II pneumocytes, increasing surfactant produc-
tion and improving the L/S ratio.
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40 ml of fluid. Conditions that lead to inadequate fetal breath-
ing and low amounts of amniotic fluid formation (oligohy-
dramnios) are linked to incomplete inflation and poorly 
developed (hypoplastic) lungs.

A developing fetus begins to make respiratory efforts mid-
gestation and continues these efforts until birth. During these 
efforts, the fetus moves little or no fluid in and out of the lungs. 
The rhythm and depth of fetal breathing are periodic and irreg-
ular, reflecting the development of the respiratory centers in the 
brain and respiratory muscles.

FIGURE 9-4	 Histologic	changes	that	illustrate	various	periods	of	airway	development.	A and B,	There	is	considerable	distance	between	
the	air	within	the	airways	and	blood	within	the	capillaries.	C and D,	The	air-blood	distance	is	considerably	thinner	and	more	supportive	of	
effective	air	breathing.	(From	Moore	KL,	Persaud	TVN:	The	respiratory	system.	In	Moore	KL,	Persaud	TVN,	editors:	The	developing	human:	
clinically	oriented	embryology,	ed	8,	Philadelphia,	2008,	WB	Saunders.)
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A distinctive function of the developing lung is the forma-
tion of relatively large amounts of fetal lung fluid that passes 
into amniotic fluid. Fetal lung fluid is a unique combination 
of plasma ultrafiltrate from the fetal pulmonary microcircula-
tion, components of pulmonary surfactant, and other fluids 
from pulmonary epithelial cells.7 This fluid is constantly pro-
duced and replaced, keeping the fetal lung inflated at a slight 
positive pressure with respect to amniotic fluid pressure. This 
phenomenon is important in stimulating normal lung devel-
opment.8 At term, the fetal lung is filled with approximately 
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by the placenta.12 Within 1 week of uterine implantation, vas-
cular projections called chorionic villi arise from the chorion of 
the embryo and penetrate the uterine endometrium. As gesta-
tion proceeds, the villi increase in number and complexity, 
erode the endometrium, and create irregular pockets called 
intervillous spaces in the placenta, which fill with maternal 
blood. The maternal blood flowing through the intervillous 
spaces bathes the embryonic villi and creates an O2-rich and 
nutrient-rich blood environment.

The maternal uterine tissues and blood vessels of the fetal 
chorionic villi make up the bulk of the placenta. Figure 9-5 
shows a cross section of a well-developed placenta. Maternal 
blood flows into the intervillous space through the spiral arter-
ies, whereas fetal blood is supplied to the villi from two umbili-
cal arteries. Maternal and fetal blood come into close proximity 
but remain separated by an embryonic membrane that permits 
the exchange of O2, CO2, water, ions, various metabolic mole-
cules, and hormones.

Various chemicals, hormones, bacteria, and viruses can also 
cross the intervillous space and cause a variety of fetal develop-
mental problems. Oxygenated fetal blood leaves the chorionic 
villi capillaries through placental venules and returns to the 

Throughout the developmental period, lung growth is 
similar in male and female fetuses. At birth, the lungs of male 
infants are, on average, larger and have a greater number of 
respiratory bronchioles than the lungs of female infants when 
adjusted for gestational age.9 When evaluating breathing efforts 
and surfactant production at 26 to 36 weeks of gestation, female 
fetuses have better developed lung function and are slightly  
less susceptible to the development of respiratory distress 
syndrome.10,11

TRANSITION FROM UTERINE TO 
EXTRAUTERINE LIFE

At birth, the lungs undergo a rapid and remarkable transition. 
A liquid-filled organ that possesses very little circulation inca-
pable of sufficient gas exchange becomes an air-filled organ that 
receives the entire cardiac output from the right heart. It then 
carries and delivers all gas necessary to sustain life.

Placental Structure and Function

Survival of the embryo/fetus requires an effective circulatory 
interface with the circulation of the mother, which is provided 

FIGURE 9-5	 Cross-sectional	view	through	the	placenta	showing	the	spiral	arteries	that	supply	maternal	blood	to	the	intervillous	spaces.	
The	fetal	villi,	immersed	in	maternal	blood,	are	supplied	with	blood	from	the	umbilical	arteries	and	drain	their	blood	back	through	the	
umbilical	vein.	(From	Thibodeau	GA,	Patton	KT:	Anatomy	and	physiology,	ed	7,	St	Louis,	2010,	Mosby.)
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developing organs: ductus venosus, ductus arteriosus, and 
foramen ovale. Oxygenated blood from the placenta is carried 
in the umbilical vein back to the fetal circulation via the hepatic 
circulatory system (Figure 9-7). Approximately one-third of 
this blood flows to the lower trunk and extremities. The other 
two-thirds flows through the ductus venosus, bypassing the 
liver’s circulation, and flows to the inferior vena cava. This 
better oxygenated blood in the inferior vena cava mixes with 
the venous blood returning from the lower trunk and extremi-
ties entering the right atrium. Approximately 50% of this blood 
is shunted from the right atrium into the left atrium through 
an opening in the interatrial septum called the foramen ovale. 
Left atrial blood flows to the left ventricle and then to the 
ascending aorta, where it continues on to the brain, brachioce-
phalic trunk, and descending aorta. Venous blood from the 
superior vena cava is directed downward through the right 
atrium into the right ventricle and then into the main pulmo-
nary artery.

The relatively low PO2 and various prostaglandins in fetal 
blood cause the ductus arteriosus (a muscular vessel attached to 
the trunk of the pulmonary artery and the aorta) to dilate and 
the pulmonary arteries to constrict. This leads to an increase in 
pulmonary vascular resistance, resulting in pulmonary artery 
pressure higher than aortic blood pressure. As a result, 90% of 

fetus through a single umbilical vein. Abnormal implantation 
of the placenta, tearing of the placenta from the uterine wall, or 
decreased placental blood flow can stunt intrauterine growth. 
In severe cases this can cause fetal asphyxia, increasing the risk 
for brain damage and respiratory distress in the immediate 
postnatal period.

Many factors enhance the delivery of O2 to fetal tissues. The 
partial pressure gradient for O2 between maternal blood and 
fetal blood drives the diffusion of O2 into fetal blood within the 
chorionic villi capillaries.13,14 Maternal arterial blood has a 
partial pressure of O2 (PaO2) of approximately 100 mm Hg and 
mixes with the blood in the intervillous space, producing a 
mean PO2 of approximately 50 mm Hg. Fetal blood that enters 
the villi has a PO2 of approximately 19 mm Hg, and the pres-
sure gradient between maternal and fetal blood PO2 (50 − 19 = 
31 mm Hg) causes O2 to diffuse into fetal blood. Blood leaving 
the villi and entering the umbilical vein has a PO2 of approxi-
mately 30 mm Hg. Table 9-3 summarizes the normal gas and 
acid-base values in normal fetal umbilical arteries and veins and 
maternal intervillous blood. Assessment of umbilical vein blood 
gas data (cord blood gas) shortly after birth is a method of 
determining the degree of fetal asphyxiation during the birth 
process.

The O2 content and delivery by fetal blood are almost the 
same as adult blood despite the much lower PO2. This is due to 
several factors, including relatively higher content of hemoglo-
bin (18 g/dL) and hematocrit (54%) in fetal blood and the 
presence of fetal hemoglobin (HbF), which has an increased 
affinity for O2 and a more pronounced Bohr effect (reduced 
oxyhemoglobin affinity with acidosis) to enhance O2 release.14 
Figure 9-6 illustrates how the increased O2 affinity is manifested 
by a leftward shift of the fetal oxyhemoglobin dissociation 
curve. The P50 (PO2 that saturates 50% of the hemoglobin) is 6 
to 8 mm Hg less than the P50 for adult hemoglobin (HbA), 
which indicates the degree of the shift toward higher affinity. At 
birth, approximately 70% of circulating hemoglobin is HbF. 
HbA gradually replaces HbF during the first 6 months of extra-
uterine life as HbA genes in bone marrow switch on and HbF 
genes in the liver (major site of fetal erythrocyte development) 
are switched off.

Fetal Circulation

Fetal circulation is different from the circulation of the neonate 
after birth.15 Three important bypass pathways (shunts) func-
tion in the developing fetus to enhance the flow of blood to the 

TABLE 9-3 

Approximate Normal Values of Blood Gases and 
Acid-Base in Fetal and Maternal Blood

Value Maternal 
Intervillous Blood

Fetal Umbilical 
Artery Blood

Fetal Umbilical 
Venous Blood

pH 7.38 7.36 7.39
PCO2	(mm	Hg) 42 47 43
PO2	(mm	Hg) 50 19 30

FIGURE 9-6	 Fetal	hemoglobin	(Hb)	has	a	leftward	shift	of	the	
oxyhemoglobin	(HbO2)	dissociation	curve	compared	with	adult	Hb,	
indicating	greater	affinity	for	O2.	(Modified	from	Koff	PB,	Eitzman	
DV,	Neu	J:	Neonatal	and	pediatric	respiratory	care,	St	Louis,	1988,	
Mosby.)

Fetal Hb

Adult Hb

10

10 20 30 40 50 60

20

30

40

50

60

70

80

90

H
bO

2 
sa

tu
ra

tio
n 

(%
)

PO2 (mm Hg, pH 7.4)



166 SECTION II • Applied Anatomy and Physiology

Two umbilical arteries carry blood from the fetal aorta to the 
placenta, carrying out fetal-maternal gas and nutrient exchange.

Cardiopulmonary Events at Birth

Various mechanisms work together to reduce and clear the 
amount of lung fluid at birth in preparation for air inflation.16 

the blood flow entering the pulmonary artery takes the path of 
least resistance by shunting through the ductus arteriosus and 
flowing to the aorta. Only 10% flows into the lungs. Blood 
flowing through the ductus arteriosus mixes with blood flowing 
through the aorta, routing into the systemic circulation. Some 
of this blood flows to the gut, lower extremities, and placenta. 

FIGURE 9-7	 Fetal	circulation	before	birth.	Special	features	(shown	in	red)	include	the	umbilical	cord,	two	umbilical	arteries,	one	umbilical	
vein,	ductus	venosus,	foramen	ovale,	and	ductus	arteriosus.	(From	Thibodeau	GA,	Patton	KT:	Anatomy	and	physiology,	ed	7,	St	Louis,	
2010,	Mosby.)
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tion, lower pulmonary vascular resistance, and constriction  
of the ductus arteriosus, which facilitates greater blood flow 
through the pulmonary circulation. Ductus arteriosus closure 
is stimulated further by the loss of maternal prostaglandins. The 
combination of increasing alveolar air content and constriction 

FIGURE 9-8	 Pressure-volume	changes	in	the	human	neonate	
during	the	first	three	breaths	after	birth:	first	breath	(—),	second	
breath	(—),	and	third	breath	(xxx).	(Modified	from	Taeusch	WH,	
Ballard	RA,	Gleason,	CA:	Avery’s	diseases	of	the	newborn,	ed	8,	
Philadelphia,	2005,	WB	Saunders.)
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FIGURE 9-9	 Major	cardiopulmonary	changes	during	the	transition	from	the	fetal	to	the	adult	circulatory	pattern.	

Fetal
circulatory

pattern

Stimulus Air
breathing

Lung expansion

Ductus arteriousus
closes

Foramen ovale closes

Ductus venosus
closes

Cord
clamped

Adult
circulatory

pattern

↓ Pulmonary
blood flow

↓ Pulmonary
vascular resistance

↓ Pulmonary artery
pressure

↓ Right heart pressure

↓ Umbilical
&

placental blood
flow

↑ Pulmonary
blood flow

↑ PO2 ↓ PCO2

↓ Systemic artery
pressure

↑ Systemic artery
pressure

↑ Systemic
vascular resistance

↑ Lung fluid ↓ Lung fluid

Days before birth, the epithelia of the lung stop the production 
of lung fluid, which is actively absorbed back into fetal circula-
tion. During normal vaginal delivery, approximately one-third 
of the lung fluid is cleared through compression of the thorax 
in the birth canal. The pulmonary capillaries and lymphatics 
clear the remaining fluid.

A newborn must develop very high transpulmonary pressure 
gradients during the first few breaths to open and replace the 
remaining lung fluid with air and establish a stable lung volume 
for gas exchange (Figure 9-8). These large pressure gradients 
overcome the opposing forces of fluid viscosity in the airways 
and surface tension in the alveoli. The stimulus for these initial 
respiratory efforts is sent via peripheral and central chemore-
ceptors and augmented further by skin thermoreceptors.

The first breath is triggered by new tactile and thermal 
stimuli. In addition, as placental gas transfer is suddenly inter-
rupted, the newborn becomes hypoxemic, hypercapnic, and 
acidotic, triggering strong inspiratory efforts. The pressure-
volume changes occurring during these first breaths are de-
picted in Figure 9-8. At first, no air enters the newborn lung 
until the transpulmonary pressure gradient exceeds 40 cm H2O. 
As lung volume increases with each breath, decreasing amounts 
of pressure are needed to overcome the opposing forces. The 
volume trapped in the lung stabilizes quickly and is crucial to 
adequate gas exchange.

Figure 9-9 summarizes the major cardiopulmonary changes 
that occur during the transition from a fluid-filled lung to an 
air-filled lung. As the lung expands with air, and gas exchange 
starts within the lung, pulmonary blood PO2 increases, PCO2 
decreases, and pH increases; this results in pulmonary vasodila-
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spine in infants with poor muscle tone. Infant neck flexion 
causes acute airway obstruction. Although the head is larger, an 
infant’s nasal passages are proportionately smaller than those of 
an adult. In addition, the infant’s jaw is much rounder and the 
tongue is much larger relative to the size of the oral cavity.17 
These anatomic differences increase the likelihood of airway 
obstruction when an infant becomes unconscious and loses 
muscle tone.

Most infants breathe preferentially through the nose. 
However, most term newborn infants shift to oral breathing in 
response to nasal occlusion and hypoxia.18 As normal infants 
mature, they begin to use the oral breathing route more with 
increased capability of shifting to oral breathing when nasal 
obstruction is present.19 At approximately 4 to 5 months of age, 
most infants are capable of full oral ventilation.

A newborn’s larynx lies higher in the neck than the larynx 
of an adult, with the glottis located between C3 and C4, and is 
more funnel-shaped than that of an adult. In a child, the nar-
rowest region of the upper airway is through the cricoid carti-
lage, rather than the glottis, as in adults. The epiglottis of an 
infant is longer and less flexible than the epiglottis of an adult 
and lies higher and in a more horizontal position. During swal-
lowing, the infant’s larynx provides a direct connection to the 
nasopharynx. This connection creates two nearly separate path-
ways, one for breathing and one for swallowing, allowing infants 
to breathe and suckle at the same time. Anatomic descent of the 
epiglottis begins at 2 1

2 to 3 months of age. Mechanical and 
chemical irritant laryngeal reflexes develop at birth and can 
initiate protective laryngeal closure; these reflexes can trigger 
prolonged apnea in some and may be a cause of sudden infant 
death syndrome.20 In addition, infections in this area, repeated 
attempts at intubation, or suctioning can easily cause swelling, 
leading to obstruction.

The large conducting airways of infants are shorter and nar-
rower than the airways of adults. The normal newborn trachea 
is approximately 5 to 6 cm long and 4 mm in diameter, whereas 
in small preterm infants, it may be only 2 cm long and 2 to 
3 mm in diameter. Because of the smaller airways, a newborn’s 
anatomic dead space is proportionately smaller than the ana-
tomic dead space of an adult, being approximately 1.5 ml/kg of 
body weight. Figure 9-11 compares the tracheal anatomy in an 
adult and newborn. The main stem bronchi branch off from 
the trachea in the infant at less acute angles than in the adult. 
Similar to that in adults, the right main stem bronchus of the 
infant is still more in line with the trachea, promoting right 
main stem intubation when airways or suction catheters are 
inserted too deeply. Mean airway diameter, from main bronchi 
to respiratory bronchioles, increases approximately two to three 
times from birth to adulthood.21

Smooth muscle is present in the airways of a neonate down 
to the level of the respiratory bronchioles and continues to 
increase until the infant is approximately 8 months old. Distinct 
C-shaped rings of cartilage are found in the trachea and main 
stem bronchi of the neonate. The amount of cartilage progres-
sively decreases in the more distal bronchi and eventually disap-
pears in airways smaller than 2 mm in diameter.

of the ductus arteriosus promotes progressive improvement in 
the matching of ventilation and blood flow, which increases the 
PO2 and decreases the PCO2 of blood leaving the lungs. After 
the clamping of the umbilical cord, cessation of umbilical and 
placental blood flow causes closure of the ductus venosus and 
a rapid increase in systemic vascular resistance. As systemic 
vascular resistance increases, left-sided heart pressures increase. 
Left atrial pressures also increase as a result of increased pul-
monary blood flow that returns from the lungs. With left-sided 
heart pressures now higher than right-sided pressures, the 
foramen ovale closes.

When this last right-to-left shunt closes, the transition 
between fetal and extrauterine circulations is functionally com-
plete. Full transition occurs later as the ductus arteriosus and 
foramen ovale close anatomically through the formation of 
fibrosis. Anatomic closure of the ductus normally occurs within 
3 weeks of birth. Permanent closure of the tissue flap covering 
the foramen ovale may take several months.

All of these changes normally occur during the first few 
minutes after birth and allow the newborn to achieve normal 
gas exchange. Many abnormal conditions can interfere with 
these transition events, leading to persistence of the fetal circu-
lation and cardiorespiratory failure.

POSTNATAL LUNG DEVELOPMENT

Upper Airway

The infant lung is a unique structure and not a mere miniatur-
ization of the adult lung. The airways, distal lung tissue, and 
pulmonary capillary bed all continue to grow and develop after 
birth. Although the general pattern is well developed at birth, 
both the upper and the lower airways continue to change and 
are relatively unique in each person.

Figure 9-10 shows the relative differences of the upper airway 
in relation to body size in an infant and an adult. The greater 
relative weight of the head can cause acute flexion of the cervical 

FIGURE 9-10	 Adult	and	pediatric	upper	airways.	
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The respiratory system is a unique organ in that it receives 
a double blood supply: one from the left ventricle and one 
from the right ventricle. The right heart supplies the bulk of 
the flow to the pulmonary circulation. The left heart supplies a 
smaller amount of flow (approximately 1% to 2% of cardiac 
output) to the bronchial arteries, which arise from the aorta 
and supply oxygenated blood to the tracheobronchial tree. The 
bronchial arteries supply O2 to the airway tissue, blood vessels, 
nerves, lymphatics, and visceral pleura. In addition, O2 is 
directly absorbed across the airway lumen. Although the pul-
monary and bronchial circulations have entirely different ori-
gins and purposes, they mix and supply blood flow to the 
microcirculation of the alveoli; this provides some collateral 
circulation and allows the shunting of blood. The lung’s double 
circulation benefits the entire lung in health and helps com-
pensate for deficiencies or disease processes that can affect 
either circulation.

The lymphatic vessels located in the connective tissue tracts 
of the lung surround the bronchi, bronchioles, blood vessels, 
nerves, and pleural membrane. They play a central role in the 
control of fluid and protein balance within the lung and house 
various defensive cells. Fluid collected from the pleural space 
and interstitium is carried by the pleural capillaries and vessels 
through the lymphatic system back to the root of the lung 
(hilum), where numerous lymph nodes are located.

Before birth, neuronal centers in the brainstem (medulla 
oblongata and pons) form for the automatic control of breath-
ing, and various afferent and efferent nerves form to sense and 
control different aspects of the respiratory system. The phrenic 
nerves and intercostal nerves are the primary components of 
the somatic (motor) nervous system that carry nervous signals 
from the brainstem to the respiratory muscles. They innervate 
the diaphragm (phrenic nerves) and intercostal muscles (inter-
costal nerves). These muscles are primarily responsible for 
enlarging the thorax during inspiration and allow exhalation by 
relaxing, letting the thorax and lungs recoil back to their prein-
spiratory position.

Visceral control of the smooth muscle of the respiratory 
system is carried out by branches of the sympathetic and para-
sympathetic nervous systems and mediators transported to the 
lungs via the pulmonary circulation. Nerve fibers from the 
brainstem and spinal cord enter the lungs and grow in the same 
connective tissue tracts that surround the airways and house the 
blood and lymphatic vessels long before birth. These nervous 
fibers innervate the smooth muscles of the bronchioles to cause 
bronchodilation (sympathetic fibers), the mucous glands to 
produce mucus (parasympathetic), and the blood vessels to 
cause vasoconstriction (sympathetic). Cranial nerve X (vagus 
nerve) carries motor and sensory signals of the parasympathetic 
system. Branches from each thoracic spinal nerve carry sympa-
thetic motor and sensory signals to and from the lungs.

Chest Wall Development, Diaphragm, 
and Lung Volume

The thoracic wall in infants is more compliant and their muscles 
are less developed than the muscles of adults, providing little 

Despite the presence of cartilage in the central airways of an 
infant, the trachea and larger bronchi of a neonate lack the 
rigidity of adult central airways. The compliant nature of these 
airways makes them prone to collapse and compression.

Lower Airway and Alveoli

The human lung continues to develop alveoli for years until it 
reaches a stable stage, at which the total number has increased 
to approximately 480 million alveoli.22 All development is gen-
erally complete by 10 years of age, with most occurring in the 
first 11

2  postnatal year.23 By adulthood, the alveolar-capillary 
membrane has a gas exchange surface area of approximately 
140 m2.24

Compensatory lung growth can occur rapidly in the lung 
when part (or all) of the other lung is removed.25-27 Stem cell 
activation in the lungs, in response to gene and mechanical 
stretch, appears to be responsible for alveolar development well 
into adulthood after loss of lung tissue.28

Development of Vascular, Lymphatic, 
and Nervous Systems

The basic architecture of the pulmonary circulation is complete 
at birth. The main pulmonary arterial trunk arises from the 
right ventricle and divides into left and right pulmonary arter-
ies, which supply each lung. These arteries divide further to 
form direct or conventional arteries and supernumerary arter-
ies. Both types of pulmonary arteries come together to supply 
blood to large clusters of alveoli that are supplied by a single 
bronchiole. Most of the growth in the vascular system that 
occurs after birth includes further smooth muscle growth 
within the walls of arteries and arterioles and greater density 
and refinement of the arterioles and capillaries in the distal 
airway region.23,29

FIGURE 9-11	 Adult	and	infant	tracheas	showing	the	different	
angles	of	main	stem	bifurcation.	
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cage has the configuration seen in adults. Ossification of the ribs 
and sternum normally complete by 25 years of age, and this, 
combined with muscular development, results in a stiffer chest 
wall that moves more in the anteroposterior dimension with 
inspiratory effort.

The balance of these static forces results in reduced lung 
volume within this compliant thorax in an infant. Proportion-
ately lower lung volumes can lead to early airway closure,  
widespread alveolar collapse (atelectasis), ventilation/perfusion 
( � �V/Q) mismatch, and resultant hypoxemia. The combination 
of a reduced lung volume and high O2 consumption renders the 
infant more susceptible to profound hypoxemia in situations 

structural support. The infant thoracic cage is also more box-
like, with the ribs being horizontally oriented or elevated (Figure 
9-12). In addition, the diaphragm inserts into the thoracic cage 
in a horizontal plane decreasing the effective ability to enlarge 
the thorax.

As an infant inhales, the diaphragm moves down but the 
flexible chest wall moves very little in the anteroposterior 
dimension as the chest wall muscles attempt to pull it upward 
and outward. Compounding this situation is a proportionately 
larger abdominal visceral content that restricts the vertical 
motion of the diaphragm. The ribs take on a progressively 
downward slope as a child grows, and by 10 years of age the rib 

FIGURE 9-12	 A,	Changes	in	angularity	of	ribs	and	spine	and	cross-sectional	shape	of	the	thorax	from	an	infant	to	an	older	child	and	
adult.	B,	Anterior	views	of	a	newborn	(left)	and	adult	(right)	rib	cage	and	the	relative	position	of	the	diaphragm	(shaded portions).	(Modified	
from	Taussig	LM,	Landau	LI,	editors:	Pediatric	and	respiratory	medicine,	ed	2,	St	Louis,	2008,	Mosby.)
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Imaginary lines are commonly used to establish reference 
points and identify landmarks on the thorax. These lines and 
points help identify the location of underlying structures and 
the location of abnormal findings. On the anterior chest, the 
midsternal line divides the thorax into equal halves. The left and 
right midclavicular lines are parallel to the midsternal line. These 
are drawn through the midpoints of the left and right clavicles 
(Figure 9-13). The midaxillary line divides the lateral chest into 
equal halves. The anterior axillary line is parallel to the midaxil-
lary line. It is situated along the anterolateral chest. The poste-
rior axillary line is also parallel to the midaxillary line. It is 
located on the posterolateral chest wall (Figure 9-14). Three 
imaginary vertical lines are located on the posterior thorax. The 
midspinal line divides the posterior chest into two equal halves. 
The left and right midscapular lines are parallel to the midspinal 
line. They pass through the inferior angles of the scapulae in a 
relaxed upright subject (Figure 9-15).

disturbing ventilation, lung volume, or � �V/Q matching. Infants 
possess a remarkable ability to elevate their lung volume 
dynamically. Infants in distress can actively increase lung 
volume by trapping gas, improving � �V/Q matching and gas 
exchange. Infants actively accomplish gas trapping by using  
the diaphragm during exhalation. This slows expiration that 
adducts (closes) the vocal cords and narrows the glottis. The 
combination of these two maneuvers effectively regulates 
volume in the lung and dynamically elevates lung volume. The 
narrowing of the glottis or larynx during exhalation is referred 
to as “laryngeal braking” or “grunting.” Infants in respiratory 
distress commonly grunt, a manifestation of laryngeal braking. 
A more compliant chest wall contributes to suprasternal, sub-
sternal, intercostal, and subcostal retractions in distressed 
infants and young children (see Mini Clini).

MINI CLINI
Significance of Thoracic Soft Tissue 
Retractions

Supraclavicular and intercostal retractions are inward move-
ments of the soft tissues above the clavicle and between the ribs 
of the chest wall during inspiration. This inward movement 
causes the clavicle and ribs to stand out prominently during 
inspiratory efforts.

PROBLEM: Why do infants and adults in respiratory distress 
with severe airway obstruction or reduced compliant (“stiff”) 
lungs exhibit thoracic soft tissue retractions?

ANSWER: The pressure within the intrapleural space is 
slightly negative (e.g., −5 cm H2O) as a result of the tendency 
of the lung to recoil inward and the rib cage to recoil outward. 
This pressure becomes more negative (e.g., −8 cm H2O) during 
inspiration. The respiratory muscles enlarge the chest as the 
diaphragm descends and the intrathoracic volume increases. 
During these conditions, a much greater inspiratory effort  
is required. This increased effort translates into a much  
greater decrease in intrathoracic and pleural pressures (e.g., 
−40 cm H2O). This greater decrease in intrathoracic and 
pleural pressure “sucks” the soft tissues inward and causes soft 
tissue retractions. These retractions significantly increase work 
of breathing.

RESPIRATORY SYSTEM IN  
THE ADULT

Surface Features of the Thorax

Thoracic shape and dimension vary from individual to indi-
vidual and are linked to age, gender, and race. At birth, the 
thorax has a smaller transverse (side to side) dimension, widen-
ing with the onset of walking. Thoracic size and volume con-
tinue to increase throughout childhood and especially during 
the adolescent growth spurt. When evaluating lung size and 
volume throughout puberty and into adulthood, boys and men 
are consistently found to have larger lungs than age-matched 
and height-matched girls and women.30

	

RULE OF THUMB

Anatomic Directions
Descriptions	of	various	anatomic	structures	often	use	
the	following	terms:

Anterior,	
anteriorly

Front	of	the	body,	toward	the	front

Posterior,	
posteriorly

Back	of	the	body,	toward	the	back

Anteroposterior In	a	direction	from	the	front	to	the	back
Lateral,	laterally Side	of	the	body,	toward	the	side
Medial,	medially Midline	of	the	body,	toward	the	midline

Components of the Thoracic Wall

The thoracic cavity is formed by the tissues of the chest, upper 
back, and diaphragm.31 It is a cone-shaped cavity that houses 
the lungs, heart, and the contents of the mediastinum (Figure 
9-16). It protects the vital organs within and is capable of 
changing shape to enable air to be moved into and out of the 
lungs. The thoracic cavity is formed from epithelial, connective, 
and muscle tissues.

The various parts of the thoracic wall are shown in Figure 
9-17. The outer covering of the thorax is formed by the integu-
mentary system, which includes skin, hair, subcutaneous fat, 
and breast tissues. Skeletal muscle tissue forms the various 
muscles of the chest and back and lies over and between the 
ribs. The ribs lie in the inner portion of the thoracic wall. The 
inner layer of the thoracic wall is lined with a serous membrane 
called the parietal pleura. It is opposite to another serous mem-
brane called the visceral pleura, which covers the lung. A thin, 
fluid-filled pleural space forms between the parietal and visceral 
pleural membranes.

The rigidity of the thorax is provided by the bone tissue of 
the rib cage. The bony parts of the rib cage include the sternum, 
ribs, thoracic vertebral bones, scapula, and clavicle (Figure 
9-18). The sternum is a long, vertical flat bone found on the 
anterior side that is composed of three bones: the manubrium, 
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FIGURE 9-13	 Anatomic	reference	lines	on	the	anterior	chest	wall.	
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FIGURE 9-14	 Anatomic	reference	lines	on	the	lateral	chest	wall.	
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FIGURE 9-15	 Anatomic	reference	lines	on	the	posterior	chest.	
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the body (or gladiolus), and the xiphoid process. The superior 
edge of the manubrium forms a shallow depression that is 
known as the suprasternal notch (or jugular notch). The fused 
connection between the manubrium and the body is known as 
the sternal angle; it is also known as the angle of Louis. The 
sternal angle is an external marker of the point where the 
trachea divides into the left and right main stem bronchi. A 
cartilaginous joint called the costal cartilage is on the lateral 
edges of the manubrium and sternal body and forms the attach-
ment between the ribs and sternum. This joint allows the rib 	

RULE OF THUMB

Where	the	manubrium	and	body	of	the	sternum	meet,	
the	anterior	chest	wall	shows	a	slight	depression	that	
forms	an	oblique	angle	(when	viewed	from	the	side).	
This	depression	is	referred	to	as	the	angle of Louis.	
Beneath	this	important	landmark,	the	trachea	divides	
into	the	right	and	left	main	stem	bronchi.

cage to bend and permits the thorax to increase and decrease 
in size.
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FIGURE 9-16	 Transverse	sectional	view	of	the	thorax	showing	its	contents.	(From	Thibodeau	GA,	Patton	KT:	Anatomy	and	physiology,	
ed	7,	St	Louis,	2011,	Mosby.)
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FIGURE 9-17	 Sectional	view	of	the	thoracic	wall.	(From	Hicks	
GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	
WB	Saunders.)
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The rib cage is formed by 12 pairs of ribs.31 Rib pairs 1 
through 7 are known as the true ribs because they are attached 
directly to the sternum. The first ribs and the upper sternum 
form the opening into the thorax that is called the thoracic inlet, 
or operculum. Ribs 8 through 12 are called false ribs because 

they are neither directly nor indirectly attached to the sternum. 
The vertebrochondral rib pairs 8, 9, and 10 are indirectly 
attached to the sternum through a common cartilaginous strap. 
Rib pairs 11 and 12 are called floating ribs because they are not 
attached to the sternum. Each rib has a sternal end; a long, 
curved, and relatively flat body; and a head that articulates with 
the thoracic vertebrae (Figure 9-19). Intercostal muscles lie 
between the ribs and hold them together. Just below each rib, 
in the costal groove, is a thoracic artery, vein, and nerve, sup-
plying blood flow and nerve communications to that region of 
the chest wall (see Figure 9-17).

	

RULE OF THUMB

Numerous	procedures	require	entry	into	the	pleural	
cavity,	such	as	thoracentesis	or	chest	tubes.	Insertions	
made	during	these	procedures	are	always	done	directly	
above	a	selected	rib	to	avoid	injuring	important	
structures.	The	intercostal	nerves,	veins,	and	arteries	all	
lie	in	a	groove	below	each	rib.

The upper and lateral regions of the thorax house the bones 
of the pectoral girdles. The pectoral girdle on each side is 
formed by the clavicle and scapula.31 The scapula forms the 
socket for the shoulder joint and is stabilized or moved by 
skeletal muscles of the upper back. The clavicle supports and 
stabilizes the shoulder joint through a flexible attachment to the 
manubrium of the sternum.
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FIGURE 9-18	 Anterior	(A)	and	posterior	(B)	views	of	the	bones	of	the	thorax.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	
physiology,	Philadelphia,	2000,	WB	Saunders.)
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FIGURE 9-19	 Typical	middle	rib	as	viewed	from	the	posterior.	The	head	end	articulates	with	the	vertebral	bones,	and	the	distal	end	is	
attached	to	the	costal	cartilage	of	the	sternum.	

Articular facet
for transverse process

Head

Neck

Superior

Inferior

Vertebral
articular
facets

Tubercle

Costal groove



 The Respiratory System • CHAPTER 9 175

as the respiratory muscles.32 Their origins, insertions, somatic 
nervous supply, and actions are summarized in Tables 9-4 and 
9-5. The diaphragm and intercostal muscles are the primary 
muscles of ventilation. They are active both while at rest and 
when the individual exhibits stress-induced increases in breath-
ing. The accessory muscles of ventilation assist the diaphragm 
and intercostal muscles when ventilatory demand increases. 
The scalene, sternocleidomastoid, pectoral, and abdominal wall 
muscles are the predominant accessory muscles. Other abdomi-
nal and chest wall muscles may function as accessory muscles 
when needed.

The diaphragm is a thin, musculotendinous, dome-shaped 
structure that separates the thoracic and abdominal cavities 
(Figure 9-21).33 It originates from the chest and abdominal wall 
and converges in a central tendon at the top of its dome. The 
diaphragm is a highly aerobic and fatigue-resistant muscle com-
pared with other skeletal muscles and more capable of long-
term rhythmic contraction.

In an upright position and with the diaphragm relaxed, the 
liver forces the dome of the right hemidiaphragm upward 
approximately 1 cm higher than the left hemidiaphragm at the 
end of a quiet exhalation. The highest portion of the right dome 
sits at the eighth or ninth thoracic vertebra posteriorly and at 
the fifth rib anteriorly. The left diaphragmatic dome sits at the 
ninth or tenth thoracic vertebra posteriorly and the sixth rib 
anteriorly. Movements of the hemidiaphragms are synchronous 
in healthy subjects. When lying down in a supine position,  
the weight of the abdominal contents forces the diaphragm 
farther up into the thoracic cavity. During quiet breathing, the 

Rib Movement
The various ribs move in different ways, and some may move 
more than others at different times. The first rib moves slightly, 
raising and lowering the sternum. Its slight motion increases 
the anteroposterior diameter of the chest. This action is not 
used during quiet breathing and becomes active only under 
conditions that require increased ventilation or deep breathing. 
Ribs 2 through 7 can move simultaneously about two axes 
(Figure 9-20). As each rib rotates about the axis of its neck its 
sternal end rises and falls. This movement increases the antero-
posterior thoracic diameter in what is commonly referred to as 
a “pump handle” motion. At the same time, the rib moves about 
its long axis from its angle at the sternum. This motion causes 
the middle part of the rib to move up and down in what is 
commonly described as a “bucket handle.” The compound 
action of ribs 2 through 7 changes both the anteroposterior and 
the transverse dimensions in an upward and outward motion. 
Ribs 8 through 10 rotate in a pattern similar to that of ribs 2 
through 7. However, elevation of the anterior ends of these ribs 
produces a small backward movement of the lower sternum 
that slightly reduces the thoracic anteroposterior diameter. 
Outward rotation of the middle section of these ribs increases 
the transverse diameter of the thorax. Ribs 11 and 12 participate 
in changing the contour of the chest in a minor way as they are 
pulled upward and outward in a “caliper” motion.

Respiratory Muscles

Changes in thoracic cavity dimension during breathing are the 
product of tension developed by various skeletal muscles known 

FIGURE 9-20	 “Bucket	handle”	type	and	“pump	handle”	type	of	rib	motions.	(From	Thibodeau	GA,	Patton	KT:	Anatomy	and	physiology,	
ed	7,	St	Louis,	2011,	Mosby.)
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(ascites), or other causes of rigidity of the abdominal wall can 
interfere with diaphragmatic descent during inspiration.

Functionally, the diaphragm is divided into a right and a left 
hemidiaphragm. Each hemidiaphragm is innervated by a 
phrenic nerve that arises from branches of spinal nerves C3, C4, 
and C5.33 Spinal cord injuries at or above the level of the third 
cervical vertebrae result in diaphragmatic paralysis. In this situ-
ation, the individual has lost all nervous control of the respira-
tory muscles and is unable to spontaneously breathe. Unilateral 
phrenic nerve injury or disease to one side can spare the other 
nerve and permit unilateral ventilation.

Although the diaphragm is the primary ventilatory muscle, 
it is not essential for survival. Limited, short-term ventilation is 
possible using accessory muscles even if the diaphragm is para-
lyzed. If either or both of the hemidiaphragms are paralyzed, 
the affected hemidiaphragm remains in a resting position. 
During deep inspiration, the paralyzed diaphragm rises as  
other ventilatory muscles reduce the intrathoracic pressure. 
During quiet breathing, the paralyzed diaphragm may remain 

diaphragm is responsible for approximately 75% of the change 
in thoracic volume.34 When the muscle fibers of the diaphragm 
are tensed during inspiration, the dome of the diaphragm is 
pulled down 1 to 2 cm; this results in enlargement of the  
thoracic cavity and compression of the abdominal contents. 
During maximal inspiration, the diaphragm can be pulled 
down approximately 10 cm. Exhalation results when diaphrag-
matic tension decreases and the diaphragm returns to its relaxed 
position.

Increased lung volume causes the diaphragm to flatten out. 
Contraction of a flattened diaphragm can result in tension on 
the lower ribs that causes them to be pulled inward, resulting 
in compression of the thoracic cavity. This condition can occur 
in individuals with severe gas trapping as a result of emphysema 
or asthma. To compensate, these individuals must recruit other 
muscles to enlarge the thorax. Less efficient breathing and 
excessive muscle work results. Nonpulmonary diseases also can 
affect diaphragm function. Abdominal wall muscle tensioning 
(splinting) owing to pain, abdominal distention with fluid 

TABLE 9-4 

Respiratory Muscles That Expand the Thorax During the Inspiratory Phase

Muscle Origin Insertion Innervation Action

Diaphragm Xiphoid	process,	lower	
lateral	ribs,	lumbar	vertebra

Central	tendon	of	
dome

Phrenic	nerves	(C3-5) Diaphragm	moves	downward,	
abdominal	wall	forced	outward

External	intercostals Upper	ribs Lower	ribs Intercostal	nerves	(T1-12) Lift	ribs	upward
Scalene Lower	five	cervical	vertebrae Ribs	1	and	2 Cervical	nerves	(C5-8) Lifts	ribs	1	and	2
Sternocleidomastoids Manubrium	and	clavicle Mastoid	process	

of	occipital	bone
Accessory	nerves	(cranial	

nerve	XI)
Lift	sternum

Trapezius Occipital	bone,	C7-T12	
vertebrae

Scapula	and	
clavicle

Accessory	nerves	(cranial	
nerve	XI)

Stabilizes	head

Pectoralis	minor Anterior	region	of	ribs	3-5 Scapula Pectoral	nerves	(C6-8) Lifts	upper	ribs
Pectoralis Clavicle	and	sternum Humerus Pectoral	nerves	(C5-C8) Lifts	sternum

TABLE 9-5 

Respiratory Muscles That Compress the Thorax During the Expiratory Phase

Muscle Origin Insertion Innervation Action

Internal	intercostals Lower	ribs Upper	ribs Intercostal	nerves	(T1-12) Pull	ribs	down
External	oblique Anterior	lower	eight	ribs Linea	alba	and	

iliac	crest
Lower	intercostal	and	iliohypogastric	

nerves	(T7-12)
Pulls	abdominal	wall	

inward
Internal	oblique Lumbar	vertebrae,	iliac	crest,	

and	inguinal	ligaments
Costal	region	of	

ribs	and	pubis
Lower	intercostal	and	iliohypogastric	

nerves	(T10-12	and	L1)
Pulls	abdominal	wall	

inward
Transverse	

abdominis
Costal	region	of	lower	ribs,	iliac	

crest,	and	inguinal	crest
Linea	alba Lower	intercostal	and	iliophypogastric	

(T7-L1)
Pulls	abdominal	wall	

inward
Rectus	abdominis Costal	region	and	ribs	5-7 Pubis Lower	intercostal	and	iliophypogastric	

(T7-12)
Pulls	abdominal	wall	

inward
Serratus	anterior Costal	region	of	upper	eight	ribs Scapula Long	thoracic	nerves	(T5-7) Compresses	thorax	

when	arm	is	stabilized
Serratus,	posterior	

superior
Lower	cervical	and	upper	

thoracic	vertebrae
Posterior	ribs	

2-5
Intercostal	nerves Pulls	ribs	downward

Serratus,	posterior	
inferior

Lower	thoracic	and	upper	
lumbar	vertebrae

Posterior	ribs	
9-12

Thoracic	nerves Pulls	ribs	downward

Latissimus	dorsi Lower	thoracic,	lumbar,	sacral	
vertebrae,	ilium,	and	lower	ribs

Humerus Thoracodorsal	nerve	(C6-8) Compresses	thorax	
when	arm	is	stabilized



FIGURE 9-21	 The	diaphragm	originates	from	the	lumbar	vertebrae,	lower	ribs,	xiphoid	process,	and	abdominal	wall	and	converges	in	a	
central	tendon.	Note	the	locations	of	the	phrenic	nerves	and	openings	for	the	inferior	vena	cava,	esophagus,	and	abdominal	aorta.	(From	
Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	WB	Saunders.)
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MINI CLINI
Lung Hyperinflation in Emphysema

Emphysema is a disease characterized by the destruction of the 
alveolar region of the lungs. This destruction causes the emphy-
sematous lung to have less elastic recoil than a normal lung.

PROBLEM: Why do patients with severe emphysema have 
enlarged or overinflated lungs? How does hyperinflation interfere 
with breathing? What can be done to alleviate the problem?

ANSWER: The pathologic findings of emphysema include the 
destruction of elastic fibers in the alveolar region, reduced lung 
recoil, and expansion of the remaining lung tissue. As  
the disease progresses, the tendency of the lungs to collapse 
(because of their inherent elasticity) becomes less than the nor-
mal outward expanding force of the rib cage (because of  
its higher elasticity). The stronger outward expanding force of the 
rib cage expands the lungs, increases their volume, and results in 
overinflated lungs at the end of a normal, resting exhalation.

Hyperinflation “flattens” the diaphragm for similar reasons, 
making it less effective during inspiration, increasing work of 
breathing. Loss of elastic tissues allows small airways to collapse, 
resulting in air trapping and exaggerating hyperinflation.

Therapy for emphysema is directed at reducing the effects of 
air trapping. Administration of bronchodilators and corticoste-
roids may improve airway opening, reducing trapped gas and the 
work of breathing. Maneuvers such as pursed-lip exhaled breath-
ing also may assist in reducing gas trapping by splinting open the 
airways and facilitating exhalation. Surgical removal of overdis-
tended lung tissue (bullae) is known as lung volume reduction 
surgery and also may be beneficial. Surgical removal of nonfunc-
tional hyperexpanded tissue may allow the remaining lung tissue 
to be better ventilated and improve gas exchange at the alveolar 
level.
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FIGURE 9-22	 The	external	intercostal	muscles	lift	the	inferior	
ribs	and	enlarge	the	thoracic	cavity.	The	internal	intercostal	muscles	
compress	the	thoracic	cavity	by	pulling	the	ribs	together.	(From	
Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	
2000,	WB	Saunders.)
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FIGURE 9-23	 The	scalene	muscles	originate	from	the	lower	
cervical	vertebrae	and	lift	the	clavicle	and	first	two	ribs.	(From	Hicks	
GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	
WB	Saunders.)
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FIGURE 9-24	 The	sternocleidomastoid	muscles	originate	from	
the	manubrium	and	clavicle	and	insert	on	the	mastoid	process	of	
the	temporal	bone.	They	lift	the	upper	thorax	when	the	trapezius	
stabilizes	the	head.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	
physiology,	Philadelphia,	2000,	WB	Saunders.)
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immobile or may move in either direction. The pressures above 
and below a paralyzed diaphragm tend to make it rise during 
inspiration.

Because exhalation is passive, the diaphragm normally does 
not actively participate in exhalation. During exhalation it 
returns to its resting position during the passive recoil of the 
lungs and thorax. During forced exhalation, abdominal wall 
muscles compress the abdominal cavity and increase pressure 
in the abdominal cavity. The diaphragm is forced upward and 
the lungs compress, forcing gas from them. The diaphragm 
performs important functions other than ventilation; it aids in 
generating high intraabdominal pressures by remaining fixed 
while the abdominal muscles contract, facilitating vomiting, 
coughing, sneezing, defecation, and parturition.

During quiet breathing, the diaphragm does most of the 
work. Other muscles are slightly active during quiet breathing 
and become more active with forceful breathing. These other 
muscles are generally known as the accessory muscles of 
breathing.

The accessory muscles of inspiration include various muscles 
in the neck, chest, and upper back. The external intercostal 
muscles (Figure 9-22) originate on the upper ribs and attach to 
the lower ribs. The fibers of these muscles run at an oblique 
angle between the ribs. When they generate tension the ribs lift 
upward and cause the thoracic cavity to enlarge the thorax 
(Hamberger mechanism). Nerve signals are received from the 
intercostal nerves that arise from thoracic spinal nerves (T1 to 
12). They are more active during the inspiratory phase of force-
ful breathing and are thought to play a role in stabilizing exces-
sive rib motion during forceful breathing.35

Three pairs of scalene muscles (scalenus anterior, scalenus 
medius, and scalenus posterior) arise from the lower five or six 
cervical vertebrae and insert on the clavicle and first two ribs 
(Figure 9-23). They lift the upper chest when active. The scalene 
muscles are slightly active during resting inhalation and become 

more active with forceful inspiration, especially when ventila-
tory demands increase.36 Such instances may occur in healthy 
subjects during exercise or in patients who have pulmonary 
disease. In healthy subjects, inspiratory efforts against a closed 
glottis or obstructed airway activate the scalene muscles. When 
alveolar pressure decreases to −10 cm H2O, scalene muscles are 
active in all subjects. The scalene muscles are largely inactive 
during expiratory efforts but can become active to fixate the ribs 
as abdominal muscles contract during forceful exhalation such 
as coughing.

Sternocleidomastoid muscles (Figure 9-24) originate from 
the manubrium and clavicle and insert on the mastoid process 
of the temporal bone. Normally, this muscle flexes and rotates 
the head and is active during shoulder shrugging. When the 
head is held in an upright position by tensing the trapezius 
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RULE OF THUMB

Patients	with	advanced	chronic	obstructive	pulmonary	
disease	(COPD)	often	use	accessory	muscles	to	assist	
the	flattened	diaphragm,	helping	relieve	their	work	of	
breathing.	The	muscle	groups	used	include	the	
shoulder	and	neck	muscles.	To	use	these	muscles,	the	
shoulder	girdle	must	be	stabilized.	Patients	with	COPD	
often	do	this	by	supporting	their	arms	on	a	stationary	
object	in	front	of	them,	forming	a	“tripod”	position.	This	
immobilizes	the	shoulders	and	allows	the	accessory	
muscles	to	raise	the	anterior	chest	wall.

The accessory muscles of exhalation become active during 
forceful breathing (see Table 9-5). Generally, these muscles 
compress the thoracic cavity and facilitate exhalation. The 
internal intercostal muscles (see Figure 9-22) lie between the 
ribs and just behind the external intercostal muscles. The muscle 
fibers of the internal intercostal muscles run downward and less 
obliquely than the external intercostal muscle fibers. This ori-
entation causes these muscles to pull the ribs together, which 
results in compression of the thoracic cavity. They are stimu-
lated by branches of the intercostal nerves and are most active 
during forceful exhalation. They also become active toward the 
end of deep inhalation and antagonize the lifting effect of the 
external intercostal muscles, which effectively stabilizes rib 
motion during forceful exhalation.37

When the abdominal wall muscles contract, they compress 
the abdominal cavity. This compression forces the diaphragm 
upward, compressing the thoracic cavity. The abdominal 
muscles include pairs of external oblique, internal oblique, 
transverse abdominis, and rectus abdominis muscles (Figure 
9-27).38 The external oblique muscles are the outermost layer 
of abdominal wall muscle and lie over the lateral aspects of the 
abdominal cavity. The internal oblique muscles lie just under-
neath the external oblique muscles. They originate on the 
lumbar vertebrae, iliac crest, and inguinal ligaments, inserting 
into the pubis and costal region of the lower ribs; this results in 
a fiber orientation that is at right angles to the external oblique 
muscles. The transverse abdominis muscles lie below the inter-
nal oblique muscles. Muscle fibers of the transverse abdominis 
run around the lateral wall of the abdomen. The rectus abdomi-
nis muscles are a pair of muscular bands that run vertically on 
the anterior surface of the abdomen. These muscular bands 
arise from the pubis, travel upward over the abdominal cavity, 
and insert into the costal region of ribs 5, 6, and 7 and the 
xiphoid process of the sternum.

muscle of the upper back and neck, the sternocleidomastoid 
muscles can function to lift the upper chest. These muscles are 
active during forceful inspiration and become visible as thick 
bands on either side of the neck during the inspiratory phase 
in an individual who is in respiratory distress. This motion 
increases the anteroposterior diameter of the chest.37

FIGURE 9-25	 The	pectoralis	major	and	minor	can	lift	and	
enlarge	the	thorax	when	the	arms	are	braced	by	leaning	forward	on	
the	elbows	(tripod	position).	(From	Hicks	GH:	Cardiopulmonary	
anatomy	and	physiology,	Philadelphia,	2000,	WB	Saunders.)
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FIGURE 9-26	 The	trapezius	assists	forceful	inspiration	primarily	
by	stabilizing	the	head,	which	allows	the	sternocleidomastoid	to	lift	
the	anterior	thorax.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	
physiology,	Philadelphia,	2000,	WB	Saunders.)
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The major and minor pectoralis muscles are broad fan-
shaped muscles of the upper anterior chest (Figure 9-25). The 
pectoralis major originates on the humerus and inserts onto  
the clavicle and sternum. The pectoralis minor originates from 
the anterior region of the ribs 3 through 5 and inserts onto the 
scapula. They normally function to adduct the arms in a 
hugging motion. They are also capable of generating some ante-
rior thoracic lift when the arms are braced on a surface in front 
of a subject. Individuals who have chronic shortness of breath 
often use these muscles by sitting in the “tripod” position (see 
Rule of Thumb).

The trapezius muscles are flat, triangular muscles located on 
the upper back and neck (Figure 9-26). Their action is to rotate 
the scapulae, lift the shoulders, and flex the head up and back. 
During forceful inspiration, they become more active by helping 
brace the head and allowing the sternocleidomastoid muscles 
to lift the thorax.
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num contains the trachea, esophagus, heart, great vessels, and 
other organs.42 The left and right pleural cavities contain the 
lungs. The surfaces of the inner thoracic wall, mediastinum, and 
lungs are covered with serous membranes called the pleural 
membranes (see Figure 9-17). The parietal pleural membrane 
lines the chest wall and mediastinum, whereas the lungs are 
covered by the visceral pleura. Both membranes are constructed 
from a thin surface layer of mesothelial cells, and below the layer 
of mesothelial cells is a layer of connective tissue that houses 
blood vessels, lymphatic vessels, and nerve fibers.43 Numerous 
microscopic openings, called stomata, are found in the surface 
of the pleura and are surrounded by mesothelial cells. The 
stomata open into the lymphatic drainage system of the pleural 
membrane. The parietal pleura contain sensory fibers that are 
responsible for the painful sensation that is associated with 
inflammation of the pleura—a condition called pleurisy.

The space between the membranes is called the pleural space 
and is filled with approximately 0.26 ml/kg, or about 18 ml in 
a 70-kg adult, of pleural fluid.44 Pleural fluid is a clear fluid with 
a pH of 7.60 to 7.65 that has few cells, a small amount of protein 
(about 1 g/dl), and glucose and electrolytes in concentrations 
that approximate those of plasma. The small volume of pleural 
fluid is spread out over the entire surface of both lungs and 
functions as a lubricant to reduce friction as the lungs move 
within the thorax. It acts as an airtight seal that adheres together 
the two pleural membranes. Pleural fluid is secreted and reab-
sorbed by the two pleural membranes. A little more than half 

Forceful contraction of the abdominal wall muscle group 
results in increasing intraabdominal pressure, forcing the dia-
phragm upward and compressing the thorax.

Abdominal wall muscles are active during resting and force-
ful exhalation.39 They become more active when the elastic 
recoil of the lung and thorax cannot provide the needed expira-
tory flow during forceful exhalation, such as coughing,  
sneezing, talking loudly, and playing wind-powered musical 
instruments.40 The most active muscle of the group during 
resting and forceful exhalation in most body positions is the 
transverse abdominis. The least active muscles are the rectus 
abdominis. The abdominal muscles also can contribute to 
inspiration by contracting at end-exhalation. This contraction 
reduces end-expiratory lung volume so the chest wall can recoil 
outward, assisting the next inspiratory effort.41 Elevating 
abdominal pressure increases both the length and the radius of 
curvature of the diaphragm. Both of these effects result in 
greater transdiaphragmatic pressure for a given contractile 
tension. In patients with chronic obstructive pulmonary disease 
(COPD), any increase in ventilatory demand significantly 
increases the use of the abdominal muscles. Loss of effective use 
of the abdominal wall muscles results in a marked inability to 
exhale forcefully and to cough effectively.

Pleural Membranes, Space, and Fluid

The thoracic cavity is subdivided into the mediastinum and the 
left and right pleural cavities. The centrally located mediasti-

FIGURE 9-27	 The	abdominal	wall	muscles	compress	the	thoracic	cavity	by	compressing	the	abdominal	wall	and	forcing	the	diaphragm	
upward.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	WB	Saunders.)
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MINI CLINI
Penetrating Chest Injury

Normally, the parietal and visceral pleurae are in physical 
contact with one another and are separated by only a thin 
liquid film or fluid. This liquid film allows these two pleural 
membranes to slide over one another with little friction. This 
film also provides a cohesive force that resists separation of the 
membranes. When the respiratory muscles move the rib cage 
outward in an inspiratory effort, the lung is literally pulled by 
the cohesive forces between the parietal and visceral pleurae. 
The elastic recoil forces of the lung resist this outward 
movement.

PROBLEM: A person sustains blunt force traumatic injury to 
the left chest. The fractured ribs are forced through the chest 
wall and parietal pleura, puncture the visceral pleura, and lacer-
ate the lung. What happens to the lungs?

ANSWER: The lung on the affected side collapses as air and 
blood leak from the lacerated lung. As air and blood enter the 
pleural space (hemopneumothorax), the parietal and visceral 
pleurae separate. The chest wall expands outward, and the 
elastic recoil of the lung causes it to collapse. Both structures 
recoil in opposite directions as the pleural space between them 
separates, creating paradoxical movement. Treatment of a 
hemopneumothorax involves inserting a chest tube into the 
chest cavity and applying vacuum to remove the air and blood, 
reexpanding the lung.

of the pleural fluid is thought to be produced by the parietal 
pleura. Pleural fluid is formed from the systemic blood flow to 
each pleura. Blood pressure–driven filtration is supplied to the 
parietal pleura by blood flow from the intercostal arteries. The 
bronchial circulation of the lung supplies most of the blood 
flow to the visceral pleura.

It is estimated that the pleurae produce 150 to 250 ml of 
pleural fluid per day.45 Most of the fluid is thought to be 
absorbed by the visceral pleura capillaries. The rest is cleared by 
drainage through the lymphatic stomata of parietal pleura by 
solute-coupled liquid absorption and through some transcyto-
sis. Fluid and solutes or cells cleared by lymphatic drainage are 
carried by the pulmonary lymphatics to the hilar region. There 
they enter the major lymphatic vessels draining back to the 
subclavian veins and right heart.

The angle where the costal parietal pleura join the diaphrag-
matic parietal pleura is known as the costophrenic angle. It is 
located in the right and left lateral and inferior regions of the 
thoracic cavities. This angle is clearly visible and is an important 
landmark in the normal chest radiograph. Normally it is a sharp 
angle of approximately 30 to 45 degrees. Abnormal excess of 
fluids between the visceral and parietal pleura tend to pool here 
in an upright individual. This pooling of fluid causes the angle 
to appear blunted or flattened to 90 degrees when viewed in the 
chest radiograph.

Mediastinum

The mediastinum lies between the left and right pleural cavities 
that contain the lungs (see Figure 9-16). The mediastinum is 
bounded on either side by the pleural cavities, anteriorly by the 
sternum, posteriorly by the thoracic vertebrae, inferiorly by the 
diaphragm, and superiorly by the thoracic inlet. The mediasti-
num can be subdivided into three subcompartments. Between 
the sternum and pericardium is an anterior compartment con-
taining the thymus gland and lymph nodes. The middle com-
partment contains the pericardium, heart, great vessels, phrenic 
and upper portions of the vagus nerves, trachea, portions of the 
right and left main stem bronchi, and lymph nodes. The poste-
rior compartment contains the thoracic aorta, esophagus, and 
thoracic duct. Also found in the posterior mediastinum are the 
sympathetic nervous system ganglionic chains and lower por-
tions of the vagus nerve and lymph nodes.

Lungs

The lungs are multilobed, cone-shaped, spongelike organs that 
lie within the pleural cavities (Figure 9-28). They are pink at 
birth and develop a gray coloration with age. Average adult 
lungs are hollow, low-density organs that occupy a volume of 
approximately 3.5 L and weigh approximately 900 g.43 The 
organs within the mediastinum bulge into the left hemithorax, 
resulting in a narrower and slightly smaller left lung. The liver 
below the right lung elevates the right diaphragm and results in 
a slightly shorter right lung.

The lungs extend from the diaphragm to a point 1 to 2 cm 
above the medial third of the clavicles. The uppermost regions 
are called the apexes. At end-expiration, the anterior lower lung 

borders extend to approximately the sixth rib at the midclavicu-
lar line. Laterally, the lower lung border is at the eighth rib at 
the midaxillary line. The top of the lungs, viewed posteriorly, 
extend upward from the eighth or ninth thoracic vertebra to 
the first thoracic vertebra. The diaphragm rises and falls, with 
resting breathing between the ninth and twelfth thoracic 
vertebrae.

The anterior, lateral, and posterior lung surfaces lie and 
move against the thoracic inner wall. The medial surfaces of the 
lungs lie in close contact to the mediastinal surfaces. Figure 9-29 
shows the medial surfaces of the lungs and the opening in this 
region known as the hilum. The main stem bronchi, blood 
vessels, lymphatics, and nerves that enter or exit the lung all pass 
through the hilum.

Each lung is divided into two or three lobes (see Figure 9-28) 
separated by one or more fissures. The right lung has upper, 
middle, and lower lobes. The left lung has only an upper and a 
lower lobe. Both lungs have an oblique fissure beginning on the 
anterior chest at approximately the sixth rib at the midclavicu-
lar line. These fissures extend laterally and upward until they 
cross the fifth rib on the lateral chest in the midaxillary line. 
The fissures continue to the posterior chest to approximately 
the third thoracic vertebra. The right lung also has a horizontal 
or “minor” fissure that separates the upper and middle lobes. 
This horizontal fissure extends from the fourth rib at the sternal 
border to the fifth rib at the midaxillary line.
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FIGURE 9-29	 The	medial	surfaces	of	the	lungs.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	
WB	Saunders.)
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FIGURE 9-28	 Anterior	view	of	the	lungs	showing	the	lobes	and	fissures.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	
Philadelphia,	2000,	WB	Saunders.)
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The lungs are elastic organs that can expand when inflated 
with air and recoil back to their resting volume when exhalation 
occurs. Lung elasticity stems from surface tension forces in the 
alveoli, elastic properties of the tissues, and various connective 
tissue fibers. Three different fiber systems form a scaffold that 
supports the structure of the lungs as tension develops in them 
with inflation.46 The axial system, primarily composed of col-

lagen and reticulin fibers, originates in the hilum and extends 
outward in all of the airway walls almost all the way to the 
alveolar region. The septal fiber system composed of collagen, 
reticulin, and elastin, supports the alveolar walls and capillaries. 
The peripheral fiber system, primarily composed of collagen, 
originates in the outer viscera and extends into the lung tissue 
to divide the lung tissue effectively into interlobular regions.
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pulmonic semilunar valve and into the trunk of the pulmonary 
artery. The trunk of the pulmonary artery passes upward and 
divides into right and left pulmonary arteries just below the 
point of tracheal bifurcation into left and right main stem 
bronchi (the carina). The pulmonary arteries accompany the 
right and left main stem bronchi through the hilar opening into 
the lungs and continue dividing along with the airways. These 
divide to form two types of arteries: conventional, which con-
tinue to follow the airway branching, and supernumerary, 
which branch at 90-degree angles from the conventional arter-
ies and travel outside the common path. Both sets of arteries 
form arterioles, connecting to and supplying blood to the 
microcirculation of the respiratory zone of the lung.

The pulmonary arterial system continues to divide into in-
creasing numbers all the way to the distal airspaces. They sub-
divide, forming dense “sheetlike” beds of alveolar capillaries 
located within the walls of the alveoli, just below approximately 
90% of the alveolar surface (Figure 9-31). The wall of the pul-
monary capillary is formed by endothelial cells. At rest, the 
pulmonary capillary bed contains 60 to 80 ml of blood and can 
expand to 200 ml through dilation and recruitment of collapsed 
capillaries during conditions of higher cardiac output (e.g., ex-
ercise).47 Pulmonary blood is collected from the capillaries by 
the pulmonary venules, combining into larger veins. Similar to 
their arterial counterparts, the veins also form conventional and 
supernumerary types of veins that drain blood from the pul-
monary capillary beds. The pulmonary veins possess less smooth 
muscle in their medial walls and have thinner walls than similar-
sized pulmonary arteries. The veins follow the same connective 
tissue path that houses the bronchi and arteries, merging into 
larger and fewer vessels. Four major pulmonary veins (superior 
and inferior veins from each lung) exit through the hila and 
return arterialized blood to the left atrium of the heart for de-
livery to the systemic circulation (Figure 9-32).

Collectively, these connective tissue fibers provide support to 
the airway walls, lungs, and effective gas-exchange membrane 
as it is stretched during inflation. When a lung is removed from 
the chest cavity, the lung quickly collapses to a smaller size. The 
same occurs if air or fluid enters into the pleural space; it is 
possible that individual lobes can collapse as the result of airway 
obstruction and gradual diffusion of air from the lobe. This 
tendency of the lung to collapse is counteracted by the tendency 
of the thoracic wall to spring outward and hold the lung inflated. 
The “tension” developed by these two opposing tendencies 
results in the development of subatmospheric (negative) intra-
pleural pressure.

PULMONARY VASCULAR, 
LYMPHATIC, AND  
NERVOUS SYSTEMS

The vascular supply of the lungs is composed of the pulmonary 
and bronchial circulations. The pulmonary circulation carries 
mixed venous blood from the systemic circuit to the lungs to 
increase O2 and reduce CO2 content of blood. The bronchial 
circulation provides systemic arterial blood to the airways and 
pleura supporting their metabolic needs. A network of lym-
phatics is also involved in fluid transport from the lungs. The 
lymphatic system removes fluid from the lung tissue and pleural 
space and returns it to the systemic circulation. The nervous 
system of the lungs acts to sense and modify lung function, 
helping defend while improving function.

Pulmonary Circulation

Pulmonary circulation is supplied with blood from the right 
heart (Figure 9-30). O2-reduced systemic venous blood flows to 
the right heart via the inferior and superior venae cavae. This 
blood is pumped to the lungs by the right ventricle through the 

FIGURE 9-30	 The	pulmonary	circulation.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	WB	Saunders.)
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FIGURE 9-32	 Schematic	depiction	of	the	interconnection	of	pulmonary	and	bronchial	circulations.	Bronchial	blood	flows	to	the	
pulmonary	artery	(1),	through	the	capillary	bed	of	the	large	airways	and	pleura	and	into	pulmonary	capillaries	(2),	through	the	
bronchopulmonary	veins	and	into	the	pulmonary	veins	(3),	and	through	the	bronchial	vein	and	on	to	the	azygos	vein	(4).	The	route	through	
the	bronchopulmonary	vein	allows	less	oxygenated	blood	to	mix	with	the	better	oxygenated	blood,	which	returns	to	the	left	side	of	the	heart.	
(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	WB	Saunders.)
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RULE OF THUMB

The	pulmonary	artery	and	its	branches	are	the	only	
arteries	in	the	body	to	carry	deoxygenated	blood.		
The	pulmonary	veins	are	the	only	veins	that	carry	
oxygenated	blood	back	to	the	left	side	of	the	heart.

FIGURE 9-31	 Scanning	electron	photomicrograph	at	high	
magnification	of	plastic	cast	of	alveolar	capillaries	of	the	pulmonary	
circulation	(black	bar,	10	µm).	(From	Thibodeau	GA,	Patton	KT:	
Anatomy	and	physiology,	ed	7,	St	Louis,	2010,	Mosby.)

Respiratory Function of  
Pulmonary Circulation
The pulmonary circulation has several different functions.48 
Primary function of the pulmonary circulation is to deliver 
blood to the alveolar-capillary bed for the exchange of O2 and 
CO2 with alveolar gas, delivering it to the left heart. The second 
function is to serve as a barrier between the interstitial spaces 
and airspaces of the lung on one side and the blood within the 
capillaries on the other. Less than 0.3 µm thick, the endothelial 
capillary membrane is an active barrier that controls the 
exchange of fluid and solutes crossing it. In doing so, it plays a 
crucial role in the regulation of the fluid balance within the 
lungs. Injury to the pulmonary capillary often disrupts the fluid 
balance, resulting in excessive fluid leaks and the formation of 
pulmonary edema. The third function is nonrespiratory, involv-
ing the production, processing, and clearance of various chemi-
cals and blood clots.

http://internalmedicinebook.com/
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TABLE 9-6 

Resting Hemodynamic Values in Adult Systemic 
and Pulmonary Vascular Systems

Parameter Systemic 
Circuit

Pulmonary 
Circuit

Blood	flow	(cardiac	output,	L/min) 5 5
Arterial	blood	pressure	(mm	Hg) 120/80 25/10
Vascular	resistance	(dynes/sec/cm−5) 1200 120

The pulmonary circulation also acts as a filter for the sys-
temic circulation. The capillaries have an inner diameter of 
approximately 7 to 10 µm and theoretically trap particles (e.g., 
blood clots) down to this size before they enter the systemic 
circulation, where blockages could be life-threatening.

The lungs also play an active role in the clearance, activation, 
and release of various biochemical factors.47,48 They are respon-
sible for synthesis, activation, inactivation, and detoxification of 
many bioactive substances. Angiotensin I is converted to its 
active form (angiotensin II) as it circulates through the lung. 
Various proinflammatory cytokines are also released from the 
lung when it is injured or repetitively overinflated during 
mechanical ventilation.50

Bronchial Circulation

A separate arterial supply called the bronchial circulation sup-
plies blood to the airways from the trachea to the bronchioles 
and to most of the visceral pleurae.51 The metabolic needs of 
the lung are comparatively low, and much of the lung paren-
chyma is oxygenated by direct contact with inspired gas. The 
bronchial circulation is a branch of the systemic circuit and is 
supplied with blood from the aorta via minor thoracic branches. 
Blood flow through the bronchial circulation constitutes 
approximately 1% to 2% of the total cardiac output.

A single right bronchial artery supplying the right lung arises 
from the upper intercostal artery, the right subclavian artery, or 
an internal mammary artery. Two bronchial arteries supply the 
left lung and branch directly from the upper thoracic aorta. 
Bronchial arteries follow their respective bronchi. The bronchial 
arterial circulation terminates in a plexus of capillaries joining 
the alveolar-capillary bed. Bronchial venous blood drains 
through the azygos, hemiazygos, and intercostal veins to the right 
atrium. Some drains through the pulmonary capillaries to the 
pulmonary veins and to the left atrium. Figure 9-32 shows the 
interrelationship and comingling of the pulmonary and bron-
chial circulatory systems.

The bronchial and pulmonary circulations share an impor-
tant compensatory relationship.52 Decreased pulmonary arte-
rial blood pressure tends to cause an increase in bronchial artery 
blood flow to the affected area. This compensation minimizes 
the danger of pulmonary infarction, as sometimes occurs when 
a blood clot (pulmonary embolus) enters the lung. Similarly, 
loss of bronchial circulation can be partially offset by increases 
in pulmonary arterial perfusion. The adult lung does not require 
the bronchial circulation to remain viable, as evidenced by the 
success of lung transplantation, which does not preserve the 
bronchial circulation. However, this circulation apparently 
plays a more important role in lung development, helps to 
preserve gas exchange during various congenital cardiac condi-
tions, and appears to compensate in certain pulmonary diseases 
(e.g., pulmonary fibrosis) for the gradual obstruction of the 
pulmonary circulation.

Lymphatics

The lymphatic system of the lungs is an extensive system of 
lymphatic vessels, lymph nodes, the tonsils, and the thymus 

Table 9-6 compares hemodynamic parameters of the sys-
temic and pulmonary circulatory systems.49 Although the entire 
cardiac output passes through both pulmonary and systemic 
circuits, the pulmonary circulation offers much lower resistance 
and consequently has a much lower blood pressure. The low 
vascular pressures within the pulmonary circuit are essential in 
maintenance of fluid balance at the alveolar-capillary interface. 
The pulmonary capillaries are exposed to vascular pressures of 
approximately 7 to 10 mm Hg. Increased pressure in the pul-
monary circulation can occur with mitral valve disease or con-
gestive (left) heart failure, disrupting fluid balance and leading 
to excessive fluid leakage, fluid accumulation, and alveolar con-
gestion, which can impair gas exchange and lead to hypoxia.

The low vascular pressures of the pulmonary circulation 
result in regional blood flow within the lungs that is highly 
influenced by gravity, airway pressure, and gas exchange.48 In 
the upright lung, blood pressure in the pulmonary arteries 
increases approximately 1 cm H2O for each 1 cm traversed 
downward from the apex to the base. A consequence of having 
a low blood pressure in the pulmonary circulation and being 
susceptible to gravity, blood flow is much higher in the lung 
bases in resting upright subjects. Gravity-related effects also 
occur in recumbent positions but are less pronounced. The 
distribution of pulmonary blood flow is also closely related to 
local airway gas pressure and pulmonary gas exchange. Areas 
experiencing higher airway pressure (e.g., during positive pres-
sure ventilation) that equals or exceeds local arteriole and capil-
lary pressure have reduced blood flow as a result of the opposing 
airway pressure (zone 1 airways). Regions where blood pressure 
is greater than the surrounding air pressure, such as in the bases 
of the upright lung during spontaneous breathing, have greater 
blood flow (zone 3 airways). Areas of regional lung hypoxia, 
because of reduced ventilation, congestion, or airway obstruc-
tion, can result in local pulmonary arterial vasoconstriction and 
cause blood flow to shift from these areas toward areas of higher 
O2 content and pulmonary vasodilation.47

Nonrespiratory Function of the  
Pulmonary Circulation
The pulmonary circulation also serves as a blood reservoir for 
the left ventricle.47,48 This reservoir maintains stable left ven-
tricular volumes despite small changes in cardiac output. The 
pulmonary blood volume (approximately 600 ml) is sufficient 
to maintain normal left ventricle filling for several cardiac 
cycles. This reservoir is important if filling of the right heart is 
temporarily decreased or interrupted.

http://internalmedicinebook.com/
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system provides voluntary and automatic motor control and 
sensory innervation to the chest wall and respiratory muscles. 
Most of the major motor nerves that carry nervous signaling to 
the respiratory muscles are summarized in Tables 9-4 and 9-5. 
The autonomic nervous system signaling to and from the lungs 
is carried through efferent and afferent pathways. These path-
ways carry unconscious autonomic nervous system motor 
signals to smooth muscles and glands and various sensory 
signals back to the brain.

Autonomic innervation of the lungs is carried from the 
brainstem through branches of the right and left vagus nerves 
(cranial nerve X) and from the spinal cord to four or five tho-
racic sympathetic ganglia that lie just laterally to the spinal 
cord.57 Both contribute fibers to the anterior and posterior pul-
monary plexus at the root of each lung. From these plexuses, 
sympathetic and parasympathetic fibers enter the lung through 
the hilum and innervate various structures.

Efferent Pathways

The parasympathetic nervous preganglionic fibers exit the 
brainstem via the two vagus nerves. On entry into the chest,  
the vagus nerve branches to the larynx. This branch is called the 
recurrent laryngeal nerve. Each vagus nerve also develops a 
branch called the superior laryngeal nerve. The external branch 
of this nerve supplies the cricothyroid muscle. The internal 
branch provides sensory fibers to the larynx. The recurrent 
laryngeal nerves provide the primary motor innervation to the 
larynx. Damage to laryngeal nerves can cause unilateral or bilat-
eral vocal cord paralysis, depending on which branches are 
involved. Hoarseness, loss of voice, and an ineffective cough 
may result.

After forming ganglia and postganglionic nerve fibers, para-
sympathetic and sympathetic nerve fibers enter the lung through 
the hilum and run parallel to the airways as they branch (Figure 
9-35). Parasympathetic fibers form their ganglia much closer to 

gland.53 The primary function of the lymphatic system is to 
clear fluid from the interstitial and pleural spaces to help main-
tain the fluid balance in the lungs. The lymphatic system also 
plays an important role in the specific defenses of the immune 
system. It removes bacteria, foreign material, and cell debris via 
the lymph fluid and through the action of various phagocytic 
cells (e.g., macrophages), providing defense against foreign 
material and cells that are able to penetrate deep into the lung. 
It also produces various lymphocytes and plasma cells to aid in 
defense. Both roles are essential for maintaining normal func-
tion of the respiratory system.

Most of the pulmonary lymphatic system consists of super-
ficial and deep vessels.54 The superficial (pleural) vessels that 
drain the lung surface and the deep (peribronchovascular) 
conduit-like vessels that travel through the connective tissue 
tracts. Both drain the blind lymphatic capillaries in the respec-
tive regions. The deeper lymph vessels are closely associated 
with the small airways but do not extend into the walls of the 
alveolar-capillary membranes. The lymphatic vessels are thin-
walled vessels that contain little connective and muscle tissue in 
their walls.

Lymph fluid is collected by the loosely formed lymphatic 
capillaries and drains through the lymph vessels toward the 
hilum. The fluid is propelled through the lymphatic system by 
the collective actions of valves that direct flow toward the hilum. 
The combined milking actions of smooth muscle contractions 
in the deeper conduit-like vessels and the cycle of ventilation 
act as a pump and squeezes the lymphatic vessels.55 Lymph fluid 
flow from the lungs can be increased after an injury to the 
pulmonary capillaries that results in increased leakage (e.g., 
acute respiratory distress syndrome) or from pulmonary capil-
lary hypertension secondary to heart disease (e.g., left-sided 
heart failure).

The lymph vessels emerge from the hilum of each lung and 
drain lymph fluid through a series of lymph nodes clustered 
about each hilum and the mediastinum. From there, lymph 
fluid travels through various lymph nodes within the mediasti-
num (Figure 9-33). The lymph fluid rejoins the general circula-
tion after passing through the right lymphatic or thoracic duct, 
draining into the jugular, subclavian, or innominate veins. The 
lymph fluid mixes with blood and returns back to the heart.

Lymphatic channels are not usually visible on chest radio-
graphs. They may be detected if distended or thickened by 
disease. The “butterfly” pattern that radiates from the hilar 
region of both lungs during acute development of pulmonary 
edema is thought to be the result of interstitial and lymph vessel 
distention with fluid. In this situation, the lymphatic drainage 
system has been overwhelmed by a sudden and excessive surge 
of fluid from the circulation. The development of a pleural 
effusion is also evidence that the lymphatic system is unable to 
remove excess fluid in the lung.

Nervous Control of the Lungs

All of the major structures of the respiratory system are inner-
vated by branches of the peripheral nervous system: the auto-
nomic and somatic branches (Figure 9-34).56 The somatic 

FIGURE 9-33	 Mediastinal	and	paratracheal	pulmonary	lymph	
nodes.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	
Philadelphia,	2000,	WB	Saunders.)
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FIGURE 9-34	 Schematic	of	the	autonomic	innervation	(motor	and	sensory)	of	the	lung	and	the	somatic	(motor)	nerve	supply	to	the	
intercostal	muscles	and	diaphragm.	(Modified	from	Murray	JF:	The	normal	lung,	ed	2,	Philadelphia,	1986,	WB	Saunders.)
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FIGURE 9-35	 Schematic	of	sympathetic,	parasympathetic,	and	nonadrenergic,	noncholinergic	(NANC)	neural	fiber	connections	to	the	
airways	and	blood	vessels	of	the	lungs.	
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other chemical and congestion sensors, when active, seem to 
modify the sensation of breathing and modify the breathing 
pattern (e.g., cough reflex and response to alveolar conges-
tion). Additional receptors are located outside the lungs; they 
include respiratory muscle proprioceptors that sense the 
stretch state of the muscles and peripheral chemoreceptors that 
sense the chemical condition of blood (e.g., O2, CO2, and 
hydrogen ion concentration) that are involved in the control of 
ventilation.

Pulmonary stretch slow-adapting and rapid-adapting recep-
tors progressively discharge during lung inflation and are linked 
to inhibition of further inflation. This is a type of negative 
feedback known as the inflation reflex. It was originally described 
by Hering and Breuer and continues to bear their names. The 
inflation reflex is thought to be actively involved with control-
ling the depth of breathing and may affect the duration of the 
expiratory pause between breaths. The inflation reflex is prob-
ably very weak or absent during quiet breathing in healthy 
adults, but there appears to be evidence of its activity in 
newborns.59

Another reflex associated with slow-adapting and rapid-
adapting receptor activity is the Head paradoxical reflex.60 This 
reflex stimulates a deeper breath rather than inhibiting further 
inspiration. It may be the basis for occasional deep breaths or 
gasps. Deep breaths or sighs occur with normal breathing, pre-
sumably preventing alveolar collapse. The Head reflex also may 
be responsible for gasping in newborn infants as they progres-
sively inflate their lungs.

Irritant or mechanical rapid-reacting receptors are found 
mainly in the posterior wall of the trachea and at bifurcations 
of the larger bronchi. These receptors respond to various 
mechanical, chemical, and physiologic stimuli and behave as 
irritant receptors. The stimuli include physical manipulation or 
irritation, inhalation of noxious gases, histamine-induced bron-
choconstriction, asphyxia, and microembolization of the pul-
monary arteries. Stimulation of the irritant rapid-adapting 
receptors can result in bronchoconstriction, hyperpnea, glottic 
closure, cough, and sneeze.61 Stimulation of these receptors also 
can cause a reflex slowing of the heart rate (bradycardia). This 
response is referred to as the vasovagal reflex. It may occur 
during tracheobronchial suctioning, intubation of the airway, 
or bronchoscopy. These procedures can cause significant 
mechanical irritation of the airway.

Unmyelinated slow-conducting C-fiber endings (also known 
as juxtacapillary or J receptors), are present in the walls of the 
bronchial and terminal airway region and have been linked to 
a breathing reflex pattern associated with mechanical stretch, 
pulmonary congestion, and exposure to various chemicals.62,63 
When C-fibers become activated, signals are sent back to the 
brainstem via the vagus nerve, resulting in rapid, shallow 
breathing. C-fiber activation also has been shown to cause bra-
dycardia, hypotension, bronchoconstriction, mucus produc-
tion, and apnea in experimental animals.64 Stimulation of these 
receptors may contribute to the sensation of dyspnea and, in 
severe cases, the vagovagal reflex, which can complicate pulmo-
nary edema, pulmonary embolism, and pneumonia.

the target tissues (e.g., bronchioles, glands, and blood vessels) 
and have much shorter postganglionic nerve fibers. Most of the 
sympathetic fibers form their ganglia along the spinal cord and 
then form longer postganglionic fibers that penetrate the lungs 
and end on the airway smooth muscle and glands. Both sym-
pathetic and parasympathetic postganglionic efferents inner-
vate the smooth muscle and glands of the airways and the 
smooth muscles of the pulmonary arterioles. They influence  
the diameter of the airway by causing more or less tension in 
the smooth muscles that wrap around the airway and influence 
glandular secretion. The smooth muscles in the medial wall of 
the pulmonary arterioles cause constriction when tensed and 
dilation when relaxed. The combined effects of the parasympa-
thetic and sympathetic nervous activity, which generally oppose 
each other’s action, result in a balanced control of airway and 
vessel diameter and glandular secretion.

The parasympathetic postganglionic fibers generally secrete 
acetylcholine as their primary neurotransmitter when they 
receive signals from the brainstem. Acetylcholine binds to M3 
muscarinic cholinergic receptors, causing airway smooth 
muscle constriction, blood vessel dilation, and glandular secre-
tion. The sympathetic postganglionic fibers are much less devel-
oped in comparison. The sympathetic postganglionic fibers in 
the lung primarily secrete norepinephrine. The adrenal glands 
release epinephrine into the circulation when they receive  
sympathetic signals from the spinal cord. Epinephrine and  
norepinephrine bind to alpha-adrenergic and beta-adrenergic 
receptors of blood vessels. This binding causes constriction in 
the alpha-adrenergic receptors and dilation and relaxation in 
the beta-adrenergic receptors of the bronchial airway and vessel 
smooth muscles.

The airways are provided with a third autonomic pathway 
that is neither parasympathetic nor sympathetic in action.46 The 
nonadrenergic, noncholinergic (NANC) system nerve fibers 
travel within the vagus nerve to each lung. When active, the 
NANC nerve endings release a neurotransmitter that promotes 
the production of nitric oxide, causing the relaxation of airway 
smooth muscle and dilation. The NANC system is also thought 
to be capable of bronchoconstriction through the local reflex 
release of substance P and neurokinin A.

Afferent Pathways

Most afferent fibers follow pathways from the lungs to the 
central nervous system in the vagus nerve. The vagus afferent 
pathways are activated by a variety of different receptors within 
the lung that are sensitive to inflation, deflation, and chemical 
stimulation.58

Slow-adapting stretch receptors are concentrated in the 
small and medium-sized airways and are closely associated 
with the airway smooth muscle. Lung inflation and airway 
stretch stimulate the slow-adapting stretch receptors, and they 
continue to signal and do not adapt and drop their signaling 
rate—hence their name. In the mucosal layer of the airway, 
rapid-adapting receptors sense changes in tidal volume, respi-
ratory rate, and lung compliance, responding to a wide variety 
of mechanical and chemical irritants. In addition, a variety of 
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FIGURE 9-36	 Midsagittal	section	through	the	upper	airway.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	
2000,	WB	Saunders.)
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maxilla, lacrimal, and palatine bones. The floor of the cavity, or 
palate, is primarily formed by the maxilla. Three shelflike bones 
protrude into the cavity from the lateral walls. These bony 
shelves are called the superior, middle, and inferior conchae, or 
turbinates.

The conchae function to increase the surface area and com-
plexity of the nasal cavity, enabling the nasal cavity to work as 
a passageway, filter, humidifier, and heater of inhaled airway. 
The posterior openings of the nasal cavity are called the internal 
nares and are formed in part by the flexible soft palate.

The surface of the nasal cavity is covered with epithelia. The 
anterior portion is covered with stratified squamous cells and 
possesses hair follicles and hair. This is the same type of tissue 
that forms the epidermis of skin. The middle portion of the 

ANATOMY OF THE  
RESPIRATORY TRACT

Upper Respiratory Tract

The upper respiratory tract is defined as the airways that start at 
the nose and mouth and extend down to the trachea (Figure 
9-36).65,66 The upper airway is open to the outside environment 
through the external nares, or nostrils, of the nose and the 
mouth of the oral cavity. Most of the air moved through  
the respiratory tract during resting breathing enters through the 
nares and nasal cavity. Mouth breathing is used during exercise 
to reduce the resistance to gas flow at higher ventilation rates. 
The functions of the upper airway are summarized in Box 9-1.

Nasal Cavity and Sinuses
There are two flared openings called alae that form the external 
nares. The alae enclose a space on each side called the vestibule. 
The vestibules have hairs that act as a gross filter. Located pos-
terior to the vestibules are the openings to the internal nose, or 
the anterior nares. The left and right nasal cavities are formed 
by cartilage and numerous skull bones. The roof is formed by 
the nasal, frontal, sphenoid, and ethmoid bones. The septum 
separating the two cavities is formed by cartilage and the 
ethmoid and vomer bones. The lateral walls are created by the 

 Box 9-1 Functions of the Upper Airway

•	 Passageway	for	gas	flow
•	 Filter
•	 Heater
•	 Humidification
•	 Sense	of	smell	and	taste
•	 Phonation
•	 Protection	of	the	lower	airways
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cavity is covered with a mucous membrane composed of cili-
ated pseudostratified epithelia and goblet cells. The mucous 
membrane functions to secrete mucus, humidify inhaled air, 
and trap inhaled particles. Just below the mucous membrane is 
an extensive network of veins forming a venous plexus. These 
vessels supply water and heat to the gas within the nasal cavity. 
Inflammation of this mucous membrane is brought on by irri-
tation or infection produced by vasodilation and increased 
vessel leakage. The consequence of nasal cavity inflammation is 
partial or complete blockage of the air passage. The vessels of 
the venous plexus can rupture as a result of breathing dry air 
or the passage of foreign bodies through the nose. Rupture of 
these vessels can cause considerable nasal bleeding (epistaxis). 
The posterior portion of the nasal cavity is covered with strati-
fied squamous epithelium similar to the tissue covering of the 
nearby oral cavity.

Within the skull bones and around the nasal cavity are the 
sinuses (Figure 9-37). These hollow spaces are named for the 
bones in which they are found.67 The sinuses are lined with a 
mucous membrane and drain into the nasal cavity through 
numerous ducts. They function to reduce the weight of the skull, 
strengthen the skull, and modify the voice during phonation.

The nasal cavity conducts air to and from the respiratory 
tract, conditions inhaled gas, acts as a sinus and eye fluid drain, 
and contains olfactory sensors for the sensation of smell. Con-
ditioning inhaled gas helps defend the respiratory tract and 
involves filtering, heating, and humidifying air. Filtration of 
inhaled air is carried out by the hair in the anterior portion of 
the cavity and the sticky mucous membrane that covers the 
complex surface of the cavity. Filtration is enhanced by the flow 
pattern through the nasal cavity. Inspired gas is accelerated to a 
high velocity through the anterior nares. It changes direction 
sharply as it enters the internal nasal cavity. This pattern causes 
particles larger than 10 µm in diameter to have an impact on 
the nasal mucosa. Ciliary action or nose blowing clears these 
particles. Past the external nares, the cross-sectional area 
increases; this results in a decrease in gas velocity. Turbulence 
increases because of the narrow convolutions of the passages. 
Low velocity and turbulence combine to remove any remaining 
particles. Filtration is based on impaction, sedimentation, and 
diffusion of various-sized particles.

Surface fluids originate from the goblet cells and submucosal 
glands. This fluid lining has mild antibacterial properties. 
Ciliary activity in the nasal mucous membranes helps transport 
the mucus produced so it can be cleared. Foreign matter is typi-
cally cleared from the nasal cavity by sniffing and swallowing. 
During exhalation, the heated and moist expired air passes over 
the concha and is cooled. The excess moisture deposits on the 
concha as condensation to help retain and recycle water. These 
defense/conditioning mechanisms help ensure inspired air is 
free from particulate and bacterial contamination and is heated 
and humidified to 37° C and 100% relative humidity by the time 
it reaches the trachea. In addition, the mucous membrane con-
tains chemoreceptors that send signals to the olfactory nerve for 
the sensation of smell in the superior portion of the cavity just 
above each of the superior conchae.

FIGURE 9-37	 A,	Positions	of	the	frontal,	maxillary,	sphenoid,	
and	ethmoid	sinuses;	the	nasal	sinuses	are	named	for	the	bones	in	
which	they	occur.	B,	Axial	computed	tomography	(CT)	scan	at	the	
approximate	level	of	the	inferior	turbinates	(IT)	and	maxillary	sinuses	
(MS).	The	nasal	septum	(NS)	is	also	well	defined.	C,	Coronal	CT	
scan	showing	the	anterior	ethmoid	sinuses	(AE)	and	the	middle	
turbinates	(MT)	in	addition	to	the	structures	seen	in	B.	
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MINI CLINI
Exercise-Induced Asthma

The upper airway, along with the trachea and main stem bron-
chi, play crucial roles in conditioning the air being breathed. 
These airways not only conduct gas from the atmosphere to  
the lower airways but also warm, humidify, and filter it.

PROBLEM: Some individuals develop shortness of breath, 
wheezing, and coughing when they exercise outdoors. What 
could be causing their asthma attack? Is there an alternative 
form of exercise that could reduce the symptoms and allow 
them to receive an aerobic workout?

ANSWER: In many cases, exercise-induced asthma (EIA) or 
bronchospasm (EIB) appears to be triggered by reflexes from 
the large airways (upper airway, trachea, bronchi). These 
airways warm and humidify inspired gas. Water vapor is 
absorbed from the fluid lining of the airways and replenished 
from the cells lining the airways. As gas is expired, it cools, and 
some of the water vapor is reabsorbed. Only a small amount 
of water is lost from the body via this mechanism. Exercise 
(with its increased ventilatory demands) causes an increase in 
heat and water loss from the airways. The airways in some 
individuals are especially sensitive (hyperresponsive) to a wide 
variety of triggering agents. When these individuals exercise 
and increase their ventilation, the loss of heat or water from 
the large airways can trigger an asthmatic reaction (i.e., cough-
ing, wheezing, and shortness of breath). This phenomenon is 
especially noticeable when susceptible individuals exercise in 
cold, dry conditions. Asthma is sometimes diagnosed by having 
patients hyperventilate breathing cold, dry gas and then mea-
suring how much airflow decreases.

Swimming usually involves exercise in a warm, high-
humidity environment. The preconditioned air breathed 
during swimming often reduces or eliminates EIB. Many  
asthmatic children can swim vigorously with few symptoms, 
even though other sports trigger their bronchospasm.

The mucosal surfaces of the oral cavity also provide humidi-
fication and warming of inspired air. These surfaces are much 
less efficient than the nose. Saliva is produced by major and 
minor salivary glands. Saliva functions primarily as a wetting 
and digestive agent for food but provides some humidification 
of inspired gas. The oral cavity ends at a double web on each 
side, called the palatine folds. The palatine tonsils sit between 
these folds on each side (see Figure 9-38). The palatine tonsils 
are vascularized lymphoid tissues that play an immunologic 
role, especially in childhood.

Reflexes of the mouth, pharynx, and larynx help protect the 
lower respiratory tract during swallowing.68 These protective 
functions can be severely compromised during anesthesia or 
unconsciousness. Loss or compromise of these important 
reflexes can result in aspiration of bacteria-colonized saliva or 
food causing pulmonary infection and asphyxiation in severe 
cases.

Pharynx
The posterior portion of the nasal and oral cavities opens into 
a region called the pharynx. The entire pharynx is lined with 
stratified squamous epithelium. The pharynx is subdivided into 
the nasopharynx, oropharynx, and hypopharynx, or laryngo-
pharynx. The nasopharynx lies at the posterior end of the nasal 
cavity and extends to the tip of the uvula. Numerous foreign 
particles impact the surface of the nasopharynx. Located in this 
region are two pharyngeal tonsils (also called the adenoids) on 
either side of the lateral and posterior walls of the pharynx. 
They monitor and interact with the particles inhaled through 
the actions of the lymphoid cells located there. In the same 

FIGURE 9-38	 Frontal	view	into	the	open	mouth	showing	the	
major	structures	within.	(From	Hicks	GH:	Cardiopulmonary	anatomy	
and	physiology,	Philadelphia,	2000,	WB	Saunders.)
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Oral Cavity
Air also can enter and exit from the respiratory tract through 
the oral cavity (Figure 9-38). The anterior roof of the oral cavity 
is called the hard palate and is formed by the maxillary bone. 
The posterior portion is known as the soft palate. Its soft tissue 
composition has the ability to move upward and seal off the 
nasal cavity. The end of the soft palate hangs down into the 
posterior portion of the oral cavity. This part of the soft palate 
is called the uvula. The walls of the oral cavity are formed by 
the cheeks, and the floor is dominated by the tongue.

The uvula and the surrounding walls control the flow of air, 
fluid, and food during eating, drinking, sneezing, coughing, and 
vomiting. The tongue is involved in mechanical digestion, taste, 
and phonation. The posterior surface of the tongue is supplied 
with many sensory nerve endings. These nerves produce a vagal 
gag reflex when stimulated, protecting the lungs from aspira-
tion. This reflex must be considered when passing tubes or 
instruments through the mouth in conscious or semiconscious 
patients.
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(Figure 9-39).69 It protects the respiratory tract during eating 
and drinking and in phonation. The thyroid cartilage forms 
most of the upper portion of the larynx and is generally referred 
to as the Adam’s apple. This cartilage is named for the thyroid 
gland that lies over its outer surface. Just below the thyroid 
cartilage is the cricoid cartilage. It is the only laryngeal structure 
that forms a complete ring of cartilage around the airway and 
is the narrowest region of the upper airway in infants. A mem-
brane of connective tissue called the cricothyroid ligament spans 
the space between the thyroid and cricoid cartilage. This mem-
brane is occasionally used as the location for placement of an 
emergency prosthetic artificial airway in patients who have a 
life-threatening blockage of the upper airway.

Sleep studies can document partial and complete airflow 
obstruction. Management of OSA includes weight loss (to 
reduce anatomic narrowing of the airway), nasal continuous 
positive airway pressure (CPAP) to hold open the airway, surgi-
cal correction (uvulopalatopharyngoplasty) to remove obstruct-
ing tissue, and oral appliances that modify the shape of the 
oropharynx.

The cartilaginous and leaf-shaped epiglottis lies within and 
is attached to the thyroid cartilage by a flexible joint. In adults, 
it is 2 to 4 cm long, 2 to 3 cm wide, and 2 to 5 mm deep. It is 
not easily visualized in adults, but it can be seen in small chil-
dren and crying infants because of its higher position. During 
breathing, the thyroid cartilage slides down and remains apart 
from the epiglottis, allowing air to move in and out of the 
respiratory tract. The epiglottis helps prevent liquids and food 
entering the respiratory tract by forming a tight seal with the 
thyroid cartilage during swallowing. The act of swallowing is a 
complex series of muscular contractions. It results in early 

region are two openings into the left and right eustachian tubes 
that link the upper airway with the middle ear (see Figure 9-36). 
The eustachian tubes drain fluid out of the middle ear and allow 
gas to move in or out, equalizing pressure on either side of the 
tympanic membrane.

The oropharynx is located in the posterior region of the oral 
cavity that spans the space between the uvula and the upper rim 
of the epiglottis. This region is also equipped with a pair of 
palatine tonsils that are located on the lateral walls of the oro-
pharynx. These tonsils can become chronically swollen causing 
partial airway obstruction. If swelling is excessive and the  
individual has numerous repeat throat and ear infections, the 
tonsils can be removed by the surgical procedure known as a 
tonsillectomy.

The region below the oropharynx is known as the hypophar-
ynx. It extends from the upper rim of the epiglottis to the 
opening between the vocal cords. The tissues of the nasophar-
ynx and hypopharynx can move and undergo large changes of 
shape during speech and swallowing. Immediately below the 
hypopharynx the digestive and respiratory tracts separate.

During unconsciousness, the muscles of the tongue and 
hypopharynx can relax and allow the tongue and other soft 
tissues to collapse and occlude the opening of the hypopharynx. 
This condition can result in partial to complete blockage of the 
upper airway and limit air movement to and from the respira-
tory tract. This condition is a primary cause of obstructive sleep 
apnea (OSA), discussed later in this text.

Larynx
The larynx lies below the hypopharynx and is formed by a 
complex arrangement of nine cartilages and numerous muscles 

FIGURE 9-39	 Anterior	and	lateral	views	of	the	larynx.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	
WB	Saunders.)
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MINI CLINI
Snoring and Sleep Apnea

The upper airway in adults and children primarily functions as 
an open pathway to convey gas to and from the respiratory 
zone for gas exchange. The position, size, and shape of the 
upper airway also contribute to “protect” the lower airways.

PROBLEM: Can abnormalities of upper airway anatomy lead 
to obstructive sleep apnea (OSA), sleep disturbances, chronic 
fatigue, and hypertension?

ANSWER: Snoring and breath holding during sleep are often 
associated with OSA. Snorers usually exhibit narrowing of the 
oropharyngeal, retropalatal, or hypopharyngeal airways. This 
narrowing is often observed in obese people; people with short, 
thick necks; people with large tongues and soft palates; and 
people with small, receding jaws (micrognathia). During sleep, 
the upper airway muscles relax and the tissues of the upper 
airway can partially or completely obstruct the airway. This 
obstruction can lead to apnea, the development of hypoxia, 
gasping, and sudden waking after 10 to 20 seconds. This cycle 
can be repeated multiple times to the point of disturbing  
the quality and quantity of sleep, inducing stress-related 
hypertension.

The muscles of the larynx are innervated by the inferior 
laryngeal nerve, also known as the recurrent laryngeal nerve. It 
is a motor nerve that branches from the vagus nerve. Impulses 
carried by this nerve are important in phonation and swallow-
ing. Injuries to this nerve can cause partial or complete paralysis 
of the vocal cords and inability to swallow correctly. This nerve 
injury results in difficulty with speech and in severe cases can 
cause airway obstruction as a result of vocal cord closure.

Speech.  The laryngeal component of speech is called pho-
nation. It requires the adjustment of vocal cord tension and 
position relative to one another.71 The action of the posterior 
cricoarytenoid muscles causes the arytenoid cartilages to rotate 
and opens the vocal cords. Closure of the vocal cords is accom-
plished by rotating the arytenoids in the opposite direction 
through the action of the lateral cricoarytenoid and oblique 
arytenoid muscles. On closure of the vocal cords, the expiratory 
muscles of breathing (e.g., abdominal wall muscle group) com-
press the thoracic cavity and can increase intrapulmonary pres-
sures to 35 cm H2O during forceful speech. To form sound, the 
cricothyroid muscles tilt the cricoid and arytenoid cartilages 
posteriorly with respect to the thyroid cartilage, elongating  
and tensing the vocal cords. Simultaneously, this action is 
opposed by the thyroarytenoid muscles, which pull the aryte-
noid cartilages anteriorly and relax vocal cord tension. Release 

closure of the vocal cords, upward motion of the thyroid carti-
lage, and movement of the epiglottis down and back to form a 
tight seal as food is propelled to the back of the mouth and 
toward the esophagus.69,70

The inlet to the larynx lies below and behind the base of the 
tongue. Figure 9-40 shows the inlet as it appears when viewed 
with a laryngoscope. The base of the tongue is attached to the 
epiglottis by three folds. These folds form a space between the 
tongue and the epiglottis called the vallecula, which is a key 
landmark in oral intubation (see Figure 9-36).

Within the thyroid cartilage and just above the cricoid car-
tilage are the arytenoid cartilages. The vocal ligaments or true 
cords span the opening in the larynx by attachments to the 
thyroid and movable arytenoid cartilages that lie posteriorly. 
Just above and laterally are the vestibular folds, or false cords. 
The true vocal cords are composed of connective tissue and 
muscle and covered with a mucous membrane. They have poor 
lymphatic drainage and are susceptible to inflammation, which 
can result in airway obstruction. In the same region are the 
corniculate and cuneiform cartilages that function to support the 
soft tissue on either side of the vocal cords. The opening formed 
between the vocal cords is called the glottis. During swallowing, 
the vocal cords close to help protect the lower airways. Damage 
to the cricoarytenoid joint, which allows the arytenoid cartilages 
to rotate, can result in inability to open the vocal cords properly 
and cause difficulties in speaking and breathing. Laryngeal 
spasm and resultant partial or total temporary airway closure 
is brought about by laryngeal stimulation and reflex spasm of 
various laryngeal muscles that cause closure of the false and true 
vocal cords.

FIGURE 9-40	 A,	Superior	view	of	true	vocal	cords,	glottis	
(rima	glottidis),	epiglottis,	and	other	structures	within	the	larynx.		
B,	Endoscopic	photograph	showing	vocal	cords	in	the	open	
position.	(From	Thibodeau	GA,	Patton	KT:	Anatomy	and	physiology,	
ed	7,	St	Louis,	2011,	Mosby.)
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100 cm H2O when the various expiratory muscles compress the 
thorax. Sudden opening of the larynx results in the immediate 
release of high-flow gas that is necessary for coughing and 
sneezing. Patients who have artificial airways have difficulty 
producing an effective cough because the artificial airway pre-
vents closure of the larynx.

Patent Upper Airway
The relative positions of the oral cavity, pharynx, and larynx are 
crucial to the patency of the upper airway in unconscious 
patients. In upright subjects, the head and neck form a 90-degree 
angle with the axis of the pharynx and larynx (Figure 9-41, B). 
With loss of consciousness, the head flexes forward and decreases 
this angle (see Figure 9-41, A). This positional change can par-
tially or completely obstruct the upper airway. Extension of the 
head and lower jaw into the “sniff” position alleviates this 
obstruction (see Figure 9-41, C). Extension of the head moves 

of pressurized airflow through the tensed vocal cords causes 
vocal cord vibration and the production of audible sound 
waves, which resonate in the upper airway and sinuses. By 
careful adjustment of thyroarytenoid muscle tension and man-
dible and tongue position, fine control over sound production 
or speaking is achieved. Swelling of the vocal cords or the adja-
cent tissues increases their mass and disturbs their ability to 
vibrate; this can result in hoarseness and the inability to speak.

Breath Hold, Effort Closure, and Cough.  Tight closure of 
the larynx and the buildup of intrapulmonary pressure through 
muscular effort are called effort closure. Effort closure of the 
larynx is necessary to generate loud sounds and for effective 
coughing and sneezing. It is generated by closure of the false 
and true vocal cords of the larynx. The vocal cords are closed 
by the action of the cricothyroid, aryepiglottic, and arytenoid 
muscles. This action effectively “clamps” the airway closed and 
enables the intraairway pressures to climb to greater than 

FIGURE 9-41	 The	position	of	the	head	affects	patency	of	airway.	A,	With	the	head	flexed,	the	airway	may	be	kinked,	making	breathing	or	
intubation	difficult.	B,	Normal	upright	relationship	of	the	head	and	neck	to	the	chest.	C,	Extension	of	the	head	straightens	the	airway,	making	
breathing,	clearance	of	material,	or	intubation	easier.	
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the tongue away from the rear of the pharynx. This technique 
is used to maintain the airway in unconscious patients and 
facilitates placement of artificial airways.

Lower Respiratory Tract

The airways of the tracheobronchial tree extend from the larynx 
down to the airways participating in gas exchange. Each branch-
ing of an airway produces subsequent generations of smaller 
airways. The first 15 generations are known as conducting 
airways because they convey gas from the upper airway to the 
structures that participate in gas exchange with blood. The 
microscopic airways beyond the conducting airways that carry 
out gas exchange with blood are classified as the respiratory 
airways.

Trachea and Bronchi
The trachea extends from its connection to the cricoid cartilage 
down through the neck and into the thorax to the articulation 
point between the manubrium and body of the sternum (angle 
of Louis). At this point, it divides into two main stem bronchi 
(Figure 9-42). The adult trachea is approximately 12 cm long 
and has an inner diameter of about 2 cm. Figure 9-43 shows the 
different layers of tissue that form the trachea. The outermost 
layer is a thin connective tissue sheath. Below the sheath are 
numerous C-shaped cartilaginous rings that provide support 

FIGURE 9-42	 Major	airways	of	the	tracheobronchial	tree.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	
2000,	WB	Saunders.)
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FIGURE 9-43	 Cross-sectional	view	through	the	trachea	and	
esophagus.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	
physiology,	Philadelphia,	2000,	WB	Saunders.)
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and maintain the trachea as an open tube. The typical adult 
trachea has 16 to 20 of these rings. The inner surface of the 
trachea is covered with a mucous membrane. In the posterior 
wall of the trachea is a thin band of tissue, called the trachealis 
muscle that supports the open ends of the tracheal rings. The 
esophagus lies just behind the trachea.

The cartilaginous rings support the trachea so it does not 
collapse during exhalation. Some compression occurs when the 
pressure around the trachea becomes positive. During a strong 
cough, the trachea is capable of some compression and even 
collapse. The negative pressure generated around the trachea 
during inhalation causes it to expand and lengthen slightly.

The trachea is positioned midline in the upper mediastinum 
and branches into right and left main stem bronchi (see Figure 
9-42). At the base of the trachea, the last cartilaginous ring that 
forms the bifurcation for the two bronchi is called the carina. 
The carina is an important landmark used to identify the level 
where the two main stem bronchi branch off from the trachea; 
this is normally at the base of the aortic arch. The right bron-
chus branches off from the trachea at an angle of approximately 
20 to 30 degrees, and the left bronchus branches with an angle 
of about 45 to 55 degrees (Figure 9-44). The lower angle branch-
ing (closer to mid-line) of the right bronchus results in a greater 
frequency of foreign body passage into the right lung because 
of the more direct pathway.

FIGURE 9-44	 Course	of	trachea	and	right	and	left	main	stem	bronchi,	superimposed	on	a	standard	chest	radiograph.	The	right	main	
stem	bronchus	continues	on	a	straighter	course	from	midline	than	the	left	main	stem	bronchus.	

Right Left

20-30° 45-55°

MINI CLINI
Only Ventilating the Right Lung

The placement of an endotracheal tube through the upper 
airway and into the trachea is a common airway management 
technique to facilitate artificial airway placement.

PROBLEM: After placement of an endotracheal tube in a 
patient with a 70-kg predicted body weight (PBW), it is noted 
that breath sounds are heard in the right chest only and that 
the patient’s oxygenation is deteriorating. Is the airway place-
ment the cause of the problem? How can this problem be 
avoided?

ANSWER: An endotracheal tube (ET) of proper diameter 
should be placed in the trachea so the tip is 3 to 5 cm above 
the carina. If the ET is advanced too far, it often enters the right 
main stem bronchus because of the straighter path this bron-
chus offers. A right main stem intubation results in right lung 
ventilation only. The left lung continues to receive pulmonary 
blood flow but does not oxygenate adequately. To avoid this 
problem the ET generally should not be advanced more than 
24 cm past the lips in a 70-kg PBW patient. At this point, aus-
cultation is done with a stethoscope to confirm breath sounds 
in both lungs. A chest radiograph can be taken to confirm the 
ET position.
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40 subsegmental bronchi, and these divide into hundreds of 
smaller bronchi. Thousands of bronchioles branch from the 
smaller bronchi. Bronchioles do not possess cartilage in their 
walls. Tens of thousands of terminal bronchioles arise from the 
bronchioles. Terminal bronchioles are the smallest conducting 
airways and function to supply gas to the respiratory zone of 
the lung.

With further divisions, the number of airways increases tre-
mendously. The cross-sectional area of the conducting system 
increases exponentially. At the level of the terminal bronchioles, 
the cross-sectional area is approximately 20 times greater than 
that at the trachea. Gas flow in these airways conforms to the 
laws of fluid physics. Increased cross-sectional area reduces the 
velocity of gas flow during inspiration. When inspired gas 
reaches the level of the terminal bronchiole, its average velocity 
has fallen to about the same rate as the speed of diffusing gas 
molecules.72 Low-velocity gas movement at the level of the ter-
minal bronchiole and beyond is physiologically important for 
two reasons. First, laminar flow develops minimizing resistance 
in the small airways and decreases the work associated with 
inspiration. Second, low gas velocity facilitates rapid mixing of 
alveolar gases. This mixing provides a stable partial pressure of 
O2 and CO2 in the alveolar environment that supports stable 
diffusion and gas exchange.73

Histology of the Airway Wall
All of the conducting airways from the trachea to the bronchi-
oles have walls that are constructed of three layers (Figures 9-46 
and 9-47): an inner layer that forms a mucous membrane called 
the mucosa, which is primarily composed of epithelia; a submu-
cosa composed of connective tissue, bronchial glands, and 
smooth fibers that wrap around the airway; and an outer cover-
ing of connective tissue called the adventitia.74 The cartilaginous 
rings and plates found in larger airways are located in the 
adventitia.

The mucosa is composed of many different types of special-
ized epithelial cells that sit on top of a basement membrane. 
The most common type of epithelia are the numerous pseu-
dostratified, ciliated, columnar epithelia.75 The pseudostratified 
epithelial cells are held together toward their surface or apical 
end through three types of junctions—apical tight junctions, 
zonal adherens junctions, and desmosome-type junctions—
and they are anchored in place to the basement membrane.76 
The junctions, especially the tight junctions, play an important 
role in the maintenance of fluid and electrolyte (e.g., chloride 
ions) transport across the mucous membrane. These junctions 
prevent the movement of fluids and electrolytes between the 
apical surface and basal surfaces of the airway. Disturbances in 
this transport (e.g., Cl− transport malfunction in cystic fibrosis 
transport receptor membrane channels) lead to mucus and 
mucus transport abnormalities.

Near the base of the pseudostratified cells are large numbers 
of basal cells. The basal cells contribute to the appearance of a 
“pseudostratified” cellular layer. Basal cells mature into pseu-
dostratified cells and are thought to play an important role  
in repair of the mucous membrane after diseases and injury. 

Each bronchus carries gas to and from one lung. It enters the 
lung with the pulmonary vessels, lymph vessels, and nerves 
through the hilum. The bronchus branches repeatedly within 
each lung to supply gas to separate regions of each lung.

Lobar and Segmental Pulmonary Anatomy
The lungs have an apex and a base and are subdivided by fis-
sures into lobes.43 The lobes are subdivided further into bron-
chopulmonary segments (Table 9-7 and Figure 9-45). Each 
segment is supplied with gas from a single segmental bronchus. 
Controversy exists over the exact number of segments; some 
anatomists accept that each lung has 10 segments, whereas 
others maintain that the right has 10 and the left has 8. Knowl-
edge of segmental anatomy is important in the physical exami-
nation of a patient to identify the location of a defect such as 
an infection site or a tumor mass in the lungs.

TABLE 9-7 

Bronchopulmonary Segments*

Segment Number Segment Number

Right Upper Lobe Left Upper Lobe
Apical 1 Upper	division
Posterior 2 Apical-posterior 1	and	2†

Anterior 3 Anterior 3

Right Middle Lobe Lower Division (Lingula)
Lateral 4 Superior	lingula 4
Medial 5 Inferior	lingula 5
Right	lower	lobe Left	lower	lobe
Superior 6 Superior 6
Medial	basal 7 Anterior	basal 7	and	8
Anterior	basal 8 Lateral	basal 9
Lateral	basal 9 Posterior	basal 10
Posterior	basal 10

*The	subdivisions	of	the	lung	and	bronchial	tree	are	fairly	constant.	Slight	
variations	between	right	and	left	sides	are	noted	by	combined	names	and	
numbers.
†Some	authors	believe	that	the	left	lung	should	be	numbered	so	that	there	
are	eight	segments,	where	the	apical-posterior	is	numbered	1	and	the	
anteromedial	is	numbered	6.

	

RULE OF THUMB

The 60-to-40 Rule
The	right	lung	is	slightly	larger	than	the	left	lung	
because	of	the	location	of	the	heart.	The	right	lung	has	
a	sizable	middle	lobe	and	the	left	lung	has	a	smaller	
lingular	segment	in	the	left	upper	lobe.	For	purposes	of	
estimating	the	contribution	of	the	right	and	left	lungs	to	
ventilation	and	gas	exchange,	the	60-to-40	rule	is	
sometimes	used.	The	right	lung	is	assumed	to	provide	
60%	of	the	ventilation/gas–exchange	capacity,	and	the	
left	lung	is	assumed	to	provide	the	remaining	40%.		
If	a	patient	requires	removal	of	the	entire	left	lung	
(pneumonectomy),	a	40%	decrease	in	lung	volume	
would	be	expected.

The airways continue to divide as they penetrate deeper into 
the lungs. The segmental bronchi bifurcate into approximately 
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FIGURE 9-46	 Cross-sectional	view	through	a	bronchiole.	(From	
Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	
2000,	WB	Saunders.)
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FIGURE 9-45	 Bronchopulmonary	segmental	divisions	of	the	lungs	(see	Table	9-7).	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	
physiology,	Philadelphia,	2000,	WB	Saunders.)
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Dispersed between the pseudostratified epithelia are mucus-
producing goblet cells and serous cells (in newborns) and the 
openings of submucosal bronchial glands. The bronchial glands 
are exocrine glands formed by secretory epithelial cells that sit 
on the basement membrane, extending down into the lamina 
propria and the submucosa. In this region are also neuroendo-
crine cells (also known as Kulchitsky cells), which often are 
organized into small clusters called neuroepithelial bodies.77 
Neuroendocrine cells are connected to the vagus nerve and are 
thought to function during lung development, are hypoxia and 
stress-strain sensors, and secrete various bioactive chemicals 
(e.g., serotonin, calcitonin, and gastrin-releasing peptide). Lym-
phocytes are found intermixed with these cells, and it is thought 
they may be migratory.

Below the epithelial and basement membrane of the mucosa 
is the lamina propria.76 It is composed of loose fibroelastic con-
nective tissue, lymphoid tissue, and a dense layer of elastic 
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propelled by the ciliated epithelia toward the pharynx. The 
outer layer of mucus is more gelatinous and is called the gel 
layer. The inner layer is much more fluid-like and is referred to 
as the sol layer. The mucus normally produced is a nearly clear 
fluid with greater viscosity than water. It is a mixture of 97% 
water and 3% solute.79 The solute portion is produced primarily 
by goblet cells and bronchial glands; it is called mucin and is 
composed of protein and minerals. The glycoprotein, lipid, and 
water content of mucus provide its viscoelastic gel properties. 
Viscoelastic refers to the ability of mucus to deform and spread 
when force is applied.

Mucus functions to protect the underlying tissue. It helps 
prevent excessive amounts of water moving into and out of the 
epithelia.79 It shields the epithelia from direct contact with 
potentially toxic materials and microorganisms. It acts like 
sticky flypaper to trap particles that make contact with it. This 
makes mucus an important part of the pulmonary defenses. 
The production of mucus is stimulated by local mechanical and 
chemical irritation, release of proinflammatory mediators (e.g., 
cytokines), and parasympathetic (vagal) stimulation.

The ciliated pseudostratified epithelia play a crucial role  
in the defense of the respiratory tract by propelling mucus 
toward the pharynx. Ciliated cells are found in the nasal cavity 
and all the airways from the larynx to the terminal bronchioles. 

fibers. Below the lamina propria lies the submucosa. The sub-
mucosa of large airways contains bronchial glands, a capillary 
network, smooth muscle, some elastic tissue, and cartilage in 
larger airways. Bronchial glands vary in size up to 1 mm in 
length and connect to the bronchial surface via long, narrow 
ducts. The number of these glands increases significantly in 
diseases such as chronic bronchitis. Mast cells are also found in 
the submucosa and release numerous and potent vasoactive  
and bronchoactive substances such as histamine.78 Histamine 
causes vasodilation and bronchoconstriction, acting directly on 
smooth muscle. The triggering of mast cell release of its various 
substances and the resultant inflammation and bronchospasm 
of the airway are characteristic of the pathologic changes of 
asthma.

The various secretory cells (primarily goblet cells) of the 
mucosa and bronchial glands of the submucosa contribute to 
the production of mucus.79 Normally, the respiratory tract pro-
duces approximately 100 ml of mucus per day. Most of the 
mucus formed in the larger airways is produced by the bron-
chial glands. Goblet cells contribute more in the smaller airways. 
The amount and composition of mucus produced can increase 
and change with airway irritation and diseases such as chronic 
bronchitis and asthma.80 Mucus is spread over the surface of the 
mucus membrane to a depth of approximately 7 µm and is 

FIGURE 9-47	 Microscopic	view	of	mucous	membrane.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	
WB	Saunders.)
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particles to be removed within 24 hours. The control and coor-
dination of ciliary motion are not totally understood and rep-
resent some of the many fascinating properties of pulmonary 
tissues.

The production of mucus and the rate of ciliary beating are 
sensitive to various conditions and chemicals. Mucus produc-
tion increases when the respiratory tract is irritated by particles 
and by various chemicals and during increased parasympa-
thetic nervous stimulation.80 Ciliary beating can be effectively 
slowed or stopped if the viscosity of the sol layer is increased by 
exposure to dry gas. Ciliary motion is also slowed or stopped 
after exposure to smoke, high concentrations of inhaled O2, and 
drugs such as atropine.

The smooth muscle of the airways varies in location and 
structure. In the large airways (e.g., the trachea), smooth muscle 
is bundled in sheets. In smaller airways, smooth muscle forms 
a helical pattern that wraps the airway in bundles in decreasing 
quantities as the airways branch and become smaller. Muscle 
fibers crisscross and spiral around the airway walls. This place-
ment reduces the diameter of the airway and shortens it when 
the muscle contracts. This pattern of smooth muscle continues 
but thins out on reaching the smallest bronchioles. The tone of 
the smooth muscle is increased and results in bronchospasm by 
the activity of the parasympathetic nervous system (release of 
acetylcholine) and proinflammatory mediator release from 
mast cells, inflammatory cells, and neuroendocrine cells.

The adventitia is a sheath of connective tissue that surrounds 
the airways. It is interspersed with bronchial arteries, veins, 
nerves, lymph vessels, and adipose tissue. Between the submu-
cosa and adventitia of the large airways are incomplete rings or 
plates of hyaline cartilage, providing structural support for the 
larger airways. The small airways depend on transmural pres-
sure gradients and the “traction” of surrounding elastic tissues 
to remain open. During a forced expiration, pressures across  
the walls of the small airways exceed the supporting forces of 
the elastic tissues. As a result, the small airways can collapse. The 
cartilage in the larger airways prevents their collapse during 
such maneuvers.

The cells of the respiratory mucosa change as they progress 
into the smaller airways (Figure 9-49). As the thickness of the 
airway walls decreases, bronchial glands become fewer in 
number. At the bronchiolar level, the number of ciliated cells 
decreases. Simple columnar and cuboidal epithelial cells begin 
to predominate and are interspersed with goblet cells. In this 
region, large numbers of Clara cells, nonciliated cuboidal cells 
with apical granules, are found. It is thought that these cells play 
a role in degrading various oxidants, contribute proteins for 
surfactant production, synthesize various lipids, and play a role 
in lung repair by being able to differentiate into other important 
epithelial cells in the mucosa after injury.82

Respiratory Zone Airways
The terminal bronchioles begin about 12 to 15 generations 
beyond the trachea (Figure 9-50).83 There are about 16,000 
terminal bronchioles with airway opening diameters of approx-
imately 700 µm. This yields a combined cross-sectional area 

Each of the pseudostratified cells possesses approximately 200 
cilia on its luminal surface.76 Under the electron microscope, 
the surface of the mucus membrane looks like a “shag carpet” 
of cilia with approximately 1 to 2 billion cilia per square centi-
meter. Each cilium is an extension of the cell with an average 
length of about 6 µm and diameter of about 0.2 µm. A cross-
sectional view through the cilium reveals it to be constructed 
of one inner and nine outer pairs of microtubules that are 
encased in the cell membrane. The outer pairs of microtubules 
are interlinked by a filamentous protein called nexin. From each 
of the outer pairs of microtubules, protein filaments called 
dynein extend toward the adjacent pair of microtubules. Each 
of the outer pairs also extends a protein spoke toward the 
central pair of microtubules. The presence of magnesium ions 
and adenosine triphosphate within the cilium causes the dynein 
arms and spokes to attach and slide along the outer and inner 
microtubules, similar to the action of actin and myosin. This 
action results in rapid bending of the cilium resembling a whip-
ping motion (Figure 9-48).

The cilia “stroke” at a rate of approximately 15 times per 
second, producing a sequential motion of the cilia called a 
metachronal wave.81 The metachronal “wavelength” is approxi-
mately 20 µm and propels surface material in a specific direc-
tion. In the nose, this motion propels material back to the 
pharynx. From the bronchioles up to the larynx, it moves mate-
rial toward the pharynx. The stroking action of millions of cilia 
propels the surrounding mucus at a speed of approximately 
2 cm/min. This action is commonly referred to as the mucocili-
ary escalator. In healthy lungs, this mechanism allows inhaled 

FIGURE 9-48	 Whipping	action	of	the	cilium	within	the	sol	layer	
of	mucus	produces	a	metachronal	wave	motion.	(From	Hicks	GH:	
Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	WB	
Saunders.)
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FIGURE 9-49	 Histologic	diagram	of	airways	from	the	segmental	bronchus	to	the	alveolus.	(Modified	from	Freeman	WH,	Bracegridle	B:	
An	atlas	of	histology,	London,	1966,	Heinemann	Educational.)
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addition, each acinus is equipped with a lymphatic drainage 
vessel and nervous fibers. These features make the primary 
lobule the functional unit of the lungs. Gas molecule movement 
in this region is largely via diffusion rather than convective flow, 
which occurs in larger airways.

Millions of alveolar ducts branch off the respiratory bron-
chioles (Figure 9-52). Alveolar ducts are tiny airways only 
0.3 mm in diameter, and their walls are composed entirely of 
alveoli. Each alveolar duct ends in a cluster of alveoli, which is 
frequently referred to as an alveolar sac. Each alveolar sac opens 
into about 16 or 17 alveoli, and about one-half the total number 
of alveoli are found in this region.

Alveoli
More recent estimates suggest the number of alveoli in adult 
lungs range from 270 to 790 million, with an average of about 
480 million.22 The number of alveoli increases with an indi-
vidual’s height. Figure 9-53 shows alveoli in a normal rat lung 
at different states of inflation and how their shapes change. 
When inflated at and beyond the functional residual volume 
(see Figure 9-53, A to C), alveoli have a polyhedral shape result-
ing from numerous flat walls rather than a curved spherical 
structure. Alveoli found in the apical regions of the vertical lung 
have greater diameters than alveoli in the basal regions as a 
result of the gravitational effects. Alveoli in the basal regions are 
partially collapsed as a result of the weight of the organ.

The alveolar walls, or septa, are formed by various cell types 
that are arranged to provide a thin surface for gas exchange and 
strength.84 The alveolar septa are covered with extremely flat 
squamous epithelia called type I pneumocytes (Figure 9-54). 
Although they represent only approximately 8% of all the cells 
found in the alveolar region, type I cells cover about 93% of the 
alveolar surface.85 These cells form a “patchwork”-like surface 

opening that is almost 100 times that of the main stem bronchi. 
All of the airways down to and including the terminal bronchi-
oles carry or conduct gas flow to and from the airways partici-
pating in gas exchange with blood. The airways from the nares 
to and including the terminal bronchioles constitute the con-
ducting zone airways, which do not participate in gas exchange. 
These airways constitute the anatomic dead space of the respira-
tory system, which is rebreathed with each breath. In an adult 
human, the volume filling the airways of the anatomic dead 
space is approximately 2.2 ml/kg (1 ml/lb) of PBW, or about 
150 ml in a typical adult.

Branching of the terminal bronchioles gives rise to unique 
airways called respiratory bronchioles. Respiratory bronchioles 
are approximately 0.4 mm in diameter and have walls formed 
largely from flattened squamous epithelia and a thin outer layer 
of connective tissue. They have some ciliated cells at the con-
nection with the terminal bronchiole, generally lack mucus-
producing cells, and have rings of smooth muscles where they 
branch to form alveolar ducts. Respiratory bronchioles have a 
dual function. Similar to conducting airways, they not only 
conduct gas flow but also have small outpouchings known as 
alveoli in their walls. The alveoli and their pulmonary capillary 
bed enable the respiratory bronchioles to carry out gas exchange. 
The respiratory bronchioles constitute a transitional zone type 
of airway.

A single terminal bronchiole supplies a cluster of respiratory 
bronchioles. Collectively, this unit is referred to as the acinus, 
or primary lobule. Each acinus comprises numerous respira-
tory bronchioles, alveolar ducts, and approximately 10,000 
alveoli (Figure 9-51). The adult lung is thought to contain more 
than 30,000 acini. Each acinus is supplied with pulmonary 
blood flow from a pulmonary arteriole, and blood is drained 
away from several acini through a pulmonary venule. In 
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FIGURE 9-50	 Airways	of	the	conducting	(generation	0	through	
16)	and	respiratory	(generation	17	through	23)	zones:	T,	trachea;	
B,	right	and	left	bronchi;	LB,	lobar	bronchi;	SB,	segmental	and	
subsegmental	bronchi;	BR,	bronchioles;	TB,	terminal	bronchioles;	
RBL,	respiratory	bronchioles;	AD,	alveolar	ducts;	and	AS,	alveolar	
sacs.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	
Philadelphia,	2000,	WB	Saunders.)
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that covers the alveolar capillaries and forms the gas-exchange 
surface of the alveolus. At the edges where they meet one 
another, they form tight junctions. This helps to limit the move-
ment of material into the alveolar airspace from the interstitial 
space just below. They are held in place and supported from 
below by a network of collagen and elastin fibers. They are 
susceptible to injury and apoptosis (programmed cell death) 
from inhaled particles (e.g., cigarette smoke), bacterial infec-
tion, and high concentrations of inhaled O2.

Interspersed on the alveolar surface and concentrated in the 
corners of the alveolar septa are type II pneumocytes, which are 
cuboidal epithelia with apical microvilli (Figure 9-55). These 
cells are twice as numerous as the type I cells, but they occupy 
only 7% of the alveolar surface.85 Type II cells do not function 
as gas-exchange membranes as the type I cells do. They (along 

with the Clara cells) manufacture surfactant, store it in vesicles 
called lamellated bodies, and secrete it onto the alveolar surface.86 
Surfactant is primarily composed of phospholipids (dipalmi-
toylphosphatidylcholine) and proteins (surfactant proteins A 
through D). As mentioned earlier in this chapter, surfactant 
reduces the surface tension of the alveolus, sheds water from the 
alveolar surface, helps prevent alveolar surface tension-driven 
collapse, improves lung compliance, reduces the work of breath-
ing, and protects the alveolar surface. Normally, surfactant is 
removed from the alveolar space continuously by type II cells 
and macrophages. The type II cells recycle approximately 50% 
of it, whereas the macrophages primarily remove it through 
catabolism.87

Although the lungs do not have stem cells in the classic sense, 
the type II cells do have a “stem cell”–like action. They can 
proliferate and differentiate into type I cells to repopulate and 
repair the alveolar surface after injury.88 They are also involved 
in alveolar defense through surfactant production and the 
release of some cytokines that trigger inflammation.

Macrophages are another common cell found in the alveolar 
region.85 They can move from the pulmonary capillary circula-
tion by squeezing through openings in the alveolar septa and 
then move out onto the alveolar surface. They are defensive cells 
that patrol the alveolar region and phagocytize foreign particles 
and cells (e.g., bacteria). They can present portions of the 
foreign particles and bacteria to lymphocytes as part of the 
immune response and contain various digestive enzymes (e.g., 
trypsin) that break down the material they engulf.

Within the interalveolar septum is an interstitial space that 
contains matrix material and the pulmonary capillaries. Also 
found in the interstitial space are bands of elastin fibers and a 
collagen fiber matrix.46 These fibers support the alveolar cells 
and the shape of the alveolus. Small openings are located in the 
alveolar septa. Some of the openings allow gas to move from 
one alveolus to another. These are called the pores of Kohn. 
Other openings connect alveoli with secondary respiratory 
bronchioles. These passageways are called the canals of Lambert. 
All of these alveolar openings and passageways facilitate the 
collateral movement of gas and help maintain alveolar volume.89

Blood-Gas Barrier
Gas exchange between alveolar gas and pulmonary capillary 
blood occurs across the alveolar-capillary membrane. In a 
typical adult, this blood-gas barrier stretches over a surface area 
of approximately 140 m2 and is less than 1 µm thick.90 This 
makes the membrane more than 50 times larger than the area 
covered by skin and more than 2000 times thinner.

The blood-gas barrier is composed of many different layers 
through which O2 and CO2 diffuse (Figure 9-56). The outer-
most layer is a very thin film of fluid composed primarily of 
surfactant that forms into a tubular myelin matrix. Below the 
surfactant fluid layer is the thinly stretched type I cell. The deli-
cate structure of type I cells makes them highly susceptible to 
injury from toxins carried to them by either airborne or blood-
borne routes. The interstitial space and its contents lie below. 
Within this space are basement membranes, matrix material 
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FIGURE 9-51	 The	acinus	(primary	lobule)	of	the	lung	is	composed	of	a	single	terminal	bronchiole,	numerous	respiratory	bronchioles,	
alveolar	ducts,	sacs	of	alveoli,	and	about	10,000	alveoli.	Pulmonary	blood	flow	is	delivered	to	the	acinus	by	a	pulmonary	arteriole	and	
drained	from	it	by	a	pulmonary	venule.	(From	Hicks	GH:	Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	WB	Saunders.)
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FIGURE 9-52	 Microscopic	view	of	respiratory	zone	airways.	(Modified	from	Sorokin	SP:	The	respiratory	system.	In	Greep	RO,	Weiss	L,	
editors:	Histology,	New	York,	1973,	McGraw-Hill.)
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connective tissue fibers, and the alveolar capillary.46 The capil-
lary wall is formed from thin, flat squamous epithelia called 
endothelial cells that form a thin tube by connecting together at 
their edges with tight junctions. Within the capillary lie the 
plasma and, finally, the erythrocytes. Both O2 and CO2 cross 
through the membrane via partial pressure-driven diffusion.

The blood-gas barrier is not equal in thickness and chemical 
content from side to side (see Figure 9-56). On one side of the 
alveolar wall the type I cells and capillary endothelial cells lie 
close together, with a thin interstitial space. This part of the 
blood-gas barrier is, on average, 0.2 to 0.3 µm thick, and it is 
where the alveolar capillary bulges into the alveolar space.90 On 

http://internalmedicinebook.com/



FIGURE 9-54	 Highly	magnified	cross-sectional	sketch	of	the	cells	and	organization	of	the	alveolar	septa.	(From	Hicks	GH:	
Cardiopulmonary	anatomy	and	physiology,	Philadelphia,	2000,	WB	Saunders.)
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FIGURE 9-53	 Scanning	electron	photomicrographs	at	the	same	magnification	of	perfusion-fixed	normal	rat	lung	at	different	degrees	of	
inflation	pressure.	A,	30	cm	H2O	(total	lung	capacity	[TLC]).	B,	8	cm	H2O	(approximately	50%	TLC).	C,	4	cm	H2O	(near	resting	inflation	or	
functional	residual	capacity	[FRC]).	D,	0	cm	H2O	(minimum	volume).	Pulmonary	artery	pressure	was	held	constant	at	25	cm	H2O,	and	left	
atrial	pressure	was	held	at	6	cm	H2O.	Intrinsic	shape	of	alveoli	(Al)	is	maintained	from	FRC	to	TLC	(A-C).	Alveolar	walls	are	flat	with	sharp	
corners	where	the	adjacent	walls	meet.	Note	the	flat	shape	of	the	alveolar	capillaries	(arrow)	at	TLC	(A,	lung	zone	1	conditions,	air	pressure	
>	blood	pressure)	compared	with	their	round	shape	(arrow)	at	FRC	(C,	lung	zone	3	conditions,	blood	pressure	>	air	pressure).	The	alveolar	
walls	are	folded,	and	the	alveolar	shape	is	distorted	at	the	minimum	lung	volume	(D).	The	arrow	in	B	identifies	a	type	II	pneumocyte	at	an	
alveolar	corner.	The	arrowhead	in	B	identifies	a	pore	of	Kohn	through	an	alveolar	wall.	(From	Mason	RJ,	Broaddus	VC,	Martin	T,	et	al,	
editors:	Murray	and	Nadel’s	textbook	of	respiratory	medicine,	ed	4,	Philadelphia,	2011,	WB	Saunders.)
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the hilar region. Elastin and collagen fiber bands are formed by 
fibroblasts into a network within the interstitial space into 
which the capillaries are woven. Also around the fibers and 
capillaries is a nonliving matrix of fluid and solutes. The weaving 
path taken by the capillaries passes them from the thick to the 
thin sides of the blood-gas barrier as they extend through the 
septum. In the thin side, the basement membranes of the endo-
thelial and type I cells fuse into a structure called the lamina 
densa, which is formed from collagen.92 In the thick side, thick 
bands of collagen and elastin are found. The collagen and endo-
thelial cells are attached to either side of the lamina densa by a 

the other side, where there is a thicker interstitial space with 
greater fiber, matrix, and nuclear material content, the barrier 
can be more than 3 to 10 times thicker. This difference between 
the two sides functionally results in “faster-weaker” and “slower-
stronger” diffusion sides of the blood-gas barrier.

The interstitial space within the alveolar septum contains a 
network of fibers that form a kind of connective tissue skeleton 
holding the alveolar structures in place and together.91 The 
fibers within the alveolar septum are part of the continuum of 
connective tissue fibers found in the pleural surface and in the 
airway walls that extends all the way to the root of the lung in 

FIGURE 9-55	 Transmission	electron	photomicrograph	of	human	lungs	at	high	magnification.	A,	Type	II	pneumocytes	are	cuboidal	
epithelial	cells	that	contain	characteristic	lamellar	bodies	(LB)	in	their	cytoplasm	and	have	stubby	microvilli	(Mv)	that	extend	from	their	apical	
surface	into	the	alveolar	airspace	(AS).	Other	prominent	organelles	within	the	type	II	cells	are	mitochondria	(Mi),	a	single	nucleus	(Nu),	and	a	
Golgi	apparatus	(G),	which	forms	the	lamellar	bodies.	Adjacent	to	the	type	II	cell	is	a	portion	of	a	type	I	pneumocyte	(I).	The	abluminal	side	
of	the	epithelial	cells	of	the	alveolus	rests	on	a	continuous	basal	lamina	(arrowhead).	B,	Apical	region	of	a	type	II	cell	contains	two	lamellar	
bodies	(LB),	one	of	which	has	been	fixed	in	the	process	of	secreting	its	contents	(arrows).	The	lamellar	bodies	are	believed	to	be	the	source	
of	surfactant.	Type	II	cells	are	more	often	found	in	the	corners	of	the	alveolar	walls.	(From	Mason	RJ,	Broaddus	VC,	Martin,	T,	et	al,	editors:	
Murray	and	Nadel’s	textbook	of	respiratory	medicine,	ed	4,	Philadelphia,	2011,	WB	Saunders.)
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series of protein fibers collectively known as laminins. Laminins 
effectively bind together the blood-gas barrier into a three-part 
laminate that results in a relatively strong and thin structure 
that can normally, with the additional support offered by the 
capillary network, withstand the everyday stress of alveolar and 
capillary stretch.93

However, conditions of pulmonary hypertension (e.g., capil-
lary pressure >30 mm Hg during congestive heart failure and 
high-altitude pulmonary edema) and excessive tidal volume 
and airway pressure during positive pressure ventilation (e.g., 
tidal volume >6 to 8 ml/kg and airway pressures >30 cm H2O) 
can result in stress failure of the blood-gas membrane. Stress 
failure results in endothelial or type I cell stretching and  
shearing injuries. Extreme examples are known to occur  
in racehorses that experience exercise-induced pulmonary 
hemorrhaging as a result of developing excessively high pulmo-
nary vascular pressures (e.g., pulmonary capillary pressures 
100 mm Hg).

FIGURE 9-56	 High-magnification	transmission	electron	photomicrograph	of	a	human	lung	showing	a	cross	section	of	an	alveolar	wall	
through	which	O2	and	CO2	diffuse.	Air	(A)	in	the	alveolar	space	is	seen	on	either	side	of	the	wall.	The	thin	side	of	the	alveolar-capillary	
membrane	(short double arrow)	consists	of	type	I	pneumocytes	(I),	interstitium	(*)	formed	by	the	fused	basement	membranes	of	the	type	I	
cell	and	the	endothelial	cells	(E),	and	its	nucleus	(Nu)	that	forms	the	pulmonary	capillary	wall.	Within	the	capillary	(C)	is	the	erythrocyte	(R).	
The	thick	side	of	the	membrane	(long double arrows)	has	an	accumulation	of	elastin	(EL),	collagen	(COL),	and	matrix	material	that	jointly	
separates	the	type	I	cell	from	the	capillary	endothelial	cell.	Greater	diffusion	occurs	across	the	thin	side.	(From	Mason	RJ,	Broaddus	VC,	
Martin	T,	et	al,	editors:	Murray	and	Nadel’s	textbook	of	respiratory	medicine,	ed	4,	Philadelphia,	2011,	WB	Saunders.)
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RULE OF THUMB

The 30 : 30 Rule
Pulmonary	hypertension	(e.g.,	capillary	pressure	
>30	mm	Hg)	and	excessive	tidal	volume	and	airway	
pressure	during	positive	pressure	ventilation	(e.g.,		
tidal	volume	>6	to	8	ml/kg	and	airway	pressures	
>30	cm	H2O)	can	result	in	stress	failure	of	the	blood-
gas	membrane.

SUMMARY CHECKLIST

◗	Many	different	genes	regulate	the	development	of	the	
respiratory	system	from	conception	through	adult	life.	
Many	pulmonary	diseases	are	caused	by	genetic	
abnormalities.

◗	The	development	of	the	respiratory	system	follows	a	
well-defined	schedule;	interruptions	or	insults	in	the	course	
of	development	can	result	in	respiratory	disease	at	birth	
and	in	adulthood.

◗	Fetal	circulation	and	respiration	differ	markedly	from	
circulation	and	respiration	in	the	postnatal	period.

◗	The	transition	from	intrauterine	to	extrauterine	life	involves	
a	nonaerated,	fluid-filled	lung	converting	to	an	efficient	
air-filled	organ	of	gas	exchange.

◗	Closure	of	the	foramen	ovale	and	ductus	arteriosus	
are	important	events	in	the	transition	to	extrauterine		
life.

◗	The	thorax	houses	and	protects	the	lungs;	it	is	also	a	
movable	shell	that	makes	ventilation	possible.

◗	The	diaphragm	is	the	primary	muscle	of	ventilation;	
together	with	the	accessory	muscles	and	thoracic	
structures,	it	provides	the	ability	to	move	large	volumes	of	
gas	into	and	out	of	the	lungs.

◗	The	lungs	receive	blood	flow	from	the	pulmonary	
circulation	for	gas	exchange	and	the	bronchial	circulation	
to	support	airway	and	pleural	tissue	metabolism.

◗	The	pulmonary	circulation	is	capable	of	acting	as	a	
reservoir,	removing	blood	clots	and	numerous	mediators,	
as	well	as	activating	important	vasoactive	agents.
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Elsevier.
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◗	Motor	and	sensory	neurons	innervate	the	muscles	of	
ventilation	and	various	lung	tissues.	Autonomic	neurons	
conduct	motor	and	sensory	signaling	to	control	various	
tissues	and	sense	various	activities.

◗	The	upper	respiratory	tract	heats	and	humidifies	inspired	
air.	Its	various	structures	also	protect	the	lungs	against	
foreign	substances.

◗	The	lower	respiratory	tract	conducts	respired	gases	from	
the	upper	airway	to	the	respiratory	zones	of	the	lung.	It	
contains	many	structures	that	help	clear	and	defend	the	
lung.

◗	The	airways	branch	into	lobes	in	both	the	right	and	the	left	
lungs;	these	lobes	consist	of	various	segments.

◗	The	respiratory	bronchioles,	alveolar	ducts,	and	alveoli	
provide	a	large,	yet	extremely	thin,	membrane	for	the	
exchange	of	O2	and	CO2	between	air	and	blood.	
Disruption	of	the	blood-gas	barrier	can	occur	from	
excessive	capillary	pressures,	lung	inflation,	and	exposure	
to	various	toxins	(e.g.,	100%	O2).
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C H A P T E R   10 

The Cardiovascular System

NARCISO E. RODRIGUEZ

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	anatomy	of	the	heart	and	vascular	systems.
◆	 State	the	key	characteristics	of	cardiac	tissue.
◆	 Describe	the	local	and	central	control	mechanisms	of	the	heart	and	vascular	systems.
◆	 Describe	how	the	cardiovascular	system	functions	under	normal	and	abnormal	conditions.
◆	 Calculate	cardiac	output	given	stroke	volume	and	heart	rate.
◆	 Calculate	ejection	fraction	given	stroke	volume	and	end-diastolic	volume.
◆	 Identify	the	electrical	and	mechanical	events	in	relation	to	the	normal	cardiac	cycle.

CHAPTER OUTLINE

Functional Anatomy
Heart
Vascular	System

Control of the Cardiovascular System
Regulation	of	Peripheral	Vasculature

Regulation	of	Cardiac	Output
Cardiovascular	Control	Mechanisms

Events of the Cardiac Cycle
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FUNCTIONAL ANATOMY

Heart

Anatomy of the Heart
The heart is a hollow, four-chambered muscular organ approx-
imately the size of a fist. It is positioned obliquely in the middle 
compartment of the mediastinum of the chest, just behind the 
sternum (Figure 10-1). Approximately two-thirds of the heart 
lies to the left of the midline of the sternum between the 2nd 
through the 6th ribs. The apex of the heart is formed by the  
tip of the left ventricle and lies just above the diaphragm at  

the level of the 5th intercostal space to the left. The base of  
the heart is formed by the atria and projects to the right,  
lying just below the 2nd rib. Posteriorly, the heart rests on the 
bodies of the 5th to the 8th thoracic vertebrae. Because of its 
position between the sternum and the spine, compression of 
the heart can maintain blood flow during cardiopulmonary 
resuscitation.1

Externally, surface grooves called sulci mark the boundaries 
of the heart chambers. Compared with the ventricles, the atria 
are small, thin-walled chambers that contribute little to the total 
pumping activity of the heart.
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The two atrial chambers are thin-walled “cups” of myocar-
dial tissue, separated by an interatrial septum. On the right side 
of the interatrial septum is an oval depression called the fossa 
ovalis cordis, the remnant of the fetal foramen ovale. In addition, 
each atrium has an appendage, or auricle, the function of which 
is unknown. In the presence of cardiac dysrhythmias (like atrial 
fibrillation), blood flow can pool on these appendages, leading 
to the formation of thrombi.

The two lower heart chambers, or ventricles, make up the 
bulk of the heart’s muscle mass and do most of the pumping 
that circulates the blood (Figure 10-2). The mass of the left 
ventricle is normally approximately two-thirds larger than the 
mass of the right ventricle and has a spherical appearance when 
viewed across anteriorly.4 The right ventricle is thin-walled, 
forming a pocket-like attachment to the left ventricle. Because 
of this relationship, contraction of the left ventricle pulls in the 
right ventricular wall, aiding its contraction. The effect, termed 
left ventricular aid, explains why some forms of right ventricular 
failure are less harmful than might be expected. The right and 
left ventricles are separated by a muscle wall termed the inter-
ventricular septum (see Figure 10-2).4

The valves of the heart are flaps of fibrous tissue firmly 
anchored to the annulus fibrosus cordis (Figure 10-3). Because 
they are located between the atria and ventricles, they are called 
atrioventricular valves, or AV valves. The valve in the right side 
is called the tricuspid valve. The valve on the left is the bicuspid, 
or mitral, valve. The AV valves close during systole (contraction 
of the ventricles), preventing backflow of blood into the atria. 
The free ends of the AV valves are anchored to papillary muscles 
of the endocardium by the chordae tendineae cordis (see Figure 
10-2). During systole, papillary muscle contraction prevents the 

The heart is enclosed in a sac called the pericardium.2 The 
structure of the pericardium can be summarized as follows:
1. Fibrous pericardium: Tough, loose-fitting, and inelastic sac 

surrounding the heart
2. Serous pericardium: Consisting of two layers:

a. Parietal layer: Inner lining of the fibrous pericardium
b. Visceral layer or epicardium: Covering the outer surface of 

the heart and great vessels
A thin layer of fluid called the pericardial fluid separates the 

two layers of the serous pericardium. This layer of fluid helps 
minimize friction within the pericardium. Inflammation of the 
pericardium results in a clinical condition called pericarditis. An 
abnormal amount of fluid can accumulate between the layers, 
resulting in a pericardial effusion. A large pericardial effusion 
may affect the pumping function of the heart, resulting in a 
cardiac tamponade. A cardiac tamponade compresses the heart 
muscle, leading to a serious decrease in blood flow to the body, 
which ultimately may lead to shock and death.1,3

The heart wall consists of three layers: (1) outer epicardium, 
(2) middle myocardium, and (3) inner endocardium. The myo-
cardium composes the bulk of the heart muscle and consists of 
bands of involuntary striated muscle fibers. The contraction of 
these muscle fibers creates the pumplike action needed to move 
blood throughout the body.

Support for the four interior chambers and valves of the 
heart is provided by four atrioventricular (AV) rings, which 
form a fibrous “skeleton.” Each ring is composed of dense con-
nective tissue termed annulus fibrosus cordis. This connective 
tissue electrically isolates the atria from the ventricles. No 
impulses can be transmitted through the heart tissue from the 
atria to the ventricles.1

FIGURE 10-1	 Anterior	view	of	the	thorax	showing	the	position	of	the	heart	in	relation	to	the	ribs,	sternum,	diaphragm,	and	position	of	the	
heart	valves.	(From	Seidel	HM,	et	al:	Mosby’s	guide	to	physical	examination,	ed	2,	St	Louis,	1991,	Mosby.)
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FIGURE 10-2	 Drawing	of	the	heart	split	perpendicular	to	the	interventricular	septum	to	illustrate	anatomic	relationships	of	the	heart.	(From	
Berne	RM,	Levy	MN,	editors:	Physiology,	ed	5,	St	Louis,	2004,	Mosby.)
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FIGURE 10-3	 Four	cardiac	valves	as	viewed	from	the	base	of	the	heart.	Note	how	the	leaflets	overlap	in	the	closed	valves.	
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AV valves from swinging upward into the atria. Damage to 
either the chordae tendineae cordis or the papillary muscles can 
impair function of the AV valves and cause leakage upward into 
the atria.1

Common valve problems include regurgitation and stenosis. 
Regurgitation is the backflow of blood through an incompetent 
or a damaged valve. Stenosis is a pathologic narrowing or con-
striction of a valve outlet, which causes increased pressure in 
the proximal chamber and vessels. Both conditions affect 

cardiac performance. In mitral stenosis, high pressures in the 
left atrium back up into the pulmonary circulation. This  
can cause pulmonary edema and a diastolic murmur (see 
Chapter 16).3,5

A set of semilunar valves separates the ventricles from their 
arterial outflow tracts, the pulmonary artery and the aorta (see 
Figure 10-3). Consisting of three half-moon–shaped cusps 
attached to the arterial wall, these valves prevent backflow of 
blood into the ventricles during diastole (or when the chambers 
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during diastole. A healthy heart muscle requires approximately 
1

20 of the blood supply of the body to function properly. Partial 
obstruction of a coronary artery may lead to tissue ischemia 
(decreased oxygen supply), a clinical condition called angina 
pectoris. Complete obstruction may cause tissue death or infarct, 
a condition called myocardial infarction (MI).3

After passing through the capillary beds of the myocardium, 
the venous blood is collected by the coronary veins that closely 
parallel the arteries (see Figure 10-4). These veins gather 
together into a large vessel called the coronary sinus, which 
passes left to right across the posterior surface of the heart. The 
coronary sinus empties into the right atrium between the 
opening of the inferior vena cava (IVC) and the tricuspid valve.1 
In addition, some coronary venous blood flows back into the 
heart through the thebesian veins.1 The thebesian veins empty 
directly into all the heart chambers. Any blood coming from the 

of the heart fill with blood). The pulmonary valve is at the 
outflow tract of the right ventricle. Similar to the AV valves, the 
semilunar valves can leak (regurgitation) or become partially 
obstructed (stenosis).1

Similar to the lungs, the heart has its own circulatory system, 
which is called the coronary circulation. However, in contrast to 
the lungs, the heart has a high metabolic rate, which requires 
more blood flow per gram of tissue weight than any other organ 
except the kidneys. To meet these needs, the coronary circula-
tion provides an extensive network of branches to all myocar-
dial tissue (Figure 10-4).

Two main coronary arteries, a left and a right, arise from the 
root of the aorta. Because of their position underneath the 
aortic semilunar valves (see Figure 10-4), the coronary arteries 
get the maximal pulse of pressure generated by contraction of 
the left ventricle. Blood flows through the coronary arteries only 

FIGURE 10-4	 Coronary	circulation	as	seen	on	anterior	and	posterior	surfaces	of	the	heart,	illustrating	the	location	and	distribution	of	the	
principal	coronary	vessels.	
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thebesian veins that enters the left atrium or ventricle mixes 
with arterial blood coming from the lungs. Whenever venous 
blood mixes with arterial blood, the overall O2 content decreases. 
Because the thebesian veins bypass or shunt around the pulmo-
nary circulation this phenomenon is called an anatomic shunt. 
When combined with a similar bypass in the bronchial circula-
tion (see Chapter 9), these normal anatomic shunts account for 
approximately 2% to 3% of the total CO.1,5

Properties of the Heart Muscle
The performance of the heart as a pump depends on its ability 
to (1) initiate and conduct electrical impulses and to (2) con-
tract synchronously the heart’s muscle fibers quickly and effi-
ciently.5 These actions are possible only because myocardial 
tissue possesses the following four key properties:
• Excitability
• Inherent rhythmicity or automaticity
• Conductivity
• Contractility

Excitability is the ability of cells to respond to electrical, 
chemical, or mechanical stimulation. The myocardial property 
of excitability is the same as that exhibited by other muscles and 
tissues. Electrolyte imbalances and certain drugs can increase 
myocardial excitability and produce abnormalities in electrical 
conduction that may lead to cardiac arrhythmias.

Inherent rhythmicity, or automaticity, is the unique ability 
of the cardiac muscle to initiate a spontaneous electrical 
impulse. Although such impulses can arise from anywhere in 
the cardiac tissue, this ability is highly developed in specialized 
areas called heart pacemaker, or nodal tissues. The sinoatrial 
(SA) node and the atrioventricular (AV) node are the heart 
primary pacemakers (see Chapter 18). An electrical impulse 
from any source other than a normal heart pacemaker is con-
sidered abnormal and represents one of the many causes of 
cardiac arrhythmias.

Conductivity is the ability of myocardial tissue to spread and 
conduct electrical impulses. This property is similar to that of 
smooth muscle in that it allows the myocardium to contract 
without direct neural innervation (as required by skeletal 
muscle). The rate at which electrical impulses spread through-
out the myocardium is variable. These differences in conduc-
tion rates are needed to ensure synchronous contraction of the 
cardiac chambers. Abnormal conductivity can affect the timing 
of chamber contractions and decrease cardiac efficiency.

Contractility, in response to an electrical impulse, is the 
primary function of the myocardium. In contrast to the con-
tractions of other muscle tissues, cardiac contractions cannot 
be sustained or tetanized because myocardial tissue exhibits a 
prolonged period of inexcitability after contraction. The period 
during which the myocardium cannot be stimulated is called 
the refractory period, and it lasts approximately 250 msec, nearly 
as long as the heart contraction or systole.

Microanatomy of the Heart Muscle
Understanding how cardiac muscle contracts requires knowl-
edge of the microanatomy of the heart. Unlike skeletal muscle 

MINI CLINI
Heart Rate and Coronary Perfusion

PROBLEM:  Why might an extremely high heart rate decrease 
blood flow through the coronary arteries?

DISCUSSION:  Blood flow through the coronary arteries 
occurs only during ventricular diastole when the aortic semi-
lunar valves close. During systole, the myocardium contracts 
with such force that coronary artery pressures increase to 
values greater than aortic pressures. As the heart rate (HR) 
increases, both systolic and diastolic times must decrease. As 
diastolic time decreases, increasingly less time is available for 
coronary artery perfusion that occurs during diastole, until 
finally coronary blood flow is significantly reduced. This is 
critically important in an individual who already has reduced 
coronary circulation caused by arteriosclerotic heart disease. 
Not only is coronary artery perfusion compromised with  
severe tachycardia but also decreased ventricular filling time 
causes decreased stroke volume (SV) and decreased cardiac 
output (CO).

MINI CLINI
Mitral Stenosis, Poor Oxygenation, and 
Increased Work of Breathing

The mitral valve lies between the left atrium and left ventricle. 
A stenotic mitral valve is one that is narrowed and offers high 
resistance to the blood flowing into the left ventricle from the 
left atrium. Pulmonary edema is a condition in which fluid 
collects in the alveoli and interstitial spaces in the lungs affecting 
oxygenation.

PROBLEM:  Why does a patient with mitral stenosis have 
poor oxygenation of the blood and increased work of 
breathing?

DISCUSSION:  Blood flows from the lungs into the left 
atrium, where it may encounter high resistance through a nar-
rowed, stenotic mitral valve; this causes high pressure to build 
in the left atrium. Pressure in the pulmonary veins and eventu-
ally in the pulmonary capillaries also increases. This high pres-
sure within the capillaries engorges them and forces fluid 
components of the blood plasma out of the vessels and into the 
interstitial spaces of the lungs and inside the alveoli, creating 
pulmonary edema. This collection of fluid interferes with O2 
diffusion from the lung into the blood. Engorged capillaries 
surrounding the alveoli create a stiff “web” around each alveo-
lus, which makes expanding the lungs difficult. Some areas of 
the lung expand more easily than others, which causes inhaled 
air to be preferentially directed into these compliant regions, 
whereas “stiffer,” more noncompliant regions are underventi-
lated. The underventilated regions do not properly oxygenate 
the blood. Mitral stenosis, a cardiac problem, has significant 
pulmonary consequences.
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atrium. The blood flow to and from the heart is depicted in 
Figure 10-6.1

Venous, or deoxygenated blood from the head and upper 
extremities enters the right atrium from the superior vena cava 
(SVC), and blood from the lower body enters from the inferior 
vena cava (IVC). From the right atrium, blood flows into the 
right ventricle. The right ventricle pumps the blood into the 
pulmonary arteries, and on to the lungs.

Arterial, or oxygenated, blood returns to the left atrium 
through the pulmonary veins. The left atrium pumps blood 
into the left ventricle. The blood is then pumped to the body 
through the aorta. From the capillary network of the various 
body tissues, the deoxygenated venous blood returns to the 
right ventricle through the SVC and IVC.1

Systemic Circulation
The systemic circulation has three major components: (1) arte-
rial system, (2) capillary system, and (3) venous system. These 
vessels regulate not only the amount of blood flow per minute 
(cardiac output) but also the distribution of blood to organs 
and tissues (perfusion). To achieve these functions, each com-
ponent has a unique structure and plays a different role in the 
circulatory system as a whole.2

The arterial system consists of large, highly elastic, low-
resistance arteries and small, muscular arterioles of varying 
resistance. With their elasticity, the large arteries help transmit 
and maintain the head of pressure generated by the heart. 
Together, the large arteries are called conductance vessels. Just as 
faucets control the flow of water into a sink, the smaller arteri-
oles control blood flow into the capillaries. Arterioles provide 
this control by varying their flow resistance. Arterioles play a 
major role in the distribution and regulation of blood pressure 
and are referred to as resistance vessels.

The vast capillary system, or microcirculation, maintains a 
constant exchange of nutrients and waste products for the cells 
and tissues of the body. For this reason, the capillaries are com-
monly referred to as exchange vessels. Figure 10-7 shows the 
structure of a typical capillary network. Blood flows into the 
network by an arteriole and out through a venule. A direct com-
munication between these vessels is called an arteriovenous 
anastomosis. When open, these anastomoses allows arterial 
blood to shunt around the capillary bed and flow directly into 
the venules. Downstream the arteriole divides into terminal 
arterioles, which branch further into thoroughfare channels 
and true capillaries.

Capillaries have smooth muscle rings at their proximal ends, 
called precapillary sphincters. Contraction of these sphincters 
decreases blood flow locally, whereas relaxation increases perfu-
sion. In combination, these various channels, sphincters, and 
bypasses allow precise control over the direction and amount 
of blood flow to a given area of tissue.

The venous system consists of small, expandable venules and 
veins and larger, more elastic veins. Besides conducting blood 
back to the heart, these vessels act as a reservoir for the circula-
tory system. At any given time, the veins and venules hold 
approximately three-quarters of the body’s total blood volume. 

FIGURE 10-5	 Major	structural	features	of	cardiac	muscle	fibers.	
Note	the	presence	of	intercalated	discs	connecting	successive	
sarcomeres.	(Modified	from	Moffett	DF,	Moffett	SB,	Schauf	CL:	
Human	physiology:	foundations	and	frontiers,	ed	2,	St	Louis,	1993,	
Mosby.)
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fibers, cardiac cells are short, fat, branched, and interconnected. 
Individual cardiac fibers are enclosed in a membrane called the 
sarcolemma, which is surrounded by a rich capillary network 
(Figure 10-5).

Cardiac fibers are separated by irregular transverse thicken-
ings of the sarcolemma called intercalated discs. These discs 
provide structural support and aid in electrical conduction 
between fibers. Each fiber consists of many smaller units called 
myofibrils, which contain repeated structures approximately 
2 µm in size termed sarcomeres. Within the sarcomeres are con-
tractile protein filaments responsible for shortening the myo-
cardium during systole. These proteins are of two types: thick 
filaments composed mainly of myosin and thin filaments com-
posed mostly of actin. Myocardial cells contract when actin and 
myosin combine to form reversible bridges between these thick 
and thin filaments.2,5

In principle, the tension developed during myocardial con-
traction is directly proportional to the number of cross-bridges 
between the actin and myosin filaments. This principle under-
lies Starling’s law of the heart, also known as the Frank-Starling 
law. According to this law, the more a cardiac fiber is stretched 
(up to a point), the greater the tension it generates when con-
tracted. This relationship is extremely important and is explored 
later in the discussion of the heart as a pump.6

Vascular System

The vascular system has two major subdivisions: the systemic 
circulation and the pulmonary circulation. The systemic circula-
tion begins with the aorta on the left ventricle and ends in the 
right atrium. The pulmonary circulation begins with the pul-
monary artery out of the right ventricle and ends in the left 
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FIGURE 10-6	 Generalized	circulatory	pathways	between	the	heart,	lung,	and	extremities.	
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The volume of blood held in this reservoir can be rapidly 
changed as needed simply by altering the tone of these vessels. 
By quickly changing its holding capacity, the venous system can 
match the volume of circulating blood to that needed to main-
tain adequate tissue perfusion. The components of the venous 
system, especially the small, expandable venules and veins, are 
termed capacitance vessels.

The venous system must overcome gravity to return blood 
to the heart. The following four mechanisms combine to aid 
venous return to the heart: (1) sympathetic venous tone; (2) 
skeletal muscle pumping, or “milking” (combined with venous 
one-way valves); (3) cardiac suction; and (4) thoracic pressure 
differences caused by respiratory efforts.4

The last mechanism is often called the thoracic pump. The 
thoracic pump is particularly important to respiratory thera-
pists (RTs) because artificial ventilation with positive pressure 
reverses normal thoracic pressure gradients. Positive pressure 
ventilation (PPV) impedes, rather than assists, venous return. 
As long as blood volume, cardiac function, and vasomotor tone 
are adequate, PPV has a minimal effect on venous return. 
Patients who are hypovolemic or in cardiac failure are vulner-
able to a reduction in CO when PPV is applied to the lungs.6

Although the heart is a single organ, it functions as two 
separate pumps. The right side of the heart generates a pressure 
of approximately 25 mm Hg to drive blood through the low-
resistance, low-pressure pulmonary circulation. The left side of 
the heart generates pressures of approximately 120 mm Hg to 
propel blood through the higher pressure, high-resistance sys-
temic circulation.

Vascular Resistance
Similar to the movement of any fluid through tubes, blood flow 
through the vascular system is opposed by frictional forces. The 
sum of all frictional forces opposing blood flow through the 
systemic circulation is called systemic vascular resistance (SVR). 
SVR must equal the difference in pressure between the begin-
ning and the end of the circuit, divided by the flow. The begin-
ning pressure for the systemic circulation is the mean aortic 
pressure; ending pressure equals right atrial pressure or central 
venous pressure (CVP). Flow for the system as a whole equals 
the CO. SVR can be calculated by the following formula:

SVR
Mean aortic pressure Right atrial pressure

Cardiac outp
=

−
uut
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pulmonary circulation is characterized as a low-pressure, low-
resistance system, and the systemic circulation as a high-
pressure, high resistance system.

Determinants of Blood Pressure
A healthy cardiovascular system maintains sufficient pressure 
to propel blood throughout the body.5 The first priority of the 
cardiovascular system is to keep perfusion pressures to tissues 
and organs normal, even under changing conditions. If the 
equation for computing SVR is rearranged by deleting the nor-
mally low atrial pressure, the average blood pressure in the 
circulation is directly related to both CO and flow resistance, as 
follows:

Mean arterial pressure MAP CO SVR CVP( ) ( )= × +

Some MAP formulas disregard the CVP contribution 
because the CVP levels are generally negligible under normal 
circumstances (0 to 6 mm Hg). It is important to note that 
under many conditions, vascular resistance tends to vary 
inversely with the size of the blood vessels (i.e., the capacity of 
the vascular system).

All else being constant, MAP is directly related to the volume 
of blood in the vascular system and inversely related to its 
capacity:

MAP
Volume

Capacity
=

Based on this relationship, MAP is regulated by changing the 
volume of circulating blood, changing the capacity of the vas-
cular system, or changing both. Volume changes can reflect 
absolute changes in total blood volume, such as changes result-
ing from hemorrhagic shock or blood transfusion. Alterna-
tively, changes in “relative” volume can occur when vascular 
space increases or decreases. Vascular space decreases when 
vasoconstriction (constriction of the smooth muscles in the 
peripheral blood vessels) occurs; this causes blood pressure to 
increase even though blood volume is the same. Vascular space 
increases when vasodilation (relaxation of the smooth muscles 
in the arterioles) occurs; this causes blood pressure to decrease 
even though blood volume has not changed.

In a normal adult, MAP ranges from 80 to 100 mm Hg. 
When MAP decreases below 60 mm Hg, perfusion to the brain 
and the kidneys is severely compromised and organ failure may 
occur in minutes.3

To avoid organ and tissue damage and maintain adequate 
perfusion pressures under changing conditions, the cardiovas-
cular system balances relative volume and resistance. When a 
person exercises, the circulating blood volume undergoes a rela-
tive increase, but blood pressure remains near normal; this is 
because the skeletal muscle vascular beds dilate, causing a large 
increase in system capacity. However, when blood loss occurs, 
as with hemorrhage, the system capacity is decreased by con-
striction of the peripheral vessels. Perfusion pressures are kept 
near normal until the volume loss is extreme.

Regulation of blood flow and pressure is much more complex 
than is suggested by these simplified equations. Cardiovascular 

Given a normal mean aortic pressure of 90 mm Hg, a mean 
right atrial pressure of approximately 4 mm Hg, and a normal 
CO of 5 L/min, normal SVR is computed as follows:

SVR
mm Hg mm Hg

L

mm Hg L

=
−

=

90 4

5

17 2

min

. min

The same concepts can be used to compute resistance in the 
pulmonary circulation. Beginning pressure for the pulmonary 
circulation is the mean pulmonary artery pressure; ending pres-
sure equals left atrial pressure. Flow for the pulmonary circula-
tion is the same as it is for the systemic system, which equals 
the CO. Pulmonary vascular resistance (PVR) can be calculated 
by using the following formula:

PVR
Mean pulmonary artery pressure Left atrial pressure

Car
=

−
ddiac output

Given a normal mean pulmonary artery pressure of approxi-
mately 16 mm Hg and a normal mean left atrial pressure of 
8 mm Hg, normal PVR is computed as follows:

PVR
mm Hg mm Hg

L

mm Hg L

=
−

=

16 8

5

1 6

min

. min

Resistance to blood flow in the pulmonary circulation is 
approximately one-tenth of the systemic circulation. The 
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FIGURE 10-7	 Components	of	a	microcirculatory	network.	Blood	
flows	from	arteriolar	to	venular	vessels	through	a	network	of	
capillaries.	Opening	of	the	arteriovenous	anastomosis	directs	blood	
flow	out	of	the	capillary	network.	(Modified	from	Stevens	A,	Lowe	J:	
Human	histology,	ed	2,	St	Louis,	1997,	Mosby.)
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High amounts of carbon dioxide (CO2) or lactic acid, low pH 
levels, low partial pressures of O2 levels, histamines (released 
during inflammatory response), endothelium-derived relaxing 
factor, and some prostaglandins all cause relaxation of the 
smooth muscle and vasodilation, increasing flow to the affected 
area.

The influence of myogenic and metabolic control mecha-
nisms varies in different organ systems, with the brain being the 
most sensitive to changes in the local metabolite levels, particu-
larly CO2 and pH.1

Central Control
Central control of blood flow is achieved primarily by the sym-
pathetic division of the autonomic nervous system. Smooth 
muscle contraction and increased flow resistance are mostly 
caused by adrenergic stimulation and the release of norepi-
nephrine. Smooth muscle relaxation and vessel dilation occur 
as a result of stimulation of either cholinergic or specialized 
beta-adrenergic receptors. Although the contractile response is 
distributed throughout the entire vascular system, dilation 
response appears to be limited to the precapillary vessels. In 
addition to the sympathetic control, blood flow through the 
large veins can also be affected by abdominal and intrathoracic 
pressure changes.

Regulation of Cardiac Output

The heart, similar to the vascular system, is regulated by both 
intrinsic and extrinsic factors. These mechanisms act together, 
along with vascular control, to ensure that the output of the 
heart matches the different needs of the tissues.

The total amount of blood pumped by the heart per minute 
is called the cardiac output (CO). CO is simply the product of 
the HR and the volume ejected by the left ventricle on each 
contraction, or stroke volume (SV):

CO HR SV= ×

A normal resting CO of approximately 5 L/min can be cal-
culated by substituting a normal HR (70 contractions/min) and 
SV (75 ml, or 0.075 L, per contraction):

CO beats L beat L= × =70 0 075 5 25min . . min

This is a hypothetical average because actual CO varies consid-
erably in health and disease states and according to a person’s 
sex, height, and weight.

Regardless of an individual’s state of health or disease, a 
change in CO must involve a change in SV, a change in HR, or 
both. SV is affected primarily by intrinsic control of three 
factors: (1) preload, (2) afterload, and (3) contractility (all three 
factors are discussed subsequently). HR is affected primarily by 
extrinsic or central control mechanisms.3,6

Changes in Stroke Volume
The heart does not eject all of the blood it contains during 
systole. Instead, a small volume, called the end-systolic volume 
(ESV), remains behind in the ventricles. During the resting 
phase, or diastole, the ventricles fill to a volume called the 

control is achieved by a complex array of integrated functions. 
Some of these functions are explained subsequently.

CONTROL OF THE  
CARDIOVASCULAR SYSTEM

The cardiovascular system is responsible for transporting 
metabolites to and from the tissues under various conditions 
and demands. It must act in a highly coordinated fashion. Coor-
dination is achieved by integrating the functions of the heart 
and vascular system. The goal is to maintain adequate perfusion 
to all tissues according to their needs.6

The cardiovascular system regulates blood flow mainly by 
altering the capacity of the vasculature and the volume of blood 
it holds. The heart plays only a secondary role in regulating 
blood flow. In essence, the vascular system tells the heart how 
much blood it needs, rather than the heart dictating what 
volume of blood the vascular system will receive.

These integrated functions involve local and central neural 
control mechanisms. Local, or intrinsic, controls operate inde-
pendently, without central nervous system control. Intrinsic 
control alters perfusion under normal conditions to meet meta-
bolic needs. Central, or extrinsic, control involves both the 
central nervous system and circulating humoral agents. Extrin-
sic control mechanisms maintain a normal level of vascular 
tone. However, central control mechanisms take over when the 
competing needs of local vascular beds must be coordinated. 
Knowledge of vascular regulatory mechanisms and factors  
controlling CO is essential to understanding how the cardiovas-
cular system responds under both normal and abnormal 
conditions.2

Regulation of Peripheral Vasculature

A normal level of vascular muscle tone is normally maintained 
throughout the vascular system at all times. Normal muscle 
tone must be present to allow for effective regulation. If blood 
vessels remained in a completely relaxed state, further dilation 
would be impossible and local increases in perfusion could not 
occur.

Local vascular tone is maintained by the smooth muscle of 
the precapillary sphincters of the microcirculation and can 
function independently of neural control at the local tissue level 
according to metabolic needs. Central control of vasomotor 
tone involves either direct central nervous system innervation 
or circulation hormones. Central control mainly affects the 
high-resistance arterioles and capacitance veins.

Local Control
Local regulation of tissue blood flow includes both myogenic 
and metabolic control mechanisms. Myogenic control involves 
the relationship between vascular smooth muscle tone and  
perfusion pressure. Myogenic control ensures relatively con-
stant flows to the capillary beds despite changes in perfusion 
pressures.

Metabolic control involves the relationship between vascular 
smooth muscle tone and the level of local cellular metabolites. 
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in medicine, the definitions of preload and afterload vary con-
siderably in the literature.8 This variability seems to be related 
to the term load, which in general means “a force against which 
something that causes motion (a pump or motor) acts.” In the 
context of the cardiovascular system, the heart is analogous to 
a pump and force in this sense is related to stretch of the cardiac 
muscle according to the Frank-Starling Law.

Using this description of load, preload therefore represents 
the combined force of all the factors that contribute to ventricu-
lar wall stretch at the end of diastole. Preload may be calculated 
in a manner that recognizes the force that stretches the resting 
cardiac muscle to a given length before contraction. Many 
factors determine preload, including venous return, total blood 
volume and distribution, and atrial activity. These and the other 
factors that influence preload are summarized in Table 10-1.8

In a similar fashion, afterload can be described as the com-
bined force of all of the factors the left ventricle encounters and 
must overcome when stimulated to contract and achieve the 

end-diastolic volume (EDV). SV equals the difference between 
the EDV and the ESV, as follows:

SV EDV ESV= −

In a healthy man at rest, the EDV ranges from 110 to 120 ml. 
Given a normal SV of approximately 70 ml, a normal ejection 
fraction (EF), or proportion of the EDV ejected on each stroke, 
can be calculated as follows:

EF
SV

EDV
ml

ml

= ×

= ×

=

100

70

110
100

64%

On each contraction, a healthy heart ejects approximately 
two-thirds of its stored volume. Decreases in EF are normally 
associated with a weakened myocardium (heart failure), 
decreased contractility, or both. When the EF decreases below 
30%, a person’s exercise tolerance becomes severely limited.6

As shown in Figure 10-8, an increase in SV occurs when 
either the EDV increases or the ESV decreases. Conversely, a 
decrease in SV occurs when either the EDV decreases or the ESV 
increases. This relationship is key to understanding regulation 
of CO.

The heart’s ability to change SV solely according to the EDV 
is an intrinsic regulatory mechanism. The force of the ventricle 
can generate results from the length of the myocardial fibers 
just before contraction. As the ventricle fills with blood, the 
myocardial fibers are stretched. As stretch increases, the tension 
(force) within the walls of the heart increases (analogous to 
stretching a rubber band). This relationship between cardiac 
muscle length and tension is called the Frank-Starling law of the 
heart.7

The concepts of tension or force and filling volume are often 
described in term of preload and afterload. As with many terms 

FIGURE 10-8	 Relationship	between	stroke	volume	(SV),	end-diastolic	volume	(EDV),	and	end-systolic	volume	(ESV).	Normal	relationship	
between	EDV,	ESV,	and	SV	(A);	increased	SV	resulting	from	increased	EDV	(B);	increased	SV	resulting	from	decreased	ESV	(C);	decreased	
SV	resulting	from	decreased	EDV	(hypovolemia)	(D);	and	decreased	SV	resulting	from	increased	ESV	(poor	contractility)	(E).	

Normal Increased SV Decreased SV

Diastolic reserve
Normal

EDV

Stroke
volume

Systolic reserve

EDV ESVEDV ESV

Normal
ESV

A B C D E

TABLE 10-1 

Factors Affecting Preload

Factor Affect

End-diastolic	filling	
pressure

Total	blood	volume
Blood	volume	distribution
Atrial	contraction
Venous	compliance
Total	peripheral	resistance
Venous	return

End-diastolic	stretch End-diastolic	filling	pressure
Compliance	of	ventricle	and	pericardium

Myocardial	wall	
thickness

Normal	physiology
Compensatory	hypertrophy

Data	from	Chiumello	D,	Carlesso	E,	Cadringher	P,	et	al:	Lung	stress	and	
strain	during	mechanical	ventilation	for	acute	respiratory	distress	syndrome.	
Am	J	Respir	Crit	Care	Med	15;178:346,	2008.
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TABLE 10-2 

Factors Affecting Afterload

Ventricular	systolic	pressure Output	impedance Output	flow	resistance Valvular	resistance
Obstructive	cardiomyopathy

Systemic	arterial	pressure Arterial	diastolic	pressure

Arterial	systolic	pressure

Blood	volume
Total	peripheral	resistance
Pulse	pressure Stroke	volume

Arterial	compliance
Ventricular	systolic	stretch End-diastolic	volume
Myocardial	wall	thickness Normal	physiology

Compensatory	hypertrophy

Data	from	Chiumello	D,	Carlesso	E,	Cadringher	P,	et	al:	Lung	stress	and	strain	during	mechanical	ventilation	for	acute	respiratory	distress	syndrome.	Am	J	
Respir	Crit	Care	Med	15;178:346,	2008.

FIGURE 10-9	 The	Frank-Starling	law:	SV	as	a	function	of	
ventricular	end-diastolic	stretch.	An	increase	in	the	stretch	of	the	
ventricles	immediately	before	contraction	(end-diastole)	results	in	an	
increase	in	SV.	Ventricular	end-diastolic	stretch	is	synonymous	with	
the	concept	of	preload.	
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FIGURE 10-10	 Effects	of	preload,	afterload,	contractility,	and	
heart	rate	on	cardiac	output	function	curve.	(Modified	from	Green	
JF:	Fundamental	cardiovascular	and	pulmonary	physiology,	ed	2,	
Philadelphia,	1987,	Lea	&	Febiger.)
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RULE OF THUMB

Increases	in	afterload	can	decrease	SV,	especially	in	
the	failing	heart.

	

RULE OF THUMB

Increases	in	preload	result	in	increased	SV	in	the	
healthy	heart.

end of systole.8 Several factors determine afterload; most notably 
peripheral vascular resistance and the physical characteristics of 
arterial blood. These and the other factors that determine after-
load are summarized in Table 10-2.8

It should be noted that an increased preload or afterload 
caused by an abnormal increased downstream resistance over 
time can be “normalized” (up to a point) by increasing the wall 
thickness of the heart, which the body attempts to do by increas-
ing muscle mass (hypertrophy), leading to cardiomyopathy and 
heart failure.8

All else being constant, the greater the afterload on the ven-
tricles, the harder it is for the ventricles to eject their volume. 
For a given EDV, an increase in afterload means the ESV 
increased. If the EDV remains constant while the ESV increases, 
the SV (EDV − ESV) decreases (see Figure 10-8). Normally, 
however, the healthy heart muscle responds to increased after-
load by altering its contractility.

Contractility represents the amount of systolic force exerted 
by the heart muscle at any given preload. At a given preload (or 
EDV), an increase in contractility results in an increased EF, a 
decreased ESV, and an increased SV. Conversely, a decrease in 
contractility results in a decreased EF, an increased ESV, and a 
decreased SV.

Changes in contractility affect the slope of the ventricular 
function curve (Figures 10-9 and 10-10). A higher SV for a 
given preload (increased slope) indicates a state of increased 
contractility, often referred to as positive inotropism. The 
opposite is also true. A lower SV for a given preload indicates 
decreased contractility, referred to as negative inotropism. 
Drugs that increase contractility of the heart muscle are called 
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RULE OF THUMB

Blood	flow	to	a	specific	vascular	bed	is	primarily	
regulated	by	local	mechanisms.

	

RULE OF THUMB

Increase	in	HR	increases	CO	in	a	healthy	heart	up	to	a	
rate	of	160	to	180	beats/min.

	

RULE OF THUMB

Hypoxia	and	acidosis	decrease	cardiac	contractility	and	
output.

MINI CLINI
Effect of Increased Afterload on 
Cardiac Output in a Normal Heart

Afterload is the resistance the ventricle has to overcome, or the 
forces that oppose ejection of blood pressure generated as the 
heart works to eject its SV. As afterload increases, the SV ejected 
by the ventricle decreases, assuming that the contractility of  
the heart (force with which the heart contracts) remains 
constant.

PROBLEM:  During exercise, a healthy person’s blood pres-
sure increases considerably, indicating that the afterload has 
increased. Yet the SV and CO in a healthy heart do not decrease. 
Why is this so?

DISCUSSION:  When afterload increases, the initial ventricu-
lar contractions that experience the increased afterload produce 
smaller SVs; this causes more blood to remain in the ventricle 
at the end of systole (i.e., ESV is increased). During the subse-
quent diastole, blood rushes in from the atria to fill the ven-
tricles, and because of the higher than normal ESV, the ventricle 
becomes more distended and stretched than before. Healthy 
heart muscle responds to increased stretch in a way described 
by the Frank-Starling law; that is, the heart now contracts with 
greater force than before, ejecting a greater SV. By increasing 
contractility in this fashion, SV and CO are not compromised 
by increased afterload in a healthy heart.

As expected, CO increases and decreases with similar 
changes in HR. However, this relationship is maintained only 
up to approximately 160 to 180 beats/min in a healthy heart. 
At higher HRs, there is not enough time for the ventricles to 
fill completely between each heartbeat, causing a decrease in 
EDV, SV, and CO. This phenomenon often occurs at signifi-
cantly less than 160 beats/min in the failing heart.

positive inotropes; drugs that decrease contractility are negative 
inotropes.6

In addition to local mechanisms, cardiac contractility is 
influenced by neural control, circulating hormonal factors, and 
certain medications. Typically, neural or drug-mediated sympa-
thetic stimulation has a positive inotropic effect. Conversely, 
parasympathetic stimulation exerts a negative inotropic effect. 
Profound hypoxia and acidosis impair myocardial function and 
decrease cardiac contractility.

Changes in Heart Rate
The last factor influencing CO is HR. In contrast to the factors 
controlling SV, the factors affecting HR are mainly of central 
origin (i.e., neural or hormonal). Factors that increase HR  
are called positive chronotropic factors. Likewise, factors that 
decrease HR are called negative chronotropic factors.

The combined effects of preload, afterload, contractility, and 
HR on cardiac performance are graphically portrayed in Figure 
10-10. The middle curve represents the normal state. The upper, 
steeper curve represents a hyperdynamic heart. In the hyperdy-
namic heart, a given preload results in a greater than normal 
CO. Factors contributing to this state include decreased after-
load, increased contractility (decreased ESV), and increased 
HR. The bottom curve has a lower slope than normal, indicat-
ing a hypodynamic heart. Factors contributing to this state 
include increased afterload, decreased contractility (increased 
ESV), and decreased rate. When the pumping efficiency of the 
heart is so low that CO is inadequate to meet tissues needs, the 
heart is said to be in congestive heart failure (CHF).3,6

Cardiovascular Control Mechanisms

Cardiovascular control is achieved by integrating local and 
central regulatory mechanisms that affect both the heart and 
the vasculature. The goal is to ensure that all tissues receive suf-
ficient blood flow to meet their metabolic needs. However, 
when demands are increased or abnormal, such as during exer-
cise or massive bleeding, central mechanisms take over primary 
control.

Central control of cardiovascular function occurs by interac-
tion between the brainstem and selected peripheral receptors 
(Figure 10-11). The brainstem constantly receives feedback 
from these receptors about the pressure, volume, and chemical 
status of the blood. The brainstem also receives input from 
higher brain centers, such as the hypothalamus and cerebral 
cortex. These inputs are integrated with the inputs coming from 
the heart and blood vessels to maintain adequate blood flow 
and pressure in all but the most abnormal conditions.2

Cardiovascular Control Centers
Figure 10-11 is a simplified diagram of the cardiovascular regu-
latory centers. Areas in the medulla receive input from higher 
brain centers, peripheral pressure, and chemical receptors. 
Stimulation of the vasoconstrictor area within the medulla 
causes vasoconstriction and increased vascular resistance.

Closely associated with the vasoconstrictor center is a car-
dioaccelerator area. Stimulation of this center increases HR by 
increasing sympathetic discharge to the SA and AV nodes of the 
heart. A cardioinhibitory area plays the opposite role. Stimula-
tion of this center decreases HR by increasing vagal (parasym-
pathetic) stimulation to the heart.
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FIGURE 10-11	 Simplified	diagram	of	cardiovascular	regulatory	centers.	CO,	Cardiac	output;	HR,	heart	rate;	R,	respiration.	(Modified	from	
Marieb	EN,	Hoehn	KN:	Anatomy	and	physiology,	ed	4,	San	Francisco,	2011,	Pearson	Benjamin	Cummings.)
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(and inhibit cardioacceleratory
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allows vasodilation,
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and aortic arch
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(and inhibit cardioinhibitory center)
and stimulate vasomotor center.

4a. ↑Sympathetic
impulses to heart
cause ↑HR,
↑contractility, and
↑CO.
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↑Blood pressure
(arterial blood
pressure rises above
normal range).

2. Baroreceptors
in carotid sinuses
and aortic arch
are stimulated.

4b. Vasomotor
fibers stimulate
vasoconstriction,
causing ↑R.

Homeostatis: Blood pressure in normal range

Imbalance

Imbalance

MINI CLINI
Heart Rate and the Administration of Bronchodilator Drugs

PROBLEM:  You are giving a bronchodilator aerosolized drug to 
a patient, and you notice a significant increase in the patient’s HR. 
Would you expect increased HR to be a common side effect of 
drugs that cause bronchodilation?

DISCUSSION:  The discharge rate of the sinus node and the HR 
are increased by sympathetic nervous stimulation and decreased 
by parasympathetic nervous stimulation. The airways of the lung 
are dilated by sympathetic nervous stimulation and constricted 

by parasympathetic stimulation. Drugs that cause bronchodila-
tion either mimic sympathetic stimulation (sympathomimetic) 
or block parasympathetic stimulation (parasympatholytic). Both 
of these drug actions also cause the HR to increase. Parasympa-
tholytic drugs bring about effects similar to those of sympathetic 
stimulation; by inhibiting parasympathetic activity, they allow 
sympathetic impulses to predominate.
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TABLE 10-3 

Hormonal Control Mechanisms Affecting  
Blood Pressure

Hormone Place of Action Effect

Angiotensin	II Arterioles ↑	SVR	(vasoconstriction)
Antidiuretic	

hormone
Kidneys ↑	Blood	volume	(↑	water	

retention)
Arterioles ↑	SVR	(vasoconstriction)

Atrial	natriuretic	
peptide

Arterioles ↓	SVR	(vasodilation)

Aldosterone Kidneys ↑	Blood	volume	(↑	water	
and	salt	retention)

Cortisol Kidneys ↑	Blood	volume	(↑	water	
and	salt	retention)

Norepinephrine Heart	(beta-1	
receptors)

↑	Cardiac	output	(HR	
and	contractility)

Arterioles	(alpha	
receptors)

↑	SVR	(vasoconstriction)

HR,	Heart	rate;	SVR,	systemic	vascular	resistance.

FIGURE 10-12	 Major	pathways	for	plasma	volume	control.	See	
text	for	details.	(Modified	from	Smith	JJ,	Kampine	JP:	Circulatory	
physiology:	the	essentials,	ed	3,	Baltimore,	1990,	Williams	&	
Wilkins.)
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Higher brain centers also influence the cardiovascular 
system, both directly and through the medulla. Signals coming 
from the cerebral cortex in response to exercise, pain, or anxiety 
pass directly through the cholinergic fibers to the vascular 
smooth muscle, causing vasodilation. Signals from the hypo-
thalamus, in particular its heat-regulating areas, indirectly affect 
HR and vasomotor tone through the cardiovascular centers.

The cardiovascular centers also are affected by local chemical 
changes in the surrounding blood and cerebrospinal fluid. 
Decreased levels of CO2 tend to inhibit the medullary centers. 
General inhibition of these centers causes a decrease in vascular 
tone and a decrease in blood pressure. A local decrease in O2 
tension has the opposite effect. Mild hypoxia in this area 
increases sympathetic discharge rates; this tends to elevate both 
HR and blood pressure. Severe hypoxia has a depressant effect.

Peripheral Receptors
In addition to high-level and local input, the cardiovascular 
centers receive signals from peripheral receptors (see Figure 
10-11). There are two types of peripheral cardiovascular recep-
tors: baroreceptors, or stretch receptors, and chemoreceptors. 
Baroreceptors respond to pressure changes, whereas chemore-
ceptors respond to changes in blood chemistry.3

The cardiovascular system has two different sets of barore-
ceptors. The first set is located in the aortic arch and carotid 
sinuses. These receptors monitor arterial pressures generated by 
the left ventricle. The second set is located in the walls of the 
atria and the large thoracic and pulmonary veins. These low-
pressure sensors respond mainly to changes in vascular volumes. 
Baroreceptor output is directly proportional to the stretch on 
the vessel wall. The greater the blood pressure, the greater is the 
stretch and the higher the rate of neural discharge to the 
medulla.

Together with the cardiovascular regulatory centers, these 
receptors form a negative feedback loop. In a negative feedback 
loop, stimulation of a receptor causes an opposite response by 
the effector. In the case of the arterial receptors, an increase in 
blood pressure increases aortic and carotid receptor stretch and 
their neuronal discharge rates. The increased discharge rates 
cause an opposite response by the medullary centers (i.e., 
depressor response decreasing blood pressure). Decreased 
blood pressure (decreased baroreceptor output) has the oppo-
site effect, causing peripheral vessel constriction and increased 
HR and contractility. This mechanism usually restores blood 
pressure to normal (see Figure 10-11).2,3

Although the high-pressure arterial receptors constantly 
control blood pressure, the low-pressure sensors are responsible 
for long-term regulation of plasma volume. The low-pressure 
atrial and venous baroreceptors regulate plasma volume mainly 
by activating several chemical and hormonal mechanisms. 
Table 10-3 provides a detailed description of some of these 
mechanisms.

The major pathways for plasma volume control are outlined 
in Figure 10-12. Combined with a central nervous system–
mediated increase in renal filtration, these humoral mecha-
nisms decrease the overall plasma volume. A decrease in blood 

volume has the opposite effect (i.e., sodium and water retention 
and an increase in plasma volume).

Chemoreceptors are small, highly vascularized tissues located 
near the high-pressure sensors in the aortic arch and carotid 
sinus that are sensitive to changes in blood chemistry. They are 
strongly stimulated by decreased O2 tensions, although low pH 
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or high levels of CO2 also can increase their discharge rate. 
Simply put, the major cardiovascular effects of chemoreceptor 
stimulation are vasoconstriction and increased HR.

Because these changes occur only when the cardiopulmo-
nary system is overtaxed, the chemoreceptors probably have 
little influence under normal conditions. However, their influ-
ence on respiration is clinically important. For this reason, the 
peripheral chemoreceptors are discussed in greater detail in 
Chapter 9.

Response to Changes in Overall Volume
The coordinated response of the cardiovascular system is best 
shown under abnormal conditions. Among the most common 
clinical conditions in which all essential regulatory mechanisms 
come into play is the large blood loss that occurs with hemor-
rhage. Figure 10-13 illustrates changes in these key factors 
during progressive blood loss in an animal model.

With 10% blood loss, the immediate decline in the CVP 
causes a 50% decrease in the discharge rate of the low-pressure 
(atrial) baroreceptors. There is little change in the activity of the 
high-pressure (arterial) receptors. The initial response, medi-
ated through the medullary centers, is an increase in sympa-
thetic discharge to the sinus node; this causes a progressive 
increase in HR. At the same time, plasma levels of antidiuretic 
hormone (vasopressin) begin to increase, thus maintaining 
normal arterial blood pressure.

As the blood loss becomes more severe (20%), atrial receptor 
activity decreases further; this increases the intensity of sympa-
thetic discharge from the cardiovascular centers. Plasma antidi-
uretic hormone and HR continue to increase, as does peripheral 
vasculature tone. An increase in vascular tone occurs through 
constriction of the capacitance vessels in the venous system, 
slowing the decrease in CVP.3

The arterial pressure does not start to decrease until blood 
loss approaches 30%. At this point, arterial receptor activity 
begins to decrease, resulting in a marked increase in systemic 
vascular tone. Despite the magnitude of blood loss, CVP levels 
off. As long as no further hemorrhage occurs, blood pressure 
and tissue perfusion can be maintained at adequate levels.

If blood loss continues, central control mechanisms begin to 
take over. Massive vasoconstriction occurs in the resistance 
vessels, shunting blood away from skeletal muscle to maintain 
blood flow to the brain and heart. Increasing levels of local 
metabolites in these areas, especially CO2 and other acids, over-
ride central control and cause further vessel dilation and 
increased blood flow. As these metabolites build up and as the 
tissues become hypoxic, cardiac function becomes impaired 
and vasodilation occurs throughout the body. This vasodilation 
signals the onset of irreversible shock, after which death ensues.

EVENTS OF THE CARDIAC CYCLE

This chapter has focused on the mechanical properties of the 
heart; the electrical activities of the heart are discussed in 
Chapter 18. Although they are discussed separately, the mechan-
ical and electrical events are interdependent. Given the role of 

FIGURE 10-13	 Plasma	levels	of	antidiuretic	hormone	(ADH),	
cardiovascular	responses,	and	receptor	firing	rates	in	response		
to	graded	hemorrhage	in	the	dog.	See	text	for	details.	(From	
Richardson	DR:	Basic	circulatory	physiology,	Boston,	1976,	Little,	
Brown;	venomotor	tone	data	are	those	of	W.	Sears	J,	as	cited	in	
Gauer	OH,	Henry	JP,	Behn	C:	The	regulation	of	extracellular	fluid	
volume.	Annu	Rev	Physiol	32:547,	1970.	All	other	data	are	from	
Henry	JP,	et	al:	Can	J	Physiol	Pharmacol	46:287,	1968.)
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RTs in dealing with cardiovascular problems, an in-depth 
knowledge of how these events relate is essential.2

The events of the cardiac cycle are depicted in Figure 10-14. 
The top of the figure shows a time axis scaled in tenths of a 
second. Next are the timing bars for ventricular systole and 
diastole and pressure events in the atria, ventricles, and aorta. 
These are followed by an electrocardiogram (ECG), heart 
sounds, and ventricular flow (see Chapter 18 for an explanation 
of the ECG waves).

Going from left to right, the P wave (atrial depolarization) 
begins the ECG. Earlier, the ventricles have been passively filling 
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FIGURE 10-14	 Cardiac	cycle.	A,	Timing	of	cardiac	events.	B,	Simultaneous	pressures	created	in	the	aorta,	left	ventricle,	and	right	atrium	
during	the	cardiac	cycle.	C,	Electrical	activity	during	the	cardiac	cycle.	D,	Heart	sounds	corresponding	to	the	cardiac	cycle.	E,	Ventricular	
blood	volume	during	the	cardiac	cycle.	(Modified	from	Moffett	DF,	Moffett	SB,	Schauf	CL:	Human	physiology:	foundations	and	frontiers,		
ed	2,	St	Louis,	1993,	Mosby.)
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with blood through the open AV valves. Within 0.1 second, the 
atria contract, causing a slight increase in both atrial and  
ventricular pressures (a waves). This atrial contraction helps 
preload the ventricles, increasing their volume by 25%. This 
help from the atria to ventricular filling is called the atrial kick. 
Toward the end of diastole, the electrical impulses from the atria 
reach the AV node and bundle branches and ventricular depo-
larization (QRS complex) is initiated. Within a few hundredths 
of a second after depolarization, the ventricles begin to contract. 
As soon as ventricular pressures exceed pressures in the atria, 
the AV valves close. Closure of the mitral valve occurs first, fol-
lowed immediately by closure of the tricuspid valve. This closure 
marks the end of ventricular diastole, producing the first heart 
sound on the phonocardiogram.2

Immediately after AV valve closure, the ventricles become 
closed chambers. During this short isovolemic phase of con-
traction, ventricular pressures increase rapidly. Upward bulging 
of the AV valves during this phase causes a slight upswing in 
atrial pressure graphs, called the c wave. Within 0.05 second, 
ventricular pressures increase to exceed the pressures in the 
aorta and pulmonary artery and opening the semilunar valves.

Toward the end of systole, as repolarization starts (indicated 
by the T wave), the ventricles begin to relax. Consequently, 
ventricular pressures decrease rapidly. When arterial pressures 
exceed pressures in the relaxing ventricles, the semilunar valves 
shut. Closure of the semilunar valves generates the second heart 
sound. Rather than immediately dropping off, aortic and pul-
monary pressures increase again after the semilunar valves 
close. The dicrotic notch is caused by the elastic recoil of the 
arteries. This recoil provides the extra “push” that helps main-
tain the pressure created by the ventricles.

As the ventricles continue to relax, their pressures decrease 
to less than the pressures in the atria. This decline in pressure 
reopens the AV valves. As soon as the AV valves open, the blood 
collected in the atria rushes to fill the ventricles, causing a rapid 
decrease in atrial pressures (the v wave). Thereafter, ventricular 
filling slows as the heart prepares for a new cycle.

Knowledge of these events can help in understanding many 
of the diagnostic and monitoring procedures used for patients 
with cardiopulmonary disorders, including balloon-directed 
pulmonary artery catheterization and direct arterial pressure 
monitoring.
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SUMMARY CHECKLIST

◗	The	cardiovascular	system	consists	of	the	heart	and	a	
vascular	network	that	account	for	normal	distribution	and	
regulation	of	blood	flow	throughout	the	body	to	ensure	
tissue	perfusion.

◗	Mechanical	and	electrical	properties	of	cardiac	tissue,	
combined	with	internal	and	external	control	mechanisms,	
provide	the	basis	for	coordinated	cardiac	function.

◗	The	vascular	system	is	regulated	by	local	and	central	
control	mechanisms.

◗	CO	is	primarily	determined	by	four	factors:	preload,	
afterload,	contractility,	and	HR	and	is	equivalent	to	the	
product	of	the	SV	×	HR.

◗	 Increased	HR	decreases	CO	by	decreasing	filling	times	
(decreasing	EDV)	and	decreasing	contraction	times,	hence	
increasing	ESV.

◗	Blood	pressure	is	regulated	by	changing	the	volume	of	
circulating	blood,	changing	the	capacity	of	the	vascular	
system,	or	both.

◗	During	increased	demand,	special	compensatory	
mechanisms	are	called	on	to	maintain	stable	blood	flow.

◗	EF	is	the	proportion	of	the	EDV	ejected	on	each	stroke	
(SV/EDV).

◗	Failure	of	cardiovascular	control	mechanisms	often	
requires	clinical	the	intervention	to	help	restore	normal	
function.

http://internalmedicinebook.com/



226

C H A P T E R   11 

Ventilation

EDUARDO MIRELES-CABODEVILA, ROBERT L. CHATBURN

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	physiologic	functions	provided	by	ventilation.
◆	 Describe	the	pressure	gradients	responsible	for	gas	flow,	diffusion,	and	lung	inflation.
◆	 Identify	the	forces	that	oppose	gas	movement	into	and	out	of	the	lungs.
◆	 Describe	how	surface	tension	contributes	to	lung	recoil.
◆	 Describe	how	lung,	chest	wall,	and	total	compliance	are	related.
◆	 State	the	factors	that	affect	resistance	to	breathing.
◆	 Describe	how	various	lung	diseases	affect	the	work	of	breathing.
◆	 State	why	ventilation	is	not	evenly	distributed	throughout	the	lung.
◆	 Describe	how	the	time	constants	affect	alveolar	filling	and	emptying.
◆	 Identify	the	factors	that	affect	alveolar	ventilation.
◆	 State	how	to	calculate	alveolar	ventilation,	dead	space,	and	the	VD/VT	ratio.

CHAPTER OUTLINE

Mechanics of Ventilation
Pressure	Differences	During	Breathing
Forces	Opposing	Inflation	of	the	Lung

Static Versus Dynamic Mechanics
Mechanics of Exhalation
Work of Breathing

Mechanical	Work
Metabolic	Work

Distribution of Ventilation
Regional	Factors	Affecting	Distribution
Local	Factors	Affecting	Distribution

Efficiency and Effectiveness of Ventilation
Efficiency
Effectiveness

KEY TERMS

airway	resistance
alveolar	dead	space
compliance
dynamic	compression
dynamic	hyperinflation	(air	trapping)
elastance
elasticity
equal	pressure	point	(EPP)
hyperventilation
hypoventilation

hysteresis
minute	ventilation
physiologic	dead	space
plethysmograph
pneumotachometer
pressure	gradient
sub-atmospheric
surface	tension
tidal	volume	(VT)
time	constant

transairway	pressure	gradient
transairway	pressure	(PTAW)
transalveolar	pressure	(PTA)
trans–chest	wall	pressure	(PTCW)
transpulmonary	pressure	difference	

(PTP)
transpulmonary	pressure	gradient
transrespiratory	pressure	(PTR)
transthoracic	pressure	difference	

(PTT)

T he main functions of the lungs are to supply the body 
with oxygen and to remove carbon dioxide. To perform 
these functions, the lungs must be adequately venti-

lated. Ventilation is the process of moving gas (usually air) in 
and out of the lungs. Ventilation is to be distinguished from 

respiration, which refers to the physiologic processes of O2 use 
at the cellular level.

In health, ventilation is regulated to meet the body’s needs 
under a wide range of conditions. In disease, this process  
can be markedly disrupted and often results in inadequate 
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FIGURE 11-1	 Schematic	diagram	of	the	respiratory	system	
consisting	of	a	flow-conducting	tube	(representing	the	airways)	
connected	to	a	single	elastic	compartment	(representing	the	lungs)	
surrounded	by	another	elastic	compartment	(representing	the	chest	
wall).	ΔPmus,	Muscle	pressure	difference;	PA,	alveolar	pressure;	PAO,	
pressure	at	the	airway	opening;	PBS,	pressure	on	the	body	surface;	
Ppl,	pressure	in	the	intrapleural	space.	(From	Primiano	FP	Jr,	
Chatburn	RL:	Zen	and	the	art	of	nomenclature	maintenance:	a	
revised	approach	to	respiratory	symbols	and	terminology.	Respir	
Care	51:1458,	2006.)
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∆Pmus

Ppl

PA

TABLE 11-1 

Measurable Pressures Used in Describing 
Respiratory System Mechanics

Name Symbol Definition

Pressure	at	the	
airway	opening

PAO Pressure	measured	at	the	opening	of	
the	respiratory	system	airway	(e.g.,	
mouth	and	nose,	tracheostomy	
opening,	and	endotracheal	tube	
opening)

Pleural	pressure Ppl Pressure	measured	in	the	pleural	
space,	changes	that	are	often	
estimated	by	measuring	pressure	
changes	in	the	esophagus

Alveolar	pressure PA Pressure	in	the	alveolar	(gas	space)	
region	of	the	lungs

Body	surface	
pressure

PBS Pressure	measured	at	the	body	
surface

ventilation and/or increased work of breathing. Respiratory 
care is directed toward restoring and supporting adequate and 
efficient ventilation. To provide effective respiratory care we 
need to have a solid understanding of the normal ventilation 
processes and of how diseases may affect it.

MECHANICS OF VENTILATION

Ventilation is a cycle. This cycle has two phases: inspiration and 
expiration. During each cycle, a volume of gas moves in and out 
of the respiratory tract. This volume, measured during either 
inspiration or expiration, is called the tidal volume (VT). The 
VT refreshes the gas present in the lung, removing CO2 and 
supplying O2 to meet metabolic needs. The VT must be able to 
meet changing metabolic demands, such as during exercise or 
sleep. To achieve ventilation the respiratory muscles (and/or a 
mechanical ventilator) have to generate changes in pressure (a 
pressure gradient, see later discussion) so that gas will flow on 
in or out of the lungs. To better understand the forces that the 
muscles (or/and the machine) have to overcome to generate 
ventilation, we use a formula. This formula is a simplified 
version of the equation of motion for the respiratory system:

∆ ∆ ∆Pressure Elastance Volume Resistance Flow= × + ×( ) ( )

where:
ΔPressure = Force generated by the respiratory muscles 

or a mechanical ventilator, or both, during inspiration. 
This “pressure” is actually a pressure difference (see next 
section).

Volume = Volume change (e.g., VT)
Elastance = Distensibility of the lungs and thorax 

(Δpressure/Δvolume); elastance is the reciprocal of com-
pliance (Δvolume/Δpressure)

Resistance = Airflow and tissue resistance (Δpressure/
Δflow)

Flow = Volume change per unit of time
In this equation, the terms (elastance × volume) and (resistance 
× flow) represent the loads (elastic and resistive) against which 
the respiratory muscles or ventilator must work to achieve gas 
movement. Thus you can now see that in patients with high 
elastance or/and high resistance the pressure needed to achieve 
ventilation will be high. In healthy lungs, this work is minimal 
and is performed during the inspiratory phase. Expiration is 
normally passive (i.e., no muscle force involved) and the result 
of the elastic recoil of the lung.

In discussing ventilation, it may be helpful to review some 
details about the equation of motion. First remember it is a 
mathematical model. This model lumps all the resistances of 
the many airways into a single flow-conducting tube and lumps 
all the elastances of the alveoli and airways into a single elastic 
compartment (see later discussions about elastance, compli-
ance, and resistance). The graphic model is shown in Figure 
11-1.1 Surrounding the “lungs” is another elastic compartment 
representing the chest wall. This graphic depiction of the respi-
ratory system allows us to define points in space where pres-
sures may be measured (or inferred) as defined in Table 11-1.

Pressure Differences During Breathing

A pressure gradient is needed to achieve gas flow from one place 
to another. Using the equation of motion we can recognize the 
pressure gradients or differences in pressure between two points 
in space. in each of the components of the model. The compo-
nents of the model (airways, lungs, and chest wall) are defined 
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either static or dynamic (breathing) conditions. If we want to 
evaluate the elastance and resistance of the pulmonary system, 
we substitute PTP for P in the equation of motion. Alternatively, 
if we want to evaluate the total respiratory system elastance and 
resistance, we substitute PTR for P.

Sometimes it may be useful to define the pressure required 
to expand the lung and chest wall components; to do this we 
use the transthoracic pressure difference (PTT), which is 
defined as:

P P PTT A BS= −

We use the transrespiratory pressure gradient and the other 
gradients to understand the gas flow into and out of the alveoli 
during breathing. Table 11-2 summarizes these equations. For 
a spontaneously breathing person, PA is sub-atmospheric in the 
beginning of inspiration compared with PAO, causing air to flow 
into the alveoli. The opposite happens in the beginning of exha-
lation; PA is higher than PAO, causing air to flow out of the airway 
opening. During a normal breathing cycle, the glottis remains 
open. The PBS and PAO remain at zero (i.e., atmospheric) 
throughout the cycle; only changes in PA and Ppl are of interest. 
It is often helpful to use these to describe the changes in pres-
sures during a breathing cycle.

Before inspiration, pleural pressure is approximately −5 cm 
H2O (i.e., 5 cm H2O below atmospheric pressure), and alveolar 
pressure is 0 cm H2O. The transpulmonary pressure gradient 
is also approximately 5 cm H2O in the resting state, that is, PTP 
= PAO − Ppl = 0 − (−5) = 5. This positive end-expiratory PTP 
maintains the lung at its resting volume, functional residual 
capacity (FRC). Airway opening and alveolar pressures are both 
zero, so the transairway pressure gradient also is zero. No gas 
moves into or out of the respiratory tract.

Inspiration begins when muscular effort expands the thorax. 
Thoracic expansion causes a decrease in pleural pressure. This 
decrease in pleural pressure causes a positive change to PTP and 
PTA, which induces flow into the lungs. The inspiratory flow is 
proportional to the positive change in transairway pressure dif-
ference; the higher the change in PTA, the higher is the flow.

Pleural pressure continues to decrease until the end of inspi-
ration. Alveolar filling slows when alveolar pressure approaches 
equilibrium with the atmosphere, and inspiratory flow decreases 
to zero (Figure 11-2). At this point, called end-inspiration, 
alveolar pressure has returned to zero, and the intrapleural 

as everything that exists between these points in space. Let’s define 
each of these pressure gradients.

The respiratory system is everything that exists between the 
pressure measured at the airway opening (PAO) and the pressure 
measured at the body surface (PBS). The pressure difference is 
called the transrespiratory pressure (PTR):

P P PTR AO BS= −

The term PAO comes before the term PBS in the equation. This 
order is dictated by the direction of flow. For inspiration, PAO is 
higher than PBS, and PTR is calculated by subtracting PBS from 
PAO. The same general principle applies to all the other pressure 
differences described subsequently. The components of tran-
srespiratory pressure correspond to all the components of the 
graphic model (i.e., airways, lungs, and chest wall). We can 
further divide these components and their pressure gradients. 
Starting at the airways in this model, the airways are whatever 
exists between pressure measured at the airway opening (PAO) 
and pressure measured in the alveoli of the lungs (PA). The 
graphic model makes the lungs look like one giant alveolus, 
which means that alveolar pressure represents an average pres-
sure over all alveoli in real lungs. The pressure difference is 
called the transairway pressure (PTAW):

P P PTAW AO A= −

Thus PTAW represents all the airways (real and artificial).
The alveolar region is whatever exists between pressure mea-

sured in the alveolus and pressure measured in the pleural space 
(Ppl). The associated pressure difference is transalveolar pres-
sure (PTA):

P P PTA A pl= −

The PTA represents all the alveoli as if they were one single 
alveolus.

We also take into account the chest wall. The chest wall exists 
between pressure measured in the pleural space and the pres-
sure on the body surface. The pressure difference is called 
trans–chest wall pressure (PTCW):

P P PTCW pl BS= −

Some of these components can be combined to encompass 
structures that are of clinical importance. One of the most used 
combinations joins the airways (PTAW) and alveolar region (PTA) 
to assess the pulmonary system, and this is called the transpul-
monary pressure difference (PTP):

P P PTP AO pl= −

What may be confusing is that there are other definitions of 
transpulmonary pressure in the literature. Some authors define 
PTP as PA − Ppl. The confusion arises from the fact that PTA = PA 
− Ppl, but only under static conditions. Static conditions can be 
imposed during mechanical ventilation by using an inspiratory 
or expiratory hold maneuver. This situation should be consid-
ered a special case of PTP; however, the general case is PTP = PAO 
− Ppl, which shows what pressures must be measured to derive 
the mechanical properties of the pulmonary system under 

TABLE 11-2 

Pressure Differences Used in Describing 
Respiratory System Mechanics

Definition Name Symbol

PAO	−	PBS Transrespiratory	pressure	difference ΔPTR

PAO	−	PA Transairway	pressure	difference ΔPTAW

PAO	−	Ppl Transpulmonary	pressure	difference ΔPTP

PA	−	Ppl Transalveolar	pressure	difference ΔPTA

PA	−	PBS Transthoracic	pressure	difference ΔPTT

Ppl	−	PBS Trans–chest	wall	pressure	difference ΔPTCW

Global	muscle	pressure	difference ΔPmus
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at its resting volume (i.e., FRC). To generate the previously 
described pressure gradients, the lungs must be distended. This 
distention requires several opposing forces to be overcome for 
inspiration to occur. As indicated in the equation of motion, 
the forces opposing lung inflation may be grouped into two 
categories: elastic forces and frictional forces. Elastic forces involve 
the tissues of the lungs, thorax, and abdomen, along with 
surface tension in the alveoli. Frictional forces include resistance 
caused by gas flow through the airways (natural and artificial) 
and tissue movement during breathing.

Surface Tension Forces
Part of the hysteresis (difference between inspiratory and expi-
ratory pressure-volume curves) exhibited by the lung is a result 
of surface tension forces in the alveoli. If a lung is filled with 
fluid such as saline, the pressure-volume curves look much dif-
ferent than the pressure-volume curves of an air-filled lung 
(Figure 11-3). Less pressure is needed to inflate a fluid-filled 
lung to a given volume. This phenomenon indicates that a gas-
fluid interface in the air-filled lung changes its inflation-deflation 
characteristics.

The recoil of the lung is a combination of tissue elasticity 
and the surface tension forces in the alveoli. During inflation, 
additional pressure is needed to overcome surface tension 
forces. During deflation, surface tension forces are reduced, 
resulting in altered pressure-volume characteristics (i.e., the 
leftward shift seen in Figure 11-3). In the intact lung (i.e., within 
the chest), the volume history also affects the degree of hyster-
esis that occurs. Factors such as the initial volume, the tidal 
excursion, and whether the lungs have been previously inflated 
or deflated help determine the volume history and the shape of 
the pressure-volume curves of the lung.

pressure—and hence transpulmonary pressure gradient—
reaches the maximal value (for a normal breath) of approxi-
mately 10 cm H2O.

At end inspiration the muscle pressure relaxes and now alve-
olar pressure is higher than pressure at the airway opening, 
driving flow in the expiratory direction. The equation of motion 
shows this, setting the driving pressure, Pmus, to zero:

P Elastance Volume Resistance Flowmus = = × + ×0 ( ) ( )

Rearranging the formula, we get:

( ) ( )

( )

Elastance Volume Resistance Flow

Resistance Flow

× = − ×
= × −

This equation says two important things: (1) Flow is negative, 
indicating expiration, and (2) the driving force (transthoracic 
pressure, equal to elastance × volume) for expiratory flow is the 
energy stored in the combined elastances of lungs and chest wall 
(the total elastance is the sum of the chest wall and lung 
elastances).

These events occur during normal VT excursions. Similar 
pressure changes accompany deeper inspiration and expira-
tion. The magnitude of the pressure changes is greater with 
deeper breathing. Pleural pressures are always negative (sub-
atmospheric) during normal inspiration and exhalation. 
During forced inspiration with a big downward movement of 
the diaphragm, the pleural pressure can decrease to −50 cm 
H2O, whereas during a forced expiration, pleural pressure may 
increase above atmospheric pressure to 50 to 100 cm H2O.

Forces Opposing Inflation of the Lung

The lungs have a tendency to recoil inward, whereas the chest 
wall tends to move outward; these opposing forces keep the lung 

FIGURE 11-2	 Waveforms	for	normal	breathing.	Red,	Change	in	
pleural	pressure	relative	to	end-expiratory	value	(cm	H2O,	scaled	
times	10);	blue,	alveolar	pressure	(cm	H2O,	scaled	times	10);	green,	
flow	(L/min,	scaled	times	10);	purple,	volume	(ml).	
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FIGURE 11-3	 Static	pressure-volume	curves	of	saline-filled	and	
air-filled	excised	lungs.	In	the	saline-filled	lung,	the	distending	
pressure	is	the	same	during	inflation	and	deflation.	The	air-filled	
lung	shows	hysteresis	(i.e.,	higher	pressure	for	a	given	volume	on	
inflation	compared	with	deflation).	The	hysteresis	results	in	part	
from	the	effects	of	surface	tension	forces	caused	by	the	air-liquid	
interface	in	the	alveoli.	(Modified	from	Slonim	NB,	Hamilton	LH:	
Respiratory	physiology,	ed	5,	St	Louis,	1987,	Mosby.)
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premature infant with inadequate surfactant the intraalveolar 
surface tension is abnormally high; this produces a collapsing 
force that increases lung recoil and reduces lung compliance. 
Greater muscular effort is required to overcome increased recoil 
during inspiration, and the work of breathing is increased. The 
infant may eventually become fatigued and develop ventilatory 
failure. Instillation of artificial surfactant into the lungs reduces 
surface tension to its normal level. Lung compliance is increased, 
elastic recoil is reduced, and the muscular work required to 
inflate the lung is reduced.

Elastic Forces Opposing Lung Inflation
Elastin and collagen fibers are found in the lung parenchyma. 
These tissues give the lung the property of elasticity. Elasticity 
is the physical tendency of an object to return to an initial state 
after deformation. When stretched, an elastic body tends to 
return to its original shape. The tension developed when an 
elastic structure is stretched is proportional to the degree of 
deformation produced (Hooke’s law). An example is a simple 
spring (Figure 11-4). When tension on a spring is increased, the 
spring lengthens. However, the ability of the spring to stretch is 
limited. When the point of maximal stretch is reached, further 
tension produces little or no increase in length. Additional 
tension may break the spring.

In the respiratory system, inflation stretches tissue. The 
elastic properties of the lungs and chest wall oppose inflation. 
To increase lung volume, pressure must be applied. This prop-
erty may be shown by subjecting an excised lung to changes in 
transpulmonary pressure and measuring the associated changes 
in volume (Figure 11-5). To simulate the pressures during 
breathing, the lung is placed in an airtight jar. The force to 
inflate the lung is provided by a pump that varies the pressure 
around the lung inside the jar, simulating Ppl. This action 
mimics the pleural pressure changes associated with thoracic 

The mechanism of action of pulmonary surfactant mole-
cules is based on its weak intramolecular attractive forces. When 
surfactant molecules are mixed with other liquid molecules that 
have higher intramolecular attraction, the surfactant molecules 
are pushed to the surface of the liquid, where they form the 
air-liquid interface. Because of the weak intramolecular attrac-
tion between these surfactant molecules at the surface, the 
liquid lining of the alveoli exhibits much less surface tension 
than it would in the absence of pulmonary surfactant. In a 

MINI CLINI
Surfactant Replacement Therapy and 
Lung Mechanics

PROBLEM:  If an infant is born prematurely, the lungs may 
be unable to produce adequate amounts of pulmonary surfac-
tant. How does this condition affect lung mechanics and what 
effect does surfactant replacement therapy have on lung com-
pliance and the work of breathing?

DISCUSSION:  The liquid molecules that line each alveolus 
attract one another. This attraction creates a force called surface 
tension, which tends to shrink the alveolus. A phospholipid 
called pulmonary surfactant reduces surface tension in the lung. 
Alveolar type II cells produce pulmonary surfactant. In con-
trast to typical surface-active agents, pulmonary surfactant 
changes surface tension according to its area.2 The ability of 
pulmonary surfactant to reduce surface tension decreases as 
surface area (i.e., lung volume) increases. Conversely, when 
surface area decreases, the ability of pulmonary surfactant to 
reduce surface tension increases. This property of changing 
surface tension to match lung volume helps stabilize the alveoli. 
Any disorder that alters or destroys pulmonary surfactant can 
cause significant changes in the work of distending the lung.

FIGURE 11-4	 Graphic	representation	of	the	force-length	relationship	applied	to	a	simple	spring	(increase	in	length	with	increase	in	force).	
With	increasing	force,	or	weight	in	this	example,	the	spring	lengthens	from	A	to	B,	but	at	the	point	of	maximal	stretch,	further	force	
produces	no	additional	increase	in	length	(B	to	C).	
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To calculate lung compliance, ΔPTP is substituted for ΔP. To 
calculate respiratory system compliance, use ΔPTR. To calculate 
chest wall compliance, use ΔPTCW.

A graph of change in lung volume versus change in trans-
pulmonary pressure (Figure 11-6, A) is called the compliance 
curve of the lungs. Figure 11-6, B compares a normal lung com-
pliance curve with curves that might be observed in patients 
who have emphysema (obstructive lung disease) or pulmonary 
fibrosis (restrictive lung disease). The curve from a patient with 
emphysema is steeper and displaced to the left. The shape and 
position of this curve represent large changes in volume for 
small pressure changes (increased compliance). Increased com-
pliance results primarily from loss of elastic fibers, which occurs 
in emphysema. The lungs become more distensible so that a 
normal transpulmonary pressure results in a larger lung volume. 
The term hyperinflation is used to describe an abnormally 
increased lung volume. A distinctly opposite pattern is seen in 
pulmonary fibrosis. Interstitial fibrosis is characterized by an 
increase in connective tissue. The compliance curve of a patient 
with pulmonary fibrosis is flatter than the normal curve, shifted 
down and to the right. As a result, there is a smaller volume 
change for any given pressure change (decreased compliance). 
Consequently, the lungs become stiffer, usually with a reduced 
volume.

Inflation and deflation of the lung occur with changes in the 
dimensions of the chest wall. The relationship between the 
lungs and the chest wall can be illustrated by plotting their 
relaxation pressure curves separately and combined (Figure 
11-7). In the intact thorax, the lungs and chest wall recoil 
against each other. The point at which these opposing forces 
balance determines the resting volume of the lungs, or FRC. 

expansion and contraction. The changes in transpulmonary 
pressure are made in discrete steps, allowing the lungs to come 
to rest in between so that all of the applied pressure opposes 
elastic forces and none of it opposes resistive forces (i.e., flow is 
zero when the measurements are made). The amount of stretch 
(inflation) is measured as volume by a spirometer. Changes in 
volume resulting from changes in transpulmonary pressure are 
plotted on a graph.

During inspiration in this model, increasingly greater nega-
tive pleural pressures are required to stretch the lung to a larger 
volume. As the lung is stretched to its maximum (total lung 
capacity [TLC]), the inflation curve becomes flat. This flatten-
ing indicates increasing opposition to expansion (i.e., for the 
same change in transpulmonary pressure, there is less change 
in volume).3

As with a spring when tension is removed, deflation occurs 
passively as pressure in the jar is allowed to return toward atmo-
spheric pressure. Deflation of the lung does not follow the infla-
tion curve exactly. During deflation, lung volume at any given 
pressure is slightly greater than it is during inflation. This dif-
ference between the inflation and deflation curves is called hys-
teresis.3 Hysteresis indicates that factors other than simple 
elastic tissue forces are present. The major factor, particularly 
in sick lungs, is the opening of collapsed alveoli during inspira-
tion that tend to stay open during expiration until very low lung 
volumes are reached.

Compliance
Compliance (C, the reciprocal of elastance, E) is caused by the 
tissue elastic forces and surface tension that oppose lung infla-
tion. Compliance is defined as the constant of proportionality 
between volume (V) and pressure (P) in an elastic system and 
is usually expressed in units of ml/cm H2O:

FIGURE 11-5	 Measurement	of	the	pressure-volume	curve	of	an	excised	lung.	The	lung	is	placed	in	a	sealed	jar	and	connected	to	a	
spirometer	(to	measure	volume).	A	pump	generates	sub-atmospheric	pressure	around	the	lung	while	its	volume	is	measured.	The	curve	
plotting	the	relationship	between	pressure	and	volume	is	nonlinear	and	flattens	at	high	expanding	pressures	(sub-atmospheric).	The	inflation	
and	deflation	curves	are	not	the	same.	This	difference	is	called	hysteresis.	(Modified	from	West	JB:	Respiratory	physiology:	the	essentials,	ed	
7,	Baltimore,	2005,	Williams	&	Wilkins.)
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FIGURE 11-6	 A,	Compliance	measurement	(deflation	curve).	After	swallowing	an	esophageal	balloon,	the	person	inhales	a	full	breath	and	
then	exhales	slowly.	At	specific	lung	volumes,	he	holds	his	breath	with	the	glottis	open,	ensuring	an	alveolar	pressure	of	zero.	Lung	volume	
is	plotted	against	transpulmonary	pressure	(esophageal	pressure	is	assumed	to	reflect	pleural	pressure)	generating	a	compliance	curve.		
B,	Compliance	curves.	Normal	lung	compliance	is	approximately	0.2	L/cm	H2O	(measured	from	the	lower	portion	of	the	curve,	near	resting	
lung	volume).	Compliance	is	increased	in	emphysema	because	of	the	destruction	of	elastic	tissue;	conversely,	it	is	decreased	in	pulmonary	
fibrosis	because	of	increased	elastic	recoil.	(Modified	from	Martin	L:	Pulmonary	physiology	in	clinical	practice:	the	essentials	for	patient	care	
and	evaluation,	St	Louis,	1987,	Mosby.)
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FIGURE 11-7	 Relationship	between	the	lungs	and	chest	wall.	Volumes	of	the	lungs,	thorax,	and	lungs	and	thorax	combined	are	plotted	
as	a	percentage	of	vital	capacity	against	intrapulmonary	pressure	(recoil	pressure).	The	combined	lung-thorax	relaxation	curve	(solid line)	is	
the	sum	of	the	individual	lung	and	thorax	curves.	Equilibrium	(zero	pressure)	occurs	where	the	lung	and	thoracic	recoil	forces	balance	(a	+	b	
=	0).	This	point	determines	the	functional	residual	capacity	(lung	B).	Lung	A	represents	low	lung	volume	with	greater	recoil	pressure	exerted	
by	the	chest	wall.	Lung	C	shows	a	chest	wall	recoil	of	zero	at	approximately	70%	of	TLC.	When	lung	volume	is	greater	than	70%	of	TLC,	
greater	pressures	are	required	to	distend	both	the	lungs	and	the	thorax	(lung	D).	(Modified	from	Beachey	W:	Respiratory	care	anatomy	and	
physiology,	ed	2,	St	Louis,	2007,	Mosby.)
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For exhalation, potential energy “stored” in the stretched 
lung (and chest wall at high volumes) during the preceding 
inspiration causes passive deflation. To exhale below the resting 
level (FRC), muscular effort is required to overcome the ten-
dency of the chest wall to expand. The expiration provides this 
energy.

Resistive Forces Opposing Lung Inflation
Frictional forces also oppose ventilation. Frictional opposition 
forces differ from the elastic properties of the lungs and thorax. 
Frictional opposition occurs only when the system is in motion. 
Frictional opposition to ventilation has the two components 
tissue viscous resistance and airway resistance.

Tissue Viscous Resistance. Tissue viscous resistance is the 
impedance of motion (opposition to flow) caused by displace-
ment of tissues during ventilation. Displaced tissues include the 
lungs, rib cage, diaphragm, and abdominal organs. The fric-
tional resistance is generated by the movement of each organ 
surface sliding against the other (e.g., the lung lobes sliding 
against each other and against the chest wall). Tissue resistance 
accounts for only approximately 20% of the total resistance to 
lung inflation. However, in conditions such as obesity, pleural 
fibrosis, and ascites, the tissue viscous resistance will increase 
the total impedance to ventilation.

Airway Resistance. Gas flow through the airways also 
causes frictional impedance, called flow resistance. Resistance to 
ventilation by the movement of gas through the airways is called 
airway resistance. Airway resistance accounts for approxi-
mately 80% of the frictional resistance to ventilation.

Resistance is defined as the constant of proportionality 
between pressure (P) and flow ( �V) in a flow-conducting system 
and is usually expressed in units of cm H2O/L/sec:

R
P

V
=

∆
∆ �

To calculate airway resistance, Raw, use ΔPTA instead of ΔP. To 
calculate respiratory system resistance, use ΔPTR.

Airway resistance in healthy adults ranges from approxi-
mately 0.5 to 2.5 cm H2O/L/sec. To cause gas to flow into or out 
of the lungs at 1 L/sec, a healthy person needs to lower his or 
her alveolar pressure only 0.5 to 2.5 cm H2O below atmospheric 
pressure.

Raw in nonventilated patients is usually measured in a pul-
monary function laboratory. Flow is measured with a pneumo-
tachometer. Alveolar pressures are determined in a body 
plethysmograph, an airtight box in which the patient sits. By 
momentarily occluding the patient’s airway and measuring the 
pressure at the mouth, alveolar pressure can be estimated (i.e., 
mouth pressure equals alveolar pressure under conditions of no 
flow). By relating flow and alveolar pressure to changes in ple-
thysmograph pressure, airway resistance can be calculated.

Combined Resistances
The right and left main stem bronchi have their own (usually 
different) resistances. However, the muscles (or ventilator) see 
a combined resistance. Because these airways have the same 

This is also the point at which alveolar pressure equals atmo-
spheric pressure. The normal FRC is approximately 40% of the 
TLC. The opposing forces between the chest wall and lungs are 
partially responsible for the sub-atmospheric pressure in the 
intrapleural space. Diseases that alter the compliance of either 
the chest wall or the lung often disrupt the balance point, 
usually with a change in lung volume.

Combined Compliances
The two lungs have their own (usually different) compliances. 
However, the muscles (or ventilator) see a combined compli-
ance. Because the lungs have the same driving pressure but 
different flows, they are said to be connected in parallel. Parallel 
compliances combine by simple addition:

Parallel compliances C C Ctotal right left: = +

The total compliance of a parallel connection is more than any 
of the components.

The total lung compliance is connected in series with the 
chest wall compliance, meaning they have different driving 
pressures but the same flow. Series compliances combine as 
follows:

Series compliances C
C C

C C
total

chestwall lungs

chestwall lun

: =
×
+ ggs

The total compliance of a series connection is less than any of 
the components.

	

RULE OF THUMB

The	lungs	and	chest	wall	each	have	their	own	
compliance,	or	distensibility.	In	healthy	adults,	the	
compliance	of	the	lungs	and	chest	wall	are	each	equal	
to	approximately	0.2	L/cm	H2O.	However,	because	the	
lungs	are	contained	within	the	thorax,	the	two	systems	
act	as	springs	pulling	against	the	driving	force.	This	
reduces	the	compliance	of	the	system	to	approximately	
half	that	of	the	individual	components,	or	0.1	L/cm	
H2O.	This	rule	has	many	practical	implications,	
particularly	for	mechanical	ventilation	of	the	lungs.	
Compliance	of	the	chest	wall,	similar	to	lung	
compliance,	is	a	measure	of	distensibility.	Any	disease	
process	that	alters	the	compliance	of	the	lungs	or	
chest	wall	can	seriously	disrupt	the	normal	mechanics	
of	ventilation.	Obesity,	kyphoscoliosis,	ankylosing	
spondylitis,	and	many	other	abnormalities	can	reduce	
chest	wall	compliance	and	lung	volumes.

Inhalation occurs when the balance between the lungs and 
chest wall shifts. Energy from the respiratory muscles (primarily 
the diaphragm) overcomes the contractile force of the lungs. At 
the beginning of the breath, the tendency of the chest wall to 
expand facilitates lung expansion. When lung volume nears 
70% of the total lung capacity, the chest wall reaches its natural 
resting level. To inspire to a lung volume greater than approxi-
mately 70% of total lung capacity (TLC), the inspiratory muscles 
must overcome the recoil of both the lungs and the chest wall 
(see Figure 11-7).
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remain constant, the pressure is inversely proportional to the 
fourth power of the airway’s radius. That is, by reducing the 
radius of a tube by half requires a 16-fold pressure increase to 
maintain a constant flow (24 = 16)! Clinically this means that 
to maintain ventilation in the presence of narrowing airways, 
large increases in driving pressure may be needed, resulting in 
marked increases in the work of breathing.

driving pressure but different flows, they are said to be con-
nected in parallel. Parallel compliances combine like compli-
ances in series, as follows:

Parallel resistances R
R R

R R
total

right left

right left

: =
×
+

The total resistance of a parallel connection is less than that of 
any of the components.

The bronchial airway resistance is connected in series with 
upper airway (and artificial airway, if any), meaning that they 
have different driving pressures but the same flow. Series resis-
tances combine like compliances in parallel:

Series resistance R R Rtotal upper airway bronchi: = +

The total resistance of a series connection is more than that 
any of the components.

MINI CLINI
Helium and Oxygen Therapy for Large 
Airway Obstruction

PROBLEM:  Patients with significant obstruction in the upper 
airway, trachea, or main stem bronchi expend a large amount 
of energy overcoming the resistance to breathing. What type of 
gas therapy would be most advantageous in this situation?

DISCUSSION:  Because most (approximately 80%) of the 
resistance to breathing occurs in the upper and large airways, 
disease processes that increase resistance in these airways cause 
tremendous increases in the work of breathing. Vocal cord 
edema, tumors in the trachea, and foreign bodies in main stem 
bronchi are examples of the types of clinical conditions that 
can markedly increase the work of breathing. Patients who 
must breathe against high levels of resistance are prone to respi-
ratory muscle fatigue and failure. Gas flow in the upper and 
large airways is predominantly turbulent. Turbulent flow is 
highly influenced by gas density. Patients with large airway 
obstruction often can be treated with a mixture of helium and 
O2 (heliox or HeO2). HeO2, usually an 80/20 or 70/30 mixture, 
can be administered to reduce the work of breathing until the 
obstructive process can be treated. HeO2 mixture does little for 
patients with small airway obstruction, as occurs in emphy-
sema or asthma. Flow in the small airways is mainly laminar 
and largely independent of the density of the gas breathed. 
However, heliox therapy can be used for patients with small 
airway obstruction to allow them to exercise longer and more 
strenuously with less dyspnea and dynamic hyperinflation.

Factors Affecting Resistance. The two main patterns that 
characterize the flow of gas through the respiratory tract are 
laminar flow and turbulent flow (see Chapter 6). A third pattern, 
tracheobronchial flow, is a combination of laminar and turbu-
lent flow. Laminar flow requires less driving pressure than tur-
bulent flow.

Poiseuille’s equation (see Chapter 6) describes laminar flow 
through a smooth, unbranched tube of fixed dimensions (i.e., 
length and radius). This equation says that for gas flow to 

	

RULE OF THUMB

A	change	in	the	radius	of	an	airway	by	a	factor	of		
2	causes	a	16-fold	change	in	resistance.	This	rule	
applies	to	human	airways	and	artificial	airways	(i.e.,	
endotracheal	and	tracheostomy	tubes).	If	the	size	of	a	
patient’s	airway	is	reduced	from	2	mm	to	1	mm,	airway	
resistance	increases	by	a	factor	of	16.	Similarly,	if	a	
4.5-mm	endotracheal	tube	is	replaced	with	a	9-mm	
tube,	the	pressure	required	to	cause	a	flow	of	1	L/sec	
through	the	tube	decreases	16-fold.	This	rule	has		
many	practical	consequences.	It	is	the	basis	for	
bronchodilator	therapy	and	for	using	the	largest	
practical	size	of	artificial	airway.

Distribution of Resistance. Approximately 80% of the 
resistance to gas flow occurs in the nose, mouth, and large 
airways, where flow is mainly turbulent. Only approximately 
20% of the total resistance to flow is attributable to airways 
smaller than 2 mm in diameter, where flow is mainly laminar. 
This fact seems to contradict the fact that resistance is inversely 
related to the radius of the conducting tube.

Branching of the tracheobronchial tree increases the cross-
sectional area with each airway generation (Figure 11-8). As gas 
moves from the mouth to the alveoli, the combined cross-
sectional area of the airways increases exponentially. Turbulent 
flow predominates in the mouth, trachea, and primary bronchi 
(Table 11-3). Gas velocity is high in the bigger airways, favoring 
turbulent flow patterns. As we move deeper into the lung seg-
ments, the airways branch into smaller, but more, airways and 
more cross-sectional area. At the level of the terminal bronchi-
oles, the cross-sectional area increases more than 30-fold. The 
arrangement of the branches at the same bronchial generation 
is in parallel (compared to in series), thus decreasing the total 
resistance. According to the laws of fluid dynamics, this increase 
in cross-sectional area causes a decrease in gas velocity. The 
velocity of gas flow and resistance in a branching system 
arranged in parallel is inversely related to the cross-sectional 
area of the airways. The decrease in gas velocity promotes a 

TABLE 11-3 

Distribution of Airway Resistance

Location Total Resistance (%)

Nose,	mouth,	upper	airway 50
Trachea	and	bronchi 30
Small	airways	(<2	mm) 20
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context) means that flow at the airway opening is zero. Mechan-
ics are evaluated under dynamic conditions, for example, when 
a nonintubated patient breathes spontaneously. In this case, the 
pressure difference used to calculate lung resistance and elas-
tance is PTP and the driving pressure is Pmus instead of the 
ventilator.

In a single-compartment model (see Figure 11-1), estima-
tion of resistance and compliance under static and dynamic 
conditions yields the same values. However, in a real respiratory 
system, composed of multiple compartments with different 
time constants (each compartment being a resistance in series 
with a compliance), mechanics estimated during static condi-
tions yield different values than when evaluated during dynamic 
conditions. For a multiple-compartment system, when flow is 
zero at the airway opening, there may still be flow between 
compartments (pendelluft). As a result, dynamic mechanics 
become dependent on the respiratory frequency.5,6 Typically, 
both compliance and resistance decrease as frequency increases.

MECHANICS OF EXHALATION

Airway caliber is determined by several factors, including ana-
tomic (i.e., physical) support provided to the airways and pres-
sure differences across their walls. Anatomic support comes 
from cartilage in the wall of the airway and from “traction” 
provided by surrounding tissues. The larger airways depend 
mainly on cartilaginous support. Because smaller airways lack 
cartilage, they depend on support provided by surrounding 
lung parenchyma.7

The airways are also supported by the pressure difference 
across their walls. This transpulmonary pressure gradient helps 

FIGURE 11-8	 Cross-sectional	area	of	the	airways	plotted	against	
airway	generation.	The	first	15	or	16	airway	generations	represent	a	
conducting	zone	in	which	gas	moves	primarily	by	bulk	flow,	and	no	
gas	exchange	takes	place.	These	airways	make	up	the	anatomic	
dead	space	(see	Chapter	9).	The	gas-exchange	surface	increases	
markedly	at	the	level	of	the	terminal	bronchiole.	(Modified	from	
West	J:	Respiratory	physiology:	the	essentials,	ed	7,	Baltimore,	
2005,	Williams	&	Wilkins.)
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FIGURE 11-9	 Change	in	airway	resistance	(Raw)	related	to	lung	
volume.	Resistance	to	airflow	is	highly	dependent	on	lung	volume.	
At	low	lung	volumes,	near	residual	volume	(RV),	the	airways	are	
compressed	and	resistance	increases	markedly.	At	high	lung	
volumes,	near	total	lung	capacity	(TLC),	the	airways	are	distended	
and	resistance	decreases.	See	text	for	discussion.	
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laminar flow pattern, particularly in smaller (i.e., <2 mm) 
airways. The resistance to flow in these small airways is then 
very low. The driving pressure across these airways is less than 
1% of the total driving pressure for the system.

We must remember that the diameter of the airways is not 
constant during the ventilatory cycle. During inspiration, the 
stretch of surrounding lung tissue and widening transpulmo-
nary pressure gradient increase the diameter of the airways.  
The increase in airway diameter with increasing lung volume 
decreases airway resistance (Figure 11-9). As lung volume 
decreases toward residual volume, airway diameters also 
decrease and airway resistance dramatically increases; this 
explains why wheezing is most often heard during exhalation.

STATIC VERSUS DYNAMIC 
MECHANICS

Resistance and compliance can be evaluated under static or 
dynamic conditions.4 The term static implies that flow through-
out the respiratory system has ceased and all ventilatory muscle 
activity is absent (Pmus = 0). Static conditions can be imposed 
with an inspiratory pause when a patient is sedated and being 
mechanically ventilated. In contrast, the term dynamic (in this 
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forced exhalation equals the sum of pleural pressure and the 
elastic recoil pressure of the lung.8

During exhalation, the pressure along the airway decreases 
as gas flows from the alveoli toward the mouth. Moving “down-
stream” (toward the mouth), transmural pressure decreases 
continually. At some point along the airway, the pressure inside 
the airway equals the pressure outside in the pleural space (i.e., 
transmural pressure equals zero). This point is referred to as the 
equal pressure point (EPP). Downstream from this point, 
pleural pressure exceeds the airway pressure. The resulting 
increase in transmural pressure gradient causes airway com-
pression and can lead to collapse. Airway compression increases 
expiratory airway resistance and decreases flow. At the EPP, 
greater expiratory effort increases pleural pressure, restricting 
flow further.9 Once the transmural pressure has increased suf-
ficiently to cause this flow limitation (at the EPP), airflow 
becomes effort independent with airway caliber and elastic 
recoil pressure determining flow. Dynamic compression of the 
airways (narrowing of the airways owing to an increase in sur-
rounding pressures) is responsible for the characteristic flow 
patterns observed in forced expiratory tests of pulmonary 
function.

In airways of healthy persons, airway collapse occurs only 
with forced exhalation and at low lung volumes. Tissue support 
opposes the collapsing force created by negative transmural 
pressure gradients. In pulmonary emphysema, the elastic tissue 
supporting the small airways is damaged.9 Destruction of elastic 
tissue, such as occurs in emphysema, has multiple outcomes.  
It increases the compliance of the lung (i.e., elastic recoil 
decreases). The combination of decreased elastic recoil and loss 
of support for the small airways allows the airways to collapse 
during exhalation. Airway collapse causes air trapping and 
increase in the resting volume of the lung. Expiratory flow is 
reduced by airway collapse during exhalation (called flow limi-
tation) and can occur during tidal breathing when emphysema-
tous changes in the lung are severe.10

stabilize the airways, particularly the small ones. During quiet 
breathing, pleural pressure is normally subatmospheric. Airway 
pressure varies minimally and is usually close to zero (atmo-
spheric pressure). The transmural pressure gradient (the pres-
sure difference between inside and outside the airway wall) 
during normal quiet breathing is negative, even during exhala-
tion. It ranges from −5 to −10 cm H2O. This negative transmu-
ral pressure gradient helps maintain the caliber of the small 
airways.

During a forced exhalation, contraction of expiratory 
muscles can increase pleural pressure above atmospheric pres-
sure; this reverses the transmural pressure gradient, making it 
positive. If the positive transmural pressure gradient exceeds the 
supporting force provided by the lung parenchyma, the small 
airways may collapse.

Forceful contraction of the expiratory muscles causes pleural 
pressure to increase from its normal negative value to above 
atmospheric pressure (Figure 11-10). Alveolar pressure during 

FIGURE 11-10	 Generation	of	equal	pressure	point	(EPP)	in	
normal	and	diseased	lungs	during	a	forceful	exhalation.	In	a	normal	
lung	(left),	pleural	pressure	(Ppl)	increases	to	approximately	+20	cm	
H2O	when	a	maximal	expiratory	effort	is	performed.	Alveolar	
pressure	is	the	sum	of	Ppl	(+20	cm	H2O)	and	lung	elastic	recoil	
pressure	(+10	cm	H2O),	or	+30	cm	H2O.	Airway	pressure	falls	along	
the	airway	from	the	alveolus	to	the	mouth	from	+30	to	0	cm	H2O.	
At	some	point	along	the	airway,	pressure	within	the	airway	equals	
Ppl;	this	is	the	EPP.	Further	toward	the	mouth	(downstream),	airway	
pressure	falls	below	Ppl,	resulting	in	a	narrowed	airway	and	
limitation	of	airflow.	This	narrowed	airway	normally	occurs	in	healthy	
individuals	only	during	forced	exhalation.	The	EPP	moves	upstream	
from	larger	airways	toward	smaller	airways	as	the	lung	empties.	In	
lung	diseases	such	as	emphysema	(right),	the	same	forces	come	
into	play.	Ppl	is	still	+20	cm	H2O,	but	lung	elastic	recoil	pressure	is	
only	+5	cm	H2O.	As	a	result,	driving	pressure	is	only	+25	cm	H2O.	
This	causes	the	EPP	to	occur	in	smaller	airways	(i.e.,	farther	
upstream)	than	normal;	airways	narrow	or	collapse	at	a	higher	lung	
volume	than	in	healthy	lungs.	In	patients	with	emphysema,	airway	
collapse	is	complicated	further	by	loss	of	support	for	the	small	
airways.	(Modified	from	Martin	L:	Pulmonary	physiology	in	clinical	
practice:	the	essentials	for	patient	care	and	evaluation,	St	Louis,	
1987,	Mosby.)

+20

+20
+20

+20
+20

+20
+20

+20

+20

EPP

+5
lung
recoil

EPP

+20 +20

+15

+10
lung
recoil

+30

+25
+25

	

RULE OF THUMB

Patients	who	have	emphysema	can	directly	influence	
the	EPP	in	their	airways	to	reduce	airway	collapse	and	
closure.	Airway	collapse	may	occur	in	patients	who	
have	emphysema	because	the	normal	support	
structure	for	small	airways	has	been	destroyed.	By	
exhaling	through	“pursed	lips,”	a	patient	with	
emphysema	changes	the	pressure	at	the	airway	
opening.	The	gentle	back	pressure	created	counters	
the	tendency	for	small	airways	to	collapse	by	moving	
the	EPP	toward	larger	airways.

WORK OF BREATHING

The respiratory muscles do the work for normal breathing. This 
work requires energy to overcome the elastic and frictional 
forces opposing inflation. Assessment of mechanical work 
involves measurement of the physical parameters of force and 
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healthy adults, approximately two-thirds of the work of breath-
ing can be attributed to elastic forces opposing ventilation. The 
remaining one-third is a result of frictional resistance to gas and 
tissue movement.

Traditionally, static pressure-volume curves have been 
created by injecting the lungs with discreet volume steps using 
a large calibrated syringe (“super syringe”).11 Alternatively, the 
line AB can be approximated under clinical conditions using a 
very slow inspiratory flow (with the patient heavily sedated) 
producing what is called a quasistatic pressure-volume curve.12 
Evaluation of this type of pressure-volume curve can be useful 
for setting optimal positive end-expiratory pressure (PEEP).13 
Ventilators made by Hamilton Medical (Reno, NV) offer the  
PV Tool, which generates a quasistatic pressure-volume curve 
using a slow pressure ramp rather than a slow inspiratory flow. 
This method allows evaluation of both compliance and lung 
recruitability.14

In the presence of pulmonary disease, work of breathing can 
increase dramatically (Figure 11-12). The areas of the volume-
pressure curves for patients with obstruction or restriction are 
greater than in healthy persons.15 The reasons for these increases 
in the mechanical work are quite different. In restrictive lung 
disease, the area of the volume-pressure curve is greater because 
the slope of the static component (compliance) is less than 
normal. The area of the volume-pressure curve in obstructive 
lung disease is increased because the portion associated with 
resistance is markedly widened. The leftward “bulge” of the loop 

distance as they relate to moving air into and out of the lung. 
Assessment of metabolic work involves measurement of the O2 
cost of breathing.

During normal quiet breathing, inhalation is active and 
exhalation is passive. The work of exhaling is recovered from 
potential energy “stored” in the expanded lung and thorax 
during inhalation. However, forced exhalation requires addi-
tional work by the expiratory muscles. The actual work of 
forced expiration depends on the mechanical properties of the 
lungs and thorax.

Mechanical Work

Work done on an object is the result of the force exerted on the 
object and the distance it is moved.

Work may be expressed in units of either dyne • centimeters 
(dyne • cm) or joules (J). For a constant applied force, the equa-
tion for work is:

Work Force Distance= ×

In physiology, work is expressed in terms of pressure differ-
ence across a structure (P) and the volume change of the struc-
ture (V). Because pressure is equal to force/area and volume is 
equal to area multiplied by distance, work can have the dimen-
sions of P × V:

Pressure Volume
Force

Area
Area Distance

Force Distance

W

× = × ×

= ×
=

( )

oork

Graphically, the work is expressed as the area between the 
pressure-volume curve and the volume axis (Figure 11-11). 
Pressure, of course, is actually a pressure difference across a 
structure (i.e., inside pressure minus outside pressure), and the 
pressure difference defines the structure for which work is evalu-
ated. For example, if we want to evaluate the work the muscles 
do to inflate the pulmonary system we use the transpulmonary 
pressure, PTP. Similarly, if we want to evaluate the work done by 
a ventilator to inflate the respiratory system we use the transres-
piratory system pressure (PTR).

Also, because of the equivalence of work and energy, the 
energy stored in a rigid wall container holding compressed gas 
is simply the product of the volume of the container and the 
pressure inside the container (relative to the outside). The 
higher the pressure, the more energy stored in the container. 
When the pressure is released, useful work can be recovered. 
This is the principle used in air rifles.

Figure 11-11 shows a graph of transpulmonary pressure 
versus lung volume derived from measurements taken during 
dynamic conditions (e.g., during a normal inspiration). The 
line AB connects two points in time when flow is zero. The work 
done overcoming purely elastic forces opposing inflation is rep-
resented by the triangular area 1 in Figure 11-11. The work 
required to overcome flow resistive forces is represented by area 
2. The total mechanical work for one breath is the sum of the 
work overcoming both the elastic and the resistive forces oppos-
ing inflation; this is represented as the sum of areas 1 and 2. In 

FIGURE 11-11	 Factors	involved	in	the	work	of	breathing.	Point	A	
is	the	resting	lung	volume	(functional	residual	capacity),	and	B	is	
end-inspiration.	The	straight solid line A-B	represents	the	pressure	
required	to	overcome	simple	elastic	forces,	and	the	curved line 
A-C-B	represents	the	additional	pressure	required	to	overcome	
frictional	resistance	(airway	and	tissue).	At	B,	where	airflow	
momentarily	ceases,	frictional	resistance	is	inactive.	Area	1	
represents	the	work	(P	×	V)	required	to	overcome	elastic	forces;	
area	2	represents	the	work	required	to	overcome	frictional	forces.	
The	work	of	breathing	(inspiration)	is	the	sum	of	these	two	areas.	
The	curved dashed line	within	area	1	represents	the	pressure-
volume	curve	of	passive	exhalation	using	energy	stored	during	
inspiration.	
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Increased work of breathing is often complicated by respira-
tory muscle weakness, which may result from electrolyte imbal-
ance, acidemia, shock, sepsis, or diseases affecting the muscles 
themselves.16 When increased work of breathing occurs with 
respiratory muscle weakness, inspiratory muscles can fatigue. 
VT decreases and respiratory rate increases as the muscles 
fatigue and fail.

Metabolic Work

To perform work, the respiratory muscles consume O2. The rate 
of O2 consumption ( �VO2) by the respiratory muscles reflects 
their energy requirements. It also provides an indirect measure 
of the work of breathing.

The O2 cost of breathing is assessed by measuring �VO2 at rest 
and at increased levels of ventilation. If no other factors increase 
O2 consumption, the additional O2 uptake is a result of respira-
tory muscle metabolism. The O2 cost of breathing in healthy 
individuals averages 0.5 to 1 ml of O2 per liter of increased 
ventilation. This range represents less than 5% of the O2 

indicates positive pleural pressure that can occur during expira-
tion, notably when lung compliance is increased (see Figure 
11-12, C).

In healthy individuals, the mechanical work of breathing 
depends on the pattern of ventilation. Large VT increases the 
elastic component of work. High breathing rates (and high 
flows) increase frictional work. When changing from quiet 
breathing to exercise ventilation, a healthy person adjusts VT 
and breathing frequency to minimize the work of breathing.5

Similar adjustments occur in individuals who have lung 
disease (Figure 11-13). Patients with “stiff lungs” (i.e., increased 
elastic work of breathing), such as in pulmonary fibrosis, often 
assume a rapid, shallow breathing pattern. This pattern mini-
mizes the mechanical work of distending the lungs but at the 
expense of more energy to increase breathing rate. Patients who 
have airway obstruction may assume a ventilatory pattern that 
reduces the frictional work of breathing. Breathing slowly and 
using pursed-lip breathing during exhalation minimize airway 
resistance.

FIGURE 11-12	 Comparison	of	the	work	of	breathing	(shaded areas)	for	a	healthy	person	(A),	a	patient	with	restrictive	ventilatory	
impairment	(e.g.,	pulmonary	fibrosis)	(B),	and	a	patient	with	airway	obstruction	(e.g.,	emphysema)	(C).	
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FIGURE 11-13	 Work	required	to	overcome	airflow	plus	elastic	resistance	equals	total	work.	In	normal	lungs,	total	work	of	breathing	is	
minimal	at	approximately	15	breaths/min	(left).	To	achieve	the	same	minute	volume	with	stiff	lungs	(increased	elastic	resistance),	minimum	
work	is	performed	at	higher	frequencies	(middle).	However,	with	increased	airflow	resistance	(obstructive	lung	disease),	minimum	work	
requires	lower	rates	of	breathing	(right).	(Modified	from	Nunn	JF:	Applied	respiratory	physiology,	ed	2,	London,	1977,	Butterworth.)
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consumption of the body. At high levels of ventilation (i.e., 
>120 L/min), the O2 cost of breathing increases tremendously 
and may exceed 30% of the O2 consumption of the body.

The �VO2 of the respiratory muscles is closely related to the 
inspiratory pressures generated by the diaphragm. This trans-
diaphragmatic pressure can be measured by a technique similar 
to that used for measuring intrapleural pressure. A thin catheter 
with two small balloons is advanced into the esophagus. One 
balloon remains in the esophagus (above the diaphragm), and 
the balloon at the tip is placed in the stomach. The pressure 
difference between the balloons measures the pressure across 
the diaphragm. The greater the pressure required, the higher is 
the O2 consumption of the respiratory muscles.

In the presence of pulmonary disease (either obstructive or 
restrictive), the O2 cost of breathing may increase dramatically 
with increasing ventilation (Figure 11-14). In an obstructive 
disease such as emphysema, increased ventilation causes the O2 
consumption of the respiratory muscles to increase rapidly. 
This abnormally high O2 cost of breathing is one factor that 
limits exercise in such patients. Increased O2 consumption by 
the respiratory muscles may also contribute to the failure to 
wean patients from mechanical ventilation.17 Intubation and 
mechanical ventilation in cases of shock may be indicated to 
decrease the excess O2 consumption of the respiratory muscles 
and preserve the limited O2 delivery (DO2) for other vital body 
organs.

DISTRIBUTION OF VENTILATION

Neither ventilation nor perfusion is distributed evenly in healthy 
lungs, resulting in uneven ventilation-perfusion ( � �V/Q) ratio 

FIGURE 11-14	 Relationship	of	oxygen	cost	of	breathing	to	minute	ventilation	during	maximum	exercise	for	a	healthy	person	and	for	a	
patient	with	emphysema.	O2	consumption	( �VO2)	of	the	respiratory	muscles	is	minimal	at	levels	of	ventilation	up	to	approximately	100	L/min	
in	normal	persons.	The	metabolic	demand	is	significantly	higher	in	obstructive	lung	disease	(e.g.,	emphysema),	even	at	low	and	moderate	
levels	of	ventilation.	

0
0

100

200

60 120

VE (L/min)

Normal

Emphysema

Vo2 of
respiratory
muscles
(ml/min)

•

•

MINI CLINI
Oxygen Cost of Breathing During 
Weaning from Mechanical Ventilation

PROBLEM:  During weaning from mechanical ventilation, O2 
cost of breathing may predict weaning failure. How can you 
simply detect O2 cost of breathing at the bedside?

DISCUSSION:  O2 cost of breathing is the difference in O2 
consumption ( �VO2) between unassisted breathing and passive 
assisted breathing during mechanical ventilation. Although O2 
consumption requires complicated equipment (indirect calo-
rimetry or metabolic cart), simply looking at the mixed venous 
O2 saturation (SvO2) before and after initiation of weaning may 
be a good surrogate for O2 cost of breathing. If the SvO2 was 
75% (normal) before initiation of weaning, and after 30 
minutes of spontaneous breathing trial the value is 60% 
without other reason for increased O2 consumption, it is fair 
to assume that the O2 cost of breathing has increased signifi-
cantly, and failure of weaning or extubation is possible. 
However, remember that a drop in SvO2 also may point toward 
cardiac dysfunction, clinical examination may help clarify this 
as the cause.

(0.8). Regional and local factors account for this unevenness in 
the distribution of ventilation. Uneven ventilation helps explain 
why the lung is imperfect for gas exchange. In disease, the dis-
tribution of ventilation can worsen dramatically. The resulting 
deficiencies in gas exchange can be life-threatening. The mald-
istribution of ventilation in disease represents a primary cause 
of impaired O2 and CO2 exchange.
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related to the pleural pressure. Pleural pressure represents the 
pressure on the outer surface of the lung. Its effect lessens 
toward more centrally located alveoli. Changes in the transpul-
monary pressure gradient are greatest in peripheral alveoli (i.e., 
near the surface of the lung). The changes are least in the alveoli 
of the central zones. Peripheral alveoli expand proportionately 
more than their more central counterparts.

Top-to-bottom differences in pleural pressure have an even 
greater effect on the distribution of ventilation, especially in the 
upright lung.3 Pleural pressure increases by approximately 
0.25 cm H2O for each 1 cm, from the lung apex to its base for 
the average-sized adult lung. This increase in pressure results 
from the weight of the lung itself and the effect of gravity. In 
an adult-sized lung (approximately 30 cm from apex to base), 
pleural pressure at the apex is approximately −10 cm H2O. At 
the base, pleural pressure is only approximately −2.5 cm H2O. 
Because of these differences, the transpulmonary pressure gra-
dient at the top of the upright lung is greater than it is at the 
bottom. As a result, alveoli at the apexes have a larger resting 
volume than do alveoli at the bases.

Because of their larger volume, alveoli at the apexes expand 
less during inspiration than alveoli at the bases. Apical alveoli 
rest on the upper portion of the lung’s pressure-volume curve 
(Figure 11-15). This part of the curve is relatively flat. Each unit 

MINI CLINI
Altering Patient Position to  
Improve Oxygenation

Altering patient position can improve oxygenation in some 
pulmonary diseases.18

PROBLEM:  In patients with severe pulmonary disease 
causing hypoxemia, how can altering body position improve 
such hypoxemia?

DISCUSSION:  In patients with unilateral lung disease (e.g., 
pneumonia), having the patient lie on his or her side with the 
good lung down may improve hypoxemia by altering the 
gravity-dependent ventilation distribution and the gravity-
dependent perfusion distribution. Similarly in patients with 
severe bilateral pulmonary disease (e.g., acute respiratory dis-
tress syndrome [ARDS]), placing the patient in the prone posi-
tion alters the ventilation and the perfusion, favoring the 
anterior areas of the lungs and improving the hypoxemia.

	

RULE OF THUMB

Gravity,	to	a	large	extent,	determines	where	ventilation	
goes	in	the	lungs.	In	an	upright	lung,	the	weight	of	the	
lung	tissues	causes	alveoli	at	the	bases	to	be	smaller	
but	more	easily	distended.	Alveoli	at	the	top	of	the	lung	
are	larger	but	distend	less	easily.	Gravity	also	causes	
most	blood	flow	through	pulmonary	capillaries	to	go	to	
the	bases.	The	pressure-volume	characteristics	of	the	
upright	lung	direct	most	ventilation	to	these	dependent	
portions,	matching	ventilation	and	blood	flow	to	
promote	gas	exchange.	This	phenomenon	can	be	
useful	clinically	when	localized	lesions	(e.g.,	lobar	
pneumonia)	cause	 � �V/Q	perfusion	abnormalities.

Regional Factors Affecting Distribution

Two factors interact with the effects of gravity to affect regional 
distribution of gas in the healthy lung: (1) relative differences 
in thoracic expansion and (2) regional transpulmonary pres-
sure gradients. In upright individuals, these factors direct more 
ventilation to the bases and periphery of the lungs than to the 
apexes and central zones.

Differences in Thoracic Expansion
The conical configuration of the thorax and the action of the 
respiratory muscles cause proportionately greater expansion at 
the lung bases than at the apexes. Expansion of the lower chest 
is approximately 50% greater than expansion of the upper 
chest.16 The action of the normal diaphragm preferentially 
inflates the lower lobes of the lung.

Transpulmonary Pressure Gradients
The transpulmonary pressure gradient is not uniform through-
out the thorax. It varies substantially within the lung and from 
the top to the bottom of the lung. At a given level of alveolar 
inflation, the transpulmonary pressure gradient is directly 

FIGURE 11-15	 Causes	of	regional	differences	in	ventilation	from	
the	apex	to	the	base	of	an	upright	lung.	Because	of	the	weight	of	
the	lung	and	the	influence	of	gravity,	intrapleural	pressure	at	the	
apex	is	more	negative	(sub-atmospheric)	than	at	the	base.	Alveoli	at	
the	apex	are	maintained	at	a	higher	resting	inflation	volume	than	are	
further	at	the	base.	However,	alveoli	at	the	apex	reside	on	the	
flatter	upper	portion	of	the	pressure-volume	curve.	Alveoli	at	the	
base	are	positioned	on	the	lower,	steeper	portion.	For	an	equal	
change	in	intrapleural	pressure,	alveoli	at	the	base	expand	more	
during	inspiration	than	alveoli	at	the	apex.	This	causes	more	
ventilation	to	go	to	the	bases	in	the	upright	lung.	(Modified	from	
West	JB:	Respiratory	physiology:	the	essentials,	ed	7,	Baltimore,	
2005,	Williams	&	Wilkins.)
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constant, lung volume changes by 63%. After two time con-
stants, lung volume has changed 86%; after three time con-
stants, it has changed 95%.

Time constants affect local distribution of ventilation within 
the lung. Areas having different time constants will have  
different volumes and pressures. Furthermore, the effects of 
unequal time constants within the lung are different for volume 
control ventilation (with constant inspiratory flow) compared 
with pressure-controlled ventilation (with constant inspiratory 
pressure).19

of pressure change causes only a small change in volume. Alveoli 
at the lung bases are positioned on the steeper middle portion 
of the pressure-volume curve. For each unit of pressure change, 
there is a larger change in volume (greater compliance). For a 
given transpulmonary pressure gradient, alveoli at the bases 
expand more than alveoli at the apexes. The bases of the upright 
lung receive approximately four times as much ventilation as 
the apexes.

These gravity-dependent differences also are observed in 
individuals lying down. The magnitude of the differences is less 
than in the upright lung because the top-to-bottom distance is 
less. Ventilation is still greatest in the dependent zones of the 
lung. In recumbent persons, the posterior regions are depen-
dent. Lying on the side causes more ventilation to go to which-
ever lung is lower. This gravity dependence can be exploited to 
direct ventilation toward healthy lung segments or away from 
diseased segments by appropriate positioning of the patient.

Local Factors Affecting Distribution

Alveolar filling and emptying are affected by local factors. Indi-
vidual respiratory units and their associated airways may differ 
from each other. These local factors contribute to uneven ven-
tilation in healthy lungs. Their influence on gas distribution 
becomes particularly important in disease.

Each respiratory unit has an elastic element, the alveolus, and 
a resistive element, the airway. Change in alveolar volume and 
the time required for the change to occur depend on the com-
pliance and resistance of each respiratory unit.3 In terms of 
compliance, the more distensible the lung unit, the greater is 
the volume change at a given transpulmonary pressure. Lung 
units with high compliance have less elastic recoil than normal. 
These units fill and empty more slowly than normal units. Lung 
units with low compliance (high elastic recoil) increase their 
volume less. They fill and empty faster than normal. Alveolar 
surfactant helps to stabilize alveoli of different sizes and even 
out the filling and emptying times.

Airway resistance also affects emptying and filling. The size 
of the airway influences how much driving pressure reaches 
distal lung units. In healthy airways, the pressure decrease 
between the airway opening (i.e., the mouth) and the alveolus 
is minimal. Most of the driving pressure is available for alveolar 
inflation. If the airway is obstructed, high resistance to gas flow 
can occur in a local area. The pressure decrease across the 
obstruction may be substantial. Less driving pressure is avail-
able for alveolar inflation; there is less alveolar volume change.

Time Constants
Compliance and resistance determine local rates of alveolar 
filling and emptying. The time constant helps us understand 
these rates. The time constant is calculated as the product of 
resistance and compliance and is expressed in units of time 
(usually seconds). It is referred to as a “constant” because for 
any value of resistance and compliance, the time constant 
always equals the time necessary for the lungs to fill or empty 
by 63% in response to a sudden change in driving pressure.  
For unit of inspiratory or expiratory time equal to the time 

	

RULE OF THUMB

Understanding	of	the	time	constant	is	essential	when	
setting	mechanical	ventilators	(discussed	later	in	this	
text).	In	pressure	control	modes,	inspiratory	time	must	
be	at	least	three	time	constants	long	to	deliver	95%	of	
the	volume	that	is	possible	with	the	given	pressure	
settings	and	lung	mechanics.	For	any	mode,	expiratory	
time	must	be	set	to	at	least	three	time	constants	for	
the	lungs	to	empty	passively	to	95%	(i.e.,	5%	of	
inspired	volume	still	remains).	A	lung	unit	has	a	long	
time	constant	if	resistance	or	compliance	is	high.	Units	
with	long	time	constants	take	longer	to	fill	and	to	empty	
than	units	with	normal	compliance	and	resistance.	Lung	
units	have	a	short	time	constant	when	resistance	or	
compliance	is	low.	Lung	units	with	short	time	constants	
fill	and	empty	more	rapidly	than	lung	units	with	normal	
compliance	and	resistance	(see	Figure	11-16).

Frequency Dependence of Compliance
Variations in time constants can affect ventilation throughout 
the lung. Abnormal ventilation is characteristic of obstruction 
in the small airways. This type of obstruction occurs in emphy-
sema, asthma, and chronic bronchitis.20 The time constants of 
many lung units are increased in obstructive lung disease. These 
long time constants are mainly caused by increased resistance 
to flow in the small airways. Loss of normal tissue elastic recoil, 
such as in emphysema, also contributes to slowed filling and 
emptying.

At increased breathing rates, units with long time constants 
fill less and empty more slowly than units with normal compli-
ance and resistance. Increasingly more inspired gas goes to lung 
units with relatively normal time constants. When more inspired 
volume goes to a smaller number of lung units, higher trans-
pulmonary pressures must be generated to maintain alveolar 
ventilation. Compliance of the lung seems to decrease as breath-
ing frequency increases. This phenomenon is called frequency 
dependence of compliance.5 If dynamic compliance decreases as 
the respiratory rate increases, some lung units must have abnor-
mal time constants. Any stimulus to increase ventilation, such 
as exercise, may redistribute inspired gas. Mismatching of ven-
tilation and perfusion can result in hypoxemia, severely limiting 
an individual’s ability to perform daily activities.

Abnormal time constants in lung units and frequency depen-
dence of compliance can have significant effects on patients 
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MINI CLINI
Breathlessness and Dynamic 
Hyperinflation in Obstructive  
Airway Disease

PROBLEM:  Patients who have obstructive airway disease 
often complain of breathlessness (dyspnea). This breathlessness 
cannot be easily predicted from simple tests of lung function. 
Some patients with mild obstruction have debilitating dyspnea, 
whereas other patients with severe obstruction often have little 
sensation of breathlessness. Why does expiratory flow limita-
tion cause dyspnea of varying degrees in patients who have 
obstructive lung disease?

DISCUSSION:  Dynamic hyperinflation is an acute increase in 
the end-expiratory lung volume (EELV) as a result of insuffi-
cient expiratory time. This increase in EELV occurs because the 
rate of lung emptying, which is determined by the time con-
stant, is prolonged while the expiratory time is shortened by 
the increase in ventilatory frequency. As a result, the inspiratory 
capacity decreases. Breathing at higher EELV increases the 
loading on the respiratory muscles and restricts the normal VT 
expansion during exercise. There is a strong correlation between 
the sensation of dyspnea and the EELV. Patients with obstruc-
tive lung disease describe the sensation of dyspnea differently 
than normal exercising persons. Terms such as “difficulty 
inspiring” and “can’t get the air in” are commonly used to 
identify the breathlessness associated with airflow limitation. 
These specific sensations suggest that patients with airway 
obstruction receive discordant sensory information from the 
receptors in the lungs and chest wall. The intensity of these 
sensations depends on the degree of dynamic hyperinflation 
that occurs. The use of bronchodilators and lung volume 
reduction surgery both relieve dyspnea by “deflating” the lungs 
and reducing hyperinflation. Both therapies improve dynamic 
airway function by improving lung emptying (more normal 
time constants). Patients are able to achieve the required ven-
tilation at a lower operating lung volume with a lower O2 cost 
of breathing.

FIGURE 11-16	 Graph	illustrates	the	effect	of	the	time	constant	
on	volume	change	in	the	lungs	during	passive	ventilation	with	
constant	inspiratory	pressure.	The	time	constant	for	a	ventilated	
patient	with	acute	respiratory	distress	syndrome	(ARDS)	is	short	(in	
this	example,	0.26	second)	owing	to	normal	resistance	but	low	
compliance.	A	person	with	normal	lungs	has	a	longer	time	constant	
(e.g.,	0.65	second)	owing	to	normal	resistance	and	normal	
compliance.	A	patient	with	chronic	obstructive	pulmonary	disease	
(COPD)	has	the	longest	time	constant	(e.g.,	2.13	seconds)	owing	to	
high	resistance	and	high	compliance.	The	horizontal	axis	shows	the	
expiratory	time,	and	the	vertical	axis	shows	the	percent	of	the	VT	
that	remains	at	each	moment.	The	curve	representing	the	COPD	
time	constant	indicates	significant	gas	trapping	even	after	an	
expiratory	time	of	5	seconds.	
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requiring mechanical ventilation. When ventilation is con-
trolled in terms of volume or inspiratory-expiratory times, 
dynamic hyperinflation (air trapping) can result. Lung volume 
can increase with mechanical ventilation in a manner similar  
to that occurring during exercise. Increased ventilation (i.e., 
breathing rates, flows, or both) exaggerates the differences 
between lung units with long or short time constants.

EFFICIENCY AND EFFECTIVENESS  
OF VENTILATION

To be effective, ventilation must meet the body’s needs for O2 
uptake and CO2 removal. To be efficient, ventilation should 
consume little O2 and should produce the minimum amount 
of CO2.

Efficiency

Even in healthy lungs, ventilation is not entirely efficient. A 
substantial volume of inspired gas is wasted with each breath; 
this wasted ventilation is referred to as dead space. Gases must 
move in and out through the same airways leading to the gas-
exchange units (alveoli). For each inspiration, the gas left in the 
conducting airways (anatomic dead space) does not participate 

in gas exchange and is, in effect, wasted. Alveoli that are venti-
lated but have no perfusion contribute what is called alveolar 
dead space. The sum of anatomic and alveolar dead space is 
called physiologic dead space. The relationship between VT, dead 
space volume (VD), and alveolar volume (VA) is expressed as:

V V VT A D= +

Because only alveolar volume participates in gas exchange, 
this equation shows that the larger the dead space, the less effi-
cient the VT would be in eliminating CO2. That is, if efficiency 
is defined as output/input, CO2 output would be less for a given 
input VT as dead space increases.

Minute Ventilation
Ventilation is usually expressed in liters per minute of fresh  
gas entering the lungs. The total volume moving in or out of 
the lungs per minute is called minute ventilation. Minute 
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tion to their perfusion (high � �V/Q ratios). These alveoli also 
contribute to the inefficiency of ventilation because ventilation 
in excess of what is needed to arterialize the blood in an alveolus 
is wasted.

The volume of gas ventilating unperfused alveoli is called 
alveolar dead space, or VD alv. VD alv is usually related to defects 
in the pulmonary circulation. A common clinical example of 
such a defect is a pulmonary embolism. A pulmonary embolus 
blocks a portion of the pulmonary circulation; this obstructs 
perfusion to ventilated alveoli, creating alveolar dead space. 
Alveolar dead space occurs in addition to the anatomic dead 
space. In a normal upright person at rest, alveoli at the apexes 
of the lungs have minimal or no perfusion and contribute to 
the total volume of dead space ventilation.

Physiologic Dead Space
The sum of anatomic and alveolar dead space is called physi-
ologic dead space (VD phy):

V V VD phy D anat D alv= +

The total volume of wasted ventilation, or physiologic dead 
space, equals the sum of the conducting airways and the alveoli 
that are ventilated but not perfused (Figure 11-17).

Physiologic dead space includes both the normal and the 
abnormal components of wasted ventilation. VD phy is the pre-
ferred clinical measure of ventilation efficiency. Measuring  
VD phy more accurately assesses alveolar ventilation:

�V f V VA B T D phys= −( )

or

� � �V VT VA E D phys= −

Physiologic dead space is measured clinically by using a modi-
fied form of the Bohr equation (see later).

The common estimation of VD phy based on body weight goes 
back to a study published in 1955.21 More recent research has 
shown poor agreement between an individual patient’s mea-
sured dead space and dead space estimated by this and other 
“rule of thumb” equations.22 The dead space to tidal volume 
ratio (VD/VT) can be more accurately estimated for mechani-
cally ventilated adult patients using more data available at the 
bedside23:

V V PaCO P CO
RR age

D T ET= + −
+ +
0 32 0 0106

0 003 0 0015
2 2. . ( )

. ( ) . ( )

where PaCO2 is arterial O2 tension (mm Hg), PETCO2 is end-
tidal CO2 tension (mm Hg), RR is respiratory rate (breaths/
min), and age is in years.

Ratio of Dead Space to Tidal Volume
In clinical practice, VD phy is often expressed as a ratio to VT. This 
ratio (VD/VT) provides an index of the wasted ventilation (ana-
tomic plus alveolar dead space) per breath. Measurement of the 
VD/VT ratio requires measurement (or estimation) of the arte-
rial CO2 (PaCO2) and the mixed expired CO2 (PE − CO2). PaCO2 
is usually measured by obtaining an arterial blood gas specimen 

ventilation (exhaled) is denoted by �VE, which is calculated as 
the product of frequency of breathing (fB) times the expired 
tidal volume (VT):

�V f VE B T= ×

For a healthy adult breathing 12 breaths/min and having a VT 
of 500 ml:

�V
breaths ml

breath
ml LE = 



 × 



 = =12 500 6000 6

min
min min

Minute ventilation is normally driven by the production of 
CO2 and depends on the size of the person and his or her meta-
bolic rate. Minute ventilation values range from 5 to 10 L/min 
in healthy adults at rest.

Alveolar Ventilation
The efficiency of ventilation depends on the volume of fresh gas 
reaching the alveoli (VA):

V V VA T D= −

Alveolar ventilation, �VA, is the product of breathing fre-
quency (fB) and alveolar volume per breath (VA):

�V f VE B A= ×

In a healthy adult with a respiratory rate of 12, VT of 500 ml, 
and dead space (VD) of 150 ml, alveolar ventilation is calculated 
as follows:

�V
breaths ml

breath

ml

breath

m

A = 



 × −





=

12 500 150

4200

min

ll Lmin . min= 4 2

Compare this volume with that described for minute ventila-
tion. �VA is always less than �VE because of the effect of dead 
space.

Anatomic Dead Space
The volume of the conducting airways (including the naso-
pharynx and oropharynx) is called the anatomic dead space, or 
VD anat. VD anat averages approximately 1 ml/lb of ideal body 
weight (2.2 ml/kg). For a person who weighs 150 lb (68 kg), VD 

anat is approximately 150 ml. VD anat does not participate in gas 
exchange because it is rebreathed. During exhalation of a 
500-ml tidal breath, the first 150 ml of gas exhaled comes from 
the VD anat. The remaining 350 ml is alveolar gas. At the end of 
exhalation, the airways contain 150 ml of alveolar gas. During 
the next inhalation, this 150-ml volume is rebreathed. Only 
approximately 350 ml of fresh gas reaches the alveoli per 
breath.

Alveolar Dead Space
In addition to the ventilation wasted on the conducting airways, 
some alveoli may not participate in gas exchange. These alveoli 
are ventilated but not perfused with mixed venous blood. 
Without perfusion, gas exchange cannot occur. Any gas that 
ventilates alveoli with no blood flow (unperfused) is also wasted 
(dead space effect). Some alveoli have ventilation out of propor-
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physiologic dead space is approximately one-third of the VT, 
with a normal range of 0.2 to 0.4. The VD/VT ratio normally 
decreases with exercise. Both VT and VD increase with increased 
ventilation during exertion, but the VT normally increases to a 
greater degree; the ratio decreases (in healthy persons). VD/VT 
increases with diseases that cause significant dead space, such 
as pulmonary embolism.

Table 11-4 lists the effects of changes in the parameters that 
determine alveolar ventilation ( �VA). In healthy individuals, 
�VA changes with breathing rate and VT because dead space 
is relatively fixed. High respiratory rate and low VT result in a 
high proportion of wasted ventilation per minute (low �VA). 
Generally, the most efficient breathing pattern is slow, deep 
breathing.

In pulmonary disease, increased VD phy causes a decrease in 
�VA, unless compensation occurs. An increased breathing rate by 
itself worsens the problem. Effective compensation for increased 
VD phy requires an increased VT. Elevating VT increases the elastic 
work of breathing; however, this increases O2 consumption 
by the respiratory muscles. In some patients, these increased 

but can be estimated from an end-tidal gas sample (PETCO2). PE 
− CO2 may be collected in a sampling bag or balloon or esti-
mated by means of capnography. The ratio is calculated using 
a modified form of the Bohr equation, which assumes that there 
is no CO2 in inspired gas:

V V P CO P CO P COD T a E a≈ −( )2 2 2

where PaCO2 is arterial CO2 tension and P COE 2 is the average 
CO2 tension in exhaled gas.

In a normal adult who has a PaCO2 of 40 mm Hg and an 
average expired (mixed expired) CO2 of 28 mm Hg,

V VD T = − =( ) .40 28 40 0 30

The equation indicates that the normal dead space ratio is 
approximately 30%. This equation assumes that all of the CO2 
in expired gas comes from ventilated alveoli. If all lung units 
contributed CO2 equally to the expired gas and there was no 
anatomic dead space, PECO2 would equal PaCO2, and the VD/
VT ratio would be zero. Because of anatomic and alveolar dead 
space, the PECO2 is always less than PaCO2. In a healthy adult, 

FIGURE 11-17	 Three	types	of	dead	space.	Anatomic	dead	space	is	composed	of	the	conducting	tubes	leading	to	both	alveoli.	Left,	
Alveolus	is	normally	perfused	and	ventilated.	Right,	Alveolus	is	ventilated	but	not	perfused.	The	volume	represents	alveolar	dead	space.	
Physiologic	dead	space	is	the	sum	of	the	two	components.	
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TABLE 11-4 

Changes in Alveolar Ventilation Associated with Changes in Rate, Volume, and Physiologic Dead Space

Ventilatory Pattern Rate of Breathing 
(breaths/min)

Tidal Volume 
(ml)

Minute Ventilation 
(ml)

Physiologic Dead 
Space (ml)

Alveolar Ventilation 
(ml)

Normal 12 500 6000 150 4200
High	rate,	low	volume 24 250 6000 150 2400
Low	rate,	high	volume 6 1000 6000 150 5100
Increased	dead	space 12 500 6000 300 2400
Compensation	for	increased	dead	space 12 650 7800 300 4200
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where PACO2 is alveolar CO2 tension, �VCO2 is CO2 production), 
�VA  is alveolar ventilation, PB is barometric pressure, PH O2  is the 

water vapor tension in the alveoli, and PaCO2 is arterial CO2 
tension.

Alveolar and arterial partial pressures of CO2 are normally 
in equilibrium at approximately 40 mm Hg. If �VA  decreases, 
�VCO2 exceeds the rate at which the lungs are removing it. The 
PaCO2 increases to greater than its normal value of 40 mm Hg, 
and the arterial pH level decreases. Ventilation that does not 
meet metabolic needs (resulting in respiratory acidosis) is 
termed hypoventilation. Hypoventilation is indicated by the 
presence of an elevated PaCO2 and a pH level below the normal 
range (7.35 to 7.45).

If alveolar ventilation increases, the lungs may remove CO2 
faster than it is being produced. In this case, PaCO2 decreases to 
less than its normal value of 40 mm Hg, and pH increases (i.e., 
respiratory alkalosis). Ventilation that exceeds metabolic needs 
is termed hyperventilation. Hyperventilation is indicated by a 
lower than normal PaCO2 and a pH above the normal range.

Hyperventilation is often confused with the increased venti-
lation that occurs in response to increased metabolism. The 
changes observed during low or moderate levels of exercise are 
an example. Ventilation increases in proportion to the increased 
�VCO2 from exercise. The PaCO2 remains in the normal range 
of 35 to 45 mm Hg, and the pH level remains near 7.4. The 
increase in ventilation that occurs with increased metabolic 
rates is termed hyperpnea.

Effectiveness of ventilation is determined by the partial pres-
sure of CO2 and the resulting pH, specifically in arterial blood. 
Ventilation is effective when the PaCO2 is maintained at a level 
that keeps the pH within normal limits.

MINI CLINI
Minute Ventilation, Dead Space,  
and PaCO2

PROBLEM:  A patient breathing at a rate of 12 breaths/min 
has a VT of 600 ml and a measured physiologic dead space (VD 

phy) of 200 ml. This ventilatory pattern produces a PaCO2 of 
40 mm Hg with a pH of 7.39. Several hours later, the patient 
has a breathing rate of 24 breaths/min, but the minute ventila-
tion ( �VE) has remained the same as before. Arterial blood 
gas analysis reveals a PaCO2 of 72 mm Hg with a pH of 7.20. 
Why has the PaCO2 increased even though the �VE remained 
constant?

DISCUSSION:  The initial �VE and alveolar ventilation ( �VA) 
were as follows:

�V
ml

E = ×
=

600 12

7200 min
�V

ml

A = − ×
=

( )

min

600 200 12

4800

The �VA of 4800 ml/min was responsible for maintaining a 
PaCO2 of 40 mm Hg. When respiratory rate increased to 24 
breaths/min and �VE remained at 7200 ml/min, VT must have 
decreased:

�V
ml

T = ÷
=

7200 24

300

However, if dead space remained at 200 ml, �VA subsequently 
decreased:

�V
ml

A = − ×
=

( )

min

300 200 24

2400

The reduction from 4800 ml/min to 2400 ml/min explains 
the increase in PaCO2 from 40 to 72 mm Hg. PaCO2 is inversely 
proportional to �VA. Because �VA was reduced by half, PaCO2 
should have doubled. This approximates the data actually 
observed. Normally, increased CO2 tension in the blood result-
ing in acidemia causes an increase in �VA. This patient, although 
tachypneic, is hypoventilating.

demands cannot be met. In such cases, �VA may be inadequate 
to meet body needs, and CO2 is not removed as rapidly as it is 
produced. CO2 retention causes respiratory acidosis, often 
requiring mechanical support of ventilation.

Effectiveness

Ventilation is effective when it removes CO2 at a rate that main-
tains a normal pH. Under resting metabolic conditions, a 
healthy adult produces approximately 200 ml of CO2 per 
minute. Alveolar ventilation must match CO2 production per 
minute to ensure acid-base balance.

The equilibrium between CO2 production ( �VCO2) and �VA 
determines the PCO2 in the lungs and arterial blood. This 
balance also plays a key role in determining the pH of arterial 
blood. The partial pressure of CO2 in the alveoli and blood is 
directly proportional to its production ( �VCO2) and inversely 
proportional to its rate of removal by alveolar ventilation:

SUMMARY CHECKLIST

◗	Ventilation	occurs	because	of	pressure	differences	across	
the	lung	during	breathing.	Gas	flows	into	the	lung	when	
the	diaphragm	creates	a	sub-atmospheric	pressure	in	the	
lung;	gas	flows	out	of	the	lung	when	the	recoil	properties	
of	the	lung	create	a	slight	positive	pressure.

◗	The	forces	that	oppose	lung	inflation	may	be	grouped	into	
two	categories:	elastic	forces	and	frictional	forces.

◗	Resting	lung	volume	is	determined	by	the	opposing	elastic	
forces	of	the	lungs	and	chest	wall.

◗	Frictional	forces	opposing	ventilation	include	airway	and	
tissue	resistance.

◗	Airway	resistance	accounts	for	80%	of	the	frictional	
resistance	to	ventilation	in	a	healthy	adult	lung.

◗	Exhalation	is	normally	passive	but	may	become	active	
when	airway	resistance	is	abnormally	high.

◗	The	work	of	breathing	is	performed	by	the	muscles	of	
breathing.

◗	Obstructive	lung	disease	increases	the	frictional	work	of	
breathing,	whereas	restrictive	lung	disease	increases	the	
elastic	work	of	breathing.
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◗	Respiratory	muscle	fatigue	causes	a	decrease	in	the	tidal	
volume	and	an	increase	in	the	respiratory	rate.

◗	Even	a	healthy	lung	does	not	distribute	ventilation	evenly	
throughout	the	lungs;	greater	ventilation	normally	occurs	in	
the	bases.

◗	The	total	volume	of	gas	moving	in	and	out	of	the	lungs	
each	minute	is	called	the	minute volume or minute 
ventilation.	It	is	determined	by	multiplying	the	VT	times	the	
breathing	frequency.

◗	Homeostasis	is	present	when	the	alveolar	ventilation	
matches	CO2	production.

◗	The	portion	of	the	VT	that	does	not	come	into	contact	with	
pulmonary	blood	flow	is	called	dead space ventilation.

◗	Normally	approximately	30%	of	the	VT	is	dead	space.	
Most	of	this	is	called	anatomic dead space	because	it	is	
made	up	of	the	larger	airways	that	serve	to	conduct	gas	
to	the	alveolar	sacs.

◗	Alveoli	that	are	ventilated	but	have	no	blood	perfusion	are	
called	alveolar dead space.	Normally,	alveolar	dead	space	
is	minimal.

◗	The	combination	of	anatomic	and	alveolar	dead	space	is	
called	physiologic dead space.
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C H A P T E R   12 

Gas Exchange and Transport

ZAZA COHEN

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	how	oxygen	and	carbon	dioxide	move	between	the	atmosphere	and	tissues.
◆	 Identify	what	determines	alveolar	oxygen	and	carbon	dioxide	pressures.
◆	 Calculate	the	alveolar	partial	pressure	of	oxygen	at	any	given	barometric	pressure	and	fraction	of	inspired	

oxygen.
◆	 State	the	effects	that	normal	regional	variations	in	ventilation	and	perfusion	have	on	gas	exchange.
◆	 Describe	how	to	compute	total	oxygen	content	for	arterial	blood.
◆	 State	the	factors	that	cause	the	arteriovenous	oxygen	content	difference	to	change.
◆	 Identify	the	factors	that	affect	oxygen	loading	and	unloading	from	hemoglobin.
◆	 Describe	how	carbon	dioxide	is	carried	in	the	blood.
◆	 Describe	how	oxygen	and	carbon	dioxide	transport	are	interrelated.
◆	 Describe	the	factors	that	impair	oxygen	delivery	to	the	tissues	and	how	to	distinguish	among	them.
◆	 State	the	factors	that	impair	carbon	dioxide	removal.

CHAPTER OUTLINE

Diffusion
Whole-Body	Diffusion	Gradients
Determinants	of	Alveolar	Gas	Tensions
Mechanism	of	Diffusion
Systemic	Diffusion	Gradients

Variations from Ideal Gas Exchange
Anatomic	Shunts
Ventilation-Perfusion	Ratio

Oxygen Transport
Chemically	Combined	Oxygen	(Oxyhemoglobin)
Total	Oxygen	Content	of	the	Blood

Normal	Loading	and	Unloading	of	Oxygen	
(Arteriovenous	Differences)

Factors	Affecting	Oxygen	Loading	and	Unloading
Measurement	of	Hemoglobin	Affinity	for	Oxygen

Carbon Dioxide Transport
Transport	Mechanisms
Carbon	Dioxide	Dissociation	Curve

Abnormalities of Gas Exchange and Transport
Impaired	Oxygen	Delivery
Dysoxia
Impaired	Carbon	Dioxide	Removal

KEY TERMS

acute	chest	syndrome
alveolar	dead	space
alveolar	shunts
Bohr	effect
carboxyhemoglobin	(HbCO)
dead	space
dysoxia
fetal	hemoglobin	(HbF)

Fick	equation
Fick’s	first	law	of	diffusion
Haldane	effect
Hamburger	phenomenon
hypoxemia
hypoxia
methemoglobin

methemoglobinemia
oxyhemoglobin
P50

right-to-left	anatomic	shunts
sickle	cell	hemoglobin
venous	admixture
ventilation/perfusion	ratio	( � �V/Q)
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Determinants of Alveolar Gas Tensions

Alveolar Carbon Dioxide
The alveolar partial pressure of CO2 (PACO2) varies directly with 
the body’s production of CO2 ( �VCO2) and inversely with alveo-
lar ventilation ( �VA). The relationship is expressed by the follow-
ing formula:

P CO K
V

V
A

CO

A
2

2= ×
�
�

where:
PACO2 = Alveolar CO2 tension (mm Hg)
�VCO2 = CO2 production (in ml/min standard temperature 

and pressure, dry [STPD])
�VA = Alveolar ventilation (L/min body temperature and 

pressure, saturated [BTPS])
Because �VCO2 and �VA are measured under different conditions 
(STPD and BTPS, respectively), a correction factor of K is used. 
When conventional units are used for �VCO2 (ml/min), and �VA 
(L/min), K = 0.863.

As an example, given �VCO2 of 200 ml/min and alveolar ven-
tilation of 4.315 L/min, application of this formula yields a 
PACO2 of approximately 40 mm Hg:

P CO

mm Hg

A 2 0 863 200 4 315

40

= × ÷
=

. .

( )

PACO2 increases above this level if CO2 production increases 
while alveolar ventilation remains constant or if alveolar venti-
lation decreases while �VCO2 remains constant. An increase 
in dead space, the portion of inspired air that is exhaled 
without being exposed to perfused alveoli, also can lead to an 
increased PACO2:

�V f V VA D D= × −( )

where:
�VA = Alveolar ventilation (L/min)
VT = Tidal volume (L)

R espiration is the process of getting oxygen into the 
body for tissue use and removing carbon dioxide into 
the atmosphere. This complex process involves both 

gas exchange (at the lungs and at the cellular level) and trans-
port of the gases. O2 must be moved into the lungs, where it 
diffuses into the pulmonary circulation and is transported in 
the blood to the tissues. CO2 builds up in the tissues because of 
metabolism and diffuses into the capillary blood before being 
carried to the lung for exchange with alveolar gases. Normally, 
these processes are well integrated. However, in disease states, 
impaired gas exchange or transport can cause physiologic 
imbalances, which can alter function or threaten survival. At 
such times, respiratory care intervention may be the only way 
to maintain or restore a level of function consistent with life. 
This chapter provides the background knowledge that respira-
tory therapists (RTs) need to understand and treat patients 
with diseases that affect gas exchange.

DIFFUSION

Whole-Body Diffusion Gradients

Gas movement between the lungs and tissues occurs via simple 
diffusion (see Chapters 6 and 9). Figure 12-1 shows the normal 
diffusion gradients for O2 and CO2. For O2, there is a stepwise 
downward “cascade” of partial pressures from the normal at-
mospheric inspired partial pressure of O2 (PiO2) of 159 mm Hg 
to a low point of 40 mm Hg or less in the capillaries. The in-
tracellular PO2 (approximately 5 mm Hg) provides the final 
gradient for O2 diffusion into the cell.

The diffusion gradient for CO2 is the opposite of the diffu-
sion gradient for O2. The partial pressure of CO2 (PCO2) is 
highest in the cells (approximately 60 mm Hg) and lowest in 
room air (1 mm Hg). This reverse cascade causes CO2 move-
ment from the tissues into the venous blood, which is trans-
ported to the lungs and—with the aid of ventilation—out to 
the atmosphere.1

FIGURE 12-1	 Normal	diffusion	gradients	for	O2	and	CO2.	There	is	a	downward	cascade	for	O2	from	air	to	cells,	with	a	reverse	gradient	
for	CO2.	
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MINI CLINI
Alveolar-Arterial PO2 Difference and 
P/F Ratio

Not all of the O2 from the alveoli gets into the blood. Why this 
occurs is discussed later in this chapter. This Mini Clini consid-
ers how the efficiency of O2 transfer from the alveoli to the 
blood can be computed.

Several bedside computations can be used to estimate the 
efficiency of pulmonary O2 transfer. The most common com-
putation is the difference between the alveolar and arterial PO2, 
called the A–a gradient (DA–aO2). Normally, this difference is 
small—only 5 to 10 mm Hg. The reason for this slight differ-
ence in normal individuals is discussed later in this chapter. An 
increase in A–a gradient is often indicator of pulmonary paren-
chymal disease.

Another common bedside computation is the ratio of PaO2 
to FiO2, sometimes simplified to P/F (pronounced “PF”) ratio. 
The P/F ratio has units of millimeters of mercury (because PaO2 
has units of millimeters of mercury and FiO2 is dimensionless). 
It is frequently used for ventilated patients as a measure of 
oxygenation abnormality and is one of the main criteria for 
diagnosing acute respiratory distress syndrome (ARDS). Mild 
ARDS is associated with a P/F ratio greater than 200 mm Hg 
and up to 300 mm Hg. Moderate ARDS is associated with a 
P/F ratio greater than 100 mm Hg and up to 200 mm Hg. 
Severe ARDS is associated with a P/F ratio of 100 mm Hg or 
less.

PROBLEM:  Compute and interpret the DA–aO2 and P/F 
ratio for a 45-year-old woman breathing 70% O2 at sea level, 
with the following blood gas values: PaO2, 50 mm Hg; PaCO2, 
40 mm Hg.
SOLUTION:  1. Compute PAO2 using one form of the alveolar 

O2 equation as follows:

P O FiO P P COA B A2 2 247 0 8= × − − ÷( ) ( . )

P OA 2 0 7 760 47 40 0 8= × − − ÷. ( ) .
P O mm HgA 2 449=

2. Compute DA–aO2 as follows:

D O P O PaOA a A− = −2 2 2

D OA a− = −2 449 50
D O mm HgA a− =2 399

3. Compute P/F ratio as follows:

P O FiO mm Hga 2 2 50 0 7 71 4= =. .

DISCUSSON:  Both the DA–aO2 and the P/F ratio are abnor-
mal. Compared with a normal value, the DA–aO2 of nearly 
400 mm Hg is very high. This DA–aO2 indicates a large differ-
ence between the alveolar and arterial PO2 values (i.e., ineffi-
cient O2 transfer). Likewise, the P/F ratio of 71.4 indicates 
severe hypoxemia. Although the patient is receiving a high 
FiO2 (0.70), she has a severe problem getting O2 into her blood 
and needs immediate evaluation by a critical care physician.

VD = Dead space volume (L)
f = Ventilatory frequency (breaths/min)

Likewise, PACO2 decreases if CO2 production decreases or alveo-
lar ventilation increases. Normally, complex respiratory control 
mechanisms maintain PACO2 within a range of 35 to 45 mm Hg 
under various conditions. If CO2 production increases, as with 
exercise or fever, ventilation automatically increases to maintain 
PACO2 within normal range.

Alveolar Oxygen Tensions
Many factors determine the alveolar partial pressure of O2 
(PAO2). The mathematical model relating these factors and 
applied here is called the alveolar air equation. One version of 
it is:

P O FiO P P P CO RQA B H O A2 2 22= × − − ÷( ) ( )

where:
FiO2 = Fraction of inspired O2 (expressed in decimals)
PB = Barometric pressure (mm Hg)
PH O2  = Water vapor tension. At BTPS, a value of 47 mm Hg 

is usually used.
PACO2 = Alveolar PCO2 (mm Hg)
RQ = Respiratory quotent, usually estimated at 0.8.

In addition, FiO2 × (PB − PH O2 ) represents the partial pressure 
of O2 in the inspired air and is the most important determinant 
of PAO2. The expression (PACO2 ÷ RQ) accounts for the alveolar 
CO2. However, PACO2 cannot simply be subtracted, as was done 
for water vapor. Instead, the equation must be corrected for the 
difference between O2 and CO2 movement into and out of 
the alveoli, which is done by dividing the PACO2 by RQ. RQ is 
the ratio of CO2 excretion to O2 uptake, which normally aver-
ages 0.8 throughout the lung. In addition, because PaCO2 nearly 
equals PACO2, PaCO2 can be substituted for PACO2. For example, 
if FiO2 is 0.21, PB is 760 mm Hg, and PaCO2 is 40 mm Hg, the 
normal alveolar partial pressure of O2 can be estimated as 
follows:

P O

mm Hg

A 2 0 21 760 47 40 0 8

99 73

= × − − ÷
=

. ( ) ( . )

. ( )

For patients at room air, sea level (FiO2 = 0.21, PB = 760), the 
equation can be simplified as:

P O P COA a2 2150 0 8= − ÷ .

The accompanying Mini Clini provides an example of how 
to use the alveolar air equation.

Changes in Alveolar Gas Partial Tensions
In addition to CO2, O2, and water vapor, alveoli normally 
contain nitrogen. Nitrogen is inert and plays no role in gas 
exchange; however, it occupies space and exerts pressure. 
According to Dalton’s law, the partial pressure of alveolar nitro-
gen (PAN2) must equal the pressure it would exert if it alone 
were present. To compute PAN2, subtract the pressures exerted 
by all the other alveolar gases, as follows:

P N P P O P CO PA B A A H O2 2 2 2= − + +( )
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P N mm Hg mm Hg mm Hg mm HgA 2 760 100 40 47= − + +( )

P N mm Hg mm HgA 2 760 187= −
P N mm HgA 2 573=

Because both water vapor tension and PAN2 remain constant, 
the only partial pressures that change in the alveolus are O2 and 
CO2. Based on the alveolar air equation, if FiO2 remains con-
stant, PAO2 must vary inversely with PACO2.

2-4

	

RULE OF THUMB

When	the	patient	is	breathing	room	air,	the	sum	of	
PAO2	and	PACO2	is	approximately140	mm	Hg	
(100	mm	Hg	+	40	mm	Hg).	This	equation	assumes	a	
constant	value	for	RQ.	Changes	in	ventilation	that		
affect	PACO2	will	also	alter	PAO2	to	keep	the	total	at	
140	mm	Hg.	If	PACO2	of	a	patient	breathing	room	air	
decreases	from	40	mm	Hg	to	20	mm	Hg	(a	decrease	
of	20	mm	Hg),	PAO2	should	increase	by	approximately	
20	mm	Hg.	It	is	important	to	note	that	although	
hyperventilation	will	allow	halving	the	PCAO2	(from	40	to	
20),	it	will	result	only	in	modest	increase	of	PAO2	(from	
100	to	120;	Figure	12-2).

FIGURE 12-2	 Effect	of	alveolar	ventilation	on	alveolar	gases.	(Modified	from	Pilbeam	SP:	Mechanical	ventilation,	ed	4,	St	Louis,	2006,	
Mosby.)
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Mechanism of Diffusion

Diffusion is the process whereby gas molecules move from an 
area of high partial pressure to an area of low partial pressure. 
To diffuse into and out of the lung and tissues, O2 and CO2 must 
move through significant barriers.

Barriers to Diffusion
The barrier to gaseous diffusion in the lung is the alveolar-
capillary membrane. For CO2 or O2 to move between the alveoli 
and the pulmonary capillary blood, the following three barriers 
must be penetrated: (1) alveolar epithelium, (2) interstitial 
space, and (3) capillary endothelium. In addition, to pass into 
and out of the red blood cells (RBCs), these gases also must 
traverse the erythrocyte membrane.5,6

Fick’s First Law of Diffusion
The bulk movement of a gas through a biologic membrane  
( �Vgas) is described by Fick’s first law of diffusion:

�V
A D P P

T
gas = × × −( )1 2
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(100 mm Hg − 40 mm Hg). As blood flows past the alveolus, it 
takes up O2 and moves to the left atrium with a PO2 close to 
100 mm Hg in healthy people.

Because venous blood has higher PCO2 than alveolar gas (46 
vs. 40 mm Hg), the pressure gradient for CO2 causes it to diffuse 
in the opposite direction, from the blood into the alveolus. This 
diffusion continues until capillary PCO2 equilibrates with the 
alveolar level, at approximately 40 mm Hg. Although the pres-
sure gradient for CO2 is approximately one-tenth of the pres-
sure gradient for O2, CO2 has little difficulty diffusing across the 
alveolar-capillary membrane. CO2 diffuses approximately 20 
times faster across the alveolar-capillary membrane than O2 
because of its much higher solubility in plasma.

Time Limits to Diffusion
For blood leaving the pulmonary capillary to be adequately 
oxygenated, it must spend sufficient time in contact with the 
alveolus to allow equilibration.5,8 If the time available for diffu-
sion is inadequate, blood leaving the lungs may not be fully 
oxygenated. As depicted in Figure 12-4, blood normally takes 
approximately one-third of the time it spends in the capillary 
to be fully oxygenated. If blood flow increases, such as during 
heavy exercise, capillary transit time can decrease to 0.25 second. 
This short period is still adequate to ensure that equilibration 
occurs as long as no other factors impair diffusion. However, in 
the presence of a diffusion limitation, it would take longer than 
0.25 second for the blood to be fully oxygenated and rapid 
blood flow through the pulmonary circulation can result in 

FIGURE 12-3	 Ventilation	maintains	mean	alveolar	gas	pressures	
for	O2	and	CO2	at	approximately	100	mm	Hg	and	40	mm	Hg.	As	
blood	enters	the	venous	end	of	the	capillary,	it	gives	up	CO2	and	
loads	O2	until	these	two	gases	are	in	equilibrium	with	alveolar	
pressures.	At	this	point,	the	blood	is	“arterialized.”	
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FIGURE 12-4	 Alveolar-capillary	PO2	gradient.	Normal	transit	time	
for	RBC	in	the	pulmonary	capillary	is	approximately	0.75	second.	
Normally,	blood	PO2	equilibrates	with	the	alveolar	PO2	well	before	it	
reaches	the	end	of	the	capillary.	
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In this formula, A is the cross-sectional area available for diffu-
sion, D is the diffusion coefficient of the gas, T is the thickness 
of the membrane, and (P1 − P2) is the partial pressure gradient 
across the membrane. According to Fick’s law, the greater the 
surface area, diffusion constant, and pressure gradient, the more 
is the diffusion that occurs. Conversely, with greater the distance 
across the membrane (thickness), less diffusion occurs. Given 
that the area of and distance across the alveolar-capillary mem-
brane are constant in healthy people, diffusion in the normal 
lung mainly depends on gas pressure gradients.

In clinical practice, it is impossible to measure the area  
and the thickness of the membrane, so the formula is often 
rewritten as:

�V D P Pgas L= × −( )1 2

where DL (the diffusing capacity of the lungs) combines the 
area, thickness, and diffusion properties of the gas and the 
membrane and can be helpful in evaluating certain diseases. For 
various reasons, carbon monoxide is the gas is used to measure 
the diffusing capacity. Chapter 20 provides details on the tech-
nique for measuring DL and its diagnostic use.

Pulmonary Diffusion Gradients
For gas exchange to occur between the alveoli and pulmonary 
capillaries, a difference in partial pressures (P1 − P2) must exist. 
Figure 12-3 shows the size and direction of these gradients for 
O2 and CO2. In the normal lung, the alveolar PO2 averages 
approximately 100 mm Hg, whereas the mean PCO2 is approxi-
mately 40 mm Hg. Venous blood returning to the lungs has a 
lower PO2 (40 mm Hg) than alveolar gas. The pressure gradient 
for O2 diffusion into the blood is approximately 60 mm Hg 
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the arterial circulation, reducing the O2 content of arterial 
blood. Together, these normal shunts account for approximately 
three-fourths of the normal difference between PAO2 and PaO2. 
The remaining difference is a result of normal inequalities in 
pulmonary ventilation and perfusion.5

Inequalities in Ventilation and Perfusion

The normal respiratory exchange ratio of 0.8 assumes that ven-
tilation and perfusion in the lung are in balance, with every liter 
of alveolar ventilation ( �VA) matched by approximately 1 L of 
pulmonary capillary blood flow ( �Q). Any variation from this 
perfect balance alters gas tensions in the affected alveoli. The 
ventilation/perfusion ratio ( � �V/Q) is one of the key concepts in 
pulmonary physiology because it plays a major role in gas 
exchange in health and disease.

Ventilation-Perfusion Ratio
Changes in �VA and �Qc are expressed as a ratio called the 
ventilation-perfusion ratio ( � �V/Q). An ideal ratio of 1 indicates 
that ventilation and perfusion are in perfect balance. A high 
� �V /QA  indicates that ventilation is greater than normal, perfu-
sion is less than normal, or both. Conversely, a low � �V /QA  indi-
cates that ventilation is less than normal, perfusion is greater 
than normal, or both.

Effect of Alterations in  
Ventilation-Perfusion Ratio
Figure 12-5 shows graphs of the effect of � �V /QA  changes on the 
respiratory exchange ratio (R), plotting all possible values of 
PAO2 and PACO2. When ventilation and perfusion are in perfect 
balance ( � �V /QA  = 1), R equals 0.8. At this point, PAO2 and PACO2 
values equal the ideal values of 100 mm Hg and 40 mm Hg.

As the � �V /QA  increases above 1 (see Figure 12-5, following 
the curve to the right), less blood reaches O2-rich, CO2-poor 
inspired gas. The result is a higher PAO2 and lower PACO2. At 

inadequate oxygenation. For this reason, many patients with 
lung disease will have normal O2 saturation at rest, but will 
quickly desaturate even on minimal exertion.

Systemic Diffusion Gradients

Partial pressure gradients in the tissues are the opposite of the 
partial pressure gradients in the lung. As cellular metabolism 
depletes its O2, intracellular PO2 decreases below PaO2. O2 dif-
fuses from the tissue capillary blood (PO2 = 100 mm Hg) to the 
cells (PO2 < 40 mm Hg). Simultaneously, CO2 diffuses from the 
cells (PCO2 > 46 mm Hg) into the capillary blood (PCO2 = 
40 mm Hg). After equilibration, blood leaves the tissue capil-
laries with a PO2 of approximately 40 mm Hg and PCO2 of 
approximately 46 mm Hg.

Just as arterial blood reflects pulmonary gas exchange, 
venous blood reflects events occurring in the tissues. The use of 
venous blood to assess tissue oxygenation is discussed in 
Chapter 51.

VARIATIONS FROM IDEAL  
GAS EXCHANGE

As discussed previously in this chapter, there is a slight  
difference between alveolar and arterial PO2 (normally 5 to 
10 mm Hg). Two factors account for this difference: (1) right-
to-left shunts in the pulmonary and cardiac circulation and (2) 
regional differences in pulmonary ventilation and blood flow.

Anatomic Shunts

A shunt is the portion of the cardiac output that returns to the 
left heart without being oxygenated by exposure to ventilated 
alveoli. Two right-to-left anatomic shunts exist in normal 
humans: (1) bronchial venous drainage and (2) thebesian 
venous drainage (see Chapters 9 and 10). A right-to-left shunt 
causes poorly oxygenated venous blood to move directly into 

FIGURE 12-5	 Relationship	between	alveolar	PO2	and	PCO2	with	changes	in	 � �V /QA 	and	respiratory	exchange	ratio.	(From	Cherniak	RM,	
Cherniak	L:	Respiration	in	health	and	disease,	ed	3,	Philadelphia,	1983,	Saunders.)
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In addition to blood that perfuses anatomic and alveolar 
shunts, a portion of venous blood travels from the right heart 
to the left heart without being involved in adequate gas exchange 
with ventilated portions of the lung. Together, they are called 
physiologic shunt. The shunt equation quantifies the portion of 
blood included in the � �V /QA  mismatch, in which � �V /QA  is less 
than 1. It is usually expressed as a percentage of the total cardiac 
output:

Q

Q

C O C O

C O C O
s

t

c a

c v

=
−
−

2 2

2 2

where:
Qs = Shunt flow; blood entering systemic blood without 

being oxygenated in the lungs
Qt = Total cardiac output
CcO2 = O2 content at the end of the ventilated and perfused 

pulmonary capillaries
CaO2 = Arterial O2 content
CvO2 = Mixed venous O2 content

Although arterial O2 content can be directly measured from a 
systemic artery and mixed venous O2 content can be directly 
measured from the pulmonary artery, the end capillary content 
must be derived from an additional calculation requiring use of 
the alveolar air equation and the Hb concentration. A more 
practical estimation of the shunt fraction is as follows: each 
increase of DA-aO2 by 100 mm Hg corresponds to 5% increase 
in shunt fraction.

Causes of Regional Differences in 
Ventilation-Perfusion Ratio
Regional variations in � �V /QA  for a normal lung are mainly 
caused by gravity and are most evident in the upright posture. 
Because the pulmonary circulation is a low-pressure system, 
blood flow in the upright lung varies considerably from top to 
bottom (see Chapter 9). Farther down the lung, perfusion 
increases linearly in proportion to the hydrostatic pressure so 
that the lung bases receive nearly 20 times as much blood flow 
as the apexes.

Regional differences in ventilation throughout the lung also 
occur, but they are less drastic than the differences in perfusion. 
Similar to perfusion, ventilation also is increased in the lung 
bases, with approximately four times as much ventilation going 
to the bases than to the apexes of the upright lung. These 
regional differences in ventilation are caused by the effect of 
gravity on pleural pressures (see Chapter 11).

Table 12-1 summarizes the relationships between ventilation 
and perfusion by lung region.8 At the lung apexes, ventilation 
exceeds blood flow, resulting in a high � �V /QA  (approximately 
3.3), high PO2 (132 mm Hg), and low PCO2 (32 mm Hg). 
Farther down the lung, blood flow increases more than ventila-
tion owing to gravity. Toward the middle, the two are approxi-
mately equal ( � �V /QA  = 1.0). At the bottom of the lung, blood 
flow is greater than ventilation, resulting in a low � �V /QA  
(approximately 0.66), low PO2 (89 mm Hg), and slightly higher 
PCO2 (42 mm Hg).

the extreme right of the graph, perfusion is zero ( � �V /QA  = ∞). 
Areas with ventilation but no blood flow essentially represent 
dead space. The makeup of gases in these areas is similar to that 
of inspired air (PO2 = 150 mm Hg; PCO2 = 0 mm Hg).

Dead space, mentioned earlier, has two components: Alveo-
lar dead space is the portion of the tidal volume that enters into 
alveoli that are without any perfusion or without adequate per-
fusion. Conditions that can lead to alveolar dead space include 
pulmonary emboli, partial obstruction of the pulmonary vas-
culature, destroyed pulmonary vasculature (as can occur in 
chronic obstructive pulmonary disease [COPD]), and reduced 
cardiac output. Anatomic dead space is the portion of the tidal 
volume that never reaches the alveoli for gas exchange (upper 
airways, trachea, bronchi and so on until the respiratory bron-
chiole). The sum of alveolar and anatomic dead space is often 
referred to as physiologic dead space (VD). The dead space to 
tidal volume ratio (VD/VT) affects alveolar ventilation:

� �V V
V

V
A E

D

T

= −



1

where
�VA  = alveolar ventilation (L/min)
�VE = minute ventilation (L/min)
VD = dead space volume (ml)
VT = tidal volume (ml)
The clinical significance of increased dead space, or VD/VT 

ratio, is that it decreases alveolar ventilation and hence increases 
PaCO2. This can happen by the addition of extra tubing to the 
ventilator (exogenous VD), lung disease (increased alveolar VD), 
or shallow breathing (decreased VT that leads to increased VD/
VT ratio). In the face of increased dead space, minute ventilation 
must increase to achieve normal �VA and PaCO2. This additional 
ventilation comes at a cost with an increase in the work of 
breathing, which consumes additional O2 and further adds to 
the burden of external ventilation. Similarly, patients with rapid 
shallow breathing will often have ineffective ventilation with 
increased PaCO2 despite elevated minute ventilation.

As the � �V /QA  decreases below 1.0 (Figure 12-5, following the 
curve to the left), more O2-poor, CO2-rich blood reaches alveolar 
air. The result is a lower PAO2 and higher PACO2. At the extreme 
left of the graph, there is perfusion but no ventilation ( � �V /QA  = 
0). With no ventilation to remove CO2 and restore fresh O2, the 
makeup of gases in these areas is similar to that of mixed venous 
blood (PVO2 = 40 mm Hg; PVO2 = 46 mm Hg).

Venous blood entering areas with � �V /QA  values of zero 
cannot pick up O2 or unload CO2 and leave the lungs unchanged. 
As this venous blood returns to the left side of the heart, it  
mixes with well-oxygenated arterial blood, diluting its O2 con-
tents in a manner similar to that described for a right-to-left 
anatomic shunt. To distinguish such areas from true anatomic 
shunts, exchange units with � �V /QA  values of zero are called 
alveolar shunts. Anatomic and alveolar shunts together cause 
venous blood to mix with the arterial blood, a phenomenon 
called venous admixture. Alveolar shunts can be caused 
by COPD, restrictive disorders, or any condition resulting in 
hypoventilation.
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FIGURE 12-6	 Relationship	between	PO2	and	dissolved	O2	contents	of	plasma	at	37°	C.	The	dashed line	emphasizes	the	fact	that	arterial	
blood,	with	average	PO2	of	100	mm	Hg,	has	0.3	ml	of	O2	dissolved	in	each	deciliter	(100	ml).	
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TABLE 12-1 

Summary of Variations in Gas Exchange in the 
Upright Lung by Region

Lung 
Region

� �V /QA  
Ratio

Mean PAO2 
(mm Hg)

Mean PACO2 
(mm Hg)

Blood Flow

Apexes 3.3 132 32 Low
Middle 1.0 100 40 Moderate
Bases 0.66 89 42 High

As shown in Table 12-1, because of gravity, most blood flows 
to the lung bases, where PO2 is less than normal and PCO2 is 
greater than normal. After leaving the lung, this large volume 
of blood combines with the smaller volume coming from the 
middle and apical regions. The result is a mixture of blood with 
less O2 and more CO2 than would come from an ideal gas-
exchange unit.

OXYGEN TRANSPORT

Blood carries O2 in two forms. A small amount of O2 exists in 
a simple physical solution, dissolved in the plasma and eryth-
rocyte intracellular fluid. However, most O2 is carried in a 
reversible chemical combination with hemoglobin (Hb) inside 
the RBC. As gaseous O2 diffuses into the blood, it immediately 
dissolves in the plasma and erythrocyte fluid. By applying 
Henry’s law (see Chapter 6), the amount of dissolved O2 in the 

blood (at 37° C) can be computed with the following simple 
formula:

Dissolved O ml dl PO mm Hg2 2 0 003( ) ( ) .= ×

This equation is plotted in Figure 12-6, which shows that the 
relationship between partial pressure and dissolved O2 is direct 
and linear. In normal arterial blood with PaO2 of approximately 
100 mm Hg, there is approximately 0.3 ml/dl of dissolved O2. 
However, if an individual with normal arterial blood breathes 
pure O2, PaO2 increases to approximately 670 mm Hg. In this 
case, the dissolved O2 would increase to approximately 2.0 ml/
dl. The blood of someone breathing pure O2 in a hyperbaric 
chamber at 3 atmospheres (2280 mm Hg) would carry nearly 
6.5 ml/dl dissolved O2 in the plasma. Despite such extreme 
conditions (FiO2 = 1, barometric pressure = 3 atmospheres), the 
amount of dissolved O2 is still a small fraction of the amount 
carried by hemoglobin under normal conditions.

Chemically Combined Oxygen 
(Oxyhemoglobin)

Hemoglobin and Oxygen Transport
Most blood O2 is transported in chemical combination with 
Hb in the erythrocytes. Hb is a conjugated protein, consisting 
of four linked polypeptide chains (the globin portion), each 
of which is combined with a porphyrin complex called heme. 
The four polypeptide chains of Hb are coiled together into  
a ball-like structure, the shape of which determines its affinity 
for O2.

5,8
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In this example, Hb is said to be 50% saturated: Only half of 
the available Hb is carrying O2, and the remainder is unoxygen-
ated. In clinical practice, both SaO2 and total Hb content are 
measured directly to derive the HbO2. Normal SaO2 is 95% to 
100% depending on the age of the patient.

Total Oxygen Content of the Blood

Total O2 content of the blood equals the sum of O2 dissolved 
and chemically combined with Hb.2,7 For total O2 content to be 
calculated, the following three values must be known: (1) PO2, 
(2) total Hb content (g/dL), and (3) Hb saturation. Given these 
values, the following equation can be applied:

CaO PaO Hb SaO2 2 20 003 1 34= × + × ×( . ) ( . )

where:
CaO2 = Total O2 content (ml/dl)
PaO2 = Partial pressure of O2 in the blood
Hb = Hb content (in g/dl)
SaO2 = Hb saturation with O2 (as a decimal)

Typically, clinicians want to know the O2 content of arterial 
blood (CaO2). The (0.003 × PO2) component of the equation 
represents dissolved O2, whereas the (Hb × 1.34 × SO2) compo-
nent represents the chemically combined oxyhemoglobin. For 
example, to compute the total O2 content of normal arterial 
blood (assuming PaO2 = 100, Hb = 15g/dl, SaO2= 0.97):

CaO PaO Hb SaO2 2 20 003 1 34= × + × ×( . ) ( . )

CaO2 0 003 100 1 34 15 0 97= × + × ×( . ) ( . . )

CaO2 0 3 19 5= +. .

CaO ml dl2 19 8= . ( )

The normal CaO2 concentration is 16 to 20 ml/dl. Note that 
dissolved O2 contributes a small fraction of blood’s total O2 
carrying capacity (0.3/19.8 = 1.5%) and is often omitted from 
the practical discussions and calculations.

Oxyhemoglobin Dissociation Curve
Hb saturation with O2 varies with changes in PO2. Plotting 
the saturation (y-axis) against PO2 (x-axis) yields the HbO2 
dissociation curve (Figure 12-8). In contrast to dissolved O2, 
Hb saturation is not linearly related to PO2.

4 Instead, the rela-
tionship forms an S-shaped curve. The flat upper part of 
this curve represents the normal operating range for arterial 
blood. Because the slope is minimal in this area, major 
changes in PaO2 have little effect on SaO2, indicating a strong 
affinity of Hb for O2. With a normal PaO2 of 100 mm Hg, 
SaO2 is approximately 97%. If some abnormality (e.g., lung 
disease) reduced PaO2 to 65 mm Hg, SaO2 would still be 
approximately 90%.

However, with PO2 less than 60 mm Hg, the curve steepens 
dramatically, which is why it is beneficial to keep PaO2 greater 
than 60 mm Hg in clinical practice. With PO2 less than 
60 mm Hg, a small decrease in PO2 causes a large decrease in 
SaO2, indicating a lessening affinity for O2. This normal decrease 
in the affinity of Hb for O2 helps release large amounts of O2 to 
the tissues, where PO2 is low.

As shown in Figure 12-7, each heme complex contains a 
centrally located ferrous iron ion. When Hb is not carrying O2, 
this ion has four unpaired electrons. In this deoxygenated state, 
the molecule exhibits the characteristics of a weak acid. Deoxy-
genated Hb serves as an important blood buffer for H+, a 
crucial factor in CO2 transport.

When fully saturated, 4 O2 molecules bind to the iron ion of 
Hb, one for each protein chain. With complete O2 binding, all 
electrons become paired, and Hb is converted to its oxygenated 
state (oxyhemoglobin [HbO2]).

In whole blood, 1 g of normal Hb can carry approximately 
1.34 ml of O2. Given an average blood Hb content of 15 g/dl, 
the O2-carrying capacity of the blood can be calculated as 
follows:

1 34 15 20 1. .ml g g dl ml dl× =

The addition of Hb increases the O2-carrying capacity of the 
blood nearly 70-fold compared with plasma alone. The amount 
of O2 bound to Hb depends on its level of saturation with O2 
(see later).

Hemoglobin Saturation
Saturation is a measure of the proportion of available Hb that 
is carrying O2. Saturation is computed as the ratio of HbO2 
(content) to total Hb (capacity). Hb arterial O2 saturation 
(SaO2) is usually expressed as a percentage of this ratio and 
calculated according to the following formula:

SaO HbO Total Hb2 2 100= ÷ ×( )

where HbO2 equals the oxyhemoglobin content. If there were a 
total of 15 g/dL Hb in the blood, of which 7.5 g was HbO2, the 
SaO2 would be calculated as follows:

SaO2 7 5 15 100 50(%) ( . ) %= ÷ × =

FIGURE 12-7	 Structure	of	heme.	
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FIGURE 12-8	 O2	dissociation	curve	plots	the	relationship	between	plasma	PO2	(x-axis)	and	Hb	saturation	(y-axis).	
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MINI CLINI
Relating Hemoglobin Saturation and PaO2

PROBLEM:  Pulse oximeters are simple bedside devices that 
measure Hb saturation by way of a noninvasive probe taped to 
the patient’s finger or forehead. Although oximeters measure Hb 
saturation percentage, blood oxygenation still tends to be quanti-
fied according to PaO2. Is there a simple way to relate these two 
measures without carrying around an HbO2 dissociation curve?

DISCUSSION:  First, although extremely useful, pulse oximeters 
are relatively inaccurate (compared to other types of clinical mea-
surement device) and they measure only normal Hb saturation. 
This limitation should be understood. The value of oximetry is 
in its ability to display trends and provide warning of significant 
changes in Hb saturation with O2.

Even so, RTs often need to estimate PaO2 from oximeter read-
ings. The following simple rule, called the 40-50-60/70-80-90 rule, 
should be helpful. Assuming normal pH, PCO2, and Hb values, 
saturations of 70%, 80%, and 90% are roughly equivalent to PO2 
values of 40 mm Hg, 50 mm Hg, and 60 mm Hg:

Hb Saturation (%) Approximate PaO2 (mm Hg)

70 40
80 50
90 60

A patient with a pulse oximeter reading of 90% has a PaO2 of 
approximately 60 mm Hg. If the saturation decreased to 80%, the 
PaO2 would decrease to approximately 50 mm Hg. This rule 
works only in the middle range of PO2 values, where the curve is 
most linear; it should not be applied with saturations greater than 
90% or less than 70%.

Although SaO2 plays a greater part in total blood O2 content 
than PaO2, it is often important to consider both when evaluating 
a patient’s oxygenation. First, PaO2 is a more accurate measure-
ment than SaO2, which is usually derived from pulse oximetry. In 
addition, a patient with an SaO2 of 100% may have a PaO2 
between 100 and 600 mm Hg and the knowledge of exact PaO2 
value gives a clinician a better understanding of the patient’s gas-
exchange status.
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As indicated in Table 12-2, the difference between the arterial 
and venous O2 contents is normally approximately 5 ml/dl. This 
is the arterial-to-venous O2 content difference (Ca–vO2). It is the 
amount of O2 given up by every 100 ml of blood on each pass 
through the tissues.

Normal Loading and Unloading of 
Oxygen (Arteriovenous Differences)

Figure 12-9 uses the HbO2 dissociation curve to show the effects 
of O2 loading and unloading in the lungs and tissues. Point A 
represents freshly arterialized blood leaving the pulmonary cap-
illaries, with PO2 of approximately 100 mm Hg and Hb satura-
tion of approximately 97%. As blood perfuses body tissues, O2 
uptake causes a decrease in both PO2 and saturation, such that 
venous blood leaving the tissues (point V) has a PO2 of approxi-
mately 40 mm Hg, with Hb saturation of approximately 75%.

Using a normal Hb content of 15 g/dl and knowing the satu-
ration at each possible PO2, the total O2 content can be calcu-
lated at any PO2 in the manner previously described. The y-axis 
of Figure 12-9 provides this information in SaO2 increments of 
10%. Table 12-2 summarizes the difference between the O2 
content of these normal arterial and venous points.

FIGURE 12-9	 Normal	oxyhemoglobin	dissociation	curve,	showing	the	basic	relationship	of	blood	O2	transport.	Point	sA	represents	
normal	values	for	arterial	blood	leaving	the	lungs	(loading	point).	Point	sV	represents	normal	values	for	venous	blood	leaving	the	tissues	
(unloading	point).	The	slight	difference	in	curve	position	resulting	from	pH	and	CO2	changes	helps	O2	unloading	at	the	tissues.	Differences	
between	O2	content	at	these	two	points	represent	the	amount	of	O2	taken	up	by	the	tissues	on	one	pass	through	the	systemic	circulation.	
(Modified	from	Slonim	NB,	Hamilton	LH:	Respiratory	physiology,	ed	5,	St	Louis,	1987,	Mosby.)
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TABLE 12-2 

Oxygen Content of Arterial and Venous Blood

O2 Content Arterial O2 
(ml/dl)

Venous O2 
(ml/dl)

Combined	O2	(1.34	×	15	×	SO2) 19.5 14.7
Dissolved	O2	(PO2	×	0.003) 0.3 0.1
Total	O2	content 19.8 14.8
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FIGURE 12-10	 O2	dissociation	curve	of	blood	at	37°	C,	showing	variations	at	three	pH	levels.	A	right	shift	(lower	pH)	decreases	Hb	affinity	
for	O2,	whereas	a	left	shift	(higher	pH)	increases	Hb	affinity	for	O2.	
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Fick Equation
The Fick principle states that the total O2 uptake by the periph-
eral tissues (O2 consumption, or �VO2) is equal to the product of 
the blood flow to the peripheral tissues and the arterial-to-
venous O2 content difference (Ca–vO2). The classic Fick equa-
tion is written as follows:

�V CO C O C OO a v2 2 2 10= × − ×( )

where
CO = cardiac output (ml/min)
�VO2 = whole-body O2 consumption (ml/min)
CaO2 = arterial O2 content (ml/dl)
CVO2 = venous O2 content (ml/dl)
According to the Fick equation, if a patient becomes hypoxic 

(CaO2 falls), total-body O2 consumption can be maintained by 
either increasing cardiac output. Also, hypoxic tissues compen-
sate by vasodilation (increased blood flow to the tissues) or 
increasing O2 extraction (CaO2 − CvO2). Although the Fick 
equation for calculating cardiac output has been replaced by 
other techniques, the principle relating O2 extraction to perfu-
sion is used to monitor tissue oxygenation at the bedside. More 
details on these methods are provided in Chapter 51.

Factors Affecting Oxygen Loading  
and Unloading

In addition to the shape of the HbO2 curve, many other factors 
affect O2 loading and unloading. Among the most important 
factors in clinical practice are blood pH, body temperature,  
and erythrocyte concentration of certain organic phosphates.5 

Variations in the structure of Hb also affect O2 loading and 
unloading, as can chemical combinations of Hb with substances 
other than O2, such as CO.

pH (Bohr Effect)
The impact of changes in blood pH on Hb affinity for O2 is 
called the Bohr effect. As shown in Figure 12-10, the Bohr effect 
alters the position of the HbO2 dissociation curve. A low 
pH (acidity) shifts the curve to the right, whereas a high pH 
(alkalinity) shifts it to the left. These changes are a result of 
variations in the shape of the Hb molecule caused by fluctua-
tions in pH.

As blood pH decreases and the curve shifts to the right, the 
Hb saturation for a given PO2 decreases. This is important for 
the tissue O2 delivery because acidic environment of the tissues 
allows O2 to dissociate from Hb into the tissues. Conversely, as 
blood pH increases and the curve shifts to the left, the Hb satu-
ration for a given PO2 increases (increased affinity of Hb for 
O2).4,5,8 Therefore, when venous blood returns to the lungs, the 
pH increases and higher pH shifts the HbO2 curve back to the 
left, increasing the affinity of Hb for O2 and enhancing its 
uptake from the alveoli.

Body Temperature
Variations in body temperature also affect the HbO2 dissocia-
tion curve. As shown in Figure 12-11, a decrease in body tem-
perature shifts the curve to the left, increasing Hb affinity for 
O2. Conversely, as body temperature increases, the curve shifts 
to the right, and the affinity of Hb for O2 decreases. As with the 
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Abnormal Hemoglobin
Structural or chemical abnormalities within the Hb also affect 
O2 affinity. More than 120 abnormal HbS have been identified. 
In healthy individuals, 15% to 40% of the circulating Hb may 
be abnormal.

HbS (sickle cell hemoglobin) is less soluble than normal Hb, 
which causes it to become susceptible to polymerization and 
precipitation when deoxygenated. Certain events such as dehy-
dration, hypoxia, and acidosis cause HbS to crystallize and the 
RBC to become hardened and curved like a sickle. Erythrocyte 
fragility is increased (leading to hemolysis), and the risk for 
thrombus formation is increased. Patients with sickle cell 
disease are prone to vasoocclusive disease and anemia. Some 
patients with sickle cell anemia develop acute chest syndrome. 
Acute chest syndrome is the most common cause of death in 
patients with sickle cell anemia. Patients usually complain of 
acute chest pain, cough, and shortness of breath. A new infil-
trate is usually seen on the chest radiograph, and the patient 
often develops progressive anemia and hypoxemia. The causes 
of acute chest syndrome are multiple; the term acute chest syn-
drome does not indicate a definite diagnosis but rather indicates 
the clinical difficulty of defining a specific cause in most of such 
episodes.

Methemoglobin (metHb) is an abnormal form of the mol-
ecule, in which the heme-complex normal Fe++ loses an electron 
and is oxidized to its ferric state (Fe++). In the ferric state, the 
iron ion cannot combine with O2. This is called methemoglo-
binemia. As with HbCO, clinical abnormalities come from the 
associated increased affinity for O2 and loss of O2-binding 

Bohr effect, these changes enhance normal O2 uptake and deliv-
ery. At the tissues, metabolic activity increases the temperature, 
which allows more O2 to be released into the tissues.

Organic Phosphates 
(2,3-Diphosphoglycerate)
The organic phosphate 2,3-diphosphoglycerate (2,3-DPG) is 
found in abundance in the RBCs, where it forms a loose chemi-
cal bond with the globin chains of deoxygenated Hb. In this 
configuration, 2,3-DPG stabilizes the molecule in its deoxygen-
ated state, reducing its affinity for O2.

5-7 Without 2,3-DPG, Hb 
affinity for O2 would be so great that normal O2 unloading 
would be impossible. Increased 2,3-DPG concentrations shift 
the HbO2 curve to the right, promoting O2 unloading. Con-
versely, low 2,3-DPG concentrations shift the curve to the left, 
increasing Hb affinity for O2.

Alkalosis, chronic hypoxemia, and anemia all tend to increase 
2,3-DPG concentrations and promote O2 unloading. Con-
versely, acidosis results in a lower intracellular level of 2,3-DPG 
and a greater affinity of Hb for O2.

Erythrocyte concentrations of 2,3-DPG in banked blood 
decrease over time. After 1 week of storage, the 2,3-DPG level 
may be less than one-third of the normal value. This change 
shifts the HbO2 curve to the left, decreasing the availability of 
O2 to the tissues. Large transfusions of banked blood that is 
more than a few days old can severely impair O2 delivery, 
even in the presence of normal PO2. Improved maintenance 
levels of 2,3-DPG can be achieved with newer blood storage 
techniques.

FIGURE 12-11	 O2	dissociation	curve	of	blood	at	pH	of	7.40,	showing	variations	at	three	temperatures.	For	a	given	O2	tension,	the	lower	
the	temperature,	the	more	the	Hb	holds	onto	O2,	maintaining	a	higher	saturation.	
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TABLE 12-3 

Half-Life of Carboxyhemoglobin (HbCO) at 
Different Oxygen Exposures

HbCO Half-Life (min) Inhaled FiO2 PaO2 (mm Hg)

280-320 0.21	at	1	atm 100
80-90 1.0	at	1	atm 673
20-30 1.0	at	3	atm 2193

capacity. The most common cause of methemoglobinemia is 
the therapeutic use of oxidant medications such as nitric oxide, 
nitroglycerin, and lidocaine. When using these therapeutic 
agents, frequent monitoring for metHb is important to weigh 
the risk against the benefit. The presence of metHb turns the 
blood brown, which can produce a slate-gray skin coloration 
that is often confused with cyanosis. The presence of metHb is 
confirmed by spectrophotometry (see Chapter 19). Methemo-
globinemia is treated with reducing agents such as methylene 
blue or ascorbic acid when the blood level exceeds approxi-
mately 30%.

Carboxyhemoglobin (HbCO) is the chemical combination 
of Hb with CO. The affinity of Hb for CO is more than 200 
times greater than it is for O2. Extremely low concentrations of 
CO can quickly displace O2 from Hb, forming HbCO. CO 
partial pressure of 0.12 mm Hg can displace half the O2 from 
Hb. Because HbCO cannot carry O2, each 1 g of Hb saturated 
with CO represents a loss in carrying capacity. The combination 
of CO with Hb shifts the HbO2 curve to the left, impeding O2 
delivery to the tissues further. Treatment for CO poisoning 
involves giving the patient as much O2 as possible because O2 
reduces the half-life of HbCO (Table 12-3). Sometimes a hyper-
baric chamber is required to reverse rapidly the binding of CO 
with Hb.

During fetal life and for up to 1 year after birth, the blood 
has a high proportion of an Hb variant called fetal hemoglobin 
(HbF). HbF has a greater affinity for O2 than normal adult Hb, 
as manifested by a leftward shift of the HbO2 curve. Given the 
low PO2 values available to the fetus in utero, this leftward shift 
aids O2 loading at the placenta. Because of the relatively low pH 
of the fetal environment, O2 unloading at the cellular level is 
not greatly affected. However, after birth, this enhanced O2 
affinity is less advantageous. Over the first year of life, HbF is 
gradually replaced with normal Hb.

Measurement of Hemoglobin Affinity 
for Oxygen

Variations in the affinity of Hb for O2 are quantified by a 
measure called the P50.2,8 The P50 is the partial pressure of O2 
at which the Hb is 50% saturated, standardized to a pH level of 
7.40. A normal P50 is approximately 26.6 mm Hg. Conditions 
that cause a decrease in Hb affinity for O2 (a shift of the HbO2 
curve to the right) increase the P50 to a value higher than normal. 
Conditions associated with an increase in affinity (a shift of the 
HbO2 curve to the left) decrease the P50 to lower than normal. 
With 15 g/dl Hb, a 4-mm Hg increase in P50 results in approxi-

mately 1 to 2 ml/dl more O2 being unloaded in the tissues than 
when the P50 is normal. Figure 12-12 shows the effect of changes 
in P50 and summarizes how the major factors previously dis-
cussed affect Hb affinity for O2.

CARBON DIOXIDE TRANSPORT

Figure 12-13 shows the physical and chemical events of gas 
exchange at the systemic capillaries. In the pulmonary capillar-
ies, all events occur in the opposite direction. Although the 
primary focus is on CO2 transport, Figure 12-13 also includes 
the basic elements of O2 exchange. O2 exchange is included here 
for completeness and to show that the exchange and transport 
of these two gases are closely related.

Transport Mechanisms

Approximately 45 to 55 ml/dl of CO2 is normally carried in the 
blood in the following three forms: (1) dissolved in physical 
solution, (2) chemically combined with protein, and (3) ionized 
as bicarbonate.5,7

Dissolved in Physical Solution
As with O2, CO2 produced by the tissues dissolves in the plasma 
and erythrocyte intracellular fluid. However, in contrast to O2, 
dissolved CO2 plays an important role in transport, accounting 
for approximately 8% of the total released at the lungs; this is 
because of the higher solubility of CO2 in plasma.

Chemically Combined With Protein
Molecular CO2 has the capacity to combine chemically with free 
amino groups (NH2) of protein molecules (Prot), forming a 
carbamino compound:

Prot-NH CO Prot-NHCOO H2 2+ = +− +

A small amount of the CO2 leaving the tissues combines with 
plasma proteins to form these carbamino compounds. A larger 
fraction of CO2 combines with erythrocyte Hb to form a carb-
amino compound called carbaminohemoglobin. As indicated in 
the previous equation, this reaction produces hydrogen ions. 
These H+ ions are buffered by the reduced Hb, which is made 
available by the concurrent release of O2.

The availability of additional sites for H+ buffering increases 
the affinity of Hb for CO2. Because reduced Hb is a weaker acid 
than HbO2, pH changes associated with the release of the H+ 
ions in the formation of carbaminohemoglobin are minimized. 
Carbaminohemoglobin constitutes approximately 12% of the 
total CO2 transported.

Ionized as Bicarbonate
Approximately 80% of CO2 in the blood is transported as bicar-
bonate. Of the CO2 that dissolves in plasma, a small portion 
combines chemically with water in the process hydrolysis. 
Hydrolysis of CO2 initially forms carbonic acid, which quickly 
ionizes into H+ and bicarbonate ions:

CO H O H CO HCO H2 2 2 3 3+ = = +− +
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FIGURE 12-12	 Conditions	associated	with	altered	affinity	of	Hb	for	O2.	P50	is	PaO2	at	which	Hb	is	50%	saturated	(normally	
26.6	mm	Hg).	A	lower	than	normal	P50	represents	increased	affinity	of	Hb	for	O2.	A	high	P50	is	seen	with	decreased	affinity.	2,3-DPG,	
2,3-Diphosphoglycerate.	(Modified	from	Lane	EE,	Walker	JF:	Clinical	arterial	blood	gas	analysis,	St	Louis,	1987,	Mosby.)
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FIGURE 12-13	 Summary	diagram	of	various	fates	of	CO2	as	it	diffuses	from	the	cells	and	interstitial	spaces	into	the	peripheral	capillaries	
before	its	transport	toward	the	venous	circulation.	(Modified	from	Martin	DE,	Youtsey	JW:	Respiratory	anatomy	and	physiology,	St	Louis,	
1988,	Mosby.)
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plasma into the erythrocyte—a process called the chloride shift, 
or the Hamburger phenomenon.

Carbon Dioxide Dissociation Curve

As with O2, CO2 has a dissociation curve. The relationship 
between blood PCO2 and CO2 content is depicted in Figure 
12-14. The first point to note is the effect of Hb saturation with 
O2 on this curve. As previously discussed, CO2 levels, through 
their influence on pH, modify the O2 dissociation curve (Bohr 
effect). Figure 12-14 shows that oxyhemoglobin saturation also 
affects the position of the CO2 dissociation curve. The influence 
of oxyhemoglobin saturation on CO2 dissociation is called the 
Haldane effect. As previously explained, this phenomenon is a 
result of changes in the affinity of Hb for CO2, which occur as 
a result of its buffering of H+ ions.4-7

Figure 12-14, A shows CO2 dissociation curves for three 
levels of blood O2 saturation. The first two are physiologic 
values, and the third extreme value is provided for contrast. 

The H+ ions produced in this reaction are buffered by the 
plasma proteins in much the same way as Hb buffers H+ in the 
RBC. However, the rate of this plasma hydrolysis reaction is 
extremely slow, producing minimal amounts of H+ and HCO3

−.
Most CO2 undergoes hydrolysis inside the erythrocyte. This 

reaction is greatly enhanced by an enzyme catalyst called  
carbonic anhydrase. The resulting H+ ions are buffered by the 
imidazole group (R-NHCOO−) of the reduced Hb molecule. 
The concurrent conversion of HbO2 to its deoxygenated 
form helps buffer H+ ions, enhancing the loading of CO2 as 
carbaminohemoglobin.

As the hydrolysis of CO2 continues, HCO3
− ions begin to 

accumulate in the erythrocyte. To maintain a concentration 
equilibrium across the cell membrane, some of these anions 
diffuse outward into the plasma. Because the erythrocyte is not 
freely permeable by cations, electrolytic equilibrium must be 
maintained by way of an inward migration of anions. This 
migration is achieved by the shifting of chloride ions from the 

FIGURE 12-14	 CO2	dissociation	curves.	A,	Relationship	between	CO2	content	and	tension	at	three	levels	of	Hb	saturation.	B,	Close-up	
of	curves	between	PCO2	of	40	mm	Hg	and	60	mm	Hg.	
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Figure 12-14, B amplifies selected segments of these curves in 
the physiologic range of PCO2. Note first the arterial point a 
lying on the curve representing an SaO2 of 97.5%. At this point, 
PCO2 is 40 mm Hg and CO2 content is approximately 48 ml/dl. 
The venous point v falls on the curve, representing SaO2 of 
approximately 70%. At this point, PCO2 is 46 mm Hg and CO2 
content is approximately 52 ml/dl. Because O2 saturation 
changes from arterial to venous blood, the true physiologic CO2 
dissociation curve must lie somewhere between these two 
points. This physiologic curve is represented as the dashed line 
in Figure 12-14, B. At point a, the high SaO2 decreases the 
capacity of the blood to hold CO2, helping unload this gas at 
the lungs. At point v, the lower mixed venous O2 saturation 
(SvO2) increases the capacity of the blood for CO2, aiding uptake 
at the tissues.

The total CO2 content of arterial and venous blood is com-
pared in Table 12-4. The amounts of CO2 are expressed in 
gaseous volume equivalents (milliliters per deciliter) and as 
millimoles per liter (mmol/L). This latter measure of the chemi-
cal combining power of CO2 in solutions is critical in under-
standing the role of this gas in acid-base balance.

TABLE 12-4 

Carbon Dioxide Content of Arterial and  
Venous Blood

Unit of Measure Arterial Venous

mmol/L 21.53 23.21
ml/dl 48.01 51.76

TABLE 12-5 

Causes of Hypoxia

Cause Primary Indicator Mechanism Example

Hypoxemia
	 Low	PiO2 Low	PAO2 Reduced	PB Altitude

Low	PaO2

	 Hypoventilation High	PaCO2 Decreased	 �VA Drug	overdose
� �V /QA 	imbalance Low	PaO2 Decreased	 �VA	relative	to	perfusion COPD,	aging

High	D(A−a)O2;	resolves	with	O2

	 Anatomic	shunt Low	PaO2 Blood	flow	from	right	to	left	side	of	heart Congenital	heart	disease
High	D(A−a)O2;	does	not	resolve	with	O2

	 Physiologic	shunt Low	PaO2 Perfusion	without	ventilation Atelectasis
High	D	(A−a)O2;	does	not	resolve	with	O2

	 Diffusion	defect Low	PaO2 Damage	to	alveolar-capillary	membrane ARDS
High	D(A−a)O2;	resolves	with	O2

Hb	deficiency
	 Absolute Low	Hb	content Loss	of	Hb Hemorrhage

Reduced	CaO2

	 Relative Abnormal	SaO2 Abnormal	Hb Carboxyhemoglobin
Reduced	CaO2

	 Low	blood	flow Increased	C(a–v)O2 Decreased	perfusion Shock,	ischemia
	 Dysoxia Normal	CaO2 Disruption	of	cellular	enzymes Cyanide	poisoning

Decreased	C(a–v)O2

ARDS,	Acute	respiratory	distress	syndrome;	COPD,	chronic	obstructive	pulmonary	disease.

ABNORMALITIES OF GAS EXCHANGE 
AND TRANSPORT

Gas exchange is abnormal when either tissue O2 delivery or CO2 
removal is impaired.

Impaired Oxygen Delivery

O2 delivery (DO2) to the tissues is a product of arterial O2 
content (CaO2) and cardiac output (CO).

DO CaO CO2 2= ×

When O2 delivery is inadequate for cellular needs, hypoxia 
occurs. According to the preceding equation, hypoxia occurs if 
(1) the arterial blood O2 content is decreased (hypoxemia), (2) 
cardiac output or perfusion is decreased (shock or ischemia). 
Table 12-5 summarizes causes, common clinical indicators, 
mechanisms, and examples of hypoxia.

Hypoxemia
Hypoxemia occurs when the partial pressure of O2 in the arte-
rial blood (PaO2) is decreased to less than the predicted normal 
value based on the age of the patient. Impaired O2 delivery also 
occurs in the presence of abnormalities that prevent saturation 
of Hb with O2 (see subsequent discussion).

Decreased Partial Pressure of Oxygen in Arterial Blood. 
Decreased PaO2 may be caused by a low ambient PO2, hypoven-
tilation, impaired diffusion, � �V /QA  imbalances, and right-to-left 
anatomic or physiologic shunting. PaO2 also decreases normally 
with aging. The normal predicted PaO2 decreases steadily with 
age, and the average is approximately 85 mm Hg at age 60 years 
(see later discussion).
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deviation in the distribution of ventilation to perfusion in the 
lung. The normal lung has some � �V /QA  mismatch; however, in 
disease states, the degree of � �V /QA  imbalances becomes much 
greater. To understand how � �V /QA  imbalance causes hypoxemia, 
reinspect the normal oxyhemoglobin dissociation curve, with 
PO2 plotted against O2 content (Figure 12-15). The curve is 
nearly flat in the physiologic range of PaO2 (>70 mm Hg) but 
falls steeply when PaO2 is less than 60 mm Hg. Points represent-
ing O2 content of three separate lung units also are shown. 
These units have � �V /QA  of 0.1, 1.0, and 10.0.

Blood leaving the normal unit ( � �V /QA  = 1) has a normal O2 
content (19.5 ml/dl). Blood leaving the unit with poor ventila-
tion ( � �V /QA  = 0.1) has a low O2 content (16.0 ml/dl). Because 
Hb is almost fully saturated at a normal PO2 of 100 mm Hg, 
blood leaving the over ventilated unit ( � �V /QA  = 10) has an O2 
content that is just slightly greater than normal (20.0 ml/dl). 
When the blood from all three units mixes together, the result 
is O2 content that is reduced (18.5 ml/dl). The decrease in oxy-
genation caused by the poorly ventilated unit is not fully com-
pensated for by the high � �V /QA  unit.
� �V /QA  of zero represents a special type of imbalance. When 

� �V /QA  is zero, there is blood flow but no ventilation. The result 

Breathing gases with a low O2 concentration (hypoxia 
chamber) or at pressures less than atmospheric (high altitude) 
lowers PiO2, thus decreasing PAO2 and PaO2. A common example 
of this problem occurs during travel to high altitudes, where the 
visitor often experiences the ill effects of hypoxia for several 
days. This condition is called mountain sickness. In such cases, 
although PaO2 is reduced, the pressure gradient between the 
alveoli and the arterial blood for O2 (DA–aO2) remains normal.

Assuming a constant FiO2, PAO2 varies inversely with PACO2. 
An increase in PACO2 (hypoventilation) is always accompanied 
by a proportionate decrease in PAO2. DA–aO2 is normal in such 
cases. Conversely, hyperventilation decreases PACO2 and helps 
compensate for hypoxemia (but only modestly, as discussed 
earlier in this chapter).

Even when PAO2 is normal, disorders of the alveolar-capillary 
membrane may limit diffusion of O2 into the pulmonary capil-
lary blood, decreasing PaO2. Examples are pulmonary fibrosis 
and interstitial edema. However, as previously noted, a pure 
diffusion limitation is an uncommon cause of hypoxemia  
at rest.
� �V /QA  imbalances are the most common cause of hypoxemia 

in patients with lung disease. A � �V /QA  imbalance is an abnormal 

FIGURE 12-15	 O2	dissociation	curve.	PaO2	versus	O2	content.	O2	content	from	alveolar-capillary	units	with	 � �V/Q	of	0.1,	1,	and	10	is	
16	ml/dl,	19.5	ml/dl,	and	20	ml/dl.	Lines	are	drawn	for	each	O2	content	to	its	point	on	the	dissociation	curve.	The	average	O2	content,	
18.5	ml/dl,	is	represented	by	a	circle	on	the	dissociation	curve.	(Modified	from	Martin	L:	Pulmonary	physiology	in	clinical	practice:	the	
essentials	for	patient	care	and	evaluation,	St	Louis,	1987,	Mosby.)
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is equivalent to a right to left anatomic shunt, shown at the 
bottom of Figure 12-16. Here, venous blood bypasses ventilated 
alveoli and mixes with freshly oxygenated arterial blood, result-
ing in venous admixture.

FIGURE 12-16	 Range	of	 � �V /QA 	ratios.	(Modified	from	Martin	L:	
Pulmonary	physiology	in	current	practice:	the	essentials	for	patient	
care	and	evaluation,	St	Louis:	1987,	Mosby).
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RULE OF THUMB

Although	 � �V /QA 	imbalances	are	the	most	common	
cause	of	hypoxemia	in	patients	with	respiratory	
diseases,	physiologic	shunting	also	can	occur	
commonly,	especially	in	patients	who	are	critically	ill.	To	
differentiate	between	hypoxemia	caused	by	a	 � �V /QA 	
imbalance	and	hypoxemia	caused	by	shunting,	apply	
the	following	50/50	rule:	If	FiO2	is	greater	than	50	(%)	
and	PaO2	is	less	than	50	(mm	Hg),	significant	shunting	
is	present;	otherwise,	the	hypoxemia	is	mainly	caused	
by	a	simple	 � �V /QA 	imbalance.

FIGURE 12-17	 Relationship	between	PA−aO2	and	aging.	As	PaO2	naturally	decreases	with	age,	PA−aO2	increases	at	the	rate	of	
approximately	3	mm	Hg	each	decade	beyond	20	years.	(Modified	from	Lane	EE,	Walker	JF:	Clinical	arterial	blood	gas	analysis,	St	Louis,	
1987,	Mosby.)
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When a low PaO2 is observed, the RT must take into account 
the normal decrease in arterial O2 tension that occurs with 
aging. As shown in Figure 12-17, for an individual breathing air 
at sea level, the “normal” PA–aO2 increases in a near-linear 
fashion with increasing age (shaded area). This increase in 
PA–aO2 results in a gradual decline in PaO2 over time and is prob-
ably caused by reduced surface area in the lung for gas exchange 
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266 SECTION II • Applied Anatomy and Physiology

and increases in � �V /QA  mismatching. PaO2 of 85 mm Hg in a 
60-year-old adult would be interpreted as normal, but the same 
PaO2 in a 20-year-old adult would indicate hypoxemia. The 
expected PaO2 in older adults may be estimated by using the 
following formula:

Expected P O Age in yearsa 2 100 0 323= − ×( . )

Hemoglobin Deficiencies. Normal PaO2 does not guaran-
tee adequate arterial O2 content or delivery. For arterial O2 
content to be adequate, there also must be enough normal Hb 
in the blood. If the blood Hb is low—even when PaO2 is 
normal—hypoxia can occur because of low O2 content in the 
arterial blood. Relative Hb deficiencies are caused by abnormal 
forms of Hb and have been discussed earlier in this chapter.

Hb deficiencies, or anemias, can be either absolute or rela-
tive. Absolute Hb deficiency occurs when the Hb concentration 
is lower than normal. Relative Hb deficiencies are caused by 
either the displacement of O2 from normal Hb or the presence 
of abnormal Hb variants. A low blood Hb concentration may 
be caused either by a loss of RBCs, as with hemorrhage, or by 
inadequate erythropoiesis (formation of RBCs in the bone 
marrow). Regardless of the cause, a low Hb content can seri-
ously impair the O2-carrying capacity of the blood, even in the 
presence of a normal supply (PaO2) and adequate diffusion.5

Figure 12-18 plots the relationship between arterial O2 
content and PaO2 as a function of Hb concentration. As can be 
seen, progressive decreases in blood Hb content causes large 
decreases in arterial O2 content (CaO2). A 33% decrease in Hb 
content (from 15 to 10 g/dl) reduces CaO2 as much as would a 
decrease in PaO2 from 100 mm Hg to 40 mm Hg.

Reduction in Blood Flow (Shock  
or Ischemia)
Because O2 delivery depends on both arterial O2 content and 
cardiac output, hypoxia can still occur when the CaO2 is normal 
if blood flow is reduced. There are two types of reduced blood 
flow: (1) circulatory failure (shock) and (2) local reductions in 
perfusion (ischemia).

FIGURE 12-18	 Relationship	between	CaO2	and	PaO2	as	a	
function	of	blood	Hb	concentration.	Progressive	decreases	in	Hb	
cause	large	decreases	in	CaO2.	
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MINI CLINI
Effect of Anemia on Oxygen Content

In its most common form, anemia is a clinical disorder in 
which the number of RBCs is decreased. Because RBCs carry 
Hb, anemia decreases the amount of this O2-carrying protein.

PROBLEM:  What effect would anemia that causes a progres-
sive decrease in Hb from (a) 15 g/dl, to (b) 12 g/dl, to (c) 8 g/
dl, to (d) 4 g/dl, have on the amount of O2 carried in a patient’s 
blood? Assume that PO2 and saturation stay normal at 
100 mm Hg and 97%.
DISCUSSION:  1. Calculate dissolved O2 the same way for all 

four examples as follows:

Dissolved O ml dl2 100 0 003 0 30= × =. .

2. Compute chemically combined O2 as follows: Chemically 
combined O2 = Hb (g/dl) × 1.34 ml/g × SaO2

a. 15 g/dl × 1.34 ml/g × 0.97 = 19.50 ml/dl
b. 12 g/dl × 1.34 ml/g × 0.97 = 15.60 ml/dl
c. 8 g/dl × 1.34 ml/g × 0.97 = 10.40 ml/dl
d. 4 g/dl × 1.34 ml/g × 0.97 = 5.20 ml/dl

3. Compute total O2 content as follows:

CaO Dissolved O Chemically combined O2 2 2= +

a. 0.30 + 19.50 = 19.80 ml/dl
b. 0.30 + 15.60 = 15.90 ml/dl
c. 0.30 + 10.40 = 10.70 ml/dl
d. 0.30 + 5.20 = 5.50 ml/dl
Loss of Hb decreases the amount of O2 carried in a patient’s 

blood, even though PO2 and saturation remain normal. With 
Hb concentration of 4 g/dl, the amount of O2 carried in a 
patient’s blood is only approximately one-fourth the normal 
concentration (5.50 vs. 19.80 ml/dl).

Circulatory Failure (Shock). In circulatory failure, tissue 
O2 deprivation is widespread. Although the body tries to com-
pensate for the lack of O2 by directing blood flow to vital organs, 
this response is limited. Prolonged shock ultimately causes irre-
versible damage to the central nervous system and eventual 
cardiovascular collapse.

Local Reductions in Perfusion (Ischemia). Even when 
whole-body perfusion is adequate, local reductions in blood 
flow can cause localized hypoxia. Ischemia can result in anaero-
bic metabolism, metabolic acidosis, and eventual death of the 
affected tissue. Myocardial infarction and stroke are examples 
of ischemic conditions that can cause hypoxia and tissue death.

Dysoxia

Dysoxia is a form of hypoxia in which the cellular uptake of 
O2 is abnormally decreased. The best example of dysoxia is 
cyanide poisoning. Cyanide disrupts the intracellular cyto-
chrome oxidase system, preventing cellular use of O2. Dysoxia 
also may occur when tissue O2 consumption becomes depen-
dent on O2 delivery.

Figure 12-19 plots tissue O2 consumption ( �V2) against O2 
delivery (DO2) in both normal and pathologic states. Normally, 
the tissues extract as much O2 as they need from what is 
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FIGURE 12-19	 Physiologic	versus	pathologic	O2	consumption–delivery	relationship.	Critical	O2	delivery	occurs	at	higher	O2	delivery	in	a	
pathologic	state.	The	slope	of	the	pathologic	consumption	curve	below	the	critical	delivery	point	reflects	the	decrease	in	O2	extraction	ratio	
that	exists	in	these	situations.	(Modified	from	Pasquale	MD,	Cipolle	MD,	Cerra	FB:	Oxygen	transport:	does	increasing	supply	improve	
outcome?	Respir	Care	38:800,	1993.)
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delivered and O2 consumption equals O2 demand (flat portion 
of solid line). However, if delivery decreases, conditions begin 
to change (solid line). At a level called the point of critical deliv-
ery, tissue extraction reaches a maximum. Further decreases in 
delivery result in an O2 “debt,” which occurs when O2 demand 
exceeds O2 delivery. Under conditions of O2 debt, O2 consump-
tion becomes dependent on O2 delivery (sloped line). This 
dependence leads to lactic acid accumulation and metabolic 
acidosis.

In pathologic conditions such as septic shock and ARDS 
(dotted line), this critical point may occur at levels of O2 delivery 
considered normal. In addition, the slope of the curve below 
the point of critical delivery may be less than normal, indicating 
a decreased extraction ratio ( �V /DO2 2).6 In combination, these 
findings indicate that O2 demands are not being met and that 
a defect exists in the cellular mechanisms regulating O2 uptake.

Impaired Carbon Dioxide Removal

Any disorder that decreases alveolar ventilation ( �VA) relative to 
metabolic need impairs CO2 removal. Impaired CO2 removal 
by the lung causes hypercapnia and respiratory acidosis (see 
Chapter 14). A decrease in alveolar ventilation occurs when (1) 
the minute ventilation is inadequate, (2) the dead space ventila-
tion per minute is increased, or (3) a � �V /QA  imbalance exists.4-8

Inadequate Minute Ventilation
Clinically, inadequate minute ventilation is caused by decreased 
tidal volume, or respiratory rate. Inadequate minute ventilation 
occurs in restrictive conditions, such as atelectasis, neuromus-
cular disorders, or impeded thoracic expansion (e.g., kyphosco-
liosis). A decrease in respiratory rate is less common but may 
be present with respiratory center depression, as in drug 
overdose.

Increased Dead Space Ventilation
An increase in dead space ventilation, or VD/VT, is caused by 
either (1) decreased tidal volume (as with rapid, shallow breath-
ing) or (2) increased physiologic dead space as in various lung 
diseases. In either case, wasted ventilation increases. Without 

FIGURE 12-20	 � �V /QA 	imbalance	and	dissociation	curves	for	CO2	
and	O2.	v/Q	represents	low	 � �V /QA 	units,	and	V/Q	represents	high	
� �V /QA 	units.	See	text	for	discussion.	
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compensation, alveolar ventilation per minute is decreased, and 
CO2 removal is impaired.

Ventilation-Perfusion Imbalances
Theoretically, any � �V /QA  imbalance should cause an increase in 
PaCO2. However, PaCO2 does not always increase in these cases. 
Many patients who are hypoxemic because of a � �V /QA  imbal-
ance have a low or normal PaCO2. This common clinical finding 
suggests that � �V /QA  imbalances have a greater effect on oxygen-
ation than on CO2 removal.

Careful inspection of the O2 and CO2 dissociation curves 
supports this finding. The O2 and CO2 dissociation curves are 
plotted on the same scale in Figure 12-20. The upper CO2 curve 
is nearly linear in the physiologic range. The lower O2 curve is 
almost flat in the physiologic range. Point a on each curve is the 
normal arterial point for both content and partial pressure. To 
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the right of the graph are two lung units, one with a low � �V /QA  
and the other with a high � �V /QA . The blood O2 and CO2 contents 
from each unit are plotted on the curves. The final CO2 content, 
arrived at by averaging the high and low � �V /QA  points, is shown 
as point a on the CO2 curve. This point is the same as the 
normal arterial point for CO2.

Patients with significant � �V /QA  imbalances must compensate 
for high PCO2 coming from underventilated units. To compen-
sate for these high PCO2 values, the patient’s minute ventilation 
must increase (Figure 12-21). Patients who can increase their 
minute ventilation tend to have either normal or low PaCO2, 
combined with hypoxemia.

Conversely, patients with � �V /QA  imbalance who cannot 
increase their minute ventilation are hypercapnic. Hypercapnia 
generally occurs only when the � �V /QA  imbalance is severe and 
chronic, as in COPD. Such a patient must sustain a higher than 
normal minute ventilation just to maintain normal PaCO2. If 
the energy costs required to sustain a high minute ventilation 
are prohibitive, the patient opts for less work—and hence ele-
vated PaCO2.

FIGURE 12-21	 Changes	in	PaO2	and	PaCO2	caused	by	 � �V /QA 	
imbalance.	All	values	are	given	in	millimeters	of	mercury	(mm	Hg).	
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SUMMARY CHECKLIST

◗	Movement	of	gases	between	the	lungs	and	the	tissues	
depends	mainly	on	diffusion.

◗	PACO2	varies	directly	with	CO2	production	and	inversely	
with	alveolar	ventilation.

◗	PAO2	is	computed	using	the	alveolar	air	equation.
◗	With	a	constant	FiO2,	PAO2	varies	inversely	with	PACO2.
◗	Normal	PAO2	averages	100	mm	Hg,	with	mean	PACO2	of	

approximately	40	mm	Hg.

◗	Normal	mixed	venous	blood	has	PO2	of	approximately	
40	mm	Hg	and	PCO2	of	approximately	46	mm	Hg.

◗	 � �V /QA 	must	be	in	balance	for	pulmonary	gas	exchange	to	
be	effective.	Because	of	normal	anatomic	shunts	and	
� �V /QA 	imbalances,	pulmonary	gas	exchange	is	imperfect.

◗	 In	disease,	 � �V /QA 	can	range	from	zero	(perfusion	without	
ventilation	or	physiologic	shunting)	to	infinity	(pure	alveolar	
dead	space).

◗	Blood	carries	a	small	amount	of	O2	in	physical	solution,	
and	larger	amounts	are	carried	in	chemical	combination	
with	erythrocyte	Hb.

◗	Hb	saturation	is	the	ratio	of	oxyhemoglobin	to	total	Hb,	
expressed	as	a	percentage.

◗	To	compute	total	O2	contents	of	the	blood,	add	the	
dissolved	O2	content	(0.003	×	PO2)	to	the	product	of	Hb	
content	×	Hb	saturation	×	1.34.

◗	Arteriovenous	O2	content	difference,	Ca–vO2,	is	the	amount	
of	O2	given	up	by	every	100	ml	of	blood	on	each	pass	
through	the	tissues.	All	else	being	equal,	Ca–vO2	varies	
inversely	with	cardiac	output.

◗	Hb	affinity	for	O2	increases	with	high	PO2,	high	pH,	low	
temperature,	and	low	levels	of	2,3-DPG.

◗	Hb	abnormalities	can	affect	O2	loading	and	unloading	and	
can	cause	hypoxia.

◗	Most	CO2	(approximately	80%)	is	transported	in	the	blood	
as	ionized	bicarbonate;	other	forms	include	carbamino	
compounds	in	physical	solution.

◗	Changes	in	CO2	levels	modify	the	O2	dissociation	curve	
(Bohr	effect).	Changes	in	Hb	saturation	affect	the	CO2	
dissociation	curve	(Haldane	effect).	These	changes	are	
mutually	beneficial,	assisting	in	gas	exchange	at	the	lung	
and	the	cellular	level.

◗	Hypoxia	occurs	if	(1)	the	arterial	blood	O2	content	is	
decreased,	(2)	blood	flow	is	decreased,	or	(3)	abnormal	
cellular	function	prevents	proper	uptake	of	O2.

◗	Decreased	PaO2	level	may	be	a	result	of	a	low	ambient	
PO2,	hypoventilation,	impaired	diffusion,	 � �V /QA 	imbalances,	
and	right-to-left	anatomic	or	physiologic	shunting.

◗	A	decrease	in	alveolar	ventilation	occurs	when	(1)	the	
minute	ventilation	is	inadequate,	(2)	dead	space	ventilation	
is	increased,	or	(3)	a	 � �V /QA 	imbalance	exists.
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C H A P T E R   13 

Solutions, Body Fluids, 
and Electrolytes

DANIEL F. FISHER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	characteristics	of	and	key	terms	associated	with	solutions,	colloids,	and	suspensions.
◆	 Describe	the	five	factors	that	influence	the	solubility	of	a	substance	in	a	solution.
◆	 Describe	how	osmotic	pressure	functions	and	what	its	action	is	in	relation	to	cell	membranes.
◆	 Describe	how	to	calculate	the	solute	content	of	a	solution	using	ratio,	weight/volume,	and	percent	methods.
◆	 State	the	ionic	characteristics	of	acids,	bases,	and	salts.
◆	 Describe	how	proteins	can	function	as	bases.
◆	 Describe	how	to	calculate	the	pH	of	a	solution	when	given	the	[H+]	in	nanomoles	per	liter.
◆	 Identify	where	fluid	compartments	are	located	in	the	body	and	their	volumes.
◆	 Describe	how	water	loss	and	replacement	occur.
◆	 Define	the	roles	played	by	osmotic	and	hydrostatic	pressure	in	edema.
◆	 Identify	clinical	findings	associated	with	excess	or	deficiency	of	the	seven	basic	electrolytes.

CHAPTER OUTLINE

Solutions, Colloids, and Suspensions
Definition	of	a	Solution
Concentration	of	Solutions
Starling	Forces
Osmotic	Pressure	of	Solutions
Quantifying	Solute	Content	and	Activity
Solute	Content	by	Weight
Calculating	Solute	Content
Quantitative	Classification	of	Solutions
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liquids, and solids can dissolve to become solutes; for example, 
carbon dioxide, alcohol, and salt can be dissolved in water. The 
process of dissolving involves breaking the (relatively weak) 
bonds between the solute-solute molecules and the solvent-
solvent molecules. These intermolecular forces must be broken 
before a new solute-solvent bond can be formed. A solute dis-
solves in a solvent if the solute-solvent forces of attraction are 
great enough to overcome the solute-solute and solvent-solvent 
forces of attraction. If the solute-solvent force is less than the 
solute-solute or solvent-solvent force, the solute does not dis-
solve. When all three sets of forces are approximately equal, the 
two substances typically are soluble in each other.

In electrochemical terms, there are three basic types of physi-
ologic solutions. Depending on the solute, solutions are ionic 
(electrovalent), polar covalent, or nonpolar covalent (Table 13-1). 
In ionic and polar covalent solutions, some of the solute ionizes 
into separate particles known as ions. A solution in which this 
dissociation occurs is called an electrolyte solution (Figure 13-1). 
If an electrode is placed in such a solution, positive ions migrate 
to the negative pole of the electrode (the cathode). These ions 
are called cations. Negative ions migrate to the positive pole of 
the electrode (the anode); they are called anions. In nonpolar 
covalent solutions, molecules of solute remain intact and do not 
carry electrical charges; these solutions are referred to as non-
electrolytes. These nonelectrolytes are not attracted to either the 
positive or the negative pole of an electrode (hence the designa-
tion nonpolar). All three types of solutions coexist in the body. 
These solutions also serve as the media in which colloids and 
simple suspensions are dispersed. Gases such as oxygen and CO2 

TABLE 13-1 

Types of Physiologic Solutions

Type Characteristics Physiologic Example

Ionic	(electrovalent) Ionic	compounds	dissolved	from	crystalline	form,	usually	in	water	
(hydration);	form	strong	electrolytes	with	conductivity	dependent	on	
concentration	of	ions

Saline	solution	(0.9%	NaCl)

Polar	covalent Molecular	compounds	dissolved	in	water	or	other	solvents	to	produce	
ions	(ionization);	electrolytes	may	be	weak	or	strong,	depending	on	
degree	of	ionization;	solutions	polarize	and	are	good	conductors

Hydrochloric	acid	(HCl)	(strong	electrolyte);	
acetic	acid	(CH3COOH)	(weak	electrolyte)

Nonpolar	covalent Molecular	compounds	dissolved	into	electrically	neutral	solutions	(do	
not	polarize);	solutions	are	not	good	conductors;	nonelectrolytes

Glucose	(C6H12O6)

FIGURE 13-1	 A,	In	the	dilute	solution,	there	are	relatively	few	solute	particles.	B,	In	the	saturated	solution,	the	solvent	contains	all	the	
solute	it	can	hold	in	the	presence	of	excess	solute.	C,	Heating	the	solution	dissolves	more	solute	particles,	which	may	remain	in	the	solution	
if	cooled	gently,	creating	a	state	of	supersaturation.	

A B C

I n healthy individuals, body water and various chemicals 
are regulated to maintain an environment in which  
biochemical processes can continue. Imbalances in the 

amount or concentration of chemicals in the body occur in 
many diseases. The nature and importance of body fluids and 
electrolytes require an understanding of physiologic chemistry. 
This chapter provides the reader with the background knowl-
edge needed to understand body chemistry.

SOLUTIONS, COLLOIDS,  
AND SUSPENSIONS

Definition of a Solution

The body is based on liquid water chemistry and the interaction 
of various substances either dissolved or suspended within the 
fluid. Water itself is a polar (having two sides with positive and 
negative charges) covalent (capable of forming bonds by sharing 
electrons) molecule and is referred to in chemistry as a universal 
solvent. Water is the primary component of any liquid within 
the body and has a great influence on the behavior of other 
materials as they are introduced. These substances and particles 
combine with water in the following three ways: as (1) colloids, 
(2) suspensions, or (3) solutions.

A solution is a stable mixture of two or more substances in 
a single phase that cannot be separated using a centrifuge. One 
substance is evenly distributed between the molecules of the 
other. The substance that dissolves is called the solute. The 
medium in which it dissolves is called the solvent. Gases, 
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rated solution does not dissociate into solution but remains at 
the bottom of the container (see Figure 13-2, B). Solute particles 
precipitate into the solid state at the same rate at which other 
particles go into solution. This equilibrium characterizes a satu-
rated solution.

A solution is characterized as being supersaturated when the 
solvent contains more solute than a saturated solution at the 
same temperature and pressure. If a saturated solution is heated, 
the solute equilibrium is disturbed and more solute goes into 
solution. This is because of the space between the solvent mol-
ecules increases. If undissolved solute is removed and the solu-
tion is cooled gently, there is an excess of dissolved solute (see 
Figure 13-2, C). The excess solute of supersaturated solutions 
may be precipitated out if the solution is vibrated or if a “seed 
crystal” is introduced.

Starling Forces

Ernest Starling, a nineteenth-century British physiologist stud-
ied fluid transport across membranes. He described that the 

are nonpolar molecules (along with nitrogen) and do not dis-
solve very well in water, which is a polar solvent.

Colloids (sometimes called dispersions or gels) consist of 
large molecules that attract and hold water (hydrophilic: “water 
loving”). These molecules are uniformly distributed through-
out the dispersion, and they tend not to settle. The protoplasm 
inside cells is a common example of a colloid. Physiologically, 
colloids provide very little free water to the patient’s system, and 
care should be taken not to create a hypotonic environment.1

Suspensions are composed of large particles that float in a 
liquid. Suspensions can be physically separated by centrifuga-
tion and do not possess the same interactions between solvent 
and solute that are found in a true solution. Red blood cells in 
plasma are an example of a suspension. Dispersion of sus-
pended particles depends on physical agitation. Particles settle 
because of gravity when the suspension is motionless.

The ease with which a solute dissolves in a solvent is its solu-
bility, which is influenced by the following five factors:
1. Nature of the solute. The ease with which substances go into 

a solution (dissociation) in a given solvent depends on the 
forces of the solute-solute molecules and varies widely.

2. Nature of the solvent. The ability of a solvent to dissolve a 
solute depends on the bonds of the solvent-solvent mole-
cules and varies widely. The electrical properties of the 
solvent molecules determine how soluble a substance is for 
a particular solvent. Polar solvents, such as water, dissolve 
other polar covalent bonds; nonpolar solvents dissolve non-
polar solutes: “Like dissolves like.”

3. Temperature. The solubility of most solids increases with 
increased temperature. However, the solubility of gases 
varies inversely with temperature.

4. Pressure. The solubility of solids and liquids is not greatly 
affected by pressure. However, the solubility of gases in 
liquids varies directly with pressure.

5. Concentration. The concentration of a solute or available 
solvent affects how much of the substance goes into solution.
The effects of temperature and pressure on the solubility of 

gases are important. More gas dissolves in a liquid at lower 
temperatures. As the temperature of a liquid increases, gas dis-
solved in that liquid comes out of solution. Henry’s law describes 
the effect of pressure on solubility of a gas in a liquid. At a given 
temperature, the volume of a gas that dissolves in a liquid is 
proportional to the solubility coefficient of the gas and the 
partial pressure of gas to which the liquid is exposed. O2 and 
CO2 transport can change significantly with changes in body 
temperature or atmospheric pressure (see Chapter 6).

Concentration of Solutions

The term concentration refers to the amount of solute dissolved 
into the solvent. Concentration can be described either qualita-
tively or quantitatively. Calling something a dilute solution is 
an example of a qualitative description. Stating that a specific 
container holds 50 ml of 0.4 molar solution of sodium hydrox-
ide is a quantitative description (Figure 13-2, A). Saturated 
solutions occur when the solvent has dissociated the maximal 
amount of solute into itself. Additional solute added to a satu-

FIGURE 13-2	 Osmotic	pressure	is	illustrated	by	the	solutions	
in	the	five	containers.	Each	container	is	divided	into	two	
compartments	by	a	semipermeable	membrane,	which	permits	
passage	of	solvent	molecules	but	not	solute	(circles).	The	number	
of	solute	particles	represents	relative	concentrations	of	the	
solutions.	Solute	particles	are	fixed	in	number	and	are	confined	by	
the	membranes.	Volume	changes	are	a	function	of	the	diffusible	
solvent.	Solvent	movement	is	indicated	by	arrows	through	the	
membranes.	Container	A	shows	a	state	of	equilibrium,	in	which	
solute	and	solvent	are	equally	distributed	on	either	side	of	the	
membrane.	Containers	B	and	C	show	diffusion	of	solvent	through	
the	membrane	as	a	result	of	solvent	on	only	one	side	of	the	
membrane	and	the	resulting	pressure	change	(osmotic	pressure	
indicated	by	the	gauge).	Containers	D	and	E	show	what	
happens	when	different	concentrations	exist	on	either	side	of	a	
semipermeable	membrane.	Solvent	moves	from	the	lower	
concentration	toward	the	higher	concentration	to	establish	an	
equilibrium	because	of	osmotic	pressure.	

50% 30% 40% 40%

A B C

D E
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If a solution is placed on one side of a semipermeable mem-
brane and pure solvent is placed on the other, solvent molecules 
move through the membrane into the solution. The force 
driving solvent molecules through the membrane is called 
osmotic pressure. Osmotic pressure tries to redistribute solvent 
molecules so that the same concentration exists on both sides 
of the membrane. Osmotic pressure may be measured by con-
necting a manometer to the expanding column of the solution 
(see Figure 13-3, B and C).

Osmotic pressure also can be visualized as an attractive force 
of solute particles in a concentrated solution. If 100 ml of a 50% 
solution is placed on one side of a membrane and 100 ml of a 
30% solution is placed on the other side, solvent molecules 
move from the dilute to the concentrated side (see Figure 13-3, 
D and E). The particles in the concentrated solution attract 
solvent molecules from the dilute solution until equilibrium 
occurs. Equilibrium exists when the concentrations (i.e., ratio 
of solute to solvent) in the two compartments are equal (40% 
in Figure 13-3).

Osmolality is defined as the ratio of solute to solvent. In 
physiology, the solvent is water.1,4,6 Osmotic pressure depends 
on the number of particles in solution but not on their charge 
or identity. A 2% solution has twice the osmotic pressure of a 
1% solution under similar conditions. For a given amount of 
solute, osmotic pressure is inversely proportional to the volume 
of solvent. Most cell walls are semipermeable membranes. 
Through osmotic pressure, water is distributed throughout the 
body within certain physiologic ranges. Tonicity is the relative 
concentration of solutions that determine the direction and 
extent of diffusion. Tonicity is a way of describing the response 
of cells immersed in an external solution. Tonicity is influenced 
by the concentration of solutes that cannot cross the mem-
brane. Average body cellular fluid has a tonicity equal to a 0.9% 
solution of sodium chloride (sometimes referred to as physio-
logic or normal saline). Solutions with similar tonicity are called 
isotonic. Compared to body fluid, solutions with more tonicity 
(more oncotic pressure and higher concentration as a result of 
less water) are hypertonic, and solutions with less tonicity (less 
oncotic pressure and lower concentration as a result of more 
water) are hypotonic. For example, a hypotonic solution has a 
lower concentration of solutes outside the cell than inside the 
cell. In an attempt to balance the concentrations of solutes 
inside and outside the cell, water will move into the cell, causing 
it to enlarge. Pressure increases inside the cell to counteract 
osmotic pressure. This pressure is called turgor. Some cells have 
selective permeability, allowing passage not only of water but 
also of specific solutes. Through these mechanisms, nutrients 
and physiologic solutions are distributed throughout the body.

Quantifying Solute Content and Activity

The amount of solute in a solution can be quantified in two 
ways: (1) by actual weight (grams or milligrams) and (2) by 
chemical combining power (electronegativity). The weight of a 
solute is easy to measure and specify. However, it does not indi-
cate chemical combining power. The sodium ion (Na+) has a 
gram ionic weight of 23. The bicarbonate ion (HCO3

−) has a 

driving force for fluid filtration across the wall of the capillary 
is determined by four separate pressures: hydraulic (hydro-
static) and colloid osmotic pressure both within the vessel and 
in the tissue space.2 This process can be described mathemati-
cally using the following equation:

Jv Lp Pc Pi s pc pi= − − −[ ( )]

where:
Jv = Fluid filtration flux across the capillary wall per unit area
Lp = Permeability of the capillary wall
s = Oncotic reflection coefficient
Pc, Pi, pc, pi = Global values for the hydrostatic and colloid 

osmotic pressures in the capillary and interstitial 
compartments

Osmotic Pressure of Solutions

Most of the solutions of physiologic importance in the body are 
dilute. Solutes in dilute solution resemble gases. This behavior 
results from the relatively large distances between the molecules 
of solute in dilute solutions. The most important physiologic 
characteristic of solutions is their ability to exert pressure.

Osmotic pressure (oncotic pressure)3 is the force produced 
by solvent particles under certain conditions. A membrane that 
permits passage of solvent molecules but not solute is called a 
semipermeable membrane. If such a membrane divides a solu-
tion into two compartments, molecules of solvent can pass 
(diffuse) through it from one side to the other (Figure 13-3, A). 
The number of solvent molecules diffusing in one direction 
must equal the number of solute molecules passing in the oppo-
site direction. An equal ratio of solute to solvent particles (i.e., 
the concentration of the solution) is maintained on both sides 
of the membrane. A capillary wall is an example of a semiper-
meable membrane.4,5

FIGURE 13-3	 Sodium	chloride	(NaCl)	is	shown	as	a	crystalline	
mass	of	ions	being	dissociated	by	the	attraction	of	water	dipoles.	
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milligram equivalent weight, or milliequivalent (mEq). One 
milliequivalent (1 mEq) is 1

1000 of 1 gEq.
Gram Equivalent Weight Values. A gram equivalent weight 

of a substance is calculated as its gram molecular (formula) 
weight divided by its valence. Valence refers to the number of 
electrons that need to be added or removed to make the sub-
stance electrically neutral. The valence signs (+ or −) are 
disregarded.

gEq Gram molecular weight Valence=

The gram equivalent weight of N+, with a valence of 1, equals 
its gram atomic weight of 23 g. The gram equivalent weight of 
calcium (Ca++) is its atomic weight (i.e., 40) divided by 2, or 
20 g. The gram equivalent weight of ferric iron (Fe+++) is its 
atomic weight (i.e., 55.8) divided by 3, or approximately 18.6 g.

For radicals such as sulfate (SO4
2−), the formula for sulfuric 

acid (H2SO4) shows that one SO4
2− group combines with two 

atoms of H2. Half (0.5) of a mole of SO4
2− is equivalent to 1 

mole of H atoms. The gram equivalent weight of SO4
2− is half 

its gram formula weight, or 48 g. If an element has more than 
one valence, the valence must be specified or must be apparent 
from the observed chemical combining properties.

Gram Equivalent Weight of an Acid. The gram equivalent 
weight of an acid is the weight of the acid (in grams) that con-
tains 1 mole of replaceable H. The gram equivalent weight of 
an acid may be calculated by dividing its gram formula weight 
by the number of H+ atoms in its formula, as shown in the fol-
lowing reaction:

HCl Na NaCl H+ → ++ +

The single H+ of hydrochloric acid (HCl) is replaced by Na+. In 
1 mole of HCl, there is 1 mole of replaceable H+. By definition, 
the gram equivalent weight of HCl must be the same as its gram 
formula weight, or 36.5 g. The two H2 of H2SO4 are both con-
sidered to be replaceable. In 1 mole of H2SO4, there are 2 moles 
of replaceable H+, and the gram equivalent weight of H2SO4 is 
half its gram formula weight, or 48 g.

Acids in which H+ atoms are not completely replaceable are 
exceptions to the rule. In some acids, H+ replacement varies 
according to specific reactions. Carbonic acid (H2CO3) and 
phosphoric acid (H3PO4) are examples of such exceptions. 
Their equivalent weights are determined by the conditions of 
their chemical reactions.

For example, H2CO3 has two H+ atoms. In physiologic reac-
tions, only one is considered replaceable:

H CO Na NaHCO H2 3 3+ → ++ +

Only one H+ atom is released; the other remains bound. In 1 
mole of H2CO3, there is only 1 mole of replaceable H+. The gram 
equivalent weight of H2CO3 is the same as its gram formula 
weight, or 61 g.

Gram Equivalent Weight of a Base. The equivalent weight 
of a base is its weight (grams) containing 1 mole of replaceable 
hydroxyl (OH−) ions. Similar to acids, the gram equivalent 
weight of bases is calculated by dividing gram formula weight 
by the number of OH− groups in its formula.

MINI CLINI
Sputum Induction and Hypertonic Saline

PROBLEM:  To obtain samples of respiratory secretions, 
aerosol therapy is sometimes used to increase the volume of 
secretions and promote coughing to recover sputum or cells or 
both from the respiratory tract. Sputum induction combines 
the effect of hypertonic aerosols on the lining of the respiratory 
tract and with the normal cough reflex.

DISCUSSION:  Sputum induction is usually performed by 
having the patient inhale a sterile hypertonic saline solution. 
Isotonic saline is approximately 0.9% (i.e., normal saline); con-
centrations greater than 0.9% are considered hypertonic. In 
clinical practice, concentrations of 3% to 10% have been used. 
When the particles of hypertonic saline are deposited in the 
airway, osmotic pressure is thought to play a key role. When 
hypertonic saline comes into contact with the respiratory 
mucosa, water moves from the cells lining the airway into the 
sol-gel matrix that lines the airways, increasing its volume. The 
combination of increased volume of respiratory secretions with 
irritation of the epithelial cells themselves promotes reflex 
coughing. The volume of sputum and the rate of clearance 
from the lungs seem to depend on the osmolarity of the inhaled 
aerosol. Exposure of mast cells normally present in the airways 
to hypertonic aerosols results in the release of mediators (e.g., 
histamine) and bronchospasm. These effects may be related to 
the stimulation of the cough reflex. For the same reason, hyper-
tonic saline is also sometimes used for bronchial challenge 
testing.

	

RULE OF THUMB

Solutions	that	have	osmotic	pressures	equal	to	the	
average	intracellular	pressure	in	the	body	are	called	
isotonic.	This	is	roughly	equivalent	to	a	saline	solution	
(NaCl)	of	0.9%.	Solutions	with	higher	osmotic	pressure	
are	called	hypertonic,	whereas	solutions	with	lower	
osmotic	pressure	are	called	hypotonic.	Administration	
of	isotonic	solutions	usually	causes	no	net	change	in	
cellular	water	content.	Hypertonic	solutions	draw	water	
out	of	cells.	Hypotonic	solutions	usually	cause	water	to	
be	absorbed	from	the	solution	into	cells.

gram ionic weight of 61. Both ions have equal electronegativi-
ties (+1 for Na+, −1 for HCO3

−). The number of chemically 
reactive units is usually more meaningful than their weight.

Equivalent Weights
In medicine, it is customary to refer to physiologic substances 
in terms of chemical combining power. The measure commonly 
used is equivalent weight. Equivalent weights are amounts of 
substances that have equal chemical combining power. For 
example, if chemical A reacts with chemical B, by definition, 1 
equivalent weight of A reacts with exactly 1 equivalent weight 
of B. No excess reactants of A or B remain.

Two magnitudes of equivalent weights are used to calculate 
chemical combining power: gram equivalent weight (gEq) and 
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Quantitative Classification of Solutions

The amount of solute in a solution may be quantified by the 
following six methods:
1. Ratio solution. The amount of solute to solvent is expressed 

as a proportion (e.g., 1 : 100). Ratio solutions are sometimes 
used in describing concentrations of drugs.

2. Weight-per-volume (W/V) solution. The W/V solution is 
commonly used for solids dissolved in liquids. It is defined 
as weight of solute per volume of solution. This method is 
sometimes erroneously described as a percent solution. W/V 
solutions are commonly expressed in grams of solute per 
100 ml of solution. For example, 5 g of glucose dissolved in 
100 ml of solution is properly called a 5% solution, according 
to the W/V scheme. A liquid dissolved in a liquid is measured 
as volumes of solute to volumes of solution.

3. Percent solution. A percent solution is weight of solute per 
weight of solution. For example, 5 g of glucose dissolved in 
95 g of water is a true percent solution. The glucose is 5% of 
the total solution weight of 100 g.

4. Molal solution. A molal solution contains 1 mole of solute 
per kilogram of solvent, or 1 mmol/g solvent. The concen-
tration of a molal solution is independent of temperature.

5. Molar solution. A molar solution has 1 mole of solute per 
liter of solution, or 1 mmol/ml of solution. The solute is 
measured into a container, and solvent is added to produce 
the solution volume desired.

6. Normal solution. A normal solution has 1 gEq of solute per 
liter of solution, or 1 mEq/ml of solution. For all monova-
lent solutes, normal and molar solutions are the same. The 
equivalent weights of their solutes equal their gram formula 
weights. Equal volumes of solutions of the same normality 
contain chemically equivalent amounts of their solutes. If 
the solutes react chemically with one another, equal volumes 
of the solutions react completely. Neither substance remains 
in excess. In the analytic process of titration, normal solu-
tions are often used as standards to determine the concentra-
tions of other solutions.

Dilution Calculations
Dilute solutions are made from a stock preparation. Preparation 
of medications often involves dilution. Dilution calculations are 
based on the weight-per-unit volume principle (the aforemen-
tioned W/V solution method).

Conversion of Gram Weight to Equivalent Weight. To 
determine the number of gram equivalent weights in a sub-
stance, the gram weight is divided by its calculated equivalent 
weight, as shown in the following example:

58 5 58 5 1. .g NaCl gEq g gEq=
29 25 58 5 0 5. . .g NaCl gEq gEq=

Milligram Equivalent Weights. The concentrations of 
most chemicals in the body are quite small. The term milligram 
equivalent weight (milliequivalent) is preferred for expressing 
these minute values; 1 mEq is simply 0.001 gEq:

mEq gEq= 1000

The normal concentration of potassium in plasma ranges 
from 0.0035 to 0.005 gEq/L. These values may be converted to 
milliequivalents by multiplying by a factor of 1000. The normal 
concentration of K+ in the plasma would be expressed as ranging 
from 3.5 to 5.0 mEq/L.

Solute Content by Weight

The measurement of many electrolytes is based on actual weight 
rather than on milliequivalents. This weight is often expressed 
as milligrams per 100 ml of blood or body fluid. The units  
for this measurement are abbreviated as mg% (milligram 
percent) or mg/dl (milligrams per deciliter). This text uses the 
modern designation mg/dL. Some substances present in blood 
or body fluid are present in extremely small amounts and  
are expressed in micrograms ( 1

1000 of a milligram) per deciliter 
(µg/dl or mcg/dl).

Values stated in milligrams per deciliter may be converted 
into their corresponding equivalent weights and reported as 
milliequivalents per liter. Conversion between mEq/L and  
mg/dl may be calculated as follows:

(1) mEq L
mg dl

Equivalent weight
=

×10

(2) mEq L
mEq L Equivalent weight

=
×

10

To convert a serum Na+ value of 322 mg/dl to mEq/L, the equa-
tion is used as follows:

mEq L mg dl Equivalent weight

mEq L

= ×
= ×
=

10

322 10 23

140

In clinical practice, electrolyte replacement is common when 
a laboratory test identifies a significant deficiency. The electro-
lyte content of intravenous solutions is usually stated in milli-
grams per deciliter or in milliequivalents per liter. Lactated 
Ringer’s solution is one such infusion used for electrolyte 
replacement (Table 13-2).

Calculating Solute Content

In addition to gEq, mEq, mg/dl, and µg/dl (mcg/dl), several 
other methods of calculating solute content exist. These 
common chemical standards are used to compute solute content 
and dilution of solutions.

TABLE 13-2 

Concentration of Ingredients in Lactated  
Ringer’s Solution

Substance mg/dl Approximate mEq/L

NaCl	(sodium	chloride) 600	Na 130
310	Cl 109

NaC3H5O3	(sodium	lactate) 30	C3H5O3 28
KCl	(potassium	chloride) 30	K 4
CaCl2	(calcium	chloride) 20	Ca 27
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electron pair (Lewis acid). Although these two theories of acids 
differ in which is being transferred, both theories attempt to 
describe how reactive groups perform within an aqueous 
solution7,8:

NH Cl NaOH NH NaCl HOH4 3+ → + +

In this reaction, Na+ and Cl− ions are not involved in the proton 
transfer. The equation can be rewritten ionically as follows to 
show the acidity of the ammonium ion:

NH OH NH HOH4 3
+ −+ → +

The ammonium ion donates a H+ ion (proton) to the reaction. 
The H+ combines with the hydroxide ion (OH−), and this con-
verts the former into ammonia gas and the latter into water.

Acids With Single Ionizable Hydrogen. Simple com-
pounds such as hydrochloric acid (HCl) ionize into one cation 
and one anion:

HCl H Cl→ ++ −

Acids With Multiple Ionizable Hydrogens. The H+ ions in 
an acid may become available in stages. The degree of ionization 
increases as an electrolyte solution becomes more dilute. Con-
centrated sulfuric acid ionizes only one of its two H+ atoms per 
molecule, as follows:

H SO H HSO2 4 4→ ++ −

With further dilution, second-stage ionization occurs:

H SO H H SO2 4 4→ + ++ + −

Bases
A base is a compound that yields hydroxyl ions (OH−) when 
placed into aqueous solution. A substance capable of inactivat-
ing acids is also considered a base. These compounds, called 
hydroxides, consist of a metal that is ionically bound to a OH− 
ion or ions. The OH− may also be bound to an ammonium 
cation (NH4

+). An example of this type of base is sodium 
hydroxide (NaOH). The Brönsted-Lowry definition of a base is 
any compound that accepts a proton; bases are paired with acids 
that donate the proton, and these are called conjugate pairs. This 
definition includes substances other than hydroxides, such as 
ammonia, carbonates, and certain proteins.

Hydroxide Bases. In aqueous solution, the following are 
typical dissociations of hydroxide bases:

Na OH Na OH+ + −→ +
K OH K OH+ + −→ +

Ca OH Ca OH++ − ++ −→ +( ) ( )2 2

Inactivation of an acid is part of the definition of a base. This 
inactivation is accomplished by OH− reacting with H+ to form 
water:

NaOH HCl NaCl HOH+ → +

Nonhydroxide Bases. Ammonia and carbonates are exam-
ples of nonhydroxide bases. Proteins, with their amino groups, 
also can serve as nonhydroxide bases.

Diluting a solution increases its volume without changing 
the amount of solute it contains, and this reduces the concen-
tration of the solution. The amount of solute in a solution can 
be expressed as volume times concentration. For example, 
50 ml of a 10% solution (10 g/dl) contains 50 × 0.1, or 5 g. In 
the dilution of a solution, initial volume (V1) multiplied by 
initial concentration (C1) equals final volume multiplied by 
final concentration. This can be expressed as follows:

V C V C1 1 2 2=

This equation is sometimes referred to as the dilution equation. 
Whenever three of the variables are known, the fourth can be 
calculated as in the following examples:
1. Diluting 10 ml of a 2% (0.02) solution to a concentration of 

0.5% (0.005) requires finding the new volume (V2) by rear-
ranging the dilution equation as follows:

V V C C2 1 1 2=
V ml2 10 0 02 0 005= × . .

V ml2 40=

2. If 50 ml of water is added to 150 ml of a 3% (0.03) solution, 
the new concentration is calculated by rearranging the dilu-
tion equation to find C2 as follows:

C V C V2 1 1 2=
C ml ml ml2 150 0 02 50 150= × +. ( )

C or2 0 0225 2 25= . ( . %)

3. To dilute 50 ml of a 0.33 normal (N) solution to a 0.1 N 
concentration, concentration is given as normality, but it  
can be used similar to a percentage. The new volume (V2) 
can be calculated by rearranging the dilution equation as 
follows:

V V C C2 1 1 2=
V ml2 50 0 33 0 1= × . .

V ml2 165=

In the last example, the volume needed to produce a 0.1 N solu-
tion would be 165 ml − 50 ml (the original volume), or 115 ml. 
In other words, 115 ml of solvent would have to be added to 
the original 50 ml of 0.33 N solution to produce the desired 
concentration. The added solvent is called the diluent because 
it dilutes the original concentration to a lower concentration.

ELECTROLYTIC ACTIVITY AND  
ACID-BASE BALANCE

Acid-base balance depends on the concentration and activity of 
electrolytic solutes in the body. Clinical application of acid-base 
homeostasis is discussed in detail in Chapter 14.

Characteristics of Acids, Bases,  
and Salts

Acids
The term acid refers to either compounds that can donate [H+] 
(Brönsted-Lowry acid) or any compound that accepts an 
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Ammonia. Ammonia qualifies as a base because it reacts 
with water to yield OH−:

NH HOH NH OH3 4+ → ++ −

and neutralizes H+ directly:

NH H NH3
4+ →+ +

In both instances, NH3 accepts a proton to become NH4
+. 

Ammonia plays an important role in renal excretion of acid (see 
Chapter 14).

Carbonates. The carbonate ion (CO3
2−), can react with 

water in the following way to produce OH−:

(1) Na CO Na CO2 3 3
22� + −+

(2) CO HOH HCO OH3
2

3
− − −+ +�

In this reaction, CO3
2− accepts a proton from water, becoming 

the HCO3
− ion. It simultaneously produces a hydroxide ion. The 

CO3
2− ion also can react directly with H+ to inactivate it:

CO H HCO3
2

3
− + −+ �

Protein Bases. Proteins are composed of amino acids 
bound together by peptide links. Physiologic reactions in the 
body occur in a mildly alkaline environment. This environment 
allows proteins to act as H+ receptors, or bases. Cellular and 
blood proteins acting as bases are transcribed as prot−.

The imidazole group of the amino acid histidine is an 
example of an H+ acceptor on a protein molecule (Figure 13-4). 
The ability of proteins to accept H+ ions limits H+ activity in 
solution, which is called buffering. The buffering effect of he-
moglobin (Hb) is produced by imidazole groups in the protein. 
Each Hb molecule contains 38 histidine residues. Each O2-
carrying component (heme group) of Hb is attached to a his-
tidine residue. The ability of Hb to accept (i.e., buffer) H+ ions 
depends on its oxygenation state. Deoxygenated (reduced) Hb 
is a stronger base (i.e., a better H+ acceptor) than oxygenated 
Hb. This difference partially accounts for the ability of reduced 
Hb to buffer more acid than oxygenated Hb can (see Chapter 
14). Plasma proteins also act as buffers, although with less buff-
ering power than Hb, which contains more histidine.

FIGURE 13-4	 Histidine	portion	of	a	protein	molecule	(at	top)	
serving	as	a	proton	acceptor	(base).	
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MINI CLINI
Methacholine Dilution

The dilution equation (V1C1 = V2C2) is commonly used to 
calculate volumes or concentrations of medications when a 
specific dosage needs to be administered to a patient. If three 
of the variables are known, the fourth can be determined.

PROBLEM:  Methacholine is a drug used to induce airway 
constriction in patients suspected of having. In healthy sub-
jects, only higher doses of methacholine cause bronchospasm. 
In asthmatics, very low doses can precipitate a 20% decrease in 
the forced expiratory volume in 1 second (FEV1). The metha-
choline challenge test begins with a low dose and increases the 
concentration (either doubling or quadrupling) until the 
patient has a significant change in FEV1 or the highest dose has 
been given. Methacholine is supplied in vials that contain 
100 mg of the active substance to which 6.25 ml of diluent 
(saline) can be added to produce a concentration of 16 mg/ml. 
This is the highest dosage administered to the patient. How can 
you make serial dilutions of the drug so that five different 
dosages are available and each one is four times more concen-
trated than the previous dose?

SOLUTION:  Starting with a 16 mg/ml stock solution of 
methacholine, how much diluent needs to be added to 3 ml of 
the stock to make a 4 mg/ml dose (one-fourth of the original 
concentration)?

Using the dilution equation:

C V C V

V

V

V

1 1 2 2

2

2

1

16 3 0 4

48 4

12

=
=
=
=

( )( . ) ( )

Because there was 3 ml of the stock solution to begin with, 
the amount of diluent to add is the difference between 12 (V2) 
and 3, or 9 ml. Adding 9 ml of diluent to the original 3 ml  
of stock (16 mg/ml) provides 12 ml of methacholine with a 
concentration of 4 mg/ml, exactly one-fourth of the highest 
dose. Additional dilutions can be prepared using 3 ml of solu-
tion according to the following table:

Start With To Make

3 ml of 4 mg/ml 9 ml 1 mg/ml
3 ml of 1 mg/ml 9 ml 0.25 mg/ml
3 ml of 0.25 mg/ml 9 ml 0.0625 mg/ml

Each of these dilutions uses the same proportions 
used in the first dilution as determined by the dilution 
equation. Methacholine is administered by nebulizer to 
the patient, starting with the lowest concentration 
(0.0625 mg/ml) and increasing until a change in FEV1 is 
observed. (See Chapter 20 for additional information on 
pulmonary function testing.)
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Applying these concepts in an example pertinent to clinical 
medicine yields the following:

[ ] .

log( . )

log . log

H in blood mol L

pH

+ −

−

−

= ×
= − ×
= − + −

4 0 10

4 0 10

4 0 10
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7 40

= − +
= − +
=

log . log

.
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In this example, the [H+] in arterial blood of a healthy adult 
is approximately 4.0 × 10−8 mol/L, or 40 nmol/L.

Designation of Acidity and Alkalinity

Pure water can be used as a reference point for determining 
acidity or alkalinity. The concentration of both H+ and OH− in 
pure water is 10−7 mol/L. A solution that has a greater H+ con-
centration or lower OH− concentration than water acts as an 
acid. A solution that has a lower H+ concentration or a greater 
OH− concentration than water is alkaline, or basic.

The H+ concentration [H+] of pure water has been adopted 
as the standard for comparing reactions of other solutions. 
Electrochemical techniques are used to measure the [H+] of 
unknown solutions. Acidity or alkalinity is determined by varia-
tion of the [H+] greater than or less than 1 × 10−7. For example, 
a solution with a [H+] of 89.2 × 10−4 has a higher [H+] than 
water and is acidic. A solution with a [H+] of 3.6 × 10−8 has fewer 
H+ ions than water and is by definition alkaline. Two related 
techniques are used for expressing the acidity or alkalinity of 
solutions using the [H+] of water (i.e., 10−7) as a neutral factor: 
(1) the [H+] in nanomoles per liter and (2) the logarithmic 
pH scale.

Nanomolar Concentrations
The acidity or alkalinity of solutions may be reported using the 
molar concentration of H+ compared with that of water. The 
[H+] of water is 1 × 10−7 mol/L, or 0.0000001 (one ten-millionth 
of a mole). The unit for one-billionth of a mole is a nanomole 
(nmol). The [H+] of water can be expressed as 100 nmol/L. A 
solution that has a [H+] of 100 nmol/L is neutral. A solution 
with an [H+] greater than 100 nmol/L is acidic; one with an 
[H+] less than 100 nmol/L is alkaline. This system is limited 
because of the wide range of possible [H+] but is applicable in 
clinical medicine because the physiologic range of [H+] is 
narrow. [H+] in healthy individuals is usually 30 to 50 nmol/L.

pH Scale
The pH scale is used to describe the concentration of H+, ([H+]), 
(i.e., Brönsted-Lowry acid) in a solution. Rather than express-
ing the [H+] in nanomoles, it is more convenient to describe it 
in terms of the negative logarithm of the nanomolar [H+]. The 
equation for calculating pH is:

pH H= − +log[ ]

The pH of pure water is 7.0: The [H+] of water is 1 × 10−7 mol/L. 
The logarithm of 1 × 10−7 is −7, so the negative logarithm of 1 
× 10−7 is 7.

Using this scheme, in a solution with a pH of 7.00, the [H+] 
is the same as would be seen in pure water, so by convention 
this is called “neutral.” As the pH decreases below 7.00, the solu-
tion is termed acidic. When the pH increases above 7.00, the 
solution is considered to be basic. With a whole number change 
in pH (i.e., pH decreasing from 7.00 to 6.00), the [H+] is a factor 
of 10 less. With a pH increase from 7.00 to 8.00, the [H+] is 10 
times greater (Figure 13-5). A pH of 7.00 is equivalent to a [H+] 
of 100 nmol. A pH of 8.00 is equivalent to a [H+] concentration 
of 10 nmol. Similarly, a change in pH of 0.3 units equals a 
twofold change in [H+].

FIGURE 13-5	 Relationship	between	pH	scale	and	[H+]	
concentrations	in	nanomoles	per	liter	(nmol/L).	pH	of	7.00	equals	
100	nmol/L	H+,	whereas	the	normal	human	pH	(arterial	blood)	of	
7.40	is	equal	to	about	40	nmol/L.	
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RULE OF THUMB

The	pH	scale	is	logarithmic.	pH	is	a	positive	number	
representing	the	negative	log	of	the	hydrogen	ion	
concentration	[H+]	of	a	solution.	To	visualize	changes	in	
acidity	or	alkalinity,	the	following	two	rules	are	helpful:
1.	 A	pH	change	of	0.3	unit	equals	a	2-fold	change		

in	[H+].
2.	 A	pH	change	of	1	unit	equals	a	10-fold	change		

in	[H+].
For	example,	if	a	patient’s	blood	pH	decreased	from	

7.40	(normal)	to	7.10,	the	[H+]	concentration	would	be	
twice	as	high.	If	a	patient’s	urine	pH	decreased	from	
7.00	to	6.00,	the	[H+]	would	have	increased	by	10	
times.
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have similar electrolyte compositions. Plasma contains substan-
tially more protein than interstitial fluid. Proteins, chiefly 
albumin, account for the high osmotic pressure of plasma. 
Osmotic pressure is an important determinant of fluid distribu-
tion between vascular and interstitial compartments.

Regulation
As discussed, movement of certain ions and proteins between 
body compartments is restricted yet water diffuses freely. 
Control of total-body water occurs through regulation of water 
intake (thirst) and water excretion (urine production, insensi-
ble loss, and stool water). The kidneys are mainly responsible 
for water excretion. If water intake is low, the kidneys reduce 
urine volume. Solutes in the urine can be concentrated up to 
four times the concentration of solutes in the plasma. If water 
intake is high, the kidneys can excrete large volumes of dilute 
urine.

The kidneys maintain the volume and composition of body 
fluids via two related mechanisms. First, filtration and reab-
sorption of Na+ adjust urinary Na+ excretion to match changes 
in dietary intake. Second, water excretion is regulated by osmo-
receptors that are located in the hypothalamus and modulate 
secretion of antidiuretic hormone (ADH, also known as vaso-
pressin).6,11,12 These receptors are exceptionally sensitive; in vivo 
studies have shown that a single neuron can respond to either 
an osmotic or a nonosmotic baroreceptor simulus.12 These 
mechanisms allow the kidneys to maintain the volume and 
concentration of body fluid despite variations in salt and water 
intake. Analysis of the urine (urinalysis) often provides diag-
nostic clues in disorders of body fluid volume.

Water Losses. Water may be lost from the body through the 
skin, lungs, kidneys, and gastrointestinal (GI) tract. Water loss 
can be insensible, such as evaporation of water from the skin 
and lungs, or sensible, such as losses from urine and the GI tract 
(Table 13-4).13 Fluid losses from the body also may occur during 
vomiting, diarrhea, or suctioning from the stomach. Fever, in 
conjunction with sweating, also can cause significant losses.

The GI tract manufactures 8 to 10 L of fluid per day. More 
than 98% of this volume is reclaimed in the large intestine. In 

TABLE 13-3 

Distribution of Body Fluids

Body Water Man (% Body 
Weight)

Woman (% Body 
Weight)

Infant (% Body 
Weight)

Total	body 60	±	15 50	±	15 80
Water
	 Intracellular 45 40 50
	 Extracellular 15-20 15-20 30
Interstitial 11-15 11-15 24
Intravascular 4.5 4.5 5.0
Transcellular <1 <1 <1

TABLE 13-4 

Daily Water Exchange

Regulation Average Daily Volume (ml) Maximum Daily Volume

Water Losses
Insensible
	 Skin 700 1500	ml
	 Lung 200
Sensible
	 Urine 1000-1200 >2000	ml/hr
	 Intestinal 200 8000	ml
	 Sweat 0 >2000	ml/hr

Water Gain
Ingestion
	 Fluids 1500-2000 1500	ml/hr
	 Solids 500-600 1500	ml/hr
Body	metabolism 250 1000	ml

BODY FLUIDS AND ELECTROLYTES

Body Water

Water constitutes 45% to 80% of an individual’s body mass, 
depending on the mass, gender, and age of the individual. Obese 
individuals have a lower percentage of body water (≤30% less) 
than normal-weight individuals. Men have a slightly higher 
percentage of total-body water than women. Total percentage 
of body water in infants and children is substantially greater, 
with water accounting for 80% of a newborn’s total-body 
weight (Table 13-3).

Distribution
Body water is divided into the following two major compart-
ments: (1) intracellular (“within the cells”) and (2) extracellular 
(“outside the cells”). Intracellular water accounts for approxi-
mately two-thirds of the total-body water, and extracellular 
water accounts for the remaining one-third. Extracellular water 
is found in three sub-compartments: (1) intravascular water 
(plasma), (2) interstitial water, and (3) transcellular fluid. Intra-
vascular water constitutes approximately 5% of the body weight. 
Interstitial water is water in the tissues between the cells. It 
constitutes approximately 15% of the body weight. The propor-
tion of transcellular fluid is quite small in proportion to plasma 
and interstitial fluid. Interstitial fluid is a matrix—a collagen/
gel substance that allows the interstitium to provide structural 
support during times of extracellular volume depletion.10 
Examples of transcellular fluid include cerebrospinal fluid, 
digestive juices, and mucus. Transcellular fluid can become an 
important third space in some pathologic conditions, such as 
ascites (excess fluid in the peritoneal cavity) or pleural effusion 
(fluid collection in the pleural space).

Composition
The concentration of ionic solutes in intracellular and extracel-
lular fluids differs significantly. Sodium (Na+), chloride (Cl−), 
and bicarbonate (HCO3

−) are predominantly extracellular elec-
trolytes. Potassium (K+), magnesium (Mg++), phosphate (PO4

3−), 
sulfate (SO4

2−), and protein constitute the main intracellular 
electrolytes. Although protein does not dissociate ionically, it 
can create H+ and other weak bonds and distribute net extra 
charge within its molecule. Intravascular and interstitial fluids 
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osmotic pressure tends to keep fluid in the capillaries. Proteins 
with molecular weights greater than approximately 70,000 in 
colloidal suspension in the plasma cause this difference in 
osmotic pressure. Proteins such as albumin are too large to pass 
through the pores of the capillary. Instead, these proteins remain 
in the intravascular compartment and exert osmotic pressure, 
which draws water and small solute molecules back into the 
capillaries; this is called plasma colloid osmotic pressure 
(oncotic pressure). Because these large proteins are negatively 
charged, they attract (but do not bind) an equivalent amount 
of cations to the intravascular compartment. These cations have 
the effect of increasing osmotic pressure within the capillary 
(Donnan effect).

In a typical capillary, blood pressure is approximately 30 mm 
Hg at the arterial end and approximately 20 mm Hg at the 
venous end (Figure 13-6). Colloid osmotic pressure of the intra-
vascular fluid remains constant at approximately 25 mm Hg. 
Hydrostatic pressure along the capillary continually decreases. 
At the arterial end, hydrostatic pressure normally exceeds 
osmotic pressure, and water flows out of the vascular space into 
the interstitial space. At the venous end, colloidal osmotic pres-
sure exceeds hydrostatic forces. Water is pulled back into the 
vascular compartment.

The outflow of water and electrolytes from the capillary at 
the arterial end is not completely balanced by the return on the 
venous end. Slightly more water diffuses out than is reabsorbed. 
This slight outward excess is balanced by fluid return through 
the lymphatic circulation (see Chapter 9). Fluid return via lym-
phatic channels also depends on pressure differences. The pres-
sure in the interstitial space is determined by the volume of 
interstitial fluid and its electrolyte content. Interstitial fluid 
moves from a region of higher pressure (interstitial space) to a 
region of lower pressure (lymphatic channels). This lymph fluid 
moves into larger lymphatic spaces, where the pressure is con-
tinuously decreasing.

Three examples of the forces in Starling’s equation are fluid 
return from gravity-dependent areas of the body, fluid exchange 
in the lung, and tissue edema.

Because of hydrostatic effects, capillary pressure in the feet 
can reach 100 mm Hg when an individual is standing. Reab-
sorption of tissue fluid can be accomplished, although hydro-
static pressure greatly exceeds colloidal osmotic pressure. Three 
factors favor reabsorption under these circumstances:
1. High intravascular hydrostatic pressure is balanced by a pro-

portionally greater interstitial pressure.
2. The “pumping” action of the skeletal muscles surrounding 

leg veins reduces venous pressures.
3. Lymph flow back to the thorax is enhanced via a similar 

mechanism; this facilitates clearance of excess interstitial 
fluid.
However, when an imbalance results from changes in the 

basic pressures (e.g., arterial hypertension), edema tends to 
occur in the dependent limbs.

The lungs present a different situation. In systemic tissues, a 
constant exchange of interstitial fluid is essential. In the lungs, 
the alveoli must be kept relatively dry. Otherwise, interstitial 

patients who are vomiting or have diarrhea, water losses through 
the GI tract can be considerable. Individuals with severe burns 
or open wounds can lose large quantities of water.

Other causes of abnormal fluid loss include certain renal and 
respiratory disorders. Patients with renal disease may have to 
excrete larger quantities of urine to get rid of extra nitrogenous 
wastes. Patients with increased ventilation also have increased 
water losses through increased evaporation from the respira-
tory tract. Patients with artificial airways are prone to evapora-
tive water loss if inspired air is not adequately humidified. 
Infants have a greater proportion of body water than adults, 
particularly in the extracellular compartments (see Table 13-3). 
Water loss in infants may be twice the water loss in adults. 
Infants also have a greater body surface area (in proportion to 
body volume) than adults, making their basal heat production 
twice as high. Higher metabolic rates in infants necessitate 
greater urinary excretion. Infants turn over approximately half 
of their extracellular fluid volume daily versus one-seventh for 
adults. Fluid loss or lack of intake can rapidly deplete an infant 
of water.

Water Replacement. Water is replenished in two major 
ways: ingestion and metabolism (see Table 13-4).

Ingestion. Water is replaced mainly by ingestion, through 
the consumption of liquids. An average adult drinks 1500 to 
2000 ml of water per day. An additional 500 to 600 ml of water 
is ingested from solid food.

Metabolism. Water also is gained from the oxidation of fats, 
carbohydrates, and proteins in the body; the destruction of cells 
also releases some water. During total starvation, 2000 ml of 
water can be produced daily by the metabolism of 1 kg of fat. 
Recovery after surgery or trauma may be similar to starvation; 
under such conditions, approximately 500 mg of protein and a 
similar amount of fat are metabolized. This metabolism yields 
approximately 1 L of water per day.

Transport Between Compartments
Homeostasis depends largely on the total volume of body fluids 
and on fluid transport between body compartments. The first 
stage of homeostasis is fluid exchange between systemic capil-
laries and interstitial fluid via passive diffusion. Capillary walls 
are permeable to crystalline electrolytes. This allows equilib-
rium between the two extracellular compartments to occur 
quickly. Except for the large protein molecules, plasma also can 
move through capillary walls into the tissue spaces. Because 
water and small molecules can cross the capillary membranes, 
they produce little or no osmotic effect.

Movement of fluid and solutes from capillary blood to inter-
stitial spaces is enhanced by the difference in hydrostatic pres-
sure (pressure exerted by a liquid at rest with respect to adjacent 
bodies) between compartments. Hydrostatic pressure difference 
depends on blood pressure, blood volume, and the vertical dis-
tance of the capillary from the heart (i.e., the effects of gravity). 
Hydrostatic pressure tends to cause fluid to leak out of capillar-
ies into the interstitial spaces.

Osmotic pressure differences between interstitial and intra-
vascular compartments oppose hydrostatic pressure; that is, 
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Electrolytes

Electrolytes in the various body fluids are not passive solutes. 
Electrolytes maintain the internal environment while making 
possible essential chemical and physiologic events. There are 
seven major electrolytes: sodium, chloride, bicarbonate, potas-
sium, calcium, magnesium, and phosphorus (phosphate).

Sodium (Na+)
Na+ is the major circulating cation within the body.15 Regulation 
of Na+ concentration in plasma and urine is related to regula-
tion of total-body water. Of the total-body stores of Na+, 50% 
is extracellular. The remaining Na+ is found in bone (40%) and 
in cells (10%). The normal serum concentration of Na+ is 136 
to 145 mEq/L. In cells, the Na+ concentration is much lower, 
averaging only 4.5 mEq/L.

The average adult ingests and excretes approximately 
100 mEq of Na+ every 24 hours. Children require approximately 
half this amount, and infants typically exchange 20 mEq of Na+ 
per day. Most Na+ is reabsorbed through the kidney. Approxi-
mately 80% of the Na+ in the body is reclaimed passively in the 
proximal tubules. The remainder is actively reabsorbed in the 
distal tubules. Na+ reabsorption in the kidneys is governed 
mainly by the level of aldosterone, which is secreted by the 
adrenal cortex. Na+ reabsorption in the distal tubules of the 

fluid in the alveolar-capillary spaces would impede the diffusion 
of gas. Colloid osmotic pressure in pulmonary blood vessels is 
the same as it is in the systemic circulation. To minimize inter-
stitial fluid in the alveolar-capillary region, the hydrostatic pres-
sure difference must be kept low. The pulmonary circulation is 
a low-pressure system. The mean pulmonary vascular pressures 
are approximately one-sixth of those in the systemic circulation. 
Colloid osmotic pressure exceeds hydrostatic forces across the 
entire length of the pulmonary capillaries in healthy individu-
als. The alveoli are relatively free of excess interstitial water.

If hydrostatic pressure increases in the pulmonary circula-
tion, this balance can be upset. This causes fluid movement into 
the alveolar-capillary spaces. Excess fluid in the interstitial space 
is called edema. In the lungs, edema caused by increased hydro-
static pressure often is a result of backpressure from a failing 
left ventricle (e.g., in congestive heart failure).

Edema can be caused by other factors. The Starling equilib-
rium equation given earlier shows that edema can be caused by 
a decrease in colloid osmotic pressure or an increase in capillary 
permeability. If albumin is depleted in the blood, the balance of 
forces is upset, favoring increased movement of fluid into the 
interstitium. Likewise, an increase in capillary permeability 
results in more fluid leaving the capillaries. Increased capillary 
permeability is a major factor in certain types of acute lung 
injuries (see Chapter 29).14

FIGURE 13-6	 Tissue	fluid	is	formed	by	a	process	of	filtration	at	the	arterial	end	of	a	systemic	capillary	(left),	in	which	blood	pressure	
exceeds	colloid	osmotic	pressure.	The	fluid	is	absorbed	by	the	blood	capillaries	and	lymphatic	vessels.	It	returns	to	the	venous	end	of	the	
capillary	(right)	when	colloid	osmotic	pressure	exceeds	blood	pressure.	Fluid	is	absorbed	into	the	lymphatic	capillary	system	when	interstitial	
fluid	pressure	is	greater	than	the	pressure	within	the	lymphatic	capillary.	Normally,	little	colloid	escapes	from	the	capillary.	Colloid	that	does	
escape	is	returned	to	the	blood	circulation	by	the	lymphatic	vessels.	(Modified	from	Burke	SR:	The	composition	and	function	of	body	fluids,	
ed	3,	St	Louis,	1980,	Mosby.)
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Chloride (Cl−)
Cl− is the most prominent anion in the body. Two-thirds of the 
body’s store of Cl− is extracellular; the remainder is intracellular. 
Intracellular Cl− is present in significant amounts in red and 
white blood cells. It also is present in cells that have excretory 
functions, such as the GI mucosa.

Normal serum levels of Cl− are 98 to 106 mEq/L. The con-
centration of extracellular Cl− is inversely proportional to the 
concentration of the other major anion, HCO3

−. Cl− is regulated 
by the kidney in much the same manner as Na+ (80% reab-
sorbed in the proximal tubules and 20% reabsorbed in the distal 
tubules). Cl− is usually excreted with K+ in the form of KCl. An 
imbalance in one of these electrolytes usually affects both. 
Replacement therapy usually includes both K+ and Cl−. The 
stomach and the small bowel also affect the balance of Cl−, and 
sweat contains hypotonic quantities of Cl−. Abnormal Cl− levels 
may occur for various reasons (see Table 13-5).

Bicarbonate (HCO3
−)

After Cl−, HCO3
− is the most important body fluid anion. It 

plays an important role in acid-base homeostasis and is the 
strong base in the HCO3–H2CO3 buffer pair (see Chapter 14). 
HCO3

− is the primary means for transporting CO2 from the 
tissues to the lungs. The ratio of HCO3

− to H2CO3 in healthy 
individuals is maintained near 20 : 1; this results in a pH of close 

kidney occurs in exchange for other cations. Na+ balance is 
involved in acid-base homeostasis (i.e., H+ exchange) and the 
regulation of K+. Abnormal losses of Na+ can lead to hyponatre-
mia (low Na+ concentration in the plasma) and may occur for 
numerous reasons, as shown in Table 13-5.

Hyponatremia, which is the most common electrolyte imbal-
ance found in hospitalized patients, is defined as having serum 
Na+ levels less than 135 mEq/L.6 Previously considered to be 
benign, mild hyponatremia has been shown in more recent 
studies to have a significant impact on a patient’s cognitive 
function and gait stability, and it is thought to be a contributing 
factor in falls.16 Hyponatremia can lead to cerebral edema owing 
to a change in osmotic pressure; the two most common causes 
for acute hyponatremia are postoperative iatrogenic and self-
induced secondary to water intoxication.16 One type of normal-
volume (euvolemic) hyponatremia is known as the syndrome of 
inappropriate antidiuretic hormone secretion (SIADH).15-17

Treatment of hypovolemic hyponatremia can have dire con-
sequences as well. If fluid is administered too quickly, damage 
to the central nervous system occurs. With significant fluid 
shifts in Na+ concentrations, rapid changes in cellular volume 
can lead to cell damage and cell death (apoptosis).6 Osmotic 
demyelination syndrome occurs when serum Na+ concentration 
changes more than 10 mEq/L in chronic hyponatremia or 
18 mEq/L over 48 hours.16

TABLE 13-5 

Electrolyte Disorders and Clinical Findings

Electrolyte Imbalance Causes Symptoms

Sodium	(Na+) Hyponatremia GI	loss,	sweating,	fever,	diuretics,	ascites,	
congestive	heart	failure,	kidney	failure

Weakness,	lassitude,	apathy,	headache,	
orthostatic	hypotension,	tachycardia

Hypernatremia Net	sodium	gain,	net	water	loss,	increased	
aldosterone,	steroid	therapy

Tremulousness,	irritability,	ataxia,	confusion,	
seizures,	coma

Chloride	(Cl−) Hypochloremia GI	loss,	diuretics Metabolic	alkalosis,	muscle	spasm,	coma	
(severe	cases)

Hyperchloremia Dehydration,	metabolic	acidosis,	respiratory	
alkalosis

(Minimal)

Potassium	(K+) Hypokalemia Diuretics,	steroid	therapy,	renal	tubular	disease,	
vomiting,	diarrhea,	malnutrition,	trauma

Muscle	weakness,	paralysis,	ECG	
abnormalities,	supraventricular	arrhythmias,	
circulatory	failure,	cardiac	arrest

Hyperkalemia Chronic	renal	disease,	hemorrhage,	tissue	
necrosis,	nonsteroidal	antiinflammatory	drugs,	
ACE	inhibitors,	cyclosporine,	K+-sparing	diuretics

ECG	changes,	ventricular	arrhythmias,	
cardiac	arrest

Calcium	(Ca++) Hypocalcemia Hyperparathyroidism,	pancreatitis,	renal	failure,	
trauma

Hyperactive	tendon	reflexes,	muscle	
twitching,	spasm,	abdominal	cramps,	ECG	
changes,	seizures	(rarely)

Hypercalcemia Hyperthyroidism,	hyperparathyroidism,	metastatic	
bone	cancer,	sarcoidosis

Fatigue,	depression,	muscle	weakness,	
anorexia,	nausea,	vomiting,	constipation

Magnesium	
(Mg++)

Hypomagnesemia Inadequate	intake/impaired	absorption	of	Mg++,	
pancreatitis,	alcoholism

Muscle	weakness,	irritability,	tetany,	ECG	
changes,	arrhythmias,	delirium,	seizures

Hypermagnesemia Dehydration,	renal	insufficiency,	tissue	trauma,	
lupus	erythematosus

ECG	changes	(along	with	hyperkalemia,	
cardiac	arrest,	respiratory	muscle	paralysis)

Phosphate	
(HPO4

2−)
Hypophosphatemia Starvation,	malabsorption,	hyperparathyroidism,	

hyperthyroidism,	uncontrolled	diabetes	mellitus
Diaphragmatic	weakness

Hyperphosphatemia Endocrine	disorders,	acromegaly,	chronic	renal	
insufficiency,	acute	renal	failure,	tissue	trauma

(Minimal)

ACE,	Angiotensin-converting	enzyme;	ECG,	electrocardiogram.

http://internalmedicinebook.com/



282 SECTION II • Applied Anatomy and Physiology

of K+ into the cells occurs through an ionic pump mechanism. 
An electrical differential across the cell membrane also facili-
tates K+ movement into the cell. For every three K+ ions that 
enter a cell, two Na+ ions and one H+ ion must leave. This trans-
fer maintains electrical neutrality in the cell.

The difference in K+ distribution is evident when compar-
ing concentrations between fluid compartments. Intracellular 
K+ concentration is approximately 150 mEq/L, whereas serum 
K+ concentration normally ranges from 3.5 to 5.0 mEq/L. 
Serum K+ is an indirect indicator only of the total-body K+. 
Serum K+ is usually analyzed by assessing both intake and 
excretion.

The average adult excretes 40 to 75 mEq of K+ in the urine 
every 24 hours. An additional 10 mEq is excreted in the stool. 
The average dietary intake of K+ ranges from 50 to 85 mEq/day. 
Patients who have undergone surgery, have sustained trauma, 
or have renal disease often have greater K+ losses. Consequently, 
such patients may need K+ replacement averaging 100 to 
120 mEq/day.

Serum K+ concentration is determined primarily by the pH 
of extracellular fluid and the size of the intracellular K+ pool. 
In extracellular acidosis, excess H+ ions are exchanged for 
intracellular K+. Movement of K+ from intracellular to extracel-
lular spaces may produce dangerous levels of hyperkalemia 
(elevated K+). Alkalosis has the opposite effect. When pH 
increases, K+ moves into cells. In the absence of acid-base dis-
turbances, serum K+ reflects total-body K+. With excessive loss 
of K+ from the GI tract, serum K+ decreases. A 10% loss of 
total-body K+ causes the serum K+ level to decrease approxi-
mately 1 mEq/L.

Renal excretion of K+ is controlled by aldosterone levels.18 
Aldosterone inhibits the enzyme responsible for K+ transport in 
the distal renal tubular cells of the kidney. Metabolic acidosis 
also inhibits the transport system. Na+ and H+ ions enter cells 
at the expense of increased K+ excretion. Alkalosis has the 
reverse effect. It stimulates cellular retention of K+. Kidney 
failure results in K+ retention and hyperkalemia.

Hypokalemia (reduced serum K+) disturbs cellular function 
in numerous organ systems, including the GI, neuromuscular, 
renal, and cardiovascular systems (see Table 13-5), and is one 
of the most common electrolyte abnormalities within the hos-
pital environment.18 Management of hypokalemia involves 
replacement of K+ losses and treatment of the underlying dis-
order. To manage the associated Cl− deficit, K+ is given with Cl−. 
Caution is required in the administration of intravenous K+ 
because cardiac muscle is very sensitive to extracellular concen-
trations of this electrolyte.

Hyperkalemia (elevated serum K+) is most common in 
patients with renal insufficiency (see Table 13-5). The primary 
treatment of hyperkalemia is restriction of K+ intake. The pro-
cesses that precipitated the hyperkalemia also must be con-
trolled. Temporary measures for reducing serum K+ levels 
include administration of insulin, calcium gluconate, Na+ salts, 
or large volumes of hypertonic glucose. Cation exchange resins 
may be given orally or rectally. If these measures fail, peritoneal 
or renal dialysis can aid in K+ removal.

MINI CLINI
Water, Salt, and Congestive  
Heart Failure

PROBLEM:  Why do patients who have congestive heart 
failure (CHF) need to adhere to a low-salt diet?

SOLUTION:  CHF occurs when the left ventricle cannot pump 
all of the blood presented to it. This situation leads to pooling 
of blood in the lungs and venous circulation and an increase 
in peripheral venous pressure. Normally, the ventricle pumps 
most of the blood entering it. This volume is the “preload” of 
the heart. The volume of extracellular water partially deter-
mines the preload of the ventricle.

The ventricle can fail as a pump either because of intrinsic 
heart disease, such as infarction or ischemia, or because of 
elevated distal pressures against which it must pump (hyper-
tension). In addition to pooling of blood in the systemic venous 
circulation, blood can back up in the lungs, resulting in conges-
tion and edema.

The most important determinant of the extracellular water 
volume is its Na+ content. Changes in extracellular water are 
dictated by the net gain or loss of Na+, with an accompanying 
gain or loss of water. To reduce the work of the heart, fluid 
volume must be carefully regulated. By restricting Na+ intake, 
extracellular fluid volume can be reduced, allowing the heart 
to function more effectively as a pump. Treatment of CHF must 
address not only excess fluid volume but also the underlying 
cause.

Diuretics are often used to help reduce fluid volume. Many 
diuretics cause the kidney to excrete Na+, causing water to 
follow and reducing the extracellular fluid load. Because some 
diuretics also cause K+ to be excreted, care must be taken in the 
management of CHF not to cause electrolyte imbalances. K+ 
supplements may be used so that diuresis does not result in 
hypokalemia. Because of the central role of extracellular water 
in CHF, weighing the patient is a simple yet sensitive means of 
detecting excess fluid volume.

to 7.40. HCO3
− stores are evenly divided between intracellular 

and extracellular compartments. Normal serum HCO3
− levels 

in arterial blood range from 22 to 26 mEq/L. HCO3
− levels are 

slightly higher in venous blood as CO2 is being transported to 
the lungs.

In acid-base disorders, the kidneys regulate HCO3
− levels to 

maintain a near-normal pH. In healthy individuals, more than 
80% of blood HCO3

− is reabsorbed in the proximal tubules of 
the kidneys. The remainder is reclaimed in the distal tubules. In 
respiratory acidosis, the kidneys retain or produce HCO3

− to 
buffer the additional acid caused by CO2 retention. In respira-
tory alkalosis, the opposite occurs. A reciprocal relationship 
exists between Cl− and HCO3

− concentrations. HCO3
− retention 

is associated with Cl− excretion, and vice versa (Chapter 14).

Potassium (K+)
K+ is the main cation of the intracellular compartment. Most 
of the K+ (98%) in the body is found in cells. Active transport 
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versely, when there is a negative Mg++ balance, most of the losses 
come from the extracellular spaces.

Phosphorus (P)
An average adult has approximately 1 kg (1000 g) of P, of which 
80% to 90% is in bone and teeth in the form of apatite. The 
remaining P is mostly present in the viscera and skeletal muscle, 
with a very small amount (<0.1%) in the extracellular fluids.19 
Of this total, 10% to 17% is combined with proteins, carbohy-
drates, and lipids in muscle tissue and blood, and the remainder 
is incorporated into complex organic compounds. Only about 
1% of the total-body P is available as free serum compounds, 
so the serum level (1.2 to 2.3 mEq/L) does not reflect total-body 
content. Serum P levels are influenced by several factors (see 
Table 13-5), including the serum Ca++ concentration and the pH 
of blood.

Organic phosphate (HPO4
2−) is the main anion within cells, 

with 20% present in the mitochondria. Approximately 30% of 
cellular HPO4

2− is stored in the endoplasmic reticulum and is 
used in the phosphorylation of various proteins.19 Inorganic 
phosphate plays a primary role in the metabolism of cellular 
energy, being the source from which adenosine triphosphate is 
synthesized. In acid-base homeostasis, phosphate is the main 
urinary buffer for titratable acid excretion (see Chapter 14).

P homeostasis depends on balance between GI absorption 
and urinary excretion. The parathyroid hormone provides hor-
monal regulation. Hyperphosphatemia (elevated serum levels of 
P) can occur when the load (e.g., GI absorption, cellular release) 
exceeds renal excretion and tissue uptake. Hyperphosphatemia 
precipitates Ca++, causing hypocalcemia, which can be life-
threatening if severe. Central nervous system symptoms such as 
altered mental status, paresthesias, and seizures can result from 
hyperphosphatemia. Prolonged hyperphosphatemia can result 
in abnormal deposition of calcium phosphate in previously 
healthy connective tissues, such as cardiac valves, and in solid 
organs, such as muscles.

Calcium (Ca++)
Ca++ is an important mediator of neuromuscular function and 
cell enzyme processes. Most of the Ca++ in the body is contained 
in the bones. The normal serum calcium is 8.7 to 10.4 mg/dl, 
or approximately 4.5 to 5.25 mEq/L. This concentration is 
maintained by the interaction of parathyroid hormone, vitamin 
D (calcitriol), and calcitonin.

Ca++ is present in the blood in the following three forms: 
ionized, protein bound, and complex. The proportion of Ca++ 
in each form is affected by blood pH, concentration of plasma 
proteins, and presence of Ca++-combining anions (e.g., HCO3

− 
and hydrogen phosphate [HPO4

2−]). Approximately 50% of 
serum Ca is ionized (Ca++) and is physiologically active. An 
additional 10% forms Ca-anion complexes. The remaining 40% 
is bound to plasma proteins, primarily albumen. Ionized Ca++ 
is physiologically active in processes such as enzyme activity, 
blood clotting, neuromuscular irritability, and bone calcifica-
tion. Acidemia increases the concentration of Ca++ in the serum, 
and alkalemia decreases the concentration.

Abnormal levels of Ca++ can cause various serious symptoms 
(see Table 13-5). Treatment of hypocalcemia (low serum levels 
of Ca++) consists of correcting the underlying cause and replac-
ing Ca++ either orally or intravenously. Hypercalcemia (increased 
levels of Ca++) can result from numerous disorders. The most 
common causes are hyperparathyroidism and malignancies 
(e.g., multiple myeloma, lung cancer). Acute hypercalcemia 
requires emergency treatment because death may occur quickly 
if serum Ca++ increases to more than 17 mg/L (8.5 mEq/L). In 
such cases, there is usually an associated deficit of extracellular 
fluid. Volume replacement reduces serum Ca++ by dilution.

Magnesium (Mg++)
Mg++ is the second most abundant intracellular cation after K+. 
Mg++ plays an important role in cellular functions, including 
energy transfer; metabolism of protein, carbohydrate, and fat; 
and maintenance of normal cell membrane function (see Table 
13-5). Systemically, Mg++ decreases blood pressure and alters 
peripheral vascular resistance. Abnormalities of Mg++ levels can 
result in disturbances in nearly every organ system and can 
cause potentially fatal complications (e.g., ventricular arrhyth-
mia, coronary artery vasospasm, sudden death). Hypomagne-
semia is also associated with multiple neuromuscular symptoms, 
such as muscular weakness, tetany, coma, and seizures. There is 
some evidence that intercellular Mg++ levels may be related to 
bronchial hyperresponsiveness.

Normal values for serum Mg++ range from 1.7 to 2.1 mg/dl 
(1.7 to 1.4 mEq/L) in healthy adults. Most (99%) of the Mg++ 
in the body is intracellular. Of the small portion in extracellular 
spaces, 80% is ionized or bound to other ions (e.g., phosphate) 
and the remaining 20% bound to proteins. Extracellular Mg++ 
is in equilibrium with Mg++ in the bone, kidneys, intestine, and 
other soft tissues. In contrast to most electrolytes, Mg++ excre-
tion in urine is not regulated hormonally, and circulating Mg++ 
in the extracellular fluid does not exchange readily with its main 
repository—the bones. Serum levels of Mg++ may remain 
normal even if total-body stores are depleted by 20%. Con-

SUMMARY CHECKLIST

◗	The	body	is	a	water-based	organism	in	which	chemical	
substances	and	particles	exist	in	solution	or	suspension.

◗	The	concentration	of	solutes	in	a	solution	may	be	
quantified	(1)	by	actual	weight	(grams,	milligrams,	or	
micrograms)	or	(2)	by	chemical	combining	power	
(equivalents	or	milliequivalents).	The	weight	of	a	solute	
does	not	give	an	indication	of	its	chemical	combining	
power,	but	gram	equivalent	weights	do.

◗	Solutions	commonly	involve	the	action	of	osmotic	
pressure.	Body	cell	membranes	are	semipermeable,	and	
osmotic	pressure	maintains	the	distribution	of	water	and	
solutes	in	physiologic	ranges.

◗	Concentrations	of	solutions	may	be	calculated	using	ratio,	
weight/volume,	or	percent	methods.

◗	Physiologically	active	compounds	in	the	body	are	mostly	
weak	electrolytic	covalent	substances.	In	aqueous	
solutions,	some	molecules	ionize,	leaving	the	remainder	
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intact.	Equilibrium	is	maintained	between	the	ions	and	
un-ionized	molecules.

◗	Proteins	made	up	of	amino	acids	can	function	as	bases	in	
the	mildly	alkaline	environment	of	the	body;	this	allows	Hb	
and	plasma	proteins	to	function	as	buffers.

◗	Acidity	or	alkalinity	is	determined	by	variation	of	[H+]	
greater	than	or	less	than	1	×	10−7	mol/L.	Two	methods	for	
recording	acidity	or	alkalinity	use	H+	concentration	of	water	
as	the	neutral	standard:	(1)	the	actual	measured	molar	
concentration	of	H+	in	nanomoles	per	liter	and	(2)	the	
logarithmic	pH	scale.

◗	Water	makes	up	45%	to	80%	of	an	individual’s	body	
weight.	Percentage	of	total-body	water	depends	on	
weight,	gender,	age,	and	adipose	tissue.	Total-body	water	
is	divided	into	intracellular	and	extracellular	water.	
Extracellular	water	is	divided	further	into	intravascular	and	
interstitial	water,	with	a	small	component	of	transcellular	
fluids.

◗	Control	of	total-body	water	is	regulated	by	water	intake	
and	excretion.	The	kidneys	maintain	the	volume	and	
composition	of	body	fluids	by	two	related	mechanisms:		
(1)	filtration	and	reabsorption	of	Na+	and	(2)	regulation	of	
water	excretion	in	response	to	changes	in	secretion	of	
ADH.

◗	A	balance	between	hydrostatic	and	osmotic	pressure	
keeps	water	in	the	appropriate	body	compartments.	
Plasma	proteins	account	for	the	high	colloid	osmotic	
pressure	of	plasma.	Colloid	osmotic	pressure	determines	
distribution	of	fluid	between	vascular	and	interstitial	
compartments.	Imbalances	in	osmotic	and	hydrostatic	
pressures	can	result	in	edema.

◗	Electrolytes	help	maintain	the	internal	environment	and	
make	important	chemical	and	physiologic	events	possible.	
The	concentrations	of	electrolytes	in	the	intracellular	and	
extracellular	fluid	compartments	differ	markedly.	Increased	
or	decreased	concentrations	of	any	electrolytes	can	result	
in	disease	and	sometimes	death.
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C H A P T E R   14 

Acid-Base Balance

WILL BEACHEY

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	how	the	lungs	and	kidneys	regulate	volatile	and	fixed	acids.
◆	 Describe	how	the	equilibrium	constant	of	an	acid	is	related	to	its	ionization	and	strength.
◆	 Define	open	and	closed	buffer	systems.
◆	 Explain	why	open	and	closed	buffer	systems	differ	in	their	ability	to	buffer	fixed	and	volatile	acids.
◆	 Explain	how	to	use	the	Henderson-Hasselbalch	equation	in	hypothetical	clinical	situations.
◆	 Describe	how	the	kidneys	and	lungs	compensate	for	each	other	when	the	function	of	one	is	abnormal.
◆	 Explain	how	renal	absorption	and	excretion	of	electrolytes	affect	acid-base	balance.
◆	 Classify	and	interpret	arterial	blood	acid-base	results.
◆	 Explain	how	to	use	arterial	acid-base	information	to	decide	on	a	clinical	course	of	action.
◆	 Explain	why	acute	changes	in	the	carbon	dioxide	levels	of	the	blood	affect	plasma	bicarbonate	ion	

concentration.
◆	 Calculate	the	anion	gap	and	use	it	to	determine	the	cause	of	metabolic	acidosis.
◆	 Describe	how	standard	bicarbonate	and	base	excess	measurements	are	used	to	identify	the	nonrespiratory	

component	of	acid-base	imbalances.

CHAPTER OUTLINE

Hydrogen Ion Regulation in Body Fluids
Strong	and	Weak	Acids	and	Bases:	Equilibrium	

Constants
Buffer	Solution	Characteristics
Bicarbonate	and	Nonbicarbonate	Buffer	Systems
pH	of	a	Buffer	System:	Henderson-Hasselbalch	

Equation
Physiologic	Roles	of	Bicarbonate	and	

Nonbicarbonate	Buffer	Systems
Acid Excretion

Lungs
Kidneys

Acid-Base Disturbances
Normal	Acid-Base	Balance
Primary	Respiratory	Disturbances

Primary	Metabolic	(Nonrespiratory)	Disturbances
Compensation:	Restoring	pH	to	Normal

Clinical Acid-Base States
Systematic	Acid-Base	Classification
Respiratory	Acidosis
Respiratory	Alkalosis
Metabolic	(Nonrespiratory)	Acidosis
Metabolic	Alkalosis
Metabolic	Acid-Base	Indicators
Mixed	Acid-Base	States
Stewart’s	Strong	Ion	Approach	to	Acid-Base	

Balance

KEY TERMS

acidemia
alkalemia
base	excess	(BE)
buffer	base
closed	buffer	system
conjugate	base
equilibrium	constant

fixed	(nonvolatile)	acids
Henderson-Hasselbalch	(H-H)	

equation
hypercapnia
hypocapnia
isohydric	buffering
metabolic	acidosis

metabolic	alkalosis
open	buffer	system
paresthesia
respiratory	acidosis
respiratory	alkalosis
standard	bicarbonate
volatile	acid
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another fixed acid. In contrast to H2CO3, these nonvolatile acids 
are not in equilibrium with a gas. However, the H+ of fixed acids 
can be buffered by bicarbonate ions (HCO3

−), which produce 
CO2 and water (H2O) (see the previous CO2 hydration reac-
tion); the CO2 formed is removed from the body in exhaled gas. 
Compared with daily CO2 production, fixed acid production is 
small, averaging only approximately 50 to 70 mEq/day.2 Certain 
diseases, such as untreated diabetes, increase fixed acid produc-
tion. H+ ions produced in this way stimulate respiratory centers 
in the brain, increasing ventilation; this eliminates more CO2, 
which pulls the CO2 hydration reaction to the left and removes 
H+ from the blood (refer to the CO2 hydration reaction). In this 
way, the respiratory system compensates for increases in fixed 
acid; that is, it prevents [H+] from rising as sharply as it other-
wise would when fixed acids are produced.

Increased ventilation

CO H O H CO HCO H

Fixed acid H

↑
+ ← ← +

↑

− +

+

2 2 2 3 3

Strong and Weak Acids and Bases: 
Equilibrium Constants

Strong acid and base molecules dissociate or ionize almost com-
pletely in an aqueous (liquid) solution. Weak acids and bases 
ionize only to a small extent. An example of a strong acid is 
hydrochloric acid. Nearly 100% of the HCl molecules dissociate 
to form H+ and Cl−:

(1) HCl H Cl→ ++ −

At equilibrium, when all dissociation stops, the concentra-
tion of HCl is extremely small compared with either [H+] or 
[Cl−]. There is no arrow pointing to the left in Reaction 1, 
emphasizing that HCl ionizes almost completely in solution. In 
contrast, H2CO3 is an example of a relatively weak acid:

(2) H CO HCO H2 3 3�⇀↽ �� − ++

The long arrow pointing to the left indicates that at equilibrium, 
the concentration of undissociated H2CO3 molecules is far 
greater than the concentration of either HCO3

− or H+.
The equilibrium constant of an acid is a measure of the 

extent to which the acid molecules dissociate (ionize). At equi-
librium, the number of dissociating H2CO3 molecules in Reac-
tion 2 is equal to the number of associating HCO3

− and H+, 
even though the concentrations of reactants and products are 
unequal. In this state, no further change occurs in [H2CO3], 
[HCO3

−], or [H+]. The following reaction expresses the state of 
affairs at equilibrium:

(3) 
[ ] [ ]

[ ]
( )

H HCO

H CO
KA

+ −× =3

2 3

Small

where KA is the equilibrium constant for H2CO3. (KA is also 
known as the acid’s ionization or dissociation constant.)

KA is a small number because [H2CO3] is quite large with 
respect to the numerator of Reaction 3 ([H+] × [HCO3

−]). The 

E ven small changes in hydrogen ion concentration [H+] 
can cause vital metabolic processes in the body to fail. 
Note that brackets [ ] around the abbreviation for a 

substance indicate concentration. Normal metabolism continu-
ally generates H+, which means H+ regulation is extremely 
important. Several physiologic mechanisms work together to 
keep [H+] of body fluids in a range that supports life. This 
chapter will help respiratory therapists (RTs) understand how 
these mechanisms work and how to spot abnormalities in their 
function. This knowledge will help RTs and other members of 
the patient care team make informed decisions about treating 
the underlying causes of acid-base disturbances.

HYDROGEN ION REGULATION IN 
BODY FLUIDS

Acid-base balance refers to physiologic mechanisms that keep 
[H+] of body fluids in a range that supports life. H+ ions react 
readily with the protein molecules of important cellular cata-
lytic enzymes. These reactions change the physical shape of the 
protein molecule, which may inactivate enzymes. Body fluids 
must be kept in a narrow pH range of 7.35 to 7.45 to function 
normally. This corresponds to [H+] of 45 to 35 nmol/L.

H+ ions formed in the body come from either volatile or fixed 
(nonvolatile) acids. Volatile acids are in equilibrium with a 
dissolved gas. The only volatile acid of physiologic importance 
in the body is carbonic acid (H2CO3), which is in equilibrium 
with dissolved carbon dioxide. Normal aerobic metabolism 
generates approximately 13,000 mmol/L of CO2 each day, which 
produces an equal amount of H+ as shown by the CO2 hydration 
reaction:

CO H O H CO HCO H

Aerobic metabolism

2 2 2 3 3+ → → +

↑

− +

As CO2 diffuses into the blood at the tissue level, this reaction 
occurs mostly in the erythrocyte, where it is catalyzed by car-
bonic anhydrase, an intracellular enzyme. In a process called 
isohydric buffering,1 most H+ produced in this way causes no 
change in pH because hemoglobin (Hb) in the erythrocyte 
immediately buffers the H+. When blood reaches the lungs, Hb 
releases H+ to form CO2 as shown:

Ventilation

CO H O H CO HCO H

HHb H Hb

↑
+ ← ← +

↑
→ +

− +

+ −

2 2 2 3 3

In this way, ventilation gets rid of H2CO3 just as fast as it is 
produced. Isohydric buffering and ventilation are the two major 
ways the body keeps the blood’s pH constant regardless of how 
much CO2 is produced.

Catabolism—the breakdown of proteins—continually pro-
duces fixed (nonvolatile) acids such as sulfuric and phosphoric 
acids. In addition, anaerobic metabolism produces lactic acid, 
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continue without being slowed or stopped, as long as ventila-
tion continues:

HCO H H CO H O CO Exhaled gas3 2 3 2 2
− ++ → → + ( )

A nonbicarbonate buffer system is called a closed buffer system 
because all the components of acid-base reactions remain in the 
system. (In the following discussions, all nonbicarbonate buffer 
systems are grouped together and represented as Hbuf/Buf−, 
where Hbuf is the weak acid, and Buf− is the conjugate base.) 
When H+ is buffered by Buf−, the product, HBuf, builds up and 
eventually reaches equilibrium with the reactants, preventing 
further buffering activity:

Buf H Hbuf− ++ ↔

Box 14-1 summarizes the characteristics and components of 
bicarbonate and nonbicarbonate buffer systems.

Open and closed buffer systems play different roles in buffer-
ing fixed and volatile acids, and they differ in their ability  
to function in wide-ranging pH environments. Volatile acid 
(H2CO3) accumulates in the body only if ventilation cannot 
eliminate CO2 fast enough to keep up with the body’s CO2 
production. In such a case, CO2 builds up, continually pushing 
the hydration reaction (the reaction between CO2 and H2O) to 
the right, creating more H2CO3 and, ultimately, more H+ and 
HCO3

−. Because the HCO3
− is co-produced with the H+, the only 

buffer system that can buffer the H+ of volatile acid is the non-
bicarbonate buffer system. However, both nonbicarbonate and 
bicarbonate buffer systems can buffer the H+ produced by fixed 
acids; this is true of the bicarbonate buffer system only if ven-
tilation is normal and CO2 can be adequately eliminated. Both 
systems are physiologically important, each playing a unique 
and essential role in maintaining pH homeostasis. Table 14-1 
summarizes the approximate contributions of various blood 
buffers to the total buffer base. Bicarbonate buffers have the 
greatest buffering capacity because they function in an open 
system.

Of course, bicarbonate and nonbicarbonate buffer systems 
do not function in isolation from one another because they  
are intermingled in the same solution (whole blood) and are  
in equilibrium with the same [H+] (Figure 14-1). Increased 

value of KA is always the same for H2CO3 at equilibrium, regard-
less of the initial concentration of H2CO3.

A strong acid, such as HCl, has a large KA because the denom-
inator [HCl] is extremely small compared with the numerator 
([H+] × [Cl−]):

(4) 
[ ] [ ]

[ ]
( )

H Cl

HCl
KA

+ −× = Large

As shown by Equations 3 and 4, KA is a measure of the 
strength of an acid—that is, how much the acid molecule 
dissociates.

Buffer Solution Characteristics

A buffer solution resists changes in pH when an acid or a base 
is added to it. Buffer solutions are aqueous mixtures of acids 
and bases. The acid component is the H+ cation (positively 
charged ion), formed when a weak acid dissociates in solution. 
The base component is the remaining anion (negatively charged 
ion) portion of the acid molecule, known as the conjugate base. 
An important blood buffer system is a solution of carbonic acid 
and its conjugate base, HCO3

−:

H CO Acid HCO Conjugate base H2 3 3( ) ( )→←  +− +

In the blood, HCO3
− combines with sodium ions to form 

sodium bicarbonate (NaHCO3). If hydrogen chloride, a strong 
acid, is added to the H2CO3/NaHCO3 buffer solution, HCO3

− 
reacts with the added H+ to form weaker H2CO3 molecules and 
a neutral salt:

HCl H CO Na HCO H CO NaCl+ → ++ −
2 3 3 2 32

The strong acidity of HCl is converted to the relatively weak 
acidity of H2CO3, preventing a large decrease in pH.

Similarly, if sodium hydroxide, a strong base, is added to this 
buffer solution, it reacts with the H2CO3 molecule to form the 
weak base, NaHCO3, and H2O:

NaOH H CO NaHCO NaHCO H O+ → +2 3 3 3 22

The strong alkalinity of NaOH is changed to the relatively weak 
alkalinity of NaHCO3. Again, pH change is minimized.

Bicarbonate and Nonbicarbonate 
Buffer Systems

Blood buffers are classified as bicarbonate or nonbicarbonate 
buffer systems. The bicarbonate buffer system consists of H2CO3 
and its conjugate base, HCO3

−. The nonbicarbonate buffer 
system consists mainly of phosphate and protein molecules, 
including the Hb molecule. The blood buffer base is the sum of 
bicarbonate and nonbicarbonate bases measured in millimoles 
per liter of blood.

The bicarbonate system is called an open buffer system 
because H2CO3 is in equilibrium with dissolved CO2, which is 
readily removed by ventilation. That is, when H+ is buffered by 
HCO3

−, the product, H2CO3, is broken down into H2O and CO2 
as long as ventilation removes CO2. The removal of CO2 from 
the reaction prevents the reaction from reaching equilibrium 
among its reactants. For this reason, buffering activity can 

 Box 14-1 Classification of Whole 
Blood Buffers

OPEN SYSTEM
Bicarbonate
Plasma
Erythrocyte

CLOSED SYSTEM
Nonbicarbonate
Hemoglobin
Organic	phosphates
Inorganic	phosphates
Plasma	proteins

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	
for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.
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ventilation increases the CO2 removal rate, causing blood [H+] 
to fall, which causes nonbicarbonate buffers (Hbuf) to release 
more H+. By the same token, decreased ventilation ultimately 
causes Hbuf to accept more H+.

pH of a Buffer System: Henderson-
Hasselbalch Equation

Buffer solutions in body fluids consist of mostly undissociated 
acid molecules and only a small amount of H+ and conjugate 
base anions. The [H+] of a buffer solution can be calculated if 
the concentrations of the buffer’s components and each acid’s 
equilibrium constant are known. Consider the bicarbonate 
buffer system. As described earlier, the equilibrium constant 
(KA) for H2CO3 is as follows:

K
H HCO

H CO
A = ×+ −[ ] [ ]

[ ]
3

2 3

TABLE 14-1 

Individual Buffer Contributions to Whole  
Blood Buffering

Buffer Type Total Buffering (%)

Bicarbonate
Plasma	bicarbonate 35
Erythrocyte	bicarbonate 18
Total bicarbonate buffering 53

Nonbicarbonate
Hemoglobin 35
Organic	phosphates 3
Inorganic	phosphates 2
Plasma	proteins 7
Total nonbicarbonate buffering 47
Total 100

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	
clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.

FIGURE 14-1	 The	bicarbonate	and	nonbicarbonate	buffer	systems	exist	in	equilibrium	in	the	plasma.	(Modified	from	Beachey	W:	
Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)

Bicarbonate
buffer system
(open)

Nonbicarbonate
buffer system
(closed)

CO2 + H2O H2CO3

CO2 eliminated
through ventilation

 

H+ + HCO3
–

Blood [H+]

Buf– + H+ H Buf

[H+] can be calculated by algebraic rearrangement of this 
equation, as follows:

[ ]
[ ]

[ ]
H K

H CO

HCO
A

+ = × 2 3

3

This equation shows that [H+] is determined by the ratio 
between undissociated acid molecules [H2CO3] and base anions 
[HCO3

−]. This equation is the basis for deriving the Henderson-
Hasselbalch (H-H) equation:

pH
HCO

PaCO
= +

×

−

6 1
0 03
3

2

. log
[ ]

.

pH is a logarithmic expression of [H+], and the term 6.1 is 
the logarithmic expression of the H2CO3 equilibrium con-
stant. Because dissolved CO2 (PCO2 × 0.03) is in equilibrium 
with and directly proportional to blood [H2CO3], and because 
blood PCO2 is more easily measured than [H2CO3], dissolved 
CO2 is used in the denominator of the H-H equation. The 
H-H equation is specific for calculating the pH of the bicar-
bonate buffer system of the blood. The calculation of this pH 
is important because it equals the pH of blood plasma; 
because all buffer systems in the blood are in equilibrium 
with the same pH, the pH of one buffer system is the same  
as the pH of the entire plasma solution (the isohydric 
principle).1

Clinical Use of Henderson-Hasselbalch 
Equation
The H-H equation allows the pH, [HCO3

−], or PCO2 to be 
computed if two of these three variables are known (shown as 
follows for PCO2 and HCO3

−):

[ ] ( . ) ( . )HCO antilog pH PCO3 26 1 0 03− = − × ×

P
HCO

antilog pH
CO2

3

6 1 0 03
=

− ×

−[ ]

( [ . ] . )
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Blood gas analyzers measure pH and PCO2 but compute 
[HCO3

−]. Assuming a normal arterial pH of 7.40 and a 
PaCO2 of 40 mm Hg, arterial [HCO3

−] can be calculated as 
follows:

pH
HCO

PCO
= +

×






−

6 1
0 03
3

2

. log
[ ]

.

7 40 6 1
40 0 03

3. . log
[ ]

[ . ]
= +

×






−HCO

7 40 6 1
1 2

3. . log
[ ]

.
= + 





−HCO

Solving for [HCO3
−]:

[ ] ( . . ) .

( . ) .

.

HCO antilog 

antilog

m

3 7 40 6 1 1 2

1 3 1 2

20 1 2

24

− = − ×
= ×
= ×
= EEq L

The H-H equation is useful for checking a clinical blood gas 
report to see if the pH, PCO2, and [HCO3

−] values are compat-
ible with one another. In this way, transcription errors and 
analyzer inaccuracies can be detected. It is also clinically useful 
to predict what effect changing one H-H equation component 
will have on the other components. For example, a clinician 
may want to know how low the arterial blood pH will fall for a 
given increase in PaCO2.

Physiologic Roles of Bicarbonate and 
Nonbicarbonate Buffer Systems

The functions of bicarbonate and nonbicarbonate buffer 
systems are summarized in Table 14-2.

TABLE 14-2 

Buffering Functions

Buffer Type of System Acids Buffered

Bicarbonate Open Fixed	(nonvolatile)
Nonbicarbonate Closed Volatile	(carbonic)

Fixed

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	
clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.

MINI CLINI
Applying the Henderson-Hasselbalch Equation in a Clinical Setting

PROBLEM:  The RT is caring for a mechanically ventilated 
patient. The patient has a tidal volume (VT) of 800 ml and 
a breathing frequency of 10/min, yielding a minute ventilation 
( �VE) of 8 L/min. The patient’s PaCO2 is 55 mm Hg, pH is 7.30, 
and bicarbonate is 26 mEq/L, and the RT wishes to maintain a 
pH of 7.35. How much does the RT need to change the PaCO2 to 
achieve this desired pH, and what change in the patient’s VT does 
this require?

SOLUTION:  First, the therapist needs to calculate the PaCO2 
required to achieve a pH of 7.35 using the known values:

PaCO
mEq L

antilog

PaCO

PaCO mm 

2

2

2

26

1 003 7 35 6 1

26

0 53
49

=
× −

=

=

. ( . . )

.
HHg

Next, the RT must calculate the �VE required to produce a 
PaCO2 of 49 mm Hg. Because �VE is inversely proportional to 

PaCO2 (assuming that tidal volume remains constant), the follow-
ing can be stated:

( ) ( ) ( ) ( )� �V PaCO V PaCOE 1 2 1 E 2 2 2× = ×

where subscripts 1 and 2 represent current and future values. The 
RT then solves for ( )�V 2 as follows:

( min) ( )8 55 492L mm Hg V mm HgE× = ×�

( )
( )

8 55

49
2

×
= �VE

8 98 2. ( )L min VE= �

Increasing the patient’s �VE from 8 L/min to approximately 9 L/
min yields a PaCO2 of 49 mm Hg and a pH of approximately 7.35. 
Now the RT divides the new �VE of 9 L/min by the respiratory 
frequency to calculate the new VT required:

9 10 900L mlmin =

A VT of 900 ml at a rate of 10 breaths/min should produce an 
arterial pH of 7.35, according to the H-H equation.

Bicarbonate Buffer System
The bicarbonate buffer system is particularly effective in the 
body because it is an open system—that is, one of its compo-
nents (CO2) is continually removed through ventilation:

( )Exhaled gas CO H O H CO HCO H← + ← ← +− +
2 2 2 3 3

In this way, HCO3
− continues to buffer H+ as long as ventilation 

continues. Hypothetically, this buffering activity can continue 
until all body sources of HCO3

− are used up in binding H+.
The bicarbonate buffer system can buffer only fixed acid. An 

increased fixed acid load in the body (e.g., lactic acid) reacts 
with HCO3

− of the bicarbonate buffer system:

Ventilation

H HCO H CO H O CO

Fixed acid

↑
+ → → +

↑

+ −
3 2 3 2 2

As shown, the process of buffering fixed acid produces CO2, 
which is eliminated in exhaled gas. Large amounts of acid are 
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ACID EXCRETION

Bicarbonate and nonbicarbonate buffer systems are the imme-
diate defense against the accumulation of H+. However, if the 
body fails to eliminate the remaining acids, these buffers are 
soon exhausted and the pH of body fluids quickly decreases to 
life-threatening levels.

The lungs and kidneys are the primary acid-excreting organs. 
The lungs can excrete only volatile acid (i.e., the CO2 from dis-
sociating H2CO3). However, as discussed previously, bicarbon-
ate buffers effectively buffer the H+ originating from fixed acid, 
converting it to H2CO3 and to CO2 and H2O. By eliminating the 
CO2, the lungs can rapidly remove large quantities of fixed acid 
from the blood. The kidneys also remove fixed acids but at a 
slow pace. In healthy individuals, the acid excretion mecha-
nisms of lungs and kidneys are delicately balanced. In individu-
als affected by disease, failure of one system can be partially 
offset by a compensatory response of the other.

Lungs

Because the volatile acid H2CO3 is in equilibrium with dissolved 
CO2, the lungs can decrease blood H2CO3 concentration through 
ventilation. The elimination of CO2 is crucial because normal 
aerobic metabolism produces large quantities of CO2, which 
reacts with H2O to form large quantities of H2CO3. The reaction 
between fixed acids and bicarbonate buffers also produces 
H2CO3. H2CO3 generated by both pathways is eliminated as CO2 
through the lungs. Approximately 24,000 mmol/L of CO2 is 
removed from the body daily through normal ventilation. CO2 
excretion of the lungs does not remove H+ from the body. 
Instead, the chemical reaction that breaks down H2CO3 to form 
CO2 binds H+ in the harmless H2O molecule:

H HCO H CO H O CO+ −+ → → +3 2 3 2 2

Kidneys

The kidneys physically remove H+ from the body. The following 
terms refer to certain kidney functions:
• Excretion is the elimination of substances from the body in 

the urine.
• Secretion is the process by which renal tubule cells actively 

transport substances into the fluid inside the tubule lumen 
(i.e., the filtrate).

• Reabsorption is the active or passive transport of filtrate sub-
stances back into the tubule cell and into the blood of nearby 
capillaries.
The amount of H+ the kidney tubules secrete into the filtrate 

depends on the blood’s pH. Secreted H+ may originate from 
H2CO3 (when the blood PCO2 is increased) or from fixed acids. 
The kidneys excrete less than 100 mEq of fixed acid per day, 
which is a small amount compared with volatile H2CO3 elimi-
nation by the lungs.3 In addition to excreting H+, the kidneys 
influence blood pH by reabsorbing or excreting HCO3

−. If the 
blood PCO2 is high, creating high levels of H2CO3, the kidneys 
excrete greater amounts of H+ and reabsorb all of the tubule 
filtrate’s HCO3

− back into the blood. The opposite happens 

normally buffered in this fashion. If ventilation cannot keep up 
with the body’s CO2 production, this type of buffering cannot 
occur.

The bicarbonate buffer system cannot buffer carbonic (vola-
tile) acid, which accumulates in the blood whenever ventilation 
fails to eliminate CO2 as fast as it is produced (hypoventilation). 
The resulting accumulation of CO2 drives the hydration reac-
tion in the direction that produces more carbonic acid, H+, and 
HCO3

−, as shown:

Hypoventilation

CO H O H CO HCO H

↓
+ → → +− +

2 2 2 3 3

H+ produced by dissociating H2CO3 molecules cannot be 
buffered by the simultaneously produced HCO3

− because 
hypoventilation prevents the reaction from reversing its direc-
tion. The closed nonbicarbonate buffer systems are the only 
buffers that can buffer H2CO3.

Nonbicarbonate Buffer System
Table 14-1 lists the nonbicarbonate buffers in the blood. Of 
these, Hb is the most important simply because it is the most 
abundant. As mentioned, these buffers are the only ones avail-
able to buffer H2CO3. However, they can buffer H+ produced by 
any acid, fixed or volatile. Because nonbicarbonate buffers 
(Buf−/HBuf) function in closed systems, the products of their 
buffering activity eventually accumulate and approach equilib-
rium, slowing or stopping further buffering activity:

H Buf HBuf+ −+ ↔

This slowing or stopping of buffering activity means that not 
all of the Buf− reserves are available for buffering activity. At 
equilibrium (denoted by the double arrow), Buf− still exists in 
solution but cannot combine further with H+. In contrast, most 
of the HCO3

− in the bicarbonate buffer system is available for 
buffering activity because it functions in an open system in 
which equilibrium between reactants and products does not 
occur as long as ventilation continues. Both open and closed 
systems function in a common fluid compartment (blood 
plasma), as illustrated in the following equation:

( ) ( ’ )CO removed by ventilation from body s HCO stores

Open

2 3
−

↑ ↓
  system CO H O H HCO

Added fixed acid

Closed system H

:

:

2 2 3+ ← +

↑

↓

+ −

BBuf H Buf

from body s Buf stores

↔ +

↑

+ −

−( ’ )

Most of the added fixed acid is buffered by HCO3
− because 

ventilation continually pulls the reaction to the left. Smaller 
amounts of H+ react with Buf− because equilibrium is ap-
proached, slowing the reaction.
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anhydrase, CO2 reacts with H2O to form H2CO3, which instantly 
forms HCO3

− and H+. The tubule cell actively secretes H+ into 
the filtrate by means of counter-transport, in which Na+ and H+ 
are simultaneously transported in opposite directions. That is, 
Na+ and H+ combine with opposite ends of a carrier protein in 
the luminal border of the tubule cell membrane. Sodium ions 
move from the filtrate into the cell down its high concentration 
gradient, providing the energy to secrete H+ back into the 
tubular filtrate (see Figure 14-2).4

The rate of tubular H+ secretion increases if the concentra-
tion of H+ in the blood plasma increases. Conversely, the rate 
of H+ secretion decreases if blood plasma [H+] decreases (Figure 
14-3). Any factor that increases PaCO2, such as hypoventilation, 
increases [H+] in the blood and thus [H+] secretion; any factor 
that decreases PaCO2, such as hyperventilation, decreases H+ 
secretion.

HCO3
− formed in the tubule cell from the reaction between 

CO2 and H2O (see Figure 14-2) diffuses back into the blood 
plasma because the luminal side of the tubule cell is relatively 
impermeable to HCO3

−. HCO3
− and Na+ are reabsorbed when-

ever H+ is secreted into the tubular filtrate.

Reabsorption of Bicarbonate Ion
Because the luminal side of the renal tubule cell is relatively 
impermeable to HCO3

−, these ions are reabsorbed indirectly, as 

when the blood PCO2 is low. The kidneys excrete less H+ and 
more HCO3

−. Compared with the ability of the lungs to change 
blood PCO2 in seconds, the renal process is slow, requiring 
hours to days.

Basic Kidney Function
To understand how the kidneys determine whether to excrete 
acidic or basic urine, some fundamental facts about renal func-
tion must be understood. The glomerulus is the component of 
the renal nephron responsible for filtering the blood. Hydro-
static blood pressure forces water, electrolytes, and other non-
protein substances through semipermeable glomerular capillary 
endothelium. The resulting filtrate is greatly modified in volume 
and composition as it flows through the nephron tubules. 
Excreted filtrate is called urine.

HCO3
− is one of the electrolytes filtered from the blood at 

the glomerulus to become part of the tubular filtrate. In this 
way, base (HCO3

−) is removed from the blood. This loss of base 
is offset by the nephron’s simultaneous secretion of H+ into the 
filtrate of the tubular lumen. Under normal conditions, the rate 
of H+ secretion is almost the same as the rate of HCO3

− filtra-
tion.4 In this way, the kidneys titrate H+ and HCO3

− against each 
other to form CO2 and H2O.

H+ secretion begins with the diffusion of blood CO2 into 
the tubule cell (Figure 14-2). Aided by the enzyme carbonic 

FIGURE 14-2	 Renal	response	to	respiratory	acidosis.	Filtrate	HCO3
−	is	reabsorbed	by	first	reacting	with	secreted	H+.	(Modified	from	

Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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ity. The net effect of secreting less H+ is to increase the quantity 
of HCO3

− (base) lost in the urine. According to the H-H equa-
tion, this brings blood pH down toward the normal range. 
These renal responses to high and low blood PCO2 are the 
mechanisms by which the kidneys compensate for or offset 
respiratory acid-base disturbances.

Excess Hydrogen Ion Excretion and Role of 
Urinary Buffers
If no buffers existed in the filtrate to react with H+, the H+-
secreting mechanism would soon cease to function because 
when the filtrate pH decreases to 4.5, H+ secretion stops.4 In 
other words, buffers in the tubular filtrate are essential for the 
secretion and elimination of excess H+ in acidotic states.

In Figure 14-2, more H+ than HCO3
− is present in the filtrate. 

After all available HCO3
− reacts with H+, the remaining H+ 

reacts with two other filtrate buffers, phosphate and ammonia, 
as illustrated in Figures 14-4 and 14-5. In Figure 14-4, phos-
phate and H+ react to form H2PO4

−, which must be excreted 
with a positive ion to maintain tubular electroneutrality. Figure 
14-5 shows that when urinary buffers are depleted, the resulting 
fall in filtrate pH stimulates the tubules to secrete ammonia. 
The NH3 molecule buffers H+ by reacting with it to form 
the positively charged ammonium ion (NH4

+). To maintain 

shown in Figure 14-2. The HCO3
− in the tubular filtrate reacts 

with the H+ secreted by the tubular cells. The resulting H2CO3 
breaks down into CO2 and H2O. Because CO2 is extremely dif-
fusible through biologic membranes, it diffuses instantly from 
the filtrate into the tubule cell. There CO2 reacts rapidly with 
H2O in the presence of carbonic anhydrase, instantly forming 
HCO3

− and H+. The HCO3
− thus created diffuses back through 

the nonluminal side of the tubule cell into the blood. Although 
the reabsorbed HCO3

− ion is not the same HCO3
− ion that 

existed in the tubular fluid, the net result is the same as if HCO3
− 

were directly reabsorbed. If the tubule cells secrete sufficient H+, 
all HCO3

− in the tubular fluid is reabsorbed in this manner.
The net effect of secreting H+ (caused by high blood CO2 or 

hypoventilation, as shown in Figure 14-2) is to reabsorb all fil-
trate HCO3

−, increasing the quantity of HCO3
− in the blood. 

According to the H-H equation, this brings blood pH up toward 
the normal range.

If blood CO2 is low, as is the case in a state of hyperventilation 
(see Figure 14-3), the ratio of HCO3

− to dissolved CO2 mole-
cules increases, and the renal filtrate ends up with more HCO3

− 
than secreted H+. Because HCO3

− cannot be reabsorbed from 
the filtrate without first reacting with H+, the extra HCO3

− is 
excreted in the urine, which requires positive ions such as Na+ 
or K+ to also be excreted to maintain tubular electrical neutral-

FIGURE 14-3	 Renal	response	to	respiratory	alkalosis.	Excess	HCO3
−	is	excreted	in	the	urine	with	a	positive	ion.	(Modified	from	Beachey	

W:	Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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FIGURE 14-4	 Phosphate	buffer	system.	After	HCO3
−	buffers	are	exhausted,	the	remaining	H+	reacts	with	urinary	phosphate	buffers.	

(Modified	from	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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FIGURE 14-5	 Tubule	cells	secrete	ammonia	in	response	to	low-filtrate	pH.	NH3	molecules	buffer	H+,	forming	NH4
+,	which	is	excreted	with	

Cl−.	(Modified	from	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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Alkalemia is defined as a blood pH greater than 7.45. Acide-
mia is defined as a blood pH less than 7.35. Hyperventilation is 
defined as PaCO2 less than 35 mm Hg. Hypoventilation is 
defined as PaCO2 greater than 45 mm Hg.

Primary Respiratory Disturbances

Abnormal arterial pH levels caused by changes in PaCO2 are 
called primary respiratory disturbances because the lungs control 
PaCO2. Respiratory disturbances affect the denominator of the 
H-H equation. A high PaCO2 increases dissolved CO2, decreas-
ing the pH:

↓ ∝ →
↑

−

pH
HCO

PaCO
3

2

where ↓ means decreased, → means no change, and ↑ means 
increased. Respiratory disturbance causing acidemia is called 
respiratory acidosis. On the other hand, a low PaCO2 decreases 
dissolved CO2, raising the pH; this is called respiratory 
alkalosis:

↑ ∝ →
↓

−

pH
HCO

PaCO
3

2

Hypoventilation causes respiratory acidosis, whereas hyperven-
tilation causes respiratory alkalosis.

Primary Metabolic (Nonrespiratory) 
Disturbances

Nonrespiratory processes change arterial pH, manifested by 
changes in [HCO3

−]. These are called primary metabolic distur-
bances. Although the term nonrespiratory is more accurate, the 
term metabolic is, by convention, used to refer to all nonrespira-
tory acid-base disturbances. These kinds of disturbances involve 
a gain or loss of fixed acids or HCO3

−. Such processes affect the 
numerator of the H-H equation. The build-up of a fixed acid 
in the body is buffered by HCO3

−, decreasing the plasma 
[HCO3

−] and the pH:

↓ ∝ ↓
→

−

pH
HCO

PaCO
3

2

The same effect is created by a loss of HCO3
−. Nonrespiratory 

processes causing acidemia are traditionally called metabolic 
acidosis.

In contrast, ingesting too much alkali (e.g., NaHCO3 or other 
antacids) increases [HCO3

−] and pH:

↑ ∝ ↑
→

−

pH
HCO

PaCO
3

2

Plasma [HCO3
−] can be increased by its addition, as in the 

previous example, or by its generation, as occurs when fixed acid 
is lost from the body.5 An individual may lose HCl from the 
body by vomiting large amounts of gastric juice. This loss gen-
erates HCO3

−, as discussed later (see Figure 14-8, later).
Processes that increase arterial pH by losing fixed acid or 

gaining HCO3
− produce a condition called metabolic alkalosis. 

Table 14-3 shows the four primary acid-base disturbances 
causing alkalemia and acidemia.

electroneutrality, the kidney excretes a negatively charged ion 
to accompany NH4

+. This negative ion is chloride, the most 
abundant filtrate anion.

When NH4
+ reacts with H+, HCO3

− diffuses from the tubule 
cell into the blood (see Figure 14-5). The net effect of ammonia 
buffer activity is to cause more HCO3

− to be reabsorbed into 
the blood, counteracting the acidic state of the blood. Figure 
14-5 shows that when Cl− is excreted in combination with 
NH4

−, the blood gains HCO3
−. Blood [Cl−] and [HCO3

−] are 
reciprocally related (i.e., when one is high, the other is low). 
This relationship explains why people with chronically high 
blood PCO2 tend to have low blood [Cl−] or hypochloremia. 
Activation of the ammonia buffer system enhances Cl−loss and 
HCO3

− gain.

ACID-BASE DISTURBANCES

In healthy individuals, the body buffer systems, the lungs, and 
the kidneys work together to maintain acid-base homeostasis 
under various conditions.

Normal Acid-Base Balance

Normally, the kidneys keep the arterial [HCO3
−] in the range of 

22 to 26 mEq/L, while lung ventilation keeps the arterial PCO2 
in the range of 35 to 45 mm Hg. These normal values produce 
an arterial pH range of 7.35 to 7.45; as shown by the H-H equa-
tion, when [HCO3

−] is 24 mEq/L and PaCO2 is 40 mm Hg, the 
pH is exactly 7.40:

pH
HCO

PCO

pH

pH

pH

= +
×

= +

= +
=

−

6 1
0 03

6 1
24

1 2
6 1 20

3

2

. log
[ ]

.

. log
.

. log[ ]

77 40.

The H-H equation shows that plasma pH is determined by 
the ratio of [HCO3

−] to dissolved CO2, not the absolute values 
of these components. As long as the ratio of HCO3

− buffer to 
dissolved CO2 is 20 : 1, the pH is normal, or 7.40. Because the 
kidneys control blood [HCO3

−] and the lungs control blood 
CO2 levels, the H-H equation can be conceptually rewritten as 
follows:

pH
Kidney  control of HCO

Lung control of PCO
∝

−[ ]3

2

An increase in [HCO3
−] or a decrease in PCO2 increases the pH, 

leading to alkalemia. This condition produces an [HCO3
−]/

(PCO2 × 0.03) ratio greater than 20 : 1 (e.g., 25 : 1). A decreased 
[HCO3

−] or an increased PCO2 decreases the pH, leading to 
acidemia. This condition produces an [HCO3

−]/(PCO2 × 0.03) 
ratio less than 20 : 1 (e.g., 15 : 1). The normal ranges for arterial 
pH, PCO2, and [HCO3

−] are as follows:

pH to= 7 35 7 45. .

PaCO to mm Hg2 35 45=

[ ]HCO to mEq L3 22 26− =
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The lungs normally compensate quickly for metabolic acid-
base defects because ventilation can change the PaCO2 within 
seconds. The kidneys require more time to retain or excrete 
significant amounts of HCO3

− and compensate for respiratory 
defects at a much slower pace. Table 14-3 summarizes the four 
primary acid-base disturbances and the body’s compensatory 
responses.

Effect of the Carbon Dioxide Hydration 
Reaction on [HCO3

−]
In the previous examples of pure (uncompensated) respiratory 
acidosis and alkalosis, it was assumed that [HCO3

−] did not 
change when the PaCO2 level increased or decreased. However, 
arterial [HCO3

−] does increase slightly as the PaCO2 increases 
because the CO2 hydration reaction generates HCO3

−. This reac-
tion occurs primarily in the red blood cell because the catalytic 
enzyme, carbonic anhydrase, is present:

CO H O carbonic anhydrase H CO H HCO32 2 2 3+ − → → ++ −( )

As H+ and HCO3
− are rapidly produced in the erythrocyte, Hb 

immediately buffers H+, pulling the reaction to the right, gen-
erating more plasma HCO3

−.
The amount of HCO3

− generated by this buffering action 
depends on the amount of buffer available to accept the H+ 
produced by the hydration reaction. Generally, when the non-
bicarbonate buffer concentration is normal, and the PCO2 
increase is acute, the hydration reaction increases the plasma 
[HCO3

−] approximately 1 mEq/L for every 10-mm Hg increase 
in PCO2 higher than 40 mm Hg. Figure 14-6 illustrates this 
hydration reaction effect. Normal status is represented by point 
A: PaCO2 of 40 mm Hg, pH of 7.40, and plasma HCO3

− of 
24 mEq/L. An acute increase in PaCO2 from 40 to 80 mm Hg 
proceeds from point A, moving to the left, up the normal blood 
buffer line (line BAC) to point D, where the buffer line inter-
sects the PaCO2 = 80 mm Hg isopleth. Point D indicates an 
HCO3

− of approximately 28.5 mEq/L and a pH of approxi-
mately 7.18. This small change in [HCO3

−] is a natural result of 
the Hb buffering action and should not be wrongly interpreted 
as early renal compensation.

Compensation: Restoring pH  
to Normal

When any primary acid-base defect occurs, the body immedi-
ately reacts to make up for the defect; that is, the body initiates 
a compensatory response. If a person hypoventilates (respiratory 
acidosis), the kidneys bring the pH back toward normal by 
returning the filtrate’s HCO3

− ions back to the blood, a process 
called reabsorption. In contrast, the compensatory renal response 
to hyperventilation (respiratory alkalosis) is urinary elimina-
tion of HCO3

− (bicarbonate diuresis).
Similarly, if a nonrespiratory (metabolic) process decreases 

or increases [HCO3
−], the lungs compensate by hyperventilating 

(eliminating CO2) or hypoventilating (retaining CO2), restoring 
the pH to near normal. Consider the following example of pure 
(uncompensated) respiratory acidosis in which the PCO2 level 
increases to 60 mm Hg:

pH
24 mEq L

mm Hg

pH

pH

= +
×

= +
=

6 1
60 0 03

6 1 13 3

7 22

. log
( )

( . )

. log( . )

.

The kidneys compensate by reabsorbing HCO3
− from the fil-

trate into the blood, returning the plasma HCO3
−/dissolved CO2 

ratio to almost 20 : 1, as shown:

pH
mEq L

mm Hg

pH

pH

= +
×

= +
=

6 1
34

60 0 03

6 1 18 9

7 38

. log
( )

( . )

. log( . )

.

pH is restored to the normal range of 7.35 to 7.45, although 
the PCO2 level remains abnormally high. This compensatory 
response of the kidney produces a high plasma [HCO3

−], not to 
be confused with primary metabolic alkalosis; compensatory 
renal HCO3

− retention is a normal secondary response to the 
primary event of respiratory acidosis.

TABLE 14-3 

Primary Acid-Base Disorders and  
Compensatory Responses

Acid-Base Disorder Primary Defect Compensatory Response

Respiratory	
acidosis

→
↑









 = ↓

−HCO
pH3

PaCO2

↑
↑









 = →

HCO3
--

PaCO
pH

2

Respiratory	
alkalosis

→
↓









 = ↑

−HCO
pH3

PaCO2

↓
↓









 = →

HCO3
--

PaCO
pH

2

Metabolic	
acidosis

↓
→







 = ↓

HCO3
--

PaCO
pH

2

↓
↓









 = →

−HCO
pH3

PaCO2

Metabolic	
alkalosis

↑
→









 = ↑

HCO3
--

PaCO
pH

2

↑
↑









 = →

−HCO
pH3

PaCO2

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	
clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.
NOTE:	Primary	defects	and	compensatory	responses	appear	in	boldface	
type.
→,	No	change;	↓,	decrease;	↑,	increase.

	

RULE OF THUMB

For	an	acute	increase	in	PCO2,	the	plasma	[HCO3
−]	

increases	by	approximately	1	mEq/L	for	every	
10	mm	Hg	PCO2	rise	above	40	mm	Hg.

CLINICAL ACID-BASE STATES

Systematic Acid-Base Classification

In analyzing an acid-base problem, it is helpful to use a series 
of systematic steps. Consistently applying them to all acid-base 
disturbances helps one avoid the tendency to jump to conclu-
sions. Four steps in arterial blood acid-base classification are 
outlined in Box 14-2. After the pH is categorized, the order of 
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the steps is not as important as following the same procedure 
for each situation.

Step 1: Categorize pH
If the arterial pH is greater than 7.45, a state of alkalemia exists. 
If the pH is less than 7.35, a state of acidemia exists. Steps 2 
through 4 help the clinician determine whether an acid-base 
abnormality is of respiratory or metabolic (nonrespiratory) 
origin.

Step 2: Determine Respiratory Involvement
PaCO2 is the marker for respiratory involvement because the 
lungs control the level of CO2 in the arterial blood. (The normal 

FIGURE 14-6	 pH-PCO2	diagram.	Because	of	the	hydration	reaction	between	CO2	and	H2O,	acute	increases	in	PCO2	increase	the	plasma	
HCO3

−	concentration	along	line	CADB.	An	acute	increase	in	PCO2	from	40	mm	Hg	to	80	mm	Hg	(point	A	to	point	D)	increases	[HCO3
−]	from	

24	mEq/L	to	approximately	29	mEq/L.	(Modified	from	Masoro	EJ,	Siegel	PD:	Acid-base	regulation:	its	physiology	and	pathophysiology,	
Philadelphia,	1971,	Saunders.)

B

D

A

C

PCO2 10 mm Hg

PCO2 20 mm Hg

PCO2 30 mm Hg

PCO2 40 mm Hg

PCO2 60 mm Hg

PCO2 80 mm HgPCO2 100 mm Hg

50

48

46

44

42

40

38

36

34

32

30

28

26

24

22

20

18

16

14

12

10

8

6

4

2

0
7.0 7.1 7.37.2 7.4 7.5 7.6 7.7 7.8 7.9  

[H
C

O
  –

 ] 
m

m
ol

es
/L

3

 Box 14-2 Systematic Acid-Base Classification

•	 Inspect	the	pH	(acidemia,	alkalemia,	or	normal).
•	 Inspect	PaCO2	(respiratory	component).	Can	it	explain	the	

pH?
•	 Inspect	HCO3

−	(metabolic	component).	Can	it	explain	the	
pH?

•	 Check	for	compensation.	Did	the	noncausative	component	
respond	appropriately?

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	
for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.
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tory acidosis. This condition is characterized by high PaCO2 
(>45 mm Hg), pH less than 7.35, and plasma [HCO3

−] greater 
than 26 mEq/L. The compensatory response (increased HCO3

−) 
is not yet sufficient to return the pH into the normal range, 
although the expected compensatory activity has begun. By 
comparison, a completely compensated respiratory acidosis 
might be shown by the same patient several hours later, when 
the kidneys have had enough time to retain sufficient plasma 
HCO3

− to bring the pH into the normal range. This completely 
compensated respiratory acidosis is characterized by the same 
originally observed high PaCO2, pH that is in the 7.35 to 7.39 
range, and plasma [HCO3

−] that is greater than it was before 
complete compensation took place. The pH remains on the acidic 
side of 7.40 because the primary disturbance (high PaCO2) 
originally created an acidotic environment. Generally, the body 
does not overcompensate for an acid-base disturbance. Table 
14-4 summarizes acid-base and ventilatory classification.  
Table 14-5 classifies the degree of compensation for acid-base 
disturbances.

Respiratory Acidosis

Any physiologic process that increases PaCO2 (>45 mm Hg) 
with an accompanying decreased arterial pH (<7.35) produces 
respiratory acidosis. Increased PaCO2 (hypercapnia) lowers the 
arterial pH because dissolved CO2 produces H2CO3:

CO H O H CO HCO H2 2 2 3 3+ → → +− +

range for PaCO2 is 35 to 45 mm Hg.) If the arterial pH is abnor-
mal, the clinician should determine whether the observed 
PaCO2 could cause the abnormality by itself. If the pH was less 
than 7.35 (denoting an acidosis) and PaCO2 was greater than 
45 mm Hg, according to the H-H equation, the high PaCO2 
would lower the pH (i.e., produce an acidemia). In this case, the 
respiratory system would be at least partly, if not entirely, 
responsible for the acidemia. If the pH is less than 7.35 and 
PaCO2 is in the normal range, the acidemia is of nonrespiratory, 
or metabolic origin.

Step 3: Determine Metabolic 
(Nonrespiratory) Involvement
Plasma [HCO3

−] is the marker for metabolic involvement 
because [HCO3

−] is controlled by nonrespiratory factors. (The 
normal plasma [HCO3

−] of arterial blood is 22 to 26 mEq/L.) 
If the arterial pH is abnormal, the clinician must determine 
whether the observed [HCO3

−] could cause the abnormality by 
itself. If the pH was less than 7.35 (denoting an acidemia) and 
the [HCO3

−] was less than 22 mEq/L, according to the H-H 
equation, the low [HCO3

−] would produce an acidosis. Nonres-
piratory (metabolic) factors would be partly, if not entirely, 
responsible for the acidemia. If [HCO3

−] is in the normal range 
in the presence of this acidemia, the acidemia is of respiratory 
origin.

Step 4: Assess for Compensation
The system (respiratory or nonrespiratory) that is not primarily 
responsible for the acid-base imbalance usually attempts to 
return the pH to the normal range. Compensation may be 
complete (pH is brought into the normal range) or partial (pH 
is still out of the normal range but is in the process of moving 
toward the normal range). In a pure respiratory acidosis, the 
kidneys compensate by reabsorbing more [HCO3

−], restoring 
the pH to normal. Similarly, respiratory alkalosis elicits a com-
pensatory loss of [HCO3

−], decreasing its plasma concentration. 
A pure metabolic acidosis normally stimulates a compensatory 
increase in ventilation, decreasing the PaCO2. A pure metabolic 
alkalosis causes a compensatory decrease in ventilation, increas-
ing the PaCO2. All compensatory responses work to restore the 
pH to the normal range.

In cases in which compensation has occurred, if the pH is 
on the acidic side of the normal range (7.35 to 7.39), the event 
that would cause an acidosis (either increased PaCO2 or 
decreased plasma HCO3

−) is generally the primary cause of the 
original acid-base imbalance. If compensation is present but pH 
is on the alkalotic side of the normal range (7.41 to 7.45), the 
component that would cause an alkalosis (either decreased 
PaCO2 or increased HCO3

−) is generally the primary cause of 
the original acid-base disturbance.

Complete compensation refers to any case in which the com-
pensatory response returns the pH to the normal range (7.35 
to 7.45). Partial compensation refers to instances in which the 
expected compensatory response has begun but has not had 
sufficient time to return the pH into the normal range. For 
example, suppose a patient has a partially compensated respira-

TABLE 14-4 

Acid-Base and Ventilatory Classification

Component Classification Range

pH	(arterial) Normal	status 7.35-7.45
Acidemia <7.35
Alkalemia >7.45

PaCO2	
(mm	Hg)

Normal	ventilatory	status 35-45
Respiratory	acidosis	(hypoventilation) >45
Respiratory	alkalosis	(hyperventilation) <35

HCO3
−	

(mEq/L)
Normal	metabolic	status 22-26
Metabolic	acidosis <22
Metabolic	alkalosis >26

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	
clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.

TABLE 14-5 

Degrees of Acid-Base Compensation

Compensating 
(Noncausative Component)

pH Classification

Within	normal	range Abnormal Noncompensated	(acute)
Out	of	normal	range	in	

the	expected	direction
Abnormal Partially	compensated

Out	of	normal	range	in	
the	expected	direction

Normal Compensated	(chronic)

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	
clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.
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underlying pathologic process that produced hypercapnia is 
still present; the kidneys simply mask the problem by maintain-
ing a normal-range pH. Because hypercapnia is still present, the 
term acidosis is retained in classifying this condition (fully com-
pensated respiratory acidosis). This terminology emphasizes 
that lung function is still abnormal, and, if it were unopposed 
by the renal compensatory mechanism, it would still produce 
an acidosis.

Correction
The main goal in correcting respiratory acidosis is to treat the 
underlying problem—to improve alveolar ventilation. Various 
respiratory care modalities may be used, ranging from bron-
chial hygiene and lung expansion techniques to mechanical 
ventilation. If hypoventilation is chronic and compensation has 
restored pH to the normal range, action aimed at decreasing 
PaCO2 to the normal range is inappropriate and possibly 
harmful, because the high level of [HCO3

−] in the blood created 
by the kidney’s compensation would produce an alkalosis  
(Table 14-6).

Respiratory Alkalosis

Any physiologic process that decreases PaCO2 (<35 mm Hg) 
and increases arterial pH (>7.45) produces respiratory alkalosis. 
A low PaCO2 (hypocapnia) forces the hydration reaction to the 
left, decreasing H2CO3 concentration and increasing the pH:

CO H O H CO HCO H2 2 2 3 3+ ← ← +− +

Hypocapnia is synonymous with respiratory alkalosis.

Causes
Any process in which ventilatory elimination of CO2 exceeds 
the body’s production of CO2 causes respiratory alkalosis. The 

Causes
Any process in which alveolar ventilation fails to eliminate CO2 
as rapidly as the body produces it causes respiratory acidosis. 
This acidosis could occur in two different ways. A person’s 
ventilation may be decreased from a drug-induced central 
nervous system depression, or a person with limited ventilatory 
reserve may have a normal PaCO2 at rest but cannot accom-
modate the increased CO2 production associated with increased 
physical activity. Box 14-3 summarizes causes of respiratory 
acidosis.

If hypercapnia is uncompensated, respiratory acidosis occurs 
with decreased pH, increased PaCO2, and normal or slightly 
increased [HCO3

−].

Compensation
Renal compensation for respiratory acidosis begins as soon as 
PaCO2 increases. The kidney reabsorbs HCO3

− from the renal 
tubular filtrate, bringing the arterial pH into the normal range 
(see Figure 14-2). However, this process is slow and cannot keep 
pace with an acutely increasing PaCO2. Full compensation may 
take several days.

Partly compensated respiratory acidosis is characterized by 
increased PaCO2, increased [HCO3

−], and an acid pH—still not 
quite up in the normal range. Fully compensated respiratory 
acidosis is characterized by a pH on the acidic side of the normal 
(<7.40 but >7.35), increased PaCO2, and increased [HCO3

−]. 
Increased [HCO3

−] in the presence of increased PaCO2 is a sign 
that the PaCO2 has been elevated for a considerable time (i.e., 
the kidneys have had sufficient time to compensate). The 

 Box 14-3 Common Causes of 
Respiratory Acidosis

NORMAL LUNGS
Central Nervous System Depression
Anesthesia
Sedative	drugs
Narcotic	analgesics

Neuromuscular Disease
Poliomyelitis
Myasthenia	gravis
Guillain-Barré	syndrome

Trauma
Spinal	cord
Brain
Chest	wall
Severe	restrictive	disorders
Obesity	(pickwickian	syndrome)
Kyphoscoliosis

ABNORMAL LUNGS
Chronic	obstructive	pulmonary	disease
Acute	airway	obstruction	(late	phase)

MINI CLINI
Acute (Uncompensated)  
Respiratory Acidosis

PROBLEM:  A 35-year-old woman was admitted to the emer-
gency department with a diagnosis of heroin overdose. Her 
breathing was shallow and slow. Arterial blood gas analysis 
showed a pH of 7.30, PCO2 of 55 mm Hg, and HCO3

− of 
26 mEq/L. How would the RT assess this patient’s respiratory 
condition?

SOLUTION:  The RT should follow these steps:
1. Categorize the pH. The pH is below normal, indicating the 

presence of acidemia.
2. Determine respiratory involvement. PaCO2 is elevated 

above normal (hypercapnea), consistent with a low pH, 
indicating hypoventilation as a contributing factor to aci-
demia (respiratory acidosis).

3. Determine metabolic involvement. HCO3
− is elevated 

slightly above normal. However, this is in the expected range 
for acute respiratory acidosis (1 mEq for each 10-mm Hg 
increase in PCO2).

4. Assess for compensation. As explained in step 3, HCO3
− is 

within the expected range for acute respiratory acidosis. 
There is no evidence of metabolic compensation. Therefore 
the condition is interpreted as an uncompensated respira-
tory acidosis.
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Hyperventilation and respiratory alkalosis also may be iat-
rogenically induced (induced by medical treatment). Iatrogenic 
hyperventilation is most commonly associated with overly 
aggressive mechanical ventilation. It may also be associated with 
aggressive deep breathing and lung expansion respiratory care 
procedures. Decreased PaCO2, increased pH, and normal-range 
[HCO3

−] characterize acute respiratory alkalosis. A slight 
decrease in [HCO3

−] is expected from the effect of the hydration 
reaction. Box 14-4 summarizes causes of respiratory alkalosis.

TABLE 14-6 

Expected Effect of Acute Changes in PaCO2 on 
Arterial pH

PaCO2 Change pH Change

Decrease Increase
1	mm	Hg 0.01
10	mm	Hg 0.10
Increase Decrease
1	mm	Hg 0.006
10	mm	Hg 0.06
Expected pH when measured PaCO2	<	40 mm Hg
Expected	pH	=	7.40	+	(40	mm	Hg	−	Measured	PaCO2)0.01
Expected pH when measured PaCO2	>	40 mm Hg
Expected	pH	=	7.40	−	(Measured	PaCO2	−	40	mm	Hg)0.006

MINI CLINI
Chronic (Compensated)  
Respiratory Acidosis

PROBLEM:  A 73-year-old man is being treated on an outpa-
tient basis for pulmonary emphysema, which was diagnosed 7 
years earlier. His breathing is labored at rest, with marked use 
of accessory muscles. Arterial blood gas analysis showed a pH 
of 7.36, PCO2 of 64 mm Hg, and HCO3

− of 35 mEq/L. How 
would the RT assess this patient’s arterial blood gas results?

SOLUTION:  The RT should follow these steps:
1. Categorize the pH. The pH is on the acidic side of the 

normal range, but it is still normal.
2. Determine respiratory involvement. PaCO2 is higher than 

normal, indicating hypoventilation as a contributing factor 
to the low-normal pH (respiratory acidosis).

3. Determine metabolic involvement. HCO3
− is substantially 

elevated. By itself, this would cause alkalemia, but because 
pH is on the acidic side of normal, primary metabolic alka-
losis is ruled out. Compensation for the respiratory acidosis 
has occurred.

4. Assess for compensation. HCO3
− is approximately 8 to 

10 mEq higher than normal. This is consistent with a com-
pensatory response by the kidneys to offset the acidosis. In 
addition, the expected pH for a PaCO2 of 64 mm Hg is 
[7.40 − (64 mm Hg − 40 mm Hg) × 0.006], or 7.26 (see 
Table 14-6). Because the actual pH is 7.36, metabolic com-
pensation (retention of HCO3

−) must have occurred. There-
fore the interpretation is a fully compensated respiratory 
acidosis.

MINI CLINI
Acute (Uncompensated)  
Respiratory Alkalosis

PROBLEM:  A distraught 77-year-old man experiencing 
anxiety of apparent psychosomatic origin was brought to the 
hospital by his wife. The patient exhibited rapid and deep 
breathing, had slurred speech, and complained about tingling 
in his extremities. Arterial blood gas analysis showed a pH of 
7.57, PCO2 of 23 mm Hg, and HCO3

− of 22 mEq/L. How would 
the RT interpret this patient’s acid-base condition?

SOLUTION:  The RT should follow these steps:
1. Categorize the pH. The pH is substantially higher than 

normal, indicating the presence of an alkalemia.
2. Determine respiratory involvement. PaCO2 is well below 

normal, which is consistent with the high pH, indicating 
hyperventilation as a contributing factor in alkalemia 
(respiratory alkalosis).

3. Determine metabolic involvement. HCO3
− is slightly lower 

than normal. However, this is within the expected range for 
acute respiratory alkalosis (CO2 hydration reaction’s effect).

4. Assess for compensation. The decrease in HCO3
− is within 

the expected range for acute respiratory alkalosis (1 mEq 
for each 5-mm Hg decline in PCO2). Therefore the inter-
pretation is an uncompensated respiratory alkalosis.

most common cause of hyperventilation in patients with pul-
monary disease is decreased PaO2 (hypoxemia). Hypoxemia 
causes specialized neural structures to signal the brain, increas-
ing ventilation (see Chapter 15). Anxiety, fever, stimulatory 
drugs, pain, and central nervous system injuries are possible 
causes of hyperventilation. Other possible causes include stim-
ulation of irritant receptors in the lung parenchyma, which may 
occur in pneumonia or pulmonary edema.

 Box 14-4 Common Causes of 
Respiratory Alkalosis

NORMAL LUNGS
Anxiety
Fever
Stimulant	drugs
Central	nervous	system	lesion
Pain
Sepsis

ABNORMAL LUNGS
Hypoxemia-causing	conditions
Acute	asthma
Pneumonia
Stimulation	of	vagal	lung	receptors
Pulmonary	edema
Pulmonary	vascular	disease

EITHER NORMAL OR ABNORMAL LUNGS
Iatrogenic	hyperventilation
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blood pH because it decreases the amount of base compared to 
the amount of acid in the blood.

Causes
Metabolic acidosis can occur in one of the following two ways: 
(1) fixed (nonvolatile) acid build-up in the blood or (2) an 
excessive loss of HCO3

− from the body. An example of fixed 
acid build-up is a state of low blood flow in which tissue  
hypoxia and anaerobic metabolism produce lactic acid. The 
resulting H+ accumulates and reacts with HCO3

−, which reduces 
blood [HCO3]. On the other hand, an example of HCO3

− loss 
is severe diarrhea, in which large stores of HCO3

− are eliminated 
from the body, also producing a nonrespiratory (metabolic) 
acidosis.

Because these two kinds of metabolic acidosis are treated 
differently, it is important to identify the underlying cause. 
Analysis of the plasma electrolytes is helpful in distinguishing 
between these two types of metabolic acidosis. Specifically, 
measuring the anion gap is helpful in making this distinction.

Anion Gap
The law of electroneutrality states that the total number of posi-
tive charges must equal the total number of negative charges in 
the body’s fluids. Cations (positively charged ions) in the plasma 
produce a charge exactly balanced by plasma anions (negatively 

Clinical Signs
An early sign of respiratory alkalosis is paresthesia (numbness 
or a tingling sensation in the extremities). Severe hyperventila-
tion is associated with hyperactive reflexes and possibly tetany 
(seizures). The low PaCO2 may constrict the brain’s cerebral 
vessels enough to reduce cerebral circulation, causing light-
headedness and dizziness.

Compensation
The kidneys compensate for respiratory alkalosis by excreting 
more HCO3

− in the urine (HCO3
− diuresis; see Figure 14-3). 

This activity brings arterial pH down toward the normal range. 
As with respiratory acidosis, renal compensation is a slow 
process. Complete compensation may take days.

Partly compensated respiratory alkalosis is characterized  
by decreased PaCO2, decreased [HCO3

−], and a high pH—still 
not quite down to the normal range. Fully compensated respira-
tory alkalosis is characterized by decreased PaCO2, decreased 
[HCO3

−], and pH on the alkaline side of normal (pH > 7.40 but 
≤ 7.45). Compensated respiratory alkalosis is sometimes called 
chronic respiratory alkalosis or chronic alveolar hyperventilation. 
The underlying hyperventilation and hypocapnia are still 
present. The terminology respiratory alkalosis is retained in clas-
sifying this condition, because although the pH is within the 
normal range, the PaCO2 is still below normal.

Correction
Correcting respiratory alkalosis involves removing the stimulus 
that caused the hyperventilation. If hypoxemia is the stimulus, 
oxygen therapy is needed.

Alveolar Hyperventilation Superimposed on 
Compensated Respiratory Acidosis
Consider a patient with a compensated respiratory acidosis who 
has an arterial pH of 7.38, PaCO2 of 58 mm Hg, and HCO3

− of 
33 mEq/L. If this patient becomes severely hypoxic, the hypoxia 
may stimulate increased alveolar ventilation if lung mechanics 
are not too severely impaired. If increased alveolar ventilation 
acutely lowers the PaCO2 from 58 to 50 mm Hg, the pH could 
possibly increase to the alkalotic side of the normal range. For 
example, the patient’s blood gas values might now be pH of 
7.44, PaCO2 of 50 mm Hg, and HCO3

− of 33 mEq/L.
The inexperienced clinician might wrongly interpret these 

values as compensated metabolic alkalosis. This example shows 
that blood gas data alone are not enough to make an accurate 
acid-base assessment. Knowledge of the patient’s medical 
history and the nature of the current problem are essential to 
evaluate this problem accurately. The blood gas values in this 
example would be properly classified as acute alveolar hyper-
ventilation (even though the PaCO2 is >45 mm Hg) superim-
posed on chronic alveolar hypoventilation (i.e., compensated 
respiratory acidosis).

Metabolic (Nonrespiratory) Acidosis

Any nonrespiratory process that decreases plasma [HCO3
−] 

causes metabolic acidosis. A reduction in [HCO3
−] decreases 

MINI CLINI
Compensated (Chronic)  
Respiratory Alkalosis

PROBLEM:  A 27-year-old man was admitted to the hospital 
with a persistent case of bacterial pneumonia, which had not 
responded to 6 days of ambulatory care with antimicrobial 
drugs. He exhibited mild cyanosis and labored breathing. Arte-
rial blood gas analysis (with the patient breathing room air) 
showed a pH of 7.44, PaCO2 of 26 mm Hg, HCO3

− of 17 mEq/L, 
and PaO2 of 53 mm Hg. How would the RT interpret this 
patient’s acid-base condition?

SOLUTION:  The RT should follow these steps:
1. Categorize the pH. The pH is on the alkalotic side of the 

normal range, but it is still normal.
2. Determine respiratory involvement. PCO2 is well below 

normal, indicating hyperventilation as a contributing factor 
to the high-normal pH (respiratory alkalosis).

3. Determine metabolic involvement. HCO3
− is substantially 

lower than normal, but because the pH is on the alkalotic 
side of normal, primary metabolic acidosis is ruled out. 
Compensation for the respiratory alkalosis has occurred.

4. Assess for compensation. HCO3
− is approximately 7 mEq 

below normal. This is consistent with a compensatory 
response by the kidneys. In addition, the expected pH for 
PaCO2 of 26 mm Hg is [7.40 + (40 mm Hg − 26 mm Hg) 
× 0.01], or 7.54 (see Table 14-6). Because the actual pH is 
7.44, metabolic compensation (excretion of HCO3

−) must 
have occurred. Therefore the interpretation is a fully com-
pensated respiratory alkalosis.
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charged ions). Plasma electrolytes (cations and anions) rou-
tinely measured in clinical medicine are Na+, potassium, Cl−, 
and HCO3

−. Normal plasma concentrations of these electrolytes 
are such that the cations (Na+ and K+) outnumber the anions 
(Cl− and HCO3

−), which leads to what seems to be an anion gap. 
Generally, K+ is ignored in calculating this apparent anion gap:

Anion gap Na Cl HCO= − ++ − −[ ] ([ ] [ ])3

Figure 14-7, A shows that normal concentrations of these ions 
in the plasma are as follows: 140 mEq/L for Na+, 105 mEq/L for 
Cl−, and 24 mEq/L for HCO3

−, yielding an “anion gap” of 
11 mEq/L (140 mEq/L − [105 mEq/L + 24 mEq/L] = 11 mEq/L). 
The normal anion gap range is 9 to 14 mEq/L.6

An increased anion gap (>14 mEq/L) is caused by a meta-
bolic acidosis in which abnormal fixed acids accumulate in the 
body. The H+ of these acids reacts with plasma HCO3

−, lowering 
its concentration; this leads to a further increase in the anion 
gap (i.e., an increase in unmeasured anions) (see Figure 14-7, 
B). (When the H+ of fixed acids is buffered by HCO3

−, the anion 
portion of the fixed acid remains in the plasma, increasing 
unmeasured anion concentration.) A high anion gap indicates 
that fixed acid concentration in the body has increased.

Metabolic acidosis caused by HCO3
− loss from the body does 

not cause a further increase in the anion gap. HCO3
− loss is 

accompanied by Cl− gain, which keeps the anion gap within 
normal limits (see Figure 14-7, C). The law of electroneutrality 
helps explain the reciprocal nature of [HCO3

−] and [Cl−] in this 
instance. With a constant cation concentration, losing HCO3

− 
means that another anion must be gained to maintain electro-
neutrality. In this case, the kidney increases its reabsorption of 

FIGURE 14-7	 The	anion	gap	in	normal	(A)	and	metabolic	acidosis	(B	and	C).	Fixed	acid	accumulation	increases	the	anion	gap	
(B),	whereas	HCO3

−	loss	is	accompanied	by	an	equal	Cl−	gain,	keeping	the	anion	gap	within	the	normal	range.	(Modified	from	
Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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the most abundant anion in the tubular filtrate, the Cl− ion. The 
kind of metabolic acidosis in which HCO3

− is lost from the body 
is sometimes called hyperchloremic acidosis because of the char-
acteristic increase in plasma [Cl−]. Box 14-5 summarizes causes 
of anion gap and non–anion gap metabolic acidosis.

 Box 14-5 Causes of Anion Gap and Non–
Anion Gap Metabolic Acidosis

HIGH ANION GAP
Metabolically Produced Acid Gain
Lactic	acidosis
Ketoacidosis
Renal	failure	(e.g.,	retained	sulfuric	acid)

Ingestion of Acids
Salicylate	(aspirin)	intoxication
Methanol	(formic	acid)
Ethylene	glycol	(oxalic	acid)

NORMAL ANION GAP (HYPERCHLOREMIC 
ACIDOSIS)
Gastrointestinal Loss of HCO3

−

Diarrhea
Pancreatic	fistula

Renal Tubular Loss: Failure to Reabsorb HCO3
−

Renal	tubular	acidosis

Ingestion
Ammonium	chloride
Hyperalimentation	intravenous	nutrition

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	
for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.
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Compensation
Hyperventilation is the main compensatory mechanism for 
metabolic acidosis. The increased plasma [H+] of metabolic 
acidosis is buffered by plasma HCO3

−, which reduces plasma 
[HCO3

−] and pH. The low pH activates sensitive receptors in 
the brain that signal the respiratory muscles to increase ventila-
tion. This increased ventilation lowers the blood’s CO2 levels, 
and thus it’s volatile acid (H2CO3), which returns the pH toward 
the normal range. Uncompensated metabolic acidosis suggests 
that a ventilatory defect must be present, because ventilation 
usually responds to this stimulus immediately. Metabolic aci-
dosis accompanied by PaCO2 of 40 mm Hg means that some-
thing prevents the lungs from responding appropriately to the 
brain’s stimulation. The defect may lie in nerve impulse trans-
mission, the respiratory muscles, or the lungs.

Symptoms
Respiratory compensation in metabolic acidosis means there is 
a great increase in minute ventilation, which may cause patients 
to report dyspnea. Hyperpnea (increased tidal volume depth) 
is a common finding during physical examination of patients 
with metabolic acidosis. In patients with severe diabetic keto-
acidosis, a very deep, fast breathing develops, called Kussmaul 
respiration. Neurologic symptoms of severe metabolic acidosis 
range from lethargy to coma.

Correction
The initial goal in severe acidemia is to increase the arterial pH 
greater than 7.20, a level below which serious cardiac arrhyth-
mias become more likely, and treating them becomes more 
challenging. If respiratory compensation maintains the pH at 
or above this level, immediate corrective action is usually not 
indicated. Treatment of the underlying cause of acid gain or 
base loss is the reasonable approach.

In cases of severe metabolic acidosis, intravenous infusion of 
NaHCO3 may be indicated. If respiratory compensation is 
under way, only small amounts of NaHCO3 are required to 
attain an arterial pH of 7.20. In any case, rapid correction of  
an arterial pH greater than 7.20 by NaHCO3 infusion is 
undesirable.

Metabolic Alkalosis

Metabolic alkalosis is characterized by increased plasma 
[HCO3

−] or a loss of H+ and a high pH. One must keep in mind 
that increased [HCO3

−] is not always diagnostic of a primary 
metabolic alkalosis because it may be caused by renal compen-
sation for respiratory acidosis.

MINI CLINI
Fully Compensated Metabolic Acidosis

PROBLEM:  A 38-year-old man had severe diarrhea for weeks 
without receiving medical attention. Arterial blood gas analysis 
showed a pH of 7.36, PCO2 of 24 mm Hg, HCO3

− of 13 mEq/L, 
and BE of −11 mEq/L. How would the RT assess this patient’s 
acid-base condition?

SOLUTION:  The RT should follow these steps:
1. Categorize the pH. The pH is on the acidic side of the 

normal range, but it is still normal.
2. Determine respiratory involvement. PaCO2 is below normal, 

indicating hyperventilation. By itself, this would cause alka-
losis; however, because the pH is on the acidic side of 
normal, the presence of primary respiratory alkalosis is 
ruled out. The low PaCO2 is likely a compensatory response 
to a primary metabolic acidosis.

3. Determine metabolic involvement. HCO3
− level is substan-

tially lower than normal, consistent with a low pH. Given 
that the pH level is on the acidic side of normal, the low 
HCO3

− level signals a possible metabolic acidosis. This is 
confirmed by the large BE.

4. Assess for compensation. The hyperventilation previously 
described must represent a compensatory response to pri-
mary metabolic acidosis. The pH is in the normal range. 
Hence, the interpretation is a fully compensated metabolic 
acidosis.

MINI CLINI
Partially Compensated  
Metabolic Acidosis

PROBLEM:  A 42-year-old woman in a diabetic coma was 
taken to the emergency department. She exhibited fast and 
deep respirations. Arterial blood gas analysis showed a pH of 
7.22, PCO2 of 20 mm Hg, HCO3

− of 8 mEq/L, and base excess 
(BE) of −16 mEq/L. How would the RT interpret this patient’s 
acid-base condition?

SOLUTION:  The RT should follow these steps:
1. Categorize the pH. The pH is below the normal range, indi-

cating the presence of acidemia.
2. Determine respiratory involvement. PaCO2 is well below 

normal, indicating severe hyperventilation. By itself, this 
would cause alkalosis, but the presence of acidemia rules 
out primary respiratory alkalosis. The low PaCO2 is prob-
ably a compensatory response to primary metabolic acido-
sis, although this response is currently insufficient to restore 
pH to the normal range.

3. Determine metabolic involvement. HCO3
− is severely 

reduced, consistent with the low pH. In the presence of low 
pH and low PaCO2, a low HCO3

− signals primary metabolic 
acidosis. This is confirmed by the large BE.

4. Assess for compensation. The severe hyperventilation rep-
resents a compensatory response to primary metabolic  
acidosis, although compensation is far from complete.  
Nevertheless, the pH level would be even lower if the PaCO2 
were normal. Hence, the interpretation is a partially com-
pensated metabolic acidosis.

	

RULE OF THUMB

Metabolic	acidosis	accompanied	by	a	higher	than	
normal	anion	gap	means	that	the	body	has	
accumulated	an	unusual	fixed	acid.	A	metabolic	
acidosis	accompanied	by	a	normal	anion	gap	means	
that	the	body	has	lost	a	greater	than	normal	amount		
of	base.
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Causes
Metabolic alkalosis can occur in one of the following two ways: 
(1) loss of fixed acids or (2) gain of blood buffer base. Both 
processes increase plasma [HCO3

−]. To explain why losing fixed 
acid increases the plasma [HCO3

−], consider a situation in 
which vomiting removes gastric HCl from the body (Figure 
14-8). In response to HCl loss, H+ diffuses out of the gastric cell 
into the gastric fluid, where Cl− accompanies it; this forces the 
CO2 hydration reaction in the gastric cell to the right, which 
generates HCO3

−. The HCO3
− enters the blood in exchange for 

the Cl−. The plasma gains an HCO3
− for each Cl− (or H+) that is 

lost (see Figure 14-8).6

The causes of metabolic alkalosis are summarized in Box 
14-6. Metabolic alkalosis is common in acutely ill patients and 
is probably the most complicated acid-base imbalance to treat 
because it involves fluid and electrolyte imbalances. Metabolic 
alkalosis is often iatrogenic, resulting from the use of diuretics, 
low-salt diets, and gastric drainage.

To understand how the loss of Cl−, K+, and fluid volume may 
cause alkalosis, one needs to understand how the kidney regu-
lates Na+. Approximately 26,000 mEq of Na+ passes through the 
glomerular membrane daily, but the body’s daily Na+ intake 
averages only approximately 150 mEq.4 The kidney’s main job 
is to reabsorb Na+, not to excrete it. For this reason, and because 
Na+ has a major role in maintaining fluid balance, the kidney 
places a greater priority on reabsorbing Na+ than on maintain-
ing Cl−, K+, or acid-base balance.

MINI CLINI
Metabolic Alkalosis

PROBLEM:  An 83-year-old woman with heart disease had 
been taking a powerful diuretic to remove excess edematous 
fluid from her legs and help keep her free of pulmonary edema. 
Blood gas and serum electrolyte analyses showed a pH of 7.58, 
PaCO2 of 46 mm Hg, HCO3

− of 44 mEq/L, BE of +19 mEq/L, 
serum K+ of 2.5 mEq/L, and serum Cl− of 95 mEq/L. How 
would the RT assess this patient’s acid-base condition?

SOLUTION:  The RT should follow these steps:
1. Categorize the pH. The pH level is substantially above 

normal, indicating the presence of alkalemia.
2. Determine respiratory involvement. PaCO2 is slightly higher 

than normal, indicating mild hypoventilation. However, 
because alkalemia is present, the existence of primary respi-
ratory acidosis is ruled out. The elevated PaCO2 may be a 
compensatory response to a primary metabolic alkalosis.

3. Determine metabolic involvement. HCO3
− is substantially 

higher than normal. Given the high pH, the elevated HCO3
− 

signals a metabolic alkalosis. This is confirmed by the large 
BE. In addition, the low serum K+ and Cl− values indicate 
hypokalemic/hypochloremic metabolic alkalosis.

4. Assess for compensation. Although PaCO2 is slightly ele-
vated, compensation for metabolic alkalosis is minimal and 
the interpretation would be an uncompensated metabolic 
alkalosis.

FIGURE 14-8	 Gastric	H+	loss	generates	HCO3
−,	creating	

metabolic	alkalosis.	(Modified	from	Beachey	W:	Respiratory	care	
anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	
Louis,	2007,	Mosby.)
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 Box 14-6 Causes of Metabolic Alkalosis 
(Increased Plasma HCO3

−)

LOSS OF HYDROGEN IONS
Gastrointestinal
Vomiting
Nasogastric	drainage

Renal
Diuretics	(loss	of	Cl−,	K+	fluid	volume)
Hypochloremia	(increased	H+	secretion	and	HCO3

−	reabsorption)
Hypokalemia	(increased	H+	secretion	and	HCO3

−	reabsorption)
Hypovolemia	(increased	H+)

RETENTION OF BICARBONATE ION
NaHCO3	infusion	or	ingestion

From	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	
for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.

Normally, Na+ is reabsorbed through primary active trans-
port (Figure 14-9), in which the sodium-potassium–adenosine 
triphosphatase (Na+,K+-ATPase) pump actively transports Na+ 
out of the renal tubule cell into the blood. This process causes 
Na+ to diffuse continually from the filtrate into the tubule cell. 
Cl− (the most abundant anion in the filtrate) accompanies Na+ 
because of electrostatic forces—that is to maintain electroneu-
trality in the filtrate. If blood Cl− concentration is much below 
normal (hypochloremia), less Cl− is available for reabsorption 
with Na+, which means that the kidney relies more on other 
mechanisms to reabsorb Na+. These other mechanisms, called 
secondary active secretion, require the kidney to secrete either 
H+ or K+ into the filtrate in exchange for Na+. In this way, Na+ 
is reabsorbed, and filtrate electroneutrality is preserved. Figures 
14-10 and 14-11 illustrate the secondary active secretion process 
for H+ and Na+, which may lead to loss of plasma H+ (alkalemia) 
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probably because metabolic alkalosis commonly coexists with 
other conditions that may cause hyperventilation, such as 
anxiety, pain, infection, fever, or pulmonary edema.

Correction
Correction of metabolic alkalosis is aimed at restoring normal 
fluid volume and electrolyte concentrations, especially K+ and 
Cl− levels. Inadequate fluid volume, especially if coupled with 
hypochloremia, causes excessive secretion and loss of H+ and K+ 
because of the great need to reabsorb Na+. In treating this type 
of alkalosis, it is important to supply adequate fluids containing 
Cl−. If hypokalemia is a primary factor, potassium chloride 
(KCl) is the preferred corrective agent. In rare cases of very 
severe metabolic alkalosis, acidifying agents, such as dilute HCl 
may be infused directly into a large central vein.7

Metabolic Acid-Base Indicators

Standard Bicarbonate
To eliminate the influence of the hydration reaction on plasma 
bicarbonate concentration, some laboratories report standard 
bicarbonate. The standard bicarbonate is the plasma concen-
tration of HCO3

− (in mEq/L) obtained from a blood sample 
that has been equilibrated (at body temperature) with a PCO2 

and K+ (hypokalemia). Preexisting hypokalemia (e.g., from 
inadequate K+ intake) in the presence of hypochloremia places 
an even greater demand on the kidney to secrete H+ to reabsorb 
Na+; that is, hypokalemia leads to alkalosis. Dehydration (fluid 
volume depletion or hypovolemia) further aggravates alkalosis 
and hypokalemia because hypovolemia profoundly increases 
the kidney’s stimulus to reabsorb Na+, which means the kidney 
depends even more on these secondary mechanisms for Na+ 
reabsorption.

Compensation
The expected compensatory response to metabolic alkalosis is 
hypoventilation (CO2 retention). Traditionally, it was thought 
that the hypoxemia accompanying hypoventilation greatly 
limited respiratory compensation for metabolic alkalosis (i.e., 
hypoxemia itself stimulates ventilation and should prevent 
compensatory hypoventilation). However, metabolic alkalosis 
blunts the hypoxemic stimulus to ventilation; that is, neurologic 
receptors sensitive to hypoxemia become less sensitive in the 
presence of alkalemia. Individuals with PaO2 levels of 50 mm Hg 
may still hypoventilate to PaCO2 levels of 60 mm Hg to com-
pensate for metabolic alkalosis.6 Nevertheless, significant CO2 
retention is not seen often in cases of metabolic alkalosis, 

FIGURE 14-9	 N+	reabsorption	through	primary	active	transport.	The	sodium-potassium-adenosine	triphosphatase	(Na+,K+-ATPase)	pump	
generates	tubular	cell	electronegativity	by	pumping	out	more	Na+	than	it	pumps	in	K+.	This	creates	both	electrostatic	and	concentration	
gradients	favoring	Na+	diffusion	from	the	filtrate	into	the	tubular	cell.	Normally,	negatively	charged	Cl−	passively	follows	Na+	(cotransport).	
(Modified	from	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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Base Excess
Base excess (BE) is determined by equilibrating a blood sample 
in the laboratory to a PCO2 of 40 mm Hg (at 37° C) and record-
ing the amount of acid or base needed to titrate 1 L of blood 
to a pH of 7.40. A normal BE is ±2 mEq/L. A positive BE 
(>+2 mEq/L) indicates a gain of base or loss of acid from non-
respiratory causes. A negative BE (<−2 mEq/L) indicates a loss 
of base or a gain of acid from nonrespiratory causes. The BE 
measurement suffers from the same limitation as the standard 
bicarbonate because it is an in vitro, rather than in vivo, mea-
surement. That is, in hypercapnia, the buffer base that diffused 
into the extravascular fluid in vivo cannot be recovered during 
laboratory in vitro titrations.

Further, the reliance on BE to quantify metabolic acid-base 
abnormalities can be misleading. In cases of acute (uncompen-
sated) respiratory acidosis, the BE commonly would be within 
the normal range, indicating correctly that the disturbance is 
purely respiratory in origin. However, when renal compensa-
tion has occurred to offset chronic hypercapnia, the BE mea-
surement is elevated above the normal range because of the 
compensatory increase in plasma HCO3

−.
To illustrate, consider the accompanying Mini Clini in which 

the patient has respiratory acidosis for which the body has 

of 40 mm Hg. This HCO3
− measurement presumably reflects 

only the metabolic component of acid-base balance, unham-
pered by the influence that CO2 changes have on HCO3

−. 
However, the process of standardizing the bicarbonate under in 
vitro laboratory conditions creates an artificial situation not 
present in the patient’s body. The blood in the patient’s vascular 
system is separated from the extravascular fluid (fluid outside 
of the vessels) by a thin capillary endothelial membrane, readily 
permeable to HCO3

−. When a patient hypoventilates and the 
blood PaCO2 increases, the plasma HCO3

− also increases because 
of the hydration reaction. Consequently, plasma HCO3

− diffuses 
out of the capillary into the extravascular fluid until HCO3

− 
equilibrium is established between the blood and extravascular 
fluid. If the patient were now to hyperventilate so that the 
PaCO2 again was 40 mm Hg, blood HCO3

− would decrease, and 
extravascular HCO3

− would diffuse down its concentration gra-
dient back into the blood until an HCO3

− equilibrium was 
established again. This diffusion of HCO3

− between vascular 
and extravascular spaces cannot occur in a laboratory blood 
sample when the blood PCO2 of a hypercapnic patient is arti-
ficially lowered to 40 mm Hg. Thus, even the standard bicar-
bonate is not a perfect measure of purely nonrespiratory factors 
that influence blood pH.

FIGURE 14-10	 Na+	reabsorption	through	secondary	active	H+	secretion.	Through	the	countertransport	process,	Na+	is	reabsorbed	as	H+	
is	secreted	into	the	filtrate.	HCO3

−	ion	is	reabsorbed	with	Na+	instead	of	Cl−.	This	process	becomes	more	predominant	when	Cl−	is	scarce,	
and	it	leads	to	alkalosis.	(Modified	from	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,		
St	Louis,	2007,	Mosby.)
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of breathing resulting in hypercapnia, an uncompensated respi-
ratory acidosis, and moderate to severe hypoxemia, which lead 
to anaerobic metabolism, which produce a lactic (metabolic) 
acidosis and thus a combined respiratory and metabolic 
acidosis.

compensated by renal retention of HCO3
−. If this patient’s blood 

were equilibrated in vitro to a PaCO2 of 40 mm Hg, the HCO3
− 

would decrease by only 2 to 3 mEq/L to 32 to 33 mEq/L and 
the pH would increase to much greater than 7.45. This patient’s 
BE would be well above normal. The high BE may lead the clini-
cian to conclude incorrectly that this patient has a primary 
metabolic alkalosis. However, in this instance, the high BE does 
not indicate the presence of a pathologic process; it merely 
reflects the fact that renal compensation has occurred.

Mixed Acid-Base States

Combinations of acid-base disorders may occur in the same 
patient. A combined disturbance is one in which both respira-
tory and metabolic disturbances exist and promote the same 
acid-base disturbance. For example, consider the following 
arterial blood gas results: a pH of 7.62, PaCO2 of 32 mm Hg, 
and HCO3

− of 29 mEq/L. The pH indicates alkalemia, consis-
tent with both the low PaCO2 and the elevated HCO3

−. This is 
a combined alkalosis, which means that the patient has two 
primary acid-base problems (i.e., respiratory and metabolic 
alkalosis combined); compensation cannot occur in this case. 
Further, consider the patient in cardiopulmonary arrest whose 
arterial blood gas results are pH of 7.09, PaCO2 of 77 mm Hg, 
and HCO3

− of 11 mEq/L, in all likelihood a result of cessation 

FIGURE 14-11	 Na+	reabsorption	through	secondary	active	K+	secretion.	This	mechanism	is	more	likely	to	occur	when	Cl−	is	scarce	and	
an	alkalemia	(low	H+)	exists.	In	such	instances,	hypokalemia	develops.	(Modified	from	Beachey	W:	Respiratory	care	anatomy	and	physiology:	
foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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SUMMARY CHECKLIST

◗	The	lungs	regulate	the	volatile	acid	content	(CO2)	of	the	
blood,	and	the	kidneys	control	the	fixed	acid	concentration	
of	the	blood.

◗	The	larger	the	equilibrium	constant	of	an	acid,	the	more	
the	acid	molecule	dissociates	and	yields	H+.

◗	 In	the	open	bicarbonate	buffer	system,	H+	is	buffered	to	
form	the	volatile	acid,	H2CO3,	which	dissociates	to	form	
H2O	and	CO2;	the	CO2	is	exhaled	into	the	atmosphere.	In	
the	closed	nonbicarbonate	buffer	system,	H+	is	buffered	to	
form	fixed	acids,	which	accumulate	in	the	body.

◗	Bicarbonate	buffers	can	buffer	only	fixed	acids,	but	
nonbicarbonate	buffers	can	buffer	both	fixed	and	volatile	
acids.

◗	The	ratio	between	the	plasma	[HCO3
−]	and	dissolved	CO2	

determines	the	blood	pH,	according	to	the	H-H	equation;	
a	ratio	of	20	:	1	[HCO3

−]	to	dissolved	CO2	always	yields	a	
normal	arterial	pH	of	7.40.
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◗	The	kidneys	respond	to	hypoventilation	by	reabsorbing	
HCO3

−,	and	they	respond	to	hyperventilation	by	excreting	
HCO3

−.
◗	The	lungs	respond	to	metabolic	acidosis	by	hyperventilating,	

and	they	respond	to	metabolic	alkalosis	by	hypoventilating.
◗	PaCO2	abnormalities	characterize	respiratory	acid-base	

disturbances,	and	[HCO3
−]	abnormalities	characterize	

metabolic	acid-base	disturbances.
◗	Hypochloremia	forces	the	kidneys	to	excrete	increased	

amounts	of	H+	and	K+	to	reabsorb	Na+,	causing	alkalosis	
and	hypokalemia.

◗	Hypokalemia	forces	the	kidneys	to	excrete	increased	
amounts	of	H+	to	reabsorb	Na+,	causing	alkalosis.

◗	Standard	bicarbonate	and	BE	measurements	are	made	
under	conditions	of	a	normal	PaCO2	(40	mm	Hg),	which	
means	that	any	abnormality	in	these	measurements	
reflects	only	nonrespiratory	influences.
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C H A P T E R   15 

Regulation of Breathing

WILL BEACHEY

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Identify	where	the	structures	that	regulate	breathing	are	located.
◆	 Explain	how	the	inspiratory	and	expiratory	neurons	in	the	medulla	establish	the	basic	pattern	of	breathing.
◆	 Describe	the	effect	that	impulses	from	the	pneumotaxic	and	apneustic	centers	in	the	pons	have	on	the	

medullary	centers	of	breathing.
◆	 Describe	the	effect	of	various	reflexes	on	breathing.
◆	 Explain	how	the	central	and	peripheral	chemoreceptors	differ	in	the	way	they	regulate	breathing.
◆	 Compare	and	contrast	central	chemoreceptors	response	to	respiratory	and	nonrespiratory	acid-base	

disorders.
◆	 Contrast	the	regulation	of	breathing	in	individuals	with	chronic	hypercapnia	with	the	regulation	of	breathing	in	

healthy	individuals.
◆	 Explain	why	administering	high	concentrations	of	oxygen	to	patients	with	chronic	hypercapnia	poses	a	special	

risk	that	is	not	present	in	healthy	individuals.
◆	 Describe	why	ascending	to	a	high	altitude	has	different	immediate	and	long-term	effects	on	ventilation.
◆	 Explain	why	mechanically	ventilated	patients	with	head	injuries	may	benefit	from	deliberate	hyperventilation.
◆	 Characterize	various	abnormal	breathing	patterns.

CHAPTER OUTLINE

Medullary Respiratory Center
Dorsal	Respiratory	Groups
Ventral	Respiratory	Groups
Inspiratory	Ramp	Signal

Pontine Respiratory Centers
Apneustic	Center
Pneumotaxic	Center

Reflex Control of Breathing
Hering-Breuer	Inflation	Reflex
Deflation	Reflex
Head	Paradoxical	Reflex
Irritant	Receptors

J-Receptors
Peripheral	Proprioceptors
Muscle	Spindles

Chemical Control of Breathing
Central	Chemoreceptors
Peripheral	Chemoreceptors
Control	of	Breathing	in	Chronic	Hypercapnia
Oxygen-Associated	Hypercapnia

Ventilatory Response to Exercise
Abnormal Breathing Patterns
Carbon Dioxide and Cerebral Blood Flow

KEY TERMS

apnea
apneustic	breathing
apneustic	center
Biot	respiration
blood-brain	barrier

chemoreceptors
Cheyne-Stokes	respiration
dorsal	respiratory	groups	(DRGs)
Hering-Breuer	inflation	reflex

J-receptors
pneumotaxic	center
vagovagal	reflexes
ventral	respiratory	groups	(VRGs)
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medulla contains widely scattered groups of respiratory-related 
neurons, as shown in Figure 15-1. The dorsal respiratory 
groups (DRGs) contain mainly inspiratory neurons, whereas 
the ventral respiratory groups (VRGs) contain both inspira-
tory and expiratory neurons.

Dorsal Respiratory Groups

As shown in Figure 15-1, DRG neurons are mainly inspiratory 
neurons located on both sides of the medulla. These neurons 
send the major inspiratory stimuli to the motor nerves of the 
diaphragm and external intercostal muscles.1 Many DRG nerves 
extend into the VRGs, but few VRG nerve fibers extend into the 
DRGs. Mutual inhibition is an unlikely explanation for rhyth-
mic, spontaneous breathing.1

The vagus and glossopharyngeal nerves transmit many 
sensory impulses to the DRGs from the lungs, airways, periph-
eral chemoreceptors, and joint proprioceptors. These impulses 
change the basic breathing pattern generated in the medulla.

Ventral Respiratory Groups

VRG neurons are located bilaterally in the medulla in two dif-
ferent nuclei and contain inspiratory and expiratory neurons 
(see Figure 15-1). Some inspiratory VRG neurons send motor 
impulses through the vagus nerve to the laryngeal and pharyn-
geal muscles, abducting the vocal cords and increasing the 
diameter of the glottis. Other VRG inspiratory neurons trans-
mit impulses to the diaphragm and external intercostal muscles. 
Still other VRG neurons have mostly expiratory discharge pat-
terns and send impulses to the internal intercostal and abdomi-
nal expiratory muscles.

The exact origin of the basic rhythmic pattern of ventilation 
is unknown. No single group of pacemaker cells has been iden-
tified. Two predominant theories of rhythm generation are  

B reathing, similar to the heartbeat, is an automatic 
activity requiring no conscious awareness. In contrast 
to the heartbeat, breathing patterns can be consciously 

changed, although powerful neural control mechanisms over-
whelm conscious control soon after one willfully stops breath-
ing. The normal unconscious cycle of breathing is regulated by 
complex mechanisms that are still not completely understood. 
The rhythmic cycle of breathing comes from the brainstem, 
mainly from neurons located in the medulla. Higher brain 
centers and many systemic receptors and reflexes change the 
output of the medulla. These different structures function in 
harmony, precisely controlling ventilatory rate and depth to 
meet the gas exchange needs of the body. This chapter helps the 
respiratory therapist (RT) understand basic physiologic mecha-
nisms that regulate breathing. With this knowledge, the RT and 
other members of the patient care team can help predict the 
effects that various therapies and disease processes have on 
ventilation.

MEDULLARY RESPIRATORY CENTER

Animal experiments show that cutting through the brainstem 
just below the medulla (Figure 15-1, level IV) stops all ventila-
tory activity. However, breathing continues rhythmically after 
the brainstem is cut just above the pons (see Figure 15-1, level 
I). Physiologists used to believe that separate inspiratory and 
expiratory neuron “centers” in the medulla were responsible for 
the cyclic pattern of breathing. Researchers believed that inspi-
ratory and expiratory neurons fired by self-excitation and that 
they mutually inhibited one another. More recent evidence 
shows that inspiratory and expiratory neurons are anatomically 
mixed together and do not inhibit one another.1 No clearly 
separate inspiratory and expiratory centers exist. Instead, the 

FIGURE 15-1	 Dorsal	view	of	the	brainstem.	Dashed	lines	I	to	IV	refer	to	transections	at	different	levels.	(Modified	from	Beachey	W:	
Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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PONTINE RESPIRATORY CENTERS

If the brainstem is cut above the medulla (see Figure 15-1, level 
III), spontaneous respiration continues, although in an irregu-
lar pattern. The pons does not make breathing rhythmic; rather, 
it modifies the output of the medullary centers. Figure 15-1 
shows two groups of neurons in the pons: (1) the apneustic 
center and (2) the pneumotaxic center.

Apneustic Center

The apneustic center does not occupy a well-defined ana-
tomic location; its existence and function can be shown only 
if its connections to the higher pneumotaxic center and vagus 
nerves are severed. Under such circumstances, the DRG inspi-
ratory neurons fail to switch off, causing prolonged inspira-
tory gasps interrupted by occasional expirations (apneustic 
breathing). Vagal and pneumotaxic center impulses hold 
the apneustic center’s stimulatory effect on DRG neurons in 
check.

Pneumotaxic Center

The pneumotaxic center is a group of neurons located on both 
sides of the upper pons (see Figure 15-1). The pneumotaxic 
center controls the “off-switch” point of the inspiratory ramp, 
controlling inspiratory time. Strong pneumotaxic signals in-
crease the respiratory rate, and weak signals prolong inspiration 
and increase tidal volumes. The exact nature of the interaction 
between the pneumotaxic and apneustic centers is poorly un-
derstood. They apparently work together to control the depth 
of inspiration.3

REFLEX CONTROL OF BREATHING

Hering-Breuer Inflation Reflex

The Hering-Breuer inflation reflex, described by Hering and 
Breuer in 1868, is generated by stretch receptors located in the 
smooth muscle of both large and small airways. When lung 
inflation stretches these receptors, they send inhibitory impulses 
through the vagus nerve to the DRG neurons, stopping further 
inspiration. In this way, the Hering-Breuer reflex has an effect 
similar to that of the pneumotaxic center. In adults, the Hering-
Breuer reflex is activated only at large tidal volumes (≥800 to 
1000 ml) and apparently is not an important control mecha-
nism in quiet breathing.2 This reflex is important, however, in 
regulating respiratory rate and depth during moderate to stren-
uous exercise.

Deflation Reflex

Sudden collapse of the lung stimulates strong inspiratory effort. 
This inspiratory effort may be the result of decreased stretch 
receptor activity, or it may be caused by the stimulation of other 
receptors, such as the irritant receptors and J-receptors (dis-
cussed later). Although it is unclear which receptors are involved, 
it is clear that the vagus nerve is the pathway (as it is for the 
Hering-Breuer reflex) and that the effect is hyperpnea.1 The 

the pacemaker hypothesis and the network hypothesis.2 The 
pacemaker hypothesis holds that certain medullary cells have 
intrinsic pacemaker properties (i.e., rhythmic self-exciting 
characteristics) and that these cells drive other medullary 
neurons. The network hypothesis suggests that rhythmic 
breathing is the result of a particular pattern of interconnec-
tions between neurons dispersed throughout the upper part of 
the VRG, the pre-Bötzinger complex, and the Bötzinger complex. 
This hypothesis assumes that certain populations of inspiratory 
and expiratory neurons inhibit one another and that one of the 
neuron types fires in a self-limiting way, such that it becomes 
less responsive the longer it fires. There is no definitive proof of 
either hypothesis; the precise origin of respiratory rhythm gen-
eration remains mysterious.2

Inspiratory Ramp Signal

The inspiratory muscles do not receive an instantaneous burst 
of signals from the dorsal and ventral inspiratory neurons. 
Rather, the firing rate of DRG and VRG inspiratory neurons 
increases gradually at the end of the expiratory phase, creating 
a ramp signal (Figure 15-2). The inspiratory muscles contract 
steadily and smoothly, gradually expanding the lungs rather 
than filling them in an abrupt inspiratory gasp. During exercise, 
various reflexes and receptors influence the medullary neurons, 
making the ramp signal much steeper, filling the lungs more 
rapidly.

During quiet breathing, inspiratory neurons fire with an 
increasing rate for approximately 2 seconds and then abruptly 
switch off, allowing expiration to proceed for approximately 3 
seconds.3 At the start of expiration, inspiratory neurons again 
fire briefly, holding back the early phase of expiration (see 
Figure 15-2). The inhibitory neurons that switch off the inspira-
tory ramp signal are controlled by the pneumotaxic center and 
pulmonary stretch receptors, which are discussed later in this 
chapter.

FIGURE 15-2	 Inspiratory	neural	activity	during	breathing.	
Note	the	inspiratory	ramp	signal	(left)	and	the	braking	action	of	
inspiratory	signals	in	the	early	part	(phase I)	of	expiration.	(Redrawn	
from	Leff	AR,	Shumacher	PT:	Respiratory	physiology:	basics	and	
applications,	Philadelphia,	1993,	Saunders.)
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muscle fibers, arranged parallel to the main extrafusal muscle 
fibers (Figure 15-3). The extrafusal fibers that elevate the ribs 
are innervated by motor fibers (alpha fibers) different from the 
fibers that innervate the intrafusal spindle fibers (gamma 
fibers). When the main extrafusal muscle fiber and the intra-
fusal fibers contract simultaneously, the sensing element 
(spindle) of the intrafusal muscle fiber stretches and sends 
impulses over spindle afferent nerves directly to the spinal cord 
(see Figure 15-3). The spindle’s afferent (sensory) nerve syn-
apses directly with the alpha motor neuron in the spinal cord, 
sending impulses back to the main extrafusal muscle. A single 
synapse reflex arc is created. Alpha motor neuron impulses 
cause the main extrafusal muscle fibers to contract with greater 
force, shortening the nearby intrafusal fibers. The stretch-
sensitive spindle is thus unloaded, and its impulses cease. In this 
way, inspiratory muscle force adjusts to the load imposed by 
decreased lung compliance or increased airway resistance.

CHEMICAL CONTROL OF BREATHING

The body maintains the proper amounts of oxygen (O2), carbon 
dioxide (CO2), and hydrogen ions (H+) in the blood mainly by 
regulating ventilation. Physiologic mechanisms that monitor 
these substances in the blood allow ventilation to respond 
appropriately to maintain homeostasis. An increase in blood  
H+ concentration stimulates specialized nerve structures called 
chemoreceptors. As a result, the chemoreceptors transmit 
impulses to the medulla, increasing ventilation. Centrally 
located chemoreceptors in the medulla respond to H+, which 
normally arises from dissolved CO2 in the cerebrospinal fluid 
(CSF). Peripherally located chemoreceptors in the fork of the 
common carotid arteries and the aortic arch are also sensitive 

deflation reflex is probably responsible for the hyperpnea 
observed with pneumothorax (air in the pleural space).

Head Paradoxical Reflex

In 1889, Head observed that if the Hering-Breuer reflex is 
blocked by cooling the vagus nerve, lung hyperinflation causes 
a further increase in inspiratory effort—the opposite of the 
Hering-Breuer reflex. The receptors for this reflex are called 
rapidly adapting receptors because they stop firing promptly 
after a volume change occurs. The Head reflex may help main-
tain large tidal volumes during exercise and may be involved in 
periodic deep sighs during quiet breathing. Periodic sighs help 
prevent alveolar collapse, or atelectasis. The Head reflex also 
may be responsible for the first breaths of a newborn.1

Irritant Receptors

Rapidly adapting irritant receptors in the epithelium of the 
larger conducting airways have vagal sensory nerve fibers. Their 
stimulation, whether by inhaled irritants or by mechanical 
factors, causes reflex bronchoconstriction, coughing, sneezing, 
tachypnea, and narrowing of the glottis. Some of these reflexes, 
called vagovagal reflexes, have both sensory and motor vagal 
components; they are responsible for laryngospasm, coughing, 
and slowing of the heartbeat. Endotracheal intubation, airway 
suctioning, and bronchoscopy readily elicit vagovagal reflexes. 
Physical stimulation of the conducting airways, as with suction-
ing or bronchoscopy, may cause a severe case of bronchospasm, 
coughing, and laryngospasm.

J-Receptors

C fibers in the lung parenchyma near the pulmonary capillaries 
are called juxtacapillary receptors, or J-receptors. Alveolar 
inflammatory processes (pneumonia), pulmonary vascular 
congestion (congestive heart failure), and pulmonary edema 
stimulate these receptors. This stimulation causes rapid, shallow 
breathing; a sensation of dyspnea; and expiratory narrowing of 
the glottis.

Peripheral Proprioceptors

Proprioceptors in muscles, tendons, and joints and pain  
receptors in muscles and skin send stimulatory signals to the 
medullary respiratory center. Such stimuli increase medullary 
inspiratory activity and cause hyperpnea.4 For this reason, 
moving the limbs, slapping or splashing cold water on the skin, 
and other painful stimuli stimulate ventilation in patients with 
respiratory depression.

Proprioceptors in joints and tendons may be important in 
initiating and maintaining increased ventilation at the begin-
ning of exercise. Passive limb movement around a joint increases 
breathing rate in both anesthetized animals and unanesthetized 
humans.4

Muscle Spindles

Muscle spindles in the diaphragm and intercostal muscles are 
part of a reflex arc that helps the muscles adjust to an increased 
load. Muscle spindles are sensing elements located on intrafusal 

FIGURE 15-3	 Stretch-sensitive	muscle	spindle	located	on	
the	intrafusal	fibers	of	intercostal	muscles.	Motor	innervation	for	
intrafusal	fibers	(gamma	nerve	fibers)	is	different	than	for	extrafusal	
fibers	(alpha	nerve	fibers).	Spindle	afferent	nerve	fibers	synapse	with	
alpha	motor	neurons	in	the	spinal	cord,	creating	a	single	synapse	
reflex	arc.	
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diffuses across the blood-brain barrier into the CSF, where they 
buffer H+ and bring the CSF pH level back to normal. This 
activity removes the stimulus to the chemoreceptors, and ven-
tilation decreases. Thus an acute increase in PaCO2 has a power-
ful effect on ventilation, which is greatly weakened after 1 or 2 
days of adaptation.

Peripheral Chemoreceptors

The peripheral chemoreceptors are small, highly vascular struc-
tures known as the carotid and aortic bodies. The carotid bodies 
are located bilaterally in the bifurcations of the common carotid 
arteries. The aortic bodies are found in the arch of the aorta. 
These neural structures increase their firing rates in response to 
increased arterial [H+] regardless of its origin (i.e., whether 
from fixed acid accumulation or increased CO2). The carotid 
bodies send their impulses to the respiratory centers in the 
medulla via the glossopharyngeal nerve, whereas the aortic 
bodies send their impulses over the vagus nerve. The carotid 
bodies exert much more influence over the respiratory centers 
than the aortic bodies do, especially with respect to arterial 
hypoxemia and acidemia.1

Because the carotid bodies receive an extremely high rate of 
blood flow, they have little time to remove O2 from the blood. 
Therefore venous blood leaving the carotid bodies has almost 
the same O2 content as the arterial blood entering them. The 
carotid bodies are exposed at all times to arterial blood, not 
venous blood, and they sense arterial (not venous) [H+].

Response to Decreased Arterial Oxygen
Traditionally, it was believed that the carotid bodies directly 
sense low PaO2, implying that arterial hypoxemia is an indepen-
dent stimulus to breathe—the so-called hypoxic drive. Although 
the peripheral chemoreceptors fire more frequently in the pres-
ence of arterial hypoxemia, they do so only because hypoxemia 
makes them more sensitive to H+.2 In other words, when PaO2 
is low, carotid body sensitivity to a given [H+] increases; in this 
way, hypoxia increases ventilation for any given pH. On the 
other hand, elevated PaO2 (hyperoxia) decreases carotid body 
sensitivity to [H+]. The carotid bodies respond to arterial 
hypoxemia only because hypoxia makes them more sensitive to 
[H+]. This means that if the arterial [H+] is extremely low (high 
pH), as in severe alkalemia, hypoxemia has little effect on the 
carotid bodies.2 Simply stated, the ultimate effect of hypoxemia 
is to increase the sensitivity of the peripheral chemoreceptors 
to the given blood [H+], which increases their firing rate and 
brings about increased ventilation.

Because of their extremely high blood flow rates, the carotid 
bodies respond to decreased arterial partial pressure of O2 (in 
the indirect way just described) rather than to an actual decrease 
in arterial O2 content. That is, the amount of O2 the carotid 
bodies extract from each unit of rapidly flowing blood is so 
small that their O2 needs are met entirely by dissolved O2 in the 
plasma—which depends on the PaO2. This is why conditions 
associated with low arterial O2 content but normal PaO2 (e.g., 
anemia and carbon monoxide poisoning) do not stimulate 
ventilation.5

to H+ and indirectly to CO2. These receptors are also indirectly 
sensitive to hypoxemia because hypoxemia increases the sensi-
tivity of the peripheral chemoreceptors to H+.2

Central Chemoreceptors

H+ ions, not CO2 molecules, stimulate highly responsive che-
mosensitive nerve cells, located on both sides of the medulla. 
Nevertheless, these central chemoreceptors are extremely sensi-
tive to CO2 in an indirect fashion. These chemoreceptors are 
not in direct contact with arterial blood (Figure 15-4). Instead, 
they are bathed in the CSF, separated from the blood by a semi-
permeable membrane called the blood-brain barrier. This 
membrane is almost impermeable to H+ and HCO3

−, but it is 
freely permeable to CO2. When PaCO2 increases, CO2 diffuses 
rapidly through the blood-brain barrier into the CSF. In the 
CSF, CO2 reacts with water (H2O) to form H+ and HCO3

− (see 
Figure 15-4). The H+ ions generated in this fashion stimulate 
the central chemoreceptors, which stimulate the medullary  
inspiratory neurons. In this way, PaCO2 is indirectly the primary 
minute-to-minute controller of ventilation. CO2 diffusing from 
the blood into the CSF increases [H+] almost instantly, exciting 
the chemoreceptors within seconds. Alveolar ventilation in-
creases by approximately 2 to 3 L/min for each 1-mm Hg  
increase in PaCO2.

5

The stimulatory effect of chronically high CO2 on the central 
chemoreceptors gradually declines over 1 or 2 days because the 
kidneys reabsorb HCO3

− ions in response to respiratory acido-
sis, bringing the blood pH level back toward normal. The 
increased number of HCO3

− ions in the blood eventually 

FIGURE 15-4	 CO2	stimulates	the	medullary	chemoreceptors	by	
forming	H+	in	the	cerebrospinal	fluid	(CSF).	The	blood-brain	barrier	
is	almost	impermeable	to	H+	and	HCO3

−	but	is	freely	permeable	to	
CO2.	(Modified	from	Beachey	W:	Respiratory	care	anatomy	and	
physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	
Mosby.)
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indirectly to PaCO2—the following statements are true: (1) 
High PO2 renders the peripheral chemoreceptors almost unre-
sponsive to PCO2, and (2) low PaCO2 renders the peripheral 
chemoreceptors almost unresponsive to hypoxemia.2 Coexist-
ing arterial hypoxemia, acidemia, and high PaCO2 (i.e., asphyxia) 
maximally stimulate the peripheral chemoreceptors.

	

RULE OF THUMB

The	ventilatory	response	to	hypoxemia	is	greatly	
enhanced	by	hypercapnia	and	acidemia.

	

RULE OF THUMB

Hypoxemia	is	not	associated	with	an	increased	drive	to	
breathe	until	PaO2	is	less	than	60	mm	Hg,	after	which	
the	drive	to	breathe	increases	proportionally	with	the	
decrease	in	PaO2.

MINI CLINI
Delayed Hyperventilation at  
High Altitude

PROBLEM:  If a person ascends to an elevation of 10,000 feet 
above sea level, his or her inspired PO2 decreases because of 
low barometric pressure; this excites the peripheral chemore-
ceptors and causes an increase in ventilation. Why must a day 
or so pass at this altitude before ventilation increases to its 
maximal level?

SOLUTION:  Hypoxia-induced hyperventilation reduces 
PaCO2 and creates alkalemia. This condition produces an alka-
lotic CSF because the blood-brain barrier is nearly imperme-
able to HCO3

− ions; that is, as CO2 diffuses out of the CSF in 
response to the low arterial blood PCO2, HCO3

− remains 
behind in the CSF. The central chemoreceptors are exposed to 
an alkalotic environment, diminishing the effect of the hypoxic 
ventilatory stimulus on peripheral chemoreceptors. In other 
words, the development of respiratory alkalosis limits the 
degree of hypoxia-induced hyperventilation. Over the first 24 
hours or so of hyperventilation, HCO3

− gradually diffuses out 
of the CSF across the blood-brain barrier, restoring the CSF pH 
level to normal. In addition, the kidneys excrete HCO3

− to 
compensate for the respiratory alkalemia. Consequently, the 
blood pH level decreases toward normal, and the hypoxic ven-
tilatory stimulus keeps the PaCO2 low. As the CSF pH level 
returns to normal, the progressively unrestrained hypoxic stim-
ulus increases ventilation further. It takes approximately 24 
hours of high-altitude exposure before ventilation increases to 
its maximal level.

Individuals with chronic hypercapnia secondary to 
advanced COPD have depressed ventilatory responses to acute 
increases in arterial CO2, partly because of their altered acid-
base status and partly because their deranged lung mechanics 
prevents them from increasing their ventilation adequately.1 
The altered acid-base status arises from the preexisting high 
levels of blood buffer base, a compensatory response to chronic 
respiratory acidosis (see Chapter 14).

When pH and PaCO2 are normal (pH = 7.40 and PaCO2 = 
40 mm Hg), the nerve-impulse transmission rate of the carotid 
bodies does not increase significantly until the PaO2 decreases 
to approximately 60 mm Hg.5 If PaO2 decreases further from 
60 mm Hg to 30 mm Hg, the rate of impulse transmission 
increases sharply because hypoxemia makes the carotid bodies 
much more sensitive to a pH of 7.40. A decrease in PaO2 from 
60 mm Hg to 30 mm Hg corresponds to the sharpest decrease 
in O2 content on the O2-Hb equilibrium curve (i.e., the steepest 
part of the curve). Arterial hypoxemia does not stimulate ven-
tilation greatly until the PaO2 decreases to less than 60 mm Hg.

O2 plays no role in the drive to breathe in healthy individuals 
at sea level. High altitude causes a healthy person’s ventilation 
to increase because low barometric pressure decreases the 
inspired PO2 and the arterial PO2, which increases the sensitiv-
ity of peripheral chemoreceptors to their H+ environment. The 
resulting increase in ventilation is less than expected, however, 
because hyperventilation decreases PaCO2 and increases arterial 
pH. The increased pH depresses the medullary respiratory 
center, counteracting the excitatory effect of a low PaO2 on 
peripheral chemoreceptors. Hypoxemia-induced hyperventila-
tion may be impossible in certain conditions, such as severe 
chronic obstructive pulmonary disease (COPD), in which lung 
mechanics are so deranged that the stimulatory effect of hypox-
emia on ventilation fails to decrease PaCO2 regardless of the 
patient’s effort. In such instances, there is no alkalosis to coun-
teract the stimulatory effects of hypoxemia on ventilation.

Response to Increased PaCO2 and 
Hydrogen Ions
For a given increase in PaCO2 or [H+], the carotid bodies are 
less responsive than the central chemoreceptors. The peripheral 
chemoreceptors account for only 20% to 30% of the ventilatory 
response to hypercapnia.5 However, they respond to increased 
arterial [H+] more rapidly than the central chemoreceptors. The 
explanation is that, in contrast to the central chemoreceptors, 
the carotid bodies are exposed directly to arterial blood. The 
body’s initial ventilatory response to metabolic acidosis is fairly 
quick, even though H+ crosses the blood-brain barrier with 
difficulty.

As stated earlier, hypoxemia increases the sensitivity of the 
peripheral chemoreceptors to H+ and indirectly to PaCO2. Con-
versely, high PaO2 (hyperoxia) decreases the peripheral chemo-
receptors’ PCO2 sensitivity to almost zero.2 This means that 
when the PaO2 is high, the ventilatory response to PaCO2 is 
mainly due to the central chemoreceptors, which are unaffected 
by hypoxemia.

Because the only effect of hypoxia on the peripheral chemo-
receptors is to increase their sensitivity to arterial [H++]—and 

Control of Breathing in  
Chronic Hypercapnia

A sudden increase in arterial PCO2 causes an immediate increase 
in ventilation because CO2 rapidly diffuses from the blood into 
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with advanced COPD is generally severe enough to account for 
the increased PaCO2. The most significant reason for hypercap-
nia following O2 breathing in severe COPD is that it worsens 
the ventilation-perfusion ( � �V/Q) relationships in the lungs.

When patients with severe COPD breathe supplemental O2 
it abolishes the hypoxic pulmonary vasoconstriction present in 
poorly ventilated lung regions. As a result, vascular resistance 
of underventilated regions decreases, and these areas receive 
more blood flow, drawing blood away from well-ventilated 
regions (Figure 15-5). At the same time that poorly ventilated 
regions receive more blood flow, they become even less venti-
lated as O2-rich inspired gas washes out resident nitrogen gas, 
making these alveoli more subject to absorption atelectasis (i.e., 
O2 may be absorbed by the pulmonary circulation more rapidly 
than the slowed ventilation can replenish it—notice the further 
decreased �V in Figure 15-5, B). As a result, inspired gas flows 
preferentially to the compliant, already well-ventilated alveoli 
(see Figure 15-5, B), increasing their � �V/Q. The increased � �V/Q 
in these alveoli is exaggerated further as a greater proportion of 
the cardiac output than before is redirected to poorly ventilated 
alveoli, because their vascular resistance was reduced by O2 
breathing.

To summarize, O2 breathing causes more blood flow to be 
directed to poorly ventilated alveoli, which takes blood flow 
away from well-ventilated alveoli. The key point is that already 
underventilated alveoli receive additional blood flow, which 
causes blood PCO2 to increase further. These events can occur 
without a decrease in overall minute ventilation.

It is important to keep in mind that the diagnosis of COPD 
on a patient’s medical record does not mean the patient has a 
chronically high PaCO2 or that O2 administration may be asso-
ciated with hypercapnia. These characteristics are present only 
in severe end-stage disease, which includes only a small per-
centage of patients with a COPD diagnosis. Concern about 

the CSF, increasing the [H+] surrounding central chemorecep-
tors. If PaCO2 increases gradually over many years, as might 
occur in the development of severe COPD and worsening lung 
mechanics, the kidneys compensate by increasing the plasma 
[HCO3

−], which keeps arterial pH within normal limits. As 
plasma HCO3

− levels increase, HCO3
− ions slowly diffuse across 

the blood-brain barrier, keeping CSF pH within its normal 
range. Because the central chemoreceptors respond to [H+], not 
the CO2 molecule, they sense a normal pH environment, even 
though the PaCO2 is abnormally high.

This adaptation explains why the chronically high PaCO2 of 
people with severe COPD does not overly stimulate their ven-
tilation. Instead, the hypoxemia that accompanies chronic 
hypercapnia becomes a major part of the minute-to-minute 
breathing stimulus in the roundabout way discussed previously; 
hypoxemia increases the sensitivity of the peripheral chemore-
ceptors to [H+], increasing the nerve impulses they transmit to 
the medulla, which stimulates ventilation. Patients with severe 
COPD are invariably hypoxemic when breathing room air 
because their lungs have ventilation and blood flow mismatches. 
It stands to reason that breathing supplemental O2 would 
increase the PaO2 and make the carotid bodies less sensitive to 
[H+], which would decrease ventilation further and increase 
the PaCO2.

Oxygen-Associated Hypercapnia

The PaCO2 of chronically hypercapnic patients with COPD 
sometimes increases acutely after these patients are given sup-
plemental O2. The reason for this phenomenon has been a 
subject of much debate and misunderstanding. The traditional 
explanation for this phenomenon has been that O2 breathing 
removes the hypoxic ventilatory stimulus and induces hypoven-
tilation, but this explanation is probably overly simplified. The 
reduction in minute ventilation after O2 breathing in patients 

FIGURE 15-5	 Proposed	mechanism	whereby	O2	administration	in	chronically	hypercapnic	individuals	induces	further	hypercapnia	
by	creating	 � �V/Q	mismatches.	A,	Low	 � �V/Q	unit	(left)	is	hypoxic	and	hypercapnic	while	breathing	ambient	air;	this	induces	pulmonary	
vasoconstriction.	B,	Breathing	50%	O2	predisposes	the	poorly	ventilated	unit	to	absorption	atelectasis,	further	decreasing	its	ventilation,	
and	simultaneously	relieves	hypoxic	vasoconstriction,	increasing	its	blood	flow.	These	events	(1)	lower	the	poorly	ventilated	unit’s	 � �V/Q	ratio	
further	and	(2)	divert	blood	flow	away	from	and	ventilation	toward	already	well-ventilated	units.	The	latter	increases	alveolar	dead	space	(high	
� �V/Q).	(Modified	from	Beachey	W:	Respiratory	care	anatomy	and	physiology:	foundations	for	clinical	practice,	ed	2,	St	Louis,	2007,	Mosby.)
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The exact mechanism responsible for this increase in ventila-
tion is not well understood. Especially mysterious is the abrupt 
increase in ventilation at the onset of exercise, long before any 
chemical or humoral changes can occur in the body. Two pre-
dominating theories for this phenomenon are: (1) When the 
cerebral motor cortex sends impulses to exercising muscles, it 
apparently sends collateral excitatory impulses to the medullary 
respiratory centers; (2) exercising limbs moving around their 
joints stimulate proprioceptors, which transmit excitatory 
impulses to the medullary centers.1,3 Evidence also suggests that 
the sudden increase in ventilation at the onset of exercise is a 
learned response.1,3 With repeated experience, the brain may 
learn to anticipate the proper amount of ventilation required 
to maintain normal blood gases during exercise.

ABNORMAL BREATHING PATTERNS

Commonly described abnormal breathing patterns include 
Cheyne-Stokes respiration, Biot respiration, apneustic breath-
ing, and central neurogenic hypoventilation and hyperventila-
tion. In Cheyne-Stokes respiration, respiratory rate and tidal 
volume gradually increase and then gradually decrease to com-
plete apnea (absence of ventilation), which may last several 
seconds. Tidal volume and breathing frequency gradually in-
crease again, repeating the cycle. This pattern occurs when car-
diac output is low, as in congestive heart failure, delaying the 
blood transit time between the lungs and the brain.4 In this 
instance, changes in respiratory center PCO2 lag behind changes 
in arterial PCO2.

For example, when an increased PaCO2 from the lungs 
reaches the respiratory neurons, ventilation is stimulated; this 
lowers the PaCO2 level. By the time the reduced PaCO2 reaches 
the medulla to inhibit ventilation, hyperventilation has been in 
progress for an inappropriately long time. When blood from the 
lung finally does reach the medullary centers, the low PaCO2 
greatly depresses ventilation to the point of apnea. PaCO2 
increases, but an increase in respiratory center PCO2 is delayed 
because of low blood flow rate. The brain eventually does 
receive the high PaCO2 signal, and the cycle is repeated. Cheyne-
Stokes respiration may also be caused by brain injuries in  
which the respiratory centers over-respond to changes in the 
PCO2 level.

Biot respiration is similar to Cheyne-Stokes respiration 
except that tidal volumes are of identical depth. It occurs in 
patients with increased intracranial pressure (ICP), but the 
mechanism for this pattern is unclear.4

Apneustic breathing indicates damage to the pons. Central 
neurogenic hyperventilation is characterized by persistent 
hyperventilation driven by abnormal neural stimuli. It is related 
to midbrain and upper pons damage associated with head 
trauma, severe brain hypoxia, or lack of blood flow to the brain.6 
Conversely, central neurogenic hypoventilation means the 
respiratory centers do not respond appropriately to ventilatory 
stimuli, such as CO2. It also is associated with head trauma and 
brain hypoxia as well as narcotic suppression of the respiratory 
center.6

O2-associated hypercapnia and acidemia is not justifiable in 
most patients with a diagnosis of COPD. O2 should never be 
withheld from acutely hypoxemic patients with COPD for  
fear of inducing hypoventilation and hypercapnia. Tissue oxy-
genation is the overriding priority; O2 must never be withheld 
from exacerbated, hypoxemic patients with COPD for any 
reason. The clinician must be prepared to support ventilation 
mechanically if O2 administration is accompanied by severe 
hypoventilation.

Central Chemoreceptor Response  
to Acute Carbon Dioxide Increase  
in Chronic Hypercapnia
As discussed earlier, the kidneys compensate for the acidic 
effects of chronic hypercapnia by increasing the plasma HCO3

− 
level, keeping the medullary chemoreceptor pH environment in 
the normal range. This does not mean that the medullary che-
moreceptors cannot respond to further acute increases in 
PaCO2. A sudden elevation in PaCO2 immediately crosses the 
blood-brain barrier into the CSF, generating H+ that then stim-
ulates the medullary chemoreceptors. The resulting ventilatory 
response is depressed, however, for chemical and mechanical 
reasons: (1) The blood’s increased buffering capacity (high 
HCO3

− level) in chronic hypercapnia prevents arterial pH from 
decreasing as sharply as it would in normal conditions, and  
(2) abnormal breathing mechanics hamper the lung’s ability  
to increase ventilation appropriately. To illustrate the blood’s 
changed buffering capacity, compare a healthy person (pH = 
7.40, PaCO2 = 40 mm Hg, HCO3

− = 24 mEq/L) with a chroni-
cally hypercapnic person (pH = 7.38, PaCO2 = 60 mm Hg, 
HCO3

− = 34 mEq/L). A sudden increase of 30 mm Hg in PaCO2 
of both individuals causes the healthy person’s arterial pH to 
decrease to 7.21 and the hypercapnic person’s pH to decrease 
to only 7.24. (These values are calculated using the Henderson-
Hasselbalch equation, assuming a 1-mEq/L increase in plasma 
HCO3

− concentration for each acute increase of 10 mm Hg in 
PaCO2.) The central chemoreceptors of a chronically hypercap-
nic patient experience less stimulation than the central chemo-
receptors of normal individuals for the same increase in PaCO2.

	

RULE OF THUMB

Tissue	oxygenation	is	of	overriding	importance	and	
must	not	be	sacrificed	because	of	concern	about	
hypercapnia	and	acidemia	in	a	patient	with		
exacerbated	COPD.

VENTILATORY RESPONSE  
TO EXERCISE

Strenuous exercise can increase CO2 production and O2 con-
sumption by 20-fold.3 Ventilation normally keeps pace with 
CO2 production, keeping PaCO2, PaO2, and arterial pH con-
stant. Because arterial blood gases do not change during normal 
exercise, some other mechanism must be responsible for the 
increased ventilation in healthy individuals during exertion.



316 SECTION II • Applied Anatomy and Physiology

CARBON DIOXIDE AND CEREBRAL 
BLOOD FLOW

CO2 plays an important role in regulating cerebral blood flow. 
Its effect is mediated through the formation of H+ by CO2.

7 
Increased PCO2 dilates cerebral vessels, increasing cerebral 
blood flow, whereas decreased PCO2 constricts cerebral vessels 
and reduces cerebral blood flow. In patients with traumatic 
brain injury (TBI), the brain swells acutely; this increases the 
ICP in the rigid skull to such high levels that blood supply to 
the brain might be cut off, causing cerebral hypoxia (ischemia). 
That is, high ICP may exceed cerebral arterial pressure and stop 
blood flow to the brain.

Although controversial, mechanical hyperventilation has 
been used for many years in selected patients with TBI to 
decrease PaCO2 and reduce the cerebral blood flow and ICP. In 
patients with TBI, a cerebral blood volume reduction of only 
0.5 to 0.7 ml reduces the ICP by 1 mm Hg; for every 1-mm Hg 
acute reduction in PaCO2 (between 20 mm Hg and 60 mm Hg), 
there is a 3% reduction in cerebral blood flow. Although an 
acute reduction in PaCO2 reduces ICP, it also reduces cerebral 
blood flow and potentially causes cerebral ischemia. For this 
reason, the practice of inducing mechanical hyperventilation in 
patients with TBI is debatable primarily because it may well 
reduce blood flow and O2 to an injured organ. On the other end 
of the spectrum; however, hypoventilation in a head trauma 
patient with an already high ICP is especially dangerous because 
hypercapnia dilates cerebral vessels and elevates the ICP  
even more.

The debate centers around the question of whether a 
hyperventilation-induced decrease in cerebral blood flow 
creates an additional hypoxic insult to the already ischemic 
brain and whether patients managed in this way have better 
clinical outcomes than patients in whom hyperventilation is not 
instituted. A comprehensive review of the subject published in 
2005 concluded that hyperventilation produced no advantage 
in long-term clinical outcome of TBI compared with ventilation 
that maintained PaCO2 in the normal range.7 The authors con-
cluded that in TBI, hyperventilation therapy should be consid-
ered only for patients with high ICPs; no benefit can be expected 
if ICP is normal. They further concluded that hyperventilation 
is most appropriate in the second or third day after injury 
because cerebral blood flow is lowest in the first 24 hours after 
injury, and the risk for inducing ischemia through hyperventila-
tion is greatest during this time. The authors advise against the 
hyperventilation of patients with TBI to PaCO2 less than 
30 mm Hg because of the increased danger of cerebral isch-
emia. Finally, hyperventilation is effective for only approxi-
mately 24 to 48 hours because compensatory renal elimination 
of HCO3

− in the face of alkalemia restores the acid-base balance, 
negating the vasoconstrictive effect of hypocapnia. In any case, 
hypoventilation in patients with head trauma and increased ICP 
is especially dangerous because hypercapnia dilates cerebral 
vessels and increases ICP further. Even opponents of hyperven-
tilation generally maintain PaCO2 of patients with TBI in the 
low to normal range at approximately 35 mm Hg.8

MINI CLINI
Mechanical Hyperventilation of a 
Patient With Traumatic Brain Injury

PROBLEM:  An automobile accident victim, previously 
healthy, sustained a closed head injury with accompanying high 
ICP. Mechanical ventilation in the intensive care unit is 
required, and the physician asks the RT for input regarding 
ventilator strategies and what PaCO2 should be targeted?

DISCUSSION:  More than 40 years ago, clinical investigators 
showed that the volume of the swollen brain could be reduced 
by decreasing the PaCO2. Since then, mechanical hyperventila-
tion has been a cornerstone in managing increased ICP associ-
ated with TBI.7 Hyperventilation decreases ICP by causing 
cerebral vasoconstriction, ultimately reducing cerebral blood 
volume. This subject is not without controversy because 
hyperventilation-induced cerebral vasoconstriction has the 
potential to reduce cerebral blood flow to levels that cause 
cerebral hypoxia (ischemia). This concern has dampened 
enthusiasm for hyperventilation in TBI. Both the proponents 
and the opponents of hyperventilation recognize that TBI 
poses an ischemic threat to the brain; proponents believe that 
the reduction of cerebral blood flow ultimately improves cere-
bral oxygenation by reducing the ICP, which helps sustain the 
cerebral perfusion pressure. Opponents point out that no other 
hypoxic organ in the body is treated by reducing its blood flow 
and O2 supply. (Hyperventilation in this context is generally 
defined as PaCO2 < 35 mm Hg.7)

SUMMARY CHECKLIST

◗	The	DRGs	and	VRGs	of	neurons	in	the	medulla	generate	
the	basic	cyclic	breathing	pattern.

◗	Apneustic	center	impulses	prevent	medullary	inspiratory	
neurons	from	switching	off,	creating	a	prolonged,	gasping	
inspiration.

◗	 Impulses	from	the	pneumotaxic	center	inhibit	the	
apneustic	center	and	inspiratory	neurons	of	the	DRGs,	
shortening	inspiratory	time	and	increasing	respiratory	rate.

◗	Various	reflexes	from	peripheral	sources	affect	the	
breathing	pattern	by	altering	the	output	of	the	medullary	
center.

◗	Central	chemoreceptors	in	the	medulla	are	bathed	in	the	
CSF,	separated	from	arterial	blood	by	a	semipermeable	
membrane	called	the	blood-brain barrier.

◗	The	blood-brain	barrier	is	almost	impermeable	to	arterial	
H+	and	HCO3

−	ions,	but	it	is	freely	permeable	to	arterial	
CO2.

◗	Central	chemoreceptors	stimulate	increased	ventilation	in	
response	to	the	H+	formed	in	the	CSF	by	the	reaction	
between	arterial	CO2	and	H2O.

◗	Peripheral	chemoreceptors,	located	mainly	in	the	carotid	
bodies,	respond	to	arterial	[H+];	hypoxemia	increases	the	
sensitivity	of	chemoreceptors	to	a	given	arterial	pH.

◗	The	peripheral	chemoreceptors	are	indirectly	stimulated	
by	arterial	CO2	to	the	extent	that	CO2	reacts	with	H2O	to	
form	H+.



 Regulation of Breathing • CHAPTER 15 317

References

1. Levitzky MG: Pulmonary physiology, ed 8, New York, 2013, McGraw-Hill 
Medical.

2. Philipson EA, Duffin J: Hypoventilation and hyperventilation syndromes. In 
Mason RJ, Broaddus VC, Martin TR, et al, editors: Murray and Nadel’s text-
book of respiratory medicine, ed 5, Philadelphia, 2010, Saunders.

3. Hall JE: Guyton and Hall: textbook of medical physiology, ed 12, Philadelphia, 
2010, Saunders.

4. Comroe JH: Physiology of respiration, ed 2, Chicago, 1974, Year Book.
5. West JB: Respiratory physiology: the essentials, ed 9, Philadelphia, 2011, 

Lippincott Williams & Wilkins.
6. Bleck TP: Levels of consciousness and attention. In Goetz CG, editor:  

Textbook of clinical neurology, ed 2, Philadelphia, 2003, Saunders.
7. Stocchetti N, Maas AI, Chieregato A, et al: Hyperventilation in head injury: 

a review. Chest 127:1812, 2005.
8. Korbakis G, Bleck TP: The evolution of neurocritical care. Crit Care Clin. 

30:657–671, 2014.

◗	The	primary	stimulus	for	breathing	in	healthy	individuals	is	
arterial	CO2,	mediated	through	the	central	chemoreceptors	
via	H+	formed	by	the	reaction	between	H2O	and	CO2	
molecules.

◗	The	secondary	stimulus	for	breathing	in	healthy	individuals	
is	arterial	hypoxemia,	which	is	not	clinically	significant	until	
PaO2	is	less	than	60	mm	Hg.

◗	Breathing	of	patients	with	chronic,	compensated	
hypercapnia	is	driven	more	by	the	hypoxic	stimulus	than	
when	acid-base	status	is	normal.

◗	O2	therapy	is	associated	with	acute	arterial	CO2	retention	
and	acidosis	in	patients	with	chronic	hypercapnia.

◗	O2	should	never	be	withheld	for	any	reason	from	patients	
with	severe	hypoxemia.

◗	CO2	dilates	cerebral	blood	vessels	and	increases	ICP;	
reducing	arterial	CO2	constricts	cerebral	vessels	and	
decreases	ICP.
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Bedside Assessment of 
the Patient

RICHARD H. KALLET

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	why	patient	interviews	are	necessary	and	the	appropriate	interview	techniques.
◆	 Identify	abnormalities	in	lung	function	associated	with	common	pulmonary	symptoms.
◆	 Identify	breathing	patterns	associated	with	pulmonary	disease.
◆	 Differentiate	between	dyspnea	and	breathlessness.
◆	 Identify	terms	describing	normal	and	abnormal	lung	sounds.
◆	 Describe	the	mechanisms	causing	normal	and	abnormal	lung	sounds.
◆	 Review	the	importance	of	examining	the	precordium,	abdomen,	and	extremities	to	identify	abnormalities	

associated	with	cardiopulmonary	disease.
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fever
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hepatomegaly
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hypothermia
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Kussmaul	breathing
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loud	P2

lymphadenopathy
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orthodeoxia
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pack-years
pedal	edema
peripheral	cyanosis
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provides an understanding of normal variations. The ability to 
discriminate abnormal findings from the range of normal find-
ings is an important skill that requires experience to master.

INTERVIEWING THE PATIENT AND 
TAKING A MEDICAL HISTORY

Interviewing furnishes unique information because it provides 
the patient’s perspective. It serves the following three related 
purposes:
1. To establish a rapport between the clinician and patient.
2. To obtain information essential for making a diagnosis.
3. To help monitor changes in the patient’s symptoms and 

response to therapy.

pulsus	paradoxus
purulent
rales
respiratory	alternans
retractions
sensorium
shock

signs
sputum
stridor
subcutaneous	emphysema
symptoms
syncope
systolic	pressure

tachycardia
tachypnea
thrills
tracheal	tugging
trepopnea
tripodding
wheezes

D ecisions regarding when to initiate, change, or discon-
tinue therapy depend on accurate clinical assessments. 
The physician is ultimately responsible for these deci-

sions. But because respiratory therapists (RTs) often participate 
in clinical decision making, they must develop competent 
bedside assessment skills. To do this effectively, the RT must 
assume responsibility for gathering and interpreting relevant 
bedside patient data.

Bedside assessment is the process of interviewing and exam-
ining a patient for signs and symptoms of disease, as well as 
evaluating the effects of treatment. Very often bedside assess-
ment provides initial evidence that something is wrong. In con-
trast to some diagnostic tests, bedside assessment techniques are 
of little risk to the patient.

Two key sources of patient data are the medical history and 
the physical examination. Data gathered during the initial inter-
view and physical examination help identify the need for sub-
sequent diagnostic tests. After a tentative diagnosis is made, 
these assessment skills help the clinician in selecting the best 
therapy. These assessment skills are used repeatedly to monitor 
the patient’s response to therapy, and make any necessary 
adjustments.

The patient initially is assessed to identify the correct diag-
nosis. Diagnosis (from the Greek to know thoroughly), is the 
process of identifying the nature and cause of illness. It is a 
disciplined, systematic approach based on careful history taking, 
physical examination and testing (e.g., laboratory analysis of 
blood or tissue samples, radiologic examinations, etc.). Differ-
ential diagnosis is the term used when signs and symptoms are 
shared by many diseases and the exact cause is unclear. For 
example a cough can be a symptom of a common cold, pneu-
monia, bronchitis, or congestive heart failure (CHF). Signs refer 
to the objective manifestation of illness (e.g., increased respira-
tory rate) whereas symptoms refer the sensation or subjective 
experience of some aspect of an illness (e.g., breathlessness). 
Symptoms must always be stated by the patient and never 
inferred from observed signs. Common symptoms and signs 
associated with cardiopulmonary disease are discussed in this 
chapter.

Diagnosis is performed primarily by a physician. Exceptions 
may occur in emergency situations when a physician is unavail-
able. In such cases, nurses and RTs may evaluate the patient to 
rapidly implement appropriate lifesaving therapy (e.g., cardio-
pulmonary resuscitation).

The mastery of bedside assessment skills described here 
requires practice. Initially, students should practice these skills 
on healthy individuals. This helps improve technique and 

MINI CLINI
Bedside Assessment of the 
Postoperative Patient

PROBLEM:  The RT is called to see a 54-year-old woman who 
underwent abdominal surgery 2 days earlier. She is currently 
afebrile, alert, and oriented but is complaining of dyspnea. Her 
resting respiratory rate is 34 breaths/min, and the breaths are 
shallow. Her heart rate is 110 beats/min. She is 5 feet tall and 
weighs approximately 185 lb. During the brief interview, the 
RT identifies that the dyspnea has gradually increased over the 
past 12 hours and increases with exertion. The RT auscultates 
diminished breath sounds in the bases, with some fine, late 
inspiratory crackles. The remainder of the physical examina-
tion is normal. What is the most likely cause of this patient’s 
dyspnea, and what should be done?

SOLUTION:  The findings indicate a loss of lung volume as 
the cause of the sudden dyspnea. The rapid, shallow breathing; 
fine, late inspiratory crackles; and history of recent abdominal 
surgery suggest atelectasis. Patients who undergo abdominal 
surgery are prone to developing atelectasis in the postoperative 
period. The differential diagnosis would include CHF and pul-
monary thromboembolism. The RT should ask the attending 
physician to order a chest radiograph and begin lung expansion 
therapy if the chest film confirms the presence of atelectasis.

Principles of Interviewing

Interviewing is the process of gathering relevant information 
from a patient, an essential element of which involves establish-
ing rapport. Building rapport with a patient requires basic 
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human skills of communicating concern, warmth, and empathy. 
Illness serious enough to require hospitalization causes stress. 
Meaningful human contact lessens a patient’s sense of isolation 
and helps reduce stress. Factors affecting communication 
between the RT and the patient include the following:
• Sensory and emotional factors
• Environmental factors
• Verbal and nonverbal components of the communication 

process
• Cultural and other internal values, beliefs, feelings, habits, 

and preoccupations of both the RT and the patient.
Because of these factors, no two interviews are the same. 

Developing interview skills takes time and experience. This 
requires adherence to some basic interview techniques and 
becoming knowledgeable about the causes and characteristics 
of common cardiopulmonary symptoms. The following discus-
sion provides some guidelines for interviewing and discusses 
common symptoms associated with diseases of the chest.

Structure and Technique for Interviewing
The ideal interview makes the patient feel secure enough to talk 
openly about important personal matters. Each interview 
should begin with the RT introducing himself or herself to the 
patient, and stating the purpose of the visit. To begin the process 
of establishing rapport, the introduction is done from the non-
threatening position referred to as social space, approximately 4 
to 12 feet from the patient. Bear in mind that the perception of 
“appropriate” space varies across individuals and particularly 
those of different cultural backgrounds. Pulling the curtain 
between the beds of a semiprivate room also may be helpful  
in making the patient feel more at ease with the interview  
(Box 16-1).

Next, the RT might be able to move into what is considered 
personal space (2 to 4 feet from the patient) to begin the inter-
view. In this space, the patient does not have to speak loudly in 
response to questions. The RT should assume a physical posi-
tion at the same level with the patient (e.g., by sitting in a chair) 
before beginning the formal interview. Avoid standing over the 
patient, because this may feel intimidating and foster uneasi-
ness. Appropriate eye contact with the patient is essential for a 
high-quality interview. Eye contact gives the patient more con-
fidence in the interviewer. It also allows the interviewer to 
observe facial expressions that may communicate a patient’s 
confusion, fear, frustration, or other emotions in response.

Use neutral questions and avoid leading questions during 
the interview. For example, asking the patient, “Is your breath-
ing better now?” leads the patient toward a desired response and 
may elicit false information. Rather ask the patient, “How is 
your breathing now?” Often this gets more accurate informa-
tion (Box 16-2).

Common characteristics of symptoms can be identified by 
asking the following questions during the interview:
• When did the symptom start?
• How severe is it? (This can be rated on a scale of 1 to 10.)
• Where on the body is it? (This is especially important for 

chest pain.)

 Box 16-1 Guidelines for Effective 
Patient Interviewing

PROJECT A SENSE OF UNDIVIDED INTEREST IN 
THE PATIENT
•	 Provide	for	privacy	and	do	not	permit	interruptions.
•	 Review	records	and	prepare	materials	before	entering	the	

room.
•	 Listen	and	observe	carefully.
•	 Use	appropriate	eye	contact.
•	 Be	attentive	and	respond	to	the	patient’s	priorities,	

concerns,	feelings,	and	comfort.

ESTABLISH YOUR PROFESSIONAL ROLE DURING 
THE INTRODUCTION
•	 Dress	and	groom	professionally.
•	 Enter	the	room	with	a	smile	and	unhurried	manner.
•	 Make	immediate	eye	contact.
•	 If	the	patient	is	well	enough,	introduce	yourself	with	a	firm	

handshake.
•	 State	your	role	and	the	purpose	of	your	visit,	and	define	the	

patient’s	involvement	in	the	interaction.
•	 Address	adult	patients	by	title	(e.g.,	Mr.,	Mrs.,	Ms.)	and	their	

last	name.	Using	these	formal	terms	of	address	alerts	the	
patient	to	the	importance	of	the	interaction.

SHOW YOUR RESPECT FOR THE PATIENT’S 
BELIEFS, ATTITUDES, AND RIGHTS
•	 Ensure	the	patient	is	appropriately	covered.
•	 Position	yourself	so	that	eye	contact	is	comfortable	for	the	

patient.	(Ideally,	patients	should	be	sitting	up,	with	their	eye	
level	at	or	slightly	above	yours.)

•	 Avoid	standing	at	the	foot	of	the	bed	or	with	your	hand	on	
the	door	because	this	may	send	the	nonverbal	message	that	
you	do	not	have	time	for	the	patient.

•	 Ask	the	patient’s	permission	before	moving	any	personal	
items	or	making	adjustments	in	the	room.

•	 Remember	that	the	patient’s	dialogue	with	you	and	his	or	
her	medical	record	are	confidential.	Share	this	information	
only	with	other	health	care	providers	who	need	to	know	
about	it,	and	do	not	share	the	information	in	a	place	where	
others	can	overhear	the	conversation.

•	 Be	honest;	never	guess	at	an	answer	or	information	that	you	
do	not	know;	do	not	provide	information	beyond	your	scope	
of	practice;	providing	new	information	to	the	patient	is	the	
privilege	and	responsibility	of	the	attending	physician.

•	 Make	no	moral	judgments	about	the	patient;	set	your	values	
for	patient	care	according	to	the	patient’s	values,	beliefs,	
and	priorities.

•	 Expect	the	patient	to	have	an	emotional	response	to	illness	
and	the	health	care	environment.

•	 Listen,	and	then	clarify	and	teach,	but	never	argue.
•	 Adjust	the	time,	length,	and	content	of	the	interview	to	the	

patient’s	needs.

USE A RELAXED, CONVERSATIONAL STYLE
•	 Ask	questions	and	make	statements	that	communicate	

empathy.
•	 Encourage	the	patient	to	express	his	or	her	concerns.
•	 Expect	and	accept	some	periods	of	silence.
•	 Close	even	the	briefest	interview	by	asking	whether	there	is	

anything	the	patient	needs	or	wants	to	discuss.
•	 Tell	the	patient	when	you	will	return.
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ing pattern. Dyspnea and pain are similar in that both sensa-
tions possess qualitatively distinct features and have varying 
intensity. Similar to pain, dyspnea causes suffering. As breathing 
is the primordial sensation of life, dyspnea often is perceived as 
life-threatening and may provoke a profound sense of dread.

The term dyspnea also is used specifically to describe difficulty 
in the mechanical act of breathing. In essence, dyspnea occurs 
when the effort to breathe is disproportionately greater than the 
tidal volume achieved. The perception of breathing is a complex 
balance among three factors:
1. The neural drive to breathe emanating from the respiratory 

centers in the brainstem
2. The tension developed in the respiratory muscles
3. The corresponding displacement of the lungs and chest wall

When the neuronal signals governing these sensations 
become unbalanced, breathing is perceived to be abnormal and 
unpleasant. The technical name for this imbalance is neurome-
chanical dissociation. A normal individual experiences dyspnea 
only in unusual circumstances, such as trying to breathe through 
a straw or when wearing a restrictive garment.

Breathlessness.  In contrast, breathlessness is an unpleas-
ant urge to breathe. It is believed to be the conscious perception 
of intense neural discharge from the brainstem to the respi-
ratory muscles. Breathlessness can be triggered by acute  
hypercapnia, acidosis, or hypoxemia. A normal experience of 
breathlessness is the unpleasant “throbbing” sensation induced 
by breath holding, or feeling “winded” during strenuous exer-
cise. However, it is unknown whether these normal encounters 
with breathlessness actually resemble the sensation that arises 
in patients with cardiopulmonary disease. This is because 
dyspnea and breathlessness are influenced by other stimuli, 
including those arising from irritant receptors in the lungs and 
airways, as well as receptors in the blood vessels and heart. 
These various stimuli shape both the quality and intensity of 
the sensation.

Moreover, dyspnea and breathlessness are perpetuated and 
magnified by the emotional distress that accompanies them. 
This emotional distress is influenced by the situation, knowl-
edge, and control. For example, a healthy person can quickly 
identify the source of breathlessness and arrest the symptom 
simply by stopping exercise or the breath hold. But a patient 
with cardiopulmonary disease often cannot control the 
symptom, let alone identify the source. This has a profound 
emotional impact that must be appreciated.

Positional  Dyspnea.  Dyspnea that is triggered when the 
patient assumes the reclining position is called orthopnea and 
is common in patients with CHF, mitral valve disease, and supe-
rior vena cava syndrome. Platypnea is dyspnea triggered by 
assuming the upright position. It typically occurs after pneu-
monectomy and in patients with chronic liver disease (hepa-
topulmonary syndrome). It is sometimes observed during 
hypovolemia and in some neurologic diseases. Platypnea may 
be accompanied by orthodeoxia, which is oxygen desaturation 
on assuming an upright position. Trepopnea is when lying on 
one side relieves dyspnea, It is usually associated with either 
CHF or pleural effusion.

• What seems to make it better or worse?
• Has it occurred before? (If so, how long did it last?)

Identifying characteristics of any new symptom may be 
helpful in determining the cause and selecting appropriate 
therapy. Once therapy is started, further questions are used to 
evaluate the changes in the symptoms over the course of treat-
ment. For example, the clinician may ask, “Has the symptom 
changed in any way since admission?” or, “Does the therapy 
seem to make a difference?”

The best interview techniques are worthless if the inter-
viewer lacks knowledge about the pathophysiology and char-
acteristic symptoms of common cardiopulmonary diseases. 
Essentially the interview is a series of focused questions pursu-
ing specific information related to a tentative diagnosis. The 
ability to ask key questions at the right time comes from experi-
ence and familiarity with the signs and symptoms of lung 
disease.

Common Cardiopulmonary Symptoms

Dyspnea
Dyspnea is a general term describing the sensation of breathing 
discomfort. It is the most important symptom that the RT is 
called upon to assess and treat. Dyspnea is a subjective experience 
and should never be inferred from observing a patient’s breath-

 Box 16-2 Types of Questions Used in 
Patient Interviews

•	 Open-ended questions	encourage	patients	to	describe	
events	and	priorities	as	they	see	them,	helping	to	bring	out	
concerns	and	attitudes	and	to	promote	understanding.	
Questions	such	as	“What	brought	you	to	the	hospital?”	or	
“What	happened	next?”	encourage	conversational	flow	and	
rapport,	while	giving	patients	enough	direction	to	know	
where	to	start.

•	 Closed questions,	such	as	“When	did	your	cough	start?”	or	
“How	long	did	the	pain	last?”	focus	on	specific	information	
and	provide	clarification.

•	 Direct questions	can	be	open-ended	or	closed	and	always	
end	in	a	question	mark.	Although	they	are	used	to	obtain	
specific	information,	a	series	of	direct	questions	or	frequent	
use	of	the	question	“Why?”	can	be	intimidating	and	cause	
the	patient	to	minimize	his	or	her	responses	to	questions.

•	 Indirect questions	are	less	threatening	than	direct	questions	
because	they	sound	like	statements	(e.g.,	“I	gather	your	
doctor	told	you	to	take	the	treatments	every	4	hours”).	
Inquiries	of	this	type	also	work	well	to	confront	discrepancies	
in	the	patient’s	statements	(e.g.,	“If	I	understood	you	
correctly,	it	is	harder	for	you	to	breathe	now	than	it	was	
before	your	treatment”).

•	 Neutral questions	and	statements	are	preferred	for	all	
interactions	with	the	patient.	“What	happened	next?”	and	
“Can	you	tell	me	more	about	…	?”	are	neutral,	open-ended	
questions.	A	neutral,	closed	question	may	give	the	patient	a	
choice	of	responses,	while	focusing	on	the	type	of	
information	desired	(e.g.,	“Would	you	say	there	was	a	
teaspoon,	a	tablespoon,	or	a	half	cup?”).	Leading	questions,	
such	as	“You	didn’t	cough	up	blood,	did	you?”	should	be	
avoided	because	they	imply	an	answer.
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3. The RT should ask whether the quality or the sensation of 
breathing discomfort varies with different activities.

4. To gain a better understanding of the patient’s history, ask 
the patient to recall when dyspnea first began and how it has 
evolved over time. Has dyspnea progressed slowly or rapidly? 
How long has this progression taken place: over a period of 
months or years? Has there been a dramatic change in the 
intensity of dyspnea over the recent past?
Beyond the information gleaned, a detailed conversation 

about patients’ dyspnea allows them to share their experience 
and may decrease their sense of isolation.

The intensity of dyspnea can be documented using a numeric 
intensity or visual analogue scale (Figure 16-1). Such scales 
provide a way to evaluate the patient’s response to treatment 
over time. These scales are important because, in many patients, 
objective measurements of lung function (e.g., pulmonary 
function tests, PaO2) seldom correlate with the degree of 
dyspnea.

Psychogenic Dyspnea: Panic Disorders and Hyperventila-
tion.  There are perplexing situations in which a patient with 
normal cardiopulmonary function complains of dyspnea or 
suffocation. This is known as psychogenic hyperventilation syn-
drome and is associated with panic disorders. Hyperventilation 
may coincide with other symptoms such as chest pain, anxiety, 
palpitations, and paresthesia (the sensation of tingling and 
numbness in the extremities that accompanies respiratory alka-
losis). This syndrome may be either sporadic or chronic and 
often is self-perpetuating.

Anxiety often is accompanied by breathlessness and hyper-
ventilation. The resulting respiratory alkalosis amplifies the 
sensation of breathlessness and provokes more anxiety. This in 
turn increases the intensity of hyperventilation. The classic 
homespun remedy of slowly rebreathing into a paper bag holds 
merit, because this arrests respiratory alkalosis and helps break 
the cycle. However, rebreathing techniques may require formal 
behavioral therapy and may not be appropriate in the hospital 
setting. This condition usually is treated clinically by adminis-
tering judicious amounts of anxiolytic agents.

The RT always must approach any situation involving hyper-
ventilation or dyspnea as if it had a pathogenic basis. The first 

Language  of  Dyspnea.  Because dyspnea is a subjective 
experience, patients possess a nuanced language to describe 
their sensations. RTs should ask specific questions about the 
quality and characteristics of the patient’s dyspnea. In this way, 
the RT might gain insight into the mechanism provoking 
dyspnea. The RT should try to categorize each sensation accord-
ing to a particular aspect of breathing: inspiration, expiration, 
respiratory drive, or lung volume. A remark such as, “I feel that 
my breath stops,” reflects a problem with inspiration, whereas 
the remark, “my breath does not go all the way out,” suggests a 
problem with expiration. Statements such as, “I can’t catch my 
breath,” suggest elevated respiratory drive (i.e., breathlessness).

Different lung diseases often evoke unique sensations. 
Patients with asthma frequently complain of chest tightness, 
whereas, patients with interstitial lung disease tend to focus on 
the sensations of increased work of breathing, shallow breath-
ing, and gasping. Unique to patients with CHF is the feeling of 
suffocation. However, the RT should keep in mind that many 
lung diseases evoke common sensations.

Patients with cardiopulmonary disease frequently experi-
ence several unpleasant breathing sensations simultaneously. A 
particular sensation may be more prominent than others and 
may change over time. For example, patients with asthma typi-
cally complain first about the sensation of chest tightness. As 
bronchoconstriction worsens and the lungs become more 
hyperinflated, patients often begin to focus more on the sensa-
tion of excessive work of breathing, air hunger, and the inability 
to take a deep breath.

Assessing Dyspnea in the Interview.  Assessing dyspnea is 
largely determined by the situation. During the interview, the 
RT should pay particular attention to whether the patient can 
speak in full sentences. Patients with severe dyspnea often 
cannot speak more than a few words at a time. In this situation, 
the initial interview should be curtailed, and treatment should 
be initiated as soon as possible. Questions should be brief and 
when possible structured to elicit a yes or no response. Ques-
tions should be limited to the quality and intensity of dyspnea, 
the circumstances surrounding the onset, and current duration 
of dyspnea. The assessment of dyspnea should occur simultane-
ously with a gross examination of the patient’s breathing pattern 
(see later section of this chapter). Assessment of acute dyspnea 
in patients without a prior history of cardiopulmonary disease 
does not require the same detail as in patients with long-
standing cardiopulmonary or neurologic disease.

In patients with chronic cardiopulmonary disease, a detailed 
and systematic history should cover four major areas, as  
follows:
1. The RT should ask what activities of daily living tend to 

trigger episodes of dyspnea. For example, is dyspnea trig-
gered by walking on flat surfaces, by climbing stairs, by 
bathing, by dressing?

2. The RT should ask how much exertion makes the patient to 
stop to catch his or her breath with different activities. Does 
the patient need to stop after walking up one flight of stairs 
or one step? Dyspnea provoked by less strenuous activities 
indicates more advanced disease.

FIGURE 16-1	 A,	Modified	Borg	scale.	B,	Visual	analogue	scale	
for	measuring	the	degree	of	dyspnea.	

Modified Borg Scale Visual Scale

Number Verbal Description

10  Severe
 9
 8  Moderately severe
 7
 6
 5  Moderate
 4
 3
 2  Slight
 1
 0  None

Severe dyspnea

No dyspnea
A B
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cough receptors. Mucus is gradually moved to the hypopharynx 
by the mucociliary escalator, where it is either swallowed or 
expectorated. Disease of the airways (e.g., bronchitis or acute 
asthma attacks), may cause mucous glands located in the 
airways to produce abnormal amounts of mucus. This stimu-
lates the cough receptors and causes a loose, productive  
cough.

priority is to measure the vital signs, including SaO2, and 
perhaps a 12-lead electrocardiogram and arterial blood gases. 
A psychogenic source is considered only after a pathogenic 
source for hyperventilation or dyspnea has been ruled out. 
Intense pain or fear often provokes anxiety and hyperventila-
tion. The RT must work in concert with nurses and the physi-
cian to determine the root-cause of any hyperventilation 
syndrome.

Cough
A cough is the most common, yet nonspecific symptom 
observed in patients with pulmonary disease. Coughing is a 
forceful expiratory maneuver that expels mucus and foreign 
material from the airways. It usually occurs when cough recep-
tors are stimulated by inflammation, mucus, foreign materials, 
or noxious gases. Cough receptors are located primarily in the 
larynx, trachea, and larger bronchi. The effectiveness of a cough 
depends on (1) the ability of the individual to take a deep 
breath, (2) lung elastic recoil, (3) expiratory muscle strength, 
and (4) level of airway resistance. The ability to take a deep 
breath and exhale forcefully is often impaired in patients with 
cardiopulmonary, neurologic, or neuromuscular diseases.

Effective coughing also is impaired in the early postoperative 
period after upper abdominal surgery or thoracic surgery or 
after trauma because of pain. Often, expiratory flow is limited 
by factors such as bronchospasm (e.g., asthma), reduced lung 
elastic recoil (as in emphysema) and muscle weakness. Patients 
with an inadequate ability to cough often have problems with 
atelectasis, retained secretions, and therefore are more prone to 
developing pneumonia and/or hypoxemia.

It is important for the RT to note several characteristics of 
the patient’s cough. This includes whether it is dry or loose, 
productive or nonproductive, acute or chronic, and whether it 
occurs more frequently at particular times (i.e., day or night). 
Knowledge of such details may help in determining the cause 
of the cough. A dry, nonproductive cough is typical for restric-
tive lung diseases such as CHF or pulmonary fibrosis. A loose, 
productive cough is more often associated with inflammatory 
obstructive diseases such as bronchitis and asthma. The most 
common cause of an acute, self-limited cough is a viral infec-
tion of the upper airway.

A chronic cough is one lasting 8 weeks or longer.1 It carries 
with it considerable frustration and anxiety for patients, with 
decreased quality of life and depression commonly reported. 
When a thorough examination and history fail to find evidence 
of disease (e.g., cancer, human immunodeficiency virus [HIV] 
disease) and the chest radiograph is normal, more than 90% of 
chronic cough cases are accounted for by upper airway cough 
syndrome (formerly called postnasal drip), asthma, and gastro-
esophageal reflux. Chronic coughing has numerous common 
and uncommon causes that sometimes may have multiple 
sources (Box 16-3).1

Sputum Production
Healthy airways produce mucus daily. Normally, the quantity 
of this mucus is minimal, and it is not enough to stimulate the 

 Box 16-3 Evaluating Chronic Cough in the 
Adult (>8 Weeks Duration)1

COMMON SOURCES
•	 Upper	airway	cough	syndrome	(formerly	known	as	

“postnasal	drip”)
•	 Asthma
•	 Gastroesophageal	reflux
•	 Chronic	bronchitis	associated	with	cigarette	smoking
•	 Angiotensin-converting	enzyme–1	cough	(caused	by	the	

antihypertensive	drug	angiotensin-converting	enzyme	
inhibitor)

•	 Nonasthmatic	eosinophilic	bronchitis

LESS COMMON SOURCES
•	 Postinfection	(e.g.,	pertussis,	mycoplasma)
•	 Interstitial	lung	disease
•	 Bronchiectasis
•	 Obstructive	sleep	apnea
•	 Primary	lung	cancer
•	 Heart	failure
•	 Pulmonary	tuberculosis
•	 Environmental	exposures

UNCOMMON SOURCES
•	 Sarcoidosis
•	 Recurrent	aspiration
•	 Chronic	tonsillar	enlargement
•	 Chronic	auditory	canal	irritation
•	 Foreign	body	aspiration
•	 Endemic	fungi
•	 Peritoneal	dialysis
•	 Cystic	fibrosis
•	 Tracheomalacia
•	 Habit	or	“tic	cough”

	

RULE OF THUMB

Ineffective	coughing	is	common	in	patients	with	
cardiopulmonary,	neurologic,	or	neuromuscular	
diseases,	as	well	as	in	the	early	postoperative	period	
after	thoracic	and	upper	abdominal	surgery	or	trauma.	
Ineffective	coughing	places	patients	at	increased	risk	
for	developing	atelectasis,	retained	secretions,	
pneumonia,	and	hypoxemia.

RTs need to be aware of the terminology associated with 
sputum. Mucus from the tracheobronchial tree, uncontami-
nated by oral secretions, is called phlegm. Mucus from the lungs 
that passes through the mouth as it is expectorated is sputum. 
Because this is how most mucus samples from the lung are 
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thromboembolic disorders (e.g., pulmonary embolism), and 
noninfectious inflammatory diseases (e.g., rheumatoid arthri-
tis, systemic lupus erythematosus).3 Therefore all patients with 
fever need further assessment to determine the cause. Sustained 
(e.g., >3 weeks), unexplained fever despite a comprehensive 
work-up is called a fever of unknown origin (FUO) and is a 
common finding in patients with HIV disease.3

The magnitude of temperature elevation during fever may 
indicate the type and virulence of the infection. Low-grade  
fever typically accompanies common upper respiratory tract 
infections, whereas a high fever occurs with viral influenza 
infection.

Fever that occurs with a cough suggests a respiratory tract 
infection. An infection is even more likely to be the cause of the 
fever if the patient is producing purulent sputum. In this situ-
ation, a persistent fever of 38.9° C (102° F) or greater for 2 days 
accompanied by chills is suggestive of pneumonia. However, the 
absence of coughing or sputum production does not rule out 
lung infection.

For many years it was believed that a link existed between 
fever and atelectasis in postoperative surgical patients. However, 
we now know that no such link exists.4

Patients with a significant fever have an increased metabolic 
rate that increases both O2 consumption and carbon dioxide 
production and may cause tachypnea. Fever is particularly dan-
gerous for patients with severe chronic cardiopulmonary disease 
because the increased ventilatory demand may induce acute 
respiratory failure.

Pedal Edema
Swelling of the lower extremities is known as pedal edema and 
often most occurs with heart failure. The diminished ability of 
the heart to effectively pump blood causes venous congestion. 
Increased hydrostatic pressure from blood pooling in the 
gravity-dependent lower extremities causes fluid to leak into the 
interstitial spaces. Afflicted patients often complain of “swollen 
ankles” in such cases. The degree of pedal edema depends on 
the severity of heart failure. There are two subtypes of pedal 
edema. Pitting edema is when finger pressure applied on a 
swollen extremity leaves an indentation mark on the skin. The 
height at which pitting edema occurs can indicate the severity 
of heart failure. Pitting edema that extends to the knee signifies 
a more significant problem than edema limited to the ankles. 
Furthermore, a standard scale may be used to quantify the 
severity of pitting edema, with “1” equating to a trace with rapid 
refill and “4” meaning severe pitting with refill time in excess of 
2 minutes. Any patient who is suspected to have right-sided or 
left-sided heart failure is examined for pedal edema. Weeping 
edema occurs when the applied finger pressure causes a small 
fluid leak.

Patients with chronic hypoxemic lung disease are especially 
prone to right-sided heart failure (cor pulmonale) that also 
causes pedal edema. Chronic hypoxia causes severe pulmonary 
vasoconstriction and pulmonary hypertension. This places a 
heavy demand on the thin-walled right ventricle, which can 
eventually fail, resulting in venous congestion.

obtained, the term sputum is used in this chapter. Sputum that 
contains pus cells is said to be purulent, suggesting a bacterial 
infection. Purulent sputum appears thick, colored, and sticky. 
Sputum that is foul-smelling is said to be fetid. Sputum that is 
clear and thick is mucoid and commonly is seen in patients with 
asthma. Changes in the color, viscosity, or quantity of sputum 
produced are often signs of infection and must be documented 
and reported to the physician.

Hemoptysis
Coughing up blood or blood-streaked sputum from the lungs 
is common in patients with pulmonary disease and is called 
hemoptysis. Frank hemoptysis is the primary presence of blood 
in the expectorant. Massive hemoptysis is when more than 
300 ml of blood is expectorated over 24 hours and represents a 
medical emergency. Common causes include bronchiectasis, 
lung abscess, and acute or chronic tuberculosis.

Nonmassive hemoptysis is observed in many conditions such 
as airway infections, pneumonia, lung cancer, tuberculosis, 
blunt or penetrating chest trauma, and pulmonary embolism. 
Infection-associated hemoptysis usually presents as blood-
streaked, purulent sputum. Hemoptysis from bronchogenic 
carcinoma often is chronic and may be associated with a mono-
phonic wheeze and cough.

Hemoptysis must be distinguished from hematemesis, 
which is vomiting blood from the gastrointestinal tract and is 
a common finding in patients with gastrointestinal disease. 
Whereas blood from the lungs often is mixed with sputum, 
blood from the stomach may be mixed with food particles.

Chest Pain
Chest pain is categorized as either pleuritic or nonpleuritic. 
Pleuritic chest pain usually is located laterally or posteriorly and 
typically worsens when taking a deep breath. Patients often 
describe it as a sharp, stabbing type of pain. It manifests primar-
ily in chest diseases that cause the pleural lining of the lung  
to become inflamed (such as pneumonia, empyema, pleural 
effusion), but also is a common symptom in pulmonary 
embolism.

Nonpleuritic chest pain is located typically in the center of the 
anterior chest and may radiate to the shoulder, neck, or back. It 
is not affected by breathing, and is often described as a dull ache 
or pressure type of pain. A common cause of nonpleuritic chest 
pain is angina. It is classically described as a pressure sensation 
with exertion or stress that results from coronary artery occlu-
sion. Other common causes of nonpleuritic chest pain include 
gastroesophageal reflux, esophageal spasm, chest wall pain (e.g., 
costochondritis), and gallbladder disease.

Fever
Fever is an elevated body temperature greater than 38.3° C 
(101° F),2 with the most common sources being a bacterial, 
viral, or fungal infection. There are, however, numerous nonin-
fectious causes of fever such as drug reaction (e.g., sulfa drugs), 
malignancies (e.g., lymphomas, metastatic cancer), head trauma 
(e.g., damage to the hypothalamus), burns, alcoholic cirrhosis, 
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either organic (i.e., containing protein) or nonorganic (e.g., 
asbestos, silica). There is a strong link between many chronic 
pulmonary diseases and air pollution which predominantly 
effects those living in urban poverty.5

The review of systems is designed to uncover problem areas 
the patient forgot to mention or may have omitted. This infor-
mation is usually obtained in a head-to-toe review of all body 
systems. For each body system, the interviewer obtains informa-
tion about current, pertinent symptoms. During a review of the 
respiratory system, questioning would determine the presence 
or history of cough, hemoptysis, sputum production, chest 
pain, shortness of breath, and fever (Box 16-4).

Finally, the medical record should be examined for informa-
tion indicating any limits on the extent of care to be provided 
in the event of cardiac or respiratory arrest. This information 
is known as an advance directive, whereby the patient (or a 
legally authorized representative) has formalized his or her 
wishes for resuscitative efforts; this is typically referred to as the 
DNR status (“do not resuscitate”) or may be expressed as DNI 
(“do not intubate”). A less ambiguous acronym AND (“allow 
for natural death”) is used to emphasize that care is primarily 
focused on patient comfort. This information may be found 
either in the admission note or within the body of the physi-
cian progress notes. In addition to this descriptive note, there 
must be an order written by the physician clearly specifying 
how care should be limited in the event of a medical 
emergency.

PHYSICAL EXAMINATION

A careful physical examination of the patient is essential for 
evaluating the patient’s problem(s) and determining the effects 
of therapy. The physical examination consists of the following 
four general steps: (1) inspection (visually examining), (2) pal-
pation (touching), (3) percussion (tapping), and (4) ausculta-
tion (listening with a stethoscope).

General Appearance

The first moments of an encounter with the patient may reveal 
the severity of the current problem. These initial impressions 
determine the course of subsequent assessment. If the patient’s 
general appearance indicates an acute problem, the examina-
tion may be abbreviated and focused until the patient’s condi-
tion is stabilized. When the initial impression indicates that the 
patient is stable, a more complete assessment can be conducted 
(Box 16-5). Several indicators are important in assessing the 
patient’s overall appearance, including the patient’s level of con-
sciousness (see later discussion), facial expression, level of 
anxiety or distress, positioning, and personal hygiene.

The RT should look for specific characteristics when observ-
ing the patient’s body. Does the patient appear well nourished 
or emaciated? Weakness and emaciation (cachexia) are signs of 
general ill health and malnutrition that increases susceptibility 
to infection. Is the patient sweating? Diaphoresis (sweating) 
can indicate fever, pain, severe stress, increased metabolism, or 
acute anxiety.

Format for the Medical History

All health care practitioners must be familiar with the medical 
history of the patients they are treating, even if their reason for 
contact is simply to provide intermittent therapy. The medical 
history familiarizes clinicians with the signs and symptoms the 
patient exhibited on admission and the reason the therapy is 
being administered.

The first priority of the RT reviewing the medical record is 
to ensure that all respiratory care procedures are supported by 
a physician order that is current, clearly written, and complete. 
Afterward, the RT should review the patient’s medical record by 
reading about the patient’s current medical problems. This 
information is found under the headings of chief complaint and 
history of present illness. This presents a detailed, systematic 
account of the patient’s major complaints written by a physician 
after the postadmission interview with the patient.

The next step is to review the patient’s past medical history, 
which describes all past major illnesses, injuries, surgeries, hos-
pitalizations, allergies, and health-related habits. This informa-
tion provides a basic understanding of the patient’s previous 
experiences with illness and the health care system. The nature 
of past history may influence decisions made during the current 
hospitalization.

The past medical history is where the interviewer records the 
patient’s cigarette and alcohol consumption. Accurate determi-
nation of a patient’s smoking history is extremely important in 
assessing pulmonary health. The smoking history is often 
recorded in pack-years. This is determined by multiplying the 
number of packs smoked per day by the number of years smoked. 
Typically, a patient is asked how many cigarettes (on average) 
he or she smokes per day. If a patient states that he or she has 
smoked a pack of cigarettes a day for 20 years, the patient has 
a 20 pack-year smoking history.

If patients describe their smoking in terms of the number of 
cigarettes, or fractions of a pack, the calculation is slightly more 
difficult. Two examples may help illustrate how to calculate 
pack-years of smoking. There are 20 cigarettes per pack. If a 
patient states he or she has smoked a pack and a half of ciga-
rettes per day for 20 years, the smoking history is calculated as 
follows:

30 20 1 5 20

30

cigarettes cigarettes per pack packs years

pack 

= ×
=

.

yyears smoking history

If the patient states that he or she has smoked 15 cigarettes per 
day for 20 years:

15 20 0 75 20

15

cigarettes cigarettes per pack packs years

pack

= ×
=

.

  years smoking history

Next, the family and social/environmental history should be 
reviewed. This focuses on potential genetic or occupational 
links to disease and the patient’s current life situation. In many 
cases, there is a genetic predisposition to pulmonary disorders 
such as asthma, lung cancer, and cystic fibrosis. A detailed occu-
pational history is important in establishing acquired pulmo-
nary disorders resulting from inhaling dusts in the workplace, 
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The general facial expression may help reveal pain or anxiety, 
as well as in evaluating alertness, mood, and mental capacity. 
Simple observation of the patient’s anxiety level can indicate the 
severity of the current problem and whether cooperation can 
be expected. The patient’s position also may be useful in assess-
ing the severity of the problem and the patient’s response to it. 
For example, a patient with severe pulmonary hyperinflation 
tends to sit upright while bracing his or her elbows on a table. 
This position helps the accessory muscles gain a mechanical 
advantage for breathing and is called tripodding. Finally, per-

 Box 16-5 Typical Format for Recording the 
Physical Examination

INITIAL IMPRESSION
•	 Age,	height,	weight,	sensorium,	and	general	appearance

VITAL SIGNS
•	 Pulse	rate,	respiratory	rate,	temperature,	and	blood	pressure

HEAD, EARS, EYES, NOSE, AND THROAT
•	 Inspection	findings

NECK
•	 Inspection	and	palpation	findings

THORAX
•	 Lungs:	Inspection,	palpation,	percussion,	and	auscultation	

findings
•	 Heart:	Inspection,	palpation,	and	auscultation	findings

ABDOMEN
•	 Inspection,	palpation,	percussion,	and	auscultation	findings

EXTREMITIES
•	 Inspection	and	palpation	findings

 Box 16-4 Outline of a Complete 
Health History

Demographic	data	(obtained	from	admission	interview):	Name,	
address,	age,	birth	date,	place	of	birth,	race,	nationality,	
marital	status,	religion,	occupation,	and	source	of	referral

Date	and	source	of	history	and	estimate	of	the	reliability	of	the	
historian

Brief	description	of	the	patient’s	condition	at	the	time	the	history	
or	patient	profile	was	taken

Chief	complaint	and	reason	for	seeking	treatment
History	of	present	illness:	Chronologic	description	of	each	

symptom
•	 Onset:	Time,	type,	source,	setting
•	 Frequency	and	duration	of	symptoms
•	 Location	and	radiation	of	pain
•	 Severity	(quantity)
•	 Quality	(character)
•	 Aggravating	and	alleviating	factors
•	 Associated	manifestations

Past	medical	history
•	 Childhood	diseases	and	development
•	 Hospitalizations,	surgeries,	injuries,	accidents,	and	major	

illnesses
•	 Allergies
•	 Medications

Family	history
•	 Familial	disease	history
•	 Marital	history
•	 Family	relationships

Social	and	environmental	history
•	 Education
•	 Military	experience
•	 Occupational	history
•	 Religious	and	social	activities
•	 Alcohol	and	cigarette	consumption
•	 Living	arrangements
•	 Hobbies	and	recreation
•	 Satisfaction	with	and	stresses	of	life	situation,	finances,	

and	relationships
•	 Recent	travel	or	other	event	that	might	affect	health

Review	of	systems:	Respiratory	system
•	 Cough
•	 Hemoptysis
•	 Sputum	(amount	and	consistency)
•	 Chest	pain
•	 Shortness	of	breath
•	 Hoarseness	or	changes	in	voice
•	 Dizziness	or	fainting
•	 Fever	or	chills
•	 Peripheral	edema

Patient’s	printed	name	and	signature

sonal hygiene indicators may help determine both the duration 
and severity of the illness.

Level of Consciousness

While observing the patient’s overall appearance, the RT should 
assess the patient’s level of consciousness (alertness). Evaluating 
the patient’s alertness is a simple but important task (Box 16-6). 
If the patient appears conscious, the RT should assess the 
patient’s orientation to time, place, person, and situation. This 
assessment often is called evaluating the sensorium. The sen-
sorium is considered normal if the patient can correctly tell the 
interviewer his or her name, the current date, location, and situ-
ation (e.g., “I’m in the hospital because I fell and broke my hip”) 
and this is typically documented as “oriented × 4.” If the patient 
is not alert, the level of consciousness is assessed. The simple 
rating scale shown in Box 16-6 allows clinicians to describe the 
patient’s level of consciousness objectively, using common clini-
cal terms.

Depressed consciousness may occur with poor cerebral 
blood flow (e.g., hypotension, neurovascular lesion) or when 
poorly oxygenated blood perfuses the brain. As cerebral oxygen-
ation acutely decreases, the patient initially becomes restless, 
confused, or disoriented. If hypoxia worsens, the patient may 
become comatose. However, patients with chronic hypoxia may 
adapt well and may have normal mental status despite signifi-
cant hypoxemia. Abnormal consciousness also may occur in 
chronic degenerative brain disorders, as a side effect of certain 
medications, and in cases of drug overdose. The Glasgow Coma 
Scale score is used to assess the level of consciousness and neu-
rologic function (see Chapter 51).

Vital Signs

Vital signs—the body temperature, pulse rate, respiratory rate, 
and blood pressure—are the most frequently used clinical 
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Elevated body temperature (hyperthermia or hyperpyrexia) 
can result from disease or from normal activities such as exer-
cise. Temperature elevation caused by disease is called fever, and 
the patient is said to be febrile. Fever increases metabolism, 
causing both increased O2 consumption and CO2 production. 
Increased metabolism induces both increased circulation and 
ventilation to maintain homeostasis. This is why febrile patients 
often have increased heart and breathing rates. Fever increases 
the demand placed on the heart and lungs. This often compli-
cates clinical management because some patients have limited 
ability to increase their circulation and ventilation. Thus respi-
ratory failure can result.

A body temperature below normal is called hypothermia. 
The most common cause of hypothermia is prolonged exposure 
to cold, to which the hypothalamus responds by initiating shiv-
ering (to generate heat) and vasoconstriction (to conserve 
heat). Other, less common causes of hypothermia include head 
injury or stroke, causing dysfunction of the hypothalamus; 
decreased thyroid activity; and overwhelming infection, such  
as sepsis.

Because hypothermia reduces O2 consumption and CO2 
production, patients with hypothermia may exhibit slow, 
shallow breathing and reduced pulse rate.

Body temperature is measured most often at one of the fol-
lowing four sites: mouth, axilla, ear (tympanic membrane), or 
rectum. The oral site is the most acceptable for an alert, adult 
patient, but it cannot be used with infants, comatose patients, 
or orally intubated patients. If a patient ingests hot or cold 
liquid or has been smoking, oral temperature measurement 
should be delayed for 10 to 15 minutes for accuracy. The axillary 
site is acceptable for infants or small children who do not toler-
ate rectal thermometers, but this site may underestimate core 
temperature by 1° to 2° C. The body temperature can also be 
assessed accurately with the use of a hand-held device to 
measure the temperature of the eardrum (tympanic mem-
brane). Rectal temperatures are closest to actual core body 
temperature.

Pulse Rate
The peripheral pulse is evaluated for rate, rhythm, and strength 
(Box 16-7). The normal adult pulse rate is 60 to 100 beats/min, 
with a regular rhythm. A condition in which the pulse rate is 
greater than 100 beats/min is called tachycardia. Common 
causes of tachycardia are exercise, fear, anxiety, low blood  

measurements because they are easy to obtain and provide 
useful information about the patient’s clinical condition. 
Abnormal vital signs may reveal the first clue of adverse reac-
tions to treatment. In addition, improvement in a patient’s vital 
signs is strong evidence that a treatment is having a positive 
effect. For example, a decrease in the patient’s breathing and 
heart rate toward normal after the application of O2 therapy 
suggests a beneficial effect.

Body Temperature
The average body temperature for adults is approximately 37° C 
(98.6° F), with daily variations of approximately 0.5° C (1° F). 
Body temperature normally is lowest in the early morning and 
highest in the late afternoon. Body temperature is kept normal 
by balancing heat production with heat loss. The hypothalamus 
regulates heat loss by initiating peripheral vasodilation and 
sweating (diaphoresis) to dissipate body heat or vasoconstric-
tion to preserve it. The respiratory system also helps remove 
excess heat through ventilation by warming the inspired air, 
which is subsequently exhaled.

 Box 16-6 Levels of Consciousness

CONFUSED
The	patient

•	 Exhibits	slight	decrease	of	consciousness
•	 Has	slow	mental	responses
•	 Has	decreased	or	dulled	perception
•	 Has	incoherent	thoughts

DELIRIOUS
The	patient

•	 Is	easily	agitated
•	 Is	irritable
•	 Exhibits	hallucinations

LETHARGIC
The	patient

•	 Is	sleepy
•	 Arouses	easily
•	 Responds	appropriately	when	aroused

OBTUNDED
The	patient

•	 Awakens	only	with	difficulty
•	 Responds	appropriately	when	aroused

STUPOROUS
The	patient

•	 Does	not	awaken	completely
•	 Has	decreased	mental	and	physical	activity
•	 Responds	to	pain	and	exhibits	deep	tendon	reflexes
•	 Responds	slowly	to	verbal	stimuli

COMATOSE
The	patient

•	 Is	unconscious
•	 Does	not	respond	to	stimuli
•	 Does	not	move	voluntarily
•	 Exhibits	possible	signs	of	upper	motor	neuron	

dysfunction,	such	as	Babinski	reflex	or	hyperreflexia
•	 Loses	reflexes	with	deep	or	prolonged	coma

 Box 16-7 Key Characteristics of the Pulse

•	 Is	the	pulse	rate	normal,	high,	or	low?
•	 Is	the	rhythm	regular,	consistently	irregular,	or	irregularly	

irregular?
•	 Are	there	any	changes	in	the	amplitude	(strength)	of	the	

pulse	in	relation	to	respiration?	Are	there	changes	in	
amplitude	from	one	beat	to	another?

•	 Are	there	any	other	abnormalities,	such	as	palpable	
vibrations	(thrills	or	bruits)?
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pulmonary edema, lung fibrosis, and pain. A respiratory rate 
less than 10 breaths/min is called bradypnea, and may occur 
with traumatic brain injury, severe myocardial infarction, hypo-
thermia, anesthetics, opiate narcotics, and recreational drug 
overdoses.

The respiratory rate is counted by watching the abdomen or 
chest wall move out and in. In some cases, the RT may need to 
place a hand on the patient’s abdomen to confirm the breathing 
rate. Ideally, the patient should be unaware that the respiratory 
rate is being counted. One method to accomplish this is to 
count the respiratory rate immediately after evaluating the 
patient’s pulse, while keeping the fingers on the patient’s wrist. 
This gives the impression that the pulse rate is still being 
counted.

Blood Pressure
The arterial blood pressure is the force exerted against the wall 
of the arteries as the blood moves through them. Arterial sys-
tolic pressure is the peak force exerted in the major arteries 
during contraction of the left ventricle. Arterial blood pressure 
typically increases with age. The normal range for systolic blood 
pressure in an adult is 90 to 140 mm Hg. Diastolic pressure is 
the force in the major arteries remaining after relaxation of the 
ventricles; it is normally 60 to 90 mm Hg. Pulse pressure is the 
difference between the systolic and diastolic pressures. A normal 
pulse pressure is 30 to 40 mm Hg. When the pulse pressure is 
less than 30 mm Hg, the peripheral pulse is difficult to detect.

Blood pressure is determined by the interaction of the force 
of left ventricular contraction, the systemic vascular resistance, 
and the blood volume (see Chapter 10). The blood pressure is 
recorded by listing systolic pressure over diastolic pressure (e.g., 
120/80 mm Hg).

Hypertension is an arterial blood pressure persistently 
greater than 140/90 mm Hg. Hypertension is a common 
medical problem in adults, and in approximately 90% of cases 
the cause is unknown (primary hypertension). There are two 
subcategories of hypertension.7 Stage I hypertension occurs 
when the systolic blood pressure is 140 to 159 mm Hg or the 
diastolic blood pressure is 90 to 99 mm Hg. Stage II hyperten-
sion occurs when the systolic blood pressure is 160 mm Hg or 
greater or the diastolic blood pressure is 100 mm Hg or above. 
In addition, there is a third category known as prehypertension, 
which is a systolic blood pressure between 120 and 139 mm Hg 
or a diastolic blood pressure between 80 and 89 mm Hg. Pre-
hypertension is not a disease state and does not require treat-
ment but is used to assess the risk for eventually developing 
hypertension.

Mechanically, hypertension results from increased systemic 
vascular resistance or an increased force of ventricular contrac-
tion. Sustained hypertension can cause central nervous system 
abnormalities, such as headaches, blurred vision, and confu-
sion. Other potential consequences of hypertension include 
uremia (renal insufficiency), CHF, and cerebral hemorrhage. 
Acute, severe elevation of blood pressure can cause acute neu-
rologic, cardiac, and renal failure and is called an acute hyper-
tensive crisis.

pressure, anemia, fever, reduced arterial blood O2 levels (hypox-
emia), elevated CO2 (hypercapnia) and certain medications. A 
condition in which the pulse rate is less than 60 beats/min is 
called bradycardia. Bradycardia is less common than tachycar-
dia but can occur with hypothermia, as a side effect of medica-
tions, with certain cardiac arrhythmias, and with traumatic 
brain injury.

The radial artery is the most common site used to palpate 
the pulse. The second and third fingertip pads (but not the 
thumb) are used to palpate the radial pulse. Ideally, the pulse 
rate is counted for 1 minute, especially if the pulse is irregular. 
Essential pulse characteristics that should be noted and docu-
mented are described in Box 16-7.

Spontaneous ventilation can influence pulse strength, or 
amplitude. A slight decrease in pulse pressure is normally 
present with each inspiratory effort. This decrease is caused by 
negative intrathoracic pressure from inspiratory muscle con-
traction. The decrease in blood pressure is the result of decreased 
left ventricular filling. This occurs by two mechanisms. First, 
negative intrathoracic pressure causes blood to pool in the pul-
monary circulation, thereby reducing left heart filling. Second, 
negative intrathoracic pressure simultaneously increases both 
venous return and right ventricular volume. The engorged right 
ventricle limits left ventricular expansion and filling during 
diastole. The end result is a brief reduction in left ventricular 
stroke volume and decreases systolic blood pressure during 
inspiration.

Pulse pressure normally decreases slightly with inspiration 
(<10 mm Hg) and may not be noticeable with palpation. Pulsus 
paradoxus (“paradoxical pulse”) is a significant decrease in pulse 
strength (>10 mm Hg) during spontaneous inspiration. Pulsus 
paradoxus can be quantified with a blood pressure cuff (see 
later section) and is common in patients with acute obstructive 
pulmonary disease, especially patients experiencing an asthma 
attack. During respiratory distress, vigorous inspiratory efforts 
decrease stroke volume by impeding the strength of left ven-
tricular contraction.6 Pulsus paradoxus also may signal a 
mechanical restriction of the pumping action of the heart, as 
can occur with constrictive pericarditis or cardiac tamponade. 
Pulsus alternans is an alternating succession of strong and 
weak pulses. Pulsus alternans suggests left-sided heart failure 
and usually is not related to respiratory disease.

The pulse also may be assessed by palpating the carotid, 
brachial, femoral, temporal, popliteal, posterior tibial, and dor-
salis pedis pulses. The more centrally located pulses (e.g., the 
carotid and femoral) should be used when the blood pressure 
is abnormally low. If the carotid site is used, great care must be 
taken to avoid the carotid sinus area. Pressure on the carotid 
sinus area may cause strong parasympathetic stimulation result-
ing in bradycardia.

Respiratory Rate
The normal resting adult rate of breathing is 12 to 18 breaths/
min. Tachypnea is defined as a respiratory rate greater than 20 
breaths/min. Rapid respiratory rates are associated with exer-
tion, fever, hypoxemia, hypercarbia, metabolic acidosis, anxiety, 



 Bedside Assessment of the Patient • CHAPTER 16 331

patients. This condition is called postural hypotension and 
generally is treated with fluid administration. Postural hypoten-
sion is confirmed by measuring blood pressure with the patient 
supine and then measuring with the patient in the sitting (or 
standing) position. Postural hypotension may reduce cerebral 
blood flow and lead to syncope (fainting).

A common technique for measuring arterial blood pressure 
requires a blood pressure cuff (sphygmomanometer) and a 
stethoscope (Figure 16-2). When the cuff is applied to the upper 
arm and pressurized to exceed systolic blood pressure, the bra-
chial artery blood flow stops. As the cuff pressure is slowly 
released to a point just below the systolic pressure, blood flows 
intermittently past the obstruction. Partial blood flow obstruc-
tion creates turbulence and vibrations called Korotkoff sounds. 
These sounds are heard with a stethoscope over the brachial 
artery distal to the cuff.

To measure the blood pressure, a deflated cuff is wrapped 
snugly around the patient’s upper arm, with the lower edge of 
the cuff 1 inch above the antecubital fossa. While palpating the 
brachial pulse, the clinician inflates the cuff approximately 
30 mm Hg above the point at which the pulse can no longer be 
felt. Then the diaphragm of the stethoscope is placed over the 
artery and the cuff is slowly deflated (2 to 3 mm Hg/sec) while 
observing the manometer.

The systolic pressure is recorded when the first Korotkoff 
sounds are heard. The point at which the sounds become 
muffled is the diastolic pressure. This muffling is the final 
change in the Korotkoff sounds just before they disappear. At 

Hypotension is defined as a systolic arterial blood pressure 
less than 90 mm Hg or a mean arterial pressure less than 65 mm 
Hg.8 Hypotension also can be defined as a decrease of more 
than 40 mm Hg from baseline. This expanded definition 
acknowledges that patients with baseline hypertension may 
have inadequate tissue perfusion at a blood pressure that may 
be considered normal for most patients.

Shock is defined precisely as the inadequate delivery of O2 
and nutrients to the vital organs relative to their metabolic 
demand.9 Hypotension is not synonymous with shock. In shock, 
vital body organs are in imminent danger of receiving inade-
quate blood flow (underperfusion) and impaired O2 delivery to 
the tissues (i.e., tissue hypoxia). For this reason, shock is usually 
treated aggressively with fluids, blood products, or vasoactive 
drugs, or a combination of these, depending on the cause and 
severity of shock.

There are two broad categories of hypotension and shock 
based on whether they are caused by a hypodynamic or hyper-
dynamic cardiovascular state.10 Hypodynamic states include left 
ventricular failure (cardiogenic) and reduced blood volume 
(hypovolemia or hypovolemic) caused by either hemorrhage or 
severe fluid loss. Hyperdynamic states occur with profound 
systemic vasodilation (peripheral vascular failure) associated 
with overwhelming infection (septic shock), systemic allergic 
reaction (anaphylaxis), or severe liver failure.

Healthy individuals, when sitting or standing up, experience 
little change in blood pressure. However, similar postural 
changes may produce abrupt hypotension in hypovolemic 

FIGURE 16-2	 Auscultatory	method	for	measuring	arterial	blood	pressure,	using	a	sphygmomanometer	and	a	stethoscope.	(Redrawn	
from	Rushmer	RR:	Structure	and	functions	of	the	cardiovascular	system,	ed	2,	Philadelphia,	1976,	WB	Saunders.)
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Individuals with obese necks may not have visible neck veins, 
even when the veins are distended.

When lying in a supine position, a healthy individual has 
neck veins that are full. When the head of the bed is elevated 
gradually to a 45-degree angle, the level of the blood column 
descends to a point no more than a few centimeters above the 
clavicle. With elevated venous pressure, the neck veins may be 
distended as high as the angle of the jaw, even when the patient 
is sitting upright.

JVP may vary with breathing. Under normal circumstances, 
the blood column descends toward the thorax during inhala-
tion and ascends with exhalation. For this reason, JVP should 
always be estimated at the end of exhalation. Under abnormal 
conditions (e.g., cardiac tamponade), the JVP may increase 
during inhalation and is called Kussmaul sign.

Jugular venous distention (JVD) is present when the jugular 
vein is enlarged and can be seen more than 4 cm above the 
sternal angle. The most common cause of JVD is right heart 
failure (cor pulmonale). This occurs frequently in patients with 
chronic hypoxemia that causes chronic pulmonary vasocon-
striction and pulmonary hypertension. Over time this leads to 
right heart failure from the excessive workload. Other condi-
tions associated with JVD include left heart failure, cardiac tam-
ponade, tension pneumothoraces, and mediastinal tumors.

The neck is a common place for the physician to palpate for 
enlarged lymph nodes, which is known as lymphadenopathy. 
Lymphadenopathy occurs with various medical disorders, 
including infection, malignancy, and sarcoidosis. Tender lymph 
nodes in the neck suggest a nearby infection. The lymph nodes 
are not tender when malignancy is the cause.

Examination of the Thorax and Lungs

Inspection
The chest should be inspected visually to assess the thoracic 
configuration, expansion, and the pattern and effort of breath-
ing. For adequate inspection, the room must be well lit and the 
patient should be sitting upright. When the patient is too ill to 
sit up, the clinician should carefully roll the patient to one side 
to examine the posterior chest. Inspection, palpation, percus-
sion, and auscultation of the patient’s chest require that the 
patient be disrobed. Consequently, the clinician should make 
every effort to respect the patient’s modesty (especially for 
female patients) and drape the chest whenever possible.

Thoracic  Configuration.  The anteroposterior (AP) diam-
eter of the average adult thorax is less than the transverse diam-
eter. Normally, the AP diameter increases gradually with age but 
may prematurely increase in patients with COPD. This abnor-
mal increase in AP diameter is called barrel chest and is associ-
ated with emphysema. When the AP diameter increases, the 
normal 45-degree angle of articulation between the ribs and 
spine is increased, becoming more horizontal (Figure 16-3). 
Other abnormalities of the thoracic configuration are listed in 
Table 16-1.

Thoracic Expansion.  The diaphragm is the primary muscle 
of (and power source for) breathing. As the diaphragm con-
tracts it pushes the ribs outward and upward. The diaphragm 

this point, cuff pressure equals diastolic pressure and turbu-
lence ceases. The blood pressure is recorded as systolic over 
diastolic (e.g., 120/60 mm Hg).

As mentioned earlier, a paradoxical pulse is when systolic 
blood pressure decreases more than 10 mm Hg during a resting 
inhalation and can only be quantified by auscultation. To 
measure this, inflate the blood pressure cuff until the radial or 
brachial pulse can no longer be palpated. Then slowly deflate 
the cuff until sounds are heard only on exhalation (point 1). 
Next, reduce the cuff pressure until sounds are heard through-
out respiration (point 2). The difference between points 1 and 
2 indicates the degree of paradoxical pulse.

Most hospitals and clinics now use digital blood pressure 
measuring devices that do not require clinicians to listen for the 
Korotkoff sounds. These devices are very accurate and eliminate 
variances in recorded blood pressures based on human percep-
tion. The clinician need only to apply the blood pressure cuff 
correctly and press the start button. The device inflates and 
deflates the cuff automatically and displays the blood pressure 
and pulse rate on a digital screen.

Examination of the Head and Neck

Head
The patient’s face is inspected for abnormal signs that indicate 
respiratory problems. The most common facial signs are nasal 
flaring, cyanosis, and pursed-lip breathing. Nasal flaring occurs 
when the external nares flare outward during inhalation. This 
flaring is prevalent in respiratory distress and indicates an 
increased work of breathing.

Cyanosis is a bluish discoloration of the skin or tissues as a 
result of respiratory or cardiac disease. Cyanosis is discussed in 
more detail later in this chapter. Patients with chronic obstruc-
tive pulmonary disease (COPD) may use pursed-lip breathing 
during exhalation. Breathing through pursed lips during exha-
lation creates resistance to flow. The increased resistance creates 
a slight back pressure in the small airways during exhalation. 
This back-pressure prevents premature airway collapse and 
allows more complete emptying of the lung.

Neck
Inspection and palpation of the neck help determine the posi-
tion of the trachea and the jugular venous pressure (JVP). Nor-
mally, when the patient faces forward, the trachea is located in 
the middle of the neck. The midline of the neck can be identi-
fied by palpating the suprasternal notch. The midline of the 
trachea should be directly below the center of the suprasternal 
notch.

The trachea can shift away from the midline in certain  
thoracic disorders. Generally, the trachea shifts toward an area 
of collapsed lung and shifts away from areas with increased 
air or fluid (e.g., tension pneumothorax or large pleural 
effusion).

JVP is estimated by determining how high the jugular vein 
extends above the level of the sternal angle. JVP reflects the 
volume and pressure of venous blood in the right heart. Typi-
cally, the internal vein is assessed because it is more reliable. 
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The normal chest wall expands symmetrically and can be 
evaluated on the anterior and posterior chest. Anterior expan-
sion is evaluated by placing the hands over the anterolateral 
chest; with the thumbs extended along the costal margin toward 
the xiphoid process. To evaluate posteriorly, position the hands 
over the posterolateral chest with the thumbs meeting at the T8 
vertebra (Figure 16-4). Instruct the patient to exhale slowly and 
completely. When the patient has exhaled maximally, gently 
secure the fingertips against the sides of the patient’s chest and 
extends the thumbs toward the midline until the tip of each 
thumb meets at the midline. Next instruct the patient to take a 
full, deep breath and note the distance the tip of each of the 
thumbs moves from midline. Normally, each thumb moves an 
equal distance of approximately 3 to 5 cm.

Diseases that affect the expansion of both lungs cause a 
bilateral reduction in chest expansion. Reduced expansion com-
monly is seen in neuromuscular disorders and COPD. Unilat-
eral reduction in chest expansion occurs with respiratory 
diseases that reduce the expansion of one lung or a major part 
of one lung. This condition can occur with lobar consolidation, 
atelectasis, pleural effusion, or pneumothorax.

Breathing Pattern and Effort.  At rest, a healthy adult has 
a consistent rate and rhythm of breathing. Breathing effort is 
minimal on inhalation and passive on exhalation. Abnormal 
breathing patterns can be broken down into two broad 

also pushes downward on the abdominal organs, causing the 
abdominal wall to protrude. Therefore, when palpating the 
chest wall, both the chest and abdomen should expand synchro-
nously during inspiration. However, the relative expansion of 
the chest and abdominal compartments depend on body posi-
tion. In the supine position, the primary motion during normal 
tidal breathing is outward abdominal expansion with little 
noticeable chest excursion. In the upright position rib cage 
motion becomes more pronounced.10

FIGURE 16-3	 A,	Patient	with	normal	thoracic	configuration.	B,	Patient	with	increased	anteroposterior	diameter.	Note	contrasts	in	the	
angle	of	slope	of	the	ribs	and	development	of	accessory	muscles.	

A B

TABLE 16-1 

Abnormalities of Thoracic Configuration

Name Condition

Pectus	carinatum Abnormal	protrusion	of	sternum
Pectus	excavatum Depression	of	part	or	entire	sternum,	which	

can	produce	a	restrictive	lung	defect
Kyphosis Spinal	deformity	in	which	the	spine	has	an	

abnormal	anteroposterior	curvature
Scoliosis Spinal	deformity	in	which	the	spine	has	a	

lateral	curvature
Kyphoscoliosis Combination	of	kyphosis	and	scoliosis,	which	

may	produce	a	severe	restrictive	lung	
defect	as	a	result	of	poor	lung	expansion
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FIGURE 16-4	 Estimation	of	thoracic	expansion.	A,	Exhalation.	B,	Maximal	inhalation.	

A B

TABLE 16-2 

Abnormal Breathing Patterns

Breathing Pattern Characteristics Causes

Apnea No	breathing Cardiac	arrest,	narcotic	overdose,	severe	brain	trauma
Apneustic	breathing Deep,	gasping	inspiration	with	brief,	partial	

expiration
Damage	to	upper	medulla	or	pons	caused	by	stroke	or	

trauma;	sometimes	observed	with	hypoglycemic	coma	
or	profound	hypoxemia

Ataxic	breathing Completely	irregular	breathing	pattern	with	variable	
periods	of	apnea

Damage	to	medulla

Asthmatic	breathing Prolonged	exhalation	with	recruitment	of	
abdominal	muscles

Obstruction	to	airflow	out	of	the	lungs

Biot	respiration Clustering	of	rapid,	shallow	breaths	coupled	with	
regular	or	irregular	periods	of	apnea

Damage	to	medulla	or	pons	caused	by	stroke	or	trauma;	
severe	intracranial	hypertension

Cheyne-Stokes	
respiration

Irregular	type	of	breathing;	breaths	increase	and	
decrease	in	depth	and	rate	with	periods	of	
apnea;	variant	of	“periodic	breathing”

Most	often	caused	by	severe	damage	to	bilateral	cerebral	
hemispheres	and	basal	ganglia	(usually	infarction);	also	
seen	in	patients	with	CHF	owing	to	increased	circulation	
time	and	in	various	forms	of	encephalopathy

Kussmaul	breathing Deep	and	fast	respirations Metabolic	acidosis
Paradoxical	breathing Abdominal paradox:	Abdominal	wall	moves	inward	

on	inspiration	and	outward	on	expiration
Abdominal paradox:	Diaphragmatic	fatigue	or	paralysis

Chest paradox:	Part	or	all	of	the	chest	wall	moves	
in	with	inhalation	and	out	with	exhalation

Chest paradox:	Typically	observed	in	chest	trauma	with	
multiple	rib	or	sternal	fractures

Also	found	in	patients	with	high	spinal	cord	injury	with	
paralysis	of	intercostal	muscles

Periodic	breathing Breathing	oscillates	between	periods	of	rapid,	
deep	breathing	and	slow,	shallow	breathing	
without	periods	of	apnea

Same	causes	as	Cheyne-Stokes	respiration

categories: (1) those directly associated with cardiopulmonary 
or chest wall diseases that increase work of breathing and (2) 
those associated with neurologic disease (see Chapter 15). Table 
16-2 describes common abnormal patterns of breathing.

Increased work of breathing causes accessory muscle recruit-
ment to maintain ventilation. Common causes of an increase 

in the work of breathing include narrowed airways (e.g., COPD, 
asthma), “stiff lungs” (e.g., acute respiratory distress syndrome 
[ARDS], cardiogenic pulmonary edema), or a stiff chest wall 
(e.g., ascites, anasarca, pleural effusions). One sign of severely 
increased work of breathing is visable distortions in chest wall 
called retractions.
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in patients with COPD. When the diaphragm is nonfunctional 
or limited, the accessory muscles of ventilation become active 
to maintain adequate gas exchange. Heavy use of accessory 
muscles is reliable evidence of significant cardiopulmonary 
disease.

In patients with emphysema, the lungs lose their elastic recoil 
and become hyperinflated. Over time, hyperinflation forces the 
diaphragm into a low, flat position. Contraction of a flat dia-
phragm tends to draw in the lateral costal margins (Hoover 
sign) instead of normal expansion and greatly limits its effec-
tiveness in moving air. Eventually, the accessory muscles assist 
ventilation by raising the anterior chest in an effort to increase 
thoracic volume. The severity of emphysema is often reflected 
by the magnitude of accessory muscle activity.

Diaphragmatic fatigue is found in many types of chronic and 
acute pulmonary diseases. Fatigue is the inability of a contract-
ing muscle(s) to achieve a target pressure. This is distinguished 
from muscle weakness, the inability to achieve a target pressure 
in a rested muscle. For the respiratory muscles, the target pres-
sure is that needed to maintain normal ventilation as assessed 
by the arterial CO2 partial pressure (PaCO2).

Acute diaphragmatic fatigue often manifests with distinctive 
breathing patterns; the first sign is tachypnea.9 Sometimes 
tachypnea is followed by a breathing pattern in which the dia-
phragm and rib cage muscles alternately power breathing in an 
attempt to rest each muscle group (respiratory alternans). This 
pattern is noted by the upward motion of the diaphragm during 
inspiration on a series of breaths, followed by diaphragmatic 
contractions and outward movement of the abdominal wall on 
the following series of breaths. When the diaphragm is relaxed, 
contraction of the rib cage muscles sucks the diaphragm upward 
and the abdomen inward during inspiration. The opposite phe-
nomenon occurs on breaths when the diaphragm is active. 
When the rib cage muscles are relaxed, the chest wall may 
appear to sink in as the abdomen protrudes during diaphrag-
matic contraction; this often gives the impression that the chest 
has a rocking motion. Abdominal paradox occurs with com-
plete diaphragmatic fatigue, as the diaphragm is drawn upward 
into the thoracic cavity with each inspiratory effort of the rib 
cage muscles.

These patterns are not always associated with impending 
muscle fatigue. Rather, they may be adaptations to high work-
loads when the respiratory muscle strength is normal.12 Also, 
patients with respiratory distress often have tachypnea, along 
with recruitment of the expiratory muscles. This situation can 
make it difficult to discern accurately the presence and type of 
abnormal breathing pattern. The RT must be careful about 
offering definitive therapeutic suggestions (e.g., absolute need 
for mechanical ventilation) based solely on his or her percep-
tion of an abnormal breathing pattern.

Palpation
Palpation is the art of touching the chest wall to evaluate under-
lying structure and function. It is used in selected patients to 
confirm or rule out suspected problems suggested by the history 
and initial examination findings. Palpation is performed to 

Retractions are an inward sinking of the chest wall during 
inspiration. This occurs when inspiratory muscle contractions 
generate very large negative intrathoracic pressures. The respi-
ratory muscles can generate negative inspiratory pressures of 
approximately 150 cm H2O (112 mm Hg) at maximal effort.11 
Retractions may be seen between the ribs, above the clavicles, 
or below the rib cage. These are called intercostal, supraclavicu-
lar, or subcostal retractions. Retractions are difficult to see in 
obese patients. Another form of retraction is tracheal tugging, 
which is the downward movement of the thyroid cartilage 
toward the chest during inspiration. Typically, this movement 
occurs in concert with recruitment of the accessory muscles  
of inspiration, primarily the sternocleidomastoid muscles of  
the neck.

Generally, two archetypal abnormal breathing patterns exist 
that provide clues about the underlying pulmonary problem. 
These are characterized by (1) a rapid, shallow breathing pattern 
and (2) a relatively brief inspiratory phase with an abnormally 
prolonged exhalation characterized by pronounced, sustained 
abdominal muscular contraction.

Rapid, shallow breathing typically occurs in patients with 
increased lung stiffness (e.g., ARDS, pulmonary fibrosis). Intra-
thoracic airways obstruction slows lung emptying and prolongs 
the expiratory phase as patients attempt to minimize gas trap-
ping inside the lungs. The inspiratory-to-expiratory time ratio 
decreases from a normal value of 1 : 2 to 1 : 4 or greater. In con-
trast, extrathoracic upper airway obstruction (e.g., epiglottitis 
or croup) results in a prolonged inspiratory time because 
airways outside the thorax tend to narrow more on inhalation. 
Patients with severe metabolic acidosis exhibit a deep, rapid 
pattern called Kussmaul breathing.

	

RULE OF THUMB

Lung	diseases	that	cause	the	upper	airway	to	narrow	
(e.g.,	croup,	epiglottitis)	also	cause	the	patient	to	
breathe	with	a	prolonged	inspiratory	phase.

	

RULE OF THUMB

Lung	diseases	that	cause	intrathoracic	airways	to	
narrow	(e.g.,	asthma,	bronchitis)	also	cause	the	patient	
to	breathe	with	a	prolonged	expiratory	phase.

	

RULE OF THUMB

Lung	diseases	that	cause	loss	of	lung	volume	(e.g.,	
pulmonary	fibrosis,	ARDS)	cause	the	patient	to	take	
rapid,	shallow	breaths.

The diaphragm may be nonfunctional in patients with spinal 
injuries or neuromuscular disease and may be severely limited 
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Alternatively, the lateral aspect of the thumb can be used. A 
quick, sharp blow should be placed near the base of the terminal 
phalanx. Movement of the hand striking the chest is generated 
at the wrist, not at the elbow or shoulder.

Percussion Over Lung Fields.  Percussion of the lung fields 
is performed systematically by consecutively testing comparable 
areas on both sides of the chest. Percussion over the bony struc-
tures and over the breasts of female patients has no diagnostic 
value and should not be performed. Asking patients to raise 
their arms above their shoulders helps move the scapulae later-
ally and minimize their interference with percussion on the 
posterior chest wall.

The sounds generated during chest percussion are evaluated 
for intensity (loudness). Percussion over normal lung fields pro-
duces an easily heard, moderately low-pitched, resonate sound 
described as tympanic. When the percussion note is louder, 
deeper, and more resonate, it is said to be hypertympanic. Per-
cussion may also produce a damped, or dull noise resembling 
the sound of a heavily muffled drum. Unilateral problems are 
easier to detect than bilateral problems because the normal side 
provides a normal standard for immediate comparison.

Clinical  Implications.  In modern practice, chest percus-
sion enables rapid bedside assessment of chest abnormalities 
and may aid in deciding whether to obtain a chest radiograph. 
Any abnormality that either increases lung tissue density (e.g., 
pneumonia, tumor, or atelectasis) or increases the density of the 
pleural space (e.g., pleural effusion, empyema) results in 
decreased resonance or a dull note to percussion over the affected 
area. In contrast, increased resonance or a hyperresonate note is 
detected when the lungs are either hyperinflated (e.g., asthma 
or emphysema) or when the pleural space contains large 
amounts of air (pneumothorax). Percussion of the chest has 
important limitations. Abnormalities that are small or deep 
below the surface are not likely to be detected during percussion 
of the chest.

Auscultation of the Lungs
Auscultation is the process of listening for bodily sounds. Aus-
cultation over the thorax is performed to identify normal and 
abnormal lung sounds and to evaluate the effects of therapy. 
Because auscultation can be performed quickly and is noninva-
sive, it is a particularly useful clinical tool. Auscultation is per-
formed with a stethoscope to enhance sound transmission from 
the patient’s lungs to the examiner’s ears. The clinician always 
must ensure that the room is as quiet as possible whenever 
performing auscultation.

Stethoscope.  A stethoscope has the following four basic 
parts: (1) a bell, (2) a diaphragm, (3) tubing, and (4) earpieces 
(Figure 16-5). The bell detects a broad spectrum of sounds and 
is very useful for listening to low-pitched sounds (e.g., heart 
sounds). Proper technique for listening to heart sounds is to 
place the bell lightly against the chest. This avoids stretching the 
skin, which inadvertently makes auscultating heart sounds 
more difficult because it filters out low-frequency sounds.

The diaphragm is preferred for auscultation of the lungs 
because most lung sounds are high frequency. The ideal tubing 

evaluate vocal fremitus, estimate thoracic expansion, and assess 
the skin and subcutaneous tissues of the chest.

Vocal and Tactile Fremitus.  Vocal fremitus refers to vibra-
tions created by the vocal cords during speech. These vibrations 
are transmitted down the tracheobronchial tree and through 
the lung to the chest wall. When these vibrations are felt on the 
chest wall, it is called tactile fremitus. Assessing vocal fremitus 
requires a conscious, cooperative patient.

Increase intensity of vocal and tactile fremitus occurs when 
the lung becomes consolidated (e.g., filled with inflammatory 
exudate) as in pneumonia. However, if the consolidated area is 
not in communication with an open airway, speech cannot be 
transmitted and fremitus is absent or decreased. In addition, 
fremitus is reduced in patients who are obese or overly 
muscular.

Decreased intensity of vocal and tactile fremitus occurs when 
fluid or air collects in the pleural space (e.g., pleural effusion or 
pneumothoraces). Similarly, lung tissue density is reduced with 
hyperinflation (e.g., asthma, emphysema) that decreases trans-
mission of speech vibrations through the lung and thereby 
reduces fremitus.

Tactile fremitus is assessed by asking the patient to repeat the 
word “ninety-nine” while the RT systematically palpates the 
thorax. The palmar aspect of the fingers or the ulnar aspect of 
the hand can be used for palpation. If one hand is used, it 
should be moved from one side of the chest to the correspond-
ing area on the other side. The anterior, lateral, and posterior 
portions of the chest wall are evaluated.

Skin and Subcutaneous Tissues.  When the lung ruptures, 
air frequently leaks out and collects in the subcutaneous tissues 
of the chest and neck. These fine air bubbles within the subcu-
taneous tissues produce a crackling sound and sensation when 
palpated. This condition is referred to as subcutaneous emphy-
sema, and the sensation it produces on palpation is called crepi-
tus. Crepitus is a classic sign of barotrauma. It can be felt over 
the chest of a patient who develops this condition as a result of 
receiving mechanical ventilation with high airway pressures and 
end-inspiratory volumes. It is also found in patients with blunt 
or penetrating chest trauma.

Percussion of the Chest
Percussion is the art of tapping on a surface to evaluate the 
underlying structure. Percussion of the chest wall produces a 
sound and a palpable vibration useful in evaluating underlying 
lung tissue. The vibration created by percussion penetrates the 
lung to a depth of 5 to 7 cm below the chest wall. This assess-
ment technique is not performed routinely on all patients but 
is reserved for patients with suspected pneumothorax or lung 
consolidation.

The technique most often used in percussing the chest wall 
is called mediate, or indirect, percussion and can be broken 
down into two steps. First, place the middle finger of the non-
dominant hand firmly against the patient’s chest wall, parallel 
to the ribs, with the palm and other fingers held off the chest. 
Second, the tips of middle and index fingers of the dominant 
hand are then used to strike the finger pressed against the chest. 
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should be thick enough to exclude external noises and approxi-
mately 25 to 35 cm (11 to 16 inches) in length. Longer tubing 
may impair sound transmission.

The stethoscope should be examined regularly for cracks  
in the diaphragm, wax or dirt in the earpieces, and other  
defects that may interfere with sound transmission. A hospital-
approved disinfectant should be used to clean the stethoscope 
after every patient contact to minimize contamination with 
microorganisms.13 Patients who are placed in contact isolation 
and patients who are in protective isolation because of immu-
nosuppression should have a dedicated stethoscope in the room 
to prevent cross infection.

Technique.  When possible, the patient should be sitting 
upright in a relaxed position. The patient should be instructed 
to breathe a little more deeply than normal through an open 
mouth. Exhalation should be passive. Whenever possible, place 
the bell or diaphragm directly against the chest wall because 
clothing may produce distortion. The tubing must not be 
allowed to rub against any objects because this may produce 
extraneous sounds, which could be mistaken for adventitious 
lung sounds (discussed later).

Auscultation of the lungs should be systematic and include 
all lobes on the anterior, lateral, and posterior chest. Ausculta-
tion should begin at the lung bases with comparison of breath 
sounds side to side, working upward toward the lung apexes 
(Figure 16-6). It is important to begin at the bases because 
certain abnormal sounds that occur only in the lower lobes may 
be altered by several deep breaths. At least one full ventilatory 
cycle should be evaluated at each stethoscope position. If abnor-
mal sounds are present, the clinician should listen to several 
breaths to clarify the characteristics.

The clinician should listen for, and distinguish among, the 
key features of breath sounds. The clinician should identify the 
pitch (vibration frequency), intensity (loudness), and duration 
of the inspiratory and expiratory phases. The acoustic charac-
teristics of breath sounds can be illustrated in breath sound 

FIGURE 16-5	 Acoustic	stethoscope.	
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FIGURE 16-6	 Sequencing	for	auscultation	technique.	(Modified	
from	Wilkins	RL,	Dexter	JR,	editors:	Respiratory	diseases:	a	case	
study	approach	to	patient	care,	ed	3,	Philadelphia,	2007,	FA	Davis.)
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FIGURE 16-7	 Diagram	of	normal	breath	sound.	Upstroke	
represents	inhalation,	and	downstroke	represents	exhalation;	length	
of	upstroke	represents	duration;	thickness	of	stroke	represents	
intensity;	angle	between	upstroke	and	horizontal	line	represents	
pitch.	

diagrams (Figure 16-7). The features of normal breath sounds 
are described in Table 16-3. One must be familiar with normal 
breath sounds before one can expect to identify the subtle 
changes that may signify respiratory disease.

Terminology.  The sounds normally heard over the trachea 
have a loud, tubular quality and are referred to as tracheal breath 
sounds. They are also characterized by an expiratory component 
of equal length or slightly longer than the inspiratory compo-
nent. A variation of the tracheal breath sounds can be heard 
both around the upper half of the sternum and between the 
scapulae. These are referred to as bronchovesicular breath sounds 
and are slightly lower in pitch and have equal inspiratory and 
expiratory components compared to tracheal breath sounds.

When auscultating over the lung parenchyma of a healthy 
individual, soft, muffled sounds are heard. These normal breath 
sounds, or vesicular breath sounds, are lower in pitch and inten-
sity than bronchovesicular breath sounds. Vesicular sounds  
are heard primarily during inhalation, with an exhalation  
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Normal  Breath  Sounds.  Lung sounds are audible vibra-
tions primarily generated by turbulent airflow in the larger 
airways. These sounds are altered as they travel through the lung 
periphery and chest wall. Normal lung tissue acts as a low-pass 
filter, which means it preferentially passes low-frequency 
sounds. This filtering effect explains the characteristic differ-
ences between tracheal breath sounds, heard directly over the 
trachea, and vesicular sounds, heard over the lung periphery. 
Normal vesicular lung sounds essentially are attenuated tra-
cheal breath sounds.

Bronchial  Breath  Sounds.  Bronchial breath sounds are 
considered abnormal when they are heard over peripheral lung 
regions. Normal vesicular sounds are replaced with bronchial 
sounds when lung tissue density increases, and attenuation is 
reduced. When normal air-filled lung tissue becomes atelectatic 
or consolidated (e.g., pneumonia), the resulting breath sounds 
are similar to the sounds normally heard over large upper 
airways.

Diminished  Breath  Sounds. Diminished breath sounds 
occur when the sound intensity at the site of generation (larger 
airways) is reduced, or when the sound transmission through 
the lung or chest wall is decreased. Shallow or slow breathing 
patterns both reduce sound intensity because they create less 
turbulent flow in the larger airways. Reduced sound trans-
mission also occurs for a variety of other reasons, including  
(1) when airways are plugged with mucus, (2) the lung tissue  
is hyperinflated (e.g., COPD, asthma), (3) air or fluid collects 
in the pleural space (e.g., pneumothorax, hemothorax, pleural 
effusion), (4) anasarca (generalized body edema), and (5) obe-
sity or when chest muscles are highly developed.

Wheezes and Stridor.  Wheezes and stridor represent vibra-
tions of airway wall caused when air flows at a high velocity 
through a narrowed airway. Airway diameter can be reduced by 
bronchospasm, mucosal edema, inflammation, tumors, foreign 
bodies, and pulmonary edema.

This narrowing initially causes an increase in the velocity of 
airflow, which causes the lateral wall pressure to decrease. This 
decrease in pressure causes the lateral walls of the narrowed 
airway to pull closer together, and airflow stops. When airflow 
stops, the lateral wall pressure increases, and the airway opens 
back to the previous position. This cycle repeats many times per 
second and causes the airway walls to vibrate and make a 
musical type of adventitious lung sound similar to a reed 
instrument.

component approximately one-third the duration of inhalation 
(see Table 16-3).

Lung Sounds in Pulmonary Disease
Respiratory disease may alter the intensity of normal breath 
sounds heard over the lung fields. Breath sounds are described 
as diminished when the intensity decreases and as absent in 
extreme cases. They are described as harsh when the intensity 
increases. When the expiratory component of harsh breath 
sounds equals the inspiratory component, they are described as 
bronchial breath sounds.

Adventitious lung sounds are added sounds or vibrations 
produced by the movement of air through abnormal airways. 
Adventitious lung sounds are classified as either discontinuous 
or continuous. Discontinuous adventitious lung sounds are 
intermittent, crackling, or bubbling sounds of short duration. 
Discontinuous adventitious lung sounds are referred to as 
either crackles or rales (from the French word for “rattle”), 
whereas continuous adventitious lung sounds are described 
with the term wheezes; a wheeze is a quasi-musical sound. 
However, the RT often will encounter the term rhonchi (from 
the Latin word for “wheezing”). It is a term no longer favored, 
but widely used among older clinicians to describe a low-
pitched, continuous sound (vaguely resembling snoring) that is 
associated with secretions in the larger airways; thus it is syn-
onymous with coarse crackles.14

Another continuous type of adventitious lung sound, heard 
primarily over the larynx and trachea during inhalation, is 
stridor. Stridor is usually a loud, high-pitched sound that 
sometimes can be heard without a stethoscope. Most common 
in infants and small children, stridor is a sign of obstruction in 
the trachea or larynx. Stridor is most often heard during 
inspiration.

When abnormal lung sounds are heard, their location and 
specific features should be documented. Abnormal lung sounds 
may be high-pitched or low-pitched, loud or faint, scattered or 
diffuse, and inspiratory or expiratory (or both). Faint or low-
intensity crackles are often referred to as fine crackles; more 
pronounced or more intense crackles are referred to as coarse 
crackles.

Mechanisms and Significance of Lung Sounds.  The exact 
mechanisms that produce normal and abnormal lung sounds 
are not fully known. However, there is sufficient agreement to 
allow a general description.

TABLE 16-3 

Characteristics of Normal Breath Sounds

Breath Sound Pitch Intensity Location Diagram

Vesicular Low Soft Peripheral	lung	areas

Bronchovesicular Moderate Moderate Around	upper	part	of	sternum,	between	the	scapulae

Tracheal High Loud Over	the	trachea
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and are referred to as early inspiratory crackles (Figure 16-8). 
Early inspiratory crackles may be loud or faint and are not 
silenced by a cough or a change in position. They frequently 
occur in patients with COPD (chronic bronchitis, emphysema, 
or asthma) and usually indicate severe airway obstruction.

Peripheral airways may close during exhalation when the 
surrounding intrathoracic pressure increases or when surfac-
tant levels are diminished. Fine, late inspiratory crackles are pro-
duced by the sudden opening of peripheral airways, usually late 
in the inspiratory phase. They are more common in the depen-
dent lung regions, where the peripheral airways are most prone 
to collapse during exhalation. They may clear with changes in 
posture or if the patient performs several deep inspirations. Late 
inspiratory crackles are most common in patients with respira-
tory disorders that reduce gas volume of the lung, such as atel-
ectasis, pneumonia, pulmonary edema, and pulmonary fibrosis 
(Table 16-4).

It is useful to monitor the pitch and duration of wheezing. 
Improved expiratory flow is associated with a decrease in the 
pitch and length of the wheezing. If high-pitched wheezing is 
present during the entire expiratory time before treatment but 
becomes lower pitched and occurs only late in exhalation after 
therapy, the pitch and duration of the wheeze have diminished. 
This change suggests that the degree of airway obstruction has 
decreased.

Stridor is a serious adventitious lung sound indicating that 
the upper airway is compromised. It may occur in patients of 
any age but most often occurs in children. In children, laryngo-
malacia is the most common cause of chronic stridor, whereas 
croup is the most common cause of acute stridor. Generally, 
inspiratory stridor is consistent with narrowing above the 
glottis, whereas expiratory stridor indicates narrowing of the 
lower trachea. In adults, stridor most often occurs from laryn-
geal or subglottic edema secondary to airway trauma after pro-
longed intubation.

Crackles.  Crackles occur when airflow moves secretions or 
fluid in the airways. Coarse crackles usually are heard during 
both inspiration and expiration and often clear when the patient 
coughs or when the upper airway is suctioned. Crackles also 
may be heard in patients without excess secretions. These crack-
les occur when collapsed airways pop open during inspiration. 
Airway collapse or closure can occur in peripheral bronchioles 
or in larger, more proximal bronchi.

Larger, more proximal bronchi may close during expiration 
when there is an abnormal increase in bronchial compliance or 
when the retractile pressures around the bronchi are low. In this 
situation, crackles usually occur early in the inspiratory phase 

FIGURE 16-8	 Timing	of	inspiratory	crackles.	A,	Early	inspiratory	
crackles.	B,	Late	inspiratory	crackles.	C,	Pan-inspiratory	crackles.	
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RULE OF THUMB

Generally,	expiratory	wheezes	indicate	obstruction		
of	intrathoracic	airways	such	as	occurs	with	lung	
diseases	(e.g.,	bronchitis,	asthma).	Wheezing	may	be	
monophonic	(single	note)	or	polyphonic	(multiple	notes).	
A	monophonic	wheeze	indicates	that	a	single	airway	is	
partially	obstructed.	Monophonic	wheezing	may	be	
heard	during	inhalation	and	exhalation	or	during	
exhalation	only.	Polyphonic	wheezing	suggests	that	
many	airways	are	obstructed,	such	as	with	asthma,	
and	is	heard	only	during	exhalation.	Bronchitis	and	CHF	
with	pulmonary	edema	also	can	cause	polyphonic	
wheezing.

TABLE 16-4 

Application of Adventitious Lung Sounds

Lung Sound Possible Mechanism Characteristics Causes

Wheezes Rapid	airflow	through	obstructed	airways High-pitched,	usually	expiratory Asthma,	congestive	heart
Stridor Rapid	airflow	through	obstructed	upper	

airway
High-pitched,	monophonic Croup,	epiglottitis,	postextubation	

laryngeal	edema
Coarse	crackles Excess	airway	secretions	moving	through	

airways
Coarse,	inspiratory	and	expiratory Severe	pneumonia,	bronchitis

Fine	crackles Sudden	opening	of	peripheral	airways Fine,	late	inspiratory Atelectasis,	fibrosis,	pulmonary	edema

	

RULE OF THUMB

Fine,	late	inspiratory	crackles	suggest	either	restrictive	
lung	diseases	such	as	pulmonary	fibrosis	or	the	
opening	of	collapsed	(atelectatic)	alveoli.
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Pleural  Friction  Rub.  A pleural friction rub is a creaking 
or grating sound that occurs when the pleural surfaces become 
inflamed and rub together during breathing, as in pleurisy. It 
may be heard only during inhalation but often is identified 
during both phases of breathing. The rub usually is localized to 
a certain site on the chest wall. It sounds similar to coarse crack-
les but is not affected by coughing. The intensity of pleural rubs 
may increase with deep breathing.

Voice  Sounds.  Vocal resonance is produced by the same 
mechanism as vocal fremitus. Normal, air-filled lung tissue 
filters vocal sounds and reduces the intensity and clarity of 
spoken words. Egophony, or bronchophony, is an increased 
intensity and clarity of vocal resonance produced by enhanced 
transmission of vocal vibrations through consolidated lung 
tissue. The patient is instructed to repeat the words “one,” “two,” 
“three,” or “ninety-nine” while the clinician listens over the 
chest wall with a stethoscope, comparing one side with the 
other. When listening over consolidation lung tissue, the words 
will be transmitted louder, clearer, and with a distinctive nasal 
bleating quality. Alternatively, by having the patient repeatedly 
pronounce a long A sound, consolidated lung will transmit the 
sound as an E. This is referred to as E to A egophony. Bron-
chophony often accompanies bronchial breath sounds, a dull 
percussion note, and increased vocal fremitus.

Cardiac Examination

Because of the close relationship between the heart and lungs, 
chronic lung diseases often cause cardiac problems. The tech-
niques for physical examination of the chest wall overlying the 
heart (precordium) include inspection, palpation, and ausculta-
tion. Most clinicians examine the precordium at the same time 
they assess the lungs.

Inspection and Palpation
Inspection and palpation of the precordium help identify 
normal or abnormal pulsations. Pulsations on the precor-
dium are created by ventricular contraction. Detection of 
pulsations depends on the force of ventricular contraction 
and the thickness of the chest wall through which the vibra-
tions travel.

Normally, left ventricular contraction is the most forceful 
and generates a visible, palpable pulsation during systole. This 
pulsation is called the point of maximal impulse (PMI). To iden-
tify the PMI, place the palm of the right hand over the lower 
left sternal border.

The PMI shifts laterally with left ventricular hypertrophy. 
Right ventricular hypertrophy produces a systolic heave (or 
thrust) felt near the lower left sternal border. This is a common 
finding in patients with chronic hypoxemia, pulmonary valvu-
lar disease, or primary pulmonary hypertension The PMI may 
be difficult to locate in patients with severe emphysema, because 
systolic vibrations are not well transmitted across hyperinflated 
lungs.

The PMI also may shift with deviations in the mediastinum 
caused by pneumothorax or lobar collapse. Typically, the PMI 
shifts toward lobar collapse but away from a tension pneumo-

thorax. With severe pulmonary hyperinflation the PMI shifts 
centrally to the epigastric area.

The second left intercostal space near the sternal border is 
referred to as the pulmonic area and is palpated to identify 
accentuated pulmonary valve closure. Strong vibrations may be 
felt in this area with the presence of pulmonary hypertension 
or valvular abnormalities (Figure 16-9). Valvular abnormalities 
may produce palpable vibrations or thrills that often are 
accompanied by a murmur (see later).

Auscultation of Heart Sounds
Heart sounds are auscultated using either the bell or diaphragm 
of the stethoscope. Optimal auscultation occurs when the 
patient leans forward or lies on the left side, as this moves the 
heart closer to the chest wall.

Normal heart sounds are created by closure of the heart 
valves (see Chapter 10). The first heart sound (S1) is produced 
by closure of the mitral and tricuspid (atrioventricular [AV]) 
valves during ventricular contraction. When systole ends and 
the ventricles relax, the pulmonic and aortic (semilunar) valves 
close, creating the second heart sound (S2). If either the AV 
valves or the semilunar valves do not close together, a pro-
nounced split heart sound is heard. A third, low-pitched, heart 
sound (S3) is heard over the apex of the heart that, in adults, 
may signify CHF. A fourth heart sound (S4) occurs later and 
may be a sign of heart disease. A patient with heart disease who 
has S3 and S4 is said to have a gallop rhythm.

Abnormal Heart Sounds
Reduced intensity of heart sounds may result from cardiac or 
extracardiac abnormalities. Pulmonary hyperinflation, pleural 
effusion, pneumothorax, and obesity make it difficult to iden-
tify S1 and S2. Poor ventricular contraction resulting from heart 
failure or valvular disease also decreases S1 and S2. In contrast, 
an intense S2 (loud P2) occurs in pulmonary hypertension due 
to forceful closure of the pulmonic valve.

Cardiac murmurs are created by (1) a backflow of blood 
through an incompetent valve, (2) a forward flow of blood 
through a stenotic (“narrowed”) valve, and (3) rapid blood flow 
through a normal valve (as occurs with heavy exertion). Cardiac 
murmurs caused by incompetent or stenotic heart valves are 
classified as systolic or diastolic.

Systolic murmurs from an incompetent AV valve typically 
produce a high-pitched “whooshing” noise during S1. In con-
trast, obstructed blood flow through a stenotic semilunar valve 
produces a crescendo-decrescendo sound. A diastolic murmur 
occurs with S2 and is created by the backflow of blood across 
an incompetent semilunar valve. A turbulent diastolic murmur 
is caused by obstructed blood flow across a stenotic AV valve 
during diastole.

Abdominal Examination

The abdomen should be inspected and palpated for evidence of 
distention and tenderness. Abdominal distention and pain 
impair diaphragmatic movement and may contribute to or 
cause respiratory insufficiency. Abdominal dysfunction may 
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time. As the process advances, the angle of the fingernail to the 
nail base increases, and the base of the nail feels “spongy.” The 
profile view of the digits allows easier recognition of clubbing 
(Figure 16-10), but sponginess of the nail bed is the most 
important sign. Causes of clubbing include infiltrative or inter-
stitial lung disease, bronchiectasis, various cancers (particularly 
lung cancer),16 congenital heart disease, chronic liver disease, 
and inflammatory bowel disease. COPD alone, even when 
hypoxemia is present, does not lead to clubbing. Clubbing of 
the digits in a patient with COPD indicates that something 
other than obstructive lung disease is occurring.

Cyanosis
Examination of the digits for cyanosis is part of the initial 
assessment and is done whenever hypoxemia is suspected. Cya-
nosis is detectable because of the transparency of the fingernails 
and skin. Cyanosis becomes visible when the amount of unsatu-
rated hemoglobin in the capillary blood exceeds 5 to 6 g/dl; this 
may be caused by a reduction in arterial or venous O2 content, 
or both.

Cyanosis of the digits is referred to as peripheral cyanosis or 
acrocyanosis and may involve extensive portions of limbs. This 
condition is mainly the result of poor perfusion, especially in 
the extremities. When capillary blood flow is poor, the tissues 
extract more O2. This reduces the venous O2 content and there-
fore increases the amount of reduced hemoglobin. The extremi-
ties are usually cool to the touch when peripheral cyanosis is a 
sign of poor peripheral perfusion. Central cyanosis on the other 
hand can be seen in the patient’s mucosa or trunk and may 

inhibit deep breathing and coughing and promote atelectasis. 
Of particular concern is intraabdominal hypertension, which is 
defined as intraabdominal pressure greater than 12 mm Hg, 
and is found in between 20% and 30% of critically ill patients.15 
Abdominal compartment syndrome occurs when intraab-
dominal pressures are greater than 20 mm Hg and often requires 
emergency decompressive surgery. This syndrome causes pro-
found atelectasis and hypoxemia, hypotension, and renal failure.

Intraabdominal hypertension is a common finding in 
patients with blunt or penetrating abdominal trauma, ruptured 
aortic aneurysm, bowel infarction, and end-stage liver failure. 
It is suspected when gross examination of the abdomen reveals 
very pronounced abdominal distention. Intraabdominal pres-
sure is measured by connecting an intraarterial pressure cath-
eter to the culture port of a Foley urine catheter.

The presence of an enlarged liver (hepatomegaly) is a fre-
quent cause of right lower lobe atelectasis and pleural effusion. 
Hepatomegaly is a common finding in patients with liver disease 
and patients with cor pulmonale.

Examination of the Extremities

Respiratory disease may cause several abnormalities of the 
extremities, including digital clubbing, cyanosis, and pedal 
edema.

Clubbing
Clubbing of the digits is a significant manifestation of cardio-
pulmonary disease. Clubbing is a painless enlargement of the 
terminal phalanges of the fingers and toes that develops over 

FIGURE 16-9	 Anatomic	and	auscultatory	valve	area.	Location	of	anatomic	valve	sites	is	represented	by	solid bars.	Arrows	designate	
transmission	of	valve	sounds	to	their	respective	auscultatory	valve	areas.	A,	Aortic	valve;	M,	mitral	valve;	P,	pulmonic	valve;	T,	tricuspid	
valve.	
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diverts blood to the vital organs. This reduction in peripheral 
perfusion causes the extremities to become cool to the touch. 
The extent to which coolness extends back toward the torso 
indicates the degree of circulatory failure. In contrast, patients 
with high cardiac output and peripheral vascular failure (as 
occurs in septic shock) may have warm, dry skin.

signal severe lung disease or when venous blood is shunting as 
a result of congenital heart disease. However, cyanosis may be 
masked by room lighting and in people of color, as well as those 
with severe anemia.

Pedal Edema
See discussions of common cardiopulmonary symptoms.

Capillary Refill
Capillary refill is assessed by pressing briefly and firmly on the 
patient’s fingernail until the nail bed is blanched. When pressure 
is released, the speed at which the blood flow and color return 
is noted. When cardiac output is reduced and the digital perfu-
sion is poor, capillary refill is slow, taking several seconds to 
complete. In healthy individuals with good cardiac output and 
digital perfusion, capillary refill time is 2 seconds or less. Capil-
lary refill time should be assessed in the context of whether or 
not the skin is mottled (i.e., blotched skin shade) and skin 
temperature.

Peripheral Skin Temperature
When systemic perfusion is poor (as in heart failure or shock), 
there is a compensatory vasoconstriction in the extremities that 

FIGURE 16-10	 A,	Normal	digit	configuration.	B,	Mild	digital	
clubbing	with	increased	hyponychial	angle.	C,	Severe	digital	
clubbing;	the	depth	of	the	finger	at	the	base	of	the	nail	(DPD)	is	
greater	than	the	depth	of	the	interphalangeal	joint	(IPD)	with	
clubbing.	
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MINI CLINI
Evaluation of Acute-Onset  
Respiratory Distress

PROBLEM:  The RT is called to evaluate a 55-year-old woman 
with acute respiratory distress and worsening hypoxemia. The 
patient is 3 days post-admission for right-sided rib fractures. 
This resulted from falling down a flight of stairs, secondary to 
alcohol intoxication with brief loss of consciousness. Since 
admission she had maintained adequate oxygenation with 
pulse oximetry (SpO2) of 95% on 3 L/min of nasal O2. Over 
the past hour she has become febrile (maximum temperature 
39.5° C), tachycardic (heart rate 130 beats/min), and hypoten-
sive (blood pressure 88/50 mm Hg; mean, 63 mm Hg), with 
new-onset altered mental status. Her SpO2 is now 87% on 6 L/
min nasal O2 with a respiratory rate of 32 breaths/min. Her 
medical history is significant for alcoholism and a 30 pack-year 
smoking history. What can the physical examination and 
history tell us about the potential source of respiratory 
distress?

SOLUTION:  The signs, symptoms and history suggest bacte-
rial pneumonia possibly from aspiration during her initial loss 
of consciousness or from a pulmonary contusion. Bacterial 
pneumonia has an incubation period of 1 to 3 days. The associ-
ated high fever, tachycardia, hypotension, and altered mental 
status also suggest that pneumonia has resulted in sepsis (sys-
temic inflammation). Pulmonary contusion also can result in 
pneumonia and ARDS (see Chapter 29), with a peak occur-
rence at approximately 72 hours.17

Rib fractures are painful and limit deep breathing and effec-
tive coughing, leading to atelectasis and retained secretions that 
increase the risk for pneumonia. When extensive, rib fractures 
also cause chest wall instability that limits effective ventilation 
and heightens the risk for respiratory failure. Both alcoholism 
and cigarette smoking further increases the susceptibility to 
pneumonia.18,19 Also, a history of alcohol abuse may be a con-
tributory factor because the onset of acute alcohol withdrawal 
typically occurs in this time frame.20

The first priority is to increase O2 therapy to achieve ade-
quate oxygenation (SpO2 ≥ 90%) while conducting an examina-
tion. Worsening oxygenation, despite doubling O2 therapy, 
suggests refractory hypoxemia, which is a hallmark of ARDS. 
This situation indicates the need for high-concentration O2 
therapy, continuous pulse oximetry and close hemodynamic 
monitoring.



 Bedside Assessment of the Patient • CHAPTER 16 343

The RT should be alert for signs suggestive for heightened 
work of breathing (rapid-shallow breathing, accessory inspira-
tory muscle use, along with tracheal or intercostal retractions 
and expiratory muscle recruitment), chest wall instability (par-
adoxical chest motion), and diminished ventilation (global 
decrease in breath sound intensity). Breath sounds should be 
evaluated for evidence suggesting the presence of secretions 
(coarse, bubbling crackles) or pulmonary edema (fine inspira-
tory crackles). Another possibility is acute pulmonary embo-
lism, which would become a more prominent consideration if 
the patient had also suffered pelvic or leg fractures and was 
immobilized or has redness and swelling of the lower extremi-
ties. Although a pneumothorax is unlikely in this situation, the 
chest should be inspected for signs (e.g., subcutaneous emphy-
sema, JVD, unilateral chest excursion).

Further work-up would include a chest radiograph to 
confirm the suspicion of pneumonia or chest contusion (and 
to rule out a pneumothorax), an arterial blood gas to evaluate 
the severity of hypoxemia and the adequacy of ventilation, and 
blood samples to evaluate the presence of infection (see Chapter 
17). The results of these tests and the patient’s response to 
therapeutic interventions would determine where the patient 
can be safely and optimally managed.

SUMMARY CHECKLIST

◗	The	interview	is	used	to	obtain	important	diagnostic	
information	and	build	a	rapport	between	with	the		
patient.

◗	Dyspnea	is	the	sensation	that	occurs	when	breathing	
effort	is	excessive	relative	to	the	tidal	volume	achieved	and	
increases	with	reduced	lung	compliance	and	narrowed	
airways.	Breathlessness	is	the	unpleasant	sensation	
associated	with	a	heightened	drive	to	breathe.

◗	Cough	is	one	of	the	most	common	symptoms	of	lung	
disease	and	occurs	when	the	cough	receptors	in	the	
airways	are	stimulated	by	foreign	material,	mucus,	noxious	
gases,	or	inflammation.

◗	Chronic	cough	is	most	often	caused	by	upper	airway	
cough	syndrome,	asthma,	chronic	bronchitis	from	
cigarette	smoking,	and	gastroesophageal	reflux		
disease.

◗	The	most	common	cause	of	hemoptysis	(spitting	up	blood	
from	the	lung)	is	infection.

◗	Vital	signs	provide	reliable	assessment	information	about	
the	general	condition	of	the	patient	and	the	patient’s	
response	to	therapy.

◗	Rapid,	shallow	breathing	indicates	pathologic	changes	in	
the	lung	consistent	with	a	reduction	in	the	gas	volume	of	
the	lungs.

◗	A	prolonged	expiratory	phase	suggests	that	the	
intrathoracic	airways	are	narrowed.

◗	Normal	breath	sounds	are	generated	by	turbulent	airflow	
in	the	larger	airways.

◗	Crackles	are	generated	by	the	sudden	opening	of	closed	
airways	or	by	the	movement	of	excessive	airway	
secretions	with	breathing.

◗	Wheezes	are	produced	by	the	rapid	vibration	of	narrow	
airways	as	gas	passes	through	at	high	velocity.

◗	Cor	pulmonale	causes	JVD,	hepatomegaly,	a	loud	P2,	and	
pedal	edema.

◗	Central	cyanosis	is	a	sign	of	hypoxemia	caused	by	
respiratory	failure,	whereas	peripheral	cyanosis	suggests	
circulatory	failure.
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C H A P T E R   17 

Interpreting Clinical and 
Laboratory Data

RICHARD H. KALLET

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	a	critical	value	and	its	importance	in	clinical	practice.
◆	 Define	leukocytosis,	leukopenia,	anemia,	polycythemia,	and	thrombocytopenia.
◆	 Identify	which	electrolyte	disturbances	interfere	with	normal	respiratory	function.
◆	 Describe	clinical	tests	used	to	identify	cardiac	stress	and	myocardial	infarction.
◆	 Identify	the	three	main	tests	used	to	diagnose	coagulation	disorders.
◆	 Describe	how	the	sputum	Gram	stain	and	culture	are	used	to	diagnose	pulmonary	infections.

CHAPTER OUTLINE

Interpreting Clinical Laboratory Tests
Introduction	to	Laboratory	Medicine
Complete	Blood	Count
Electrolyte	Tests
Enzyme	Tests
Coagulation	Studies

Microbiology Tests
Sputum	Gram	Stain
Sweat	Chloride

Clinical Application of Laboratory Data
Coagulation	Disorders
Electrolyte	Disorders

KEY TERMS

acid-fast	bacterium
anemia
bands
basic	chemistry	panel
complete	blood	count
critical	test	value
erythrocytes
hematology
hematocrit

homeostasis
hyperglycemia
hyperkalemia
hypernatremia
hypoglycemia
hypokalemia
lactate
leukocytes
leukocytosis

leukopenia
neutropenia
polycythemia
reference	range
segs
thrombocytes
thrombocytopenia
troponin
troponin	I

INTERPRETING CLINICAL 
LABORATORY TESTS

This chapter discusses common blood tests performed on 
patients admitted to the hospital. These tests are done to evalu-
ate the general health and baseline status of the patient, identify 
organ system dysfunction, detect the presence of infection, and 

determine the effects of therapy. Hence, the respiratory thera-
pist (RT) must be familiar with these tests and their value in 
helping diagnose respiratory dysfunction.

This chapter also presents a brief review of fundamental 
physiologic concepts related to these tests, contains comprehen-
sive with reference-range values, and explains the significance 
of these tests in patient assessment.
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situated. The nurse or RT receiving these results must read back 
the critical value to the clinical laboratory to ensure accuracy. 
The nurse or RT then must communicate the critical value in a 
timely fashion to the physician. The same read-back procedure 
is used. All communication of critical test values is documented 
in the medical record.

In this chapter, critical values are listed along with com-
mon pathophysiologic states with which they commonly 
occur. Not all clinical analytes have an associated critical value 
because sometimes there is no agreement on what constitutes 
a critical value. Others have only a one-sided value that exists 
below or above a critical threshold. This is true particularly 
for substances that do not normally appear in the blood. For 
example, certain enzymes and proteins are released only after 
extensive cellular damage following injury (see later section 
on enzyme tests). Under normal circumstances, these proteins 
or enzymes may be virtually undetectable in the serum or 
plasma.

When interpreting derangements for any test result, clini-
cians must consider the context of the change. In a patient with 
chronic renal disease, a serum creatinine of 3.0 mg/dl (approxi-
mately twice the upper limit of normal) is not considered 
urgent. But, in a patient with a bloodstream infection (i.e., 
sepsis) and hypotension, a sudden increase in serum creatinine 
to 3.0 mg/dl is considered critical because it indicates acute 
kidney dysfunction and possibly septic shock.

Complete Blood Count

The complete blood count (CBC) describes the number of 
circulating white blood cells (WBCs), called leukocytes; red 
blood cells (RBCs), called erythrocytes; and platelets, called 
thrombocytes. The WBC count is made up of five different 
types of cells and is reported under the differential. RBCs are 
evaluated for size and hemoglobin (Hb) content. Platelets are 
evaluated by the number present. Table 17-1 lists the normal 
CBC results for adults.

An elevated WBC count is termed leukocytosis and has 
multiple causes, including stress, infection, and trauma. The 
degree of leukocytosis reflects the severity of infection. A sig-
nificantly elevated WBC count (>20 × 103/mcl) suggests the 
presence of a serious infection and that the patient’s immune 
system is generating a strong response. In contrast, leukopenia 
(or leukocytopenia) is a WBC count below normal that often 
occurs when the immune system is overwhelmed by infection. 
Other causes include bone marrow diseases (e.g., leukemia, 
lymphoma), influenza, systemic lupus erythematosus, tubercu-
losis, acquired immunodeficiency syndrome (AIDS), and che-
motherapy or radiation therapy given to cancer patients.

Introduction to Laboratory Medicine

Laboratory medicine involves the study of patient tissue and 
fluid specimens and consists of five disciplines. Clinical bio-
chemistry involves the analysis of blood, urine, and other bodily 
fluids for electrolytes and proteins; hematology analyzes the 
cellular components of blood. Clinical microbiology tests blood 
and other bodily fluids for infectious agents and includes  
the subspecialties that identify bacteria (bacteriology), viruses 
(virology), fungi (mycology), and parasites (parasitology). Immu-
nology is a closely related discipline focusing on autoimmune 
and immunodeficiency diseases. Finally, the anatomic pathology 
service assists with diagnosing diseases by analyzing tissue 
samples.

Reference Range
Laboratory tests help determine a patient’s health status and aid 
medical decisions. Therefore it is important to determine 
whether a specific test result falls within an expected range of 
values considered to be “normal.” However, the notion of 
“normal” can be problematic. In the early history of laboratory 
medicine, determining the normal range for blood chemistry 
and hematology tests was primitive and not representative of 
the larger population in terms of age, gender, race, and ethnicity. 
In addition, the term normal is not synonymous with healthy. 
For example, the normal range for cholesterol found in most 
Americans puts them at risk for cardiovascular disease and 
therefore cannot be considered healthy.

Beginning in the 1970s,1 the term normal ranges was replaced 
with more appropriate terms such as reference ranges, biologic 
reference intervals, and expected value.2 This change in terminol-
ogy acknowledged that what we consider normal must take into 
account variations related to age, gender, race, and ethnicity, 
which change over time as the demographic composition of 
society changes. A reference range sets the boundaries for, and 
expected variability of, any analyte (e.g., electrolyte, blood cell, 
protein, enzyme) that would likely be encountered in healthy 
subjects.

Reference ranges differ from laboratory to laboratory for 
various reasons. These include differences in measurement 
techniques, the populations of healthy individuals used to 
establish the reference intervals, and analytic imprecision. Most 
differences in reference ranges between laboratories are small.2 
Reference ranges and critical values displayed in this chapter 
serve as representative examples; however, RTs must become 
familiar with the reference ranges used at their institutions.

Critical Test Value
A critical test value is a result significantly outside the reference 
range and represents a pathophysiologic condition. A critical 
value may be potentially life-threatening, and immediate cor-
rective action is often warranted. Critical values are reported in 
the hospital to alert caregivers, decrease medical errors, and 
protect patients.

Typically, critical values are communicated by telephone 
from the clinical laboratory to the unit where the patient is 	

RULE OF THUMB

Leukocytosis	usually	represents	a	vigorous	immune	
response	to	either	infection	or	trauma.
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TABLE 17-1 

Reference Range Values for Complete Blood 
Count in an Adult

Test Reference Range

Red	blood	cell	count
	 Men 4.4-5.9	×	106/mcl
	 Women 3.8-5.2	×	106/mcl
Hemoglobin
	 Men 13.3-17.7	g/dl
	 Women 11.7-15.7	g/dl
Hematocrit
	 Men 40%-52%
	 Women 35%-47%
White	blood	cell	count 3.9-11.7	×	103/mcl
White	blood	cell	differential
Segmented	neutrophils 40%-75%
Bands 0%-6%
Eosinophils 0%-6%
Basophils 0%-1%
Lymphocytes 20%-45%
Monocytes 2%-10%
Platelet	count 150-400	×	103/mcl

Values	for	reference	ranges	and	critical	test	results	are	from	the	University	of	
California–San	Francisco	Moffit-Long	Hospital	and	San	Francisco	General	
Hospital.

TABLE 17-2 

Reference Range Values for White Blood Cell Count Differential and Common Causes for Abnormalities

Cell Type Relative Value (%) Absolute Value Causes for Abnormalities

Neutrophils 40-75 1.8-6.8	×	109/L Increased	with	bacterial	infection	and	trauma;	reduced	with	bone	marrow	
diseases	(critical	value	<1.0)

Lymphocytes 20-45 1.0-3.4	×	109/L Increased	with	viral	and	other	infections;	reduced	with	immunodeficiency	
problems

CD4	T	lymphocytes 31-60* 410-1590	×	106/L HIV	disease;	diagnostic	threshold	<200
Eosinophils 0-6 0-0.4	×	106/L Increased	with	allergic	reactions	and	parasitic	infections
Basophils 0-1 0-0.1	×	106/L Increased	with	allergic	reactions
Monocytes 2-10 0.2-0.8	×	106/L Increased	with	invasion	of	foreign	material

Values	for	reference	ranges	and	critical	test	results	are	from	the	University	of	California–San	Francisco	Moffit-Long	Hospital	and	San	Francisco	General	
Hospital.
*Percentage	of	lymphocyte.
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Leukocytopenia	often	signifies	that	either	the	immune	
system	has	been	overwhelmed	by	infection	or	there	is	
presence	of	immunosuppression.

White Blood Cell Count
The WBC differential count determines the number of each 
type of WBC present in the blood (Table 17-2). Most circulating 
WBCs are either neutrophils or lymphocytes. Leukocytosis is a 
significant elevation in the WBC count (>15 × 103/mcl) that 
occurs when either neutrophils or lymphocytes are responding 
to an abnormality. Basophils, eosinophils, and monocytes make 
up a small proportion of the circulating WBCs and rarely cause 
a major increase in the WBC count.

The WBC count differential is calculated by multiplying the 
percentage of each WBC subtype by the total WBC count. This 
prevents misinterpreting the WBC count differential when one 
cell type changes, causing a relative change (percentage) in the 
other four cell types. For example, if the neutrophil count 
doubles because of infection, the relative percentage of the 
other four cells types would decrease, although their absolute 
number would not change.

The sub-analysis of lymphocytes is important for identifying 
infection with human immunodeficiency virus (HIV), the caus-
ative agent of AIDS. HIV targets and destroys CD4 T lympho-
cytes. Opportunistic infections such as Pneumocystis jiroveci 
pneumonia generally occur when lymphocytes decrease to less 
than 200 × 106/L, and this information is used in making the 
diagnosis of AIDS.

Elevation of the absolute value of neutrophils is termed neu-
trophilia. Immature neutrophils are known as bands because of 
the banded shape of the nucleus. Most bands are located in the 
bone marrow, where they continue to mature. Mature neutro-
phils are known as segs because of the segmented shape of their 
nucleus. Severe infection causes the bone marrow to release 
stores of any available neutrophils, and both bands and segs 
enter the circulating blood volume. When bands and segs are 
elevated in the CBC, the patient is likely experiencing a more 
severe bacterial infection.

A reduced number of circulating neutrophils is termed neu-
tropenia and is observed in patients with bone marrow disease 
(e.g., lymphoma, leukemia), autoimmune disorders, HIV infec-
tion, and those undergoing chemotherapy or radiation treat-
ment for cancer. Neutropenia increases risk for the developing 
opportunistic infections.

	

RULE OF THUMB

Elevation	of	the	WBC	count	usually	is	caused	by	an	
increase	in	either	neutrophils	or	lymphocytes	in	
response	to	infection.
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In addition to the RBC count, the clinical laboratory reports 
Hb and hematocrit (Hct) levels. Hb is a protein substance with 
the unique ability to bind with O2. Each healthy RBC contains 
200 million to 300 million molecules of Hb, for an Hb level of 
12 to 17 g/dl in a healthy adult. Patients with an inadequate  
Hb concentration have reduced O2-carrying capacity. In this 
condition, the RBCs are smaller than normal (microcytic ane-
mia) and lack normal color (hypochromic anemia). The neces-
sity for RBC transfusion depends on the cause of anemia and 
the patient’s overall condition. Transfusions generally are indi-
cated only when the Hb concentration falls to 7.0 g/dl (an Hct 
of approximately 21%), because this conservative practice actu-
ally improves patient outcomes.3

The Hct level is the ratio of RBC volume to whole blood. It 
is determined by spinning a blood sample in a centrifuge to 
separate the blood cells from the plasma. The proportion of the 
sample represented by the packed cells is the hematocrit. A low 
Hct occurs with anemia and a high Hct with polycythemia. The 
Hct also reflects the patient’s hydration status. Dehydration 
causes the Hct to increase (hemoconcentration), whereas over-
hydration causes it to decrease via hemodilution.

Red Blood Cell Count
The primary function of RBCs or erythrocytes is to supply 
oxygen to the tissues. The RBC count helps determine the 
ability of the blood to carry O2. An abnormally low RBC count 
is referred to as anemia and suggests that either bone marrow 
production of RBCs is inadequate or excessive blood loss has 
occurred. Regardless, the O2-carrying capacity of blood is 
reduced, and the patient is at increased risk for tissue hypoxia. 
Anemia has different causes: some are related to dietary defi-
ciencies in iron or vitamins (e.g., vitamin B12 and folate); others 
are related to chronic inflammatory diseases, such as Crohn 
disease, HIV/AIDS, lymphoma, and autoimmune diseases that 
destroy erythrocytes (hemolytic and aplastic anemia). A heredi-
tary cause is sickle cell anemia, which is common in African-
Americans. For most forms of anemia, a blood transfusion may 
be needed if the RBC count is too low, as discussed later in this 
chapter.
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The	recommended	threshold	for	blood	transfusion	is	
Hb	of	7.0	g/dl	or	Hct	of	21%.

MINI CLINI
White Blood Cell Count Differential

PROBLEM:  A patient admitted to the hospital for acute 
shortness of breath and fever has a chest radiograph revealing 
pneumonia. The CBC shows an increased WBC count of 15 × 
103/mcl with 75% neutrophils but only 10% lymphocytes. 
Given that the normal lymphocyte differential is 20% to 45%, 
does the value of 10% suggest a problem with lymphocyte 
production by the immune system? What type of pneumonia 
is probably present in this case?

SOLUTION:  The 10% differential for the lymphocytes repre-
sents a relative value. Because the total WBC count is markedly 
elevated, the 10% in relative terms represents 1500 lympho-
cytes in absolute value, which is within normal range. If the 
total WBC count was reduced to less than normal and the dif-
ferential showed a lymphocyte count of 10%, an abnormal 
absolute value would be present and would suggest an immu-
nologic problem. This patient probably has bacterial pneumo-
nia, given the elevated number of neutrophils.
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When	bands	and	segs	are	elevated	in	the	CBC,	the	
patient	is	likely	experiencing	a	more	severe	bacterial	
infection.

Polycythemia is an abnormally elevated RBC count. It 
often occurs when the bone marrow is stimulated to produce 
extra RBCs in response to chronic hypoxemia (secondary  
polycythemia). Polycythemia counteracts reduced PO2 by 
increasing the O2-carrying capacity of the blood. Patients living 
at high altitudes and those with chronic lung disease are most 
likely to experience chronic hypoxia and develop secondary 
polycythemia.

Electrolyte Tests

Basic Concepts for Understanding 
Electrolyte Balance
Normal cellular function depends on homeostasis of fluids, 
electrolytes, and acid-base balance. Homeostasis is the ability 
of complex organisms to maintain a dynamic balance or equi-
librium in their internal environments by making constant 
adjustments. The guiding principle is that the total amount of 
water, electrolytes, acid, and base gained each day must be  
balanced by the total amount lost.

Electrolytes are positively or negatively charged ions that 
influence the functioning of enzymes. The concentration of any 
electrolyte is determined by the amount of water in which it is 
suspended. Electrolytes always must be interpreted within the 
context of fluid balance. Enzymes are proteins that regulate all 
chemical reactions occurring within cells, such as metabolism 
and protein synthesis. All cellular functions operate within very 
narrow parameters of electrolyte concentrations. Disturbances 
in electrolyte balance disrupt normal cellular functioning.

Two important points must be kept in mind when interpret-
ing blood tests. First, blood samples provide a one-time “snap-
shot” of processes that are constantly in flux. These “snapshots” 
provide the clinician with valuable but time-limited insight. 
Often, the most important information comes from serial  
measurements, whereby the degree of abnormalities and direc-
tional changes can be assessed. Changes over time provide vital 
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describe abnormal test values for electrolytes, diseases associ-
ated with these disturbances, and sample critical test results are 
provided in Table 17-4.

There are subtle differences in how electrolytes are reported, 
and this may cause confusion. The concentration of electrolytes 
in solution is reported by either the number of molecules (mil-
limoles [mmol]) or their associated valence or electrical charge 
(milliequivalents [mEq]). Although customary practice has 
been to report electrolytes as mEq/L, many laboratories report 
electrolytes as mmol/L. In an electrolyte solution, milliequiva-
lents are simply millimoles per liter multiplied by the valence. 
For example, Na+ possesses a valence of 1, so that the expression 
as either mmol/L or mEq/L is the same. For Ca++ and Mg++, 
which both possess a valence of 2, then the mEq value is twice 
the mmol value.

Glucose
Carbohydrate degradation produces serum glucose that is 
metabolized by cells for energy. Insulin, which comes from the 
pancreas, is necessary for cells to use glucose circulating in the 
blood. Hyperglycemia is an abnormally elevated blood glucose 
level most often resulting from either diabetes or severe sepsis. 
Hypoglycemia is an abnormally reduced serum glucose level 
associated with digestive problems, inadequate dietary intake of 
carbohydrates, or overtreatment of diabetes with insulin or 
drug-induced.

information about the severity and progression of disease as 
well as judging the effectiveness of therapy.

Second, the intravascular blood compartment is remote 
from the intracellular environment. Serum electrolyte levels 
provide only a hint of what might be occurring inside the cells 
of the body. This is because the intracellular fluid compartment 
represents approximately two-thirds of total body fluid. By 
comparison, the extracellular fluid compartment represents 
approximately one-third and the blood plasma is just a small 
fraction of the extracellular environment. Therefore monitor-
ing blood plasma abnormalities provides important but limited 
indirect information about the intracellular environment.

Basic Chemistry Panel
The basic chemistry panel (BCP) or basic metabolic panel 
includes the predominant electrolytes sodium (Na+), potassium 
(K+), chloride (Cl−), total carbon dioxide/bicarbonate (CO2), 
and glucose. Because the body’s electrolyte balance is controlled 
by the kidneys, excretion of renal-mediated waste products is 
included: creatinine and blood urea nitrogen. A comprehensive 
metabolic panel includes electrolytes, such as magnesium 
(Mg++), phosphorus (PO4

−), and calcium (Ca++). Each electro-
lyte plays a crucial role in maintaining normal cellular function. 
Specific information on the reference range and physiologic 
significance of each electrolyte and waste product can be found 
in Table 17-3. Information regarding the terminology used to 

TABLE 17-3 

Components of Basic Metabolic Panel and Common Electrolyte Tests With Sample Reference Ranges 
and Physiologic Significance

Test Reference Range* Physiologic Importance

Sodium	(Na+) 136-145	mEq/L Primary	extracellular	cation;	crucial	for	maintaining	fluid	balance	and	nerve	impulse	conduction
Potassium	(K+) 3.5-5.0	mEq/L Primary	intracellular	cation;	crucial	for	maintaining	normal	heart	and	kidney	function	and	

acid-base	balance
Chloride	(Cl−) 98-106	mEq/L Primary	extracellular	anion;	crucial	for	maintaining	serum	osmolarity	and	acid-base	balance
Total	carbon	

dioxide	(CO2)
22-29	mEq/L Primary	metabolic	end	product	of	aerobic	metabolism;	crucial	for	maintaining	acid-base	balance

Calcium	(Ca) 4.5-5.25	mEq/L Most	abundant	mineral	in	the	body;	essential	for	bone	strength,	muscular	contraction,	nerve	
impulse	conduction,	and	coagulation

Ionized	calcium	
(Ca++)

2.2-2.7	mEq/L The	approximately	50%	of	calcium	not	bound	to	circulating	proteins;	represents	the	biologically	
active	portion

Glucose	(Glu) 70-139	mg/dl Primary	cellular	energy	source
Creatinine	(Cr) 0.7-1.3	mg/dl Waste	product	from	muscle	catabolism	excreted	by	the	kidneys;	one	of	the	key	markers	of	

kidney	function	because	it	provides	a	gross	estimation	of	glomerular	filtration	rate
Blood	urea	

nitrogen	(BUN)
8-23	mg/dl Waste	product	from	metabolism	of	amino	acids;	a	key	marker	of	kidney	function

Magnesium	
(Mg++)

1.7-2.1	mEq/L Essential	for	regulation	of	most	biochemical	processes;	important	for	normal	muscle	and	
neuronal	functioning,	regulating	heart	rate	and	blood	pressure,	glucose	levels,	bone	strength,	
and	immune	function

Phosphorus	
(PO4

−)
1.2-2.3	mEq/L Main	intracellular	anion	(phosphate),	exists	as	PO4

−	in	serum;	combined	with	Ca	in	teeth	and	
bones;	serum	levels	inversely	related	to	serum	Ca

Lactate 0.7-2.1	mEq/L End	product	of	glucose	metabolism	under	anaerobic	conditions;	clinically	significant	levels	
coincide	with	regional	or	systemic	tissue	hypoxia

Osmolarity 275-295	mOsm/kg Tonicity	or	ability	to	attract	water	molecules;	indicates	overall	ionic	concentration	in	the	serum

Values	for	reference	ranges	and	critical	test	results	are	from	the	University	of	California–San	Francisco	Moffit-Long	Hospital	and	San	Francisco	General	
Hospital.
*Reference	ranges	vary	among	clinical	laboratories.	See	text	for	explanation.
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TABLE 17-4 

Sample Critical Test Results Reflecting Abnormalities in Electrolyte and Other Common Laboratory Tests

Test Sample Critical Test 
Result*

Common Pathologic Conditions 
Associated With Abnormally High Levels

Common Pathologic Conditions Associated 
With Abnormally Low Levels

Sodium	(Na+) >155	mEq/L;	<125	mEq/L Hypernatremia:	Dehydration	from	
excessive	water	loss	or	fluid	
restriction;	excessive	administration	
of	saline	fluids	or	diuretics	(usually	
≥180	mmol)

Hyponatremia:	Overhydration	or	
abnormal	secretion	of	antidiuretic	
hormone;	severe	vomiting	or	diarrhea;	
congestive	heart	failure,	renal	or	
hepatic	failure,	Addison	disease

Potassium	(K+) >6.0	mEq/L;	<3.0	mEq/L Hyperkalemia:	Acute	or	chronic	
kidney	disease,	Addison	disease,	
severe	alcoholism,	rhabdomyolysis;	
values	≥6	mmol	are	life-threatening

Hypokalemia:	Severe	vomiting	or	
diarrhea;	chronic	renal	disease;	
high-dose	beta-agonist	therapy

Chloride	(Cl−) >120	mEq/L;	<70	mEq/L Hyperchloremia:	Excessive	Cl−	
administration	(usually	saline	
resuscitation	during	shock);	
metabolic	acidosis,	diabetes	
insipidus

Hypochloremia:	Severe	vomiting	or	
diarrhea;	metabolic	alkalosis,	adrenal	
insufficiency,	severe	burns,	excessive	
intravenous	dextrose	administration

Total	carbon	dioxide	
(CO2)

>40	mEq/L;	<15	mEq/L Ventilatory	failure Metabolic	acidosis;	hyperventilation	
syndrome;	severe	diarrhea

Calcium	(Ca) >13.5	mEq/L;	<6.5	mEq/L Hypercalcemia:	Hyperparathyroidism,	
lithium	or	thiazide	diuretic	therapy,	
metastatic	cancer,	multiple	myeloma

Hypocalcemia:	Hypoparathyroidism,	
blood	transfusions,	acute	pancreatitis,	
vitamin	D	deficiency

Ionized	calcium	(Ca++) >1.5	mEq/L;	<0.8	mEq/L See	above See	above
Glucose	(Glu) >500	mg/dl;	<50	mg/dl Hyperglycemia:	Diabetes	mellitus,	

severe	sepsis
Hypoglycemia:	Excessive	insulin	

administration,	inadequate	dietary	
intake	of	carbohydrates

Creatinine	(Cr) >10	mg/dl Acute	kidney	injury,	chronic	renal	
failure

Protein	starvation,	liver	disease

Blood	urea	nitrogen	
(BUN)

>100	mg/dl Acute	kidney	injury,	chronic	renal	
failure,	dehydration

Liver	disease,	malnutrition

Magnesium	(Mg++) >3.7	mEq/L;	<0.8	mEq/L Hypermagnesemia:	Chronic	renal	
failure,	Addison	disease,	diabetic	
ketoacidosis,	dehydration

Hypomagnesemia:	Cirrhosis,	pancreatitis,	
severe	alcoholism,	hemodialysis,	
toxemia	of	pregnancy,	ulcerative	colitis

Phosphorus	(PO4
−) <1.0	mEq/L;	>2.5	mEq/L Hyperphosphatemia:	Commonly	

found	in	patients	with	renal	failure,	
hepatic	failure,	bone	metastasis,	
hypocalcemia,	hypoparathyroidism

Hypophosphatemia:	Most	often	seen	
in	chronic	hyperventilation	syndrome;	
also	caused	by	hypercalcemia,	
hyperparathyroidism,	and	malnutrition

Lactate >4	mEq/L Primarily	causes	anaerobic	metabolism;	
frequently	found	in	patients	with	
hemorrhagic	or	septic	shock;	may	also	
be	due	to	reduced	hepatic	clearance,	
dehydration,	or	trauma

Osmolarity >320	mOsm/kg;	
<240	mOsm/kg

Values	for	reference	ranges	and	critical	test	results	are	from	the	University	of	California–San	Francisco	Moffit-Long	Hospital	and	San	Francisco	General	
Hospital.
*Reference	ranges	and	critical	test	results	vary	among	clinical	laboratories.	See	text	for	explanation.

Diabetes is diagnosed by measuring fasting blood glucose 
levels (i.e., a glucose measurement taken after 12 hours without 
food). A blood glucose level greater than 140 mg/dl on two  
occasions usually indicates diabetes. Severe hyperglycemia oc-
curring with metabolic acidosis is consistent with diabetic keto-
acidosis and represents a potentially life-threatening condition 
if not treated immediately.

In critically ill patients, insulin resistance and severe hyper-
glycemia (glucose levels >200 mg/dl) are common and are asso-
ciated with higher incidences of organ failure and mortality. 
Insulin therapy is used in critically ill surgical and medical 

patients to control blood sugar. The practice of maintaining 
tightly controlled glucose levels (80 to 110 mg/dl) in these 
patients has been controversial. It now appears that the associa-
tion between hyperglycemia and mortality is limited to criti-
cally ill patients who are not diabetic at hospital admission, so 
that less stringent parameters (glucose levels 110 to 150 mg/dl) 
are probably acceptable.4

Anion Gap
As discussed in Chapter 14, metabolic acidosis is caused by 
either the addition of nonvolatile acids or a primary loss of 
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liver. Protein synthesis, another vital aspect of liver function,  
is assessed by measuring concentrations of total protein and 
albumin. Liver disease is characterized by the inability to remove 
toxins from the bloodstream. One of the primary toxins associ-
ated with altered mental function in patients with liver disease 
is the accumulation of ammonia, which forms from the break-
down of proteins.

Pancreatic and Muscle Enzyme Tests
Other diseases also produce abnormal amounts of enzymes in 
the serum. Patients with pancreatitis have abnormal levels of 

HCO3
−. The anion gap provides a quick method for determin-

ing whether a decrease in HCO3
− is caused by a disruption of 

normal anion balance or the presence of an abnormal acid 
anion. A balance normally exists between cations (+ charge) 
and anions (− charge) in the serum. The normal anion gap 
occurs because sulfate, phosphate, and organic anions such as 
lactate are not routinely measured, whereas most cations are 
measured. The anion gap is calculated by adding the CO2 and 
Cl− values and then subtracting this total from the serum Na+. 
The normal anion gap is approximately 8 to 14 mEq/L, and gap 
acidosis usually coincides with an anion gap of 16 mmol/L or 
greater. However, serum proteins are an important determinant 
of the anion gap. Hypoalbuminemia (decreased serum albumin) 
is common in critically ill patients and significantly reduces the 
anion gap. As a rule, for every 1-g reduction in serum albumin 
below 4 g/dl, the anion gap is corrected upward by 3 mEq/L.

	

RULE OF THUMB

An	anion	gap	greater	than	16	is	consistent	with	the	
presence	of	metabolic	acidosis.

Lactate
Lactate is the end product of anaerobic glucose metabolism. 
Blood lactate concentration depends on lactate production in 
muscle cells and erythrocytes and the rate of lactate metabolism 
by the liver. Therefore lactic acidosis results either from over-
production of lactate or insufficient metabolism of lactate. 
Abnormal lactate levels can be found in diverse conditions, such 
as liver disease, diabetes mellitus, thiamine deficiency, malig-
nancies, and toxic ingestion of ethanol, methanol, or salicylates. 
However, the most common cause of lactic acidosis is anaerobic 
metabolism from tissue hypoxia associated with shock. Initial 
lactate levels greater than 4 mEq/L signifies the inability to 
rapidly clear high lactate levels and is associated with higher 
mortality in patients with septic, traumatic, or cardiogenic 
shock.5

MINI CLINI
Anion Gap

PROBLEM  1:  A patient in the intensive care unit is being 
treated for shock and acute renal failure. No arterial blood gas 
(ABG) samples have been drawn yet, but the RT suspects the 
respiratory system is involved because the patient has been 
breathing more rapidly over the past 12 hours. The electrolyte 
panel reveals a serum Na+ of 146 mEq/L, a total CO2 of 
20 mEq/L, and a serum Cl− of 100 mEq/L. Does the electrolyte 
panel suggest any problems, and what should be done if there 
are any?

SOLUTION:  The electrolytes are normal except for a decrease 
in the serum CO2. The anion gap is calculated by subtracting 
the sum of CO2 and Cl− from Na+ (146 − [100 + 20]). In this 
case, the anion gap is elevated (26 mEq/L) and is consistent 
with a metabolic acidosis. An ABG analysis is needed to evalu-
ate the acid-base status of the patient further. The patient’s 
rapid breathing probably is related to the metabolic acidosis 
because hyperventilation decreases CO2 levels and promotes 
acid-base compensation.

PROBLEM 2:  A patient in the trauma intensive care unit is 
undergoing large fluid resuscitation with normal saline solu-
tion. The patient is in hemorrhagic shock after a motor vehicle 
accident. An initial ABG measurement reveals a pH of 7.25, 
PCO2 of 25 mm Hg, and HCO3

− of 10.6 with a base deficit of 
−14.9 mEq/L. The trauma surgeons are debating increasing the 
amount of normal saline solution infused. They suspect their 
resuscitation efforts are inadequate, and metabolic acidosis is 
worsening from continued lactate accumulation. What addi-
tional information can be provided by obtaining a BCP to help 
guide therapy?

SOLUTION:  If the BCP reveals Na+ of 140 mEq/L, Cl− of 
95 mEq/L, and CO2 of 20 mEq/L (anion gap of 25 mEq/L), the 
surgeons would be correct in assuming that their resuscitation 
efforts were inadequate. The anion gap of 25 likely represents 
a worsening lactic acidosis. However, if the BCP reveals Na+ of 
150 mEq/L, CO2 of 20 mEq/L, and Cl− of 122 mEq/L, the anion 
gap would be normal (8 mEq/L). The metabolic acidosis would 
be caused by an abnormally high serum Cl− concentration from 
excessive normal saline administration. This example repre-
sents a common problem in emergency and critical care prac-
tice: the overresuscitation of trauma patients from severe 
shock.

	

RULE OF THUMB

In	patients	with	many	forms	of	shock,	a	serum	lactate	
level	greater	than	4	mEq/L	is	associated	with	higher	
mortality.

Enzyme Tests

Liver Function Tests
The liver is primarily responsible for converting food into sub-
strates essential for cellular metabolism, protein synthesis, and 
detoxifying substances in the body. Liver damage is assessed by 
abnormal increases in the hepatic enzymes alanine aminotrans-
ferase, aspartate aminotransferase, and alkaline phosphatase. 
Total bilirubin is produced by the liver from the breakdown 
of destroyed RBCs. It is a crucial component of the liver panel 
test because it assesses one of the primary functions of the  
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entire process of coagulation is measured by the prothrombin 
time (PT) and partial thromboplastin time (PTT). These tests 
assess two different pathways by which fibrin clots are formed.

PT is the time in seconds required by plasma to form a fibrin 
clot after exposure to tissue factors. It assesses the extrinsic 
coagulation pathway and reflects the function of clotting factors 
I, II, V, VII, and X. In contrast, PTT primarily assesses the intrin-
sic coagulation pathway. It is used to evaluate abnormalities 
in blood clotting and monitor the effects of anticoagulation 
therapy. Abnormalities in PTT are associated with clotting 
factors I through VI and factors VIII through XII. Clinically, 
abnormal increases in PT and PTT are found in patients with 
vitamin K deficiencies and patients receiving anticoagulation 
therapy such as warfarin or heparin. Increased PT and PTT also 
occur in patients with disseminated intravascular coagulation 
(DIC) and patients with end-stage liver disease.

Because PT test results (Table 17-6) depend on manufac-
tured animal tissue factors, which have unavoidable variability, 
PT is accompanied by an additional measurement known as the 
international normalized ratio (INR). The INR expresses PT 
relative to an established sample value. The reference range for 
INR is 0.9 to 1.3. INR values of approximately 5.0 indicate a 
high likelihood for bleeding. Values of 0.5 are associated with a 
tendency toward increased clotting.

D-dimer is a small protein fragment found in the blood 
when fibrin clots are dissolving. It belongs to a larger group of 
substances referred to as fibrin degradation products. D-dimer 
levels are measured to help diagnose deep vein thrombosis, 

TABLE 17-5 

Liver Function and Other Enzymatic Tests

Test Reference 
Range

Sample Critical 
Test Result*

Total	bilirubin	(T	Bil) 0.1-1.1	mg/dl ≥15	mg/dl
Alanine	aminotransferase	

(ALT)
7-56	units/L †

Aspartate	aminotransferase	
(AST)

10-50	units/L †

Alkaline	phosphatase	(ALK) 40-125	units/L †

Total	protein	(TP) 15-45	mg/dl †

Albumin	(ALB) 3.3-5.2	g/dl †

Ammonia 18-54	µmol/L ≥500	mcg/dl
Amylase	(serum) 20-110	units/L >330	units/L
Lipase 10-140	units/L >420	units/L
Creatinine	phosphokinase	

(CPK)
20-220	units/L >10,000	units/L

Troponin	I 0	ng/ml >0.05	ng/ml
B-type	natriuretic	peptide <100	pg/ml †

Lactate	dehydrogenase	
(LDH)

110-220	units/L >880	(moderate);	
>8800	(severe)

Values	for	reference	ranges	and	critical	test	results	from	the	University	of	
California–San	Francisco	Moffit-Long	Hospital/San	Francisco	General	
Hospital.
*Critical	test	results	vary	among	clinical	laboratories	based	on	
instrumentation	and	calibration	procedures.	Not	all	tests	have	an	associated	
critical	result	that	can	be	reported.
†No	critical	value	established.

the pancreatic enzymes lipase and amylase. Creatine phosphoki-
nase (CPK) or creatinine kinase is an enzyme found mainly in 
heart, brain, and skeletal muscle tissue. Patients who have sus-
tained ischemic damage to these tissues have elevated CPK 
levels. Three types of CPK are associated with each tissue. 
CPK-1 (CPK-BB) is released primarily from the lungs or brain 
after injury. Patients with extensive crush injuries involving the 
skeletal muscles and those with myositis have elevated levels of 
CPK-3 (CPK-MM). The third type of CPK is associated with 
cardiac injury and is discussed subsequently.

Lactate dehydrogenase is the enzyme that catalyzes the 
conversion of pyruvate into lactate. Elevated serum levels of 
lactate dehydrogenase are associated with tissue breakdown. 
This breakdown occurs with many conditions, such as rhabdo-
myolysis (e.g., skeletal muscle breakdown typically from trau-
matic crush injuries releases myoglobin into the blood), cancer, 
meningitis, hemolytic anemia, acute pancreatitis, acute myocar-
dial infarction, and HIV disease. Moderate increases in lactate 
dehydrogenase are associated with myocardial infarction or 
hemolytic anemia (880 units/L), whereas large increases are 
seen in extensive cancers, rhabdomyolysis, severe shock, and 
anoxia (8800 units/L).

Cardiac Enzyme and Protein Tests
The most common CPK test is CPK-2 (CPK-MB), an enzyme 
released from the heart after myocardial infarction. Levels 
notably increase 4 to 6 hours and peak 12 to 24 hours after 
injury. Serial CPK-2 measurements are monitored in patients 
with suspected myocardial infarction, cardiac contusion from 
chest trauma, open heart surgery, or myocarditis. Troponin is 
a complex protein that helps regulate skeletal and cardiac 
muscle contractility. The protein fragment troponin I is associ-
ated with cardiac muscle damage. Similar to CPK-2, troponin I 
levels peak 12 to 16 hours after myocardial infarction. Reference 
values for these enzyme tests are presented in Table 17-5.

B-type natriuretic peptide (BNP) is secreted by the heart in 
response to increased cardiac muscle stretch. The BNP test pri-
marily is used to evaluate patients for heart failure, particularly 
those presenting to the emergency department with dyspnea 
and pulmonary edema.6 Values greater than 300 pg/ml indicate 
mild heart failure, above 600 pg/ml moderate heart failure, and 
greater than 900 pg/ml severe heart failure. Other conditions 
such as acute respiratory distress syndrome (ARDS) and severe 
sepsis also cause increased cardiac muscle stretch, resulting in 
BNP levels in the range of 300 to 500 pg/ml.6

Coagulation Studies

Coagulation is the process by which the blood and vascular tree 
form clots to stop bleeding and repair damage to the injured 
blood vessels. In brief, damage to the internal vascular wall 
(endothelium) exposes the blood to tissue factors (i.e., proteins) 
that attract and activate platelets, which stimulates clotting. 
Thrombocytopenia (low platelets) and thrombasthenia (abnor-
mal platelet functioning) lead to excessive bleeding, whereas 
thrombocytosis (excessive platelets) causes excessive clotting. In 
addition to direct platelet measurement, the functionality of the 
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indicative of infection and levels of approximately 130 mg/L 
associated with severe sepsis.

MICROBIOLOGY TESTS

Sputum Gram Stain

Patients suspected of having a serious lung infection require a 
sputum sample to identify the microorganism causing the 
infection, thereby facilitating appropriate antibiotic selection. 
The Gram stain is the first test used in evaluating sputum 
samples. A laboratory technician smears the sputum sample 
onto a glass slide, applies a staining solution, and examines it 
through a microscope.

The Gram stain determines the quality of the sputum sample. 
Some patients have difficulty producing an adequate sputum 
sample and may expectorate only saliva into the sputum cup. 
In such cases, the Gram stain shows few (<25 per low-power 
field) or no pus cells and numerous epithelial cells, and the 
sample must be discarded. A sample with numerous pus cells 
and few epithelial cells is most likely a true lung sample and 
likely reflects the infection source.

TABLE 17-6 

Coagulation Studies

Test Reference Range Critical Test Result

Prothrombin	time	(PT) 12-15	sec >30	sec
Partial	thromboplastin	

time	(PTT)
25-39	sec >50	sec

International	
normalized	ratio	
(INR)

0.8-1.2 >5	sec

Fibrin	D-dimer <200	ng/ml *
Platelet	count 150,000-400,000/mm3 <25,000/mm3

Values	for	reference	ranges	and	critical	test	results	are	from	the	University	of	
California–San	Francisco	Moffit-Long	Hospital	and	San	Francisco	General	
Hospital.
*No	critical	value	established.

pulmonary embolism, or DIC. Unless significant clotting has 
occurred in the body, the D-dimer test is normal.

Protein C has an integral role in regulating coagulation. In 
its activated state (activated protein C), it inhibits coagulation 
and promotes clot degradation. Protein C levels are reduced in 
patients with severe sepsis and acute respiratory distress syn-
drome.7 Low protein C promotes abnormal clot formation and 
damages blood vessels in the microcirculation throughout the 
body (DIC). Significant deficiencies in protein C levels (<40% 
of normal) are associated with increased risk for death in 
patients with severe sepsis. Protein C levels are sometimes used 
to assess the severity of inflammation and coagulation disorders 
in patients with severe sepsis.

Infection Monitoring
Procalcitonin (PCT) is an inactive protein of the hormone cal-
citonin that is released in response to bacterial infections (par-
ticularly sepsis). PCT levels are directly related to the severity 
of infection. Because PCT does not increase in response to viral 
infections, it is a unique marker for bacterial infections. PCT 
levels typically increase within 2 to 4 hours of sepsis with peak 
levels occurring 24 to 48 hours later. Once infection is con-
trolled with appropriate antibiotic therapy, PCT levels promptly 
decrease. Therefore measuring PCT increasingly is used to 
titrate antibiotic therapy. In healthy individuals PCT levels are 
less than 0.1 ng/ml. A diagnosis of sepsis is confirmed when 
PCT levels are greater than 0.5 ng/ml and excluded when PCT 
levels are 0.2 ng/ml or less.8 Antibiotic therapy often is initiated 
when PCT levels reach 0.25 to 0.50 ng/ml. Measurements of 
PCT are repeated every 1 to 2 days to evaluate antibiotic therapy. 
When PCT decreases by approximately 90% from peak values, 
antibiotic therapy is usually terminated.

C-reactive protein (CRP) is a plasma protein expressed by the 
liver in response to infection (particularly sepsis) or trauma. 
The primary role of CRP is activating the complement system 
that assists antibodies in destroying bacteria. CRP levels begin 
to increase 6 to 8 hours after the onset of infection or injury 
and peak at approximately 36 to 50 hours.9 Normal CRP levels 
are approximately 0.8 mg/L with cutoff values of 80 to 100 mg/L 

	

RULE OF THUMB

A	legitimate	sputum	sample	has	few	epithelial	cells	and	
many	pus	cells	(leukocytes).

After the sample is verified, the laboratory technician identi-
fies the Gram stain reaction (either positive or negative) and  
the shape of any bacteria present (rods vs. cocci). For example, 
Streptococcus pneumoniae, a common bacterium associated 
with pneumonia, is characterized as lancet-shaped, gram-
positive diplococci. Although a Gram stain can be helpful in 
identifying an invading organism so antibiotics can be more 
quickly started, a definitive diagnosis is made only by culture of 
the specific organism over several days.

Sputum Culture
If the Gram stain reveals an adequate sample, the technician 
prepares a portion of the sputum for culture. The sputum 
sample is placed in a medium permitting growth of the organ-
ism. When the organism has matured, it is examined micro-
scopically to determine its exact type and sensitivity to antibiotic 
therapy. This information allows the physician to initiate appro-
priate antibiotic therapy. Gram staining and culturing are also 
applied to samples of blood, pleural fluid, or any other body 
fluid involved in an infection.

Acid-Fast Testing
Pulmonary tuberculosis is caused by a mycobacterium (Myco-
bacterium tuberculosis). The rapid identification and isolation 
of patients with suspected tuberculosis infection is an extremely 
important infection control measure. A rapid and effective 
method for detecting tuberculosis infection is to perform a 
Gram stain of a slide containing a sample of sputum followed 
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weakness, so that weaning from a ventilator is unlikely to be 
successful in the patient with hypoglycemia. In addition, abnor-
mally high serum K+ levels, or hyperkalemia (>8.0 mmol/L), 
and abnormally low serum K+, or hypokalemia (<2.0 mmol/L), 
or phosphorus, or hypophosphatemia (<1.0 mg/dl) can lead to 
respiratory muscle weakness. In addition, severe hyperkalemia 
(>6.0 mmol/L) increases the likelihood of cardiac arrhythmias. 
Severe hypocalcemia (<6.5 mmol/L) sometimes leads to laryn-
geal stridor and dyspnea.

Electrolyte disorders and other toxins in the bloodstream 
can depress neurologic function. Pulmonary function is pro-
foundly affected because decreased mental functioning may 
depress respiratory drive, prevent patients from cooperating 
with therapy, and suppress the ability of patients to protect their 
airway and clear secretions by depressing the cough mechanism. 
In severe cases, hypernatremia is a major cause of central 
nervous system depression, which can lead to lethargy, coma, 
and respiratory arrest.12 In patients with severe liver disease, 
elevated ammonia levels also depress neurologic function.

Finally, laboratory tests are used by physicians to assess the 
overall likelihood of survival of a critically ill patient. For 
patients with primary pulmonary failure, survival is related to 
the prevention of secondary multiple organ system failure. As 
a result, following trends in creatinine, total bilirubin, and 
platelets is crucial in monitoring the development or progres-
sion of renal, hepatic, and hematologic failure.

by an acid wash. A characteristic of all mycobacteria is that after 
staining, the subsequent acid wash does not weaken the cell wall 
sufficiently to remove the color dye. This resistance to decolor-
ization classifies the organism as an acid-fast bacterium.

Sweat Chloride

Patients with cystic fibrosis have increased levels of Cl− in their 
sweat because of an inability to reabsorb it. These patients typi-
cally have sweat Cl− levels greater than 60 mmol/L, whereas 
values of 40 to 60 mmol/L are considered borderline for cystic 
fibrosis. Sweat Cl− levels less than 40 mmol/L are considered 
unlikely to confirm the diagnosis. Although the sweat electro-
lyte test is an important tool for diagnosing cystic fibrosis, it 
must be combined with other tests.

CLINICAL APPLICATION OF 
LABORATORY DATA

RTs are focused primarily on the pulmonary system and not as 
much on other organ systems. However, many of the laboratory 
tests previously discussed in this chapter are relevant to the RT’s 
implementation of various aspects of the plan of care.

Coagulation Disorders

In patients requiring arterial blood gas (ABG) testing or naso-
tracheal suctioning, the RT must evaluate the clotting charac-
teristics of the blood. For ABG testing, patients with an 
abnormally low platelet count or an elevated PT and INR need 
to have the puncture site compressed for a longer time after the 
arterial sample is obtained to prevent bleeding and hematoma 
development. Patients with an extremely low platelet count 
should have an arterial puncture performed (or undergo naso-
tracheal suctioning) only when it is essential because of the 
extremely high risk for bleeding.

In addition, RTs are intimately involved in assessing patients 
with suspected pulmonary embolism. Patients with pulmonary 
embolism present with some of the same symptoms as patients 
with myocardial infarction (e.g., dyspnea and chest pain), and 
it is important for the RT to be familiar with tests such as 
D-dimer, troponin I, CPK-1, and CPK-2, which help make the 
differential diagnosis.

Electrolyte Disorders

Severe electrolyte disorders have a profound impact on pulmo-
nary function. The primary concern of the RT is the effect of 
electrolyte disorders on respiratory muscle function. Many elec-
trolyte disorders cause generalized skeletal muscle weakness. 
This weakness may limit ambulation and increases the risk for 
patients developing pneumonia and venous thromboembolism 
that can lead to pulmonary embolism. In a patient with pulmo-
nary disease, respiratory muscle weakness impairs the ability to 
sustain spontaneous ventilation and the ability to maintain pul-
monary hygiene through deep breathing and adequate cough.

Primary electrolyte disorders causing respiratory muscle 
weakness include low serum levels of Ca++, Mg++ and phos-
phate.10,11 A patient with hypoglycemia often complains of 

SUMMARY CHECKLIST

◗	The	three	formed	elements	of	the	blood	are	the	WBCs	
(leukocytes),	RBCs	(erythrocytes),	and	platelets	
(thrombocytes).

◗	Elevation	of	the	WBC	count	is	known	as	leukocytosis.	It	
often	occurs	with	infection,	stress,	or	trauma.

◗	A	reduced	WBC	count	is	known	as	leukopenia.	It	puts	the	
patient	at	risk	for	serious	infection.

◗	Abnormal	elevation	of	the	RBC	count	is	known	as	
polycythemia,	and	an	abnormal	reduction	in	the	RBC	
count	is	known	as	anemia.

◗	Anemia	reduces	the	O2-carrying	capacity	of	the	blood	and	
increases	the	risk	for	tissue	hypoxia.	Severe	electrolyte	
abnormalities,	including	low	Ca++,	Mg++,	and	PO4

−,	cause	
respiratory	muscle	weakness.

◗	Weakness	from	anemia	and	electrolyte	abnormalities	can	
inhibit	a	patient	from	participating	in	their	care	plan	and	
slow	their	recovery.

◗	Severe	hyperkalemia	(>6	mmol/L)	greatly	increases	the	risk	
for	cardiac	arrhythmias.

◗	Troponin	I	and	CPK-MM	tests	are	used	to	help	diagnose	
myocardial	infarction.

◗	To	minimize	bleeding	risk	in	arterial	punctures	and	
nasotracheal	suctioning,	extreme	caution	should	be	used	
in	patients	with	thrombocytopenia	and	elevated	PT	or	INR.

◗	A	sputum	Gram	stain	is	useful	for	determining	the	quality	
of	the	sample	and	the	type	of	organism	present.	Samples	
with	many	epithelial	cells	and	few	pus	cells	suggest	oral	
and	not	pulmonary	secretions.
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C H A P T E R   18 

Interpreting the 
Electrocardiogram

ALBERT J. HEUER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	value	and	limitations	of	the	electrocardiogram.
◆	 Review	the	electrocardiogram	equipment	set-up.
◆	 Describe	the	electrophysiology	of	cardiac	cells.
◆	 Describe	how	the	cardiac	impulse	is	conducted.
◆	 Recognize	various	abnormal	electrocardiographic	recordings	and	major	treatment	alternatives.

CHAPTER OUTLINE

Basic Principles of Electrophysiology
Impulse-Conducting	System

Electrocardiogram Procedural Summary
Basic	Electrocardiographic	Waves
Interpreting	the	Electrocardiogram
Pulseless	Electrical	Activity

KEY TERMS

atrial	kick
automaticity
depolarization

ectopic	beat
ectopic	foci

impulse-conducting	system
repolarization

T he electrocardiogram (ECG) is an important diagnos-
tic tool that in some settings is obtained by the respira-
tory therapist (RT). As a result, this can place the RT in 

a prime position to recognize and respond to life-threatening 
arrhythmias. This chapter emphasizes the basics of cardiac 
physiology, lead placement, ECG interpretation, and the iden-
tification and key points in the treatment of dysrhythmias. 
More details of the cardiopulmonary anatomy and emergency 
cardiovascular life support are presented in Chapters 10  
and 37.

An ECG can be done using either a 12-lead system, which 
provides more diagnostic value than the alternative approach, 
or a 3-lead system, which is commonly used for telemetry. A 
12-lead ECG provides a more complete assessment of the 

electrical activity of the heart by viewing it from 12 different 
angles and is the focus of this chapter.

The ECG is a popular evaluation tool because it is inexpen-
sive, noninvasive, and easy to obtain. It is used primarily to help 
evaluate a patient with signs and/or symptoms of myocardial 
disease. A physician would order an ECG for most adult patients 
complaining of certain types of chest pain, shortness of breath, 
dyspnea with palpitations, weakness, lethargy, or syncope; these 
are the classic clinical symptoms associated with heart disease. 
In addition, the ECG is routinely used to detect abnormalities 
that are occurring or have already occurred, such as a myocar-
dial infarction (MI), the general health status of middle-aged 
or older patients or for preoperative screening. However, ECGs 
done at rest have little or no value as a predictor of future heart 



 Interpreting the Electrocardiogram • CHAPTER 18 357

blood effectively. A defect in the impulse-conducting system 
may lead to inadequate cardiac output and decreased tissue 
perfusion. Normally, the SA node, which is located in the upper 
portion of the right atrium, has the greatest degree of automa-
ticity and paces the heart (Figure 18-2). Any heartbeat originat-
ing outside the SA node is considered an ectopic beat.2 The SA 
node is innervated by the autonomic nervous system, which 
allows the sympathetic and parasympathetic nervous systems 
to influence heart rate. Stimulation of the sympathetic nervous 
system, such as occurs with the administration of certain medi-
cations (e.g., adrenergic bronchodilators), increases the heart 
rate, whereas activation of the parasympathetic nervous system 
slows the heart rate by influencing the degree of automaticity 
within the SA node.

The electrical impulse generated by the SA node travels 
rapidly across the right atrium, through intraatrial pathways, to 
the left atrium by way of the Bachmann bundle; this causes a 
wave of depolarization to occur over the atria, producing atrial 
contraction. Next, the impulse moves to the AV node, located 
in the intraventricular septum in the inferior aspect of the right 
atrium (see Figure 18-2). The AV node is the “backup” pace-
maker because it has the second greatest degree of automaticity 
in the healthy heart. In most cases, if the SA node fails to func-
tion properly, the AV node paces ventricular activity at a lower 
heart rate of 40 to 60 beats/min, which is generally sufficient to 
maintain adequate cardiac output.2

The electrical impulse is temporarily delayed at the AV node 
to allow the ventricles time to fill with blood. That brief delay 
also limits the rate of the ventricular stimulation during exces-
sively fast atrial rhythms that, if passed to the ventricles, would 
lead to inadequate cardiac output.3,4

problems and they cannot directly identify certain abnormali-
ties, such as valvular defects.1

FIGURE 18-1	 Depolarization	and	repolarization	of	a	cardiac	cell.	
(Modified	from	Wesley	K:	Huszar’s	basic	dysrhythmias	and	acute	
coronary	syndromes:	interpretation	and	management,	ed	4,		
St	Louis,	2014,	Elsevier.)
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Acute Chest Pain in the  
Emergency Room

PROBLEM:  A 52-year-old man presents with severe chest 
pain that radiates to his left shoulder and shortness of breath. 
The newly graduated resident physician is obtaining a compre-
hensive history and performing a physical examination; the RT 
assisting with the evaluation notes that the man is diaphoretic 
and tachycardic, with pale skin color. After giving an order for 
O2, the physician resumes taking the history and performing 
the physical. What additional tests should the RT recommend 
be obtained at this time?

SOLUTION:  A STAT ECG should be ordered to help differ-
entiate among chest pain associated with an MI or other cardiac 
abnormality such as angina and other causes such as orthope-
dic injury. As discussed later in this chapter, T wave inversion 
and ST segment elevation suggest cardiac ischemia and perhaps 
an MI, which would warrant immediate treatment.

BASIC PRINCIPLES OF 
ELECTROPHYSIOLOGY

The muscle cells of the heart normally are stimulated and paced 
by the electrical activity of the cardiac impulse-conducting 
system. The impulse-conducting system cells have the ability to 
stimulate the heart without the influence of the nervous system. 
However, the autonomic nervous system normally plays a major 
role in controlling heart function.1

Cardiac muscle cells normally generate an electrical imbal-
ance across the cell membrane, with a positive charge on the 
outside and a negative charge on the inside. This is the resting 
or polarized state in which there is no electrical activity. Stimu-
lation of the “polarized” cells causes an influx of Na+ into the 
interior portion of the cell; this is called depolarization (Figure 
18-1). Depolarization causes the cardiac muscle cells to contract 
momentarily. Depolarization is immediately followed by repo-
larization, which is a rapid return of the cell to the “polarized” 
position in which the electrical imbalance across the membrane 
is reestablished.

The impulse-conducting system has three types of cardiac 
cells capable of electrical excitation: pacemaker cells (e.g.,  
sinoatrial [SA] node, atrioventricular [AV] node), specialized 
rapidly conducting tissue (e.g., Purkinje fibers), and atrial and 
ventricular muscle cells. The ability of these cells to depolarize 
without stimulation is known as automaticity. Each of these 
cardiac cell groups varies in degree of automaticity.1-3

Impulse-Conducting System

The impulse-conducting system is responsible for initiating the 
heartbeat and controlling the heart rate. It also coordinates the 
contraction of the heart chambers, which is essential to move 
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attachment to the skin. Generally, the lead wires should be 
attached to the electrodes before being placed on the skin, to 
avoid unnecessary pressure to the skin’s surface. The lead wires 
are often marked to help ensure proper placement on the 
patient’s body.

The 12 leads can be subdivided into two groups: 6 extremity 
(limb) leads and 6 chest (precordial) leads. For the six limb 
leads, four electrodes are placed on the extremities, one on each 
wrist and one on each ankle. These leads are bipolar, which 
permits the measurement of electrical activity in two different 
directions. Additionally, the ECG unit can vary the orientation 
of these four electrodes to create six different views. Any electri-
cal activity of the heart that is directed up, down, left, or right 
is recorded by the limb leads. The limb leads are called leads I, 
II, III, aVR, aVL, and aVF (Table 18-1).

The six chest or precordial leads are called leads V1, V2, V3, 
V4, V5, and V6. These leads are unipolar, which means that they 
measure electrical activity in only one direction. These leads are 
placed in a horizontal plane across the chest, starting with V1 in 
the fourth intercostal space to the right of the sternum. The rest 
of the chest leads are on the left side, starting with V2, which is 
placed in the fourth intercostal space just to the left of the 

FIGURE 18-2	 Anatomy	of	the	impulse-conducting	system	of	the	human	heart.	
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The impulse exits the AV node, enters the bundle of His, and 
rapidly moves to the bundle branches. The bundle branches 
carry the impulse rapidly into the right and left ventricles. The 
bundle branches terminate in the Purkinje fibers, which are 
small, finger-like projections that penetrate the myocardium 
(see Figure 18-2). These fibers stimulate contraction of the 
myocardium from the apex of the heart upward toward the base 
of the heart, causing a coordinated contraction of the ventricles, 
which normally is effective in moving blood. The impulse 
travels most rapidly in the Purkinje fibers, which is essential if 
contraction of the ventricles is to occur in a coordinated fashion. 
Immediately after depolarization of the ventricles, repolariza-
tion occurs in preparation for the next impulse.3,4

ELECTROCARDIOGRAM 
PROCEDURAL SUMMARY

Once the physician orders a 12-lead ECG, the equipment is 
gathered, which includes the portable ECG unit, lead wires, and 
electrodes.

The lead wires permit the connection between the ECG unit 
and the electrodes, which have adhesive permitting temporary 
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more than 2.5 mm high and 3 mm long. Atrial hypertrophy 
may cause the P wave to enlarge to a larger height and length. 
Atrial repolarization is not seen on the electrocardiographic 
tracing because it is obscured by the electrical activity occurring 
in the ventricles at the same time.

The wave of depolarization occurring over the ventricles is 
seen as the QRS complex on the electrocardiographic tracing. 
The QRS complex is normally larger than the P wave because 
the muscle mass of the ventricles is much greater than that of 
the atria. The normal QRS complex is not wider than 3 mm 
(0.12 second) because of the rapid movement of the impulse 
through the ventricles by the bundle branches and Purkinje 
fibers. Abnormalities in the ventricular conduction system may 
lead to irregular QRS complexes that are wider than normal.

The QRS complex usually consists of several distinct waves, 
each of which has a letter assigned to it as a label. If the first 
wave of the complex is negative (downward), it is labeled the Q 
wave. The initial positive (upward) deflection is electrocardio-
graphically referred to as the R wave, and the next negative 
deflection after the R wave is labeled the S wave. Not all QRS 
complexes have all three components present, but the waves 
making up ventricular depolarization are electrocardiographi-
cally referred to as the QRS complex, regardless of its exact 
makeup. The wave of repolarization occurring in the ventricles 
immediately after depolarization is the T wave (see Figure 18-4).

Two important segments of the electrocardiographic pattern 
must be observed and measured. The first is the PR interval, 
which refers to the distance (time) between the start of atrial 
depolarization and the start of ventricular depolarization. The 
PR interval represents the time in which the impulse begins in 
the SA node and travels across the atria to the AV node, where 
it is held briefly before passing on to the ventricles. Normally, 

sternum, and ending with V6, which is placed at the fifth inter-
costal space at the left midaxillary line (V6). Figure 18-3 illus-
trates proper placement of ECG leads. The view from each chest 
lead provides its own angle of orientation to measure cardiac 
electrical activity moving anteriorly or posteriorly.2,4

After all leads are properly placed and the ECG unit is acti-
vated, all 12 leads together provide a comprehensive view of  
the electrical activity of the heart. Given that an array of condi-
tions, including cardiac ischemia and acute MI can alter electri-
cal conduction through the heart, the ECG has considerable 
diagnostic value. The balance of this chapter focuses mainly  
on how electrocardiographic waves are generated, interpreting 
ECGs, identifying abnormal rhythms, and some treatment 
considerations.

Basic Electrocardiographic Waves

The wave of depolarization occurring in the atria is seen as the 
P wave on the ECG (Figure 18-4). The normal P wave is no 

FIGURE 18-3	 Proper	precordial	lead	placement.	(From	Heuer	
AJ,	Scanlan	CL:	Clinical	assessment	in	respiratory	care,	ed	7,		
St	Louis,	2013,	Elsevier.)
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FIGURE 18-4	 Normal	configuration	of	electrocardiographic	
waves,	segments,	and	intervals.	(From	Heuer	AJ,	Scanlan	CL:	
Clinical	assessment	in	respiratory	care,	ed	7,	St	Louis,	2013,	
Elsevier.)
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TABLE 18-1 

The 12 Leads of an Electrocardiograph and the 
Myocardial Wall That Each Set Views

Facing Lead* View

I,	aVL,	V5,	V6 Lateral
II,	III,	aVF Inferior
V1,	V2 Septal
V3,	V4 Anterior

Cells and Function

Pacemaker	cells Specialized	cells	that	have	a	high	degree	of	
automaticity	and	provide	electrical	power	
for	the	heart

Conducting	cells Cells	that	conduct	the	electrical	impulse	
throughout	the	heart

Myocardial	cells Cells	that	contract	in	response	to	electrical	
stimuli	and	pump	blood

From	Heuer	AJ,	Scanlan	CL:	Clinical	assessment	in	respiratory	care,	ed	7,	
St	Louis,	2013,	Elsevier.
*Excludes	aVR,	which	faces	the	interior,	endocardial	surface	of	the	ventricles.
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Steps to Follow
Step 1. Identify the atrial and ventricular rates. Normally, the 

rate of the atria and ventricles is the same, but rates may differ 
when a defect in the conduction system is present. The clinician 
can identify the heart rate by counting the number of QRS 
complexes (for the ventricular rate) or the number of P waves 
(for the atrial rate) in 6 seconds (30 large boxes) and multiply-
ing this number by 10. When the rate is regular, the clinician 
also can count the number of large boxes between two succes-
sive complexes and divide this number into 300 to obtain the 
heart rate.

the PR interval represents a period no longer than 0.20 second. 
PR intervals longer than 0.20 second suggest that the impulse 
is abnormally delayed at the AV node and a “block” is present, 
often as a result of a serious defect in the impulse-conducting 
system.

The next important part of the ECG to evaluate is the ST 
segment, which represents the time from the end of ventricular 
depolarization to the start of ventricular repolarization. The 
normal ST segment is isoelectric and is seen as a flat line that 
is not above or below the neutral baseline. Certain pathologic 
abnormalities in the myocardium cause the ST segment con-
figuration to become abnormal; this is seen as an elevated or 
depressed ST segment and is common in cardiac ischemia and 
MI (Figure 18-5). Because this configuration represents a 
potentially life-threatening arrhythmia, abnormal ST segments 
must be identified as soon as possible.3-5

FIGURE 18-5	 ST	segments.	A,	Normal.	B,	Abnormal	elevation.	
C,	Abnormal	depression.	(From	Heuer	AJ,	Scanlan	CL:	Clinical	
assessment	in	respiratory	care,	ed	7,	St	Louis,	2013,	Elsevier.)
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FIGURE 18-6	 Gridlike	boxes	of	electrocardiographic	paper	
illustrating	the	1	×	1	mm	and	5	×	5	mm	boxes.	(From	Heuer	AJ,	
Scanlan	CL:	Clinical	assessment	in	respiratory	care,	ed	7,	St	Louis,	
2013,	Elsevier.)

0.04 sec

5 mm

0.20 sec

1 mm

MINI CLINI
Weaning Complications

PROBLEM:  The clinician is in the intensive care unit (ICU) 
attending to a 65-year-old woman who is being weaned from 
the ventilator after 2 weeks of mechanical ventilation. After 15 
minutes of T-piece weaning, the patient complains of mild 
shortness of breath and the bedside ECG shows an increase in 
heart rate, inverted T waves, and acute elevation of the ST 
segment. What do the inverted T waves and ST segment eleva-
tion indicate? What should be done?

SOLUTION:  The inverted T waves and elevated ST segment 
suggest that the heart is experiencing acute hypoxia, probably 
caused by the stress of weaning. T wave inversion and ST 
segment elevation are serious signs indicating that the patient 
is not tolerating the weaning. She should be put back on full 
ventilatory support at an elevated FiO2 and monitored closely. 
Weaning should not be attempted again until the patient’s 
clinical condition improves significantly. The attending physi-
cian should be notified.

	

RULE OF THUMB

A	negative	QRS	complex	in	lead	I	is	consistent	with	
right-axis	deviation,	which	is	often	caused	by	cor	
pulmonale.

Electrocardiographic Paper  
and Measurements
Electrocardiographic paper is made up of gridlike boxes that 
define time on the horizontal axis and voltage on the vertical 
axis. Dark lines circumscribe larger boxes that are 5 × 5 mm, 
and lighter lines define smaller boxes that are 1 × 1 mm (Figure 
18-6). Because the paper passes through the electrocardiograph 
at a set speed of 25 mm/sec, each large box represents 0.20 
second, and each small box represents 0.04 second on the hori-
zontal axis. The standard ECG is calibrated so that 1 mV causes 
an upward deflection of 10 small boxes or 2 large boxes on the 
vertical axis; this allows measurement of the exact voltage 
occurring during depolarization of the cardiac muscle fibers.1,4,6

Interpreting the Electrocardiogram

The following steps should be followed in interpreting  
the ECG.
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Step 2. Measure the PR interval. This is done by determining 
the number of small boxes between the start of the P wave and 
the start of the QRS complex. Normally, this interval is less than 
0.20 second (five small boxes) and is consistently the same for 
each complex. PR intervals that are longer than 0.20 second or 
vary from one complex to the next indicate an abnormality in 
the impulse-conducting system.

Step 3. Evaluate the QRS complex. Normally, the QRS 
complex is shorter than 0.12 second. If it is longer, there is an 
abnormality in the impulse-conducting system within the ven-
tricles, which often leads to a decrease in cardiac output and 
blood pressure.

Step 4. Evaluate the T wave. Normally, the T wave is upright 
and rounded. Inverted T waves suggest ischemia of the heart 
muscle, and abnormal configuration of the T wave occurs with 
electrolyte abnormalities such as hyperkalemia.

Step 5. Evaluate the ST segment. The ST segment should be 
flat or at least no more than 1 mm above or below baseline. As 
stated earlier, significant elevation or depression of the ST 
segment indicates serious problems with oxygenation of the 
myocardium and must be recognized as soon as possible.

Step 6. Identify the R-R interval. The R-R interval is identified 
to assess regularity of the rhythm. The distance, in millimeters 
or time, is measured between the R waves of several successive 
QRS complexes. Normally, there is little variance in the R-R 
interval between QRS complexes, but if the variance between 
the different R-R intervals exceeds 0.12 second, an abnormal 
rhythm exists.

Step 7. Identify the mean QRS axis. The limb lead exhibiting 
the largest amount of voltage is identified. If the lead shows a 
positive QRS complex, the axis is very close to the position on 
the hexaxial reference circle where that limb lead is labeled. If 
the QRS complex with the most voltage is negative, the mean 
axis is moving in the opposite direction from where that lead is 
labeled on the hexaxial reference circle.1-3

Axis Evaluation
A less understood area of ECG interpretation for RTs is the axis 
evaluation and the identification of related deviations from 
normal. Axis evaluation is used to determine the general direc-
tion of current flow during ventricular depolarization; this is 
helpful to know when hypertrophy of one of the ventricles is 
suspected, which would cause the direction of current flow to 
deviate from normal. Normally, the mean QRS axis (vector) 
points leftward (patient’s left) and downward, between 0 and 
+90 degrees in the frontal plane (Figure 18-7). The normal 
position of the QRS axis results from the slight tilt of the heart 
to the left and from the large muscle mass of the left ventricle 
compared with the right ventricle.

The mean QRS axis is identified by using the hexaxial refer-
ence circle (see Figure 18-7) with the position of each limb lead 
labeled on the circle. Next, the clinician identifies the limb lead 
with the most voltage (either positive or negative) from the 
ECG being evaluated. If the lead with the most voltage is posi-
tive (upright), the clinician locates the position of that lead on 
the hexaxial reference circle. The mean axis must be very close 

FIGURE 18-7	 Hexaxial	reference	circle	used	for	axis	evaluation.	
(From	Heuer	AJ,	Scanlan	CL:	Clinical	assessment	in	respiratory	
care,	ed	7,	St	Louis,	2013,	Elsevier.)
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to that position on the circle. If the lead with the most voltage 
is negative (downward), the mean axis points in the opposite 
direction from that lead. If the lead with the most voltage is lead 
II and it is positive, the mean QRS axis must be approximately 
+60 degrees because this is where lead II is located on the hex-
axial reference circle (see Figure 18-7). This is considered a 
normal axis because it falls between 0 and +90 degrees.5,6

In some situations, the most voltage may be equally present 
in two leads. The mean axis must fall equally between the two 
leads if they are both upright QRS complexes. If the QRS com-
plexes in leads II and aVF are equally positive in voltage, the 
mean axis must be at approximately +75 degrees and is consid-
ered normal. This is a common situation. If the mean QRS axis 
is between +90 degrees and +180 degrees, the patient has right-
axis deviation; this is quickly identified by looking at lead I. If 
lead I is negative, right-axis deviation is present; this is com-
monly seen in patients with chronic obstructive pulmonary 
disease with cor pulmonale. Left-axis deviation is present when 
the mean axis is between +90 degrees and −90 degrees on the 
hexaxial reference circle. This is common in patients with left 
ventricular hypertrophy.
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Recognizing Arrhythmias
Normal Sinus Rhythm. Recognizing abnormal ECGs 

results is easier if you have an appreciation for the normal 
tracing. The normal sinus rhythm begins with an upright P 
wave that is identical from one complex to the next. The PR 
interval is consistent throughout the rhythm strip and is 0.12 
to 0.20 second. The QRS complexes are identical and no longer 
than 0.12 second. The ST segment is flat. The R-R interval is 
regular and does not vary more than 0.12 second between QRS 
complexes. The heart rate is between 60 and 100 beats/min 
(Figure 18-8).2,3

Sinus Tachycardia. Heart rates exceeding 100 beats/min are 
abnormal in resting adult patients and are electrocardiographi-
cally referred to as sinus tachycardia when a P wave is appropri-
ately present before each QRS complex (Figure 18-9). Other 
than the rate exceeding 100 beats/min, sinus tachycardia does 
not differ from a normal sinus rhythm. This abnormality is 
common and can be caused by numerous problems. Most often, 
sinus tachycardia is caused by anxiety, pain, fever, hypovolemia, 
or hypoxemia. It also may be a side effect of certain medications, 
such as adrenergic bronchodilators. Treatment typically involves 
eliminating the underlying cause.5,6

Sinus Bradycardia. A heart rate of less than 60 beats/min 
that is otherwise normal is electrocardiographically referred to 

FIGURE 18-8	 Electrocardiographic	tracing	showing	a	normal sinus rhythm.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	J:	
Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)

FIGURE 18-9	 Electrocardiographic	tracing	showing	sinus tachycardia.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	J:	
Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)

MINI CLINI
Right-Axis Deviation on 
Electrocardiogram

PROBLEM:  A 54-year-old man with chronic obstructive pul-
monary disease (COPD) has been admitted to the hospital for 
abdominal surgery. His routine laboratory data are normal, but 
his heart (cardiac silhouette) appears somewhat enlarged. The 
ECG shows a normal sinus rhythm with a right-axis deviation. 
How is the right-axis deviation detected and what does the 
right-axis deviation suggest?

SOLUTION:  Normally, the mean axis (summary of electrical 
activity) of the heart travels from top to bottom and from right 
to left. This results in the mean axis of 0 to +90 degrees in the 
healthy heart. The slight leftward shift of the normal axis results 
from the angle at which the heart is situated in the chest and 
the fact that the left ventricle is normally larger than the right 
one. Right-axis deviation indicates that the electrical activity of 
the heart has been abnormally shifted to the patient’s right side, 
between +90 degrees and +180 degrees. In this case, right-axis 
deviation is detected by noting a negative deflection of the QRS 
in lead I. This is most commonly the result of right ventricle 
enlargement, such as occurs with cor pulmonale (right heart 
failure caused by chronic hypoxic lung disease).
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between the R waves of successive QRS complexes, which are 
normally consistent. When the R-R interval varies more than 
0.12 second throughout the rhythm strip, sinus arrhythmia is 
present (Figure 18-11). This arrhythmia may occur with the 
effects of breathing on the heart or as a side effect of medica-
tions such as digoxin. Most cases of sinus arrhythmia are benign 
and do not need treatment.5,6

First-Degree Heart Block. In first-degree heart block, the 
PR interval is longer than 0.20 second. In addition, there is one 
P wave before each QRS complex (Figure 18-12). This tracing 
indicates that the impulse from the SA node is getting through 
to the ventricles but is abnormally delayed in passing through 
the AV node or bundle of His. Typically, the QRS complex has 

as sinus bradycardia. Other than the rate being too slow, sinus 
bradycardia does not differ from a normal sinus rhythm (Figure 
18-10). This abnormal rhythm is not as common as sinus tachy-
cardia, but it represents a significant clinical problem if it causes 
the patient’s blood pressure to decrease significantly or impairs 
tissue perfusion, causing symptoms such as fatigue, lighthead-
edness, or syncope. It is most often caused by hypothermia, 
abnormalities in the SA node, or intense athletic conditioning. 
Numerous medications, such as atropine, are available to stimu-
late the heart rate when clinical bradycardic symptoms occur.5,6

Sinus Arrhythmia. Sinus arrhythmia is a common arrhyth-
mia and is recognized by the irregular spacing between QRS 
complexes. The spacing is measured by identifying the intervals 

FIGURE 18-10	 Electrocardiographic	tracing	showing	sinus bradycardia	with	first-degree	heart	block.	(Modified	from	Atwood	S,	Stanton	
C,	Storey	Davenport	J:	Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)

FIGURE 18-11	 Electrocardiographic	tracing	showing	sinus arrhythmia.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	J:	
Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)

FIGURE 18-12	 Electrocardiographic	tracing	showing	first-degree heart block.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	
J:	Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)
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can be inserted. Because type II block may progress to third-
degree heart block without warning, a pacemaker is indicated 
even if the patient is asymptomatic.8,9

Third-Degree Heart Block. Third-degree heart block is the 
most serious of the different types of heart block. It indicates 
that the conduction system between the atria and ventricles is 
completely blocked, and impulses generated in the SA node  
are not conducted to the ventricles. The atria and ventricles are 
paced by independent sources. Most commonly, the atria are 
paced by the SA node, and the ventricles are paced by the AV 
node. This arrhythmia can be recognized when it is established 
that there is no relationship between the P waves and the QRS 
complexes. The P-P intervals are regular and the R-R intervals 
are regular, but they have no correlation with one another. In 
addition, the QRS complexes are normal in configuration if the 
ventricles are paced by the AV node (Figure 18-14). If the ven-
tricles are paced by an ectopic site in the myocardium, the QRS 
complexes may be abnormally wide. Typically, the ventricular 
rate is slower than the atrial rate.6,7

Third-degree heart block is a serious arrhythmia because it 
often is caused by MI or drug toxicity (especially digitalis), and 
it may render the heart unable to meet the normal metabolic 
demands of the body. In almost all cases, treatment usually 
includes medication to speed up the ventricles and a temporary 
external pacemaker until a permanent one can be placed.8,9

Atrial Flutter. Atrial flutter is the rapid depolarization of 
the atria resulting from an ectopic focus that depolarizes at a 
rate of 250 to 350 times per minute. Typically, only one ectopic 

a normal configuration, and the R-R intervals are regular. First-
degree heart block is common after an MI that damages the AV 
node, or it may be a complication of certain medications, such 
as digoxin or beta blockers. Treatment usually is not needed for 
first-degree heart block if the patient is able to maintain an 
adequate blood pressure.6,7

Second-Degree Heart Block. Second-degree heart block 
comes in two different types. Type I (Wenckebach or Mobitz 
type I) block is a relatively benign and often transient arrhyth-
mia. It occurs when an abnormality in the AV junction delays 
or blocks conduction of some of the impulses through the AV 
node. It can be recognized by progressive prolongation of the 
PR interval until one impulse does not pass on to the ventricles 
at all (seen as a P wave not followed by a QRS complex). The 
cycle then repeats itself.

Second-degree heart block type II (Mobitz type II) is less 
common and is more often the result of serious problems such 
as MI or ischemia. Type II heart block is seen as a series of 
nonconducted P waves followed by a P wave that is conducted 
to the ventricles (Figure 18-13). Sometimes the ratio of non-
conducted to conducted P waves is fixed at 3 : 1 or 4 : 1. The PR 
interval for the conducted impulses is consistent.6,7

Treatment for type I second-degree heart block is not needed 
because it usually does not impair cardiac output or cause 
symptoms. Type II second-degree heart block requires treat-
ment in most cases because the resulting reduction in ventricu-
lar rate causes a decrease in blood pressure. Medications such 
as atropine provide a better cardiac output until a pacemaker 

FIGURE 18-13	 Electrocardiographic	tracing	showing	second-degree heart block type II.	(Modified	from	Atwood	S,	Stanton	C,	Storey	
Davenport	J:	Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)

FIGURE 18-14	 Electrocardiographic	tracing	showing	third-degree heart block.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	
J:	Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)
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of blood in the atria can lead to formation of blood clots, which 
can lead to pulmonary emboli or an embolic stroke. Treatment 
for atrial fibrillation is similar to the treatment for atrial flutter. 
However, patients with sustained atrial fibrillation are often 
treated with anticoagulants or antithrombolytic medications to 
treat potential blood clot formation, medications to slow the 
heart rate and cardioversion. 8,9

focus is causing the arrhythmia, which results in each P wave 
appearing similar. The result is a characteristic saw-toothed 
baseline pattern (Figure 18-15). Numerous P waves are present 
for every QRS complex, and the QRS complexes are normal in 
configuration. The R-R interval may be regular or it may vary, 
depending on the ability of the atrial impulse to pass through 
the AV node.1,3,4

Various conditions can produce atrial flutter, including 
rheumatic heart disease, coronary heart disease, stress, renal 
failure, and hypoxemia. This arrhythmia is not considered life-
threatening, but it may lead to atrial fibrillation if untreated. 
Treatment usually includes medications such as digoxin, beta 
blockers, or calcium channel blockers. Once the rate is signifi-
cantly slowed, cardioversion is attempted to return the heart 
rhythm back to a normal sinus rhythm.8,9

Atrial Fibrillation. Atrial fibrillation is present when the 
atrial muscle quivers in an irregular pattern that does not result 
in a coordinated contraction. The baseline electrical activity 
appears erratic, and no true P waves are seen in atrial fibrillation 
(Figure 18-16). The AV node determines the ventricular 
response to the atrial activity by controlling which impulses 
pass through and which do not. The ventricular rate is often 
very irregular and results in an abnormal R-R interval.1,3,4

The causes of atrial fibrillation are similar to the causes of 
atrial flutter. However, atrial fibrillation is a more serious 
arrhythmia because it can lead to a significant reduction in 
cardiac output resulting from the loss of the atrial kick that 
helps fill the ventricles before systole. The resulting stagnation 

FIGURE 18-15	 Electrocardiographic	tracing	showing	atrial flutter.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	J:	Introduction	
to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)

FIGURE 18-16	 Electrocardiographic	tracing	showing	atrial fibrillation.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	J:	
Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)
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Atrial	fibrillation	generally	results	in	a	reduction	in	
cardiac	output	due	to	what	is	known	as	a	loss	of	atrial 
kick	resulting	from	a	lack	of	coordination	between	the	
atria	and	ventricles.	However,	an	even	bigger	problem	
is	the	potential	for	blood	clot	formation	from	stagnation	
of	blood	in	the	atria.	These	blood	clots	can	easily		
travel	to	the	pulmonary	artery,	causing	a	pulmonary	
embolism,	or	to	the	aorta,	leading	to	an	embolic	stroke.	
As	a	result,	most	patients	with	atrial	fibrillation	should	
receive	anticoagulant	therapy.

Premature Ventricular Contractions. Premature beats can 
occur when a portion of the impulse-conducting system or 
myocardium other than the SA node becomes diseased and 
triggers depolarization of the surrounding cardiac cells. Sources 
for the impulse outside the SA node are called ectopic foci. 
Ectopic foci occur when hypoxia, acid-base imbalances, or elec-
trolyte abnormalities are present and cause the cardiac cells in 
the ventricles to become abnormally excited. PVCs are easy to 
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Sustained or symptomatic VT is a serious arrhythmia because 
it indicates that an ectopic focus is rapidly firing from the ven-
tricles, which results from increased automaticity. It suggests a 
significant pathologic defect in the myocardium and often leads 
to VF if untreated. MI, coronary artery disease, and hyperten-
sive heart disease are the most common causes.1,3,4

Treatment must be prompt and specific and usually consists 
of cardioversion followed by long-term antiarrhythmic drugs 
for long-term suppression. Patients at high risk for recurrent VT 
may have an internal cardioverter-defibrillator (ICD) placed so 
that if VT occurs it can be treated automatically and promptly. 
Asymptomatic patients with recurrent nonsustained VT and 
ventricular ectopic beats may be treated with beta blockers to 
reduce symptoms of non–life-threatening ventricular arrhyth-
mias. Symptomatic or sustained VT is considered a medical 
emergency, and the patient must be treated and monitored con-
tinuously in the ICU until his or her condition is stabilized.8-12

recognize because they cause a unique and bizarre QRS complex 
that is much wider than normal (Figure 18-17). The QRS 
complex of a PVC is wider than normal because the ectopic 
focus is using channels outside the normal conduction system 
to move the impulse throughout the myocardium. PVCs have 
no P wave preceding them and may occur as a singular event 
or, more commonly, as a temporary run of PVCs. They also  
may occur at every other beat (bigeminy) or every third beat 
(trigeminy).1,3,4

An occasional PVC is not of major concern and may occur 
as a result of stress, caffeine intake, nicotine use, or electrolyte 
imbalance. However, frequent PVCs are more serious and most 
often occur in response to ischemia of the myocardium. They 
also are commonly seen as a side effect of some medications. 
Treatment is based on the frequency and cause of the PVCs  
and is needed when the PVCs are frequent (more than six per 
minute), paired together, or multifocal (appear differently 
because they come from more than one ectopic focus) or when 
they land directly on the T wave (R on T phenomenon). In such 
cases, treatment must be prompt because the problem may 
progress rapidly to ventricular tachycardia (VT) and ventricular 
fibrillation (VF) (see subsequent discussion). Antiarrhythmic 
medications (e.g., lidocaine) may offer a temporary solution 
until the underlying cause can be addressed.8,9

Ventricular Tachycardia. VT is a run of three or more 
PVCs. It usually is easy to recognize as a series of wide, bizarre 
QRS complexes that have no preceding P wave. The ventricular 
rate is usually 100 to 250 beats/min (Figure 18-18). It is consid-
ered sustained VT if it lasts longer than 30 seconds.

FIGURE 18-17	 Electrocardiographic	tracing	showing	PVCs.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	J:	Introduction	to	
basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)

FIGURE 18-18	 Electrocardiographic	tracing	showing	ventricular tachycardia.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	J:	
Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)
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VT	causes	the	cardiac	output	to	decrease	significantly	
because	the	ventricles	do	not	have	time	to	fill	between	
contractions.	This	places	the	patient	in	danger	of	
cardiac	arrest	and	death.

Ventricular Fibrillation. VF is the most life-threatening 
arrhythmia and is defined as erratic quivering of the ventricular 
muscle mass. It causes the cardiac output to drop to zero; the 
patient becomes unconscious and represents a true medical 



 Interpreting the Electrocardiogram • CHAPTER 18 367

emergency. The electrocardiographic tracing of VF shows 
grossly irregular fluctuations with a zigzag pattern (Figure 
18-19). This pattern is caused by the same problems associated 
with VT.

Treatment calls for rapid defibrillation, cardiopulmonary 
resuscitation, and administration of O2 and antiarrhythmic 
medications; treatment of the underlying cause of the ischemia 
is also warranted (see Chapter 37). Survivors of VF usually 
receive an internal cardioverter-defibrillator.8-12

Pulseless Electrical Activity

In addition to the arrhythmias noted throughout this chapter, 
pulseless electrical activity (PEA) is a serious condition charac-
terized by a disassociation between the electrical and mechani-
cal activity of the heart. In essence, the ECG pattern on the 
monitor does not generate a pulse. PEA is relatively rare and 
generally does not occur without a precipitating event, such as 
a tension pneumothorax, MI, drug overdose, or severe electro-
lyte or acid-base disturbances.

Treatment involves emergency life support and the immedi-
ate reversal of the cause. PEA also illustrates why RTs and other 
clinicians should never “treat the monitor” and underscores  
the importance of using ECGs as just one of several clinical 
indicators in assessing patients.10-12 The prompt recognition and 
response to VT, VF, and PEA are discussed in detail in Chapter 
37, which covers the broader topic of emergency cardiovascular 
life support.

FIGURE 18-19	 Electrocardiographic	tracing	showing	ventricular fibrillation.	(Modified	from	Atwood	S,	Stanton	C,	Storey	Davenport	J:	
Introduction	to	basic	cardiac	dysrhythmias,	ed	4,	St	Louis,	2009,	Mosby/JEMS.)

MINI CLINI
Pulseless Electrical Activity

PROBLEM:  A 68-year-old man with a recent complaint of 
radiating chest pain is being placed on O2 therapy with a nasal 
cannula at 2 L/min. Immediately after being set up on a 12-lead 
ECG, the patient loses consciousness. The ECG continues to 
show an apparent sinus bradycardia, but assessment reveals 
that the patient is pulseless.

SOLUTION:  This is an apparent case of PEA, which should 
be treated as a potentially life-threatening emergency. A  
“code blue” should be initiated, cardiopulmonary resuscitation 
should be started immediately, and potential causes, including 
in this instance MI, should be considered and treated.

SUMMARY CHECKLIST

◗	The	ECG	is	an	inexpensive,	noninvasive,	and	easy	way	to	
evaluate	patients,	but	it	does	not	predict	future	heart	
problems	nor	identify	all	abnormalities	(i.e.,	valvular	
defects).

◗	The	impulse-conducting	system	has	three	types	of	cardiac	
muscle	cells	capable	of	electrical	excitation:	pacemaker	
cells	(e.g.,	SA	node,	AV	node),	specialized	rapid	
conducting	tissue	(e.g.,	Purkinje	fibers),	and	atrial	and	
ventricular	muscle	cells.	Each	of	these	vary	in	their	degree	
of	automaticity.

◗	An	elevated	or	depressed	ST	segment	is	common	in	MI	
and	is	a	potentially	life-threatening	arrhythmia.

◗	Axis	evaluation	is	used	to	determine	the	general	
direction	of	current	flow	during	ventricular	depolarization	
and	is	helpful	in	identifying	hypertrophy	of	one	of	the	
ventricles.

◗	Sinus	bradycardia	is	a	significant	clinical	problem	
only	if	it	causes	the	patient’s	blood	pressure	to		
decrease	significantly	or	the	patient	becomes	
symptomatic.

◗	Frequent,	paired	together,	multifocal	PVCs	or	the	R	on	T	
phenomenon	with	PVCs	is	serious	because	it	often	is	due	
to	ischemia	of	the	myocardium	and	can	progress	rapidly	
to	ventricular	tachycardia	and	fibrillation.

◗	Type	II	second-degree	heart	block	usually	causes	a	
significant	decrease	in	cardiac	output	and	may	also	
progress	to	third-degree	heart	block.	Even	if	the	patient	is	
asymptomatic,	treatment	calls	for	medication	such	as	
atropine	until	a	pacemaker	can	be	placed.

◗	Third-degree	heart	block	is	the	most	serious	of	the	
different	types	of	heart	block	often	caused	by	MI	or	drug	
toxicity	(especially	digitalis)	and	may	render	the	heart	
unable	to	meet	the	normal	metabolic	demands	of	the	
body.	Treatment	usually	includes	medication	to	speed	up	
the	ventricles	and	a	pacemaker.

◗	Atrial	fibrillation	is	a	serious	arrhythmia	that	can	lead	to	a	
significant	reduction	in	cardiac	output.	In	addition,	if	
untreated,	over	time	it	can	potentially	cause	an	embolic	
event.	Treatment	entails	medications	to	control	the	rate,	
antithrombolytics	or	anticoagulants,	and	potential	
cardioversion.

◗	Sustained	or	symptomatic	VT	is	a	serious	arrhythmia	that	
often	leads	to	VF	if	untreated.	Prompt	treatment	usually	
consists	of	cardioversion,	antiarrhythmic	drugs,	and	
transfer	to	the	ICU.
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◗	VF	is	the	most	life-threatening	arrhythmia,	requiring	
emergent	treatment	with	rapid	defibrillation,	
cardiopulmonary	resuscitation,	and	administration	of	O2	
and	antiarrhythmic	medications.

◗	Always	treat	the	patient,	not	the	rhythm	on	the	ECG	
monitor.	Patients	with	PEA	often	have	a	seemingly	
productive	rhythm	on	the	ECG	but	are	pulseless	and	
require	immediate	emergency	life	support.
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Analysis and Monitoring 
of Gas Exchange

MICHAEL A. GENTILE, ALBERT J. HEUER, AND RICHARD H. KALLET

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	difference	between	monitoring	and	analysis.
◆	 Describe	the	two	types	of	electrochemical	oxygen	analyzers.
◆	 Describe	calibration	and	problem-solving	techniques	for	oxygen	analyzers.
◆	 State	how	to	obtain,	process,	and	analyze	arterial	and	capillary	blood	gas	samples.
◆	 List	the	quality	control	procedures	applied	to	blood	gas	analysis.
◆	 List	the	potential	advantages	of	point-of-care	testing.
◆	 Describe	how	to	obtain	and	interpret	transcutaneous	oxygen	and	carbon	dioxide	monitoring.
◆	 Describe	the	basic	principles	used	by	an	oximeter	to	monitor	oxygen	saturation.
◆	 State	how	to	perform	and	interpret	pulse	oximetry.
◆	 Describe	how	to	perform	capnometry	and	interpret	capnograms.

CHAPTER OUTLINE

Analysis versus Monitoring
Invasive versus Noninvasive Procedures
Measuring Fractional Inspired Oxygen

Instrumentation
Procedure
Problem-Solving	and	Troubleshooting

Sampling and Analyzing Blood Gases
Sampling
Analyzing

Blood Gas Monitoring
Transcutaneous	Blood	Gas	Monitoring
Tissue	Oxygen

Oximetry
Hemoximetry
Pulse	Oximetry
Venous	Oximetry
Tissue	Oximetry

Capnometry and Capnography
Instrumentation
Interpretation
Procedure
Problem-Solving	and	Troubleshooting

KEY TERMS

analyte
analyzer
arterialized	blood
calibration	media
capnography
capnometry
collateral	circulation
cuvette
electrochemical
invasive

modified	Allen	test
monitor
needle	capping	device
noninvasive
optical	fluorescence
optode
oximetry
photoplethysmography
point-of-care	testing

pre-analytic	error
precision
proficiency	testing
pulse	cooximetry
quality	control
random	error
spectrophotometry
systematic	error
volumetric	capnography
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emic patients are routinely given supplemental O2. In most 
cases, O2 analyzers are used to measure the fractional inspired 
O2 concentration (FiO2).

Instrumentation

Although many methods exist for measuring O2 concentra-
tions, most bedside systems apply electrochemical principles. 
There are two common types of electrochemical O2 analyzers 
are the polarographic (Clark) electrode and the galvanic fuel 
cell. Under ideal conditions of temperature, pressure, and rela-
tive humidity, both types are generally accurate to within ± 2% 
of the actual concentration.1

The Clark electrode is similar to electrodes used in blood gas 
analyzers and transcutaneous monitors, discussed later in this 
chapter. This system typically consists of a platinum cathode 
and a silver–silver chloride anode (Figure 19-1). O2 molecules 
diffuse through the sensor membrane into the electrolyte, 
where a polarizing voltage causes electron flow between the 
anode and cathode. While silver is oxidized at the anode, the 
flow of electrons reduces O2 (and water) to hydroxyl ions (OH−) 
at the cathode. More O2 molecules undergoing reduction causes 
greater electron flow across the poles (current). The resulting 
current change is proportional to the PO2, with its value dis-
played on a galvanometer, calibrated in %O2. Response times 
for O2 analyzers range from 10 to 30 seconds.

Most galvanic fuel cells use a gold anode and a lead cathode. 
In contrast to the Clark electrode, current flow across these 
poles is generated by the chemical reaction itself.

The Clark electrode and galvanic cell are suitable for basic 
FiO2 monitoring. When greater accuracy or faster response 
times are needed (e.g., when performing indirect calorimetry), 
a paramagnetic, zirconium cell, Raman scattering, or mass spec-
troscopy analyzer should be selected.

Procedure

To obtain accurate results with an O2 analyzer, the clinician first 
must calibrate it. Although procedures differ according to the 

M any important and potentially lifesaving clinical 
decisions are based on a patient’s gas-exchange 
information. Gas exchange takes place inside each 

of the body’s cells, where complex metabolic pathways use 
oxygen (O2) to create energy and produce carbon dioxide (CO2) 
as a waste product. Although it is possible but clinically not 
practical to analyze gas exchange at the cellular level, clinical 
focus normally is on gas exchange between the lungs and blood 
or between the blood and tissues. Gas exchange between the 
lungs and blood is usually analyzed by measuring O2 and CO2 
levels in the arterial blood. Clinicians, including RTs, also can 
measure CO2 levels in the expired gas to monitor ventilation. 
The most common approach to analyzing gas exchange between 
the blood and tissues is to measure O2 levels in the mixed 
venous blood. This chapter focuses on these important param-
eters related to gas exchange.

ANALYSIS VERSUS MONITORING

Although the term analysis is defined broadly as study or inter-
pretation, analysis conducted in a clinical laboratory has a 
special meaning, as does the term monitoring. In clinical prac-
tice, laboratory analysis refers to measurements of fluids or 
tissue that must be removed from the body. Such measurements 
are made by an analyzer. Conversely, monitoring is an ongoing 
process by which clinicians obtain and evaluate dynamic physi-
ologic processes, usually at the bedside. A monitor is a device 
that provides data to the clinician in real time, usually without 
removal of samples from the body.

INVASIVE VERSUS NONINVASIVE 
PROCEDURES

Invasive procedures require insertion of a sensor or collection 
device into the body, whereas noninvasive monitoring gathers 
data externally.1 Because laboratory analysis of gas exchange 
requires blood samples, it is considered invasive. Monitoring 
can be either invasive or noninvasive. In general, invasive pro-
cedures provide more accurate data than noninvasive methods, 
but carry greater risk.

When both approaches are available, the need for measure-
ment accuracy dictates which is chosen. However, clinicians 
sometimes combine the approaches—using the invasive ap-
proach to establish accurate baseline information and applying 
the noninvasive method for ongoing monitoring of a patient. 
After the gradient between the invasive and noninvasive method 
is established, trending changes by noninvasive methods can be 
useful in making clinical decisions.

MEASURING FRACTIONAL  
INSPIRED OXYGEN

Gas-exchange analysis begins with knowledge of the system 
inputs—the inspired O2 and CO2 concentrations. Healthy indi-
viduals breathe air that contains a fixed O2 concentration (21%) 
and negligible amounts of CO2 (approximately 0.2%). Hypox-

FIGURE 19-1	 The	basic	principle	underlying	the	Clark	
polarographic	analyzer.	(Modified	from	Kacmarek	RM,	Hess	D,	Stoller	
JK,	editors:	Monitoring	in	respiratory	care,	St	Louis,	1993,	Mosby.)
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analysis. Each procedure involves different knowledge and skill. 
For these reasons, these topics are covered separately.

Sampling

Clinicians have been using blood samples to assess gas-exchange 
parameters for more than 50 years.2 The definition of respira-
tory failure is based largely on blood gas measurements (i.e., 
PaO2, and PaCO2). Depending on the need, blood gas samples 
can be obtained by percutaneous puncture of a peripheral 
artery, from an indwelling catheter: arterial, central venous, or 
pulmonary artery (PA) or by capillary sampling.

Arterial Puncture and Interpretation
Results obtained from sampling arterial blood gas (ABG) are 
the foundation for the diagnosis and management of oxygen-
ation and acid-base disturbances. ABGs are considered the 
“gold standard” of gas-exchange analysis, against which all 
other methods are compared.

Arterial puncture involves drawing blood from a peripheral 
artery (radial, brachial, femoral, or dorsalis pedis) through a 
single percutaneous needle puncture (Figure 19-2). The radial 
artery is the preferred site for arterial blood sampling for the 
following reasons:
• It is near the surface and relatively easy to palpate and 

stabilize.
• Effective collateral circulation normally exists in the ulnar 

artery.
• The artery is not near any large veins.

Other sites (brachial, femoral, and dorsalis pedis) are riskier 
and should be used only by clinicians specifically trained in 
their use. Likewise, arterial puncture in infants (through either 
the radial or the temporal artery) requires advanced training. 
Arterial cannulation sites for indwelling catheters include radial, 
brachial, femoral, dorsalis pedis, umbilical (in neonates), and 
axillary arteries. The focus here is on radial artery puncture.

To guide practitioners in providing quality care, the  
American Association for Respiratory Care (AARC) has pub-
lished Clinical Practice Guideline: Sampling for Arterial Blood 
Gas Analysis.3 Complementary recommendations have been 
published by the National Committee for Clinical Laboratory 
Standards.4 Modified excerpts from the AARC guideline appear 
in Clinical Practice Guideline 19-1.

Equipment.  Box 19-1 lists the equipment needed to perform 
an arterial puncture. Commercial vendors provide kits contain-
ing most of the equipment listed.

Procedure.  Box 19-2 outlines the basic procedure for radial 
artery puncture of adults. Before radial artery puncture is per-
formed, a modified Allen test (Figure 19-3) is recommended. 
The test is normal (indicating adequate collateral circulation) 
if the palm, fingers, and thumb flush pink within 5 to 10 seconds 
after pressure on the ulnar artery is released. A normal test 
result indicates the presence of collateral circulation in the ulnar 
artery, but may not predict the development of complications 
after radial artery puncture or cannulation.

The modified Allen test has been a widely used clinical 
method to assess adequacy of ulnar artery collateral blood flow 

manufacturer, the basic steps are similar. This requires exposing 
the sensor to two gases with different O2 concentrations, usually 
100% O2 and room air (21% O2). In one common procedure, 
the sensor is first exposed to 100% O2. If the analyzer fails to 
read 100%, the device’s calibration, or balance control, must be 
adjusted until it reads 100%. Then the clinician exposes the 
sensor to room air and confirms a second reading of 21% 
(±2%). The clinician should use the analyzer to measure a 
patient’s FiO2 only after confirming both readings.

Problem-Solving and Troubleshooting

Because O2 analyzers include replaceable components that dete-
riorate over time (batteries, electrodes, membranes, electro-
lytes), the best way to avoid problems is through preventive 
maintenance. This should include both scheduled parts replace-
ment and routine operational testing.

Even with the best preventive maintenance, O2 analyzers may 
malfunction. The clinician would know that an analyzer is not 
working if it fails to calibrate or gives an inconsistent reading 
during use. Common causes of analyzer malfunction are low 
batteries, sensor depletion, and electronic failure. Because a low 
battery condition is common, the first step in troubleshooting 
is to replace the batteries. If the analyzer still does not calibrate 
on fresh batteries, the problem is probably a depleted sensor. 
With most analyzers, a depleted sensor must be replaced. If an 
analyzer still fails to calibrate after battery and sensor replace-
ment, the most likely problem is an internal failure of its electri-
cal system. In this case, the device should be taken out of service 
and repaired.

Inaccurate readings also can occur with electrochemical ana-
lyzers, resulting from either condensed water vapor or pressure 
fluctuations. Galvanic cells are particularly sensitive to conden-
sation. To avoid this problem during continuous use in humidi-
fied circuits, the clinician should place the analyzer sensor 
proximal to any humidification device.

Fuel cell and Clark electrode readings also are affected by 
ambient pressure changes. Under conditions of low pressure 
(high altitude), these devices read lower than the actual O2 
concentration. Conversely, higher pressures, such as pressures 
that occur during positive pressure ventilation, cause these 
devices to read higher than the actual FiO2. These observations 
are consistent with the fact that both devices measure the PO2 
but report a percent concentration scale.
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Three	common	causes	of	O2	analyzer	malfunction	are	
low	batteries,	sensor	depletion,	and	electronic	failure.

SAMPLING AND ANALYZING  
BLOOD GASES

In the clinical setting, it is common for the collection of blood 
specimens (sampling) to be performed separately from their 
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FIGURE 19-2	 Arteries	(A.)	used	for	arterial	puncture.	A,	Brachial	artery.	B,	Radial	artery	(with	collateral	flow	through	the	ulnar	arteries).	
C,	Femoral	artery.	D,	Dorsalis	pedis	(with	collateral	flow	through	the	posterior	tibial	artery).	The	radial	artery	is	the	preferred	site.	
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 Box 19-1 Recommended Equipment 
for Percutaneous Arterial  
Blood Sampling

•	 Standard	precautions	barrier	protection	(gloves,	safety	
goggles)

•	 Preheparinized	blood	gas	kit	syringe	(1	to	3	ml)
•	 Short-bevel	20-	to	22-gauge	needle	with	a	clear	hub	(23-	to	

25-gauge	for	children	and	infants)
•	 Patient	and	sample	label
•	 Isopropyl	alcohol	(70%),	povidone-iodine	(Betadine)	(check	

patient	for	iodine	sensitivity),	or	chlorhexidine	swabs
•	 Sterile	gauze	squares,	tape,	bandages
•	 Puncture-resistant	container
•	 Ice	slush,	depending	upon	the	analyzer.	Note:	For	most	

point-of-care	(bedside)	analyzers,	samples	should	not	be	
chilled	and	should	be	run	within	1	to	2	minutes	after	being	
obtained.

•	 Towels
•	 Sharps	container
•	 Local	anesthetic	(optional)
•	 Hypodermic	needle	(25-	or	26-gauge)
•	 Needle	capping	device

despite the lack of evidence that it can predict ischemic com-
plications in the setting of complete radial artery occlusion.5 
The criteria for an abnormal test result are not agreed on, and 
therefore the significance of an abnormal test is unclear. For 
example, test results (1) may be inaccurate in predicting post-
cannulation hand ischemia, (2) may vary depending on the 
clinician performing the test (poor interrater reliability), and 
(3) are known to yield high incidences of both false normal and 
abnormal results. In addition, prior radial artery cannulation, 

severe circulatory insufficiency, wrist or hand burns, or jaundice 
makes interpreting the results difficult. Despite these limita-
tions, an Allen test may reveal gross circulatory abnormalities 
and therefore should be performed beforehand and then docu-
mented in the patient’s medical record.

In patients who have undergone previous radial artery can-
nulation, the modified Allen test can provide documentation of 
possible arterial thrombosis and should be used to direct cath-
eter placement. In that circumstance, it is imprudent to ignore 
totally the utility of the modified Allen test, especially if another 
arterial site is available for cannulation.6

In most cases, a sample volume of 0.5 to 1 ml of blood is 
adequate. The actual sample volume needed depends on (1) the 
anticoagulant used, (2) the requirements of the specific analyzer 
used, and (3) whether other tests will be performed on  
the sample. It should be noted that point-of-care (bedside) 
analyzers tend to require less blood (≤0.5 ml) than laboratory 
analyzers.

The following rules for careful handling of the needle help 
avoid transmission of blood-borne diseases:
• Never recap a used needle without a safety device.
• Never handle a used needle using both hands.
• Never point a used needle toward any part of the body.
• Never bend, break, or remove used needles from syringes 

by hand.
• Always dispose of used syringes, needles, and other sharp 

items in appropriate puncture-resistant sharps containers.
Indications  for  Blood  Gas  Sampling.  Knowing when to 

obtain a blood gas sample is just as important as knowing how 
to perform the procedure. See Clinical Practice Guideline 19-1 
for the general indications for ABG sampling. Box 19-3 lists 
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19-1	 Sampling	for	Arterial	Blood	Gas	Analysis

AARC Clinical Practice Guidelines (Excerpts)*

■ INDICATIONS
•	 The	need	to	evaluate	ventilation	(PaCO2),	acid-base	balance	

(pH	and	PaCO2),	oxygenation	status	(PaO2	and	SaO2),	and	
oxygen-carrying	capacity	of	blood	(PaO2,	HbO2,	total	Hb,	
and	dyshemoglobins)

•	 The	need	to	assess	the	patient’s	response	to	therapy	or	
diagnostic	tests	(e.g.,	oxygen	or	exercise	testing)

•	 The	need	to	monitor	the	severity	and	progression	of	a	
documented	disease	process

■ CONTRAINDICATIONS
•	 Abnormal	results	of	a	modified	Allen	test	(lack	of	collateral	

circulation)	may	be	indicative	of	inadequate	blood	supply	to	
the	hand	and	suggest	the	need	to	select	another	puncture	
site.

•	 Arterial	puncture	should	not	be	performed	through	a	lesion	
or	distal	to	a	surgical	shunt.	For	example,	arterial	puncture	
should	not	be	performed	on	a	patient	undergoing	dialysis.	If	
there	is	evidence	of	infection	or	peripheral	vascular	disease	
involving	the	selected	limb,	an	alternative	site	should	be	
selected.

•	 Because	of	the	need	for	monitoring	the	femoral	puncture	
site	for	an	extended	period,	femoral	punctures	should	not	
be	performed	outside	the	hospital.

•	 Coagulopathy	or	medium-dose	to	high-dose	
anticoagulation	therapy,	such	as	heparin	or	warfarin	
(Coumadin),	streptokinase,	and	tissue	plasminogen	
activator	(but	not	aspirin),	may	be	a	relative	
contraindication.

■ PRECAUTIONS AND POSSIBLE 
COMPLICATIONS
•	 Arteriospasm
•	 Hemorrhage
•	 Air	or	clotted	blood	emboli
•	 Trauma	to	the	vessel

•	 Anaphylaxis	from	local	anesthetic
•	 Arterial	occlusion
•	 Patient	or	sampler	contamination
•	 Vasovagal	response
•	 Hematoma
•	 Pain

■ ASSESSMENT OF NEED
The	following	assessments	are	useful	for	deciding	whether	
arterial	blood	sampling	is	needed:
•	 History	and	physical	indicators,	such	as	positive	smoking	

history,	recent	onset	of	difficulty	breathing	(independent	of	
activity	level),	or	trauma

•	 Presence	of	other	abnormal	diagnostic	tests	or	indices,	
such	as	abnormal	pulse	oximetry	reading	or	chest	x-ray	
examination

•	 Initiation,	change,	or	discontinuation	of	therapy	(e.g.,	
oxygen	therapy	or	mechanical	ventilation)

•	 Projected	enrollment	in	a	pulmonary	rehabilitation	program

■ FREQUENCY
The	frequency	with	which	sampling	is	repeated	should	
depend	on	the	clinical	status	of	the	patient	and	the	indication	
for	performing	the	procedure.	Because	repeated	punctures	at	
a	single	site	can	cause	injury,	clinicians	should	consider	either	
finding	alternative	sites	or	using	an	indwelling	catheter.

■ MONITORING
The	following	should	be	monitored	as	part	of	arterial	blood	
sampling:
•	 FiO2	(analyzed)	or	prescribed	flow
•	 Patient’s	respiratory	rate
•	 Proper	application	of	oxygen	device
•	 Patient’s	temperature
•	 Mode	of	ventilatory	support	and	settings
•	 Appearance	of	the	puncture	site	(for	hematoma)	after	

application	of	pressure	and	before	dressing

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: sampling for arterial blood gas analysis. Respir Care 
37:891, 1992.

common clinical situations associated with the need for ABG 
analysis.

Problem-Solving  and  Troubleshooting.  There are two 
major problem areas associated with arterial puncture. The first 
problem involves difficulties in getting a good sample. The 
second problem involves pre-analytic error.

Getting a Good Sample. Problems with getting a good 
sample include an inaccessible artery, absent pulse, deficient 
sample return, and alteration of test results caused by the 
patient’s response. If the selected artery cannot be located, 
another site should be considered. Likewise, if an adequate 
pulse cannot be palpated at the chosen site, another site should 
be selected or an acceptable noninvasive approach should be 

considered as an alternative (e.g., pulse oximetry). Ultrasound 
guidance may useful in artery identification and sampling 
success.7

If the clinician gets only a small spurt of blood, the needle 
has probably passed through the artery. In this situation, the 
needle is slowly withdrawn until a pulsatile flow fills the syringe. 
The tip of the needle is never redirected without it first being 
withdrawn to the subcutaneous tissue. If the needle must be 
withdrawn completely and the clinician does not have an  
adequate sample, the procedure is repeated with a fresh blood 
gas kit.

Small sample volumes or the need to apply syringe suction 
also may indicate that venous blood has been obtained. However, 
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when drawing arterial blood from hypotensive patients or when 
using small needles (<23-gauge), the clinician may need to pull 
gently on the syringe barrel. If clinicians suspect that pain or 
anxiety during the procedure may have altered the results (most 
typically causing hyperventilation, but sometimes breath-
holding), they should consider using a local anesthetic for sub-
sequent sampling attempts.

Pre-analytic Error. Pre-analytic errors are problems occur-
ring before sample analysis that can alter the accuracy of the 
blood gas results. Table 19-1 summarizes the most common 

FIGURE 19-3	 Modified	Allen	test.	A,	The	hand	is	clenched	into	
a	tight	fist,	and	pressure	is	applied	to	the	radial	and	ulnar	arteries.		
B,	The	hand	is	opened	(but	not	fully	extended);	the	palm	and	fingers	
are	blanched.	C,	Removal	of	pressure	on	the	ulnar	artery	should	
cause	flushing	of	the	entire	hand	(within	5	to	10	seconds),	indicative	
of	adequate	collateral	circulation	or	a	normal	modified	Allen	test.	

Radial artery

Ulnar arteryA

B
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 Box 19-3 Clinical Indications for Arterial 
Blood Gas Analysis

•	 Sudden,	unexplained	dyspnea
•	 Cyanosis
•	 Abnormal	breath	sounds
•	 Severe,	unexplained	tachypnea
•	 Heavy	use	of	accessory	muscles
•	 Changes	in	ventilator	settings
•	 Cardiopulmonary	resuscitation
•	 New	appearance	of	diffuse	infiltrates	in	chest	radiograph
•	 Sudden	appearance	or	progression	of	cardiac	arrhythmias
•	 Acute	hypotension
•	 Acute	deterioration	in	neurologic	function

 Box 19-2 Procedure for Radial 
Artery Puncture

•	 Check	the	medical	record	to	(1)	confirm	the	order	and	
indications	and	(2)	determine	the	patient’s	primary	diagnosis,	
history	(especially	bleeding	disorders	or	blood-borne	
infections),	current	status,	respiratory	care	orders	(especially	
oxygen	therapy	or	mechanical	ventilation),	and	anticoagulant	
or	thrombolytic	therapy.

•	 Confirm	steady-state	conditions	(20	to	30	minutes	after	
changes).

•	 Obtain	and	assemble	necessary	equipment	and	supplies.
•	 Wash	hands	and	don	barrier	protection	(e.g.,	gloves,	

eyewear).
•	 Identify	the	patient	using	current	patient	safety	standards.
•	 Explain	the	procedure	to	the	patient.
•	 Position	the	patient,	extending	the	patient’s	wrist	to	

approximately	30	degrees.
•	 Perform	a	modified	Allen	test,	and	confirm	collateral	

circulation.
•	 Clean	site	thoroughly	with	70%	isopropyl	alcohol	or	an	

equivalent	antiseptic.
•	 Inject	a	local	anesthetic	subcutaneously/periarterially,	wait	2	

minutes	for	effect	(optional).
•	 Use	a	preheparinized	blood	gas	kit	syringe,	or	heparinize	a	

syringe	and	expel	the	excess	(fill	dead	space	only).
•	 Palpate	and	secure	the	artery	with	one	hand.
•	 Insert	the	needle,	bevel	up,	through	the	skin	at	a	45-degree	

angle	until	blood	pulsates	into	the	syringe.
•	 Allow	1	ml	of	blood	to	fill	syringe	(the	need	to	aspirate	

indicates	a	venous	puncture).
•	 Apply	firm	pressure	to	puncture	site	with	sterile	gauze	until	

the	bleeding	stops.
•	 Expel	any	air	bubbles	from	the	sample,	and	cap	or	plug	the	

syringe.
•	 Mix	the	sample	by	rolling	and	inverting	the	syringe.
•	 Place	the	sample	in	a	transport	container	and	chilled	or	not,	

depending	on	analyzer	manufacturer	recommendation.	
Note:	For	most	point-of-care	(bedside)	analyzers,	samples	
should	not	be	chilled	and	should	be	run	within	1	to	2	
minutes	after	being	obtained.

•	 Dispose	of	waste	materials	and	sharps	properly.
•	 Document	the	procedure	and	patient	status	in	the	medical	

record	and	on	the	specimen	label.
•	 Check	the	site	for	hematoma	and	adequacy	of	distal	

circulation.

From	Malley	WJ:	Clinical	blood	gases:	assessment	and	intervention.		
St	Louis,	2005,	Saunders.
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blood sample is akin to looking at a single frame of streaming 
video, representing a single point in time rather than an ongoing 
physiologic process. Blood gas results must be interpreted in 
light of the patient status at the time the sample was obtained.

Any major change in the patient’s condition or therapy dis-
rupts the patient’s steady state. However, over time, a new steady 
state emerges. The time needed to restore steady-state condi-
tions varies with the patient’s pulmonary status. Patients with 
healthy lungs achieve a steady state in only 5 minutes after 
changes, whereas patients with chronic obstructive pulmonary 
disease (COPD) may require up to 30 minutes. For example, 
when FiO2 is changed, the measured PaO2 would accurately 
reflect the patient’s gas-exchange status within 5 minutes in 
healthy individuals but may require up to 30 minutes in patients 
with COPD.

To document the patient’s status, the following need to be 
recorded: (1) date, time, and site of sampling; (2) results of the 
modified Allen test, when performed; (3) patient’s body tem-
perature, position, activity level, and respiratory rate; and  
(4) FiO2 concentration or nasal cannula flow and all applicable 
ventilatory support settings. Noting such information may 
prove useful in interpretation of the results.

errors associated with arterial blood sampling, including rec-
ommendations on how to recognize and avoid these problems. 
Clinicians can avoid most pre-analytic errors by ensuring that 
the sample is obtained anaerobically (with immediate expulsion 
of air bubbles), properly anticoagulated, and quickly analyzed.

The traditional method used to avoid pre-analytic errors 
caused by blood cell metabolism is to chill the sample quickly 
by placing it in ice.3 However, some studies suggest that results 
may be altered if samples are stored in certain types of plastic 
syringes, especially if placed on ice before being analyzed. In 
addition, chilled samples can result in potassium transport 
between blood cells and plasma and can result in erroneous 
elevation in potassium measured from a blood gas sample. 
Hence, the best ways to minimize such pre-analytic errors is to 
use low-diffusability syringes, which minimize the risk for 
room-air altering the sample, and to analyze the sample as soon 
as possible after it has been obtained. Furthermore, samples that 
have been stored for an undetermined time, whether chilled or 
not, should be discarded.8,9 Another consideration is that pneu-
matic tube transport of samples containing small air bubbles 
can have a noticeable effect on increasing PaO2.

9 Finally, most 
point-of-care (bedside), analyzer systems (discussed later in this 
chapter) require that the sample not be chilled and be analyzed 
within 1 to 2 minutes after being obtained, depending on the 
manufacturer.

TABLE 19-1 

Pre-analytic Errors Associated With Arterial Blood

Error Effect on Parameters How to Recognize How to Avoid

Air	in	sample ↓	PCO2 Visible	bubbles	or	froth Discard	frothy	samples
↑	pH Low	PCO2	inconsistent	with	patient	status Fully	expel	bubbles
↑	low	PO2 Mix	only	after	air	is	expelled
↓	high	PO2 Cap	syringe	quickly

Venous	admixture ↑	PCO2 Failure	of	syringe	to	fill	by	pulsations Avoid	brachial	and	femoral	sites
↓	pH Patient	has	no	symptoms	of	hypoxemia Do	not	aspirate	sample
Can	greatly	lower	PO2 Use	short-bevel	needles

Avoid	artery	“overshoot”
Cross-check	with	SpO2

Excess	anticoagulant	
(dilution)

↓	PCO2

↑	pH
↑	low	PO2

↓	high	PO2

Visible	heparin	remains	in	syringe	before	
sampling

Use	premade	lyophilized	(dry)	heparin	blood	
gas	kits

Fill	dead	space	only
Collect	>2	ml	(adults)	and	>0.6	ml	(infants)

Metabolic	effects ↑	PCO2

↓	pH
↓	PO2

Excessive	time	lag	since	sample	collection
Values	inconsistent	with	patient	status

Analyze	within	15	min
Place	sample	in	ice	slush
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Three	common	methods	for	avoiding	pre-analytic	errors	
in	ABG	measurements	are	ensuring	that	the	sample	is	
obtained	anaerobically	(with	immediate	expulsion	of	air	
bubbles),	the	sample	syringe	is	properly	anticoagulated,	
and	the	sample	is	promptly	analyzed.

Interpretation  of  Arterial  Blood  Gases.  Because gas 
exchange is a dynamic process, looking at results from a single 
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To	ensure	a	steady	state,	waiting	up	to	30	minutes	
after	any	major	change	in	ventilatory	support	may	be	
necessary	before	sampling	and	analyzing	the	blood	
gases	of	a	critically	ill	patient.

In the first step of interpreting results, clinicians must ensure 
they are looking at the results for the correct patient. The name 
and patient identification number from the blood gas report 
must match the patient. Interpretation of the results can be 
divided into two basic steps: interpretation of the oxygenation 
status and interpretation of the acid-base status.
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the traumatic risks associated with repetitive percutaneous 
punctures. However, infection and thrombosis are more likely 
with indwelling catheters than with intermittent punctures.

The most common route for an indwelling arterial vascular 
line is the radial artery; less commonly used sites are the dorsalis 
pedis, brachial, axillary, and femoral arteries. Venous blood 
gases are obtained from either a central venous catheter or a PA 
catheter, which can access both the superior vena cava and a 
main branch of the PA. In neonates, the umbilical artery is can-
nulated for arterial blood sampling. Table 19-2 summarizes the 
usefulness of these various sites in providing relevant clinical 
information. Chapter 51 provides details on the use of these 
systems for hemodynamic pressure and flow monitoring.

Equipment.  Figure 19-4 shows the basic setup used for an 
indwelling vascular line, in this case, a brachial artery catheter. 
The catheter connects to a disposable continuous-flush device. 
This device keeps the line open by providing a continuous low 
rate of flow (2 to 4 ml/hr) of intravenous (IV) saline solution 
through the system.

Heparinized saline flush solution may be used with indwell-
ing vascular catheters. However, results of coagulation studies 
are affected by heparinized flush solution and unnecessary 
exposure to heparin may increase the risk for heparin-induced 
thrombocytopenia.10 Because arterial pressures are much higher 
than venous pressures, the IV bag supplying these systems must 
be pressurized, usually by using a hand bulb pump. A strain-
gauge pressure transducer connected to the flush device pro-
vides an electrical signal to an amplifier or monitor, which 
displays the corresponding pressure waveform.

Procedure.  Access for sampling blood from most intravas-
cular lines is provided by a three-way stopcock (Figure 19-5). 
Equipment and supplies are the same as specified for arterial 
puncture, with the addition of a second “waste” syringe. Box 
19-4 outlines the proper procedure for taking an arterial blood 
sample from a three-way stopcock system.

The procedure is slightly different when obtaining mixed 
venous blood samples from PA catheters because PA catheters 
have separate sampling and IV infusion ports and a balloon at 
the tip is used to measure pulmonary capillary wedge pressure. 
The clinician must ensure that the balloon is deflated and with-
draw the sample slowly (e.g., approximately 3 ml/min or 1 ml 
in 20 seconds). If the clinician fails to deflate the balloon or 

TABLE 19-2 

Common Sites for Indwelling Vascular Catheters and the Information They Provide

Location BLOOD COLLECTION PRESSURE MONITORING

Sample Reflects Pressure Reflects

Peripheral,	umbilical	
artery

Arterial	blood Pulmonary	gas	exchange	(O2	uptake/CO2	
removal)

Systemic	arterial	
pressure

LV	afterload,	vascular	tone,	
blood	volume

Central	vein Venous	blood	
(unmixed)

Not	useful	for	assessing	gas	exchange;	can	
be	used	for	some	other	laboratory	tests

CVP Fluid	volume,	vascular	tone,	
RV	preload

Pulmonary	artery Mixed	venous	blood	
(balloon	deflated)

Gas	exchange	at	tissues	(O2	consumption/
CO2	production)

PAP,	PCWP RV	afterload,	vascular	tone,	
blood	volume,	LV	preload

CVP,	Central	venous	pressure;	LV,	left	ventricular;	PAP,	pulmonary	artery	pressure;	PCWP,	pulmonary	capillary	wedge	pressure;	RV,	right	ventricular.
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Mild	hypoxemia	is	defined	as	a	PaO2	of	60	mm	Hg	
relative	to	predicted	normal,	whereas	moderate	
hypoxemia	is	a	PaO2	between	40	and	59	mm	Hg	and	
severe	hypoxemia	is	defined	as	a	PaO2	less	than	
40	mm	Hg.

The oxygenation status is determined by examining the 
PaO2, arterial O2 saturation (SaO2), and arterial O2 content 
(CaO2). The PaO2 represents the partial pressure of O2 dissolved 
in the plasma of the arterial blood and is the result of gas 
exchange between the lung and blood. The PaO2 is reduced in 
various settings but most often when lung disease is present. 
PaO2 of less than 40 mm Hg is called severe hypoxemia, PaO2 
of 40 to 59 mm Hg is called moderate hypoxemia, and PaO2 of 
60 mm Hg to the predicted normal is called mild hypoxemia.

SaO2 represents the degree to which the hemoglobin (Hb) is 
saturated with O2 (see Chapter 12). Normally, the Hb saturation 
with O2 is 95% to 100% with healthy lungs. When the lungs 
cannot transfer O2 into the blood at normal levels, the SaO2 
usually decreases in proportion to the degree of lung disease. 
Blood gas analyzers report a calculated SaO2. Measurement of 
SaO2 by hemoximetry and Hb content is required for accurate 
determination of CaO2.

CaO2 represents the content of O2 in 100 ml of arterial blood 
and is a function of the amount of Hb present and the degree 
to which it is saturated. A normal CaO2 is 18 to 20 ml of O2 per 
100 ml of arterial blood. A reduced CaO2 is often the result of 
low PaO2 and SaO2, reduced Hb level, or the presence of 
dyshemoglobins.

The acid-base status of the patient is determined by evaluat-
ing the pH, PaCO2, and plasma bicarbonate (HCO3

−). The steps 
for interpreting the acid-base status of the ABG results are 
described in Chapter 14.

Indwelling Catheters (Arterial, and  
Central Venous Pressure, and  
Pulmonary Artery Lines)
Indwelling catheters provide ready access for blood sampling 
and allow continuous monitoring of vascular pressures, without 
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withdraws the sample too quickly, the venous blood may be 
“contaminated” with blood from the pulmonary capillaries. 
The result is always a falsely high O2 level. In addition, close 
attention must be paid to the infusion rate through the catheter. 
Rapid flow of IV fluid can dilute the blood sample and affect 
O2 content measurements.

Problem-Solving  and  Troubleshooting.  With the excep-
tion of venous admixture, the pre-analytic errors that occur 
when sampling blood from a vascular line are the same as the 
errors that occur with intermittent puncture, as are the ways to 
avoid them. For clinicians, the challenge with vascular lines is 
to maintain their function properly and troubleshoot the many 
potential problems that can occur. Because these are key com-
ponents of bedside monitoring skills, they are discussed in the 
section on hemodynamics in Chapter 51.

Capillary Blood Gases
Capillary blood gas sampling is used as an alternative to direct 
arterial access in infants and small children. Properly obtained 
capillary blood from a well-perfused patient can provide clini-
cally useful estimates of arterial pH and PCO2 levels. However, 
capillary PO2 is of little value in estimating arterial oxygenation. 
Therefore, O2 saturation by pulse oximetry also must be evalu-

FIGURE 19-4	 An	indwelling	vascular	line	(brachial	artery	catheter)	
used	to	monitor	blood	pressure	and	obtain	a	blood	sample.	
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FIGURE 19-5	 A	three-way	stopcock	in	a	vascular	line	system	
showing	the	various	positions	used.	A,	Normal	operating	position,	
with	flush	solution	going	to	the	patient	and	the	sample	port	closed.	
B,	Position	to	draw	a	blood	sample	from	the	vascular	line	(closed	
to	flush	solution).	C,	Position	to	flush	sample	port	(closed	to	
patient).	In	any	intermediary	position,	all	ports	are	closed.	
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ated when obtaining a capillary blood gas sample. Clinicians 
must exercise extreme caution when using capillary blood gases 
to guide clinical decisions. Direct arterial access is still the pre-
ferred approach for assessing gas exchange in infants and small 
children.

Capillary blood values are meaningful only if the sample site 
is properly warmed. Warming the skin (to approximately 42° C) 
causes dilation of the underlying blood vessels, which increases 
capillary flow well above tissue needs. Blood gas values resemble 
the values in the arterial circulation; this is why a sample 
obtained from a warmed capillary site is often referred to as 
arterialized blood. It has been shown that capillary blood 
samples from the earlobe reflect arterial PCO2 and PO2 better 
than samples drawn from a finger stick.11 The posterior medial 
or lateral curvature of the heel is the recommended site for 
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ing of the puncture site. Squeezing the puncture site may result 
in venous and lymphatic contamination of the sample.13 Both 
errors invalidate the test results. Other pre-analytic errors are 
essentially the same as the errors described for arterial puncture. 
Because of the small sample volume (75 to 100 mcl or 0.075 to 
0.1 ml) and collection tube size, the clinician must ensure an 
adequate sample collection while avoiding air contamination 
and clotting.

Analyzing

The primary analytes or parameters of pH, PCO2, and PO2 in 
a blood sample are measured with a blood gas analyzer. Typi-
cally, analyzers use these measures to compute several second-
ary values, such as plasma bicarbonate level, base excess or 
deficit, and Hb saturation. If actual measurement of total Hb 
saturation (oxyhemoglobin [HbO2], methemoglobin [metHb], 
and carboxyhemoglobin [HbCO]) is required, the sample 
usually must be analyzed separately using hemoximetry. Some 
analyzers combine the blood gas and hemoximetry measure-
ments, which may require a larger sample size (usually 100 mcl).

Blood gas analysis and hemoximetry are moderately complex 
laboratory procedures. Clinicians performing these tests must 
have documented training and must demonstrate proficiency 
in performing the procedures, preventive maintenance, trouble-
shooting, and instrument calibration. In addition, clinicians 
must be skilled in validating test results using rigorous quality 
control methods that ensure clinical decisions used to deter-
mine patient care are based on accurate information.14

To guide practitioners in providing quality care, the AARC 
has published Clinical Practice Guideline: Blood Gas Analysis 
and Hemoximetry: 2013.15 Related recommendations have been 

capillary puncture specimens in infants younger than 1 month 
old to avoid nerve and bone damage.

To guide practitioners in providing quality care, the AARC 
has published Clinical Practice Guideline: Capillary Blood  
Gas Sampling for Neonatal and Pediatric Patients.12 Modified 
excerpts from the AARC guideline appear in Clinical Practice 
Guideline 19-2.

Equipment.  Equipment needed for capillary blood sam-
pling includes a lancet, preheparinized capillary tubes, small 
metal stirrer bar (metal flea), a magnet, clay or wax sealant or 
caps, gauze or cotton balls, bandages, ice, gloves, skin antiseptic, 
warming pads (42° C), sharps container, and labeling materials.

Procedure.  Box 19-5 outlines the basic procedure for capil-
lary blood sampling. The most common site for sampling is the 
heel, specifically the lateral aspect of the plantar surface.

Problem-Solving and Troubleshooting.  Sampling of cap-
illary blood is useful for patient management only if the proce-
dure is performed according to an established quality assurance 
program. The most common technical errors in capillary sam-
pling are inadequate warming of the capillary bed and squeez-

 Box 19-4 Procedure for Sampling Arterial 
Blood from an Indwelling Catheter

•	 Check	the	medical	record	to	affirm	order	(as	per	arterial	
puncture).

•	 Confirm	steady-state	conditions	(20	to	30	minutes	after	
changes).

•	 Obtain	and	assemble	needed	equipment	and	supplies.
•	 Wash	hands	and	don	barrier	protection	(e.g.,	gloves,	eyewear).
•	 Identify	the	patient	using	current	patient	safety	standards.
•	 Explain	the	procedure	to	the	patient.
•	 Attach	the	waste	syringe	to	the	stopcock	port.
•	 Position	the	stopcock	so	that	blood	flows	into	the	syringe	

and	the	IV	bag	port	is	closed.
•	 Aspirate	at	least	1	to	2	ml,	or	five	to	six	times	the	tubing	

volume,	of	fluid	or	blood.
•	 Reposition	the	stopcock	handle	to	close	off	all	ports.
•	 Disconnect	and	properly	discard	waste	syringe.
•	 Attach	new	heparinized	syringe	to	the	sampling	port.
•	 Position	the	stopcock	so	that	blood	flows	into	the	sample	

syringe	and	the	IV	bag	port	is	closed.
•	 Fill	syringe	with	1	ml	of	blood.
•	 Reposition	the	stopcock	handle	to	close	off	the	sampling	

port	and	open	the	IV	bag	port.
•	 Disconnect	the	syringe,	expel	air	bubbles	from	sample,	and	

cap	or	plug	the	syringe.
•	 Flush	the	line	and	stopcock	with	the	IV	solution.
•	 Mix	the	sample	by	rolling	and	inverting	the	syringe.
•	 Confirm	that	the	stopcock	port	is	open	to	the	IV	bag	

solution	and	catheter.
•	 Confirm	undampened	pulse	pressure	waveform	on	the	

monitor	graphic	display.
•	 Place	the	sample	in	a	transport	container	(ice	slush)	if	

specimen	is	not	to	be	analyzed	within	10	to	30	minutes.
•	 Dispose	of	waste	materials	properly.	Note:	For	most	

point-of-care	(bedside)	analyzers,	samples	should	not	be	
chilled	and	should	be	run	within	1	to	2	minutes	after	being	
obtained.

•	 Document	the	procedure	and	patient	status	in	the	medical	
record	and	on	the	specimen	label.

 Box 19-5 Procedure for Capillary 
Blood Sampling

•	 Check	the	medical	record	(as	per	arterial	puncture).
•	 Confirm	steady-state	conditions	(20	to	30	minutes	after	

changes).
•	 Obtain	and	assemble	necessary	equipment	and	supplies.
•	 Wash	hands	and	don	barrier	protection	(e.g.,	gloves,	eyewear).
•	 Select	site	(e.g.,	heel,	earlobe,	great	toe,	finger).
•	 Warm	site	to	42°	C	for	10	minutes	using	a	compress,	heat	

lamp,	or	commercial	hot	pack.
•	 Clean	skin	with	an	antiseptic	solution.
•	 Puncture	the	skin	(<2.5	mm)	with	the	lancet.
•	 Wipe	away	the	first	drop	of	blood	and	observe	free	flow	(do	

not	squeeze).
•	 Fill	the	sample	tube	from	the	middle	of	the	blood	drop	until	it	

is	completely	full	(75	to	100	mcl).
•	 Place	the	metal	flea	in	the	capillary	tube,	and	then	seal	the	

tube	ends.
•	 Tape	sterile	cotton	or	a	bandage	over	the	puncture	wound.
•	 Mix	the	sample	by	moving	the	magnet	back	and	forth	along	

the	capillary	tube.
•	 Sample	should	be	immediately	chilled	or	analyzed	within	10	

to	15	minutes	if	left	at	room	temperature.
•	 Dispose	of	waste	materials	properly.
•	 Document	the	procedure	and	patient	status	in	the	medical	

record	and	on	the	specimen	label.
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19-2	 Capillary	Blood	Gas	Sampling	for	Neonatal	
and	Pediatric	Patients

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
Capillary	blood	gas	sampling	is	indicated	when:
•	 ABG	analysis	is	indicated,	but	arterial	access	is		

unavailable
•	 Noninvasive	monitor	readings	(e.g.,	PtcCO2	:	PETCO2,	

SpO2)	are	abnormal
•	 Assessment	of	initiation,	administration,	or	change	in	

therapy	(e.g.,	mechanical	ventilation)	is	indicated
•	 A	change	in	patient	status	is	detected	by	history	or	physical	

assessment
•	 Monitoring	the	severity	and	progression	of	a	documented	

disease	process	is	desirable

■ CONTRAINDICATIONS
Capillary	punctures	should	not	be	performed	at	or	through	the	
following:
•	 The	posterior	curvature	of	the	heel	(because	it	can	puncture	

the	bone)
•	 The	heel	of	a	patient	who	has	begun	walking	and	has	

callus	development
•	 The	fingers	of	neonates	(because	it	can	cause	nerve	

damage)
•	 Previous	puncture	sites
•	 Inflamed,	swollen,	or	edematous	tissues
•	 Cyanotic	or	poorly	perfused	tissues
•	 Localized	areas	of	infection
•	 Peripheral	arteries
Capillary	punctures	should	not	be	performed:
•	 On	patients	less	than	24	hours	old	(because	of	poor	

peripheral	perfusion)
•	 When	there	is	a	need	for	direct	analysis	of	oxygenation
•	 When	there	is	a	need	for	direct	analysis	of	arterial		

blood
Relative	contraindications	include:
•	 Peripheral	vasoconstriction
•	 Polycythemia	(caused	by	shorter	clotting	times)
•	 Hypotension

■ PRECAUTIONS AND POSSIBLE 
COMPLICATIONS
•	 Contamination	and	infection	of	the	patient,	including	

calcaneus	osteomyelitis	and	cellulitis
•	 Inappropriate	patient	management	may	result	from	reliance	

on	capillary	PO2	value
•	 Inadvertent	puncture	or	incision	and	consequent	infection
•	 Tibial	artery	laceration	(puncture	of	posterior	sample	of	

medial	aspect	of	heel)
•	 Burns
•	 Hematoma
•	 Bruising
•	 Scarring
•	 Bleeding

■ ASSESSMENT OF NEED
Capillary	blood	gas	sampling	is	an	intermittent	procedure	and	
should	be	performed	only	when	a	documented	need	exists	
and	arterial	access	is	unavailable	or	contraindicated.	
Documented	need	exists	in	response	to	initiation,	
administration,	or	change	in	therapy	and	is	determined	by	
history	and	physical	assessment	or	results	of	noninvasive	
respiratory	monitoring.

■ MONITORING
The	following	should	be	monitored	and	documented	in	the	
medical	record	as	part	of	the	capillary	sampling	procedure:
•	 FiO2	or	prescribed	oxygen	flow
•	 Appearance	of	puncture	site
•	 Oxygen	modality	or	ventilator	settings
•	 Complications	or	adverse	reactions	to	the	procedure
•	 Ease	or	difficulty	of	obtaining	the	sample
•	 Results	of	blood	gas	analysis
•	 Patient’s	temperature,	respiratory	rate,	position	or	level	of	

the	foot	or	finger	to	obtain	a	sample	of	activity,	and	clinical	
appearance

•	 Date,	time,	and	sampling	site
•	 Noninvasive	monitoring	values	(e.g.,	SpO2)

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: capillary blood gas sampling for neonatal and pediatric 
patients. Respir Care 46:506, 2001.

published by the National Committee for Clinical Laboratory 
Standards.9 Modified excerpts from the AARC guideline appear 
in Clinical Practice Guideline 19-3.

Instrumentation
Many instrumentation companies manufacture laboratory 
blood gas analyzers. Although available in a range of designs, 
these devices typically share the following key components:
• Operator interface (e.g., operating controls, display screen, 

touch screen keypads, software)
• Measuring chamber incorporating the typical three-electrode 

system

• Calibrating gas tanks
• Reagent containers (buffers used for calibration, rinse 

solutions)
• Waste container
• Results display, storage, and transmittal system (e.g., screen, 

printer, disk storage device, network interface)
Measurement of the three primary parameters—pH, PCO2, 

and PO2—is accomplished using three separate electrodes. To 
measure PO2, blood gas analyzers use the Clark polarographic 
electrode (see Figure 19-1).

The pH electrode consists of two electrodes or half cells 
(Figure 19-6). The measuring half cell contains a silver–silver 
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FIGURE 19-6	 Blood	gas	analyzer	pH	electrode	system,	
consisting	of	both	a	measurement	and	a	reference	electrode.	
(Modified	from	Shapiro	BA,	Peruzzi	WT,	Kozelowski-Templin	R:	
Clinical	application	of	blood	gases,	ed	5,	St	Louis,	1994,	Mosby.)
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19-3	 Blood	Gas	Analysis	and	Hemoximetry

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 The	need	to	evaluate	the	adequacy	of	a	patient’s	ventilatory	

(PaCO2),	oxygenation	(PaO2	and	HbO2),	or	acid-base	
balance	(pH,	PaCO2,	HCO3

−)
•	 The	need	to	quantify	the	response	to	therapeutic	

intervention	(e.g.,	oxygen	therapy,	mechanical		
ventilation)	or	diagnostic	evaluation	(e.g.,	exercise	
desaturation)

•	 The	need	to	monitor	the	severity	and	progression	of	
disease	processes

■ CONTRAINDICATIONS
Contraindications	to	pH	and	blood	gas	analysis	and	
hemoximetry	include:
•	 An	improperly	functioning	analyzer
•	 An	analyzer	for	which	the	performance	has	not	been	

validated	by	quality	control	or	proficiency	testing	
procedures

•	 Any	specimen	gathered	with	known	or	suspected	
preanalytic	errors	(e.g.,	aircontamination,	improper	
anticoagulation,	improper	storage	or	handling)

•	 An	incomplete	requisition	that	precludes	adequate	
interpretation	and	documentation	of	results

•	 An	inadequately	labeled	specimen	lacking	the	patient’s	full	
name	or	other	unique	identifier,	such	as	the	medical	record	
number,	date,	and	time	of	sampling

■ HAZARDS AND POSSIBLE COMPLICATIONS
•	 Infection	of	specimen	handler	from	blood	(human	

immunodeficiency	virus,	hepatitis	C,	other	blood-borne	
pathogens)

•	 Inappropriate	patient	medical	treatment	based	on	an	
improperly	analyzed	blood	specimen,	on	analysis	of	an	
unacceptable	specimen,	or	on	incorrect	reporting	of	results

■ ASSESSMENT OF NEED
Presence	of	the	listed	indications	in	a	patient	to	be	tested	
supports	the	need	for	sampling	and	analysis.

■ MONITORING
•	 Monitoring	of	personnel,	sample	handling,	and	analyzer	

performance	to	ensure	proper	handling,	analysis,	and	
reporting	should	be	ongoing	during	the	process.

•	 There	must	be	documented	evidence	of	active	review	of	
quality	control;	proficiency	testing;	and	physician	alert,	or	
“panic	values”	on	a	level	commensurate	with	the	number	of	
tests	performed

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: Blood gas analysis and hemoximetry: 2013. Respir Care 
58:1694, 2013.

The difference in potential between the two electrodes is pro-
portional to the H+ concentration of the sample, which is dis-
played on a voltmeter calibrated in pH units.

To measure PCO2, blood gas analyzers use the Severinghaus 
electrode, which is essentially a pH electrode exposed to an 
electrolyte solution in equilibrium with the sample through a 
CO2-permeable membrane. As CO2 diffuses through this mem-
brane into the electrolyte solution, it undergoes the following 
hydration reaction:

CO H O H CO H HCO2 2 2 3 3+ ↔ ↔ ++ −

The greater the partial pressure of CO2, the more H+ that is 
produced by this reaction and the more the pH of the electro-
lyte solution changes. The measuring electrode detects the pH 
change as a change in electrical potential, which is proportional 
to the PCO2 of the sample.

Procedure
To provide accurate and clinically useful data, blood gas analysis 
must be performed as follows:
• On a sample free of pre-analytic errors
• With a properly functioning analyzer (validated by quality 

control procedures)
• Using a procedure that follows the manufacturer’s 

recommendations

chloride rod surrounded by a solution of constant pH and 
enclosed by a pH-sensitive glass membrane. As the sample 
passes this membrane, the difference in H+ concentration on 
either side of the glass changes the potential of the measuring 
electrode. The reference half cell (mercury–mercurous chlo-
ride) produces a constant potential, regardless of sample pH. 
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ments (CLIA) that establish proficiency testing requirements.16 
Although an in-depth review of laboratory quality control is 
beyond the scope of this text, all clinicians must understand 
the key elements.17

Figure 19-7 depicts the key components of laboratory quality 
control. A brief description of each element follows.

Recordkeeping.  Meticulous recordkeeping and clearly writ-
ten, comprehensive policies and procedures are the hallmark of 
a quality control program. Both statutory law and professional 
accreditation requirements emphasize this component as the 
basis for demonstrating and ensuring quality.

Performance  Validation.  Performance validation is the 
process of testing a new instrument to confirm accurate mea-
surement. Typically, this process involves using samples with 
known values to assess both the accuracy (comparing the value 
from the tested instrument with a known value) and the preci-
sion (examining the repeatability of results) of the instrument.

Preventive  Maintenance  and  Function  Checks.  Many 
blood gas analyzer components (e.g., filters, membranes, elec-
trolyte solution, and single-test and multitest cartridges) have a 
limited life and deteriorate or fail over time, resulting in faulty 
analysis. The best way to avoid these problems is to schedule 
regular preventive maintenance. This should include scheduled 
parts replacement and routine function tests, as recommended 
by the manufacturer.

Automated Calibration.  Calibration is the only fully auto-
mated element of blood gas quality control for laboratory ana-
lyzers. Blood gas analyzers regularly calibrate themselves by 
adjusting the output signal of each electrode when exposed to 
media having known values. In most units, the media used to 
calibrate the gas electrodes are precision mixtures of O2 and 
CO2. For the pH electrode, standard pH buffer solutions are 

FIGURE 19-7	 Blood	gas	analysis	quality	control	program.	(Data	
from	Kozelowski-Templin	R:	Blood	gas	analyzers.	Respir	Care	Clin	
North	Am	1:35–46,	1995.)
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 Box 19-6 Basic Procedure for Analyzing a 
Blood Gas Sample

•	 Apply	standard	precautions.
•	 Confirm	that	the	instrument	and	its	electrodes	are	operating	

properly.
•	 Identify	the	specimen,	and	confirm	all	relevant	information	

provided.
•	 Note	the	time	at	which	the	sample	was	obtained	(discard	

sample	if	>60	minutes	has	passed).
•	 Inspect	the	sample	for	obvious	signs	of	preanalytic	error	

(e.g.,	air	bubbles,	gross	dilution,	clotting,	air	exposure).
•	 Mix	the	sample	(critical	for	hemoglobin	and	hematocrit	

measurements).
•	 Uncap	the	syringe,	and	expel	and	discard	a	drop	or	two	of	

blood	from	the	syringe	tip.
•	 Introduce	the	sample	(manually	or	by	automatic	aspiration).
•	 Confirm	the	readings.
•	 Remove	the	syringe	and	clear	the	system.
•	 Dispose	of	waste	materials	properly.
•	 Transmit	the	results.
•	 Contact	the	responsible	clinician	if	the	results	warrant.

Prior discussion addressed how to avoid pre-analytic errors. 
Subsequent discussion focuses on blood gas quality control and 
key elements involved in the analysis procedure.

Box 19-6 outlines the steps commonly used in most estab-
lished procedures for laboratory blood gas analysis. One should 
always refer to the manufacturer’s literature for the particular 
steps to use with a specific analyzer.

Rigorous application of the U.S. Centers for Disease Control 
and Prevention (CDC) standard precautions is essential. In 
addition, the Occupational Safety and Health Administration 
requires personnel to wear personal protective equipment when 
handling all laboratory specimens. Waste fluids are potentially 
infectious and should be handled as if they were blood samples. 
In addition, the National Committee for Clinical Laboratory 
Standards recommends adding a strong disinfectant, such as 
2% glutaraldehyde or a 1 : 4 solution of sodium hypochlorite, 
to the waste container of the instrument either during use or 
before disposal.

Quality Assurance
High-quality patient care depends on consistently accurate 
blood gas results. Modern laboratory analyzers are often  
automated, computer-controlled, self-calibrating systems. Like-
wise, most point-of-care (bedside), analyzer systems are self-
calibrating. This sophistication has led to the false assumption 
that accurate results are “automatic,” with clinicians needing 
only to input the sample properly and record the results. 
Nothing could be further from the truth. As with all diagnostic 
laboratory procedures, the accuracy of blood gas testing depends 
on rigorous quality control.

The Clinical Laboratory Standards Institute (CLSI) estab-
lished guidelines and standards for blood gas analysis and 
quality assurance. Government regulatory agencies collabo-
rate to update the Clinical Laboratory Improvement Amend-
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sporadic, out-of-range data points occur (see Figure 19-9, point 
A). Random errors are errors of precision or, more precisely, 
imprecision. Conversely, either a trending or an abrupt shift in 
data points outside the statistical limits (see Figure 19-9, point 
B) is sometimes observed. This phenomenon is called systematic 
error or sometimes bias. Bias plus imprecision equals total 
instrument error, or inaccuracy. Table 19-3 outlines the major 
factors causing these two types of error and suggests some 
common corrective actions.

External  Quality  Control  (Proficiency  Testing).  The 
federal government mandated a rigorous program of external 
quality control for analytic laboratories. CLIA standards were 
established in 1988. To meet these standards, analytic laborato-
ries must undergo regular proficiency testing designed to evalu-
ate their operating procedures and the competence of their 
personnel.20 Proficiency testing requires analysis and reporting 
on externally provided control media with unknown values, 
usually three times per year, with five samples per test. There 
are many CLIA-approved proficiency testing providers. A com-
monly used provider is the College of American Pathologists 
(CAP) proficiency testing survey. Proficiency testing survey 

used. Calibration media must meet the requirements set 
by nationally recognized standards organizations. Users are 
responsible for ensuring that calibration media are properly 
stored and that in-use life and expiration dates are strictly 
enforced.

Calibration is performed to ensure that the analyzer output 
is both accurate and linear across the range of measured values. 
Parameters must be measured with known input values repre-
senting at least two points, usually a low and a high value. Figure 
19-8 shows a typical two-point calibration procedure. In this 
example, the instrument’s initial precalibration response indi-
cates that the output readings are consistently higher than the 
actual input, with this positive bias worsening at higher levels. 
Calibration is performed first by adjusting the offset (or balance) 
of the instrument so that the low output equals the low input 
(in this case zero). Next, the gain (or slope) of the device is 
adjusted to ensure that the high output equals the high input. 
When both offset and gain are adjusted against known inputs, 
the instrument is properly calibrated and can undergo calibra-
tion verification with control samples.

Internal  Statistical  Quality  Control.  Internal quality 
control takes calibration verification a step further by applying 
statistical and rule-based procedures (Westgard rules)18,19 to 
help detect, respond to, and correct instrument error. In one 
common approach, the results of control media analyses are 
plotted on a graph and compared with statistically derived 
limits, usually ± 2 standard deviation (SD) ranges (Figure 19-9). 
Control results that fall outside these limits indicate analytic 
error.

There are two categories of analytic error: (1) random error 
and (2) systematic error. Random error is observed when 

FIGURE 19-8	 Two-point	calibration	procedure.	(Modified	from	
Chatburn	RL:	Fundamentals	of	metrology:	evaluation	of	instrument	
error	and	method	agreement.	In	Kacmarek	RM,	Hess	D,	Stoller	JK,	
editors:	Monitoring	in	respiratory	care,	St	Louis,	1993,	Mosby.)
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TABLE 19-3 

Correction of Analytic Errors

Error Type Common Contributing 
Factors

Common Corrective 
Actions

Imprecision	
(random)	
errors

Statistical	probability Rerun	control
Sample	contamination Repeat	analysis	on	

different	instrument
Sample	mishandling

Bias	(systematic)	
errors

Contaminated	buffers Perform	function	
check	of	suspected	
problem	area

Incorrect	gas	
concentrations

Repair	or	replace	
failed	components

Incorrect	procedures
Component	failure

MINI CLINI
Blood Gas Quality Control

PROBLEM:	 Using control media for calibration verification, 
the RT responsible for the quality control of a blood gas ana-
lyzer in the intensive care unit (ICU) notes that the “high 
PCO2” control readings have increased progressively over the 
last four quality control analyses from 60 ± 1 mm Hg to 66 ± 
1 mm Hg. What is the likely cause and what actions should the 
RT take?

SOLUTION:	 The observed problem indicates a trending, or 
systematic, error (bias). If the analyzer solutions and calibrat-
ing gases have not been changed during the error period, the 
likely problem is component failure—probably the PCO2 elec-
trode. The electrode should be checked, and any faulty compo-
nents should be replaced.
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eliminating delays in therapy, decreasing patient length of stay 
in the hospital and emergency department (ED).23 Point-of-
care testing is used increasingly in the hospital and physician 
office settings.24

Instrumentation.  Figure 19-10 shows a typical point-of-
care blood gas analyzer (GEM 4000; Instrumentation Labora-
tory, Bedford, MA). Smaller point-of-care analyzers using 
similar technology, such as the i-STAT point-of-care system 
(Abbott Laboratories, Abbott Park, IL), are also gaining popu-
larity. In addition to blood gas analysis, such devices can be used 
to measure several chemistry and hematology parameters, 
including serum electrolytes, blood glucose levels, blood urea 
nitrogen, hematocrit, hemoximetry, lactate, bilirubin, and pro-
thrombin and partial thromboplastin times. It should be noted 
that unlike conventional analyzers, blood samples for most 
point-of-care analyzers should not be chilled and should be run 
within 1 to 2 minutes after being obtained.

These devices are portable, and some can perform 900 tests 
using a disposable cartridge. They typically include a display 
screen for accessing menu functions and viewing results. Most 
devices include a simple keypad or touch screen for data and 
command entry. Analysis occurs using disposable cartridges or 
inside a chamber in the body of the unit.

Some devices employ single-use sample cartridges that differ 
according to the array of tests being performed. Each cartridge 
contains the necessary calibration solution, a sample handling 
system, a waste chamber, and miniaturized electrochemical or 
photochemical sensors. The cartridge system requires no opera-
tor oversight because it is self-calibrating and disposable after a 
single use. After self-calibration and introduction of the sample 

analyses must be performed along with the regular workload by 
the personnel routinely responsible for testing, following the 
laboratory’s standard testing practices.21

Criteria for acceptable performance specify a range around 
a target value, such as ± 0.04 for pH. A single incidence of 
unsatisfactory performance requires documentation of reme-
dial action. Multiple or recurring incidences of poor perfor-
mance can result in severe sanctions, including suspension of 
Medicare and Medicaid reimbursement or the loss of the labo-
ratory’s operating license and accreditation.

Remedial Action.  Remedial action is the ongoing process 
of applying appropriate measures to correct errors identified 
through the quality assurance cycle. Analytic errors include cali-
bration and internal quality control failures, actual sample 
errors, and unsatisfactory proficiency test results. A comprehen-
sive quality assurance program also tries to identify and correct 
both pre-analytic and post-analytic errors, such as clerical 
misreporting.

Examples of remedial action include procedural changes, 
staff training and retraining, closer supervision, and more fre-
quent preventive maintenance checks. The remedial action 
chosen should be appropriate for the identified problem. As 
with all other components of the process, meticulous documen-
tation is necessary.

Point-of-Care Testing
Point-of-care testing takes blood gas analysis from the special-
ized laboratory to the patient’s bedside.22 Point-of-care testing 
reduces turnaround time, which may lead to quicker diagnosis 
and treatment. Theoretically, cost savings can be accrued by 

FIGURE 19-9	 Schematic	representation	of	a	quality	control	plot	for	PCO2.	The	horizontal	axis	depicts	time.	White circles	represent	values	
within	2	standard	deviations	of	the	mean;	blue circles	represent	values	outside	2	standard	deviations	of	the	mean.	Point	A	represents	a	
random	error;	point	B	represents	systematic	errors.	(Modified	from	Shapiro	BA,	Peruzzi	WT,	Kozelowski-Templin	R:	Clinical	application	of	
blood	gases,	ed	5,	St	Louis,	1994,	Mosby.)
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ously or at appropriate intervals without permanently remov-
ing blood from the patient. Of the systems which are currently 
in use, two of the most common ones are transcutaneous blood 
gas monitoring and tissue oxygen monitoring.

Transcutaneous Blood Gas Monitoring

Transcutaneous blood gas monitoring provides continuous, 
noninvasive estimates of arterial PO2 and PCO2 through a 
surface skin sensor. Transcutaneous blood gas monitoring has 
been used for many decades in infants and now is available for 
use in adults because of advances in technology. As with capil-
lary sampling, the device arterializes the underlying blood by 
heating the skin. Warming also increases the permeability of the 
skin to O2 and CO2, which enhances diffusion from the capil-
laries to the sensor, where they are measured as transcutaneous 
partial pressures (PtcO2 and PtcCO2).

Numerous factors influence the agreement between arterial 
blood and transcutaneous gas measurements, with O2 levels 
being affected most. The two most important factors are age 
and perfusion status (Table 19-4). With regard to perfusion 
status, PaO2 and PtcO2 are similar only in patients with normal 
cardiac output and fluid balance, because accurate transcutane-
ous measures require adequate skin perfusion. Peripheral vaso-
constriction and impaired capillary flow decrease the PtcO2; 
common causes include low cardiac output, shock, and dehy-
dration. Some clinicians use PtcO2 not to monitor oxygenation 
as a surrogate for PaO2 but to assess blood flow changes during 
procedures such as vascular surgery and resuscitation. Agree-
ment between PaCO2 and PtcCO2 is better because CO2 is more 
diffusible. PaCO2 changes of 5 mm Hg can be monitored or 
“trended” by transcutaneous blood gas analysis. Based on these 
factors, PtcCO2 monitoring is a reasonable choice when there is 
a need for continuous, noninvasive analysis of trends in ventila-
tion and PaCO2. In hemodynamically stable infants and chil-
dren, PaO2 can be “correlated” with PtcO2, thus decreasing the 
need for repeated arterial samples. Because pulse oximetry 
cannot provide accurate estimates of excessive blood O2, the 
transcutaneous monitor may be useful for monitoring hyper-
oxia in neonates. However, prevention of hyperoxia in prema-
ture neonates is more often achieved by maintaining pulse 
oximetry saturation between 85% and 93%.29

Transcutaneous blood gas monitoring of PtcCO2 can be 
useful in adult patients during deep sedation and mechanical 
ventilation in the ED, in the ICU, and during surgery.30-35 PtcCO2 

TABLE 19-4 

Ratios Correlating PtcO2 With PaO2

Age Group PtcO2/PaO2 Ratio Perfusion Status PtcO2/PaO2

Premature	infants 1.14	:	1 Stable 0.79	:	1
Neonates 1.00	:	1 Moderate	shock 0.48	:	1
Children 0.84	:	1 Severe	shock 0.12	:	1
Adults 0.79	:	1
Older	adults 0.68	:	1

From	Tobin	MJ:	Respiratory	monitoring.	JAMA	264:244–251,	1990.

FIGURE 19-10	 GEM	Premier	4000	critical	care	analyzer	for	
blood	gas,	electrolyte,	metabolite,	and	integrated	cooximetry	
testing;	the	device	also	performs	continuous	automated	quality	
assurance.	(Courtesy	Instrumentation	Laboratory,	Bedford,	MA.)

into the cartridge, the sensors measure the concentration of the 
analytes and conduct their output signal through conductive 
contact pads to the analyzer microprocessor. Test results usually 
are ready within 60 seconds. Waste management involves simple 
removal and proper disposal of the analysis cartridge.

Other devices use self-contained multiuse cartridge packs 
that include all testing components, are maintenance-free, and 
incorporate automated quality control management systems. 
Multiuse cartridges are typically replaced every 30 days or when 
testing components are used up.

Clinical  Performance.  More recent method comparisons 
indicate that portable point-of-care blood gas analyzers can 
achieve accuracy and precision levels comparable to those with 
laboratory-based analyzers.14,25 Such findings have resulted in 
the widespread use of these systems.

Clinical laboratories have expanded point-of-care testing 
solutions to improve operational costs, streamline workflow in 
the clinical laboratory and critical care setting, and provide 
blood analysis results more quickly.26,27 Guidelines for providers 
who are considering adoption of this new technology have been 
published in the clinical laboratory literature.28

BLOOD GAS MONITORING

A blood gas monitor is a bedside tool (usually dedicated to a 
single patient) that can provide measurements either continu-
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19-4	 Transcutaneous	Monitoring	of	Carbon	Dioxide	
and	Oxygen:	2012

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 The	need	to	monitor	continuously	the	adequacy	of	arterial	

oxygenation	or	ventilation
•	 The	need	to	quantify	the	real-time	responses	to	diagnostic	

and	therapeutic	interventions,	as	evidenced	by	PtcO2	or	
PtcCO2	values

■ CONTRAINDICATIONS
There	are	no	absolute	contraindications.	In	patients	with	poor	
skin	integrity	or	adhesive	allergy,	alternative	devices	should	be	
considered.

■ HAZARDS AND POSSIBLE COMPLICATIONS
•	 False-negative	or	false-positive	results	may	lead	to	

inappropriate	treatment.
•	 Tissue	injury	(e.g.,	erythema,	blisters,	burns,	skin	tears)	may	

occur	at	the	measuring	site.

■ ASSESSMENT OF NEED
•	 When	direct	measurement	of	arterial	blood	is	unavailable	or	

not	readily	accessible,	PtcO2	or	PtcCO2	measurements	may	
suffice	temporarily	if	the	limitations	of	the	data	are	
appreciated.

•	 Transcutaneous	blood	gas	monitoring	is	appropriate	for	
continuous	and	prolonged	monitoring	(e.g.,	during	
mechanical	ventilation,	continuous	positive	airway	pressure	
[CPAP],	and	supplemental	oxygen	administration).

•	 PtcO2	values	can	be	used	for	diagnostic	purposes,	such	as	
in	the	assessment	of	functional	shunts	or	in	determining	the	

response	to	oxygen	challenge	in	the	assessment	of	
congenital	heart	disease.

■ ASSESSMENT OF OUTCOME
•	 Results	should	reflect	the	patient’s	clinical	condition	(i.e.,	

they	should	validate	the	basis	for	ordering	the	monitoring).
•	 Results	of	therapeutic	interventions	and	clinical	decisions	

based	on	the	transcutaneous	measurements	should	be	
noted	in	the	medical	record.

■ MONITORING
The	schedule	for	patient	assessment	during	transcutaneous	
monitoring	should	be	integrated	into	the	patient	assessment	
as	part	of	vital	signs	monitoring.	Results	should	be	
documented	in	the	patient’s	medical	record	and	should	detail	
the	following	conditions:
•	 Date	and	time	of	measurement,	transcutaneous	reading,	

patient’s	position,	respiratory	rate,	and	activity	level
•	 Inspired	oxygen	concentration	or	supplemental	oxygen	

flow,	specifying	the	type	of	oxygen	delivery	device
•	 Mode	of	ventilatory	support,	and	ventilator,	or	CPAP	

settings
•	 Electrode	placement	site,	electrode	temperature,	and	time	

of	placement
•	 Results	of	simultaneously	obtained	PaO2,	PaCO2,	and	pH,	

when	available
•	 Clinical	appearance	of	the	patient	and	subjective	

assessment	of	perfusion,	pallor,	and	skin	temperature

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: Transcutaneous monitoring of Carbon Dioxide and 
Oxygen: 2012s. Respir Care 57:1955, 2012.

is a more accurate reflection of PaCO2 than both PETCO2 and 
nasal ETCO2 in intubated and spontaneously breathing adult 
patients. The use of PtcCO2 in conjunction with pulse oximetry 
reduces the need for repeated ABG sampling.36

To guide practitioners in providing high-quality care, the 
AARC has published Clinical Practice Guideline: Transcutane-
ous Blood Monitoring of Carbon Dioxide and Oxygen: 2012.37 
Modified excerpts from the AARC guideline appear in Clinical 
Practice Guidelines 19-4.

Instrumentation
Figure 19-11 shows a simplified diagram of a transcutaneous 
blood gas monitor sensor. Included are a heating element and 
two electrodes, one each for O2 and CO2. These electrodes are 
similar in design to the electrodes found in bench-top analyzers. 
However, instead of measuring gas tensions in a blood sample, 
transcutaneous electrodes measure PO2 and PCO2 in an 

FIGURE 19-11	 Schematic	diagram	of	transcutaneous	O2-CO2	
sensor.	(Modified	from	Mahutte	CK,	Michiels	TM,	Hassell	KT,	et	al:	
Evaluation	of	a	single	transcutaneous	PO2-PCO2	sensor	in	adult	
patients.	Crit	Care	Med	12:1063–1066,	1984.)

Signal processing electronics

O2 cathode CO2 electrode
Electrolyte
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Problem-Solving and Troubleshooting
Monitoring requires setup and calibration. In terms of technical 
limitations, transcutaneous blood gas sensors must be cali-
brated and maintained using methods similar to those described 
for bench-top analyzers. Improper calibration yields erroneous 
patient information. Meticulous care of the sensor membranes 
is also essential for proper maintenance.

Because the sensor is heated, clinicians must take care to 
avoid thermal injury to the patient’s skin. Thermal injury can 
be avoided by careful monitoring of sensor temperature (the 
safe upper limit is approximately 42° C) and regularly rotating 
the sensor site. Proper sensor-electrolyte contact is essential, as 
is proper application to the skin surface.

When arterial and transcutaneous blood gas values are 
inconsistent with each other or with the clinical status of the 
patient, the clinician should explore possible causes before 
reporting any results. Often, discrepancies can be reduced by 
switching the monitoring site or recalibrating the instrument. 
If these steps fail to resolve the inconsistencies, the clinician 
should recommend an alternative method for assessing gas 
exchange, such as pulse oximetry or more frequent ABG 
analysis.

Tissue Oxygen

Tissue O2 (PtO2) can be measured by probes inserted directly 
into organs, tissue, and body fluids. Ease of probe placement 
and the sensitivity of PtO2 as an indicator of tissue perfusion 
make tissue O2 monitoring attractive for clinical research appli-
cations. Clinical indications for measuring PtO2 include moni-
toring brain tissue O2 as an early sign of ischemia, assessing 
brain blood flow autoregulation, and monitoring the adequacy 
of brain perfusion in patients with traumatic brain injury.38 In 
patients with traumatic brain injury, brain PtO2 values are 
between 25 and 30 mm Hg when intracranial pressure and 
cerebral perfusion are normal. The critical threshold for isch-
emic brain damage and poor outcome is suspected to be at a 
brain PtO2 of approximately 10 to 15 mm Hg.38

Instrumentation
Both electrochemical and optical fluorescence tissue O2 probes 
have been developed for clinical use and research applications. 

MINI CLINI
Selecting a Monitoring System

PROBLEM:	 Concerned about retinopathy of prematurity, the 
RT sets up a noninvasive system to monitor a preterm infant 
for hyperoxia. What type of system should the RT choose  
and why?

SOLUTION:	 Because the infant should be monitored for 
hyperoxia, a system that provides continuous data would be the 
best choice. Because hyperoxia is best assessed using PO2 (as 
opposed to Hb saturation), the RT needs to use a PO2 electrode 
system. A transcutaneous PO2 electrode system would provide 
the needed measurement noninvasively. Box 19-7 Procedure for Using a 

Transcutaneous Monitor

•	 Place	the	unit	at	bedside,	and	provide	manufacturer-
specified	warm-up	time.

•	 Check	the	membrane	to	ensure	that	it	is	free	of	bubbles	or	
scratches,	and	change	it	if	necessary.

•	 Select	the	monitoring	site	by	evaluating	perfusion,	skin	
thickness,	and	absence	of	bones.

•	 Prepare	the	sensor	with	an	adhesive	ring	and	electrolyte	gel.
•	 Set	the	appropriate	probe	temperature	(per	the	

manufacturer’s	recommendations).
•	 Prepare	the	site	by	removing	excess	hair	and	cleaning	the	

skin.
•	 Securely	attach	probe	to	the	patient.
•	 Schedule	site	change	time	(2	to	12	hours,	depending	on	

patient/device).
•	 Set	the	high	and	low	alarms.
•	 Monitor	and	document	the	results	per	institutional	protocol.
•	 Change	site	at	appropriate	intervals.
•	 Validate	the	reading	against	arterial	blood	gas	values.

From	Koff	PB,	Hess	D:	Transcutaneous	oxygen	and	carbon	dioxide	
measurements.	In	Kacmarek	RM,	Hess	D,	Stoller	JK,	editors:	Monitoring	
in	respiratory	care,	St	Louis,	1993,	Mosby.

FIGURE 19-12	 SenTec	Digital	Monitoring	System,	combined	
PtcCO2	and	SpO2	sensor	suitable	for	neonatal,	pediatric,	and	adult	
patients.	(Courtesy	SenTec	AG,	Therwil,	Switzerland.)

electrolyte gel between the sensor and the skin. When properly 
set up, the response time for these electrodes is 20 to 30 seconds, 
a bit slower than the response time for pulse oximetry.

Figure 19-12 shows a transcutaneous monitor with digital 
signal processing. A Severinghaus-type PtcCO2 electrode and 
two-wavelength reflectance SpO2 are combined into a single 
sensor. The sensor can be applied to the skin surface in neonates 
and infants or to the earlobe of pediatric and adult patients  
for combined noninvasive monitoring of ventilation and 
oxygenation.

Procedure
Box 19-7 outlines the basic procedure for setting up a transcu-
taneous blood gas monitor. Once the electrodes are properly set 
up, the clinician should compare the monitor readings with a 
concurrent ABG. Consistency between values validates monitor 
performance under the existing conditions. This validation 
should be repeated any time the patient’s status undergoes a 
major change. During validation studies of patients with ana-
tomic shunts, the electrode site and arterial sampling site should 
be on the same “side” of the shunt.
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blood. Pulse oximetry is a noninvasive monitoring technique 
performed at the bedside. Venous oximetry requires invasive 
monitoring through a fiberoptic catheter placed in the vena 
cava or PA. Tissue oximetry is a noninvasive method of measur-
ing the saturation of Hb at the tissue level.

Hemoximetry

Hemoximetry (known in some settings as cooximetry) is an 
analytic method of oximetry and is covered in the AARC Clini-
cal Practice Guideline: Blood Gas Analysis and Hemoximetry15 

Figure 19-13 shows a Clarke-type polarographic sensor and its 
insertion into brain tissue through an intracranial bolt. Optode 
probes capable of monitoring tissue pH, CO2, and O2 have also 
been developed.39

OXIMETRY

Oximetry is the measurement of blood Hb saturations using 
spectrophotometry. According to the principles of spectro-
photometry, every substance has a unique pattern of light 
absorption, similar to a fingerprint. The pattern of light absorp-
tion of a substance varies predictably with the amount present; 
this is known as the Lambert-Beer law. By measuring the light 
absorbed and transmitted by a substance, scientists can identify 
its presence and determine its concentration.

The particular pattern of light absorption exhibited by a 
substance at different wavelengths is called its absorption spec-
trum. As shown in Figure 19-14, each form of Hb (i.e., reduced 
Hb, HbO2, HbCO, metHb) has its own unique pattern. By com-
paring the amount of light transmitted through (or reflected 
from) a blood sample at two or more specific wavelengths, the 
relative concentrations of Hb forms can be measured. For 
example, oxygenated Hb absorbs less red light (600 to 750 nm) 
and more infrared light (850 to 1000 nm) than deoxygenated 
or reduced Hb. Comparing a blood sample’s light absorption 
with red and infrared light yields the %HbO2 and %Hb. When 
measuring additional forms of Hb, additional (more than two) 
wavelengths of light must be used.

Several types of oximetry are used in clinical practice, includ-
ing hemoximetry (also called cooximetry), pulse oximetry, 
venous oximetry, and tissue oximetry. Hemoximetry is a labora-
tory analytic procedure requiring invasive sampling of arterial 

FIGURE 19-13	 A,	Schematic	of	Clark-type	polarographic	tissue	oxygen	probe.	Polyethylene	membrane	(1),	gold	cathode	(2),	silver	anode	
(3),	electrolyte	solution	(4),	cerebral	tissue	(5).	B,	Insertion	into	cerebral	tissue.	(From	Mulvey	JM,	Dorsch	NW,	Mudaliar	Y,	et	al:	Multimodality	
monitoring	in	severe	traumatic	brain	injury:	the	role	of	brain	tissue	oxygenation	monitoring.	Neurocrit	Care	1:391–402,	2004.)
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Quality assurance procedures for hemoximetry are essen-
tially the same as the procedures used for blood gas analysis, 
differing only with regard to the control materials used. In addi-
tion, careful cleaning and maintenance of the cuvette chamber 
is essential because clouding of its walls decreases absorbance 
and can cause falsely elevated values.40

Problem-Solving and Troubleshooting
A major assumption underlying hemoximetry is that the mea-
sured changes in light absorbance result only from variations 
in the relative concentrations of various Hbs. In practice, this 
assumption does not always hold true. Table 19-5 outlines some 
of the potential problems and resulting errors that can occur 
with hemoximetry.

Pulse Oximetry

Pulse oximeters are portable noninvasive monitors that esti-
mate arterial blood oxyhemoglobin saturation levels. So as not 
to confuse these estimates with actual SaO2 measures obtained 
by hemoximetry, the abbreviation SpO2 is used to refer to pulse 
oximetry readings. No other device in recent medical history 
has been so widely and quickly adopted into clinical practice. 

(see Clinical Practice Guideline 19-3). Related recommenda-
tions have been published by CLSI.9

Instrumentation
Figure 19-15 is a simplified diagram showing the key compo-
nents of a laboratory hemoximeter. Light generated by a thal-
lium cathode lamp passes through a series of lenses and filters, 
yielding the specific wavelengths needed for analysis. A beam 
splitter divides the light into two portions, directing one through 
a reference solution and the other through a sample chamber, 
or cuvette. Photodetection sensors measure the amount of light 
transmitted through these two sources. By comparing the dif-
ference in light transmission through the reference and sample 
solutions, a microprocessor computes the relative amount of 
Hb present, with its output sent to the calibrated device meter 
or display. Because a laboratory hemoximeter uses four or more 
different wavelengths of light, it can simultaneously compute 
the relative concentrations of multiple forms of Hb, such as 
reduced Hb, HbO2, HbCO, and metHb.

Procedure and Quality Assurance
Similar to modern blood gas analyzers, laboratory hemoxime-
ters are highly automated and simple to use. Some devices now 
combine both technologies into a single instrument. However, 
the caveats remain the same. Accurate and clinically useful 
hemoximetry results can be expected only if an error-free 
sample is assessed on a calibrated analyzer, using the manufac-
turer’s protocol.

Although variations exist among devices, the basic proce-
dure is similar. First, the blood is introduced into the sampling 
port of the analyzer, usually by either aspiration or injection. 
Required sample sizes vary from approximately 200 mcl to 
40 mcl (microanalysis). Once introduced, erythrocyte Hb is 
released into the solution by hemolysis. After hemolysis, the 
sample is transported to the cuvette for analysis. On completion 
of the analysis, the sampling system (cuvette and tubing) is 
flushed and cleaned. As with blood gas analysis, operators must 
follow CDC standard precautions and ensure proper disposal 
of syringes and waste materials.

FIGURE 19-15	 Simplified	diagram	showing	key	components	of	a	laboratory	hemoximeter.	(Modified	from	Lane	EE:	Clinical	arterial	blood	
gas	analysis,	St	Louis,	1987,	Mosby.)
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TABLE 19-5 

Problems Causing Measurement Errors  
With Hemoximeters

Problem Potential Error

Incomplete	hemolysis Falsely	low	total	Hb,	HbO2

Sickle	cell	anemia	(caused	
by	incomplete	hemolysis)

Falsely	low	HbO2

Presence	of	vascular	dyes	
(e.g.,	methylene	blue)

Falsely	low	total	Hb,	HbO2

High	lipid	levels	(e.g.,	from	
parenteral	nutrition)

Falsely	low	total	Hb,	HbO2

Presence	of	high	levels	of	
fetal	hemoglobin

Falsely	high	HbCO

Elevated	bilirubin	levels	
(>20	mg/dl)

Falsely	high	total	Hb,	HbO2,	
metHb

Dirty	cuvette	chamber Falsely	high	total	Hb,	HbO2
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19-5	 Pulse	Oximetry

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 To	monitor	the	adequacy	of	arterial	oxyhemoglobin	

saturation
•	 To	quantify	the	response	of	arterial	oxyhemoglobin	

saturation	to	therapeutic	intervention	or	to	diagnostic	
procedures,	such	as	bronchoscopy

•	 To	comply	with	mandated	regulations	or	recommendations	
by	authoritative	groups

■ CONTRAINDICATIONS
The	ongoing	need	for	actual	measurements	of	pH,	PaCO2,	
total	Hb,	and	abnormal	Hb	may	be	a	relative	contraindication	
to	pulse	oximetry.

■ PRECAUTIONS
•	 Device	limitations	causing	false-negative	results	for	

hypoxemia	or	false-positive	results	for	normoxemia	or	
hyperoxemia	may	lead	to	inappropriate	treatment	of	
patients.

•	 Factors	affecting	SpO2	accuracy	include	motion	artifact,	
abnormal	Hbs,	intravascular	dyes,	low	perfusion	states,	skin	
pigmentation,	and	nail	polish.

■ ASSESSMENT OF NEED
•	 When	direct	measurement	of	SaO2	is	unavailable	or	not	

readily	accessible,	a	pulse	oximetry	measurement	may	
temporarily	suffice	if	the	limitations	of	the	data	are	
appreciated.

•	 SpO2	is	appropriate	for	continuous	and	prolonged	
monitoring	(e.g.,	during	sleep,	exercise,	or	bronchoscopy).

•	 SpO2	may	be	adequate	when	assessment	of	acid-base	
status	or	PaO2	is	not	required.

■ ASSESSMENT OF OUTCOME
The	following	should	be	used	to	evaluate	the	benefits	of	pulse	
oximetry:
•	 SpO2	results	should	reflect	the	patient’s	clinical	condition.
•	 Documenting	the	results	of	therapeutic	interventions,	and	

clinical	decisions	based	on	the	SpO2	measurements	should	
be	noted	in	the	medical	record.

■ FREQUENCY
After	initially	establishing	agreement	between	SaO2	and	SpO2,	
the	frequency	of	SpO2	monitoring	(i.e.,	continuous	vs.	spot	
check)	depends	on	the	clinical	status	of	the	patient,	the	
indications	for	performing	the	procedure,	and	recommended	
guidelines.	For	example,	continuous	SpO2	monitoring	is	
indicated	throughout	a	bronchoscopy	to	detect	desaturation,	
whereas	a	spot	check	may	suffice	for	evaluating	oxygen	
therapy	in	a	stable	postoperative	patient.	Direct	measurement	
of	SaO2	is	needed	whenever	SpO2	does	not	confirm	or	verify	
suspicions	about	the	patient’s	clinical	state.

■ MONITORING
Continuous	pulse	oximetry	monitoring,	should	be	incorporated	
into	the	bedside	assessment	of	a	patient’s	vital	signs.

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: sampling for arterial blood gas analysis. Respir Care 
37:891, 1992.

However, its rapid embracement has been accompanied by 
equally sweeping misconceptions regarding the appropriate 
applications and technologic limitations.41 Moreover, the true 
impact of pulse oximetry on patient outcomes is unknown.42 
To guide practitioners in providing quality care, the AARC has 
published Clinical Practice Guideline: Pulse Oximetry.43 Modi-
fied excerpts from the AARC guideline appear in Clinical Prac-
tice Guideline 19-5.

Instrumentation
The pulse oximeter combines the principle of spectrophotom-
etry, as used by hemoximeters, with photoplethysmography. 
Photoplethysmography uses light to detect the tiny volume 
changes that occur in living tissue during pulsatile blood flow. 
However, compared with a hemoximeter, the pulse oximeter 
usually uses only two wavelengths of light, one red (approxi-
mately 660 nm) and one infrared (approximately 940 nm) 
(see Figure 19-14). In addition, rather than measuring light 
transmission through a blood sample in a glass cuvette, the 
pulse oximeter measures transmission through living tissue, 

such as a finger or earlobe, or reflectance through the skin 
surface.

Figure 19-16, A provides a schematic block diagram of a 
pulse oximeter, consisting of a transmission sensor, processor, 
and display unit. The sensor has two sides. From one side, sepa-
rate red and infrared light-emitting diodes (LEDs) alternately 
transmit light through the tissue. The transmitted light inten-
sity is measured by a photodetector on the other side. The 
resulting output signal is filtered and amplified by instrument 
electronics, with processing and display functions controlled by 
a microprocessor.

Figure 19-16, B shows a schematic of a reflectance pulse 
oximeter sensor. This type of sensor has only one side, which 
contains both the LED light sources and the photodetector. The 
principle of operation is identical to a transmission sensor 
except that the sensor is placed on the skin surface, usually the 
forehead, and reflected light from the tissue back to the sensor 
is used to calculate SpO2.

Figure 19-17 shows a typical output signal generated by the 
photodetector (the pulsatile component can be observed on 
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saturation is computed as the ratio of the pulse-added absor-
bances at the two different wavelengths.

The accuracy of pulse oximetry readings is usually within ± 
3% to 5% of invasive hemoximetry readings.43,44 Generally, the 
lower the actual SaO2, the less accurate and reliable is the SpO2 
measurement. Most clinicians consider pulse oximeter readings 
unreliable at saturations less than 80%. Instrument response 

instruments that have a plethysmographic display). A baseline 
component represents the stable absorbance of the tissue bed, 
which mainly represents venous and capillary blood. At the top 
is the pulsatile component, caused by intermittent arterial flow 
through the tissues. By comparing light absorbance during the 
pulsatile phase with the baseline value at each wavelength, a 
pulse-added measure is obtained. Arterial oxyhemoglobin 

FIGURE 19-16	 A,	Schematic	block	diagram	of	a	transmission	pulse	oximeter	sensor	and	monitor.	B,	Schematic	of	a	reflectance	pulse	
oximeter	sensor.	LED,	Light-emitting	diode.	(A,	Modified	from	Gardner	R:	Pulse	oximetry:	is	it	monitoring’s	“silver	bullet”?	J	Cardiovasc	Nurs	
1:79–83,	1987;	B,	from	Keogh	BF,	Kopotic	RJ:	Recent	findings	in	the	use	of	reflectance	oximetry:	a	critical	review.	Curr	Opin	Anaesthesiol	
18:649–654,	2005.)
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MINI CLINI
Troubleshooting Pulse Oximetry

PROBLEM:	 The RT draws an ABG sample from a conscious 
and alert patient in a postsurgical unit who also is being moni-
tored with a pulse oximeter, which reads 80% saturation. The 
patient is breathing 35% O2 through an air-entrainment mask. 
The patient’s extremities are pink and warm. After running the 
blood sample through a calibrated ABG analyzer with a hemox-
imeter, the RT obtains the following values:
PaO2 = 90 mm Hg
Hb = 12 g/dl
SaO2 = 98%
metHb = 0.5%
HbCO = 1%

Explain the difference between the pulse oximeter and 
hemoximeter readings of this patient’s blood O2 levels and what 
action the RT should take.

SOLUTION:	 Given that a calibrated hemoximeter provides 
more accurate results than a pulse oximeter and that the patient 
exhibits no signs of hypoxemia, it is likely that the pulse oxim-
eter reading is falsely low. Because the total Hb and metHb 
levels are not grossly abnormal, potential problems include 
motion artifact, poor sensor placement, and device malfunc-
tion. The oximeter and sensor should be rechecked, and, if 
found to be malfunctioning, they should be replaced.

	

RULE OF THUMB

When	using	a	pulse	oximeter	to	detect	hypoxemia	in	an	
otherwise	healthy	adult,	never	set	the	low	alarm	below	
92%.	Generally,	this	level	ensures	that	the	alarm	is	
activated	before	true	arterial	saturation	drops	below	
that	critical.

 Box 19-8 Key Points for Performing 
Pulse Oximetry

•	 Always	follow	manufacturer’s	recommended	protocol.
•	 Never	mix	sensors	among	different	devices.
•	 Ensure	the	sensor	is	the	correct	size	for	the	site	chosen.
•	 Ensure	the	sensor	is	properly	applied	(not	too	tight	or	loose).
•	 Before	taking	or	recording	a	reading,	confirm	the	adequacy	

and	accuracy	of	the	pulse	signal.
•	 When	doing	spot	checks,	allow	sufficient	response	time	

before	taking	a	reading	because	response	times	vary	greatly.
•	 For	continuous	monitoring	of	adults	and	children,	set	the	low	

alarm	at	88%	to	92%.
•	 Whenever	possible,	validate	the	initial	SpO2	reading	against	

the	actual	SaO2.
•	 Clean	multiuse	sensors	and	disinfect	the	instrument	housing	

between	patients.
•	 Inspect	the	sensor	site	frequently	throughout	the	duration	of	

continuous	monitoring	and	change	it	as	needed.
•	 Never	act	on	SpO2	readings	alone.
•	 Avoid	using	pulse	oximetry	to	monitor	hyperoxia	in	neonates.

times vary by manufacturer, sensor location, and the patient’s 
hemodynamic status from 10 seconds to 1 minute or longer.

Procedure
The actual procedure used to measure SpO2 varies according to 
the device used, sensor site selected, and whether a spot check 
or continuous monitoring is required. Box 19-8 lists key points 
to be considered when performing pulse oximetry.

Given the limits of this technology, meticulous documen-
tation is important. Specifically, all SpO2 results should be 
recorded in the patient’s medical record. The following details 
should be documented:
• Date, time of measurement, and reading
• Patient’s position, activity level, and location during 

monitoring
• FiO2 or O2 flow and O2 delivery device
• Probe type and placement site
• Model of device (if more than one device is available for use)
• Results of simultaneously obtained ABGs and hemoximetry 

(if available)
• Stability of readings (length of observation time and range 

of fluctuation)
• Patient’s clinical appearance, including assessment of perfu-

sion at the measuring site (e.g., cyanosis, skin temperature)
• Agreement between oximeter and actual patient heart rate, 

as determined by palpation or electrocardiogram

Problem-Solving and Troubleshooting
Problems with pulse oximetry fall into two categories: (1) 
inherent technology problems and (2) problems associated with 
clinical interpretation of the data. Dozens of technical factors 
may affect the readings, limit the precision, or alter the perfor-
mance of pulse oximeters. Table 19-6 summarizes the most 
important of these factors and the types of errors they cause.

Motion artifact probably is the most common source of 
error and false alarms. Although new technologies promise to 
reduce motion artifact, relocation of the sensor to the earlobe, 
toe, or forehead can minimize the problem. Falsely elevated 
readings can occur with dark skin pigmentation at low satura-
tion levels; this can be compensated for by setting oximeter low 
alarms 3% to 5% higher in applicable cases.

Early studies on the effects of nail polish found significant 
differences in lowering SpO2 readings. More recent studies have 
found either no effect or small differences that are considered 
clinically irrelevant; this may be due to improvements in LED 
light sources.45,46 The effect of nail polish may be minimized by 
using a different site or by rotating the sensor so that the light 
path does not cross the fingernails.

If ambient light interference is creating problems, the sensor 
can be loosely covered with an opaque towel or cloth. Problems 
that occur during procedures producing electromagnetic inter-
ference (e.g., electrocautery, magnetic resonance imaging) need 
only be recognized. Careful monitoring of the patient during 
episodes of false low alarms is essential.
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analysis is needed when acute ventilatory failure may be  
present.

SpO2 can read falsely high when carbon monoxide poisoning 
or methemoglobinemia is present. This false reading is due to 
the fact that the two-wavelength pulse oximeter measures only 
saturation of the Hb and not specifically saturation with O2. 
HbCO and metHb cannot be distinguished from HbO2 with a 
pulse oximeter. A falsely high SpO2 reading occurs when signifi-
cant HbCO is present. When metHb is elevated, the SpO2 
reading is higher than the actual measured SaO2. As metHb level 
increases, SpO2 decreases and plateaus at approximately 85% 
when the metHb level reaches 30%.47

To address these limitations, pulse oximeters using seven or 
more wavelengths of light have been developed. Use of multi-
wavelength pulse oximeters capable of measuring reduced Hb, 
HbO2, HbCO, and metHb has been referred to as pulse coox-
imetry. The accuracy of these measurements does not equal 
that of conventional hemoximetry (cooximetry), but pulse 
cooximetry may be useful for trend monitoring in some clinical 
situations (e.g., monitoring therapy for acute carbon monoxide 
poisoning in the emergency department).48

As with transcutaneous monitoring, if pulse oximetry and 
blood gas values are inconsistent with each other, or the clinical 
status of the patient, the RT should explore possible causes 
before reporting, interpreting, or acting on results. Often, dis-
crepancies can be reduced by switching sites or replacing the 
sensor probe. If these steps fail to resolve the inconsistencies, 
the RT should document the problem and recommend obtain-
ing an ABG measurement with hemoximetry if indicated.

Venous Oximetry

Continuous central venous (vena cava) and mixed venous (PA) 
O2 saturation monitoring (SvO2) is performed to assess the 
balance between O2 delivery and use as an indirect index of 
global tissue oxygenation and perfusion. Decreased SvO2 is 
indicative of cardiac failure in patients with myocardial infarc-
tion and after cardiovascular surgery, as well as in patients with 
severe cardiopulmonary disease, including those in septic or 
cardiogenicshock.49 Regional and organ-specific SvO2 monitor-
ing has been performed via catheters placed in the coronary 
sinus, hepatic vein, and cranial jugular venous bulb for cerebral 
perfusion monitoring. Normal values for SvO2 range from 60% 
to 80%.

	

RULE OF THUMB

If	the	pulse	oximeter	is	reading	a	critically	low	value	
(<90%)	but	the	patient	appears	in	no	distress,	then	it	is	
likely	that	there	is	an	erroneous	pulse	oximeter	reading.	
In	such	situations	is	best	to	further	assess	the	patient’s	
clinical	status	and	troubleshoot	the	pulse	oximetry	
equipment	setup.	If	further	examination	suggests	that	
the	patient	is	stable,	it	is	likely	that	the	problem	is	the	is	
equipment	related	and	the	setup,	including	the	sensor,	
should	be	checked.

Regarding problems with interpreting pulse oximetry data, 
rule number one is to treat the patient, not the monitor. The 
clinician should never interpret or act on monitoring data 
without first assessing the patient and verifying proper sensor 
placement and signal quality. A related problem is simple con-
fusion over the relationship between oxyhemoglobin saturation 
and PO2. Many clinicians rely solely on PaO2 readings to assess 
oxygenation and do not understand oxyhemoglobin saturation. 
To these clinicians, an SpO2 reading of 80% might be confused 
easily with PaO2 of 80 mm Hg. The latter measure of partial 
pressure is normal, whereas a saturation of 80% indicates mod-
erate to severe hypoxemia, equivalent to PaO2 of approximately 
50 mm Hg.

A similar interpretation error (PaO2 vs. SpO2) occurs because 
of the limited accuracy of most pulse oximeters. It is common 
practice to set the low alarm of a monitoring oximeter to 90%. 
In theory, this practice makes sense because an SaO2 reading of 
90% normally corresponds to a PO2 reading of approximately 
60 mm Hg (the lower limit of clinically acceptable oxygen-
ation). However, with the accuracy of some oximeters being 
only ± 4%, an SpO2 reading of 90% could mean an actual SaO2 
reading of 86%, corresponding to a PO2 level of 55 mm Hg 
or less.

At the high end, oximetry data can be even less meaningful. 
Because of the characteristics of the oxyhemoglobin dissocia-
tion curve (see Chapter 12), a patient with an SpO2 reading of 
100% could represent a PaO2 level between 100 and 600 mm Hg. 
Therefore pulse oximetry should not be used for monitoring 
hyperoxia (as is important for neonates).

It is also important to remember that a pulse oximeter does 
not measure PCO2. A patient breathing an elevated FiO2 can 
have normal SpO2 readings despite severe hypercarbia. ABG 

TABLE 19-6 

Factors Affecting Accuracy or Precision of  
Pulse Oximeters

Factor Potential Error

Presence	of	HbCO Falsely	high	%HbO2

Presence	of	high	levels	of	
metHb

Falsely	low	%HbO2	if	SaO2	>85%
Falsely	high	%HbO2	if	SaO2	<85%

Presence	of	fetal	hemoglobin No	effect
Anemia	(very	low	hematocrit,	
<10%)

Falsely	low	CaO2	and	high	%	
HbO2

Vascular	dyes	(e.g.,	
methylene	blue)

Falsely	low	%HbO2

Elevated	bilirubin	levels No	effect
Dark	skin	pigmentation Falsely	high	%HbO2	(3%-5%)
Nail	polish	(especially	black) Falsely	high	%HbO2

Ambient	light Varies	(e.g.,	falsely	high	%HbO2	in	
sunlight);	also	may	cause	falsely	
high	pulse	reading

Poor	perfusion	
(vasoconstriction)

Inadequate	signal;	unpredictable	
results

Motion	artifact Unpredictable,	spurious	readings
Electrocautery Falsely	low	HbO2

Magnetic	resonance	imaging Falsely	low	HbO2
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detection of tissue hypoperfusion in patients with traumatic 
injuries.52 Cerebral StO2 monitoring also can be used to monitor 
brain oxygenation and detect cerebral ischemia during neuro-
surgical or cardiovascular procedures.53

Instrumentation
Tissue oximetry is essentially a reflectance oximeter that uses 
near-infrared spectroscopy to measure StO2. Multi-wavelengths 
of light in the near-infrared spectrum transilluminate muscle 
tissue in the hand or brain through the forehead. Because bio-
logic tissue, including the skull, is relatively transparent in the 
near-infrared range, the absorbance and reflectance character-
istics of HbO2 and reduced Hb concentrations in the tissue 
being monitored is used to calculate StO2. To date, StO2 moni-
toring is used primarily for research purposes but may eventu-
ally be used for clinical practice.

CAPNOMETRY AND CAPNOGRAPHY

Capnometry is the measurement of CO2 in respiratory gases. 
A capnometer is the device that measures CO2. Capnography 
is the graphic display of CO2 levels versus time (scalar display) 
as they change during breathing. Volumetric capnography is 
the graphic displaying of CO2 versus expired tidal volume that 
allows for the measurement of physiologic dead-space fraction 
and volumetric CO2 excretion.54

Although capnography can be applied to any patient, its 
primary clinical use is for monitoring during either general 

Instrumentation
Figure 19-18 shows a diagram of an SvO2 monitoring system. 
Venous oximetry is measured through a fiberoptic catheter by 
reflectance spectrophotometry. Two or three wavelengths of 
light are emitted from LEDs through fiberoptic filaments into 
the venous blood. Some of this light is reflected back and 
received through another fiberoptic channel, which is read by a 
photodetector. The amount of light that is absorbed by the 
venous blood and reflected back is determined by the amount 
of O2 that is saturated or bound to Hb. This information is 
processed by the monitor, updated, and displayed as SvO2.

Clinical Usefulness
Continuous SvO2 can be monitored through an SvO2-equipped 
PA catheter or venous catheter. Mixed venous oximetry from 
the PA is an indication of global O2 use. Central venous oxim-
etry is nearly interchangeable with mixed venous oximetry. 
Both correlate with mixed venous saturation measured by 
hemoximetry with an accuracy of ± 3% to 5%. Accuracy of 
venous oximetry monitoring depends on several factors, includ-
ing the frequency of calibration with measured SvO2 and Hb, 
the position of the catheter free floating in the vein, the absence 
of wall artifact, damage to the fiberoptic filaments, and clot 
formation at the catheter tip.50,51

Tissue Oximetry

Tissue level O2 saturation (StO2) assesses the adequacy of cir-
culation and O2 delivery. Low StO2 can be used for early 

FIGURE 19-18	 Diagram	of	a	venous	oximetry	monitoring	system	using	reflectance	oximetry.	(Courtesy	Edwards	Life	Science,	Irvine,	CA.)
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anesthesia (where it is a standard of care) or mechanical ventila-
tion. Other common indications include use during a cardio-
pulmonary resuscitation to both identify the proper placement 
of an artificial airway and to assess the effectiveness in restoring 
adequate perfusion pressures, which are discussed elsewhere in 
this text. However, the following section of this chapter focuses 
mainly on the application of capnography and capnometry 
during mechanical ventilation. To guide practitioners in pro-
viding quality care, the AARC has published Clinical Practice 
Guideline: Capnography/Capnometry During Mechanical Ven-
tilation: 2011.55 Modified excerpts from the AARC guideline 
appear in Clinical Practice Guidelines 19-6.

19-6	 Capnography	and	Capnometry	During	
Mechanical	Ventilation:	2011

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
There	are	three	broad	categories	of	indications	for	
capnography/capnometry:

•	 Verification	of	artificial	airway	placement	(determining	that	
tracheal,	rather	than	esophageal,	intubation	has	been	
accomplished)

•	 Assessment	of	pulmonary	circulation	and	respiratory	
status

•	 Improve	the	matching	of	 � �V/Q
•	 Measurement	of	the	volume	of	CO2	elimination	to	assess	

metabolic	rate	or	alveolar	ventilation
•	 Optimization	of	mechanical	ventilation
•	 Improve	the	VD/VT	ratio
•	 Continued	monitoring	of	the	integrity	of	the	ventilatory	

circuit,	including	the	artificial	airway
•	 Evaluation	of	the	efficiency	of	mechanical	ventilatory	

support	(by	[PaCO2	−	PETCO2])

■ CONTRAINDICATIONS
There	are	no	absolute	contraindications	to	capnography	in	
mechanically	ventilated	patients,	provided	that	the	data	
obtained	are	evaluated	with	consideration	given	to	the	
patient’s	clinical	condition.

■ HAZARDS AND POSSIBLE COMPLICATIONS
•	 Misunderstanding	of	the	data	provided	may	lead	to	

inappropriate	treatment	of	the	patient.
•	 With	mainstream	analyzers,	too	large	a	sampling	window	

can	excessively	increase	the	circuit	mechanical	dead	
space.

•	 The	sampling	window	or	the	sampling	lines	can	place	
additional	weight	on	the	circuit	and	increase	traction	on	the	
patient’s	artificial	airway	(primarily	a	concern	in	young	
pediatric	patients).

•	 With	sidestream	analyzers,	the	sampling	rate	may	cause	
auto-triggering	of	mechanical	ventilators.

■ ASSESSMENT OF NEED
•	 Capnography	is	a	standard	of	care	during	general	

anesthesia.	The	American	Society	of	Anesthesiologists	has	
suggested	that	capnography	be	available	for	patients	with	
acute	ventilatory	failure	on	mechanical	ventilatory	support.56	
The	American	College	of	Emergency	Physicians	
recommends	capnography	as	an	adjunctive	method	to	
ensure	proper	endotracheal	tube	position.57	The	2010	
American	Heart	Association	Guidelines	for	Cardiopulmonary	
Resuscitation	and	Emergency	Cardiovascular	Care	
recommend	capnography	to	verify	endotracheal	tube	
placement	in	all	age	groups.58

•	 Assessing	the	need	for	capnography	in	a	specific	patient	is	
guided	by	the	clinical	situation;	in	particular	both	the	
primary	cause	and	the	severity	of	respiratory	failure	should	
be	considered.

■ ASSESSMENT OF OUTCOME
Results	should	reflect	the	patient’s	condition.	Documentation	
of	results	(along	with	all	ventilatory	and	hemodynamic	
variables	available),	therapeutic	interventions,	and	clinical	
decisions	made	based	on	the	capnogram	should	be	included	
in	the	patient’s	medical	record.

■ MONITORING
During	capnography,	the	following	should	be	considered	and	
monitored:
•	 Ventilatory variables:	Tidal	volume,	respiratory	rate,	minute	

ventilation,	peak	airway	pressure,	plateau	pressure,	positive	
end	expiratory	pressure,	inspiratory/expiratory	time	ratio,	
and	concentrations	of	respiratory	gas	mixture

•	 Hemodynamic variables:	Systemic	and	pulmonary	blood	
pressures,	cardiac	output,	and	intrapulmonary	shunt

*For the complete guideline, see American Association for Respiratory Care: Clinical Practice Guideline: Capnography/Capnometry During Mechanical 
Ventilation. Respir Care 56:503, 2011.

Instrumentation

The key component in a capnograph is a rapid-responding CO2 
analyzer. Rapid CO2 analysis can be achieved using infrared 
absorption, Raman scattering, mass spectroscopy, or photo-
acoustic technology, with the infrared capnometer being the 
most common.

Figure 19-19 provides a simple schematic of a double-beam 
infrared capnometer. A filtered infrared light source passes 
through a sample chamber. (Because glass absorbs infrared 
radiation, the chamber “windows” usually are constructed with 
sodium chloride or sodium bromide.) After the infrared light 
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FIGURE 19-19	 Schematic	representation	of	infrared	
capnometer.	
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FIGURE 19-20	 A,	Mainstream	CO2	sampling.	The	sample	chamber,	light	source,	and	photodetector	are	attached	to	the	breathing	circuit,	
with	the	output	signal	sent	to	a	microprocessor	for	analysis	and	display.	B,	Sidestream	CO2	sampling	through	an	in-line	sampling	adapter	
with	a	small-bore	connector.	A	small	sample	of	expired	gas	is	drawn	continuously	through	the	tubing	and	analyzed	inside	a	remote	
capnometer.	
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 Box 19-9 Advantages and Disadvantages 
of Mainstream and Sidestream 
Capnometers

MAINSTREAM
Advantages
•	 Sensor	at	patient	airway
•	 Fast	response	(crisp	waveform)
•	 Short	lag	time	(real-time	readings)
•	 No	sample	flow	to	reduce	tidal	volume

Disadvantages
•	 Secretions	and	humidity	can	block	sensor	window
•	 Sensor	requires	heating	to	prevent	condensation
•	 Requires	frequent	calibration
•	 Bulky	sensor	at	patient	airway
•	 Does	not	measure	N2O
•	 Difficult	to	use	with	nonintubated	patients
•	 Reusable	adapters	require	cleaning	and	sterilization

SIDESTREAM
Advantages
•	 No	bulky	sensors	or	heaters	at	airway
•	 Ability	to	measure	N2O
•	 Disposable	sample	line
•	 Ability	to	use	with	nonintubated	patients

Disadvantages
•	 Secretions	block	sample	tubing
•	 Trap	required	to	remove	water	from	sample
•	 Frequent	calibration	required
•	 Slow	response	to	CO2	changes
•	 Lag	time	between	CO2	change	and	measurement
•	 Sample	flow	may	decrease	tidal	volume

From	Kacmarek	RM,	Hess	D,	Stoller	J,	editors:	Monitoring	in	respiratory	
care,	St	Louis,	1993,	Mosby.

passes through the sample chamber, a lens focuses the remain-
ing, unabsorbed radiation onto an electrical photodetector. 
Because CO2 absorbs infrared radiation, the greater the concen-
tration of CO2 in the sample, the less is the infrared light that 
arrives at the detector. Variations in the concentration of  
CO2 alter the electrical output signal of the detector. This signal 
is used either to display the CO2 concentration with LEDs 
(capnometer) or to generate a real-time graphic display 
(capnogram).

Capnometers use two different methods to sample the respi-
ratory gases: mainstream sampling and sidestream sampling 
(Figure 19-20). The mainstream analyzer places an in-line anal-
ysis chamber between the patient’s airway and the ventilator 
circuit. The sidestream analyzer uses a sampling tube to pump 
a small volume of gas continually from the ventilator circuit 
into the analysis chamber within the device. Box 19-9 lists the 
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19-7 differentiates between the causes of high and low PETCO2 
readings by the suddenness of the change. A PETCO2 of zero 
usually indicates a system leak, endotracheal tube displacement 
out of the airway, esophageal intubation, or cardiac arrest.

After the capnogram has been assessed for changes in 
PETCO2, the waveform and its pattern should be analyzed. A 
normal capnogram starts with a sharp upstroke, followed by a 
plateau and then a rapid downstroke. As indicated in Figure 
19-22, changes in this normal contour may indicate a � �V/Q 
abnormality. Such patterns, although not diagnostic, can indi-
cate the severity of the � �V/Q disturbance and warn of developing 
problems, such as acute pulmonary emboli.

Waveform changes also may occur with equipment malfunc-
tion. Because the normal inspired CO2 level is zero, the capno-
gram baseline should also be at zero. An elevated baseline 
(>0 mm Hg) indicates rebreathing. However, an expired CO2 

FIGURE 19-21	 Normal	single-breath	capnograph	tracing.	
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TABLE 19-7 

Conditions Associated With Changes in PETCO2

Change High PETCO2 Low PETCO2

Sudden Sudden	increase	
in	cardiac	output

Sudden	hyperventilation

Sudden	release	of	
a	tourniquet

Sudden	decrease	in	cardiac	
output

Injection	of	sodium	
bicarbonate

Massive	pulmonary	embolism

Air	embolism
Disconnection	of	ventilator
Obstruction	of	endotracheal	tube
Leakage	in	the	circuit

Gradual Hypoventilation Hyperventilation
Increase	in	CO2	

production
Decrease	in	oxygen	consumption

Decreased	pulmonary	perfusion

NOTE:	An	absent	PETCO2	means	that	a	system	leak,	esophageal	intubation,	
or	cardiac	arrest	has	occurred.

MINI CLINI
Interpreting Capnometry Data

PROBLEM:	 The RT is monitoring an intubated, mechanically 
ventilated patient in the ICU with a capnograph. She notices 
the expired CO2 level suddenly drop to near zero. On ausculta-
tion, the patient exhibits good bilateral breath sounds, and all 
connections between the airway and capnograph are tight. 
What is the likely problem?

SOLUTION:	 The most common causes of a zero PETCO2 are 
extubation and ventilator or monitoring system disconnection. 
However, a PETCO2 of zero also can occur with shock or 
cardiac arrest (no CO2 returns to the lungs for exhalation). The 
RT should check this patient’s cardiovascular status immedi-
ately. If the patient’s cardiovascular system is functioning 
within normal limits, the RT should check the position of the 
endotracheal tube.

advantages and disadvantages of these two approaches. Differ-
ences notwithstanding, clinicians should use the method best 
suited to the patient’s needs.

Interpretation

Interpretation of the capnogram can be useful in assessing 
trends in alveolar ventilation and detecting ventilation/perfusion 
ratio ( � �V/Q) imbalance caused by either pulmonary disease or 
cardiovascular disorders. Capnometry also is used to measure 
physiologic dead space, detect esophageal intubation, assess 
blood flow during cardiac arrest, and guide setting positive end-
expiratory pressure levels. To interpret abnormal events, clini-
cians first must understand the normal capnogram.

Normal Capnogram
Figure 19-21 shows a typical normal single-breath capnogram. 
Initially, the expired PCO2 is 0 mm Hg, indicating exhalation of 
pure dead space gas from the airways (A, phase I). Soon after, 
alveolar gas begins mixing with dead space gas in the airways, 
causing a rapid increase in expired PCO2 (A to B, phase II). The 
CO2 concentration then reaches a plateau indicates exhalation 
of alveolar gas (B to C, phase III). Gas sampled at the end of 
exhalation is called end-tidal gas, with its partial pressure of 
CO2 abbreviated as PETCO2. In healthy individuals, PETCO2 
averages 3 to 5 mm Hg less than PaCO2, or 35 to 43 mm Hg 
(approximately 5% to 6% CO2). The sharp downstroke and 
return to baseline that normally occurs after the end-tidal point 
indicates inhalation of fresh gas with zero CO2.

The same phases are also captured during volumetric cap-
nography. The difference is that the area within the VT-CO2 
curve with each breath is used to calculate the mean expired 
PCO2, which in turn is used to calculate physiologic dead-space 
according to the Bohr-Enghoff equation (VD/VT = [PaCO2 − 
PECO2]/PaCO2).54 The area within the VT-CO2 curve (when 
multiplied by the respiratory rate) calculates CO2 excretion per 
minute, which under normal physiologic conditions equals CO2 
production.54

Abnormal Capnogram
The first step in assessing the capnogram is to determine the 
actual PETCO2 and whether it has changed over time. Table 
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level of zero might indicate patient disconnect. (For more infor-
mation on the use of capnography during mechanical ventila-
tion, see Chapter 51.)

Procedure

Bedside capnography procedures vary according to the type of 
equipment used and the manufacturer’s recommended proto-
col. Generally, a capnograph should be calibrated as recom-
mended by its manufacturer, using precision CO2 mixtures in 
the clinical range of measurement.

In terms of infection control, nondisposable components 
that contact the patient’s airway or ventilator circuit should 
undergo high-level disinfection between patients. The monitor 
should be cleaned as needed, according to the manufacturer’s 
recommendations.

Problem-Solving and Troubleshooting

Monitoring a patient with a capnograph that is properly cali-
brated and operating according to the manufacturer’s specifica-
tions presents few major problems. The most significant error 
is assuming that the end-expired CO2 levels can substitute for 
actual PaCO2 measurements. The most common problem is 
contamination or obstruction of the sampling system or 
monitor by secretions or condensate.57 Proper use of water traps 
and regular changing of sample tubing or chambers can help 
prevent this problem. Other potential problems include the 
following:
• False reading caused by the presence of gases with infrared 

absorption spectra similar to CO2 (e.g., nitrous oxide)

FIGURE 19-22	 Normal	and	abnormal	capnogram	waveforms.	For	a	healthy	individual	(solid line),	the	end-tidal	CO2	(ETCO2)	at	the	
completion	of	normal	tidal	exhalation	is	equal	to	end-tidal	CO2	at	maximum	exhalation.	With	shock	caused	by	left	ventricular	heart	failure	
(LHF)	or	chronic	obstructive	pulmonary	disease	(COPD),	the	CO2	level	increases	more	slowly	and	does	not	reach	a	true	end-tidal	plateau.	
The	ETCO2	is	less	than	normal	at	the	completion	of	a	normal	exhalation	(but	may	increase	slightly	with	a	maximum	exhalation).	Similar	
findings	can	be	noted	with	a	pulmonary	embolus	except	that	the	low	ETCO2	does	not	increase	with	a	maximum	exhalation.	(Modified	from	
Darin	J:	Capnography.	Curr	Rev	Resp	Ther	3:146,	1981;	Erickson	L,	Wollmer	P,	Olsson	CG,	et	al:	Diagnosis	of	pulmonary	embolism	based	
upon	alveolar	dead	space	analysis.	Chest	96:357–362,	1989;	Hatte	CJ,	Rokseth	R:	The	arterial	to	end-expiratory	carbon	dioxide	tension	
gradient	in	acute	pulmonary	embolism	and	other	cardiopulmonary	diseases.	Chest	66:352–357,	1974.	In:	Pilbeam	SP,	Cairo	JM:	Mechanical	
ventilation,	ed	4,	St	Louis,	2006,	Mosby.)
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SUMMARY CHECKLIST

◗	To	measure	the	inspired	O2	concentration,	a	properly	
calibrated	electrochemical	O2	analyzer	should	be	used.

◗	The	most	common	causes	of	O2	analyzer	malfunction	are	
low	batteries,	sensor	depletion,	and	electronic	failure.

◗	As	the	“gold	standard”	of	gas-exchange	analysis,	ABG	
results	help	the	clinician	assess	ventilation,	acid-base	
balance,	oxygenation,	and	the	O2-carrying	capacity	of	
blood.

◗	The	radial	artery	is	the	preferred	site	for	adult	arterial	blood	
sampling.	Before	radial	puncture,	a	modified	Allen	test	to	
confirm	collateral	circulation	is	performed.

◗	For	critically	ill	patients,	the	clinician	waits	20	to	30	
minutes	after	a	change	in	treatment	before	sampling	
arterial	blood.

◗	Most	pre-analytic	blood	gas	errors	can	be	avoided	by	
ensuring	that	the	sample	was	obtained	anaerobically,	is	
properly	anticoagulated,	and	is	promptly	analyzed.

◗	 Indwelling	peripheral	artery,	central	venous,	and	PA	
catheters	give	ready	access	for	blood	sampling	and	allow	
continuous	pressure	monitoring	but	with	increased	risk	for	
infection	and	thrombosis.

• Inaccurate readings with high frequencies of breathing (this 
is more of a problem with sidestream systems)

• Misinterpreting low or absent cardiac output as a disconnect 
or possible esophageal intubation (all three can result in a 
PETCO2 of zero)
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C H A P T E R   20 

Pulmonary Function Testing

ZAZA COHEN

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 List	the	three	categories	of	pulmonary	function	tests.
◆	 State	the	primary	purposes	of	pulmonary	function	testing.
◆	 Describe	the	pathophysiologic	patterns	associated	with	obstructive	and	restrictive	lung	disease.
◆	 State	what	is	meant	by	the	term	spirometer,	and	list	the	parameters	that	can	be	measured	by	it.
◆	 List	and	describe	the	four	general	principles	that	should	be	considered	for	pulmonary	function	tests.
◆	 List	and	describe	the	measurements	that	indicate	pulmonary	mechanics.
◆	 Describe	the	purpose	and	technique	for	the	bronchoprovocation	test.
◆	 List	and	describe	the	four	volumes	and	four	capacities	that	can	be	measured	with	pulmonary	function	testing.
◆	 Describe	the	purpose	and	techniques	used	to	measure	diffusing	capacity.
◆	 Interpret	pulmonary	function	reports.

CHAPTER OUTLINE

Pulmonary Function Testing
Purposes
Pathophysiologic	Patterns
Infection	Control
Equipment

Principles of Measurement and Significance
Spirometry
Lung	Volumes	and	Capacities
Diffusing	Capacity

Interpretation of the Pulmonary Function Report

KEY TERMS

compliance
diffusing	capacity	of	the	lung
diffusing	capacity	of	the	lung	for	

carbon	monoxide
diffusing	capacity	of	the	lung-to–

effective	total	lung	capacity	ratio
effective	total	lung	capacity
expiratory	reserve	volume
forced	expiratory	flow	between	

25%	and	75%	of	forced	vital	
capacity	(FEF25%-75%)

forced	expiratory	flow	between	
75%	and	85%	of	forced	vital	
capacity	(FEF75%-85%)

forced	expiratory	flow	between	
200	ml	and	1200	ml	of	FVC	
(FEF200-1200)

forced	expiratory	volume	in	1	
second	(FEV1)

forced	expiratory	volume	in	1	
second-to-vital	capacity	ratio	
(FEV1/FVC)

forced	expiratory	volume	in	half	of	
a	second	(FEV0.5)

forced	vital	capacity
functional	residual	capacity

inspiratory	capacity
inspiratory	reserve	volume
maximal	voluntary	ventilation
minute	ventilation
obstructive	pulmonary	disease
peak	expiratory	flow	rate
residual	volume
restrictive	pulmonary	disease
thoracic	gas	volume
tidal	volume
total	lung	capacity
vital	capacity
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answer some general questions about patients with lung disease 
(Box 20-1).

The indications for pulmonary function testing are as 
follows2-5:
• To identify and quantify changes in pulmonary function. The 

most common purposes of pulmonary function testing are 
to detect the presence or absence of pulmonary disease, to 
classify the type of disease as either obstructive, restrictive, 
or both (mixed), and to quantify the severity of pulmonary 
impairment as mild, moderate, severe, or very severe. Over 
time, pulmonary function tests help quantify the progres-
sion or the reversibility of the disease.

• To evaluate need and quantify therapeutic effectiveness. Pul-
monary function tests may aid clinicians in selecting or 
modifying a specific therapeutic regimen or technique (e.g., 
bronchodilator medication, airway clearance therapy, reha-
bilitation exercise protocol). Clinicians and researchers use 
pulmonary function tests to measure changes in lung func-
tion objectively before and after treatment.

• To perform epidemiologic surveillance for pulmonary disease. 
Screening programs may detect pulmonary abnormalities 
caused by disease or environmental factors in general popu-
lations, in people in occupational settings, in smokers, or in 
other high-risk groups. In addition, researchers have deter-
mined what normal pulmonary function is by measuring the 
pulmonary function of healthy people.

• To assess patients for risk for postoperative pulmonary compli-
cations. Preoperative testing can identify patients who may 
have an increased risk for pulmonary complications after 
surgery. Sometimes the risk for complications can be reduced 
by preoperative respiratory care, or in some cases, the risk 
may be significant enough to rule out surgery.

• To determine pulmonary disability. Pulmonary function tests 
can also determine the degree of disability caused by lung 
diseases, such as occupational asthma or coal workers’ pneu-
moconiosis. Some federal entitlement programs and insur-
ance policies rely on pulmonary function tests to confirm 
claims for financial compensation.

T he most important function of the lungs is gas ex-
change. As mixed venous blood passes through the pul-
monary circulation, the lungs add oxygen and remove 

excess carbon dioxide. The ability of the lungs to perform gas 
exchange depends on the following four general physiologic 
functions:
1. The diaphragm and thoracic muscles must be capable of 

expanding the thorax and lungs to produce a subatmo-
spheric pressure.

2. The airways must be unobstructed to allow gas to flow into 
the lungs and reach the alveoli.

3. O2 and CO2 must be able to diffuse through the alveolar-
capillary membrane.

4. The cardiovascular system must circulate blood through the 
lungs and ventilated alveoli.
Pulmonary function tests can provide valuable information 

about these important individual processes that support gas 
exchange. Various measurements are available to aid in the 
diagnosis and assessment of pulmonary diseases, to determine 
the need for therapy, and to evaluate the effectiveness of respira-
tory care. For respiratory therapists (RTs), knowledge of these 
tests and the ability to interpret the measurements are essential 
for assessing patients objectively and for planning and imple-
menting effective patient care. The key terms used in this 
chapter are terms adopted and defined by the pulmonary 
medical community and should become the standard vocabu-
lary of all RTs.1

PULMONARY FUNCTION TESTING

A complete evaluation of the respiratory system includes a 
patient history, physical examination, radiographic imaging, 
arterial blood gas analysis, and tests of pulmonary function. Test 
results become most meaningful when considered in the context 
of a complete clinical evaluation. Although diagnostic pulmo-
nary function testing is performed in a laboratory setting and 
usually only on patients in a stable condition, RTs also perform 
many of these tests at the bedside on patients who are acutely 
ill or being evaluated for surgical readiness. There are three 
categories of pulmonary function tests, measuring (1) dynamic 
flow rates of gases through the airways, (2) lung volumes and 
capacities, and (3) the ability of the lungs to diffuse gases. A 
combination of these measurements provides a quantitative 
picture of lung function. Although pulmonary function tests do 
not diagnose specific pulmonary diseases, these tests identify 
the presence and type of pulmonary impairments and the 
degree of pulmonary disease present. Some basic tests of pul-
monary function are often performed at the bedside to provide 
immediate information about the need for respiratory therapy 
and its effectiveness.

Purposes

Generally, the primary purposes of pulmonary function testing 
are to identify pulmonary impairment and quantify the severity 
of pulmonary impairment if present.2 Pulmonary function 
testing has diagnostic and therapeutic roles and helps clinicians 

 Box 20-1 Basic Diagnostic and Therapeutic 
Questions for Clinical Pulmonary 
Function Testing

DIAGNOSTIC
•	 Is	lung	disease	present?
•	 What	type	of	lung	impairment	is	present?
•	 What	is	the	degree	of	lung	impairment?

•	 Is	more	than	one	type	of	lung	impairment	present?
•	 Can	multiple	lung	diseases	be	separated?

THERAPEUTIC
•	 Is	therapy	indicated?
•	 What	treatments	are	most	effective?
•	 To	what	degree	is	the	disease	reversible?
•	 Can	treatments	be	evaluated?
•	 Is	rehabilitation	feasible?
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There are also contraindications to pulmonary function 
testing.2,6 Patients with acute, unstable cardiopulmonary prob-
lems, such as hemoptysis, pneumothorax, myocardial infarc-
tion, pulmonary embolism, and patients with acute chest or 
abdominal pain should not be tested. Patients who have nausea 
and who have recently vomited should not be tested because 
there is a risk of aspiration. Testing for patients who have had 
recent cataract removal surgery should be delayed because 
changes in ocular pressure may be harmful to the eye. Pulmo-
nary function testing requires patient effort and cooperation. 
Patients with dementia or confusion may not achieve optimal 
or repeatable results. Pulmonary function testing should not be 
performed if valid and reliable results cannot be predicted. In 
patients who are acutely ill or who have recently smoked a ciga-
rette, the test validity of measuring the forced vital capacity 
(FVC) may be hindered.

Pathophysiologic Patterns

Pulmonary function testing provides the basis for classifying 
pulmonary diseases into two major categories, obstructive pul-
monary disease and restrictive pulmonary disease. These two 
types of lung diseases sometimes occur together as a mixed 
impairment. Obstructive and restrictive types of lung diseases 
differ in several important ways. Figure 20-1 shows normal 
lungs with the pathophysiologic aspects of obstructive lung 
diseases and restrictive lung diseases, and the differences are 
summarized in Table 20-1. The primary problem in obstructive 
pulmonary disease is an increased airway resistance (Raw). Raw 
is the difference in pressure between the ends of the airways 
divided by the flow rate of gas moving through the airway, 
according to the following formula:

R
P

V
aw = ∆

�

There is an inverse relationship between Raw and flow rate �V. 
If the pressure difference is constant, a reduced flow rate  
indicates an increase in Raw. Because the radius of the airways 
normally lessens slightly during expiration, flow rates are 
usually measured during expiration. According to Poiseuille’s 
law (see Chapter 6), Raw is inversely related to the radius (r) of 
the airways:

R
l

r
aw = 8
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The most important point of this formula is that a small 
decrease in airway radius (or diameter) leads to exponential 
increase in the airway resistance. Airway radius can be reduced 
by excessive contraction of the bronchial and bronchiolar 
muscles (bronchospasm), excessive secretions in the airways, 
swelling of the airway mucosa, airway tumors, collapse of the 
bronchioles, and other causes. By measuring flow rates, pulmo-
nary function tests measure Raw, estimate the size of the airways, 
and indicate the presence of obstructive disease.

The primary problem in restrictive lung disease is reduced 
lung compliance, thoracic compliance, or both. Compliance is 
the volume of gas inspired per the amount of inspiratory effort; 

FIGURE 20-1	 Pathophysiologic	aspects	of	lung	disease.	
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TABLE 20-1 

Comparison of Obstructive and Restrictive Types 
of Pulmonary Diseases

Characteristic Obstructive Disease Restrictive Disease

Anatomy	affected Airways Lung	parenchyma,	
thoracic	pump

Breathing	phase	
difficulty

Expiration Inspiration

Pathophysiology Increased	airway	
resistance

Decreased	lung	or	
thoracic	compliance

Useful	measurements Flow	rates Volumes	or	capacities

effort is measured as the amount of pressure created in the lung 
or in the pleural space when the inspiratory muscles contract. 
Compliance is calculated according to the following formula:

C
V

P
= ∆

∆
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can occur by direct or indirect contact. Standard precautions 
should be applied because of the potential exposure to saliva, 
mucus, or blood, which can harbor potentially hazardous 
microorganisms. Patients with oral lesions or active respiratory 
infections pose the greatest potential hazard, and patients with 
compromised immune systems are at the greatest risk. Practi-
tioners should wear gloves when handling potentially contami-
nated mouthpieces, valves, tubing, and equipment surfaces. 
When performing procedures on patients with potentially 
infectious airborne diseases, practitioners should wear a per-
sonal respirator or a close-fitting surgical mask, especially if the 
testing induces coughing. Practitioners should always wash 
their hands between testing patients and after contact with 
testing equipment. Although it is unnecessary to clean the inte-
rior surfaces of the testing instruments routinely between 
patients,2 the mouthpiece, nose clips, tubing, and any parts of 
the instrument that come into direct contact with a patient 
should be disposed, sterilized, or disinfected between patients. 
Any equipment surface showing visible condensation from 
exhaled air should be discarded, disinfected, or sterilized before 
reuse. When testing instruments are disassembled for cleaning 
and disinfecting, manufacturer recommendations should be 
considered and recalibration may be necessary before testing 
resumes. The routine use of low-resistance, in-line barrier filters 
is controversial.2 Filters may be appropriate when internal sur-
faces of manifolds and valves proximal to mouthpieces are inac-
cessible or difficult to disassemble for cleaning and disinfecting. 
Filters provide visible evidence to reassure patients that their 
protection has been considered.

Equipment

Pulmonary function testing requires measurement of gas 
volume or flow, and various instruments and measurement 
principles are used to make these measurements. There are two 
general types of measuring instruments: instruments that 
measure gas volume and instruments that measure gas flow. 
Both types of instruments simultaneously measure time, and 
both compute various volumes and flow rates used in pulmo-
nary function testing. The term spirometer is sometimes used as 
a generic term for all volume-measuring and flow-measuring 
devices.

Volume-measuring devices are specifically called spirometers 
and include water-sealed, bellows, and dry rolling seal types. 
These devices expand as they collect gas volumes. The magni-
tude of the expansion is the volume measured, and the speed of 
expansion represents the flow rate. In the absence of leaks and 
with low-momentum forces, volume-measuring devices can be 
extremely accurate for measuring volumes, and with low inertia 
and friction forces, volume-measuring devices can be extremely 
accurate when computing flow rates.

Flow-measuring devices are commonly called pneumotach-
ometers, although some practitioners reserve this term for only 
the device originally designed by Fleisch. These devices measure 
flow using a variety of unique principles. The Fleisch-type 
pneumotachometer measures the change in pressure as gas 
flows through it. Known as thermistors or mass flowmeters, 

There is a direct relationship between compliance (C) and vol-
ume (V). If the pressure difference is constant, a reduced inspi-
ratory volume indicates a reduction in compliance. Reduced 
lung compliance is usually the result of alveolar inflammation 
(pneumonia), swelling (pulmonary edema), or scarring (pul-
monary fibrosis); a reduced thoracic compliance may be the 
result of thoracic wall abnormalities, such as kyphoscoliosis, or 
exogenous pressure exerted on the thoracic cavity, such as asci-
tes or pregnancy. Neuromuscular diseases also can result in 
reduced lung volumes and restrictive-type pulmonary impair-
ments, mainly by affecting the function of the inspiratory mus-
cles. In these circumstances, lung compliance and thoracic 
compliance may be normal, but the patient is unable to generate 
enough sub-atmospheric pressure to take a full, deep breath.

Some obstructive diseases and some restrictive diseases also 
may affect the ability of the lung to diffuse gases. In some dis-
eases, there is damage to the alveolar-capillary membrane, or 
less alveolar surface area is accessible for diffusion. Measuring 
the diffusing capacity of the lung for carbon monoxide 
(DLCO) can identify the destruction of alveolar tissue or the 
loss of functioning alveolar surface area.

For each measurement of pulmonary function, there is a 
predicted value and upper and lower limit of normal (ULN, and 
LLN, respectively). It is expected that most healthy individuals 
would fall between the values of LLN and ULN. Measurements 
outside that range often indicates the presence of an abnormal-
ity. The severity of pulmonary impairment is based on a com-
parison of each patient’s measurement with the predicted 
normal value for the patient. Several methods are used for com-
parison with the normal value. A common method of compari-
son is to compute a percentage of the predicted normal value 
according to the following equation:

% Predicted
Measured value

Predicted normal value
= ×100

The percent predicted value can be used to quantify severity of 
impairment. Typical degrees of severity are listed in Table 20-2.

Infection Control

Pulmonary function testing is generally regarded as a very low-
risk procedure. However, there is potential to transmit infective 
microorganisms to patients and technologists.2 Transmission 

TABLE 20-2 

Severity of Pulmonary Impairments Based on a 
Percentage of Predicted Normal Values

Degree of 
Impairment

Obstruction Based 
on FEV1 (%)

Gas Exchange Based 
on DLCO (%)

Normal 80-120 80-120
Mild 70-79 61-79
Moderate 60-69 40-60
Moderately	severe 50-59
Severe 35-49 <40
Very	severe <35

DLCO,	Diffusing	capacity	of	the	lung	for	carbon	monoxide.
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flow rates. To determine linearity, accuracy and precision are 
calculated at different points over the range (capacity) of the 
device. Output includes the specific measurements made or 
computed by the instrument.

Most volume-measuring and flow-measuring devices mea-
sure the FVC and forced expiratory volume in 1 second (FEV1). 
Others calculate various forced expiratory flow (FEF) rates, and 
some measure tidal volume (VT) and minute ventilation ( �VE). 
Diagnostic spirometers usually measure and calculate vital 
capacity (VC), FVC, FEV1, peak expiratory flow rate (PEF), 
and FEF rates. Some measure and calculate maximal voluntary 
ventilation (MVV). Some of these instruments may be a com-
ponent of a laboratory system providing the volume-measuring 
or flow-measuring capability for other diagnostic tests of pul-
monary function. For example, they may be used with gas ana-
lyzers to measure functional residual capacity (FRC) and total 
lung capacity (TLC) or the inspiratory VC during single-breath 
diffusing capacity (DLCO-SB). Whether a spirometer or pneu-
motachometer is used in a diagnostic laboratory, a physician’s 
office, or at the bedside in a hospital, it should meet or exceed 
the national performance standards for volume-measuring and 
flow-measuring devices.

In 1978, the American Thoracic Society (ATS) adopted the 
initial standards for diagnostic spirometers. These standards 
were most recently updated in 2005 in collaboration with the 
European Respiratory Society (ERS), are now recognized inter-
nationally as the standards for the industry,2-4 and have been 
adopted by other medical organizations and government agen-
cies. In clinical practice, RTs should use only devices that meet 
or exceed current ATS/ERS performance standards. The stan-
dards are summarized in Table 20-3. In addition, the spirometer 
standards also require spirometers to have a thermometer or to 
produce values corrected for body temperature, ambient pres-
sure, and fully saturated with water vapor (BTPS). For quality 
control, the standards include verifying volume accuracy at least 
daily, although best practice in many laboratories is to verify 
accuracy before each test subject.

Most modern pulmonary function laboratories use comput-
ers for data acquisition and reproduction. Computer-assisted 
testing decreases the time necessary to complete the tests  
and enhances the effectiveness of pulmonary function testing 
by increasing accuracy, increasing patient acceptance, and 

another type of flow-measuring device measures the tempera-
ture change created by gas flowing through it. There are also 
tubinometers, which use rotation of a fan or blades similar to a 
windmill. Detailed descriptions and examples of each type of 
device are beyond the scope of this chapter.7

Regardless of the type of device or the principle of measure-
ment used, several important characteristics are common to all 
measuring devices. Having an understanding of these common 
characteristics provides RTs the ability to select and use these 
devices properly. Every measuring instrument has capacity, 
accuracy, error, resolution, precision, linearity, and output. The 
ideal instrument would have unlimited capacity to measure 
every pulmonary parameter, and it would have perfect accuracy 
and precision over its entire measurement range. However, in 
real practice, there are no ideal instruments.

The capacity of an instrument refers to the range or limits 
of how much it can measure. Most instruments are designed 
with capacities to measure volumes and flow rates of all adults. 
The accuracy of a measuring instrument is how well it measures 
a known reference value. For volume measurements, standard 
reference values are provided by a graduated 3.0-L calibration 
syringe. No measuring instrument is perfect, and there usually 
is an arithmetic difference between reference values and mea-
sured values. This difference is called the error. Accuracy and 
error are opposing terms; the greater the accuracy, the smaller 
is the error. Accuracy and error are commonly expressed as 
percentages, with their sum always equaling 100%. To deter-
mine percent accuracy and percent error, several reference 
values are measured, and the mean of the measured values is 
computed and compared with the reference values. Resolution 
is the smallest detectable measurement; instruments with high 
resolution can measure the smallest volumes, flows, and times. 
Precision is synonymous with reliability (repeatability) of mea-
surements and the opposite of variability. When multiple values 
are measured for a given test, the standard deviation of these 
values indicates the extent to which these values vary from the 
mean, and are therefore an indication of the precision of an 
instrument. A small standard deviation indicates low variability 
and high precision. Linearity refers to the accuracy of the instru-
ment over its entire range of measurement, or its capacity. Some 
devices may accurately measure large volumes or high flow rates 
but may be less accurate when measuring small volumes or low 

TABLE 20-3 

2005 Spirometer Performance Standards of the American Thoracic Society/European Respiratory Society 
(ATS/ERS) Task Force

Test Volume (L) Flow (L/sec) Accuracy Time (sec) Back Pressure (cm H2O/L/sec)

VC 0.5-8	L 0-14 ≤3%	or	0.05	L* 30
FVC 0.5-8	L 0-14 ≤3%	or	0.05	L* 15 <1.5%scm	H2O/L/sec	at	14	L/sec
FEV1 0.5-8	L 0-14 ≤3%	or	0.05	L* 1 <1.5%scm	H2O/L/sec	at	14	L/sec
PEF 0-14 ≤10%	or	0.3	L/sec* <1.5%scm	H2O/L/sec	at	14	L/sec
FEF ±14 ≤5%	or	0.2	L/sec* <1.5%scm	H2O/L/sec	at	14	L/sec
MVV 250	L/min	at	2	L/breath ±10%	or	15	L/min* 12-15 <1.5%scm	H2O/L/sec	at	14	L/sec

From	Miller	MR,	Hankinson	J,	Brusasco	V,	et	al:	Standardisation	of	spirometry.	Eur	Respir	J	26:319,	2005.
*Whichever	is	greater.
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Association for Respiratory Care (AARC) Clinical Practice 
Guidelines and ATS/ERS included in the references for this 
chapter. Many pulmonary function laboratories also perform 
arterial blood gas analysis (see Chapter 19), and some labora-
tories provide more specialized and advanced tests, such as 
bronchial challenge tests and exercise stress tests.

Spirometry

Spirometry—the measurement of air entering and leaving the 
lungs—includes measurement of several values of forced airflow 
and volume during inspiration and expiration. For the most 
part, the purpose of spirometry is to assess the ability of the 
lungs to move large volumes of air quickly through the airways 
to identify airway obstruction. Some measurements are aimed 
at large intrathoracic airways, some are aimed at small airways, 
and some assess obstruction throughout the lungs. Measuring 
flow rates is a surrogate for measuring airways resistance, as 
discussed earlier in the chapter. To a lesser extent, spirometry 
can also identify and quantify a restrictive pattern of pulmonary 
disease. The major values measured during spirometry are dis-
cussed below.

Spirometry is an effort-dependent test that requires careful 
patient instruction, understanding, coordination, and coopera-
tion. Spirometry standards for FVC specify that patients must 
be instructed in the FVC maneuver, that the appropriate tech-
nique be demonstrated, and that enthusiastic coaching occur.3 
When measuring FVC, the RT needs to coach the preceding 
inspiratory capacity (IC) as enthusiastically as the FVC. 
According to the standards, nose clips are encouraged, but not 
required and patients may be tested in the sitting or standing 
position. Although standing usually produces a larger FVC 
compared with sitting, sitting is considered safer in case of 
lightheadedness. It is recommended that the position be con-
sistent for repeat testing of the same patient. FVC should be 
converted to body temperature conditions and reported as liters 
under BTPS conditions.

Except for PEF rate, all other measurements that originate 
from FVC come from the “best curve”—these include forced 
expiratory flow between 200 ml and 1200 ml of FVC (FEF200-
1200); forced expiratory flow between 25% and 75% of FVC 
(FEF25%-75%); forced expiratory flow between 75% and 85% of 
FVC (FEF75%-85%); and instantaneous FEF25%, FEF50%, and FEF75%. 
The best test curve is defined as the trial that meets the accept-
ability criteria and gives the largest sum of FVC plus FEV1. The 
validity and reliability of these other measurements of pulmo-
nary mechanics are based on their origin from a valid and reli-
able FVC. (See AARC Clinical Practice Guideline 20-1.)

Forced Vital Capacity
FVC is the most commonly performed test of pulmonary 
mechanics, and many measurements are made while the patient 
is performing the FVC maneuver (Figure 20-2). Measuring FVC 
often occurs under baseline or untreated conditions. For base-
line testing, patients should temporarily abstain from broncho-
dilator medications. Short-acting bronchodilators (e.g., beta 
agonist: albuterol; anticholinergic agent: ipratropium bromide) 

monitoring patient performance. Although computer-assisted 
testing and interpretations of test results are often applied by a 
computer, pulmonary function testing always requires a trained 
and competent RT to administer the tests, and computer analy-
sis should not replace human analysis.

PRINCIPLES OF MEASUREMENT  
AND SIGNIFICANCE

For tests of pulmonary function, these general principles should 
be considered: test sensitivity and specificity, validity, and 
reliability.

Sensitivity and specificity address the test’s ability to detect 
disease, or absence of it, respectively. Some tests are extremely 
sensitive, and apparently healthy individuals may have an 
abnormal test result. However, some tests are not sensitive; indi-
viduals must be extremely sick to have an abnormal test result. 
Most tests of pulmonary function are not specific because 
several different diseases may cause the test result to be abnor-
mal. This limitation of many pulmonary function tests explains 
why these tests identify a pattern of impairment rather than 
diagnose specific diseases.

Validity of the test relates to its meaningfulness or the ability 
to measure what it is intended to measure. When performing 
pulmonary function testing, strictly following testing proce-
dures, ensuring patient effort and performance, and ensuring 
equipment accuracy and calibration establish test validity.

Reliability of the test is its consistency. A reliable test pro-
duces consistent test results with minimal variability. To be 
reliable, each test must be performed more than once. Ensuring 
test validity and reliability is the most important role of the RT. 
Test results that are invalid or unreliable can lead to misdiag-
nosis, mistreatment, and poor outcomes.

	

RULE OF THUMB

Never	report	test	results	that	are	invalid	or	unreliable.

There are three basic tests of pulmonary function: spirom-
etry, lung volumes, and diffusing capacity. When the purpose 
of the testing is to identify the presence and the degree of pul-
monary impairment and the type of pulmonary disease, all 
three testing components are required. When the purpose of 
the testing is more limited, such as to assess postoperative pul-
monary risk or to evaluate and quantify therapeutic effective-
ness, the scope of measurement also is limited.

General indications, contraindications, and potential com-
plications of pulmonary function testing were briefly discussed 
at the beginning of this chapter. A complete listing of all indica-
tions, contraindications (absolute and relative), hazards, and 
complications, assessment of need and test quality, techniques 
and different types of equipment that make the measurements, 
and quality control measures is outside of the scope of this 
chapter. They are summarized in the corresponding American 
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20-1	 Spirometry

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
The	indications	for	spirometry	include	the	need	to	do	the	
following:

Detect the presence or absence of lung dysfunction 
suggested by history or physical signs and symptoms or the 
presence of other abnormal diagnostic tests (e.g., chest 
radiograph, arterial blood gases).
•	 Quantify	the	severity	of	known	lung	disease.
•	 Assess	the	change	in	lung	function	over	time	or	after	

administration	of	or	change	in	therapy.
•	 Assess	the	potential	effects	or	response	to	environmental	

or	occupational	exposure.
•	 Assess	the	risk	for	surgical	procedures	known	to	affect	

lung	function.
•	 Assess	impairment	or	disability	(e.g.,	for	rehabilitation,	legal	

reasons,	military).

■ CONTRAINDICATIONS
Circumstances	listed	here	could	affect	the	reliability	of	
spirometry	measurements.	In	addition,	forced	expiratory	
maneuvers	may	aggravate	these	conditions,	which	may	make	
test	postponement	necessary	until	the	medical	condition	
resolves.	The	following	are	some	relative	contraindications	to	
performing	spirometry:
•	 Hemoptysis	of	unknown	origin	(forced	expiratory	maneuver	

may	aggravate	the	underlying	condition)
•	 Pneumothorax
•	 Unstable	cardiovascular	status	(forced	expiratory	maneuver	

may	worsen	angina	or	cause	changes	in	blood	pressure)	or	
recent	myocardial	infarction	or	pulmonary	embolus

•	 Thoracic,	abdominal,	or	cerebral	aneurysms	(danger	of	
rupture	resulting	from	increased	thoracic	pressure)

•	 Recent	eye	surgery	(e.g.,	cataract)
•	 Presence	of	an	acute	disease	process	that	might	interfere	

with	test	performance	(e.g.,	nausea,	vomiting)
•	 Recent	surgery	of	thorax	or	abdomen

■ HAZARDS AND COMPLICATIONS
Although	spirometry	is	a	safe	procedure,	untoward	reactions	
may	occur,	and	the	value	of	the	test	data	should	be	weighed	
against	potential	hazards.	The	following	have	been	reported	
anecdotally:

Pneumothorax
•	 Paroxysmal	coughing
•	 Increased	intracranial	pressure
•	 Contraction	of	nosocomial	infections
•	 Syncope,	dizziness,	lightheadedness
•	 O2	desaturation	resulting	from	interruption	of	O2	therapy
•	 Chest	pain
•	 Bronchospasm

■ ASSESSMENT OF NEED
Need	is	assessed	by	determining	that	valid	indications	are	
present.

■ ASSESSMENT OF TEST QUALITY
Spirometry	performed	for	the	listed	indications	is	valid	only	if	
the	spirometer	functions	acceptably	and	the	subject	is	able	to	
perform	the	maneuvers	in	an	acceptable	and	reproducible	
fashion.	All	reports	should	contain	a	statement	about	the	
technician’s	assessment	of	test	quality	and	specify	which	
acceptability	criteria	were	not	met.

■ QUALITY CONTROL
Volume verification (i.e., calibration): At least daily before 
testing, use a calibrated known-volume syringe with a volume 
of at least 3 L to ascertain that the spirometer reads a known 
volume accurately. The known volume should be injected or 
withdrawn at least three times, at flows that vary between 
2 L/sec and 12 L/sec (3-L injection times of approximately 1 
second, 6 seconds, and between 1 second and 6 seconds). 
The tolerance limits for an acceptable calibration are ±3% of 
the known volume. For a 3-L calibration syringe, the 
acceptable recovered range is 2.91 to 3.09 L. The practitioner 
is encouraged to exceed this guideline whenever possible 
(i.e., reduce the tolerance limits to less than ±3%).
•	 Leak	test:	Volume-displacement	spirometers	must	be	

evaluated	for	leaks	daily.	One	recommendation	is	that	any	
volume	change	of	more	than	10	ml/min	while	the	
spirometer	is	under	at	least	3	cm	H2O	pressure	be	
considered	excessive.

•	 A	spirometry	procedure	manual	should	be	maintained.
•	 A	log	that	documents	daily	instrument	calibration,	problems	

encountered,	corrective	action	required,	and	system	
hardware	or	software	changes	should	be	maintained.

•	 Computer	software	for	measurement	and	computer	
calculations	should	be	checked	against	manual	calculations,	
if	possible.	In	addition,	biologic	laboratory	standards	(i.e.,	
healthy,	nonsmoking	individuals)	can	be	tested	periodically	
to	ensure	historic	reproducibility,	to	verify	software	
upgrades,	and	to	evaluate	new	or	replacement	spirometers.

•	 The	known-volume	syringe	should	be	checked	for	accuracy	
at	least	quarterly	using	a	second	known-volume	syringe,	
with	the	spirometer	in	the	patient-test	mode;	this	validates	
the	calibration	and	ensures	that	the	patient-test	mode	
operates	properly.

•	 For	water-seal	spirometers,	water	level	and	paper	tracing	
speed	should	be	checked	daily.	The	entire	range	of	volume	
displacement	should	be	checked	quarterly.

■ QUALITY ASSURANCE
Each laboratory or testing site should develop, establish, and 
implement quality assurance indicators for equipment 
calibration and maintenance and patient preparation.

Methods	should	be	devised	and	implemented	to	monitor	
technician	performance	(with	appropriate	feedback)	while	
obtaining,	recognizing,	and	documenting	acceptability		
criteria.

■ MONITORING
The following should be evaluated during the performance of 
spirometric measurements to ascertain the validity of the 
results:
•	 Acceptability	of	maneuver	and	reproducibility	of	FVC	and	

FEV1

•	 Level	of	effort	and	cooperation	by	the	subject
•	 Equipment	function	or	malfunction	(e.g.,	calibration)
•	 The	final	report	should	contain	a	statement	about	test	

quality.
•	 Spirometry	results	should	be	subject	to	ongoing	review	by	

a	supervisor,	with	feedback	to	the	technologist.
•	 Quality	assurance	or	quality	improvement	programs	should	

be	designed	to	monitor	technician	competency	initially	and	
in	an	ongoing	fashion.

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: spirometry. 1996 update.
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satisfactory start of expiration is defined as an extrapolated 
volume at the zero time point less than 5% of FVC or 0.15 L, 
whichever is greater (Figure 20-3). The volume exhaled before 
the zero time point is called the extrapolated volume. To be valid, 
no more than 5% of the VC or 0.15 L is allowed to be exhaled 
before the zero time point. An acceptable FVC trial also is 
smooth, continuous, and complete. A cough, an inspiration, a 
Valsalva maneuver, a leak, or an obstructed mouthpiece while 
an FVC maneuver is being performed disqualifies the trial. FVC 
must be completely exhaled or an exhalation time of at least 6 
seconds must occur for adults and children older than 10 years 
(longer times are commonly needed for patients with airway 
obstruction). A 3-second exhalation is acceptable for children 
younger than 10 years old. An end-expiratory plateau must be 
obvious in the volume-time curve (see Figure 20-3); the objec-
tive standard is less than 0.025 L exhaled during the final second 
of exhalation. Consistent with its definition, the largest accept-
able FVC (BTPS) measured from the set of three acceptable 
trials is the patient’s FVC.

Forced Expiratory Volume in 1 Second
During FVC testing, several other measurements are also made. 
FEV1 is a measurement of the volume exhaled in the first second 
of FVC (see Figure 20-2, A). To ensure validity of FEV1, the 
measurement must originate from a set of three acceptable FVC 
trials. The first second of forced exhalation begins at the zero 
time point (see Figure 20-3). To ensure reliability of FEV1, the 
largest FEV1 and second largest FEV1 from the acceptable trials 

should not be used for 4 hours before baseline spirometry, 
whereas long-acting beta-agonist bronchodilators and oral 
therapy with aminophylline should be stopped for 12 hours. 
When a patient’s baseline results show airway obstruction, per-
forming FVC after treatment (e.g., albuterol bronchodilator 
aerosol or metered dose inhaler) can help determine if the treat-
ment is effective. The FVC maneuver is also performed repeat-
edly during bronchial provocation testing.

FVC may be measured on a spirometer that reveals volumes 
or flows, that presents a graph of volume and time or flow  
and volume, that is mechanical or electronic, and that has a 
calculator or computer. The forced expiratory VC sometimes is 
followed by a forced inspiratory VC to produce a complete 
image of forced breathing called a flow-volume loop (see Figure 
20-2, B).

FIGURE 20-2	 Forced	vital	capacity,	forced	expiratory	volumes,	and	flow	rates.	A,	Forced	vital	capacity	on	a	volume-time	graph.	
B,	Forced	vital	capacity	on	a	flow-volume	graph.	PEF,	Peak	expiratory	flow;	PIF,	peak	inspiratory	flow.	
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RULE OF THUMB

If	you	do	not	inhale	it,	you	cannot	exhale	it.	So,	coach	
the	preceding	IC	as	enthusiastically	as	the	FVC.

To ensure validity, each patient must perform a minimum 
of three acceptable FVC maneuvers. To ensure reliability, the 
largest FVC and second largest FVC from the acceptable trials 
should not vary by more than 0.15 L. To perform an FVC trial, 
the patient should inhale rapidly and completely to TLC from 
the resting FRC level. The forced exhalation of an acceptable 
FVC trial should begin abruptly and without hesitation. A 
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should not vary by more than 0.15 L. Consistent with its defini-
tion, the largest FEV1 (BTPS) measured is the patient’s FEV1. 
The largest FEV1 sometimes comes from a different trial than 
the largest FVC.

The forced expiratory volume in 1 second-to-vital capacity 
ratio (FEV1/FVC), is calculated by dividing the patient’s largest 
FEV1 by the patient’s largest VC and converting it to a percent-
age (by multiplying by 100). The two values do not have to 
come from the same trial; the VC should be the largest one 
measured, even if measured as a slow VC or during inspiration.

Forced Expiratory Flow Between 200 ml 
and 1200 ml of Forced Vital Capacity and 
Forced Expiratory Flow Between 25% and 
75% of Forced Vital Capacity
FEF200-1200 and FEF25%-75% represent average flow rates that occur 
during specific intervals of FVC. Both measurements can be 
made on a volume-time spirogram as the slope of a line con-
necting the two points in their subscripts. For FEF200-1200, the 
200-ml point and the 1200-ml point are identified. A straight 
line is drawn connecting these points, and the line is extended 
to intersect two vertical time lines 1 second apart on the graph 
(Figure 20-4). The volume of air measured between the two 
time lines is FEF200-1200 in liters per second. The volume mea-
sured must be corrected to BTPS.

FIGURE 20-3	 Extrapolated	volume	and	zero	time	point	
determination.	
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FIGURE 20-4	 Forced	expiratory	flow	rate	200	to	1200	ml.	
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curve. When FVC is followed by a forced inspiratory VC, a flow-
volume loop is produced (see Figure 20-2, B). On the flow-
volume loop, the maximal forced inspiratory flow rate at 50% 
(FIF50%) of VC can be measured and compared with FEF50%.

Maximal Voluntary Ventilation
Another measurement of pulmonary mechanics is maximal 
voluntary ventilation (MVV). It is another effort-dependent 
test for which the patient is asked to breathe as deeply and as 
rapidly as possible for at least 12 seconds. MVV is a test that 
reflects patient cooperation and effort, the ability of the dia-
phragm and thoracic muscles to expand the thorax and lungs, 
and airway patency. Because of the potential for acute hyper-
ventilation and fainting or coughing, the patient should be 
seated. Measuring systems that incorporate rebreathing may 
minimize the effects of hyperventilation. After a demonstration 
of the expected breathing pattern is performed, the patient 
should be instructed to breathe as rapidly and as deeply as pos-
sible for at least 12 seconds. The patient’s breathing is measured 
on a spirogram (Figure 20-6) or electronically for the specific 
number of seconds (t) and the volume (V) breathed when the 
MVV is converted to liters per minute. As with all volumes 
measured on a spirometer, the recorded values should be in 
BTPS conditions. The validity of MVV depends on the duration 
of the maneuver, which should be at least 12 seconds; the 
breathing frequency, which should be at least 90 breaths/min; 

FEF25%-75% is a measure of the flow during the middle portion 
of FVC, or the time necessary to exhale the middle 50%. For 
FEF25%-75%, the VC of the best curve is multiplied by 25% and 
75%, and the points are identified on the tracing. A straight line 
is drawn connecting these points, and the line is extended to 
intersect two vertical time lines 1 second apart on the graph. 
The volume of air measured between the two time lines is 
FEF25%-75% in liters per second. The volume measured must be 
corrected to BTPS (Figure 20-5).

Peak Expiratory Flow
PEF is difficult to identify on a volume-time graph of FVC. The 
peak flow is the slope of the tangent to the steepest portion of 
the FVC curve. PEF is easy to identify on a flow-volume graph 
as the highest point on the graph (see Figure 20-2, B). PEF is 
sometimes measured independently of FVC with a peak flow 
meter. These devices are designed to indicate only the greatest 
expiratory flow rate. The validity of PEF rate is based on a pre-
ceding inspiration to TLC and a maximal effort. The FVC prin-
ciples of ensuring reliability should apply to measurements of 
PEF rate. The two largest repeated measurements should agree 
within 5%.

In addition to PEF rate, the other instantaneous flow rates, 
such as FEF at 25% (FEF25%) of FVC, forced expiratory flow at 
50% (FEF50%) of FVC, and forced expiratory flow at 75% 
(FEF75%) of FVC, during FVC are graphed on a flow-volume 

FIGURE 20-5	 Forced	expiratory	flow	(FEF)	rate	25%	to	75%	of	the	forced	vital	capacity.	
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FIGURE 20-6	 Maximal	voluntary	ventilation	tracing.	Actual	ventilations	recorded	during	a	12-second	period.	
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and the average volume, which should be at least 50% of FVC. 
In addition, measured MVV should be compared to two other 
values: subject’s FEV1 × 40, and predicted value for MVV. If the 
measured MVV is less than 80% of either of those values, a 
repeat test should be performed to ensure accuracy. Reliability 
is shown when there is less than 20% variability between the 
two largest trials. The largest MVV (BTPS) should be reported.

Other Values Obtained During Spirometry. During spi-
rometry, a few additional measurements can be obtained, such 
as VT, expiratory reserve volume (ERV), and IC. These values 
are usually interpreted in the context of other lung volumes (see 
later) and are discussed later in this chapter.

An important caveat during interpretation of spirometry 
values is the concept of “pseudorestriction.” Some patients with 
obstructive lung disease will not be able to exhale a significant 
portion of their VC during forced maneuvers, leading to smaller 
than actual FVC measurement. These patients will have reduced 
FVC, will have reduced FEV1, and may actually have normal 
FEV1/FVC ratio, suggestive of restrictive physiology, hence the 
name pseudorestriction. In these patients, it is important to give 
them enough time to fully exhale by making sure that they reach 
a plateau at the end of FVC maneuver (see Figure 20-3) to allow 
proper measurement of FVC. Comparing FVC to slow vital 
capacity (SVC, see later) is another method of looking for 
obstructive physiology.

Interpretation
The normal values for the spirometric measurements of pul-
monary mechanics are based on height, age, gender, and 

MINI CLINI
Decreased Forced Vital Capacity and 
Forced Expiratory Volume in 1 Second: 
Is It Obstruction or Restriction?

PROBLEM:	 Both obstructive and restrictive diseases may 
exhibit decreased FVC and FEV1. How can the two kinds of 
patterns be differentiated?

SOLUTION:	 FVC and FEV1 are reduced in both obstructive 
and restrictive diseases for different reasons. With restrictive 
disease, lung expansion is reduced. If a person can inhale only 
a small volume, he or she can exhale only a small volume. All 
lung volumes are smaller than normal, including TLC, FVC, 
and FEV1.

With obstructive disease, there is airway obstruction, which 
slows expiratory flow. FEV1 is reduced because of the increased 
airway resistance, which decreases expiratory flow rates. FVC is 
reduced because airway obstruction in the bronchioles causes 
air trapping in the lung. If a person cannot exhale all of his or 
her air because some is trapped in the lungs, the volume the 
person does exhale is reduced.

To differentiate between obstructive and restrictive patterns 
of impairment, compare FEV1 with FVC using the FEV1/FVC 
ratio. Only individuals with airway obstruction exhale less than 
70% of FVC in the first second. Individuals with restrictive 
disease or healthy lungs are able to exhale more than 70% of 
FVC during the first second. Therefore FEV1/FVC less than 
70% is often used as the sign of obstructive lung disease.
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tracings are different; obstructive diseases produce lower peaks 
and lower flow rates at all lung volumes. Forced inspiratory flow 
rates sometimes are useful for identifying extrathoracic airway 
obstructions. In moderate and severe obstructive lung diseases, 
the FVC is reduced if weakened bronchioles collapse and trap 
air in the lungs, creating an increase in residual volume. Some 
laboratories compare the volumes of SVC and FVC to identify 
air trapping. VC is reduced in restrictive lung diseases because 
the patient’s inhaled volume is reduced.

Although FEV1 is measured as a volume, it is considered a 
flow rate. The predicted normal FEV1 for a 20-year-old, 180-cm 
man approaches 4.70 L. FEV1 may be reduced with obstructive 
or restrictive impairments. For patients with airway obstruc-
tion, FEV1 measures the general severity of airway obstruction. 
For patients with restrictive impairment, FEV1 may be reduced 
when the patient’s VC is smaller than the predicted FEV1.

To interpret other flow rates, a generalization may be helpful. 
Gas exhaled during the early portion of the FVC reflects the 
resistance in the larger airways, and gas exhaled during the later 
portion of the FVC reflects the resistance in the smaller airways. 
As exhalation of FVC proceeds, flow decreases, and the airways 
reflected in the measurements get smaller. Any flow measured 
in the first half of the FVC reflects on the bronchi; any flow 
measured beyond 50% of the VC reflects on the bronchioles.

PEF, FEF200-1200, and FEF25% occur near the onset of FVC. A 
reduced PEF rate, FEF200-1200, or FEF25% may occur as a result of 
a large airway obstruction and from lack of sufficient effort to 
inhale maximally and exhale forcibly. FEF25%-75% and FEF50% 

ethnicity. Table 20-4 provides common regression equations to 
predict normal values for the measurements of pulmonary 
mechanics for individuals of specific height (in centimeters), 
age (in years), and gender.8,9 A positive correlation exists between 
measurements of pulmonary mechanics and height, and a neg-
ative correlation exists between measurements of pulmonary 
mechanics and age for patients older than 20 years. Male values 
are larger than female values when height and age are equal. 
The populations that were studied to determine the normal 
values of pulmonary mechanics were predominantly white. To 
account for ethnic differences of nonwhites, the predicted 
normal values for whites commonly are reduced by 12% to  
15% when applied to nonwhites. Ethnic-specific equations for 
special populations, such as African-Americans and Mexican-
Americans, have also been developed.8

Although traditional textbooks suggest the typical normal 
VC is 4.80 L, the predicted normal FVC for a 20-year-old, 
180-cm man approaches 5.60 L. A reduced FVC may occur with 
obstructive or restrictive impairments. Figure 20-7 shows FVC 
from volume-time spirometer tracings for normal, obstructive, 
and restrictive conditions. The FVC values in both the obstructed 
and the restricted curves are shown as reduced volumes com-
pared with the normal curve. The primary difference between 
the curve in the restricted patient compared with the curve in 
the obstructed patient is the slope of the tracing; obstructive 
diseases produce flattened slopes and smaller FEV1.

Figure 20-8 displays the FVC from flow-volume tracings for 
obstructive and restrictive conditions. The shapes of these 

TABLE 20-4 

Examples of Regression Equations for Predicted Normal Pulmonary Mechanics in White Adults

Parameters Equations R 2

Men ≥20 Years Old
FVC	(L) 0.00018642	(Ht)2	+	0.00064	(A)	−	0.000269	(A)2	−	0.2033 0.8668
FEV6	(L) 0.00018188	(Ht)2	−	0.00842	(A)	−	0.000223	(A)2	+	0.1102 0.8692
FEV1	(L) 0.00014098	(Ht)2	−	0.01303	(A)	−	0.000172	(A)2	+	0.5536 0.8510
%	FEV1/FVC 88.066	−	0.2066	(A) 0.3448
FEF200-1200	(L/sec) 0.0429	(Ht)	−	0.047	(A)	+	2.010 0.440
FEF25%-75%	(L/sec) 0.00010345	(Ht)2	−	0.04995	(A)	+	2.7006 0.5601
PEF	(L/sec) 0.00024962	(Ht)2	+	0.08272	(A)	−	0.001301	(A)2	+	1.0523 0.7808
FEF25%	(L/sec) 0.088	(Ht)	−	0.035	(A)	−	5.618
FEF50%	(L/sec) 0.069	(Ht)	−	0.015	(A)	−	5.4
FEF75%	(L/sec) 0.44	(Ht)	−	0.012	(A)	−	4.143
MVV	(L/min) 1.20	(Ht)	−	0.816	(A)	−	37.9

Women ≥18 Years Old
FVC	(L) 0.00014815	(Ht)2	+	0.01870	(A)	−	0.000382	(A)2	−	0.3560 0.7344
FEV6	(L) 0.00014395	(Ht)2	+	0.01317	(A)	−	0.000352	(A)2	−	0.1373 0.7457
FEV1	(L) 0.00011496	(Ht)2	−	0.00361	(A)	−	0.000204	(A)2	+	0.4333 0.7494
%	FEV1/FVC 90.809	−	0.2125	(A) 0.3955
FEF200-1200	(L/sec) 0.0570	(Ht)	−	0.036	(A)	−	2.532 0.530
FEV25%-75%	(L/sec) 0.00006982	(Ht)2	−	0.02004	(A)	−	0.000200	(A)2	+	2.3670 0.5005
PEF	(L/sec) 0.00018623	(Ht)2	+	0.06929	(A)	−	0.001031	(A)2	+	0.9267 0.5559
FEF25%	(L/sec) 0.043	(Ht)	−	0.025	(A)	−	0.132
FEF50%	(L/sec) 0.035	(Ht)	−	0.013	(A)	−	0.444
FEF75%	(L/sec) 3.042	−	0.014	(A)
MVV	(L/min) 0.84	(Ht)	−	0.685	(A)	−	4.87

A,	Age	in	years;	Ht,	height	in	centimeters.
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able extrathoracic upper airway obstruction limits inspiratory 
flow, and the FEF50%/FIF50% ratio is greater than 1.0. Because the 
intraairway pressure during a forced inspiration is greater than 
atmospheric pressure inside the thorax, a variable intrathoracic 
upper airway obstruction limits expiratory flow, and the FEF50%/
FIF50% ratio is less than 1.0.

Similar to other spirometric measurements of pulmonary 
mechanics, normal values of MVV are based on gender, age, and 
height. MVV is reduced in patients with moderate and severe 
airway obstruction. A measured value less than 75% of pre-
dicted is significant. The normal for men is approximately 160 
to 180 L/min; it is slightly lower in women. In restrictive lung 
disease, MVV may be normal or only slightly reduced. Respira-
tory muscle strength is a primary determinant of MVV in pa-
tients with interstitial lung disease and an important determinant 
in patients with chronic obstructive pulmonary disease (COPD). 
Undernourished patients also may have a reduced MVV.

occur in the middle of FVC. Reduced FEF25%-75% or FEF50% may 
occur because of small airway obstruction and from lack of 
effort to sustain a maximal exhalation. FEF75% and FEF75%-85% 
occur late in FVC and reflect on the smallest airways. Experts 
differ on the significance of these flow rates. A singular reduc-
tion in small airway flow may indicate nothing at all or may be 
an early indicator of obstruction.

The shape of the flow-volume loop and the FEF50%/FIF50% 
ratio provide additional information about upper airway ob-
struction. Compared with the normal flow-volume loop, a fixed 
upper airway obstruction produces a curve that appears box-
shaped. In Figure 20-9, both expiratory and inspiratory flows 
are decreased and limited by the solid obstruction; the FEF50%/
FIF50% ratio remains normal. Variable upper airway obstruc-
tions produce two different shapes depending on the site of the 
obstruction. Because the intraairway pressure during a forced 
inspiration is less than atmospheric outside the thorax, a vari-

FIGURE 20-7	 Forced	vital	capacity	(FVC)	curves	comparing	normal,	obstructive,	and	restrictive	disorders.	A,	Curves	as	they	appear	on	
commonly	available	spirometers	with	tracings	beginning	at	the	bottom	left	corner.	B,	The	same	curves	as	they	appear	on	some	spirometers	
with	tracings	beginning	at	upper	left	corner.	
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Reversibility
Based on the initial results of baseline spirometry, additional 
testing of pulmonary mechanics is often desirable. If the base-
line test indicates airway obstruction, determining the revers-
ibility of the obstruction is indicated. RTs also use the concept 
of reversibility when evaluating routine therapy by performing 
spirometry before and after therapy. In the laboratory, the FVC 
maneuver is often repeated after the patient has received a bron-
chodilator administered by small volume nebulizer or metered 
dose inhaler. This laboratory protocol is commonly known  
as spirometry before and after bronchodilator. Reversibility of 
the airway obstruction indicates effective therapy. Although 
improvement in other measurements of pulmonary function is 
sometimes used, reversibility is defined as a 15% or greater 
improvement in FEV1 and at least a 200-ml increase in FEV1. 
Improvement is determined using the percent change formula:

% Improvement
PostFEV PreFEV

PreFEV
= − ×1 1

1

100

Bronchoprovocation
When the patient’s history suggests episodic symptoms of 
hyperreactive airways and airway obstruction, such as seasonal 
or exercise-induced wheezing, and the results of baseline spi-
rometry are normal, performing a bronchial provocation may 
be indicated.10 Bronchial provocation testing uses an agent 
to stimulate a hyperreactive airway response and to create 
airway obstruction. Although several types of provocations are 

FIGURE 20-8	 Maximal	expiratory	flow	volume	curves	of	normal,	obstructive,	and	restrictive	patterns.	
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FIGURE 20-9	 Flow-volume	loops	of	fixed	upper	airway	
obstruction	(a),	variable	extrathoracic	upper	airway	obstruction	
(b),	and	variable	intrathoracic	upper	airway	obstruction	(c).	
FEF,	Forced	expiratory	force;	FIF,	forced	inspiratory	flow.	
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RULE OF THUMB

If	a	person	cannot	exhale	at	least	70%	of	his	or	her	VC	
in	1	second,	it	is	highly	likely	the	person	has	an	
obstructive	disorder.
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possible, such as inhaling histamine or cold air or exercising, 
provoking a hyperreactive airway response by inhaling metha-
choline is the most popular technique with the most predictable 
results. The procedure usually begins with the patient inhaling 
a normal saline aerosol and then repeating the FVC maneuver. 
Some very sensitive patients exhibit hyperreactive airways with 
saline alone; a positive response to saline is defined as a decrease 
in FEV1 of 10% or greater. The methacholine provocation pro-
tocol systematically exposes the patient to increasing dosages of 
methacholine. Usually starting with a low dose of 0.03 mg/ml, 
patients inhale methacholine aerosol and then repeat the FVC 
maneuver. A positive response to methacholine is defined as a 
decrease in FEV1 of 20% or greater (another example of percent 
change). If a positive response does not occur, the methacholine 
dose is doubled to 0.06 mg/ml, and the FVC maneuver is 
repeated. The process of “double-dosing” and performing FVC 
maneuvers continues until there is a positive response or until 
the full dose, 16 mg/ml, is given. If a positive response occurs, 
treatment with a fast-acting bronchodilator is indicated, and 
sometimes administering O2 is helpful. The final test report 
should include the concentration of methacholine that caused 
the 20% decrease in FEV1 in the form of PD%FEV1. For example, 
PD22FEV1 = 4 mg/ml indicates that the provocation dose of 
4 mg/ml resulted in a 22% decrease in FEV1.

10-12

It should be noted that given the nature and goal of this test 
to induce bronchospasm, and in many cases do so in patients 
with a suspicion of preexisting lung disease, certain precautions 
need to be taken when performing a methacholine challenge. 
Most notably, it is imperative that an evidence-based protocol 
be in place to address patients who respond to the test adversely 
by developing status asthmaticus or other life-threading condi-
tions. In general, the protocol should include the availability of 
fast-acting bronchodilators, a code/crash cart, and health care 
professionals who are trained in Advance Cardiac Life Support.

	

RULE OF THUMB

Normal	pulmonary	function	values	are	predictably	
based	on	the	subject’s	age,	height,	gender,	ethnicity,	
and	sometimes	weight.	Normal	pulmonary	function	
predictably	declines	with	age	older	than	20	years.

necessary to quantify hyperinflation, which may be associated 
with obstructive impairment. Calculating RV is necessary to 
gauge any air trapping present. Measurements of VT, IC, ERV, 
IRV, and VC may be used in calculations of TLC or be useful to 
clinicians considering weaning parameters such as the rapid-
shallow-breathing index (f/VT) or inspiration goals of hyperin-
flation therapy. Standards for measuring lung volumes and 
capacities were initially published in 20054; these standards 
focus primarily on the techniques to measure FRC. Following 
the measurement of FRC, measurements of ERV and VC enable 
calculation of TLC according to the formulas:

TLC FRC IC= +

or

TLC FRC ERV VC= − +( )

Lung Volumes and Capacities

There are four lung volumes and four lung capacities. A lung 
capacity consists of two or more lung volumes. The lung 
volumes are tidal volume (VT), inspiratory reserve volume 
(IRV), expiratory reserve volume (ERV), and residual volume 
(RV). The four lung capacities are TLC, IC, FRC, and VC. These 
volumes and capacities are shown in Figure 20-10. The lung 
volumes that can be measured directly with a spirometer or 
pneumotachometer include VT, IC, IRV, ERV, and VC. Because 
the RV cannot be exhaled, the RV, FRC, and TLC must be mea-
sured using indirect methods.

Knowing TLC is necessary to identify patients with a restric-
tive pattern of pulmonary impairment. Measuring FRC is 

MINI CLINI
Why Are Functional Residual  
Capacity and Residual Volume 
Increased in Emphysema?

PROBLEM:	 In the advanced stages of pulmonary emphy-
sema, FRC and RV are increased; in addition, VC is often 
decreased. Why do these changes occur?

SOLUTION:	 When the ventilatory muscles relax, the oppos-
ing forces of lung recoil and chest wall expansion determine 
the size of FRC. Emphysema is characterized by a destruction 
of elastic tissue in the lung, which causes a lower lung recoil 
force. When lung recoil forces decrease, as in emphysema, chest 
wall expansion forces predominate and the chest wall expands 
outward, pulling the lung with it. As the lung stretches to a 
larger volume, its recoil force increases, and eventually equilib-
rium is reestablished between the lung and chest wall. This new 
equilibrium occurs at an increased lung volume, so FRC is 
increased. RV is increased in emphysema because VC is 
decreased owing to small airway obstruction. When a person 
with emphysema tries to exhale completely, the bronchioles 
collapse, trapping air in the lungs and increasing RV. Increased 
FRC is called hyperinflation, and increased RV is called air 
trapping.

The VT is measured directly from a spirogram (see Figure 
20-10). For the purposes of ensuring test validity and standard-
ization, the patient should be in a sitting or reclining position 
and wearing a nose clip. It sometimes takes the patient 1 to 2 
minutes to be at rest and become accustomed to the nose clip 
and mouthpiece. The patient breathes through a tight-fitting 
mouthpiece until a normal, rhythmic breathing pattern is 
established. Because VT varies normally from breath to breath, 
an average VT is a more reliable measurement. In the laboratory, 
an average VT sometimes is measured during 3 minutes of quiet 
breathing while the spirometer records volumes and graphs 
volume and time. At the bedside, an average VT usually is 
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FIGURE 20-10	 Lung	volumes	and	capacities.	Volumes	listed	are	average	normal	values	for	a	young,	healthy	adult	man.	
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measured over 1 minute; the patient breathes normally into a 
spirometer that stores in memory each volume exhaled for 1 
minute and computes an average. An alternative approach is to 
measure the total volume of air exhaled for 1 minute ( �VE) and 
divide by the breathing frequency (f) counted during the same 
period. The following formula can be used to calculate the VT: 
VT = ( �VE ÷ f).

The IC is also measured directly from a spirogram. The 
patient is asked to inhale maximally from the resting FRC at the 
end of a normal effortless exhalation. To ensure validity, a 

consistent resting expiratory level should be obvious on the 
spirogram before inhaling. To ensure reliability, the IC should 
be measured at least twice, and the two largest measurements 
should agree within 5%. Because the definition of IC is the 
maximal volume inhaled, the largest measurement is the 
patient’s IC. (See Clinical Practice Guideline 20-2.)

The ERV is measured directly from the spirogram (see Figure 
20-10). The patient is asked to breathe normally for a few 
breaths and then exhale maximally. The ERV is the volume of 
air exhaled between the resting expiratory level and the maximal 
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exhalation level on the spirogram. To ensure validity, a consis-
tent resting expiratory level should be obvious on the spirogram 
before exhaling maximally. To ensure reliability, the ERV should 
be measured at least twice and the two largest measurements 
should agree within 5%. Because the definition of ERV is the 
maximal volume exhaled, the largest measurement is the 
patient’s ERV.

The VC is the most commonly measured lung volume.  
There are several methods of measuring the VC. The VC can be 
measured during inspiration or during a slow prolonged expi-
ration when air trapping is of concern. To measure the VC 
during inspiration, the patient exhales maximally and then 
inhales as deeply as possible. The volume of the maximal inspi-
ration is the inspiratory VC. To measure the VC during expira-
tion, the patient inhales maximally and then exhales maximally, 
taking all the time necessary to exhale completely. The exhaled 

volume is the slow VC. An alternative method is to measure the 
IC and the ERV and add these volumes together for a “com-
bined” VC, but this method should be reserved only for patients 
who cannot otherwise execute the VC. The VC also is measured 
when it is exhaled forcefully and as rapidly as possible. This 
technique is called the FVC, and it is used to assess pulmonary 
mechanics under the section spirometry.

Because the RV cannot be exhaled, RV, FRC, and TLC cannot 
be measured directly with a spirometer or pneumotachometer. 
There are three indirect techniques to measure these lung 
volumes: helium dilution, nitrogen washout, and body plethys-
mography. The He dilution and N washout techniques measure 
whatever gas is in the lungs at the beginning of the test, if  
the gas is in contact with unobstructed airways. The body ple-
thysmographic technique measures all the gas in the thorax at 
the resting expiratory volume. Because the plethysmographic 

20-2	 Measurement	of	Static	Lung	Volumes

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
Indications	include	the	need	to	do	the	following:
•	 Diagnose	restrictive	disease	patterns.
•	 Differentiate	between	obstructive	and	restrictive	disease	

patterns.
•	 Assess	response	to	therapeutic	interventions	(e.g.,	

transplantation,	radiation,	chemotherapy,	lobectomy).
•	 Aid	in	the	interpretation	of	other	lung	function	tests.
•	 Make	preoperative	assessments	in	patients	with	impaired	

lung	function	that	would	be	affected	by	surgery.
•	 Evaluate	pulmonary	disability.
•	 Quantify	the	amount	of	gas	trapping	by	comparing	results	

of	different	techniques.

■ CONTRAINDICATIONS
•	 No	apparent	absolute	contraindications	exist;	relative	

contraindications	for	spirometry	include	hemoptysis	of	
unknown	origin,	untreated	pneumothorax,	unstable	
cardiovascular	status,	and	thoracic	and	abdominal	or	
cerebral	aneurysms.

•	 With	respect	to	whole-body	plethysmography,	factors	such	
as	claustrophobia,	upper	body	paralysis,	obtrusive	body	
casts,	or	other	conditions	that	immobilize	or	prevent	the	
patient	from	fitting	into	or	gaining	access	to	the	“body	box”	
are	a	concern.	In	addition,	the	procedure	may	necessitate	
stopping	intravenous	therapy	or	supplemental	O2.

■ HAZARDS AND COMPLICATIONS
•	 Nosocomial	infection	contracted	from	improperly	cleaned	

tubing,	mouthpieces,	and	pneumotachographs.
•	 Hypoxemia	from	interruption	of	O2	therapy	with	the	body	

box.
•	 Depressed	ventilatory	drive	in	susceptible	subjects	(i.e.,	CO2	

retainers)	as	a	consequence	of	breathing	100%	O2	during	

the	nitrogen	washout;	such	patients	should	be	carefully	
observed.

•	 Hypercapnia	and	hypoxemia	during	helium-dilution	FRC	
determinations	as	a	consequence	of	failure	to	remove	CO2	
or	add	O2	adequately.

■ ASSESSMENT OF NEED
Determine	that	valid	indications	are	present.

■ ASSESSMENT OF OUTCOME AND TEST 
QUALITY
•	 Outcome	and	test	quality	are	determined	by	ascertaining	

that	the	desired	information	has	been	generated	for	the	
specific	indication	and	that	validity	and	reproducibility	have	
been	ensured.

•	 Results	are	valid	if	the	equipment	functions	acceptably	and	
the	subject	is	able	to	perform	the	maneuvers	in	an	
acceptable	and	reproducible	fashion.

•	 Report	of	test	results	should	contain	a	statement	by	the	
technician	performing	the	test	about	test	quality	(including	
patient	understanding	of	directions	and	effort	expended)	
and,	if	appropriate,	which	recommendations	were	not	met.

•	 Equipment	calibration	and	quality	control	measures	specific	
to	measuring	lung	volumes	should	be	applied	and	
documented.

■ MONITORING
The	following	should	be	monitored	during	lung-volume	
determinations:
•	 Test	data	of	repeated	efforts	(i.e.,	reproducibility	of	results)	

to	ascertain	the	validity	of	results
•	 The	patient	for	any	adverse	effects	of	testing	(patients	on	

supplemental	O2	may	require	periods	of	time	to	rest	on	O2	
between	trials)

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: static lung volumes: 2001 revisions and updates.
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technique measures all gas in the thorax, including gas that is 
trapped distal to obstructed airways or gas in the pleural space, 
the lung volume measured by this technique is called the tho-
racic gas volume (TGV) (VTG, or FRCPleth). In healthy individu-
als, TGV is identical to FRC measured by both the gas dilution 
and washout techniques. However, in patients with obstructive 
lung disease with gas trapping, TGV is often larger than FRC 
measured by other methods. TGV is also more complex and 
cumbersome to perform. Therefore, unless specifically requested 
by a physician, He dilution or N washout methods are routinely 
used. The latter two allow measurements of either FRC or TLC. 
Once one of them is measured, the other can be calculated using 
the previous formulas. For simplicity, we will only describe the 
maneuvers used to measure FRC below.13 (See AARC Clinical 
Practice Guideline 20-2.)

Helium Dilution
The helium dilution technique for measuring lung volumes 
uses a closed, rebreathing circuit (Figure 20-11).14-16 This tech-
nique is based on the assumptions that the patient has no He 
in his or her lungs, and that an equilibration of He can occur 
between the spirometer and the lungs. First, volume (V1) and 
concentration (C1) of He are measured at the beginning of  
the test. Next, the valve is turned to connect the patient to the 
breathing circuit, usually at the resting expiratory level of  
the FRC. The patient is connected to the He-air mixture, and 
the concentration of He is diluted slowly by the patient’s lung 
volume. Wearing nose clips, the patient breathes normally in 
the closed circuit. Exhaled CO2 is absorbed with soda lime, and 
O2 is added at a rate equal to the patient’s O2 consumption. A 
constant volume is maintained to ensure accurate He concen-
tration measurements. The patient rebreathes the gas in the 
system until equilibrium of He concentration is established. In 
healthy patients and patients with a small FRC, equilibration 
occurs in 2 to 5 minutes. Patients with obstructive lung disease 
may require 20 minutes to equilibrate because of slow gas 
mixing in the lungs. The He dilution time or the duration of 
the test is gives a reasonable indication of the distribution of 
ventilation.

For FRC to be calculated using the He dilution technique, 
several observations must be made: V1 and C1 (see earlier dis-
cussion), before the patient is connected to the breathing circuit; 
the final He concentration (C2) after He equilibrium between 
the spirometer and patient is established, the spirometer tem-
perature, and the time necessary for He equilibration to occur. 
If there was no absorption of the He across the pulmonary 
capillaries,

V C V C1 1 2 2× = ×

where V2 is the volume of the He at the end of the test. After 
measuring V1, C1 and C2, V2 is calculated: FRC = V2 −V1 (see 
Figure 20-11).

Corrections for temperature and He absorption are nor-
mally applied. All lung volumes and capacities must be reported 
under BTPS conditions. Volumes measured by spirometers are 

FIGURE 20-11	 Helium	dilution	method	for	measuring	functional	
residual	capacity.	A,	Initial	He	readings,	He	volume	(V1)	and	
concentration	(C1),	lung	volume	is	at	functional	residual	capacity.		
B,	He	reading	during	test.	C,	Final	He	concentration	reading	(C2)	at	
equilibrium.	See	text	for	details.	
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at ambient temperature, pressure, and saturated (ATPS) condi-
tions and must be adjusted for the temperature difference 
between the spirometer and the patient’s body temperature. 
This ATPS to BTPS adjustment can increase volumes 5% to 
10%, and the difference is large enough to invalidate the test 
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results, unless the correction is made. Although He is an inert 
gas with a negligible solubility in plasma, it is assumed that a 
small amount of He diffuses across the alveolar-capillary mem-
brane. To account for the loss, 30 ml of BTPS-corrected volume 
is subtracted for each minute of He breathing, up to 200 ml for 
a 7-minute test. Once these corrections are made, TLC can be 
calculated using spirometry data.

Nitrogen Washout
The nitrogen N technique uses a nonrebreathing or open circuit 
(Figure 20-12).15,16 The technique is based on the assumptions 
that the N concentration in the lungs is 78% and in equilibrium 
with the atmosphere, that the patient inhales 100% O2, and that 
the O2 replaces all of the N in the lungs. Similar to the He dilu-
tion technique, the patient is connected to the system at FRC. 
The patient’s exhaled gas is monitored, and its volume and N 
percentage are measured.

Generally, two types of circuits are used to measure lung 
volumes with this technique. In one type of circuit, all of the 
exhaled gases are collected in a large container, where the 
volume and concentration of N are measured. In the second 
type of circuit, the volume and concentration of each exhaled 
breath are measured separately and stored in a memory; the 
sum of the volumes and the weighted average of the N concen-
tration are calculated by a computer.

Wearing nose clips, the patient breathes 100% O2 until nearly 
all of the N has been washed out of the lungs, leaving less than 
1.5% N in the lungs. When the peak exhaled concentration of 
N is less than 1.5%, the patient exhales completely, and the 
fractional concentration of alveolar N (FAN2) is noted. Similar 
to the He technique, the time it takes to wash out the N is 
approximately 2 to 5 minutes in healthy individuals and longer 

in patients with obstructive lung disease. The test must occur 
in a leak-proof circuit because the presence of any air increases 
the measured N percentages and results in grossly elevated mea-
surements of lung volume.

For FRC to be calculated by the N washout technique, several 
measurements must be made: the total volume of gas exhaled 
during the test (VE), the fractional concentration of exhaled N 
in the total gas volume (FEN2), the fractional concentration of N 
in the alveoli at the end of the test (FAN2), and the spirometer 
temperature. FRC can be calculated with the following equation:

FRC
V F N

F N
E E

A

=
×
−

2

20 78.

The calculated FRC must be adjusted for the temperature 
difference between the spirometer and the patient’s body tem-
perature using the BTPS correction factor. During the test, some 
N from the plasma and body tissues is usually excreted and 
exhaled with lung N. For this reason, another correction is 
needed, using duration of the test and the weight of the patient.

Plethysmography
The plethysmography technique applies Boyle’s law and uses 
measurements of volume and pressure changes to determine 
lung volume, assuming temperature is constant.15-17 The pleth-
ysmography technique measures the volume of all compressible 
gas in the thorax, including gas trapped behind airway obstruc-
tions or in the pleural space. Gas in the abdomen also may be 
included in the measurement. The whole-body plethysmograph 
consists of a sealed chamber in which the patient sits (Figure 
20-13). Pressure transducers (electronic manometers) measure 
pressure at the mouth and in the chamber. An electronically 
controlled shutter near the mouthpiece allows the airway to be 

FIGURE 20-12	 Nitrogen	washout	method	for	measuring	functional	residual	capacity,	residual	volume,	and	total	lung	capacity.	
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occluded periodically, measuring airway pressure changes 
under conditions of no airflow. Without airflow, pressure 
changes measured at the mouth are pressure changes in the 
alveoli. According to Boyle’s law (V × P = k), when temperature 
is constant, volume changes in the thorax create volume changes 
in the chamber, which are reflected by pressure changes in the 
chamber. When measurement of TGV is being done, the patient 
sits in the chamber and initially breathes normal tidal volumes 
through the mouthpiece. When the patient is near FRC, the 
shutter is closed at end expiration for 2 to 3 seconds. The patient 
holds his or her cheeks and performs gentle panting at 1 Hz  
or one pant per second. During panting, changes in airway 
pressure (ΔP) and changes in chamber volume (ΔV) are 
measured. Because the panting maneuver occurs with small 
pressure changes around barometric pressure, the simplified 
equation used to calculate TGV is:

TGV P V PB= × ÷( )∆ ∆

where PB is the barometric pressure in cm H2O.
A series of three to five panting maneuvers should be per-

formed. After panting, the patient should exhale completely to 
record ERV and then inhale maximally to record the inspiratory 
vital capacity.

Because the body plethysmographic method of measuring 
FRC actually measures TGV, the value obtained for some 
patients may be larger than values resulting from either the He 
dilution or N washout techniques. Such a difference occurs 

FIGURE 20-13	 Body	plethysmography	method	for	measuring	
lung	volumes.	V	is	the	change	in	gas	volume	in	the	lungs,	as	
sensed	by	the	chamber	pressure	manometer.	P	is	the	change	in	
pressure	produced	by	the	respiratory	efforts	of	breathing	against	
the	shutter,	as	sensed	by	the	airway	pressure	manometer.	
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whenever there is gas in the thorax that is not in communica-
tion with patent airways, as might be the case in patients with 
pneumothorax, pneumomediastinum, or emphysema. Assum-
ing that TGV actually represents FRC, calculations can be made 
for TLC and RV, similar to He dilution or N washout methods.

Interpretation
Changes in lung volumes and capacities are generally consistent 
with the pattern of impairment. TLC, FRC, and RV increase 
with obstructive lung diseases and decrease with restrictive 
impairment. Some lung volumes provide valuable diagnostic 
information. For example, TLC is always reduced in restrictive 
lung disease, unless obstruction and restriction occur together. 
When obstruction and restriction occur together, the TLC  
may be a less sensitive measure of the restrictive impairment. 
Other volumes and capacities may remain normal with mild 
obstructive or restrictive disease. The pattern of lung volume 
changes and the proportion of FRC and RV to TLC are also 
important.

Normal Values for Lung Volumes. The normal VT is 
approximately 500 to 700 ml for an average healthy adult. In 
the normal population, great variation of tidal volumes and 
measurements beyond the normal range are not indicative of a 
disease process. Normal VT is often observed in both restrictive 
and obstructive lung diseases. VT alone is not a valid indicator 
of the type of lung disease.

The normal IC is approximately 3.6 L, with a significant 
variation in the normal population. IC may be normal or 
reduced in restrictive and obstructive lung diseases. A reduc-
tion of IC occurs in restrictive lung diseases because the 
patient’s inhaled volume is reduced and there is a reduction in 
TLC. In mild obstructive lung diseases, IC is usually normal. In 
moderate and severe obstructive diseases, IC can be reduced 
because the resting expiratory level of FRC has increased owing 
to hyperinflation of the lungs. An increase in IC may occur 
when the patient inhales from below the resting expiratory level 
when the measurement is performed; athletes and musicians 
who play wind instruments may have increased inspiratory 
capacities. RTs use the measurement of IC in clinical protocols 
to decide between methods of lung expansion therapy (see 
Chapter 42).

IRV is not commonly measured. Similar to VT and IC, IRV 
can be normal in both restrictive and obstructive diseases and 
is not a useful diagnostic measurement. The normal value for 
IRV is 3.10 L.

The normal ERV is approximately 1.2 L and represents 
approximately 20% to 25% of the VC. It can be either normal 
or reduced in obstructive and restrictive lung diseases. ERV is 
subtracted from FRC to calculate RV.

The normal value of the VC is 4.8 L and represents approxi-
mately 80% of TLC. Normal values for VC can vary significantly 
depending on age, gender, height, and ethnicity. A reduction of 
VC occurs in restrictive lung diseases because the patient’s 
inhaled volume is reduced and there is a reduction in TLC. In 
mild obstructive lung diseases, the slow VC is usually normal if 
the patient exhales leisurely and has had enough time to exhale 
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equations to predict the lung volumes for individuals of specific 
height (in centimeters), age (in years), and gender. A positive 
correlation exists between lung volumes and height, and a nega-
tive correlation exists between lung volumes and age for patients 
older than 20 years. Male values are larger than female values 
when height and age are equal.

The typical normal TLC is 6.0 L. The normal RV is approxi-
mately 1.2 L and represents approximately 20% of TLC. FRC is 
approximately 2.4 L, which represents approximately 40% of 
the TLC. RV and FRC are usually enlarged in acute and chronic 
obstructive lung diseases because of hyperinflation and air trap-
ping (Figure 20-14). TLC also may be enlarged in COPD. TLC 
is always reduced in restrictive lung diseases because of a loss 
of lung volume; RV and FRC are often reduced proportionately. 
Certain acute disorders, such as pulmonary edema, atelectasis, 
and consolidation, also cause a reduction of TLC and FRC.

Diffusing Capacity

The third major category of pulmonary function testing is mea-
suring the ability of the lungs to transfer gases across the 
alveolar-capillary membrane. As discussed in Chapter 12, the 
diffusion of gases across a sheet of membrane depends on 
various factors.

V D P Pgas L= × −( )1 2

Vgas = Amount of the gas transferred into the lungs
P1 = Partial pressure of the gas in the alveolus
P2 = Partial pressure of the gas in the pulmonary capillary

completely or if the VC is measured during inspiration. Mea-
surements made from FVC provide valuable data for pulmo-
nary mechanics.

RV, FRC, and TLC are the most important measurements of 
lung volumes. Age, height, gender, ethnicity, and sometimes 
weight or body surface area correlate with normal values for 
these lung volumes.18 Table 20-5 provides common regression 

TABLE 20-5 

Examples of Regression Equations for Predicting 
Normal Lung Volumes and Capacities in Adults

Lung Volumes Equations

Men
FRC	(L) 0.0234	(Ht)	+	0.01	(A)	−	1.09
RV	(L) 0.0131	(Ht)	+	0.022	(A)	−	1.23
TLC	(L) 0.0799	(Ht)	−	7.08
FRC/TLC% 43.8	+	0.21	(A)
RV/TLC% 14.0	+	0.39	(A)

Women
FRC	(L) 0.0224	(Ht)	+	0.001	(A)	−	1.00
RV	(L) 0.0181	(Ht)	+	0.016	(A)	−	2.00
TLC	(L) 0.0660	(Ht)	−	5.79
FRC/TLC% 45.1	+	0.16	(A)
RV/TLC% 20.0	+	0.34	(A)

From	Stocks	J,	Quanjer	PH:	Reference	values	for	residual	volume,	functional	
residual	capacity	and	total	lung	capacity.	Eur	Respir	J	8:492–497,	1995.
A,	Age	in	years;	Ht,	height	in	centimeters.

FIGURE 20-14	 Changes	in	lung	volumes	and	capacities	with	pulmonary	disease.	ERV,	Expiratory	reserve	volume;	FRC,	functional	
residual	capacity;	IC,	inspiratory	capacity;	IRV,	inspiratory	reserve	volume;	TLC,	total	lung	capacity;	VT,	tidal	volume.	
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curve described by Forster and colleagues20 (Figure 20-15). The 
final formula for DLCO calculation incorporates all measure-
ments used to calculate �VCO and PACO, as well as the correction 
for nonlinearity of CO transfer.5

The reliability of the DLCO is based on repeatability of the 
test. At least 4 minutes should be allowed between tests to allow 
an adequate elimination of CO from the lungs. In patients with 
obstructive airway disease, a longer period (e.g., 10 minutes) 
may be necessary. The actual DLCO reported should be the 
mean of two acceptable tests. An acceptable test is defined as 
one that is reproducible to within 10% or 3 ml of the CO/min/
mm Hg value, whichever is greater.21 (See AARC Clinical Prac-
tice Guideline 20-3.)

Interpretation
Normal values for the DLCO using the single-breath technique 
are based primarily on a patient’s age, height, and gender (Table 
20-6). A typical normal value for a 20-year-old healthy man is 
40 ml/min/mm Hg.21 Factors known to affect test results should 
be controlled or standardized; these include body position, 
activity, PAO2, Hb and carboxyhemoglobin (COHb) levels, and 
pulmonary blood volume. To focus the test on diffusion through 
the alveolar-capillary membrane, the patient should be tested 
at rest in a seated position, should not breathe supplemental O2 
for 10 minutes before testing, and should not have an abnormal 
level of COHb before the test. Mathematical corrections can be 
applied for patients who cannot abstain from O2. Performing 
the diffusing capacity on patients who have recently smoked a 
cigarette or who have been exposed to environmental CO may 
hinder test validity. Patients should refrain from smoking on 
the day of the test. All patients undergoing diffusing capacity 
should have their Hb concentration measured, and a mathe-
matical correction should be applied if it is abnormal. In  
addition, DLCO measurement may be altered in patients on 
supplemental O2, or at high altitude. Provision of formulas that 

Carbon monoxide (CO) is the gas normally used to measure 
the DL. The diffusing capacity of the lung for carbon monox-
ide (DLCO) is expressed in ml/min/mm Hg under standard 
temperature and pressure and dry conditions. CO is used as the 
transfer gas because CO is similar to O2 in important ways. CO 
and O2 have similar molecular weights and solubility coeffi-
cients. Similar to O2, CO also chemically combines with hemo-
globin (Hb). CO has a very high affinity for Hb and diffuses 
rapidly into the pulmonary blood, keeping the pulmonary capil-
lary partial pressure of CO (P2 in the formula above) near zero. 
Consequently, the formula for the DLCO calculation can be 
rewritten as follows:

DL
V

P CO
CO

CO

A

=
�

Where �VCO is the amount of CO taken up by the lungs and 
PACO is the alveolar partial pressure of CO during the test.

Single-Breath Technique
There are several techniques to measure the diffusing capacity 
of the lung for CO, including steady-state, intrabreath, and 
rebreathing techniques, but the single-breath method (DLCO-
SB) is the most common measurement technique because it is 
quick and reproducible. Standards for measuring diffusing 
capacity of the lung were initially published in 1995 and updated 
in 2005; these standards focus primarily on the DLCO-SB.5,19 
During the single-breath method, the patient exhales com-
pletely to RV, rapidly inspires to TLC a volume of air containing 
small concentration of CO and He, maintains breath holding 
for 10 seconds, and then exhales at least 1 L rapidly. He is added 
to the inhaled gas mixture to help with the estimation of effec-
tive lung volume, as well as alveolar CO concentration (FACO). 
Note that FACO is different from the inhaled CO concentration 
because dilution by RV and this corrected value should be used 
in calculation of PACO. The dilution of CO is proportional to 
the dilution of He, and can be calculated using inhaled (FIHe) 
and exhaled (FEHe) He concentrations. A sample of exhaled 
alveolar gas is collected and analyzed for expired CO (FECO). 
The effective total lung capacity (or alveolar volume, VA) can 
be similarly calculated using measured VC and inhaled and 
exhaled He concentrations. The VA is necessary to calculate 
�VCO, and it is used in the determination of the diffusing capacity 

of the lung-to-alveolar volume ratio (DLCO/VA, discussed 
later). The total time of the test (t) is recorded and used in 
ultimate calculation of DLCO. To regulate the breath holding 
period, some measuring systems close the mouthpiece with a 
timed shutter. The suitable breathing pattern requires patient 
cooperation and coordination; some patients benefit from a 
timer as a visual aid.

It is important to note that the rate of CO transfer across the 
membrane is not uniform throughout the test. When a bolus 
of CO gas is inhaled, the rate of gas diffusion declines logarith-
mically with time, meaning that the rate of gas transfer at the 
beginning of the test (high CO concentration) is much greater 
than at the end of the test (low CO concentration). The single-
breath method (DLCO-SB) is based on the diffusion decay 

FIGURE 20-15	 Concentration	of	alveolar	carbon	monoxide	after	
a	single	breath	to	total	lung	capacity.	
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20-3	 Single-Breath	Carbon	Monoxide	Diffusing	Capacity

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
Tests	of	diffusing	capacity	may	be	indicated	in	the	following	
situations:
•	 Evaluation	and	follow-up	of	parenchymal	lung	diseases	

associated	with	dusts	(e.g.,	asbestos)	or	drug	reactions	
(e.g.,	amiodarone)	or	related	to	sarcoidosis.

•	 Evaluation	and	follow-up	of	emphysema	and	cystic	fibrosis.
•	 Differentiation	among	chronic	bronchitis,	emphysema,	and	

asthma	in	patients	with	obstructive	patterns.
•	 Evaluation	of	pulmonary	involvement	in	systemic	diseases	

(e.g.,	rheumatoid	arthritis,	lupus	erythematosus).
•	 Evaluation	of	cardiovascular	diseases	(e.g.,	pulmonary	

hypertension,	pulmonary	edema,	thromboembolism).
•	 Prediction	of	arterial	desaturation	during	exercise	in	chronic	

obstructive	pulmonary	disease.
•	 Evaluation	and	quantification	of	disability	associated	with	

interstitial	lung	disease.
•	 Evaluation	of	the	effects	of	chemotherapy	agents	or	other	

drugs	known	to	induce	pulmonary	dysfunction.
•	 Evaluation	of	hemorrhagic	disorders.

■ CONTRAINDICATIONS
The	following	are	relative	contraindications	to	performing	a	
diffusing	capacity	test:
•	 Mental	confusion	or	incoordination	preventing	the	subject	

from	adequately	performing	the	maneuver
•	 A	large	meal	or	vigorous	exercise	immediately	before	the	

test.
•	 Smoking	within	24	hours	of	test	administration	(may	have	

effect	on	diffusion	capacity	of	the	lung	for	carbon	dioxide	
[DLCO]	independent	of	carboxyhemoglobin	[COHb]).

■ HAZARDS AND COMPLICATIONS
•	 Single-breath	DLCO	requires	breath	holding	at	total	lung	

capacity;	some	patients	may	perform	either	a	Valsalva	(high	
intrathoracic	pressure)	or	Müller	(low	intrathoracic	pressure)	
maneuver.	Either	of	these	maneuvers	can	result	in	alteration	
of	venous	return	to	the	heart.

•	 Transmission	of	infection	is	possible	via	improperly	cleaned	
mouthpieces	or	from	the	inadvertent	spread	of	droplet	
nuclei	or	body	fluids	(patient	to	patient	or	patient	to	
technologist).

■ ASSESSMENT OF NEED
The	need	for	DLCO	testing	exists	when	any	of	the	
aforementioned	indications	are	present.

■ ASSESSMENT OF TEST QUALITY
Individual	test	maneuvers	and	results	should	be	evaluated	
according	to	the	American	Thoracic	Society	
recommendations.	In	particular,	the	following	
recommendations	are	pertinent:
•	 The	inspiratory	volume	should	exceed	90%	of	the	largest	

previously	measured	vital	capacity	(forced	vital	capacity	
[FVC]	or	vital	capacity	[VC]).

•	 Breath	hold	time	should	be	between	9	and	11	seconds,	
with	a	rapid	inspiration.

•	 The	washout	volume	(dead	space)	should	be	0.75	to	1	L,	
or	0.50	L	if	the	subject’s	VC	is	<2	L.	If	a	washout	volume	
other	than	0.75	to	1	L	is	used,	it	should	be	noted.

•	 Two	or	more	acceptable	tests	should	be	averaged.	The	
maneuvers	should	be	reproducible	to	within	10%	or	3	ml	of	
CO/min/mm	Hg,	whichever	is	greater.

•	 The	subject	should	have	refrained	from	smoking	for	24	
hours	before	the	test.

•	 Corrections	for	Hb	and	COHb	should	be	included;	
correction	for	tests	performed	at	high	altitude	is	
recommended.

•	 If	Hb	correction	is	made,	both	the	corrected	and	the	
uncorrected	DLCO	values	should	be	reported.

•	 Equipment	calibration	and	quality	control	measures	specific	
to	measuring	diffusing	capacity	should	be	applied	and	
documented.

■ MONITORING
•	 The	final	report	should	contain	a	statement	about	test	

quality.
•	 The	final	report	should	contain	the	DLCO,	the	corrected	

DLCO	(Hb,	COHb,	altitude),	and	the	Hb	value	used	for	
correction.	The	alveolar	volume	(VA)	and	DL/VA	(i.e.,	the	
ratio	of	diffusing	capacity	to	the	lung	volume	at	which	the	
measurement	was	made)	may	be	included	in	the	report.	
These	values	are	helpful	for	purposes	of	interpretation.

*For complete guideline, see American Association for Respiratory Care: Clinical practice guideline: single-breath carbon monoxide diffusing capacity.

are used to obtain the raw DLCO measurement or to correct it 
for all of these variables is outside of the scope of this chapter 
and is given in the references.5

Some clinicians argue that if the DLCO measurement has to 
be corrected for variables that have nothing to do with the gas 
transfer across the membrane, then it must not be the true dif-
fusion that we are measuring with the DLCO. In fact, in Euro-
pean respiratory communities, the DLCO, as we have been 
describing in this chapter, is called KCO, or transfer factor for 

CO, to differentiate it from the true diffusion properties of  
the lung.5

The DLCO may be reduced from the predicted normal in 
patients with obstructive or restrictive lung diseases. With 
destruction of alveoli in pulmonary emphysema, with small 
lung volumes, and with fibrosis of alveoli in asbestosis, the 
DLCO may be less than normal. Pulmonary embolism also may 
decrease the DLCO. The DLCO may be useful in identifying 
which patients with obstructive impairment are likely to 
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 Box 20-2 Effect of Various Factors on 
Diffusing Capacity of the Lung  
for Carbon Monoxide

FACTORS THAT DECREASE DLCO
•	 Anemia
•	 Carboxyhemoglobin
•	 Pulmonary	embolism
•	 Diffuse	pulmonary	fibrosis
•	 Pulmonary	emphysema

FACTORS THAT INCREASE DLCO
•	 Polycythemia
•	 Exercise
•	 Congestive	heart	failure

DLCO,	Diffusing	capacity	of	the	lung	for	carbon	monoxide.

MINI CLINI
Diffusing Capacity of the Lung for 
Carbon Monoxide in Chronic 
Obstructive Pulmonary Disease

PROBLEM:	 A patient has spirometry and lung volumes 
typical of the obstructive pattern. FEV1, FEV1/FVC, and FEFs 
are significantly reduced, and FRC and TLC are increased. Two 
common obstructive diseases are chronic bronchitis and pul-
monary emphysema. How can pulmonary function data dif-
ferentiate between these two diseases? The answer is the DLCO.

SOLUTION:	 Chronic bronchitis involves mostly airways 
and is characterized by chronic inflammation of the mucosa, 
hypertrophy of mucous glands, excessive mucus, and possibly 
bronchospasm, all of which narrow the airways. Pulmonary 
emphysema primarily involves alveolar structures and is char-
acterized by destruction of alveolar architecture, elastic fibers, 
and alveolar-capillary membranes. Emphysema decreases gas-
exchange surface area. Chronic bronchitis does not involve 
alveoli and does not change surface area for gas exchange. For 
these reasons, a decreased diffusion capacity is associated with 
emphysema rather than with chronic bronchitis. DLCO is a 
useful way to determine the extent to which emphysema may 
be present in a patient with COPD.

TABLE 20-7 

Pulmonary Function Changes in Advanced  
Lung Diseases

Measurement Normal* Obstructive Restrictive

VT 500%smL N	or	↑ N	or	↓
IRV 3.10	L N	or	↓ ↓
ERV 1.20	L N	or	↓ ↓
RV 1.20	L ↑ ↓
IC 3.60	L N	or	↓ ↓
FRC 2.40	L ↑ ↓
TLC 6.00	L N	or	↑ ↓
FVC 4.80	L ↓ ↓
FEV1 4.20	L ↓ N	or	↓
FEV1/FVC >70% ↓ N	or	↑
FEF200-1200 8.5	L/sec ↓ N
FEF25%-75% 4.5	L/sec ↓ N
PEF 9.5	L/sec ↓ N
FEF25% 9.0	L/sec ↓ N
FEF50% 6.5	L/sec ↓ N
FEF75% 3.5	L/sec ↓ N
MVV 160	L/min ↓ N	or	↓
DLCO 40%	mL/min/mm	Hg N	or	↓ N	or	↓
DLCO/VA 6.6%	mL/min/mm	Hg/L N	or	↓ N	or	↓

DLCO,	Diffusing	capacity	of	the	lung	for	carbon	monoxide;	N,	no	change.
*Values	for	20-year-old,	70-kg	man.

experience desaturation during exercise and which may benefit 
from O2 therapy. The DLCO may be increased in patients with 
polycythemia, congestive (left) heart failure (resulting from an 
increase in pulmonary vascular blood volume), and elevated 
cardiac output. Variables in health and disease that can alter the 
DLCO are summarized in Box 20-2.

The diffusing capacity ratio of the lung-to–effective total 
lung capacity ratio (DLCO/VA) differentiates between diffu-
sion abnormalities caused by having a small lung volume com-
pared with diffusion abnormalities caused by alveolar-capillary 
membrane pathologies. Patients whose only problem is small 
lungs would have a decreased DLCO, but their DLCO/VA ratio 
would be normal. Patients with pulmonary emphysema or 
fibrosis would have a decreased DLCO and a decreased DLCO/
VA ratio. In contrast, patients with neuromuscular disease will 
similarly have restrictive lung volumes and reduced DLCO, but 
DLCO/VA will likely be normal, because they will likely have 
normal diffusion.

INTERPRETATION OF THE 
PULMONARY FUNCTION REPORT

Interpretive strategies for pulmonary function testing abound. 
Most computer-based pulmonary function testing systems have 

TABLE 20-6 

Examples of Regression Equations for Predicting 
Normal Diffusing Capacity in Adults

Parameter Regression Equations

Men
DLCO-SB	(ml/min/mm	Hg) 0.0416	(Ht)	−	0.220	(A)	−	26.34
DLCO-SB/VA	(ml/min/	mm	Hg/L) 6.61	−	0.034	(A)

Women
DLCO-SB	(ml/min/mm	Hg) 0.0256	(Ht)	−	0.144	(A)	−	8.36
DLCO-SB/VA	(ml/min/	mm	Hg/L) 7.34	−	0.032	(A)

From	Crapo	RO,	Morris	AM:	Standardized	single	breath	normal	values	for	
carbon	monoxide	diffusing	capacity.	Am	Rev	Respir	Dis	123:185,	1981.
A,	Age	in	years;	DLCO-SB,	single-breath	diffusing	capacity;	Ht,	height	in	cm.

algorithms in their software programs for computer-assisted 
interpretations of the pulmonary function report. Table 20-7 
summarizes pulmonary function changes that may occur in 
advanced obstructive and restrictive patterns of lung diseases, 
and Figure 20-16 presents a simple algorithm to assess pulmo-
nary function test results in clinical practice.22,23
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FIGURE 20-16	 A	simple	algorithm	to	assess	pulmonary	function	test	results	in	clinical	practice.	LLN,	Lower	limit	of	normal;	ULN,	upper	
limit	of	normal.	(From	Gardner	RM,	Crapo	RO,	Morris	AH,	et	al:	Computer	guidelines	for	pulmonary	laboratories.	Am	Rev	Respir	Dis	
134:628,	1986.)

FEV1/VC
≥ LLN*

VC ≥ LLN VC ≥ LLN

TLC ≥ LLNTLC ≥ LLN

DLCO ≥ LLN DLCO ≥ LLN DLCO ≥ LLN

Normal

Normal Pulmonary Vascular
Disorders

Neuromuscular &
Chest Wall Disorders

*Lower limit of normal (LLN).

Interstitial Lung Disease &
Pneumonitis

Asthma
Bronchitis

Emphysema

Restriction Obstruction Mixed Defects

No

No

NoYes

NoYes

NoYes NoYes NoYes

Yes

Yes

Yes No

When considering a pulmonary function report, the FEV1/
VC ratio is a good place to start because it provides an initial 
focus as normal, restrictive, or obstructive impairment. When 
the FEV1/FVC is reduced, there is airway obstruction. FEV1/FVC 
is normal in healthy individuals and patients with restriction. 
The LLN for FEV1/FVC can be determined directly for various 
populations using regression equations in Table 20-8. However, 
most clinicians use an arbitrary value of 70%.

The next to consider is TLC. If the TLC is less than the LLN, 
often defined as less than 80% predicted normal, the patient has 
a restrictive impairment according to this algorithm. Patients 
with obstruction will often have normal or elevated TLC. Natu-
rally, some patients may have a mixed obstructive/restrictive 
pattern. In those patients, TLC may be reduced, normal, or 
elevated.

Once obstructive/restrictive pattern is ascertained, DLCO 
will help differentiate between the diseases that do and do not 

TABLE 20-8 

Examples of Regression Equations for 
Determining Lower Limit of Normal of Forced 
Expiratory Volume in 1 Second-to-Vital Capacity 
Ratio (%FEV1/FVC) in Adults

Population Equations R 2

Men
White 78.388	−	0.2066	(A) 0.3448
African-American 78.822	−	0.1828	(A) 0.1538
Mexican-American 80.925	−	0.2186	(A) 0.2713

Women
White 81.015	−	0.2125	(A) 0.3955
African-American 80.978	−	0.2039	(A) 0.2284
Mexican-American 83.044	−	0.2248	(A) 0.3352

From	Hankinson	JL,	Odencratz	JR,	Fedan	KB:	Spirometric	reference	values	
from	a	sample	of	the	general	U.S.	population.	Am	J	Respir	Crit	Care	Med	
159:179,	1999.
A,	Years.
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predicted values, are outlined in Table 20-2. Use of other indices, 
such as FRC or TLC, to quantify the severity is controversial23 
and will not be discussed here. Although FEV1 is used to quan-
tify the severity of illness across the disease categories, it is 
important to note its limitations.21 FEV1 is a poor measurement 
of upper airway obstruction; it may not be suitable comparing 
different pulmonary conditions, it may not be reliable in the 
extremes of severity assessment, it has poor correlation with 
clinical symptoms or progression.

MINI CLINI
Identifying Patterns of Pulmonary Impairment

PROBLEM:	 Following are three pulmonary function reports that show three distinct examples of pulmonary impairment. Using the 
algorithm in Figure 20-16, identify the patterns typical of asthma, pulmonary fibrosis, and COPD.

PULMONARY	FUNCTION	REPORT	1

Pulmonary Measurements Predicted Normal Value Measured Baseline Conditions Percent Predicted

SVC (L) 5.00 3.00 60
FVC (L) 5.00 3.00 60
FEV1 (L) 4.00 2.80 70
%FEV1/FVC 80% 94% —
FEF25%-75% (L/sec) 4.00 3.75 94
PEF (L/sec) 8.00 8.25 103
TLC (L) 7.20 3.96 55
FRC (L) 4.10 2.00 49
RV (L) 2.20 1.40 60
DLCO (ml/min/mm Hg) 34.0 15.9 47
DLCO/VA (ml/min/mm Hg/L) 7.20 3.50 49

SOLUTION	REPORT	1:	 Although FEV1 is less than 80% of predicted, because the FEV1/FVC is greater than 70%, there is no apparent 
airway obstruction. FEV1 is reduced because FVC is reduced. The patient’s measured FVC is less than the predicted FEV1. Because TLC 
is less than 80% predicted, the data suggest a restrictive impairment, and because DLCO is less than 80% predicted, there is also a dif-
fusion impairment. The low DLCO/VA suggests that the diffusion impairment is out of proportion to the lung volume. This finding 
implies that the impairment to normal diffusion is the result of abnormal lung tissue. Overall, this report shows a mild to moderate 
restrictive pattern consistent with pulmonary fibrosis.

PULMONARY	FUNCTION	REPORT	2

Pulmonary Measurements Predicted 
Normal Value

Measured Baseline 
Conditions

Percent Predicted 
Baseline

Measured After 
Bronchodilator Treatment

Percent Predicted 
After Treatment

SVC (L) 5.00 3.50 70 4.25 85
FVC (L) 5.00 3.30 66 4.00 80
FEV1 (L) 4.00 2.00 50 2.50 62
%FEV1/FVC 80% 57% — 62% —
FEF25%-75% (L/sec) 4.00 1.00 25 2.00 50
PEF (L/sec) 8.00 6.00 75 6.50 81
TLC (L) 5.27 5.51 105 5.36 102
FRC (L) 3.11 4.55 146 3.60 116
RV (L) 1.67 2.60 156 2.00 120
DLCO (ml/min/mm Hg) 28.7 25.25 88 — —
DLCO/VA (ml/min/mm Hg/L) 5.45 5.17 96 — —

SOLUTION	REPORT	2:	 The FEV1/FVC is less than 70%; there is airway obstruction. FEV1 is 50% of predicted; the obstruction is 
moderate. Because the FEF25%-75% is 25% of predicted, the major site of obstruction is in the bronchioles. After bronchodilator inhala-
tion, FEV1 improved by 24% (remember to compute percent change), showing effective treatment and partial reversibility of the 
obstruction. The large FRC and RV show hyperinflation and air trapping, which also improved after bronchodilator therapy. Diffusing 
capacity is in the normal range, indicating no diffusion impairment and no alveolar problems. Overall, this report shows a moderately 
severe obstructive pattern with hyperinflation and air trapping responsive to bronchodilators and consistent with acute hyperreactive 
airways disease, such as asthma.

affect the gas transfer across the alveolar-capillary membrane. 
If the percent predicted normal DLCO is less than 80%, the 
patient has a diffusion impairment. Some laboratories also 
report the DLCO/VA ratio, which indices the DLCO for lung 
volume measured during the single-breath test.

According to most recent ATS/ERS guidelines on PFT inter-
pretation, the severity of obstructive and restrictive impairment 
is judged by the patient’s FEV1, and the severity of gas transfer 
is based on the DLCO.21 Severity categories, based on percent 
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MINI CLINI
Identifying Patterns of Pulmonary Impairment—cont’d

PULMONARY	FUNCTION	REPORT	3

Pulmonary Measurements Predicted 
Normal Value

Measured Baseline 
Conditions

Percent Predicted 
Baseline

Measured After 
Bronchodilator Treatment

Percent Predicted 
After Treatment

SVC (L) 5.00 4.00 80 4.25 85
FVC (L) 5.00 3.50 70 4.00 80
FEV1 (L) 4.00 2.00 50 2.20 55
%FEV1/FVC 80% 57% — 55% —
FEF25%-75% (L/sec) 4.00 1.75 50 2.00 50
PEF (L/sec) 8.00 6.00 75 6.50 80
TLC (L) 5.27 5.51 105 5.36 102
FRC (L) 3.11 4.55 146 3.79 122
RV (L) 1.67 2.60 156 2.24 134
DLCO (ml/min/mm Hg) 28.7 14.25 56 — —
DLCO/VA (ml/min/mm Hg/L) 5.45 3.17 58% — —

SOLUTION	REPORT	3:	 This case is similar to case 2, but there are some important differences. The FEV1/FVC is less than 70%; there 
is airway obstruction. FEV1 is 50% of predicted; the obstruction is moderately severe. After a single bronchodilator treatment, FEV1 
improved by 10% (remember to compute percent change)—not enough to show that bronchodilator therapy was immediately effective. 
The large FRC and RV show hyperinflation and air trapping, which did improve after bronchodilator therapy. DLCO and DLCO/VA are 
reduced, suggesting alveolar involvement. This report shows a moderately severe obstructive pattern with hyperinflation and air trapping 
not responsive to bronchodilators. There is diffusion impairment and alveolar disease. Overall, this report is consistent with COPD, the 
combination of chronic bronchitis and pulmonary emphysema.

PULMONARY	FUNCTION	REPORT	4

Pulmonary Measurements Predicted 
Normal Value

Measured Baseline 
Conditions

Percent Predicted 
Baseline

Measured After 
Bronchodilator Treatment

Percent Predicted 
After Treatment

SVC (L) 5.38 4.84 90
FVC (L) 5.38 4.92 92 5.16 109
FEV1 (L) 4.33 2.95 68 3.24 75
%FEV1/FVC 80% 54% — 63%
FEF25%-75% (L/sec) 5.23 1.20 23 1.08 21
PEF (L/sec) 9.96 6.32 63 7.53 76
TLC (L) 7.51 6.38 85
FRC (L) 4.10 3.51 86
RV (L) 2.10 1.58 75
DLCO (ml/min/mm Hg) 37.22 29.60 89
DLCO/VA (ml/min/mm Hg/L) 4.96 4.06 82

SOLUTION	REPORT	4:	 This case is similar to Case 3, but there are some important differences. The FEV1/FVC is less than 70%; there is 
airway obstruction. FEV1 is 68% of predicted; the obstruction is mild. After a single bronchodilator treatment, FEV1 improved by only 
9.8% (remember to compute percent change)—not enough to show that the bronchodilator therapy was immediately effective. Lung 
volumes and diffusing capacity are within the normal range, so there is no hyperinflation, air trapping, or diffusion impairment. This 
report shows a moderate obstructive pattern not responsive to bronchodilators. Overall, this report is consistent with chronic bronchitis.

PULMONARY	FUNCTION	REPORT	5

Pulmonary Measurements Predicted Normal Value Measured Baseline Conditions Percent Predicted Baseline

SVC (L) 3.85 1.93 50
FVC (L) 3.85 2.01 52
FEV1 (L) 3.01 1.66 55
%FEV1/FVC 78% 86% —
FEF25%-75% (L/sec) 3.40 1.85 55
PEF (L/sec) 6.50 4.55 70
TLC (L) 5.65 3.39 60
FRC (L) 3.01 2.11 70
RV (L) 1.80 1.35 75
DLCO (ml/min/mm Hg) 22.13 13.28 60
DLCO/VA (ml/min/mm Hg/L) 3.91 3.60 92

SOLUTION	REPORT	5:	 The FEV1/FVC is greater than 70%, so there is no apparent airway obstruction even though the FEV1 is less 
than 80% of predicted. The patient’s measured FVC is less than the predicted FEV1, and FEV1 is reduced because FVC is reduced. Because 
TLC is less than 80% predicted, the data suggest a restrictive impairment. Although DLCO is less than 80% predicted, there is no appar-
ent diffusion impairment involving lung tissue because the DLCO/VA suggests that the diffusion impairment is proportional to the low 
lung volume. This finding implies that the diffusion impairment is due to the subject having small lungs. Overall, this report shows a 
moderately severe restrictive pattern consistent with neuromuscular weakness or other extrapulmonary restriction.
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SUMMARY CHECKLIST

◗	Pulmonary	function	testing	includes	measurements	of	
airway	mechanics,	lung	volumes	and	capacities,	and	the	
diffusing	capacity	of	the	lung.

◗	The	results	of	pulmonary	function	testing	can	aid	in	the	
diagnosis	of	disease	and	include	patterns	of	obstructive	
and	restrictive	impairments.

◗	Pulmonary	function	testing	provides	objective	data	on	
which	decisions	may	be	made	regarding	the	status	of	the	
patient,	the	selection	of	appropriate	therapy,	and	the	
evaluation	of	therapeutic	outcomes.

◗	There	are	specific	guidelines	published	by	the	AARC	and	
other	authorities	for	performance	of	pulmonary	function	
testing	which	must	be	followed	by	RTs	conducting	such	
procedures.

◗	Patients	with	obstructive	lung	disease	exhibit	reduced	
expiratory	flows	and	possibly	lung	hyperinflation,	whereas	
patients	with	restrictive	lung	disease	exhibit	reduced	lung	
volumes	and	capacities.

◗	While	pulmonary	function	testing	cannot	definitively	
diagnose	any	disease,	when	combined	with	the	results	of	
astute	patient	assessment,	such	testing	can	be	useful	in	
uncovering	and	determining	the	severity	of	obstructive	
disorders	such	as	asthma	(reversible)	and	COPD,	or	
restrictive	illnesses	such	as	pulmonary	fibrosis.
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CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 List	the	four	tissue	densities	seen	on	a	chest	radiograph.
◆	 Describe	how	to	evaluate	the	technical	quality	of	a	chest	radiograph.
◆	 List	the	anatomic	structures	seen	on	the	chest	radiograph.
◆	 List	the	steps	used	to	interpret	thoracic	imaging	studies.
◆	 Understand	the	value	of	a	computed	tomography	scan	and	the	use	of	intravenous	contrast.
◆	 Describe	the	common	radiographic	abnormalities	seen	in	the	pleura,	lung	parenchyma,	and	mediastinum.
◆	 Understand	the	role	of	ultrasound	and	magnetic	resonance	imaging	in	imaging	the	chest.

CHAPTER OUTLINE

Overview of the Chest Radiograph
Approach	to	Reading	a	Plain	Chest	Radiograph
Chest	Radiograph	Technique	and	Quality
Anatomic	Structures	Seen	on	a	Chest	Radiograph
Advanced	Chest	Imaging	Techniques

Pleura
Pleural	Effusion	(Hydrothorax)
Pneumothorax

Lung Parenchyma
Alveolar	Disease
Pulmonary	Edema
Interstitial	Disease
Assessing	Lung	Volume
Solitary	Pulmonary	Nodule

Mediastinum
Pneumomediastinum
Catheters,	Lines,	and	Tubes

KEY TERMS

air	bronchogram
atelectasis
cephalization
chest	radiograph
computed	tomography
empyema

hydropneumothorax
infiltrates
interstitial	lung	disease
Kerley	B	lines
pleural	effusion
pneumomediastinum

pneumothorax
radiograph
radiolucent
radiopaque
roentgenogram
solitary	pulmonary	nodule

C hest imaging is crucial in the practice of pulmonary 
and critical care medicine. It is essential that the respi-
ratory therapist (RT) have a solid understanding  

of chest imaging to accurately assess patients. Various chest 
imaging techniques exist, including the conventional chest film 
(more accurately called a radiograph or roentgenogram after 
Conrad Wilhelm Roentgen, who first discovered the x-ray), 
computed tomography (CT) scanning, ultrasound, and mag-
netic resonance imaging (MRI).

A separate branch of medicine that uses radioactive mate-
rial to produce images is referred to as nuclear medicine. Radio-
active material is administered to patients by intravenous  
(IV) injection, inhalation, or oral ingestion. In the chest,  
the most commonly performed nuclear medicine studies are 
called ventilation-perfusion ( � �V Q/ ) scans and positron emission 
tomography-CT (PET-CT). � �V Q/  scans have historically been 
used to diagnose pulmonary emboli, although chest CT is now 
the preferred examination for diagnosing pulmonary emboli.1 
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ment, and a critical care physician in another location may 
collaborate by simultaneously viewing a chest radiograph on a 
rapidly deteriorating patient. Digital images also can be easily 
copied and recorded on compact discs so that patients can 
obtain digital copies of studies to take to their physicians. These 
technologic advancements facilitate the transmission of patient 
information as patients move from one hospital to another.

The structures visible on a chest radiograph are seen only 
when tissue of one density is next to tissue of a different density. 
The heart is visible as a soft tissue density in the middle of the 
chest because the lungs, which are primarily air density, nor-
mally surround it. If the lungs on either side of the heart fill 
with water (pulmonary consolidation or pleural effusion), the 
normal adjacent heart shadow would be invisible on the radio-
graph. This obscuring of the margin of adjacent structures of 
the same density is called the silhouette sign and can be useful 
to localize abnormalities within the chest. For example, the 
right middle lobe is adjacent to the right heart border, so the 
disappearance of the right heart border on the chest radiograph 
indicates an airspace opacity (such as pneumonia or atelectasis) 
in the right middle lobe. Stated simply, a right middle lobe 
pneumonia or atelectasis would “silhouette” the right heart 
border (Figure 21-1)

When to obtain a chest radiograph is the decision of the 
attending physician. However, because the RT is at the bedside, 
the physician will often welcome the RT’s suggestion to obtain 
a chest x-ray radiograph, such as when a patient in the intensive 
care unit (ICU) suddenly deteriorates for no apparent reason. 
The RT needs to be familiar with the common clinical indica-
tions for obtaining a chest radiograph (Box 21-1).

Although a chest radiograph is important in evaluating 
patients with lung disease, it does have limitations. A chest 
radiograph may appear normal in a patient in respiratory 
failure; this is common in patients with acute (e.g., pulmonary 
embolism) or chronic obstructive lung disease (e.g., emphy-
sema that is not apparent on a chest radiograph). In addition, 
the chest radiograph may lag behind the clinical condition of 
the patient. This situation is common in pneumonia, with 
which the patient may present with high fever and cough typical 
for pneumonia, but an airspace opacity or infiltrate may not 
appear on a chest film until 12 to 24 hours later. Similarly, the 
infiltrate on the chest film may persist for days to weeks after 
the resolution of symptoms.

Approach to Reading a Plain  
Chest Radiograph

A disciplined approach is required to obtain the maximal infor-
mation from any diagnostic imaging study. Interpreting the 
chest radiograph provides an excellent example of this state-
ment. An obvious abnormality such as a 6-cm mass is easily 
identified, even by the untrained observer. However, more 
subtle abnormalities, often with equal or even greater diagnos-
tic importance, may go unnoticed if the observer is distracted 
by a more obvious abnormality. To avoid this pitfall, the observer 
must develop a step-by-step approach that is applied to inter-
preting a chest radiograph in a disciplined and consistent 

PET-CT combines a nuclear medicine study, the injection of 
radioactive glucose, with a chest CT and is used to diagnose 
and stage disease in patients with cancer.

This chapter summarizes important concepts in chest 
imaging for the RT. The basic elements of chest radiography are 
addressed first, followed by more advanced techniques such as 
ultrasound, CT, and MRI. The role of various imaging tech-
niques used to evaluate the different components of the chest 
(e.g., pleura, mediastinum, lung tissue [lung parenchyma]) will 
be described, and examples of abnormal findings will be shown.

OVERVIEW OF THE CHEST 
RADIOGRAPH

A chest radiograph is produced by passing x-rays through the 
chest to photographic film or a detector. The resulting image is 
formed as x-rays strike the film or digital screen and darken/
expose it. A radiograph is similar to a negative from an old-
fashioned black and white film camera. X-rays that pass directly 
through low-density tissue (e.g., lung) strike the film in greater 
numbers and cause the resulting shadow to turn darker. X-rays 
that strike denser tissue (e.g., bone) are absorbed by the tissue 
to a greater extent and leave the exposed film lighter. The 
shadows on the radiograph vary in shades of gray based on the 
density of the tissue through which the x-rays have passed.

Four different tissue densities are visible on a normal chest 
radiograph. The tissue types that generate these densities are 
air, fat, soft tissue (water density because soft tissues, similar to 
muscle, are mainly composed of water), and bone. Each tissue 
type absorbs different proportions of the x-ray beam, which 
results in a different appearance on the chest radiograph. Air in 
the lung, stomach, or intestines absorbs very few x-rays and 
appears virtually black (radiolucent). Fat absorbs a small 
amount of the x-ray beam and is usually seen as a light gray 
shadow. Soft tissue absorbs a slightly greater amount of the 
x-ray beam and is usually seen as a medium gray shadow. Bone 
absorbs a large fraction of the x-ray beam and is seen as a nearly 
white (radiopaque) shadow.

X-ray images have traditionally been recorded on film. Once 
developed, x-ray films were displayed by placing the film over 
a viewbox to illuminate the film for the observer. Currently, 
most radiographs are recorded, displayed, and stored in digital 
format on a computerized picture archiving and communica-
tion system. To record a digital image, an x-ray detector (digital 
film) replaces the photographic film. A computer takes the data 
from the x-ray detector and creates the image. The resulting 
image is displayed on a computer monitor.

Compared with images recorded on traditional film, digital 
images have advantages for interpreting and retrieving the 
image. The display of digital images can be manipulated by 
adjusting the contrast, brightness, and magnification. These 
adjustments allow findings that would be subtle and difficult to 
perceive on a traditional photographic film to be seen more 
easily. Digital images also allow multiple people to view the 
image simultaneously and in different locations. For example, 
an RT in a critical care unit, a radiologist in the imaging depart-
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FIGURE 21-1	 Posteroanterior	view	of	the	chest	demonstrates	obscuration	or	silhouetting	of	the	right	heart	border	because	of	airspace	
opacity	in	the	right	middle	lobe.	On	the	lateral	view,	there	is	right	middle	lobe	collapse	(arrows)	secondary	to	an	obstructing	primary	lung	
neoplasm	(adenocarcinoma).	

 Box 21-1 Clinical Indications for Obtaining a 
Chest Radiograph

OUTPATIENT
Unexplained	dyspnea
Severe	persistent	cough
Hemoptysis
Fever	and	sputum	production
Acute	severe	chest	pain
Positive	tuberculosis	skin	test

INPATIENT
Placement	of	endotracheal	tube
Placement	of	pulmonary	artery	catheter
Placement	of	central	venous	pressure	catheter
Sudden	onset	of	dyspnea	or	chest	pain
Elevated	or	changing	plateau	pressure	during	mechanical	

ventilation
Sudden	decline	in	oxygenation

fashion until it becomes routine. The following suggestions are 
broad guidelines, and each observer must formulate an approach 
that he or she finds comfortable.

In broad terms, the steps in reviewing a chest film are as 
follows:

• Confirm the correct patient’s name on the radiograph.
• Review the technique and quality of the examination: Is the 

radiograph well centered (i.e., do the spinous processes 
project, overlying the trachea on a posteroanterior [PA] 
film), and is the degree of penetration of the beam adequate, 
too high (i.e., the lung parenchyma is too dark to see subtle 
changes), or too low (i.e., the lung parenchyma is too white, 
causing normal lung markings to appear abnormal)?

• Systematically review the anatomic structures on the chest 
film to assess their normality or abnormality.
In later sections of this chapter, the following areas will be 

reviewed: (1) evaluation of the technical quality and adequacy 
of the film, (2) normal anatomic structures on a chest radio-
graph, (3) more sophisticated imaging techniques, and (4) 
major anatomic components seen on the radiograph.

Chest Radiograph Technique  
and Quality

Several technical factors should be routinely assessed when 
interpreting a chest radiograph:
1. Is the radiograph appropriately labeled?
2. Is the study performed with PA and lateral views, or is it an 

anteroposterior (AP) portable examination?
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A chest radiograph is taken using one of two techniques: the 
PA view or the AP view. The views are named for the path of 
the x-ray beam. In the PA view, the patient puts his or her back 
to the x-ray source and the chest against the film. The x-ray 
beam leaves the source, passes through the posterior side of the 
patient, through the patient, then through the patient’s anterior 
surface, and finally to the film. The PA view is usually performed 
in the radiology department with equipment that standardizes 
the distance (typically 6 feet) from the x-ray source to the film 
and where the x-ray technician can maximize the quality of 
each film. In addition, as noted, taking the film with the anterior 
chest closest to the film minimizes magnification of the heart.

The AP film is usually taken with a portable x-ray machine. 
The AP technique places the x-ray source in front of the patient, 
with the film behind the patient’s back. The source of the x-ray 
beam is usually much closer to the patient than with a PA film, 
although the distance varies from patient to patient. The closer 
x-ray source and the position of the patient both lead to a 
magnification of the heart shadow. The AP film is usually taken 
in the ICU because these patients are too ill to travel to the 
radiology department or to stand for a PA film. Overall, AP 
portable films are usually of lesser quality than PA films. During 
the interpretation of the chest radiograph, the RT needs to take 
into account the view (AP or PA) when evaluating the heart size 
and subtle findings that may be influenced by film quality and 
technique.

When a chest radiograph examination is performed, it is 
sometimes difficult to align the patient properly, and a portion 
of the chest may not be imaged. Although these problems are 
more common with portable (AP) examinations, they also may 
occur with PA and lateral radiographs as well. The RT should 
ask the following questions: (1) Is the entire chest included on 
the film? (2) Is the patient well positioned?

Patient rotation can make interpretation more difficult by 
projecting midline structures (e.g., the trachea) to the right or 
left. The observer can assess for rotation by comparing anterior 
structures such as the medial (toward the middle) ends of the 
clavicles with a posterior structure such as the spinous processes 
of the spine. In a perfectly positioned or aligned chest film, the 
spinous process should be seen midway between the medial 
ends of the clavicles and in the middle of the tracheal air column 
(Figure 21-2). Patient rotation makes the mediastinum appear 
unusually wide and obscures or distorts the appearance of the 
pulmonary arteries as they emerge from the mediastinum into 
the lung parenchyma.

The RT also must ensure that the film is adequately pene-
trated. An improperly penetrated film may conceal important 
details. A chest radiograph with proper exposure should show 
the intervertebral disc spaces through the shadow of the heart 
and should allow the blood vessels in the peripheral regions of 
the lungs to be visualized. A chest radiograph that is underex-
posed or underpenetrated (i.e., owing to too-low kilovoltage of 
the x-ray beam) does not allow visualization of the interverte-
bral discs through the heart shadow and may make identifica-
tion of abnormalities in the soft tissue areas such as the 
mediastinum more difficult. Specifically, an underpenetrated 

3. Is the entire chest imaged (i.e., are any structures not 
included)?

4. Was the patient properly positioned?
5. Were the optimal settings for the x-ray beam selected when 

the film was taken (the term used is penetration, which is 
similar to exposure on camera film)?
As the first step, the RT should check the patient’s identity 

and all labels visible on the film. This step helps to avoid the 
mistake of interpreting a chest radiograph for the wrong patient 
and establishes which side is which because labels are often 
placed to indicate the patient’s left or right side; such labeling 
of the side is important in cases in which the patient’s chest or 
abdominal contents are reversed—known as situs inversus or 
dextrocardia.

	

RULE OF THUMB

When	evaluating	a	plain	chest	radiograph,	first	assess	
the	technical	quality	of	the	chest	radiograph—that	is,	is	
there	rotation	or	is	the	patient	positioned	well?	Is	the	
x-ray	beam	penetration	appropriate?	Then,	use	a	
step-by-step	approach	to	view	all	the	structures	on	the	
chest	radiograph.

MINI CLINI
Evaluating the Heart Size on a 
Portable Chest Radiograph

A standard chest radiograph is obtained with the patient stand-
ing and facing the film cassette. The x-ray beam first enters the 
patient’s back and then passes through the chest to the film. 
This standard technique is called the PA chest radiograph. The 
heart is located very close to the film with the standard PA view, 
and magnification of the heart shadow is minimal.

PROBLEM:  In the ICU, patients are generally too ill for a PA 
chest film to be obtained. The chest film is obtained with the 
patient lying in bed and the film cassette placed behind the 
patient. The x-ray beam passes from anterior to posterior, pro-
ducing an AP portable chest film. In examining an AP portable 
chest film, how is the appearance of the heart size affected?

DISCUSSION:  An AP portable radiograph is obtained with 
the patient’s heart farther from the film, producing a heart 
shadow that is artificially magnified compared with the shadow 
produced with a PA chest film; this may give the appearance of 
an enlarged heart in some cases. The clinician interpreting an 
AP portable radiograph must keep this in mind to avoid mis-
interpreting the film as showing that the heart is enlarged heart 
(cardiomegaly). To illustrate this point, hold a flashlight 3 feet 
from a wall and turn it on. While holding the flashlight steady, 
place one hand in the beam. The shadow created by the hand 
becomes smaller as the hand is moved closer to the wall and 
farther from the light source (equivalent to a PA film) and 
bigger as the hand approaches the light source (equivalent to 
an AP film).



432 SECTION III • Assessment of Respiratory Disorders

film may cause the normal branching of the pulmonary arteries 
in the lung to appear abnormal and be misinterpreted as evi-
dence of interstitial infiltrates. Similarly, an overpenetrated 
radiograph overexposes the film, leaving the lung parenchyma 
black and making it difficult to visualize the peripheral blood 
vessels or abnormalities that may be present (e.g., infiltrates 
secondary to pneumonia, pulmonary nodules). This overpen-

FIGURE 21-2	 Normal	frontal	(A)	and	lateral	(B)	views	of	the	chest	radiograph.	Note	the	medial	ends	of	the	clavicles	(arrows)	with	the	
spinous	process	(arrowhead)	framed	between	them	(A).	

A B

MINI CLINI
Value of Proper Technique on a Chest Radiograph

Careful attention to the technical quality of a chest radiograph is 
key in both acquiring and interpreting the study. If the settings 
when the examination is taken are incorrect or if the patient is 
improperly positioned, this can lead to important changes in the 
appearance of the chest radiograph that can either hide important 
details or lead to a misinterpretation.

PROBLEM:  A patient presents to the emergency department 
with chest pain. The initial radiograph obtained demonstrates 
decreased lung markings (Figure 21-3), which the inexperienced 
observer may interpret as emphysema or a pneumothorax.

DISCUSSION:  The astute observer realizes that the findings on 
the chest radiograph may be due to overpenetration rather than 

an abnormality with the lung parenchyma. When radiographs 
were previously obtained on film, errors in either underpenetra-
tion or overpenetration were difficult to overcome. As this study 
was obtained using a digital detector, inadequate penetration 
often can be compensated for by changing the contrast or bright-
ness on the digital screen. However, in some instances in which 
the overpenetration or underpenetration is so severe, changing 
the contrast and brightness cannot correct the initial error and a 
repeat study may be necessary. A repeat radiograph (see Figure 
21-3) demonstrates normal lung markings without evidence of 
emphysema or a pneumothorax.

etration makes evaluation of the lung parenchyma far more 
difficult. Adjustment of the contrast and brightness of the chest 
film on the computer display of a digital image improves the 
ability to see certain aspects of a chest x-ray with improper 
penetration. However, adjusting the display cannot completely 
overcome the loss of important details caused by an improperly 
penetrated film.
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FIGURE 21-3	 Radiographs	of	the	chest	performed	several	hours	apart.	A,	The	chest	radiograph	is	overpenetrated.	The	lung	markings	
are	difficult	to	visualize	which	can	simulate	emphysema	or	a	pneumothorax.	B,	A	repeat	radiograph	performed	with	adequate	penetration	
demonstrates	normal	lung	markings	bilaterally	without	evidence	of	emphysema	or	a	pneumothorax.	

A B

Anatomic Structures Seen on  
a Chest Radiograph

After the RT has reviewed the technical aspects of the chest 
radiograph, it is time to review the anatomic findings on the 
film. The main structures imaged on a routine chest radiograph 
are listed next and illustrated in Figure 21-4:
1. Bones (e.g., ribs, clavicles, scapulae, vertebrae)
2. Soft tissues (e.g., tissues of the chest wall, upper abdomen, 

lymph nodes)
3. Lungs (including the trachea, bronchi, and lung tissue or 

parenchyma)
4. Pleura (membranous covering of the lung, including the 

visceral pleura [the part attached to the lungs] and the pari-
etal pleura [the part lining the inside of the chest wall]; 
although normally occupied by only a small amount of fluid, 
the space between the parietal and visceral pleura is called 
the pleural space)

5. Heart, great vessels, and mediastinum (i.e., the tissues 
between the lungs in the center of the chest, bordered by the 
sternum anteriorly and the vertebral column posteriorly in 
the AP dimension and by the thoracic inlet superiorly [where 
the trachea enters the chest] and the diaphragm inferiorly  
in the craniocaudal [moving from the head to the feet] 
direction)

6. Upper abdomen
7. Lower neck

The anatomy seen on the chest radiograph should be 
reviewed in a thorough, systematic manner. All of the previ-

ously listed anatomic structures must be individually assessed. 
When first interpreting radiographs, it is helpful for the RT to 
create a list of the anatomic structures that must be assessed 
and to check off the structures as they are reviewed. With expe-
rience, the checklist becomes second nature and automatic.

Assessment of the chest wall should include evaluating for 
symmetry, rib fractures, or other bone abnormalities. Lung 
evaluation begins by assessing the lung volumes (size) and 
density. Any obvious differences in symmetry must be explained. 
Of the lung parenchyma, 80% to 90% is overlaid with bone in 
the form of ribs, clavicles, and the thoracic spine. The overlying 
bone may obscure important lung abnormalities. A lateral view 
is helpful in clarifying the presence or absence of suspicious 
lung abnormalities on frontal (PA or AP) projections. The RT 
must pay specific attention to areas where subtle abnormalities 
may be hiding; these include the lung apexes (behind the clav-
icles), the area of lung that projects behind the heart, and the 
portion of lung that lies deep in the posterior sulcus (the 
extreme bottom of the lung projecting behind the dome of  
the diaphragm on the frontal view).

Review of the lung periphery on both frontal and lateral 
views discloses any pleural abnormalities, such as fluid in the 
pleural space (e.g., hydrothorax, hemothorax [blood in the 
pleural space]) and air in the pleural space (pneumothorax). 
Evaluation of the mediastinum should include assessment of 
the heart size. On the PA projection, the diameter of the heart 
shadow (cardiac silhouette) should not exceed one-half the 
diameter of the chest. An enlarged cardiac silhouette may occur 
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Advanced Chest Imaging Techniques

Computed Tomography of the Chest
Computed tomography (CT) scanning is an essential and com-
monly used imaging technique to assess the chest. Advantages 
include its excellent anatomic detail, wide availability, and short 
examination time to acquire the images. Structures as small as 
1 mm can be visualized, allowing for detailed anatomic depic-
tion of the structures of the chest. Modern CT scanners are fast, 
with images of the entire chest obtained in less than 10 seconds, 
allowing for accurate and rapid assessment of critically ill ICU 
patients in the ICU.

To perform a CT scan, a patient lies on a table called a 
gantry. The gantry is passed through a circular opening in the 
CT scanner. X-ray sources and detectors surround the opening 
in the scanner. When the scanning begins, the x-ray source and 
detectors pass quickly around the patient in a circular motion 
with the x-ray beam passing through the patient to detectors on 
the opposite side. The information from the detectors is sent to 
a computer, which generates a two-dimensional image from the 
detector data. Each image created by the scan looks like a slice 
of the patient. Historically, after each CT image was obtained, 
the patient was advanced in a step-wise fashion until the entire 
chest was imaged. Modern CT scanners use numerous detectors 
(typically between 16 and 256) all connected to a highly capable 
image processing computer. Patients pass rapidly through the 
CT scanner without stopping for each image. The term spiral or 
helical is applied to these more current CT scanners.

with congestive heart failure or with a pericardial effusion 
(fluid within the space that surrounds the heart encased within 
the pericardium). The lateral contours of the mediastinum 
should correspond to normal anatomic structures, as outlined 
in Figure 21-5.

FIGURE 21-4	 Schematic diagrams of the normal structures seen on a chest radiograph. A, Posteroanterior view. B, Lateral view.	

1. Aortic arch
2. Main pulmonary artery
3. Left atrium
4. Left ventricle
5. Descending aorta
6. Right atrium
7. Ascending aorta
8. Superior vena cava
9. Gastric bubble

10. Trachea
11. Right main bronchus
12. Left main bronchus
13. Left pulmonary artery
14. Right pulmonary artery
15. Pleural line
16. Right hemidiaphragm
17. Left hemidiaphragm
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1. Right ventricle
2. Pulmonary outflow tract
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FIGURE 21-5	 Lateral	view	of	the	chest,	indicating	the	divisions	
of	the	mediastinum:	anterior	(A);	middle	(M);	posterior	(P).	
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graph examination.2 This technique uses a lower peak kilovolt-
age than standard studies, so the images are grainier than a with 
standard CT. The benefit is that the radiation dose is approxi-
mately one-fifth that of a standard chest CT.

Computed Tomography Angiography
The rapid scanning that can be performed on helical CT scan-
ners has made CT angiography possible. To perform CT angi-
ography, IV contrast dye is injected at a high rate to darken or 
opacify the vascular structures. A large-bore peripheral IV in an 
antecubital vein or a peripherally inserted central catheter 
(PICC) line that can handle a high contrast injection rate is 
required. CT angiography of the chest has been used for years 
to identify pulmonary embolism, although advances in technol-
ogy now allow for visualization of pulmonary emboli in tiny 
peripheral arteries that were not visible on older models of CT 
scans (Figure 21-6).1 Technologic advancements have made 
possible CT angiography of the coronary arteries, which can 
serve as an alternative to routine coronary angiography by cath-
eterization in many patients.3

Three-Dimensional Reconstruction
The imaging processing capabilities of modern CT scanners 
allow for reconstruction of the chest in any direction and pro-
duction of three-dimensional (3-D) representations of some 
areas of the body (Figure 21-7). These 3-D images can be helpful 
for surgeons before surgery to visualize how anatomic struc-
tures may appear at surgery. The images also can simulate what 
a physician would see during a bronchoscopy, referred to as 
virtual bronchoscopy.

Magnetic Resonance Imaging of the Chest
MRI has many uses in the chest and is typically used as a 
problem-solving tool to answer specific clinical questions that 
cannot be answered by other imaging examinations such as a 
chest x-ray, chest CT, or ultrasound examination. MRI is gener-
ated by placing patients into a strong magnetic field. The physics 
of MR are complicated and are beyond the scope of this chapter. 
Briefly, the strong magnetic field aligns nuclei with nonzero 
spins (nuclei that have an odd number of protons and neu-
trons), such as hydrogen atoms, with the magnetic field. Because 
hydrogen atoms are present in high concentration throughout 
the body, they provide an excellent target for MRI evaluation. 
Pulses of radio waves are directed at the hydrogen nuclei, result-
ing in the alignment of hydrogen nuclei to change in orienta-
tion with the magnetic field. After the radio signal is stopped, 
the nuclei flip back to their original alignment and release their 
own radio waves. MRI uses the radio waves from the realigning 
nuclei to generate an image.

MRI has advantages over other imaging techniques in the 
chest that are useful in specific circumstances. MRI does not  
use x-rays and therefore does not expose patients to ionizing 
radiation. MRI has superb soft tissue characterization, allowing 
for detailed analysis of soft tissue masses. The most common 
uses for MRI in the chest are for imaging the mediastinum,  
large vessels in the chest (e.g., for pulmonary emboli or  

CT scans depict the anatomy in the chest better than the 
standard chest radiograph but expose the patient to more radia-
tion, which varies depending on the specific CT technique used 
(Table 21-1). For example, a standard-dose chest CT examina-
tion exposes the patient to the equivalent of 70 chest x-rays. 
Ongoing research and technologic advancements will likely 
continue to lower the radiation dose of CT scans.

Chest CT provides an excellent view of the chest and allows 
imaging of portions of the chest that are poorly seen on chest 
radiographs. Areas such as the mediastinum, the lung apexes 
and costophrenic sulci of the lungs (the normally sharp shadows 
where the diaphragm contacts the rib cage laterally), and the 
pleural surfaces all are easily seen with CT scanning. Chest CT 
is commonly performed to evaluate lung nodules and masses, 
the lung parenchyma, great vessels of the chest, the mediasti-
num, and pleural disease. To evaluate blood vessels and soft 
tissue structures in close proximity, such as hilar lymph nodes, 
iodinated contrast can be helpful because contrast makes blood 
appear denser (radiopaque or white) and allows blood vessels 
to be distinguished from soft tissue.

Currently, chest CT examinations are generally displayed 
with a slice thickness of 1 to 5 mm. Each image therefore will 
include everything within the 1- to 5-mm slice of tissue. Thin 
slices allow for maximal spatial resolution (i.e., the ability to 
separate objects that are close together). For example, to evalu-
ate the lung parenchyma in a patient with suspected interstitial 
lung disease, thin slices, typically 1 mm, are used to evaluate the 
fine architecture of the lung, referred to as a high-resolution 
chest CT (HRCT). Thin slices are also helpful in the evaluation 
of small pulmonary nodules or to evaluate for pulmonary 
emboli on a pulmonary embolism study. A disadvantage of thin 
slices is that they have more image noise and there are more 
images to interpret. For example, pulmonary embolism studies 
performed with a 1-mm slice thickness generally have approxi-
mately 1000 images per study.

Recent evidence suggests that low-dose chest CT scans may 
be useful in screening high-risk individuals for lung cancer. 
Specifically, patients who are between the ages 55 and 74, who 
have smoked more than 30 pack-years, and who are currently 
smoking or who stopped smoking fewer than 15 years earlier 
may prolong survival from lung cancer. A large study of greater 
than 50,000 patients demonstrated that the mortality rate or 
risk for death from lung cancer was reduced by 20% in patients 
who underwent screening chest CT compared to a chest radio-

TABLE 21-1 

Radiation Dose of Common Thoracic  
Imaging Studies

Study Radiation 
Dose (mSv)

Equivalent Normal 
Background 
Radiation

Chest	radiograph	(PA	and	lateral) 0.1	mSv 10	days
Chest	CT	(low-dose	screen) 1.5	mSv 6	mo
Chest	CT	(standard	dose) 7.0	mSv 2	yr
Coronary	CT	angiogram 12.0	mSv 4	yr

CT,	Computed	tomography;	PA,	posteroanterior.
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FIGURE 21-6	 Computed	tomography	angiogram	of	a	patient	
with	bilateral	acute	pulmonary	emboli.	A,	The	pulmonary	emboli	are	
seen	as	the	dark	filling	defects	(arrows)	outlined	by	the	white	
contrast-enhanced	blood	vessels	(arrows).	Coronally	reformatted	
image	(B)	is	helpful	to	visualize	clot	entering	both	the	right	upper	
and	right	lower	lobar	pulmonary	arteries	(arrows).	

A
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vascular abnormalities), and the heart.4 The superior soft tissue 
characterization of MR allows for the confident diagnosis of a 
benign mediastinal mass (such as a thymoma) and can spare 
patients surgery to establish a diagnosis.5 In patients in renal 
failure in whom there is clinical concern for a pulmonary 
embolism who cannot receive IV contrast, an MR examination 
can be performed without contrast to establish a diagnosis. MR 
has limited uses for imaging the lung parenchyma. For example, 
in a patient with lung cancer undergoing evaluation for possible 
resection, MR can determine whether the tumor invades the 
chest wall by determining if the lesion moves independently of 
the chest wall during both inspiration and expiration.

However, MRI does have significant limitations when applied 
to imaging the chest. MRI examinations take longer to acquire 
(at least 10 minutes and up to 1 hour) than other examinations 
(such as radiographs or CT), which makes respiratory and 
cardiac motion more significant obstacles. Imaging of critically 
ill ICU patients is thus difficult because these patients may be 

unable to lie in the MR scanner for a long period. The lungs are 
primarily composed of gas; therefore there is little signal to 
generate images as is required by MR, making the MRI less 
useful to evaluate the lung parenchyma.

In addition, the large magnet required for MR examinations 
makes it generally contraindicated in patients with pacemakers 
or other significant metal objects in their bodies to undergo 
MRI. A patient with a small metal object in a crucial place, such 
as a surgical clip in the brain or eye generally cannot undergo 
MRI. The powerful magnet will pull metallic objects into the 
magnet with great force, exposing both patients and health care 
providers in its path to life-threatening risk. Medical equipment 
containing metal such as ventilators and gas cylinders also 
cannot be brought near the MR scanner. Deaths have been 
reported when metal objects (e.g., oxygen cylinders) have been 
brought into the magnetic field of the MRI, and RTs must be 
especially vigilant about this issue. MRI units usually have well-
marked warnings and areas beyond which conventional metal 
objects absolutely must not pass.

Ultrasound
Ultrasound images are created by passing high-frequency sound 
waves into the body and detecting the sound waves that bounce 
back (echo) from the tissues of the body. The pattern of the 
returning sound waves is used to generate an image of the tissue 
studied. Ultrasound of the chest is excellent for evaluating the 
heart (echocardiogram) or pleural fluid.6

Ultrasound imaging using small portable machines has 
become common practice in critical care units. Portable ultra-
sound units allow for the rapid assessment of heart function  
and volume status and are used to assist in many critical care 
procedures.7 Because it can localize excessive pleural fluid which 
characterizes a pleural effusion, ultrasound can be using in per-
forming a thoracentesis. Ultrasound is also commonly used to 
guide placement of central venous and arterial catheters. Blood 
vessels are easily identified using ultrasound. The compressibil-
ity of veins is used to differentiate veins from arteries (Figure 
21-8). Because the path that the needle is taking is clearly seen on 
the ultrasound screen, using ultrasound guidance for venous 
and arterial puncture allows the procedure to be more easily 
accomplished with less time, risk, and patient discomfort.

The remainder of the chapter outlines commonly encoun-
tered abnormalities involving the pleura, lung parenchyma, and 
mediastinum. The reader is encouraged to fine-tune his or her 
observational powers for assessing imaging studies because, as 
noted by Pasteur, “In the field of observation, chance favors the 
prepared mind.”

	

RULE OF THUMB

Three	general	steps	to	assessing	a	chest	film	are	as	
follows:
1.	 Content	assurance:	Is	the	entire	chest	visible	on	the	

film?
2.	 Quality	assurance:	Is	the	chest	radiograph	properly	

exposed	and	centered?
3.	 Disciplined	application	of	a	personalized,	consistent	

search	pattern
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FIGURE 21-7	 Use	of	2-D	and	3-D	images	for	visualization	of	the	trachea.	Axial	CT	(A)	image	demonstrates	a	massively	dilated	trachea	in	
a	patient	with	tracheobronchomegaly	(Mounier-Kuhn).	A	coronally	reformatted	minimum	intensity	projection	(minIP)	image	(B)	allows	for	
visualization	of	the	entire	trachea	and	main	stem	bronchi.	A	3-D	image	(C)	endoluminal	view	of	the	inferior	trachea	looking	downward	at	the	
carina	with	the	left	and	right	main	stem	bronchi	located	on	each	side	of	the	carina.	The	3-D	image,	termed	virtual bronchoscopy,	can	aid	the	
bronchoscopist	in	planning	a	bronchoscopic	procedure.	
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FIGURE 21-8	 Two	ultrasound	images	of	the	right	internal	jugular	vein	(JV)	and	right	carotid	artery	(CA).	In	the	first	image,	the	jugular	vein	
is	distended;	in	the	second	image,	the	jugular	vein	is	collapsed	by	gently	applying	pressure	with	the	ultrasound	transducer.	The	carotid	
artery	did	not	compress.	

JV

JV

CA CA



438 SECTION III • Assessment of Respiratory Disorders

lateral film detects smaller pleural effusions than are detected 
with the frontal view. The posterior costophrenic angle becomes 
blunted with 75 to 100 ml of fluid. The best view for detecting 
small amounts of pleural fluid is the lateral decubitus view, 
which is a frontal view taken as the patient is lying on the side 
of the suspected effusion; 5 ml of pleural fluid can be detected 
on a decubitus radiograph.10 As discussed later, ultrasound is 
also useful for detecting a pleural effusion.

Sometimes, fluid can accumulate between the lung and the 
diaphragm and maintain a sharp costophrenic angle, hiding up 
to 500 ml of fluid.11 Fluid that accumulates between the lung 
and the diaphragm is said to be in a subpulmonic location. The 
subpulmonic location is the first place pleural effusions accu-
mulate in an upright patient.12 The earliest sign of a left-sided 
pleural effusion on an upright chest radiograph is an increased 
distance between the inferior margin of the left lung and the 
stomach gas bubble. With a subpulmonic effusion, there may 
be an associated slight lateral shift of the point at which the 
diaphragm dips downward on the frontal chest radiograph  
(i.e., similar to a hockey stick with the blade toward the lateral 
chest wall).

If both air and fluid are contained within the same space, the 
interface between the air and the fluid forms a soft tissue density 
with a straight, horizontal border that has air density above it. 
The interface may have a small meniscus on both sides. These 
straight, level interfaces between air and fluid are called air-fluid 
levels. An air-fluid level in the pleural space indicates a hydro-
pneumothorax (Figure 21-10), or both air and fluid in the 
pleural space.

Occasionally, fluid accumulates in an unusual position, such 
as within an interlobar fissure (which separates lobes of the 
lung). Fluid is most commonly seen in the minor fissure, which 
is between the right middle lobe and the right upper lobe. Fluid 
within a fissure can be diagnosed on a chest radiograph by a 

PLEURA

The thin membrane surrounding the lung parenchyma is 
referred to as the pleura. The lungs are surrounded by two thin 
pleural membranes. The outer pleural membrane, known as the 
parietal pleura, adheres to the inside of the chest wall, the upper 
surface of the diaphragm, and the lateral aspect of the medias-
tinum. The inner pleural membrane, or visceral pleura, closely 
adheres to the surface of each lung. The visceral pleura extends 
along the fissures that separate the lobes. The pleural mem-
branes around the lung cannot be seen on a chest radiograph 
because they blend into the water density of the chest wall, 
diaphragm, and mediastinum. However, the visceral pleura 
separating the lobes can be seen if the pleural surface is parallel 
to the x-ray beam (as with the “minor” or “horizontal” fissure 
separating the right upper lobe from the right middle lobe on 
a PA chest x-ray). Although very thin, the visceral pleura sepa-
rating the lobes is visible because it is contrasted with aerated 
lung on either side.

Pleural Effusion (Hydrothorax)

A pleural effusion refers to the accumulation of excess fluid 
within the pleural space. In healthy individuals, it is estimated 
that 1 to 8 ml of pleural fluid is normally present.8 Normally, 
the diaphragm forms a dome that curves downward to attach 
to the chest wall on the lower ribs and thoracic and lumbar 
vertebra. On a chest radiograph, the arch of the diaphragm and 
the chest wall meet to form a point called the costophrenic angle. 
The costophrenic angle is seen on both PA and lateral views (see 
Figure 21-2). If the point of the costophrenic angle is rounded 
rather than sharp, it usually indicates that a pleural effusion is 
present (Figure 21-9).9 For a pleural effusion to cause blunting 
of the costophrenic angle on the frontal (PA/AP) view, at least 
175 to 200 ml of pleural fluid must have accumulated. The 

FIGURE 21-9	 Pleural	effusion.	Posteroanterior	(A)	and	lateral	(B)	chest	films	in	a	43-year-old	patient	with	long-standing	bilateral	pleural	
effusions	resulting	from	rheumatoid	arthritis.	Note	the	bilateral	meniscus	sign	is	also	visualized	posteriorly	on	the	lateral	view.	

BA
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hemothorax (blood in the pleural space), and empyema (infec-
tion of the pleural fluid).

Clues as to whether a pleural exudate results from inflam-
mation or from cancer may be present on the chest radiograph. 
Clues that favor a malignant cause for a pleural effusion include 
pleural-based nodules, pulmonary nodules, or evidence of prior 
malignancy, such as surgical absence of the breast in a patient 
with breast cancer.

Ultrasound for Evaluating Pleural Fluid
Ultrasound reliably detects both small and large pleural effu-
sions (Figure 21-12). It is also very useful in separating pleural 

FIGURE 21-10	 Hydropneumothorax.	Single	posteroanterior	view	
of	the	chest	in	a	patient	with	a	hydropneumothorax.	Note	the	
air-fluid	level	in	the	pleural	space.	The	arrow	points	to	the	visceral	
pleura	(lung	border)	being	compressed	by	both	air	and	fluid.	

FIGURE 21-11	 Intrafissural	fluid.	Two	views	of	the	chest	showing	fluid	accumulating	within	the	superior	portion	of	the	major	fissure.	In	the	
posteroanterior	view,	the	fluid	is	seen	as	vague	increased	density	in	the	left	upper	lobe.	Note	the	typical	elliptic	shape	of	the	fluid	on	the	
lateral	projection	(arrows).	

BA

FIGURE 21-12	 Pleural	effusion.	Ultrasound	image	demonstrates	
a	large	pleural	effusion	(asterisk).	Adjacent	to	the	pleural	effusion	is	
collapsed	lung	(arrows).	

characteristic biconvex lenslike, elliptical shape on either the PA 
or the lateral projection (Figure 21-11).

An increased volume of pleural fluid generally is categorized 
as either a transudate or an exudate (see Chapter 27). However, 
an exudate cannot be distinguished from a transudate on a 
chest radiograph or chest CT. This distinction requires analyz-
ing a sample of the pleural fluid. Loculation of pleural fluid 
(or trapping so that the fluid does not move freely with chang-
ing positions) is more commonly seen in exudative effusions, 
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lung margin and noting the absence of lung markings between 
the lung margin and the inner aspect of the chest wall (Figure 
21-14). If a diagnosis of pneumothorax is suspected, an upright 
chest radiograph should be obtained. Visualizing a small pneu-
mothorax may be assisted by taking the chest radiograph when 
the patient exhales. When the patient is supine, the air within 
the pleural space moves to the highest point in the chest, which 
is the anterior cardiophrenic sulcus.15 Because air in this region 
does not create a visible edge between the pleura and the x-ray 
beam, radiographic clues to the presence of pneumothorax are 
more subtle in a supine patient.15 A supine patient with a pneu-
mothorax may have a deep sulcus sign (Figure 21-15),16 which 
refers to air accumulating anteriorly and outlining the heart 
border below the dome of the diaphragm. In addition, the 
upper abdomen on the same side often shows increased lucency. 
If the diagnosis remains in doubt, a decubitus radiograph or a 
cross-table lateral radiograph (in which the patient lies face up 
while the x-ray is directed across the body) can help make the 
diagnosis of pneumothorax. Ultrasound is an alternative to 
chest radiograph and has been shown to be highly accurate in 
the diagnosis of a pneumothorax.17

A pneumothorax may be difficult to diagnose if a patient has 
bullous emphysema. If, after carefully examining the chest film, 
there is uncertainty about the presence of a pneumothorax, a 
chest CT can resolve the question. Skin folds can mimic a pneu-
mothorax. To avoid mistaking a skin fold for a pneumothorax, 
the clinician needs to look carefully at what appears to be the 
lung margin. The absence of the pleural line at the lung margin 
and the presence of bronchovascular markings between the 
lung margin and the chest wall suggest a skin fold rather than 
a pneumothorax.

Occasionally, air within the pleural space may be under pres-
sure or tension (Figure 21-16); this is called a tension pneumo-
thorax. A tension pneumothorax is an emergency that occurs 

fluid from solid tissue13 and readily identifies tissue bands asso-
ciated with loculated effusions. Ultrasound is also helpful in 
guiding thoracentesis, in particular, for small or loculated 
pleural effusions.

Computed Tomography
Pleural fluid can be identified easily on CT scans of the chest. 
In a supine patient, free fluid accumulates in the most depen-
dent area of the pleura, which is posteriorly. Pleural fluid that 
does not flow to the posterior thorax is loculated.

The pleural lining is enhanced by contrast media with some 
forms of pleural disease. Pleural thickening and nodularity are 
well seen with contrast-enhanced CT scan. An elliptical pleural 
fluid collection with thickening and enhancement of the sur-
rounding pleura suggests an empyema, which is infected pleural 
fluid.14 The presence of gas within the pleural fluid without 
prior surgery or needle insertion (which can introduce air) 
establishes the diagnosis of empyema (Figure 21-13).

Pneumothorax

The term pneumothorax refers to the presence of air within the 
pleural space. The visceral pleura surrounding the lung becomes 
visible when air accumulates in the pleural space. A pneumo-
thorax may occur spontaneously because of rupture of a bleb 
(a thin-walled subpleural gas-containing space deep to the 
pleura—a form of pulmonary air cyst) or may result from 
trauma or invasive procedures that puncture the pleura, such 
as transbronchial biopsy or a percutaneous (CT-guided) lung 
biopsy. Pneumothorax also may occur as a complication of 
positive pressure ventilation (which is called barotrauma). 
When the patient is upright, the air within the pleural space 
typically accumulates along the top of the lung (apex) and 
displaces the lung away from the chest wall. The clinician can 
detect a pneumothorax by seeing the thin pleural line at the 

FIGURE 21-13	 Empyema.	Cross-sectional	computed	
tomography	image	shows	an	elliptic	pleural	fluid	collection	
surrounded	by	thickened	enhancing	pleura	(split	pleural	sign).	The	
presence	of	the	gas	bubble	(short arrow)	within	the	fluid	and	the	
thickened	extrapleural	subcostal	tissues	(curved arrow)	is	strongly	
suggestive	of	empyema.	

FIGURE 21-14	 Pneumothorax.	Complete	atelectasis	of	the	left	
lung	(curved arrows)	resulting	from	a	large	left	pneumothorax.	
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hemidiaphragm on the side of the pneumothorax or mediasti-
nal shift away from the pneumothorax. A tension pneumo-
thorax requires immediate decompression with a chest tube, 
Heimlich valve, or needle aspiration of the air within the  
pleural space.

when the tear in the pleura (which allows air to leave the lung 
and enter the pleural space) opens on inspiration but closes on 
expiration. Air continues to accumulate in the pleural space and 
can compress the heart and adjacent lung. Imaging features of 
a tension pneumothorax include inferior displacement of the 

FIGURE 21-16	 Tension	pneumothorax.	Portable	chest	
radiograph	after	a	recent	liver	transplant.	Note	the	large	right	
pneumothorax	displacing	the	mediastinum	to	the	left	and	the	right	
hemidiaphragm	inferiorly.	These	findings	indicate	the	presence	of	a	
tension	pneumothorax	on	the	right	requiring	immediate	chest	tube	
placement.	

MINI CLINI
Use of the Silhouette Sign

PROBLEM:  A patient has an airspace opacity in the lower half 
of the right lung that is secondary to pneumonia. It is unclear 
if this abnormality is located in the right middle lobe or in the 
upper portion of the lower lobe. Is there a way to identify the 
location of this infiltrate?

DISCUSSION:  If the right heart border is visible next to the 
infiltrate, the pneumonia is located in the lower lobe behind 
the heart. If the right heart border is invisible, the infiltrate 
must be located in the right middle lobe next to the right side 
of the heart. The disappearance of the right heart border in this 
circumstance is due to the silhouette sign. In this instance, 
pneumonia is considered a water density, and when two struc-
tures of similar density are touching each other in the same 
plane, the border between the two structures (or the silhouette 
of the heart border) is not seen. Pneumonia in the upper seg-
ments of the lower lobe appears to be next to the heart on the 
PA chest film but does not obliterate the heart border in such 
cases because the water density of the pneumonia in the lower 
lobe is not adjacent to the water density of the heart. In this 
instance, the heart border or silhouette is seen because the 
silhouette sign is not present.

FIGURE 21-15	 Deep	sulcus	sign.	Portable	supine	radiograph	in	
a	patient	status-post	median	sternotomy.	Note	the	increased	
lucency	in	the	left	upper	quadrant.	The	highest	portion	of	the	thorax	
in	a	supine	patient	is	the	anterior	cardiophrenic	sulcus;	this	
accounts	for	the	well-defined	low	cardiac	border	(arrow)	and	the	
adjacent	fat	pad.	

LUNG PARENCHYMA

The lung parenchyma is made up of two main components: air 
sacs (alveoli) and interstitium (the supporting structures of the 
lung). Lung parenchymal disease involves both components, 
although one component is usually affected more than the 
other.

Alveolar Disease

When alveoli are filled with material denser than air, they have 
a characteristic radiographic appearance regardless of the mate-
rial that fills them. The type of fluid that fills the alveoli varies 
depending on the disease process. In the case of pulmonary 
edema, the alveoli are filled with a watery fluid that contains 
few cells. With bacterial pneumonia, the alveoli are filled with 
an exudative fluid containing numerous white blood cells (pus). 
In the case of pulmonary hemorrhage, the alveoli fill with 
blood. Both pneumonia and pulmonary hemorrhage can cause 
identical-appearing patchy, increased density shadows that tend 
to coalesce over time on the chest radiograph. These shadows 
are often referred to as airspace opacities or infiltrates. Although 
the term infiltrate is commonly used to describe an airspace 
opacity, caution should be used because some clinicians equate 
infiltrates with pneumonia whereas others take infiltrates to 
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pulmonary edema as in acute respiratory distress syndrome 
(ARDS; see Chapter 29).

The development of cardiogenic pulmonary edema can be 
described through a series of changes on the chest film. Before 
pulmonary edema develops, the pressure in the pulmonary 
veins increases. The increasing pressure in the pulmonary veins 
can be seen on the chest film as enlarging blood vessels that 
extend to the lung apexes. If the blood vessels in the upper lung 
zones are the same size or larger than the blood vessels in the 
lower lung zones, the vessels are said to be “cephalized” (Figure 
21-19). Cephalization of the pulmonary blood flow is often 
caused by left-sided heart failure.

As fluid builds up from the high venous pressures, thicken-
ing of bronchial walls (peribronchial cuffing) (see Figure 21-19) 
and edema in the walls or septa that separate the lung lobules 
become evident. The thickened septa are most clearly seen as 
thin lines. Fluid also may accumulate in the lymphatics that 
drain the lung. Such accumulation within the lymphatics may 

FIGURE 21-17	 Air	bronchograms.	This	portable	radiograph	
shows	diffuse	increased	density	throughout	both	lungs	highlighted	
by	tubular	lucencies.	These	are	air	bronchograms.	They	are	
visualized	because	of	the	alveolar	filling	that	surrounds	them.	This	
typical	alveolar	filling	pattern	(airspace	disease)	suggests	acute	
pneumonia,	pulmonary	hemorrhage,	or	pulmonary	edema.	

FIGURE 21-18	 Right	middle	lobe	pneumonia.	Computed	
tomography	slice	shows	an	alveolar	filling	process	in	the	right	
middle	lobe	with	tubular	air	bronchograms	running	through	it.	The	
patient	is	a	73-year-old	woman	with	right	middle	lobe	pneumonia.	

 Box 21-2 Radiographic Features of Alveolar 
Versus Interstitial Processes

ALVEOLAR (AIRSPACE) DISEASE
Air	bronchograms
Fluffy	opacities
Rapid	coalescence
Acinar	nodules
Segmental/lobar	distribution

INTERSTITIAL DISEASE
Nodules
Linear/reticular	opacities
Septal	lines
Cysts
Honeycombing

mean a much broader differential diagnosis, including pulmo-
nary edema, pneumonia, and hemorrhage.

The lucent tubular structures that course through dense air-
space opacities or infiltrates on both chest radiographs and 
chest CT images are referred to as air bronchograms (Figure 
21-17). Normally, patent airways are invisible in the outer two-
thirds of the lung on a chest radiograph because of the lack of 
contrast between air in the airway and air in the lung. However, 
the increased contrast produced by filling of the surrounding 
alveoli with fluid makes the airways more visible and causes the 
air bronchogram sign. Air bronchograms are the hallmark of 
infiltrates that fill alveoli (so-called airspace disease) (Figure 
21-18 and Box 21-2).
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Air	bronchograms	indicate	that	the	imaging	abnormality	
is	located	in	the	lung	parenchyma	and	not	in	the	pleural	
space	and	suggest	that	the	findings	may	be	secondary	
to	pneumonia.

Pulmonary Edema

Pulmonary edema is one of the most common chest radio-
graphic findings in critically ill patients. Pulmonary edema can 
be caused by vascular congestion, rupture of the pulmonary 
capillaries, or a combination of both factors. Edema from vas-
cular congestion can be caused by failure of the left heart (car-
diogenic pulmonary edema), renal failure, or fluid overload. 
Breakdown in the integrity of the lung capillaries also can cause 
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The radiographic appearance of ARDS can appear similar to 
other forms of pulmonary edema. Although they may appear 
similar, there are some key differences to help distinguish ARDS 
from pulmonary edema caused by high vascular pressures or 
congestive heart failure. The edema of ARDS is patchy and 
bilateral and does not predominate in the central hilar regions. 
A chest film of a patient with ARDS also lacks cardiomegaly, 
cephalization, and Kerley B lines, which are often seen in car-
diogenic pulmonary edema.

Interstitial Disease

Diseases that primarily involve the interstitium of the lung have 
a different radiographic appearance than alveolar diseases (see 
Box 21-2). The interstitium of the lung represents the frame-
work or scaffolding of the lung that supports the vessels and 
bronchi. The secondary pulmonary lobule is the smallest func-
tional unit of the lung.18 The secondary pulmonary lobule con-
tains alveoli and alveolar ducts built around a central pulmonary 
arteriole and bronchiole, all surrounded by a thin sheet of 
fibrous connective tissue called the intralobular septa. Intra-
lobular septa are invisible on a normal chest radiograph. Pul-
monary edema secondary to poor left-sided heart function 
causes edema of the intralobular septa. As noted, short thin 
lines from the edematous intralobluar septa can be seen per-
pendicular to the pleura (see Figure 21-19); these are Kerley  
B lines.

Interstitial lung disease (see Chapter 26) refers to a group 
of diseases that involve the lower respiratory tract. Chest radio-
graphs of patients with interstitial lung disease may have several 
different appearances, depending on the stage and type of inter-
stitial lung disease (see Box 20-2). A chest radiograph of a 
patient with interstitial lung disease usually has diffuse, bilateral 
opacities. The opacities may resemble scattered, poorly defined 
nodules (nodular); a collection of scattered lines (reticular); or 
a combination of both lines and nodules (reticulonodular); or 
honeycombing, which is the development of cystic spaces with 
well-defined walls seen in the periphery of the lung and resem-
bling a bee’s honeycomb. Honeycombing is thought to repre-
sent irreversible scarring and indicates end-stage lung disease 
(Figure 21-22). Lung volumes are generally decreased in patients 
with interstitial lung disease, a key finding that can aid in the 
diagnosis on a chest radiograph examination.

There are many types of interstitial lung disease. Causes 
include infectious (e.g., viral pneumonia), occupational expo-
sures (e.g., to asbestos [asbestosis] or to silica [silicosis]), and 
collagen vascular disease (e.g., rheumatoid arthritis, sclero-
derma). The two most common interstitial lung diseases, sar-
coidosis and idiopathic pulmonary fibrosis, have no known cause 
and are said to be idiopathic. Because many different types of 
interstitial lung diseases have similar appearances on the chest 
radiograph, the chest film rarely establishes the specific cause 
of interstitial disease. Clues to specific causes of interstitial lung 
disease on a plain chest film are reviewed in Table 21-2. HRCT 
has become an important tool in establishing the specific  
form of interstitial lung disease that a patient may have. HRCT 
is particularly helpful in diagnosing idiopathic pulmonary 

appear on the plain radiograph as thin lines against the pleural 
edge that run perpendicularly away from the pleural edge. 
These lines are called Kerley B lines (Figure 21-20).

FIGURE 21-19	 Moderate	pulmonary	edema.	Cephalization	of	
blood	flow	is	visible	(white arrows).	The	blood	vessels	to	the	apex	
of	the	lung	are	enlarged	and	similar	in	size	to	the	blood	vessels	to	
the	base	of	the	lungs.	The	inset	displays	peribronchial	cuffing	(black 
arrows);	the	inset	is	from	the	right	hilum	of	the	same	film	but	is	
enhanced	to	make	the	peribronchial	cuffing	easier	to	see.	
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Radiographic	signs	of	cardiac	decompensation	include	
the	following:
•	 Cardiac	enlargement
•	 Pleural	effusions,	usually	bilateral
•	 Redistribution	of	blood	flow	to	the	upper	lobes	

(cephalization	of	blood	flow)
•	 Poor	definition	of	the	central	blood	vessels	(perihilar	

haze)
•	 Kerley	B	lines
•	 Alveolar	filling

NOTE:	These	findings	are	shown	in	Figure	21-20.

The development of pulmonary edema in the lung is seen 
first in the hila of the lungs by blurring of the normally distinct 
walls of the hilar blood vessels; this is followed by blurring and 
increased haziness caused by the edema progressing outward 
toward the pleura. The term bat wing appearance is applied to 
the predominance of edema in the hilar regions of both lungs 
with progressively less edema in the more peripheral areas of 
the lungs (Figure 21-21).

In addition to the previously mentioned classic signs of pul-
monary edema, many patients with long-standing heart failure 
have enlargement of the heart and pleural effusions. Pleural 
effusions from heart failure are usually bilateral but if the effu-
sion is visible only on one side, it is more common on the right 
side than on the left.
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specific type of subsegmental atelectasis that has a classic radio-
graphic appearance is called platelike or discoid atelectasis 
(Figure 21-23). Atelectasis commonly occurs after abdominal 
or thoracic surgery, adjacent to pleural effusions, or after pleural 
irritation from a rib fracture or pulmonary infarction.

Volume loss involving an entire lobe (lobar atelectasis) is 
usually caused by central airway obstruction.21 The collapsed 
lobe assumes the shape of a wedge with the apex of the wedge 
at the hilum and the base of the wedge on the pleural surface. 
This wedge is visible on a PA or lateral x-ray film, depending 
on which lobe is collapsed (Figure 21-24). The central bronchial 

fibrosis because of a characteristic pattern with changes in the 
lower lobes exceeding those in the apexes, a subpleural location, 
and the presence of honeycombing.19,20

Assessing Lung Volume

Volume loss, or atelectasis, is a common abnormality on chest 
radiographs, and the location and extent of volume loss produce 
characteristic chest radiograph patterns. The degree of atelec-
tasis can be described as subsegmental (involving less than a 
segment of lung), segmental (involving one or more segments 
of lung), or lobar (involving one or more lobes of the lung). A 

FIGURE 21-20	 Posterior	(A)	and	lateral	(B)	chest	films	show	an	enlarged	cardiac	silhouette.	The	lateral	lung	margins	are	slightly	
displaced	away	from	the	inner	chest	wall	in	both	costophrenic	angles,	which	is	consistent	with	bilateral	effusions.	There	is	thickening	of	the	
fissures	on	the	lateral	projection,	indicating	that	the	pleural	fluid	is	extending	into	the	interlobar	fissures.	Numerous	Kerley	B	lines	are	seen	as	
linear	densities	extending	to	the	pleural	surface	in	the	right	lower	chest.	The	definition	of	the	central	vessels	is	suboptimal,	indicating	
interstitial	edema.	C	and	D,	The	same	patient	after	therapeutic	diuresis.	Note	the	decreased	heart	size,	disappearance	of	Kerley	B	lines,	and	
improved	definition	of	the	central	pulmonary	vasculature.	

A

C

B

D
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FIGURE 21-21	 Severe	pulmonary	edema.	Both	lungs	are	
opacified	in	a	bat’s	wing	distribution.	The	hilar	vessels	are	invisible	
because	of	the	edema	in	the	lung	tissue	surrounding	these	vessels.	
Peribronchial	cuffing	is	indicated	by	the	black arrows.	

FIGURE 21-22	 Posteroanterior	view	(A)	of	the	chest	in	a	patient	with	shortness	of	breath.	The	chest	radiograph	shows	interstitial	lung	
disease.	The	lung	volumes	are	small.	Coarse	linear	and	cystic	lucencies	represent	pulmonary	fibrosis.	These	findings	are	better	visualized	on	
the	chest	computed	tomography	image	(B)	where	there	is	bronchiectasis,	architectural	distortion,	and	honeycombing.	The	patient	has	
interstitial	pulmonary	fibrosis,	the	most	common	type	of	pulmonary	fibrosis.	

A B

TABLE 21-2 

Clues on Plain Chest Radiograph Indicating the 
Specific Cause of Interstitial Lung Disease

Clues on Radiograph Cause of Disease

Pneumothorax Lymphangioleiomyomatosis,	Langerhans	
cell	histiocytosis

Pleural	effusion Rheumatoid	arthritis,	systemic	lupus	
erythematosus

Dilated	esophagus Scleroderma,	CREST	syndrome*
Erosive	arthropathy	

(shoulder	joints,	
clavicles)

Rheumatoid	arthritis

Mediastinal	
adenopathy

Sarcoidosis,	progressive	systemic	sclerosis	
(scleroderma),	metastatic	cancer

Soft	tissue	
calcification

Dermatomyositis,	progressive	systemic	
sclerosis	(scleroderma)

Pleural	plaque Asbestosis

*Calcinosis,	Raynaud’s	phenomenon,	esophageal	dysmotility,	sclerodactyly,	
and	telangiectasia.

obstruction may be caused by cancer, a foreign body, or a 
mucous plug (Figure 21-25). As shown in Figure 21-26, a 
bulging convexity to the apex of the wedge indicates a central 
tumor.

Atelectasis causes changes to the surrounding structures. As 
lung volume decreases, surrounding tissues collapse in to fill the 
space of the collapsed lung. The diaphragm becomes elevated 
on the side of the atelectasis, the mediastinum shifts toward the 
atelectasis, and poor expansion of the chest causes narrowing 
of the rib spaces. If the collapsed segment of the lung is in the 

upper lobe, the hilum is displaced upward, and the minor 
fissure on the right is displaced upward.
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Radiographic	signs	of	volume	loss	include	the	following:
•	 Unilateral	diaphragmatic	elevation
•	 Mediastinal	shift	toward	the	atelectasis
•	 Narrowing	of	the	space	between	the	ribs
•	 Hilar	displacement	toward	the	atelectasis

See	Figures	21-23,	21-24,	21-25,	and	21-26.
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FIGURE 21-23	 Plate	atelectasis.	Posteroanterior	chest	radiograph	
shows	linear	areas	of	plate	atelectasis	in	both	lower	lobes.	

FIGURE 21-24	 A,	Posteroanterior	view	of	the	chest	shows	leftward	mediastinal	shift,	a	left	hilar	mass,	and	increased	density	overlying	
the	left	chest.	B,	Lateral	view	shows	a	wedge	of	increased	density	(arrows)	anteriorly	with	its	apex	at	the	hilum	and	its	base	on	the	pleural	
surface	representing	the	collapsed	left	upper	lobe.	C,	Computed	tomography	image	shows	a	partially	calcified	left	hilar	mass	(arrow),	with	
the	collapsed	left	upper	lobe	distally.	Biopsy	of	the	mass	revealed	carcinoid	tumor.	
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Assessment of lung volumes on a chest radiograph requires 
several observations. Rib counting is a popular method to assess 
lung volume. With a good inspiration, the sixth and sometimes 
the seventh anterior rib should project above the diaphragm. If 
more than seven anterior ribs are visible above the diaphragm, 
hyperinflation is present. Obstructive pulmonary disease is clas-
sically associated with increased lung volumes (hyperinflation). 
In patients with chronic obstructive pulmonary disease, there 
also may be an increase in the AP diameter of the chest, with 
associated enlargement of the retrosternal and retrocardiac 
(behind the sternum and the heart, respectively) airspaces  
and flattening of the hemidiaphragms. These findings all are 
secondary signs of pulmonary emphysema. The only primary 
signs of emphysema are loss or shifting of pulmonary vessel 
markings and the appearance of the walls of bullous airspaces 
(Figure 21-27).
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FIGURE 21-25	 Three	portable	chest	films	obtained	within	a	20-hour	time	span.	A,	Good	aeration	of	both	lungs.	B,	Film	obtained	17	
hours	later	shows	complete	opacification	of	the	left	hemithorax.	Bronchoscopy	performed	after	this	film	revealed	a	mucous	plug	in	the	left	
main	bronchus.	It	was	removed	at	bronchoscopy.	C,	Partial	reexpansion.	
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FIGURE 21-26	 Posteroanterior	(A)	and	lateral	(B)	views	of	the	chest	in	a	patient	with	right	upper	lobe	collapse.	A,	Note	the	wedge	
opacity	of	the	right	upper	lobe	and	the	inferior	bulge	(arrows)	of	the	minor	fissure	on	the	PA	film.	This	bulge	indicates	the	presence	of	a	
central	mass.	B,	The	wedge	shape	of	right	upper	lobe	atelectasis	(arrows)	is	well	seen	on	the	lateral	film.	

BA
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A	good	inspiratory	effort	by	the	patient	is	needed	to	
obtain	a	good-quality	chest	radiograph	examination.	
Visualization	of	6	anterior	or	10	posterior	ribs	above	the	
level	of	the	diaphragm	on	the	PA	view	indicates	a	good	
inspiratory	effort	by	the	patient.

However, CT is far more sensitive and may show evidence of 
emphysema even when pulmonary function test results are 
normal.22 Emphysema is often anatomically described in three 
patterns depending on which part of the secondary pulmonary 
lobule is affected. When only the central part of the lobule is 
affected, the pattern is called centrilobular or centriacinar 
emphysema. When the entire lobule is affected, the pattern 
of emphysema is called panlobular or panacinar. Finally, when 
the emphysema is confined to areas near the pleura, the pattern 
is called paraseptal emphysema. Figure 21-28 shows a case of 
upper lobe paraseptal emphysema, characterized by cystic areas 
along the pleural surface. A chest CT scan may prove useful to 

Because radiographic signs of emphysema are apparent only 
with more advanced disease, the chest radiograph is generally 
considered insensitive for detecting obstructive lung disease. 
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FIGURE 21-27	 Posteroanterior	(A)	and	lateral	(B)	views	of	the	chest	of	a	patient	with	bullous	emphysema,	worse	on	the	right.	The	lungs	
are	hyperinflated	with	flattening	of	the	diaphragms,	increased	retrosternal	clear	space,	and	areas	in	the	upper	lung	zones	that	are	devoid	of	
any	vascular	markings.	
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FIGURE 21-28	 Computed	tomography	image	through	the	
upper	lobes	in	a	patient	with	pulmonary	emphysema.	Numerous	
cystic	lucencies	are	present	in	both	lungs.	Note	the	absence	of	
bronchovascular	markings	within	the	lucencies.	Most	of	the	
emphysematous	areas	are	located	in	a	peripheral	distribution	
(arrows)	along	the	pleural	surface,	representing	paraseptal	
emphysema.	

help define which patients may benefit from treatments such as 
lung volume reduction surgery. Results of the National Emphy-
sema Treatment Trial showed that patients with heterogeneous 
upper lobe-predominant emphysema (i.e., emphysema that is 
greater in the apexes of the lung than in the bases) are good 
candidates for lung volume reduction surgery.23

Solitary Pulmonary Nodule

A solitary pulmonary nodule (SPN) is a parenchymal opacity 
smaller than 3 cm in diameter that is surrounded by aerated 

lung. One or two SPNs are encountered in every 1000 chest 
radiographs. SPNs are important to identify because they may 
be caused by lung cancer. The reported prevalence of malig-
nancy in SPN ranges from 3% to 6% in large surveys of the 
general population. In patients with SPN who have surgical 
resection, 30% to 60% of the nodules are malignant.24

When first encountered, a SPN should be assessed for fea-
tures listed in Table 21-3 that may help to establish a nonma-
lignant cause. The goal of imaging SPNs is to avoid resecting 
benign nodules, while encouraging surgical removal of all 
potentially curable cancers. The axial anatomic display of CT, 
along with better density-discriminating powers, makes CT a 
favored tool for evaluating the SPN. CT provides a detailed 

TABLE 21-3 

Features Useful in Distinguishing Benign from 
Malignant Solitary Pulmonary Nodules

Feature Favoring Malignant 
Nodule

Favoring Benign 
Nodule

Patient	age >40	yr	old <40	yr	old
Smoking	status Current	or	former	

smoker
Lifetime	nonsmoker

Size	of	nodule >3	cm <3	cm
Shape	of	nodule Lobulated Spherical
Margins	of	nodule Spiculated Well	defined
If	cavity Thick-walled Thin-walled
Doubling	time* 7-465	days <7	or	>465	days
Calcification Rare,	usually	

eccentric
Central,	lamellar,	

popcorn

*Time	necessary	for	the	nodule	to	double	in	volume.
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mediastinum is divided into three compartments: anterior, 
middle, and posterior. When a mediastinal abnormality is dis-
covered, determining the precise location of the mediastinum 
is important to narrow the differential diagnosis. Radiographi-
cally, the mediastinal compartments are best defined on a lateral 
view (see Figure 21-5). A line extending from the diaphragm 
along the posterior margin of the heart and the anterior margin 
of the trachea to the neck divides the anterior mediastinum 
from the middle compartment. A second line traversing the 
vertebral bodies 1 cm posterior to their anterior margins and 
extending from the neck to the diaphragm divides the middle 
from the posterior compartment. Some mediastinal masses are 
visible on both front and lateral projections, and the specific 
location within the mediastinum offers the first clue to 
diagnosis.

Table 21-4 lists the common causes of masses in the three 
mediastinal compartments. CT is the preferred imaging exami-
nation for evaluating most mediastinal masses. Figure 21-30 
shows the normal axial anatomic display on contrast-enhanced 
CT scan at the levels of the great vessels, aortic arch, carina, and 
cardiac chambers. The CT appearance of an anterior mediasti-
nal mass (thymoma) is shown in Figure 21-31. Figure 21-32 
shows a middle mediastinal mass (bronchogenic cyst) on an 
MRI examination. A large hiatal hernia in the posterior medi-
astinum can be easily confused with a mass on the frontal chest 
film but is easily seen on CT in Figure 21-33.

FIGURE 21-29	 Computed	tomography	examples	of	solitary	pulmonary	nodules.	A,	Nodular	density	in	the	right	lung	that	contains	fat.	
Note	the	same	density	within	the	nodule	as	the	subcutaneous	fat.	This	finding	is	diagnostic	of	a	pulmonary	hamartoma,	a	benign	diagnosis,	
requiring	no	further	follow-up.	B,	There	is	central	calcification	with	this	pulmonary	nodule,	a	benign	form	of	calcification,	and	consistent	with	
a	granuloma.	C,	The	spiculated	edge	of	this	nodule	(arrow)	is	suggestive	of	malignancy	in	this	biopsy-proved	primary	lung	adenocarcinoma.	
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evaluation of the size, shape, border, and density of a nodule. 
For example, the presence of fat or the pattern of calcification 
can help to establish that a pulmonary nodule is benign  
(Figure 21-29).

Central or lamellar (swirls of concentric rings) often result 
from calcification and strongly suggests a benign cause of an 
SPN or a granuloma. Eccentric (off-center), speckled, or amor-
phous calcification may be seen in lung cancer. A smoothly 
marginated round nodule more often is benign, whereas a lobu-
lated, irregular, or spiculated edge is more likely to be a malig-
nant nodule (see Figure 21-29). PET-CT is often very helpful in 
evaluating SPNs. Nodules greater than 1 cm in diameter that 
take up the isotope used in PET-CT studies, fluorodeoxyglucose 
(FDG), are metabolically active and are more likely to be malig-
nant than nodules without uptake. Unfortunately, FDG uptake 
by a pulmonary nodule on a PET-CT is not specific for malig-
nancy because infectious or inflammatory nodules (such as 
nodules caused by fungal infection with Histoplasmosis) may 
also be FDG-avid and “light up.” Similarly, slow-growing cancers 
(such as adenocarcinoma in situ) or small cancers (<1 cm) may 
not take up FDG or be visible on the PET-CT scan.

MEDIASTINUM

The mediastinum consists of the heart, great vessels, trachea, 
and other soft tissue structures that lie between the lungs. The 
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FIGURE 21-30	 A,	Posteroanterior	chest	radiograph	indicating	the	four	levels	at	which	computed	tomography	scan	slices	B	to	E	were	
obtained.	B,	The	most	superior	image	is	at	the	level	of	the	great	vessels.	Contrast	material	fills	the	right	brachiocephalic	vein	(v)	and	the	
three	arch	vessels,	the	right	brachiocephalic,	left	common	carotid,	and	left	sublavian	arteries.	C,	At	this	level,	the	arch	of	the	aorta	(a)	lies	on	
the	left	side	of	the	airway.	The	esophagus	is	seen	in	front	of	the	vertebral	body	behind	the	airway.	The	opacified	superior	vena	cava	lies	to	
the	right	of	the	arch	anteriorly.	D,	At	the	level	of	the	pulmonary	artery	bifurcation,	the	right	pulmonary	artery	crosses	the	mediastinum	
anterior	to	the	right	main	bronchus.	The	vena	cava	lies	to	the	right	of	the	ascending	aorta	(aa).	The	descending	aorta	is	seen	next	to	the	
vertebral	body.	E,	At	the	level	of	the	heart,	contrast	material	is	seen	filling	the	right	atrium	(ra)	and	crossing	the	atrioventricular	(tricuspid)	
valve	into	the	right	ventricle	(rv).	The	thick,	muscular	left	ventricular	(lv)	wall	is	visualized	as	it	contracts.	The	left	atrium	(la)	is	seen	anterior	to	
the	esophagus.	
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FIGURE 21-31	 Anterior	mediastinal	mass.	Computed	
tomography	slice	at	the	level	of	the	aortic	arch	shows	a	
homogeneous	encapsulated	anterior	mediastinal	mass	(m).	The	
diagnosis	was	thymoma.	

m

TABLE 21-4 

Mediastinal Abnormalities by Compartment

Anterior Mediastinum Middle Mediastinum Posterior Mediastinum

Thyroid	or	
parathyroid	mass

Aortic	aneurysm	
(ascending/arch)

Aortic	aneurysm	
(descending)

Thymic	lesions Lymphadenopathy Neurogenic	tumors
Lymphoma Bronchogenic	cyst Lymphoma
Pericardial	cyst/fat	

pad
Tracheoesophageal	

masses
Neurenteric	cyst

Teratoma Hiatal	hernia Bochdalek	hernia*
Morgagni	hernia*
Ventricular	

aneurysm

*Hernia	in	which	the	abdominal	contents	press	through	a	gap	in	the	diaphragm.

FIGURE 21-32	 Middle	mediastinal	mass.	Magnetic	resonance	images	demonstrate	a	subcarinal	mass	(arrows).	Coronal	HASTE	(A)	and	
axial	STIR	(B)	images	demonstrate	increased	T2	signal	(appearing	gray	or	white)	intensity	in	this	mass,	suggestive	of	a	cystic	lesion.	
Substraction	VIBE	image	(C)	shows	no	enhancement	(the	mass	is	black)	confirming	no	contrast	enhancement.	The	diagnosis	is	a	
bronchogenic	cyst,	a	benign	lesion.	
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Pneumomediastinum

Pneumomediastinum, a form of barotrauma, may result from 
movement of air into the mediastinum, as also may be seen in 
cases of esophageal rupture (Figure 21-34). This condition 
usually occurs in the distal portion of the esophagus in patients 
who undergo procedures to stretch or dilate the esophagus. 
Chest trauma may cause rupture of the trachea or a mainstem 
bronchus, also allowing movement of air into the mediastinum. 
Rarely, air dissects down from the soft tissues of the neck after 
thyroid, parathyroid, or tonsillar surgery. Gas associated with a 
retrotonsillar abscess may extend inferiorly into the mediasti-
num through the fascial planes of the neck. Air that accumulates 
in the retroperitoneum may enter the mediastinum via open-
ings in the diaphragm for the aorta or esophagus.

Catheters, Lines, and Tubes

A common use of a chest radiograph is to evaluate the position 
of catheters, lines, and tubes after insertion. RTs must be skilled 

FIGURE 21-33	 Posterior	mediastinal	mass.	A,	Posteroanterior	
chest	film	shows	a	large	soft	tissue	density	(m)	obscuring	the	right	
heart	border	and	the	right	hemidiaphragm.	B,	Computed	
tomography	image	at	this	level	shows	a	large	retrocardiac	
diaphragmatic	hernia	containing	omentum	and	stomach.	

A

B

m

FIGURE 21-34	 Pneumomediastinum.	Posteroanterior	view	
of	the	chest	of	an	11-year-old	child	with	asthma	shows	linear	
lucencies	(free	air)	in	the	mediastinum	and	extending	into	the	soft	
tissues	of	the	neck	bilaterally.	Note	the	free	air	around	the	lateral	
aspect	of	the	right	clavicle	(arrow).	

	

RULE OF THUMB

The	distal	tip	of	the	endotracheal	tube	should	be	
positioned	approximately	3	to	7	cm	above	the	level	of	
the	carina	in	an	adult	patient.

at examining the chest radiograph to determine the position of 
the endotracheal tube, chest tubes, central and peripheral cath-
eters, and hemodynamic monitoring lines.

Endotracheal Tube
Endotracheal tubes are radiopaque or have an opaque marker 
indicating the end of the tube. Radiographs are routinely 
obtained at the bedside after intubation to assess correct tube 
position. The radiograph shows the distal tip of the endotra-
cheal tube and the carina. The position of the patient’s neck is 
important. The neck position usually is neutral, but the position 
of the tip of the endotracheal tube can vary with neck position. 
Specifically, the endotracheal tube position can move appropri-
ately 4 cm toward the main carina as the neck moves from full 
extension (high position) to full neck flexion (low position), 
which is one-third the length of the average adult trachea. 
Though there is some variability in the literature, several studies 
suggest that when the head and neck are in the neutral position, 
the endotracheal tube should be positioned in the midtrachea 
approximately 3 to 7 cm above the carina. Although it may be 
difficult to see on some chest images, the carina is generally 
located at the space between T-4 and T-5 in most adults.25 Place-
ment below the thoracic inlet (usually at C5-6 for adults) 
ensures that the tube is beyond the vocal cords. (usually at 
C5-6). Figure 21-35 shows a malpositioned endotracheal tube 
in the right mainstem bronchus.
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Tracheostomy Tube
Tracheostomy tubes should be two-thirds the diameter of the 
trachea and should project within the borders of the trachea on 
the radiograph. The tip should extend beyond half the distance 
from the stoma to the carina.

Central Line
A central venous catheter is typically placed via either the inter-
nal jugular vein or subclavian vein. A chest radiograph should 
be obtained after placement to assess the position and to exclude 
a procedural complication (e.g., pneumothorax, hemothorax). 
Ideally, the tip of the central venous pressure catheter should be 
in the superior vena cava. This vessel usually forms at the level 
of the first anterior intercostal space where the brachiocephalic 
veins come together. The brachiocephalic veins contain valves, 
and these catheters ideally should be placed central to any 
valves.

Peripherally Inserted Central  
Venous Catheter
An alternative to placement of a central venous catheter is a 
peripherally inserted central venous catheter (PICC), which is 

	

RULE OF THUMB

When	the	patient	flexes	his	or	her	neck,	the	tip	of	the	
endotracheal	tube	moves	down	(into	the	lung).	When	
the	neck	is	extended,	the	endotracheal	tube	moves	up	
(out	of	the	lung	toward	the	vocal	cords).	Thus,	a	
well-positioned	endotracheal	tube	is	important	to	
prevent	migration	of	the	endotracheal	tube	into	a	
mainstem	bronchus	(usually	the	right	main	stem	
bronchus)	when	neck	flexion	occurs	or	to	prevent	
accidental	extubation	when	neck	extension	occurs.

FIGURE 21-35	 Portable	supine	chest	film	shows	malposition	of	
an	endotracheal	tube	in	the	right	main	stem	bronchus	(arrow).	

placed via a peripheral vein in either the left or right upper 
extremity. Advantages of a PICC are that it does not have the 
risk for a pneumothorax as with central venous catheters, it can 
be used long term (often for several weeks), and it has a lower 
rate of infection than central venous catheters. The preferred 
location for a PICC is similar to a central venous catheter, with 
the tip of the catheter in the superior vena cava.

Pulmonary Artery (Swan-Ganz) Catheter
A Swan-Ganz catheter is used to measure hemodynamic and 
central pressure variables such as pulmonary artery occlusion 
pressure (sometimes called the “wedge pressure”). Pulmonary 
artery catheters are placed at the bedside and ideally should 
reside in the proximal right or left main pulmonary arteries. 
They are floated into position using an inflatable balloon on the 
catheter tip. Because of this floating, they are placed in the right 
pulmonary artery more than 90% of the time. When measuring 
the so-called “wedge” or pulmonary artery occlusion pressure, 
the balloon is inflated, and the catheter moves out into a more 
peripheral vessel. As soon as the reading is accomplished, the 
balloon should be deflated, and the catheter should be pulled 
back to a central location. Persistent peripheral placement (i.e., 
when the catheter tip is far out in the lung parenchyma) can 
cause infarction of lung beyond (distal to) the wedged catheter 
(Figure 21-36) or result in injury to the pulmonary artery such 
as formation of a pseudoaneurysm or even rupture.

Chest Tube
Chest tubes are small-bore to large-bore tubes placed into the 
pleural space from outside the chest wall. The most common 
indications for a chest tube are for a pneumothorax (air in the 
pleural space) or an empyema (pus in the pleural space), 
although chest tubes also may be used to drain blood (hemo-
thorax) or fluid (hydrothorax) or to install a sealant (e.g., the 
antibiotic doxycycline) to achieve closure of the pleural space, 
preventing recurrent pneumothorax or hydrothorax. Radio-
graphically, most chest tubes have radiopaque stripes along 
their axis so they can be seen on the chest radiograph. The  
chest tube should be within the pleural space; it usually follows 
the contour of the chest wall or diaphragm on the chest 
radiograph.

Intraaortic Balloon Pump
The intraaortic balloon pump (IABP) is a counterpulsation 
device used to improve cardiac output and blood pressure in 
patients in cardiogenic shock. It is inserted through the femoral 
artery and advanced into the thoracic aorta. The device is 
approximately 26 cm long, and a radiopaque tip allows for 
radiographic verification of position. The balloon inflates 
during diastole and deflates during systole to enhance perfusion 
of the coronary arteries and cardiac output. The radiopaque tip 
should reside just beyond the origin of the left subclavian artery 
within the proximal descending thoracic aorta. The carina can 
be used as a landmark with the tip of the IABP approximately 
2 cm above the carina.26 Correct positioning is important as 
placement too proximal (superiorly) can occlude the branch 
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FIGURE 21-36	 Two	portable	supine	chest	films	obtained	30	hours	apart.	A,	Wedged	Swan-Ganz	(pulmonary	artery)	catheter	in	the	right	
lower	lobe	(arrow).	B,	Film	obtained	after	retraction	of	the	catheter	shows	increased	density	at	the	site,	reflecting	an	area	of	infarction	
caused	by	prolonged	inadvertent	wedging	of	the	catheter	(arrows).	

BA

aortic vessels to the neck and upper extremities and placement 
too low (inferiorly) can occlude vessels to the abdominal organs 
and intestines.

◗	Signs	of	volume	loss	(atelectasis)	in	the	lungs	include:	
(1)	unilateral	diaphragmatic	elevation,	(2)	mediastinal	shift,	
(3)	narrowing	of	the	rib	spaces,	(4)	hilar	displacement,	and	
(5)	fissure	displacement.

◗	The	chest	film	is	useful	in	identifying	the	position	of	
catheters	and	tubes.	The	tip	of	the	endotracheal	tube	
should	be	5	to	7	cm	above	the	carina	when	the	neck	is	in	
a	neutral	position.

◗	CT	has	superb	anatomic	detail	compared	to	chest	
radiographs	but	exposes	patients	to	more	radiation.

◗	Ultrasound	can	be	useful	in	placing	central	lines,	visualizing	
the	presence	of	pleural	fluid	(e.g.,	to	help	guide	
thoracentesis),	and	detecting	a	pneumothorax.

◗	MRI	is	used	less	commonly	for	imaging	the	chest,	but	has	
a	role	in	evaluating	vascular	structures,	mediastinal	
masses,	and	cardiac	structures.

SUMMARY CHECKLIST

◗	Thoracic	imaging	is	an	important	tool	for	evaluating	the	
cause	and	degree	of	various	pulmonary	diseases.	Various	
thoracic	imaging	techniques	are	available	to	assist	
assessment	of	patients	with	lung	disease.

◗	The	tissue	densities	seen	on	the	plain	chest	radiograph	
are	air,	fat,	soft	tissue	(water),	and	bone.

◗	The	steps	in	interpreting	the	chest	film	include	(1)	
reviewing	the	technique	and	quality	of	the	chest	film	
(rotation	and	penetration)	and	(2)	taking	a	step-by-step,	
disciplined	approach	to	reviewing	all	the	anatomic	
structures	seen	on	the	chest	film	(e.g.,	bones,	soft	tissue,	
heart,	lower	neck,	airways	and	lungs,	pleura,	mediastinum,	
upper	abdominal	contents).

◗	The	lungs	are	considered	radiolucent	and	the	bones	are	
radiopaque.

◗	The	chest	film	is	useful	for	detecting	pleural	diseases	such	
as	pleural	effusion	or	pneumothorax.

◗	Airspace	opacities	in	the	lung	represent	alveolar	filling	
caused	by	water	(pulmonary	edema),	blood	(pulmonary	
hemorrhage),	or	pus	(pneumonia).

◗	Air	bronchograms	are	seen	when	air-filled	airways	are	
surrounded	by	consolidated	(infiltrated)	lung.

◗	Radiographic	signs	of	pulmonary	edema	secondary	to	
heart	failure	include	(1)	redistribution	of	blood	flow	to	the	
upper	lobes,	(2)	Kerley	B	lines,	and	(3)	alveolar	filling.

◗	Signs	of	long-standing	heart	failure	include	cardiac	
enlargement	and	pleural	effusions,	which	are	usually	
bilateral.
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C H A P T E R   22 

Flexible Bronchoscopy and the 
Respiratory Therapist

DANAI KHEMASUWAN AND ATUL C. MEHTA

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Understand	the	preprocedure	assessment,	type	of	sedation,	and	patient	monitoring	during	bronchoscopy.
◆	 Understand	the	indications,	contraindications,	and	complications	of	various	diagnostic	and	therapeutic	

bronchoscopic	techniques.
◆	 Recognize	the	difference	between	each	thermal	ablation	technique.
◆	 Recognize	the	difference	between	silicone	and	metallic	stents.
◆	 Identify	the	emerging	bronchoscopic	treatment	options	for	patients	with	steroid-dependent	asthma	and	for	

patients	with	severe	emphysema.
◆	 Describe	the	role	of	the	respiratory	therapist	in	assisting	with	bronchoscopy.
◆	 Identify	special	considerations	for	bronchoscopy	during	mechanical	ventilation.

CHAPTER OUTLINE

Flexible Bronchoscopy
Procedure,	Sedation,	and	Monitoring

Diagnostic Bronchoscopy
Bronchoalveolar	Lavage
Endobronchial	Biopsy
Transbronchial	Biopsy
Electromagnetic	Navigational	Bronchoscopy
Ultrathin	Bronchoscopy
Narrow	Band	Imaging

Therapeutic Bronchoscopy
Thermal	Ablation	of	the	Endobronchial	Lesion
Cryotherapy

Brachytherapy
Endobronchial	Stents
Bronchoscopy	in	Difficult	Intubation

The Role of the Respiratory Therapist in 
Bronchoscopy

Special Considerations for Bronchoscopy During 
Mechanical Ventilation

Physiologic and Mechanical Alterations Associated 
With Flexible Bronchoscopy in Intubated 
Patients

Emerging Bronchoscopic Interventions
Conclusion

KEY TERMS

airway	stents
argon	plasma	coagulation
brachytherapy
bronchial	washings
bronchial	brushings
bronchoalveolar	lavage
cryotherapy

electromagnetic	navigational	
bronchoscopy

endobronchial	biopsy
fiberoptic	bundles
laser	photocoagulation
Mallampati	classification

methemoglobinemia
moderate	sedation
narrow	band	imaging
transbronchial	biopsy
transbronchial	needle	aspiration
ultrathin	bronchoscopy

B esides thoracentesis, bronchoscopy is one of the most 
commonly performed procedures in pulmonary medi-
cine. Bronchoscopy allows physicians to access the 

inside of the airways for both diagnostic and therapeutic pur-
poses. The procedure can be performed using either a rigid or 

a flexible instrument. This chapter focuses is mainly on flexible 
bronchoscopy because it is much more commonly performed 
than the rigid variation.

The first bronchoscopy was performed by a German laryn-
gologist, Gustav Killian, in the early nineteenth century. He 
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removed a foreign body via the translaryngeal route with direct 
bronchoscopy1 using a rigid esophagoscope. In the United 
States, Chevalier Jackson is considered to be the pioneer of rigid 
bronchoscopy. He reported the first bronchoscopic resection of 
an endobronchial tumor in 1917.2 Over time, the technology 
has progressed remarkably. In 1966, the flexible bronchoscope 
(FB) was introduced by Shigeto Ikeda, a Japanese thoracic 
surgeon. In 1970, Olympus introduced the first FB for com-
mercial purposes. Since then, the technologic advancements 
have led to a wide array of minimally invasive endoscopic diag-
nostic and therapeutic techniques that will be discussed in this 
chapter.

This chapter will focus on the essential elements of the pro-
cedure, including the equipment, indications, contraindica-
tions, and variations in the procedures and emerging trends. In 
addition, the role of the respiratory therapist and special con-
siderations when performing bronchoscopy on patients under 
specific conditions (e.g., during mechanical ventilation) are also 
described.

FLEXIBLE BRONCHOSCOPY

The FB uses fiberoptic bundles to illuminate the endobronchial 
tree. Based on the imaging system, FBs are divided into fiber-
optic, video, or hybrid. The fiberoptic bronchoscope carries a 
second fiberoptic bundle that gathers the images from the distal 
tip of the instrument, which is visualized through the eye piece. 
The video bronchoscope uses somewhat different technology 
which employs a miniaturized charge-coupled devices (CCDs) 
chip at its distal tip to gather the images from the endobronchial 
tree and transmit them to the image-processing unit. The 
hybrid instrument uses a fiberoptic imaging system but also has 
a CCDs chip to convert the information in a digital format. 
Most modern FBs use video technology, whereas thinner bron-
choscopes are hybrid in nature.

The proximal end of the FB is the controlling unit of the 
instrument, which helps the operator perform desired maneu-
vers to control the distal tip of the FB (Figure 22-1). The distal 
tip of FB can be flexed in two directions up to 180 degree in 
anteflexion and up to 130 degree in retroflexion positions (see 
Figure 22-1). In addition to these controls, the operator rotates 
the instrument on its axis using the wrist. More recently, 
Olympus also added a feature that allows axial rotation of the 
instrument without relying on wrist movement (Figure 22-2).

Today, flexible bronchoscopy has become a standard proce-
dure because of its diagnostic value, safety, and ease of perfor-
mance. The procedure can be done in an outpatient setting, 
under local anesthesia and moderate (or conscious) sedation. 
The indications for FB have grown over the past years (Box 
22-1) and are extensive. Box 22-2 presents the contraindications 
to performing FB. There are a few absolute contraindications 
for FB, which include severe hypoxemia, hemodynamics insta-
bility, acute bronchospasm, and the inability to obtain informed 
consent for the procedure.

The discussion as to whether the bronchoscopy is indicated 
involves the physician and often other members of the bron-

FIGURE 22-1	 Flexible	bronchoscope.	Left, inset:	Anteflexion	
(top),	retroflexion	(middle),	and	distal	tip	(bottom).	

Ante-flexion

Retroflexion

Camera

FIGURE 22-2	 New	Olympus	scope	with	rotating	function.	
(From	Olympus.	http://www.olympusaustralia.com.au/Document/
Detail/328/Advancing-Control-Respiratory.)

choscopy team, including the respiratory therapist. However, in 
the end, the final decision whether to perform the procedure 
must be individualized in a conversation between the physician 
and the patient, based on an open discussion about the risks 
and benefits of the procedure.

Procedure, Sedation, and Monitoring

FB can be performed on spontaneously breathing patients via 
the oral or the nasal route and occasionally through a trache-
ostomy stoma. FB can also be done on patient with artificial 
airways such as endotracheal or tracheostomy tubes. Most pro-
cedures are performed under moderate or deep sedation. When 
deep sedation is used, the procedure is performed via either a 
laryngeal mask airway or an endotracheal tube of the appropri-
ate size. Rigid bronchoscopy is performed under deep sedation 
with muscle relaxation.

The goal of sedation is to improve the patient’s comfort 
during the procedure. In addition to risks for arrhythmias and 
fluctuations in blood pressure related to the procedure, airway 
manipulation during bronchoscopy may lead to coughing, 
hypoxemia, vomiting, bleeding, laryngospasm, and broncho-
spasm. All of these responses can affect the outcomes of the 

http://www.olympusaustralia.com.au/Document/Detail/328/Advancing-Control-Respiratory
http://www.olympusaustralia.com.au/Document/Detail/328/Advancing-Control-Respiratory
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level of sedation, patients can respond to verbal stimuli and 
demonstrate preserved protective airway reflexes. Several intra-
venous forms of benzodiazepines and opioids are commonly 
used during FB. Diazepam, midazolam, lorazepam, morphine 
sulfate, and fentanyl have been used either as a single agent  
or in combination based on the availability and physician  
preference.3 The combination of a benzodiazepine (like mid-
azolam) and an opioid (like morphine sulfate or fentanyl) has 
been shown to be safe and effective for sedation during FB.4

Several techniques are used to apply local anesthetic agents 
to the upper and the lower airway. Using approximately 10 mL 
of 2% viscous lidocaine, “swish and swallow” is a simple and 
effective method to numb the upper airways. Another common 
method involves nebulizing 5 mL of 4% lidocaine. The nasal 
passage is usually anesthetized using 5 mL of 2% lidocaine jelly. 
In addition, 1% to 2% of lidocaine is instilled directly in to the 
lower airways through the working channel of the instrument 
in 2-mL aliquots during the procedure. The drug lidocaine has 
a very narrow therapeutic range. To help avoid unwanted 
hazards such as methemoglobinemia, the total dose of lido-
caine should be limited to 5 to 7 mg/kg in adults (maximum of 
400 to 500 mg in a 150-lb adult), during the procedure, with 
added caution in the elderly and in those with liver or cardiac 
disease.5

procedure. Therefore adequate sedation is an important part of 
the procedure.

There is a wide range in the level of sedation that can be 
provided, including light sedation (anxiolysis), moderate (con-
scious) sedation, and deep sedation with general anesthesia. 
Moderate sedation is most commonly used during FB. At this 

 Box 22-2 Contraindications to Flexible 
Bronchoscopy

CONTRAINDICATIONS
Absolute
•	 Uncorrectable	hypoxemia
•	 Lack	of	patient	cooperation
•	 Lack	of	skilled	personnel
•	 Lack	of	appropriate	equipment	and	facilities
•	 Unstable	angina
•	 Uncontrolled	arrhythmias

Relative
•	 Unexplained	or	severe	hypercarbia
•	 Uncontrolled	asthma	attack
•	 Lack	of	patient	cooperation
•	 Uncorrected	coagulopathy
•	 Recent	myocardial	infarction
•	 Unstable	cervical	spine	and	impaired	neck	mobility
•	 Need	for	large	tissue	specimen

 Box 22-1 Indications for Flexible 
Bronchoscopy

•	 Hemoptysis
•	 Wheeze	and	stridor;	suspected	upper	airway	obstruction
•	 Pulmonary	infiltrate	of	unknown	cause

•	 Infiltrates	not	responding	to	conventional	treatment
•	 Infiltrates	in	an	immunocompromised	host
•	 Recurrent	or	unresolved	pneumonia
•	 Cavitary	lesions
•	 Interstitial	infiltrates
•	 New	pulmonary	nodule

•	 Unexplained	lung	collapse
•	 Suspected	or	known	bronchogenic	carcinoma

•	 Staging
•	 Follow-up	after	endobronchial	treatments

•	 Mediastinal	and	hilar	lymphadenopathy
•	 Lung	transplantation

•	 Evaluate	airway	anastomosis
•	 Rejection	surveillance
•	 Cultures

•	 Endotracheal	intubation
•	 Confirm	endotracheal	tube	position
•	 Evaluate	tube-related	injury

•	 Evaluation	of	foreign	body	aspiration,	chemical-related,	or	
burn-related	injury	to	the	airway

•	 Unexplained	superior	vena	cava	syndrome
•	 Unexplained	vocal	cord	paralysis	or	hoarseness
•	 Suspected	fistulas	(e.g.,	bronchopleural,	tracheoesophageal	

and	bronchoesophageal,	trachea	or	bronchoaortic)

MINI CLINIC
Methemoglobinemia During 
Bronchoscopy

PROBLEM:  A respiratory therapist (RT) is assisting during a 
flexible bronchoscopy. The patient had local anesthesia with 
lidocaine nebulization and benzocaine spray. The patient 
developed central cyanosis and his oxygen saturation dropped 
to 85% via pulse oximetry. The procedure was aborted. An 
arterial blood gas check showed pH, 7.43; PCO2, 43; and PO2, 
279; with an O2 saturation of 85%. What condition should an 
RT consider in this situation?

DISCUSSION:  Methemoglobinemia should be suspected. 
Benzocaine is a common cause of methemoglobinemia during 
endoscopic procedures. Benzocaine, which is used as a local 
anesthetic, is a common source of methemoglobinemia during 
such procedures. Benzocaine causes oxidization of the iron in 
hemoglobin (Hb) from the ferrous (Fe2+) to the ferric state 
(Fe3+). Fe3+ Hb is unable to carry O2. The PO2 is within normal 
range as shown by the machine measurement of dissolved O2 
in the blood, not in the Hb. Therefore methemoglobinemia 
causes hypoxemia at the cellular level that is not detected by 
measuring PO2 but can be uncovered by co-oximetry to 
measure methemoglobin directly. In terms of management, a 
methemoglobin level less than 30% usually resolves spontane-
ously over 15 to 20 hours after removal of the offending agent 
and with O2 administration. Intravenous administration of 
methylene blue is the management of choice in patients when 
the methemoglobin levels exceed 30%.
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The assessment of the upper airway before the procedure 
helps identify those patients in whom it may be difficult to 
secure an airway in case of hypoventilation. The Mallampati 
classification is one of the most commonly used methods to 
identify individuals who may pose difficulty during intubation. 
The Mallampati score is assessed by having the patient open his 
or her mount and protrude the tongue as much as possible 
without phonation (Figure 22-3).

FIGURE 22-3	 Mallampati	classification.	

TABLE 22-1 

American Society of Anesthesiologists 
Classification: Comorbid Conditions and Impact 
on Daily Living

ASA Class Class Definition

I A	normally	healthy	patient
II A	patient	with	mild	systemic	disease
III A	patient	with	systemic	disease	that	is	not	

incapacitating
IV A	patient	with	an	incapacitating	systemic	disease	

that	is	a	constant	threat	to	life
V A	moribund	patient	who	is	not	expected	to	

survive	for	24	hr	with	or	without	operation

	

RULE OF THUMB

Continuous	cardiac,	blood	pressure,	and	oximetry	
monitoring	must	be	carried	out	during	bronchoscopy.	
Capnography	is	highly	recommended.

	

RULE OF THUMB

The	Mallampati	score	should	be	assessed	in	every	
spontaneously	breathing	patient	before	flexible	
bronchoscopy.

	

RULE OF THUMB

For	patient	safety,	to	help	avoid	methemoglobinemia,	
the	total	dose	of	lidocaine	should	not	exceed	7	mg/kg	
of	body	weight	during	a	routine	(<45	min)	FB	
procedure.

Several maneuvers (e.g., chin-lift, jaw-thrust) may become 
necessary if the patient becomes oversedated during FB. In 
addition to an unfavorable Mallampati score, comorbidities can 
also affect the safety and outcome of the procedure. The recom-
mendation from the American Society of Anesthesiologists 
(ASA) is to categorize patients based on their ASA score, which 
considers comorbid conditions and their impact on the patient’s 
daily living (Table 22-1).6

During the FB procedure, continuous monitoring of oxy-
genation and hemodynamic stability are important. Pulse 
oximetry, heart rate, and blood pressure are monitored through-
out the procedure. One of the most difficult parameters to 
monitor during FB is the depth of sedation. Intermittent boluses 
of sedation may be needed to ensure the adequate depth of 
sedation during the procedure. However, the depth of sedation 
must be balanced with the side effects of oversedation during 
and after the procedure. To monitor the patient, the respiratory 
therapist or other member of the bronchoscopy team should 

keep track of the patient’s responses to verbal commands or 
spontaneous movements. Notably, chest movement may con-
tinue despite near total obstruction of the airway. To prevent 
the patient’s slipping into deep sedation, the ASA also recom-
mends capnography monitoring while performing FB under 
moderate sedation.7

DIAGNOSTIC BRONCHOSCOPY

A computed tomography (CT) scan of the chest is performed 
before all elective bronchoscopic procedures being performed 
for lung cancer diagnosis. The information is very valuable in 
increasing the diagnostic yield of the procedure among patients 
suspected to have lung cancer. The scan also may eliminate the 
need for preforming the procedure in 7% of patients.8

Diagnostic bronchoscopy begins with the examination of the 
upper airways. Proper upper airway examination is crucial to 
identify lesions involving nasal passages, pharyngeal, and laryn-
geal structures, including vocal cords. After examination of the 
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content, a normal BAL sample includes 95% macrophages; 3% 
lymphocytes; 1% to 2% neutrophils, eosinophils and basophils; 
and few epithelial cells. In addition to routine culture and cell 
count, an estimation of the CD4/CD8 ratio of lymphocytes in 
the lavage fluid can be helpful in establishing the diagnosis of 
sarcoidosis and hypersensitivity pneumonitis.

Bronchoalveolar Lavage Technique
It is important to avoid suction while inserting the FB through 
the nasopharynx and central airways, to minimize contamina-
tion of the working channel of the bronchoscope with the local 
organisms.9–11 The amount of lidocaine used should be mini-
mized both to prevent its bacteriostatic properties from inter-
fering with BAL fluid cultures used to identify infectious 
organisms and to avoid altering the cellular contents of the 
lavage fluid. The right middle lobe or the lingua is generally 
used to perform BAL in patients with diffuse diseases. With the 
patient in a supine position, gravity helps to augment BAL 
return from these locations.9,10 Meanwhile, in localized lung 
diseases, lavage is performed from the area of the focal 
abnormality.10

To obtain the lavage fluid, the bronchoscope is wedged at the 
level of fourth- or fifth-generation bronchus. A “good wedge” 
position means that the bronchoscope is advanced as far as 
possible while the distal lumen is still visible. In this position, 
BAL return is maximal. Fluid (20 to 60 mL) is instilled into the 
appropriate bronchial segment and aspirated back manually for 
laboratory testing. In general, 15 to 20 mL of BAL volume is 
enough to conduct common laboratory tests such as microbio-
logic and cytologic tests.11

Several complications are associated with BAL. Hypoxemia 
is common, and its severity generally depends upon three 
factors: the volume of fluid administered,12 the number of seg-
ments lavage, and the duration of the procedure. Introduction 
of 100 mL of lavage fluid can cause O2 desaturation up to 7%, 
whereas 200 mL of lavage fluid can drop O2 saturation up to 
15% from the baseline value.12 O2 supplementation during BAL 
may mitigate the degree of O2 desaturation. However, the 
volume of lavage fluid and the duration of the procedure are 
important factors to determine the risk of this complication. 
Cases of pneumothorax from BAL have also been reported in 
patients with Pneumocystis jirovici pneumonia and during ther-
apeutic BAL for pulmonary alveolar proteinosis (PAP).13,14

upper airway structures, the lower airways are examined at least 
until the fifth- or sixth-generation bronchi. Examining bronchi 
deeper than this depends on the diameter of the bronchoscope. 
For diagnostic purposes, besides examining the airways, several 
different types of specimens can be collected through the 
working channel of the bronchoscope.

FIGURE 22-4	 Schematic	presentation	of	the	constituents	of	the	
bronchoalveolar	lavage.	
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 Box 22-3 Role of Bronchoalveolar Lavage in 
Diagnosis for Pulmonary Diseases

•	 Infection	(e.g.,	bacteria,	fungus,	virus,	and	mycobacteria)
•	 Pulmonary	hemorrhage
•	 Malignancy	(e.g.	solid	tumor,	lymphoma)
•	 Eosinophilic	lung	disease
•	 Pulmonary	alveolar	proteinosis
•	 Langerhans	cell	histiocytosis
•	 Lipoid	pneumonia
•	 Diffuse	alveolar	hemorrhage

	

RULE OF THUMB

A	CT	scan	of	the	chest	is	generally	performed	before	all	
elective	bronchoscopic	procedures	done	for	patients	
with,	or	suspected	of	having,	lung	cancer.

Bronchoalveolar Lavage

Bronchoalveolar lavage is used to obtain specimens from the 
alveolar level of the lung. BAL is performed by instilling a small 
volume (up to 50 mL) of normal saline solution deep into the 
airways and then suctioning the instilled liquid back. BAL fluid 
contains both cellular and noncellular components of alveolar 
lining fluid (Figure 22-4). As a form of “liquid lung” sample, 
the BAL fluid is thought to represent millions of alveoli as well 
as respiratory epithelial lining and colonizing organisms. BAL 
has become a standard diagnostic procedure in patients with 
pulmonary infiltrates of uncertain cause (Box 22-3). As cellular 

	

RULE OF THUMB

Supplemental	O2	should	be	administered	in	all	patients	
undergoing	bronchoscopy,	to	help	avoid	or	minimize	
hypoxemia.

	

RULE OF THUMB

BAL	should	be	obtained	from	the	nondependent	part	of	
the	lung	to	optimize	the	fluid	return.
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cerous cells despite the patient having a malignancy. In such 
cases, debridement of the necrotic tissue with the forceps or 
performing a TBNA may improve diagnostic value. Endobron-
chial biopsy of a highly vascularized lesion may lead to signifi-
cant bleeding and must be undertaken with caution. The 
physician may take precautions such as instilling ice cold saline 
or using the TBNA approach.

Transbronchial Biopsy

Transbronchial biopsy is a technique of obtaining a specimen 
of the lung parenchyma by using flexible forceps positioned 
distally through the working channel of the bronchoscope. A 
fenestrated alligator forceps is most commonly used to obtain 
the TBBx. Six to ten tissue specimens are obtained, depending 
on the suspected diagnosis. TBBx can be performed with or 
without fluoroscopic guidance (Figure 22-5). The latter is a 
common practice while performing the TBBx in the intensive 
care unit setting.

The diagnostic value of TBBx varies depending on the 
underlying lung diseases and the patient population. For infec-
tious diseases, the 88% to 97% of cases of P. jiroveci pneumo-
nia27 and 57% to 79% of cases of Mycobacterium tuberculosis 
have been successfully diagnosed.28 In lung transplant surveil-
lance, the TBBx can detect a presence of allograft rejection in 
approximately 70% of the cases.29 In interstitial lung diseases, 
the diagnostic value is relatively low compared with the experi-
ence in infectious diseases. TBBx can successfully diagnose 40% 
to 90% of sarcoidosis cases30 and only 10% to 40% of those with 
Langerhans cell histiocytosis.31 In a peripheral pulmonary 
nodule (PPN), the diagnostic value of TBBx depends upon the 
size and the location of the nodule. The presence of an airway 
leading to the nodule as seen on the Computed Tomography 
scan of the chest is called a “positive bronchus sign” and when 
combined with TBBx increases successful diagnosis from 31% 
to 79% for the PPN.32

Mini-BAL is defined as nonbronchoscopic BAL. Mini-BAL 
is most frequently performed in intubated patients when a cath-
eter is passed through an endotracheal tube into the bronchi 
until the catheter lodges, after which saline is instilled for the 
lavage and then withdrawn. The volume of saline instillation  
is usually 25 mL or less. The return of fluid by aspiration is 
highly variable. Mini-BAL is a simple procedure for acquiring 
quantitative lower airway cultures in mechanically ventilated 
patients.15 In some settings, RTs perform the procedure. As an 
example of the impact of mini-BAL, approximately, 46% of 
mini-BAL cultures are found to contain at least one organism 
potentially contributing to a suspected episode of ventilator-
assisted pneumonia.16

Bronchial Washings

Bronchial washings are generally obtained for the cytologic 
examination for cancer and for microbiologic analysis to diag-
nose mycobacterial or fungal infections. Unlike BAL, bronchial 
washings are obtained from the large airways. Bronchial washing 
is easy to perform, but is not very effective in diagnosing malig-
nancy, successfully diagnosing only 22% to 29% of peripheral 
lesions17,18 and is slightly higher for central lesions.19,20 Bronchial 
washings are an inexpensive by-product of the bronchoscopy 
and are routinely obtained in patients suspected to have airway 
malignancy.21

Bronchial Brushings

Bronchial brushings have been used as an adjunct diagnostic 
test in addition to endobronchial and transbronchial biopsies 
and transbronchial needle aspiration (TBNA). It involves 
brushing the surface of the suspicious lesion back and forth 5 
to 10 times while rotating the handle. Brushes of various differ-
ent diameters and bristle strengths are available in the market. 
Brushing is usually performed under direct visualization or 
with fluoroscopic guidance to avoid trauma to the bronchial 
mucosa and pneumothorax, respectively. Brushing establishes a 
diagnosis in 72% (range 44% to 94%) of patients with central 
lung cancers and in 45% of patients with peripheral lesions.22 
Bronchial brushing is usually performed after obtaining all the 
other specimens to avoid bleeding or cellular degradation that 
may affect the overall interpretation of FB specimens. Once the 
specimen is collected, the cells are smeared onto a slide and the 
end of the brush is cut off and placed in a fixative solution for 
cytologic examination.23

Endobronchial Biopsy

Endobronchial biopsy (EBBx) is a technique whereby flexible 
forceps are used to obtain a tissue sample from a visible endo-
bronchial lesion. It provides specimens for histologic examina-
tion. EBBx has been shown to successfully diagnose between 
51% and 97% of neoplasms.24,25 The number of biopsy speci-
mens that should be obtained depends on the diagnosis sus-
pected. In patients suspected to have bronchogenic carcinoma, 
three biopsy specimens are often able to successfully diagnose 
almost all such cases.26 If the specimen is obtained from the 
surrounding necrotic tissue, the EBBx can fail to contain can-

FIGURE 22-5	 Transbronchial	biopsy	under	direct	visualization	
with	fluoroscopy.	
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Transbronchial Needle  
Aspiration: Conventional and 
Ultrasound-Guided Procedures

Transbronchial needle aspiration (TBNA) is the technique 
that allows sampling tissue from the mediastinum or the 
peripheral lung by inserting needles through the bronchial wall. 
TBNA can be used to determine the cause of mediastinal lesions 
and PPNs in a minimally invasive fashion.39,40

With the advent of endobronchial ultrasound (EBUS), the 
accuracy of TBNA has improved dramatically. EBUS is essen-
tially a bronchoscope with a linear ultrasound probe attached 
at its distal end. EBUS provides real-time ultrasonographic 
guidance for TBNA of target structures (Figures 22-6 and 22-7). 
It has recently been found that in patients with potentially oper-
able lung cancer, the diagnostic accuracy of EBUS-TBNA is far 
superior (98% diagnostic accuracy) to either positron-emission 
tomography or CT scans of the chest.41,42 Recently the use 
of EBUS-TBNA has greatly expanded in the diagnosis and 
staging of non–small cell lung cancer because of the minimally 
invasive nature of EBUS-TBNA. Notably, subcarinal lymph 

The two major complications of TBBx are pneumothorax 
and bleeding. Adequate sedation and cough suppression are 
important to reduce the risk for pneumothorax arising from 
cough-induced barotrauma. Whenever available, fluoroscopy 
should be used to guide the TBBx, especially in patients with 
localized lesions. Fluoroscopy is also used to screen for pneu-
mothorax after the TBBx.33 The risk for developing pneumo-
thorax is three times higher in mechanically ventilated patients 
compared to that among spontaneously breathing patients.34,35 
To reduce the risk for pneumothorax among the former group, 
the positive end-expiratory pressure (PEEP) level should be 
maintained below 5 cm H2O. Also, the capability of promptly 
placing a chest tube should be available.

Meanwhile, the incidence of bleeding from TBBx is low (2% 
to 9%) in the absence of a bleeding tendency or coagulopathies. 
Risk factors for bleeding after TBBx include renal insufficiency 
with blood urea nitrogen less than 30 mg/dL and creatinine 
greater than 3 mg/dL, pulmonary hypertension with a mean 
pulmonary pressure of greater than 40 mm Hg, thrombocyto-
penia with platelets less than 50,000/mL and international nor-
malized ratio (INR) greater than 1.5 are considered risk factors 
for bleeding after TBBx.36

TBBx can be safely performed in patients who are receiving 
aspirin or nonsteroidal inflammatory drugs. However, several 
antithrombotic and antiplatelet therapies should be withheld 
for a specific period before TBBx (Table 22-2).37 In an event of 
bleeding, wedging the bronchoscope in the involved subseg-
ment helps tamponade, or compress, the bleeding site. Alterna-
tively, 5 to 10 mL of ice cold saline (−4° C) or 2 to 4 mL of either 
epinephrine or norepinephrine (1 : 10,000) solution can be 
instilled through the working channel of the bronchoscope to 
lessen the bleeding.

TABLE 22-2 

Antithrombotic Therapies and Recommended 
Interval Between Last Dose and  
Procedure [Baron]

Agents Interval from Last Dose Before Procedure

Warfarin 3-5	days;	or	goal	international	
normalized	ratio	<1.5

Unfractionated	heparin Intravenous	2-6	hr
Low	molecular	weight	

heparin
24	hr;	depending	on	creatinine	

clearance
Dabigatran 1-2	days	with	creatinine	clearance		

>50	ml/min
3-5	days	with	creatinine	clearance		
<50	ml/min

Rivaroxaban 1	day	with	normal	renal	function
2-4	days	with	impaired	renal	function

Desirudin 2	hr
Clopidogrel,	ticlopidine,	

prasugrel,	ticagrelor
5	days

Aspirin	and	dipyridamole 7-10	days

Data	from	Baron	TH,	Kamath	PS,	McBane	RD:	Antithrombotic	therapy	and	
invasive	procedures.	N	Engl	J	Med	369:1079–1080,	2013.

MINI CLINIC
Sudden Chest Pain and Clinical 
Deterioration During Bronchoscopy

PROBLEM:  An RT is assisting during a FB on a young female 
with suspected sarcoidosis. The patient is very anxious and 
despite an adequate amount of narcotics and anxiolytic agents, 
continues to cough violently. The physician is performing 
TBBx under the fluoroscopic guidance from the left lower lobe. 
In seven attempts, he manages to obtain three pieces of tissue 
before giving up the procedure. During the last attempt, the 
patient winced with mild pain. Soon after the last biopsy the 
patient became tachypnic (respiration rate [RR] 30 breaths/
min), with heart rate of 110 beats/min, and SpO2 dropped to 
82% on O2 6 L/min via nasal cannula. Examination of the chest 
showed that it was tympanic on percussion with reduced 
breath sounds on auscultation. What condition should the RT 
consider in this situation?

DISCUSSION:  The RT should consider pneumothorax in this 
situation and should also consider ruling out a tension pneu-
mothorax. Pneumothorax is a potential complication follow-
ing a TBBx.38 The risk is further increased in the situation in 
which the patient cannot cooperate for the procedure and con-
tinues to cough during the biopsy procedure. In this case, fluo-
roscopic examination can help confirm or rule out the 
condition. Meanwhile the patient should receive an adequate 
amount of supplemental O2, if required via a nonrebreather 
mask. The RT should be prepared to assist the pulmonologist 
place either a Heimlich valve or a chest tube, depending on the 
size of the pneumothorax and the symptoms of the patient. If 
a tension pneumothorax is suspected, any size needle can be 
inserted into the pleural space and the air would be expected 
to rush out as the pressure is relieved.
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standard flexible bronchoscopy. Electromagnetic navigational 
bronchoscopy (ENB), peripheral EBUS, virtual bronchoscopy, 
ultrathin bronchoscopy, and their combination have signifi-
cantly increased the diagnostic value of FB for peripheral 
lesions, with an acceptably low complication rate of bleeding 
and pneumothorax.49

The ENB system uses low-frequency electromagnetic waves 
transmitted from a magnetic board placed below the patient’s 
chest. As a result, the lesion can be visualized in real time with 
computer-generated guidance in three dimensions.

ENB is performed in several steps. The first step is planning 
the procedure by uploading high-quality CT images into the 
planning software. The software will generate the plan markers 
from the main carina to the lesion via multiple bronchial sub-
segments. The next step is aligning the virtual images to the 
patient’s endobronchial anatomy, which is called the registration 
phase. Then, the navigation is conducted by driving the locat-
able guide probe with its extended working channel (EWC) to 
the lesion, by following the three dimensional CT images and 
the “tip view” (Figure 22-8). Once the lesion is reached, the 
guide probe is removed, leaving the EWC in place. The position 

nodes can be assessed more accurately with EBUS-TBNA than 
with conventional mediastinoscopy. Reported complications  
of EBUS-TBNA include pneumomediastinum, pneumothorax, 
mediastinitis, bacteremia, and, rarely, death.43–46

In the current era, in which genetic profiling of lung cancer 
is essential to identify biomarkers that significantly influence 
treatment decisions and responses, EBUS-TBNA can provide 
adequate tissue for genetic analysis.47 The utility of EBUS-
TBNA also has been investigated for restaging of lung cancer 
after chemotherapy, and evidence supports it use for this 
purpose. 48

Electromagnetic Navigational 
Bronchoscopy

Recently, an advanced CT imaging technology has been inno-
vatively combined with an electromagnetic navigation system 
to guide the biopsy of PPNs that lie beyond the reach of 

FIGURE 22-6	 A,	The	distal	tip	of	the	endobronchial	ultrasound	endoscope	with	an	aspiration	needle.	B,	Sonographic	image	of	EBUS-
TBNA	demonstrating	needle	inside	lymph	node.	(B,	From	Medford	AR:	Diagnostic	utility	of	endobronchial	ultrasound-guided	transbronchial	
needle	aspiration	for	left	paratracheal	lesions.	QJM	105[6]:589–590,	2012.)
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FIGURE 22-7	 The	International	Association	for	the	Study	of	
Lung	Cancer	(IASLC)	lymph	node	map.	
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FIGURE 22-8	 Electromagnetic	navigation	monitor.	Location	of	
the	pulmonary	lesion	is	displayed	in	three	different	axis	of	computed	
tomography	imaging.	
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Narrow Band Imaging

Narrow band imaging is a technique that uses specialized filters 
to separate wavelengths of white light and selectively emits red, 
green, and blue bands. The intensification of the blue band 
detects vessel growth and complex vessel networks in the bron-
chial mucosa and therefore may be useful to detect early malig-
nant lesions (Figure 22-11). The system involves two narrow 
band filters, one to detect 415-nm light that is absorbed by the 
surface level capillaries and a second to detect 540-nm light that 
is absorbed below the surface layer. This permits visualizing 
abnormal distribution and dilatation of blood vessels in the 
mucosa, which can be an early sign of malignancy.52

THERAPEUTIC BRONCHOSCOPY

In the past decades, FB has been widely used for therapeutic 
purposes. Although the role of rigid bronchoscopy (RB) has 
declined, RB remains an invaluable tool for the control of a 
compromised airway, massive hemoptysis, and silicone stent 
placement and for removing asphyxiating foreign bodies (Box 
22-4). The major indication for RB is in managing central 

of the tip of the EWC may be confirmed by using the radial 
EBUS probe to determine the location of the lesion (Figure 
22-9). Various diagnostic tools such as a needle, brush, or 
forceps for biopsy can be used through the EWC to obtain a 
tissue specimen. In terms of diagnostic value, ENB can success-
fully diagnose almost 75% of peripheral lesions, but pneumo-
thorax occurs in approximately 3.5% of such cases. The 
combination of radial probe EBUS with ENB can further 
increase the diagnostic value.50

Ultrathin Bronchoscopy

The normal tracheobronchial tree divides approximately 24 
times before it reaches the respiratory bronchioles. The external 
diameter of the adult FB is approximately 5.7 to 6 mm, which 
allows the physician to reach the fourth- or fifth-order bronchi. 
The ultrathin bronchoscope is approximately 2.8 mm in exter-
nal diameter and can reach up to at least the eighth-order 
bronchi (Figure 22-10). Ultrathin bronchoscopy can be helpful 
in diagnosing PPNs and can be used to inspect peripheral 
airways or to examine the airway beyond a pathologic airway 
narrowing.

The major technical challenge of performing ultrathin bron-
choscopy is maintaining proper anatomic orientation in the 
peripheral airways. The instrument is seldom used without a 
real-time CT guidance, virtual bronchoscopy,51 or a specially 
designed peripheral EBUS system. Another drawback of the 
ultrathin bronchoscope is its narrow working channel (1.7 mm) 
and miniaturized accessories (1 to 1.2 mm). These limit its 
diagnostic value because the specimens that can be obtained are 
very small.

Figure 22-9	 Radial	probe	endobronchial	ultrasound	(left).	A	
radial	probe	is	surrounded	by	lesion	(right, arrow).	(Left	from	http://
www.goldcoastrespiratoryandsleep.com.au/gcrsc-services.html.)	

FIGURE 22-10	 Comparison	of	the	diameter	of	the	tip	of	the	
ultrathin	bronchoscope	(2.8	mm)	(right)	with	that	of	a	standard-size	
bronchoscope	(left).	 FIGURE 22-11	 Narrow	band	imaging.	

 Box 22-4 Indications for Rigid Bronchoscopy

•	 Large	foreign	body	extraction
•	 Large	volume	tissue	biopsies
•	 Management	of	massive	hemoptysis
•	 Silicone	or	self-expandable	stent	placement
•	 Mechanical	coring	of	lesion	using	beveled	tip	and	sequential	

mechanical	dilation
•	 Using	of	adjunct	therapies	in	management	of	endobronchial	

obstruction
•	 Laser:	Nd	:	YAG,	KTP,	CO2

•	 Argon	plasma	coagulation	(APC)
•	 Electrocautery
•	 Cryotherapy
•	 Balloon	dilation
•	 Microdebrider

http://www.goldcoastrespiratoryandsleep.com.au/gcrsc-services.html
http://www.goldcoastrespiratoryandsleep.com.au/gcrsc-services.html
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Cryotherapy

Cryotherapy is a method of destroying tissue by freezing it. 
Cryotherapy leads to extracellular ice crystal formation and 
extraction of intracellular water. In addition, extreme cold 
induces vasoconstriction, and endothelial injury leading to 
microthrombus formation and eventually tissue necrosis. The 
cryoprobe can be used through either a flexible bronchoscope 
or RB. The cryogen (the agent that causes the freezing) is 
released from very-high-pressure storage to atmospheric pres-
sure. The sudden drop in the pressure leads to expansion of the 
cryogen and a drop in its temperature. This effect is also called 
the Joule-Thompson effect. The cryoprobe is placed in contact 
with the target and the cryogen is released, producing a tissue 
temperature of −80° C. The temperature increases approxi-
mately 10° C per millimeter from the tip. Thus the effective zone 
is approximately 5 to 8 mm. Multiple cycles of rapid freezing 
and gradual thawing are applied to cover the entire treatment 
area. The effects of cryotherapy depend on the sensitivity of the 
tissue. The cryoresistant structures are fat, cartilage, nerve 
sheath, and connective tissue, whereas, neoplasms, granulation 
tissue, skin, mucous membranes, nerves, and endothelium are 
cryosensitive. The inherent sensitivity of the tissue mainly 
depends on its water content. Therefore selection of a cryosensi-
tive tumor is essential for a successful outcome with this 
technique.59,62

Cryotherapy has been used as a therapeutic tool for the 
patients with central airway obstruction. Cyotherapy is ideal for 
treating stent-related granulation tissue when the stent is made 
of an inflammable material. It can be used to remove organic 
foreign bodies, blood clots, and mucus plugs by cryoadhesion; 
ice crystal formation between the probe and the object that 
holds them together. In addition, cryotherapy can be used in a 
high-O2 requirement. Recently, there is a growing interest in its 
use for obtaining larger pieces of lung tissue compared to con-
ventional TBBx and EBBx (cryobiopsy) approaches. Further 
trials are required to prove the safety of this method.

Brachytherapy

The term brachytherapy describes a method to deliver short 
distance radiation therapy. Brachytherapy involves temporary 
placement of encapsulated radioactive sources within or near 
the tumor via a bronchoscope. It is used as both an adjuvant to 
external-beam radiation and a palliative radiation option for 
lung cancer located near the airways. It also can be used in the 
management of superficial endobronchial squamous cell carci-
noma. In brachytherapy, a catheter is placed adjacent to the 
lesion and the location is confirmed by fluoroscopy. The cath-
eter is then loaded with the radioactive source, usually radium 
or iridium, reaching a total dose of 500 to 4000 Gray over a 
precise duration.60,61

The main advantage of brachytherapy is that a higher dose 
of radiation can be delivered to the tumor cells while minimiz-
ing radiation to the normal tissue, thereby reducing complica-
tions. Brachytherapy is indicated in patients with inoperable 
lung cancer or cancer metastatic to the airways.

airway obstruction. Approximately 30% of patients with lung 
cancer may present with airway obstruction and its complica-
tions, such as hemoptysis, post-obstructive pneumonia, and 
asphyxia.53 Reducing the size of a tumor or establishing airway 
patency with or without stent placement can produce rapid 
relief of symptoms, improved quality of life, and increased sur-
vival.54 There are very few contraindications to RB. These 
include the inability to hyperextend the neck and an unstable 
facial fracture.

Some of the common bronchoscopic therapeutic procedures 
that are performed through the FB are discussed in the follow-
ing section.

Thermal Ablation of the  
Endobronchial Lesion

Newer modalities such as endobronchial electrocautery, argon 
plasma coagulation (APC) or laser photocoagulation can be 
used to coagulate, carbonize, or vaporize lesions that protrude 
into the airway lumen and obstruct the central airways. These 
modalities increase the temperature of the tissue by molecular 
agitation and can be applied either through a flexible or an RB. 
By applying the appropriate power density, the desired tissue 
reaction can be achieved.

Application of electrocautery requires use of accessories such 
as knives, snares, or probes. Argon plasma coagulation is a non-
contact technique to apply electric current to the endobronchial 
lesion. The modalities involved application of an electrically 
charged argon gas via a special disposable catheter.55 Presence 
of a pacemaker or a defibrillator is a relative contraindication 
for using electrical modalities.56

Lasers can produce tissue reaction by thermal, photochemi-
cal, or electromagnetic effects. As stated earlier, it is the thermal 
effect of the laser is mainly use to remove the endobronchial 
lesion. Most commonly used lasers for this purpose are neo-
dymium : yttrium-aluminum-garnet (Nd-YAG) and neodym-
ium : yttrium-aluminum-perovskite (Ng-YAP) lasers. Lasers 
produce more précised tissue reaction than the electrosurgery 
units.57,58

The thermal ablation of the endobronchial lesion in properly 
selected patients produces some relief in close to 90% of 
patients. Improper use of the thermal modalities can lead to 
perforation of the airway, vascular structures, or esophagus. In 
addition, hypoxemia, pneumothorax, bronchopleural and 
bronchoesophageal fistulas are other reported complications.57 
In the presence of high FiO2, endobronchial ignition has been 
reported as a rare complication of such therapies. Refractory 
hypoxemia (i.e., an O2 requirement of FiO2 > 40%) and extrin-
sic compression of the airway without an endobronchial lesion 
are contraindications to thermal ablation.
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During	the	application	of	“hot	therapies”	(thermal	
ablation)	such	as	laser,	electrosurgery,	or	argon	plasma	
coagulation,	the	FiO2	always	should	be	maintained	
below	40%	to	prevent	endobronchial	ignition.
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complications, mucous impaction (3.6%), bacterial coloniza-
tion, migration (9.5%), and formation of granuloma (7.9%) are 
most common. After stent placement, the patient should be 
given a stent alert card with details regarding the type, length/
diameter, and location of the stent.

Endobronchial Stents

Stents are the devices designed for internal splinting of the 
airway lumen. Airway stents have been used to help reduce 
airway obstruction from malignant or benign processes that 
compress the airway from the outside. Airway stenting can offer 
immediate relief of acute respiratory distress, can allow success-
ful extubation, and may prolong survival.62,63 There are two 
major types of airway stents, metallic and silicone. Self-
expanding metallic stents (SEMS) are commercially available in 
covered and uncovered forms (Figure 22-12). Covered stents are 
designed primarily to prevent the growth of granulation tissue 
into the lumen of the stent. Current SEMS are made from 
nitinol; a nickel-titanium alloy that is well adapted for endo-
bronchial applications. At room temperature, nitinol is 
extremely elastic. It can tolerate the extreme folding that is 
required when using a small deployment system but still return 
to its original shape without compromising its resistance to 
compression. The advantages of SEMS are ease of deployment, 
small internal-to-external diameter ratio, better conformity to 
complex airway shapes, and ventilation across a lobar bronchial 
orifice (Table 22-3). The indications for SEMS placement 
include (1) extrinsic compression of central airways; (2) stabi-
lizing airway patency after endoscopic removal of an intrinsic 
tumor; (3) sealing fistula between the lung and the gastrointes-
tinal tract; and (4) managing of post–lung transplant anasto-
motic complications. SEMS is rarely used in benign central 
airway obstruction because there is high-risk for stent-related 
granulation tissue formation. In 2005 the U.S. Food and Drug 
Administration issued a medical device safety warning against 
using self-expanding metallic stents for benign airway obstruc-
tion unless all other therapeutic options have been explored.64

Silicone stents have two major designs, straight and Y-shape 
(for disease involving the carina). The stents are either made of 
transparent silicone (radiolucent) or silicone blended with 
barium sulfate (to make the stent radiopaque). The silicone 
stent is usually placed through an RB. The advantages of sili-
cone stents include easy customization, ease of repositioning/
removal, minimal granulation tissue overgrowth, and lower cost 
than metallic stents. The indications for placing a silicone stent 
are similar to SEMS and include internal splinting for external 
compression/intraluminal growing cancer, benign strictures, 
collapsing airways, and tracheoesophageal fistulas. In terms of 

FIGURE 22-12	 Self-expanding	metallic	stents	(left)	and	silicone	
stents	(right).	

TABLE 22-3 

Comparison of Silicone and Metallic  
Stent Properties

Comparison Factors Metallic Stents Silicone Stents

General Considerations
Deployment Flexible	or	rigid	

bronchoscopy
Rigid	bronchoscopy	

only
Customization No Yes
Repositioning Difficult Easier
Conforms	to	

complex	airway
Yes No

Internal-to-external	
diameter

Low High

Elasticity Excellent	for	nitinol Poor
Mucociliary	

clearance
Yes	for	uncovered	

stents
No

Cost More Less

Complications
Granulation	tissue More Less
Migration Less	common Significant
Fracture Significant Rare
Infection More	common Less	common
Tracheobronchial	

fistula	formation
Possible Very	rare

Mucus	impaction Uncommon Common
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SEMS	should	not	be	used	in	benign	conditions	unless	
all	other	therapeutic	options	have	been	exhausted.

Bronchoscopy in Difficult Intubation

It may be difficult to establish an artificial airway by conven-
tional means in patients with cervical and oropharyngeal 
trauma or redundant supraglottic soft tissue. The American 
Society of Anesthesiologists Task Force on difficult airway rec-
ommends alternative techniques to overcome such an airway 
challenge, including flexible bronchoscopy.65

Using an FB can help place an endotracheal tube (ETT) 
through the mouth or the nose. The ETT is placed over the FB, 
the vocal cords are visualized, and the ETT is then advanced 
into the trachea. Using the FB to aid ETT placement also allows 
for awake intubations with topical anesthesia and is particularly 
useful in patients with cervical injuries, in which immobiliza-
tion of the neck is crucial.66 The bronchoscope also may help 
identify causes of acute hypoxia and help remove secretions or 
blood in the airway. The limitations of this approach include 
operator inexperience and the need for patient cooperation.
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MINI CLINIC
Bronchoscopy-Induced Hypoxemia

PROBLEM:  An RT is assisting during a flexible bronchoscopy 
on a spontaneously breathing patient that is taking longer than 
expected because other adjunctive procedures, including BAL. 
Shortly after instilling the lavage solution into the airway 
through the bronchoscope, the patient’s O2 saturation drops 
from 97% to 88% via pulse oximetry, their heart rate increases 
from 90 to 118 and the patient’s skin color changes from pink 
to pale. What condition that an RT should consider in this 
situation?

DISCUSSION:  Hypoxemia should be suspected in this case. 
Given that the bronchoscope occupies a significant amount of 
the anatomic airway during this procedure, additional airway 
resistance can partially impede ventilation during the proce-
dure. In addition, the BAL solution introduced during into the 
airway can temporarily interfere with ventilation and gas 
exchange and hypoxemia can occur. Pausing the procedure and 
administering a higher FiO2 or even 100% O2 will generally 
alleviate this problem and boost the pulse oximetry to more 
acceptable levels (mid-90%). Once monitored blood O2 levels 
return to normal, the procedure can generally be resumed and 
the patient’s oxygenation and overall clinical status should be 
monitored for the balance of the procedure and for a period 
following it.

 Box 22-5 Role of the Respiratory Therapist 
in Bronchoscopy

•	 Preprocedure
•	 Help	identify	potential	need	for	a	bronchoscopy	such	as	

retained	secretions	or	foreign	body	removal.
•	 Verify,	physician’s	order	or	protocol;	review	medical	

record	for	contraindications	(e.g.,	excessive	clotting	
times),	hazards,	and	informed	consent.

•	 Prepare/ensure	proper	function	of	equipment,	including	
bronchoscope,	light	source,	TV	monitor,	video	recorder,	
medications,	specimen	traps.

•	 Outline	plan	for	adequate	oxygenation	during	the	
procedure.

•	 Evaluate	patient	for	bronchospasm	and	administer	
aerosolized	bronchodilators	if	required.

•	 Assist	nursing	staff	in	the	application	of	topical	
anesthesia	to	the	upper	airways	(nasal	passages,	
oropharynx,	hypopharynx).

•	 Identify	patient	and	perform	preprocedure	“time-out.”
•	 Mechanically	ventilated	patients/bedside	bronchoscopy

•	 Establish	adequacy	of	the	length	and	the	diameter	of	
the	endotracheal	or	the	tracheostomy	tube	based	on	
the	indication.

•	 Ensure	a	bite-block	is	in	place	to	avoid	equipment	
damage.

•	 Adjust	ventilator	settings	for	the	safety	of	the	
procedure	while	maintaining	proper	oxygenation.

•	 During	the	procedure
•	 Monitor	vital	parameters	during	the	procedure,	including	

capnography	(if	available).
•	 Help	identify	and	respond	to	adverse	reactions	(e.g.,	

hypoxemia	or	pneumothorax).
•	 Administer	adequate	amount	of	supplemental	oxygen	all	

throughout	the	procedure	by	choosing	proper	appliances	
(nasal	cannula,	mask,	bilevel	positive	airway	pressure)

•	 Provide	proper	positioning	of	the	patient	to	maintain	
patency	of	the	upper	airways	(jaw-lift	etc.).

•	 Assist	use	of	endobronchial	accessories	(bite	block,	oral	
airways,	nasopharyngeal	tube,	biopsy	forceps,	brushes,	
etc.).

•	 Set	up	instruments	for	rigid	bronchoscopy	and	silicon	
stent	placement.

•	 Attend	to	emergent	situations	(pneumothorax,	bleeding).
•	 Place	chest	or	endotracheal	tubes.

•	 Postprocedure
•	 Determine	adequate	oxygenation	and	ventilation	and	

respond	to	adverse	reactions.
•	 Disinfect	and	properly	store	equipment.
•	 Document	procedure	and	relevant	details.

THE ROLE OF THE RESPIRATORY 
THERAPIST IN BRONCHOSCOPY

The respiratory therapist (RT) has a major supportive role in 
the bronchoscopic procedures. The RT may collaborate with 
other members of the patient care team to determine if the 
procedure is indicated. The RT often is responsible for ensuring 
that all documentation is in place before the procedure and that 
a preprocedure “time-out” takes place to ensure the correct 
procedure is being done on the right patient. During preproce-
dure evaluation, the RT helps recognize the patient’s O2 require-
ment and anticipates appropriate O2 supplement during the 
procedure. The RT also administers inhaled bronchodilators 
before or during the procedure if the patient exhibits broncho-
spasm. The FB is usually performed on spontaneously breath-
ing patients via a transoral or transnasal route. The RT assists 
preparing upper as well as lower airways for the procedure using 
local anesthetic agents. In mechanically ventilated patients, the 
RT may help to optimize the length and the size of the endo-
tracheal tube, place a bite-block in place to protect the equip-
ment and adjust ventilator settings before and during the 
procedure. In addition to monitoring vital signs and O2 satura-
tion during the procedure, the RT may assist the physician  
in operating the bronchoscopic accessories, including brush, 
forceps, needles, laser fibers, cryoprobe, and APC probes. In 
patients with suspected ventilator-associated pneumonia, the 
RT may perform mini-BAL, which may guide the escalation and 
de-escalation of antibiotic therapy. Furthermore, the RT often 
identifies and can assist in responding to an adverse event 

associated with FB, such as hypoxemia. These and other aspects 
of the role of the RT are summarized in Box 22-5.

SPECIAL CONSIDERATIONS FOR 
BRONCHOSCOPY DURING 
MECHANICAL VENTILATION

In addition to the role of the RT described earlier, they play an 
even more important role when this procedure is being per-
formed on patients receiving mechanical ventilation. It is most 
important to note that FB carries a higher risk when done on 
patients with reduced cardiopulmonary reserve, particularly 
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PHYSIOLOGIC AND MECHANICAL 
ALTERATIONS ASSOCIATED WITH 
FLEXIBLE BRONCHOSCOPY IN 
INTUBATED PATIENTS

Complications associated with flexible bronchoscopy in intu-
bated patients are infrequent (<10%) and usually mild.70 How-
ever, serious complications may occur (Table 22-4). These 
include the following (along with their reported incidence): 
transient hypoxemia with SpO2 less than 90% (8%), tension 
pneumothorax (14%), bronchial hemorrhage greater than 
30 mL (6%), hypotension with mean arterial pressure less than 
60 mm Hg (7%), and tachycardia greater than 140 (4%).70 
Pneumothorax is primarily associated with lung biopsy proce-
dures,71,72 whereas the risk for significant bleeding after biopsy 
increases when the platelet count is below 50,000/mm3.70

As noted elsewhere in this chapter, some degree of hypox-
emia may occur during FB. In those with normal lungs the PaO2 
can decrease by 10 to 30 mm Hg, whereas in critically ill patients, 
the PaO2 may be reduced by 60 mm Hg.70,71 Hypoxemia during 
FB is partly caused by suctioning through the bronchoscope. 
This decreases PEEP and functional residual capacity and pro-
motes atelectasis. For example, setting the vacuum at 100 mm 
Hg through a standard 2-mm suction port can evacuate approx-
imately 7 L/min of gas.70 The problem is accentuated if tidal 
volume delivery also is significantly compromised during FB. 
In fact, frequent suctioning during FB also causes pronounced 
tidal volume loss.68 Because FB commonly is used to remove 
mucus plugs, this problem may be unavoidable. Both the RT 
and physician performing bronchoscopy need to be mindful of 

those requiring mechanical ventilation. In such patients, the RT 
must ensure the airway is properly secured, verify adequate 
ventilation and gas exchange, monitor the patient, and quickly 
communicate the development of any complications to the 
physician and any other members of the bronchoscopy team.

In mechanically ventilated patients, it is important to con-
sider that the bronchoscope will occupy a greater proportion of 
the airway than for spontaneously breathing patients. The 
external diameter of a standard fiberoptic bronchoscope is 
5.7 mm, but in some situations a smaller (5 mm or less) or 
larger (6.4 mm) diameter scope may be used. The narrowest 
point in the upper airway (and point of maximal resistance) is 
the cricoid space, the diameter of which averages 14 mm in 
women and 18 mm in men.67 Thus, in nonintubated, spontane-
ously breathing patients, inspiratory and expiratory effort 
(measured by tracheal pressure) appear minimally affected in 
most patients (−5 and +3.5 cm H2O, respectively). However, in 
intubated, spontaneously breathing patients, the resistance 
imposed by the bronchoscope may cause tracheal pressures  
to increase noticeably (−10 and +9 cm H2O) and may reach 
clinically unacceptable levels (−20 and +20 cm H2O) in some 
patients.68 Therefore the minimum appropriately sized ETT 
for a standard 5.7-mm bronchoscope is an 8.0-mm inner 
diameter.69
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The	minimal	sized	endotracheal	tube	that	can	be	used	
with	a	standard	5.7-mm	bronchoscope	has	an	8.0-mm	
internal	diameter.

TABLE 22-4 

Physiologic and Mechanical Alterations Associated With Flexible Bronchoscopy in Intubated Patients

System Effects Comments/Interventions

Respiratory	
mechanics

High	peak	inspiratory	
pressures	and	
pressure	cycling

Obstruction	by	the	bronchoscope	causes	back-pressure	that	is	not	transmitted	to	the	lungs.
Use	of	high	inspiratory	flow	rates/brief	inspiratory	time	will	accentuate	the	problem	and	may	

greatly	reduce	minute	ventilation.
Intervention:
Volume control ventilation:	Use	a	lower	peak	flow	rate	or	decreasing	ramp	pattern	and	

increased	inspiratory	time.
Pressure control ventilation:	Increase	the	pressure	control	level	and	extend	the	inspiratory	time.
Before bronchoscopy:	Assess	minute	ventilation	demand	and	blood	gases	with	the	physician	

to	determine	if	the	patient	might	tolerate	mild	to	moderate	respiratory	acidosis	during	the	
anticipated	procedure	duration.

Monitor	peak	inspiratory	pressure.
Intrinsic	PEEP Increased	expiratory	resistance	can	cause	a	30%	increase	in	functional	residual	capacity	and	

may	cause	high	levels	of	intrinsic	PEEP	to	develop.
With	an	8-mm	endotracheal	tube,	intrinsic	PEEP	levels	are	generally	<20	cm	H2O,	but	have	

been	reported	to	rise	to	35	cm	H2O	when	bronchoscopy	has	been	attempted	with	a	7-mm	
tube.

Consider	removing	or	reducing	PEEP	by	50%	during	the	procedure.
Monitor	blood	pressure	as	a	signifier	for	possible	intrinsic	PEEP	buildup.	Either	a	sustained	

downward	trend	or	abrupt	drop	in	systolic	blood	pressure	may	indicate	decreased	cardiac	
output.
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System Effects Comments/Interventions

Circuit	leak,	
suctioning,	and	
tidal	volume	loss

Circuit	leaks	with	substantial	loss	of	tidal	volume	were	a	common	problem	until	the	creation	of	
specialized	bronchoscopy	port	endotracheal	tube	adapters.

These	are	commercially	available	and	have	largely	eliminated	the	problem.
When	encountered,	the	rule	of	thumb	has	been	to	increase	the	preset	tidal	volume	by	

30%-40%	to	compensate	for	the	leak.71

Use	lower	peak	inspiratory	flow	rate	and	longer	inspiratory	time.
Frequent,	prolonged	suctioning	during	FB	can	greatly	reduce	tidal	volume	regardless	of	ETT	

size.
Monitor:

•	 Expired	tidal	volume
•	 End-tidal	PCO2	and	VCO2	(CO2	excretion)	if	volumetric	capnography	is	available,	

particularly	in	those	with	baseline	hypercarbia,	acidosis,	or	hemodynamically	unstable.
Gas	cxchange Hypoxemia Preoxygenate	for	15	min	on	FiO2	of	1.71

Ensure	adequate	sedation	before	and	during	FB.
Ensure	continuous	pulse	oximetry.
Consider	using	recruitment	maneuvers	to	improve	functional	residual	capacity	before	and	(if	

necessary)	after	FB	in	patients	with	marginal	oxygenation.
To	the	extent	possible:

•	 Minimize	tidal	volume	loss
•	 Avoid	using	a	brief	inspiratory	time.
•	 Limit	the	frequency	and	duration	of	suctioning.

Acute	hypercapnia	
and	acidosis

On	average,	PaCO2	tends	to	increase	by	8	mm	Hg	during	FB.71	This	would	decrease	arterial	
pH	by	only	0.06;	and	even	less	in	patients	with	chronic	hypercapnia.

This	mild	change	in	PaCO2	should	be	interpreted	in	the	context	of	clinicians	adjusting	
mechanical	ventilator	settings	to	attempting	to	maintain	adequate	ventilation.

Given	the	relatively	brief	procedure	time	for	FB,	concern	over	the	impact	of	hypercapnia	should	
be	focused	on	clinically	unstable	patients.

In at-risk patients:
The	procedure	time	should	curtailed.	Periodic	withdrawal	of	the	bronchoscope	to	ensure	

adequate	ventilation.
Clinicians	should	determine	the	limits	of	what	an	acute	rise	in	PaCO2	and	decrease	in	pH	

would	be	acceptable	during	the	procedure	and	use	clinical	equations	to	estimate	the	
minimum	acceptable	minute	ventilation	that	must	be	maintained	(see	MINI	CLINI	for	details).

When	FB	must	be	attempted	in	patients	with	significant	acidosis,	consideration	should	be	
given	to	preprocedure	buffer	therapy	with	a	non–CO2	generating	agent	(i.e.,	THAM)	often	
used	for	procedures	requiring	apneic	oxygenation.

Hemodynamics Heart	rate	and	
cardiac	arrhythmias

Hypoxemia	and	hypercapnia	increase	sympathetic	tone,	which	can	lead	to	tachycardia,	
myocardial	ischemia,	and	arrhythmias	may	result	in	hypotension	and/or	cardiac	arrest.

Heart	rate	tends	to	increase	by	~40%	during	FB.73

The	occurrence	of	major	arrhythmias	is	3%-11%.
Reduce the risk for arrhythmias by:

•	 Preoxygenation	with	an	FiO2	of	1
•	 Minimizing	procedure	time
•	 Periodic	withdrawal	of	the	bronchoscope	to	ensure	adequate	ventilation

Ensure	continuous	cardiac	monitoring.
Alterations	in	blood	

pressure	and	
cardiac	output

Mean	blood	pressure	and	cardiac	output	tend	to	increase	during	FB	by	~30%.73

Hemodynamic	variables	tend	to	return	to	normal	~15	min	after	completion	of	FB.71

ETT,	Endotracheal	tube;	FB,	fiberoptic	bronchoscopy;	PEEP,	positive	end-expiratory	pressure;	THAM,	tris-hydroxymethyl	aminomethane.

TABLE 22-4 

Physiologic and Mechanical Alterations Associated With Flexible Bronchoscopy in Intubated Patients—cont’d
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Hypoxemia	during	FB	on	mechanically	ventilated	
patients	is	related	to	several	factors,	including	loss	of	
lung	volume	during	suctioning,	particularly	if	tidal	
volume	delivery	also	is	compromised.	It	occurs	more	
frequently	in	those	with	ARDS	and	in	those	insufficiently	
sedated.

the frequency and duration of suctioning, along with the total 
procedure time to limit the potential for severe, prolonged 
hypoxemia. The risk for significant hypoxemia is elevated in 
those with acute respiratory distress syndrome (ARDS) and in 
those insufficiently sedated.68 Patients undergoing FB should 
be preoxygenated on FiO2 of 1 for 15 minutes. Resolution of 
hypoxemia depends on the presence and severity of underlying 
pulmonary disease. For example, hypoxemia tends to resolve 
within 15 minutes after FB in those with normal lungs, whereas 
hypoxemia may persist for several hours in those with severe 
lung disease.

TABLE 22-5 

High-Risk Patients for Flexible Bronchoscopy

Conditions Considerations

Asthma Greater	tendency	for	laryngospasm	and	bronchospasm72,73

Tendency	for	greater	reduction	in	lung	function	after	FB	when	lavage	or	biopsies	are	done.
Hypoxemia	not	uncommon.
Pretreatment	with	bronchodilators	immediately	before	FB
In	patients	with	unstable	lung	function,	consider	pretreatment	with	steroids	several	days	before	FB	in.

Acute	brain	injury Intracranial	hypertension	is	a	predominant	concern.
Procedural	Goal:	intracranial	pressure	<20	mm	Hg	with	Cerebral	Perfusion	Pressure	>70.
Causes	of	increased	intracranial	pressure	include	sympathetic	stimulation	from	discomfort	and	hypercapnia,	

hypoxemia.	Build-up	of	intrinsic	PEEP	decreases	venous	return	causing	cranial	venous	pooling.
Procedural	sedation	and	strategies	to	maintain	minute	ventilation	assume	even	greater	importance.
Employing	continuous	drainage	when	subdural	catheters	are	present	should	be	considered.
Either	curtailing	procedure	time	or	frequent	periods	bronchoscope	withdrawal	to	resume	baseline	minute	

ventilation	also	should	be	considered.
Acute	respiratory	distress	

syndrome	(ARDS)
Tendency	is	for	severe	hypoxemia	and	respiratory	acidosis,	particularly	in	those	with	severe	ARDS	(PaO2/

FiO2	<	100)	secondary	to	low	lung	volumes	and	high	dead-space	ventilation.
Risk	is	increased	if	hemodynamic	instability	is	present	(e.g.,	mean	arterial	pressure	<65	mm	Hg	and/or	high	

vasopressor	requirements).
Loss	of	PEEP	is	particularly	problematic.
Consideration	should	be	given	to	preprocedure	use	of	recruitment	maneuvers	to	optimize	lung	volumes	and	

oxygenation	and	THAM	to	control	acidosis.
Coronary	artery	disease Adrenergic	discharge	during	FB	in	response	to	undersedation,	hypoxemia,	and/or	acute	respiratory	acidosis	

may	cause	myocardial	ischemia,	arrhythmias,	hypotension	are	cardiac	arrest.
In	nonintubated	patients,	the	need	for	high	doses	of	topical	anesthesia	with	lidocaine	may	cause	sinus	arrest	

and	atrioventricular	block.

FB,	Fiberoptic	bronchoscopy;	THAM,	tris-hydroxymethyl	aminomethane.

the RT must anticipate which patients are most likely to suffer 
significant adverse events during bronchoscopy (Table 22-5). 
Before the procedure, the members of the bronchoscopy team, 
including the RT, should assess the patient’s condition, discuss 
which adverse effects most likely will occur, and how they 
should be managed. This discussion should include the antici-
pated procedure time, whether the original plan for the proce-
dure should be modified, sedation strategy, hemodynamic 
management, and ventilator management. A particular empha-
sis for the RT should be the minimum clinically acceptable level 
of minute ventilation necessary to complete the procedure. 
Depending on the procedure goal (e.g., diagnostic, removal  
of secretions), bronchoscopy tends to last between 7 and 17 
minutes.73,74

EMERGING BRONCHOSCOPIC 
INTERVENTIONS

In addition to the interventions described earlier, others are 
emerging and hold promise for the future. One such interven-
tion is bronchial thermoplasty, which is still considered a novel 
procedure for patients with bronchial asthma. Also, endobron-
chial valves and coil placement are being studied in the manage-
ment of patients with severe emphysema. If shown to be 
effective, they could represent an alternative to lung volume 
reduction surgery for severe emphysema.

It is the RT’s responsibility to effectively manage the most 
common of these complications (see Table 22-4). In addition, 
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CONCLUSION

Bronchoscopy is a common diagnostic and therapeutic pro-
cedure that has reduced the need for procedures such has  
percutaneous needle aspiration, mediastinoscopy, thoracos-
copy, and open lung biopsy. In many settings, RTs play a major 
role in identifying patients who may benefit from it, setting up 
the equipment, and assisting with bronchoscopy procedure and 
patient monitoring.

MINI CLINI
Estimating Minimum Minute Ventilation 
Requirements During Flexible 
Bronchoscopy in a Patient With  
Severe Respiratory Failure

PROBLEM:  A patient with ARDS has deteriorating oxygen-
ation associated with a new infiltrate on chest radiograph. 
Gram-negative bacterial ventilator-associated pneumonia is 
strongly suspected, and FB is deemed necessary before adjust-
ing antibiotic therapy because the suspected pathogen is likely 
to be multidrug resistant. The patient has a high minute ven-
tilation demand of 13 L/min to maintain a pH of 7.40 and 
PaCO2 of 40 mm Hg. The patient has sepsis and currently 
requires norepinephrine at 12 mcg/min to maintain a mean 
arterial pressure of 65 mm Hg. The physician decides that 
during FB, a pH of 7.25 would be tolerable for the estimated 
procedure time of 10 minutes. The RT is asked if there is a 
clinical formula to estimate what rise in PaCO2 would likely 
produce the target minimum pH. In addition, the RT is asked 
to estimate the minimum minute ventilation needed during FB 
that would likely maintain pH at 7.25.

DISCUSSION:  In patients without chronic hypercapnia, an 
acute rise in PaCO2 of 10 produces a decrease in pH of 0.008.74 
Because tidal volume can be greatly reduced during FB, the RT 
can reasonably begin with an estimated PaCO2 increase of 
20 mm Hg. This would yield an estimated drop in pH of 0.16 
units (20 × 0.008) and a pH of 7.26 (7.40 − 0.16). The clinical 
formula for corrected minute ventilation then can be used to 
estimate the minimum acceptable minute ventilation.73

VE VE PaCO measured PaCO upper limitmeasuredmin ( )= × ÷2 2

VE L/min min ( )= × ÷13 40 60

VE L/min min .= ×13 0 67

VE L/min . min= 8 7

Patients with high minute ventilation demand who require 
vasopressor support to maintain adequate perfusion may be 
particularly sensitive to sudden respiratory acidosis. The fact 
that this patient already requires the highest recommended 
dose of norepinephrine to maintain an adequate blood pres-
sure is cause for concern about the safety of performing FB. 
The steps described previously are only estimates useful for 
guiding management during FB and assessing the risk-to-ben-
efit ratio. For example, a preprocedure pH that was substan-
tially lower (e.g., <7.30) may change the management strategy, 
including shortening the FB procedure or performing the pro-
cedure in steps.

SUMMARY CHECKLIST

◗	FB	has	been	used	for	most	diagnostic	and	therapeutic	
indications	in	patients	with	pulmonary	diseases.	The	goal	
of	sedation	is	to	improve	the	patient’s	comfort	during	the	
procedure.	Continuous	monitoring	of	oxygenation	and	
hemodynamic	stability	are	important	during	the	procedure.

◗	BAL,	biopsy,	and	TBNA	are	the	most	commonly	used	
diagnostic	procedures	in	FB.	BAL	obtains	samples	from	
the	alveoli.	Needle	aspiration	has	a	role	in	sampling	
mediastinal	lymph	nodes	to	diagnose	lung	cancer,	
sarcoidosis,	and	some	infectious	processes.	Biopsy	has	
value	in	the	diagnosis	of	infiltrative	pulmonary	diseases.

◗	Various	thermal	ablation	techniques	have	been	used	along	
with	FB	as	treatments.	The	most	important	point	is	to	
ensure	a	low	FiO2	environment	before	the	use	of	any	
thermal	ablative	therapy.

◗	Airway	stenting	has	been	used	to	maintain	airway	patency	
after	dilation	of	any	obstructed	major	airways.	It	is	
important	to	recognize	the	difference	between	silicone	and	
metallic	stents.

◗	Bronchial	thermoplasty	is	a	novel	bronchoscopic	technique	
for	patients	with	steroid-dependent	asthma.	Also,	
endobronchial	valves	and	coil	placement	are	being	studied	
in	the	management	of	patients	with	severe	emphysema	as	
a	minimally	invasive	lung	volume	reduction	therapy.

◗	The	RT	plays	a	vital	role	in	assisting	before,	during,	and	
after	bronchoscopy.	There	are	many	aspects	to	this	role,	
but	they	include	ensuring	appropriate	documentation		
(e.g.,	physician’s	order),	preparing	the	patient	and	the	
equipment,	patient	monitoring,	and	responding	to	adverse	
events.

◗	There	are	special	considerations	the	RT	and	other	
members	of	the	bronchoscopy	team	must	consider	when	
performing	this	procedure	on	mechanically	ventilated	
patients,	who	are	more	susceptible	to	adverse	events.	
These	considerations	include	ensuring	adequate	ventilation	
and	gas	exchange	before,	during,	and	after	the	procedure.
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Nutrition Assessment

JAMI E. BALTZ

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	how	a	comprehensive	nutrition	assessment	is	conducted.
◆	 Calculate	and	interpret	body	mass	index.
◆	 Distinguish	between	two	forms	of	protein-energy	malnutrition.
◆	 List	the	biochemical	indicators	of	nutrition	status.
◆	 Describe	the	clinical	manifestations	of	malnourishment.
◆	 Describe	how	to	obtain	and	evaluate	a	nutrition	history.
◆	 Estimate	daily	resting	energy	expenditure.
◆	 List	the	indications,	contraindications,	hazards,	and	limitations	of	indirect	calorimetry.
◆	 Describe	how	to	prepare	a	patient	for	indirect	calorimetry.
◆	 Interpret	the	results	of	indirect	calorimetry.
◆	 Adjust	resting	energy	expenditure	values	to	reflect	the	actual	patient	energy	needs.
◆	 Describe	the	effects	of	malnutrition	on	the	respiratory	system.
◆	 Describe	how	to	identify	patients	at	high	risk	for	malnutrition.
◆	 State	when	enteral	nutrition	and	parenteral	nutrition	are	needed.
◆	 Identify	and	minimize	common	respiratory	complications	of	enteral	feedings.
◆	 List	specific	nutrition	guidelines	for	specific	pulmonary	diseases.
◆	 Explain	how	common	pulmonary	medications	affect	nutrition.

CHAPTER OUTLINE

Nutrition Assessment
Food-Related	and	Nutrition-Related	History
Anthropometrics
Biochemical	Indicators
Other	Tests	and	Procedures
Pulmonary	Function
Nutrition-Focused	Physical	Findings

Outcomes of Nutrition Assessment
Macronutrients and Energy Requirements

Estimating	Energy	Requirements
Indirect	Calorimetry
Alternative	Resting	Energy	Expenditure		

Measures

General Aspects of Nutrition Support
Meeting	Overall	Energy	Needs
Respiratory	Consequences	of	Malnutrition
Providing	the	Appropriate	Combination	of	

Substrates
Routes of Administration
Nutrition Support in Specific Circumstances

General	Guidelines	for	Critically	Ill	Patients
Systemic	Inflammatory	Response	Syndrome
Mechanical	Ventilation
Chronic	Obstructive	Pulmonary	Disease
Asthma
Cystic	Fibrosis

KEY TERMS

anergy
anthropometrics
azotemia
basal	metabolic	rate

body	mass	index
cachexic
indirect	calorimetry
kwashiorkor

marasmus
normometabolic
protein-energy	malnutrition
resting	energy	expenditure
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patient may record food intake over an extended time, most 
frequently, a 3-day or 7-day period.

Evaluation of Nutrition History
The information from a diet history may be evaluated for nutri-
ent intake using MyPlate, a nutrient analysis handbook, or a 
nutrient analysis software package.
MyPlate. The U.S. Department of Agriculture and the U.S. 

Department of Health and Human Services recommend bal-
anced nutrition for U.S. citizens.2 The clinician or patient 
can go to http://www.choosemyplate.gov and compare diet 
history information to estimate the adequacy of the patient’s 
diet.3

Nutrient Analysis Handbook. A handbook listing the nutrient 
content of specific foods may be used to calculate manually 
the adequacy of a 24-hour recall. This is a tedious and time-
consuming task.

Nutrient Analysis Software. Computer programs can deter-
mine total calories, percent of calories of macronutrients 

N utrition is vital to life, health, and well-being. Second 
to the provision of oxygen is the provision of nutri-
ents to sustain the function, growth, maintenance, 

and repair of the body. A human deprived of O2 for minutes 
can no longer function. Similarly, a human deprived of food for 
days to weeks can no longer function.

Adequate nutrition is essential for health. The relationship 
between nutrition and respiratory status is reciprocal. A bal-
anced supply of nutrients is needed for proper respiratory func-
tion; O2 is required for adenosine triphosphate synthesis and 
muscle function, including the respiratory muscles. Poor or 
inadequate nutrient intake disrupts energy use and impairs 
normal organ function. Conversely, disease can impair nutrient 
intake or alter metabolism, causing malnutrition.

Traumatized tissue requires the provision of nutrients for 
healing. To achieve healthy living requires daily, consistent 
attention to providing essential nutrients. Patients with respira-
tory disease are particularly challenged because it is difficult  
to breathe and swallow at the same time. This chapter focuses 
on nutrition assessment—determining the nutrient needs of 
individuals.

NUTRITION ASSESSMENT

Nutrition assessment is the process of collecting and evaluating 
data to determine the nutrition status of an individual. Typi-
cally, a registered dietitian gathers data to compare various 
social, pharmaceutical, environmental, physical, and medical 
factors to evaluate the nutrient needs of an individual. The 
purpose of nutrition assessment is to develop a nutrition care 
plan that ensures continual adequate nutrition for health.

Data are obtained from numerous sources for nutrition 
assessment. Interviewing the individual or the caregiver to 
determine past and current eating practices is most helpful. 
Reviewing the patient’s medical record provides additional 
information regarding pertinent social, pharmaceutical, envi-
ronmental, and medical issues. Information gathered for a 
nutrition assessment is grouped into five domains: (1) food/
nutrition-related history, (2) anthropometric measurements, 
(3) biochemical data and tests/procedures, (4) nutrition-
focused physical findings and (5) client history (Box 23-1).1

Food-Related and Nutrition-Related 
History

Past dietary practices are identified to determine the pattern of 
food intake. Numerous means are available to determine food 
consumed by an individual. A registered dietitian may use a 
24-hour recall or a usual daily intake recall, a food diary or food 
record, or a food frequency questionnaire. The 24-hour recall 
and the usual daily intake recall depends on past information 
in which the patient states the foods and amount consumed in 
an average day. This technique is easily incorporated into a 
clinical setting. Food frequency questionnaires incorporate 
information on the frequency and amount of the specific foods 
consumed and can help identify eating patterns. Patients are 
asked to write down daily everything they have eaten. The 

 Box 23-1 Components of a Comprehensive 
Nutrition Assessment

MEDICAL CHART
•	 History	and	physical	examination
•	 Present	diseases
•	 Current	medications
•	 Activity	level
•	 Physical	assessment
•	 Social	history

ANTHROPOMETRICS
•	 Usual	weight	and	height
•	 History	of	weight	loss
•	 Actual	versus	ideal	body	weight
•	 Body	mass	index
•	 Body	composition	(triceps	skin	fold,	arm	muscle	area)

PHYSICAL ASSESSMENT
•	 Signs	of	weight	loss	(cachexia)
•	 Edema	that	may	mask	weight	loss
•	 Hair,	skin,	mouth,	and	tongue

CLINICAL LABORATORY TESTS
•	 Visceral	proteins
•	 C-reactive	protein
•	 Creatinine-height	index
•	 Immune-related	tests
•	 Nitrogen	balance

DIETARY HISTORY
•	 Usual	food	intake
•	 Food	likes	and	dislikes
•	 Appetite

TOTAL CALORIC REQUIREMENTS
•	 Resting	energy	expenditure	predictive	equations
•	 Indirect	calorimetry

ACCESS TO FOOD
•	 Income
•	 Education
•	 Mobility
•	 Mechanical	impediments

http://www.choosemyplate.gov
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of the world, marasmus results from a prolonged, extreme lack 
of calories and protein associated with food shortage, early 
weaning, or infrequent feeding of infants.6 “Matchstick” arms 
and obvious lack of muscle and fat characterize a child or adult 
with marasmus. Table 23-1 compares the two forms of protein 
energy malnutrition (PEM). Kwashiorkor results from a more 
sudden lack of protein and calories, as in a first-born infant 
weaned suddenly on the arrival of a new sibling, when a diet of 
nutrient-rich breast milk is traded for a nutrient-poor, cereal-
based diet.6 The protruding belly and edematous face and limbs 
characteristic of kwashiorkor result from decreased plasma pro-
teins needed to maintain fluid balance and transport fat out of 
the liver.

Body Composition
Other anthropometric measurements useful in nutrition assess-
ment evaluate body weight variations in individuals. Someone 
with similar height may differ in the proportion of lean body 
mass, fat mass, and skeletal size. Common measurements are 
arm muscle area (index for muscle), skin folds (measures of fat), 
and waist-to-hip ratios. More sophisticated imaging technolo-
gies such as bioelectric impedance analysis or dual-energy x-ray 
absorptiometry scans determine body fat, body mass, ratio of 
intracellular water to extracellular water, and bone density. 
These methods are generally expensive and time-consuming 
and are not clinically relevant but may be used in research.

TABLE 23-1 

Comparison of Two Primary Forms of  
Protein-Energy Malnutrition

Parameter Starvation (Marasmus) Hypercatabolism 
(Kwashiorkor)

Cause Inadequate	energy	
intake

Response	to	injury	
or	infection

Examples Cancer,	pulmonary	
emphysema

Sepsis,	burns

Body	habitus Thin,	wasted,	
cachexic

May	be	normal,	
edematous

Rate	of	malnutrition Slow Rapid
Metabolic	rate ↓ ↑
Fuel Glucose/fat Mixed
Catabolism ↓ ↑
Gluconeogenesis ↑ Markedly	↑
Glucagon ↑ Markedly	↑
Insulin ↓ ↑
Ketogenesis ↑ Slightly	↑
Catecholamines Unchanged ↑
Cortisol Unchanged ↑
Growth	hormone Increased ↑
Visceral	proteins Normal Decreased	↓
Cytokines Variable Increased
Immune	function Normal Impaired
Clinical	course Adequate	

responsiveness	to	
short-term	stress

Infections,	poor	
wound	healing,	
decubitus	ulcers,	
skin	breakdown

Mortality Low	unless	related	to	
underlying	disease

High
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BMI	categories	for	adults	and	children	(male	and	
female,	age	2	to	20	years)	are	as	follows4,5:

Adult (BMI) Children (BMI for Age)

Underweight <18.5 <10th	percentile
Healthy	weight 18.5-24.9 10th-85th	percentiles
Excessive	weight 25.0-29.9 85th-95th	percentiles
Obesity >30 >95th	percentile
Morbid	obesity >35 >99th	percentile

(protein, carbohydrate, and fat), and units of micronutrients 
and fiber. The patient’s individual foods and serving size are 
entered into a computer file to determine quickly the nutri-
ent content of a diet history.

Anthropometrics

Anthropometrics refers to body measurements; the most fre-
quently used are height and weight. Skin fold thicknesses, arm 
muscle measurements, waist and hip measurements, head cir-
cumference, and wrist diameter are useful body composition 
measurements when assessing nutrition status.

Height and Weight
A measured height and weight is preferred, but the clinician 
may ask the patient or caregiver for the height and weight. 
When recording this data note the date and whether the height 
and weight were stated or measured.

Body Mass Index. Body mass index (BMI) expresses the 
relationship between weight and height and is used to classify 
patients as underweight, healthy weight, overweight, obese, or 
morbidly obese. The formula for calculating BMI in kilograms 
and meters is:

BMI
Actual body weight kg

height m
=

( )

( )2 2

And when using pounds and inches is:

BMI
Actual body weight lb

height in
=

×( )

( )

703
2 2

An Internet calculator for BMI is available at: http://
www.cdc.gov/bmi.

Overweight and Obesity. Simply defined, overweight and 
obesity occur over time with the consumption of too many 
calories or too little expenditure of calories through activity  
or exercise or both overconsumption and underexpenditure. 
Other contributory factors include rare diseases, genetic predis-
position, and loss of mobility through trauma or disease. 
Regardless, too many calories are ingested for the amount of 
energy (calories) expended.

Kwashiorkor and Marasmus. Undernutrition classifica-
tions include kwashiorkor and marasmus. Typically seen in 
children 6 to 18 months of age residing in impoverished areas 

http://www.cdc.gov/bmi
http://www.cdc.gov/bmi
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Transthyretin and Retinol-Binding Protein
Transthyretin, or prealbumin, has a half-life of 2 to 3 days, and 
retinol-binding protein has a half-life of 12 hours. Each of these 
proteins responds to nutrition changes more quickly than either 
albumin. However, numerous metabolic states, diseases, thera-
pies, and infections influence the laboratory values.16

Levels of each protein are influenced by many factors other 
than nutrition status. Because these conditions are so common 
among critically ill patients, visceral protein markers are of 
limited usefulness for assessing nutrition deficiency. Nonethe-
less, plasma proteins are useful in assessing illness severity and the 
risk for future malnutrition.16 Inflammatory metabolism causes 
a 25% decrease in the synthesis of these visceral proteins; 
causing lean body mass depletion and anorexia. Therefore it is 
important to evaluate their values with biomarkers of inflam-
mation where there is a reverse relationship.

Skin Fold. Skin-fold thickness measures subcutaneous fat 
with the assumption that it compromises 50% of total body fat. 
Usually, the triceps and subscapular skin folds are the most 
useful for evaluation.7 Skin-fold thickness measurements have 
limited clinical application in the acute care setting because of 
proper equipment and examiner technique.

Arm Muscle Area. The triceps skin-fold measurement with 
the midarm circumference is used to calculates arm muscle area 
(AMA). The AMA indicates muscle stores available for protein 
synthesis or energy needs. AMA changes over time may signify 
protein or caloric deprivation and is useful as a predictor of 
mortality.8

Waist Circumference. An alternative to BMI, waist circum-
ference, can be a more accurate predictor of excess body fat and 
risks associated with obesity.9,10 According to the U.S. Depart-
ment of Health and Human Services, the following individuals 
are at increased risk for developing chronic diseases:
• Women with a waist circumference of more than 35 

inches
• Men with a waist circumference of more than 40 inches

The World Health Organization has recommended lower 
thresholds for waist circumference for Asian populations.11 
Therefore those at increased risk for developing chronic disease 
include:
• Asian women with a waist circumference of more than 31 

inches
• Asian men with a waist circumference of more than 35 

inches

Biochemical Indicators

Particularly significant laboratory values used in assessing 
nutrition status include serum proteins. PEM may be reflected 
in low values for albumin, transthyretin (prealbumin), and 
retinol-binding protein. Blood levels of these markers indicate 
the level of protein synthesis and yield information on overall 
nutrition status. However, inadequate intake may not be the 
cause of low values; certain disease states, level of hydration, 
liver and kidney function, pregnancy, infection, and medical 
therapies may alter laboratory values for each of the circulating 
proteins.12 Diagnosing a nutritional disorder cannot be done 
based on a single laboratory value but should be used with other 
assessment data to determine the nutritional status of the 
patient. The majority of laboratory values used in nutritional 
assessments lack sensitivity and specificity for malnutrition.13

Albumin
Albumin is the largest constituent protein in plasma. Because 
its half-life is only 14 to 21 days, its usefulness for monitoring 
the effectiveness of nutrition in the critical care setting is 
limited.14 Albumin often reflects the metabolic response to and 
severity of disease, injury, or infection and can be a useful prog-
nostic indicator. Albumin synthesis is affected by both nutrition 
and inflammation. Proinflammatory states diminish albumin 
production, and the combination of inflammation and hypoal-
buminemia is linked with increased morbidity, mortality, and 
longer hospitalization.15
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Increased	metabolism	associated	with	inflammation	
causes	a	25%	decrease	in	protein	synthesis	resulting	in	
loss	of	lean	body	mass.

In	proinflammatory	states	the	combination	of	
inflammation	and	hypoalbuminemia	is	linked	with	
increased	morbidity,	mortality,	and	longer	
hospitalization.
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Nutritional	disorders	cannot	be	made	from	a	single	
laboratory	value	because,	by	themselves,	they	are	not	
sufficiently	sensitive	or	specific	to	diagnose	malnutrition.	
Instead,	laboratory	test	results	are	used	with	other	data	
as	part	of	a	holistic	assessment	of	a	patient’s	nutritional	
status.

Biomarkers of Inflammation
Inflammation adversely affects a patient’s nutritional status by 
both increasing catabolism and causing albumin leakage out of 
the vascular compartment. Inflammation triggers a chemical 
cascade that causes loss of appetite or anorexia, thereby decreas-
ing dietary protein intake and further catabolism.13

The most commonly used clinical biomarker of inflamma-
tion is C-reactive protein (CRP), which increases with infection 
and inflammation while the production of albumin and preal-
bumin decreases.17 Increased levels of C-reactive protein during 
stress, illness, and trauma have been linked to increased nutri-
tion risk.18 Other common biomarkers of inflammation include 
white cell count and erythrocyte sedimentation rate (ESR).19

Other Tests and Procedures

Creatinine-Height Index
Because the rate of creatinine formation in skeletal muscle is 
constant, the amount of creatinine excreted in the urine every 
24 hours reflects skeletal muscle mass. Predicted values are 
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mouth and gums, skin and nails), so incorporating the appear-
ance of these features into the physical examination can alert 
the clinician to signs of nutrient deficiencies (see Table 23-2 for 
physical signs of nutrition status). In addition to malnutrition, 
other causes of these abnormalities include medical therapies, 
anemia, allergies, sunburn, medications, poor hygiene practices, 
aging, or various pathologic processes.24 Patients with persistent 
malnutrition often appear very thin. When the bony structures 
of the chest are conspicuously visible, a patient is said to be 
cachexic. Special attention should be given to fluid retention 
because this can mask weight loss.25 Other physical findings 
such as skeletal muscle depletion can be clinical indicators of 
inflammation or signs of systemic inflammatory response.

OUTCOMES OF NUTRITION 
ASSESSMENT

With nutrition intervention, patients improve their nutrient 
intake and reduce mortality and morbidity. Improved nutrition 
status increases the patient’s tolerance of therapeutic regimens 
in the treatment of disease and decreases recovery time. The 
resulting economic benefits are multifaceted and include shorter 
and less frequent hospital stays, reduced need for medication  
or medical care or extended care, and increased years of 
productivity.26

based on gender and height, with reference values of approxi-
mately 18 mg/kg body weight per day for women and approxi-
mately 23 mg/kg body weight per day for men.7 Factors that 
influence creatinine excretion and complicate its interpretation 
include age, diet, exercise, stress, trauma, fever, and sepsis.17

Nitrogen Balance (Protein Catabolism)
Approximately 16% of protein is nitrogen, and nitrogen is a 
major by-product of protein catabolism. Therefore measuring 
nitrogen balance is an important aspect of nutritional assess-
ment. The urinary excretion rate of nitrogen is used to assess 
protein adequacy. Nitrogen balance is calculated as follows:

Nitrogen balance Nitrogen intake Nitrogen losses= −

Nitrogen intake
Protein intake

=
6 25.

Nitrogen losses UUN excretion in grams
- g for insensible

= +
3 5 (   losses)

The dietary protein conversion factor is 6.25 g of nitrogen per 
1 g of protein. The amount of nitrogen excretion in the urine 
is typically measured as the 24-hour urinary urea nitrogen. 
Between 3 g/day and 5 g/day is added to the 24-hour urinary 
urea nitrogen to estimate the average daily unmeasured nitro-
gen lost through other sources (skin and gastrointestinal [GI] 
sloughing, hair loss, sweat, feces). Theoretically, increasing 
exogenous protein, reduces endogenous protein loss. However, 
the accuracy of 24-hour urine collection is limited by altera-
tions in renal or liver function, large insensible losses (burns, 
high-output fistulas, wounds, or ostomies), and inflammatory 
conditions.20

Immune Status
Impaired immunity (anergy) is common in malnutrition, espe-
cially the kwashiorkor type. Two laboratory values, white blood 
cell count and percentage of lymphocytes, are indices of com-
promised immunity. The result is often a reduction in the total 
lymphocyte count. Many nonnutrition variables, including 
disease states and drugs, influence these laboratory values, so 
their usefulness in assessing nutrition status is questioned.21

Pulmonary Function

Pulmonary function test results may change with malnutrition. 
Respiratory muscle weakness reduces both maximal inspiratory 
and expiratory pressures and reduced vital capacity. These limi-
tations in turn reduce the ability to maintain sufficient lung 
volumes to prevent atelectasis and produce an effective cough 
to clear secretions. Diminished strength and endurance of 
respiratory muscles increases the susceptibility to respiratory 
muscle fatigue and the inability to maintain effective spontane-
ous breathing. The negative effects of malnutrition on both 
respiratory muscle function and immunologic function increase 
the risk for respiratory infections and pneumonia.22

Nutrition-Focused Physical Findings

The physical signs of malnutrition often appear first in specific 
tissues where high cell turnover occurs23 (e.g., hair, eyes, lips, 

TABLE 23-2 

Physical Signs of Malnutrition

 Normal Abnormal

Demeanor Alert,	responsive
Positive	outlook

Lethargic
Negative	attitude

Weight Reasonable	for	build Underweight
Overweight,	obese

Hair Glossy,	full,	firmly	rooted
Uniform	color

Dull,	sparse;	easily,	
painlessly	plucked

Eyes Bright,	clear,	shiny Pale	conjunctiva
Redness,	dryness

Lips Smooth Chapped,	red,	swollen
Tongue Deep	red

Slightly	rough
One	longitudinal	furrow

Bright	red,	purple
Swollen	or	shrunken
Several	longitudinal	

furrows
Teeth Bright,	painless Caries,	painful,	mottled,	

or	missing
Gums Pink,	firm Spongy,	bleeding,	

receding
Skin Clear,	smooth,	firm,	

slightly	moist
Rashes,	swelling
Light	or	dark	spots
Dry,	cracked

Nails Pink,	firm Spoon-shaped	or	ridged
Spongy	bases

Mobility Erect	posture
Good	muscle	tone
Walks	without	pain	or	

difficulty

Muscle	wasting
Skeletal	deformities
Loss	of	balance

From	Lutz	C,	Przytulski	K:	Nutrition	and	diet	therapy,	ed	5,	Jackson	
Community	College;	Jackson,	MS,	2011,	FA	Davis.
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MACRONUTRIENTS AND  
ENERGY REQUIREMENTS

The nutrition assessment determines a nutrition care plan for 
the patient. Calorie or energy needs are fundamental to these 
recommendations. Several means are available to determine 
calorie needs. These include calculating total calories using a 
mathematical formula or predictive equation.

Macronutrients supply the energy requirements of the body. 
The three macronutrients are protein, carbohydrate, and fat. 
Each contributes to calorie intake with 4, 4, and 9 calories (kcal) 
per gram. Alcohol is the only other calorie source, with approxi-
mately 7 kcal/g. Box 23-2 outlines the factors influencing energy 
and macronutrient needs.

Estimating Energy Requirements

An individual’s energy requirement represents the ratio of 
energy intake to energy expenditure relative to body weight, 
activity level, and stressors. The classic measure of energy 
expenditure is the basal metabolic rate (BMR). Obtained after 
10 hours of fasting, the BMR measures the number of calories 
(kcal) expended at rest per square meter of body surface per 
hour (kcal/m2/hr). BMR varies by body size, age, and sex. 
Caloric needs for energy expenditure increase beyond the BMR 
based on activity level, stage of growth (pregnancy, lactation), 
and extent of injury.

In clinical practice, interest is focused on a patient’s daily 
energy requirements (kilocalories per day). Multiple methods 
are available for estimating daily energy needs. The “quick 
method,” based on a 1997 equation provided by the American 
College of Chest Physicians, estimates daily energy needs based 
on a simple body weight factor of 20 to 35 kcal/kg.27 Alter-
natively, predictive equations (Box 23-3) such as the classic 

 Box 23-2 Factors Influencing Energy and 
Macronutrient Needs

ENERGY NEEDS
•	 Height	and	weight
•	 Activity	level
•	 Growth	state:	Infants	through	teens,	pregnancy,	and	

lactation
•	 Presence	of	infection	or	fever
•	 Surgery
•	 Trauma	and	fractures
•	 Presence	of	infection	or	inflammation

PROTEIN NEEDS
•	 State	of	growth
•	 Surgery,	trauma,	fractures,	and	infection
•	 Renal	(kidney)	function
•	 Liver	function
•	 Corticosteroid	administration

FAT NEEDS
•	 Total	energy	needs
•	 Hyperlipidemia,	and	diabetes	mellitus
•	 Liver,	gallbladder,	and	pancreatic	disorders
•	 Cardiovascular	disease

 Box 23-3 Predictive Equations

HARRIS-BENEDICT EQUATIONS
Men:	Resting	metabolic	rate	(RMR)	=	66.47	+	13.75(W)	+	5(H)	

−	6.76	(A)
Women:	RMR	=	655.1	+	9.56	(W)	+	1.7	(H)	−	4.7	(A)
Equation	uses	weight	(W)	in	kilograms	(kg),	height	(H)	in	

centimeters	(cm),	and	age	(A)	in	years.

IRETON-JONES ENERGY EQUATIONS (IJEE) 1992
Spontaneously	breathing	IJEE

(s)	=	629	−	11	(A)	+	25	(W)	−	609	(O)
Ventilator	dependent	IJEE

(v)	=	1925	−	10	(A)	+	5	(W)	+	281	(S)	+	292	(T)	+	851	(B)
Equations	uses	age	(A)	in	years,	body	weight	(W)	in	kilograms,	

sex	(S,	male	=	1,	female	=	0),	diagnosis	of	trauma	(T,	
present	=	1,	absent	=	0),	diagnosis	of	burn	(B,	present	=	1,	
absent	=	0),	obesity	more	than	30%	above	initial	body	
weight	from	1959	Metropolitan	Life	Insurance	tables	or		
body	mass	index	(BMI)	more	than	27	kg/m2	(present	=	1,	
absent	=	0).

MIFFLIN-ST. JEOR EQUATIONS
Men:	RMR	=	(9.99	×	weight)	+	(6.25	×	height)	−	(4.92	×	age)	+	5
Women:	RMR	=	(9.99	×	weight)	+	(6.25	×	height)	−	(4.92	×	age)	

−	161
Equations	use	weight	in	kilograms	and	height	in	centimeters.

PENN STATE EQUATIONS (PSU)
Also known as PSU 2010 (Modified Penn State Equation)

RMR Mifflin V TE= + + −( . ) ( ) ( )max0 71 64 85 3085�

Used	for	patients	with	BMI	over	30	and	older	than	60	years	old.	
Validated	in	2010	by	the	ADA	Evidence	Analysis	Library	
(EAL).

PSU 2003b (Penn State Equation)

RMR Mifflin V TE= + + −( . ) ( ) ( )max0 96 31 167 6212�

Used	for	patient	of	any	age	with	BMI	below	30	or	patients	who	
are	younger	than	60	years	with	BMI	over	30.	This	equation	
was	validated	in	2009	by	the	EAL	and	is	also	referred	to	as	
the	Penn	State	equation.

PSU 2003a (Penn State 2003a)
Invalidated in 2007 and 2009 by EAL

RMR HBE V TE= + + −( . ) ( ) ( )max0 85 33 175 6433�

(Use	actual	weight	in	all	patients.)

From	Academy	of	Nutrition	and	Dietetics.	Evidence	analysis	library,	
2014.	Available	http://www.andeal.org.	Accessed	September	2014.

Harris-Benedict equation estimate daily resting energy expen-
diture (REE).

Several other predictive equations focus on specific patient 
populations and medical conditions. Additional data such as 
injury-stress, activity, medications received, and obesity have 
been added to improve accuracy. The Mifflin-St. Jeor equation 
is the most reliable in both nonobese and obese ill patients.28 
Other equations, such as the Ireton-Jones and Penn State equa-
tions are used specifically in intubated patients to account for 
temperature and ventilation parameters. Although the pre-
dicted REE averages approximately 10% higher than the BMR, 
predictive equations may still tend to overestimate or underes-
timate actual energy need.29

http://www.andeal.org
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Equipment and Technique
Good calorimetry results require extensive preparation. Box 
23-5 outlines the key preparatory steps to be taken before 
testing.32 Indirect calorimetry can be performed with a Douglas 
bag, a Tissot spirometer, and CO2 and O2 gas analyzers. The 
patient’s expired gas is collected in the Douglas bag, where it is 
sampled for O2 and CO2 concentrations; the Tissot spirometer 
measures expired volume. Commercially available metabolic 
carts are much easier to use. These automated systems either 
use a mixing chamber or perform breath-by-breath analysis. 
The breath-by-breath method provides real-time data, which 
may aid in ensuring optimal measurement conditions, particu-
larly in mechanically ventilated patients.33

Figure 23-1 shows the basic configuration for open-circuit 
indirect calorimetry during mechanical ventilation using a 
metabolic cart with mixing chamber. Gas sampled from the 
inspiratory limb of the ventilator circuit is assessed for frac-
tional inspired oxygen (FiO2) using a paramagnetic or zirco-
nium oxide O2 analyzer. Volume exhaled by the patient is 
measured using a flow transducer. The patient’s exhaled gas 
enters a mixing chamber, from which a sample is drawn to 
measure fractional expired carbon dioxide (FeCO2) by infrared 
analysis and fractional expired oxygen (FeO2). Exhaled gas is 
returned to the ventilator after volume and gas concentration 
measurements. After all measurements are obtained, O2 con-
sumption, CO2 production, and respiratory quotient (RQ) are 
computed using the equations shown in Box 23-6. All measure-
ments must be corrected to standard temperature and pressure and 
dry conditions (STPD) before computation.31 The values are used 
in the abbreviated Weir equation to determine REE:

REE O CO= × + × ×[( . ) ( . )] .2 23 9 1 1 1 44
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To	estimate	the	energy	needs	of	an	average	adult	in	
kilocalories	per	day,	identify	the	goal	and	multiply	the	
individual’s	actual	body	weight	in	kilograms	times	the	
factor	listed	as	follows27:

Goal Energy Needs (kcal/kg)

Weight	maintenance 25-30
Weight	gain 30-35
Weight	loss 20-25

To overcome the limitations of estimating formulas, energy 
needs can be measured using O2 consumption and carbon 
dioxide production. From these data, an actual REE can be 
quickly computed. Indirect calorimetry is described in more 
detail later.

Energy needs vary according to activity level and state of 
health. Energy needs of sick patients can be significantly greater 
than predicted normal values. Energy needs for obese individu-
als are less because adipose tissue uses less energy than muscle. 
Energy needs should be reevaluated and adjusted whenever 
weight changes more than 10 lb.

Indirect Calorimetry

Indirect calorimetry is the estimation of energy expenditure by 
measurement of O2 consumption and CO2 production. Data 
obtained can be used to assess a patient’s metabolic state, to 
determine nutrition needs, or to assess response to nutritional 
therapy.30 To guide practitioners in using indirect calorimetry, 
the American Association for Respiratory Care (AARC) has 
published the Clinical Practice Guideline: Metabolic Measure-
ment Using Indirect Calorimetry During Mechanical Ventila-
tion. Excerpts appear in Clinical Practice Guideline 23-1.31

In regard to the indications for indirect calorimetry, the 
determination of energy and protein needs by an empiric 
formula is sufficient for most patients. However, the use of 
indirect calorimetry improves nutritional care and reduces 
complications associated with underfeeding and overfeeding.30 
Specific clinical conditions supporting the need for indirect 
calorimetry as a tool in nutrition assessment are listed in  
Box 23-4.30

 Box 23-5 Preparation for Indirect 
Calorimetry

30 HOURS BEFORE TEST
•	 24-Hour	urine	urea	nitrogen	collection	(with	sufficient	time	to	

receive	result)	if	determination	of	carbohydrate,	fat,	and	
protein	use	desired

10 HOURS BEFORE TEST
•	 Patient	fasting	if	measuring	energy	requirements;	if	feeding	is	

continued,	results	will	reflect	the	patient’s	energy	expenditure	
in	response	to	feeding	(may	be	spuriously	high	if	patient	is	
being	overfed)

4 HOURS BEFORE TEST
•	 Patient	resting	and	avoiding	physical	activity,	physical	

therapy,	dressing	changes

2 HOURS BEFORE TEST
•	 Endotracheal	tube	suctioned	for	the	last	time	before	test;	

further	ventilator	changes	or	suctioning	avoided

1 HOUR BEFORE TEST
•	 Supine	position,	complete	rest;	analgesic	or	sedative	

administered	if	needed

 Box 23-4 Clinical Situations in Which Indirect 
Calorimetry May Be Indicated

•	 Patients	with	morbid	obesity
•	 Patients	who	are	difficult	to	wean	from	ventilatory	support
•	 Patients	for	whom	weight	estimates	are	unclear
•	 Patients	with	severe	malnutrition
•	 Patients	with	high	level	of	stress
•	 Patients	at	the	extremes	of	weight	or	age
•	 Patients	failing	to	respond	to	nutrition	support
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23-1 Metabolic Measurement Using Indirect Calorimetry During 
Mechanical Ventilation

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
Metabolic	measurements	may	be	indicated:
•	 In	patients	with	known	nutrition	deficits	or	derangements
•	 When	patients	fail	attempts	at	weaning	from	mechanical	

ventilation	to	measure	the	O2	cost	of	breathing	in	
mechanically	ventilated	patients

•	 When	the	need	exists	to	assess	the	 � �V/Q2	to	evaluate	the	
hemodynamic	support	of	mechanically	ventilated	patients

■ CONTRAINDICATIONS
When	a	specific	indication	is	present,	there	are	no	
contraindications	to	performing	a	metabolic	measurement	
using	indirect	calorimetry,	unless	short-term	disconnection	of	
ventilatory	support	for	connection	of	measurement	lines	
results	in	hypoxemia,	bradycardia,	or	other	adverse	effects.

■ HAZARDS AND COMPLICATIONS
Performing	metabolic	measurements	using	an	indirect	
calorimeter	is	a	safe,	noninvasive	procedure	with	few	hazards	
or	complications.	Under	certain	circumstances	and	with	
particular	equipment,	the	following	hazards	or	complications	
may	be	seen:
•	 Closed-circuit	calorimeters	may	cause	a	reduction	in	

alveolar	ventilation	secondary	to	increased	compressible	
volume	of	the	breathing	circuit.

•	 Closed-circuit	calorimeters	may	decrease	the	trigger	
sensitivity	of	the	ventilator	and	result	in	increased	patient	
work	of	breathing.

•	 Short-term	disconnection	of	the	patient	from	the	ventilator	
for	connection	of	the	indirect	calorimetry	apparatus	may	
result	in	hypoxemia,	bradycardia,	and	patient	discomfort.

•	 Inappropriate	calibration	or	system	setup	may	result	in	
erroneous	results	causing	incorrect	patient	management.

■ ASSESSMENT OF NEED
Metabolic	measurements	should	be	performed	only	on	the	
order	of	a	physician	after	review	of	indications	(see	earlier)	and	
objectives.

■ ASSESSMENT OF TEST QUALITY
Test	quality	can	be	evaluated	by	determining	whether:
•	 Respiratory	quotient	is	consistent	with	the	patient’s	nutrition	

intake.
•	 Respiratory	quotient	is	in	the	normal	physiologic	range	

(0.67	to	1.3).
•	 Variability	of	the	measurements	of	 �VO2	and	 �VCO2	should	

be	5%	or	less	for	a	5-minute	data	collection.
•	 The	measurement	is	of	sufficient	length	to	account	for	

variability	in	 �VO2	and	 �VCO2	if	these	conditions	are	not	met.
•	 Outcome	may	be	assessed	by	comparing	the	

measurement	results	with	the	patient’s	condition	and	
nutrition	intake.	Outcome	also	may	be	assessed	by	
observation	of	the	patient	before	and	during	the	
measurement	to	determine	if	the	patient	is	at	steady	state.

■ MONITORING
The	following	should	be	evaluated	during	the	metabolic	
measurement	to	ascertain	the	validity	of	the	results:
•	 Clinical	observation	of	the	resting	state
•	 Patient	comfort	and	movement	during	testing
•	 Values	in	concert	with	the	clinical	situation
•	 Equipment	function
•	 Results	within	the	specifications	of	test	quality	(see	earlier)
•	 FiO2	stability

Measurement	data	should	include	a	statement	of	test	
quality	and	list	the	current	nutrition	support,	ventilator	settings,	
FiO2	stability,	and	vital	signs.

*For the complete guidelines, see American Association of Respiratory Care: Clinical practice guideline. Respir Care 49:1073, 2004. http://www.rcjournal.com/
contents/09.04/09.04.1073.pdf. Accessed June 1, 2014.

Indirect calorimetry is more difficult to perform on spontane-
ously breathing patients, especially patients breathing supple-
mental O2. Although a mouthpiece with nose clips or a mask 
can be used to collect expired gas, these items tend to alter the 
patient’s steady state and invalidate results.33 Instead, most clini-
cians recommend using a plastic canopy that covers the patient’s 

 Box 23-6 Equations Used to Calculate 
�VO2 and �VCO2 Using the 
Gas-Exchange Method

� � �VO V FiO V FeOE E2 2 23 4= × − ×( ) ( )
� �VCO V FeCOE2 2= ×

RQ VCO VO/= � �
2 2

head. Expired gases are cleared from the canopy by a preset flow 
of air; expired gas concentrations are sampled and corrected for 
the air dilution.

Because standard modes of O2 therapy do not deliver a con-
sistent FiO2 to spontaneously breathing patients, special deliv-
ery systems must be used. To overcome this problem, the 
clinician can substitute a precise O2 mixture for the gas used 
to clear the canopy. Alternatively, a large gas reservoir (e.g.,  
a Douglas bag) can be placed between an O2 flow source 
and the subject33 to ensure a stable FiO2 throughout the test 
procedure.

Problems and Limitations
Indirect calorimetry is a technically complex procedure requir-
ing rigorous attention to both instrument and procedure quality 

http://www.rcjournal.com/contents/09.04/09.04.1073.pdf
http://www.rcjournal.com/contents/09.04/09.04.1073.pdf
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change in clinical status. Indirect calorimetry is an important 
tool because it can demonstrate these changes in energy expen-
diture. Energy expenditure can vary on a daily basis by 15%  
to 30%.33

In regard to assessing metabolic status, the first step is to 
compare the REE obtained by calorimetry with the REE pre-
dicted by predictive equations. If the calorimetry REE is within 
10% of the predicted value, the patient is considered normo-
metabolic. Measured REEs greater than 10% above predicted 
values indicate a hypermetabolic state, whereas values less than 
90% of predicted indicate hypometabolism.

FIGURE 23-1	 Open-circuit	indirect	calorimetry	in	a	mechanically	
ventilated	patient.	Inspiratory	gas	is	sampled	for	determination	of	
FiO2,	volume	is	measured	in	the	expiratory	limb	of	the	ventilator	
circuit,	and	mixed	exhaled	gas	is	drawn	from	the	mixing	chamber	
for	analysis	of	FeO2	and	FeCO2.	Arrows	indicate	direction	of	gas	
flow.	(Modified	from	Witte	MK:	Metabolic	measurements	during	
mechanical	ventilation	in	the	pediatric	intensive	care	unit.	Respir	
Care	Clin	N	Am	2:573,	1996.)

Patient

FiO2

Ventilator

O2 Analyzer
CO2 Analyzer

FeO2 FeCO2

Mixing ChamberVolume
monitor

VE

Blender

.

control. Regarding instrumentation, small errors in measure-
ments can result in large errors in calculated O2, CO2, and 
therefore energy expenditure. For this reason, the calorimeter’s 
gas analyzers and volume measurement device must be properly 
calibrated before each patient use. Gas analyzers should be 
accurate to the hundredth percent and linear over the clinical 
range of O2 concentrations.32

Regarding procedure quality control, it is essential that mea-
surements be made during steady-state conditions. Although 
proper patient preparation (see Box 23-5) is helpful in this 
regard, steady-state conditions can be confirmed only during 
the test procedure itself. A common standard for ensuring 
steady-state conditions is five consecutive 1-minute averages 
with a variability of 5% or less.33

Perhaps the most significant problem in performing indirect 
calorimetry on mechanically ventilated patients is the presence 
of leaks (circuit, tracheal tube cuff, chest tubes).31 Because any 
leak invalidates test results, no procedure should begin until a 
leak-free patient-ventilator-calorimeter system is confirmed. 
Other sources of error during open-circuit indirect calorimetry 
of mechanically ventilated patients are listed in Box 23-7.31

Interpretation and Use of Results
Results obtained from indirect calorimetry are used to assess 
metabolic status and plan nutrition support. Energy expendi-
ture varies during illness and injury (Figure 23-2),34 which 
occurs in three phases: the stress response, the catabolic phase 
and the anabolic phase. Because of the changing metabolic rate, 
it is important to reassess metabolic needs when there is a 

 Box 23-7 Sources of Error During Open-
Circuit Indirect Calorimetry of 
Mechanically Ventilated Patients

•	 Instability	of	FiO2	because	of	changes	in	source	gas	
pressure	or	ventilator	or	blender	variability

•	 Delivery	of	high	FiO2	levels	(>0.60)
•	 Inability	to	separate	inspired	and	expired	gases	because	of	

bias	flow	from	flow-triggering	systems,	intermittent	
mandatory	ventilation	systems,	or	specific	ventilator	
characteristics

•	 Presence	of	anesthetic	gases	or	gases	other	than	O2,	CO2,	
and	nitrogen	in	the	ventilation	system

•	 Presence	of	water	vapor	resulting	in	sensor	malfunction
•	 Inappropriate	calibration
•	 Adverse	effect	on	functions	of	some	ventilators	(triggering,	

expiratory	resistance,	pressure	measurement)
•	 Total	circuit	flow	exceeding	internal	calorimeter	flow	(if	using	

dilutional	principle)
•	 Concurrent	peritoneal	dialysis	or	hemodialysis

FIGURE 23-2	 Resting	energy	expenditure	variation	during	illness	
and	injury.	
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The second step in metabolic assessment is to interpret the 
RQ. The RQ is the ratio of moles of CO2 expired to moles of 
O2 consumed. Traditionally, the RQ has been used to determine 
substrate use, where carbohydrates have an RQ of 1.0, protein 
has an RQ of 0.82, and fat has an RQ of 0.7. Table 23-3 outlines 
the basic significance of the RQ relative to substrate use and 
traditional nutrition strategies.33 RQ has been shown to have 
low sensitivity and reduced specificity in critically ill patients.35,36 
This finding limits the RQ as an indicator for substrate use and 
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RQ 0.67	to	1.3 Ideal	range	for	test	validity

MINI CLINI
Comparison of Resting Energy Expenditure from Predictive Equations and  
Indirect Calorimetry

PROBLEM: A 57-year-old male construction worker fell three 
stories and after being intubated and mechanical ventilation initi-
ated was admitted to the intensive care unit for multiple ortho-
pedic injuries, several rib fractures, and a pulmonary contusion. 
On hospital day 2, after the patient was stabilized, a nasogastric 
feeding tube was placed and a nutrition consult was requested for 
enteral nutrition recommendations. Anthropometrics: Height: 5 
ft, 9 inches; measured body weight: 127.3 kg; BMI: 43.8 kg/m2.

The dietitian used and compared the follow predictive equa-
tions to determine the patient’s energy expenditure:

Predictive Equation: kcal/day

Harris-Benedict × 1.3-1.6* 2269-2792
Mifflin-St. Joer × 1.3 2718
Ireton-Jones 3081
Penn State 2137

*Factor to correct for stress and/or activity levels.

The initial goal recommended by the dietitian for the tube 
feeding would provide 2280 calories. An indirect calorimetry 
study was also requested by the dietitian because the patient is a 
perfect candidate for the indirect calorimetry because of his BMI 
and clinical status.

The indirect calorimetry study was conducted on a weekly 
basis and the results were as follows:

Hospital Day Measured Metabolic Rate (kcal/day) RQ

3 1980 1.1
10 3150 0.83
17 2700 0.85

Interpret the results and compare to the predictive equations. 
Based on the results, suggest what changes would be made.

DISCUSSION: The following conclusions can be made based on 
retrospective data review. Overall, the predictive equations esti-
mations vary widely. Initially the Penn State equation was the 
most accurate equation compared to the indirect calorimetry 
study results. The RQ is within physiologic range of 0.67 to 1.3, 
suggesting a valid study; however, it further indicates the patient 
is possibly being overfed. As a result the tube feed goal was 
adjusted to provide 1980 calories to match the patient’s current 
metabolic phase. However, as the patient moved into the catabolic 
phase, if the patient continued to receive 2280 calories as initially 
recommended by the dietitian (or the adjusted level of 1980 calo-
ries) and subsequent indirect calorimetry was not done on day 
10, resulting in a tube feed increase to 3150 calories, the patient 
would be significantly underfed. Finally, entering into the ana-
bolic phase, the patient’s energy expenditure begins to decrease, 
as shown by the indirect calorimetry on day 17. As a result, the 
tube feed regimen should be further adjusted (decreased) to 
match the measured metabolic rate.

Modified from Wooley JA, Frankenfield D: Energy. In: Mueller CM, Merritt RJ, McClave S, et al, editors: The ASPEN adult nutrition support core curriculum, ed 
2, Silver Spring, MD, 2012, American Society for Parenteral and Enteral Nutrition.

TABLE 23-3 

Traditional Interpretation and Use of the 
Respiratory Quotient

Value Interpretation General Nutrition Strategy

>1.00 Overfeeding Decrease	total	kilocalories
0.9-1.00 Carbohydrate	oxidation Decrease	carbohydrates	

or	increase	lipids
0.8-0.9 Fat,	protein,	and	

carbohydrate	oxidation
Target	range	for	mixed	

substrate
0.7-0.8 Fat	and	protein	oxidation Increase	total	kilocalories

Starvation

NOTE:	Acute	hyperventilation	or	acute	metabolic	acidosis	increases	the	
respiratory	quotient	(RQ)	and	can	lead	to	misinterpretation.	Metabolism	of	
ketones	or	ethyl	alcohol	decreases	RQ	to	less	than	0.7.

should be used only as a measure of test validity. If the RQ is 
outside its physiologic range of 0.67 to 1.3, this should alert the 
clinician to assess the validity of the study.

Alternative Resting Energy  
Expenditure Measures

In patients with pulmonary artery catheters, REE can be mea-
sured using a modification of the Fick equation37:

REE kcal day Cardiac output Hemoglobin
SaO SvO

( )
( ) .

= × ×
− ×2 2 95 18

In a patient with cardiac output of 4.2 L, hemoglobin of 11 g/
dl, SaO2 of 89%, and SVO2 of 69%, the REE would be computed 
as follows:

REE = × × − ×4 2 11 0 89 0 69 95 18. ( . . ) .

REE = × × ×4 2 11 0 20 95 18. ( . ) .

REE kcal day= 879
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Although	predictive	equations	are	highly	useful	tools	in	
calculating	a	patient’s	energy	expenditure	needs,	they	
do	not	always	replace	the	need	for	performing	indirect	
calorimetry,	which	is	generally	more	accurate	and	
provides	additional	information,	including	calculation	of	
the	RQ.

GENERAL ASPECTS OF  
NUTRITION SUPPORT

The primary goal of nutrition support is the maintenance or 
restoration of lean body (skeletal muscle) mass. This goal is 
accomplished by (1) meeting the patient’s overall energy needs 
and (2) providing the appropriate combination of substrates to 
do so. The route of administration used to provide the support 
is also important.

Meeting Overall Energy Needs

When the patient’s REE is derived, it needs to be adjusted to 
account for variations in activity and stress levels. If using a 
predictive equation, such as the Harris-Benedict or Mifflin-St. 
Joer equations, the predicted REE should be corrected for stress, 
activity levels, or both.20 When the REE is derived from the Penn 
State equations or indirect calorimetry, a stress or activity factor 
should not be used.

Insufficient Energy Consumed
Malnutrition from undernutrition results from insufficient 
energy (calorie) intake over time. This insufficient intake leads 
to a state of impaired metabolism in which the intake of essen-
tial nutrients falls short of the body’s needs. Certain factors may 
place a patient at risk for malnutrition (Box 23-8).

Protein-Energy Malnutrition
Protein-energy malnutrition (PEM) has adverse effects on 
respiratory musculature and the immune response.24 PEM may 

 Box 23-8 Patients at High Risk 
for Malnutrition

•	 Underweight	(BMI	<18.5)	or	recent	loss	of	10%	or	greater	of	
usual	body	weight

•	 Poor	intake:	Anorexia,	food	avoidance	(e.g.,	psychiatric	
condition),	nothing	allowed	by	mouth	(NPO)	status	for	
greater	than	5	to	7	days

•	 Protracted	nutrient	losses:	Malabsorption,	enteric	fistulas,	
draining	abscesses	or	wounds,	or	renal	dialysis

•	 Hypermetabolic	states:	Sepsis,	protracted	fever,	extensive	
trauma,	or	burns

•	 Chronic	use	of	alcohol	or	drugs	with	antinutrient	or	catabolic	
properties:	Steroids,	antimetabolites	(e.g.,	methotrexate),	
immunosuppressants,	antitumor	agents

•	 Impoverishment,	isolation,	advanced	age,	limited	mobility
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Fifty	percent	of	hospitalized	patients	present	with	
secondary	PEM.

be either primary or secondary. Primary PEM results from 
inadequate intake of calories, protein, or both and is typically 
seen only in developing countries.20

Secondary PEM is due to underlying illness. Illness may 
cause (1) decreased caloric or protein intake (e.g., anorexia, 
dysphagia), (2) increased nutrient losses (e.g., malabsorption or 
diarrhea), and (3) increased nutrient demands (e.g., injury or 
infection).38

When PEM is due to inadequate nutrient intake or excessive 
loss, the body responds by decreasing its metabolic rate, ventila-
tory drive, thyroid function, and adrenergic activity.38 As calorie 
intake decreases, energy for metabolic processes is initially sup-
plied by converting liver glycogen stores into glucose (gluconeo-
genesis). However, liver reserves of glycogen are adequate for less 
than 1 day at rest and only a few hours during exercise.14 There-
after endogenous fat stores are mobilized in the form of free 
fatty acids (ketogenesis). When fat stores are depleted, nutrient 
needs must be met by catabolizing skeletal muscle protein. This 
type of PEM usually manifests as a gradual wasting process,  
as seen in patients with chronic diseases such as cancer and 
emphysema. The primary clinical sign is progressive weight loss.

When PEM results from increased nutrient demand, metab-
olism, thyroid function, and adrenergic activity all increase. 
Visceral protein levels tend to decrease early in the course of 
illness and are associated with impaired immunity.37 This type 
of PEM typically occurs with acute catabolic disease, such as in 
sepsis, burns, or trauma. The two types of PEM are often 
referred to as marasmus and kwashiorkor,6,20 as previously 
described (see Table 23-1).

Micronutrient Malnutrition
The same problems causing PEM can produce deficiencies in 
micronutrients. Deficiencies of nutrients that are stored only in 
small amounts (e.g., water-soluble vitamins) or lost through 
external secretions (e.g., zinc in diarrhea, fluid or burn exudate) 
are quite common.20 Although the causes and results of micro-
nutrient deficiencies are beyond the scope of this chapter, a few 
of the most common problems are described.

Signs of scurvy (vitamin C deficiency) may be observed in 
chronically ill patients and patients with alcoholism hospital-
ized for acute illnesses. Low folic acid blood levels are common 
whenever illness, alcoholism, or poverty is present. Alcoholism 
is also associated with thiamin deficiency. Zinc deficiencies 
impair immunity, clotting, and slow wound healing. Magne-
sium deficiencies can result in cardiovascular, neurologic, and 
electrolyte abnormalities (hypocalcemia, hypokalemia) and 
decreased respiratory muscle strength. Hypophosphatemia  
is seen frequently with cachexia or alcoholism, especially in 
patients receiving intravenous glucose or taking antacids. Severe 



 Nutrition Assessment • CHAPTER 23 485

 Box 23-9 Respiratory Consequences 
of Malnutrition

RESPIRATORY MUSCLE DYSFUNCTION
•	 Loss	of	diaphragmatic	mass	and	contractility
•	 Loss	of	accessory	muscle	mass	and	contractility

EFFECT ON CONTROL OF VENTILATION
•	 Decreased	hypoxic	and	hypercapnic	response

INCREASED INCIDENCE OF RESPIRATORY 
INFECTIONS
•	 Decreased	lung	clearance	mechanisms
•	 Decreased	secretory	immunoglobulin	A
•	 Increased	bacterial	colonization

CHANGES IN LUNG PARENCHYMAL STRUCTURE
•	 Unopposed	enzymatic	digestion
•	 Reduced	production	of	surfactant

hypophosphatemia can result in decreased muscle strength and 
contractility and acute cardiopulmonary failure.

Respiratory Consequences  
of Malnutrition

Malnutrition affects all organ systems. In addition, malnutri-
tion seems to interact with disease processes to increase the 
morbidity and mortality of respiratory, cardiac, and renal 
failure.39 Specific effects of malnutrition on the respiratory 
system are listed in Box 23-9.40

Approximately one-third of all patients with acute respira-
tory failure have malnutrition. In these patients, the underlying 
diseases (e.g., sepsis, burns, trauma) increase energy expendi-
ture and promote skeletal muscle catabolism. These patients  
are prone to hypercapnia and can be difficult to wean from 
mechanical ventilation. Malnourished patients who require 
mechanical ventilation also have higher mortality rates than 
patients with normal nutrition status.41

Malnutrition also plays a role in chronic obstructive pulmo-
nary disease (COPD). The combined effect of increased energy 
expenditure (because of high work of breathing) and inade-
quate caloric intake contributes to a marasmus-type malnutri-
tion. The resulting progressive muscle weakness and dyspnea 
can limit caloric intake further, as can several profound psycho-
social factors. Box 23-10 summarizes factors contributing to 
malnutrition in patients with COPD.42 The RT may notice signs 
that could lead to malnutrition in patients for whom they 
provide care (Box 23-11).

Providing the Appropriate Combination 
of Substrates

After estimating energy requirements, the physician or regis-
tered dietitian determines the appropriate combination of mac-
ronutrients (protein, carbohydrate, fat) needed.

Protein
Amino acids or proteins are essential to maintaining or restor-
ing lean body mass. Because illness usually increases protein 

 Box 23-11 Nutrition Status Changes 
Observable by Respiratory 
Therapists

•	 Mechanics	of	breathing	can	be	affected	by	cachexia,	
obesity,	pregnancy.

•	 Increased	coughing	effort	may	indicate	poor	nutrition.
•	 Viscosity	of	sputum,	jugular	venous	pressure,	ascites,	and	

edema	suggest	fluid	imbalance.
•	 Lung	crackles	relate	to	fluid	overload	or	oncotic	pressure	

changes	(loss	of	blood	protein).
•	 Wheezing	may	be	associated	with	food	intolerances,	alcohol,	

or	aspirated	food	particles.
•	 Late	inspiratory	crackles	of	atelectasis	may	result	from	

decreased	surfactant	production	from	malnutrition.
•	 S3	heart	sounds	of	congestive	heart	failure	may	indicate	fluid	

imbalance.
•	 S4	heart	sounds	may	be	associated	with	severe	anemia.
•	 Pulmonary	function	measures	may	be	related	to:

FVC	or	FEV1	decrease:	Severe	malnutrition
FVC:	Excess	fat	weight
PEP	and	PIP	decrease:	Poor	nutrition
Lung	compliance:	Fluid	and	serum	albumin	changes	acutely	

or	chronic	malnutrition
•	 Arterial	blood	gas	values	may	be	related	to:

PaCO2	increases:	Excess	glucose,	inadequate	ventilation	
from	lack	of	muscle	energy

O2	saturation,	O2	content,	hemoglobin:	Nutrition	status
•	 Meal	acceptance	may	be	related	to	visible	equipment—

suction	bottles,	sputum	specimens.
•	 Lack	of	O2	may	increase	difficulty	of	eating—ensure	

availability	of	O2	via	cannula	if	needed.

FEV1,	Forced	expiratory	volume	in	1	second;	FVC,	forced	vital	capacity;	
PEP,	positive	expiratory	pressure;	PIP,	peak	inspiratory	pressure.

 Box 23-10 Underlying Causes of Malnutrition 
in Patients With Chronic 
Obstructive Pulmonary Disease

INCREASED ENERGY EXPENDITURE
•	 Increased	caloric	cost	of	breathing
•	 Increased	systemic	inflammation
•	 Thermogenic	effect	of	medications	(e.g.,	bronchodilators)

INADEQUATE CALORIC INTAKE
•	 Dyspnea	while	eating
•	 Chewing	and	swallowing	difficulties
•	 Early	satiety
•	 Taste	alterations	from	medications,	nasal	cannulas,	or	a	

tracheostomy
•	 Suppressed	appetite	from	medications	(e.g.,	theophylline)

PSYCHOSOCIAL FACTORS
•	 Depression
•	 Poverty
•	 Difficulty	shopping
•	 Tire	easily	when	preparing	food

catabolism and protein requirements, the Recommended Di-
etary Allowance (RDA) of 0.8 g/kg/day is generally insufficient 
for sick patients. Based on the assessment of the protein catabo-
lism rate, protein intake may need to be doubled or tripled 
above the RDA (1.5 to 2.5 g/kg/day).43 Ideally, approximately 
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20% of a patient’s estimated caloric needs should be provided 
by protein. Higher percentages of protein may be needed in 
patients who are cachexic, have severe infections, or are other-
wise critically ill. However, whenever high protein intake is  
administered, the patient should be monitored for progressive 
azotemia (blood urea nitrogen >100 mg/dl).14

Too much protein is harmful, especially for patients with 
limited pulmonary reserves. Excess protein can increase O2 con-
sumption, REE, minute ventilation, and central ventilatory 
drive.43 In addition, overzealous protein feeding may lead to 
symptoms such as dyspnea.

Carbohydrate
Carbohydrates are the main source of fuel for the body.  
Adequate amounts of carbohydrates and fat help prevent 
protein catabolism. Glucose (dextrose) is the most commonly 
administered intravenous carbohydrate. Total calories per day 
from carbohydrates can range from 45% to 65%. In an average-
sized patient, daily glucose provision is generally estimated at 
200 g/day.44

For patients with pulmonary disease or patients requiring 
mechanical ventilation, high carbohydrate loads were initially 
blamed for increased CO2 production and the RQ, resulting in 
increased ventilatory demand, O2 consumption, and work of 
breathing.45 More recent evidence indicates that this problem is 
probably more closely related to total calorie load (overfeeding) 
than to the proportion of carbohydrate in the diet.46,47 Therefore 
overfeeding should be carefully avoided in patients with pul-
monary disease and patients requiring mechanical ventilation.

Fat
The remaining calories (20% to 30%) should be provided from 
fat.48 A minimum of 2% to 4% is needed to prevent essential 
fatty acid deficiency. Fat intakes greater than 50% of energy 
needs are associated with fever, impaired immune function, 
liver dysfunction, and hypotension.14

The initiation of nutrition support is determined by the 
patient’s nutrition status and the estimated length of time the 
patient will be unable to consume a diet by mouth to meet 
nutrition needs. To ensure satisfactory nutrition and metabolic 
response, early enteral nutrition begun within 24 to 48 hours 
provides significant benefits to critically ill patients, including 
reduced infectious complications and lengths of stay.49
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Begin	enteral	nutrition	within	24	to	48	hours	of	
intubation

initiating nutrition support as recommended by the American 
Society for Parenteral and Enteral Nutrition.49-51

Enteral Feeding
Enteral feedings are the route of choice: “If the gut works, use 
it.” The enteral route is safer and cheaper than the parenteral 
route. Enteral feeding stimulates gut hormones, subjects nutri-
ents to the absorptive and metabolic controls of the intestinal 
tract and liver, and produces less hyperglycemia (providing  
for better immune function) than the parenteral route. In addi-
tion, the buffering capacity of enteral feeding can improve resis-
tance against stress ulcers.52 Finally, enteral feeding maintains 
a more normal intestinal mucosa than the parenteral route  
(the intestinal mucosa may undergo atrophy during parenteral 
nutrition).53

Enteral Tube Routes. There are six primary routes for 
enteral tube feeding: (1) nasogastric, (2) nasoduodenal,  
(3) nasojejunal, (4) gastrostomy, (5) jejunostomy, and (6) 
esophagotomy. Site selection depends on GI function, respira-
tory status, surgical state, and anticipated length of time the 
patient will be receiving tube feeding.

Gastric feedings are indicated if there are no physiologic 
factors affecting GI function (e.g., gastroparesis, delayed gastric 
emptying, or obstruction or upper GI tract surgery). Small 
bowel (duodenum and jejunum) feedings are indicated if the 
upper GI tract cannot be used. Intestinal feeding tube place-
ment is recommended to minimize aspiration risk because it is 
believed to decrease the risk for gastric distention and gastro-
esophageal reflux; however, this remains controversial.54

ROUTES OF ADMINISTRATION

The two primary routes for supplying nutrients to patients are 
enteral (oral and tube feeding) and parenteral (peripheral or 
central venous alimentation). Box 23-12 provides guidelines for 

 Box 23-12 Guidelines for Initiation of 
Nutrition Support

CLINICAL SETTINGS IN WHICH ENTERAL 
NUTRITION SHOULD BE PART OF ROUTINE CARE
•	 Protein-calorie	malnutrition	(>10%	loss	of	usual	weight)	with	

inadequate	oral	intake	of	nutrients	for	previous	5	to	7	days
•	 Normal	nutritional	status	with	less	than	50%	of	required	

nutrient	intake	orally	for	previous	7	to	10	days
•	 Severe	dysphagia
•	 Moderate	to	severe	pancreatitis	(bowel	rest	anticipated	

beyond	5	to	7	days)
•	 Burns	of	greater	than	15%	total	BSA	in	infants	and	children	

and	greater	than	25%	total	BSA	in	older	children	and	adults
•	 Massive	small	bowel	resection	in	combination	with	

administration	of	total	parenteral	nutrition
•	 Low	output	(<500	ml/day)	enterocutaneous	fistulas

CLINICAL SETTINGS IN WHICH PARENTERAL 
NUTRITION SHOULD BE PART OF ROUTINE CARE
•	 Patients	with	inability	to	absorb	nutrients	by	the	GI	tract
•	 Severe	malnutrition	in	the	face	of	a	nonfunctional	GI	tract	

(within	1	to	3	days)
•	 Severely	catabolic	patients	with	or	without	malnutrition	when	

the	GI	tract	is	not	usable	within	7	to	10	days

From	Mueller	CM,	Merritt	RJ,	McClave	S,	et	al,	editors:	The	ASPEN	
adult	nutrition	support	core	curriculum,	ed	2,	Silver	Spring,	MD,	2012,	
American	Society	for	Parenteral	and	Enteral	Nutrition.
BSA,	Body	surface	area;	GI,	gastrointestinal.
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capacity, feedings delivered beyond the pylorus must be pro-
vided by the continuous drip method. This method is preferred 
for critically ill patients because it is associated with reductions 
in gastric residual volume, abdominal distention, gastroesopha-
geal reflux, and pulmonary aspiration.56

Trophic feeding is the practice of feeding minimal amounts 
(10 to 30 ml/hr) of enteral nutrition with the primary goal to 
maintain GI function and integrity. Studies in mechanically 
ventilated patients with respiratory failure or ARDS show that 
trophic feedings resulted in fewer episodes of GI intolerance but 
resulted in similar clinical outcomes compared to early advance-
ment to full enteral feedings.57

Enteral Formula Selection. Selection of an enteral formula 
depends on the patient’s medical and surgical state, GI function, 
energy and nutrient needs, and route of administration. There 
are eight broad categories of enteral formulas: oral supple-
ments, blenderized, whole-protein lactose-free, fiber contain-
ing, nutrient-dense, elemental, disease-specific, and modular. 
Table 23-4 describes the indications for the various enteral for-
mulas and lists examples of commercial preparations.

Complications of Enteral Therapy. Complications associ-
ated with enteral nutrition are categorized as GI, mechanical, 
or metabolic. These may be avoided by careful selection  
of formulas, proper administration, and consistent patient 
monitoring.

Pulmonary aspiration is of particular concern in a critically 
ill patient with respiratory disease. Aspiration can occur because 
of one or more of the following factors: if the patient is lying 
flat, has a depressed gag reflux or vocal cord dysfunction, has 
delayed gastric emptying, or has improper tube placement. The 
incidence of pulmonary aspiration varies depending on the 
patient population and technique used to identify aspiration in 
the tube-fed patient. The three following practices are proved 
to minimize aspiration risk51: (1) raise the head of the bed at 

Nasogastric and nasoenteric tubes are indicated for short-
term enteral therapy (<30 days). The tubes are placed at the 
bedside and generally have a large internal diameter, which 
helps deliver viscous feedings and medications. Nasoduodenal 
and nasojejunal tubes are placed through the nose past the 
pylorus.

Long-term feeding tubes can be placed endoscopically and 
surgically. Percutaneous endoscopic placement of a feeding 
tube can be done to establish gastric (percutaneous endoscopic 
gastrostomy) or intestinal (percutaneous endoscopic jejunos-
tomy) access. This method is preferred to surgical placement 
because of reduced costs associated with operating room time 
and the need for anesthesia.55 Surgical laparotomy is indicated 
if endoscopy is contraindicated.

Tube Feeding Administration. There are three basic 
methods of tube feeding administration: bolus, intermittent, 
and continuous drip. Bolus feedings involve the rapid infusion 
of 250 to 500 ml of feeding several times daily. Feedings are 
provided by a syringe into the feeding tube port. There is an 
increased risk for aspiration associated with bolus feedings 
because of the rapid infusion of formula into the stomach. 
Nausea, vomiting, abdominal pain, and distention can develop 
in conjunction with this feeding route. This feeding method can 
be used only with gastric tubes and is primarily applied to 
patients who are stable and patients receiving enteral nutrition 
support at home.

Intermittent feedings are also administered several times per 
day, but are infused over at least 30-minutes. Feedings can be 
given only into the gastric cavity. Intermittent feedings are asso-
ciated with the same problems as bolus feedings.

Continuous drip infusion provides a constant, steady flow of 
formula at a predetermined rate for a set period, generally 12 
to 24 hours per day. Drip regulators, roll clamps, or pumps are 
used to control rates. Because the small bowel lacks storage 

TABLE 23-4 

Enteral Product Reference Guide

Category Indications Examples

Oral	supplements Given	with	an	oral	diet	to	increase	calorie	and	
protein	intake

Boost,*	Ensure,†	Carnation	Breakfast	Essentials

Standard/Polymeric Made	with	intact	nutrients.	May	vary	in	
concentration	(1.0-2.0	kcal/ml)	and	fiber	content

Osmolite,†	Jevity,†	Promotel	HN,†

Nutren,†	Isosource,†	Fibersource,*	Replete*
Blenderized Made	from	natural	foods	and	usually	lower	in	

sucrose	and	corn	syrup	than	other	formulas;	
beneficial	if	intolerance	to	synthetic	formulas	exists

Compleat,*	Compleat	Pediatric*

Elemental	and	
semi-elemental

Impaired	gastrointestinal	function	with	impaired	
ability	to	digest	or	absorb	intact	nutrients

Peptamen,†	Peptamen	1.5,†	Tolerex,†	Vivonex,†	Vital,*	Vital	
1.5,*	Vital	HN*

Disease	specific Liver	disease;	renal	disease;	pulmonary	disease;	
glucose	intolerance;	immune-enhancing;	critically	
ill	obese

Nutrihe*;	Nepro,*	NovaSource	Renal,†	Suplena,*	Renalcal†;	
Pulmocare,*	Oxepa,*	Nutren	Pulmonary†;	Diabetisource	AC,†

Glucerna,*	Glytrol†;	Impact,†	Pivot*;	Peptamen	Bariatric†	Vital	
High	Protein**

Modular Need	to	modify	a	single	nutrient	(carbohydrate,	
protein,	fat)

Beneprotein,*	Benecalorie,†	Promod,*	Glutasolve,†	Arginaid,†,	
MCT	oil†

*Nestle	Health	Sciences.
†Abbott	Nutrition.
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Systemic Inflammatory  
Response Syndrome

The systemic inflammatory response syndrome (SIRS) underlies 
many critical illnesses, including sepsis and acute respiratory 
distress syndrome (ARDS). Metabolism in systemic inflamma-
tory response syndrome is characterized by increased total 
caloric requirements, hyperglycemia, triglyceride intolerance, 
increased net protein catabolism, and increased macronutrient 
and micronutrient requirements.39

Micronutrient requirements also are increased in SIRS. 
Because of the potential high losses of potassium, zinc, magne-
sium, calcium, and phosphorus, serum levels of these minerals 
need to be closely monitored and maintained within the normal 
range.39

Mechanical Ventilation

Adequate nutrition support is crucial for ventilator-dependent 
patients. During acute illness, proper nutrition helps prevent 
the loss of lean body mass. After the resolution of the acute 
phase of illness, good nutrition helps the muscles regain strength 
and improves the likelihood of successful weaning.20

For most patients requiring ventilatory support, following 
the guidelines provided in Table 23-5 is generally sufficient. As 

least 30 degrees, (2) use of bowel motility agents such as meto-
clopramide, and (3) using postpyloric feeding with the continu-
ous drip method in patients at risk for gastric atony or 
gastroesophageal reflux. Tube placement always should be veri-
fied by x-ray examination before feeding. Pulmonary aspiration 
has not been proved to be a result of high gastric residual 
volumes.58

Aggressive suctioning of oropharyngeal secretions can help 
prevent aspiration. The greatest risk is in patients with endotra-
cheal tubes. Endotracheal tubes increase aspiration risk because 
they alter sensation, impair glottic closure, increase secretion 
volume, and act as “wicks” to allow secretions to enter the 
airway.59 The use of special endotracheal tubes that provide 
continuous, low-level suctioning of subglottic secretions reduce 
the microaspiration common in tube-fed patients.60 The use of 
blue dye to detect aspiration is no longer a standard practice 
because of numerous problems, including a U.S. Food and Drug 
Administration Public Health Advisory issued in 2003. Blue 
discoloration of body parts and fluids followed by refractory 
hypotension, metabolic acidosis, and death were reported in 
some patients receiving blue food dye.61

Parenteral Nutrition Support
When it is impossible to provide nutrition support through the 
GI tract, intravenous or parenteral nutrition support may be 
needed. Parenteral nutrition support is administered through a 
peripheral or central vein. Ideally, the vascular access line should 
be restricted to nutrition use and maintained as a sterile route. 
Because the volume and concentration of nutrients given 
through a small vein are limited, peripheral parenteral nutrition 
is considered only for short-term support. Mechanical, infec-
tious, and metabolic complications have been reported in 
patients fed parenterally.62

NUTRITION SUPPORT IN SPECIFIC 
CIRCUMSTANCES

Details on the appropriate nutrition support provided to all the 
various types of patients seen by RTs are beyond the scope of 
this chapter. This section emphasizes key points related to nutri-
tion support and management of the most common conditions 
encountered by practitioners.

General Guidelines for Critically  
Ill Patients

The general goal of nutrition support in critically ill patients is 
to provide the energy and protein necessary to meet metabolic 
demands and to preserve lean body mass. Nutritional support 
is also an important therapy in critical illness because it attenu-
ates the metabolic response to stress, prevents oxidative cellular 
injury, and modulates the immune response. Nutritional mod-
ulation of the stress response includes early enteral nutrition, 
appropriate macronutrient and micronutrient delivery, and 
meticulous glycemic control.57

Table 23-5 outlines the general guidelines recommended to 
achieve these goals.49

TABLE 23-5 

General Nutrition Guidelines for Chronically 
Critically Ill Patients

Category Guideline

Route	of	
delivery

Enteral	nutrition	is	preferred	when	the	gut	is	
functional.

Start	24-48	hr	after	resuscitation.
If	gut	is	not	functional,	consider	starting	parenteral	

nutrition.
If	enteral	nutrition	cannot	provide	goal	within	7-10	

days,	consider	starting	parenteral	nutrition.
Energy	need Indirect	calorimety	should	be	used	when	available	

for	estimation	of	energy	goal.
Target	is	65%	of	goal	within	the	first	week.
Hypocaloric	feeding	recommended	for	obese	

(11-14	kcal/kg).
Protein Provide	supplemental	protein	to	achieve	

1.2-2.0	g/kg/day;	2.0-2.5	g/kg/day	for	obese.
Glycemic	

control
An	intensive	insulin	therapy	protocol	should	be	in	

place
Goal:	110-150	mg/dl

Micronutrients Adequate	vitamins	and	minerals	such	as	vitamins	
A,	B6,	C,	E;	potassium;	magnesium;	zinc;	iron;	
selenium;	phosphate

Fluid Approximately	1	ml/kcal
Specialized	

nutrients
Glutamine	(may	improve	nitrogen	stores),	arginine	

(may	improve	immune	system	in	surgical	
patients),	and	omega-3	fatty	acids	(may	reduce	
inflammatory	processes	in	ARDS/ALI)

Compiled	from:	McClave	SA,	Martindale	RG,	Vanek	VW,	et	al,	Society	of	
Critical	Care	Medicine	(SCCM)	and	American	Society	for	Parenteral	and	
Enteral	Nutrition:	Guidelines	for	the	provision	and	assessment	of	nutrition	
support	therapy	in	the	adult	critically	ill	patient.	JPEN	J	Parenter	Enteral	Nutr	
33:277,	2009.
ALI,	Acute	lung	injury;	ARDS,	acute	respiratory	distress	syndrome.
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always, care must be taken to avoid overfeeding and the increased 
ventilatory demands that follow. Patients with COPD present a 
special situation, in terms of both nutrition needs and ventila-
tory support. More details regarding these patients are provided 
in the next section.

Nutrition support alone is insufficient to ensure weaning of 
ventilator-dependent patients. For these patients, appropriate 
nutrition may need to be combined with a tailored exercise 
program designed to strengthen and retrain muscles. Methods 
used to wean ventilator-dependent patients are discussed in 
detail in Chapter 52.

Chronic Obstructive  
Pulmonary Disease

Malnutrition is common in patients with COPD and can occur 
in 30% to 60% of inpatients and 10% to 45% of outpatients.63 
Progressive weight loss from malnutrition is common in 
patients with COPD and appears to have two causes: prolonged 
periods of insufficient caloric intake coupled with increased 
nutritional needs resulting from increased metabolism demand 
associated with chronic disease. Both malnutrition and  
low body weight seem to be factors associated with a poor 
prognosis.64

The degree of weight loss generally correlates with deteriora-
tion of pulmonary function values. COPD can create a cycle in 
which respiratory dysfunction promotes weight loss and weight 
loss further hinders respiratory function.40 Figure 23-3 illus-
trates the cycle.

Factors contributing to poor intake include fatigue, short-
ness of breath, frequent coughing, early fullness because of 
pressure on the abdominal cavity, increased dyspnea during 
eating, side effects from medications (nausea, vomiting, diar-
rhea, dry mouth, taste changes), and depression. The increased 
metabolic rate is due to the added effort to breathe and frequent 

respiratory infections, both of which increase calorie and fluid 
needs.

The goal is to increase nutrient intake carefully without over-
feeding. Cachexic patients with COPD should be refed cau-
tiously.65 Functional capacity and the patient’s overall health 
status may improve with an anabolic stimulus, such as exercise, 
along with nutrition supplementation.66

In patients with COPD, satisfactory conventional macronu-
trient allocations are 15% to 20% as protein, 50% to 60% as 
carbohydrates, and 20% to 30% as fat. Specialized nutrition 
formulation consisting of high fat and, reduced carbohydrate 
have been marketed for patients with COPD; however, there is 
little evidence to support its use.63,67 As previously stated, setting 
an appropriate total calorie load is more important than fine-
tuning the ratio of carbohydrates to fat.

Given the positive link between dietary intake and knowl-
edge of diet and health, good patient education is crucial. 
Patients should be taught to select easy-to-consume, calorically 
dense foods. Emphasis should be placed on small, frequent 
feedings, and encourage use of high-calorie, high-protein nutri-
tion supplements. Other considerations in providing nutrition 
support to patients with COPD are listed in Box 23-13.68-70

When patients with COPD are hospitalized for ventilatory 
failure, the clinical outcome is affected by nutrition support. 
Patients who receive adequate nutrition support are more 
readily weaned from mechanical ventilation than patients with 
diets deficient in protein and energy.

FIGURE 23-3	 The	vicious	cycle	of	respiratory	impairment	and	
malnutrition	in	chronic	obstructive	pulmonary	disease.	
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MINI CLINI
Methods to Increase Nutrient Intake in 
Chronic Obstructive Pulmonary Disease

PROBLEM: An 82-year-old woman with known history of 
COPD has been hospitalized for several days and treated with 
multiple inhalers and nebulizers. She lost 12 pounds in the last 
month. She presents with muscle wasting, sparse hair, dry and 
cracked lips and skin. She reports decrease in oral intake 
because of shortness of breath and decreased appetite satiety. 
The dietitian receives a nutrition consult to evaluate the 
patient’s nutrition status and provides nutrition counseling to 
prevent further weight loss.

List sample foods and potential strategies the dietitian 
reviewed with the patient that the RT can reinforce with the 
patient.
• Dried fruits, nuts, Popsicles, milkshakes
• Whole milk or skim milk powder added to milk, soup, 

gravies
• Nutrition supplements
• Puddings, custards, yogurt, ice cream
• Cream soups
• Add butter or oil or cheese to vegetables, soups, mashed 

potatoes, and rice
• Casseroles and egg dishes with sauces and gravies
• Peanut butter or other nut butters, spread on bananas, 

celery, crackers, apple slices, breads
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 Box 23-13 Nutrition Support for Patients With 
Pulmonary Disease

•	 Perform	a	complete	nutrition	assessment.
•	 Evaluate	energy	needs	and	provide	an	appropriate	amount	

(do	not	overfeed	or	underfeed).
•	 Ensure	protein	balance.
•	 Monitor	fluids	and	electrolytes,	especially	phosphorus.
•	 Evaluate	vitamin	and	mineral	status	as	indicated.

Asthma

Because breathing and eating are mutually exclusive, feeding 
should generally be avoided during severe asthma attacks. 
However, nutrient-dense, small meals high in quality protein, 
calories, vitamins, and minerals are recommended during pro-
longed, mild asthma attacks. Foods identified as allergens (most 
often milk, eggs, seafood, and fish) should be avoided. Fluid 
intake should be generous, unless contraindicated. Saturated 
fats may aggravate the airway, whereas omega-3 fatty acids may 
be beneficial; these are available in walnuts and flaxseed if the 
patient is allergic to fish.68

Cystic Fibrosis

Exocrine gland dysfunction associated with cystic fibrosis 
causes chronic lung disease with recurrent infections. The same 
disturbance causes pancreatic insufficiency. Metabolic prob-
lems in patients with cystic fibrosis are similar to metabolic 
problems in patients with COPD, with reduced intake and 
increased metabolic needs. However, the associated pancreatic 
insufficiency with cystic fibrosis also causes malabsorption of 
all nutrients, especially fat. The administration of pancreatic 
enzyme supplements with meals enhances absorption but 
requires trial and error and intense education on how to balance 
the amount of food and the intake of enzymes. In addition, the 
time spent in various treatment programs reduces the ability to 
consume small frequent feedings.

The goals of nutrition management in cystic fibrosis are to 
(1) maximize nutrition intake through calorically dense foods, 
(2) balance intake with pancreatic enzymes to maximize absorp-
tion, and (3) provide a nutrition plan that meets the patient’s 
changing clinical and psychosocial status.68 Use of calorically 
dense foods and nutrition supplements consumed throughout 
the day has proved helpful in achieving weight gain.68 Because 
of the malabsorption of micronutrients, vitamin and mineral 
supplementation is encouraged, especially of fat-soluble vita-
mins.68 Helping patients with cystic fibrosis achieve optimal 
nutritional health may minimize the decline in pulmonary 
function and improve their quality of life.71

SUMMARY CHECKLIST

◗	Nutrition	assessment	is	the	basis	for	developing	a	nutrition	
care	plan.

◗	The	components	of	a	nutrition	assessment	include	dietary	
history,	anthropometry,	biochemical	indicators,	nutrition-
focused	physical	assessment,	and	client	history.

◗	BMI	is	a	comparison	of	weight	to	height	used	to	determine	
underweight,	healthy	weight,	overweight,	obesity,	or	
morbid	obesity.

◗	Classifications	of	undernutrition,	called	protein-energy 
malnutrition,	include	kwashiorkor,	marasmus,	and	a	
combination	of	the	two	(lack	of	circulating	protein,	
starvation,	and	a	mixture	of	the	two).

◗	Laboratory	values	of	albumin,	transferrin,	transthyretin,	and	
retinal-binding	protein	may	indicate	malnutrition.	CRP	may	
be	elevated	during	acute	illness,	indicating	an	inflammatory	
response	and	causing	low	values	of	serum	proteins.

◗	The	creatinine-height	index	reflects	skeletal	muscle	mass.
◗	Nitrogen	balance	compares	protein	intake	to	nitrogen	

excretion	in	the	urine.
◗	Observable	signs	in	hair,	eyes,	lips,	mouth	and	gums,	

skin,	and	nails	may	indicate	malnutrition.
◗	Resting	energy	expenditure	(REE)	may	be	determined	by	

the	predictive	equations	or	indirect	calorimetry.
◗	Estimation	of	total	caloric	need	involves	multiplying	

the	REE	by	a	factor	that	accounts	for	activity	and	
stressors.

◗	 Indirect	calorimetry	involves	measurement	of	whole-body	
�VO2,	 �VCO2,	and	respiratory	quotient	(RQ);	results	are	used	
to	assess	a	patient’s	metabolic	state,	determine	nutrition	
needs,	or	assess	response	to	nutrition	therapy.

◗	RQ	greater	than	1.00	indicates	overfeeding	and	the	need	
to	decrease	total	calories;	RQ	between	the	ranges	of	0.67	
to	1.3	should	be	used	as	an	indicator	of	test	validity.

◗	Malnutrition	is	a	state	of	impaired	metabolism	in	which	the	
intake	of	essential	nutrients	is	less	than	the	body’s	needs;	
marasmus	is	malnutrition	associated	with	inadequate	
nutrient	intake	(starvation),	and	kwashiorkor	is	the	
hypercatabolic	form.

◗	Malnutrition	can	affect	the	respiratory	system	by	causing	
loss	of	respiratory	muscle	mass	and	contractility,	
decreased	ventilatory	drive,	impaired	immune	response,	
and	alterations	in	lung	parenchymal	structure.

◗	Approximately	one-third	of	all	patients	with	acute	
respiratory	failure	have	malnutrition,	mainly	the	
hypercatabolic	form;	these	patients	are	prone	to	
hypercapnia,	can	be	difficult	to	wean	from	ventilatory	
support,	and	have	higher	mortality	rates	than	patients	with	
a	normal	nutrition	status.

◗	 In	chronic	lung	disease,	the	combined	effect	of	increased	
energy	expenditure	(secondary	to	increased	work	of	
breathing)	and	inadequate	caloric	intake	contributes	to	a	
marasmus-type	malnutrition.

◗	The	primary	goal	of	nutrition	support	is	to	maintain	or	
restore	lean	body	(skeletal	muscle)	mass	by	(1)	meeting	
the	overall	energy	needs	of	the	patient	and	(2)	providing	
the	appropriate	combination	of	macronutrients	(protein,	
carbohydrate,	and	fat)	and	micronutrients	(vitamins	and	
minerals).	Nutrition	support	also	attenuates	the	metabolic	
response	to	stress,	prevents	oxidative	cellular	injury,	and	
modulates	the	immune	response.

◗	For	most	patients,	a	balance	of	20%	of	daily	calorie	needs	
from	protein,	50%	to	60%	from	simple	carbohydrate,	and	
20%	to	30%	from	fat	is	adequate.

◗	Nutrients	can	be	supplied	enterally	(oral	and	tube	feeding)	
or	parenterally	(peripheral	or	central	venous	alimentation);	
the	enteral	route	should	be	used	whenever	possible.
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CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 State	the	incidence	and	economic	impact	of	pneumonia	in	the	United	States.
◆	 Discuss	the	current	classification	scheme	for	pneumonia	and	be	able	to	define	hospital-acquired	pneumonia,	

health	care–associated	pneumonia,	and	ventilator-associated	pneumonia.
◆	 Recognize	the	pathophysiology	and	common	causes	of	lower	respiratory	tract	infections	in	specific	clinical	

settings.
◆	 List	the	common	microbiologic	organisms	responsible	for	community-acquired	and	nosocomial	pneumonias.
◆	 Describe	the	clinical	and	radiographic	findings	seen	in	patients	with	pneumonia.
◆	 Describe	risk	factors	associated	with	increased	morbidity	and	mortality	in	patients	with	pneumonia.
◆	 State	the	criteria	used	to	identify	an	adequate	sputum	sample	for	Gram	stain	and	culture.
◆	 Describe	the	techniques	used	to	identify	the	organism	responsible	for	nosocomial	pneumonia.
◆	 List	the	latest	recommendations	regarding	empiric	and	pathogen-specific	antibiotic	regimens	used	to	treat	

various	types	of	pneumonia.
◆	 Discuss	strategies	to	prevent	pneumonia.
◆	 Describe	how	the	respiratory	therapist	aids	in	diagnosis	and	management	of	patients	with	suspected	

pneumonia.
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initiated based on the most likely cause of infection when the 
specific causative organism is still unknown.)

Community-acquired pneumonia (CAP) can be divided 
into two types—acute and chronic—based on its clinical pre-
sentation. Acute pneumonia presents with sudden onset over a 
few hours to several days. The clinical presentation may be 
typical or atypical, depending on the pathogen. The onset of 
chronic pneumonia is more insidious, often with gradually esca-
lating symptoms over days, weeks, or months.

Pneumonia acquired in health care settings is often caused 
by microorganisms different from those that cause CAP. Previ-
ously termed nosocomial pneumonia, this clinical entity has 
been further classified as health care–associated pneumonia 
(HCAP), hospital-acquired pneumonia (HAP), and ventilator-
associated pneumonia (VAP).3 HCAP is defined as pneumonia 
occurring in any patient hospitalized for 2 or more days in the 
past 90 days in an acute-care setting or who in the past 30 days 
has resided in a long-term care or nursing facility; attended a 
hospital or hemodialysis clinic; or received intravenous antibi-
otics, chemotherapy, or wound care. HAP is defined as an LRTI 
that develops in hospitalized patients more than 48 hours after 
admission and excludes community-acquired infections that 
are incubating at the time of admission. VAP is defined as an 
LRTI that develops more than 48 to 72 hours after endotracheal 
intubation.

HAP is a common clinical problem and represents the 
second most common nosocomial infection in the United 
States, accounting for 15% to 22% of all such infections.4-6 
Current estimates suggest that more than 150,000 individuals 
develop HAP each year. HAP increases hospital length of stay 7 
to 9 days at an average incremental per-patient cost of $40,000. 
In selected populations, such as patients in the intensive care 
unit (ICU) and bone marrow transplant recipients, the crude 
mortality rate from HAP may approach 30% to 70%, with 
attributable mortality of 33% to 50%. Certain microorganisms, 
such as Pseudomonas aeruginosa and Acinetobacter species, are 
associated with higher rates of mortality.7

PATHOGENESIS

Six pathogenetic mechanisms may contribute to the develop-
ment of pneumonia (Table 24-2). Knowledge of these mecha-
nisms is important to both the understanding of the various 
disease processes and the formulation of effective strategies 
within the hospital to minimize nosocomial spread. Inhalation 
of infectious particles is a common route of inoculation; this 
method of acquiring an infection occurs with pulmonary 
tuberculosis and justifies the policy of respiratory isolation  
for patients with suspected or proved tuberculosis who are 
coughing.

Aspiration of oropharyngeal secretions is the second mech-
anism that may contribute to the development of LRTI. 
Healthy individuals may aspirate periodically, especially during 
sleep. Aspiration of even a small volume of oropharyngeal 
secretions, which can be colonized with potential pathogens 
such as Streptococcus pneumoniae and Haemophilus influenzae, 

I nfection involving the lungs is termed pneumonia or 
lower respiratory tract infection (LRTI) and is a common 
clinical problem in the practice of respiratory care. Today, 

pneumonia remains a major cause of morbidity and mortality 
in the United States and worldwide. Each year, 5 million people 
die from pneumonia worldwide. Five million cases of pneumo-
nia occur annually in the United States, of which approximately 
1.1 million require hospitalization at a projected yearly cost of 
more than $20 billion.1 Pneumonia is the ninth leading cause 
of death in the United States and the leading cause of infection-
related mortality.2

CLASSIFICATION

Pneumonia can be classified based on the clinical setting in 
which it occurs (Table 24-1). This classification is useful because 
it predicts the likely microbial causes and guides empiric anti-
microbial therapy while a definitive microbiologic diagnosis is 
awaited. (The term empiric therapy refers to treatment that is 

TABLE 24-1 

Classifications and Possible Causes of Pneumonia

Classification Likely Organisms

Community-Acquired: Acute
Typical Streptococcus pneumoniae

Haemophilus influenzae
Moraxella catarrhalis
Staphylococcus aureus

Atypical Legionella pneumophila
Chlamydophila pneumoniae
Mycoplasma pneumoniae
Viruses
Coxiella burnetii

Community-acquired:	
Chronic

Mycobacterium tuberculosis
Histoplasma capsulatum
Blastomycosis dermatitidis
Coccidioides immitis

Health	care-associated Mixed	aerobic	and	anaerobic	mouth	flora
S. aureus
Enteric	gram-negative	bacilli
Influenza
Mycobacterium tuberculosis

Immunocompromised	
host

Pneumocystis jiroveci
Cytomegalovirus
Aspergillus	species
Cryptococcus neoformans
Reactivation	tuberculosis	or	

histoplasmosis

Nosocomial
Aspiration Mixed	aerobes	and	anaerobes,		

gram-negative	bacilli
Health	care-associated S. aureus
Ventilator-associated Pseudomonas aeruginosa

Acinetobacter	species
Enterobacter	species
Klebsiella	species
Stenotrophomonas maltophilia
S. aureus
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abscesses involving the dome of the liver in whom rupture of 
the abscess through the diaphragm leads to the development of 
pulmonary infection or empyema.

Hematogenous dissemination is the spread of infection 
through the bloodstream from a remote site; it is an uncommon 
cause of pneumonia. It may occur in the setting of right-sided 
bacterial endocarditis, in which fragments of an infected heart 
valve break off and embolize through the pulmonary arteries to 
the lungs, producing either pneumonia or septic pulmonary 
infarcts. Certain parasitic pneumonias, including strongyloidia-
sis, ascariasis, and hookworm, arise through hematogenous dis-
semination. In such cases, migrating parasite larvae travel to the 
lungs through the bloodstream from remote sites of infection, 
such as the skin or the gastrointestinal (GI) tract.

Pneumonia may develop when a latent infection, acquired 
earlier in life, is reactivated. This may occur for no apparent 
reason, as in the case of reactivation pulmonary tuberculosis. 
However, reactivation is usually attributable to the development 
of cellular immunodeficiency, as is the case with Pneumocystis 
jiroveci (previously called Pneumocystis carinii) pneumonia. In 
developed countries, most healthy individuals have acquired  
P. jiroveci by age 3 years and show serologic evidence of prior 
infection. The organism remains dormant in the lung but may 
reactivate later in life and produce pneumonia in individuals 
with compromised cell-mediated immunity, such as patients 
with human immunodeficiency virus (HIV) infection or recipi-
ents of long-term immunosuppressive therapy. Cytomegalovi-
rus pneumonia is another example of a latent infection that can 
reactivate during chronic immunosuppression, especially in 
solid organ and bone marrow transplant recipients. Immuno-
suppressive drugs used to modify inflammatory diseases, such 
as tumor necrosis factor (TNF) inhibitors, have been associated 
with the development of pulmonary and extrapulmonary 
tuberculosis.10

MICROBIOLOGY

The microbiology of CAP and nosocomial pneumonia has been 
studied extensively. Knowledge of which organisms are most 
commonly associated with pneumonia in different settings is 
essential because the microbial differential diagnosis guides the 
diagnostic evaluation and the selection of empiric antimicrobial 
therapy.

In most studies, S. pneumoniae, also called pneumococcus, is 
the most commonly identified cause of CAP, accounting for 
20% to 75% of cases (Table 24-3). Various other organisms have 
been implicated with varying frequencies. H. influenzae, Staph-
ylococcus aureus, and gram-negative bacilli each account for 3% 
to 10% of isolates in many reports.11 Notably, the incidence of 
H. influenzae pneumonia has decreased dramatically since the 
introduction of the type B H. influenzae (also known as Hib) 
vaccine in the 1980s. Legionella species, Chlamydophila pneu-
moniae, and Mycoplasma pneumoniae together account for 10% 
to 20% of cases. These latter organisms, called atypical patho-
gens, vary in frequency in more recent reports, depending on 
the age of the patient population, the season of the year, and 

may contribute to development of CAP. Certain patient popu-
lations are at risk for large-volume aspiration, such as patients 
with impaired gag reflexes from narcotic use, alcohol intoxica-
tion, or prior stroke. Aspiration also may occur after a seizure, 
cardiac arrest, or syncope.

Aspiration seems to be the major mechanism responsible for 
the development of some types of mixed aerobic and anaerobic, 
gram-negative, and staphylococcal HAPs. In intubated patients, 
chronic aspiration of colonized secretions through a tracheal 
cuff has been linked to the subsequent occurrence of pneumo-
nia,4 which led to the development of strategies to prevent HAP, 
such as continuous suctioning of subglottic secretions in 
mechanically ventilated patients and elevation of the head of 
the bed.8,9

Direct inoculation of microorganisms into the lower airway 
is a less common cause of pneumonia. In mechanically venti-
lated patients who undergo frequent suctioning of lower airway 
secretions, passage of a suction catheter through the orophar-
ynx may result in inoculation of colonizing organisms into the 
trachea and subsequent development of VAP.

Contiguous spread of microorganisms to the lungs or pleural 
space from adjacent areas of infection, such as subdiaphrag-
matic or liver abscesses, is an infrequent cause of pneumonia. 
This may occur in patients with pyogenic or amebic liver 

TABLE 24-2 

Pathogenetic Mechanisms Responsible for  
the Development of Pneumonia

Mechanism of Disease Examples of Specific Infections

Inhalation	of	aerosolized	
infectious	particles

Tuberculosis
Histoplasmosis
Cryptococcosis
Blastomycosis
Coccidioidomycosis
Q	fever
Legionellosis

Aspiration	of	organisms	
colonizing	the	oropharynx

Community-acquired	bacterial	
pneumonia

Aspiration	pneumonia
Hospital-acquired	pneumonia
Ventilator-associated	pneumonia

Direct	inoculation	of	organisms	
into	the	lower	airway

Hospital-acquired	pneumonia
Ventilator-associated	pneumonia

Spread	of	infection	to	the	
lungs	from	adjacent	
structures

Mixed	anaerobic	and	aerobic	
pneumonia	from	
subdiaphragmatic	abscess

Amebic	pneumonia	from	rupture	
of	amebic	liver	abscess	into	the	
lung

Spread	of	infection	to	the	lung	
through	the	blood

Staphylococcus aureus	
pneumonia	arising	from	
right-sided	bacterial	endocarditis

Parasitic	pneumonia:	
Strongyloidiasis,	ascariasis,	
hookworm

Reactivation	of	latent	infection,	
usually	resulting	from	
immunosuppression

Pneumocystis jiroveci	pneumonia
Reactivation	tuberculosis
Cytomegalovirus
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consideration in patients with fulminant community-acquired 
LRTI.17 To date, inhalation anthrax remains a rare disease. 
Several new coronaviruses have emerged as important patho-
gens within the past decade. Severe acute respiratory syndrome 
(SARS) emerged out of Asia and spread globally in 2002 to 
2003. Fortunately, no cases have been identified since 2004.18 
More recently, Middle East respiratory syndrome (MERS) has 
arisen as a global health concern. First described in Saudia 
Arabia in 2012, the virus is found within the Arabian peninsula 
and causes a severe respiratory illness with a 30% mortality rate. 
The first cases imported to the United States were confirmed in 
2014, both in travelers from Saudia Arabia.19 Albeit rare in the 
United States, both viruses also should be considered in the 
appropriate clinical and epidemiologic setting. In addition, 
enterovirus D68 is an emerging cause of pneumonia in 
children.20

In most published series, no microbiologic diagnosis is 
established in 50% of patients. This is attributable to many 
factors, including:
• Inability of many patients to produce sputum
• Acquisition of sputum specimen after antibiotics have been 

started
• Failure to perform numerous serologic studies routinely in 

all patients
• The fact that many organisms (e.g., viruses and anaerobic 

bacteria) were not routinely sought
• Failure, until more recently, to recognize pneumonia patho-

gens, such as C. pneumoniae and some viral agents.
The common microbial agents producing HCAP, HAP, and 

VAP are summarized in Table 24-1 and include gram-negative 
bacilli, S. aureus, Legionella species, and rarely viruses such as 
influenza or respiratory syncytial virus. The last-mentioned 
viruses are considerations only during the winter months, when 
they are endemic in the community and may enter the hospital 
via health care workers, visitors, or patients with incubating or 
active infections.

The relative frequencies and antimicrobial susceptibilities of 
these respective bacteria may vary considerably from one insti-
tution to another. Knowledge of which nosocomial isolates are 
most common within one’s own institution and community, 
along with their drug-sensitivity profiles, has important impli-
cations with regard to selecting antibiotic therapy, formulating 
infection control policies, investigating potential outbreaks, and 
selecting antimicrobial agents for the hospital formulary. For 
example, patients developing severe VAP in ICUs with a high 
prevalence of carbapenem resistance among gram-negative 
organisms such as Klebsiella pneumoniae and Acinetobacter bau-
mannii may warrant empiric antimicrobial therapy for these 
organisms pending culture information. Similarly, nosocomial 
legionellosis occurs with variable frequency at different institu-
tions, such that empiric therapy in critically ill patients with 
nosocomial LRTI may or may not require coverage of this 
pathogen.

Nosocomial pathogens capable of producing HAP can be 
transmitted directly from one patient to another, as in the  
case for tuberculosis. However, transmission from health care 

geographic locale. Legionellosis and C. pneumoniae, in particu-
lar, exhibit significant geographic variation in incidence.

TABLE 24-3 

Frequency of Pathogens in  
Community-Acquired Pneumonia

Cause Cases (%)

Streptococcus pneumoniae 20-75
Aspiration 6-10
Chlamydophila pneumoniae 4-11
Haemophilus influenzae 3-10
Gram-negative	bacilli 3-10
Staphylococcus aureus 3-5
Legionella	species 2-8
Viruses 2-16
Moraxella catarrhalis 1-3
Mycoplasma pneumoniae 1-24
Pneumocystis jiroveci 0-13
Mycobacterium tuberculosis 0-5
No	diagnosis 25-50

	

RULE OF THUMB

S. pneumoniae	remains	the	most	common	cause	of	
CAP.

Many studies examining the epidemiology and microbiology 
of CAP are potentially biased because they focus on patients 
requiring hospitalization. In patients with less severe illnesses 
not requiring hospitalization, more recent studies suggest that 
M. pneumoniae and C. pneumoniae account for 38% of cases 
and may be more common than typical bacterial pathogens 
such as pneumococcus and H. influenzae.12 In patients who 
are ill enough to require admission to the ICU, Legionella 
species, gram-negative bacilli, and pneumococcus are dispro-
portionately more common.13 A virulent strain of methicillin-
resistant S. aureus (MRSA) has emerged as a cause of severe 
necrotizing CAP.14

In urban settings that have a high incidence of endemic HIV 
infection, P. jiroveci may be an occasional cause of CAP.15 Viruses 
such as influenza, respiratory syncytial virus, parainfluenza, and 
adenovirus can cause CAP, especially in patients with milder 
illnesses not requiring hospitalization, and are encountered in 
the late fall and winter months. A worldwide pandemic of 
H1N1 influenza during 2009 to 2010 and ongoing sporadic 
cases of transmission of H5N1 influenza from birds to humans 
have led to heightened international awareness of influenza 
epidemiology, pathogenesis, and prevention.16

Mixed aerobic and anaerobic aspiration pneumonia may 
account for 10% of cases. This cause of pneumonia is an impor-
tant consideration for nursing home residents and for individu-
als with impaired gag reflexes or recent loss of consciousness.

The outbreak in 2000 to 2001 of inhalation anthrax in the 
United States adds another microbial differential diagnostic 
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symptoms, diarrhea, and cough, often with minimal sputum 
production. Cough was often a relatively minor symptom at  
the outset, and the illness was initially dominated by nonrespi-
ratory symptoms. Such a presentation was thought to be more 
common with pathogens such as M. pneumoniae, C. pneu-
moniae, Legionella species, and viruses. More recent studies have 
shown that considerable overlap exists in the clinical presenta-
tions of pneumonia with typical and atypical pathogens.21 The 
occurrence of concomitant diarrhea, previously considered 
indicative of legionellosis, is now known to be common in 
pneumococcal and mycoplasmal pneumonia.

Despite the limitations in predicting the microbial diagnosis 
based on the clinical presentation, clinicians use certain histori-
cal clues and physical findings at the bedside to determine the 
likely cause of pneumonia in patients presenting from the com-
munity. In patients presenting with high fever, teeth-chattering 
chills, pleuritic pain, and a cough producing rust-colored 
sputum, pneumococcal pneumonia is the most likely diagnosis. 
Patients with pneumonia accompanied by foul-smelling breath, 
an absent gag reflex, or recent loss of consciousness are most 
likely to have a mixed aerobic and anaerobic infection as a 
consequence of aspiration. CAP accompanied by hoarseness 
suggests C. pneumoniae. Pneumonia in a patient with a history 
of splenectomy suggests infection with an encapsulated patho-
gen such as pneumococcus or H. influenzae. Pneumonia occur-
ring after resolution of a flulike illness raises concern for  
S. aureus. Epidemics of pneumonia occurring within house-
holds or closed communities, such as dormitories or military 
barracks, suggest pathogens such as M. pneumoniae or C. pneu-
moniae. Pneumonia accompanied by splenomegaly suggests 
psittacosis (caused by Chlamydophila psittaci and associated 
with bird exposure) or Q fever (caused by Coxiella burnetii and 
associated with exposure to farm animals). Bullous myringitis 
and erythema multiforme are associated with Mycoplasma 
infection. Relative bradycardia (defined as a heart rate <100 
beats/min) in the presence of fever and in the absence of pre-
existing cardiac conduction system disease or beta-blocker 
therapy may suggest infection with an atypical pathogen.  
Pneumonia accompanied by conjunctivitis suggests adenovirus 
infection.

The clinical presentation of CAP in elderly patients warrants 
special mention because it may be subtle. Older individuals 
with pneumonia may not have a fever or cough and may simply 
present with shortness of breath, confusion, worsening conges-
tive heart failure (CHF), or failure to thrive.

Inhalation anthrax is a rare disease, but warrants mention 
because of the small epidemic believed to have been an act of 
bioterrorism.17 This outbreak affected mainly postal workers 
who were exposed to mail containing anthrax spores. Most 
patients presented with a febrile flulike illness of several days’ 
duration accompanied by dry cough and shortness of breath. 
Some patients went on to develop septic shock, meningitis, and 
disseminated intravascular coagulation over several days, cul-
minating in death.

Because of a lack of prior host immunity or unique viral 
virulence factors, patients infected with pandemic influenza 

workers (including respiratory therapists [RTs]), contaminated 
equipment, or fomites (objects capable of transmitting infec-
tion through physical contact with them) is more common, 
especially for gram-negative bacilli, S. aureus, and viruses. The 
RT has an important role to play in preventing the transmission 
and development of nosocomial pneumonia.

MINI CLINI
Distinguishing Between Different Types 
of Nosocomial Pneumonia

PROBLEM:  A 52-year-old man with a history of severe low 
back pain is admitted to the hospital with a GI bleed in the 
setting of excessive NSAID use. He has not seen a doctor in 5 
years. His presenting symptoms include epigastric abdominal 
pain, black stools, and dizziness with standing. Admission 
hemoglobin is 5.2 g/dl and white blood count (WBC) count is 
6.2 × 109. He is transfused red blood cells (RBCs) and under-
goes upper GI endoscopy, which reveals a large bleeding duo-
denal ulcer. Three days into his admission, the patient develops 
a fever to 40.2° C, shortness of breath, and cough. Laboratory 
testing reveals a WBC count of 16.8 × 109. Chest radiography 
reveals a patchy infiltrate in the right lower lobe. What type of 
pneumonia does this patient have? How might this infection 
have developed?

DISCUSSION:  The patient has HAP, because he did not have 
any evidence of pneumonia at the time of admission and devel-
oped his infection more than 48 hours into his hospital stay. 
He may have developed pneumonia secondary to inhalation of 
infectious particles via exposure to patients or health care pro-
viders working with a respiratory illness. More likely, he aspi-
rated oropharyngeal or gastric secretions during his upper 
endoscopy procedure or during a vomiting episode. Empiric 
antimicrobial coverage should target mixed aerobic and anaer-
obic mouth flora, S.aureus, enteric gram-negative bacilli, and 
potentially influenza, depending on the season.

CLINICAL MANIFESTATIONS

Patients with CAP typically have fever and respiratory symp-
toms, such as cough, sputum production, pleuritic chest pain, 
and dyspnea. Not all of these symptoms are present all the time, 
especially in elderly patients in whom the presentation may  
be subtle. Other problems, such as hoarseness, sore throat, 
headache, and diarrhea, may accompany certain pathogens. 
Fever, cough, and sputum production may occur in other ill-
nesses such as acute bronchitis or exacerbations of chronic 
bronchitis.

In the past, clinicians often distinguished between typical 
and atypical clinical syndromes as a means of predicting the 
most likely microbial causes. A typical presentation consisted of 
the sudden onset of high fever, shaking, chills, and cough with 
purulent sputum. Such a presentation was considered more 
common with bacterial pathogens such as pneumococcus and 
H. influenzae. An atypical presentation was an illness character-
ized by the gradual onset of fever, headache, constitutional 
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strains may have unusually severe presentations. During the 
2009 to 2010 pandemic of H1N1 influenza, clinical presenta-
tions varied from mild upper respiratory syndromes to fulmi-
nant pneumonias with acute respiratory distress syndrome 
(ARDS) and shock.16 SARS manifests with high fever and 
myalgia for 3 to 7 days followed by nonproductive cough  
and progressive hypoxemia with progression to mechanical 
ventilation in 20%.18 MERS presents similarly, with an added 
history of travel to or close contact with a symptomatic person 
who has traveled to the Arabian peninsula within 14 days of 
symptom onset.19

HCAP, HAP, and VAP usually manifest with new onset of 
fever in hospitalized or institutionalized patients. Nonintubated 
patients may have a recent history of vomiting, seizure, or 
syncope, during which aspiration of oropharyngeal or gastric 
secretions may have occurred. In intubated patients, VAP tradi-
tionally manifests with new onset of fever, leukocytosis, puru-
lent endotracheal secretions, and a new pulmonary infiltrate. 
The diagnosis of HCAP, HAP, or VAP can be extremely difficult 
to make in patients with preexisting abnormalities on the chest 
radiograph, such as CHF or ARDS. In mechanically ventilated 
patients, purulent tracheobronchitis may be accompanied by 
fever, and in patients with preexisting abnormalities on chest 
radiograph, the distinction between bronchitis and pneumonia 
can be especially difficult.

CHEST RADIOGRAPH

In patients with a compatible clinical syndrome, the diagnosis 
of CAP is established by the presence of a new pulmonary 
infiltrate on the chest radiograph. Not all healthy outpatients 
with suspected pneumonia require a chest radiograph, and phy-
sicians may choose not to obtain a chest radiograph and treat 
empirically for CAP in individuals with mild illnesses who are 
at low risk for morbidity or mortality.

Also, a normal chest radiograph does not exclude the diag-
nosis of pneumonia. The chest radiograph may be normal  
in patients with early infection, dehydration, or P. jiroveci 
infection. The pattern of radiographic abnormality is not diag-
nostic of the causative agent, although specific radiographic 
findings should suggest specific microbial differential diagnoses 
(Table 24-4).

Consolidation involving an entire lobe is called lobar consoli-
dation (Figure 24-1), whereas bronchopneumonia refers to the 
presence of a patchy infiltrate surrounding one or more bronchi, 
without opacification of an entire lobe. Both radiographic pat-
terns suggest the presence of a bacterial pathogen. Pleural effu-
sions are common in patients with bacterial pneumonia and 
uncommon in patients with viral, P. jiroveci, C. pneumoniae, or 
fungal pneumonia. Pleural effusions are seen in approximately 
10% of patients with M. pneumoniae and Legionella pneumoph-
ila pneumonia and occur occasionally in patients with reactiva-
tion pulmonary tuberculosis. Interstitial infiltrates (Figure 
24-2), especially if diffuse, suggest viral disease, P. jiroveci, or 
miliary tuberculosis in patients with CAP. Cavitary infiltrates 
(Figure 24-3) are seen in reactivation pulmonary tuberculosis; 

TABLE 24-4 

Radiographic Patterns Produced by Pathogens in 
Community-Acquired Pneumonia

Pattern Pathogens

Lobar	consolidation Bacterial
Bronchopneumonia Bacterial
Pleural	effusion Bacterial

Inhalation	anthrax
Interstitial	infiltrates Viruses

Pneumocytis jiroveci
Cavities Mycobacteria

Fungi
Nocardia	species
Staphylococcus aureus
Gram-negative	bacilli
Polymicrobial	aerobic	and	

anaerobic	lung	abscess
P. jiroveci	(rare)

Mediastinal	widening	without	
infiltrates

Inhalation	anthrax

Rapidly	progressive	multilobar Legionella	species
Streptococcus pneumoniae
Endobronchial	tuberculosis

FIGURE 24-1	 Lobar	pneumonia	caused	by	Streptococcus 
pneumoniae.	A	36-year-old	previously	healthy	woman	presents	
with	abrupt	onset	of	fevers	and	shaking	chills,	cough	productive		
of	yellow	sputum,	and	right-sided	pleuritic	chest	pain.	Chest	
radiograph	reveals	lobar	consolidation.	Sputum	culture	yields		
S. pneumoniae.	

fungal pneumonias, such as histoplasmosis, blastomycosis, and 
aspergilosis; nocardiosis; pyogenic lung abscess; and, rarely,  
P. jiroveci pneumonia. Patients with severe staphylococcal or 
gram-negative pneumonias may develop small cavities called 
pneumatoceles. Legionellosis should be considered in sicker 
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FIGURE 24-2	 Pneumocystis jiorveci	pneumonia	(PCP).	A	
23-year-old	male	intravenous	drug	user	presents	with	2	weeks	of	
dyspnea	on	exertion,	nonproductive	cough,	and	fevers	to	40.4°	C.	
The	chest	radiograph	shows	an	interstitial	infiltrate.	Human	
immunodeficiency	virus	antibody	test	is	positive,	serum	beta-D	
glucan	level	is	elevated,	and	bronchoalveolar	lavage	toluidine	blue	O	
stain	is	positive	for	P. jiroveci.	The	interstitial	infiltrate	in	a	“bat-wing”	
distribution	is	classic	for	PCP	pneumonia.	

FIGURE 24-3	 Cavitary	nodular	pneumonia	caused	by	
Aspergillus.	A	34-year-old	woman	undergoing	induction	
chemotherapy	for	newly	diagnosed	acute	myeloid	leukemia	
presents	with	persistent	neutropenic	fevers	and	cough	productive	
of	scant	hemoptysis.	Sputum	cultures	are	negative,	but	serum	
galactomannan	antigen	is	markedly	elevated,	highly	suggestive	of	
Aspergillus	infection.	Computed	tomography	reveals	multicentric	
cavitary	nodules,	some	of	which	have	a	halo	of	ground	glass	
opacity	surrounding	them,	findings	that	are	classic	for	invasive	
pulmonary	aspergillosis.	

patients with pneumonia of a single lobe, which quickly spreads 
to involve multiple lobes over 24 to 48 hours.

The chest radiograph may be helpful in diagnosing HCAP 
or HAP in nonintubated patients with a suspected aspiration 
event and a prevously normal chest film. In such cases, develop-
ment of a new infiltrate may confirm the clinical suspicion of 
aspiration pneumonia. The chest radiograph is often less helpful 
in the diagnosis of VAP because mechanically ventilated patients 
often have other reasons for radiographic abnormalities, such 
as ARDS, CHF, pulmonary thromboembolism, alveolar hemor-
rhage, or atelectasis. In these patients, the accurate diagnosis of 
a new nosocomial LRTI can be difficult. Clinical diagnosis, 
defined as the presence of fever, purulent respiratory secretions, 
new leukocytosis, and a new pulmonary infiltrate, is sensitive 
but not specific for the diagnosis of VAP. Other strategies to 
diagnose VAP more accurately have been investigated.

RISK FACTORS FOR MORTALITY  
AND ASSESSING THE NEED  
FOR HOSPITALIZATION

Many cases of CAP can be managed successfully on an outpa-
tient basis. The challenge for the clinician is to identify indi-
viduals at higher risk of morbidity and mortality for whom 
hospitalization is indicated. Over the past 20 years, numerous 
studies have analyzed risk factors for mortality in patients with 
CAP.21-23 Risk factors predicting a high risk for death are sum-
marized in Box 24-1.

Fine and associates23 performed a meta-analysis of 127 
cohorts of patients with CAP to examine risk factors for death. 
The overall mortality for the 33,148 patients in these cohorts 
was 13.7%. Eleven prognostic variables were significantly asso-
ciated with mortality, including male sex, absence of pleuritic 
chest pain, hypothermia, systolic hypotension, tachypnea, dia-
betes mellitus, cancer, neurologic disease, bacteremia, leukope-
nia, and multilobar infiltrates on chest radiograph. Mortality 
varied according to the infecting agent and was highest for P. 
aeruginosa (61.1%), Klebsiella species (35.7%), Escherichia coli 
(35.3%), and S. aureus (31.8%). Mortality rates for more 
common pathogens were lower but still substantial: Legionella 
species (14.7%), S. pneumoniae (12.3%), C. pneumoniae (9.8%), 
and M. pneumoniae (1.4%).

Because some variables are unknown at the time a patient 
seeks treatment for pneumonia, such as the causative agent and 
whether bacteremia is present, more recent studies have sought 
to assess the risk for fatal outcome by using clinical and labora-
tory data that are readily available at the time of the initial 
evaluation. Based on an analysis of the 30-day mortality in 
more than 40,000 patients, Fine and associates24 proposed a 
prediction rule to identify low-risk and high-risk patients with 
CAP. Their algorithm uses the demographic, clinical, and labo-
ratory data available at presentation to stratify the risk for 
death and the criteria for hospitalization in outpatient groups. 
Points are assigned for the presence of numerous variables, and 
cumulative point scores are used to stratify patients into one  
of five different risk groups with predictable mortality rates 
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(Tables 24-5 and 24-6). In this model, which has been validated 
in large prospective cohorts of patients, the patients at the 
lowest risk for death fall into groups I and II. In most instances, 
these patients may be treated successfully as outpatients, unless 
they are hypoxemic, vomiting and unable to take oral antibiot-
ics, noncompliant, or immunocompromised. Patients in group 
I are patients younger than 50 years of age without comorbid 
illnesses and abnormal physical findings at presentation (see 
Box 24-1 and Table 24-5). This group of patients has a 0.1% 
risk for death.

Because of the complexity of the pneumonia severity index, 
many practitioners prefer a simpler stratification system, 
CURB-65. Risk criteria in this system include confusion, blood 
urea nitrogen greater than 20 mg/dl, respiratory rate greater 

 Box 24-1 Risk Factors for Mortality in 
Community-Acquired Pneumonia 
from Multiple Studies

I.	 Patient	variables
A.	 Age	>50	years
B.	 Male	sex
C.	 Comorbid	illnesses

1.	 Cerebrovascular	disease
2.	 Cancer
3.	 Congestive	heart	failure
4.	 Renal	disease
5.	 Liver	disease
6.	 Immunosuppression
7.	 Alcoholism
8.	 Diabetes	mellitus
9.	 Chronic	lung	disease

II.	 Clinical	parameters	at	presentation
A.	 Altered	mentation
B.	 Systolic	hypotension	<90	mm	Hg
C.	 Tachypnea	>30	breaths/min
D.	 Hypothermia	(temperature	<35°	C)
E.	 Fever	(temperature	>40°	C)
F.	 Pulse	rate	>125	beats/min
G.	Extrapulmonary	site	of	infection

III.	 Laboratory	and	radiographic	findings	at	presentation
A.	 Arterial	pH	<7.35
B.	 Blood	urea	nitrogen	>30	mg/dl
C.	 Serum	sodium	<130	mmol/L
D.	 Glucose	>250	mg/dl
E.	 Hematocrit	<30%
F.	 Hypoxia	(PaO2	<60	mm	Hg)	or	hypercarbia	(PCO2	>	

50	mm	Hg)	on	room	air
G.	White	blood	cell	count	<4	×	109/L,	>30	×	109/L,	or	an	

absolute	neutrophil	count	<1	×	109

H.	 Multilobar	infiltrate
I.	 Bacteremia
J.	 Pleural	effusion
K.	 High-risk	cause

1.	 Gram-negative	bacilli
2.	 Staphylococcus aureus
3.	 Postobstructive	pneumonia
4.	 Aspiration

From	Fine	MJ,	Smith	MA,	Carson	CA,	et	al:	Prognosis	and	outcomes	of	
patients	with	community-acquired	pneumonia:	a	meta-analysis.	JAMA	
275:134–141,	1996.

TABLE 24-5 

Scoring System for Stratifying Risk of  
30-Day Mortality in Adults With  
Community-Acquired Pneumonia

Variable Points Assigned

Age
	 Men Age	(yr)
	 Women Age	(yr)	−	10
Nursing	home	resident +10
Comorbid	illnesses
	 Cancer +30
	 Liver	disease +20
	 Kidney	disease +10
	 Cerebrovascular	disease +10
	 Congestive	heart	failure +10
Physical	findings
	 Altered	mentation +20
	 Tachypnea	>30	breaths/min +20
	 Systolic	hypotension	<90	mm	Hg +20
	 Temperature	<35°	C	or	>40°	C +15
	 Heart	rate	>125	beats/min +10
Laboratory	and	radiographic	findings
	 Acidemia	(arterial	pH	<7.35) +30
	 Azotemia	(blood	urea	nitrogen	>30	mg/dl) +20
	 Hyponatremia	(sodium	<130	mmol/L) +20
	 Hypoxia	(PaO2	<60	mm	Hg) +10
	 Hyperglycemia	(glucose	>250	mg/dl) +10
	 Anemia	(hematocrit	<30%) +10
	 Pleural	effusion +10

Modified	from	Fine	MJ,	Auble	TE,	Yealy	DM,	et	al:	A	prediction	rule	to	
identify	low-risk	patients	with	community-acquired	pneumonia.	N	Engl	J	Med	
336:243–250,	1997.
NOTE:	Plus	sign	(+)	denotes	adding	points;	minus	sign	(−)	denotes	subtracting	
points	(e.g.,	for	women,	points	assigned	equal	age	in	years	−	10).

TABLE 24-6 

Risk Class Mortality Rates Using Prediction Model 
Cumulative Point Scores in Patients With 
Community-Acquired Pneumonia

Risk Class (Cumulative Point Score) Mortality Rate (%)

I 0.1
II	(≤70) 0.6
III	(71-90) 2.8
IV	(91-130) 8.2
V	(>130) 29.2

Modified	from	Fine	MJ,	Auble	TE,	Yealy	DM,	et	al:	A	prediction	rule	to	
identify	low-risk	patients	with	community-acquired	pneumonia.	N	Engl	J	Med	
336:243–250,	1997.
NOTE:	Patients	in	risk	class	I	are	<50	years	old	and	lack	existing	illness	or	
physical	findings	listed	in	Table	19-5.	Points	are	assigned	to	patients	in	risk	
classes	II	and	higher.

than 30 breaths/min, systolic blood pressure less than 90 mm Hg 
or diastolic blood pressure less than 60 mm Hg, and age older 
than 65 years. Based on their data analysis, the authors recom-
mend that patients with one or two risk criteria should be 
treated as outpatients, patients with two criteria treated on 
general hospital wards, and patients with three or more criteria 
admitted to the ICU.25
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MINI CLINI
Estimating Risk from Pneumonia

PROBLEM:  The RT is called to the emergency department to 
perform an arterial blood gas analysis on a 70-year-old woman 
who has been sent from a nursing home with confusion and 
shortness of breath. Her history is notable for end-stage renal 
disease caused by hypertension and a recent stroke, which has 
resulted in left-sided hemiplegia. The emergency physician 
ordered a chest x-ray examination, which revealed a right lower 
lobe infiltrate and a right pleural effusion.

On physical examination, the patient is somnolent. Her vital 
signs are temperature, 35° C; blood pressure, 85/50 mm Hg; 
and heart rate, 130 beats/min. Additional findings include the 
following:
• Absent gag reflex
• Right basilar rales (crackles) and left hemiplegia
• Peripheral white blood cell (WBC) count, 3000 cells/mm3

• Blood urea nitrogen, 100 mg/dl
• Hematocrit, 31%
• Blood glucose, 110 mg/dl
• Serum sodium, 144 mmol/L

The RT collects the arterial blood gas on room air, which 
shows a pH of 7.30; PaO2, 58 mm Hg; and PCO2, 25 mm Hg. 
Should the patient be admitted to the hospital, or should she 
be sent back to the nursing home? What is her risk for 30-day 
mortality?

DISCUSSION:  This patient is at substantial risk for dying 
from pneumonia and should be admitted to the hospital. The 
Fine prediction rule24 may be used as follows to estimate the 
risk for 30-day mortality (see Tables 24-5 and 24-6):

Variable Points

Age 70 yr +70
Sex female −10
Nursing home resident +10
Cerebrovascular disease +10
Renal disease +10
Altered mentation +20
Systolic hypotension +20
Hypothermia +15
Tachycardia +10
Acidemia +30
Renal failure +20
Hypoxemia, with PaO2 <60 mm Hg +10
Pleural effusion +10
Total 225

Many studies have examined risk factors for the develop-
ment of HAP and VAP, which in broad terms can be divided 
into (1) factors that interfere with host defense and (2) factors 
that encourage exposure to large numbers of bacteria.7 Exam-
ples of factors that interfere with host defense include the 
following:
• Underlying illnesses such as diabetes mellitus, malignancy, 

chronic heart and lung disease, and renal failure
• Critical illnesses such as sepsis syndrome and ARDS
• Therapeutic interventions such as endotracheal intubation, 

tracheostomy, and administration of medications such as 
sedatives and corticosteroids
Factors that promote exposure of the lung to pathogenic 

microorganisms include the following:
• Use of endotracheal or nasogastric tubes
• Contaminated ventilator equipment or water supplies
• Prior antibiotic therapy
• Neutralization of gastric pH

Although many studies have emphasized the substantial 
mortality rate (20% to 50%) for patients who develop HAP or 
VAP, few studies have examined the specific risk factors associ-
ated with mortality in hospital-acquired LRTI. For nonventi-
lated patients, risk factors for mortality include bilateral 
infiltrates, respiratory failure, and infection with high-risk 
organisms.26,27 In mechanically ventilated patients, factors asso-
ciated with fatal outcome include the following27,28:
• Infection with high-risk organisms such as P. aeruginosa, 

Acinetobacter species, and Stenotrophomonas maltophilia
• Multisystem organ failure
• Nonsurgical diagnosis
• Therapy with antacids or histamine-2 (H2)-receptor 

antagonists
• Transfer from another hospital or ward
• Renal failure
• Prolonged mechanical ventilation
• Coma or shock
• Inappropriate antibiotic therapy
• Hospitalization in a noncardiac ICU

Her cumulative point score is 225, she belongs in risk class 
V, and her estimated risk for mortality is 29.2% (see Table 24-6). 
She should be admitted to the hospital for treatment.

DIAGNOSTIC STUDIES

Community-Acquired Pneumonia

Many patients with CAP who are treated as outpatients never 
have a microbiologic diagnosis established. Many are treated 
based on the history and examination findings, with or without 
a chest radiograph to confirm the presence of an infiltrate. 
Patients who are sick enough to warrant hospitalization or  
consideration of hospitalization should undergo appropriate 
studies to stratify risk for mortality and establish a microbio-
logic diagnosis (Box 24-2). Complete blood count, blood 
glucose, serum sodium, and blood urea nitrogen are all neces-
sary to derive a point score for estimating mortality risk. An 

arterial blood gas analysis is used to detect the presence of 
hypoxemia and acidemia, which indicate more serious illness.

The value of Gram stain and culture of expectorated sputum 
has been debated for years.29 Many patients lack a productive 
cough, making collection of an adequate specimen difficult. 
Prior antibiotic therapy reduces the yield from both tests. Only 
50% of patients with bacteremic pneumococcal pneumonia 
have a positive sputum culture.30 Nevertheless, the finding of a 
predominant organism on Gram stain in an appropriately col-
lected specimen can be very helpful in selecting appropriate 
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organisms can colonize the oropharynx, and their presence in 
culture may not signify true LRTI. The culture isolation of other 
organisms, such as Mycobacterium tuberculosis, Histoplasma 
capsulatum, Blastomyces dermatitidis, Coccidioides immitis, and 
Legionella species is diagnostic of disease because these organ-
isms almost never colonize the respiratory tract.

 Box 24-2 Recommended Tests for Adults 
With Community-Acquired 
Pneumonia Warranting 
Consideration of Hospitalization

•	 Chest	radiograph
•	 Complete	blood	count
•	 Blood	chemistries

•	 Glucose
•	 Serum	sodium
•	 Blood	urea	nitrogen

•	 Arterial	blood	gas
•	 Sputum	Gram	stain	and	culture
•	 Additional	sputum	studies	as	clinically	indicated

•	 Acid-fast	stains	and	culture	for	mycobacteria
•	 Potassium	hydroxide	examination	and	fungal	culture
•	 Stain	for	Pneumocystis jiroveci
•	 Direct	fluorescent	antibody	stain	for	Legionella	species

•	 Blood	cultures
•	 Pleural	fluid	analysis	if	sizable	effusion	is	present

•	 Cell	count	with	differential
•	 Glucose,	protein,	and	lactate	dehydrogenase
•	 pH
•	 Gram	stain	and	routine	aerobic	and	anaerobic	culture
•	 Acid-fast	stain	and	culture	for	mycobacteria

•	 Additional	other	studies	as	clinically	indicated
•	 Legionella	urinary	antigen
•	 Pneumococcal	urinary	antigen
•	 Acute	and	convalescent	sera	for	Mycoplasma 

pneumoniae, Legionella	species,	and	Chlamydophila 
pneumoniae

•	 Fungal	serologies
•	 HIV	test	for	individuals	15	to	65	years	old	or	for	

individuals	engaging	in	high-risk	behavior

antibiotic therapy.31 A routine sputum culture must be inter-
preted within the context of the sputum Gram stain. Specimens 
contaminated with oropharyngeal epithelial cells are unsatisfac-
tory for analysis and specimens lacking neutrophils from non-
neutropenic patients are unlikely to be helpful.

	

RULE OF THUMB

The	presence	of	Candida	species	on	sputum	smear	or	
culture	is	almost	never	clinically	significant.

	

RULE OF THUMB

A	routine	sputum	culture	can	be	interpreted	only	within	
the	context	of	the	sputum	Gram	stain.

The RT has an important role in collecting an appropriate 
specimen of expectorated sputum. Patients should be advised 
to rid the mouth of contaminating saliva by rinsing with water 
or by spitting and then to expectorate a specimen from deep 
within the tracheobronchial tree into a collection container. 
Prompt transportation to the laboratory is essential and 
improves the diagnostic yield from culture.12 Most microbiol-
ogy laboratories screen the adequacy of the specimen by cyto-
logic examination. A satisfactory specimen contains more than 
25 leukocytes and fewer than 10 squamous epithelial cells per 
high-power field.32 In routine sputum culture, the isolation of 
bacteria such as S. pneumoniae and H. influenzae must be inter-
preted within the context of the Gram stain because these 

Other stains and cultures of expectorated sputum should be 
obtained as dictated by the clinical circumstance, when man-
agement would be changed, or for purposes of tracking unusual 
or resistant organisms in an institution or population. In 
patients with suspected tuberculosis, the finding of acid-fact 
bacilli in stained sputum specimens often prompts initiation of 
antituberculous therapy because culture isolation of M. tuber-
culosis may take 6 weeks. A direct fluorescence antibody stain 
of sputum for Legionella species may reveal the organism in 
25% to 80% of individuals with Legionnaire’s disease, and cul-
tures are positive in 50% to 70%.33 Toluidine blue O stains 
of sputum may disclose the organism in 80% of patients with 
P. jiroveci pneumonia. Potassium hydroxide preparations of 
sputum show fungi in only a few patients with histoplasmosis, 
blastomycosis, or coccidioidomycosis but are very helpful if 
positive.

Blood cultures should be obtained in hospitalized patients 
with CAP and may be helpful in establishing the diagnosis in 
patients with typical bacterial pathogens. Blood cultures are 
positive in approximately 30% of patients with pneumococcal 
pneumonia and in 70% of patients with H. influenzae pneu-
monia.34 Blood cultures are not helpful in patients with legio-
nellosis, M. pneumoniae, C. pneumoniae, P. jiroveci, or viral 
infections. Collection of blood cultures within 24 hours of hos-
pitalization in elderly patients with pneumonia has been associ-
ated with improved survival.35

Parapneumonic pleural effusions are common and occur in 
30% to 50% of patients with CAP.11 Thoracentesis is indicated 
for patients with large pleural effusions and patients with 
smaller effusions who fail to respond to therapy or for whom 
the microbiologic diagnosis is not established. Pleural fluid 
should be tested for cell count, glucose, protein, pH, lactate 
dehydrogenase, Gram and acid-fast bacilli stains, and routine 
(aerobic and anaerobic) and mycobacterial cultures. Effusions 
with a fluid pH less than 7.20, a positive Gram stain or culture, 
or fluid that appear grossly purulent on inspection require tube 
thoracostomy for drainage.36

Other studies may be helpful in establishing a microbiologic 
diagnosis in the appropriate clinical setting. L. pneumophila 
serogroup 1 accounts for 80% of cases of Legionnaire’s disease.37 
The urinary antigen test for L. pneumophila serogroup 1 is a 
sensitive and rapid test and usually becomes positive within 3 
days of illness onset, but the test has limitations. First is its 
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MINI CLINI
Importance of Clinical Setting for 
Determining the Cause of Pneumonia

PROBLEM:  The RT is caring for a 32-year-old man admitted 
to the hospital 24 hours earlier with fever, shaking chills, and a 
new left lower lobe infiltrate. His WBC count on admission was 
3500 cells/mm3, with 96% neutrophils and 4% lymphocytes. A 
sputum Gram stain disclosed many polymorphonuclear leuko-
cytes and lancet-shaped, gram-positive diplococci. Blood cul-
tures have grown S. pneumoniae at 24 hours. He remains febrile 
24 hours into therapy with penicillin G. While checking pulse 
oximetry, the RT notes that the patient is emaciated and that 
multiple needle tracks are present in each antecubital fossa. He 
tells the RT that he uses intravenous heroin. What other tests 
are indicated?

DISCUSSION:  This patient, who is an intravenous drug user, 
has bacteremic pneumococcal pneumonia. These findings, 
along with the presence of cachexia and leukopenia with lym-
phopenia, should suggest the possibility of underlying HIV 
infection. An HIV test is indicated and should be performed 
after the patient’s consent is obtained.

Both pneumococcal and H. influenzae pneumonia occur 
with higher frequency in HIV-infected individuals than in the 
general population. Occasionally, an HIV-infected patient has 
his or her first contact with the health care system as a result 
of one of these infections. New guidelines recommend that all 
average-risk individuals ages 15 to 65 undergo testing for HIV 
once in their lives and persons at higher risk for HIV infection 
undergo more frequent testing.40

other individuals who engage in behaviors that put them at risk 
for HIV infection.

Molecular techniques, such as DNA probes and polymerase 
chain reaction (PCR), used for detecting specific organisms 
such as M. pneumoniae or M. tuberculosis or for confirming the 
identity of culture isolates, are being developed and used in 
some larger centers. Rapid diagnostic testing of nasopharyngeal 
specimens for viral pathogens such as influenza, parainfluenza, 
and respiratory syncytial virus may be helpful in diagnosing 
CAP because of these organisms in patients with compatible 
clinical presentations.

inability to detect the non–serogroup 1 L. pneumophila and 
non–L. pneumophila species that account for 20% of cases of 
Legionnaire’s disease. Second, it can be negative if patients 
present very early in the disease course, potentially misleading 
clinicians with a negative result and requiring repeat testing if 
clinical suspicion remains high. Third, the test may remain 
positive for 1 year, obviating the ability to distinguish new  
from remote infection in patients with a recent history of 
pneumonia.

Serologic tests for immunoglobulin M (IgM) and IgG anti-
bodies to M. pneumoniae, Legionella species, or C. pneumoniae 
are rarely helpful during the initial stages of pneumonia, but 
convalescent titers 3 to 4 weeks later may permit a retrospective 
microbiologic diagnosis by showing a fourfold increase in IgG 
titer or the development of IgM antibody against a specific 
pathogen. Acute sera should be analyzed in patients who are 
critically ill with pneumonia and for whom the microbiologic 
diagnosis is unavailable. Fungal serologic findings are occasion-
ally helpful in supporting the diagnosis of blastomycosis, histo-
plasmosis, or coccidioidomycosis, pending culture isolation of 
the organism.

Fungal antigen assays are increasingly being used in settings 
in which there is a high clinical suspicion for invasive fungal 
infection. Invasive aspergillosis is is an important cause of 
pneumonia in immunocompromised hosts, particularly in 
those with prolonged neutropenia. Galactomannan is a polysac-
charide that is a major constituent of Aspergillus cell walls. A 
large meta-analysis revealed that galactomannan antigen assays 
have a sensitivity of 71% and specificity of 89% for Aspergillus 
infection.38 However, the sensitivity of the test is decreased by 
concomitant administration of antifungal therapy and false-
positive results can occur in patients receiving the antibiotic 
combination piperacillin-tazobactam in infections with other 
fungi that share cross-reacting antigens (Fusarium and Penicil-
lium species, H. capsulatum) and in patients with chemotherapy-
induced mucositis or transplant-associated graft-versus-host 
disease (in whom bacteria with cross-reactive antigens translo-
cate across the intestinal mucosal wall). Similarly, 1,3-beta-D-
glucan is a cell wall component of many fungi, and levels of this 
molecule are elevated in many types of invasive fungal infec-
tion, including those with Aspergillus, P. jiroveci, H. capsulatum, 
and C. immitis. Beta-D glucan assays have a sensitivity of 77% 
and specificity of 85% for invasive fungal infection.39 Like the 
galactomannan assay, there are some drawbacks to this test. 
First, the assay cannot distinguish between infections from 
various fungal pathogens. False-positive results can occur in 
patients receiving intravenous immunoglobulin or albumin 
infusions, in patients undergoing hemodialysis or receiving 
intravenous infusions that use cellulose filters, in patients with 
glucan-containing gauze packing of serosal surfaces, and 
patients who are bacteremic with certain organisms, including 
Pseudomonas aeruginosa.39

Because pneumococcal and H. influenzae pneumonia occur 
with higher frequency in patients with HIV infection than in 
the average population, an HIV test is recommended for patients 
ages 15 to 65 with CAP. HIV testing is also recommended for 

Flexible bronchoscopy is usually reserved for severe cases of 
CAP, for immunocompromised individuals in whom opportu-
nistic pathogens must be excluded, or for cases in which P. jir-
oveci infection is suspected. The yield from flexible bronchoscopy 
is higher if performed before starting antibiotic therapy in 
patients with bacterial pneumonia. Open lung biopsy is rarely 
indicated for patients with CAP.

Health Care–Associated Pneumonia, 
Hospital-Acquired Pneumonia, and 
Ventilator-Associated Pneumonia

The accurate diagnosis of nosocomial pneumonia is challeng-
ing and has been the subject of intense investigation over the 
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Nonbronchoscopic techniques using telescoping protected 
catheters have also been developed to obtain specimens for 
quantitative culture from the lower airway. In most studies, 
sensitivity has been comparable to bronchoscopic techniques, 
but results have disagreed in 20% of cases.41

Bronchoalveolar lavage (BAL), in which a lung segment is 
lavaged with sterile saline through the bronchoscope and recov-
ered fluid is quantitatively cultured, has been studied exten-
sively as a tool for diagnosing nosocomial pneumonia (see 
Chapter 24). Some studies have supported the usefulness of this 
technique, and others have questioned its specificity because of 
upper airway contamination.47,48 BAL has proved useful for 
obtaining alveolar cells for microscopic analysis; several studies 
have suggested that the presence of intracellular bacteria in 3% 
to 5% of BAL cells distinguishes patients with nosocomial 
pneumonia from patients without pneumonia.47,48 In one study, 
the combination of PSB cultures and microscopic examination 
of BAL cells for intracellular bacteria was 100% sensitive  
and 96% specific in identifying patients with nosocomial 
pneumonia.47

Mini-BAL performed by RTs also has been advocated for 
diagnosing VAP. In one study, results obtained using this tech-
nique were comparable with results obtained by bronchoscopy 
using PSB.49 Some centers use this technique as the primary 
method of sampling respiratory secretions in suspected noso-
comial pneumonia. Transthoracic ultrathin needle aspiration of 
the lung in nonventilated patients with nosocomial pneumonia 
also has been studied and in one report was found to have a 
sensitivity of 60%, a specificity of 100%, and a positive predic-
tive value of 100%.50

Accurately diagnosing HAP, HCAP, and VAP remains a chal-
lenge for the physician and the RT. None of the available diag-
nostic techniques is 100% sensitive or specific; all are limited  
in the populations at greatest risk for getting nosocomial 
pneumonia—mechanically ventilated patients and patients 
receiving prior antibiotic therapy.

ANTIBIOTIC THERAPY

Community-Acquired Pneumonia

The selection of antibiotic therapy for patients with CAP should 
be guided by several considerations, including the age of the 
patient, severity of the illness, presence of risk factors for  
specific organisms, and results of initial diagnostic studies. 
Pathogen-specific therapy should be used when clinical circum-
stances and initial evaluation strongly suggest the microbiologic 
diagnosis or when cultures or other studies confirm the cause. 
In many instances, initial studies fail to establish a diagnosis, 
and empiric therapy must be started. Major classes of antibiot-
ics used to treat pneumonia are listed in Table 24-7. Consensus 
guidelines for therapy have been published by the American 
Thoracic Society (ATS) and the Infectious Diseases Society of 
America (IDSA) (Table 24-8).51-53 Therapy initiated within 4 
hours of hospital admission has been associated with improved 
survival.35

 Box 24-3 Techniques for Diagnosing 
Nosocomial Pneumonia

•	 Clinical	diagnosis
•	 Direct	visualization	of	the	airway	by	bronchoscopy
•	 Quantitative	cultures	of:

•	 Endotracheal	aspirates
•	 Protected	brush–bronchoscopy	specimens
•	 Nonbronchoscopic	distally	protected	specimens
•	 Conventional	or	protected	BAL	specimens,	plus	

microscopic	examination	of	recovered	cells
•	 PSB	and	BAL	specimens,	plus	microscopic	examination	

of	BAL	fluid	cells
•	 RT-directed	mini-BAL
•	 Transthoracic	fine-needle	aspiration

BAL,	Bronchoalveolar	lavage;	PSB,	protected	specimen	brush;	RT,	
respiratory	therapist.

past three decades. Numerous techniques have been extensively 
evaluated (Box 24-3); however, none is absolutely sensitive and 
specific.41,42 Clinical diagnosis has been defined as the develop-
ment of a new infiltrate on chest radiograph in the setting of 
fever, purulent tracheal secretions, and leukocytosis in a hospi-
talized patient. Clinical diagnosis lacks specificity because many 
other causes of pulmonary infiltrates exist in hospitalized 
patients, especially in patients on mechanical ventilation.43 In 
addition, the upper airway commonly is colonized with noso-
comial gram-negative bacilli and staphylococci, even in the 
absence of pneumonia. The qualitative culture isolation of these 
organisms from tracheal secretions correlates poorly with the 
presence or absence of pneumonia.

Direct visualization of the lower airway by bronchoscopy in 
ventilated patients is sometimes helpful to support the diagno-
sis of VAP. In one study, the presence of distal, purulent secre-
tions, persistence of secretions surging from distal bronchi 
during exhalation, and a decrease in the PaO2/FiO2 ratio of less 
than 50 were independently associated with the presence of 
pneumonia. The presence of two of three of these factors had 
a sensitivity of 78% in the diagnosing nosocomial pneumonia; 
these factors were absent 89% of the time when there was no 
pneumonia (89% specific).44

Because the specificity of qualitative sputum cultures has 
been unreliable, several studies have examined the role of quan-
titative cultures of endotracheal aspirates using various break-
points ranging from 103 to 107 colony-forming units (CFUs) per 
milliliter of respiratory secretions. Results with this technique 
have been best using a breakpoint of 106 CFU/ml, but sensitivi-
ties have been only 68% to 82%, with specificities of 84% to 
96% with this test.45,46

The protected specimen brush (PSB) was developed in the 
1970s and uses a special double-catheter brush system to mini-
mize contamination by upper airway flora. Specimens obtained 
with this technique are cultured quantitatively. Numerous 
studies have validated the sensitivity of PSB in diagnosing noso-
comial pneumonia.47,48 However, PSB may be less useful in cases 
in which antibiotics have already been started, in cases of early 
infection, and in cases in which the wrong lobe is sampled.41
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TABLE 24-8 

Empiric Regimens for Treatment of Hospitalized Adults With Community-Acquired Pneumonia

Patient Group Likely Pathogens Empiric Regimens

Hospitalized	on	
ward

Streptococcus pneumoniae, Haemophilus influenzae, 
Chlamydophila pneumoniae, Staphylococcus aureus, 
Mycoplasma pneumoniae,	anaerobes,	viruses

Respiratory	fluoroquinolone	(levofloxacin,	moxifloxacin,	
gemifloxacin)	alone	or	beta-lactam	(cefotaxime,	ceftriaxone,	
ampicillin,	ertapenem)	and	macrolide

Critically	ill,	ICU S. pneumoniae, Legionella	species,	S. aureus,	
gram-negative	bacilli,	M. pneumoniae, C. 
pneumoniae

If	Pseudomonas aeruginosa	unlikely:	Beta-lactam	(cefotaxime,	
ceftriaxone,	ampicillin-sulbactam)	plus	either	azithromycin	or	
a	respiratory	fluoroquinolone

If	P. aeruginosa	possible:	IV	antipseudomonal	beta-lactam	
(piperacillin-tazobactam,	cefepime,	imipenem,	meropenem)	
plus	fluoroquinolone	(ciprofloxacin	or	levofloxacin)	or	IV	
antipseudomonal	beta-lactam	plus	aminoglycoside	plus	
either	IV	macrolide	or	fluoroquinolone

Modified	from	Mandell	MA,	Wunderink	RG,	Anzueto	A,	et	al:	Infectious	Disease	Society	of	America/American	Thoracic	Society	consensus	guidelines	on	the	
management	of	community-acquired	pneumonia	in	adults.	Clin	Infect	Dis	44:S27–S72,	2007.
IV,	Intravenous;	PO,	by	mouth.

TABLE 24-7 

Major Classes of Antibiotics Used in  
the Treatment of Pneumonia

Antibiotic Class Representative Drugs

Penicillins Penicillin	G,	ampicillin
Ureidopenicillins Ticarcillin,	piperacillin,	mezlocillin
Semisynthetic	penicillins Oxacillin,	nafcillin
First-generation	

cephalosporins
Cefazolin

Second-generation	
cephalosporins

Cefuroxime

Third-generation	
cephalosporins

Cefotaxime,	ceftriaxone,	
ceftizoxime

Antipseudomonal	
cephalosporins

Ceftazidime,	cefepime

Carbapenems Imipenem,	meropenem,	ertapenem
Monobactams Aztreonam
Beta-lactam/beta-lactamase	

inhibitor	combinations
Ticarcillin/clavulanate,	piperacillin/

tazobactam,	ampicillin/sulbactam
Quinolones Ciprofloxacin,	levofloxacin,	

moxifloxacin,	gemifloxacin
Macrolides Erythromycin,	clarithromycin,	

azithromycin
Tetracyclines Doxycycline
Glycopeptides Vancomycin
Oxazolidinones Linezolid

For hospitalized patients who are not critically ill and who 
are admitted to the ward, an empiric regimen of a respiratory 
fluoroquinolone alone or an advanced macrolide plus a beta-
lactam (cefotaxime, ceftriaxone, or ampicillin) is recommended 
(see Table 24-8). For critically ill patients requiring admission 
to the ICU, the IDSA and ATS recommend as empiric therapy 
a beta-lactam (cefotaxime, ceftriaxone, or ampicillin-sulbactam) 
plus either an advanced macrolide or a respiratory fluoroqui-
nolone for legionella coverage. Certain pathogens require  
specific consideration in the ICU setting. If Pseudomonas is 
a concern, recommended regimens include two drugs with 

antipseudomonal coverage: an antipseudomonal beta-lactam 
(piperacillin-tazobactam, cefepime, imipenem, or meropenem) 
and ciprofloxacin or levofloxacin; an antipseudomonal beta-
lactam, an aminoglycoside, and azithromycin; or an antipseu-
domonal beta-lactam, an aminoglycoside, and a respiratory 
fluoroquinolone (see Table 24-8). When MRSA is a concern, 
addition of vancomycin or linezolid is recommended.

When a microbiologic diagnosis is established, the antimi-
crobial regimen should be tailored to the isolated pathogen. 
Pathogen-specific treatment recommendations from the IDSA 
and ATS are summarized in Table 24-9. For isolates of S. pneu-
moniae susceptible to penicillin, penicillin remains the preferred 
agent. Many strains of H. influenzae produce beta-lactamase, 
making them resistant to penicillin. Second- or third-generation 
cephalosporins and amoxicillin/clavulanate are the agents of 
choice. Legionellosis should be treated with a macrolide or with 
a fluoroquinolone alone. Pneumonia caused by M. pneumoniae 
and C. pneumoniae should be treated with a macrolide or doxy-
cycline. Trimethoprim-sulfamethoxazole (TMP-SMX) is the 
drug of choice for P. jiroveci pneumonia. However, 50% of HIV-
infected patients may develop fever or a rash while taking this 
medication. For patients with mild to moderate disease, atova-
quone, clindamycin, and primaquine, or trimethoprim and 
dapsone, are treatment alternatives; pentamidine is indicated 
for severe infection in patients unable to tolerate TMP-SMX. 
Treatment for staphylococcal or gram-negative pneumonias is 
dictated by the antibiotic susceptibility profiles of the offending 
organism. For patients with staphylococcal pneumonia, vanco-
mycin is preferred, pending antibiotic susceptibility results. If 
the isolate is methicillin-susceptible, a semisynthetic penicillin, 
such as oxacillin or nafcillin, should be used because these anti-
biotics kill the bacteria more effectively than vancomycin; in 
seriously ill patients, rifampin or an aminoglycoside may be 
added. A detailed discussion regarding the treatment of fungal 
and viral pneumonias is beyond the scope of this chapter.

The duration of therapy of CAP is guided by the specific 
pathogen and the patient’s clinical course. Recommendations 
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Health Care–Associated Pneumonia, 
Hospital-Acquired Pneumonia, and 
Ventilator-Associated Pneumonia

Empiric and definitive therapy of nosocomial pneumonia is 
determined by institution-specific data regarding the most 
common organisms and their antibiotic-susceptibility profiles 
and by patient-specific risk factors. Although general guidelines 
have been published,3 the importance of local data cannot be 
overemphasized because there is great variation across regions 
and across health care facilities regarding the prevalence and 
susceptibility profiles of specific pathogens.

Generally, in-hospital aspiration should be treated with a 
regimen that provides coverage against anaerobes and gram-
negative bacilli, such as a beta-lactam/beta-lactamase inhibitor 
combination or clindamycin with a third-generation cephalo-
sporin. Although vancomycin has been the traditional drug of 
choice for MRSA pneumonia, evolving data suggest that line-
zolid may be better than vancomycin. In a randomized con-
trolled trial of vancomycin versus linezolid for treatment of 
MRSA pneumonia, clinical resolution of pneumonia occurred 
more frequently in patients treated with linezolid, but there was 

have evolved from the traditional 14 days to a minimum of 5 
days of therapy with clinical stability. Exceptions include 
Legionnaire’s disease or staphylococcal pneumonia, for which a 
minimum of 2 weeks of therapy is recommended. Older indi-
viduals and patients with comorbidities also may require longer 
courses of treatment. When fever has resolved and patients 
begin to improve clinically, oral therapy may be used to com-
plete the treatment program. Failure of the patient’s tempera-
ture to normalize within 4 or 5 days suggests a missed pathogen, 
a metastatic or closed-space infection (e.g., empyema), drug 
fever, or the presence of an obstructing endobronchial lesion. 
Empyema should be treated with tube thoracostomy. Abnormal 
findings on physical examination may persist beyond 1 week in 
20% to 40% of patients, despite clinical improvement. By 1 
month, radiographic resolution occurs in 90% of individuals 
younger than 50 years.54 After 1 month, radiographic abnor-
malities may persist in 70% of cases involving older individuals 
or in patients with significant underlying illnesses.54

TABLE 24-9 

Pathogen-Specific Treatment Recommendations 
for Adults With Community-Acquired Pneumonia: 
Infectious Disease Society of America Guidelines

Pathogen Recommended Regimen

Streptococcus pneumoniae
	 Penicillin	susceptible Penicillin	G	or	amoxicillin
	 Penicillin	resistant Ceftriaxone,	cefotaxime,	

fluoroquinolone,	or	vancomycin
Haemophilus influenzae Second-	or	third-generation	

cephalosporin,	azithromycin,	or	
TMP-SMX

Legionella	species Macrolide	±	rifampin	or	
fluoroquinolone	alone

Mycoplasma pneumoniae Macrolide	or	doxycycline
Chlamydophila pneumoniae Macrolide	or	doxycycline
Staphylococcus aureus
Methicillin	susceptible Semisynthetic	penicillin	±	rifampin	

or	gentamicin
Methicillin	resistant Vancomycin	or	linezolid
Enterobacteriaceae Third-generation	cephalosporin	±	

aminoglycoside	or	carbapenem
Pseudomonas aeruginosa Aminoglycoside	+	antipseudomonal	

beta-lactam	or	carbapenem
Influenza	with	suspected	

secondary	pneumococcal	
or	staphylococcal	infection

Neuraminidase	inhibitor	(oseltamivir	
or	zanamivir)	and	vancomycin	or	
linezolid

From	Mandell	MA,	Wunderink	RG,	Anzueto	A,	et	al:	Infectious	Disease	
Society	of	America/American	Thoracic	Society	consensus	guidelines	on	the	
management	of	community-acquired	pneumonia	in	adults.	Clin	Infect	Dis	
44:S27–S72,	2007.
TMP-SMX,	Trimethoprim-sulfamethoxazole.

	

RULE OF THUMB

Empyema	should	be	ruled	out	in	patients	with	CAP	and	
a	large	pleural	effusion	who	fail	to	respond	to	therapy.	
In	cases	of	CAP,	patients	often	get	better	before	the	
chest	radiograph	shows	any	improvement.

MINI CLINI
Evaluating Persisting Fever  
in Pneumonia

PROBLEM:  The RT is caring for a 68-year-old man admitted 
1 week ago with bacteremic H. influenzae pneumonia. His 
admitting chest radiograph showed right lower lobe consolida-
tion and a large right pleural effusion. He has a history of 
chronic obstructive pulmonary disease (COPD) and reports a 
100 pack-year smoking history. He was treated initially with 
erythromycin and ceftizoxime until his blood cultures became 
positive. The organism was susceptible to ceftizoxime, which 
was continued as monotherapy (i.e., treatment with one anti-
biotic drug). Despite treatment, the patient has remained per-
sistently febrile (39° C) and his chest radiograph has not shown 
improvement. Why is he not responding to therapy?

DISCUSSION:  Patients with CAP who have comorbid ill-
nesses such as alcoholism or COPD may recover more slowly 
than healthy individuals despite appropriate therapy. Neverthe-
less, persistent fever 7 days into optimal treatment should 
prompt several considerations.

The two most likely concerns for this patient are (1) an 
undrained empyema and (2) an obstructing endobronchial 
malignancy, given his substantial smoking history. Other less 
likely considerations are drug fever; a new nosocomial infec-
tion; a missed pathogen that is not responsive to ceftizoxime, 
contributing to his pneumonia; or a deep venous thrombosis 
resulting from bed rest.

The next step should be to repeat the history and physical 
examination. If these do not reveal a cause of the persistent 
fever, a thoracentesis should be performed to exclude empyema. 
If thoracentesis findings are negative, further investigation 
looking for an endobronchial-obstructing lesion should be 
considered.
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TABLE 24-10 

Strategies for Prevention of  
Nosocomial Pneumonia

Strategy Efficacy

Handwashing Probably	effective
Isolation	of	patients	with	resistant	organisms Probably	effective
Infection	control	and	surveillance Probably	effective
Enteral	feeding,	rather	than	total	parenteral	

nutrition
Possibly	effective

Semierect	position Possibly	effective
Sucralfate	for	bleeding	prophylaxis Possibly	effective
Careful	handling	of	respiratory	therapy	

equipment
Possibly	effective

Subglottic	secretion	aspiration Possibly	effective
Selective	digestive	decontamination Unproved	efficacy
Topical	tracheobronchial	antibiotics Unproved	efficacy

no difference in 60-day mortality between the two groups.55 For 
VAP, empiric coverage may be targeted at organisms known to 
colonize the patient’s oropharynx or pathogens that are present 
in the ICU. Patients with P. aeruginosa pneumonia usually are 
treated with two agents, such as a ureidopenicillin or antipseu-
domonal cephalosporin together with an aminoglycoside or 
fluoroquinolone. Other gram-negative pneumonias generally 
are treated with a single agent, except in cases involving criti-
cally ill patients, for whom a second drug is sometimes added. 
If nosocomial legionellosis is present within an institution, a 
macrolide may be added to the empiric regimen.

Similar to CAP, the duration of therapy for cases of nosoco-
mial pneumonia is dictated by the clinical course. A study com-
paring 8 days versus 15 days of therapy in patients with VAP 
found that short-course therapy was associated with compa-
rable outcomes to long-course therapy, although the rate of 
relapse was slightly higher in patients with Pseudomonas or 
Acinetobacter infections.56 More prolonged courses of therapy 
may be required in patients who are slow to respond but are 
associated with a greater risk for new colonization with other 
organisms. Failure of the patient to improve should prompt the 
following considerations: the presence of an occult empyema; 
an unrecognized pathogen; a new, unrelated nosocomial infec-
tion; or other noninfectious causes of fever common in the ICU, 
such as deep venous thrombosis, drug fever, occult pancreatitis, 
or acalculous cholecystitis (gallbladder inflammation without 
gallstones).

The RT has an important role in diagnosing and managing 
patients with CAP and nosocomial pneumonia. Helping 
patients clear infected secretions aids clinical improvement and 
maintaining adequate oxygenation is essential. The usefulness 
of chest physiotherapy in the treatment of pneumonia is still 
unproved but some patients seem to benefit from it.

PREVENTION

Community-Acquired Pneumonia

Preventive strategies for CAP have focused on immunizing 
high-risk individuals against influenza and S. pneumoniae. 
Influenza is a risk factor for subsequent development of CAP 
during the fall and winter months. In 2010, the Advisory Com-
mittee on Immunization Practices (ACIP) expanded its recom-
mendation for influenza vaccination to include all individuals 
older than 6 months.57 Immunization is particularly important 
for individuals older than 60 years (because it reduces the inci-
dence of illness for this age group by half  58) and for those 
with chronic lung or heart disease in whom the morbidity of 
influenza may be substantial. Recent studies suggest that wide-
spread immunization of healthy working adults is cost-effective 
because the number of sick days taken and the number of visits 
to a physician are reduced.59 Health care workers, including RTs, 
should be immunized annually to prevent transmission of 
influenza to patients.

Currently available pneumococcal vaccines provide protec-
tion against the 23 serotypes of S. pneumoniae, which cause 

85% to 90% of invasive pneumococcal infections in the United 
States. Vaccination is indicated for all individuals older than 65 
years and for individuals older than 2 years who have functional 
or anatomic asplenia (i.e., lack a spleen). Vaccination is also 
indicated in patients with chronic illnesses such as CHF, chronic 
lung disease, or chronic liver disease; alcoholism; cerebrospinal 
fluid leaks; or conditions characterized by impaired immunity.60 
Routine pneumococcal vaccination of all health care workers is 
not currently recommended; health care workers who possess 
one of the specific indications for vaccination outlined previ-
ously should be immunized.

Immunity against Bordetella pertussis fades over time, leading 
to transmission from older adults to other adults and infants. 
Because secondary bacterial pneumonia occurs in a significant 
number of cases of pertussis, the ACIP has recommended  
that the tetanus-diphtheria-acellular pertussis (Tdap) vaccine 
replace the tetanus-diphtheria (Td) vaccine in the adult immu-
nization schedule.61

Health Care–Associated Pneumonia, 
Hospital-Acquired Pneumonia, and 
Ventilator-Associated Pneumonia

Preventing nosocomial pneumonia has been intensely studied 
over the past 30 years. Table 24-10 summarizes currently avail-
able strategies and their relative efficacy. No preventive strategy 
is uniformly effective. Many institutions now employ a “ventila-
tor bundle” including several of these measures.

Handwashing is an important but frequently overlooked 
measure that can reduce transmission of nosocomial bacteria 
from one patient to another. Handwashing is especially impor-
tant for RTs who may be caring for several ventilated patients 
in the ICU. Failure to wash the hands between patient contacts 
may result in transmission of respiratory pathogens from one 
patient to another. Handwashing is important even if gloves are 
worn. Gloves should be changed between patient contacts 
because they also can become contaminated with and transmit 
bacteria.
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tions of the disease. Multidrug-resistant tuberculosis, defined as 
resistance of M. tuberculosis to both isoniazid and rifampin, 
emerged as a major public health problem in some populations 
and areas. Compared with frequency of the era before AIDS, 
tuberculosis now more often occurs in younger individuals with 
HIV infection, especially inner-city minority populations with 
a history of injection drug use. Foreign-born nationals residing 
in the United States have accounted for half of cases reported 
annually in recent years.

Tuberculosis has increasingly become a disease affecting 
individuals of lower socioeconomic status in whom home-
lessness or crowded living conditions, poor access to health  
care, and unemployment have contributed to the persistence of 
the disease.67 Other risk factors include the presence of hema-
tologic malignancies, head and neck cancer, celiac disease  
(a bowel disease characterized by poor absorption), and the 
receipt of medications such as corticosteroids and TNF-alpha 
antagonists.67-70

Pathophysiology

Tuberculosis is acquired by inhaling airborne droplets contain-
ing the responsible microorganism, M. tuberculosis, and the 
lungs are the major site of infection. Microorganism-laden 
droplets are deposited in the terminal airways and cause a host 
immune response. Most exposed individuals successfully con-
tain the infection and remain asymptomatic, although they 
remain at risk for reactivation of infection later in life, especially 
if they become immunosuppressed.

Patients with tuberculosis can present with pulmonary or 
extrapulmonary manifestations. The major syndromes of pul-
monary tuberculosis include primary, reactivation, and endo-
bronchial tuberculosis and tuberculoma.

Primary Tuberculosis
Symptomatic primary tuberculosis occurs in a few individuals 
shortly after exposure. Primary tuberculous pneumonia is a 
more common clinical presentation in children and in HIV-
infected individuals compared with non–HIV-infected adults. 
Fever is the most common symptom and occurs in 70% of 
patients; it persists for 14 to 21 days on average.71 Chest pain 
occurs in approximately 25%; cough is even less common. The 
chest radiograph shows hilar lymphadenopathy in 65%, pleural 
effusion in 33%, and an infiltrate in approximately 25%. Diag-
nosis may be difficult given the infrequency of cough and a 
pulmonary infiltrate.

Reactivation and Endobronchial 
Tuberculosis
Reactivation tuberculosis develops months to years after initial 
infection and may occur spontaneously or in the setting of 
immunosuppression. In individuals without HIV infection, 
reactivation disease accounts for 90% of cases of tuberculosis. 
The most common symptoms include fever, cough, night 
sweats, and weight loss. Sputum production increases as the 
infection progresses and is occasionally accompanied by 
hemoptysis, which is seldom massive. Older patients may 

Infection control surveillance to detect outbreaks of nosoco-
mial pneumonia with specific pathogens and to monitor anti-
biotic resistance patterns is important. Isolation and caring for 
infected patients in the same place can limit the scope and dura-
tion of outbreaks, especially in ICUs.

In patients requiring nutrition support, the use of enteral 
feeding via jejunostomy has been associated with a lower risk 
for nosocomial pneumonia than the use of total parenteral 
nutrition.62 In addition, patients who are fed enterally (i.e., 
using the gut to feed) have a lower incidence of pneumonia if 
kept semierect rather than recumbent.8

Two studies suggest that GI bleeding prophylaxis with 
sucralfate is associated with a lower risk for pneumonia com-
pared with antacid or H2-blockers.63,64 Careful handling of 
respiratory therapy equipment may reduce the risk for LRTI in 
ventilated patients. Condensate within the tubing may be colo-
nized with bacteria and should be drained away from the 
patient because passage of this material into the airway may 
encourage colonization with nosocomial pathogens. One study 
found that continuous subglottic aspiration of secretions was 
effective in reducing the incidence of nosocomial pneumonia 
in intubated patients.65 Many studies have failed to show that 
selective digestive decontamination is effective to prevent noso-
comial pneumonia; this is a strategy that uses topical antibiot-
ics in the oropharynx and GI tract along with a brief course of 
systemic therapy. A meta-analysis suggested that topical oral 
decontamination may reduce the incidence of VAP but not 
mortality, duration of mechanical ventilation, or length of  
ICU stay.66

Prevention of nosocomial pneumonia remains a challenge 
to the RT. Careful attention to basic infection control practices, 
such as frequent handwashing, using new gloves with each 
patient contact, and careful handling of respiratory care equip-
ment, is important in preventing nosocomial pneumonia.

TUBERCULOSIS

Tuberculosis, caused by M. tuberculosis, can sometimes mimic 
CAP and poses special management challenges for the RT. 
Knowledge of the epidemiology, clinical manifestations, diag-
nosis, infection control management, and treatment of patients 
with suspected or proved tuberculosis is essential.

Epidemiology

The epidemiology of tuberculosis in the United States has 
changed over the past 25 years. After the introduction of effec-
tive drugs to treat tuberculosis in the 1950s, the incidence of 
tuberculosis steadily declined. Tuberculosis increasingly became 
a disease affecting elderly patients, and most cases represented 
reactivation of old latent disease. With the emergence of the 
acquired immunodeficiency syndrome (AIDS) epidemic in the 
early 1980s, there was a resurgence of tuberculosis in the United 
States and worldwide. This resurgence began in 1985 and 
peaked in 1992. Since 1992, the incidence of tuberculosis has 
declined. This resurgence of tuberculosis was accompanied by 
dramatic shifts in the patients at risk and the clinical manifesta-
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Diagnosis

The history is important in diagnosing and managing patients 
with suspected tuberculosis. In addition to eliciting the patient’s 
symptoms, the clinician should inquire about any history of 
tuberculosis, the presence of risk factors for acquiring tubercu-
losis and/or HIV infection, any history of travel, and potential 
contacts with individuals with known or suspected tuberculo-
sis. In patients with a history of tuberculosis, outside medical 
records, including drug susceptibility results of prior isolates, 
should be obtained. If the patient has been previously treated, 
the drugs chosen, duration of treatment, and adherence to 
therapy should be evaluated. Risk factors for drug-resistant 
tuberculosis should be sought, which include prior treatment 
for tuberculosis, exposure to individuals with known drug-
resistant disease, exposure to individuals with active tuberculo-
sis who have been previously treated, travel to parts of the world 
with a high prevalence of drug resistance, or exposure to indi-
viduals with active tuberculosis from those areas.

The gold standard for diagnosing tuberculosis from pulmo-
nary and extrapulmonary sites is culture isolation of the organ-
ism on solid or liquid media. The major disadvantage of culture 
is that M. tuberculosis may take 4 to 6 weeks to grow, thereby 
delaying diagnosis. Acid-fast staining of expectorated sputum, 
bronchoscopic specimens, and other body fluids or tissues may 
be used in patients with suspected pulmonary or extrapulmo-
nary disease. In patients with pulmonary tuberculosis, it is esti-
mated that 104 organisms/ml is required for the smear to be 
positive. Acid-fast smears of both sputum and other body sites 
are less sensitive than culture for detecting disease. The presence 
of acid-fast bacilli on a smear is not synonymous with a diag-
nosis of M. tuberculosis because nontuberculous mycobacteria 
(NTM) can produce pulmonary and extrapulmonary disease in 
selected populations. More rapid diagnostic techniques for 
identifying M. tuberculosis in clinical specimens and for con-
firming the identity of the organism in culture are being devel-
oped and are available in some centers. These techniques include 
nucleic acid amplification, nucleic acid probes, PCR genomic 
analysis, and molecular tests for chromosomal mutations asso-
ciated with drug resistance.

A 5 tuberculin unit purified protein derivative (5 TU PPD) 
skin test or interferon-gamma release assay (IGRA) may be 
performed in individuals with suspected tuberculosis. Both tests 
evaluate for cell-mediated immunity to tuberculosis in indi-
viduals with prior exposure to the organism. A PPD consists of 
intradermal injection of tuberculin material, which stimulates 
a delayed-type hypersensitivity response mediated by T cells 
and causes skin induration within 48 to 72 hours. False-positive 
results can occur in patients with prior bacille Calmette-Guérin 
(BCG) vaccination or infection with NTM species. IGRAs are 
blood tests that measure T-cell release of the cytokine interferon-
gamma after stimulation by antigens unique to M. tuberculosis. 
IGRAs are unaffected by BCG vaccination status and most NTM 
infections (except Mycobacterium marinum and Mycobacterium 
kansasii) and require only a single patient encounter, all of 
which are advantages over the PPD.72 Both tests become positive 

present with a more indolent illness in which fever and night 
sweats are absent. Physical examination is often unrevealing in 
patients with reactivation tuberculosis. Chest radiograph shows 
apicoposterior upper lobe disease in 80% to 90% of patients, 
and cavities are present in 20% to 40%.

Endobronchial tuberculosis involves the airways and may be 
seen in both primary and reactivation tuberculosis. In primary 
tuberculosis, hilar nodal enlargement may impinge on the 
bronchi, resulting in compression and ultimately ulceration. In 
patients with reactivation disease, endobronchial involvement 
may occur as a result of direct extension from the parenchyma 
or pooling of secretions from upper lobe cavities in the depen-
dent distal airways. Symptoms of endobronchial tuberculosis 
include a barking cough in two-thirds of patients, sputum pro-
duction, wheezing, and hemoptysis. On physical examination, 
wheezing is common. The chest radiograph most often shows 
an upper lobe cavitary infiltrate with an ipsilateral (i.e., on the 
same side) lower lobe infiltrate. Extensive endobronchial disease 
may produce bronchiectasis.

Tuberculomas
Tuberculomas are rounded solitary mass lesions and may occur 
in primary or reactivation tuberculosis. They are often asymp-
tomatic and may mimic malignancy. Tuberculoma is in the 
differential diagnosis of solitary pulmonary nodule and may be 
difficult to diagnose without biopsy or excision because expec-
torated sputum in patients with tuberculoma rarely shows  
M. tuberculosis on smear or culture.

Complications
Complications of pulmonary tuberculosis include tuberculous 
empyema, bronchiectasis, extensive pulmonary parenchymal 
destruction, spontaneous pneumothorax, and massive hemop-
tysis from rupture of a Rasmussen aneurysm in the wall of a 
cavity.

Extrapulmonary Tuberculosis
Extrapulmonary tuberculosis is defined as spread of M. tuber-
culosis infection beyond the lung and may involve virtually any 
organ. The central nervous system, musculoskeletal system, 
genitourinary tract, and lymph nodes (scrofula) are the most 
common sites of extrapulmonary tuberculosis. HIV-infected 
patients who acquire tuberculosis often present with unique 
clinical manifestations compared with non–HIV-infected pa-
tients. HIV-infected patients may develop rapidly progressive 
primary infection and present with both pulmonary and extra-
pulmonary disease. In patients with advanced AIDS, tubercu-
losis may manifest as disseminated disease with involvement of 
multiple organs, including lymph nodes, bone marrow, liver, 
and spleen. Symptoms in this setting include high fevers, sweats, 
and progressive weight loss. Findings on examination may 
include fever, wasting, and hepatosplenomegaly. Laboratory 
testing may show pancytopenia (decreased cell counts in WBCs, 
RBCs, and platelets) and advanced immunodeficiency. Imaging 
studies often show mediastinal and abdominal lymphadenopa-
thy and hepatosplenomegaly.
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Diagnostically, RTs participate in the collection of sputum by 
expectoration or assisting physicians during bronchoscopy. In 
some settings, RTs may perform mini-BAL.

RTs often administer chest physiotherapy when indicated,  
as in patients with bronchiectasis and cystic fibrosis. They  
also may be involved in counseling patients in other clearance 
techniques, such as autogenic drainage and positive expiratory 
pressure (PEP) therapy. RTs also play key roles in modeling 
optimal infection control and prevention practices (e.g., hand-
washing, implementing and complying with respiratory pre-
cautions, vaccination) and in advising patients about preventive 
interventions, such as influenza, pneumococcal, and Tdap 
vaccines.

3 to 8 weeks after acquisition of infection. A positive skin test 
or IGRA supports the diagnosis in the appropriate clinical 
setting, but a negative result does not exclude the diagnosis. 
Patients with HIV infection, other causes of immunodeficiency, 
advanced age, or other comorbidities may be anergic and unable 
to mount either a positive skin test or IGRA result.72,73

Precautions

Patients hospitalized with suspected or proved active pulmo-
nary tuberculosis should be placed in respiratory isolation in 
private negative pressure airflow rooms because they pose a risk 
for transmitting infection to others by coughing up aerosolized 
droplets containing M. tuberculosis. Individuals entering the 
patient’s room should wear fit-tested National Institute for 
Occupational Safety and Health–approved N-95 or higher 
masks or respirators. A surgical mask should be placed on a 
patient with suspected or proved active pulmonary tuberculosis 
during transport outside the negative pressure room.

Treatment

Treatment recommendations for tuberculosis have been pub-
lished by the ATS, U.S. Centers for Disease Control and Preven-
tion (CDC), and the IDSA.74 The goals of therapy are to cure 
the patient and prevent transmission of M. tuberculosis to 
others. Treatment must address clinical and social issues and 
should be customized to the patient’s circumstance. At the 
outset, daily observed therapy (DOT) should be part of the 
treatment program; this consists of observing the patient taking 
the antituberculous medications. Treatment programs that use 
comprehensive case management and DOT have a higher rate 
of successful completion of therapy than other treatment strate-
gies. Social service support, housing assistance, and treatment 
for substance abuse may be required for selected individuals 
with tuberculosis and should be part of the treatment plan. 
Patients with tuberculosis must be promptly reported to the 
local department of public health so that contact tracing can be 
performed. This includes identification, if possible, of the index 
case from whom the patient has contracted the infection and 
identification of close personal contacts to whom the patient 
may have transmitted M. tuberculosis.

Isoniazid, rifampin, pyrazinamide, and ethambutol are first-
line antituberculous medications. Pending antimicrobial sus-
ceptibility results, treatment with four drugs at the outset is 
recommended. In patients with drug-susceptible pulmonary 
tuberculosis, many 6- to 9-month treatment regimens have 
been shown to be effective as outlined in guidelines by the ATS, 
CDC, and IDSA.74 Patients with multidrug-resistant tuberculo-
sis require more prolonged courses of therapy with multidrug 
regimens.

ROLE OF THE RESPIRATORY 
THERAPIST IN PULMONARY 
INFECTIONS

The RT plays a key role in managing patients with pulmonary 
infections, including helping to diagnose and treat the illnesses. 

SUMMARY CHECKLIST

◗	CAP	and	nosocomial	pneumonia	are	common	and	
important	clinical	problems	with	significant	morbidity	and	
mortality.

◗	S. pneumoniae	remains	the	most	common	cause	of	CAP.	
Gram-negative	bacilli	and	S. aureus	are	the	most	common	
causes	of	nosocomial	pneumonia,	but	their	relative	
incidence	and	antimicrobial	susceptibility	profiles	may	vary	
across	institutions.

◗	The	mortality	risk	can	be	quantified	at	presentation	for	
most	patients	with	CAP,	which	helps	in	determining	the	
need	for	hospitalization.

◗	Routine	sputum	cultures	for	patients	with	CAP	must	be	
interpreted	within	the	context	of	the	sputum	Gram	stain,	
which	provides	valuable	information	regarding	the	
adequacy	of	the	specimen	and	the	predominance	of	
potential	pathogens.

◗	The	accurate	diagnosis	of	nosocomial	pneumonia	remains	
a	challenge;	none	of	the	diagnostic	methods	currently	
available	is	completely	reliable.

◗	Guidelines	exist	for	the	treatment	of	CAP	and	nosocomial	
pneumonia.	When	possible,	pathogen-specific	antibiotic	
therapy	should	be	used.

◗	 Immunizing	high-risk	individuals	against	influenza	and	
S. pneumoniae	is	the	major	strategy	in	preventing	CAP.

◗	Strategies	for	preventing	nosocomial	pneumonia	are	not	
uniformly	effective.

◗	Pulmonary	tuberculosis	may	mimic	CAP;	the	recognition	
and	appropriate	isolation,	diagnostic	evaluation,	and	
management	of	individuals	with	possible	pulmonary	
tuberculosis	are	essential.

◗	The	RT	can	help	prevent	nosocomial	pneumonia	by	
careful	attention	to	basic	infection	control	procedures		
such	as	handwashing.
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Obstructive Lung Disease: 
Chronic Obstructive Pulmonary 

Disease, Asthma, and Related Diseases

ENRIQUE DIAZ-GUZMAN AND JAMES K. STOLLER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 State	definitions	of	chronic	obstructive	pulmonary	disease	(COPD),	asthma,	and	bronchiectasis.
◆	 Understand	the	major	risk	factors	associated	with	COPD.
◆	 Identify	the	common	signs	and	symptoms	associated	with	COPD.
◆	 Describe	a	treatment	plan	for	a	patient	with	stable	COPD	and	for	a	patient	with	an	acute	exacerbation	of	

COPD.
◆	 State	the	typical	clinical	presentation	of	a	patient	with	asthma.
◆	 Identify	the	treatment	currently	available	for	a	patient	with	acute	asthma.
◆	 Describe	the	treatment	currently	available	for	patients	with	bronchiectasis.

CHAPTER OUTLINE

Chronic Obstructive Pulmonary Disease
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Risk	Factors	and	Pathophysiology
Clinical	Signs	and	Symptoms
Management
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Optimizing	Lung	Function
Maximizing	Functional	Status
Preventing	Progression	of	Chronic	Obstructive	

Pulmonary	Disease	and	Enhancing	Survival
Additional	Therapies

Asthma
Definition
Incidence
Etiology	and	Pathogenesis

Clinical	Presentation	and	Diagnosis
Management
Objective	Measurement	and	Monitoring
Pharmacotherapy
Emergency	Department	and	Hospital	Management
Bronchial	Thermoplasty
Immunotherapy
Environmental	Control
Patient	Education
Special	Considerations	in	Asthma	Management

Bronchiectasis
Clinical	Presentation
Evaluation
Management

Role of the Respiratory Therapist in Obstructive 
Lung Disease

KEY TERMS
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FIGURE 25-1	 Schema	of	chronic	obstructive	pulmonary	disease	
(COPD).	This	nonproportional	Venn	diagram	shows	subsets	of	
patients	with	chronic	bronchitis,	emphysema,	and	asthma.	The	
subsets	constituting	COPD	are	shaded.	Subset	areas	are	not	
proportional	to	actual	relative	subset	sizes.	Asthma	is	by	definition	
associated	with	reversible	airflow	obstruction,	although	in	variant	
asthma	special	maneuvers	may	be	necessary	to	make	the	
obstruction	evident.	Patients	with	asthma	whose	airflow	obstruction	
is	completely	reversible	(subset 9)	are	not	considered	to	have	
COPD.	Because	in	many	cases	it	is	virtually	impossible	to	
differentiate	patients	with	asthma	whose	airflow	obstruction	does	
not	remit	completely	from	patients	with	chronic	bronchitis	and	
emphysema	who	have	partially	reversible	airflow	obstruction	with	
airway	hyperreactivity,	patients	with	unremitting	asthma	are	
classified	as	having	COPD	(subsets 6, 7,	and	8).	Chronic	bronchitis	
and	emphysema	with	airflow	obstruction	usually	occur	together	
(subset 5),	and	some	patients	may	have	asthma	associated	with	
these	two	disorders	(subset 8).	Individuals	with	asthma	who	are	
exposed	to	chronic	irritation,	as	from	cigarette	smoke,	may	develop	
a	chronic,	productive	cough,	a	feature	of	chronic	bronchitis	(subset 
6).	Such	patients	are	often	referred	to	as	having	asthmatic 
bronchitis	or	the	asthmatic form of COPD.	Individuals	with	chronic	
bronchitis	or	emphysema	without	airflow	obstruction	(subsets 1, 2,	
and	11)	are	not	classified	as	having	COPD.	Patients	with	airway	
obstruction	caused	by	diseases	with	a	known	cause	or	specific	
pathologic	process,	such	as	cystic	fibrosis	or	obliterative	
bronchiolitis	(subset 10),	are	not	included	in	this	definition.	
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T he category of obstructive lung diseases is broad 
and includes chronic obstructive pulmonary disease 
(COPD) and asthma as the most common diseases and 

bronchiectasis and cystic fibrosis as less common forms. 
Airflow obstruction also may be a feature of other lung diseases 
such as sarcoidosis, lymphangioleiomyomatosis, and congestive 
heart failure. This chapter reviews the major obstructive lung 
diseases, emphasizing their defining features, epidemiology, 
pathophysiology, clinical signs and symptoms, prognosis, and 
management. Cystic fibrosis is discussed in Chapter 34.

CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE

Overview and Definitions

The term chronic obstructive pulmonary disease (COPD), or 
sometimes chronic obstructive lung disease (COLD), refers to a 
disease state characterized by the presence of incompletely 
reversible airflow obstruction. Current guidelines by the Ameri-
can Thoracic Society (ATS) and the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) guidelines recommend the 
use of the term COPD to encompass both chronic bronchitis 
and emphysema. The ATS guidelines statement regarding 
COPD defines this entity as follows1:

Chronic obstructive pulmonary disease (COPD) is a preventable 
and treatable disease state characterized by airflow limitation 
that is not fully reversible. The airflow limitation is usually 
progressive and is associated with an abnormal inflammatory 
response of the lungs to noxious particles or gases, primarily 
caused by cigarette smoking. Although COPD affects the lungs, it 
also produces significant systemic consequences.

Similarly, the GOLD guidelines define COPD as follows2:

A disease state characterized by persistent airflow limitation that 
is usually progressive, and is associated with an enhanced 
inflammatory response in the airways and the lung to noxious 
particles or gases. Exacerbations and comorbidities contribute to 
the overall severity in individual patients.

The spectrum of COPD is shown in Figure 25-1, which 
presents a nonproportional Venn diagram representing the 
major components of COPD—chronic bronchitis and emphy-
sema. Although asthma is no longer conventionally considered 
to be part of the spectrum of COPD, the diagram shows that 
there is overlap between asthma and COPD. In actual practice, 
it may not be possible to distinguish between individuals with 
a history of asthma but with incompletely reversible airflow 
obstruction and individuals with COPD.

The two major diseases that make up COPD—emphysema 
and chronic bronchitis—are defined in different ways. Emphy-
sema is defined in anatomic terms as a condition characterized 
by abnormal, permanent enlargement of the airspaces beyond 
the terminal bronchiole, accompanied by destruction of the 
walls of the airspaces without fibrosis. Chronic bronchitis is 
defined in clinical terms as a condition in which chronic pro-

ductive cough is present for at least 3 months per year for at 
least 2 consecutive years. The definition specifies further that 
other causes of chronic cough (e.g., gastroesophageal reflux, 
asthma, and postnasal drip) have been excluded. Figure 25-1 
shows considerable overlap between chronic bronchitis and 
emphysema and some overlap with asthma—that is, when 
airflow obstruction is incompletely reversible. Figure 25-1 also 
shows that chronic bronchitis and emphysema can occur 
without airflow obstruction, although the clinical significance 
of these diseases usually comes from obstruction to airflow.

Epidemiology

COPD is one of the most frequent causes of morbidity and 
mortality worldwide.3 The World Health Organization predicts 
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FIGURE 25-2	 Mean	postbronchodilator	FEV1	for	participants	in	
the	smoking	intervention	and	placebo	groups	who	were	sustained	
quitters	(red circles)	and	continuing	smokers	(purple circles).	The	
two	curves	diverge	sharply	after	baseline.	(From	Anthonisen	SR,	
Connett	JE,	Kiley	JP,	et	al:	Effects	of	smoking	intervention	and	the	
use	of	an	anticholinergic	bronchodilator	on	the	rate	of	decline	of	
FEV1:	the	Lung	Health	Study.	JAMA	272:1497–1504,	1994.)
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 Box 25-1 Causes of Chronic Obstructive 
Pulmonary Disease*

COMMON CAUSES
•	 Cigarette	smoking
•	 Alpha-1	antitrypsin	(AAT)	deficiency
•	 Outdoor	air	pollution
•	 Long-standing	asthma
•	 Biomass	and	occupational	exposure	(e.g.,	chronic	exposure	

to	wood	smoke	with	poorly	ventilated	indoor	cooking)

LESS COMMON CAUSES
•	 Hypocomplementemic	urticarial	vasculitis
•	 Intravenous	methylphenidate	(Ritalin)	abuse
•	 Ehlers-Danlos	syndrome
•	 Marfan	syndrome
•	 Cutix	laxa
•	 Menke	syndrome
•	 Salla	disease†

•	 Alpha-1	antichymotrypsin	deficiency†

•	 Human	immunodeficiency	virus	infection	(emphysema-like	
illness)

*Multiple	causes	(e.g.,	cigarette	smoking	and	alpha-1	antitrypsin	
deficiency)	may	coexist	in	a	single	patient.
†Putative	cause;	firm	evidence	is	unavailable.

that COPD will become the fifth most prevalent disease in the 
world and the third leading cause of worldwide mortality by 
2030. In the United States, COPD is currently the third leading 
cause of death; it was responsible for 134,676 deaths and 715,000 
hospitalizations in 2010.4 Estimates suggest that 24 million 
Americans are affected, though only 15 million U.S. adults have 
been diagnosed.4-6 Data from the National Health and Nutrition 
Examination Survey (NHANES) suggest that among adults 25 
to 75 years old in the United States, mild COPD (defined as 
forced expiratory volume in 1 second [FEV1]/forced vital capac-
ity [FVC] < 70%, and FEV1 > 80% predicted) occurs in 6.9% 
and moderate COPD (defined as FEV1/FVC < 79% and FEV1 ≤ 
80% predicted) occurs in 6.6%.3 COPD prevalence increases 
with aging, with a five-fold increased risk for adults older than 
65 years compared with adults younger than 40 years, and some 
studies estimate a prevalence of 20% to 30% in adults older 
than 70 years.7

The growing health burden from COPD is caused in part by 
the aging of the population but mainly by the continued use of 
tobacco. The socioeconomic burden of COPD is also substan-
tial. In 2010, COPD caused 715,000 hospitalizations (which 
accounted for 1.9% of all hospitalizations in the United States), 
and, in 2010, COPD resulted in a total health expenditure of 
$49.9 billion.4 In this regard, COPD is a problem that is a fre-
quent challenge for the respiratory clinician.

Risk Factors and Pathophysiology

Although many risk factors exist for COPD (Box 25-1), the two 
most common are cigarette smoking (which has been estimated 
to account for 80% to 90% of all COPD-related deaths) and 
alpha-1 antitrypsin (AAT) deficiency.8 Evidence linking cigarette 

smoking to the development of COPD is strong and includes 
the following:
• Symptoms of COPD (e.g., chronic cough and phlegm 

production) are more common in smokers than in 
nonsmokers.

• Impaired lung function with evidence of an obstructive 
pattern of lung dysfunction is more common in smokers 
than in nonsmokers.

• Pathologic changes of airflow obstruction and chronic bron-
chitis are evident in the lungs of smokers.

• So-called susceptible smokers, who represent approximately 
15% of all cigarette smokers, experience more rapid rates of 
decline of lung function than nonsmokers.
Information from the Lung Health Study (Figure 25-2) high-

lighted the accelerated rate of decrease of FEV1 in smokers 
compared with former smokers who have achieved sustained 
quitting.9,10 Overall, the strength of evidence implicating ciga-
rette smoking as a cause of COPD has allowed the U.S. Surgeon 
General to conclude, “Cigarette smoking is the major cause of 
chronic obstructive lung disease in the United States for both 
men and women. The contribution of cigarette smoking to 
chronic obstructive lung disease morbidity and mortality far 
outweighs all other factors.”11

As the second well-recognized cause of emphysema, AAT 
deficiency, sometimes called genetic emphysema or alpha-1 anti-
protease deficiency, is a condition that features a reduced amount 
of the protein alpha-1 antitrypsin (AAT), which may result in 
the early onset of emphysema and which is inherited as a 
so-called autosomal codominant condition. AAT deficiency 
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accounts for 2% to 3% of all cases of COPD and affects 100,000 
Americans but is underrecognized by health care providers. In 
one 1995 survey, the mean interval between the first onset of 
pulmonary symptoms and initial diagnosis of AAT deficiency 
was 7.2 years, and 43% of individuals with severe deficiency  
of AAT reported seeing at least three physicians before the  
diagnosis of AAT deficiency was first made.12 More recent 
studies suggest that underrecognition of AAT deficiency persists 
and that the diagnostic delay interval has not decreased 
significantly.12-15

Identifying individuals with AAT deficiency is simple, often 
requiring only a blood test of the serum AAT level. Respiratory 
therapists (RTs) can contribute importantly to detecting indi-
viduals with AAT deficiency (e.g., by suggesting or offering 
testing when airflow obstruction is diagnosed in the pulmonary 
function laboratory by an RT performing the test and by making 
patients aware of available free, home-based testing kits) (see 
http://www.alpha-1foundation.org). Several observations sug-
gest the importance of detection: (1) first-degree relatives (e.g., 
siblings, parents, and children) also may be affected but unaware 
of their risk; (2) early detection allows appropriate monitoring 
and therapy, including the very important step of smoking ces-
sation; and (3) for individuals with established emphysema, 
consideration can be given to available specific therapy, called 
intravenous augmentation therapy (which is the administration 
of purified AAT intravenously to individuals with severe defi-
ciency of AAT). The risk for developing emphysema for indi-
viduals with AAT deficiency increases as the serum AAT level 
decreases to less than 11 µmol/L, or less than approximately 
57 mg/dl using a testing technique called nephelometry; these 
levels in serum define the so-called protective threshold value, 
which is the serum level below which the risk for emphysema 
is felt to increase. Cigarette smoking markedly accelerates  
the rate of emphysema progression in individuals with AAT 
deficiency.14

Study of AAT deficiency has helped formulate the protease-
antiprotease hypothesis of emphysema.14,16 In this explanatory 
model (Figure 25-3), lung elastin, a major structural protein 
that supports the alveolar walls of the lung, is normally pro-
tected by AAT, a protein that defends the lung against tissue 
destruction by neutrophil elastase. Neutrophil elastase is a 
protein contained within a category of white blood cells called 
neutrophils that is released when neutrophils are attracted to 
the lung during inflammation or infection. Under normal cir-
cumstances of an adequate amount of AAT, neutrophil elastase 
is counteracted so as not to digest lung elastin. However, in the 
face of a severe deficiency of AAT (i.e., when serum levels 
decrease below the “protective threshold” serum value of 
11 µmol/L, or 57 mg/dl), neutrophil elastase may go unchecked, 
causing breakdown of elastin and of alveolar walls. This 
protease-antiprotease model explains the pathogenesis of 
emphysema in AAT deficiency, but evidence suggesting its role 
in COPD in individuals with normal amounts of AAT is con-
flicting. Also, other enzymes that break down proteins (e.g., 
matrix metalloproteinases) are thought to contribute to the 
destruction of alveolar walls that produces emphysema.17

FIGURE 25-3	 Proposed	biochemical	links	between	cigarette	
smoking	and	the	pathogenesis	of	emphysema.	(I)	Smoking	recruits	
monocytes,	macrophages,	and	(through	macrophage	chemotactic	
factors)	polymorphonuclear	neutrophils	to	the	lung,	elevating		
the	connective	tissue	“burden”	of	elastolytic	serine	and	
metalloproteases.	(III)	At	the	same	time,	oxidants	in	smoke	plus	
oxidants	produced	by	smoke-stimulated	lung	phagocytes	(and	
oxidizing	products	of	chemical	interactions	between	these	two)	
inactivate	bronchial	mucus	proteinase	inhibitor	and	alpha-1	
antitrypsin	(AAT),	the	latter	representing	the	major	antielastase	
“shield”	of	the	respiratory	units.	(II)	Other,	unidentified	water-soluble,	
gas-phase	components	of	cigarette	smoke	(cyanide,	copper	
chelators)	inhibit	lysyl	oxidase–catalyzed	oxidative	deamination	of	
epsilon-amino	groups	in	tropoelastin	and	block	formation	of	
desmosine	and	presumably	other	cross-links	during	elastin	
synthesis,	decreasing	connective	tissue	repair.	(IV)	Antioxidants	
(ceruloplasmin,	methionine-sulfoxide-reductase)	may	protect	or	
reactivate	elastase	inhibitors,	and	other	unidentified	factors	may	
modulate	the	chemical	lesions	induced	in	the	lung	by	smoking	to	
influence	the	risk	for	developing	COPD.	(Modified	from	Janoff	A,	
Carp	H,	Laurent	P,	et	al:	The	role	of	oxidative	processes	in	
emphysema.	Am	Rev	Respir	Dis	127[Suppl]:S31,	1983.)
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COPD may occur without active cigarette smoking or AAT 
deficiency (see Box 25-1).18,19 Factors such as passive smoking, 
air pollution, occupational exposure, and airway hyperrespon-
siveness may contribute to airflow obstruction that is not 
reversible.

The mechanisms of airflow obstruction in COPD include 
inflammation and obstruction of small airways (<2 mm in 
diameter); loss of elasticity, which keeps small airways open 
when elastin is destroyed in emphysema; and active broncho-
spasm. Although traditionally considered to be characteristic 
of asthma, some reversibility of airflow obstruction has been 
observed in up to two-thirds of patients with COPD when 
tested multiple times with inhaled bronchodilators.20

Clinical Signs and Symptoms

Common symptoms of COPD include cough, phlegm produc-
tion, wheezing, and shortness of breath, typically on exertion. 
Dyspnea is often slow but progressive in onset and occurs later 
in the course of the disease, characteristically in the late sixth 
or seventh decade of life. One notable exception is AAT 

http://www.alpha-1foundation.org


518 SECTION IV • Review of Cardiopulmonary Disease

deficiency, in which dyspnea characteristically begins sooner 
(mean age approximately 45 years).8

Table 25-1 reviews the characteristic features of emphysema 
and chronic bronchitis and emphasizes traits that should 
suggest the possibility of AAT deficiency, including early onset 
of emphysema, emphysema in a nonsmoker, a family history of 
emphysema, or emphysema with a chest x-ray (Figure 25-4) or 
computed tomography (CT) (Figure 25-5), in which emphyse-
matous changes are more pronounced at the lung bases than at 

TABLE 25-1 

Clinical Features of Chronic Obstructive Pulmonary Disease: Distinctions Between Chronic Bronchitis and 
Emphysema, With Emphasis on Distinguishing Features of Alpha-1 Antitrypsin Deficiency

Features Chronic Bronchitis Emphysema Severe Alpha-1 Antitrypsin Deficiency

Symptoms and Signs
Chronic	cough,	phlegm Common Less	common Less	common,	but	may	be	present
Dyspnea	on	exertion Less	common Common Common
Cor	pulmonale Present	(often	with	

multiple	exacerbations)
Present	(but	often	in	end-stage	

emphysema)
Present	(but	often	in	end-stage	

emphysema)
Age	of	patient	at	symptom	

onset
6th-7th	decade 6th-7th	decade 4th-5th	decade	(although	late	onset	

is	possible)
Family	history	of	COPD Possible	but	not	

characteristic
Possible	but	not	characteristic Common	in	parents,	children,	and	

siblings
History	of	cigarette	smoking Present,	often	heavy Present,	often	heavy May	be	present,	but	COPD	can	

occur	in	the	absence	of	smoking

Physiologic Function
Airflow	(FEV1,	FEV1/FVC) Decreased Decreased Decreased
Lung	volumes,	residual	volume Normal Increased,	suggesting	air	trapping Increased
Gas	exchange,	diffusion	PaO2 Often	decreased Often	preserved	until	advanced	stage Often	preserved	until	advanced	stage
PaCO2 May	be	increased Often	preserved	until	advanced	

disease,	then	elevated
Often	preserved	until	advanced	

disease,	then	elevated
Diffusion	capacity Often	normal Decreased Decreased
Static	lung	compliance Normal Increased Increased
Chest	radiograph “Dirty	lungs”	with	

peribronchial	cuffing,	
suggesting	thickened	
bronchial	walls

Hyperinflation,	with	evidence	of	
emphysema;	greater	at	lung	apex	
than	at	lung	base

Hyperinflation,	with	evidence	of	
emphysema;	frequently	greater	at	
lung	base	than	at	lung	apex	(basilar	
hyperlucency)

FIGURE 25-4	 Posteroanterior	plain	chest	radiograph	in	a	patient	
with	severe	deficiency	of	alpha-1	antitrypsin	and	emphysema.	Note	
that	the	emphysematous	changes	(hyperlucency)	are	more	
pronounced	at	the	lung	bases	than	at	the	apexes.	

the apexes (so-called basilar hyperlucency). Suspicion of AAT 
deficiency should lead to a simple blood test by which the serum 
level can be established.8,14

Physical examination of the chest early on in a patient with 
COPD may reveal wheezing or diminished breath sounds. Later, 
signs of hyperinflation may be evident—that is, increased 
anteroposterior diameter of the chest (sometimes called a barrel 
chest), diaphragm flattening, and dimpling inward of the chest 
wall at the level of the diaphragm on inspiration (called the 
Hoover sign). Other late signs of COPD include use of accessory 
muscles of respiration (e.g., sternocleidomastoid), edema from 
cor pulmonale, mental status changes caused by hypoxemia  
or hypercapnia (especially in acute exacerbations of chronic, 
severe disease), or asterixis (i.e., involuntary flapping of the 
hands when held in an extended position, as in “stopping 
traffic”).

	

RULE OF THUMB

Digital	clubbing	is	not	caused	by	COPD	alone,	even	if	
hypoxemia	is	present.	Clubbing	in	a	patient	with	COPD	
warrants	consideration	of	another	cause	(e.g.,	
bronchogenic	cancer,	bronchiectasis).

	

RULE OF THUMB

In	patients	with	COPD,	PaCO2	is	usually	preserved	until	
airflow	obstruction	is	severe	(i.e.,	FEV1	<	1	L),	when	
PaCO2	may	increase.
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pulmonary aspergillosis, the major challenge facing the clini-
cian who encounters a patient with airflow obstruction is to 
distinguish COPD (i.e., emphysema or chronic bronchitis or 
both) from asthma. Distinguishing asthma from COPD may be 
very difficult in practice; features that tend to favor COPD 
include chronic daily phlegm production, which establishes the 
diagnosis of chronic bronchitis; diminished vascular shadows 
on the chest radiograph (called hyperlucency); and a decreased 
diffusing capacity. The diagnosis of asthma is favored if the 
diminished FEV1 obtained on spirometry returns to normal 
after bronchodilator treatment.

After the diagnosis of COPD is established, another issue is 
for the clinician to consider whether the patient has an under-
lying predisposition to COPD, such as AAT deficiency or other 
cause listed in Box 25-1.18,19 Underlying causes are present in 
fewer than 5% of patients with COPD, with AAT deficiency 
being the most common (2% to 3% of all patients with 
COPD).

Optimizing Lung Function

Stable Chronic Obstructive  
Pulmonary Disease
Although airflow obstruction from emphysema itself is irre-
versible, most (up to two-thirds) patients with stable COPD 
exhibit a reversible component of airflow obstruction, defined 
as a 12% and 200-ml increase in post-bronchodilator FEV1 or 
FVC or both. For this reason, as shown in an algorithm devel-
oped by GOLD (Figure 25-6),2,22,25,26 bronchodilator therapy is 
recommended for patients with COPD.

Bronchodilators produce smooth muscle relaxation result-
ing in improved airflow obstruction, improved symptoms and 
exercise tolerance, and decrease in the frequency and severity of 
exacerbations, but they do not enhance survival. The results  
of the Lung Health Study,9 which compared the effects of 
inhaled ipratropium bromide (two puffs four times daily) with 
placebo in patients with mild, stable COPD, showed that regular, 

Management

In managing patients with chronic, stable COPD, the following 
goals must guide the clinician1,2:
• Establish the diagnosis of COPD.
• Optimize lung function.
• Maximize the patient’s ability to perform daily activities.
• Simplify the medical treatment program as much as 

possible.
• Avoid exacerbations of COPD.
• Prolong survival.

In managing an acute exacerbation of COPD, additional 
considerations are to reestablish the patient to baseline status 
as quickly and with as little morbidity and mortality as possi-
ble.21,22 Each of the treatments that are discussed in this section 
is considered in regard to these goals, recognizing differences in 
management between patients with chronic, stable COPD 
versus an acute exacerbation of COPD. In patients with COPD, 
PaCO2 usually is generally preserved until airflow obstruction 
is severe (FEV1 < 1 L), when the PaCO2 level may increase.

Establishing the Diagnosis

Although a spectrum of diseases can give rise to obstructive 
lung disease, including some unusual entities such as chronic 
eosinophilic pneumonia, bronchiectasis, and allergic broncho-

FIGURE 25-5	 Computed	tomography	chest	image	from	an	individual	with	severe	deficiency	of	alpha-1	antitrypsin.	Note	the	changes	of	
emphysema	(arrows)	are	more	pronounced	in	the	lung	bases	(B)	than	in	the	lung	apexes	(A).	

	

RULE OF THUMB

When	COPD	occurs	in	a	nonsmoker,	a	young	person,	
an	individual	with	a	family	history	of	liver	or	lung	
disease,	or	an	individual	with	emphysematous	changes	
more	pronounced	at	the	lung	bases	than	apexes	on	a	
chest	radiograph	(see	Figure	25-4)	or	chest	CT	(see	
Figure	25-5),	AAT	deficiency	should	be	suspected.	
Guidelines	suggest	that	all	adult,	symptomatic	patients	
with	COPD	should	be	tested	for	AAT	deficiency.
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MINI CLINI
Determining the Severity of Chronic Obstructive Pulmonary Disease

PROBLEM:  You are asked to see a new patient in clinic who was 
recently discharged from the hospital with a COPD exacerbation. 
The patient describes being hospitalized at least twice per year 
because of lung problems and complains of severe dyspnea when 
walking up a hill. Spirometry revealed an FEV1 of 40% predicted. 
How do you characterize the severity of COPD in this patient?

DISCUSSION:  In 2001 GOLD created a classification system 
based on the severity of airflow obstruction.2 According to this 
staging system, severity of COPD was graded based on the degree 
of airflow obstruction into one of the following four stages:

Stage Description

I Patients with FEV1/FVC < 70% and FEV1 > 80% predicted
II Patients with FEV1/FVC < 70% and FEV1 50%-79% predicted
III Patients with FEV1/FVC < 70% and FEV1 30%-49% predicted
IV Patients with FEV1/FVC < 70% and FEV1 < 30% or FEV1 < 

50% predicted plus chronic respiratory failure

The GOLD guidelines were revised in 2011 to include symp-
toms and exacerbation history, and now COPD severity is graded 
(A to D) as follows:
A = Low risk, low symptom burden

• Low symptom burden (mMRC of 0 to 1 OR CAT score < 
10) AND

• FEV1 of 50% or greater (old GOLD 1 to 2) AND low 
exacerbation rate (0 to 1/year)

B = Low risk, higher symptom burden
• Higher symptom burden (mMRC of 2 or more OR CAT 

of 10 or more) AND
• FEV1 of 50% or greater (old GOLD 1 to 2) AND low 

exacerbation rate (0 to 1/year)
C = High risk, low symptom burden

• Low symptom burden (mMRC of 0 to 1 OR CAT score < 
10) AND

• FEV1 < 50% (old GOLD 3 to 4) AND/OR high exacerba-
tion rate (2 or more/year)

D = High risk, higher symptom burden
• Higher symptom burden (mMRC of 2 or more OR CAT 

of 10 or more) AND
• FEV1 < 50% (old GOLD 3 to 4) AND/OR high exacerba-

tion rate (2 or more/year)
The new classification categorizes patients first by symptom 

burden and then adds degree of airflow obstruction and exacerba-
tion history to refine risk. This system uses two different scales to 
define symptom burden, the modified Medical Research Council 
questionnaire (mMRC)23 and the COPD assessment test (CAT).24 
Based on severity of airflow obstruction, high symptom burden, 
and history of exacerbations, this patient is classified as GOLD D, 
indicating severe COPD with high risk for complications.

mMRC
1. Dyspnea with strenuous exercise
2. Dyspnea when hurrying on the level or walking up a slight hill
3. Walks slower than most people on the level, stops after a mile 

or so, or stops after 15 minutes of walking at own pace
4. Stops for breath after walking 100 yards or after a few minutes 

of level ground
5. Too breathless to leave the house, or breathless when 

undressing

CAT
Cough (none to all the time): Total 0 to 5
Phlegm (mucus) in my chest: Total 0 to 5 (none to severe)
Chest tightness: Total 0 to 5 (none to severe)
Dyspnea walking flight of stairs: Total 0 to 5 (none to severe)
Limitation for home activities: Total 0 to 5 (none to severe)
Confident leaving home despite lung condition: Total 0 to 5 (very 

confident to nonconfident)
Sleep quality: Total 0 to 5 (sound sleep to no sleep because of lung 

condition)
Energy: Total 0 to 5 (full energy to none)

long-term use of ipratropium did not change the rate of decline 
of lung function but offered a one-time, small increase in FEV1.

Both anticholinergic and adrenergic (beta agonist) broncho-
dilators can improve airflow in patients with COPD, although 
some clinicians favor an inhaled anticholinergic medication 
(e.g., ipratropium bromide or tiotropium25,26) as first-line ther-
apy (see Figure 25-6). More recent concerns about the possible 
adverse cardiovascular effects of anticholinergic therapy in 
patients with COPD27,28 have been dismissed by the results of a 
multicenter trial (Understanding Potential Long-Term Impacts 
on Function with Tiotropium [UPLIFT]), which found a sig-
nificantly lower rate of cardiac adverse events and cardiovascu-
lar death in patients who received tiotropium.27

The GOLD guidelines2 recommend the use of short-acting 
beta-adrenergic agents (≤6 hours) for symptomatic manage-
ment of all patients with COPD. Also, the use of a long-acting 
beta agonist (e.g., salmeterol) or a long-acting anticholinergic 

drug (e.g., tiotropium) can lessen the frequency of acute exac-
erbations of COPD.26

Other treatment options to optimize lung function include 
administering corticosteroids and, as a second-line option, 
methylxanthines. Systemic corticosteroids can produce signifi-
cant improvements in airflow in a few (6% to 29%) patients 
with stable COPD.29,30 To assess whether airflow obstruction is 
completely reversible (i.e., the patient has asthma) and whether 
a patient with COPD is responsive to steroids, a brief course of 
corticosteroids (20 to 40 mg/day of prednisone or equivalent 
for 5 to 8 days) is sometimes recommended. Patients with a 
significant clinical response often are treated with long-term 
inhaled corticosteroids or, rarely, with the smallest necessary 
dose of systemic corticosteroids, recognizing that long-term 
systemic steroid therapy has risks.31 Also, results of several 
major clinical trials (e.g., Lung Health Study II, Euroscop, 
Inhaled Steroids in Obstructive Lung Disease [ISOLDE] study, 
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Acute Exacerbation of Chronic Obstructive 
Pulmonary Disease
Strategies for improving lung function during acute exacerba-
tions of COPD generally include inhaled bronchodilators 
(especially beta-2 agonists), antibiotics, and systemic cortico-
steroids. Because of their rapid onset of action and efficacy, 
short-acting beta-2 agonists are first-line therapy for patients 
with COPD exacerbation. Inhaled beta-2 agonists are fre-
quently administered through a nebulizer, although metered 
dose inhaler devices may have equal efficacy if administered 
appropriately.2 A common practice is to administer 2.5 mg of 
albuterol by nebulizer every 1 to 4 hours as needed. Higher 
doses of albuterol (i.e., 5 mg) do not produce further improve-
ment in pulmonary function and may cause cardiac side 
effects.36 Similarly, continuous nebulization of short-acting 
beta-2 agonists in patients with COPD exacerbation is not 
recommended.

In addition to inhaled bronchodilator therapy, short-term 
systemic corticosteroids are recommended to reduce inflamma-
tion and improve lung function. An early randomized, con-
trolled trial of intravenous methylprednisolone for patients 
with acute exacerbations showed accelerated improvement in 
FEV1 within 72 hours.37 Larger, more recent trials have con-
firmed the benefits of systemic corticosteroids in acute exacer-
bations and have shown that short-term oral courses (i.e., 
approximately 2 weeks) are as effective as longer courses (i.e., 8 
weeks) with fewer adverse steroid effects.38 For patients with 
acute exacerbations characterized by purulent phlegm, oral 
antibiotics (e.g., trimethoprim-sulfamethoxazole, amoxicillin, 
or doxycycline) administered for 7 to 10 days have produced 

and Copenhagen City Study, but not another trial, Towards a 
Revolution in COPD Health [TORCH] study) agree that inhaled 
corticosteroids do not change the rate of decline of FEV1 in 
patients with COPD, although their use is associated with a 
decreased frequency of acute exacerbations.32-34

Studies of combined salmeterol and fluticasone versus 
placebo in patients with COPD suggest that adding an inhaled 
corticosteroid (fluticasone) to the long-acting beta agonist (sal-
meterol) can improve FEV1 and reduce the frequency of acute 
exacerbations of COPD but does not improve survival.32,33 The 
finding of a higher rate of pneumonia in inhaled corticosteroid 
users is concerning. Overall, the GOLD guidelines2 recommend 
use of inhaled corticosteroids in patients with FEV1 less than 
50% and history of recurrent exacerbations (three episodes in 
the last 3 years), whereas the ATS/European Respiratory Society 
(ERS) guidelines recommend use of inhaled corticosteroids in 
patients with FEV1 less than 50% who have required use of 
oral corticosteroids or oral antibiotics at least once within the 
last year.3

Treatment with methylxanthines offers little additional 
bronchodilation in patients using inhaled bronchodilators and 
generally is reserved for patients with debilitating symptoms 
from stable COPD despite optimal inhaled bronchodilator 
therapy. Controlled trials show lessened dyspnea in methylxan-
thine recipients despite a lack of measurable increases in 
airflow.35 Side effects of methylxanthines include anxiety, 
jitteriness (tremulousness), nausea, cardiac arrhythmias, and 
seizures. To minimize the chance of toxicity, current recom-
mendations suggest maintaining serum theophylline levels at 8 
to 10 mcg/ml.

FIGURE 25-6	 Initial	Pharmacologic	Management	of	COPD.	(From	The	Global	Strategy	for	the	Diagnosis,	Management	and	Prevention	of	
COPD.	Global	Initiative	for	Chronic	Obstructive	Lung	Disease	[GOLD],	2014.	http://www.goldcopd.com.	Accessed	July	29,	2015.)
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peripheral muscles in patients with COPD. Studies have shown 
significant improvements in quadriceps muscle function, exer-
cise tolerance (including walk distance), and health status in 
patients with severe COPD.49

accelerated improvement of peak flow rates compared with 
placebo recipients.21,39,40 Because of the risk for being infected 
with more virulent bacteria (e.g., Pseudomonas aeruginosa), 
patients who have severe COPD and an exacerbation may 
benefit from broader spectrum antibiotics, such as fluoroqui-
nolones or aminoglycosides.

Finally, intravenous methylxanthines offer little benefit in 
the setting of acute exacerbations of COPD and have fallen into 
disfavor.41,42 Taken together, important elements of managing 
an acute exacerbation of COPD caused by purulent bronchitis 
include supplemental oxygen (O2) to maintain arterial satura-
tion at greater than 90%, inhaled bronchodilators, oral antibiot-
ics, and a brief course of systemic corticosteroids.21

For patients with hypercapnia and acute respiratory acide-
mia, the clinician also must decide whether to provide ventila-
tory assistance. Although intubation and mechanical ventilation 
historically have been the preferred approach, more recent 
studies suggest that noninvasive positive pressure ventilation 
can be an effective and preferred alternative for patients with 
acute exacerbations of COPD, especially with severe exacerba-
tions characterized by pH less than 7.30.43 Specifically, based on 
studies that show that noninvasive positive pressure ventilation 
can shorten intensive care unit (ICU) stay and avoid the need 
for intubation, the American Association for Respiratory Care 
consensus conference and guidelines on noninvasive ventilation 
from other official societies have endorsed use of noninvasive 
ventilation for such patients (unless a contraindication to non-
invasive ventilation is present).44,45 Criteria defining candidacy 
for noninvasive ventilation include acute respiratory acidosis 
(without frank respiratory arrest), hemodynamic stability, 
ability to tolerate the interface needed for noninvasive ventila-
tion, and ability to protect the airway. Relative contraindica-
tions include craniofacial trauma or burns, copious secretions, 
or massive obesity.4

Maximizing Functional Status

In symptomatic patients with stable COPD, maximizing their 
ability to perform activities of daily living is a priority. Pharma-
cologic treatments to maximize functional status include 
administration of bronchodilators to enhance lung function as 
much as possible and consideration of methylxanthine therapy, 
based on data that such drugs can lessen dyspnea and improve 
functional status ratings even though airflow is not increased.3

Comprehensive pulmonary rehabilitation is another impor-
tant treatment for patients with COPD that has the goal of 
improving patients’ ability to function.46 Pulmonary rehabilita-
tion is a multidisciplinary intervention that consists of lower 
and upper extremity exercise conditioning, breathing retrain-
ing, education, and psychosocial support. Randomized, con-
trolled trials show that although pulmonary rehabilitation does 
not improve lung function or survival, pulmonary rehabilita-
tion results in decreased dyspnea perception, improved health-
related quality of life, fewer days of hospitalization, and 
decreased health care usage.47,48

Finally, transcutaneous neuromuscular electrical stimulation 
is a newer therapy that has been successfully used to stimulate 

MINI CLINI
Recognizing and Managing an Acute 
Exacerbation of Chronic Obstructive 
Pulmonary Disease

PROBLEM:  A 70-year-old man with long-standing COPD is 
admitted to the hospital with an acute exacerbation. On physi-
cal examination, he is not dehydrated and examination shows 
diminished breath sounds bilaterally without wheezing. Perti-
nent laboratory values show a hematocrit of 54% (normal is 
40% to 47%). An arterial blood gas (ABG) analysis performed 
with the patient on room air showed the following:
PaO2 = 47 mm Hg
PCO2 = 67 mm Hg
pH = 7.30
HCO3

− = 34 mEq/L
How do you describe his current status, what do his current 

laboratory values suggest about his long-term gas exchange 
status, and what treatment should be considered?

SOLUTION:  The patient has an acute exacerbation of COPD. 
The acidemia (pH 7.30) on his ABG analysis suggests an acute 
increase in PCO2 superimposed on chronic hypercapnia, which 
is suggested by the elevated serum bicarbonate (HCO3

−), indi-
cating renal compensation for chronic respiratory acidosis. 
Although his current hypoxemia may be due to worsened gas 
exchange accompanying the current flare-up of COPD, his 
elevated hematocrit, in the absence of dehydration, suggests 
chronic hypoxemia and secondary erythrocytosis. The goal of 
therapy is to restore his gas exchange to baseline and to avoid 
invasive or high-risk interventions, while optimizing survival.

To achieve these goals, treatment would consist of aggressive 
use of bronchodilators, intravenous corticosteroids, supple-
mental O2, and antibiotics (if there is evidence of acute lung 
infection, either bronchitis or pneumonia). In view of the 
patient’s acute chronic respiratory acidemia, ventilatory support 
should be implemented. As indicated by several randomized, 
controlled trials, noninvasive positive pressure ventilation is an 
effective alternative to intubation.

Preventing Progression of Chronic 
Obstructive Pulmonary Disease and 
Enhancing Survival

Cigarette smoking is widely recognized as the major risk factor 
for accelerating airflow obstruction in smokers who are “sus-
ceptible.” For these individuals, smoking cessation can generally 
slow the rate of decline of FEV1 and restore the rate of lung 
decline to that seen in healthy, age-matched nonsmokers.

Follow-up data from the Lung Health Study9 confirm that a 
comprehensive smoking cessation program (including instruc-
tion, group counseling, and nicotine replacement therapy) can 



 Obstructive Lung Disease • CHAPTER 25 523

achieve sustained smoking cessation in 22% of participants and 
that the rate of annual FEV1 decline in these sustained non-
smokers was significantly less than it was for continuing 
smokers, even over 11 years of follow-up.10 Participation in 
aggressive smoking cessation can enhance survival rates in 
patients with COPD.10

Critical elements in achieving successful smoking cessation 
include identifying “teachable moments” (i.e., during episodes 
of illness in which smoking can be identified as a contributing 
factor50), identifying the role of smoking in adverse health out-
comes, negotiating a “quit date,” and providing frequent 
follow-up reminders from health care providers.51 A helpful 
strategy during counseling is to use the five As of smoking 
cessation2:

Ask if they are smoking
Advise to quit
Assess willingness to quit
Assist by providing a plan
Arrange a follow-up

In this regard, the RT, who sees the patient frequently, has a 
special responsibility to provide frequent, constructive remind-
ers about the advisability of smoking cessation.52

Among available treatments for COPD, supplemental 
oxygen is important because, similar to smoking cessation and 
lung volume reduction surgery in selected individuals (see later 
discussion), it can prolong survival.53-56 Box 25-2 reviews the 
indications for supplemental O2, and Figure 25-7 shows the 
results of the American Nocturnal Oxygen Therapy Trial53 and 
the British Medical Research Council trial of domiciliary O2 
(1980 to 1981).54,55 Survival was improved when eligible patients 
used supplemental O2 for as close to 24 hours as possible; 

FIGURE 25-7	 Cumulative	percent	survival	of	patients	in	the	
Nocturnal	Oxygen	Therapy	Trial	(NOTT)	and	Medical	Research	
Council	(MRC)	controlled	trials	of	long-term	domiciliary	O2	therapy	
for	men	older	than	70	years.	MRC	control	subjects	(red line)	
received	no	O2.	NOTT	subjects	(purple line)	received	O2	for	12	
hours	in	the	24-hour	day,	including	the	sleeping	hours.	MRC	O2	
subjects	(blue line)	received	O2	for	15	hours	in	the	24-hour	day,	
including	the	sleeping	hours,	and	continuous	O2	therapy	(COT)	
subjects	(green line)	received	O2	for	24	hours	in	the	24-hour	day	
(on	average,	19	hours).	(Modified	from	Flenley	DC:	Long-term	
oxygen	therapy.	Chest	87:99–193,	1985.)
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 Box 25-2 Indications for Long-Term 
Oxygen Therapy

I.	 Continuous	O2

A.	 Resting	PaO2	≤	55	mm	Hg
B.	 Resting	PaO2	56	to	59	mm	Hg	or	SaO2	89%	in	the	

presence	of	any	of	the	following:
1.	 Dependent	edema,	suggesting	congestive	heart	failure
2.	 P	pulmonale	on	the	electrocardiogram	(P	wave	>	

3	mm	in	standard	lead	II,	III,	or	aVF)
3.	 Erythrocytosis	(hematocrit	>	56%)

a.	 Reimbursable	only	with	additional	documentation	
justifying	O2	prescription	and	a	summary	of	more	
conservative	therapy	that	has	failed

II.	 Noncontinuous	O2

A.	 O2	flow	rate	and	number	of	hours	per	day	must	be	
specified
1.	 During	exercise:	PaO2	≤	55	mm	Hg	or	SaO2	≤	88%	

with	a	low	level	of	exertion
2.	 During	sleep:	PaO2	≤	55	mm	Hg	or	SaO2	≤	88%	with	

associated	complications,	such	as	pulmonary	
hypertension,	daytime	somnolence,	or	cardiac	
arrhythmias

From	Tarpy	SP,	Celli	BR:	Long-term	oxygen	therapy.	N	Engl	J	Med	
333:710–714,	1995.

survival improved less for patients using O2 only 15 hours per 
day. No survival benefit was observed when O2 was used during 
sleeping hours only. Patients should be assessed for supplemen-
tal O2 use only after receiving optimal bronchodilator therapy 
because one-third of potential O2 candidates can experience 
sufficient improvement with aggressive bronchodilation to 
avoid the need for long-term supplemental O2. Also, patients 
prescribed to receive supplemental O2 during acute exacerba-
tions should be reassessed several months later to determine 
whether they continue to need supplemental O2.

57 RTs can play 
a key role in ensuring compliance with this recommendation 
and optimizing O2 therapy.57,58

Finally, preventive strategies such as annual influenza and 
pneumococcal vaccinations are recommended for all patients 
with chronic debilitating conditions such as COPD.59 Specific 
indications for pneumococcal vaccination are presented in  
Box 25-3. Recent recommendations for those age 65 or older 
also include a 13-valent pneumococcal vaccine in addition to 
the existing 23-valent pneumococcal vaccine.

Other measures to prevent exacerbations of COPD  
include use of long-acting anticholinergic agents (e.g., tiotro-
pium, aclidinium, umeclidinium), inhaled corticosteroids, 
especially in combination with long-acting beta agonists,  
macrolide antibiotics (e.g., erythromycin and azithromycin),60 
phosphodiesterase-4 inhibition with roflumilast,61 and antioxi-
dants such as oral N-acetylcysteine.62
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Additional Therapies

Additional therapies for individuals with end-stage COPD 
include lung transplantation63 and lung volume reduction 
surgery (LVRS),64-66 in which small portions of emphysematous 
lung are removed to reduce hyperinflation and improve lung 
mechanics of the remaining tissue. COPD is the most common 
current indication for lung transplantation. Lung transplanta-
tion is a consideration for patients with severe airflow obstruc-
tion (i.e., FEV1 < 20% predicted and a Body-mass index, 
Obstruction, Dyspnea, and Exercise [BODE] index > 7 who are 
younger than 70 years old, and who are psychologically suitable 
and motivated). Double lung transplantation is preferred;  
nevertheless, because the supply of donor lungs to transplant  
is less than the number of patients needing lung transplanta-
tion, single-lung transplantation is also frequently performed. 
Although lung transplantation may be associated with signifi-
cantly improved quality of life and functional status, major risks 
include rejection (manifested as bronchiolitis obliterans and 
progressive, debilitating airflow obstruction), infection with 
unusual opportunistic organisms, and death from these and 
other complications. The 5-year actuarial survival rate after 
lung transplantation in patients with COPD is approximately 
54%63 (Figure 25-8).

LVRS has regained popularity after initial experiences were 
reported in 1957.64 Results of randomized controlled trials of 
LVRS, including the large National Emphysema Treatment 

FIGURE 25-8	 Adult	recipient	Kaplan-Meier	survival	by	diagnosis	(transplants:	January	1990	to	June	2011).	The	overall	survival	rate	of	
patients	with	alpha-1	antitrypsin	(AAT)	deficiency	is	significantly	higher	than	the	survival	rate	of	patients	with	chronic	obstructive	pulmonary	
disease	(COPD)	and	interstitial	lung	disease	(ILD),	which	includes	idiopathic	pulmonary	fibrosis	(IPF).	Similarly,	the	overall	survival	rate	of	
patients	with	COPD	is	higher	than	the	survival	rate	of	patients	with	idiopathic	pulmonary	fibrosis.	AATD,	alpha-1	antitrypsin	deficiency	
associated	COPD;	COPD,	non-AATD	associated	COPD;	CF,	cystic	fibrosis;	IPAH,	idiopathic	pulmonary	arterial	hypertension.	(From	Yusen	
RD,	Christie	JD,	Edwards	LB,	et	al:	30th	official	adult	lung	and	heart-lung	transplant	report,	2013	in	the	Registry	of	the	International	Society	
for	Heart	and	Lung	Transplantation.	http://www.ishlt.org.	Accessed	September	17,	2014.)
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 Box 25-3 Indications for Pneumococcal 

Vaccine Administration

Vaccination	is	recommended	for	the	following	adults:
•	 Adults	age	65	years	and	older	and	adults	of	all	ages	with	

long-term	illnesses	that	are	associated	with	a	high	risk	for	
contracting	pneumococcal	disease,	including	heart	or	lung	
diseases,	diabetes,	alcoholism,	cirrhosis,	or	cerebrospinal	
fluid	leaks

•	 Adults	with	diseases	or	conditions	that	lower	the	body’s	
resistance	to	infections,	including	abnormal	function	of	the	
spleen	or	removed	spleen,	Hodgkin	disease,	lymphoma,	
multiple	myeloma,	kidney	failure,	nephrotic	syndrome,	or	
organ	transplantation,	and	adults	who	are	taking	drugs	that	
lower	the	body’s	resistance	to	infections

•	 Adults	with	human	immunodeficiency	virus	infection	and	
acquired	immunodeficiency	syndrome	(HIV/AIDS),	with	or	
without	symptoms
Revaccination	should	be	considered	for	the	following	groups:

•	 Individuals	at	the	highest	risk	for	fatal	pneumococcal	
infection,	such	as	individuals	with	abnormal	function	or	
removal	of	the	spleen,	who	received	the	original	
pneumococcal	vaccination	(from	1979	to	1983)	or	who	
received	the	current	vaccine	(1983	to	present)	6	or	years	or	
longer	ago

•	 Individuals	shown	to	lose	protection	rapidly	(e.g.,	individuals	
with	nephrotic	syndrome,	kidney	failure,	or	transplants),	who	
received	the	current	vaccine	6	years	or	longer	ago

•	 Children	10	years	old	or	younger	with	nephrotic	syndrome,	
abnormal	function	or	removal	of	the	spleen,	or	sickle	cell	
anemia,	who	received	the	vaccine	3	to	5	years	ago

•	 Adults	age	≥65	should	receive	the	13-valent	pneumococcal	
vaccine	(Prevnar)	followed	6-12	months	later	by	the	
23-valent	vaccine	(e.g.,	Pneumovax)

http://www.ishlt.org
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Incidence

Asthma is a chronic illness that has been increasing in preva-
lence in the United States since 1980. The number of people 
with asthma in the United States grew from 20 million in 2001 
to 25 million in 2010 (8% of the U.S. population). According 
to data from the National Health Interview Survey performed 
by the Centers for Disease Control and Prevention in 2012, 18.7 
million adults and 6.8 million children (9.3% of American chil-
dren) reported having asthma. Asthma accounted for 1.8 
million emergency room visits, or 25% of all emergency room 
visits. Asthma also accounted for 14.2 million outpatient visits, 
439,000 hospitalizations, and, approximately 3400 deaths in 
2010. Asthma costs in the United States grew from approxi-
mately $53 billion in 2002 to about $56 billion in 2007.76,77

Etiology and Pathogenesis

In the genetically susceptible host, allergens, respiratory infec-
tions, certain occupational and environmental exposures, and 
many unknown hosts or environmental stimuli can produce the 
full spectrum of asthma, with persistent airway inflammation, 
bronchial hyperreactivity, and subsequent airflow obstruction. 
When inflammation and bronchial hyperreactivity are present, 
asthma can be triggered by additional factors, including exer-
cise; inhalation of cold, dry air; hyperventilation; cigarette 
smoke; physical or emotional stress; inhalation of irritants; and 
pharmacologic agents, such as methacholine and histamine.78-80

When a patient with asthma inhales an allergen to which he 
or she is sensitized, the antigen cross-links to specific immuno-
globulin E (IgE) molecules attached to the surface of mast cells 
in the bronchial mucosa and submucosa. The mast cells degran-
ulate rapidly (within 30 minutes), releasing multiple mediators 
including leukotrienes (previously known as slow-reacting sub-
stance of anaphylaxis [SRS-A]), histamine, prostaglandins, 
platelet-activating factor, and other mediators. These mediators 
lead to smooth muscle contraction, vascular congestion, and 
leakage resulting in airflow obstruction, which can be assessed 
clinically as a decline in FEV1 or peak expiratory flow rate (PEFR) 
(Figures 25-9 and 10). This is the early (acute) asthmatic 
response, which is an immediate hypersensitivity reaction that 
usually subsides in approximately 30 to 60 minutes. In approxi-
mately 50% of asthmatic patients, however, airflow obstruction 
recurs in 3 to 8 hours.80 This late asthmatic response is usually 
more severe and lasts longer than the early asthmatic response 
(see Figure 25-10).81 The late asthmatic response is character-
ized by increasing influx and activation of inflammatory cells 
such as mast cells, eosinophils, and lymphocytes.81,82

Clinical Presentation and Diagnosis

The diagnosis of asthma requires a two-pronged approach of 
clinical assessment supported by laboratory evaluation. Because 
no single measurement can absolutely establish the diagnosis, 
and physical examination can be entirely normal between  
episodes, the history plays a key role in suggesting, and later 
establishing, the diagnosis of asthma. The classic symptoms  
of asthma are episodic wheezing, shortness of breath, chest 

Trial, indicate that in selected subsets of patients with COPD 
(i.e., patients with heterogeneous emphysema that is upper 
lobe–predominant and who have low exercise capacity after 
pulmonary rehabilitation), LVRS can prolong survival, improve 
quality of life, and increase exercise capacity.65,66 LVRS should 
not be considered in individuals with very severe COPD (i.e., 
characterized by FEV1 <20% predicted with either a homoge-
neous pattern of emphysema or a diffusing capacity <20% pre-
dicted), because the mortality rate of LVRS is higher in such 
individuals than in medically treated patients.67

Given the positive results associated with LVRS in selected 
patients with COPD, nonsurgical bronchoscopic techniques 
have been developed in an attempt to reduce costs and expand 
treatment options for patients with high operative risk.68 With 
the use of the bronchoscope, deployment of unidirectional 
endobronchial valves or coils into the airways results in collapse 
of the targeted lung parenchyma. Other techniques that have 
been studied include application of biodegradable gel to induce 
lung collapse or application of bronchial stents to create fenes-
trations and allow gas escape from hyperinflated areas of the 
lung. None of the aforementioned devices is currently approved 
by the U.S. Food and Drug Administration (FDA) for treatment 
of emphysema in the United States.69

Finally, for patients with AAT deficiency and established 
COPD, so-called intravenous augmentation with a purified 
preparation of AAT from human blood donors is recom-
mended.14 The best available evidence70,71 suggests that for indi-
viduals with severe AAT deficiency and moderate degrees of 
airflow obstruction (i.e., FEV1 35% to 60% predicted), weekly 
augmentation therapy may be associated with a slower rate of 
decline of lung function, a slower rate of loss of lung density on 
chest CT, and improved survival. Difficulties with intravenous 
augmentation therapy include the substantial expense (approx-
imately $100,000 per year); the inconvenience of frequent intra-
venous infusions for life; and the infusion itself, which poses  
a theoretical risk for transmitting a blood-borne infection. 
Despite these drawbacks, the facts that augmentation therapy 
can slow the rate of FEV1 decline, can possibly slow the rate of 
CT lung density loss, and is currently the only specific therapy 
for AAT deficiency have led to its endorsement in official guide-
lines from the ATS, the ERS, and the Canadian Thoracic 
Society.14,72

ASTHMA

Definition

Asthma is a clinical syndrome characterized by airway obstruc-
tion, which is partially or completely reversible either spontane-
ously or with treatment; airway inflammation; and airway 
hyperresponsiveness (AHR) to various stimuli.73-75 Past defini-
tions of asthma emphasized AHR and reversible obstruction; 
however, newer and more accurate definitions of asthma focus 
on asthma as a primary inflammatory disease of the airways, 
with clinical manifestations of increased airway hyperreactivity 
and airflow obstruction caused by the inflammation.
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tightness, and cough. The absence of wheezing does not exclude 
asthma, and sometimes a cough can be the only manifestation 
(cough-variant asthma). Not all wheezing is due to asthma, 
however. Obstruction of the upper airway by tumors, laryngo-
spasm, aspirated foreign objects, tracheal stenosis, or functional 
laryngospasm (vocal cord dysfunction) can mimic the wheezing 
of asthma.

Confirmation of the diagnosis of asthma requires demon-
stration of reversible airflow obstruction. Pulmonary function 
tests may be normal in asymptomatic patients with asthma, but 
more commonly they reveal some degree of airway obstruction 
manifested by decreased FEV1 and FEV1/FVC ratio. By conven-
tion, improvement in the FEV1 by at least 12% and 200 ml after 
administration of a bronchodilator is considered evidence of 
reversibility. Spontaneous variation in self-recorded PEFR by 
15% or more also can provide evidence of reversibility of airway 
obstruction. Elevated values of exhaled nitric oxide also can be 
used to support the diagnosis of asthma when eosinophilic 
inflammation is present.83

Patients with asthma evaluated in a symptom-free period 
may have a normal chest x-ray examination and normal pul-
monary function tests. Under these circumstances, provocative 
testing can be used to induce airway obstruction. Broncho-
provocation is a well-established method to detect and quantify 

FIGURE 25-9	 Inflammation	in	asthma.	Cross	sections	of	an	airway	from	a	healthy	individual	and	a	patient	with	asthma	are	shown.	
Multiple	cells	and	multiple	mediators	are	involved	in	asthma.	Inflammatory	cells,	such	as	mast	cells,	eosinophils,	lymphocytes,	and	
macrophages,	release	a	variety	of	chemical	mediators,	such	as	histamine,	prostaglandins,	and	leukotrienes.	These	mediators	result	in	
increased	wall	thickness,	airway	smooth	muscle	hypertrophy	and	constriction,	epithelial	sloughing,	mucus	hypersecretion,	mucosal	edema,	
and	stimulation	of	nerve	endings.	Top,	Daily	variability	in	peak	airflow	measurements.	The	normal	increase	in	smooth	muscle	tone	in	the	early	
morning,	which	causes	airway	narrowing	in	healthy	individuals,	is	more	exaggerated	in	asthmatics.	Bottom,	Dose-response	curves	to	
methacholine.	(Modified	from	Woolcock	AJ:	Asthma.	In:	Murray	JF,	Nadel	JA,	editors:	Textbook	of	respiratory	medicine,	Philadelphia,	1994,	
Saunders.)

Wall thickness

Smooth muscle bulk

Contractility of S.M.

Local elastic recoil

Epithelial factors

Sensory nerves

p.m.

p.m.
a.m.

a.m.

100

60

P
E

F
 (

%
 p

re
di

ct
ed

)

100

60
Variability = 6% Variability = 30%

NORMAL ASTHMA

0.01 0.1 1 10 100

%
 F

al
l F

E
V

1

Dose methacholine (µmol)
0.01 0.1 1 10 100

Dose methacholine (µmol)

FIGURE 25-10	 Early	and	late	asthmatic	responses.	When	a	
person	with	asthma	is	exposed	to	an	allergen	to	which	he	or	she	is	
sensitized,	the	challenge	results	in	a	biphasic	decline	in	respiratory	
function.	An	early	asthmatic	response	occurs	within	minutes	and	
usually	subsides	within	2	hours.	In	approximately	half	of	asthmatic	
patients,	a	late	asthmatic	response	occurs	within	3	to	8	hours	and	
may	last	for	24	hours	or	longer.	(Modified	from	Wiedemann	HP,	
Kavuru	MS:	Diagnosis	and	management	of	asthma,	Caddo,	OK,	
1994,	Professional	Communications.)
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MINI CLINI
Recognizing Severity of Asthma

PROBLEM:  A 20-year-old woman with a diagnosis of asthma is seen in the outpatient clinic for increased dyspnea with exertion 
requiring daily use of short-acting bronchodilators. The patient complains of difficulty attending classes in college and wakes up a 
couple of times a week feeling short of breath. She describes two visits to the emergency department in the last 12 months because of 
asthma, requiring use of corticosteroids for a short period. Physical examination shows normal breath sounds bilaterally without wheez-
ing. Spirometry shows FEV1 of 78% percent predicted with FEV1/FVC of 75%. How do you describe the severity of her asthma?

SOLUTION:  Classification of asthma severity is based on a combination of symptoms, medication requirements, and lung function. 
Although this patient has a spirometry consistent with mild airflow obstruction, her asthma is classified as moderately persistent because 
of the presence of daily symptoms, daily use of short-acting bronchodilators, frequent nighttime awakenings, limitation with normal 
activities, and history of exacerbations (see the following table).

Components of Severity Classification of Asthma Severity (Youths ≤12 Years of Age and Adults)

Persistent

Intermittent Mild Moderate Severe

Impairment
FEV1/FVC:
18-19 yr, 85%
20-39 yr, 80%
40-59 yr, 75%
60-80 yr, 60%

Symptoms ≤2 days/wk >2 days/wk but not 
daily

Daily Throughout the day

Nighttime awakenings ≤2 ×/mo 3-4 ×/mo >1 ×/wk but not nightly Often 7 ×/wk
Short-acting beta-2 

agonist use for symptom 
control (not prevention 
of exercise-induced 
bronchospasm)

≤2 days/wk >2 days/wk but not 
>1 time/day

Daily Several times per day

Interference with normal 
activity

None Minor limitation Some limitation Extremely limited

Lung function Normal FEV1 between 
exacerbations

FEV1 > 80% predicted
FEV1/FVC normal

FEV1 ≥ 80% predicted
FEV1/FVC normal

FEV1 ≥ 60% but < 80% 
predicted

FEV1/FVC reduced > 5%

FEV1 ≥ 60% predicted
FEV1/FVC reduced > 5%

0-1/yr ≥ 2/yr
Consider severity and interval since last exacerbation. Frequency and severity may fluctuate over 

time for patients in any severity category.
Risk Exacerbations requiring 

oral systemic 
corticosteroids

Relative annual risk for exacerbations may be related to FEV1.

AHR. Pharmacologic agents, including acetylcholine, metha-
choline, histamine, cysteinyl leukotrienes, and prostaglandins, 
and physical stimuli such as exercise and isocapnic hyperventi-
lation with cold, dry air have been used to detect, quantify, and 
characterize nonspecific AHR in asthma.

The most commonly used stimulus for bronchoprovocation 
is methacholine. The generally accepted criterion for hyperre-
sponsiveness is a decrease in FEV1 by 20% or more below the 
baseline value after inhalation of methacholine.

The methacholine provocation test has few false-negative 
results (<5%), but a false-positive result may be found in 7% to 
8% of the average population and patients with other obstruc-
tive lung diseases. Elevated IgE levels and eosinophilia may be 
present in patients with asthma, but their presence is not spe-
cific and their absence does not exclude asthma, making them 
less useful for the diagnosis.73-75 Although ABG analysis is not 
helpful or necessary in diagnosing asthma, it can be helpful in 
assessing the severity of an acute asthma attack.

A patient experiencing an acute asthma attack usually has a 
low PaCO2 as a result of hyperventilation. A normal PaCO2 in 

such a situation is concerning because it indicates a severe 
attack and impending respiratory failure.

Management

The goal of asthma management is to maintain a high quality 
of life for the patient, uninterrupted by asthma symptoms, side 
effects from medications, or limitations on the job or during 
exercise. This goal can be accomplished by preventing acute 
exacerbations, with their potential mortality and morbidity, or 
by returning the patient to a stable baseline when exacerbations 
occur. Asthma management relies on the following four impor-
tant components recommended by the National Asthma Edu-
cation Program (NAEP) expert panel73:
1. Objective measurements and monitoring of lung function
2. Pharmacologic therapy
3. Environmental control
4. Patient education

Table 25-2 outlines the stepwise approach currently recom-
mended for long-term management of asthma. This approach 
provides a framework for adjusting the dose of medication 
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ity of airflow obstruction. It is recommended that spirometry 
be performed as part of the initial assessment of all patients 
being evaluated for asthma and periodically thereafter as 
needed.

Either spirometry or PEFR measurement can be used to 
assess response to therapy in the outpatient setting, emergency 
department, or hospital. NAEP guidelines also recommend that 
home PEFR measurement be used for patients with moderate 
to severe asthma.

When patients learn how to take PEFR measurements at 
home, the clinician is better able to recommend effective treat-
ment. Daily monitoring of PEFR helps detect early stages of 
airway obstruction. All PEFR measurements are compared with 
the patient’s personal best value, which can be established 
during a 2- to 3-week asymptomatic period when the patient is 
being treated optimally.73-75

based on the severity of asthma in any patient at a particular 
time. This approach also takes into consideration the fact that 
asthma is a chronic and dynamic disease, which needs optimum 
control. Control of asthma is defined as minimal to no chronic 
diurnal or nocturnal symptoms, infrequent exacerbations, 
minimal to no need for beta-2 agonists, no limitation to exercise 
activity, PEFR or FEV1 greater than 80% predicted with less 
than 20% diurnal variation, and minimal to no adverse effects 
of medication.73-75

Objective Measurement  
and Monitoring

Objective measurement of lung function is particularly impor-
tant in asthma because subjective measures, such as patient 
reports of the degree of dyspnea and physical examination 
findings, often do not correlate with the variability and sever-

TABLE 25-2 

Stepwise Approach to Long-Term Management of Asthma Based on Severity

Severity* Clinical Features Before Treatment† PEFR or FEV1 Long-Term Preventive Medications Quick Relief Medications

Step 4
Severe	

persistent
Continuous	symptoms ≤60%	predicted Inhaled	corticosteroids	≥800-

2000	mcg/day
Inhaled	beta-2	agonist	as	

needed	for	symptoms
Red zone Frequent	exacerbations >30%	variability Long-acting	bronchodilator‡

Nocturnal	symptoms Oral	corticosteroids
Symptoms	limit	activity

Step 3
Moderate	

persistent
Daily	symptoms >60%-<80%	

predicted
Inhaled	corticosteroids	≥800-

2000	mcg/day
Inhaled	beta-2	agonist	as	

needed	for	symptoms,	not	
to	exceed	3-4	times	per	day

Yellow zone Exacerbations	affect	activity	and	
sleep

>30%	variability Long-acting	bronchodilator,‡	
especially	for	nocturnal	symptoms

Nocturnal	symptoms	more	than	
once	per	week

Daily	use	of	short-acting	beta-2	
agonist

Step 2
Mild	persistent Symptoms	at	least	once	per	

week	but	<1	time	per	day
≥80%	predicted Inhaled	corticosteroid,	

200-500	mg/day
Inhaled	beta-2	agonist	as	

needed	for	symptoms,	not	
to	exceed	3-4	times	per	day

Yellow zone Exacerbations	may	affect	activity	
or	sleep

20%-30%	
variability

Long-acting	bronchodilator‡	for	
nocturnal	symptoms

Nocturnal	symptoms	more	than	
twice	per	month

Step 1
Intermittent Intermittent	symptoms	less	than	

once	per	week
≥80%	predicted None	needed Inhaled	beta-2	agonist	

needed	for	symptoms	but	
less	than	once	per	week

Green zone Nocturnal	symptoms	not	more	
than	twice	per	month

<20%	variability Inhaled	beta-2	agonist	or	
cromolyn	before	exercise	or	
exposure	to	allergen

Asymptomatic	with	normal	lung	
function	between	exacerbations

Modified	from:	Global	Initiative	for	Asthma:	Asthma	management	and	prevention:	a	practical	guide	for	public	health	officials	and	health	care	professionals,	NIH	
publication	no.	96-3659A,	Bethesda,	MD,	1995,	National	Institutes	of	Health,	National	Heart,	Lung,	and	Blood	Institute,	and	World	Health	Organization.
*Step-down:	Review	treatment	every	3	to	6	months.	If	control	is	sustained	for	at	least	3	months,	consider	a	gradual	stepwise	reduction	in	treatment.	Step-up:	
If	control	is	not	achieved,	consider	step-up,	but	first	review	patient	medication	technique,	compliance,	and	environmental	control.
†The	presence	of	one	of	the	features	of	severity	is	sufficient	to	place	a	patient	in	that	category.
‡Long-acting	beta-2	agonist	or	sustained-release	theophylline.
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effects. Spacer devices can be used to improve delivery of 
inhaled medication, but training and coordination are still 
required for patients using metered dose inhalers. Table 25-3 
lists commonly used medications in the treatment of asthma.

Corticosteroids
Corticosteroids are the most effective medication currently 
available for the treatment of asthma. Although their mode of 
action is still unclear, corticosteroids probably act on various 
components of the inflammatory response in asthma.84 Inhaled 
corticosteroids are effective locally, and regular use suppresses 
inflammation in the airways, decreases bronchial hyperreactiv-
ity and airflow obstruction, and reduces the symptoms of and 
mortality from asthma. Long-term, high-dose inhaled cortico-
steroids have far fewer side effects than oral corticosteroids. Side 
effects such as oropharyngeal candidiasis and dysphonia are 
controllable with spacer use and by rinsing the mouth after each 
treatment. Patients should be informed of other side effects of 
chronic inhaled corticosteroid use such as skin bruising and 
increased risks for glaucoma and cataracts.

Oral corticosteroids are effective for treating asthma, but the 
potential for devastating side effects during long-term use 
restricts their use to patients not responding to other forms of 
asthma therapy. Short-term, high-dose (0.5 to 1 mg/kg/day) 
oral corticosteroid therapy during exacerbation reduces the 
severity and duration, decreases the need for emergency depart-
ment visits and hospitalization, and reduces mortality.84

Leukotriene Inhibitors
Leukotrienes are mediators of inflammation and bronchocon-
striction and are thought to play a role in the pathogenesis of 
asthma. Three leukotriene antagonists are currently available 
for the treatment of asthma. Montelukast (Singulair; Merck, 
Whitehouse Station, NJ) and zafirlukast (Accolate; Astra Zeneca, 
London, UK) are leukotriene receptor antagonists, and zileuton 
(Zyflo; Abbott Laboratories, Chicago, IL) is a leukotriene syn-
thesis inhibitor. These agents all are modestly effective for main-
tenance of mild to moderate asthma, but their exact role in 
asthma therapy remains to be determined. Inhaled steroids 
remain the preferred antiinflammatory drugs for treating 
asthma.84,85

Beta-2–Adrenergic Agonists
Inhaled beta-2–adrenergic agents are the most rapid and effec-
tive bronchodilators for treating asthma. They are the drugs of 
choice for all types of acute bronchospasm, and they provide 
protection from all bronchoconstrictor challenges when given 
prophylactically. However, they do not prevent the late asth-
matic response. Beta-2 agonists are the drugs of choice for 
exercise-induced asthma. They exert their action by attaching 
to beta receptors on the cell to produce smooth muscle relax-
ation and by blocking mediator release from mast cells.

The effectiveness of beta-2 agonists as bronchodilators is not 
disputed, and they are the drug of choice for acute emergency 
management of asthma. However, there is concern that they 
may worsen asthma control if used regularly and that excessive 

To help patients understand home PEFR monitoring, a zonal 
system corresponding to the traffic light system may be helpful 
(see Table 25-2). A PEFR measurement of 80% to 100% of the 
personal best is considered to be in the green zone. No asthma 
symptoms are present, and maintenance medications can be 
continued or tapered. A PEFR in the 60% to 80% range of the 
personal best is in the yellow zone and may indicate an acute 
exacerbation and requires a temporary step-up in treatment. A 
PEFR less than 60% of the personal best is in the red zone and 
signals a medical alert, requiring immediate medical attention 
if the patient does not return to the yellow zone or green zone 
with bronchodilator use.75

Pharmacotherapy

Pharmacotherapy for asthma reflects the basic understanding 
that asthma is a chronic inflammatory airway disease that 
requires long-term antiinflammatory therapy for adequate 
control.73-82 Antiinflammatory agents such as corticosteroids 
suppress the primary disease process and its resultant airway 
hyperreactivity. Bronchodilators, such as beta-2–adrenergic 
agonists, anticholinergics, and theophylline, relieve asthma 
symptoms. Because asthma is a disease of the airways, inhala-
tion therapy is preferred to oral or other systemic therapy. 
Inhaled therapy using metered dose inhalers or dry powder 
inhalers allows high concentration of the medication to be 
delivered directly to the airways, resulting in fewer systemic side 

MINI CLINI
Diagnosis of Wheezing

PROBLEM:  You are asked to see a patient with a history of 
wheezing. The patient notes that the wheezing has been con-
tinuous, has been present for several months, and has been 
unresponsive to bronchodilator medications, including sys-
temic corticosteroids and various inhaled bronchodilators.

SOLUTION:  The patient has either refractory asthma or a 
condition mimicking asthma. The aphorism “all that wheezes 
is not asthma” applies here, and the clinician should suspect 
alternative diagnoses. Features that are atypical for asthma in 
this patient are the continuous nature of the wheezing and its 
complete refractoriness to medication. With this in mind, con-
sideration of other “wheezy” disorders should include abnor-
malities of the upper airway. Specifically, tracheal stenosis or 
fixed upper airway obstruction (e.g., caused by tracheal tumors) 
could account for the patient’s symptoms. Another condition 
that mimics asthma is vocal cord dysfunction. Characteristi-
cally, vocal cord dysfunction causes stridor with convergence 
of the vocal cords on inspiration (a paradoxical response). 
However, vocal cord dysfunction also can cause expiratory 
wheezing, with closure of the vocal cords on expiration. Further 
assessment of this patient might include a flow-volume loop or 
a flexible bronchoscopic examination of the upper airway, 
observing both the vocal cords and the trachea to the level of 
the main stem bronchi.
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TABLE 25-3 

Medications Commonly Used in the Treatment of Asthma or Chronic Obstructive  
Pulmonary Disease

Medication Trade Names Available Preparations Usual Dosage Comment

Inhaled Corticosteroids (Single Medication)
Beclomethasone Beclovent,	

QVAR
MDI	42	mcg/puff,	200	puffs/canister 2	puffs	tid-qid,	

maximum	20	puffs/day
Flunisolide Aerobid MDI	250	mg/puff,	100	puffs/canister 2	puffs	bid,	maximum	8	

puffs/day
Fluticasone Flovent MDI	44,	110,	220	mcg/puff 88-880	mcg/day
Mometasone Asmanex DPI	220	mcg/spray 1-2	sprays	daily-bid,	

maximum	4	puffs/day
Budesonide Pulmicort DPI	90,	180	mcg/puff 360-720	mcg/day

Inhaled Corticosteroids (Combined Medication)
Fluticasone	and	

salmeterol
Advair DPI	100	mcg	fluticasone/50	mcg	

salmeterol/puff,	250	mcg/50	mcg,	
500	mcg/50	mcg/puff

MDI	HFA	45	mcg/21	mcg/puff,	
115	mcg/21	mcg/puff,	and	
230	mcg/21	mcg/puff

400-2000	mcg/day	
(corticosteroid	dose)

Budesonide	and	
formoterol

Symbicort 160	mcg	budesonide/4.5	mcg	
formoterol/puff	and	
80	mcg/4.5	mcg/puff

160-640	mcg/day	
(corticosteroid	dose)

Fluticasone	and	
vilanterol

Breo	Ellipta DPI	100	mcg	fluticasone/25	mcg	
vilanterol/puff

100	mcg/day	
(corticosteroid	dose)

Only	approved	for	patients	with	
COPD.

Systemic Corticosteroids
Prednisone Many Tablets	1,	5,	20,	50	mg 5-50	mg/day
Methylprednisolone Medrol Tablets	2,	4,	8,	16,	24,	32	mg 4-48	mg/day

Solu-Medrol IV	40,	125,	500,	1000	mg 1-2	mg/kg	q4-6h
Hydrocortisone Solu-Cortef IV	100,	250,	500,	1000	mg 4	mg/kg	q4-6h

Beta-2 Agonists
Albuterol Proventil MDI	90	mcg/puff,	200	puffs/canister 2-4	puffs	q4-6h,	

maximum	20	puffs/day
Ventolin Solution	for	nebulizer	0.083%	and	

0.5%
2.5-10	mg	q6-8h

Tablets	2,	4	mg 2-4	mg	q6-8h
Volmax Sustained-release	tablets	4,	8	mg 4-8	mg	q12h

Metaproterenol Alupent MDI	650	mcg/puff,	200	puffs/
canister

2-3	puffs	q3-4h,	
maximum	12	puffs/day

Metaprel Solution	0.5% 2.5-10	mg	q4-6h
Tablets	10,	20	mg 10	mg	q6-8h

Pirbuterol Maxair MDI	200	mcg/puff,	300	puffs/
canister

1-2	puffs	q4-6h,	
maximum	12	puffs/day

Terbutaline Breathaire MDI	200	mcg/puff,	300	puffs/
canister	1-2	puffs	q4-6h

Bricanyl Tablets	2.5,	5	mg 2.5-5	mg	tid,	maximum	
15	mg/day

Solution	1	mg/ml 0.25	mg	subcutaneously	
q15-30min

Long-Acting Beta Agonists
Salmeterol Serevent MDI	50	mcg/puff 2	puffs	q12h
Formoterol Foradil DPI	12	mcg/capsule 1	capsule	inhaled	q12h
Indacaterol Arcapta DPI	75	mcg/capsule 75	mcg/day Not	indicated	in	patients	with	

asthma.
Arformoterol Brovana Solution	15	mcg/ml 15	mcg	inhaled	bid

Anticholinergics (Single Medication)
Ipratropium	

bromide
Atrovent MDI	18	mcg/puff,	200	puffs/canister 2-4	puffs	q6h

Solution	for	nebulizer	0.02%
0.5	mg/2.5	ml	vial,	0.5	mg	qid

Tiotropium Spiriva DPI	18	mcg/capsule 1	capsule	inhaled/day
Aclinidium Tudorza DPI	400	mcg/actuation 800	mcg/day M2/M3	muscarinic	antagonist.	

Only	approved	for	COPD.
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NAEP guidelines recommend that inhaled beta-2 agonists be 
used as needed. If a patient needs more than 3 or 4 puffs per 
day of a beta-2 agonist, additional antiinflammatory therapy 
should be considered.84

Longer acting (12 to 24 hours) beta-2 agonists, such as sal-
meterol and formoterol, are available in the United States. Their 
mechanism of action is different from that of the shorter acting 
beta-2 agonists discussed earlier. Long-acting beta-2 agonists 
have use in treating nocturnal asthma but again, should not be 
used alone in managing asthma.73-75,86-88

Inhaled corticosteroids remain the first choice of therapy in 
asthma.

use may increase the risk for death from asthma, which makes 
the role of beta-2 agonists alone in long-term maintenance 
therapy questionable. It is clear that excessive beta-2 agonist use 
by asthmatics indicates an increased risk for death from asthma 
and indicates the need for more effective antiinflammatory 
therapy. Furthermore, because use of long-acting beta-2-agno-
sists in asthmatics has been associated with increased mortality, 
such agents should not be used in asthmatics but rather in 
combination with an anti-inflammatory drug such as an 
inhaled corticosteroid medication. Treatment with conven-
tional doses of the short-acting beta-2 agonists available in the 
United States is felt to be safe for asthmatic patients.82,84,86 The 

Medication Trade Names Available Preparations Usual Dosage Comment

Anticholinergics (Combined Medication)
Umeclidinium	and	

vilanterol
Anoro	Ellipta DPI	62.5	mcg	umeclidinium/25	mcg	

vilanterol/puff
62.5	mcg	of	

umeclidinium/day
Umeclidinium	is	a	muscarinic	

antagonist.	Vilanterol	is	a	
long-acting	bronchodilator.	
Not	approved	for	patients	
with	asthma.

Methylxanthines
Aminophylline IV Load	5-6	mg/kg,	

maintenance
Tablets	or	capsules 0.5-0.9	mg/kg/hr

Theophylline Theo-Dur 300-1200	mg/day	
divided	q6-8h

Slo-bid for	immediate	and	
q12-24h

Theovent for	sustained
Uniphyl
(immediate	or	

sustained	
release)

Leukotriene Inhibitors
Zafirlukast Accolate Tablets	20	mg 20	mg	bid
Zileuton Zyflo Tablets	600	mg 600	mg	qid
Montelukast Singulair Tablets	10	mg 10	mg	daily

Other
Roflumilast Daliresp Tablets	500	mcg 500	mcg/day PDE-4	inhibitor.	Primary	use	

prevention	of	COPD	
exacerbations,	not	indicated	
for	acute	bronchospasm	or	
asthma.

Azithromycin Zithromax Tablets	250	mg,	500	mg 250	mg/day Macrolide	antibiotic	associated	
with	reduction	in	number	of	
COPD	exacerbations.*

N-Acetylcysteine	
(NAC)

Mucomyst Tablets	300	mg,	600	mg 1200	mg/day High	dose	NAC	is	associated	
with	decrease	in	exacerbation	
frequency	in	patients	COPD.†

Omalizumab Xolair 150	mg	/	5	mL 150-375	mg	
subcutaneously		
every	month

Anti-IgE	therapy	only	approved	
for	patients	with	moderate	to	
severe	asthma.

*Albert	RK,	Connett	J,	Bailey	WC,	et	al:	Azithromycin	for	prevention	of	exacerbations	of	COPD.	N	Engl	J	Med	365:689–698,	2011.
†Zheng	JP,	Wen	FQ,	Bai	CX,	et	al:	Twice	daily	N-acetylcysteine	600	mg	for	exacerbations	of	chronic	obstructive	pulmonary	disease	(PANTHEON):	
a	randomised,	double-blind	placebo-controlled	trial.	Lancet	Respir	Med:	2:187–194,	2014.
COPD,	Chronic	obstructive	pulmonary;	DPI,	dry	powder	inhaler;	HFA,	hydrofluoroalkane;	IgE,	immunoglobulin	E;	MDI,	metered	dose	inhaler.

TABLE 25-3 

Medications Commonly Used in the Treatment of Asthma or Chronic Obstructive  
Pulmonary Disease—cont’d
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mended that omalizumab should be considered as adjunctive 
therapy for patients with severe persistent asthma.73

Emergency Department and  
Hospital Management

Emergency management of acute asthma should include early 
and frequent administration of aerosolized beta-2 agonists and 
therapy with systemic corticosteroids. Frequent assessment for 
response with PEFR should be performed. The NAEP guide-
lines recommend that only selective beta-2 agonists (i.e., alb-
uterol, levalbuterol, pirbuterol) should be used in high doses to 
avoid cardiotoxicity.73

Hospital and ICU care for patients with asthma should be 
aggressive. The goal is to decrease mortality and morbidity  
and to return the patient to preadmission stability and function 
as quickly as possible. Management includes O2 supplementa-
tion, periodic administration of high doses of aerosolized 
beta-2 agonists (limited only by tachycardia or tremor), high-
dose parenteral corticosteroids (>0.5 to 1 mg/kg/day), and anti-
biotics if there is evidence of infection. Sedatives and hypnotics 
should be avoided. Symptoms, PEFR, and ABGs should be 
monitored.

Patients with severe asthma and respiratory failure (hypox-
emia, hypercapnia, increased work of breathing) need ventila-
tory support and present special challenges. Mortality rates for 
these patients can reach 22%, and complications are common, 
especially barotrauma. These complications can be minimized 
by limiting peak inspiratory pressure to less than 50 cm H2O 
and by the use of small tidal volumes, allowing “permissive 
hypercapnia” if necessary. When asthma control is achieved, 
hospital discharge criteria include not needing supplemental 
O2; having a PaO2 greater than 60 mm Hg and a stable PEFR or 
FEV1, with values close to the patient’s best or greater than 70% 
of predicted; feeling that asthma symptoms are returning to 
preadmission levels and are not occurring at night; and 12- to 
24-hour stability on discharge medications.73-75

Methylxanthines
The role of theophylline and similar drugs in the treatment of 
acute asthma is controversial. The NAEP expert panel did not 
recommend using theophylline routinely in the emergency 
treatment of asthma but did recommend its use orally or intra-
venously for patients admitted to the hospital for an acute 
asthma attack. Sustained-release theophylline drugs added to 
long-term asthma management therapy may be helpful in con-
trolling nocturnal asthma symptoms because they maintain 
therapeutic plasma concentrations overnight. They also are 
helpful in soothing the symptoms of patients with labile asthma. 
However, the efficacy of theophylline is limited by its side effects 
of nausea, vomiting, headache, insomnia, seizures, and cardiac 
arrhythmias. Toxicity increases with blood levels greater than 
15 mcg/ml, but levels of 8 to 10 mcg/ml are adequate for long-
term therapy and are associated with fewer side effects.

Several factors affect the plasma levels of theophylline by 
increasing or decreasing hepatic metabolism of the drug. Con-
ditions that tend to increase plasma concentrations include 
acute viral infections, cardiac failure, hepatic disease, and con-
comitant use of certain medications such as erythromycin or 
cimetidine. In these cases, the maintenance dose should be 
halved and the theophylline blood levels should be monitored. 
Conditions that tend to decrease plasma levels of theophylline 
include cigarette smoking and use of medications that increase 
hepatic clearance, such as phenobarbital.73-75

Anticholinergics
Inhaled anticholinergic agents, such as ipratropium bromide, 
are effective dilators of airway smooth muscles. Ipratropium 
produces bronchodilation by reduction of intrinsic vagal tone 
and blocking vagal reflex bronchospasm. However, ipratropium 
does not stabilize mast cells or prevent mediator release and is 
a less potent bronchodilator than beta-2 agonists. Ipratropium 
has few side effects, is safe because it is poorly absorbed, adds a 
bronchodilator effect to beta-2 agonists, and is useful for treat-
ing cough-variant asthma. Ipratropium also can be used in 
treating acute asthma when first-line bronchodilators are inef-
fective. The long-acting anticholinergic agent tiotropium has 
been shown to enhance asthma control (e.g., improved peak 
expiratory flow, increased FEV1, and improved symptoms) 
when added to an inhaled corticosteroid compared with dou-
bling the inhaled steroid dose.89

Anti–Immunoglobulin E Therapy
IgE plays a key role in the pathogenesis of asthma, and many 
asthmatic patients have elevated levels of IgE.90 Corticosteroids 
do not inhibit synthesis of IgE by activated lymphocytes. Omal-
izumab, an antibody that binds IgE and blocks its biologic 
effects, has been approved by the FDA for patients with a history 
of allergy and with moderate to severe asthma that is poorly 
controlled with inhaled corticosteroids.91 Studies have shown 
that treatment with omalizumab results in a reduction in the 
dose of inhaled glucocorticoids required to control symptoms 
and a reduction in the number of asthma exacerbation epi-
sodes.92 For this reason, the NAEP asthma guidelines recom-

	

RULE OF THUMB

In	a	patient	presenting	with	an	acute	asthma	attack,	
PaCO2	is	usually	low	because	of	hyperventilation.	A	
normal	PaCO2	in	this	situation	indicates	a	severe	attack	
and	impending	respiratory	failure.

Bronchial Thermoplasty

Bronchial thermoplasty is an approved addition to treatment 
options for adults whose asthma remains uncontrolled despite 
use of inhaled steroids and long-acting beta agonists.93 Bron-
chial thermoplasty is a procedure in which a probe is intro-
duced into the central airways through a bronchoscope and heat 
is applied (through radiofrequency waves) to airways of 3 to 
10 mm diameter with the goal to reduce the airway smooth 
muscle mass, reducing the ability of the airways to constrict. 
Studies have shown that bronchial thermoplasty improves 
asthma-specific quality of life and reduces the number of severe 



 Obstructive Lung Disease • CHAPTER 25 533

whether a patient’s asthma has an allergic component and 
determining the relationship between exposure to an allergen 
and the occurrence of symptoms. Skin tests are more helpful 
for excluding an allergen as a cause of asthma symptoms because 
clinical sensitivity to an aeroallergen is rare in the absence of a 
positive skin test, whereas many positive skin tests do not have 
clinical relevance.

To prevent allergic reactions in patients with asthma, envi-
ronmental control measures to reduce exposure to indoor and 
outdoor allergens and irritants are essential. Patients should be 
advised to avoid outdoor antigens, primarily ragweed, grass, 
pollens, and molds. Exposure to outdoor allergens is best 
reduced by staying indoors with the windows closed, in an air-
conditioned environment, particularly during the midday and 
afternoon, when pollen and some mold counts are highest. 
Patients who are allergic to indoor allergens, primarily house-
dust components and indoor molds, should take steps to elimi-
nate these allergens from the home environment (e.g., 
single-room air purifier). All warm-blooded pets, including 
small rodents and birds, should be removed from the house 
because they produce dander, urine, and saliva that can cause 
allergic reactions. House-dust mites depend on atmospheric 
moisture and human dander for survival. Essential house-dust 
mite control measures include encasing mattresses and pillows 
in airtight covers, washing the bedding in water of 130° F 
weekly, avoiding sleeping on upholstered furniture, and remov-
ing carpets that are laid on concrete.

Additional helpful control measures include reducing the 
indoor humidity to less than 50%, removing carpets from the 
bedroom, and using chemical agents to kill mites. Indoor air-
cleaning devices, especially high-efficiency particulate air/
aerosol filters, may be useful, but they cannot substitute for 
controlling the allergen source. Humidifiers are potentially 
harmful because they can harbor and aerosolize mold spores, 
and the increased humidity they generate may encourage pro-
duction of both mold and house-dust mites.73-75

Patient Education

With close back-up by the informed physician, respiratory ther-
apist, or nurse, much of the day-to-day responsibility for man-
aging asthma falls on the patient and the patient’s family. Patient 
education is a powerful motivational tool, helping patients 
attain the skills and gain the confidence to control their asthma. 
Patient education involves helping patients understand asthma 
and learning and practicing the skills necessary to manage it. 
Patient education includes providing information; developing 
a partnership with the patient; involving the patient in decision-
making; and demonstrating and observing asthma manage-
ment practices such as the proper use of inhalers, nebulizers, 
and peak flowmeters.86

Special Considerations in Asthma 
Management

Exercise-Induced Asthma
Exercise-induced asthma is common in asthmatics, especially 
after participation in outdoor activities in cold weather. The 

MINI CLINI
Assessing the Severity of an Acute 
Asthma Attack

PROBLEM:  You have just obtained an ABG analysis on a 
patient who sought treatment at the emergency department for 
an acute attack of asthma. How would the ABG analysis help 
you assess the severity of the attack?

SOLUTION:  In the early stages of an asthma attack, the ABG 
analysis shows a low PaCO2 caused by hyperventilation. As the 
asthma attack progresses, and the FEV1 decreases to less than 
25% of predicted, the PaCO2 returns to normal. When the FEV1 
decreases to less than 15% of predicted, carbon dioxide reten-
tion begins to occur. Changes in the pH reflect changes in the 
PaCO2 level. The following table summarizes the ABG abnor-
malities based on the severity of an asthma attack:

Asthma Severity Stage PaO2 PaCO2 pH

Mild I Normal Decreased Increased
Moderate II Decreased Decreased Increased
Severe III Decreased Normal Normal
Very severe 

(respiratory 
failure)

IV Decreased Increased Decreased

asthma exacerbation episodes and emergency department 
visits.94,95 Moreover, there are now data suggesting that these 
effects are long-lasting (approximately 5 years) with regard to 
both asthma control (based on maintained reduction in severe 
exacerbations and emergency department visits for respiratory 
symptoms) and safety.96 Although bronchial thermoplasty is a 
promising treatment for patients with asthma that is difficult to 
control, some controversy remains and more studies are needed 
before it can be recommended to all patients with poorly con-
trolled asthma.97

Immunotherapy

Immunotherapy is based on the theoretical rationale that part 
of the immunologic response to an administered allergen is the 
production of IgG-specific antibody to the allergen injected. 
This newly generated IgG does not affix to most cells but can 
react with the allergen diffusing into the tissues and “neutralize” 
it. Although immunotherapy is acceptable in the treatment of 
allergic rhinitis, its use in the treatment of asthma is not stan-
dardized and remains controversial. However, a meta-analysis 
of 88 randomized controlled trials of injection allergen immu-
notherapy for asthma reported that immunotherapy is effective, 
with evidence of significant reductions in asthma medications 
and symptoms and a reduction in the degree of bronchial 
hyperreactivity.98

Environmental Control

The association between asthma and allergy has long been rec-
ognized. Among patients with asthma, 75% to 85% are reported 
to have positive immediate skin test reaction to common inhal-
ant allergens. A thorough history is essential to diagnosing 
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often the case), the diagnosis can be confirmed by showing 
reversible airway obstruction by a methacholine challenge test 
or suggested by elevated levels of exhaled NO.83 Ipratropium 
bromide may be particularly helpful in the treatment of cough-
variant asthma. Otherwise, the treatment is the same as for 
other types of asthma.

Nocturnal Asthma
Nocturnal asthma is a characteristic problem in poorly con-
trolled asthma and is reported by more than two-thirds of 
patients who receive treatment that is less than ideal. It probably 
is due to the known physiologic decrease in the airway tone 
during sleep, which has been attributed to variation in catechol-
amine and cortisol secretion. Aspiration of gastric acid also may 
play a role in some patients with increased symptoms at night.

After ensuring adequate antiinflammatory therapy, medica-
tions for nocturnal asthma should be focused toward the night 
and especially the early morning hours, when the airway tone 
is lowest. Sustained-release theophylline and long-acting beta-2 
agonists such as salmeterol are particularly helpful for control-
ling nocturnal asthma symptoms.73 Addition of a proton pump 
inhibitor medication such as esomeprazole has not been shown 
to enhance asthma control.101

Aspirin Sensitivity
At least 5% of adults with asthma experience severe and even 
fatal exacerbation of asthma after taking aspirin or other non-
steroidal antiinflammatory drugs (NSAIDs). Many of these 
patients have nasal polyps, although the relationship is not 
causal. The presumed mechanism is the inhibition of the cyclo-
oxygenase pathway by aspirin and NSAIDs, with subsequent 
shunting of all arachidonic acid into the 5-lipoxygenase pathway, 
causing overproduction of bronchoconstrictor leukotrienes. 
Individuals with asthma should avoid aspirin and NSAIDs and 
instead use alternatives such as acetaminophen (e.g., Tylenol). 
Patients should be informed that many over-the-counter medi-
cations contain aspirin and should be avoided as well.73,81

Gastroesophageal Reflux
The relationship between asthma and gastroesophageal reflux 
is controversial, although gastroesophageal reflux is nearly three 
times more prevalent in patients with asthma than in persons 
without asthma. Presumably, acid reflux into the esophagus 
causes vagal stimulation, resulting in a reflex increase in bron-
chial tone in patients with asthma. However, addition of a 
proton pump inhibitor to an asthma regimen has not been 
shown to enhance asthma control significantly.101

Asthma During Pregnancy
During pregnancy, one-third of patients have worse control of 
their asthma, one-third have better control of asthma, and one-
third have asthma that is unchanged. The potential threat of 
adverse effects from asthma medications is far outweighed by 
the danger of uncontrolled asthma to the fetus and mother. 
Poorly controlled asthma during pregnancy can cause increased 
perinatal mortality, increased prematurity, and low birth weight. 

causes of exercise-induced asthma are not fully understood, but 
heat loss from the airways seems to be one of the causes.81 Treat-
ment consists of prophylactic inhalation of a beta-2 agonist.99,100 
Leukotriene inhibitors also may have a role in treatment of 
exercise-induced asthma.73,74

Occupational Asthma
An estimated 2% to 5% of all asthma episodes may be caused 
by exposure to a specific sensitizing agent in the workplace. 
Occupational asthma is the most common form of occupa-
tional lung disease in many industrialized countries. In an 
attempt to distinguish occupational from preexisting asthma, 
occupational asthma is defined as a disease characterized by a 
variable airflow limitation or AHR secondary to causes and 
conditions attributable to a particular working environment 
and not to stimuli encountered outside the workplace. Toluene 
diisocyanate is the most common cause of occupational asthma 
and is the best studied. Other causes of occupational asthma are 
listed in Table 25-4.

Generally, the treatment of occupational asthma is identical 
to treatment of other types of asthma. However, early diagnosis 
is important and in environmental control, in particular, cessa-
tion of exposure is key. Complete elimination of exposure is 
usually necessary because once sensitization has occurred, 
bronchoconstriction can be triggered by minimal subsequent 
exposure.74,81

Cough-Variant Asthma
Coughing may be the only complaint of patients with asthma. 
In such patients, the cough may be relieved by a bronchodilator 
or by avoiding inhaled allergens. If bronchospasm is not present 
at the time of examination and spirometry is normal (which is 

TABLE 25-4 

Occupational Causes of Asthma

Occupation or Industry Agent

Laboratory	animal	workers,	
veterinarians

Animals	(dander,	urine	protein)

Food	processing Shellfish,	egg	proteins,	pancreatic	
enzymes

Dairy	farming Storage	mites
Poultry	farming Poultry	mites,	droppings,	feathers
Detergent	manufacturing Bacillus subtilis	enzymes
Baking Flour
Sawmill	workers,	carpentry Wood	dust	(western	red	cedar,	oak,	

mahogany,	zebrawood,	redwood)
Nursing Psyllium
Refining Platinum	salts
Plating Nickel	salts
Stainless	steel	welding Chromium	salts
Cosmetology Persulfate
Refinery	workers Vanadium
Rubber	processing Formaldehyde,	ethylenediamine
Plastics	industry Toluene	diisocyanate,	trimellitic	

anhydride
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tent with bronchiectasis can follow pneumonia, CT should be 
deferred for 6 to 8 weeks after pneumonia resolves. Only then 
can a diagnosis of bronchiectasis be made.

Management

Antibiotics and bronchopulmonary hygiene are the mainstays 
of bronchiectasis management. Antibiotics can be given as 
needed or following a regularly scheduled regimen. Sputum 
cultures may be helpful in guiding antibiotic choice. Inhaled 
aminoglycosides may be a useful option for patients with 
chronic colonization by P. aeruginosa. Additionally, inhaled 
fluoroquinolones (ciprofloxacin) are currently being evaluated 
in patients with cystic fibrosis and noncystic fibrosis bronchi-
ectasis.105 Infection by P. aeruginosa in patients with bronchiec-
tasis is a marker of severity but is not linked to accelerated 
decline in pulmonary function.106 Secretions can be cleared 
by chest physiotherapy with postural drainage, cough maneu-
vers, and humidification. Inhaled bronchodilators may be 
helpful in some patients because accompanying airflow obstruc-
tion is common.103 Inhaled hyperosmolar substances may be 
helpful in clearing secretion in patients with bronchiectasis. A 
Cochrane review concluded that dry powder mannitol improves 
tracheobronchial clearance in patients with bronchiectasis, 
patients with cystic fibrosis, those with asthma, and normal 
individuals.107 Hypertonic saline has been studied to a limited 
extent in bronchiectasis and may be helpful. In cases that are 
complicated by massive hemoptysis, embolization of the bleed-
ing bronchial artery may be helpful. Surgical resection should 
be reserved for patients with localized disease who develop 
massive hemoptysis or who are severely symptomatic despite 
appropriate medical therapy.108-110

ROLE OF THE RESPIRATORY 
THERAPIST IN OBSTRUCTIVE  
LUNG DISEASE

RTs play key roles in all aspects of managing patients with 
obstructive lung diseases; they are involved in diagnosis, acute 

Theophyllines, beta-2 agonists, or inhaled or oral corticoste-
roids can be used during pregnancy without significant risk for 
fetal abnormalities.102

Sinusitis
Acute sinusitis and chronic sinusitis have been related to exac-
erbations and poor control of asthma by causing postnasal drip 
and interfering with nasal patency. A limited CT scan of the 
sinuses should be obtained for patients with uncontrolled 
asthma. If sinusitis is present, therapy with antibiotics for 2 to 
3 weeks, nasal decongestants, and nasal corticosteroid inhalers 
may help improve asthma control.73,81

Surgery
Patients with asthma are predisposed to respiratory complica-
tions after surgery, including respiratory arrest during induc-
tion of anesthesia, hypoxemia and possible hypercapnia, 
impaired effectiveness of cough, atelectasis, and respiratory 
infection. The likelihood of these complications depends on the 
severity of the patient’s airway hyperreactivity, the degree of 
airflow obstruction, and the amount of excess airway secretions 
at the time of surgery. Optimizing the patient’s lung function 
before surgery, including the administration of perioperative 
corticosteroids, is an important strategy for minimizing peri-
operative complications.73,81

BRONCHIECTASIS

Clinical Presentation

Bronchiectasis refers to the abnormal, irreversible dilation of the 
bronchi caused by destructive and inflammatory changes in the 
airway walls. Bronchiectasis has the following three major ana-
tomic patterns103:
1. Cylindrical bronchiectasis: Airway wall is regularly and uni-

formly dilated
2. Varicose bronchiectasis: Irregular pattern, with alternating 

areas of constriction and dilation
3. Cystic bronchiectasis: Progressive, distal enlargement of the 

airways, resulting in saclike dilations
Bronchiectasis is thought to result from damage to the bron-

chial wall by chronic inflammation. Predisposing conditions are 
listed in Box 25-4.

Evaluation

The hallmark of bronchiectasis is the chronic production of 
large quantities of purulent sputum. Dyspnea is variable and 
depends on the extent of involvement and the underlying 
disease. Hemoptysis occurs frequently and is usually mild, but 
severe hemoptysis can be seen. Radiographic studies confirm 
the diagnosis by showing airway dilation. A chest radiograph 
may show cystic spaces and tram tracks (thin parallel lines 
representing the airway walls). CT is the diagnostic standard; 
the diagnosis of bronchiectasis is established when the diameter 
of the bronchus exceeds the diameter of the adjacent pulmo-
nary artery branch.104 Because reversible airway changes consis-

 Box 25-4 Causes of Bronchiectasis

LOCAL BRONCHIECTASIS
•	 Foreign	body
•	 Benign	airway	tumor	(e.g.,	adenoma)
•	 Bronchial	compression	by	surrounding	lymph	nodes	(e.g.,	

middle	lobe	syndrome)

DIFFUSE BRONCHIECTASIS
•	 Cystic	fibrosis
•	 Ciliary	dyskinesia	disorders	(e.g.,	Kartagener	syndrome,	

Young	syndrome)
•	 Hypogammaglobulinemia
•	 Alpha-1	antitrypsin	deficiency
•	 Allergic	bronchopulmonary	aspergillosis
•	 Rheumatoid	arthritis
•	 Serious	childhood	lung	infection	(e.g.,	from	whooping	cough,	

measles,	or	influenza)
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treatment, and follow-up and monitoring. In diagnosing 
obstructive lung diseases, RTs often perform the lung function 
testing that indicates the presence of airflow obstruction that is 
essential for diagnosis. Because of their close involvement with 
patients, RTs also play important roles in recognizing clinical 
features that may prompt physicians’ appreciation of COPD 
variants, such as the presence of copious secretions, hemoptysis, 
or both that might lead to suspicion of bronchiectasis or the 
early onset or familial clustering of COPD that might prompt 
suspicion of AAT deficiency.111 In the current environment of 
value-based care in which all health care providers must func-
tion at the “top of their license,” RTs are increasingly at the front 
line of diagnosis and may be the first health care provider that 
patients see in evaluation for dyspnea.112

In acute management, hospital-based RTs often administer 
medications and therapies to patients with acute exacerbations 
of asthma or COPD. Examples include the delivery of broncho-
dilators in small-volume nebulizers, administration of chest 
physiotherapy in the management of bronchiectasis, and setup 
of supplemental O2. For patients with severe exacerbations, ICU 
management of arterial lines, blood gases, and mechanical ven-
tilation (with both noninvasive and conventional mechanical 
ventilation) usually involves RTs in key management roles. In 
managing patients with bronchiectasis, RTs are pivotal in 
administering chest physiotherapy and instructing in the use of 
flutter valves and percussive vests that may be critical parts of 
acute management.

Finally, in longitudinal follow-up of patients with obstruc-
tive lung diseases, RTs are involved in counseling (e.g., smoking 
cessation, medication management), administering pulmonary 
rehabilitation programs, and certifying and recertifying long-
term O2 therapy. RTs working in home care may conduct home 
visits to patients and set up and adjust equipment in the home. 
This description of activities of the RT in care of the patient 
with obstructive lung disease suggests that RTs are indispens-
able caregivers for patients with asthma, COPD, and bronchi-
ectasis and that the care of patients with obstructive lung 
diseases constitutes a major component of RTs’ activities.

SUMMARY CHECKLIST

◗	The	spectrum	of	obstructive	lung	diseases	includes	
chronic	obstructive	lung	disease	(consisting	of	emphysema	
and	chronic	bronchitis),	asthma,	and	bronchiectasis.	
Airflow	obstruction	may	be	a	feature	of	other	lung	
diseases	as	well,	such	as	sarcoidosis,	
lymphangioleiomyomatosis,	and	congestive	heart	failure.

◗	Chronic	obstructive	lung	disease	features	persistent	airflow	
obstruction	despite	therapy.

◗	Classically,	asthma	causes	airway	obstruction	that	is	fully	
reversible	with	therapy	and	features	symptoms	such	as	
episodic	wheezing,	shortness	of	breath,	chest	tightness,	
and	cough.

◗	Bronchiectasis	features	permanent	dilation	of	bronchi	or	
bronchioles	on	chest	imaging	(often	chest	CT)	and	may	
result	from	various	causes	(e.g.,	childhood	lung	infection,	
cystic	fibrosis,	hypogammaglobulinemia,	etc.).

◗	Major	risk	factors	for	COPD	include	cigarette	smoking,	
chronic	exposure	to	noxious	fumes	(e.g.,	cooking	with	
biomass	fuels	in	enclosed	spaces),	and	genetic	factors,	
the	best	characterized	of	which	is	AAT	deficiency.

◗	The	most	common	symptom	of	patients	with	COPD	is	
dyspnea.	Cough,	chronic	phlegm	production,	and	
wheezing	also	may	be	present.

◗	Goals	in	treating	COPD	are	to	improve	airflow,	maximize	
the	patient’s	functional	status,	avoid	exacerbations,	and	
prolong	the	patient’s	survival	as	possible.

◗	 Important	treatments	for	COPD	include	inhaled	
bronchodilators,	inhaled	corticosteroids,	supplemental	O2	
when	indicated,	pulmonary	rehabilitation,	and	preventive	
vaccinations	(e.g.,	against	influenza	and	pneumococcus).	
Lung	transplantation	and	lung	volume	reduction	surgery	
are	also	available	for	specific	subsets	of	patients	with	
advanced	disease.

◗	The	goal	of	stable	asthma	management	is	to	maintain	a	
high	quality	of	life	for	the	patient,	uninterrupted	by	asthma	
symptoms,	side	effects	from	medications,	or	limitations	on	
the	job	or	during	exercise.	This	goal	can	be	accomplished	
by	objective	measurements	and	monitoring	lung	function,	
pharmacologic	therapy,	environmental	control,	and	patient	
education.

◗	The	goals	of	emergency	management	of	acute	asthma	
are	to	decrease	mortality	and	morbidity	and	to	return	the	
patient	to	preadmission	stability	and	function	as	quickly		
as	possible.	These	goals	are	accomplished	by	O2	
supplementation	and	frequent	administration	of	high	doses	
of	aerosolized	beta-2	agonists,	high-dose	parenteral	
corticosteroids,	and	antibiotics	if	there	is	evidence	of	
infection.

◗	The	hallmark	of	bronchiectasis	is	the	chronic	production	of	
large	quantities	of	purulent	sputum.	Dyspnea	is	variable	
and	depends	on	the	extent	of	involvement	and	the	
underlying	disease.	Antibiotics	and	bronchopulmonary	
hygiene	are	important	treatments.
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Interstitial Lung Disease

JEFFREY T. CHAPMAN AND JASON BORDELON

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Organize	and	distinguish	among	the	interstitial	lung	diseases	(ILDs).
◆	 Interpret	symptoms,	examination	signs,	and	pulmonary	function	test	results	in	ILD.
◆	 List	causes,	exposures,	or	pathologic	characteristics	associated	with	selected	ILDs.
◆	 Describe	how	to	manage	ILD	in	general	and	how	some	specific	ILDs	can	be	treated.

CHAPTER OUTLINE

Characteristics of Interstitial Lung Disease
Clinical	Signs	and	Symptoms
Physical	Examination
Radiographic	Features
Physiologic	Features

Selected Specific Types of Interstitial Lung Disease 
and Therapies
Exposure-Related	Disease
Associated	Systemic	Disease
Sarcoidosis

Lymphangioleiomyomatosis
Interstitial	Lung	Disease	of	Unknown	Cause

Nonspecific Therapies
Oxygen	Therapy
Pulmonary	Rehabilitation	and	Exercise	Therapy
Vaccinations	and	Infection	Avoidance
Transplantation
Summary

Role of the Respiratory Therapist
Summary Checklist

KEY TERMS

asbestosis
connective	tissue	disease
corticosteroids
hypersensitivity	pneumonitis
idiopathic	pulmonary	fibrosis

interstitial	lung	disease
lymphangioleiomyomatosis
occupational	interstitial	lung	

disease
organizing	pneumonia

pulmonary	Langerhans	cell	
histiocytosis

sarcoidosis
silicosis

I nterstitial lung disease (ILD) refers to a broad category 
of lung diseases rather than a specific disease process.1,2 
This category includes various illnesses affecting the lung 

parenchyma with many different causes, treatments, and prog-
noses. These disease processes are grouped together because of 
similarities in their clinical presentations, appearance on plain 
chest radiography, and physiologic features.

With over 100 separate disorders, it is essential to group ILDs 
based on cause, disease associations, or pathologic processes. An 
organizational scheme is presented in Figure 26-1. In evaluating 
patients with an ILD, diseases with known causes or associa-
tions, such as diseases related to specific exposures, diseases 
associated with systemic conditions, and diseases with a known 

genetic basis must be considered first. Most patients are classi-
fied with an ILD of unknown cause, the so-called idiopathic 
interstitial diseases. Their disorder is classified by pathologic 
pattern. These groups are divided into specific disease entities. 
Using this organizational scheme to guide a careful and com-
plete history, one is able to understand the disease processes and 
work efficiently toward an accurate diagnosis and treatment.

As the name ILD implies, the histologic abnormalities that 
characterize ILD involve the pulmonary interstitium to a greater 
extent than the alveolar spaces or airways, although exceptions 
exist. Figure 26-2 illustrates the components of the normal pul-
monary parenchyma. The interstitium is the area between the 
capillaries and the alveolar space. As Figure 26-2 shows, in the 
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FIGURE 26-1	 Current	organization	of	interstitial	lung	disease	(ILD).	COP,	Cryptogenic	organizing	pneumonia;	CTD,	connective	tissue	
disease;	IBD,	inflammatory	bowel	disease;	IPF,	idiopathic	pulmonary	fibrosis;	LAM,	lymphangioleiomyomatosis;	LIP,	lymphocytic	interstitial	
pneumonia;	NSIP,	nonspecific	interstitial	pneumonitis;	PAP,	pulmonary	alveolar	proteinosis;	PLCH,	pulmonary	Langerhans	cell	histiocytosis.	

ILD of known cause or association ILD of unknown cause

Exposures

RB-ILD
DIP

PLCH
HP

Medication
Radiation

Occupation

CTD
Sarcoidosis
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IIP
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FIGURE 26-2	 A,	Diagram	of	the	pulmonary	parenchyma	shows	the	respiratory	bronchiole,	alveolar	duct,	and	alveolar	sacs.	B,	The	
constituents	of	the	interstitial	space,	including	type	I	and	type	II	alveolar	epithelial	cells,	a	capillary	with	vascular	endothelial	cells	and	
erythrocytes	in	transit,	resident	macrophages,	interstitial	fibroblasts,	and	matrix	substance.	
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resulting from underlying connective tissue disease may be 
present (Table 26-2).

Physical Examination

Most patients with ILD have bilateral fine inspiratory crackles, 
which usually are most prominent at the lung bases. However, 
some diseases, such as sarcoidosis and lymphangioleiomyoma-
tosis (LAM), may have only decreased breath sounds without 
abnormal breath sounds despite a markedly abnormal chest 
radiograph. Expiratory wheezing is uncommon, and its pres-
ence suggests either airway involvement as part of the primary 
disease process (LAM, sarcoidosis, respiratory bronchiolitis–
associated interstitial lung disease [RB-ILD], desquamative 
interstitial pneumonitis [DIP], pulmonary Langerhans cell his-
tiocytosis [PLCH]) or concomitant airways disease, such as 
emphysema or asthma. Signs of pulmonary arterial hyperten-
sion with right ventricular dysfunction, such as lower extremity 
edema or jugular venous distention, may occur late in the 
course of any ILD and are not helpful in the diagnosis of a 
specific ILD. Examination also may show features of an under-
lying connective tissue disease, including synovitis, joint defor-
mities, or skin rash.

Radiographic Features

ILDs manifest as abnormal lung parenchyma that casts abnor-
mal radiographic shadows. For most ILDs, the chest radiograph 

TABLE 26-1 

Unusual Pulmonary Findings and Likely Diagnosis

Pulmonary Findings Disease Frequency

Hemoptysis LAM Rare
Chyloptysis	(coughing	up	chyle) LAM Rare
Pneumothorax LAM,	BHD Common
Wheeze Sarcoidosis,	LAM Common
Chylous	pleural	effusion LAM Common
Exudative	pleural	effusion RA Common

BHD,	Birt-Hogg-Dubé	syndrome;	RA,	rheumatoid	arthritis.

TABLE 26-2 

Extrapulmonary Findings and Likely Diagnosis

Extrapulmonary Findings Disease Frequency

Raynaud	phenomenon All	CTD Common
Arthralgia All	CTD Common
Myalgia Polymyositis Common
Large	muscle	weakness Polymyositis Common
Sclerodactyly Scleroderma Common
Rheumatoid	skin	nodules RA Rare
Fingertip	fissures Antisynthetase	

syndrome
Common

Dorsal	hand	rash Dermatomyositis Common
Facial	rash Dermatomyositis Common
Exudative	pleural	effusion RA Common
Shawl	distribution	skin	nodules TSC Common
“Pencil	eraser”	facial	skin	nodules BHD Common
Central	nervous	system	benign	

cortical	tuber
TSC Common

Abdominal	angiomyolipoma LAM Common
Renal	cancer BHD Common
Cardiomyopathy Sarcoidosis,	

polymyositis
Rare

Cardiac	conduction	block Sarcoidosis Rare
Violaceous	facial	skin	nodules Sarcoidosis Common
Subcutaneous	nodules Sarcoidosis Common
Cranial	neuropathy Sarcoidosis Rare
Small	fiber	neuropathy Sarcoidosis Rare

BHD,	Birt-Hogg-Dubé	syndrome;	CTD,	connective	tissue	disease;	LAM,	
lymphangioleiomyomatosis;	RA,	rheumatoid	arthritis;	TSC,	tuberous	sclerosis	
complex.

normal state, this space allows close contact between gas and 
capillaries with minimal connective tissue matrix, fibroblasts, 
and inflammatory cells such as alveolar macrophages. The 
interstitium supports the delicate relationship between the 
alveoli and capillaries, allowing for efficient gas exchange. After 
an injury, the lung must respond to the damage and repair itself. 
If the exposure or injury persists or if the injury repair process 
is imperfect, the lung may be permanently damaged with 
increased interstitial tissue replacing the normal capillaries, 
alveoli, and healthy interstitium.

These pathologic abnormalities can lead to profound impair-
ment in lung physiology and function. Gas exchange is impaired 
secondary to � �V/Q  mismatching, shunt, and decreased diffusion 
across the abnormal interstitium. The work of breathing in 
patients with interstitial lung disease (ILD) can be markedly 
increased because of decreased lung compliance. Together, these 
physiologic impairments lead to the exercise intolerance seen in 
all ILDs. If the injury that causes the ILD or the abnormal repair 
from injury is not halted, progressive tissue damage can occur, 
leading to worsening physiologic impairment and possibly 
death.

CHARACTERISTICS OF INTERSTITIAL 
LUNG DISEASE

Clinical Signs and Symptoms

Many ILDs have similar clinical features and are not easily dis-
tinguished based on history or examination. Symptoms are 
generally limited to the respiratory tract. However, extrapul-
monary symptoms should not be ignored because they may 
point to an ILD associated with a systemic diagnosis. Exer-
tional breathlessness (dyspnea) and a nonproductive cough are 
the most common reasons that patients with ILD seek medical 
attention. Other respiratory symptoms, such as sputum pro-
duction, hemoptysis, pneumothorax, or wheezing, can occur 
and may suggest specific diseases (Table 26-1). If the patient 
also has prominent extrapulmonary symptoms, such as myal-
gia, arthralgia, sclerodactyly (tightening of the skin over the 
fingers), gastroesophageal reflux, or Raynaud phenomenon 
(discoloration of the digits, often initially with a white color 
because of spasm of the arteries that supply the digits), ILD 
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honeycomb, cystic change. Honeycomb change refers to a 
pattern of scarring that looks like a bee’s honeycomb, most 
characteristically at the lung bases in UIP. The lung architecture 
is distorted in patients with moderate or severe disease burden, 
with reduced lung volume and traction bronchiectasis,  
especially at the lung bases. Reticulogranular (ground-glass) 
abnormalities, increased attenuation of the lung tissue without 
distortion of the underlying blood vessels or bronchi, are absent 
or minimal in idiopathic pulmonary fibrosis (IPF). Pleural 
disease, air trapping, micronodules, and significant lymphade-
nopathy are not seen, although two-thirds of patients with UIP 
(also known as IPF) can have mild mediastinal adenopathy.5

As the burden of disease increases, the chest radiograph may 
reveal multiple, tiny cysts in the most markedly involved regions. 
This cystic pattern, called honeycombing, reflects end-stage 
fibrosis and is a feature of many end-stage ILDs. These fibrotic 
cysts represent irreversible destruction of normal alveoli; thera-
pies are aimed at preserving the remaining normal parenchyma 
and reducing symptoms.

reveals reduced lung volumes with bilateral reticular or reticu-
lonodular opacities. However, the chest radiograph has limited 
value because the three-dimensional abnormalities are summed 
into a two-dimensional image with loss of spatial information. 
High-resolution cross-sectional imaging via computed tomog-
raphy (CT) provides detailed images representing pulmonary 
pathology.3 High-resolution CT images allow noninvasive eval-
uation of ILDs and are a key element in making a confident 
diagnosis and managing ILD.4

Plain chest radiographs and high-resolution CT images of 
usual interstitial pneumonitis (UIP) show the typical fibrotic 
injury pattern. The chest radiograph (Figure 26-3, A) and 
high-resolution CT image (see Figure 26-3, B) in UIP typically 
reveal a bilateral, patchy, peripheral (subpleural), and basilar-
predominant disease with reticulonodular infiltrates, often with 

FIGURE 26-3	 A,	Posteroanterior	chest	radiograph	showing	
the	characteristic	features	of	idiopathic	pulmonary	fibrosis,	a	
common	interstitial	lung	disease.	Notice	the	bilateral	lower	zone	
reticulonodular	infiltrates	and	the	loss	of	lung	volume	in	the	lower	
lobes.	B,	Chest	computed	tomography	image	shows	the	peripheral	
nature	of	the	fibrosis.	

A

B
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Calcification	along	the	pleura	on	a	chest	radiograph	
suggests	previous	exposure	to	asbestos.	Although	
such	calcified	areas	(called	plaques)	do	not	cause	
symptoms	or	physiologic	abnormality,	they	can	provide	
a	clue	that	the	cause	of	ILD	is	asbestos	exposure.
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In	patients	with	spontaneous	pneumothorax	and	
interstitial	infiltrates,	LAM	or	PLCH	should	be	
considered.

In contrast to UIP, cellular nonspecific interstitial pneumo-
nitis (NSIP) is a pattern of injury dominated by inflammation 
and has imaging findings distinct from those with UIP. Reticu-
logranular (ground-glass) attenuation predominates and is 
found centrally and peripherally in the middle and lower lung 
zones. If the inflammation can be reduced, these abnormalities 
may improve. A mixed pattern of injury with fibrotic nonspe-
cific UIP also can be seen and is suggested by ground-glass 
attenuation in the presence of fibrotic changes. Ground-glass 
attenuation refers to a pattern of patchy infiltrates, with a fine 
texture like that of ground glass.

Physiologic Features

Similar to the radiographic findings, specific ILDs can vary 
considerably regarding the degree of physiologic abnormalities 
that occur. However, a restrictive physiologic impairment is the 
most common finding.6 With this restrictive pattern, both 
forced expiratory volume in 1 second (FEV1) and forced vital 
capacity (FVC) are diminished, and the FEV1/FVC ratio is pre-
served or even above normal. Lung volumes are reduced, as is 
the diffusing capacity of the lung for carbon monoxide (DLCO). 
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SELECTED SPECIFIC TYPES OF 
INTERSTITIAL LUNG DISEASE  
AND THERAPIES

Exposure-Related Disease

Tobacco-Associated Lung Disease
Although the association of first-hand tobacco smoke and 
obstructive lung disease is common and well known, tobacco 
smoke is also an avoidable cause of ILD. Although the associa-
tion is rarer than with obstructive lung disease, first-hand 
tobacco smoke inhalation can lead to three types of ILD in 
susceptible individuals: RB-ILD, DIP, and PLCH. The first two 
disorders are related. Each disease consists of increased numbers 
of polyclonal activated macrophages. The diseases differ by the 
location of these overly abundant cells. In RB-ILD, macro-
phages accumulate in the respiratory bronchioles leading to 
bronchiolar remodeling and fibrosis of adjacent alveoli. As 
expected for a disease with combined airway and alveolar injury, 
pulmonary function testing reveals mixed restriction and 
obstruction with frequent air trapping. High-resolution CT 
images show this mixed pathologic location with indistinct cen-
trilobular nodules (Figure 26-5). In DIP, the increased macro-
phages fill the alveoli, manifesting as restrictive impairment on 
pulmonary function testing and diffuse ground-glass attenua-
tion on high-resolution CT imaging (Figure 26-6).

Pulmonary Langerhans cell histiocytosis (PLCH) is the 
third interstitial manifestation of tobacco smoke. Increased 
numbers of polyclonal macrophages play a prominent role. 
However, in PLCH, they are accompanied by fibroblasts and 
eosinophils in nodules concentrated around small airways. 
These nodules are star-shaped (or stellate) and destroy adjacent 
lung tissue, leading to the classic high-resolution CT image of 
stellate nodules associated with cysts, as seen in Figure 26-7. 
Although adult smoking-associated PLCH is pathologically 
similar to childhood Langerhans cell histiocytosis, the adult 
form does not involve bone and has not proved to respond to 
chemotherapy as the childhood form does. The relationship of 
these two disorders has yet to be defined.

This reduction in diffusing capacity reflects a pathologic  
disturbance of the alveolar-capillary interface, reflecting the 
abnormality in the interstitium of the lung.

Although not commonly evaluated under usual clinical cir-
cumstances, the compliance characteristics of the lungs can be 
evaluated with an esophageal balloon to measure intrathoracic 
pressure at various lung volumes. In almost all ILDs, the lungs 
have reduced compliance and require above normal transpleu-
ral pressures to ventilate (Figure 26-4). This lack of compliance 
results in small lung volumes and increased work of breathing.

Less frequently, a pattern of physiologic obstruction may be 
seen. This obstruction can be the result of the primary disease 
process (e.g., LAM, PLCH, or sarcoidosis in some patients) or 
concomitant emphysema or asthma.7 If ILD develops in a 
patient with significant emphysema, the opposing physiologic 
effects of the two disease processes (i.e., restriction for the ILD 
and obstruction from the emphysema) may result in deceptively 
normal spirometry and lung volume measurements and appar-
ently normally compliant lungs. For example, emphysema 
might cause lung volumes to increase whereas the restriction 
would be reflected by decreased lung volumes. The net effect of 
both processes in the same patient could be a normal lung 
volume. However, because both emphysema and ILD result in 
impaired gas exchange, DLCO is significantly decreased.

FIGURE 26-4	 Static	pressure-volume	curve.	The	compliance	
characteristics	of	the	lung	are	illustrated	with	a	plot	of	lung	volume	
against	the	corresponding	transthoracic	pressure	measured	during	
static	(i.e.,	no	flow)	conditions.	The	shaded area	represents	the	
range	of	values	expected	with	a	normally	compliant	lung.	The	line	
labeled	ILD	represents	an	example	of	a	patient	with	interstitial	lung	
disease	(ILD).	At	any	particular	lung	volume,	the	transthoracic	
pressure	is	greater	than	expected.	For	comparison,	the	line	labeled	
Emphysema	shows	the	compliance	characteristics	of	patients	with	
emphysema.	
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Among	smokers	with	IPF,	normal	spirometry	and	lung	
volumes	with	reduced	DLCO	suggest	the	presence	of	
coexisting	emphysema.

FIGURE 26-5	 Respiratory	bronchiolitis–associated	interstitial	
lung	disease	(RB-ILD).	There	are	numerous	indistinct	centrilobular	
nodules.	Air	trapping	can	be	seen	in	RB-ILD	but	is	not	present	in	
this	case.	
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in lung disease, the timing of the exposure is appropriate for 
the development of the disease, and other causes of ILD have 
been excluded. Treatment is avoidance of further exposure and 
systemic corticosteroids in markedly impaired or declining 
patients. In the specific instance of ILD related to exposure to 
the chemotherapeutic agent bleomycin, bleomycin injury is 
accentuated by exposure to increased fractional inspired oxygen 
(FiO2), even months after last drug exposure. Thus, supplemen-
tal oxygen (O2) should be used only if absolutely necessary 
patients with bleomycin-induced ILD.10

Exposure to therapeutic radiation used to treat cancer may 
result in ILD. Patients presenting within 6 months of radiation 
therapy generally have ground-glass abnormalities thought to 
represent acute inflammation. The ground-glass abnormalities 
can occur in both radiation-exposed tissue and unexposed 
tissue. Short-term systemic corticosteroid treatment can 
improve lung function. In contrast, radiographic abnormalities 
that develop more than 6 months after therapy typically appear 
as densely fibrotic tissue within the radiation port. On CT scan, 
a straight line indicating the margin of radiation is frequently 
evident, as seen in Figure 26-8. These patients do not improve 
with corticosteroid therapy, and treatment is supportive.

Hypersensitivity Pneumonitis
Hypersensitivity pneumonitis (HP) is a cell-mediated immune 
reaction to inhaled antigens in susceptible persons.11 Patients 

In each of these three diseases, the primary treatment is stop-
ping smoking completely. With abstinence from smoking, most 
patients either minimally improve or remain stable,8 but a few 
progressively worsen, sometimes to the point of needing lung 
transplantation. Active treatment with prednisone or other 
immunosuppressive medications is discouraged because few, if 
any, patients improve and the medications have significant side 
effects.9

Drug-Related and Radiation-Related 
Disease
Many drugs have been associated with pulmonary complica-
tions of various types, including interstitial inflammation and 
fibrosis, bronchospasm, pulmonary edema, and pleural effu-
sions. Drugs from many different therapeutic classes can cause 
ILD, most commonly chemotherapeutic agents, antibiotics, 
antiarrhythmic drugs, and immunosuppressive agents (Box 
26-1). There are no distinct physiologic, radiographic, or patho-
logic patterns of drug-induced ILD, and the diagnosis is usually 
made when a patient is exposed to a medication known to result 

FIGURE 26-7	 Pulmonary	Langerhans	cell	histiocytosis.	Note	the	
left	upper	lobe	cysts	and	indistinct	stellate-shaped	nodule	around	
an	airway,	which	will	become	a	cyst.	

 Box 26-1 Drugs Associated With the 
Development of Interstitial  
Lung Disease

ANTIBIOTICS
•	 Nitrofurantoin
•	 Sulfasalazine

ANTIINFLAMMATORY AGENTS
•	 Leflunomide
•	 Methotrexate
•	 Etanercept
•	 Infliximab

CARDIOVASCULAR AGENTS
•	 Amiodarone
•	 Tocainide

CHEMOTHERAPEUTIC AGENTS
•	 Bleomycin
•	 Mitomycin	C
•	 Busulfan
•	 Cyclophosphamide
•	 Chlorambucil
•	 Melphalan
•	 Methotrexate
•	 Etoposide
•	 Vinblastine
•	 Imatinib

DRUGS USED IN AN ILLEGAL WAY
•	 Heroin
•	 Methadone
•	 Talc	as	an	intravenous	drug	contaminant

FIGURE 26-6	 Desquamative	interstitial	pneumonitis.	Note	the	
diffuse	ground-glass	attenuation.	
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corticosteroids seem to hasten recovery but do not improve 
ultimate lung function.13 In chronic HP, patients with fibrosis 
on CT scan have a shorter survival and the benefits of long-term 
immunosuppression is unknown.14

Occupational Disease
The three most common types of occupational interstitial 
lung disease are asbestosis, chronic silicosis, and coal workers’ 
pneumoconiosis. Awareness of the associated risk and reduc-
tion in exposure has greatly reduced the incidence of these 
diseases in developed countries. However, they remain common 
in developing countries and among emigrants from these 
countries.

Predictable clinical and radiographic abnormalities occur in 
susceptible patients who have been exposed to asbestos.15 These 
abnormalities include pleural changes (plaques, fibrosis, effu-
sions, atelectasis, and mesothelioma) and parenchymal scarring 

must be sensitized by an initial exposure, with subsequent reex-
posure leading to either an acute or chronic development of HP. 
Patients with acute HP present to medical attention with a 
history of a few days of shortness of breath, chest pain, fever, 
chills, malaise, and a cough that may be productive of purulent 
sputum. Patients who are chronically exposed to low levels of 
inhaled antigens may develop subtle interstitial inflammatory 
reactions in the lung that do not result in noticeable symptoms 
for months to years and can present with severe, impairing 
disease, which can be very difficult to distinguish from IPF.

Common organic antigens known to cause HP include bac-
teria and fungi, which may be found in moldy hay (farmer’s 
lung) or in the home environment, in particular, in association 
with central humidification systems (humidifier lung), indoor 
hot tubs, and animal proteins (e.g., bird breeder’s lung). Inor-
ganic antigens from vaporized paints and plastics also can lead 
to HP. Numerous established antigens are listed in Table 26-3 
along with the typical source of exposure and the associated 
syndrome.

Because the causal relationship between exposure and lung 
disease may not be obvious, a careful systematic occupational, 
environmental, and avocational history is crucial in evaluating 
patients with ILD. Elements that strongly suggest a diagnosis of 
HP are exposure to an appropriate antigen and the correct 
timing of symptom onset to the exposure. Blood samples may 
be obtained to determine whether there has been an antibody 
response to certain antigens associated with HP (serum precipi-
tins). However, the presence of such antibodies is insufficient 
to establish the diagnosis of HP because many individuals 
develop antibodies in the absence of disease. Likewise, the 
absence of detectable antibodies does not rule out the diagnosis 
of HP because the culprit may be an antigen that is not included 
in the blood test panel that is analyzed.12

Specific therapies for HP are strict antigen avoidance and 
immunosuppression with corticosteroids in patients with 
symptomatic or physiologically impairing disease. In acute HP, 

FIGURE 26-8	 High-resolution	computed	tomography	slice	
shows	dense	fibrosis	with	a	nonanatomic	straight	line	boundary.	

TABLE 26-3 

Causes of Hypersensitivity Pneumonitis

Antigen Exposure Syndrome

Bacteria
Thermophilic Bacteria
Saccharopolyspora 

rectivirgula
Moldy	hay Farmer’s	lung

Thermoactinomyces 
vulgaris

Moldy	
sugarcane

Bagassosis

Thermoactinomyces 
sacchari

Mushroom	
compost

Mushroom	worker’s	
lung

Thermoactinomyces 
candidus

Heated	water	
reservoirs

Humidifier	lung
Air	conditioner	lung

Nonthermophilic Bacteria
Bacillus subtilis, Bacillus 

cereus
Water,	

detergent
Humidifier	lung
Washing	powder	lung

Fungi
Aspergillus	species Moldy	hay Farmer’s	lung
Aspergillus clavatus Barley Malt	worker’s	lung
Penicillium casei, 

Penicillium roqueforti
Cheese Cheese	washer’s	

lung
Alternaria	species Wood	pulp Woodworker’s	lung
Merulius lacrymans Rotten	wood Dry	rot	lung
Penicillium frequentans Cork	dust Suberosis
Aureobasidium pullulans Water Humidifier	lung
Cladosporium	species Hot	tub	mists Hot	tub	HP*
Trichosporon cutaneum Damp	wood	

and	mats
Japanese	summer-

type	HP*

Animal Proteins
Avian	proteins Bird	droppings,	

feathers
Bird-breeder’s	lung

Urine,	serum,	pelts Rats,	gerbils Animal	handler’s	lung

Chemicals
Isocyanates,	trimellitic	

anhydride
Paints,	resins,	

plastics
Chemical	worker’s	

lung
Copper	sulfate Bordeaux	

mixture
Vineyard	sprayer’s	

lung
Phthalic	anhydride Heated	epoxy	

resin
Epoxy	resin	lung
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It is important to recognize the association of silicosis with 
lung cancer and active tuberculosis.17 Patients with silicosis are 
at increased risk for lung cancer, and the risk is increased when 
combined with exposure to tobacco smoke, diesel exhaust, or 
radon gas. Patients with silicosis develop active tuberculosis 2 
to 30 times more frequently than co-workers without silicosis. 
This association is especially important in societies with a  
high incidence of human immunodeficiency virus infection, 
which markedly increases the risk for silicosis-associated active 
tuberculosis.

Coal workers’ pneumoconiosis develops as the result of 
chronic inhalation of coal dust. In the past, it was assumed that 
silica dust was responsible for the pulmonary disease seen 
among coal miners because the clinical and radiographic fea-
tures are quite similar to those of chronic silicosis. However, it 
is now recognized that coal workers’ pneumoconiosis and sili-
cosis are the result of different exposures. Simple coal workers’ 
pneumoconiosis, characterized by multiple small nodular opac-
ities on the chest radiograph, is asymptomatic. Cough and 
shortness of breath do not develop unless the disease progresses 
to progressive massive fibrosis similar to that seen in silicosis.

There are no proved therapies for either silicosis or coal 
workers’ pneumoconiosis other than eliminating future expo-
sure. In patients with significant obstructive impairment  
or mucus production, inhaled bronchodilators and cortico
steroids may relieve some symptoms. Exacerbations can 
be frequent and are treated with antibiotics and systemic 
corticosteroids.

Associated Systemic Disease

Connective Tissue Disease
ILD is a well-known complication of various connective tissue 
diseases.18 The most commonly implicated disorders are sclero-
derma, rheumatoid arthritis, Sjögren syndrome, polymyositis/
dermatomyositis, and systemic lupus erythematosus.

In any of these disorders, pulmonary involvement may 
remain undetected until significant impairment is present, 
because these patients may be inactive owing to the underlying 
connective tissue disease. In addition, there is generally poor 
correlation between the severity of the pulmonary and nonpul-
monary manifestations of these diseases. In some instances, the 
lung disease may overshadow or may occur earlier than the 
other symptoms of the underlying disease. When symptoms 
develop, dyspnea and cough are common. On chest examina-
tion, crackles, wheezing, or a pleural rub may be heard because 
of the varied patterns of lung involvement in these disorders. 
The physiologic features are usually restrictive with decreased 
DLCO but may be obstructive depending on the anatomic loca-
tion of the disease, especially with Sjögren syndrome (because 
the collections of lymphocytes that define this disease are most 
frequent in the bronchioles).

High-resolution CT findings are variable and range from 
normal lung architecture to ground-glass abnormalities to 
reticular and fibrotic changes.19 The pathologic pattern of injury 
with these diseases is equally diverse and correlates with the 
high-resolution CT findings. Inflammatory injury patterns are 

and lung cancer. Asbestos exposure alone increases the risk for 
lung cancer only minimally (1.5 to 3.0 times). However, asbes-
tos exposure and cigarette smoking act synergistically to increase 
greatly the risk for cancer. Asbestos exposure also may result in 
benign asbestos pleural effusions or an entity known as rounded 
atelectasis. Benign asbestos pleural effusions may be asymptom-
atic or may be associated with acute chest pain, fever, and 
dyspnea. Benign asbestos pleural effusions usually resolve on 
their own, but may recur. Treatment is drainage to reduce 
symptoms. Rounded atelectasis typically manifests as a pleural-
based parenchymal mass that may be mistaken for carcinoma. 
The characteristic CT features, such as local volume loss, pleural 
thickening, and the “comet tail” appearance of bronchi and 
vessels curving into the lesion, help distinguish rounded atelec-
tasis from carcinoma.

The term asbestos-related pulmonary disease encompasses all 
of these entities, whereas asbestosis is reserved for patients who 
have evidence of parenchymal fibrosis. Most patients with 
asbestosis have had considerable airborne asbestos exposure 
many years before the lung disease becomes apparent. Exposure 
frequently is associated with occupations such as shipbuilding 
or insulation work. Patients report very slowly progressive 
dyspnea on exertion16 and have crackles on lung examination. 
Physiologic testing shows restrictive impairment with a reduced 
DLCO. The chest radiograph reveals bilateral lower zone reticu-
lonodular infiltrates similar to infiltrates seen in IPF. With an 
appropriate exposure history, the presence of radiographic 
pleural plaques or rounded atelectasis indicates asbestos as the 
likely cause of ILD, although neither history nor radiographic 
findings is required for establishing the diagnosis. Surgical lung 
biopsy with asbestos body determination can establish a defini-
tive diagnosis, but this is infrequently performed owing to  
the age and debility of these patients. No medical therapy has 
been shown to improve or decrease progression of asbestosis. 
Severe impairment typically occurs 30 to 40 years after expo-
sure, making almost all patients ineligible for lung transplanta-
tion because of advanced age. Management of asbestosis is 
supportive.

Chronic silicosis results from chronic exposure to inhaled 
silica particles. Occupations that commonly involve exposure to 
silica include mining, tunneling, sandblasting, and foundry 
work. The chest radiograph commonly shows upper lung zone–
predominant abnormalities characterized by multiple small 
nodular opacities in the central lung tissue. These nodules 
(simple silicosis) are asymptomatic and may never progress or 
cause symptoms. However, in susceptible individuals, the 
nodules coalesce into large midlung zone masses known as 
progressive massive fibrosis. Some patients with abnormal chest 
radiographs report few, if any, symptoms and may have normal 
lung examination and pulmonary function testing. Many 
patients are impaired and have mixed restrictive and obstructive 
impairment with reduced diffusion capacity. The physiologic 
impairment may remain stable or, if progressive, massive fibro-
sis occurs, may progress even without continued exposure. 
Symptoms are typically exertional dyspnea and variable mucus 
production.
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or mixed, all with reduced DLCO. Obstructive impairment may 
be related to endobronchial granulomatous inflammation or 
scarring.24

Corticosteroids are commonly used in the management of 
sarcoidosis, but treatment usually is reserved for patients with 
marked symptoms or physiologic impairment attributable to 
the disease.25 Although corticosteroids almost always reduce 
active sarcoid inflammation, long-term side effects should  
limit the duration of steroid treatment. For patients requiring 
long-term immunosuppression, alternative immunosuppres-
sive agents such as methotrexate, azathioprine, leflunomide, or 
tumor necrosis factor-alpha inhibitors such as infliximab should 
be used.26 Involvement of other organs that may require corti-
costeroid therapy include cardiac involvement, uveitis, and 
peripheral or central nervous system involvement with cranial 
nerve abnormalities. Disease activity is difficult to detect in 
many patients. Serum angiotensin-converting enzyme levels 
and gallium scans are not well correlated with disease activity, 
and their routine use is discouraged.27

Lymphangioleiomyomatosis

Lymphangioleiomyomatosis (LAM) is a rare disorder of 
abnormal smooth muscle tissue proliferating around small 
airways and leading to severe obstruction and destruction of 
alveoli with resultant thin-walled cyst formation.28 All patients 
are women, although both men and women with tuberous scle-
rosis complex can develop lung pathologic findings identical to 
those of LAM that is called tuberous sclerosis complex LAM. This 
peculiar pathologic process is caused by abnormalities in the 
TSC-2 gene.29

Dyspnea on exertion and an obstructive ventilatory impair-
ment with reduced DLCO is almost always present, except in 
very early disease. Disease progression is quite variable; some 
women having steadily worsening lung function during midlife, 
whereas some elderly women experience extremely slow decline 
over many years. Risk factors for worsening lung function 
include a significant bronchodilator response and possibly 
pregnancy. Other important disease manifestations include 
pneumothorax from a ruptured subpleural cyst. Unilateral or, 
less commonly, bilateral chylothorax is seen in about one-third 
of patients. This results from lymphatic obstruction by abnor-
mal smooth muscle tissue. Treatment with a low-fat diet or 
blocking gut fat absorption is usually ineffective, and pleurode-
sis is required. Pleurodesis does not preclude subsequent lung 
transplantation.

Treatment is with inhaled bronchodilators and inhaled cor-
ticosteroids. Younger patients may ultimately require lung 
transplantation. Ongoing studies with rapamycin, which blocks 
the abnormal TSC-2 gene and inhibits LAM cell proliferation, 
show promise for the first disease-specific therapy for an ILD.

Interstitial Lung Disease of  
Unknown Cause

Idiopathic Interstitial Pneumonias
Despite a careful history, physical examination, and high-
resolution CT scan, most patients are not found to have an 

most commonly seen, such as NSIP and organizing pneumonia. 
The NSIP inflammatory injury pattern appears as ground-glass 
abnormalities on high-resolution CT scan, whereas organizing 
pneumonia is shown by patchy consolidated lung with air bron-
chograms. Both of these pathologic patterns can improve with 
aggressive immunosuppression. At the other end of the patho-
logic response spectrum is fibrotic injury, which manifests as 
UIP and shows reticular fibrotic opacities and honeycomb 
cystic changes on high-resolution CT scan. These abnormalities 
typically do not improve with immunosuppression, although 
long-term controlled studies are lacking.

Specific treatment of connective tissue disease–associated 
ILD must be individualized. Patients with evidence of extrapul-
monary inflammation, an inflammatory pathologic pattern 
such as NSIP or organizing pneumonia on high-resolution CT 
or biopsy, or rapidly progressive symptoms, are usually treated 
with prolonged immunosuppressive agents such as cyclophos-
phamide, azathioprine, mycophenolate, or tacrolimus.20,21

More recent studies have begun to provide evidence-based 
therapy for these diverse patients. The Scleroderma Lung  
Study showed that 1 year of oral cyclophosphamide modestly 
improved lung function compared with modest decline in the 
control group.20 However, after 1 year off immunosuppressive 
therapy, the patients treated with cyclophosphamide worsened 
and were indistinguishable from the untreated patients in the 
control group.22 Many clinicians hypothesize that to preserve 
any lung function gained by cyclophosphamide, continued 
immunosuppression may be necessary, and mycophenolate is 
most often used.

Polymyositis-associated ILD is being increasingly recognized 
as a common disease entity. Patients usually present with “me-
chanic’s hands” consisting of thickened skin and painful finger-
tip fissures, and 50% have Jo-1 antibodies on antinuclear 
antibody testing. Lung pathologic results typically show fibrotic 
NSIP or organizing pneumonia. As would be expected with 
these inflammatory patterns of injury, patients usually benefit 
from immunosuppression. Classic treatment is with cyclophos-
phamide, but tacrolimus and rituximab are emerging as salvage 
agents.

Sarcoidosis

Sarcoidosis is an idiopathic multisystem inflammatory disor-
der that commonly involves the lung.23 It is the most common 
ILD in the United States. The tissue inflammation that occurs 
in sarcoidosis has a characteristic pattern in which the inflam-
matory cells collect in microscopic nodules called granulomas. 
In contrast to IPF, sarcoidosis is more common among young 
adults than among older adults. Sarcoidosis often follows a 
benign course of inflammation without symptoms or long-
term consequences that spontaneously remits.

The most common manifestation of sarcoidosis is asymp-
tomatic hilar adenopathy. Less frequently, the chest radiograph 
shows parenchymal opacities in the midlung zone that may be 
nodular, reticulonodular, or alveolar. When symptoms occur, 
cough, chest pain, dyspnea, and wheezing are most common. 
Pulmonary physiology may be normal, restrictive, obstructive, 
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tension is suggested in patients with markedly impaired diffu-
sion capacity but relatively preserved FVC. Medications that 
benefit pulmonary arterial hypertension such as bosentan and 
sildenafil generally have not proved beneficial for IPF either 
with or without pulmonary arterial hypertension.50,51

Nonspecific Interstitial Pneumonia. NSIP is an IIP with 
diffuse inflammation seen on surgical lung biopsy.52 Patients are 
on average 7 to 10 years younger than patients with IPF, but 
considerable overlap exists. The degree of accompanying inter-
stitial fibrosis is variable among patients. The most common 
presentation of NSIP is fibrotic NSIP. This type involves fibrosis 
and inflammation. Cellular NSIP is less common. Patients 
present with chronic or subacute cough and dyspnea. High-
resolution CT shows predominant ground-glass abnormalities 
in cellular NSIP and both ground-glass abnormalities and 
fibrotic changes in fibrotic NSIP. Given that there is significant 
clinical and radiographic overlap between fibrotic NSIP and 
IPF, surgical lung biopsy is frequently required to distinguish 
these two entities, such as when elements of classic UIP are not 
present on high-resolution CT images.

The prognosis is much better for NSIP than IPF, with most 
patients surviving 7 to 10 years. Immunosuppression with oral 
corticosteroids and cytotoxic immunosuppressive agents is the 
primary therapy. Type and duration of therapy are guided by 
disease activity and degree of inflammation on biopsy and 
ground-glass abnormalities on high-resolution CT. Pathologic 
NSIP is found frequently as an IIP and is the most common 
pattern of injury seen in connective tissue disease–associated 
ILD. Owing to this frequent association, many authors consider 
NSIP a connective tissue disease isolated to the lung.53,54

Organizing Pneumonia. Organizing pneumonia (OP) is 
the revised term for bronchiolitis obliterans organizing pneumo-
nia. The term cryptogenic organizing pneumonia is used when 
this pattern of injury occurs as an IIP, and it is termed organiz-
ing pneumonia when found in the setting of connective tissue 
disease. Patients with organizing pneumonia are typically 
younger than patients with IPF and present with acute or sub-
acute dyspnea and cough. Approximately one-third describe a 
preceding viral illness. However, no other risk factors are known. 
High-resolution CT shows alveolar filling with air broncho-
grams mimicking acute pneumonia, and the patient with classic 
organizing pneumonia presents after having failed to improve 
despite several courses of antibiotics. Diagnosis usually requires 
surgical lung biopsy, especially if the clinical and radiographic 
features are uncertain because small areas of organizing pneu-
monia can be seen in various inflammatory and fibrotic disor-
ders on transbronchial lung biopsy. Surgical lung biopsy 
specimens show young fibroblasts within the alveoli that are 
presumably recovering from an injury. The alveolar basement 
membrane is intact, allowing for significant recovery if the 
inflammation or injury can be suppressed.

Most patients improve with oral corticosteroids (0.5 to 
1 mg/kg for 6 to 12 weeks). However, many patients have  
recurrence after corticosteroid withdrawal and require long-
term immunosuppression with cytotoxic immunosuppressive 
agents. A few patients develop progressive fibrosis despite 

exposure or systemic illness as a cause of ILD. These patients 
have a disorder isolated to the lung termed idiopathic interstitial 
pneumonia (IIP). Prognosis and potential therapies are com-
pletely dependent on the type of pathologic pattern of IIP.

Idiopathic Pulmonary Fibrosis. Idiopathic pulmonary 
fibrosis (IPF) is the most common IIP and is a progressive 
fibrotic disease isolated to the lung.30 Although the precise cause 
of IPF is unknown, studies have demonstrated that susceptible 
individuals have lung injury from diverse causes, such as metal 
dust, farming dust, tobacco smoke, subclinical gastric aspira-
tion, and mechanical stress from abnormal surfactant proteins 
that lead to abnormal lung healing and progressive fibrosis.31 
Most patients are older than 60 years, and IPF is extremely 
unusual in persons younger than 40 years. Patients present with 
chronic cough and exertional dyspnea, and high-resolution CT 
suggests a fibrotic process.

The diagnosis of IPF is made by noting a lack of exposure 
or systemic disease known to cause ILD and determining UIP 
as the pathologic pattern of injury. The diagnosis of UIP is 
made when high-resolution CT shows bilateral and basilar-
predominant peripheral reticular fibrosis and honeycomb cystic 
change with absence of significant ground-glass abnormalities, 
micronodules, and air trapping. Without these classic findings, 
a surgical lung biopsy is needed for diagnosis.32,33 Patients who 
do not have IPF can have UIP on surgical lung biopsy (e.g., 
connective tissue disease), so this pattern of injury and repair 
is not unique to IPF.

Most patients die as a result of progressive fibrotic lung 
disease within 4 years of diagnosis. Data show that approxi-
mately half of patients die with gradually progressive disease 
over several years.34 The other half experience stable lung 
function or minimal decline for months to years and then 
have sudden worsening over a few weeks or months, leading 
to death.35 Baseline parameters that predict an increased risk 
for death include severity of dyspnea, severity of restrictive 
physiologic defect, reduced DLCO, presence of pulmonary 
arterial hypertension, degree of fibrosis on high-resolution 
CT, and SaO2 desaturation on exertion.36 Serial parameters 
that predict poor survival include worsening dyspnea, FVC, 
and DLCO.

Specific treatment for IPF is emerging after decades of  
IPF trials showing no benefit with aggressive immuno-
suppression,37-39 interferon gamma,40 etanercept,41 bosentan, 
macitentan, ambrisentan, sildenafil,42 imatinib,43 warfarin, 
N-acetylcysteine,44 and azathioprine in combination with both 
oral corticosteroids and N-acetylcysteine.45 Pirfenidone and 
nintedanib, both molecules with multiple antifibrotic proper-
ties, have recently been shown to slow disease progression in 
selected patients with IPF. Perfenidone has been approved for 
use in Japan, Canada, and in several European countries at this 
writing,46,47 and both perfenidone and nintendanib were 
approved for use in the United States by the U.S. Food and Drug 
Administration on October 15, 2014.

Studies have demonstrated concomitant pulmonary arterial 
hypertension in IPF leading to worse exercise intolerance and 
increased mortality.48,49 Significant pulmonary arterial hyper-
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3. Steroid-related muscle weakness. This is a less common com-
plication of corticosteroid therapy and can cause exercise 
intolerance indistinguishable from progression of the under-
lying lung disease. Steroid-related muscle weakness (steroid 
myopathy) is difficult to diagnose because the weakness can 
result in worsening of the underlying restrictive physiologic 
defect. When proximal muscle weakness occurs in combina-
tion with progressive respiratory symptoms, the possibility 
of steroid myopathy should be considered. A greater than 
20% drop in the FVC in the supine position compared with 
the sitting position suggests neuromuscular dysfunction.

4. Pulmonary embolism: Inactivity as a result of disease-related 
physiologic impairment and right ventricular dysfunction 
may be a risk factor for thromboembolic disease. A sudden 
decline in respiratory status, sometimes associated with 
pleuritic chest pain, should raise the possibility of acute pul-
monary embolism.

5. Lung carcinoma: Patients with pulmonary fibrosis have an 
increased risk for lung cancer, and the development of lung 
cancer can contribute to clinical decline.

6. Atherosclerotic vascular disease: Many patients with ILD have 
independent risk factors for atherosclerotic vascular disease. 
They may have unrelated cardiac disease, such as coronary 
artery disease, left ventricular dysfunction, or valvular 
disease, which can be mistaken for a worsening of the pul-
monary process.
Each of the possible explanations for the patient’s breathless-

ness should be considered before ascribing it to progression of 
the ILD.

NONSPECIFIC THERAPIES

Oxygen Therapy

Because hypoxemia is common in ILD, supplemental O2 ther-
apy is frequently prescribed, although it has not been studied 
as extensively as in chronic obstructive pulmonary disease 
(COPD). Patients with ILD should have arterial O2 saturation 
determined at rest and especially during exertion because many 
patients with only mild disease desaturate with exertion despite 
normal saturation at rest. Although studies are limited, supple-
mental O2 delivered via nasal cannula can prevent resting 
hypoxemia and allow greater exertion before desaturation. 
These benefits may improve quality of life and potentially ward 
off development of pulmonary arterial hypertension, although 
further studies are needed.

We favor continuous rather than pulsed delivery of O2 in 
patients with ILD because the desaturation with activity seen in 
most patients is not corrected with pulse therapy, and pulse 
units vary greatly in the amount of O2 delivered.56 For most 
patients, liquid O2 is the best source to provide adequate flow 
rates. In motivated patients, transtracheal delivery of supple-
mental O2 increases the efficiency of delivery and improves 
cosmetic appearance. However, patients must be chosen care-
fully because of the need for frequent care and risk for mucus 
drying, tracheal blockage by dried secretions, and rare bleeding.

aggressive immunosuppression and may be candidates for lung 
transplantation.

Lymphocytic Interstitial Pneumonia
Lymphocytic interstitial pneumonia is a rare disorder of poly-
clonal lymphocyte aggregates that accumulate diffusely in the 
interstitium.55 The diagnosis almost always requires surgical 
lung biopsy. Patients are typically younger than patients with 
IPF and present with subacute dyspnea and cough. Pulmonary 
function testing may show a mixed picture, and high-resolution 
CT typically shows diffuse ground-glass attenuation with vari-
able amounts of fibrosis. Most patients respond well to oral 
corticosteroids, with a few requiring long-term immunosup-
pression. Lymphocytic interstitial pneumonia is frequently 
associated with connective tissue diseases, especially Sjögren 
syndrome, and with immunodeficiency, and these possibilities 
should be investigated in all patients with lymphocytic intersti-
tial pneumonia.

MINI CLINI
Clinical Deterioration in a Patient With 
Interstitial Lung Disease

PROBLEM:  A 50-year-old man with fibrotic NSIP is being 
treated with oral corticosteroids and cyclophosphamide. After 
6 months of therapy, he begins to report progressive breathless-
ness. Why is this occurring?

SOLUTION:  Many ILDs follow a gradually progressive course 
to end-stage disease and death. The available treatments may 
result in temporary improvement or retard progression of the 
disease. These treatments seldom are curative, however. Pro-
gressive symptoms (exertional dyspnea or cough) in a patient 
being treated for ILD often, although not always, indicates 
disease progression.

The following possibilities must be considered and separated 
from progression of the disease:
1. Superimposed infection: Immunosuppressive agents used in 

the management of some ILDs increase the risk for infection 
in the lung and elsewhere. Common bacteria or uncommon 
opportunistic infections may be responsible. Pneumonia 
may be difficult to detect radiographically because of preex-
isting radiographic abnormalities, and bronchoscopy with 
bronchoalveolar lavage and transbronchial lung biopsy may 
be needed.

2. Drug reaction: Almost all medications used to treat ILD have 
been reported to be capable of causing an adverse pulmo-
nary reaction. Some medications, such as methotrexate, have 
been described to result in pulmonary reactions in 5% to 
10% of users. An adverse drug reaction should be considered 
in all patients with ILD who are being actively treated, par-
ticularly if there is a clear temporal relationship between 
starting the medication and the new or progressive respira-
tory symptoms.
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plantation has been performed successfully in the management 
of most ILDs. A recommendation for lung transplantation must 
consider the significant risk for mortality at 1 year (10% to 
25%) and 5 years (50% to 60%). Many patients with ILD are 
older than the upper age limit of “physiologic” age 65. Addition-
ally, comorbidities such as gastroesophageal reflux disease, 
which is common in many ILDs, preclude lung transplantation 
because of the increased risk for chronic rejection and death.

Summary

The entities grouped as ILDs are a diverse group of illnesses of 
varied cause, treatment, and prognosis. These diseases generally 
manifest as chronic, progressive dyspnea on exertion and cough. 
Findings on examination are often limited to the chest in the 
form of fine, inspiratory crackles. The most common finding 
on chest radiograph is diffuse reticular or reticulonodular infil-
trates with reduced lung volumes. Pulmonary function testing 
usually reveals restrictive physiology and decreased diffusion 
capacity; however, other patterns can be seen. Therapy depends 
on the underlying disease and may consist of immunosuppres-
sive drugs and the avoidance of disease-inducing exposures.

ROLE OF THE RESPIRATORY 
THERAPIST

• The respiratory therapist (RT) sees patients with ILD in one 
of two settings. RTs assess and treat outpatients in several 
manners. In the role of pulmonary function technician,  
the RT assesses disease burden and serial changes in lung 
function. At the initial evaluation, the RT needs to provide 
accurate spirometry, lung volume, and DLCO, along with 
6-minute walk distance and saturation, because these mea-
sures have important prognostic value. At subsequent visits, 
serial changes in these parameters are important to assess a 
patient’s response to therapy or disease progression. Besides 
having important prognostic values, changes in lung func-
tion over time help determine whether to continue therapy 
or refer eligible patients for lung transplantation.

• RTs determine supplemental O2 requirements at rest and 
with exertion and recommend the appropriate delivery 
amount, mode, and source of O2. Also, RTs typically perform 
outpatient pulmonary rehabilitation, which can benefit 
many patients with ILD. RTs also may administer inhaled 
pentamidine, which is used to prevent Pneumocystis jirovecii 
infection in patients receiving immunosuppressive drugs for 
an ILD.

• The needs of patients with ILD change when admitted to the 
hospital. The RT plays a crucial role in assessing supplemen-
tal O2 needs and delivering O2 by the proper mode (nasal 
cannula, face mask, high-flow O2 with nonrebreathing face 
mask, or intubation and mechanical ventilation). If obstruc-
tive impairment is suspected, the RT can recommend and 
deliver the appropriate bronchodilators or inhaled cortico-
steroids. Owing to the tenuous nature of these patients, 
careful monitoring by the RT of patients with ILD is required 
to prevent hypoxemia and its acute complications.

Pulmonary Rehabilitation and  
Exercise Therapy

Pulmonary rehabilitation, a very important part of treating 
obstructive lung disease, also has proved beneficial in the man-
agement of ILD. Pulmonary rehabilitation is important in 
building aerobic fitness, maintaining physical activity, and 
improving quality of life. When pulmonary rehabilitation is 
stopped, the benefits decrease over a few months.57 We encour-
age all of our patients to enroll in outpatient pulmonary reha-
bilitation and to continue maintenance rehabilitation.

Vaccinations and Infection Avoidance

Because patients with ILD have increased consequences of 
respiratory infections, patients with ILD should receive a pneu-
mococcal vaccine per U.S. Centers for Disease Control and 
Prevention guidelines and a yearly influenza virus vaccine. 
Additionally, we recommend that patients practice good hand 
hygiene (frequent handwashing). We do not recommend use of 
masks or special antibacterial products. Patients treated with 
prednisone in doses greater than 15 mg daily or with a steroid-
sparing immunosuppressant should receive Pneumocystis 
prophylaxis (e.g., with oral trimethoprim-sulfamethoxazole, 
inhaled pentamidine, etc.).

Transplantation

The only therapy shown to prolong life in patients with end-
stage, particularly fibrotic, ILD is lung transplantation.58 Trans-

MINI CLINI
Tobacco Use and Interstitial  
Lung Disease

PROBLEM:  A 30-year-old woman has ILD and is a current 
smoker. She is concerned that quitting on her own is too dif-
ficult and comments that tobacco use is associated with emphy-
sema, not with scarring. Should she be encouraged to quit 
smoking? Why or why not?

SOLUTION:  Yes! Although the association between tobacco 
use and COPD is well known, the relationship with ILD is less 
well-appreciated. Smoking is a risk factor for the development 
of IPF but not the sole cause. However, the IIPs of DIP, RB-ILD, 
and PLCH have a strong association with cigarette smoking.

Approximately 90% of patients with DIP and RB-ILD are 
current or former tobacco smokers. More than 90% of patients 
with PLCH smoke, often quite heavily. As with other toxic 
exposures, complete avoidance of all smoke is important for 
these patients. In RB-ILD and PLCH, physiologic stabilization 
and occasionally even improvement can occur after stopping 
smoking. In DIP, the benefits of smoking cessation are unclear.

In addition to having concerns about these specific disease 
considerations, patients with ILD of any type cannot afford to 
risk the development of additional, smoking-related cardiore-
spiratory impairment. The patient should be strongly encour-
aged to stop smoking.
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SUMMARY CHECKLIST

◗	 ILDs	are	a	diverse	group	of	illnesses	that	can	be	organized	
into	groups	based	on	related	causes.

◗	These	diseases	generally	cause	chronic,	progressive	
dyspnea	on	exertion	and	cough.

◗	Findings	on	examination	are	often	limited	to	the	chest	in	
the	form	of	fine,	inspiratory	crackles.

◗	The	most	common	chest	radiograph	finding	is	diffuse	
reticular	or	reticulonodular	infiltrates	with	reduced	lung	
volumes.

◗	Pulmonary	function	testing	usually	reveals	restrictive	
physiology	and	decreased	diffusion	capacity;	however,	
other	patterns	can	be	seen.

◗	Causes	of	the	ILDs	are	diverse	but	are	most	frequently	
from	exposure	(tobacco,	hypersensitivity	pneumonitis	
antigens,	silica,	asbestos),	autoimmune	dysfunction	
(sarcoidosis,	connective	tissue	disease	associated),	and	
abnormal	injury	healing	(IPF).

◗	Nonspecific	treatment	may	be	considered	in	all	ILD	
patients	(e.g.,	supplemental	O2,	pulmonary	rehabilitation),	
but	specific	ILD	treatment	depends	on	the	underlying	
disease	and	may	consist	of	immunosuppressive	drugs	and	
avoidance	of	disease-inducing	exposures.



 Interstitial Lung Disease • CHAPTER 26 553

50. King TE, Brown KK, Raghu G, et al: BUILD-3: a randomized, controlled 
trial of bosentan in idiopathic pulmonary fibrosis. Am J Respir Crit Care 
Med 184:92–99, 2011.

51. Corte TJ, Keir GJ, Dimopoulos K, et al: Bosentan in pulmonary hyperten-
sion associated with fibrotic idiopathic interstitial pneumonia. Am J Respir 
Crit Care Med 190:208–217, 2014.

52. Martinez FJ: Idiopathic interstitial pneumonias: usual interstitial pneumo-
nia versus non-specific interstitial pneumonia. Proc Am Thorac Soc 3:81–95, 
2006.

53. Fischer A, West SG, Swigris JJ, et al: Connective tissue disease-associated 
interstitial lung disease: a call for clarification. Chest 138:251–256, 2010.

54. Kinder BW, Collard HR, Koth L, et al: Idiopathic non-specific interstitial 
pneumonia: lung manifestation of undifferentiated connective tissue 
disease? Am J Respir Crit Care Med 176:691–697, 2007.

55. Cha SI, Fessler MB, Cool CD, et al: Lymphoid interstitial pneumonia: clini-
cal features, associations and prognosis. Eur Respir J 28:364–369, 2006.

56. Palwai A, Skowronski M, Coreno A, et al: Critical comparisons of the clini-
cal performance of oxygen-conserving devices. Am J Respir Crit Care Med 
181:1061–1071, 2010.

57. Holland AE, Hill CJ, Conron M, et al: Short term improvement in exercise 
capacity and symptoms following exercise training in interstitial lung 
disease. Thorax 63:549–554, 2008.

58. Orens JB, Estenne M, Arcasoy S, et al: International guidelines for the selec-
tion of lung transplant candidates: 2006 update—a consensus report from 
the Pulmonary Scientific Council of the International Society for Heart and 
Lung Transplantation. J Heart Lung Transplant 25:745–755, 2006.

41. Raghu G, Brown KK, Costabel U, et al: Treatment of idiopathic pulmonary 
fibrosis with etanercept: an exploratory, placebo-controlled trial. Am J 
Respir Crit Care Med 178:948–955, 2008.

42. Idiopathic Pulmonary Fibrosis Clinical Research Network, Zisman DA, 
Schwarz M, et al: A controlled trial of sildenafil in advanced idiopathic 
pulmonary fibrosis. N Engl J Med 363:620–628, 2010.

43. Daniels CE, Lasky JA, Limper AH, et al: Imatinib treatment for idiopathic 
pulmonary fibrosis: randomized placebo-controlled trial results. Am J 
Respir Crit Care Med 181:604–610, 2010.

44. Idiopathic Pulmonary Fibrosis Clinical Research Network, Martinez FJ, de 
Andrade JA, et al: Randomized trial of acetylcysteine in idiopathic pulmo-
nary fibrosis. N Engl J Med 370:2093–3101, 2014.

45. Idiopathic Pulmonary Fibrosis Clinical Research Network, Raghu G, 
Anstrom KJ, et al: Prednisone, azathioprine, and N-acetylcysteine for pul-
monary fibrosis. N Engl J Med 366:1968–1977, 2012.

46. King TE, Jr, Bradford WZ, Castro-Bernardini S, et al: A phase 3 trial of 
pirfenidone in patients with idiopathic pulmonary fibrosis. N Engl J Med 
370:2083–2092, 2014.

47. Richeldi L, du Bois RM, Raghu G, et al: Efficacy and safety of nintedanib 
in idiopathic pulmonary fibrosis. N Engl J Med 2014 370:2071–2082, 2014.

48. Nadrous HF, Pellikka PA, Krowka MJ, et al: Pulmonary hypertension  
in patients with idiopathic pulmonary fibrosis. Chest 128:2393–2399, 
2005.

49. Lettieri CJ, Nathan SD, Barnett SD, et al: Prevalence and outcomes of pul-
monary arterial hypertension in advanced idiopathic pulmonary fibrosis. 
Chest 129:746–752, 2006.



554

C H A P T E R   27 

Pleural Diseases

CHARLIE STRANGE

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	anatomy	and	function	of	the	visceral	and	parietal	pleura.
◆	 Describe	how	pleural	effusions	occur	and	the	difference	between	transudative	and	exudative	effusions.
◆	 Identify	common	causes	of	transudative	and	exudative	pleural	effusions.
◆	 Write	definitions	of	chylothorax,	hemothorax,	and	pneumothorax.
◆	 Describe	the	impact	of	moderate	to	large	pleural	effusions	on	lung	function.
◆	 State	the	role	of	the	chest	radiograph	in	recognizing	pleural	effusions.
◆	 State	the	purpose	of	thoracentesis	and	the	potential	complications.
◆	 Identify	the	definitions	of	spontaneous,	secondary,	and	tension	pneumothorax.
◆	 Describe	the	diagnosis	and	treatment	of	pneumothorax.

CHAPTER OUTLINE

The Pleural Space
Pleural Effusions

Transudative	Effusions
Exudative	Effusions
Physiologic	Importance
Diagnostic	Tests
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A spectrum of pleural diseases affects respiratory func-
tion. An understanding of pleural anatomy, physiol-
ogy, and pathology is essential to delivering effective 

respiratory care. This chapter focuses on the two major dis-
eases that occur in the pleural space: pleural effusion and 
pneumothorax.

THE PLEURAL SPACE

Each lung is covered by a thin membrane called the visceral 
pleura that adheres closely to the underlying lung (Figure 27-1). 
The visceral pleura dips into the fissures of the lung, allowing 
the surgeon easy access between the lung lobes and allowing 
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FIGURE 27-2	 Anatomy	of	the	pleura.	

The visceral and
parietal pleura are
contiguous at the
lung hilum

Pleural fluid causes
a blunted costophrenic
angle and moves the
apparent peak of the
diaphragm laterally if
fluid is under the lung
(subpulmonic)

The visceral pleura
invaginates around
the lobes of the lung

Parietal pleura
lies just under
the ribs

FIGURE 27-1	 The	presence	of	a	pneumothorax	is	diagnosed	
by	identification	of	a	pleural	line	(arrow),	in	this	case	after	
bronchoscopic	placement	of	lung	volume	reduction	coils.	A	
hydropneumothorax	requires	identification	of	both	a	pleural	line	
(arrow)	and	the	air-fluid	interface	of	pleural	fluid	that	causes	a	
straight	line	in	the	chest.	A	high-quality	monitor	is	needed	to	
optimally	detect	the	pleura.	

pleural fluid to travel freely between the lobes while remaining 
in the pleural space.

The ribs and connective tissue of the chest wall are covered 
on the inner surface by a similar membrane called the parietal 
pleura. The parietal pleura can be thought of as a sac that covers 
not only the rib surface (costal pleura) but also the diaphragm 
(diaphragmatic pleura) and the mediastinum (mediastinal 
pleura).

The blood vessels and airways that enter the lung connect to 
the mediastinum at the lung hilum. It is at this juncture that 

the visceral pleura meet the mediastinal parietal pleura to form 
a single, continuous pleural membrane (Figure 27-2).

Because the lung usually is completely inflated, it might be 
thought that the pleural membranes always touch. However, 
freeze-fracture imaging has demonstrated that there is a space 
between the visceral and parietal pleura that averages 10 to 
20 mm in width and is filled with pleural fluid. This thin film 
of fluid allows the lung to slide over the ribs and a gliding move-
ment that takes little energy and produces little friction.

The average person has approximately 8 ml of pleural fluid 
per hemithorax.1 It is estimated that this pleural fluid has a total 
protein concentration similar to that of interstitial fluid else-
where in the body: between 1.3 and 1.4 g/dl.2

In humans, the pleural spaces surrounding each lung are 
completely independent, being separated by the mediastinum. 
This is not the case in all other mammals. The slaughter of  
the American buffalo could occur with a single spear or rifle 
shot because the pleural spaces of the buffalo lung are con-
nected. Consequently, air in the pleural space collapses both 
lungs. A similar situation can occur in any patient who has 
undergone median sternotomy, during which both pleural 
spaces were entered. Common operations resulting in this con-
dition are lung volume reduction surgery and bilateral lung 
transplantation.

The pleural space is under negative pressure except during 
forced expiration. The intact thoracic rib cage provides elastic 
recoil pressure outward, whereas the intrinsic recoil pressure of 
the lung is inward toward the lung hilum. The diaphragm 
further decreases the intrapleural pressure below atmospheric 
pressure to allow inspiration to occur. In an upright person, the 
pressure is more negative at the top of the lung than at the 
bottom of the lung because of the weight of the lung and the 
effects of gravity. The net effect of the negatively pressurized 
pleural space is that fluid moves into the pleural space from 
adjacent sites when a communication is present. A patient with 
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ascitic fluid and a hole in the diaphragm usually pulls fluid into 
the pleural space.

PLEURAL EFFUSIONS

Any abnormal amount of pleural fluid in the pleural space is 
called pleural effusion. The many causes of pleural effusion are 
categorized according to the factor that causes it and the content 
of the fluid.3

Pleural fluid enters the pleural space across both the visceral 
and the parietal pleura, particularly when the interstitial pres-
sure within either the lung or the chest wall is increased. The 
main route for pleural fluid removal is small holes within the 
parietal pleura called stomata that are large enough to allow a 
red blood cell to enter and be cleared from the pleural space. 
The parietal pleural stomata connect with intercostal lymphatic 
vessels under the ribs that drain posteriorly into the mediasti-
num. In the mediastinum, these lymphatic vessels enter lymph 
nodes before draining into the thoracic duct, a large lymphatic 
channel within the chest, which empties into the left subclavian 
vein. Abnormalities of increased pleural fluid production or 
blockade of drainage can cause pleural fluid to accumulate.

Transudative Effusions

Any pleural effusion that forms when the pleural space is 
intact is called a transudative pleural effusion. A pleural fluid 
total protein concentration less than 50% of the serum total 
protein level and lactate dehydrogenase (LDH) values in the 
pleural fluid less than 60% of the serum value indicate the 
presence of a transudative pleural effusion. In the absence of 
serum values, an absolute pleural fluid LDH level less than 
two-thirds normal for serum suggests the presence of a transu-
date. These numbers were derived from large patient series in 
which pleural fluid and serum protein concentrations were 
measured while the cause of the effusion was being determined 
and corrected.4

The classification system listed in Box 27-1 is not perfect, 
and refinements continue to be proposed. For practical pur-
poses, these numbers help narrow the possible causes of pleural 
fluid formation.

Transudative pleural effusions form when hydrostatic and 
oncotic pressures are abnormal5 (Figure 27-3). The list of dis-
eases that cause transudative pleural effusions is short. There-
fore these diseases remain relatively easy to diagnose.

 Box 27-1 Causes of Pleural Effusion

TRANSUDATIVE PLEURAL EFFUSION
•	 Congestive	heart	failure
•	 Cirrhosis
•	 Nephrotic	syndrome
•	 Hypoalbuminemia
•	 Lymphatic	obstruction
•	 Peritoneal	dialysis
•	 Atelectasis
•	 Central	venous	catheter	in	pleural	space
•	 Urinothorax

EXUDATIVE PLEURAL EFFUSION NEOPLASTIC 
DISEASE
•	 Carcinoma
•	 Lymphoma
•	 Mesothelioma

INFECTIOUS DISEASE
•	 Bacterial	infection
•	 Tuberculosis
•	 Fungal	infection
•	 Paragonimiasis
•	 Viral	pleurisy

PULMONARY EMBOLISM AND GASTROINTESTINAL 
DISEASE
•	 Pancreatic	disease
•	 Intraabdominal	abscess
•	 Splenic	infarction
•	 Esophageal	perforation
•	 Abdominal	surgery
•	 Endoscopic	variceal	sclerotherapy

COLLAGEN VASCULAR DISEASE
•	 Rheumatoid	pleurisy
•	 Systemic	lupus	erythematosus

•	 Drug-induced	lupus
•	 Immunoblastic	lymphadenopathy
•	 Sjögren’s	syndrome
•	 Familial	Mediterranean	fever
•	 Churg-Strauss	syndrome
•	 Granulomatosis	with	polyangiitis	(formerly	called	Wegener 

granulomatosis)

DRUG-INDUCED PLEURAL DISEASE
•	 Nitrofurantoin
•	 Minoxidil
•	 Dantrolene
•	 Methysergide
•	 Bromocriptine
•	 Amiodarone
•	 Procarbazine,	bleomycin,	mitomycin
•	 Methotrexate

MISCELLANEOUS DISEASES AND CONDITIONS
•	 Benign	asbestos	pleural	effusion
•	 Postcardiac	injury	syndrome	(Dressler	syndrome)
•	 Meigs	syndrome
•	 Yellow	nail	syndrome
•	 Sarcoidosis
•	 Pericardial	disease
•	 Fetal	pleural	effusion
•	 Uremic	pleural	effusion
•	 Trapped	lung
•	 Radiation	pleurisy
•	 Amyloidosis
ELECTRICAL BURNS
HEMOTHORAX
CHYLOTHORAX
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are small and bilateral. The effusions are rarely drained because 
outcome is heavily influenced by successful management of the 
underlying CHF, which also clears the effusions.7

Nephrotic Syndrome
In nephrotic syndrome (also known as nephrosis), the kidneys 
leak more than 3 g of protein per day into the urine. Because 
patients become protein depleted, there is insufficient oncotic 
pressure within the blood to hold appropriate amounts of fluid 
within the blood vessels. These patients become edematous, and 
fluid leaks into the lung interstitium and pleural space. Pleural 
effusions are common but usually are small.

Patients with nephrosis are at increased risk for deep venous 
thrombosis and pulmonary embolism. In nephrosis, protein S, 
which keeps blood from clotting, becomes deficient from 

Congestive Heart Failure
Elevation of pressure in the left atrium and pulmonary veins is 
the hallmark defining feature of congestive heart failure (CHF). 
Elevation of pulmonary venous pressure increases the amount 
of interstitial fluid in the lung. In severe cases, flooding of the 
alveoli causes pulmonary edema, but in less severe cases, inter-
stitial lung water increases and decompresses into the pleural 
space. Because systemic venous pressure also is elevated, there 
is limited capability to remove pleural fluid through the inter-
costal veins. Therefore pleural fluid must be predominantly 
removed by the lymphatic vessels. Pleural effusions result when 
the capacity of pleural lymphatic drainage is overcome.6

CHF is the most common cause of pleural effusions in clini-
cal practice. The effusions can be massive, filling the entire 
hemithorax and compressing the lung. More commonly, they 

FIGURE 27-3	 Pleural	fluid	formation	requires	both	excess	fluid	formation	and	decreased	elimination.	In	diseases	such	as	pulmonary	
arterial	hypertension,	in	which	right-sided	heart	pressure	is	increased	and	systemic	veins,	such	as	the	intercostal	veins	(A),	are	pressurized,	
pleural	fluid	does	not	form	because	pleural	fluid	formation	is	not	increased	and	lymphatic	drainage	remains	intact.	However,	when	left	
ventricular	failure	causes	pulmonary	venule	pressure	(B)	to	increase,	the	addition	of	interstitial	lung	water	overwhelms	the	drainage	and	
produces	a	transudative	pleural	effusion.	Injury	to	the	capillaries	(C),	as	in	pneumonia	or	acute	respiratory	distress	syndrome,	causes	fluid	to	
leak	into	the	lung	interstitium	and	pleural	space	at	increased	rates.	Under	these	conditions,	fibrin	can	occlude	the	pleural	lymphatic	vessels	
(E)	and	cause	fluid	to	accumulate.	The	bronchial	microvessels	(D)	supply	the	pleura	with	blood	and	likely	participate	to	some	extent	in	
production	of	pleural	fluid.	
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Exudative Effusions

An exudative pleural effusion is caused by inflammation in the 
lung or pleura. This type of pleural effusion has more protein 
and inflammatory cells present than does a transudative effu-
sion. Because therapy for pleural effusion depends on the cause, 
thoracentesis often is performed to determine the specific bio-
chemical and cellular characteristics of the pleural effusion.  
Box 27-1 lists the common causes of exudative pleural effusion. 
They account for approximately 70% of all pleural effusions.

Parapneumonic Effusion
Pleural effusions form in pneumonia because inflammation in 
the lung increases interstitial lung water and pleural fluid pro-
duction. Most effusions are small and resolve with resolution of 
the bacterial pneumonia.9 Complicated parapneumonic pleural 
effusion develops when the pleural fluid has a high enough 
protein content to clot. The clotting causes fibrin strands to 
span the visceral and parietal pleura. The net result is collection 
of pleural fluid into different pockets called loculi within 
the pleural cavity. These often cannot be drained by a single 
chest tube.

Progression to empyema is marked by the presence of bac-
teria within the pleural space, seen as pus or bacteria on Gram 
stain. Empyemas require drainage. Whether complicated para-
pneumonic effusions require drainage remains controversial, 
although most physicians perform drainage because some of 
these effusions can progress to empyema.10

Parapneumonic effusions are common causes of persistent 
fever among intensive care unit (ICU) patients with pneumo-
nia. Sampling by thoracentesis is commonly performed to 
exclude empyema. Pleural fluid drainage can improve ventila-
tion and dyspnea if the volume of fluid removed is large.11

Viral Pleurisy
Viral lung infections (pleurisy) can cause pleural inflammation, 
small pleural effusions, and pain. The effusions may be so small 
they may be overlooked on a routine chest radiograph, and even 
when they can be seen, the effusions often are too small to 
sample. Pleural pain, which is called pleurodynia, and which can 
be the result of many other pleural processes, often is difficult 
to manage. The typical patient with pleurodynia has shallow 
respirations; deeper breaths are limited by pain. The subsequent 
atelectasis can cause oxygenation difficulty caused by shunting.

Tuberculous Pleurisy
In many parts of the world, any lymphocyte-predominant  
exudative effusion is considered tuberculosis until proved oth-
erwise. Tuberculous pleural effusions occur when a caseous 
granuloma in the lung ruptures through the visceral pleural 
surface causing an exudative inflammatory effusion. Experi-
ments in which purified protein derivative (PPD) is placed into 
the pleural space of animals have shown that such effusions 
result from the body’s immune reaction to tuberculin proteins.

Although these patients need respiratory isolation, only 25% 
of them have sputum that subsequently grows Mycobacterium 

leaking into the urine. The presence of large or asymmetric 
pleural effusions should raise the possibility that pulmonary 
emboli have occurred. Pleural effusions associated with pulmo-
nary emboli usually are exudates and contain large numbers of 
red blood cells.

Hypoalbuminemia
Hypoalbuminemia is caused by a variety of debilitating diseases, 
such as acquired immunodeficiency syndrome and chronic liver 
disease. Pleural effusions rarely form until the serum albumin 
level is less than 1.8 g/dl. The mechanism of formation of pleural 
fluid is identical to that of nephrotic syndrome. Low protein 
levels in the blood allow fluid to leak into interstitial tissues and 
the pleural space. The effusions usually are small.

Liver Disease
End-stage liver disease causes transudative fluid to accumulate 
in the abdomen. This fluid is called ascites. Because the pleural 
space is under negative pressure during inspiration and because 
ascitic fluid often is under positive pressure, any small hole in 
the diaphragm can result in movement of ascitic fluid into the 
pleural space to form hepatic hydrothorax.

All ascitic fluid can end up in the chest because of the pres-
sure gradient, and true ascites can be absent. This condition 
often is quite difficult to manage except with methods that limit 
ascites formation, such as sodium restriction and diuretics. 
Excessive pleural fluid is present in approximately 6% of patients 
with ascites, and 70% of these fluid collections are on the  
right side.8

Atelectasis
When segments of the lung collapse, intrapleural pressure 
becomes more negative and can produce small effusions. With 
relief of bronchial obstruction and postoperative pain, these 
effusions may go away.

Lymphatic Obstruction
Lymphatic obstruction within the mediastinum causes poor 
pleural fluid removal from the pleural space, although the 
pleural space is otherwise normal. The most common condition 
that causes this abnormality is cancer that metastasizes to the 
mediastinum. This condition should be differentiated from a 
true malignant pleural effusion, defined as cancer cells within 
the pleural space.

Rare Causes
There are other rare causes of transudative pleural effusions. 
Urinothorax occurs after rupture of the ureter causing a urine 
leak into the retroperitoneal space that refluxes into the chest. 
The pleural fluid has a low pH. A central venous line that is 
inappropriately placed into the pleural space can put large 
amounts of transudative fluid into the pleural space before this 
abnormality is recognized. The level of glucose in the pleural 
fluid can be very elevated, depending on the infusion. Peritoneal 
dialysate can migrate into the pleural cavity in patients under-
going continuous ambulatory peritoneal dialysis.
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phy (CT) should be performed to evaluate the cause of the 
chylothorax.

Hemothorax
Hemothorax is the presence of blood in the pleural space. 
Hemothorax is arbitrarily defined as a pleural fluid hematocrit 
more than 50% of the serum value. Small amounts of blood in 
otherwise clear fluid can turn the fluid red, so measurement  
of the pleural fluid hematocrit is necessary to make this 
diagnosis.

Although hemothorax is seen most commonly after blunt or 
penetrating chest trauma, a number of medical conditions can 
give rise to blood in the pleural space. These should be consid-
ered in the absence of trauma. Any vein or artery in the thorax 
can bleed into the pleural space. A chest tube usually is inserted 
to monitor the rate of bleeding and determine whether the 
source is arterial or venous.16

Connective Tissue Diseases
Pleural effusions are found in a variety of connective tissue 
diseases, although the effusions usually are small. Effusions 
caused by inflammation of small blood vessels are the most 
common chest manifestation of systemic lupus erythematosus 
(SLE). Pleural effusions often accompany pericardial effusions 
in SLE and disappear with corticosteroid therapy.

Rheumatoid arthritis produces a characteristic effusion with 
a very low glucose content and low pH. These effusions can 
cause visceral pleural fibrosis and a trapped lung.

Uremic Effusion
Uremic pleurisy occurs under the same conditions as uremic 
pericarditis. The typical patient is undergoing dialysis that is 
inadequate in duration or frequency. Although the cause of 
pleural and pericardial inflammation in kidney failure remains 
unknown, the inflammatory process can take weeks to resolve.

Miscellaneous Causes
Discussion of the other causes of exudative effusions is beyond 
the scope of this chapter. Nevertheless, thoracentesis that yields 
findings compatible with any of those in the systemic diseases 
listed in Box 27-1 can narrow the differential diagnosis.

Physiologic Importance

Mechanics of Ventilation
Pleural effusions cause lung atelectasis because the capacity of 
the thorax is limited and fluid collapses the lung. Spirometry 
shows restriction. Studies correlating the volume of pleural 
fluid removed with improvement in forced vital capacity (FVC) 
show much variability from patient to patient.

Dyspnea is common with small pleural effusions, even when 
lung mechanics are relatively preserved. The mechanisms 
remain unknown but likely involve activation of stretch recep-
tors or irritant receptors within the airways or nonadrenergic, 
noncholinergic C fibers in the chest wall or diaphragm. The net 
result is that dyspnea relief is variable after pleural fluid removal. 
Some patients have symptomatic relief after removal of small 

tuberculosis. The PPD skin test result is negative in 30% of 
patients when they come to medical attention but turns positive 
in 6 to 8 weeks in almost everyone.12

Malignant
Malignant disease is the most common cause of large unilateral 
pleural effusions among persons older than 60 years. Common 
cancers that form malignant pleural effusions include lung 
cancer and breast cancer, although any cancer can metastasize 
to the pleural surface. The effusions usually are lymphocyte 
predominant; malignant cells are found during cytologic exam-
ination of the pleural fluid.

Some malignant pleural effusions, such as those from  
lymphoma, respond to therapy for the malignant disease. How-
ever, most patients with symptomatic malignant pleural effu-
sions need primary therapy with pleurodesis. Pleurodesis 
occurs when the visceral and parietal pleural membranes are 
fused by talc, other chemicals, or surgery to obliterate the pleu-
ral space.

Postoperative Effusion
A variety of operations involving the chest or upper abdomen 
produce pleural fluid.13 Effusions after cardiac surgery usually 
are predominant on the left side and tend to be bloody. These 
effusions are particularly prevalent after a cutdown of the inter-
nal mammary artery for coronary artery bypass.

Small transudative pleural effusions are common when there 
is any atelectasis in the lung. Upper abdominal operations cause 
inflammation of the diaphragm. The resulting effusion has 
been termed a sympathetic effusion. Lung surgery in which the 
lung is unable to fill the thoracic cavity leaves a space under 
negative pressure, which fills with inflammatory pleural fluid. 
When the lung is unable to fill the space because of small post-
operative size or visceral pleural fibrosis, the resulting pleural 
effusion can never be completely drained because of the 
“trapped lung.”

Chylothorax
The thoracic duct is a lymphatic channel that runs from the 
abdomen through the mediastinum to enter the left subclavian 
vein. Disruption of the thoracic duct anywhere along its course 
can cause leakage of chyle into the mediastinum, which then 
may rupture into the pleural space and cause a chylothorax. 
The most common causes of rupture are malignancy (50%), 
surgery (20%), and trauma (5%).14 The thoracic duct courses 
through the right side of the mediastinum in the lower thoracic 
cavity before crossing to the left side of the mediastinum at the 
level of T4 to T6. Rupture below this level causes right-sided 
pleural effusion, whereas rupture above this level causes left-
sided pleural effusion.

In a patient who has eaten recently, the effusions are milky 
white as a result of the presence of chylomicrons (microscopic 
fat particles) absorbed by abdominal lymphatic vessels. In a 
fasting patient, these effusions usually are yellow. They may  
be bloody. A pleural fluid triglyceride concentration greater 
than 110 mg/dl confirms the diagnosis.15 Computed tomogra-
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Ultrasonography and Computed 
Tomography
Pleural fluid and loculi can be detected easily with ultrasonog-
raphy of the chest. The sensitivity of ultrasonography for pleural 
effusions is high, although ultrasonography is an operator-
dependent study. Small portable ultrasound machines with 
high diagnostic accuracy have become available to localize the 
presence and location of pleural effusions. Most physicians use 
them routinely to optimize thoracentesis success.

CT scanning of the chest is the most sensitive study for 
identifying a pleural effusion. A contrast-enhanced scan is 
needed to delineate the pleural membrane and differentiate 
peripheral lung consolidation from pleural fluid. In addition to 
showing the size and location of a pleural effusion, the chest CT 
scan often gives information about the underlying lung paren-
chyma and the primary process causing the effusion.

Thoracentesis
In thoracentesis, pleural fluid is sampled percutaneously by 
means of inserting a needle into the pleural space (Figure 27-4). 
Administering an adequate local anesthetic ensures a painless 
procedure if care is taken to place lidocaine at the skin insertion 
site, along the periosteum of the involved rib, and at the parietal 
pleura, which is richly innervated with sensory nerve fibers. 
Diagnostic sampling of pleural fluid for cell counts, cultures, 
chemistries, and cytologic examination usually can be per-
formed with a single syringe and a small needle. Samples for 
pleural pH should be kept from contact with room air. Pleural 
fluid drainage with lung reexpansion involves placing a larger 
catheter into the pleural space.

Thoracentesis involves the following three major risks:  
(1) intercostal artery laceration, (2) infection, and (3) pneumo-
thorax.17 Both an artery and a vein course under every rib, and 
the vessels become increasingly serpiginous with aging. Ensur-
ing needle passage just over the rib margin makes bleeding 
during thoracentesis rare.

pleural fluid volumes. Others can actually have more dyspnea 
if the fluid is removed in situations such as trapped lung, in 
which neural activation may increase with fluid withdrawal.

In rare instances, the pleurae thicken with a disease process 
sufficient to cause fibrothorax. Technically, fibrothorax is any 
process that causes fibrosis of the thoracic cage that affects 
pulmonary function. Fibrothorax can be caused by skin (e.g., 
fibrothorax that occurs, rarely, in scleroderma), soft tissue,  
bone (e.g., myositis ossificans, a disease in which muscles 
calcify), or pleura. The causes of pleural thickening significant 
enough to produce restriction include severe asbestos pleurisy, 
rheumatoid pleurisy, complicated trauma, cancer, and empyema. 
Treatment of fibrothorax from a pleural cause requires surgery, 
which is rarely performed because it is a very difficult 
operation.

Hypoxemia
Most patients with a pleural effusion have an increased alveolar-
arterial (A-a) gradient resulting from the pathologic changes in 
the lung that are causing the effusion. Oxygenation can worsen 
after thoracentesis because changes in ventilation/perfusion 
( � �V/Q) matching are not instantaneous. Recovery to baseline 
PO2 and subsequent improvement usually occurs a short time 
after thoracentesis.16

Diagnostic Tests

Chest Radiography
The chest radiograph is the most common method of detecting 
a pleural effusion. It is important that, if possible, the chest 
radiograph be obtained with the patient in an upright position 
to show a pleural fluid meniscus at the costophrenic angles. 
Many ICUs have rules that all radiographs are taken with 
patients sitting upright to optimize the value of the test. When 
the same patient undergoes radiography in the supine position, 
the effusion is distributed throughout the posterior part of the 
chest. The chest radiograph shows a generalized haze, which 
interferes with the detection of pulmonary infiltrates and quan-
tifies the amount of fluid in the pleural effusion.

Lateral decubitus chest radiographs are performed by having 
patients lie on their side with the radiograph taken across the 
bed or table. This technique can show an effusion as small as 
5 ml. This technique is used less often than other tests.

	

RULE OF THUMB

The	patient’s	vital	capacity	improves	by	approximately	
one-third	of	the	pleural	fluid	volume	removed.	The	
remainder	of	the	pleural	fluid	volume	causes	
diaphragmatic	compression	and	chest	wall	expansion.	
Some	patients	have	a	delay	of	24	to	48	hours	before	
the	improvement	can	be	seen	as	atelectasis	resolves.	
Lack	of	any	improvement	suggests	that	lung	
consolidation	or	endobronchial	obstruction	is	present.	
Improvement	is	less	when	the	underlying	disease	is	
acute	respiratory	distress	syndrome	(ARDS).

FIGURE 27-4	 The	technique	of	thoracentesis	involves	passage	
of	a	needle	just	superior	to	the	rib.	If	the	needle	is	placed	too	low	
on	the	chest,	the	diaphragm	or	organs	below	the	diaphragm	can	
be	punctured.	Diagnostic	thoracentesis	can	be	performed	with	
small	amounts	of	pleural	fluid.	
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involves placing the thoracoscope through an intercostal inci-
sion to visualize the lung surfaces, drain pleural fluid, perform 
biopsy under direct visualization, and perform pleurodesis if 
needed.

Pleurodesis
Pleurodesis is the process of fusing the parietal and visceral 
pleura with a fibrotic reaction that prevents further pleural fluid 
formation or seals the pleural space. Methods to produce 
pleurodesis include surgical abrasion and the application of 
intrapleural chemicals such as doxycycline, minocycline, and 
talc. Talc has been applied as a powder suspended in sterile 
saline solution and injected through the chest tube (talc slurry) 
or dusted through a thoracoscope (talc insufflation). The 
success rate of talc pleurodesis, approximately 90%, is higher 
than that of all alternatives except surgical abrasion.18,19 
Pleurodesis is used most commonly in managing symptomatic 
pleural effusions caused by cancer.

Although pleurodesis of benign effusions, such as those 
occurring with CHF, nephrotic syndrome, and idiopathic 

Because infection can be introduced into the pleural space, 
a totally sterile procedure is necessary. In some situations, the 
risk for infection is so high that thoracentesis rarely should be 
performed. When a lung is surgically removed, the space fills 
with sterile fluid. An infection introduced into this space usually 
necessitates open surgical drainage. Any trapped lung also 
carries a high risk for empyema because of the inability of the 
visceral and parietal pleura to meet and contain any infectious 
process. Needle puncture remains one of the most common 
causes of pneumothorax (see discussion of pneumothorax later 
in this chapter).

Chest Thoracotomy Tubes
Chest tubes currently are manufactured in a variety of sizes and 
shapes, from 7F to 40F catheters. Catheter choice is frequently 
a matter of physician preference. Larger tubes are less likely to 
become obstructed and are capable of high airflow rates. Smaller 
tubes are easier to place over guidewire systems and cause less 
pain.

Intercostal placement is designed for the skin and soft tissue 
to approximate the tube and prevent air from entering the 
pleural space from the outside. The chest tube is then connected 
to a water-sealed chamber, which usually is contained within a 
commercially marketed three-bottle system that also regulates 
pleural pressure and is used to measure pleural fluid volume 
(Figure 27-5).

Thoracoscopy
The video-assisted thoracoscope is ideally designed for diag-
nostic and therapeutic work in the pleural space. Diagnostic 
thoracoscopy often is performed in a medical procedure room 
using local anesthesia and conscious sedation. The procedure 
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Chest	tubes	are	usually	removed	when	the	volume	of	
pleural	fluid	that	comes	out	is	less	than	50	ml/24	hr.	
Chest	tubes	should	not	be	kinked,	to	optimize	pleural	
space	drainage.	Higher	volumes	suggest	that	the	
primary	process	has	not	been	treated	adequately.	Daily	
monitoring	of	pleural	fluid	volume	requires	that	the	
pleural	fluid	drainage	system	not	be	tipped	over.	
Volumes	should	be	recorded	in	the	medical	chart	and	
marks	made	on	the	pleural	drainage	system	to	help	
determine	the	best	time	for	chest	tube	removal.

FIGURE 27-5	 The	standard	three-bottle	system	is	the	basis	for	all	commercial	chest	tube	drainage	systems.	Pleural	fluid	and	pleural	air	
enter	compartment	C,	which	serves	as	a	fluid	collection	trap	so	that	the	water-seal	fluid	volume	will	not	rise	(compartment	B)	and	create	
resistance	to	air	escaping	the	chest.	Air	cannot	be	inspired	into	the	chest	because	of	the	water	in	compartment	B.	Open	entrainment	of	
room	air	through	a	submerged	tube	in	compartment	A	buffers	the	amount	of	wall	suction	applied	(−60	cm	H2O)	to	the	height	of	the	water	
column	to	standardize	the	pressure	(−20	cm	H2O)	transmitted	to	the	chest.	
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MINI CLINI
Indwelling Catheter Care

PROBLEM: A patient with a malignant pleural effusion has 
an indwelling PleurX catheter placed during his hospitalization 
and is now ready for hospital discharge. The nurse on the ward 
asks you to assist with discharge planning of the patient with 
this device.

SOLUTION: The care of an indwelling catheter at home 
requires the involvement of a dedicated caregiver who needs to 
be taught about proper catheter care, timing and technique of 
drainage, and vacuum bottle inventory. There is often one indi-
vidual in a hospital that is most knowledgeable to provide this 
teaching. Often, this person is a respiratory therapist. Note that 
the brand name of PleurX is unique to the first company that 
advanced this technology and other catheter systems are 
available.

Teaching is facilitated by online resources from the catheter 
manufacturer that provide reading materials for home use. 
However, there is no substitute for hands-on training. If a 
PleurX catheter arrives on the hospital ward, dedicated time for 
teaching home care is best done a few days before hospital 
discharge. This allows the home care provider to have a better 
comfort level and causes fewer questions after the patient 
returns to home.

One major risk is infection. The risk for infection is some-
times worse than with other wounds because many of these 
patients have cancer and may be immune suppressed by che-
motherapy or radiation. Infection can occur at the skin surface 
or by introducing an infection at the vacuum bottle adapter. 
The skin wound should be kept with a clean dressing, and signs 
of colored discharge or redness should prompt medical evalu-
ation. A suture is left in place for some time after placement, 
and a suture abscess should prompt medical evaluation. To 
prevent introducing bacteria inside the catheter, the adapter 
should be cleaned before vacuum bottle attachment.

The number of vacuum bottles needed and the timing of 
drainage is determined by the volume of pleural fluid on previ-
ous drainage days. The goal of the catheter is to keep the pleural 
space dry enough to allow a natural pleurodesis by growth of 
cancer cells between the parietal and visceral pleura. The other 
goal is dyspnea relief. Vacuum bottle inventory and access is 
determined by local resources but should be preplanned.

Ultimately, the management of a PleurX catheter and 
whether it can be removed is a medical team decision best 
informed by a diary of pleural fluid volume removal and the 
patient’s medical condition. Respiratory therapists should 
know about this device and its care.

chylothorax, has been performed successfully, the procedure is 
discouraged for pleural effusions that are not malignant. Most 
pleural effusions are best managed by controlling the underly-
ing condition.20

Pleuroperitoneal Shunt and  
Indwelling Catheter
In refractory pleural effusions that cannot be treated adequately 
with pleurodesis, a small pump (PleurX, CareFusion, San Diego, 
CA) can be placed subcutaneously and tubes placed in the 
pleural and peritoneal spaces. The pleuroperitoneal connection 
has a one-way valve and a pumping mechanism to allow the 
patient to expel pleural fluid from the negatively pressurized 
chest to the positively pressurized peritoneum. The pleuroperi-
toneal shunt is placed as a last resort for refractory pleural 
effusions for which there is no other treatment.

More commonly, an indwelling catheter is placed into the 
pleural space and tunneled under the skin to prevent infections. 
This catheter then exits the skin and has an adapter that hangs 
outside of the body. The patient or family member then con-
nects this catheter to vacuum bottles that fill with pleural fluid. 
Pleural fluid can be removed at home for recurrent effusions. 
If the pleural space is kept dry, a pleurodesis often results and 
the catheter can then be removed.21

PNEUMOTHORAX

Pneumothorax is air in the pleural space. Although air can enter 
the pleural space from outside the body, as occurs in sucking 
chest wounds, most cases of pneumothorax occur when disrup-
tion of the visceral pleura allows air from the lung to enter the 
pleural space. Pneumothorax is discussed according to the caus-
ative (etiologic) factor because traumatic pneumothorax is 
managed differently from spontaneous pneumothorax.

Chest pain, which is typically sharp and abrupt, occurs in 
nearly every patient with pneumothorax. Palpation of the chest 
wall does not worsen the pain, although respiratory efforts may 
be difficult. Dyspnea occurs in approximately two-thirds of 
patients when decreases in vital capacity and PO2, probably as 
a result of airway closure at low lung volumes, cause � �V/Q 
defects and shunting. When a spontaneous pneumothorax is 
evacuated, hypoxemia may persist in some patients.

The following sections describe the diseases that cause  
pneumothorax and the important treatment differences  
among them.

Traumatic

Blunt and Penetrating Chest Trauma
Traumatic pneumothorax can be caused by either blunt or pen-
etrating wounds of the thorax. The common causes of penetrat-
ing wounds include gunshots and knife punctures. In many 
cases, penetrating trauma to the chest can be managed conser-
vatively with a chest tube. The clear indications for entering the 
chest surgically are uncontrolled bleeding from intercostal or 
pulmonary arteries and injury to the heart or great vessels. In 

these situations, the pneumothorax becomes secondary. The 
chest tube is multifunctional to allow measurement of the rate 
of bleeding, to allow the lung to be pulled to the parietal pleural 
surface to compress or tamponade bleeding, and to allow 
maximum ventilation.

In blunt trauma to the chest, pneumothorax can be the result 
of a rib fracture that enters the lung parenchyma and allows air 
to leak into the pleural space. For this type of injury, a chest 
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high-resolution CT scans have shown the presence of small 
subpleural blebs in more than 80% of patients.23

Primary spontaneous pneumothorax usually occurs in 
patients in their late teenage years or early 20s. Patients often 
are tall and slender, and the lungs and pleural membrane may 
not have grown at the same pace; the result is airspace enlarge-
ment and a thin pleural membrane.

Results of some studies suggest that cigarette smoking is a 
risk factor in more than 90% of cases of primary spontaneous 
pneumothorax.24 The smoking history is typically short, and 
smoking cessation is recommended.

Secondary
Secondary spontaneous pneumothorax occurs in patients with 
underlying lung disease. In most cases, the underlying lung 
disease is chronic obstructive pulmonary disease with some 
component of emphysema. Pneumothorax also can occur with 
asthma and cystic fibrosis, usually during an exacerbation of 
disease.

Interstitial lung diseases in which lung volumes are spared, 
such as sarcoidosis, bronchiolitis obliterans with organizing 
pneumonia, Langerhans cell histiocytosis, and lymphangioleio-
myomatosis, have a higher incidence than do diseases without 
any component of obstruction.

Depending on the extent of parenchymal lung disease, pneu-
mothorax in this population can be devastating. A Veterans 
Affairs cooperative study included 185 patients with secondary 
spontaneous pneumothorax and monitored them for 5 years.25 
Although only 3 patients died of pneumothorax, the mortality 
rate was 43%.1 Severe underlying lung disease caused most of 
these deaths. This finding suggested that most pneumothoraces 
occur in patients with severe lung dysfunction. The degree  
of dyspnea is disproportionate to the size of pneumothorax in 
this group of patients because pulmonary reserve is already 
diminished. Pneumothorax usually should be evacuated and 
not simply watched in this patient cohort.

Catamenial Pneumothorax
Catamenial pneumothorax occurs in association with men-
struation and usually is recurrent and right-sided. The reason 
for the right-sided predominance is unclear. Many patients have 
endometriosis on the pleural surface, although it may be impos-
sible to see because of hormonal involution during menses. 
Once the diagnosis is considered, catamenial pneumothorax is 
not difficult to manage in that most patients do not have a 
recurrence when ovulation is suppressed.

Complications

Tension Pneumothorax
Tension pneumothorax occurs when air in the pleural space 
exceeds atmospheric pressure. The radiographic appearance 
includes mediastinal shift to the contralateral side, diaphrag-
matic depression, and expansion of the ribs. The lung does not 
necessarily collapse completely if it is involved with a disease 
process such as ARDS.

tube is placed and the rib fractures need no specific therapy. A 
more common injury is alveolar rupture, which breaks through 
the pleural membrane.

Two special injuries that produce pneumothorax are tracheal 
fracture and esophageal rupture. Tracheal fracture results from 
severe deceleration injury and often occurs along with fractures 
of the anterior aspect of the first through third ribs. In this case, 
urgent bronchoscopy is appropriate because tracheal fracture 
must be corrected surgically. Esophageal rupture produces an 
air fluid level in the pleural space. Pleural fluid amylase level is 
elevated from a salivary source.

Large-caliber chest tubes are placed for trauma-related 
pneumothoraces to allow exit of blood and blood clots, which 
can be difficult to remove through small-bore catheters. Air 
leaks from an injured lung can be large. When bleeding is a 
major component of pleural injury, two chest tubes are used: a 
posterior chest tube to drain blood that is gravity-dependent 
and an anterior and apical chest tube to drain air that moves to 
the lung apex in the absence of pleural disease.

Iatrogenic
Iatrogenic pneumothorax is the most common type of trau-
matic pneumothorax. Common causes are punctures of the 
lung from needle aspiration lung biopsy, thoracentesis, and 
central venous catheter placement. Unusual causes, such as 
feeding tube placement into the pleural space, also have been 
recorded. Because the pleural rupture is typically small in the 
absence of parenchymal lung disease, these lung punctures 
usually resolve within 24 hours and can be observed without 
chest tubes as long as serial radiographs are obtained.

Neonatal
In radiographic series, spontaneous pneumothorax occurs in 
1% to 2% of all infants soon after birth.22 The cause of pneu-
mothorax is likely high transpulmonary pressure during birth 
coupled with transient bronchial blockade caused by meco-
nium, mucus, or aspiration of blood that can produce transpul-
monary pressure gradients as high as 100 cm H2O.

Recognizing pneumothorax is difficult because breath 
sounds are transmitted widely through the chest of the neonate. 
A shift of the heart sounds away from the side of the pneumo-
thorax may provide a clue. Transillumination of the chest with 
a high-intensity light is used in some centers. Almost all neo-
nates with pneumothorax need a chest tube.

Spontaneous

Spontaneous pneumothorax is defined as any pneumothorax 
caused by the escape of air into the pleural space without an 
obvious cause. Spontaneous pneumothoraces are of two types: 
(1) primary spontaneous pneumothorax, in which there is no 
underlying lung disease, and (2) secondary spontaneous pneu-
mothorax, in which lung disease is present.

Primary
Primary spontaneous pneumothorax occurs without underly-
ing lung disease. In a way, this term is a misnomer because 
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be delayed. The soft intravenous catheter can be left in place 
while a more conventional chest tube is inserted.

MINI CLINI
Subcutaneous Emphysema

PROBLEM: A patient with ARDS experiences subcutaneous 
emphysema. How does the clinician determine where the air 
leak is occurring? Is a pneumothorax always present?

SOLUTION: Subcutaneous emphysema occurs when air 
enters the soft tissues. Although physical examination reveals 
subcutaneous bubbles, the patient’s family needs to be reas-
sured that the condition is rarely, if ever, physiologically signifi-
cant. What is important to recognize, however, is that alveolar 
disruption has occurred, most commonly as the result of 
barotrauma.

Barotrauma disrupts alveoli and allows air to enter the 
interstitium of the lung. Rupture of the visceral pleura allows 
air to produce a pneumothorax, or the air can travel along the 
low-resistance tissue planes of the bronchovascular bundles 
and through the hilum of the lung to enter the mediastinum. 
From the mediastinum, air has easy access to the retroperito-
neal space, including the scrotum and the neck. The presence 
of subcutaneous air does not necessarily mean that pneumo-
thorax has occurred, although the risk factors for its develop-
ment are present.

Air under pressure in the pleural space can enter the sub-
cutaneous tissues through the intercostal incision made for 
chest tube placement. Subcutaneous air often is seen on a chest 
radiograph after chest tube placement, but the air rarely spreads 
unless the chest tube is occluded.

In the absence of pneumothorax, there is no way to deter-
mine which lung is causing subcutaneous emphysema. For any 
deterioration in gas exchange, radiographs should be repeated. 
Because air in the mediastinum can displace the mediastinal 
parietal pleura, it can be difficult to tell without chest CT 
whether a small pneumothorax is present. Because patients 
often are too unstable to be moved, a chest tube sometimes is 
placed because the potential benefits are greater than the risks.

Not all patients with radiographic tension have the physio-
logic changes commonly associated with tension pneumotho-
rax. However, almost all pneumothoraces that occur during 
mechanical ventilation enlarge if not drained.

As pressure in the thorax increases and mediastinal shift 
places torsion on the inferior vena cava, venous return to the 
right side of the heart decreases. Cardiac output decreases, and 
hypotension with tachycardia results. Hypoxemia occurs as the 
lung continues to compress because of intrapulmonary shunt-
ing through the collapsed lung.

The respiratory therapist can make the diagnosis of tension 
pneumothorax. Treatment is emergency decompression of the 
chest. This procedure usually is done with an 18-gauge intrave-
nous (e.g., Jelco, Smiths Medical, Dublin, OH) catheter inserted 
just over the second rib on the anterior aspect of the chest in 
the midclavicular line. Catheter placement should elicit a rush 
of air through the catheter, and this sign confirms the diagnosis. 
The blood pressure should recover rapidly, although resolution 
of hypoxemia depends on complete lung reexpansion and can 
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Tension	pneumothorax	is	a	clinical	diagnosis	made	at	
the	bedside	in	more	than	50%	of	cases.	The	clinical	
signs	are	diminished	breath	sounds,	hyperresonance	to	
percussion,	tachycardia,	and	hypotension.

In one case series of 74 patients with tension pneumothorax, 
a clinical diagnosis was made for 45 patients; the associated 
mortality rate was 7%. In the other cases, the diagnosis was 
delayed from the onset of clinical signs by 30 minutes to 8 
hours, resulting in a 31% mortality rate.26

Respiratory therapists are in the perfect position to make a 
timely diagnosis because ventilator alarms give early warnings.

Reexpansion Pulmonary Edema
Reexpansion pulmonary edema occurs in a lung that has been 
rapidly reinflated from low lung volumes, particularly when the 
pneumothorax has been long-standing or when the pressure 
gradient across the lung has become high, as might occur when 
there is endobronchial obstruction from cancer, mucus, or 
blood.

For many years, it was believed that alveolar edema occurs 
because intraalveolar pressure becomes negative and pulls fluid 
from the vasculature. However, the lung fluid has high protein 
content, a finding that suggests blood vessels have been injured 
as well.

One of the proposed mechanisms of vascular injury is a 
phenomenon of reperfusion injury caused by reactive oxygen 
(O2) species. Support for this hypothesis has come from experi-
mental studies that have shown administration of antioxidants 
before reexpansion decreases the amount of reexpansion pul-
monary edema.

Regardless of the cause, lung reexpansion in nonemergency 
situations should proceed slowly and transpulmonary pressure 
should not become excessive. Most physicians who insert a 
chest tube for a large pneumothorax first place it to water seal 
without suction. If the lung is not completely inflated on the 
subsequent chest radiograph, the chest tube is placed to suction. 
Reexpansion pulmonary edema also occurs after drainage of 
pleural effusions. As a rule, thoracentesis should be limited to 
approximately 1000 ml, unless pleural pressures are monitored 
and not allowed to fall below −20 cm H2O.

Diagnosis

The diagnosis of pneumothorax is established with chest radi-
ography or ultrasound. The diagnosis requires a high-quality 
film to visualize a visceral pleural line. In the ICU, as many  
as 30% of cases of pneumothorax may be missed on a chest 
radiograph in retrospect. Impediments to diagnosis include a 
low-quality radiograph or using a computer monitor, supine 
position of the patient, concomitant presence of mediastinal air, 



 Pleural Diseases • CHAPTER 27 565

and should be advised to return if they experience any worsened 
dyspnea or pain.

Patients with secondary spontaneous pneumothorax should 
be admitted to the hospital. During observation, it is impor-
tant to record the respiratory rate and any signs of deterio-
rating respiratory function. A decrease in the patient’s O2 
saturation can be an early warning of pneumothorax enlarge-
ment. Any deterioration indicates that the pneumothorax must 
be drained.

Simple Aspiration
Simple aspiration can be used in the ED when pneumothorax 
is first detected. A small catheter is placed into the pleural space, 
and air is sequentially evacuated with a three-way stopcock 
until no more air can be removed. If more than 4 L of air is 
aspirated and no resistance to further aspiration is felt, a chest 
tube is needed for continuing pleural air leak.

The goal of aspiration is to reexpand the lung. Many patients 
have a pneumothorax from air leak that subsequently heals 
between the time of onset and the time treatment is sought in 
the ED. Patients with primary spontaneous pneumothorax who 
undergo simple aspiration for lung reexpansion and who have 
a stable chest radiograph 4 hours after aspiration can go home 
without hospital admission.

Chest Tubes
Chest thoracostomy tubes (chest tubes) come in a variety of 
sizes, from 7F to 40F, and can be connected to a variety  
of one-way devices (e.g., Heimlich valves) that prevent entry  
of air into the pleural space from the outside environment. 
Regardless of chest tube size and the presence of a Heimlich 
valve or water seal, the effectiveness of chest tube placement for 
pneumothorax resolution depends more on lung surface healing 
than on the device used.

Small Bore. One simple device is a small-bore 7F catheter 
with a one-way valve apparatus (Heimlich valve) that prevents 
air movement back into the chest. Small-bore catheters can be 
placed with a small skin incision followed by either a guidewire 
and dilator technique or a trocar to get through the parietal 
pleura.

All chest tubes used to drain pneumothorax should be 
directed to the apex of the lung. Small-bore catheters can be 
placed in the second intercostal space anteriorly in the midcla-
vicular line or laterally in the chest from the fifth through the 
seventh intercostal space.

It is difficult to determine whether a Heimlich valve has an 
ongoing leak unless it is placed to seal under water. This proce-
dure can be done in the ED by placing the Heimlich valve into 
a cup of water or by placing it in line with a water-seal chamber 
to see whether an air leak is continuing after lung expansion.

Large Bore. Large-bore chest tubes usually are connected to 
a commercial equivalent of a three-bottle system to collect any 
pleural fluid present, determine whether an air leak is ongoing, 
and measure intrapleural pressure (Figure 27-6). Inserting 
large-bore catheters is done with local anesthetic and blunt dis-
section of soft tissue down to the parietal pleura.

and subpulmonic or mediastinal position of the pneumotho-
rax. Diagnosis is enhanced with additional upright radiographs 
or decubitus views.

The size of a pneumothorax is difficult to assess with a chest 
radiograph because a two-dimensional picture is being taken of 
a three-dimensional thorax. Size can be estimated with volume 
equations and can be confirmed with CT if needed.
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The	size	of	a	pneumothorax	on	a	chest	radiograph	can	
be	estimated	with	the	knowledge	that	the	volume	of	
the	lung	and	thorax	is	proportional	to	the	cube	of	their	
diameters.

For example, on a chest radiograph, the chest measures 8 cm 
from the spine to the lateral chest wall. A pneumothorax is 
measured 2 cm from the chest wall.

Volume of the lung cm cm= ≈( )6 2163 3

Volume of the hemithorax cm cm= =( )8 5123 3

Lung size = =216 512 42%

Pneumothorax size ≈ 58%

The equation shows the large volume of lung that a pneumo-
thorax can displace despite a “small” distance from the lung to 
the chest wall. Use of the equation is not as accurate as chest 
CT because many pneumothoraces collapse asymmetrically.

The diagnosis of pneumothorax by ultrasound occurs when 
the normal finding of lung sliding is lost. Ultrasound is not 
capable of judging the size of the pneumothorax because air in 
the pleural space does not transmit sound waves and the lung 
is not seen.

Therapy

Oxygen
O2 should be administered to all patients who have a pneumo-
thorax. Most of the air in a pneumothorax is nitrogen (N) 
because O2 is readily absorbed. If an air leak is continuing, 
supplemental O2 rather than N leaks into the pleural space. 
After an air leak has been stopped, administering O2 decreases 
the blood and tissue partial pressure of N surrounding the 
pleural space. Pneumothorax resolution is normally 1.25% of 
the air per day. O2 speeds recovery by increasing the gradient of 
N from the pleural space to the pleural tissues.

Observation
A 2001 consensus conference recommended observing patients 
in stable condition with primary spontaneous pneumothorax 
and also some patients with small secondary spontaneous 
pneumothorax before recurrence prevention is administered.27 
A small iatrogenic pneumothorax also should be managed with 
observation. Primary spontaneous pneumothorax often is 
observed for 4 hours in the emergency department (ED) before 
discharge to home follow-up care as long as the pneumothorax 
is not found to enlarge on serial chest radiographs. Discharged 
patients should have ready access to emergency care facilities 
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FIGURE 27-6	 The	Pleur-evac	chest	tube	collection	system	collects	fluid	in	compartment	C	so	that	it	will	not	spill	into	the	water-seal	
compartment	(B).	A	patent	chest	tube	should	cause	respiratory	variation	to	be	seen	on	the	scale	adjacent	to	compartment	B,	which	
measures	intrapleural	pressure.	Compartment	B	also	is	the	place	to	see	bubbles	if	an	air	leak	is	present.	The	water	level	in	compartment	
A	controls	intrapleural	pressure	and	should	be	adjusted	daily.	
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Dissection should be wide enough to allow insertion of a 
finger into the pleural space to ensure that no adhesions are 
holding the lung close to the insertion site and to allow unob-
structed entrance of the tube into the pleural space, where it 
can be directed to the position of choice.

Chest tubes are secured with sutures. The insertion distance 
should be recorded and be checked on subsequent days to 
ensure that the chest tube does not migrate outward. Should 
the most proximal hole in the tube emerge from the skin, air 
will enter the tube and it will appear as if the lung is persistently 
leaking.

Another problem of apparent chest tube leak can occur 
when the insertion wound is large enough to allow air entry 
into the pleural space. This usually is accompanied by a sucking 
sound at the entrance, which can be occluded with petroleum 
gauze.

A chest radiograph is routinely obtained, although unless a 
lateral radiograph also is obtained, confirming the precise 
placement of the tube is often difficult. In addition, many chest 
tubes end up in the major fissure, where their function may be 
suboptimal.

Chest tube removal remains a highly variable practice. 
Removal of a chest tube as soon as an air leak visually ceases is 
associated with a 25% rate of recurrence of pneumothorax. The 
recurrence rate is near zero when chest tubes are removed 48 
hours after the air leak no longer is seen in the water-seal 
chamber.28 A common practice of clamping the chest tube, with 
chest radiographs before and after a 4-hour observation period, 
can be accompanied by the return of pneumothorax. If  
symptoms develop during chest tube clamping, the clamp 

should be removed immediately and the presence of air leak 
assessed.

Bronchopleural Fistula

Two terms are used for continuing air leaks from the lung 
through a chest tube. A bronchopleural fistula (BPF) is a large 
air leak that classically was described after surgery in which the 
airway was cut. Because some surgeons insist that BPF be 
reserved for this situation, the term alveolopleural fistula has 
been recently used for large air leaks that come from the lung 
tissue and that do not heal rapidly. Many patients with persis-
tent air leaks are receiving mechanical ventilation, and positive 
airway pressures contribute to perpetuating the pleural air.

Because persistent air leaks can leak large quantities of air, 
more than one chest tube may be used to approximate the lung 
to the chest wall. This maneuver results in tamponade of the 
site of the air leak and allows pleural healing to occur.

Therapy for BPF involves meticulous monitoring of tidal 
volume, airway pressures, and positive end-expiratory pressure 
(PEEP); avoidance of auto-PEEP; and consideration of bron-
choscopic closure or thoracoscopic surgery.29

Pleurodesis

Patients who have had one pneumothorax are more likely than 
the general population to have a second. The recurrence rate is 
greater than 30% among patients with primary spontaneous 
pneumothorax and approximately 40% among patients with 
secondary spontaneous pneumothorax. These high recurrence 
rates indicate that preventing a recurrent pneumothorax should 
be a priority, particularly for patients in whom pneumothorax 
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may be life-threatening. Preventing recurrence involves produc-
tion of adhesions between the parietal and the visceral pleurae 
in the involved area and is termed pleurodesis.

The most noninvasive approaches to pleurodesis involve 
chemical sclerosis of the pleural space through the chest tube 
once the pleural air leak has stopped. The two most common 
preparations used for pleurodesis currently in the United States 
include 500 mg of doxycycline or 5 g of talc mixed into a 50-ml 
syringe of sterile saline solution. The agent is injected through 
the chest tube into the pleural space. Then the chest tube is 
clamped for 2 hours before drainage is allowed.

More invasive methods have included thoracoscopy with 
pleural poudrage (blowing talc onto the pleural surface under 
direct visualization), pleural abrasion through a thoracoscope, 
and thoracotomy with pleurectomy (removing the pleural 
surface to ensure lung adhesion). Recent recommendations are 
for pleurodesis to occur after the first secondary spontaneous 
pneumothorax with thoracoscopic bullae stapling and talc 
poudrage.27

MINI CLINI
Alveolopleural Fistula

PROBLEM: Pneumothorax develops in a patient undergoing 
ventilation for pneumonia. A 20F chest tube is placed and the 
lung fails to reexpand, although a large amount of air is passing 
through the water-seal chamber. The patient’s minute ventila-
tion is 20 L/min to keep gas exchange stable. What is the 
problem?

SOLUTION: The problem is an alveolopleural fistula caused 
by a large hole in the pleura that is difficult to manage. The 
lung surface of patients with underlying emphysema can 
contain large bullae that do not heal readily once ruptured. 
Large pleural holes also can develop in patients with necrotiz-
ing pneumonia and those who have undergone surgery on  
the lung.

The Fanning equation tells us that humidified airflow 
through a chest tube is proportional to the chest tube radius to 
the fifth power. Therefore the chest tube radius is the most 
important determinant of maximal airflow. Airflow through 
large air leaks has been measured as high as 16 L/min, a volume 
impossible to remove through a chest tube smaller than 24F, 
regardless of the amount of pressure applied.

This patient should receive a second, larger chest tube. The 
seal of the chest tube at the skin surface should be inspected to 
ensure that no air is entering the body from the outside. The 
position of both chest tubes should be confirmed either by 
x-ray examination or by hand to ensure the tubes are in the 
pleural space. Once the lung is expanded, the minute ventila-
tion should decrease because effective alveolar ventilation will 
be improved.

Flow through stopcocks and chest tube collection devices is 
governed by the same considerations as chest tube size. The 
manufacturer of the chest tube collection device in your hos-
pital will have the resistance figures necessary to ensure that 
16 L/min of airflow can be accommodated.

MINI CLINI
Measuring a Pleural Air Leak

PROBLEM: Pneumothorax develops in a patient with ARDS, 
and a chest tube is placed to reexpand the lung. Before the 
pneumothorax developed, the patient was ventilated easily at a 
rate of 16 breaths/min, which delivered a tidal volume (VT) of 
500 ml, and was exhaling 450 ml (a small difference caused by 
endotracheal cuff leak and tubing compliance). Since the pneu-
mothorax developed, the patient needs a rate of 30 breaths at 
the same VT to keep the PaCO2 level the same. Exhaled VT is 
300 ml. What is the approximate size of this patient’s air leak? 
What ventilation options are appropriate?

SOLUTION: Although research laboratories can measure 
airflow through a chest tube precisely with a pneumotachom-
eter, clinical care can be provided by estimating the pleural  
air leak.

The following simple calculations suggest that the excess 
difference in returned VT (450 to 300 ml or 150 ml) is due to 
air passing through the BPF:

One other problem is that large amounts of carbon dioxide 
(CO2) (up to 20%) may be removed through the chest tube.30 
Removal of CO2 is beneficial because it allows lower VT and 
respiratory rates for any given PCO2. However, as the BPF 
closes, CO2 will no longer be eliminated through the chest tube 
but only through the endotracheal tube, necessitating higher 
minute ventilation to maintain CO2 clearance. This need for 
higher minute ventilation might falsely suggest that ARDS is 
worsening, when in reality the BPF is closing.

Nevertheless, when the air leak is measured with every ven-
tilatory change, the mode of ventilation that minimizes air leak 
is the one most likely to allow pleural healing. Breath-by-breath 
analysis shows the difference between delivered VT and exhaled 
VT and approximates the volume of the pleural leak.

PEEP can be a major cause of large air leaks and should be 
turned off unless necessary for maintaining PO2. Because there 
is no such thing as a true plateau pressure when air is exiting 
a BPF, VT should be adjusted to produce the lowest peak airway 
pressure that can sustain ventilation and oxygenation. Position 
the patient so that the lung with the air leak is down (i.e., in 
the bed).31

Auto-PEEP can be impossible to measure if the fistula is 
large and decompressing the airways. Therefore, long expira-
tory times are preferred. Trials of pressure-controlled and high-
frequency jet ventilation are appropriate. In a practical sense, 
these adjustments are the same ones made to prevent baro-
trauma in the first place and are limited by the severity of lung 
injury, which requires more support than would optimally 
close the air leak.

30 150 4 5breaths ml differential L of pleural ventilatiomin ( .= nn)

Because the diseases that produce pneumothorax often 
involve both lungs, patients may experience sequential events 
in opposite lungs. In this situation, median sternotomy with 
bilateral abrasion or pleurectomy can be performed, particu-
larly for patients at considerable risk for developing a pneumo-
thorax, such as divers and aviators.
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ROLE OF THE RESPIRATORY 
THERAPIST IN PLEURAL DISEASES

The respiratory therapist (RT) may play an important role in 
both the diagnosis and management of pleural disease. Diag-
nostically, the therapist’s careful palpation and auscultation of 
the chest may show the dullness and decreased breath sounds 
that may prompt suspicion of a pleural effusion and lead the 
physician to order the imaging studies to confirm the presence 
of a pleural effusion. The RT who is managing the ventilator is 
often in the earliest position to appreciate a pneumothorax 
because the patient’s ventilatory function would change when 
a pneumothorax develops. Furthermore, the RT may be called 
on to assist in performing a thoracentesis or placing a chest 
tube. Therapeutically, the RT may be called on to assist in 
setting up the fluid collection chamber after the chest tube is 
placed or in performing a talc pleurodesis. This broad spectrum 
of potential roles for the RT makes knowledge of the diagnosis 
and management of pleural disease essential for the capable RT.

MINI CLINI
Management of a Bronchopleural 
Fistula

PROBLEM: A 40-year-old trauma patient with ARDS cannot 
be ventilated because of a large (16 L/min) BPF located entirely 
in the left lung. If surgery is not possible, what ventilatory 
options would be appropriate?

SOLUTION: Two ventilatory interventions have been at-
tempted for large BPFs. The first is placement of a double-
lumen endotracheal tube, which can carry most ventilation and 
PEEP on the right lung while underventilating the lung with 
the fistula to aid in its closure.32 Long-term double-lumen ven-
tilation is difficult because of tenuous tube position, the need 
for continuous paralysis, difficulty with secretion clearance, 
and high airway resistance through the small endotracheal tube 
lumens.

The second intervention is applying positive pressure to the 
chest tube. This back pressure increases resistance across the 
BPF and allows the remainder of the lung to better ventilate. 
One simple way to add chest tube resistance is to connect a 
PEEP valve to the expiratory port of the water-seal chamber.33 
PEEP usually is placed at the same level as the ventilator PEEP. 
Inspiratory pressures exceed PEEP, and air flows through the 
chest tube. However, as expiratory pressures equilibrate, PEEP 
can be held within the lung, allowing the beneficial effects on 
oxygenation.

Pressurizing the chest tube entails synchronous closure of 
the chest tube during inspiration34 and requires specialized 
equipment that must be set up under controlled conditions. 
When used in combination with an in-line PEEP valve, BPF 
flow can be slowed during both inspiration and expiration.

These techniques usually increase the volume of intrapleu-
ral air. The net effect on oxygenation requires careful bedside 
observation because hypoxemia can worsen with any degree of 
lung collapse. Tension pneumothorax can occur so the patient 
must be monitored closely.

SUMMARY CHECKLIST

◗	Pleural	effusions	form	when	excess	pleural	fluid	is	
produced	by	the	lung	or	chest	wall	in	sufficient	quantities	
to	overcome	the	resorptive	capacity	of	the	pleural	
lymphatic	vessels.

◗	Pleural	fluid	analysis	is	the	key	to	understanding	the	
specific	cause	of	any	pleural	effusion.

◗	Transudates	have	a	pleural	fluid	total	protein	level	less	
than	0.5	and	an	LDH	level	less	than	0.6	of	the	respective	
serum	values.	Common	causes	of	a	transudative	effusion	
include	CHF,	nephrosis,	and	cirrhosis.

◗	Pleural	fluid	drainage	returns	approximately	one-third	of	
the	lung	volume	as	measured	by	FVC.	The	other	two-
thirds	of	fluid	drainage	allow	the	diaphragm	to	rise	and	the	
chest	wall	to	normalize.

◗	Pneumothorax	size	is	underestimated	with	a	one-
dimensional	view	of	the	chest.	Measurement	accuracy	
requires	a	three-dimensional	perspective.

◗	The	risk	factors	for	pneumothorax	and	
pneumomediastinum	are	the	same.	Air	ruptures	a	pleural	
membrane	in	pneumothorax,	and	air	passes	through	the	
lung	hilum	in	pneumomediastinum.

◗	O2	therapy	speeds	resolution	of	all	pneumothoraces	by	
improving	N	absorption.

◗	Chest	tube	flow	depends	on	tube	size,	stopcock	size,	and	
collection	system	resistance.

◗	Breath-by-breath	measurement	of	an	air	leak	can	be	
approximated	by	the	difference	between	inspired	and	
expired	volumes	(in	the	absence	of	endotracheal	cuff	
leaks).

◗	The	mode	of	ventilation	that	produces	the	least	fistula	
airflow	is	the	most	likely	to	produce	healing.

◗	Methods	to	decrease	BPF	airflow	include	lowering	tidal 
volume,	lowering	respiratory	rate,	lowering	PEEP,	and	
avoiding	auto-PEEP.	In	more	severe	cases,	positioning	the	
affected	lung	down,	double-lumen	tube	ventilation,	adding	
PEEP	valves	to	the	chest	tube,	inspiratory	chest	tube	
occlusion,	or	thoracic	surgery	should	be	considered.



 Pleural Diseases • CHAPTER 27 569

23. Bense L, Lewander R, Eklund G, et al: Nonsmoking, non-alpha 1-antitrypsin 
deficiency-induced emphysema in nonsmokers with healed spontaneous 
pneumothorax, identified by computed tomography of the lungs. Chest 
103:433–438, 1993.

24. Bense L, Eklund G, Wiman LG: Smoking and the increased risk of contract-
ing spontaneous pneumothorax. Chest 92:1009–1012, 1987.

25. Light RW, O’Hara VS, Moritz TE, et al: Intrapleural tetracycline for the 
prevention of recurrent spontaneous pneumothorax: results of a Depart-
ment of Veterans Affairs cooperative study. JAMA 264:2224–2230, 1990.

26. Steier M, Ching N, Roberts EB, et al: Pneumothorax complicating continu-
ous ventilatory support. J Thorac Cardiovasc Surg 67:17–23, 1979.

27. Baumann MH, Strange C, Heffner JE, et al: Management of spontaneous 
pneumothorax: an American College of Chest Physicians Delphi consensus 
statement. Chest 119:590–602, 2001.

28. Sharma TN, Agnihotri SP, Jain NK, et al: Intercostal tube thoracostomy in 
pneumothorax. Indian J Chest Dis Allied Sci 30:32–35, 1988.

29. Baumann MH, Sahn SA: Medical management and therapy of broncho-
pleural fistulas in the mechanically ventilated patient. Chest 97:721–738, 
1990.

30. Bishop MJ, Benson MS, Pierson DJ: Carbon dioxide excretion via broncho-
pleural fistulas in adult respiratory distress syndrome. Chest 91:400–402, 
1987.

31. Lau KY: Postural management of bronchopleural fistula. Chest 94:1122, 
1988.

32. Dodds CP, Hillman KM: Management of massive air leak with asynchro-
nous independent lung ventilation. Intensive Care Med 8:287–290, 1982.

33. Weksler N, Ovadia L: The challenge of bilateral bronchopleural fistula. 
Chest 95:938–939, 1989.

34. Gallagher TJ, Smith RA, Kirby RR, et al: Intermittent inspiratory chest tube 
occlusion to limit bronchopleural cutaneous airleaks. Crit Care Med 4:328–
382, 1976.

8. Lieberman FL, Hidemura R, Peters RL, et al: Pathogenesis and treatment 
of hydrothorax complicating cirrhosis with ascites. Ann Intern Med 64:341–
351, 1966.

9. Lieberman FL, Hidemura R, Peters RL, et al: Parapneumonic effusions. Am 
J Med 69:507–511, 1980.

10. Colice GL, Curtis A, Deslauriers J, et al: Medical and surgical treatment of 
parapneumonic effusions: an evidence-based guideline. Chest 118:1158–
1171, 2000.

11. Razazi K, Thille AW, Carteaux G, et al: Effects of pleural effusion drainage 
on oxygenation, respiratory mechanics, and hemodynamics in mechani-
cally ventilated patients. Ann Am Thorac Soc 11:1018–1024, 2014.

12. Berger HW, Mejia E: Tuberculous pleurisy. Chest 63:88–92, 1973.
13. Light RW, George RB: Incidence and significance of pleural effusion after 

abdominal surgery. Chest 69:621–625, 1976.
14. Sahn SA: State of the art: the pleura. Am Rev Respir Dis 138:184–234, 

1988.
15. Seriff NS, Cohen ML, Samuel P, et al: Chylothorax: diagnosis by lipoprotein 

electrophoresis of serum and pleural fluid. Thorax 32:98–100, 1977.
16. Strange C: Hemothorax. Semin Respir Crit Care Med 16:324, 1995.
17. Collins TR, Sahn SA: Thoracocentesis: clinical value, complications, techni-

cal problems, and patient experience. Chest 91:817–822, 1987.
18. Walker-Renard PB, Vaughan LM, Sahn SA: Chemical pleurodesis for malig-

nant pleural effusions. Ann Intern Med 120:56–64, 1994.
19. Kennedy L, Sahn SA: Talc pleurodesis for the treatment of pneumothorax 

and pleural effusion. Chest 106:1215–1222, 1994.
20. Sudduth CD, Sahn SA: Pleurodesis for nonmalignant pleural effusions: 

recommandations. Chest 102:1855–1860, 1992.
21. Bhatnagar R, Maskell NA: Indwelling pleural catheters. Respiration 88:74–

85, 2014.
22. Chernick V, Reed MH: Pneumothorax and chylothorax in the neonatal 

period. J Pediatr 76:624–632, 1970.



570

C H A P T E R   28 

Pulmonary Vascular Disease

ADRIANO R. TONELLI AND RAED A. DWEIK

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 State	how	many	patients	develop	venous	thromboembolism	each	year.
◆	 Describe	how	and	where	thromboemboli	originate.
◆	 Describe	how	pulmonary	emboli	alter	lung	and	cardiac	function.
◆	 Identify	the	clinical	features	and	electrocardiographic,	chest	radiograph,	and	arterial	blood	gas	findings	

associated	with	pulmonary	embolism.
◆	 Describe	how	pulmonary	embolism	is	diagnosed	and	managed.
◆	 Describe	the	hemodynamic	findings	associated	with	pulmonary	hypertension.
◆	 Describe	the	possible	mechanisms	believed	to	be	responsible	for	pulmonary	arterial	hypertension	(PAH).
◆	 State	who	is	at	risk	for	the	development	of	PAH.
◆	 Identify	the	clinical	features	associated	with	PAH.
◆	 Describe	the	treatment	used	to	care	for	patients	with	PAH.
◆	 Describe	the	pathogenesis	and	management	of	PH	associated	with	chronic	obstructive	pulmonary	disease.

CHAPTER OUTLINE

Venous Thromboembolic Disease
Pathogenesis
Pathology
Pathophysiology
Clinical	Features
Diagnostic	Modalities
Treatment
Prognosis

Pulmonary Hypertension
Pathogenesis
Epidemiology	and	Clinical	Findings
Diagnosis
Management
Pulmonary	Hypertension	in	Chronic	Lung	Disease

Role of the Respiratory Therapist in Pulmonary 
Vascular Disease

KEY TERMS

deep	venous	thrombosis
pulmonary	embolism

pulmonary	arterial	hypertension
pulmonary	hypertension

venous	thromboembolism

T he vessels of the lung can be affected by many condi-
tions, including clots and narrowing of the pulmonary 
arteries, conditions referred as pulmonary embolism 

(PE) and pulmonary hypertension (PH). PE occurs when a 
fragment of the thrombus in the venous system travels to the 
lung and pulmonary circulation. The thrombus usually origi-
nates in the deep veins of the lower extremities and therefore is 
called deep venous thrombosis (DVT). DVT and PE are 
grouped in the category named venous thromboembolism (VTE). 
Pulmonary hypertension is a term that defines an increase in the 

pressure in the pulmonary arteries that could result from a large 
number of conditions that affect the lung vessels, lung paren-
chyma, and/or the heart.

This chapter reviews disorders associated with the pulmo-
nary vasculature. It predominantly focuses on venous throm-
boembolic disease and pulmonary arterial hypertension 
(PAH). PAH is a particular subgroup of patients with PH who 
have progressive narrowing of the pulmonary arteries that, if 
left untreated, leads to right heart failure (cor pulmonale) and 
death.1
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stasis, the presence of hypercoagulable states, and vessel wall 
abnormalities (factors known as the Virchow triad). Causes of 
blood stagnation include local pressure, venous obstruction, 
immobilization, congestive heart failure, shock and dehydra-
tion, varicose veins, and enlargement of the right heart cham-
bers. Several conditions increase the intravascular coagulability 
of the blood and predispose to VTE disease12 (Box 28-1). The 
most frequent causes of an inherited hypercoagulable state are 
the factor V Leiden mutation and prothrombin gene mutation, 
which together account for 50% to 60 % of cases.13 Meanwhile, 
the major acquired conditions associated with an hypercoagu-
lable state are recent major surgery, trauma, immobilization, 
antiphospholipid antibodies, malignancy, myeloproliferative 
disorders, pregnancy, and use of oral contraceptives.14 Vessel 
wall abnormalities are found most often in patients who have 
sustained trauma or have undergone major surgery.

In general, more than one risk factor is responsible for VTE.15 
In the postoperative period, diminished blood flow favors the 
deposition of platelets and fibrin in the venous valve cups. 
Associated trauma and toxins can worsen endothelial damage 
and promote the release of mediators that encourage further 
adhesion, aggregation, and degranulation of platelets, which 
results in activation of the coagulation cascade and clot 
production.

TABLE 28-1 

Frequency of Venous Thrombosis in Various 
Hospitalized Patient Groups

Group Frequency (%)

Orthopedic	(e.g.,	fractured	hip) 54-67
Urologic	(e.g.,	prostatectomy) 25
Surgical	patients	older	than	40	yr 28
Gynecologic	surgery 18
Cardiovascular	surgery	(e.g.,	acute	myocardial	

infarction)
39

Obstetrics 3

From	Arroliga	AC,	Matthay	MA,	Matthay	RA:	Pulmonary	thromboembolism	
and	other	pulmonary	vascular	diseases.	In	George	RB,	editor:	Chest	
medicine:	essentials	of	pulmonary	and	critical	care	medicine,	ed	3,	
Baltimore,	1995,	Williams	&	Wilkins.

 Box 28-1 Conditions Predisposing to 
Venous Thrombosis and 
Pulmonary Thromboembolism

•	 Advanced	age
•	 Postoperative	status
•	 Previous	venous	thrombosis
•	 Trauma
•	 Oral	contraceptive	use
•	 Pregnancy
•	 Prolonged	bed	rest
•	 Long	periods	of	travel
•	 Diagnosis	of	cancer
•	 Obesity
•	 Cerebrovascular	accidents
•	 Thrombocytosis
•	 Erythrocytosis
•	 Hyperhomocysteinemia
•	 Mutation	in	gene	coding	for	factor	V	(factor	V	Leiden)
•	 Mutation	of	prothrombin	gene
•	 Antiphospholipid	antibody
•	 Antithrombin	deficiency
•	 Proteins	C	and	S	deficiency
•	 Abnormalities	of	fibrinogen
•	 Deficiency	of	plasminogen
•	 Sickle	cell	anemia
•	 Myeloproliferative	disorder
•	 Paroxysmal	nocturnal	hemoglobinuria
•	 Heparin-induced	thrombocytopenia

Modified	from	Arroliga	AC,	Matthay	MA,	Matthay	RA:	Pulmonary	
thromboembolism	and	other	pulmonary	vascular	diseases.	In	George	
RB,	editor:	Chest	medicine:	essentials	of	pulmonary	and	critical	care	
medicine,	ed	3,	Baltimore,	1995,	Williams	&	Wilkins.

VENOUS THROMBOEMBOLIC 
DISEASE

Venous thromboembolism (VTE) is a major national health 
problem with an estimated prevalence of 117 cases per 100,000 
persons (i.e., DVT at 48 cases per 100,000 and PE at 69 cases 
per 100,000) and an incidence of 200,000 to 300,000 new cases 
per year in the United States.2 VTE is treatable but requires 
prompt diagnosis and treatment to avert serious consequences, 
because one-third of deaths from PE occur within 1 hour of the 
onset of symptoms. In more than 70% of patients who die of 
PE, the diagnosis is not suspected.3 In fact, the frequency of 
recognizable emboli in routine autopsies of adult patients varies 
from 1.5% to almost 30%.4-6 In a population-based study of PE 
as a cause of death in New Mexico, only 34% of 812 docu-
mented cases of PE were diagnosed before death.5 Similarly, 
another study7 showed that only 28% of cases of massive or 
submassive PE were diagnosed before death, a finding that 
emphasizes the high rate of underrecognition of this disease.

Patients with undiagnosed PE have a higher mortality rate 
(approximately 30%8) compared to those in whom the condi-
tion was recognized and treated (mortality rate <8% with gen-
erally favorable long-term outcome).9 A high index of suspicion 
to detect the disease is essential, particularly in patients at risk 
for VTE, such as those with multiple injuries, immobilization, 
bed rest, or intravascular catheters and the elderly (Table 28-1). 
Because clinical findings of VTE are frequently misleading,10 
objective tests are needed to confirm or exclude the diagnosis.

Pathogenesis

PE is a frequent complication of DVT11; however, the actual 
source of PE is found in only half of patients7. PE usually arises 
from detached portions of venous thrombi that form in deep 
veins of the lower extremities or pelvis (86%). A small percent-
age of PE arises from the right-sided heart cavities (3.15%) or 
from the superior vena cava (3%).7

Venous thrombosis can be due to heritable and/or acquired 
conditions, and in more than 80%, a risk factor can be identi-
fied. Conditions that favor thrombus formation include blood 
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falls. In patients with elevated right heart pressures, an intracar-
diac right-to-left shunt may develop through a patent foramen 
ovale (present in one-third of the population).16,17 Moreover, 
the depletion of pulmonary surfactant as a result of embolic 
occlusion can lead to atelectasis and intrapulmonary shunt, 
which also cause hypoxemia.16

The main consequence of PE is the increased resistance to 
blood flow caused by obstruction of the pulmonary arterial bed. 
The hemodynamic impact is determined by the extent of the 
pulmonary circulation involved (cross-sectional area), the 
underlying cardiopulmonary reserve, and the neurohumoral 
response to the embolism. PH occurs when approximately 50% 
or more of the pulmonary vascular bed has been occluded16,17 
and is made worse by pulmonary vasoconstriction resulting 
from hypoxemia and the release of vasoactive mediators such 
as serotonin and thromboxane A2.

19,20 When PH occurs, the 
right ventricle must work harder to maintain the same flow 
given the higher pressure. This added strain results in dilation 
and dysfunction of the right ventricle. When the mean pulmo-
nary arterial pressure increases to greater than 40 mm Hg 
during an acute first PE, the right ventricle fails and hemody-
namic collapse and death occur.21 Therefore a massive PE 
should be suspected any time there is unexplained hypotension 
accompanied by an elevated central venous pressure (jugular 
vein distention).22 Death from massive PE is the result of car-
diovascular collapse rather than of respiratory failure. Even 
massive emboli are likely to resolve within weeks, particularly 
in young individuals. Although the usual course of PE is to 
resolve rapidly (because the body dissolves the embolism with 
endogenous fibrinolytic agents), permanent residual emboli do 
occur.23 Overall, fewer than 10% of patients have lung perfusion 
defects after 6 weeks and approximately 4% of patients with 
acute PE may develop long-standing PH.

Clinical Features

A high index of suspicion for VTE is crucial to make the diag-
nosis. Unfortunately, no specific signs or symptoms indicate the 
presence of VTE and a significant proportion of patients are 
asymptomatic (32%).3,24 The physical findings of DVT in the 
lower extremities include erythema and warm skin in one-third 
of patients and swelling and tenderness in three-fourths of 
patients. In addition to the lack of sensitivity, the physical exam-
ination is not specific for diagnosing DVT. For instance, patients 
who have swelling above and below the knee, fever, and a history 
of immobility and cancer, the likelihood of finding DVT on a 
venogram is only 42%.25

The most frequent symptoms in patients with PE are 
dyspnea, followed by pleuritic chest pain (sharp pain predomi-
nantly during inhalation) and cough (Table 28-2).26 The onset 
of dyspnea is usually rapid, within seconds (46%) or minutes 
(26%) of the PE.26 Hemoptysis occurs in 13% to 20% of patients. 
The combination of dyspnea of sudden onset, fainting, and 
acute chest pain should raise suspicion of PE. In one study, this 
combination of symptoms was present in 96% of patients with 
confirmed PE compared with 59% of patients in whom PE was 
suspected but not confirmed.27 In some patients, dyspnea lasts 

Pathology

PE is more frequently observed in the lower lobes and more 
commonly in the right rather than in the left lung, a phenom-
enon related to the pulmonary flow distribution that tends to 
favor the right side and the lower lobes.4 Embolism to the pul-
monary arteries produces pulmonary hemorrhage in the poorly 
perfused or infarcted lung in fewer than 10% of cases. Infarction 
secondary to thromboembolism is less common in the lung 
than in other tissues because the lung has two blood supplies, 
namely the pulmonary arterial and the bronchial circulations. 
At a capillary level, extensive connections exist between the 
pulmonary and bronchial circulations that prevent serious 
damage to lung tissue that is deprived of its pulmonary artery 
supply.4 Cardiovascular diseases may affect bronchial circula-
tion, which may lead to lung tissue necrosis when emboli occur. 
Pulmonary infarction is associated with thromboembolic 
obstruction of a medium-sized pulmonary artery and generally 
occurs at the lung bases, where it usually manifests as a wedge-
shaped opacity on chest images. Microscopic examination of 
the lung in pulmonary infarction shows necrosis of alveolar 
walls, alveoli filled with red blood cells, and a mild inflamma-
tory response in the periphery.4

	

RULE OF THUMB

PE	is	a	complication	of	venous	thrombosis.	Patients	
with	clots	in	the	proximal	venous	system	of	the	lower	
extremities	and	in	the	upper	extremities	are	at	high	risk	
for	developing	PE.

Pathophysiology

The sudden obstruction of a pulmonary arterial branch causes 
a decrease or total cessation of blood flow to the distal area of 
the lung. This interruption of blood flow can cause respiratory 
and hemodynamic alterations.16 The obstruction of the pul-
monary artery by a clot increases the alveolar dead space (in 
which areas of the lung parenchyma are ventilated but not 
perfused), causes bronchoconstriction, and decreases the pro-
duction of alveolar surfactant. As a compensatory mechanism, 
the body increases the total ventilation ( �V), which in turn con-
tributes to the sensation of dyspnea that accompanies PE and 
results in hypocapnia. Further ventilation/perfusion ( � �V/Q) 
mismatching may be caused by bronchoconstriction from 
hypocapnia, regional hypoxia, and the production of serotonin 
and histamine.17

Not all patients with PE have significant arterial hypoxemia, 
but the presence of a widened alveolar-arterial oxygen tension 
gradient and reduced arterial O2 tension (PaO2) are common.18 
Hypoxemia develops because of � �V/Q mismatch, intrapulmo-
nary shunt, and in some cases shock. Shock is caused by a large 
obstruction of the pulmonary vasculature or by numerous 
small emboli in the presence of cardiopulmonary disease. In 
this case, cardiac output decreases, peripheral O2 extraction 
increases and the O2 saturation of the venous blood markedly 
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have infarction or atelectasis. Other less common findings 
include the Westermark sign, in which there is pulmonary 
hyperlucency caused by a marked reduction in blood flow and 
the Hampton hump, a pleural-based opacity in the costophrenic 
angle that represents alveolar hemorrhage from a pulmonary 
infarction. These signs may be present in only 25% to 30% of 
patients with PE.27,29,30

Electrocardiogram
The electrocardiogram (ECG) is helpful to rule out other diag-
noses, such as acute myocardial infarction and pericarditis. The 
ECG is frequently abnormal in patients with PE (87% of the 
time), but the ECG abnormalities are nonspecific in most cases 
(70% to 75%); tachycardia and ST-segment depression are most 
common.27 Abnormalities such as depression of the ST segment 
and T-wave inversion in V1 and V2 may be present. An S1Q3T3 
pattern (S wave in lead DI and Q wave with negative T wave in 
DIII) is associated with massive PE and is present in 19% of such 
patients.25

Arterial Blood Gases
Most patients with acute PE have hypoxemia and hypocapnia,27 
but many patients (15% to 25%) have a Pao2 greater than 
80 mm Hg.18 Although a widened alveolar-arterial O2 gradient 
is frequently present, a normal alveolar-arterial O2 gradient may 
occur in approximately 20% of patients with angiographically 
documented PE.18,27 Thus the ABGs can never establish the 
diagnosis of PE.

In intubated patients or those with chronic obstructive lung 
disease (COPD), a decrease in PaO2 and an increase in PaCO2 
can accompany PE and should prompt suspicion. Massive PE 
with hypotension and respiratory collapse can result in hyper-
capnia and respiratory acidosis. Overall, the value of arterial 
blood gas (ABG) values in PE is to document hypoxemia, direct 
O2 supplementation, or demonstrate hypercapnia in patients 
with limited cardiopulmonary reserve.

Diagnostic Modalities

The diagnosis of VTE disease relies on the diagnosis of DVT or 
PE. Importantly, the absence of one condition does not exclude 
the other.

By-Products of Thrombin and Plasmin
Clot formation is always associated with thrombin generation. 
Measurement of cross-linked fibrin split products (D-dimers) 
has been found sensitive for the diagnosis of acute VTE. D-dimer 
results have been particularly useful in the emergency depart-
ment and outpatient area for the evaluation of patients with 
suspected DVT31 and PE.32 The D-dimer test has good sensitiv-
ity and negative predictive value but poor specificity and posi-
tive predictive value. The specificity of the test is only 39%, but 
a value less than the recommended cutoff for current quantita-
tive enzyme-linked immunosorbent assay (ELISA) has been 
shown to rule out VTM in 98% of patients.31-33 The negative 
predictive value of a negative D-dimer result with low pretest 
probability for DVT or PE is greater than 99%.32,33

only a few minutes, and this episode may be wrongly dismissed 
as being trivial.16,18,27,28 There are no characteristic physical find-
ings of PE. The most frequent physical findings include tachy-
pnea, rales on chest examination, and tachycardia. These signs, 
like dyspnea, may be short-lived. Other common physical find-
ings include an accentuated pulmonary component of the 
second heart sound (loud P2) consistent with PH. Fever may be 
present in as many as 54% of patients.18,27,28 Similar to what 
occurs in the diagnosis of DVT, fewer than 35% of patients in 
whom PE is clinically suspected actually have it.3

Because the clinical features lack specificity and treatment is 
anticoagulation (which carries risk for bleeding over time), con-
firming or excluding the diagnosis with appropriate testing is 
necessary, rather than committing the patients to long-term 
anticoagulation on the basis of clinical suspicion alone. At the 
same time, unless there is a contraindication (e.g., recent bleed-
ing, head trauma, etc.), anticoagulation is begun when the diag-
nosis of PE is first suspected and continued until it is ruled out 
by tests. The rationale for this approach is based on the high 
mortality rate soon after the occurrence of PE.

Chest Radiograph
The chest radiograph cannot confirm or exclude the presence 
of PE but is helpful to rule out other potentially life-threatening 
conditions, such as pneumothorax or pneumonia, which can 
manifest in a similar way. In patients with dyspnea, a normal 
chest radiograph may be a clue to the presence of PE; however, 
the plain chest radiograph is abnormal in more than 80%  
of the patients who present with dyspnea.29 Some of the 
abnormalities include enlargement of the right descending pul-
monary artery (66%), elevation of the diaphragm (61%), car-
diomegaly (55%), and a small pleural effusion (50%). Patchy 
radiographic opacities or round nodular lesions predominantly 
appearing next to the pleural surface are present in patients who 

TABLE 28-2 

Clinical Characteristics in Patients With Pulmonary 
Embolism and No Cardiopulmonary Disease

Symptoms Frequency (%)

Dyspnea	at	rest	or	with	exercise 73
Pleuritic	pain 44
Calf	or	thigh	pain 44
Cough 34
Orthopnea 28
Wheezing 21

Signs Frequency (%)

Tachypnea 54
Tachycardia 24
Rales 18
Decrease	breath	sounds 17
Loud	P2 15
Jugular	venous	distension 14

From	Stein	PD,	Beemath	A,	Matta	F,	et	al.	Clinical	characteristics	of	patients	
with	acute	pulmonary	embolism:	data	from	PIOPED	II.	Am	J	Med	120:871–
879,	2007.



574 SECTION IV • Review of Cardiopulmonary Disease

noninvasive, portable, and accurate and is the modality of 
choice for the diagnosing DVT. Compression ultrasonography 
combines B-mode scanning with a tightly focused pulse Doppler 
beam directed at the vessels of interest. DVT is diagnosed with 
the findings of venous noncompressibility, an echogenic filling 
defect, absence of Doppler flow, free-floating thrombus in the 
vein, and venous distention.38 The most reliable sign of DVT is 
lack of compressibility of the vein, although a free-floating 
thrombus has the highest embolic potential (Figure 28-1). The 
sensitivity and specificity of compression ultrasound in symp-
tomatic patients vary between 95% and 100% for detecting a 
proximal lower-extremity thrombus.38,39

Testing for Pulmonary Embolism
Noninvasive tests for the diagnosis of PE include the � �V/Q scan 
and computed tomography angiography (CTA) scan of the 
chest. Either of these tests, depending on the resources available, 
may be the initial diagnostic examination if the presence of 
acute PE is clinically suspected.40 Echocardiography can suggest 
the diagnosis (right ventricle dilation, dysfunction, or throm-
bus) and can provide prognostic information.41 In certain cases 
when these noninvasive tests are nondiagnostic, pulmonary 
angiography may be needed to confirm or exclude the diagnosis 
of PE.
� �V/Q scanning involves the inhalation of a radiolabeled 

gas (usually xenon-133 or technetium-99 m) and the intra-
venous injection of macroaggregated albumin tagged with a 
gamma-emitting radioisotope (99mTc-labeled macroaggregated 
albumin). The distribution of lung ventilation ( �V) and lung 
perfusion ( �Q) is studied, and areas of mismatch in which �Q is 
less than �V are sought. The presence of mismatches most often 
indicates embolic occlusion of the blood vessel, although other 

Although there are several laboratory methods to measure 
D-dimer levels, tests using ELISAs are the most widely used and 
best-performing among the D-dimer assays regarding the sen-
sitivity and negative likelihood ratio. For excluding PE or DVT, 
a negative result on quantitative rapid ELISA is as diagnostically 
useful as a normal lung scan or negative duplex ultrasonogra-
phy finding. The D-dimer ELISA can be used to exclude PE in 
outpatients with a low to moderate suspicion without the need 
for further costly testing. In-patients, however, should undergo 
an imaging study as the initial test for PE because most will 
already have elevated D-dimer levels as a result of comorbid 
conditions.32

Testing for Lower-Extremity Deep Venous 
Thromboembolism
To evaluate the clinical pretest probability of DVT, the Wells 
score is frequently used. This score is calculated using the fol-
lowing clinical parameters: presence of cancer, immobilization, 
localized tenderness, swelling, edema, previous DVT, collateral 
superficial veins, and absence of an alternative diagnosis.34 In 
cases in which there is a moderate to high pretest probability, 
several modalities could be used for diagnosing DVT, such as 
compression ultrasonography (most commonly used), imped-
ance plethysmography (a noninvasive method that measures 
venous outflow by changes in impedance, which in turn esti-
mates blood volume after rapid deflation of a cuff), and venog-
raphy (involves the injection of contrast dye into a foot vein to 
allow venous visualization by x-rays). In patients with low 
pretest probability of DVT and a negative D-dimer, further 
testing may not be necessary.31,35-37

Compression ultrasonography has proved to be sensitive and 
specific for diagnosing symptomatic proximal DVT. This test is 

FIGURE 28-1	 Deep	vein	thrombosis	diagnosed	by	ultrasonography.	A,	An	intraluminal	thrombus	is	visible	in	the	right	common	femoral	
vein	(arrow).	B	Incomplete	collapse	of	the	femoral	vein	secondary	to	the	presence	of	a	clot.	A,	Femoral	artey;	V,	femoral	vein.	

A AV V

4.0 4.0W/COMPA B
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TABLE 28-3 

Revised Prospective Investigation of Pulmonary Embolism Diagnosis Ventilation/Perfusion Scan 
Interpretation Criteria

High	probability Two	or	more	large	(>75%	of	a	segment)	segmental	 �Q	defects	without	corresponding	 �V	or	abnormalities	on	chest	
radiograph

One	large	segment	 �Q	defect	and	two	or	more	moderate	(25%-75%	of	a	segment)	segmental	 �Q	defects	without	
corresponding	 �V	or	abnormalities	on	chest	radiograph

Four	or	more	moderate	segmental	 �Q	defects	without	corresponding	 �V	or	abnormalities	on	chest	radiograph
Intermediate	probability One	moderate	or	up	to	two	large	segmental	 �Q	defects	without	corresponding	 �V	defect	or	abnormalities	on	chest	

radiograph
Corresponding	 � �V/Q	defects	and	parenchymal	opacity	in	lower	lung	zone	on	chest	radiograph
Corresponding	 � �V/Q	defects	and	small	pleural	effusion
Single	moderate	matched	 � �V/Q	defects	with	normal	findings	on	chest	radiograph
Findings	difficult	to	categorize	as	normal,	low,	or	high	probability

Low	probability Multiple	matched	 � �V/Q	defects,	regardless	of	size,	with	normal	findings	on	chest	radiograph
Corresponding	 � �V/Q	defects	and	parenchymal	opacity	in	upper	or	middle	lung	zone	on	chest	radiograph
Corresponding	 � �V/Q	defects	and	large	pleural	effusion
Any	 �Q	defects	with	substantially	larger	abnormality	on	chest	radiograph
Defects	surrounded	by	normally	perfused	lung	(stripe	sign)
Single	of	multiple	small	(<25%	of	a	segment)	segmental	 �Q	defects	with	a	normal	chest	radiograph
Nonsegmental	 �Q	defects	(cardiomegaly,	aortic	impression,	enlarged	hila)

Normal No	 �Q	defects;	 �Q	outlines	the	shape	of	the	lung	on	chest	radiograph

Modified	from	Worsley	DF,	Alavi	A,	Palevsky	JH:	Role	of	radionuclide	imaging	in	patients	with	suspected	pulmonary	embolism.	Radiol	Clin	North	Am	31:849,	
1993.

rare causes exist, such as extrinsic compression of the vessel by 
a mass, intraluminal obstruction by angiosarcoma, or oblitera-
tion of a vessel by vasculitis. The addition of a ventilation scan 
increases the specificity of the perfusion scan.42 In general, with 
the presence of a parenchymal abnormality, the �V defect coin-
cides with the �Q defect, and matched abnormalities are found. 
Normal results of a � �V/Q scan exclude the presence of a clinically 
significant PE in the context of a low clinical probability of PE.43 
Abnormal � �V/Q scan results can be classified as high probability, 
intermediate (or indeterminate) probability, and low probabil-
ity for PE, according to the size of the defect and the degree  
of mismatch between the �V and �Q.42 Diagnostic accuracy is 
greatest when � �V/Q scan results are combined with clinical 
probability44 (Table 28-3). The presence of concomitant cardio-
pulmonary disease (e.g., chronic obstructive pulmonary dis-
ease), even if severe, does not diminish the diagnostic usefulness 
of � �V/Q scans in the diagnosis of acute PE.45-47

Spiral (helical) CTA has been used extensively in the diag-
nostic evaluation of PE and has become the principal diagnostic 
imaging modality to evaluate suspected PE (Figure 28-2).48,49 
The reported sensitivity of CTA ranges from 53% to 100%, and 
the specificity ranges from 81% to 100%.49 The variability is due 
to the experience of the radiologists and image quality.50 Studies 
indicate that CTA scanning detects large PEs involving main 
and lobar emboli. However, this test is generally unable to detect 
smaller PEs. One potential advantage of helical CTA is its ability 
to identify alternative diagnoses in cases in which PE is not 
present (e.g., pneumonia, pleural disease, etc.). Multicenter 
trials suggest that helical CT scanning is safe to use for ruling 
out PE, at least in patients with a low or intermediate clinical 
probability of embolism. The Prospective Investigation of Pul-
monary Embolism Diagnosis (PIOPED) II trial evaluated the 

accuracy of multidetector CTA alone and combined with 
venous-phase imaging (CTA-CTV) for the diagnosis of acute 
PE. Excluding inconclusive studies (6%), the sensitivity of CTA 
was 83% and the specificity was 96%. The sensitivity of 
CTA-CTV for PE was 90%, and specificity was 95%. The predic-
tive value of either CTA or CTA-CTV was high with a concor-
dant clinical assessment, but additional testing was necessary 
when the clinical probability is inconsistent with the imaging 
results.49,51 Several algorithms for diagnosing PE are available, 
but no approach has proved to be the best.52-55 Figure 28-3 
summarizes the diagnostic approach to pulmonary embolus 
using CTA.

For the patients who do not receive a definitive diagnosis on 
the basis of the results of noninvasive studies, pulmonary angi-
ography is the test of choice. Pulmonary angiographic signs of 
acute PE include filling defects and cutoff of the pulmonary 
arteries. Other angiographic signs include absent, decreased, or 
delayed filling of pulmonary arteries; delayed venous emptying; 
pruning; and abnormal tapering. None of these findings is as 
specific as filling defects, particularly in the presence of other 
cardiopulmonary diseases. Table 28-4 presents the probability 
of finding PE with angiography on the basis of results of � �V/Q 
scan and clinical probability.56 A definite diagnosis can be estab-
lished with noninvasive diagnostic tools in two-thirds of cases.57

Because of the history of surgery on the right hip, DVT and 
PE are the most likely diagnoses. The next examinations are 
duplex ultrasonography of the lower extremities followed by a 
� �V/Q radionuclide study or a CTA scan of the chest. DVT should 
be sought in patients diagnosed with PE, to investigate the 
origin of the thrombus and assess prognosis, because individu-
als with PE and coexisting DVT are at increased risk for death.58 
The presence of a “normal” PaO2 of 85 mm Hg in this patient 
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FIGURE 28-2	 Pulmonary	embolism	diagnosed	by	computed	
tomography	angiography.	Axial	(at	the	level	of	the	pulmonary	artery	
bifurcation,	upper panel)	and	coronal	cuts	(just	anterior	to	the	
thoracic	spine,	lower panel)	showing	the	presence	of	pulmonary	
embolism	involving	the	right	and	left	pulmonary	arteries,	also	known	
as	saddle embolism (arrows).	On	the	coronal	cut,	there	is	a	
wedge-shaped	area	in	the	right	lower	lobe	that	represents	lung	
infarction	(arrow head).	

MINI CLINI
Respiratory Distress After Hip 
Replacement

PROBLEM:  You are asked to evaluate a 65-year-old man who 
has undergone right hip replacement. On the third day after 
surgery, the patient experienced dyspnea and pleuritic chest 
pain in the right hemithorax. On physical examination, his 
heart rate is 120 beats/min; respiratory rate, 25 breaths/min; 
and blood pressure, 120/85 mm Hg. The lungs are clear, and 
the heart examination does not show any gallops or murmurs. 
ABG measurements on room air show a pH of 7.49; PaCO2, 
30 mm Hg; and PO2, 85 mm Hg. The chest radiograph is unre-
markable. What is your differential diagnosis, and how should 
you treat this patient?

DISCUSSION:  The differential diagnosis is extensive and 
should include an ischemic cardiac event such as myocardial 
infarction, as well as bacterial pneumonia. The type of chest 
pain is not typical of myocardial infarction. An ECG may be of 
value because in patients with myocardial infarction, elevation 
of the ST segments is prominent in the acute phase. Other 
laboratory data include elevation of the creatinine kinase and 
troponin levels, although these tests may become abnormal 
after several hours. The normal chest radiograph decreases the 
likelihood of the presence of pneumonia.

TABLE 28-4 

Likelihood of Identifying Pulmonary Embolism  
on Pulmonary Angiogram on the Basis of  
Results of Ventilation/Perfusion Lung Scan  
and Clinical Probability

Scan Interpretation High Clinical 
Probability 
(%)

Intermediate 
Clinical 
Probability (%)

Low Clinical 
Probability 
(%)

High	probability 96 88 56
Intermediate	probability 66 28 16
Low	probability 40 16 4
Near	normal/normal 0 6 2

From	Arroliga	AC,	Matthay	MA,	Matthay	RA:	Pulmonary	thromboembolism	
and	other	pulmonary	vascular	diseases.	In	George	RB,	editor:	Chest	
medicine:	essentials	of	pulmonary	and	critical	care	medicine,	ed	3,	
Baltimore,	1995,	Williams	&	Wilkins.

may be misleading. The wide alveolar-arterial gradient probably 
is caused by the presence of a pulmonary embolus. The patient 
should be anticoagulated.

Treatment

Prophylaxis
Prophylactic therapy reduces the risk for VTE in patients at risk. 
The frequency of proximal DVT varies from 2% to 4% among 
general surgical patients undergoing minor surgery to 40% to 
80% among patients at the highest risk, such as those who have 
undergone hip or knee surgery.59 Patients at moderate to high 

risk include those with acute spinal cord injury, myocardial 
infarction, ischemic stroke, or other medical conditions such as 
heart failure and pneumonia.59 Patients admitted to medical 
intensive care units are another group at risk for DVT; indeed, 
DVT has been detected in 33% of these patients.60 Unfortu-
nately, compliance in the use of prophylaxis is variable.59

Pharmacologic choices for prophylaxis include low-dose 
subcutaneous heparin, low-molecular-weight heparin (LMWH; 
enoxaparin and dalteparin) and the factor Xa inhibitor 
(fondaparinux).61-63 Mechanical measures to reduce venous 
stasis include early ambulation, wearing elastic stockings, 
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pneumatic calf compression, and electrical stimulation of calf 
muscles. Mechanical methods are reserved for patients with 
contraindications to anticoagulant thromboprophylaxis.64 Cur-
rent prophylactic strategies for DVT and PE are summarized in 
Table 28-5. Most hospitalized patients who are immobile need 
prophylaxis for VTE.

FIGURE 28-3	 Strategy	for	diagnosis	of	pulmonary	embolism	using	D-dimer	and	computed	tomography	angiography	(CTA).	Diagnosis	is	
based	on	clinical	suspicion	(using	the	Wells	modified	criteria)	and	the	results	of	CTA	scan.	The	modified	Wells	criteria	include	the	following:	
clinical	symptoms	of	deep	venous	thrombosis	(DVT)	(3	points),	other	diagnoses	less	likely	than	pulmonary	embolism	(PE)	(3	points),	heart	
rate	greater	than	100	beats/min	(1.5	points),	immobilization	3	days	or	longer,	surgery	in	the	previous	4	weeks	(1.5	points),	previous	DVT/PE	
(1.5	points),	hemoptysis	(1	point),	or	malignancy	(1	point).	(Modified	from	van	Belle	A,	Buller	HR,	Huisman	MV,	et	al.	Effectiveness	of	
managing	suspected	pulmonary	embolism	using	an	algorithm	combining	clinical	probability,	D-dimer	testing,	and	computed	tomography.	
JAMA	295:172–179,	2006.)

Suspected PE

Modify Wells criteria

Clinically likely

(Wells score � 4)

CTA

Inconclusive PositiveNormal

Consider
pulmonary

angiography

PEPE excluded

Clinically unlikely

(Wells score � 4)

Quantitative D-dimer

Normal

PE excluded

Abnormal

TABLE 28-5 

Thromboembolism Risk and Recommended Thromboprophylaxis in Hospitalized Patients

Risk DVT Risk Without 
Prophylaxis (%)

Suggested Option

Low 1.	Minor	surgery	in	mobile	patient
2.	Medical	patients	fully	mobile

<10 1.	No	specific	prophylaxis
2.	Early	and	aggressive	ambulation

Moderate 1.	For	general	and	abdominal-pelvic	surgery
2.	Medical	patients,	bed	rest	or	sick
3.	High	bleeding	risk

10-40 1.	LMWH,	unfractionated	heparin,	or	fondaparinux
2.	LMWH,	unfractionated	heparin	or	fondaparinux
3.	Mechanical	prophylaxis

High 1.	Hip	or	knee	arthroplasty,	major	trauma,	
hip	fracture,	and	spinal	cord	injury

2.	High	bleeding	risk

40-80 1.	LMWH,	fondaparinux,	apixiban,	dabigatran,	rivaroxaban,	
unfractionated	heparin,	warfarin	(Coumadin)	(INR	2-3)	
for	a	minimum	of	10-14	days

2.	Mechanical	prophylaxis

Modified	from	Guyatt	GH,	Akl	EA,	Crowther	M,	et	al:	Executive	summary:	Antithrombotic	therapy	and	prevention	of	thrombosis,	9th	ed:	American	College	of	
Chest	Physicians	evidence-based	clinical	practice	guidelines.	Chest	141(2	Suppl):7S–47S,	2012.
INR,	International	normalized	ratio;	LMWH,	low	molecular	weight	heparin.	unfractionated.
NOTE:	Mechanical	prophylaxis	includes	graduated	compression	stockings	or	intermittent	pneumatic	compression.	Recommendations	suggest	
thromboprophylaxis	in	acutely	ill	hospitalized	patients	until	they	regain	mobility.

	

RULE OF THUMB

Most	hospitalized	patients	who	are	immobile	need	
prophylaxis	for	VTE.

Management of Venous  
Thromboembolism: Anticoagulation

Management of Deep Venous Thrombosis. Unfraction-
ated heparin is the time-honored drug treatment, but LMWH 
(e.g., enoxaparin, etc.) is widely used and has been endorsed in 
guidelines as first-line therapy.65 Heparin has an immediate 
action and is relatively safe. Heparin is an indirect thrombin 
inhibitor that forms a complex with antithrombin, potentiating 
the cofactor potency to inactivate thrombin, factor Xa, and, to 
a lesser extent, factors XIIa, XIa, and IXa. Heparin does not lyse 
existing clots but prevents formation and propagation of new 
clots. Unfractionated heparin should is administered as a bolus 
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expense of a small increase in the risk for bleeding.77 Throm-
bolytic therapy may be indicated in patients with massive proxi-
mal DVT and high risk for limb gangrene.69 Knowledge of the 
patient’s values and preferences must be used to guide the best 
decision.78

Management of Pulmonary Embolism. The management 
of PE depends on the extent and status of the cardiopulmo-
nary system. Therapy with heparin, whether unfractionated or 
low molecular weight, followed by warfarin (or newer antico-
agulants) in a regimen similar to that for acute DVT is the 
treatment of choice. When the heparin effect is therapeutic 
within the first 24 hours, it will decrease the risk for recurrent 
PE, which is associated with higher mortality.79 Patients with 
an acute PE need additional supportive measures. Supplemen-
tal O2 should be administered to patients who have hypoxemia, 
and adequate analgesia should be prescribed for patients  
who have pain and anxiety. Resuscitation with fluids and vaso-
pressor agents is necessary for patients who develop hypoten-
sion and shock. In the care of patients with severe hypoxemia, 
acute right heart failure,80 or shock, thrombolytic therapy 
may be considered for lysis of the emboli. Persistent hypoten-
sion secondary to massive PE is the most commonly accepted 
indication for thrombolytic therapy; however, no major trial 
has conclusively demonstrated a mortality benefit of this 
intervention.69,81,82

Other options in the care of a patient with confirmed massive 
PE, in whom thrombolysis is either contraindicated or unsuc-
cessful, include pulmonary embolectomy, catheter tip embolec-
tomy (physical removal of the embolism), and catheter tip 
fragmentation. Because of associated risks, these techniques 
should be used in centers with appropriate experience.40 For 
patients in whom anticoagulation is contraindicated (e.g., 
because of bleeding risk), placement of a filter into the inferior 
vena cava to prevent embolism of clot to the pulmonary arteries 
is a treatment option. Another reason for placing an inferior 
vena caval filter is that a recurrent embolism has occurred 
despite adequate anticoagulation or that the patient has expe-
rienced multiple past emboli and is considered not able to toler-
ate another PE. Filter placement reduces the risk for PE in the 
period immediately after insertion but is associated over the 
longer term with a higher incidence of recurrent DVT.

Prognosis

Factors associated with increased risk for death include right 
ventricular dysfunction,41 right ventricular thrombus,83 coexist-
ing DVT,58 higher serum brain natriuretic peptide (which is 
associated with right ventricular dysfunction)84 and troponin 
levels (marker of myocardial injury),85 low serum sodium 
(reflects neurohormonal activation),86 and elevated lactic acid.87 
The prognostic model Simplified Pulmonary Embolism Sever-
ity Index (sPESI)88 assigns a high risk for dying to those patients 
with any of the following factors: age older than 80, history of 
cancer, chronic cardiopulmonary disease, pulse 110/min or 
greater, systolic blood pressure less than 100 mm Hg, and arte-
rial O2 saturation less than 90%. Those with low risk (without 
risk factors) have a 30-day mortality of 1%; meanwhile, those 

followed by a continuous infusion.59 LMWH is administered 
subcutaneously, once or twice per day, and does not character-
istically require blood test monitoring to ensure therapeutic 
benefit.65 It is very important to achieve a therapeutic effect in 
the first 24 to 48 hours of starting anticoagulation therapy. The 
goal of unfractionated heparin therapy is to maintain an acti-
vated partial thromboplastin time greater than 1.5 times the 
control value.66 The fastest way to achieve a therapeutic heparin 
effect is to follow an established normogram.66-68 The complica-
tions of intravenous heparin administration include major 
bleeding (3.8%) and thrombocytopenia caused by immuno-
globulin G antiheparin antibodies (2.5% to 3% of patients to 
whom heparin is given therapeutically, fewer than 0.5% of 
patients to whom it is given prophylactically). If thrombocyto-
penia or bleeding occurs, heparin should be discontinued 
promptly.

LMWH, once or twice per day given via the subcutaneous 
route, is the suggested therapy for proximal DVT if no contra-
indication exists.69 This agent has been shown to be as effective 
and as safe as intravenous heparin therapy but less expensive. 
At the same time, in selected patients, LMWH can be adminis-
tered at home in an efficacious and safe way that can potentially 
decrease the number of days of hospital admission for acute 
DVT.66 The patients chosen for outpatient therapy should be in 
stable condition, should have a low risk for bleeding, and should 
not have renal insufficiency.

Several oral anticoagulants are approved by the U.S. Food 
and Drug Administration (FDA) for the treatment of VTE 
disease. These include vitamin K antagonists (warfarin) and the 
newer factor Xa (rivaroxaban,70,71 apixaban,72 and direct throm-
bin inhibitors (dabigatran73—unlabeled use). Warfarin should 
not be started before initiating heparin69 because it also decreases 
production of proteins C and S, therefore causing a relative 
hypercoagulable state in the first 24 hours as a result of the 
depletion of these proteins. Factor Xa and direct thrombin 
inhibitors are fixed-dose oral treatments that do not require 
laboratory monitoring and reach their peak efficacy within 1 to 
4 hours after ingestion, obviating the need for prolonged bridg-
ing. They have no readily available antidotes for bleeding events. 
These novel agents have similar efficacy as conventional antico-
agulants for hemodynamically stable patients with VTE disease. 
Patients with the first episode of DVT generally need treatment 
with oral anticoagulants for at least 3 to 6 months.66,74,75 Patients 
who need therapy for more than 6 months include those with 
idiopathic VTE, cancer, and/or recurrent DVTs.66,76

The role of thrombolytic therapy with streptokinase, uroki-
nase, or tissue plasminogen activator is not well defined in  
the management of acute DVT. The administration of early 
thrombolytic therapy decreases the pain and the incidence of 
postthrombotic syndrome (characterized by persistent pain, 
swelling, skin discoloration, or venous ulceration), but the risks 
and benefits of this particular therapy are not well established.66 
A systematic review of the efficacy and the safety of the use of 
thrombolysis in the management of lower extremity DVT 
showed that this treatment increased the patency of the veins 
and reduced the incidence of postthrombotic syndrome at the 
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hypoventilation, chronic exposure to high altitude, and devel-
opmental abnormalities. A rare type of PH, pulmonary venooc-
clusive disease, is characterized by narrowing of the small 
pulmonary venules. Although challenging, recognizing pulmo-
nary venoocclusive disease is important given that the response 
to PAH-specific treatment in this disease is limited and lung 
transplantation is frequently needed. These patients commonly 
develop pulmonary edema when treated with PH-specific 
therapies.

Pathogenesis

The initial event of PAH is probably an insult to the pulmonary 
endothelium (the cells that line the blood vessel) in patients 
with certain genetic predisposition.100-102 This damage to the 
endothelium alters the balance between vasoconstrictive media-
tors (e.g., thromboxane and endothelin I) and vasodilators such 
as nitric oxide and prostacyclin, resulting in vasoconstriction. 
Vasoconstriction might not be the primary event, but it is an 
important component in the pathogenesis of PAH.103-105 In 
addition to vasoconstriction, there is inflammation, thrombo-
sis, cell proliferation, apoptosis and fibrosis, all of which can 
lead to pulmonary vascular remodeling and irreversible PAH.106 
Recent research suggests the presence of other potential path-
ways that contribute to PAH, including downregulation of 
potassium channels,107 increased matrix metalloproteinases,108 
decreased vasoactive intestinal peptide,109 disruption and pro-
gressive loss of endothelial caveolin-1 with enhanced expression 
in smooth muscle cells,110 elevated serotonin,111 and transform-
ing growth factor-beta,112 among others.113 Potential new bio-
markers and lines of therapies could result from these 
discoveries.95-98,103-105,114

Epidemiology and Clinical Findings

The true prevalence of PH is unknown. The prevalence of idio-
pathic and heritable PAH is estimated to be 5 to 15 cases per 
million adults.115,116 Overall, PH affects all age groups as well as 
both genders. Idiopathic PAH is more common among women 
than among men, with a ratio of 3 : 1. Approximately 7% of all 
cases are heritable. Idiopathic PAH can occur at any age, 
although it is more common from ages 20 to 50 years.

On average, the diagnosis of PAH is delayed for 2 years  
after the onset of symptoms.117 The condition frequently is mis-
diagnosed as asthma, anxiety, or depression because it is char-
acterized by the onset of vague respiratory symptoms and 
hyperventilation. The most common initial symptom is dyspnea 
(60% of patients). Other common symptoms include chest pain 
(50% of patients), probably secondary to underperfusion of the 
right ventricle or stretching of the large pulmonary arteries, and 
syncope (passing out) (8% of patients) because of insufficient 
cardiac output, predominantly with activities. Less frequent 
symptoms include cough, hemoptysis, hoarseness, and Rayn-
aud’s phenomenon (blanching of the fingers on exposure to 
cold) in approximately 10% of patients.

Physical findings associated with PAH include a loud  
second heart sound and a right-sided third or fourth heart 
sound. Other common signs are a palpable right ventricular 

with high risk (at least one risk factor) have a 30-day mortality 
of 10.9%.88

If left untreated, PE has an overall mortality of 30%.89 Early 
death is due to shock and/or a secondary embolic event. Long-
term mortality is related to predisposing comorbidities and 
recurrent PE. Although the mortality from PE has decreased in 
recent years,89 the death rate for the first episode of PE among 
hospitalized patients may be as high as 17.4% at 3 months.90 
Recurrent PE carries a much higher mortality rate, because only 
a quarter of patients will survive 3 months.91

PULMONARY HYPERTENSION

PH is defined by an elevation in mean pulmonary arterial pres-
sure 25 mm Hg or greater at rest. PH is grouped in five catego-
ries, a classification that was updated in 2013 by the 5th World 
Symposium on Pulmonary Hypertension in Nice, France (Box 
28-2).92,93 The importance of the clinical system, besides allow-
ing a better understanding of pathophysiology, is to give a 
framework for understanding important branch-points in the 
management and treatment of different conditions known to 
cause PH. The first category, PAH, is characterized by an eleva-
tion in pulmonary arterial pressure associated with high pul-
monary vascular resistance (≥3 Wood units) and normal left 
ventricular filling pressures (pulmonary artery occlusion pres-
sure ≤15 mm Hg).94 PAH may be associated with several condi-
tions, including collagen vascular disease, congenital heart 
disease, cirrhosis of the liver, human immunodeficiency virus 
(HIV) infection, and drugs and toxins (diet pills or anorexi-
gens).92,93 In patients in whom no underlying cause of PH can 
be identified, the disease is referred to as idiopathic pulmonary 
arterial hypertension (IPAH), previously known as primary pul-
monary hypertension (PPH).95-98

PH also can develop as a consequence of PE, and this entity 
is known as chronic thromboembolic PH.99 In addition, PH can 
be associated to heart or lung diseases or may result from a 
variety of other conditions grouped in PH with unclear or 
multifactorial mechanisms. PH resulting from lung diseases is 
further divided into several groups: PH associated with COPD, 
interstitial lung disease, other diseases with mixed obstructive 
and restrictive patterns, sleep breathing disorders, alveolar 

 Box 28-2 Simplified Clinical Classification 
of Pulmonary Hypertension  
(Nice, 2013)

1.	 Pulmonary	arterial	hypertension
2.	 Pulmonary	hypertension	owing	to	left	heart	disease
3.	 Pulmonary	hypertension	owing	to	lung	diseases	and/or	

hypoxia
4.	 Chronic	thromboembolic	pulmonary	hypertension
5.	 Pulmonary	hypertension	with	unclear	multifactorial	

mechanisms

Modified	from	Simonneau	G,	Gatzoulis	MA,	Adatia	I,	et	al:	Updated	
clinical	classification	of	pulmonary	hypertension.	J	Am	Coll	Cardiol		
62(25	Suppl):D34–D41,	2013.
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onset of the disorder. During the past two decades, treatment 
has improved considerably.119-124 Current treatment options 
include using calcium channel blockers, prostanoids, endothe-
lin receptor antagonists, and phosphodiesterase-5 inhibitors.

General Measures
Oral anticoagulation is recommended for patients with IPAH 
unless there is a contraindication to anticoagulation.125,126 The 
recommended target international normalized ratio (INR) is 2 
to 3. The role of anticoagulation in other forms of PAH is less 
clear and possibly not beneficial.125 Supplemental O2 should be 
used to maintain O2 saturation greater than 90%, especially 
because hypoxemia is a major cause of pulmonary vasocon-
striction. This is of particular importance in air travel or when 
staying at places with altitudes above 1000 m. Diuretics are 
indicated for right ventricular volume overload, and digoxin 
might be indicated for patients with refractory right ventricular 

heave and both pulmonary ejection and pulmonary tricuspid 
regurgitation murmurs. Signs of right ventricular failure are 
common. Cyanosis often is present as a result of low cardiac 
output or the presence of an intracardiac right-to-left shunt in 
patients with a patent foramen ovale or advanced stages of 
congenital heart diseases. Clubbing does not occur in PAH. The 
chest radiographic findings include enlargement of the main 
and hilar pulmonary arteries, “pruning” (or narrowing) of the 
peripheral arteries, enlargement of the right ventricle and 
atrium, and pleural effusion, although the chest radiograph 
may remain normal in 6% of patients.

Diagnosis

Before the diagnosis of PAH can be made, other underlying 
diseases associated with PAH must be excluded. Tests com-
monly ordered to establish the precise cause of PH include 
blood testing, ECG, pulmonary function testing, echocardio-
gram, � �V/Q scan, CTA, and pulmonary artery catheterization.

Laboratory tests include a complete blood cell count, com-
prehensive metabolic panel, HIV test, rheumatologic panel,  
and liver function tests. These tests help identify conditions 
associated with PAH, such as systemic sclerosis, systemic lupus 
erythematosus, and mixed connective tissue diseases. Schisto-
somiasis, a parasitic disease and the most common cause of PH 
worldwide, must be ruled out in the appropriate setting. Elec-
trocardiographic findings usually include right-axis deviation, 
right ventricular hypertrophy, and strain.118 Pulmonary func-
tion tests are useful to rule out the presence of significant 
restrictive or obstructive airway disease. The most common 
abnormality on pulmonary function testing in patients with 
PAH is a low carbon monoxide diffusing capacity (DLCO), 
associated with relatively normal pulmonary mechanics.

The echocardiogram may show dilation of the right ventricle 
and right atrium, dysfunction of the right ventricle, and tricus-
pid regurgitation (Figure 28-4). One important noninvasive test 
for PAH is the � �V/Q scan lung scan, which helps rule out the 
possibility of chronic thromboembolic PH, a mimic of PAH 
that has a different treatment, that is, possible thromboendar-
terectomy. In patients with PAH, the perfusion scan may be 
normal or show only patchy subsegmental defects. In patients 
with chronic thromboembolic PH, the � �V/Q scan shows seg-
mental defects; in these cases, confirmation of chronic throm-
boembolic PH requires pulmonary angiography. High-resolution 
CT is helpful to rule out associated causes such as interstitial 
lung disease, emphysema, or their co-occurrence.

Right heart catheterization is required to confirm the diag-
nosis and determine the degree of hemodynamic impairment, 
presence of vasoreactivity, and prognosis of patients with PAH 
(Figure 28-5). Patients with severe degrees of PH defined hemo-
dynamically as high right atrial pressure and pulmonary vascu-
lar resistance, as well as low cardiac output, have a worse 
prognosis.12,95-98

Management

PAH can be life-threatening and carries a poor prognosis. 
Without therapy, only 33% of patients are alive 5 years after the 

FIGURE 28-4	 Echocardiography	in	pulmonary	hypertension.	
Apical	four-chamber	view	of	the	heart,	revealing	enlarged	right	
atrium	and	ventricle	compressing	the	left	cardiac	chambers	(A).	
Doppler	echocardiography	showing	tricuspid	insufficiency	jet	(arrow)	
used	to	estimate	the	right	ventricular	systolic	pressure,	in	this	case	
107	mm	Hg.	LA,	Left	atrium;	LV,	left	ventricle;	RA,	right	atrium;	
RV,	right	ventricle.	
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sion improves exercise capacity, hemodynamic variables, and 
survival in PAH patients.128 Epoprostenol is unstable at room 
temperature and needs continuous intravenous infusion be-
cause of the short half-life of the drug. Common side effects 
include headache, flushing, jaw pain, diarrhea, nausea, skin 
rash, and musculoskeletal pain. Catheter-related complications 
include infection, sometimes serious (e.g., bacteremia), and 
thrombosis. By changing the buffer, a thermostable epopros-
tenol was developed and has been approved for clinical use by 
the FDA.

Another prostanoid, treprostinil, is a stable prostacyclin ana-
logue with a longer half-life, allowing for subcutaneous,129 
intravenous,130 inhaled,131 or oral delivery. In addition to side 
effects seen with epoprostenol, patients receiving treprostinil 
subcutaneously may also experience pain at the infusion site. 
Inhaled teprostinil is administered by using the Tyvaso Inhala-
tion System (ultrasonic, pulsed-delivery device; United Thera-
peutics, Research Triangle, NC). It is initially dosed at 3 
inhalations, 4 times per day. If this dose is tolerated, it may be 
increased up to 9 inhalations, 4 times per day. Oral treprostinil 
has been approved by the FDA for the treatment of PAH. This 
mode of delivery is associated with gastrointestinal side effects 
and requires a slow titration. Iloprost is a stable prostacyclin 
analogue that can be delivered by inhalation and is an effective 
therapy for PAH.132 Because of the relatively short duration of 
action of inhaled iloprost, it needs to be taken as 1 or 2 inhala-
tions, 6 to 9 times per day. For its administration, the I-neb AAD 
System (Phillips Healthcare, Andover, MD) or Prodose AAD 

failure and for rate control in atrial flutter or fibrillation.123,124 
Pregnancy is generally contraindicated in women with PH.

Calcium Channel Blockers
Patients with IPAH who respond to vasodilators in the short 
term have improved survival with long-term use of calcium 
channel blockers. Thus these agents should be considered only 
in IPAH patients who have significant and definite response to 
a short-acting vasodilator such as NO (others include intrave-
nous epoprostenol or adenosine). Unfortunately, only a small 
fraction of IPAH patients qualify for and benefit from long-
term therapy with oral calcium channel blockers.123,124 Patients 
with other causes of PAH usually have negative acute vasodila-
tor testing or, even if the testing was positive, they would not 
respond to long-term calcium channel blockers.127

NO is the preferred agent for pulmonary vasodilator testing 
because its half-life is very short, it does not affect cardiac 
output, and it enhances � �V/Q matching.127 NO is usually admin-
istered by mask at 10 to 40 parts per million for 2 to 5 minutes.127 
Protocols for using NO vary by institution. We use 40 ppm of 
NO delivered on room air (or the percentage of O2 need to keep 
a pulse oximetry saturation ≥90%) for 5 minutes; others use 
40 ppm of NO combined with 100% O2.

Prostanoids
Several prostanoids are currently available for treating patients 
with severe PAH, including epoprostenol, treprostinil, and ilo-
prost. Epoprostenol delivered via continuous intravenous infu-

FIGURE 28-5	 Right	heart	catheterization	in	pulmonary	hypertension.	On	the	left panel	a	pulmonary	artery	catheter	is	observed	in	the	
left	pulmonary	artery	(arrows).	On	the	right panel	the	corresponding	pulmonary	artery	pressure	tracing	is	shown,	confirming	the	diagnosis	
of	pulmonary	hypertension.	In	this	case	the	pulmonary	artery,	systolic,	diastolic,	and	mean	pressures	were	97,	51,	and	68	mm	Hg,	
respectively.	
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The shunt at the atrial level would also allow decompression of 
the right atrium and right ventricle, alleviating signs and symp-
toms of right heart failure. Balloon atrial septostomy is a high-
risk procedure and should be performed only in experienced 
centers to reduce the procedural risks.123

Lung Transplantation. Single or double lung transplanta-
tion has been used successfully in the treatment of patients with 
PAH. Patients who undergo lung transplantation have an 
immediate decrease in pulmonary artery pressure at the time 
of surgery and rapid improvement in right heart function 
despite severe preoperative cor pulmonale.123 This option is 
reserved for special cases not responsive to medical treatment 
who have indicators of poor prognosis (syncope, refractory 
right heart failure, function class III/IV, or severe hypoxemia).141 
Perioperative mortality for transplantation is higher in PAH, 
but after the immediate postoperative period, some patients 
have an excellent response with dramatic improvements in 
symptoms and quality of life.142 Although lung transplantation 
is an alternative for treating patients with PAH, the disadvan-
tages of transplantation are the need for lifelong immunosup-
pression and the morbidity and mortality, which increase over 
time. The survival rate 3 years after lung transplantation is 
approximately 60%. Unfortunately, by the time PAH patients 
are considered for transplantation, they are usually poor candi-
dates for transplantation because of the multiple organ system 
failures that may accompany PAH.

System (Phillips Healthcare) should be used. Common side 
effects include cough, flushing, and headache. Inhaled iloprost 
may be useful as an adjunct to oral therapy.119,120,123,124

Endothelin-Receptor Antagonists
Endothelin antagonists represent another class of medications 
available for treating PAH. Bosentan, an orally administered 
nonselective endothelin-1 receptor antagonist, improves walk-
ing distance, hemodynamic variables, and functional class in 
patients with PAH.133 The main side effect of bosentan is 
an asymptomatic increase in hepatic aminotransferase levels, 
which necessitates monitoring liver function at least monthly 
in all patients receiving bosentan. Ambrisentan, a selective type 
A endothelin-1 receptor antagonist, is also beneficial in patients 
with PAH. Its main side effect is peripheral edema.134,135 Maci-
tentan also has been approved by the FDA for treatment of PAH 
patients.136 Macitentan blocks both endothelin type A and B 
receptors. Ambrisentan and macitentan are once-daily medica-
tions that do not need monthly hepatic aminotransferase deter-
minations. All endothelin receptor antagonists are potent 
teratogens, and very careful contraception must be observed by 
patients receiving these medications.

Phosphodiesterase-5 Inhibitors
Sildenafil, a phosphodiesterase type 5 (PDE5) inhibitor, reduces 
pulmonary arterial pressure and is effective in treating PH.121 
By inhibiting PDE5, sildenafil stabilizes cyclic guanosine mono-
phosphate (cGMP; the second messenger of NO), allowing a 
more sustained effect of endogenous NO, which is an indirect 
but effective and practical way of using the NO-cGMP pathway. 
Tadalafil, a long-acting PDE5 inhibitor, also improves outcomes 
in PAH and has some differences in acute effects when com-
pared to sildenafil.137,138 These medications are usually well tol-
erated; rarely, patients can have vision or hearing loss, priapism, 
and hypotension.

Soluble Guanylate Cyclase Stimulators
Riociguat has also been approved by the FDA for the treatment 
of PAH139 and for patients with chronic thromboembolic PH 
who are not candidates for pulmonary thromboendarterectomy 
(i.e., surgery to remove clots from the pulmonary artery) or in 
whom the PH persists or recurs after thromboendarterectomy 
surgery.140 This medication is associated with embryo-fetal tox-
icity; therefore patients need to follow strict recommendations 
to avoid pregnancy.

Surgical Therapy
Atrial Septostomy. The role of balloon atrial septostomy in 

treating patients with PAH is uncertain. Septostomy might be 
of benefit in the setting of severe disease with recurrent syncope 
and/or right heart failure despite maximal medical therapy. The 
procedure also can be used as a palliative bridge to lung trans-
plantation. The rationale for its use is that the controlled cre-
ation of an atrial septal defect would allow right-to-left shunting, 
leading to increased systemic output and systemic O2 transport 
despite the accompanying fall in systemic arterial O2 saturation. 

	

RULE OF THUMB

In	patients	with	shortness	of	breath	who	have	an	
unremarkable	physical	examination,	the	presence	of	a	
low	DLCO	and	normal	pulmonary	mechanics	suggests	
a	pulmonary	vascular	cause	(e.g.,	PH)	as	a	cause	of	
the	shortness	of	breath.

Pulmonary Hypertension in Chronic 
Lung Disease

PH is a frequent complication of COPD (see Chapter 25). 
Approximately 50% of elderly patients with COPD have PH 
with significant reduction in survival and quality of life. The 
PH associated with COPD is multifactorial. Alveolar hypoxia, 
because of its potent pulmonary vasoconstrictive effect, is prob-
ably the most important factor contributing to PH in patients 
with COPD. Sustained alveolar hypoxia causes pulmonary 
vasoconstriction and eventually medial hypertrophy, fibrosis of 
the intima, and narrowing of the lumen of the pulmonary 
blood vessels. Other factors include the loss of vascular surface 
caused by destruction of lung parenchyma, compression of the 
vascular bed as a result of hyperinflation, hyperviscosity of the 
blood as a result of polycythemia, and left ventricular diastolic 
dysfunction. The presence of PH in patients with COPD cor-
relates with the severity of the disease. Patients with severe 
hypoxemia (PaO2 <55 mm Hg) may have more elevated pul-
monary artery pressures, although the mean pulmonary artery 
pressure resulting from COPD alone rarely exceeds 35 to 
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Therapists also may play an important role in both prevent-
ing and managing pulmonary vascular disease. Ensuring 
patients’ compliance with vascular compression stockings can 
help prevent PE. Therapists may also be members of teams  
that care for patients with PH, as in administering NO during 
pulmonary vasodilator challenge and managing inhaled thera-
pies that are used to treat PAH (e.g., inhaled iloprost and 
treprostinil).

40 mm Hg.143-146 Patients with mean pulmonary artery pressure 
higher than 35 to 40 mm Hg have a poor prognosis.147

MINI CLINI
Dyspnea and Near-Syncope

PROBLEM:  A 35-year-old woman has shortness of breath. 
She had an episode of near-syncope approximately 6 months 
ago; a diagnostic evaluation was done, and the results were 
negative. The physical examination shows a loud second heart 
sound. A chest radiograph shows questionable cardiomegaly. 
The forced vital capacity and forced expiratory volume in 1 
second are normal, but the DLCO is only 40% of the predicted 
value. What is the cause of the dyspnea and the low DLCO?

DISCUSSION:  This patient could have PH of unknown 
cause, that is, IPAH. She has physical findings consistent with 
high pressure in the right side of the heart (a loud second heart 
sound), and she has symptoms that are common in this disor-
der, such as dyspnea and near-syncope or syncope. The dif-
ferential diagnosis is broad, but a low Dlco in the presence of 
normal lung mechanics could indicate an abnormality of the 
pulmonary vasculature.

An echocardiogram is usually the first test of choice to 
assess for the presence of PH. If the echocardiogram is consis-
tent with the diagnosis, pulmonary artery (also known as right 
heart) catheterization is needed to confirm the diagnosis, deter-
mine the severity, and exclude left heart disease. For the diag-
nosis of IPAH, other underlying diseases that can be associated 
with PAH must be excluded. A � �V/Q scan and/or pulmonary 
angiogram can exclude chronic thromboembolic disease, a CT 
scan of the chest and pulmonary function tests can help deter-
mine the presence of parenchymal lung disease, and blood 
serologic tests can be used to evaluate for connective tissue 
disease. A 6-minute walk test may help in determining the 
functional capacity of the patient and assess her response to 
treatment. Several treatment options are currently available for 
patients with PH. The best option depends on the underlying 
cause of the PH and the severity of the disease.

O2 therapy is the main treatment that improves survival 
among patients with COPD and PH, although smoking cessa-
tion and lung volume reduction (in selected individuals) may 
also offer survival benefits in patients with COPD. Vasodilator 
agents used for PAH are sometimes used in these patients, but 
the results of large clinical trials are not yet available.145,147,148

ROLE OF THE RESPIRATORY 
THERAPIST IN PULMONARY 
VASCULAR DISEASE

Respiratory therapists (RTs) can play a key role in diagnosing 
and managing individuals with pulmonary vascular disease. 
Diagnostically, the astute RT may help diagnose VTE and PH 
by recognizing the signs and symptoms of DVT/PE and PH 
(e.g., acute onset of dyspnea, pleuritic pain, pedal edema). 
Communication with the managing physician to point out 
these findings and suggest a workup may prove lifesaving.

SUMMARY CHECKLIST

◗	VTE	(DVT	and	PE)	is	an	important	cause	of	morbidity	and	
mortality	among	hospitalized	patients.

◗	Early	recognition	and	treatment	are	essential	and	can	be	
lifesaving.	One-third	of	the	deaths	caused	by	PE	occur	
within	1	hour	of	the	symptom	onset.	The	mortality	rate	in	
the	group	of	patients	with	PE	that	goes	undiagnosed	is	
30%;	if	the	venous	thrombosis	is	recognized	and	
managed,	the	mortality	rate	is	less	than	8%.

◗	The	point	of	origin	of	PE	is	DVT	of	the	lower	extremities	or	
pelvis	in	86%	of	cases.

◗	Most	of	the	time,	the	clinical	presentation	of	PE	and	DVT	
is	nonspecific.	A	high	index	of	suspicion	is	important	to	
make	the	diagnosis	in	patients	at	risk.

◗	Prophylactic	therapy	reduces	the	risk	for	VTE	in	patients	at	
risk,	but,	unfortunately,	prophylactic	therapy	is	underused.

◗	Pharmacologic	choices	for	prophylaxis	include	low-dose	
subcutaneous	heparin,	warfarin,	LMWH,	and	dextran.	
Mechanical	measures	include	early	ambulation,	wearing	
elastic	stockings,	pneumatic	calf	compression,	and	electric	
stimulation	of	calf	muscles.

◗	Management	of	VTE	includes	anticoagulation	therapy	
(heparin	and	warfarin).

◗	 IPAH	is	a	rare	disease	that	mainly	affects	young	adults.	
In	IPAH,	damage	to	the	endothelium	of	the	pulmonary	
artery	alters	the	balance	between	vasoconstrictors	and	
vasodilators,	favoring	vasoconstriction.	Thrombosis	and	
cellular	proliferation	are	contributors	to	PH.

◗	Management	of	IPAH	includes	anticoagulation	and	the	
administration	of	vasodilators	(calcium	channel	blockers,	
prostanoids,	endothelin	receptor	antagonists,	PDE5	
inhibitors,	and	soluble	guanylate	cyclase	stimulators).	Lung	
transplantation	is	an	option	for	refractory	cases.
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Acute Respiratory 
Distress Syndrome

MATTHEW C. EXLINE, EDUARDO MIRELES-CABODEVILA,  
AND R. DUNCAN HITE

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Diagnose	patients	with	acute	respiratory	distress	syndrome	(ARDS)	using	currently	recommended	criteria	

(Berlin	criteria).
◆	 Differentiate	normal	lung	function	that	prevents	pulmonary	edema	versus	common	disease	mechanisms	that	

lead	to	pulmonary	edema,	including	nonhydrostatic	edema	(e.g.,	ARDS)	and	hydrostatic	pulmonary	edema	
(e.g.,	congestive	heart	failure).

◆	 Describe	the	effect	pulmonary	edema	has	on	lung	function,	including	gas	exchange	and	lung	compliance.
◆	 Identify	the	histopathologic	findings	associated	with	the	exudative	phase	and	the	fibroproliferative	phase	of	

ARDS.
◆	 Describe	the	common	risk	factors	associated	with	the	onset	of	ARDS.
◆	 Quantify	the	impact	of	ARDS	on	individual	patients	(e.g.,	mortality	and	morbidity),	hospitals,	and	health	care	

systems.
◆	 State	the	approaches	to	managing	ARDS,	including	therapies	that	directly	target	improving	lung	function	and	

care	designed	to	support	and	protect	other	vital	organs.
◆	 Describe	how	ventilator	settings	(e.g.,	mode,	tidal	volume,	positive	end	expiratory	pressure,	inspiratory	flow	

rate)	should	be	adjusted	for	patients	with	ARDS.
◆	 Describe	how	mechanical	ventilation	can	cause	lung	injury	and	how	ventilator-induced	lung	injury	can	be	

avoided.
◆	 Describe	the	use	of	innovative	and	alternative	strategies	for	assisting	ventilation	in	ARDS,	including	modes	of	

mechanical	ventilation,	prone	positioning,	neuromuscular	blockade	(paralytics),	extracorporeal	support,	and	
other	interventions.

◆	 Describe	the	current	status	of	evidence	to	support	the	use	of	pharmacologic	therapies	(e.g.,	nitric	oxide,	
surfactant,	corticosteroids)	in	treating	patients	with	ARDS.

CHAPTER OUTLINE
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Liquid	and	Solute	Transport	in	the	Lungs
Hydrostatic	Versus	Nonhydrostatic	Edema
Gas	Exchange	and	Lung	Mechanics	in	Pulmonary	

Edema
Definition and Diagnosis

Distinguishing	Acute	Respiratory	Distress	Syndrome	
from	Nonhydrostatic	Pulmonary	Edema	in	
Clinical	Practice

Histopathologic	Findings
Key Features

Risk	Factors	(Triggers)	and	Host	Susceptibility
Epidemiology	and	Outcomes

Therapeutic Approach
Mechanical	Ventilation	and	Other	Respiratory	

Supportive	Care
Nonventilatory	Supportive	Care
Sedation	and	Analgesia
Adjunctive	Strategies	to	Improve	Lung	Function
Alternative	and	Rescue	Ventilation	Strategies

The Role of the Respiratory Therapist in Acute 
Respiratory Distress Syndrome
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PHYSIOLOGY OF  
PULMONARY EDEMA

Liquid and Solute Transport in  
the Lungs

In addition to maintaining gas exchange and lung perfusion, as 
detailed in other chapters, a key component of normal lung 
function is to maintain a net flux of fluid through the lung 
parenchyma without causing lung edema or alveolar consolida-
tion. For maximal gas exchange, the entire cardiac output must 
pass through the extensive capillary network that surrounds the 
total surface area of the alveolar airspaces. As a feature of the 
anatomy of the alveolus, the walls of the alveolus are separated 
from the capillary walls by the very thin lung interstitium 
(Figure 29-1). This close approximation of the alveolus to the 

A cute hypoxemic respiratory failure (AHRF) may 
develop in many clinical settings and is a common 
reason for admission to the intensive care unit (ICU). 

There are a wide variety of causes for AHRF, including infection 
(e.g., bacterial or viral pneumonia), pulmonary embolus, airway 
obstruction (e.g., tumor, mucous plug), and more. Two common 
causes of AHRF are the abnormal leakage of fluid from inside 
the vascular space (i.e., alveolar capillary) into the alveoli, which 
is commonly referred to as pulmonary edema. This chapter will 
focus on understanding the diseases that cause pulmonary 
edema formation by highlighting one common source of pul-
monary edema known as the acute respiratory distress syn-
drome (ARDS).1 In addition, the chapter will explore the 
clinical syndrome of ARDS, including current management 
strategies, and the vital role of the respiratory therapist (RT) in 
helping manage ARDS.

FIGURE 29-1	 Cross	section	of	an	alveolar	wall	shows	the	path	for	O2	and	CO2	diffusion.	The	thin	side	of	the	alveolar	wall	barrier	(short 
double arrow)	consists	of	type	I	epithelium	(I),	interstitium	formed	by	the	fused	basal	laminae	of	the	epithelial	and	endothelial	cells,	capillary	
endothelium	(E),	plasma	in	the	alveolar	capillary	(C),	and	the	cytoplasm	of	the	red	blood	cell	(RBC)	(R).	The	thick	side	of	the	gas-exchange	
barrier	(long double arrow)	has	an	accumulation	of	elastin	(EL),	collagen	(COL),	and	matrix	that	separates	the	alveolar	epithelium	from	the	
alveolar	capillary	endothelium.	As	long	as	the	RBCs	are	flowing,	O2	and	CO2	diffusion	probably	occur	across	both	sides	of	the	air-blood	
barrier.	A,	Alveolus;	Nu,	nucleus	of	the	capillary	endothelial	cell.	(Human	lung	surgical	specimen,	transmission	electron	photomicrograph.)	
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acute	hypoxemic	respiratory	failure
acute	lung	injury
acute	respiratory	distress	syndrome
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space and the interstitium of the lungs.2 The net exchange of 
fluids between the intravascular space (i.e., within the capillar-
ies) and the interstitium of the lungs is determined by the 
combined influences of hydrostatic and osmotic forces within 
the blood and interstitium. Osmotic forces reflect the effects of 
dissolved proteins to retain fluid within the interstitial space. 
Under normal conditions, the capillary hydrostatic force and 
interstitial osmotic force influencing the movement of fluid out 
of the bloodstream into the interstitium are slightly greater than 
the capillary osmotic force and interstitial hydrostatic forces 
opposing this movement. This balance is governed by the Star-
ling forces. As a result of the normal balance of these forces, a 
small fraction of the cardiac output (approximately 0.01%) 
normally filters from the capillaries into the interstitial space of 
the lungs.3 This filtration process plays a role in the immune 
defenses of the lung and is a major determinant of total lung 
fluid content.

The lung protects itself from excessive fluid accumulation by 
several mechanisms. The lung lymphatic drainage system is the 
primary system for removing filtered fluid and protein from the 
lungs. Fluid and solutes enter the lymphatic drainage channels 
from small lymphatic capillaries located around the respiratory 
bronchioles. This process is assisted by the presence of a modest 
pressure gradient within the lungs. Higher pressure near the 
dense alveolar interstitium forces fluid away from the alveolar 
surface toward the lower pressured nonalveolar interstitium 
and terminal lymphatic vessels. Drainage is enhanced further 
by intrathoracic pressure alterations that occur with respiration, 
and retrograde (backward) flow is prevented by the presence of 
one-way lymphatic valves. Ultimately, lymphatic fluid drains 
out of the lung into the superior vena cava through the  
thoracic duct.4

When the rate of fluid leakage into the interstitium exceeds 
the capacity for drainage through the pulmonary lymphatic 
vessels, backup mechanisms exist for storing additional fluid 
and protecting against alveolar flooding. Loose connective 
tissue surrounding the bronchioles and bronchi is capable of 
storing twice the normal fluid content of the lungs.4 Also, fluid 
can fill the interlobular septal spaces or cuffs; when this happens, 
the fluid-filled septal spaces can be seen on a chest radiograph 
as linear interstitial infiltrates (known as Kerley lines) at the lung 
periphery (Figure 29-2). As total lung fluid accumulates, the 
capacity of the gel-like matrix in the nonalveolar lung intersti-
tium to accommodate fluid is maximized. Once this capacity is 
maximized and the rate of fluid accumulation exceeds the rate 
of lymphatic drainage, fluid will start to accumulate within the 
alveoli; the alveoli then become flooded.

Hydrostatic Versus  
Nonhydrostatic Edema

Despite these extensive protective mechanisms to protect the 
alveolus from excess fluid leakage, common disease states can 
result in fluid flux that exceeds the lung’s capacity to remove or 
store the fluid. Under such circumstances, small increases in 
lung fluid content produce large increases in interstitial hydro-
static pressure, accumulation of intraalveolar fluid, and the 

capillary walls minimizes the distance for gases (i.e., O2 and 
carbon dioxide [CO2]) to diffuse between the airspace and 
blood. However, this small barrier also serves as a conduit for 
leakage of fluid out of the lumen of the capillary into the lung 
interstitium and alveolar airspace. Under normal conditions, 
the vascular and lung compartments work synergistically to 
maintain a physiologic amount of fluid leakage. Under normal 
circumstances, the alveoli contain air and are without fluid. In 
pathologic disease states involving either the capillaries or the 
alveoli, the rate of leakage of fluid into the lung can exceed the 
lung’s capacity to clear the fluid (i.e., through the lymphatic 
drainage of the lung), thereby leading to excessive fluid accu-
mulation in the airspace (called pulmonary edema) and abnor-
mal lung function and gas exchange.

On average, the entire blood volume of the body circulates 
through the lungs in 1 minute or less. This incredible feat is 
achieved through an ingenious design that begins at the outflow 
tract of the right ventricle and passes through the thick-walled 
branches of the pulmonary artery, which successively divide 
into bronchial and bronchiolar branches. Beyond the terminal 
bronchioles, the pulmonary vasculature divides further to form 
a fine capillary meshwork that surrounds the alveoli. The large 
surface area of the capillary network provides for a low–
hydrostatic pressure (5 to 12 mm Hg), high-volume system 
wherein large volumes of blood come into immediate contact 
with alveolar gases. At the capillary level, the vessel walls are 
composed solely of endothelial cells bound to basal lamina.

The interstitial space of the lung is separated into two com-
partments: (1) the alveolar side, which is the space between the 
capillaries and epithelial lining of the alveolus, and (2) the 
nonalveolar side. The alveolar interstitium is composed of 
several structural proteins (collagens and elastin) and proteo-
glycans, which form a relatively stiff, noncompliant basement 
membrane between the membranes of the vascular endothe-
lium and the alveolar epithelium. All combined, this structure 
is very thin (<0.5 µm) and facilitates gas exchange (see Figure 
29-1). In contrast, the interstitium on the nonalveolar side of 
the capillaries is composed of collagen, elastin proteins, and 
mucopolysaccharides in a hyaluronic acid gel that is more com-
pliant and serves to interconnect membranes of the airway 
epithelium, vascular endothelium, and fibroblasts.

Under normal conditions, the physical properties of the 
interstitium allow absorption of water by these tissues with no 
leakage of fluid into the alveoli and no impact on pulmonary 
gas exchange. This interstitial fluid content leads to an intersti-
tial pressure that keeps fluid in the interstitial space, thereby 
serving as a hydrostatic pressure that is similar to but opposes 
the hydrostatic pressure in the vascular space. Overall, the inter-
stitium, particularly the nonalveolar component, is highly com-
pliant and able to accommodate relatively large increases in 
fluid volume in the interstitium without significant change in 
interstitial hydrostatic pressure or leakage of fluid into the alve-
olar airspace.

The alveolar capillaries contain pores (pumps and channels) 
that selectively permit the leakage of protein and allow move-
ment of electrolytes and nutrients between the intravascular 
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FIGURE 29-2	 Chest	radiographs	show	typical	radiographic	features	of	congestive	heart	failure	(CHF)	and	acute	respiratory	distress	
syndrome	(ARDS).	A,	CHF	is	characterized	by	cardiomegaly,	interstitial	infiltrates,	bilateral	perihilar	and	basilar	alveolar	infiltrates,	and	bilateral	
pleural	effusions,	which	cause	blunting	of	the	costophrenic	angles.	B,	ARDS	is	commonly	associated	with	normal	cardiac	size,	diffuse	
peripheral	alveolar	infiltrates,	and	minimal	or	absent	pleural	effusions.	

A B

clinical entity called pulmonary edema. The diseases that cause 
pulmonary edema are typically categorized as either hydrostatic 
or nonhydrostatic edema. To clarify the distinction between 
hydrostatic and nonhydrostatic edema, a simple analogy is to 
consider the intravascular hydrostatic force within the capillary 
as a body of water and the alveolar barrier as an impermeable 
dam with pumps that help regulate the water levels behind the 
dam (Figure 29-3). Hydrostatic pulmonary edema occurs when 
the pressure or volume of water exceeds the capacity of the 
dam’s pumps to maintain the water levels. Water then floods 
the land below the dam (the alveolus in this metaphor). Non-
hydrostatic pulmonary edema occurs when the dam is cracked 
or damaged and the water leaks through it onto the land below 
the dam. It should also be noted that the type or color of water 
is different in nonhydrostatic edema because the cracks in the 
dam permit leakage of more sediment (equivalent of protein 
and cells in patients with ARDS).

Hydrostatic Pulmonary Edema
Hydrostatic pulmonary edema is often also called cardiogenic 
pulmonary edema because of its close association with abnor-
malities in intravascular hydrostatic pressures that cause edema. 
Whereas increased hydrostatic pressures in the pulmonary 
arteries lead to pulmonary arterial hypertension and problems 
with right heart failure, increased hydrostatic pressures in the 
pulmonary veins lead to increased hydrostatic pressures in the 
alveolar capillaries that increase fluid leakage out of the capil-
lary. In most patients, elevation of pulmonary venous pressures 
are caused by increased pressures in left-sided heart pressures 
(left atrial or left ventricular end-diastolic pressure), which are 
key characteristics of left-sided congestive heart failure, both 
diastolic and systolic (Box 29-1). The elevated hydrostatic pres-
sures within the capillary ultimately lead to elevated interstitial 
fluid pressure and alveolar flooding through leakage of fluid 

from the respiratory epithelium.5 In the setting of increased 
hydrostatic pressure, the endothelial and epithelial barriers 
remain intact and impermeable to large proteins and molecules. 
As a result, the fluid that accumulates within the alveoli, when 
measured from bronchoalveolar lavage (BAL) fluid samples, has 
characteristics identical to those of interstitial fluid, that is, with 
low protein levels similar to those of transudative fluid collec-
tions sampled from the pleural and peritoneal spaces in the 
same disease states.4

Nonhydrostatic Pulmonary Edema
Nonhydrostatic pulmonary edema, also called noncardiogenic 
pulmonary edema, results from injury to the vascular endothe-
lium and/or alveolar epithelium. This injury creates a loss of 
integrity in the barrier between the vascular and alveolar spaces 
(like cracks in a dam; see Figure 29-3). In contrast to hydrostatic 
pulmonary edema, nonhydrostatic pulmonary edema is associ-
ated with increased total lung water despite normal microvas-
cular hydrostatic pressure. Although many seemingly unrelated 

 Box 29-1 Common Causes of Hydrostatic 
Pulmonary Edema

CARDIAC
•	 Left	ventricular	failure

•	 Systolic	(e.g.,	myocardial	infarction,	myocarditis)
•	 Diastolic	(e.g.,	left	ventricular	hypertrophy)

•	 Valvular	heart	disease	(e.g.,	aortic,	mitral)

VOLUME OVERLOAD
•	 Excessive	fluid	administration
•	 Renal	failure
•	 Hepatic	failure
•	 Hypoalbuminemia	(e.g.,	malnutrition)
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to the normally impermeable alveolar epithelial barrier, which 
is a key feature of ARDS,6 and by impaired alveolar fluid clear-
ance in ARDS.7

Many acute illnesses can lead to the development of ARDS 
(Box 29-2), but a common mechanism was proposed by Weiland 
and colleagues.8 Regardless of the cause, ARDS is typically 
associated with an influx of polymorphonuclear neutrophils 
(PMNs), which release inflammatory by-products, such as pro-
teases, phospholipases, and oxygen radicals into the lung.2,9 
These inflammatory by-products degrade the endothelial and 
epithelial barriers and recruit additional PMNs to continue the 

risk factors for ARDS have been identified, all causes of ARDS 
feature disruption of endothelial and epithelial barriers and 
typically occur under conditions associated with widespread 
microvascular injury to the lungs. Vascular endothelial injury 
in the lungs causes increased microvascular permeability and 
allows fluid to pass from the capillaries into the interstitial 
space. As protein-rich fluid enters the pulmonary interstitium 
from the vasculature, the osmotic gradient between the capil-
lary and the lung approaches zero and no longer opposes the 
hydrostatic forces that favor fluid movement from the capillary 
into the lung. This process is likely facilitated both by damage 

FIGURE 29-3	 The	intact	dam	(A)	represents	the	normal	condition	in	which	oncotic	and	hydrostatic	forces	(Starling	forces)	are	balanced,	
keeping	the	town	dry	(where	the	town	represents	the	alveolar	space).	In	B,	the	dam	remains	intact	but	the	water	level	has	risen,	
overwhelming	the	dam	(i.e.,	exceeding	the	forces	that	resist	alveolar	flooding)	and	flooding	the	town	representing	the	alveoli.	This	condition	
resembles	hydrostatic	pulmonary	edema.	In	C,	a	crack	in	the	dam	(simulating	the	alveolar-capillary	interface)	allows	water	through	the	dam,	
flooding	the	town.	Note	that	the	water	flooding	the	town	is	darker	because	it	contains	more	sediment	and	mud	from	the	lake.	The	condition	
in	C	simulates	the	damage	to	the	alveolar-capillary	interface	that	accompanies	inflammation	in	acute	respiratory	distress	syndrome,	causing	
nonhydrostatic	pulmonary	edema.	The	muddier	water	flooding	the	town	(representing	the	alveolar	space)	in	C	than	in	B	represents	the	more	
proteinaceous,	inflammatory	nature	of	the	fluid	that	floods	the	alveoli	in	nonhydrostatic	pulmonary	edema.	

A

B

C



 Acute Respiratory Distress Syndrome • CHAPTER 29 593

inflammatory cascade. In contrast to hydrostatic pulmonary 
edema, the fluid that accumulates in ARDS, when sampled 
using BAL, typically demonstrates very high levels of protein, 
neutrophils, and total cells (Figure 29-4).1

Although PMNs play a central role in the development of 
ARDS, multiple pathways lead to the inflammatory cascade in 
the lung and subsequent loss of alveolar membrane integrity. 
Other chemical insults (e.g., gastric aspiration), inhalational 
injury (e.g., of noxious gas such as chlorine), or immunologic 
pathways (e.g., tumor necrosis factor [TNF] or interleukin-8 
[IL8]) all contribute to the hemodynamic and inflammatory 
events characteristic of ARDS.10 Sepsis, one of the most common 
causes of ARDS, features activation of many of these inflam-
matory pathways. The relative contributions and exact roles  
of these proinflammatory mediators in the pathogenesis of 
ARDS are not known.1,11 Attempts to control the inflammatory 
response in sepsis and ARDS by blocking specific mediators 
(e.g., steroids and antibodies to TNF and IL-1) unfortunately 
have not proved beneficial and are not currently used.

It is important to note that acute illnesses associated with the 
development of ARDS also can lead to widespread systemic 
organ injury (e.g., renal failure, encephalopathy), which is 
caused by similar inflammatory pathways leading to injury and 
fluid leak in those organs.12,13 This syndrome of diffuse organ 
impairment is frequently referred to as the multiple organ dys-
function syndrome (MODS). ARDS is the pulmonary mani-
festation of MODS, and MODS is a common cause of death in 
ICUs. In contrast to ARDS, illnesses that lead to hydrostatic 
pulmonary edema typically do not cause MODS.

 Box 29-2 Clinical Features of Congestive 
Heart Failure and Acute 
Respiratory Distress Syndrome

FEATURES COMMON TO BOTH CONGESTIVE 
HEART FAILURE AND ACUTE RESPIRATORY 
DISTRESS SYNDROME
•	 Symptoms	of	anxiety,	dyspnea,	tachypnea
•	 Decreased	compliance	and	reduced	lung	volumes
•	 Hypoxemia	(mild	to	severe),	often	requiring	ventilator	

assistance
•	 Chest	radiograph	shows	diffuse	alveolar	and	interstitial	

infiltrates

FEATURES FAVORING CONGESTIVE  
HEART FAILURE
•	 Clinical	history	suggestive	of	CHF	(see	Box	29-1)
•	 Symmetric	pulmonary	infiltrates,	cardiomegaly,	or	pleural	

effusions	on	chest	radiograph	(see	Figure	29-2)
•	 Elevated	pulmonary	artery	catheter	wedge	pressure	

(18	to	30	mm	Hg)
•	 Bronchoalveolar	lavage	fluid:	Low	protein	and	minimally	

increased	cellularity
•	 Prompt	(<12	to	24	hours)	and	lasting	response	to	diuretics	

and	CHF	therapy

FEATURES FAVORING ACUTE RESPIRATORY 
DISTRESS SYNDROME
•	 Clinical	history	of	a	risk	factor	for	ARDS	(see	Box	29-3)
•	 Asymmetric,	peripheral	infiltrates	on	chest	radiograph	

(see	Figure	29-3)
•	 Bronchoalveolar	lavage	fluid:	Very	high	protein	level	and	

marked	cellular	influx
•	 Transient	improvement	with	CHF	therapy,	but	uncommon	to	

significantly	improve	during	initial	12	to	36	hours

CHF,	congestive	heart	failure.

FIGURE 29-4	 In	this	cartoon,	the	anatomy	of	the	normal	alveolus	is	on	the	left	side	of	the	figure	including	the	alveolar	epithelium	(type	I	
and	type	II	cells),	pulmonary	capillary	with	its	endothelium,	surfactant	layer,	and	alveolar	macrophages.	In	the	normal	alveolus,	little	or	no	
excess	fluid	is	present.	The	right	side	of	the	picture	represents	the	changes	associated	with	acute	respiratory	distress	syndrome,	including	
injury	and	leak	of	the	capillary	endothelium	and	alveolar	epithelium,	damage	and	depletion	of	surfactant,	influx	of	inflammatory	cells	
(neutrophils)	and	cytokines,	and	leak	of	fluid	with	high	protein	levels.	(Modified	with	permission	from	Matthay	MA,	Zimmerman	GA:	Acute	
lung	injury	and	the	acute	respiratory	distress	syndrome:	four	decades	of	inquiry	into	pathogenesis	and	rational	management.	Am	J	Respir	
Cell	Mol	Biol	33:319–327,	2005.)
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require different management strategies, differentiating these 
two forms of pulmonary edema in patients is frequently chal-
lenging because signs and symptoms of both are often very 
similar. The remainder of this chapter will focus on the distinct 
characteristics and management approaches for ARDS. In so 
doing, the reader should gain further ability to understand 
which characteristics and management approaches are both 
similar and distinct to CHF.

DEFINITION AND DIAGNOSIS

Early in the 20th century, the clinical problem of respiratory 
distress shortly after birth was identified in premature infants. 
By the 1950s, the mechanism for the respiratory distress syn-
drome (RDS) of neonates was identified as a primary deficiency 
of pulmonary surfactant caused by birth at a stage of gestation 
(typically ≤32 weeks) before fetal lung maturation.14 The first 
formal report of RDS in adults was published in the late 1960s, 
and the entity of adult respiratory distress syndrome (ARDS) 
was created.15 Over the next 25 years, extensive research was 
focused on this highly lethal condition (i.e., initially with an 
associated mortality rate of 60% to 70%), but outcomes did not 
improve significantly during this period.16 Progress was chal-
lenged by a lack of consensus in the definition of the syndrome 
and by variation in approaches to clinical management.17 A key 
component of the challenge of defining ARDS is the close simi-
larity to other disease entities, including CHF, pneumonia, and 
lung contusion. In the absence of a key distinguishing feature 
that easily separates ARDS from these other common disease 
conditions; the definition of ARDS must include several fea-
tures, which in combination form a syndrome.

In response to these challenges, a consensus definition for 
acute (no longer called adult) respiratory distress syndrome 
(ARDS) was created in 1994 with input from key thought 
leaders from both Europe and the United States and is com-
monly referred to as the American-European Consensus Con-
ference (AECC) definition (Table 29-1).17 Because the syndrome 
of ARDS in children (older than newborns) is not significantly 

Gas Exchange and Lung Mechanics in 
Pulmonary Edema

Hydrostatic pulmonary edema and ARDS are both associated 
with restrictive physiology, reduced lung compliance, and 
refractory hypoxemia, which are largely the result of the accu-
mulation of interstitial and alveolar fluid. In addition, impaired 
gas exchange that results from pulmonary edema is complicated 
further by an increase in the work of breathing. The increased 
work of breathing is caused by dramatic reductions in lung 
compliance that in turn result from alveolar collapse and inter-
stitial fluid accumulation. This scenario commonly causes acute 
respiratory failure and the need for ventilatory assistance (inva-
sive or noninvasive). In most cases, the severity of lung dysfunc-
tion and hypoxemia is worse and more prolonged in ARDS 
compared to the hydrostatic pulmonary edema of congestive 
heart failure (CHF). The inflammatory nature of the intraal-
veolar fluid in ARDS also impairs surfactant synthesis, secre-
tion, and function. The resulting surfactant abnormalities 
further impair pulmonary gas exchange (i.e., related to atelec-
tasis and impaired compliance). The negative effects of alveolar 
consolidation and atelectasis on pulmonary gas exchange are 
further worsened by a loss of the normal vascular response to 
alveolar hypoxemia. Normally, pulmonary arteries in areas of 
alveolar hypoxia will constrict as a physiologic response to pre-
serve ventilation/perfusion ( � �V/Q) matching. However, in ARDS, 
this normal vasoconstrictive response is impaired. Because the 
body is unable to shunt blood away from the diseased alveoli, 
these nonaerated alveoli receive excessive blood flow, which 
contributes to severe � �V/Q mismatching and an intrapulmonary 
right-to-left shunting of blood flow, which causes hypoxemia.

In summary, pulmonary edema may arise from acute ill-
nesses associated with increased pulmonary venous pressure 
(hydrostatic pulmonary edema or CHF) or may result from 
conditions associated with acute injury to the lung, in which 
the normal barriers to fluid movement within the lungs are 
disrupted, as in the nonhydrostatic pulmonary edema of ARDS. 
Although CHF and ARDS are distinct disease processes that 

TABLE 29-1 

Recommended Definitions for the Acute Respiratory Distress Syndrome

AECC Criteria (1994) Berlin Criteria (2012)

Timing	of	onset Acute	onset	(no	definition) Within	1	week	of	known	risk	factor	(trigger)
Risk	factor Not	included If	no	risk	factor	identified,	hydrostatic	edema	must	be	formally	excluded
Exclusion	of	hydrostatic	

edema
Right	heart	catheterization	with	wedge	

pressure	≤18	mm	Hg	or	no	clinical	
evidence	of	left	atrial	hypertension

Requirement	for	wedge	pressure	measurement	removed.	Clinical	
vignettes	using	history,	clinical	signs/symptoms,	and	
echocardiography	provided

Hypoxemia ALI:	P/F	ratio	≤300
ARDS:	P/F	≤200
(regardless	of	PEEP	level)

Three	categories	of	ARDS	(no	ALI):
Mild:	P/F	ratio	=	201-300
Moderate:	P/F	=	101-200
Severe:	P/F	≤100
(must	have	PEEP	or	CPAP	≥5	cm	H2O)

Chest	imaging Bilateral	infiltrates	seen	on	frontal	chest	
radiograph	(no	specific	criteria)

Bilateral	infiltrates	not	explained	by	effusions,	collapse,	or	nodules

Modified	from	Acute	Respiratory	Distress	Syndrome	Task	Force;	Ranieri	VM,	Rubenfeld	GD,	Thompson	BT,	et	al:	Acute	respiratory	distress	syndrome:	the	
Berlin	definition.	JAMA	307:2526–2533,	2012.
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different from that in adults, the AECC definition discontinued 
using the term adult in favor of acute for the syndrome’s 
title. The AECC definition includes five central components:  
(1) reduced lung compliance, (2) hypoxemia (ratio of PaO2/
FiO2 [P/F] <200), (3) bilateral infiltrates on chest radiograph, 
(4) an acute illness associated with the development of ARDS 
that can trigger the onset of ARDS, and (5) no evidence of CHF 
(based on measurements from a pulmonary artery catheter or 
other means to estimate elevated pressures on the left side of 
the heart). The AECC definition includes a condition known as 
acute lung injury (ALI) which shares all characteristics of 
ARDS except hypoxemia that is less severe (i.e., P/F ratio of  
<300 compared to <200 to qualify as ARDS). Since 1994, The 
AECC definition has served as the gold standard for identifying 
and enrolling patients with ARDS into clinical trials. The com-
bination of this consistent definition and enhanced collabora-
tion between investigators around the world has led to dramatic 
discoveries and marked improvements in the outcomes of 
patients.

In 2012, the AECC definition of ARDS was updated by a new 
international consensus group that met in Berlin, Germany in 
2011. These updates were made in response to limitations of 
the AECC that had been identified over the ensuing two decades. 
This new definition is commonly referred to as the Berlin defi-
nition or Berlin criteria (see Table 29-1).18 The key new features 
of the Berlin definition include the following:
1. Replacement of the distinction between ALI and ARDS with 

three categories of ARDS severity (mild, moderate, and 
severe) based on ranges of P/F ratio and levels of positive 
end expiratory pressure (PEEP)

2. Inclusion of noninvasive techniques to estimate left heart 
pressures, including echocardiography

3. Enhanced specificity for interpretation of chest radiographs 
when trying to determine the presence of bilateral infiltrates 
or opacities

4. Enhanced specificity regarding the timeframe referred to  
as “acute” (i.e., occurring within 1 week of the triggering 
condition)

With the introduction of the Berlin definition, it is anticipated 
that use of the term acute lung injury will diminish because it 
has become clear that ALI and ARDS are not distinct conditions 
and only represent differences in severity of the same condition. 
Although no major clinical trials have yet been completed using 
the Berlin definition, it is expected that the Berlin definition will 
become the basis for future trials and for communication 
among clinicians caring for patients with ARDS.

Distinguishing Acute Respiratory 
Distress Syndrome from 
Nonhydrostatic Pulmonary Edema  
in Clinical Practice

Despite the strength of these definitions for ARDS and nonhy-
drostatic pulmonary edema, differentiating ARDS from hydro-
static pulmonary edema (CHF) based on the AECC or Berlin 
definition can remain challenging, even for experienced clini-
cians. In Box 29-2, clinical features that are common to both 

 Box 29-3 Risk Factors for Acute Lung 
Injury and Acute Respiratory 
Distress Syndrome

DIRECT INJURY
•	 Pneumonia	(viral,	bacterial,	fungal)
•	 Gastric	aspiration
•	 Toxic	inhalation	(phosgene,	cocaine,	smoke,	high	

concentration	of	oxygen)
•	 Near	drowning
•	 Lung	contusion

INDIRECT INJURY
•	 Sepsis	and	prolonged	shock
•	 Burn	injury	(chemical	or	heat-induced)
•	 Multiple	trauma
•	 Transfusions	(transfusion-related	acute	lung	injury	[TRALI])
•	 Pancreatitis
•	 Gynecologic	causes	(abruptio	placentae,	amniotic	embolism,	

eclampsia)
•	 Drug	effect	(e.g.,	trans-retinoic	acid	for	acute	leukemia)
•	 Sickle	cell	crisis

	

RULE OF THUMB

The	severity	of	hypoxemia	can	be	measured	in	many	
ways	with	the	most	complex	method,	known	as	the	
alveolar-arterial (A-a) gradient.	Calculation	of	the	A-a	
gradient	is	cumbersome;	therefore	many	clinicians	
choose	to	use	methods	that	are	simple	and	quick	and	
that	provide	useful	estimates	for	trending	the	response	
of	a	patient	to	therapy.	The	P/F	ratio	is	calculated	using	
the	PaO2	obtained	from	an	arterial	blood	gas	(ABG)	
analysis	and	the	fraction	of	inspired	oxygen	(FiO2)	at	the	
time	the	ABG	value	was	obtained.	When	calculating	
P/F	ratios,	it	is	important	to	remember	the	difference	
between	a	fraction	and	a	percent.	In	other	words,	a	
patient	who	is	receiving	40%	supplemental	O2	has	a	
FiO2	of	0.40	(not	40).	As	an	example,	the	P/F	ratio	
of	a	patient	on	50%	O2	whose	PaO2	is	100	mm	Hg	
calculates	to	be	200.	Assuming	the	patient	met	the	
other	points	of	the	Berlin	criteria	to	have	ARDS,	the	P/F	
ratio	would	indicate	the	patient	has	moderate	ARDS.

CHF and ARDS and those that can distinguish each are out-
lined. CHF is more common than ARDS and should be consid-
ered whenever the history or physical examination findings 
suggest one of the causes of CHF listed in Box 29-3. A clinical 
history of infection, recent trauma, or risk factors for aspiration 
may be present in either patient group, but the presence of these 
risk factors (triggers) favors a diagnosis of ARDS. To underscore 
the difficulty in distinguishing the cause of pulmonary edema, 
many patients with ARDS are older and have preexisting ill-
nesses that also place them at risk for CHF.

It is difficult to distinguish between CHF and ARDS based on 
the radiographic findings alone. Both CHF and ARDS are char-
acterized by diffuse alveolar infiltrates that especially occur in 
dependent lung zones (see Box 29-2). CHF is more often associ-
ated with cardiomegaly, perihilar infiltrates, and pleural effu-
sions, whereas ARDS is more often associated with the presence 
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are typically separated into two phases based on the overall 
duration of the disease process: (1) the exudative phase (1 to 7 
days) and (2) the fibroproliferative phase (3 days to weeks).

The exudative phase is characterized by diffuse damage to 
alveoli and blood vessels and the influx of proteinaceous fluid 
and inflammatory cells into the interstitium and alveolar spaces. 
Also, many of the alveolar spaces are filled with hyaline mem-
branes, which are composed of cellular debris and condensed 
plasma proteins (Figure 29-5). As a result of these characteristic 
changes, an early name for ARDS was hyaline membrane disease. 
Pathologically, there is destruction of the alveolar wall, which 
includes type I pneumocytes (the predominant structure cells 
lining the alveoli) and type II pneumocytes (which make and 
secrete surfactant).22,23 The pathologic findings of ARDS also 
include cellular injury to the lining (endothelium) of the pulmo-
nary capillaries. When the primary condition that triggered the 
onset of ARDS is quickly identified and treated, the exudative 
phase is typically short, lasting only a few days and is fully revers-
ible, leaving no significant chronic signs of injury to the lung.

After the cause of lung injury is established and the initiat-
ing events are controlled, a process of lung repair begins. On 
pathologic examination, this appears as an overabundance of 
alveolar type II pneumocytes and infiltration or proliferation 
by fibroblasts within the alveolar basement membrane and 
intraalveolar spaces. Fibroblasts drive intraalveolar and intersti-
tial fibrosis.23 The extent of fibrosis determines the degree 
of pulmonary disability in patients who survive ARDS. The 
exact mechanisms controlling lung remodeling in ARDS are 
not well established but very likely involve by-products of 
inflammatory cells (e.g., proteases, antiproteases, IL-6) and 

of peripheral alveolar infiltrates, air bronchograms, sparing of 
the costophrenic angles, and normal cardiac size. However, 
cardiac size and pleural effusions may be difficult to interpret on 
portable chest x-ray studies with patients lying supine in the 
ICU. Consequently, differentiating between CHF and ARDS on 
the basis of the chest radiograph is often difficult.

Pulmonary edema of any cause is associated with impaired 
gas exchange and abnormal lung mechanics. Both CHF and 
early ARDS (especially in the exudative phase; see below later 
discussion) are associated with interstitial and alveolar accumu-
lation of fluid. As a result of � �V/Q mismatching and shunt 
accompanying this fluid accumulation, arterial hypoxemia 
develops. Because of associated reduced lung compliance and 
increased ventilator rates, patients with interstitial and alveolar 
edema of any cause use a higher fraction (25% to 50%) of their 
total metabolic output to support their increased work of 
breathing.

Intuitively, invasive measurement of hemodynamic variables 
using a pulmonary artery (Swan-Ganz) catheter would seem to 
offer a definitive way to differentiate hydrostatic and nonhydro-
static edema. However, in practice, the measurement of the 
cardiac output or pulmonary arterial pressure either invasively 
or noninvasively has not been shown to be essential for diag-
nosis of ARDS or beneficial in the daily management of ARDS 
patients.19 The increasing availability and accuracy of noninva-
sive assessment of cardiac function by means of echocardiog-
raphy, when combined with other physical examination features 
(capillary refill and mottling), can provide reliable information 
that can effectively guide clinical decision making.20

A potential method of separating CHF from ARDS is based 
on differences in the characteristics of the edema fluid. As previ-
ously discussed, ARDS is associated with inflammatory injury 
to the pulmonary microvasculature, which allows the influx of 
inflammatory cells and proteinaceous fluid into the interstitium 
and alveolar spaces. The inflammatory nature of this exudative 
fluid is reflected by the presence of large quantities of inflam-
matory cells (predominantly neutrophils) in BAL fluid (BALF). 
The BALF findings also can provide diagnostic insights regard-
ing respiratory infections that may be present, and potentially 
the primary source for ARDS. In contrast, the alveolar edema 
fluid in CHF is typically noninflammatory, and the protein 
content is much lower than the protein content of normal 
BALF.21 Despite its potential value, performing BAL and analyz-
ing BALF is not currently a standard clinical practice in manag-
ing patients with acute respiratory failure caused by pulmonary 
edema.

Histopathologic Findings

During the early years of understanding RDS and ARDS, 
pathologists were critically important in helping characterize 
and understand the primary abnormalities in the lung tissue by 
examining lung biopsies and autopsies.14 Although biopsy of 
the lung can provide specific information that can reliably dis-
tinguish ARDS from nonhydrostatic forms of pulmonary 
edema, lung biopsy is typically not required for managing 
patients with ARDS. The changes in the lung tissue in ARDS 

MINI CLINI

A careful history and evaluation of the overall clinical presenta-
tion often are the most useful means by which CHF and ARDS 
can be initially differentiated in a patient who has refractory 
hypoxemia and bilateral infiltrates on the chest radiograph. For 
example, a patient presents to the emergency department with 
complaints of increased cough and shortness of breath and a 
low-grade fever (38.2° C). His medical history includes a long 
history of systolic congestive heart failure (ejection fraction of 
20% to 25% on recent echocardiogram). On examination, he 
has rales noted in both bases, engorged neck veins, bilateral 
lower extremity edema and bilateral infiltrates with cardio-
megaly on chest radiograph. His P/F ratio on ABG analysis and 
50% FiO2 are 175. His white blood cell count is within normal 
range, and he has no other signs of systemic inflammatory 
response syndrome (SIRS) or other organ failure (e.g., renal, 
hepatic, central nervous system). Based on this manifesting 
information, the patient is more likely to have CHF as a cause 
of his pulmonary edema than ARDS, despite his fever and a 
P/F less than 200. Low-grade fever can be commonly seen in 
exacerbations of CHF. It would be typical for this patient to 
improve quickly with diuretic therapy and other measures to 
lower afterload.
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associated illness that stimulates an acute inflammatory 
response that leads to lung injury. These acute illnesses are typi-
cally referred to as risk factors or triggers for ARDS. It has been 
proposed that the risk factors for ARDS should be categorized 
into problems that lead to either direct injury or indirect injury 
to the lung (see Box 29-3).17 In this concept, direct injury occurs 
as the result of triggers that begin in the lung (e.g., pneumonia 
and aspiration) and create an acute inflammatory reaction 
within the lung that ultimately leads to the alveolar injury char-
acteristic of ARDS. Conversely, indirect injury is caused by 
acute illnesses that trigger an acute inflammatory reaction that 
begins outside of the lung (e.g., pyelonephritis or massive hem-
orrhage) and spreads to the lung by the SIRS, thereby leading 
to the alveolar injury of ARDS. Some studies have suggested 
that the response of patients to treatment in ARDS may differ 
depending on whether the initial injury is direct versus indirect. 
However, thus far, this distinction has not proved to predict 
response to treatment or other important clinical outcomes.26 
This lack of distinction is most likely explained by the fact that 
all risk factors share the ability to initiate SIRS, which when 
severe enough, leads to ARDS.

It is important to recognize that only a minority of patients 
with risk factors for ARDS ultimately develop the full clinical 
syndrome. The key factors that determine which patients will 
develop ARDS are the severity and duration of the risk factor, 
and variables that lead some patients to be more susceptible. In 
all patients with ARDS, sepsis is the most common risk factor, 
but even among all patients with sepsis; fewer than 20% will 
develop ARDS. As the severity of sepsis increases to include 
severe sepsis and/or septic shock, the likelihood of ARDS 
developing increases dramatically and can exceed 50%. Among 
direct insults that lead to ARDS, pneumonia is the most 
common. Pneumonia caused by influenza infection is believed 
to carry an especially high risk for developing ARDS and a 
higher severity of ARDS once it develops.27 Similarly, patients 
who are likely to have recurrent problems with a known  
risk factor, such as aspiration, are more likely to develop  
ARDS after multiple aspirations than after a single aspiration. 
Transfusion-related acute lung injury (TRALI), which occurs 
particularly after transfusions of platelets or plasma (less likely 
from packed red blood cells) from female donors, has become 
an increasingly recognized trigger for ARDS, but only carries a 
risk of less than 5%. The risk of TRALI increases with the 
number of transfusions.28 Furthermore, patients can have more 
than one risk factor for ARDS, which also increases the risk for 
developing ARDS.29 As for the susceptibility of the host to 
develop ARDS after any risk factor, important variables are 
increased age (i.e., age >50 years), prior liver disease, alcohol-
ism, and genetic polymorphisms related to inflammatory 
mediators (e.g., IL-1, TNF, and surfactant).30 Evidence suggests 
that cigarette smoking may also increase susceptibility to 
ARDS.31

Epidemiology and Outcomes

The exact incidence of ARDS (including ALI) varies depending 
on the population, but most recent estimates in the United 

FIGURE 29-5	 Light	microscopic	image	of	an	alveolus	in	acute	
respiratory	distress	syndrome	(ARDS)	with	injury	to	the	alveolar	
epithelium,	interstitial	edema,	and	the	development	of	hyaline	
membranes	(arrow).	Hyaline	membranes	form	as	the	coalescence	
of	cells	and	serum	proteins,	particularly	clotting	factors.	These	
membranes	were	an	early	hallmark	of	findings	in	premature	
newborns	with	RDS	and	led	many	to	refer	to	RDS	as	hyaline	
membrane	disease.	(Modified	with	permission	from	Tomashefski	JF,	
Jr:	Pulmonary	pathology	of	adult	respiratory	distress	syndrome.	Clin	
Chest	Med	11;593–619,	1990.)

various growth factors (transforming growth factor [TGF]-
alpha, TGF-beta).24,25 However, the remodeling process after 
ARDS is quite variable. Typically, patients have nearly complete 
normalization of lung compliance and oxygenation 6 to 12 
months after the illness, with a persistent slight impairment of 
the diffusing capacity. However, in a small percentage (5% to 
10%) of patients the architecture of the lung does not fully 
return to normal and patients can experience chronic respira-
tory disability related to irreversible pulmonary fibrosis and 
obliteration of the pulmonary vasculature. The extent of recov-
ery depends on the severity and duration of the initial trigger 
that led to ARDS and the influence of potential secondary 
forms of injury that may develop over the patient’s complete 
hospital course. Secondary forms of lung injury include noso-
comial infection, O2 toxicity, and forms of ventilator-induced 
lung injury (VILI), which will be reviewed in detail in the fol-
lowing section.

KEY FEATURES

Risk Factors (Triggers) and  
Host Susceptibility

Whether using the AECC or the Berlin definition for ARDS, an 
essential component of ARDS is that the patient must have an 
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In addition to outcomes primarily linked with lung function, 
morbidities are associated with the other aspects of ICU care 
that are needed in managing ARDS patients (e.g., sedation, 
delirium, and immobility) that have long-term impact on other 
organ function, such as muscle strength and cognition.38 Using 
a variety of techniques to assess muscular and cognitive func-
tion, survivors of ARDS consistently demonstrate prolonged 
impairments in both for at least 6 to 12 months; however, in 
some patients the changes may never reverse. Consequently, 
increasing attention and urgency has been placed on identifying 
and using supportive care strategies to minimize these morbidi-
ties and accelerate recovery.

States suggest that each year there are 75 to 90 cases per popula-
tion of 100,000, which represents almost 200,000 cases for  
the entire country.32 ARDS may account for up to 16% of 
mechanically ventilated patients on admission to the ICU in  
big tertiary care centers.33 Although there are more common 
conditions that require ICU care and mechanical ventilation, 
the high severity of illness associated with ARDS creates a sub-
stantial burden on providers and the health care system. Recent 
estimates indicate that ARDS patients in the ICU use over 2 
million days in the ICU and almost 4 million days in the hos-
pital, with total costs measured in billions of dollars. These 
burdens address the impact of the illness only on society and 
health care system. As for the impact on the individual patients 
with ARDS, the associated mortality and morbidity is even 
more substantial.

The early mortality rates associated with ARDS between the 
late 1960s and the early 1990s were very high, that is, 60% to 
80%. Given our ability to maintain respiratory function in 
ARDS using mechanical ventilation, only a small minority 
(10% to 15%) of patients with ARDS die from respiratory 
failure. The most common cause of death in patients with 
ARDS relates to the original risk factor that triggered ARDS and 
from the MODS that develops in patients whose original risk 
factor is more severe or prolonged. Fortunately, the mortality 
rate over the past 20- to 25 years has declined dramatically, with 
most recent mortality rates typically reported between 20% to 
40% and some experience as low as 20%.34-36 The reasons for 
this improved survival is likely multifactorial and include 
advances in supportive care, early detection, effective manage-
ment of comorbid diseases such as nosocomial infection, and 
the broad application of approaches to mechanical ventilation 
that limit VILI.

Beyond a risk for death, many important morbidities affect 
survivors of ARDS, including a long period on mechanical ven-
tilation, time in the ICU and hospital, and slow recovery of lung 
function. Lessening these morbidities has increasingly become 
the primary target for recent, large ARDS clinical trials. In the 
early 1990s, patients with ARDS required an average of more 
than 21 days on mechanical ventilation, whereas more recent 
clinical trials have reported that most patients require mechani-
cal ventilation for less than 10 days.37 As the duration of the 
time spent on mechanical ventilation has declined, so has the 
number of days in the ICU and hospital. However, the recent 
increasing use of long-term acute care facilities has made these 
comparisons with early experience more complicated. Recovery 
of lung function as assessed by pulmonary function tests such 
as spirometry, diffusion capacity (DLCO), and 6 minute walk 
test (6MWT) demonstrates that ARDS survivors typically 
recover more than 80% of lung function over 3 to 12 months.38 
The rate of recovery depends on several variables, including 
ARDS severity, the original risk factor, patient age, and more. 
Recovery of vital capacity, expiratory volume, and total lung 
capacity typically occur earliest, whereas recovery of DLCO and 
6MWT is more prolonged. This difference is likely explained by 
the slower pace of recovery for the vascular (capillary) compo-
nent of the lung after ARDS.

	

RULE OF THUMB

Although	ARDS	was	once	considered	a	diagnosis	that	
carried	a	high	likelihood	for	death	(>70%),	current	rates	
of	survival	in	patients	with	ARDS	are	much	higher,	with	
far	more	than	50%	surviving.	As	a	result	of	our	ability	to	
provide	mechanical	ventilation	that	does	not	cause	
harm,	very	few	patients	with	ARDS	die	from	respiratory	
failure.	Consequently,	short-term	periods	of	hypoxemia	
in	patients	with	ARDS	do	not	significantly	increase	the	
likelihood	for	death.	Patients	with	more	severe	disease	
(more	hypoxemia)	that	persists	do	have	higher	mortality	
rates.	Most	patients	who	die	from	mechanical	
ventilation	die	from	the	disease	that	triggered	the	
ARDS.	Accurate	early	diagnosis	and	treatment	of	the	
risk	factor	is	a	key	factor	to	increase	the	patient’s	
chance	for	survival.	For	the	RT,	this	means	that	
patients	with	severe	hypoxemia	may	need	to	undergo	
diagnostic	tests	that	require	transportation	to	radiology	
(e.g.,	CT	scans)	or	that	might	disrupt	their	ventilation	
(e.g.,	bronchoscopy).	Until	the	triggering	risk	factor	has	
been	clearly	established,	these	risks	must	generally	be	
taken.

THERAPEUTIC APPROACH

Once the diagnosis of ARDS is made, one of the most important 
steps for managing and determining the outcome of patients 
with ARDS is to establish the triggering risk factor. Identifying 
and controlling the cause of ARDS is an important step to stop 
progression of the lung injury. After diagnosis, the care focuses 
on preventing further injury (lung and other organs) and sup-
porting the body while it recovers. This section presents an 
overview of the current approach to supportive care (ventilator 
and overall), rescue interventions, and potential therapies for 
ARDS (Box 29-4). Furthermore, Table 29-2 provides a summary 
of the recommendations regarding specific interventions that 
are reviewed and that are currently considered and used by 
clinicians.

As previously mentioned, efforts to improve outcomes in 
ARDS up until and through much of the 1990s were largely 
unsuccessful.16 A key factor contributing to the lack of success 
was the large variation in research and management approaches 
across investigators and institutions. The results of early efforts 
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 Box 29-4 Key Points in the Care of 
Patients With Acute Respiratory 
Distress Syndrome

1.	 Diagnose	ARDS	(use	screening	and	current	Berlin	definition):
a.	 Diagnose	the	cause	of	ARDS
b.	 Treat	the	cause	of	ARDS

2.	 Organ	support:	Key	points	in	ARDS
a.	 Minimize	delirium

i.	 Treat	anxiety	and	pain
ii.	 Promote	patient	awareness,	ability	to	interact,	and	

orientation
b.	 Support	lung	function

i.	 Maintain	effective	gas	exchange
ii.	 Balance	the	benefits	of	PEEP	in	oxygenation	and	

recruitment	with	the	increased	intrathoracic	pressure	
and	its	potential	negative	impact	on	hemodynamics

c.	 Fluid	balance
i.	 Once	patient	has	achieved	hemodynamic	stability,	

initiate	protocolized	conservative	fluid	management
ii.	 Maintain	perfusion	pressures

3.	 Prevent	further	lung	injury:
a.	 Avoid	barotrauma	and	volutrauma	(to	avoid	further	lung	

injury)
i.	 Set	VT	according	to	height
ii.	 Keep	tidal	volume	as	low	as	possible,	ideally	4	to	

6	ml/kg	ideal	body	weight
iii.	 Keep	plateau	pressure	below	30	cm	H2O
iv.	 Tolerate	hypercapnia

b.	 Avoid	O2	toxicity	(avoid	biotrauma)
i.	 Titrate	FiO2	and	PEEP	to	a	SpO2	of	88%	to	95%

c.	 Avoid	aspiration	(to	avoid	pneumonia)
ii.	 Keep	head	of	bed	elevated	at	30	degrees
iii.	 Subglottic	suctioning

d.	 Liberate	from	mechanical	ventilation	as	soon	as	possible
i.	 Daily	assessment	of	spontaneous	breathing
ii.	 Minimize	sedation	(give	sedation	holidays),	use	a	

protocol	for	sedation
iii.	 Encourage	mobility	and	alertness

PEEP,	positive	end	expiratory	pressure.

were often conflicting, which made interpretation and applica-
tion of study findings to patients very difficult. In response to 
this challenge, the National Institutes of Health launched a mul-
ticenter network of investigators and institutions to specifically 
collaborate on clinical treatment strategies for ARDS, a group 
that has since been known as the ARDS Network (ARDSNet).39 
Not by coincidence, the launch of ARDSNet was in 1994 at the 
same time that the AECC ARDS definition was created. Several 
landmark clinical trials by ARDSNet have demonstrated 
improvements in patient outcomes, including increased sur-
vival. The ARDSNet remains active, has been renamed the Pre-
vention and Early Treatment of Acute Lung Injury (PETAL) 
Network, and is now expanding its focus to include ARDS pre-
vention.40 Similar networks of ARDS investigators have success-
fully formed outside the United States, including in Canada, 
France, Australia, and New Zealand, and have provided impor-
tant contributions.

Mechanical Ventilation and Other 
Respiratory Supportive Care

Mechanical ventilation is the cornerstone of supportive care for 
patients with ARDS. In general, the three goals of mechanical 
ventilation are safety, comfort, and liberation from mechanical 
ventilation. Safety encompasses two main clinical objectives: 
ensuring gas exchange and preventing further lung injury 
caused by mechanical ventilation or ventilator-induced lung 
injury (VILI). Comfort focuses on ensuring synchrony with the 
ventilator and balancing the work of breathing distribution. 
Keeping in mind these goals and clinical objectives of ventila-
tion, one can see that some are more important at different 
stages of ARDS. In the early exudative phase of ARDS, the main 
goal is to ensure gas exchange and prevent further lung injury. 
As the disease process resolves and the patient-ventilator inter-
action and awareness is more important, comfort and liberation 
become the main goals. This does not mean that each goal is 

TABLE 29-2 

Summary of Current Treatment Strategies in Acute Respiratory Distress Syndrome

Treatment LEVEL OF RECOMMENDATION

Recommended Not Recommended Alternative/Rescue Therapy

Lung	protective	(low	tidal	volume—6	ml/kg	ideal	body	weight)	ventilation X	(all	patients)
Conservative	fluid	management X	(all	patients)
Prone	positioning	(with	or	without	neuromuscular	blockade) X	(P/F	<	150)
Inhaled	vasodilators X
Beta-2	agonists X
Supplemental	nutrition X
Corticosteroids X
Surfactant	replacement	therapy X
Inverse-ratio	ventilation X
Airway	pressure	release	ventilation X
High-frequency	ventilation X
Extracorporeal	support X
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of the lungs. Gender also plays a small role, with males having 
slightly larger lung capacity than females of similar height. 
Changes in weight associated with obesity, edema, or loss of an 
extremity from amputation do not affect the IBW. Also, surgical 
removal of a lung (pneumonectomy) or portion of a lung 
(lobectomy) should be considered, with a relative reduction in 
target VT based on the percent of total lung that has been 
removed. There are many sources online and in print providing 
calculators or tables to assist bedside providers with a patient’s 
IBW once the patient’s height has been measured.

mutually exclusive, but it does help explain choices about which 
mode of ventilation to apply to a given patient at a given time.

Setting Tidal Volume
Although mechanical ventilation provides lifesaving support to 
patients with ARDS and other forms of acute respiratory failure, 
mechanical ventilation can be dangerous and can cause further 
lung injury, which is often referred to as ventilator-induced lung 
injury (VILI). Although there are multiple forms of VILI, the 
most important and well-established forms of VILI are volu-
trauma and barotrauma. Barotrauma is the rupture of alveolar 
structures that results in gross leak of air outside of the lung 
parenchyma into adjacent tissue spaces (e.g., pleura and medi-
astinum). Pneumothorax and pneumomediastinum are the 
common clinical manifestations of barotrauma, and although 
not certain, these complications are thought to be most closely 
related to excess airway pressures on mechanical ventilation. 
Volutrauma is similarly a form of injury to the alveolar struc-
ture but that does not lead to a macroscopic rupture of the wall 
with clinically recognizable leak of air, but instead leads to an 
overstretching and subsequent microscopic cellular injury to 
the alveolar and capillary walls, causing them to become leaky. 
This cellular injury then becomes the trigger for an inflamma-
tory cascade that may cause further nonhydrostatic pulmonary 
edema. A critically important point for every RT is that the 
volutrauma related to mechanical ventilation must be included 
on the list of potential risk factors and triggers for ARDS. The 
strategy of using VTs that avoid volutrauma is commonly 
referred to as low tidal volume ventilation (LTVV) or lung 
protective ventilation (LPV).

The first highly successful trial completed by the ARDSNet 
in 2000 using LPV demonstrated a 22% reduction in mortality 
in patients with ARDS managed with a “low stretch” or low VT 
approach. The study compared a strategy of low VT (of 6 ml/kg 
ideal body weight [IBW]) versus a larger VT of 12 ml/kg IBW. 
Until this trial, the standard of practice for mechanical ventila-
tion for several decades had been to use a VT of 12 to 15 ml/
kg.41 The results of this trial showing a significant survival 
benefit associated with low VT transformed the standards for 
care of patients with ARDS and is considered one of the most 
important reasons for the dramatic improvements in mortality 
and morbidity associated with ARDS over the past 10 to 15 
years. More recent trials of mechanical ventilation in patients 
without ARDS have suggested that VILI may happen in many 
more patients than just those with ARDS and that LPV may be 
a preferred approach for choosing a VT in other clinical settings 
(e.g., chronic obstructive pulmonary disease [COPD], etc.). 
These trials include even patients requiring only brief exposures 
to mechanical ventilation during elective abdominal surgical 
procedures.42

To deliver LPV to patients effectively, two important points 
must be understood. First, the target of 6 ml/kg (range 4 to 
7 ml/kg) is based on a patient’s IBW not the actual weight. 
During growth and maturation of the lung parenchyma during 
childhood and early adult life, the length/height of the patient 
will be the variable that most determines the size and capacity 

MINI CLINI
Tidal Volume

VT in mechanical ventilation should be kept within a safe range 
to prevent volutrauma or VILI. The recommended size of VT is 
6 ml/kg of IBW (not actual body weight). IBW is determined 
by knowing a patient’s gender, weight, and height, and tables 
with formulas for calculating IBW are readily available. It is 
important for the RT to accurately calculate each patient’s IBW 
when starting mechanical ventilation and throughout the 
patient’s course of mechanical ventilation.

For example, a 50-year-old male who is 6 feet and 0 inches 
tall and weighs 224 lb (100 kg) has an ideal body weight of only 
70 to 75 kg. Using his IBW and the VT target of 6 ml/kg, the 
ventilator should be set for a VT of 420 to 450 ml. If his actual 
body weight were incorrectly used, a VT of 600 ml would have 
been selected and would be too large and could lead to VILI 
and increased mortality. The RT should also consider whether 
the patient has any history of surgical lung resection. For 
example, if the same patient had undergone a left-sided pneu-
monectomy, leaving only the right lung for function, the selected 
VT should be reduced by approximately 50% to 200 to 250 ml.

The second point is that the use of a lower VT in LPV often 
will result in worsened gas exchange, with patients demonstrat-
ing worsening oxygenation and ventilation, including lower P/F 
ratios and higher levels of PaCO2. These seemingly adverse 
effects of LPV on ABGs often create confusion and concern for 
families and care providers, including RTs. However, these 
changes are not associated with worse overall patient outcomes 
(e.g., as measured by mortality or time on mechanical ventila-
tion). Quite the contrary, by keeping a VT lower, the patient’s 
outcomes will be dramatically improved.

Selecting the Mode of  
Mechanical Ventilation
For decades, the discussion of which mode of mechanical ven-
tilation is best for ARDS has caused vigorous debate with many 
strong and divergent opinions. In practice, the clinician may use 
any mode of mechanical ventilation to deliver the recom-
mended VT. At this time, there is no definitive evidence that one 
mode is better than the other in delivering LPV. To simplify this 
issue, the mode of ventilation should principally serve the goals 
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ability to maintain targeted VT and minute ventilation and less 
ability to prevent excessive VT, which can lead to VILI. In 
response to this challenge, some newer ventilators include tech-
nologic features that may improve the ability to maintain LPV, 
including adaptive or intelligent targeting schemes45 in which 
the inspiratory pressure is automatically adjusted to achieve a 
target VT. Whether these technologic advances lead to advan-
tages that provide improved clinical care for patients remains 
unproved currently.

In the volume control and pressure control modes, variation 
in patient effort is a challenge. This challenge can be addressed 
with sedation, analgesia, and/or neuromuscular blockade to 
blunt patient respiratory effort. However, the adverse effects of 
these pharmacologic interventions must be considered (dis-
cussed further later) and are increasingly recognized as affecting 
the long-term outcome of ARDS survivors.

Positive End Expiratory Pressure
The use of PEEP in patients with ARDS was first reported in 
1967,15 and by the mid-1970s, the effects of PEEP on lung com-
pliance, oxygenation, and cardiac output (Figure 29-6) had 
been well characterized.46 Of interest, since that time, even after 
much debate and research, there is no standardized method to 
set PEEP in ARDS.47-49

The rationale for using PEEP requires understanding the 
pressure-volume (P-V) curve of the lung. The P-V relationship 
can be established for a given patient by measuring lung volume 
during step increases in airway pressure. The classic P-V curve 
has an S, or sigmoid, shape (Figure 29-7). The initial limb has 
large changes in pressure for each step increase in volume, the 
middle limb has the “best” change in pressure per volume, and 
the final limb again has large pressure changes for each step 
increase in volume. From the resulting curve, we can obtain a 

of safety (i.e., ensuring and limiting the inhaled VT) while also 
ensuring minute ventilation/gas exchange. More complete 
details outlining mechanical ventilation and the available asso-
ciated modes are provided in Chapter 45.

The mode that most directly achieves the goal of controlling 
VT is volume control, which includes continuous mandatory 
ventilation (also known as volume control or assist/control). In 
this traditional mode, which is still present on most ventilators, 
the clinician sets the VT (6 ml/kg of IBW) and the ventilator 
delivers the target VT on every breath, whether patient-initiated 
or not. However, there are several potential shortcomings to this 
mode, of which the most important are patient-ventilator 
dysynchrony, requiring heavier patient sedation, and double 
triggering, in which the patient’s actual inspiratory time exceeds 
the set inspiratory time on the ventilator, thereby triggering a 
second mechanical breath during the same inspiratory cycle 
and causing delivery of a VT twice the targeted size. In response 
to this limitation, many ventilator manufacturers have refined 
their volume control modes to use other targeting schemes. For 
example, on the Maquet Servo-I (Rastatt, Germany), volume 
control has a dual targeting scheme, which turns into a pressure-
controlled breath when the patient initiates a sufficient inspira-
tion. On the Drager Evita XL (Lubeck, Germany), when the 
autoflow feature is activated, volume control converts to a pres-
sure control mode with an adaptive targeting scheme.43,44

In pressure control modes, the VT depends on the set inspira-
tory pressure above PEEP, inspiratory time, patient effort, 
airway resistance, and lung compliance. In practice, this means 
that to consistently achieve the target VT, the set inspiratory 
pressure and inspiratory time need to be adjusted manually or 
automatically by the ventilator. The same variation in patient 
respiratory effort that creates challenges for volume control 
modes also creates problems in these modes by limiting the 

FIGURE 29-6	 Determination	of	optimal	PEEP	from	simultaneous	measurements	of	hemodynamic	(DO2),	gas	exchange	(shunt	fraction	
and	arterial	oxygenation	[PaO2]),	and	physiologic	values.	Optimal	PEEP	does	not	correspond	to	PEEP	associated	with	optimal	pulmonary	
gas	exchange.	When	adjusting	PEEP,	the	clinician	should	consider	its	effects	on	systemic	DO2	and	lung	compliance	such	that	systemic	
organ	injury	and	lung	injury	are	minimized.	
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+ expiratory reserve volume) and decreases the amount of 
unaerated lung (atelectasis), leading to improved gas exchange 
and lung compliance.

FIGURE 29-7	 Typical	pressure-volume	relationships	during	
normal	conditions	and	during	acute	respiratory	distress	syndrome	
(ARDS).	At	low	lung	volume,	inspiratory	pressure	increases	faster	
than	lung	volume	(line A)	owing	to	high	alveolar	surface	tension.	As	
alveoli	open,	surface	tension	decreases,	and	the	pressure	required	
to	increase	lung	volume	further	decreases	(line B).	The	lower	
inflection	point	(LIP)	occurs	between	lines A	and	B	and	represents	
the	volume	above	which	most	alveolar	units	are	open.	The	upper	
inflection	point	(UIP)	occurs	at	near-maximal	lung	volume	and	
corresponds	to	the	point	at	which	further	increases	in	pressure	
result	in	minimal	increases	in	lung	volume	(line C).	Pressure	applied	
above	the	UIP	is	associated	with	alveolar	distention.	During	the	
expiratory	phase	of	the	respiratory	cycle	(dotted line),	the	lower	
deflection	point	(LDEF)	is	the	point	below	which	lung	volumes	
slowly	decrease	(alveolar	units	collapse).	During	ARDS	(gray dashed 
curve),	pressure-volume	relationships	change	such	that	higher	
pressure	is	needed	to	maintain	alveolar	patency,	and	alveolar	
distention	occurs	at	lower	VT	levels.	Near-maximal	lung	volumes	are	
typically	achieved	at	an	inspiratory	pressure	of	approximately	35	cm	
H2O	in	normal	conditions	and	during	ARDS.	Attempts	to	increase	
inspiratory	pressure	to	more	than	35	cm	H2O	provide	little	additional	
ventilation	and	substantially	increase	the	risk	for	injury	to	the	lungs.	
During	ARDS,	the	LIP	often	occurs	at	a	pressure	of	5	to	15	cm	
H2O.	PEEP	at	levels	greater	than	LIP	may	prevent	end-expiratory	
alveolar	collapse	and	reduce	lung	injury	secondary	to	alveolar	shear	
stress.	
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lower inflection point (LIP), which is where the initial and 
middle limbs meet, and an upper inflection point (UIP), which 
is where the middle and upper limbs meet. The LIP represents 
the point in the P-V curve at which recruitment (i.e., opening) 
of a significant number of alveolar units begins. The LIP is typi-
cally the same point below which the alveolar units will close 
(atelectasis) if no airway pressure is applied. The UIP represents 
the point beyond which alveolar units are generally unable to 
expand or distend further, so the pressure rises above the UIP. 
Imaging studies have shown evidence that recruitment and 
overdistention occurs throughout the P-V curve, which may be 
interpreted as showing that there is no absolute point at which 
safety can be guaranteed.50 From the physiologic standpoint, 
PEEP increases the functional residual capacity (residual volume 

	

RULE OF THUMB

Changes	in	physiologic	markers	(oxygenation,	
compliance)	take	time	after	changing	the	level	of	PEEP.	
When	decreasing	PEEP,	the	changes	in	physiology	
becomes	evident	early,	usually	within	5	minutes.	On	the	
other	hand,	when	increasing	PEEP,	the	changes	in	
physiology	make	take	at	least	60	minutes	to	become	
fully	evident	and	may	continue	to	change	with	time.51

During mechanical ventilation, the goal is to maintain the 
PEEP above the LIP to avoid repeated cycles of alveolar collapse 
and recruitment (also known as cyclic recruitment or atelec-
trauma) and keep the VT below the UIP to avoid cyclic overdis-
tention. Although creating P-V curves on patients receiving 
mechanical ventilation can be done so that the LIP and UIP can 
be actually quantified, measuring P-V curves is both technically 
challenging (requiring patient to be heavily sedated and off 
PEEP) and time-consuming. Because the actual LIP and UIP 
are not typically measured and available to the providers, titra-
tion of PEEP is typically performed using best estimates from 
the more commonly available pressure and volume data col-
lected daily during mechanical ventilation. Thus identifying the 
level of PEEP that allows the patient to remain within the 
middle limb of the P-V curve during daily practice in the ICU 
can be challenging.

In ARDS, the challenge to estimate the P-V relationships to 
determine the “optimal” or “best” PEEP settings is even greater. 
The P-V curves are flatter and more deviated to the right (Figure 
29-6), which creates a smaller window for the settings to maxi-
mize benefits while avoiding overdistention. Furthermore, these 
patients’ need for PEEP during mechanical ventilation is typi-
cally greater, making them less tolerant to a formal assessment 
of the P-V curve (which requires a brief period with PEEP set 
to 0 cm H2O). It must also be noted that in ARDS, the P-V 
relationships are highly dynamic and depend on the patient’s 
overall condition. For example, administering or removing 
additional fluids can result in worsening or improvement that 
can require adjustment of PEEP to maintain the patient in the 
middle portion of the P-V curve. Finally, the use of PEEP is 
further complicated by the potential adverse hemodynamic 
effect of PEEP to decrease venous return to the right heart. 
Despite these challenges, careful titration of PEEP and main-
taining low VT are equally important components of LPV to 
prevent VILI.52

The search for a reliable method to accurately set PEEP in 
ARDS is ongoing. There are methods focused on oxygenation, 
others on lung compliance, and still others using CT imaging 
to determine best PEEP.53 In a recent study, a comparison of 
methods based on lung mechanics versus using a table based 
on oxygenation (like the one used in the ARDSNet trials) 
favored the table approach.53 Overall, trials assessing different 
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Respiratory Rate and Inspiratory Time
ARDS is associated with alveolar consolidation and � �V/Q mis-
matching, causing increased physiologic shunt and dead space 
ventilation. Also, critically ill patients typically have elevated 
rates of metabolism rates and CO2 production, explaining why 
patients with ARDS require much higher minute ventilation to 
maintain PaCO2 in the normal range. The challenge is that we 
use low VTs to prevent lung injury in ARDS, resulting in the 
need to increase the ventilator rate to achieve adequate PaCO2 
levels. In conventional practice and most large ARDS trials, the 
respiratory frequency is kept below 35 breaths/min. The con-
cern with faster ventilator rates is that these faster rates will 
cause auto-PEEP and impaired perfusion.55-57 Thus, in manag-
ing patients with ARDS, the clinician must resist the urge to 
correct the PaCO2 value to normal. Instead, in the absence of 
a contraindication to hypercapnia (e.g., elevated intracranial 
pressure), we allow hypercapnia (“permissive hypercapnia”) 
with a goal to maintain the arterial pH at no less than 7.15 to 
7.20. Even when PaCO2 rises to a point during which pH may 
become dangerously low (e.g., <pH 7.15), the absolute need to 
keep the VT at 6 ml/kg IBW remains. In this circumstance, the 
pH can be corrected by other means, for example, either through 
normal physiologic retention of bicarbonate by the kidneys 
over time, pharmacologic supplementation (intravenous or 
oral) of bicarbonate, or, in rare instances, use of extracorporeal 
removal of CO2.

58 Animal models and human studies have con-
firmed the safety of controlled hypoventilation or “permissive 
hypercapnia.”59

In conventional modes of mechanical ventilation, the respi-
ratory cycle is characterized by an inspiratory-to-expiratory 
ratio (I/E) exceeding 1 : 2 (i.e., the time for expiration is at least 
two times that of the time for inspiration). Patients with 
obstructive lung diseases (COPD and asthma), typically benefit 
from I/E rates with even longer expiratory times (i.e., I/E ratios 
of 1 : 3 to 1 : 4) to allow full lung emptying. However, in patients 
with ARDS, the impact of pulmonary and interstitial edema is 
to create a stiffer lung, which characteristically does not require 
as much time for exhalation. As a result, using I/E ratios of 1 : 1 
are generally recommended in managing patients with ARDS. 
An I/E ratio of 1 : 1 can be achieved by using slower inspiratory 
flow rates, which also can help minimize airway pressures 
during inspiration (i.e., lower the peak inspiratory pressure). 
More extreme reductions in inspiratory time (i.e., I/E ratios = 
1.5 : 1 to 2 : 1), a technique known as inverse-ratio ventilation 
(IRV), also have also been used in ARDS, but inverting the I/E 
ratio is generally not recommended and is considered an alter-
native ventilatory approach.

levels of PEEP in ARDS do not demonstrate a difference in 
mortality; however, higher levels of PEEP in more severe disease 
(P/F ratio <150) may lead to decreased mortality and less 
use of rescue strategies.49,54 Taking all of this into account, it is 
reasonable to use a table to set the PEEP (see http://www 
.ARDSNet.org) and FiO2 and in severe ARDS a higher PEEP 
may be better.

	

RULE OF THUMB

In	most	patients	with	ARDS,	PEEP	levels	below	20	cm	
H2O	are	generally	preferred.	Levels	of	PEEP	greater	
than	20	cm	H2O	should	not	be	routinely	used	unless	
the	benefits	of	higher	levels	of	PEEP	are	supported	by	
objective	end	points,	such	as	improved	lung	
compliance	(see	Figure	29-6)	or	optimal	alveolar	
recruitment	(see	Figure	29-7).

MINI CLINI
Avoiding Ventilator-Induced Lung Injury

PROBLEM:  How can VILI be minimized in patients with 
ARDS through adjustments of PEEP and VT?

DISCUSSION:  Alveolar shear stress occurs when alveoli col-
lapse during expiration and are reopened as the next VT is 
delivered. Patients with ARDS are prone to developing this 
form of lung injury because surface tension increases as a result 
of impaired surfactant synthesis and function and decreased 
lung compliance. Alveolar collapse at end-expiration (the LIP 
of the P-V curve) can be avoided with PEEP, which reduces 
alveolar shear stress by preventing the cyclic opening and 
closing of the alveoli during each ventilatory cycle. Because 
partially patent alveoli require less pressure to inflate than col-
lapsed alveoli, PEEP also improves lung compliance. Improved 
compliance is reflected by an increase in the slope of the P-V 
curve (see Figure 29-7).

The clinician can gauge the effects of PEEP on the basis of 
calculated changes in lung compliance (see Figure 29-6). In the 
clinical setting, changes in lung compliance are estimated from 
the compliance of the entire respiratory system, which includes 
the combined influences of lung compliance, chest wall compli-
ance, and abdominal pressure:

Compliance of the respiratory system
Tidal volume Plateau= −(   pressure Total PEEP– )

As PEEP increases, risk also increases for alveolar overdisten-
tion and volutrauma. This is identified as a decrease of compli-
ance as the PEEP increases. Just as alveolar collapse during 
end-expiration is associated with decreased lung compliance; 
alveolar overinflation during end-inspiration is reflected by 
decreasing compliance and corresponds to the UIP of the P-V 
curve (see Figure 29-7).

	

RULE OF THUMB

Administering	high	levels	of	supplemental	O2	can	cause	
lung	injury	as	a	result	of	O2	toxicity.	O2	toxicity	is	
considered	to	be	time-dependent	and	dose-dependent;	
that	is,	the	longer	the	exposure	and	the	higher	the	FiO2,	
the	worse	the	injury	will	be.	The	RT	must	continuously	
titrate	the	FiO2	and	PEEP	to	keep	the	target	SpO2	in	
the	range	of	88%	to	95%.

http://www.ARDSNet.org
http://www.ARDSNet.org
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of significant edema in the patient’s face, hands and feet and/or 
persistent evidence of pulmonary edema and pleural effusions 
on the chest radiograph.

Nonventilatory Supportive Care

Supportive care in the ICU, including patients with ARDS, 
focuses on maintaining function of key organs and minimizing 
the complications associated with critical illnesses and spending 
several days in an ICU. These points of management do not 
directly treat the primary risk factor that triggered ARDS, but 
are nonetheless critically important to optimize patient out-
comes both during and after their time in the ICU. Supportive 
care measures apply to many (if not most) patients on mechani-
cal ventilation in the ICU and can be very general (e.g., prophy-
laxis against deep vein thrombosis, gastric acid suppression, and 
prevention of nosocomial infections), but many first have been 
tested and most are well proved for patients with ARDS (e.g., 
LPV). Ventilatory support of the lungs with mechanical ventila-
tion is a key component, but it is not the only supportive 
measure that has benefit on lung function (e.g., conservative 
fluid management). This section will briefly review a few key 
aspects of supportive care related to both the lungs and other 
key organs.

Conservative Fluid Management. In managing the criti-
cally ill patient, blood pressure, cardiac output, and oxygenation 
must be preserved to ensure perfusion of vital organs (e.g., 
kidney, brain). Fluids are given both intravenously and orally 
to critically ill patients to preserve perfusion and hydration. The 
amount of fluids taken in by critically ill patients invariably 
exceeds the amount of fluids that the patient loses, and patients 
often gain approximately 1 L of fluid per day. Such fluid reten-
tion was widely accepted in ARDS management until the 
ARDSNet Fluids and Catheters Treatment Trial (FACTT), 
which was completed in 2006 and changed the approach to 
fluid management in ARDS. In this study, a new, protocol-
driven conservative fluid management strategy was compared 
to a so-called liberal strategy that was typical of standard prac-
tice before the beginning of the study. The two strategies (con-
servative vs. liberal) were applied for the first 7 days of ARDS 
treatment in patients who were no longer in shock. The key 
finding of the FACTT study was that a conservative strategy led 
to improved gas exchange (oxygenation), shorter duration of 
mechanical ventilation and ICU length of stay for survivors, and 
no increased frequency of other organ failures, including renal 
failure.60

In practice, once patients with ARDS are hemodynamically 
stable (i.e., not needing fluid boluses or vasopressors to main-
tain blood pressure for at least 12 hours), a conservative fluid 
management should begin. This approach includes reducing all 
unnecessary maintenance fluids and aggressively giving diuret-
ics to reduce total body fluid, while closely monitoring for nega-
tive effects of diuresis on tissue perfusion and responding 
promptly to electrolyte changes caused by diuretics (e.g., hypo-
kalemia, hypernatremia, and alkalosis). Using a conservative 
fluid approach, the total amount of nonhydrostatic pulmonary 
edema can be more actively and promptly reduced than with  
a liberal approach, in which normal alveolar processes are 
expected to slowly clear alveolar flooding. At the bedside, a 
common clue that diuresis may be appropriate is the presence 

MINI CLINI
Managing Hydrostatic Pressure in 
Patients With Acute Respiratory 
Distress Syndrome

PROBLEM:  Critically ill patients requiring mechanical venti-
lation for acute respiratory failure often receive large volumes 
of fluid in the form of intravenous medications, maintenance 
fluids, and nutrition (enteral or parenteral). Excessive or non-
essential fluid administration should be avoided in patients 
with ARDS because they have “leaky capillaries” and are 
remarkably sensitive to changes in pulmonary vascular hydro-
static pressure. How can iatrogenic pulmonary edema be 
avoided in these patients so they can be liberated from mechan-
ical ventilator sooner?

DISCUSSION:  Noninvasive estimates of total body water, 
such as daily weights and total fluid intake and output mea-
surements, are helpful tools but often are not accurate. The 
inaccuracy of noninvasive estimates of total body fluid content 
are tolerable as long as the patient’s overall clinical status is 
improving and the patient is hemodynamically stable (i.e., with 
acceptable blood pressure and tissue perfusion). The use of a 
protocol to guide fluid management leads to faster liberation 
of mechanical ventilation. In the conservative fluid manage-
ment strategy used in the FACTT trial,60 the approach com-
bined clinical and invasive monitoring to guide fluid therapy. 
While patients are in shock (requiring fluid boluses and/or 
vasopressors to maintain a mean arterial pressure ≥60 mm 
Hg), fluid conservative management is not attempted. Once 
patients are no longer in shock for 12 hours (a much shorter 
timeframe than previously considered safe), the protocol uses 
clinical signs of effective circulation (capillary refill), urine 
output, and central venous pressure (CVP) measured by a 
central venous catheter to determine when diuretics should be 
given. These parameters are reassessed every 4 hours, and 
diuretic therapy is given when patients meet the appropriate 
criteria. The target level for CVP was less than 4 mm Hg, which 
is the range for CVP under normal conditions. The use of the 
conservative fluid protocol (compared to liberal or usual fluid 
management) caused patients to have significantly reduced 
fluid accumulation during their ICU course and to be liberated 
from mechanical ventilation an average of 2 or 3 days sooner.

Sedation and Analgesia

Over the past 10 to 15 years, the approach to managing sedation 
and analgesia in critically ill patients has changed dramatically. 
Protocolized sedation and scheduled daily interruptions of 
sedation (awakenings) lead to shorter times on mechanical ven-
tilation and decreased length of ICU stay.61,62 Furthermore, evi-
dence from survivors of ARDS has demonstrated that many 
experience persistent problems with memory and cognition 
and that these changes relate to the types of sedation that 
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profound weakness is a commonly reported symptom in ARDS 
survivors, and can persist for 6 to 12 months or more. This 
adverse consequence of ICU care is related to both drugs (e.g., 
steroids, neuromuscular blocking paralytic agents) and just the 
simple lack of mobility (immobility). Mobilizing a small, select 
group of patients receiving mechanical ventilation in ICUs has 
been done for decades, but this has been typically limited to 
patients after tracheostomy, after several weeks of immobility. 
Over the past decade, numerous clinical trials from the United 
States and Europe have demonstrated that early mobilization of 
patients on mechanical ventilation, including ARDS patients 
with severe hypoxemia, is both highly beneficial and safe. In 
these studies, early mobilization typically refers to allowing 
capable patients to sit on the side of the bed, stand, and/or walk 
within 48 to 72 hours of ARDS onset, even while they are still 
endotracheally intubated. The benefits of early mobility include 
reducing the length of time ARDS survivors spend in the ICU 
and hospital and accelerating the recovery and return to their 
baseline functional status after hospital discharge, including 
return to work. This important element of supportive care has 
not yet become the standard of care in many ICUs because of 
apprehension by caregivers (physicians, nurses, and RTs) about 
the safety of mobilizing critically ill patients. Also, the costs 
associated with increased commitment of physical therapists 
and RTs to the ICU have often been considered prohibitive. 
However, when all costs of patient care (ICU, hospital, and 
posthospital discharge) are considered, the cost of mobilizing 
patients is no higher or is actually reduced.69

Adjunctive Strategies to Improve  
Lung Function

Prone Positioning
In view of the heterogeneous distribution of lung injury in 
patients with ARDS, it has been proposed that changing the 
position of the patient could result in improved � �V/Q matching 
within the lungs. In this regard, it is known that alveolar con-
solidation in ARDS tends to be most pronounced in the depen-
dent lung zones (posterior regions when patient is lying supine), 
where blood flow is greatest.70 These observations led investiga-
tors to experiment with positioning the patient so that aerated 
lung fields (nondependent lung zones) become dependent by 
positioning of the patient in the prone position (i.e., placing 
chest and face down). So-called proning the patient recalls the 
old adage to “put the good lung down.”

The mechanisms by which prone positioning improves oxy-
genation is the subject of debate. Some proposed mechanisms 
include improved matching of ventilation with perfusion, 
increased functional residual capacity, increased cardiac output, 
more effective drainage of upper and lower airway secretions, 
and improved diaphragmatic excursion. Investigations using 
animal models of ARDS have shown that ventilation in the 
supine position causes compressive forces on the dorsal air-
spaces, resulting in derecruitment of lung units. This phenom-
enon is reversed by ventilation in the prone position.71,72

In 1977, Douglas and colleagues73 were the first to describe 
improved oxygenation with prone positioning of patients with 

patients receive during their care in the ICU. In particular, using 
benzodiazepines (e.g., lorazepam or midazolam) seems to carry 
the greatest risk for these adverse neurocognitive effects. One of 
the earliest neurocognitive warning signs in the ICU is the 
development of ICU-associated delirium, which can be caused 
by several common environmental challenges in the ICU, 
including lack of sleep, noise, use of restraints, and immobility. 
The use of benzodiazepines also has been strongly linked to the 
development and progression of delirium in the ICU.

Given these concerns related to the acute and long-term 
adverse effects of ICU sedation, current strategies for sedation 
aim to minimize the exposure to all sedatives, in particular 
benzodiazepines.63 Preferred agents to treat patient agitation 
(including ventilator dyssynchrony) are analgesic (e.g., narcot-
ics) and antipsychotic drugs, which are more likely to directly 
address delirium. This recent emphasis on reducing the level of 
sedation for patients on mechanical ventilation poses a chal-
lenge for the RT, who along with the nursing staff, must manage 
patients who are more awake and who breathe spontaneously 
while receiving lung protective ventilation. We can no longer 
assume that a heavy sedation to optimize a patient’s synchrony 
with mechanical ventilation is the best and safest approach for 
the patient. An approach that balances the short-term risks of 
mechanical ventilation with the longer term risks of sedation is 
recommended, and the goals of care should be discussed daily 
among all caregivers to ensure success.

Nutrition
Malnutrition in the ICU leads to poor outcomes, but so does 
overfeeding. Further, the type of alimentation may affect how 
the body reacts to disease. Although the literature on nutritional 
management of patients with ARDS is rather scant, two recent 
studies deserve comment. The ARDSNet EDEN trial studied 
whether using trophic feeds (a small amount of enteral nutri-
tion just to keep the gut working) was better than full enteral 
nutrition for the first 6 days of care of patients with ARDS. The 
results of the study showed no benefit for the full nutritional 
approach either during the ICU stay or 1 year later.64

Although an early small trial suggested benefit from supple-
menting nutrition with omega-3 fatty acids, another recent 
ARDSNet trial, the OMEGA trial,65 in which omega-3 fatty 
acids, along with γ-linolenic acid and antioxidants (given to 
help modulate the inflammatory response in ARDS), were com-
pared to placebo. Again, no differences were observed between 
the treatment and placebo groups. A recent meta-analysis of 
seven trials examining omega-3 fatty acids also found no effect 
from nutritional supplements in patients with ARDS.66 Cur-
rently, there is no specific recommendation regarding nutrition 
in patients with ARDS. Guidelines recommend the same nutri-
tional management as for any critically ill patient.

Mobility
It has long been recognized that the prolonged period patients 
spend lying in bed on mechanical ventilation has an adverse 
effect on the mass and function of muscles for patients in the 
ICU, including those with ARDS.67,68 As mentioned previously, 
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patients with only mild to moderate ARDS who are oxygenating 
adequately on conventional ventilation.

Inhaled Vasodilators
The potential role of inhaled vasodilators in ARDS is based on 
the idea that vasodilators that enter via the airways (as com-
pared to intravenously) are preferentially distributed to well-
ventilated portions of the lung, where the vasodilator can cause 
local vasodilation. In this way, well-ventilated areas of the lung 
receive a greater portion of the total pulmonary blood flow, 
which results in improved oxygenation by reducing � �V/Q mis-
match (Figure 29-8).

Nitric oxide (NO) and prostacyclin are naturally occurring 
potent vasodilators that play a critical role regulating blood flow 
within the normal lungs. NO is soluble in liquids and gases and 
diffuses readily through various tissues. When NO diffuses from 
the alveolus into the capillary, it is bound by hemoglobin. As  
a result, the vasodilatory effects of NO are short-lived (few 
minutes) and are localized to the area of tissue where the NO 
is released.

Prostacylin is a prostaglandin byproduct of arachadonic acid 
metabolism and several analogues have been pharmacologically 
developed (e.g., epoprostenol [Flolan]) and revolutionized the 
treatment of pulmonary hypertension over the past 20 years.77 
Although not gaseous, epoprostenol and other prostacyclin 
analogues can be nebulized and provide a similar effect as 
inhaled NO.

When given clinically, the beneficial effects of NO can be 
achieved at low concentrations of inhaled NO (5 to 10 ppm) 
and are typically not improved with higher doses. Because of 
its profound effects on pulmonary hemodynamics, discontinu-
ing inhaled NO or other pulmonary vasodilators may be associ-
ated with severe rebound pulmonary vasoconstriction and 

ARDS. However, because of concerns over the logistics and 
safety of proning patients, prone ventilation strategy remained 
unpopular. This concern prevailed even in the face of studies 
that had demonstrated a beneficial effect of prone ventilation.74 
Recently, a large multicenter, randomized clinical trial demon-
strated that using prone positioning for more than 16 hours per 
day improved survival when started within the first 36 hours of 
onset of mechanical ventilation75 for patients with moderate to 
severe hypoxemia (P/F ratio <150 mm Hg). These new studies 
have again demonstrated the advantages of prone ventilation, 
including improved oxygenation and improved long-term sur-
vival over supine ventilation without the need for expensive 
pharmacologic interventions or new ventilator modalities. 
Despite these advantages, prone positioning of patients with 
ARDS requires an experienced and committed staff (nursing 
and RT) and may require special equipment to facilitate turning, 
especially for obese patients. Some patients may not tolerate 
prone ventilation or may have a relative contraindication to 
proning, such as open surgical wounds or late trimester preg-
nancy. However, as more centers gain comfort with the logistics 
of rotating patients, prone position ventilation has emerged as 
one of the first-line adjunctive therapies available to assist in 
oxygenating the patient with severe ARDS and is considered by 
many to now be the standard of care for patients with sustained 
severe ARDS (P/F ratio <150 for more than 12 to 24 hours on 
stable ventilator settings).

Neuromuscular Blockade
Neuromuscular blocking paralytic agents have been used for 
decades to enhance compliance with mechanical ventilation in 
patients with ARDS, especially when the ventilatory mode has 
involved low-volume ventilation or inverse-ratio ventilation. 
Furthermore, with severe dyspnea and/or ventilator dyssyn-
chrony, a substantial portion of the patient’s arterial O2 content 
can be consumed by accessory respiratory muscles. Therefore, 
in patients who continue to remain hypoxemic despite maximal 
ventilator settings and adequate sedation, a trial of neuromus-
cular blockade is usually warranted.

Although earlier studies showed improved oxygenation with 
neuromuscular blockade for the first 48 hours, they did not 
address whether neuromuscular blockade conferred any sur-
vival advantage. A multicenter randomized trial considered 
90-day in-hospital mortality as the outcome measure after 
treatment with a bolus of the paralytic drug cisatracurium fol-
lowed by a 48-hour infusion. The cisatracurium group showed 
improved adjusted 90-day survival, more days off the ventilator, 
and a lower incidence of barotrauma complications. In a post 
hoc analysis of the study, the benefit of neuromuscular blockade 
was most evident in patients with more severe disease as defined 
by a P/F ratio less than 120. Although problems with muscle 
weakness related to neuromuscular blocker use were thought to 
be more likely in the intervention group, no such effect was 
seen, perhaps related to the short duration of paralysis in the 
study.76 Despite the promising nature of these results, many 
clinicians remain concerned about the adverse neuromuscular 
effects of neuromuscular blockers in ARDS, particularly in 

FIGURE 29-8	 The	damage	of	acute	lung	injury	and	acute	
respiratory	distress	syndrome	is	heterogeneous.	A,	Despite	
autoregulatory	changes	that	favor	vasodilation	of	well-oxygenated	
alveoli,	perfusion	goes	to	both	the	healthy,	unaffected	alveoli	and	
the	diseased	alveoli	that	are	unable	to	oxygenate	blood.	This	results	
in	 � �V/Q	mismatch	or	a	shuntlike	state	resulting	in	deoxygenated	
blood	returning	from	the	lung	and	hypoxemia.	B,	The	addition	of	
inhaled	NO	to	the	inspired	gas	results	in	vasodilation	of	the	
capillaries	adjacent	to	healthy	alveoli	promoting	increased	blood	
flow	to	the	“good”	alveoli	and	diminishing	the	percentage	of	blood	
going	to	diseased	alveoli,	resulting	in	improved	 � �V/Q	match	and	
improved	oxygenation.	
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Corticosteroids
Although most patients who survive ARDS have minimal resid-
ual pulmonary impairment, a small but significant number  
of patients require prolonged mechanical ventilatory support 
because of abundant fibroproliferation in the lung during 
recovery from ARDS. The high mortality rate among these 
patients seems to relate to the extent and severity of pulmonary 
fibrosis.81 High-dose corticosteroids have been used to manage 
uncomplicated pulmonary fibrosis following ARDS. In small 
studies from single institutions,82 patients treated with cortico-
steroids for ARDS-related pulmonary fibrosis have demon-
strated improved gas exchange and low mortality (24%). In a 
larger, multicenter ARDSNet trial, corticosteroids were used for 
patients with late fibroproliferative ARDS (>7 days’ duration) 
and did not demonstrate a survival benefit.83 Importantly, 
patients given steroids after 14 days from ARDS onset experi-
enced a higher mortality rate than control patients. Currently, 
the routine use of corticosteroids for the treatment of estab-
lished ARDS cannot be recommended and should be avoided 
after 14 days from ARDS onset.84

Use of steroids in the earliest stages of ARDS has been evalu-
ated, but they have not yet proved to provide a significant 
outcome benefit. It should be noted that many patients who 
meet the syndrome definition of ARDS can have other pulmo-
nary disease processes that mimic ARDS (e.g., alveolar hemor-
rhage, interstitial lung disease, organizing pneumonia). Many 
of these conditions can respond to steroid therapy. In patients 
in whom the triggering risk factor cannot be easily identified 
and/or the course of illness is atypical or prolonged, clinicians 
often will consider these conditions and perform an open lung 
biopsy before starting steroid therapy. Potential adverse conse-
quences of high-dose steroid therapy are numerous, including 
hyperglycemia, altered mental status, and muscular weakness. 
Thus routine use of systemic steroids in patients with ARDS is 
not advised at this time.

Beta-2 Agonists
In addition to their effects as bronchodilators, high doses of 
beta-2 agonists (e.g., albuterol, salbutamol) have been shown to 
accelerate clearance of alveolar edema by the epithelium of the 
alveolar wall.85 Although beta-2 agonists are often used in 
patients with ARDS, their therapeutic benefits were not for-
mally studied in ARDS until recently. Two recently completed 
trials in both the United States (ARDSNet) and Europe did not 
demonstrate a clinically significant benefit in patients with 
ARDS when using either aerosolized albuterol or intravenous 
salbutamol.86,87 Demonstrated effects of beta-2 agonists have 
included reduced lung water using a surrogate measurement 
and improved lung function (lower plateau pressures), but no 
change in oxygenation (i.e., P/F ratio) has been observed.86 In 
the ARDSNet trial, which is the largest to date, the trial was 
terminated early because of potential concern for increased 
mortality in the patients receiving beta-2 agonists, although  
the difference did not achieve statistical significance.87 At this 
time, beta-2 agonist therapy cannot be recommended for use 
in ARDS.

hypoxemia. A large multicenter randomized trial involving 
more than 300 patients reported that NO at a dose of 5 ppm 
provided a short-term benefit in oxygenation, but was ineffec-
tive in altering mortality or duration of ventilator support.78 
No large clinical trials of nebulized prostacyclin analogues  
have been completed in ARDS, but the current consensus is  
that the results of those trials would likely resemble those for 
inhaled NO.

Beyond the lack of proved outcome benefit for pulmonary 
vasodilators, other adverse consequences that should be consid-
ered include potential toxicities and cost. There are breakdown 
products of NO that are potentially toxic, including reactive free 
radicals (e.g., peroxynitrite and methemoglobin). As a result, 
use of inhaled NO during mechanical ventilation must involve 
close monitoring and special exhaust systems to prevent expo-
sure of health care personnel. The cost of NO and its patented 
delivery system (INOmax, Ikaria, Perryville, IL) is substantial, 
causing many institutions to limit its use until new evidence 
supporting a more significant improvement in patient out-
comes is available. Nebulized epoprostenol serves as a less 
expensive alternative to NO at many centers.79

The apparent discrepancy in the effects of inhaled 
vasodilators—with improvements on oxygenation without a 
favorable effect on survival or time on mechanical ventilation—
further emphasizes that enhancing oxygenation alone is insuf-
ficient to establish the efficacy of a treatment.78,80 In the case of 
pulmonary vasodilators, oxygenation has improved but the 
patient’s overall chances for survival and time on mechanical 
ventilation have not changed while being exposed to potential 
risks and unnecessary costs. Given these limitations and adverse 
consequences, use of inhaled vasodilators should be limited to 
patients with refractory, severe ARDS (P/F < 80) to prevent the 
need for and/or use as a bridge to more invasive adjunctive 
therapies (e.g., extracorporeal support). If inhaled vasodilators 
are started, clinicians should reassess the need for continuing 
their use within 24 hours of starting, and daily thereafter.

MINI CLINI

In the management of a patient with ARDS, oxygenation (PaO2 
or SpO2) is a readily available measure that often attracts the 
attention of bedside providers. In an attempt to improve oxy-
genation, providers are often faced with decisions as to whether 
they should increase VT or PEEP, change ventilator mode, or 
use additional therapies such as pulmonary vasodilators (e.g., 
inhaled NO). In all instances, the severity of the patient’s 
hypoxemia is typically not closely linked with likelihood of 
survival, so that these changes or additions are not likely to 
positively affect the patient. Increasing VT or PEEP can have 
very harmful effects by increasing VILI, and inhaled vasodila-
tors add to the cost and complexity of the patient’s care. These 
maneuvers should be reserved for patients with persistent and 
severe hypoxemia and should not be pursued without close 
consultation with the patient’s intensivist.
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ventilator strategy to use depends on the patient’s clinical  
condition, the hospital’s expertise (especially among intensiv-
ists, RTs, and nurses), and the availability of the necessary 
equipment.

Inverse-Ratio Ventilation
Inverse-ratio ventilation (IRV) is a form of pressure control 
(most often) or volume control ventilation with either a con-
tinuous mandatory or intermittent mandatory breath scheme. 
In conventional modes of mechanical ventilation, the respira-
tory cycle is characterized by I/E ratios exceeding 1 : 2; that is, 
the amount of time in the respiratory cycle in which expiration 
occurs is at least twice as long as the time for inspiration. During 
IRV, the inspiratory time on the ventilator is prolonged so that 
the I/E ratio is reversed (i.e., inspiratory time now exceeds expi-
ratory time) and the I/E ratio characteristically ranges between 
2 : 1 and 4 : 1. The clinical goal of IRV is to elevate the mean 
airway pressure to recruit alveolar units through prolongation 
of the inspiratory phase, hopefully improving oxygenation. The 
increase in mean airway pressure primarily results from incom-
plete lung emptying during a shortened exhalation time, causing 
air trapping and the development of additional PEEP, referred 
to as either auto-PEEP or intrinsic PEEP. Initial reports using 
IRV suggested significant improvement in oxygenation in 
patients with ARDS,94 but subsequent studies that controlled 
for the level of PEEP did not demonstrate an advantage.95 The 
IRV approach can lead to increased patient discomfort and 
ventilator dysynchrony, which often requires more sedation or 
even paralysis. As a result, use of IRV has declined significantly 
in recent years.

Airway Pressure Release Ventilation
Airway pressure release ventilation (APRV) was described by 
Stock and colleagues96 in 1987 as a mode to allow unrestricted 
spontaneous breathing (e.g., IMV) in the setting of lung injury. 
The mode is a form of pressure control intermittent mandatory 
ventilation with IRV (the I/E ratio may exceed 4 : 1). The clinical 
aim of APRV is to increase the mean airway pressure to allow 
recruitment of alveoli while allowing the patient to spontane-
ously breathe. Ventilator manufacturers vary in how they imple-
ment APRV, but this mode generally features two levels of 
PEEP: a high PEEP (also named Phigh), often set to approxi-
mately 25 to 30 cm H2O, and a low PEEP (also known as Plow) 
that is usually set to zero. In APRV, patients can spontaneously 
breathe, which should make APRV more comfortable than tra-
ditional IRV. After a period at the high PEEP level, there are 
brief, approximately 0.5-second, decreases in airway pressure to 
the low PEEP level, allowing volume release and generating a 
mandatory VT. Owing to the prolonged inspiratory times, APRV 
is associated with an increase in mean airway pressure and 
intrinsic PEEP. Indeed the literature demonstrates increases in 
oxygenation when APRV is used; however, the clinician is cau-
tioned in using APRV because of technical issues with its appli-
cation (e.g., no protocol has been tested and proved) and 
because there is a risk for injuriously large VT and transpulmo-
nary pressures.97 Regarding the use of APRV as a routine mode 

Exogenous Surfactant Administration
Surfactant dysfunction and deficiency is a well-established 
component of RDS in premature infants as well as in children 
and adults with ARDS. Surfactant abnormalities contribute to 
the development of ARDS by promoting instability of the alveo-
lar units (airway shear trauma, atelectasis, and right-to-left 
shunt) and by allowing inflammatory injury to alveoli to  
continue unchecked. Delivery of exogenous surfactants via 
direct intratracheal administration has become a cornerstone 
of therapy in RDS since the early 1990s.88,89 Multiple surfactant 
preparations are commercially available, including natural  
surfactants (harvested from lungs of animals used in the  
meat industry) and synthetic surfactants, which are created 
artificially.90

Unfortunately, the pathogenesis of surfactant deficiency in 
the ARDS of children and adults is more challenging. The 
depletion of surfactant in premature newborns is related to the 
lack of lung maturation and surfactant production. In contrast, 
the surfactant depletion of ARDS is caused by inflammation of 
the alveolus and subsequent degradation of the endogenous 
surfactant (i.e., that normally produced by the patient’s lungs). 
Numerous clinical trials have demonstrated improvement  
in oxygenation with intratracheal surfactant administration, 
including both natural and synthetic preparations.91,92 However, 
the improvements in gas exchange have typically proven to be 
short-lived (24 to 72 hours) and have not demonstrated signifi-
cant impact on clinical outcomes such as mortality or duration 
of mechanical ventilation in survivors.34,93 These negative results 
in ARDS (in contrast to clear benefit in neonatal RDS) are 
thought to largely be explained by the degradation of the exog-
enously administered surfactant via the same inflammatory 
mechanisms that depleted the patient’s native surfactant. Future 
studies of surfactant therapy are likely to include a combined 
approach that includes specific (e.g., monoclonal antibodies) or 
nonspecific (e.g., steroids) antiinflammatory agents. Despite the 
strong scientific rationale that surfactant replacement therapy 
may still prove beneficial for ARDS in the future, its cost is 
substantial and it is not considered a part of current ARDS 
management.

Alternative and Rescue  
Ventilation Strategies

In addition to the LPV approach of mechanical ventilation in 
ARDS (discussed previously), other ventilatory strategies are 
available and may prove beneficial in selected patients, but are 
less well-studied. These alternative approaches should be con-
sidered for patients who have failed LPV and the other compo-
nents of “routine care.” As such, these therapies are often 
considered primarily in patients with refractory severe ARDS 
and are often referred to as “rescue” or “salvage” therapies. In 
research trials and at some medical centers, the threshold for 
using such rescue approaches is defined by markers of unsafe 
ventilation, such as high plateau pressures (i.e., >30 cm H2O) 
or high O2 requirements (e.g., FiO2 > 60%). Because the level 
of evidence regarding these alternative modes of ventilation is 
lower, variation in practice is greater and the choice of which 
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mation but a larger clinical experience. Anecdotal evidence, as 
well as published case series, suggests that HFV can have a role 
as a rescue strategy.109,110 For example, in the CESAR trial111 
using HFV as part of a protocol prevented the need for extra-
corporeal membrane oxygenation in patients with severe ARDS. 
Thus, in some centers, high-frequency oscillatory ventilation 
is used as a rescue therapy for patients with severe ARDS.112 The 
RT must remember that patients on HFV will be exposed to 
high mean airway pressures and also to high levels of PEEP, 
which may reduce cardiac output and overall O2 delivery despite 
elevated arterial oxygenation.

Extracorporeal Support
Extracorporeal membrane oxygenation (ECMO) was first 
introduced in 1972 as a form of respiratory support for patients 
with severe AHRF. ECMO involves establishing a circuit for 
diverting a large proportion of the cardiac output through an 
artificial gas-exchange device, or “artificial lung,” to facilitate the 
exchange of CO2 and O2. There are two types of ECMO, which 
differ according to which vessels are cannulated for the circuit: 
venoarterial and venovenous ECMO. In the case of a venoarte-
rial circuit, both gas exchange and hemodynamic support can 
be offered through the ECMO circuit. However, venoarterial 
ECMO carries the risk associated with having a large indwelling 
arterial catheter in the patient (e.g., clots, bleeding, accidental 
withdrawal of the catheter). For pure respiratory failure, a veno-
venous circuit allows for gas exchange without hemodynamic 
support and can now be offered through a single venous cannula 
with fewer potential risks than venoarterial ECMO.

After an initial flurry of interest during the 1970s, a clinical 
trial comparing ECMO to conventional mechanical ventilation 
in ARDS showed no survival benefit with ECMO and enthusi-
asm subsided.113 However, with continued improvements in 
equipment and delivery methods along with anecdotal cases 
with favorable results, more recent studies have been performed 
and suggest improved outcomes including survival114 and less 
severe disability at 6 months.111 These promising results and the 
experience gained during the 2009 H1N1 influenza pandemic 
led many institutions to use ECMO as rescue therapy for 
patients with ARDS who cannot be managed with conventional 
ventilatory modes.114 The role of ECMO in the routine manage-
ment in ARDS remains an area of intense debate and conflicting 
opinions. Overall, we consider ECMO to be a reasonable alter-
native to conventional ventilation strategies when the ARDS 
patient experiences refractory hypoxemia despite conventional 
management.115 Unfortunately, this debate may never be fully 
resolved, because a rigorous randomized trial for patients with 
severe disease will require that the control group not be offered 
the therapy, which many clinicians and families are unwilling 
to support.

Similar to ECMO, extracorporeal carbon dioxide removal 
(ECCO2R) entails the use of artificial membranes to supple-
ment the gas-exchange deficiencies of damaged lungs. ECCO2R 
has a venovenous circuit that diverts a fraction of the cardiac 
output (approximately 20%) through a membrane lung. 
ECCO2R is primarily designed to remove CO2 and does not 

for management of ARDS, the evidence so far is not conclusive, 
with no large randomized control trial comparing APRV to 
conventional ventilation.98 However, some centers use APRV 
routinely.99 In terms of using APRV as a rescue therapy, there is 
scant literature; the H1NI influenza pandemic generated as few 
case reports.100 Taken together, we suggest that APRV remains 
as an alternative to manage patients with severe hypoxemia 
when conventional ventilation has failed and the clinician must 
exercise caution based on the concerns mentioned previously.

High-Frequency Ventilation
High-frequency ventilation (HFV) was initially devised as a 
method to minimize the hemodynamic effects of conventional 
mechanical ventilation (i.e., the large inflating pressures and 
volumes).101 It soon became evident that HFV had theoretical 
advantages for managing ARDS. HFV is different from any of 
the conventional modes of ventilation because it uses a rapidly 
moving piston to create movement of air through a circuit. The 
device allows setting a mean airway pressure over which oscil-
lations happen. VTs generated by HFV are very small (i.e., char-
acteristically smaller than the patient’s dead space), and higher 
mean airway pressures are provided to maintain alveolar 
patency, thereby theoretically preventing VILI. HFV has been 
successfully used in ventilating neonates with RDS and has been 
used both as routine therapy and rescue therapy.102,103 Use of 
HFV in ARDS has been the subject of considerable debate as 
available trials have shown widely differing results.

To date, four randomized control trials have assessed the use 
of HFV versus conventional ventilation for the routine care of 
patients with severe ARDS. The first two of these trials104,105 were 
conducted before later studies proved the benefits of using 
lower VTs in ARDS; both of these studies showed that using 
HFV was feasible and could support gas exchange without 
hemodynamic compromise.106 Until the H1N1 influenza pan-
demic of 2009, few centers in the world used HFV routinely 
because no protocol had been proved, few devices were available 
(i.e., only a single device was available in the United States), and 
their use required specific training. With the H1N1 influenza 
outbreak in 2009 and the frequent development of ARDS 
among affected patients, a resurgence of interest in HFV 
occurred. After this renewed interest, two additional trials—
OSCILLATE107 (which assessed the efficacy of HFV; i.e., under 
conditions of ideal use, can HFV provide benefit?) and OSCAR108 
(testing effectiveness; i.e., how does HFV work under condi-
tions of usual care?)—evaluated the routine use of HFV versus 
conventional lung protective ventilation in managing patients 
with early ARDS.—The OSCILLATE trial showed an increased 
mortality rate in patients treated with HFV and had to be 
stopped early.107 In contrast, the OSCAR trial showed no differ-
ence between HFV and conventional modes of mechanical ven-
tilation in treating ARDS.108 At the current time, we do not 
recommend HFV in routine ARDS management, and, when 
being considered, its use should be reserved to referral centers 
with established experience.

Regarding the use of HFV as a rescue strategy for patients 
with severe hypoxemia from ARDS, there is less definitive infor-
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because at the bedside we sometimes confuse improvement 
in oxygenation with success.

3. Mechanical ventilation can lead to VILI, which when not 
addressed can worsen ARDS and increase mortality sec-
ondary to MODS. The RT must always remember that it is 
the volume, not the pressure, that causes VILI.119

4. Initiation and maintenance of LPV, including VT = 6 ml/kg 
of IBW and sufficient PEEP to exceed the lower inflection 
point, should become the priority and focus of daily care. 
The RT should take an active role in making sure that an 
accurate estimate of the patient’s height has been obtained 
so an accurate IBW can be calculated.

5. Modes of mechanical ventilation that emphasize control of 
the VT should be preferred. Although many modes are 
capable of maintaining VT and no single mode has been 
proved to be superior, respiratory therapists should become 
familiar with how to manage each mode in a manner that 
prioritizes control of the VT. Unnecessary transitions to 
multiple modes of mechanical ventilation in patients with 
ARDS are typically not helpful and further complicate 
interpretation of the patient’s response to therapy.120-122

6. Inspiratory time can be prolonged in ARDS patients to 
target I/E ratios as low as 1 : 1. Hypercapnia can and should 
be tolerated (permissive hypercapnia) as long as pH remains 
above 7.15 to 7.20.

7. Adjunctive therapies, including prone positioning and neu-
romuscular blockade, may benefit respiratory function and 
be warranted in patients with severe ARDS.

8. Other nonrespiratory measures of supportive care are now 
proved to improve the outcomes of patients with ARDS, 
and RTs should be familiar with these approaches and 
should support and encourage their consistent application 
to all ARDS patients.

9. Pharmacologic therapies (e.g., inhaled NO, surfactant) are 
available and can enhance oxygenation in patients with 
ARDS but are expensive and do not change patient out-
comes. Their routine use in ARDS is not recommended, 
and should be discouraged.

10. A small percent of patients with ARDS will develop refrac-
tory, severe hypoxemia in which the conventional approaches 
fail. Alternative or “rescue” therapies are as yet unproved 
but are available at large referral centers. Transfer of patients 
with refractory hypoxemia should be considered early in 
the course of disease within the initial 24 to 72 hours.

directly influence oxygenation though oxygenation is indirectly 
facilitated through the removal of CO2, which would otherwise 
compete with O2 exchange within the alveoli. By this mecha-
nism, ECCO2R allows the clinician to maintain the same level 
of oxygenation at lower ventilatory rates and reduce the risk for 
lung injury related to mechanical ventilation. A small clinical 
trial (with 40 adults) compared ECCO2R with conventional 
mechanical ventilation and found improved gas exchange, 
lower peak airway pressure, lower ventilatory rates, and reduced 
thoracic volumes (i.e., less overinflation of the lungs).116 
However, there was no survival benefit with ECCO2R at 30 days 
in that trial.117

Not all patients are good candidates for extracorporeal 
support, especially those with multisystem organ failure as 
opposed to primary respiratory failure. In considering ECMO 
or ECCO2R, we favor early assessment and avoiding baro-
trauma and lung injury induced by prior prolonged mechani-
cal ventilation. In conclusion, severely hypoxemic patients who 
do not respond to conventional ventilation, with or without 
some of the adjunctive therapies discussed previously, should 
be considered for early referral to centers that specialize in 
ECMO use.

THE ROLE OF THE RESPIRATORY 
THERAPIST IN ACUTE RESPIRATORY 
DISTRESS SYNDROME

The RT is essential as the expert in mechanical ventilation and 
respiratory support for the ICU team. Patients with ARDS rep-
resent some of the most challenging patients to manage on 
mechanical ventilation and require the greatest experience and 
expertise. The pivotal roles that RTs play in caring for patients 
with ARDS include ventilator setup, monitoring and frequent 
adjustments, equipment checks, drawing ABGs, placing arterial 
lines or performing hemodynamic assessments, and monitor-
ing pulse oximetry and/or exhaled CO2 monitors.

In treating patients with ARDS, RTs are essential members 
of the ICU team. In multiple randomized trials, RT-driven ven-
tilator management protocols have outperformed usual care 
protocols in management of ARDS, including using the most 
advanced techniques (e.g., ECMO) and achieving liberation 
from the ventilator.61,118 The assistance of RTs in ventilator 
management—offering advice concerning ventilatory strate-
gies, reinforcing the value of low stretch approaches to all 
members of the team, and performing key technical tasks—is 
invaluable.

More specific to the management of patients with ARDS, the 
RT must learn and consistently apply the following key general 
aspects of supportive care:
1. ARDS is a diffuse injury of the lungs, but is not homoge-

nous. Despite the presence of widespread pulmonary injury 
on radiographs and altered gas exchange in ARDS, there  
are areas of the lung with near-normal mechanical 
characteristics.

2. Better oxygenation (in terms of PaO2 or SpO2) is not always 
linked to better survival. This is an essential concept, 

SUMMARY CHECKLIST

◗	Pulmonary	edema	from	both	hydrostatic	(e.g.,	CHF)	and	
nonhydrostatic	(e.g.,	ARDS)	causes	may	give	rise	to	acute	
respiratory	failure	and	are	often	difficult	to	differentiate	on	
initial	clinical	evaluation.

◗	Pulmonary	edema	leads	to	bilateral	alveolar	infiltrates	on	
the	chest	radiograph,	restriction	in	lung	volumes,	and	
significant	decline	in	gas	exchange,	particularly	
oxygenation.
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25. Marinelli WA, Henke CA, Harmon KR, et al: Mechanisms of alveolar 
fibrosis after acute lung injury. Clin Chest Med 11:657–672, 1990.

26. Rubenfeld GD, Herridge MS: Epidemiology and outcomes of acute lung 
injury. Chest 131:554–562, 2007.

27. Riscili BP, Anderson TB, Prescott HC, et al: An assessment of H1N1 
influenza-associated acute respiratory distress syndrome severity after 
adjustment for treatment characteristics. PLoS ONE 6:e18166, 2011.

28. Fowler AA, Hamman RF, Good JT, et al: Adult respiratory distress syn-
drome: risk with common predispositions. Ann Intern Med 98:593–597, 
1983.

◗	The	pathologic	findings	of	ARDS	are	characterized	early	
by	acute	alveolar	inflammation	and	injury	with	neutrophils	
and	cytokines,	which	can	rapidly	reverse.	In	severe	and/or	
persistent	ARDS,	a	fibrotic	phase	can	develop	and	can	
lead	to	a	more	prolonged	course	of	recovery.

◗	The	clinical	definition	and	diagnosis	of	ARDS	is	based	on	
the	presence	of	a	syndrome	of	characteristics	that	include	
abnormalities	on	the	chest	radiograph,	hypoxemia,	and	a	
known	risk	factor	or	trigger	that	generates	acute	
inflammation.	There	are	well-established	consensus	
definitions	for	ARDS	that	should	be	used	by	all	caregivers.

◗	Although	ARDS	is	a	common	critical	illness	with	high	
associated	mortality	and	morbidity,	recent	improvements	
in	the	care	of	patients	with	ARDS	have	substantially	
improved	the	likelihood	of	survival	and	have	reduced	
recovery	time	for	survivors.

◗	Although	the	physical	examination	and	chest	radiograph	
frequently	do	not	provide	sufficient	information	to	
distinguish	CHF	from	ARDS,	the	clinical	history	and	
noninvasive	methods	to	evaluate	cardiac	function	(e.g.,	
echocardiography)	often	provide	key	insights	that	can	
assist	with	accurately	differentiating	the	cause	of	
pulmonary	edema.	Alternative	diagnostic	techniques	such	
as	bronchoscopy	or	pulmonary	artery	catheterization	can	
be	helpful	but	are	typically	not	required.

◗	The	management	of	ARDS	focuses	on	identification	and	
treatment	of	the	triggering	risk	factor	and	comprehensive	
supportive	care	of	vital	organs,	particularly	optimization	of	
gas	exchange	and	avoidance	of	VILI.

◗	Currently	recommended	ventilatory	strategies	for	patients	
with	ARDS	are	designed	to	minimize	VILI	using	LPV	that	
emphasizes	low	VTS	and	sufficient	levels	of	PEEP.	Multiple	
modes	of	mechanical	ventilation	can	be	used	to	achieve	
LPV,	but	providers	must	prioritize	avoiding	VILI	and	be	
willing	to	tolerate	reduced	gas	exchange,	including	lower	
oxygenation	and	higher	PaCO2.

◗	Adjunctive	strategies	beyond	mechanical	ventilation,	such	
as	prone	positioning	and	neuromuscular	blockade,	have	
recently	demonstrated	benefit	in	patients	with	severe	
ARDS.

◗	Other	nonventilatory	supportive	care	measures	(e.g.,	
conservative	fluid	management,	reduced	sedation,	early	
mobility)	have	been	shown	to	improve	outcomes	in	ARDS	
and	should	be	encouraged	and	supported	by	RTs	when	
possible.

◗	Alternative	ventilation	strategies,	such	as	APRV,	HFV,	and	
ECMO	still	lack	definitive	proof	of	efficacy,	but	are	available	
for	patients	who	fail	conventional	LPV	as	suggested	by	
severe,	refractory	hypoxemia.	Using	these	rescue	
strategies	should	be	considered	early	in	the	disease	
course,	because	their	potential	benefits	lessen	with	more	
prolonged	disease.
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C H A P T E R   30 

Respiratory Management of 
Trauma, Obesity, Near Drowning, 
and Burns

LORENZO BERRA

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Discuss	the	clinical	presentation	and	the	differences	in	approach	to	the	assessment	of	patients	with	life-

threatening	trauma,	pulmonary	and	body	surface	burns,	obesity,	and	near	drowning.
◆	 Discuss	the	specific	pathophysiology	that	would	guide	the	application	of	respiratory	care	to	the	management	

of	patients	with	life-threatening	trauma,	pulmonary	and	body	surface	burns,	obesity,	and	near	drowning.
◆	 List	the	factors	affecting	gas	exchange	in	each	of	these	patient	types.
◆	 Discuss	indications	for	oxygen	therapy,	noninvasive	ventilation,	and	invasive	mechanical	ventilation.
◆	 Describe	concerns	associated	with	the	application	of	mechanical	ventilation	to	patients	with	life-threatening	

trauma,	pulmonary	and	body	surface	burns,	obesity,	and	near	drowning.
◆	 Discuss	the	application	of	lung	protective	ventilation	to	patients	with	life-threatening	trauma,	pulmonary	and	

body	surface	burns,	obesity,	and	near	drowning.
◆	 Discuss	the	use	of	positive	end	expiratory	pressure,	lung	recruitment	maneuvers,	and	prone	positioning	in	

patients	with	life-threatening	trauma,	pulmonary	and	body	surface	burns,	obesity,	and	near	drowning.
◆	 Discuss	the	process	of	ventilator	discontinuation	in	patients	with	life-threatening	trauma,	pulmonary	and	body	

surface	burns,	obesity,	and	near	drowning.
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Assessment of a victim of major trauma should start with a 
GCS evaluation. If a patient is fully awake, responsive (GCS = 
15), and able to maintain a patent airway, close respiratory and 
neurologic monitoring should be instituted until the medical 
team completes surveillance. If a patient’s GCS range is between 
14 and 9, the respiratory therapist should pay extra attention to 
the status of the patient because the clinical condition might 
quickly deteriorate, requiring endotracheal intubation and 
invasive ventilation. A GCS lower than 8 always mandates 
securing the airway by endotracheal intubation and further 
diagnostic evaluation.

LIFE-THREATENING TRAUMA

Epidemiology

Trauma is the third overall cause of death in the United States 
and the primary cause of death for Americans between 1 and 
44 years of age.1 Each year, trauma accounts for 41 million 
admissions to emergency departments (EDs) and 2 million hos-
pital admissions. Each year, more than 190,000 Americans lose 
their lives to trauma. But what exactly is trauma? In the most 
basic sense, trauma is an injury to the body that threatens life 
and limb integrity. The injury is caused by a physical agent (a 
force, heat, radiations, etc.) acting on one or more regions of 
the human body. As a result, trauma patients can have vastly 
different presentations and clinical manifestations and can 
require different levels of care. Not every trauma that involves 
the thorax requires intensive care and respiratory support, just 
as some traumas that do not involve the chest might require 
intensive care and respiratory support (e.g., in the setting of 
transfusion-related acute lung injury or head trauma). Addi-
tionally, patients who suffer from trauma and require invasive 
mechanical ventilation (for trauma that directly involves the 
thorax, because of the need for an artificial airway, or as a result 
of massive transfusion) are at higher risk for ventilator-
associated pneumonia (VAP), thus complicating these patients’ 
clinical courses. Among patients admitted to the intensive care 
unit (ICU) after trauma, it has been shown that the presence of 
traumatic brain injury (TBI) and a poor Glasgow Coma Scale 
score (GCS, Table 30-1) (GCS < 8) on admission are the main 
determinants of patient outcome, measured as post-ICU dis-
ability and quality of life.2 Neurologic damage appears to be 
pivotal in determining patient mortality and disability; there-
fore the respiratory therapist must pay special attention to 
maintaining adequate oxygenation without compromising per-
fusion and hemodynamics. Because of the heterogeneous pre-
sentation of trauma, there is no overarching rule of thumb 
regarding patient respiratory management, and the respiratory 
therapist plays a key role in identifying life-threatening prob-
lems and tailoring the support of respiratory function.

Clinical Assessment and Specific 
Pathophysiologic Concerns

During the first evaluation of a trauma patient, the respiratory 
therapist, together with the medical team, should focus on the 
airway and breathing. If blunt injury is present, cervical spine 
injury always should be suspected and immobilization of the 
cervical spine must be instituted immediately.3

TABLE 30-1 

Glasgow Coma Score

Response Score

Best Eye Response (E)
Spontaneously 4
To	speech 3
To	pain 2
No	response 1

Best Verbal Response (V)
Oriented	to	time,	place,	and	person 5
Confused 4
Inappropriate	words 3
Incomprehensible	sounds 2
No	response 1

Best Motor Response (M)
Obeys	commands 6
Moves	to	localized	pain 5
Flexion	withdrawal	from	pain 4
Abnormal	flexion	(decorticate) 3
Abnormal	extension	(decerebrate) 2
No	response 1
Total Score 15

Change in Mental Status
Close	monitoring	is	required. 14-9
Comatose.	Securing	the	airway	is	required. ≤8
Totally	unresponsive 3

	

RULE OF THUMB

Trauma	victims	with	TBI	and	a	GCS	scores	of	less	than	
8	require	endotracheal	intubation	and	generally	have	
poorer	postinjury	quality	of	life	and	greater	disability.

dry	drowning
exudates
fasciotomy
fluvial	or	brackish	water
Glasgow	Coma	Scale
glomerular	filtration	rate
hydrophilic	drugs

lipophilic	drugs
morbid	obesity
obesity	hypoventilation	syndrome
obstructive	sleep	apnea
penetrating	trauma
pulmonary	contusion
recruitment	maneuvers

severe	obesity
super	obesity
tension	pneumothorax
thiosulfate
thoracic	flap	(flail	chest)
transudates
wet	drowning
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Head, Neck, and Upper Airway Injuries
The presence of external injuries to the head should raise the 
suspicion of TBI. These patients are at risk for rapid neurologic 
deterioration as a result of an array of alterations in mental 
status, ranging from confusion to seizures to coma. The respira-
tory function of these patients can be compromised by upper 
airway obstruction because of loss of muscular tone or, as with 
seizures, to excessive muscular tone that requires immediate 
sedation, paralysis, and endotracheal intubation. Endotracheal 
intubation might be challenging because of the mandatory 
immobilization of the cervical spine (Figure 30-1). Manage-
ment of the upper airways is complicated by anatomic altera-
tions of the rhino-oropharynx caused by the traumatic injury. 
Severe maxillofacial injuries or destructive trauma of the upper 
airway prompts tracheal access for definitive airway manage-
ment.4 The presence of blood, gastric contents, oral secretions, 
and foreign material complicate artificial airway placement and 
management.

Lower Respiratory Injuries
Chest trauma is usually classified either as penetrating trauma 
(i.e., high force applied to a small surface area of the body, such 
as with a gunshot) or blunt trauma (i.e., high force applied over 
a larger body surface, such as the case of a head-on-end motor 
vehicle accident).5 However, most chest injuries do not fall into 
one of these two categories but instead represent a mix of the 
two. Depending on the depth of the penetrating lesions, patients 
can present different clinical features. A lesion that breaches the 
chest wall violating the pleural space without injuring the lung 
causes a decoupling of the chest wall/lung relationship. During 
spontaneous breathing the chest wall tends to expand while the 
lung tends to collapse. This results in a physiologically negative 
pleural pressure. When the pleural space is exposed to atmo-
spheric pressure, as in the case of a penetrating trauma injury, 
the negative pleural pressure causes air to enter the pleural 
space. At this point the chest wall expands and the lung col-
lapses, resulting in a pneumothorax. If the penetrating injury 
violates both the pleural space and the lung, air can enter the 
pleural cavity from both the chest wall and the lung. Patients 
with this particular injury are at high risk for developing a 
tension pneumothorax. A tension pneumothorax develops 
when the pleural lesion acts as a one-way valve allowing the 
entrance of air into the pleural space and progressively trapping 
air in the expanding pleural cavity. With every breath, the 
volume of air increases in the pleural cavity. As volume increases, 
pressure increases, resulting in a force directed toward the 
opposite pleural cavity. The high unilateral pressure causes a 
shift of mediastinal structures, resulting in distortion and even-
tual collapse of the main vascular structures, specifically the 
vena cava. This phenomenon leads to rapid hemodynamic dete-
rioration that, if unrecognized, results in cardiovascular col-
lapse and death. Penetrating traumas may involve one or more 
bronchial structures.

Bronchial injuries cause large volumes of air to rapidly enter 
the pleural cavity as well as the mediastinum, depending on the 
location of the injury.6 The presence of bronchial injury should 

be suspected when, after the placement of a chest tube for 
pleural drainage, large amounts of air continue to exit the chest 
tube in a synchronized pattern with positive pressure ventila-
tion. Tracheal lesions can be life-threatening and require prompt 
surgical evaluation and appropriate airway management. The 
chosen artificial airway should be capable of bypassing the tra-
cheal lesion to provide adequate pressurization and mechanical 
ventilation to both lungs. Mechanical ventilation through a tra-
cheal disruption leads to pneumomediastinum, hemodynamic 
instability, and mediastinal infection.

Esophageal rupture may result in a communicating lesion 
with the respiratory tract or with the mediastinum. In the first 
case, the main clinical features are gas leakage during mechani-
cal ventilation and aspiration of gastric material, which can 
result in chemical pneumonia or full-blown acute respiratory 
distress syndrome (ARDS). It is vital to recognize and treat these 
lesions as soon as possible.7

Blunt trauma is the other main mechanism that can cause 
physical injury to the human body. The main sign that a sig-
nificant blunt trauma has affected the thoracic region is the 
presence of rib fractures.8 Rib fractures can be unifocal (one 
point of fracture per rib) or multifocal (two or more points of 
fracture in a single rib). This difference is fundamental in 
understanding the effects of rib fractures on respiratory func-
tion. Unifocal fractures can be either nondisplaced or displaced. 
Nondisplaced rib fractures do not usually require particular 
attention if the number of fractured ribs is low. However, mul-
tiple fractured ribs can be extremely painful and impair proper 
inspiration, leading to shallow breathing and fatigue. These 
patients benefit from pain medication and, eventually, pneu-
matic stabilization of the chest wall through CPAP.9

	

RULE OF THUMB

The	presence	of	bronchial	injury	should	be	suspected	
when,	after	the	placement	of	a	chest	tube	for	pleural	
drainage,	large	amounts	of	air	continue	to	exit	the	
chest	tube	in	a	synchronized	pattern	with	positive	
pressure	ventilation.

Displaced rib fractures are even more painful, and sharp 
bone edges can cause pneumothorax through laceration of the 
visceral pleura. Pain control and pneumatic stabilization are 
encouraged. These patients should be routinely monitored 
because they can develop internal pleural bleeding, especially in 
the setting of anticoagulant therapy. The presence of blood in 
the pleural cavity (hemothorax) requires pleural drainage and 
close monitoring of the bleeding (total amount of blood lost 
and presence of active bleeding). Surgical evaluation is manda-
tory. Multifocal fractures of one or more ribs create a thoracic 
flap (flail chest) that is extremely painful and impairs normal 
respiratory mechanics. During inspiration, when pleural pres-
sure becomes negative, the free flap will be pushed inward, 
whereas during exhalation, when pleural pressure is positive, it 
will be pushed outward. This causes extreme pain because the 
edges of the ribs will be subjected to continuous friction. Based 
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FIGURE 30-1	 A,	In	trauma	cervical	stabilization	is	generally	obtained	by	a	rigid	collar	that	encircles	the	neck	and	supports	the	chin	and	
the	back	of	the	head.	The	goal	of	cervical	collars	is	to	restrict	a	certain	motion	in	flexion	and	extension,	while	supporting	the	chin	and	the	
occiput.	When	rigid	cervical	collar	are	applied	venous	outflow	at	the	neck	should	always	be	maintained,	to	avoid	increased	intracranial	
pressure.	B,	During	intubation,	it	is	tolerated	to	undo	the	anterior	part	of	the	cervical	collar	while	an	assistant	maintains	in-line	stabilization	
with	the	occiput	held	firmly	in	neutral	position	(hands	are	placed	along	the	side	of	the	head	with	fingertips	on	the	mastoid	holding	the	
occiput	down).	When	possible,	another	assistant	applies	cricoid	pressure.	This	orientation	might	limit	visualization	of	the	vocal	cords	for	the	
operator;	however,	reduction	of	atlantooccipital	motion	should	be	the	priority.	Awake	or	asleep	fiberoptic	intubation	or	newer	airway	
management	instrumentation	should	be	planed	before	intubation	of	a	patient	with	unstable	cervical	spine.	

A

B
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3. Pain control. Control of pain in the trauma patient is one of 
the most challenging tasks of the critical care team. Inade-
quate pain control generally results in minimal chest expan-
sion as a reflex response to minimize pain associated with 
breathing. Excessive use of pain medications (i.e., opioids) 
also will decrease chest expansion and cough reflex because 
of sedative effects. Both scenarios exacerbates the patho-
physiologic sequence of events described earlier, leading to 
pneumonia.12

4. Incentive spirometry and noninvasive ventilation (NIV). 
Patients should be encouraged as soon as possible to take 
advantage of incentive spirometry. Incentive spirometry 
consists of regular breathing exercises performed with the 
aid of a dedicated device. Regular exercise has shown this 
prevents formation of atelectasis and reduces secretion 
retention. The use of such devices requires the full collabora-
tion and dedication of the patient. Secretions clearance can 
be aided by gentle external chest percussion (i.e., chest phys-
iotherapy), avoiding sites of injury, if tolerated. Should these 
interventions fail, the respiratory therapist should consider 
the use of intermittent NIV (CPAP or bilevel positive airway 
pressure) to reexpand the residual volume and assist tidal 
ventilation. Recruitment maneuvers should be carefully per-
formed in patients with chest trauma. The presence of silent 
lesions could cause hypertensive pneumothorax under ele-
vated airways pressures.13

Respiratory Management

Every trauma patient represents a case by itself, and the respi-
ratory management of trauma patients should focus on the 
mechanism of chest injury. Supplemental oxygen is generally 
administered immediately after the trauma to prevent second-
ary hypoxic injury. However, any sign of pending respiratory 
failure should prompt endotracheal intubation and initiation 
of mechanical ventilation (Box 30-2). Upper airway disruption 
might require emergent tracheostomy. Advanced airways man-
agement such as a double-lumen endotracheal tube (ETT) may 
be required for injury of the trachea or for selective lung ven-
tilation for bronchial injuries. Injury to the lung parenchyma 
always should be suspected after major trauma. Extensive lung 
injury frequently evolves into traumatic ARDS requiring pro-
tective lung ventilation strategies (see Chapters 29 and 52). In 
addition, trauma patients are at higher risk for developing lung 
injury resulting from the large volume of blood components 
that these patients may require (i.e., transfusion-related lung 
injury and/or transfusion-associated circulatory overload). 

on the extent of the lesion, flail chest can impair normal ventila-
tion. The current therapeutic approach is based on pain man-
agement and continuous positive airway pressure (CPAP). 
Needless to say, the presence of flail chest is associated with a 
high risk for pneumohemothorax.

Blunt trauma also can cause pulmonary contusions. This 
injury is characterized by acute inflammation and exudation of 
plasma and blood components into the alveolar space. Even 
though these lesions resolve spontaneously, they are at high risk 
for bacterial or viral infection, leading to pneumonia.10 These 
inflammatory processes are usually located in the regions of the 
lung that were subject to the traumatic force.

The application of a traumatic blunt force on the abdomen 
causes a rapid increase of intraabdominal pressure. This could 
lead to diaphragmatic rupture. A rupture of the diaphragm 
impairs normal respiratory function and represents a medical 
and surgical emergency. If positive pressure ventilation is not 
applied, the negative intrathoracic pressure during inspiration 
literally sucks visceral organs into the pleura, causing massive 
lung collapse, acute bowel obstruction, and possibly splanchnic 
ischemia.

 Box 30-1 Basic Respiratory Interventions in 
the Bedridden Trauma Patients

•	 Mobilization
•	 Humidification
•	 Pain	control
•	 Incentive	spirometry
•	 Noninvasive	continuous	positive	airway	pressure	and	bilevel	

positive	airway	pressure

	

RULE OF THUMB

All	patients	with	chest	trauma,	regardless	of	whether	
the	injury	is	penetrating	or	blunt,	require	careful	
assessment	for	pneumothorax,	airway	injuries,	
disruption	of	thoracic	vessels,	and	chest	contusion	
leading	to	ARDS.

Special Considerations in Patients With 
Chest Trauma
All bedridden patients are at increased risk for atelectasis sec-
ondary to decreased tidal volume and residual volume. Mucus 
clearance is impaired by inadequate mobilization and excessive 
or inadequate pain control. Secretion retention might aggravate 
atelectasis by creating thick mucus plugs in the distal bronchial 
tree. This phenomenon exposes the bedridden patient to 
hospital-acquired pneumonia. Secretion retention is a major 
issue in patients with chest trauma. The pain associated with 
the trauma (i.e., rib fractures) further impairs the cough reflex. 
In addition, direct chest trauma might be complicated by lung 
contusion. The presence of edema and blood in the lung paren-
chyma represents a perfect growth medium for pathogenic bac-
teria. The role of the respiratory therapist is crucial in the 
prevention of potentially life-threatening respiratory complica-
tions. There are four interventions on which the respiratory 
therapist should focus (Box 30-1):
1. Mobilization. The patient should be assisted in changing 

positions periodically to help with mucus drainage and pre-
vention of atelectasis. If tolerated, patient should be helped 
to move out of bed and to spend some time in a chair.11

2. Humidification of the airways. Regardless of mechanical ven-
tilation, bedridden patients should receive optimal humidi-
fication of the airways to prevent the accumulation of dry 
secretions.
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Bronchoscopy plays a major role in the respiratory care of 
trauma patients. It first allows removal of foreign bodies and 
drainage of blood clots and provides an excellent method for 
removal of tenacious mucus plugs. Moreover, it is the gold 
standard for diagnosis of proximal and distal major airway 
lesions and is capable of providing a first-line treatment. Trauma 
patients are at high risk for VAP, and preventive clinical bundles 
should be applied as soon as possible (see Chapter 24). Recent 
reports outlined beneficial effects of these bundles (i.e., 
decreased sedation, early mobilization, and improved secretion 
clearance) compared to early tracheostomy for patients requir-
ing prolonged mechanical ventilation. However, it is still diffi-
cult to predict the time for weaning from mechanical ventilation. 
A number of factors play a role in liberation from mechanical 
ventilation, such as neurologic status, muscular strength, ade-
quate pain management, proper healing of major injury, and 
hemodynamic instability.

OBESITY

Epidemiology

Obesity is defined by an excess of weight in relation to a person’s 
height. It is mainly measured through the body mass index 
(BMI), which is the ratio of an individual’s weight (kg) divided 
by the square of the individual’s height (m):

BMI weight height kg m= =( ) ( )2 2

A normal BMI range for a healthy individual is between 20 and 
25 kg/m2, and a BMI over 30 kg/m2 is defined as obesity. Among 
the different excesses of BMI, a BMI greater than 40 kg/m2 is 
defined as severe obesity, a BMI greater than 45 kg/m2 is 
defined as morbid obesity, and a BMI greater than 50 kg/m2 
is defined as super obesity. In the last decade, the prevalence 
of obesity progressively has increased in the U.S. population, 
reaching a plateau of almost a third of the total population. 
There are differences in obesity prevalence among different 
ethnic groups, with non-Hispanic Asians having a lower preva-
lence compared to non-Hispanic whites, non-Hispanic African 
Americans, and Hispanic groups. Obesity is connected to a 
plethora of adverse health conditions and imposes considerable 
burdens on the U.S. health care system.

MINI CLINI
Trauma: Recognizing Common  
Life-Threatening Acute Respiratory 
Complications in Trauma Patients

PROBLEM: A water-skier was sent by medical flight to the 
hospital after collision with a boat following a 30-feet acrobatic 
jump. The unknown young man was intubated with a 7.0-mm 
ETT at the scene for hypoxemia and GCS 6 with no lower limb 
movements. Vital signs at admission in the ED were heart rate 
40 beats/min, blood pressure 80/40 mm Hg, O2 saturation 
99%, and body temperature 35° C. He weighs 160 lb and is 6 ft 
tall. The ventilator settings are as follows: volume-controlled 
ventilation mode, tidal volume (VT) 500 ml, respiratory rate 14 
breaths/min, and positive end expiratory pressure (PEEP) 5 cm 
H2O. During central line placement, the RT notices that the 
peak airway pressure increased from 18 cm H2O to 35 cm H2O, 
activating the high pressure alarm, and SaO2 declined rapidly 
from 99% to 90%. What are the next steps the RT should take?
SOLUTIONS: 1. Immediately inform the medical team 

regarding the alarming acute increased peak pressure and 
decreased SaO2.

2. Verify that the ETT did not migrate into the right main stem 
bronchus during neck positioning for central line place-
ment by confirming tube positioning.

3. Pass a suctioning catheter to verify absence of ETT kinking 
or occlusion resulting from secretions or blood.

4. Visually inspect that the inspiratory and expiratory ventila-
tor circuit is not kinked and that the water trap is not filled.

5. Auscultate breath sounds on all lung fields and inspect tra-
cheal deviation or asymmetry in chest movements during 
ventilation. Tension pneumothorax should be suspected 
when breath sounds are absent on the affected part of the 
thorax and the trachea deviates away from the affected side. 
The thorax may also be hyperresonant with jugular venous 
distention. Increased intrathoracic pressure might cause 
hypotensive and hypoxemia. If not recognized, tension 
pneumothorax leads to cardiovascular collapse and death.

6. Immediate chest radiograph and arterial blood gas (ABG) 
analysis should be requested to confirm hypoxemia and rule 
out acute changes (i.e., pneumothorax, acute pleural effu-
sion, hemothorax, bronchial mucus plug causing large lobar 
or entire lung collapse).

7. Until a pneumothorax is ruled out, VT should be decreased 
and respiratory rate increased ideally by use of a manual 
ventilator. This is to ensure that limited pressure is applied 
to minimize the volume of gas extending the possible 
pneumothorax.

8. Regardless of the final diagnosis, the respiratory therapist 
has a key role in the care of the trauma patient in the acute 
settings. Common tasks of the RT are titration of the ven-
tilator after acute changes in the patient’s condition, travel 
to a computed tomography (CT) scan or other emergent 
hospital location (i.e., operating room or ICU), and assis-
tance with procedures such as bronchoscopy, chest tube 
placements, or intracranial pressure monitoring.

 Box 30-2 Mechanical Ventilation of the 
Trauma Patient

•	 Mode:	Pressure	or	volume	ventilation
•	 Tidal	volume:	6	to	8	ml/kg	predicted	body	weight
•	 Inspiratory	time	0.6	to	1.0	second
•	 Plateau	pressure:	Less	than	28	cm	H2O
•	 Driving	pressure	of	15	cm	H2O	or	less
•	 Rate	only	limited	by	the	development	of	auto-PEEP
•	 Minute	volume	to	maintain	normal	PaCO2

•	 PEEP	5	to	10	cm	H20
•	 FiO2	set	to	maintain	target	PaO2

•	 If	ARDS,	manage	as	any	other	ARDS	patient
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both preload and afterload. Adipose tissue is perfused on 
average by 3 ml of blood per each 100 g of tissue. The resulting 
expansion of blood volume increases venous return (preload), 
cardiac output, and cardiac work. Afterload is increased by 
secretion of steroids and catecholamines and through the renin-
angiotensin endocrine axis. Myocardial hypertrophy and dia-
stolic dysfunction are the results of these alterations, eventually 
leading to heart failure, arrhythmias, or sudden cardiac arrest. 
Myocardial hypertrophy and the consequently reduced heart-
wall compliance, as well as reduced heart chamber volumes,  
are responsible for poor tolerance of intravenous fluids in  
these patients. Additionally, the presence of diabetes mellitus 
and hypertension in this setting exponentially increases the risk 
for myocardial infarction. Moreover, the presence of diabetes 
mellitus increases the risk for a silent myocardial infarction 
being present at the time of admission or happening as a com-
plication of critical illness. This risk is especially pertinent to 
the extreme range of obese patients, whose physical activity is 
very limited and who may not manifest symptoms of myocar-
dial ischemia or show signs of congestive heart failure before 
ICU admission.

The presence of a proinflammatory/procoagulatory state 
induced by adipose tissue and associated with a sedentary life-
style and venous stasis puts these patients at high risk for venous 
thrombosis and pulmonary embolism. The increased cardiac 
output of obese patients is responsible for an increased glo-
merular filtration rate in patients whose obesity-related com-
plications have not yet compromised kidney function. However, 
diabetes mellitus and hypertension can be responsible for 
chronic kidney failure. Thus an evaluation of kidney function 
is mandatory in this patient population. Abnormal glomerular 
filtration and excess adipose tissue alter the clearance and the 
volume distribution of most drugs that are administered to 
obese patents.

Dosing of lipophilic drugs should be based on the actual 
body weight of the patient, whereas for hydrophilic drugs 
dosage is best determined using the ideal body weight (IBW) 
or predicted body weight (PBW) of the patient and corrected 
for higher renal clearance if an abnormally high glomerular 
filtration rate is present. Because of altered clearance, distribu-
tion, and accumulation of drugs, obese patients are particularly 
prone to underdosage and overdosage of hypnotic medications. 
Because most of these drugs are lipophilic, allowing them to 
cross the blood-brain barrier, the accumulation of drugs in 
excess adipose tissue can occur and result in a slowed release 
into the bloodstream. Frequent spontaneous awakening trials 
are necessary to assess the accumulation of drugs in the adipose 
tissue and to determine the ability of the patient to promptly 
recover from sedation to avoid delaying liberation from 
mechanical ventilation.16

Obesity is associated with increased morbidity and mortality 
in the context of both acute and chronic medical problems, 
including diabetes mellitus and related complications, hyper-
tension, dyslipidemia, cardiovascular disease, gallstones, chole-
cystitis, and certain forms of cancer. Although there is now a 
considerable amount of data available on the impact of obesity 
on ICU outcomes, there are still contradictory conclusions con-
cerning the nature of this impact, possibly because obese ICU 
patients on average are younger and are affected with less severe 
diseases compared to nonobese ICU patients; however, obese 
ICU patients require the same level of intensive care.

Among people with a BMI within the range of severe obesity, 
the distribution of adipose tissue plays a major role in deter-
mining the risks for chronic diseases. Current guidelines con-
cerned with the clinical care of the obese recommend 
measurement of waist circumference in people with a BMI 
greater than 25 kg/m2 and propose that waist circumferences of 
102 cm in men and 88 cm in women define abdominal adipos-
ity. Most studies examining the association between fat distri-
bution and mortality have shown that abdominal adiposity is 
an important predictor of mortality. In particular, waist cir-
cumference has been associated with mortality even in people 
with a normal BMI, indicating that BMI might be of limited 
use in assessing the severity of a person’s obesity and that fat 
tissue distribution plays a major role in the pathophysiology of 
obesity.14

 Box 30-3 Physiologic Concerns Associated 
With Obesity

•	 Cardiovascular	disease
•	 Venous	thrombosis	and	pulmonary	embolism
•	 Chronic	renal	failure
•	 Obstructive	sleep	apnea
•	 Obesity	hypoventilation	syndrome
•	 Reduced	lung	volumes
•	 Expiratory	flow	resistance
•	 Air-trapping	and	auto-PEEP

	

RULE OF THUMB

Patients	who	are	obese	have	a	greater	likelihood	of	
mortality	in	the	ICU	if	their	waist	circumstance	is	greater	
102	cm	in	men	and	88	cm	in	women.

Specific Pathophysiologic Concerns

Adipose tissue is a potent source of proinflammatory molecules 
that induce a chronic inflammatory state mimicking critical 
illness and diminishing immune and metabolic reserves (Box 
30-3). Moreover, an increased BMI requires additional cardio-
vascular, respiratory, and metabolic work, further diminishing 
an individual’s physiologic reserves.15

Obesity is a risk factor for cardiovascular disease indepen-
dent of diabetes mellitus and hypertension. The mechanism of 
obesity-related cardiovascular disease involves an increase in 
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Over	two-thirds	of	obese	patients	have	sleep	apnea.	All	
obese	patients	on	admission	should	be	evaluated	for	
sleep	apnea	if	not	already	being	treated	for	it.
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maintaining adequate alveolar ventilation at the expense of 
higher dead space ventilation. However, the most severely obese 
patients acquire a reduced chemosensitivity, impairing their 
ventilatory response to hypoxemia and hypercapnia (obesity 
hypoventilation syndrome [OHS]). These patients tend to 
slowly progress to hypoventilation with hypercapnic respiratory 
failure. It has been shown that noninvasive nocturnal ventila-
tion is effective in restoring a more normal physiologic chemo-
sensitivity and compensatory respiratory drive.20

More than two-thirds of obese people have obstructive sleep 
apnea (OSA). However, the factors that lead to a higher inci-
dence of OSA in obese patients are still poorly understood. It 
has been argued that obesity can act in different ways on the 
respiratory system, that it narrows the upper airway, causes 
upper airway collapsibility, and disrupts the normal physiologic 
respiratory drive. Specifically, it has been shown that obesity is 
associated with the deposition of peripharyngeal fat, which may 
increase pharyngeal collapsibility. In addition to this, it has been 
shown that the proinflammatory state associated with obesity 
alters the pharyngeal-patency control mechanisms, resulting in 
additional airway occlusion. Neuromuscular control of pharyn-
geal patency is of the utmost importance in these patients. Any 
increase in a proinflammatory state or loss of active neuromus-
cular control (e.g., because of a neurologic condition or seda-
tion) further aggravates upper airway occlusion.

Lung volumes progressively decrease as BMI increases. Total 
lung capacity and residual volume decrease linearly as BMI 
increases, while functional residual capacity is exponentially 
reduced at higher BMI values, especially in patients with a 
central fat distribution (high waist circumference). Further-
more, forced vital capacity, forced expiratory volume in 1 
second, maximum voluntary ventilation and forced mid-
expiratory flow are significantly reduced in obese persons, with 
airway closure occurring during tidal breathing in the extreme 
range of obesity. Low functional residual capacity increases the 
risk for expiratory flow limitation and airway closure. This is 
thought to be due to an increase in pleural pressure caused by 
the transmission of the gravitational weight of the abdomen. 
The weight of the abdomen displaces the diaphragm in a cepha-
lad position, causing passive atelectasis in the most gravity-
dependent regions of the lung. The collapsed lung tissue exerts 
less elastic recoil on adjacent structures, particularly on the 
smaller airways, reducing their diameter. The increase in pleural 
pressure further aggravates airway collapse. The ensuing expira-
tory flow limitation can lead to incomplete exhalation with air 
trapping, resulting in dynamic hyperinflation. Dynamic hyper-
inflation (auto-PEEP) is one of the most common sources of 
increased work of breathing and patient-ventilator asynchrony 
in mechanically ventilated patients.

Trapped end-expiratory gas causes auto-PEEP. This trapping 
of gas behind collapsed airways acts as a recoil pressure that 
needs to be released at the beginning of inspiration before the 
generation of a VT, resulting in wasted work of breathing.17,18 It 
has been observed that the sitting position can increase func-
tional residual capacity, reverse expiratory flow limitation, 
improve respiratory mechanics and gas exchange, and lower  
the PEEP required to restore functional residual capacity to a 
normal physiologic level—another indication of the patho-
physiologic role of abdominal weight in obesity.19 The presence 
of expiratory flow limitation and atelectasis in the dependent 
zones of the lung is pivotal in the development of ventilation/
perfusion ( � �V/Q) mismatch and hypoxemia. To supplement the 
increased rates of O2 consumption and carbon dioxide (CO2) 
production in the setting of impaired gas exchange, obese 
patients increase their respiratory drive and minute ventilation, 

 Box 30-4 Respiratory Management 
of Obesity

•	 Oxygen	therapy	for	management	of	hypoxemia
•	 Inhalational	bronchodilators	for	management	of	asthma	

symptoms
•	 Noninvasive	CPAP	for	management	of	sleep	apnea
•	 NIV	for	obesity	hypoventilation	syndrome	and	hypercarbic	

respiratory	failure
•	 Invasive	mechanical	ventilation	for	management	of	

hypoxemic	and	hypercarbic	respiratory	unresponsive	to	NIV

CPAP,	Continuous	positive	expiratory	pressure;	NIV,	noninvasive	
ventilation.
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The	majority	of	patients	with	severe	obesity	develop	
flow	limitation,	air	trapping,	and	auto-PEEP,	especially	
when	ventilated	in	the	supine	position.

Clinical Assessment

Given an unstable respiratory/cardiovascular equilibrium, 
obese patients are particularly prone to acute respiratory failure 
in the setting of disease. Particular attention must be paid to 
gas exchange and signs of increased work of breathing (labored 
breathing, high respiratory rates, use of accessory muscles), 
because any deterioration in their clinical status can quickly 
precipitate respiratory failure requiring mechanical ventilation.

BMI, body fat distribution, and history of snoring, sleepi-
ness, and headaches should be determined or collected on 
admission. The degree of self-mobilization and physical daily 
activity should be investigated, and the risk for deep venous 
thrombosis or pulmonary embolism should be assessed. A plan 
for airway management and intubation should be discussed 
before the onset of respiratory failure, especially if the patient 
shows signs of a particularly difficult airway for intubation. The 
past use of, and settings for, home nocturnal CPAP or NIV 
should be investigated, and their continued use should be 
encouraged. In the presence of a history suggestive of OSA/
OHS, intermittent/nocturnal noninvasive bilevel positive airway 
pressure/CPAP should be started regardless of the patient’s 
respiratory status.

Respiratory Management

See Box 30-4.
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respiratory rate (<25 breaths/min), reduce ventilatory dis-
tress, and improve CO2 clearance.

8. Check gas exchange at 60 minutes. If noticeable improve-
ment has been observed and there is no clinical deteriora-
tion, NIV can be continued. If NIV did not improve 
oxygenation or hypercapnia, the patient should be intubated 
and mechanically ventilated.

Oxygen Therapy
Hypoxemia is the most common gas-exchange abnormality in 
obese patients. It can be mild and easily corrected by O2 supple-
mentation, or it can be severe enough to require mechanical 
ventilation. However, a mild, progressive hypoxemia should 
prompt close monitoring of gas exchange, work of breathing, 
and mental status, because it might be a sign of impending 
respiratory failure. A sudden onset of hypoxemic respiratory 
failure should raise the suspicion for pulmonary embolism. If 
the patient’s response to O2 supplementation is inadequate 
but the patient has sufficient mental status, NIV should be 
initiated.

Aerosolized Pharmacology
Obese patients have a higher incidence and severity of asthma, 
and they frequently require inhalation therapy. For a detailed 
discussion, see Chapter 35.

Noninvasive Ventilation
NIV should be attempted when the patient’s neurologic status 
is sufficient but O2 therapy alone is ineffective at correcting 
hypoxemia or when hypercapnia complicates the respiratory 
failure. By the time NIV is attempted, a plan for airway manage-
ment and intubation already should have been made. NIV 
should be instituted immediately in the setting of hypercapnic 
respiratory failure. If qualified staff is available, noninvasive 
mechanical ventilation can be set up and begun in EDs or 
respiratory wards. An alert and cooperative mental status, 
proper mask-fitting, ability to clear secretions, and relative 
hemodynamic stability are essential factors that contribute to 
the success of NIV. Pressure-support ventilation with adequate 
PEEP is the preferred mode of ventilation. Vital signs, level of 
consciousness, respiratory pattern, oxygenation, delivered VT, 
gas exchange, and circuit leaks should be frequently assessed to 
guarantee proper ventilatory therapy.21

Approach to Noninvasive Ventilation
The approach to noninvasive ventilation is as follows.
1. Explain the indications of NIV and the possible outcomes 

(requirement of intubation or prolonged use of NIV) to the 
patient. Explain to the patient that he or she is not allowed 
to drink or eat anything by mouth until able to avoid the risk 
for aspiration during NIV.

2. Perform an ABG analysis to assess baseline gas exchange.
3. Fit the mask appropriately. If more than one model is avail-

able, quickly check with the patient which one is most 
comfortable.

4. Suggested initial settings are 10 cm H2O of pressure support 
and 10 cm H2O of PEEP.

5. Monitor vital signs, gas exchange, respiratory rate, VT, and 
comfort of the patient.

6. Gradually increase PEEP in 2–cm H2O increments to 
improve airway patency and oxygenation (SpO2 > 90%). 
Check hemodynamics carefully.

7. Gradually increase pressure support in 2–cm H2O incre-
ments to improve VT (until 6 to 8 ml/kg of IBW), reduce the 
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If	the	first	hour	of	NIV	does	not	at	least	partially	correct	
the	patient’s	clinical	presentation,	hypoxemia,	and	
hypercarbia,	endotracheal	intubation	should	be	
immediately	considered.

Invasive Mechanical Ventilation
Intubation.  Airway management in obese patients can be 

challenging because of the anatomic and physiologic alterations 
described earlier that make this population prone to airway 
obstruction and severe hypoxemia. BMI is a predictor of mask 
ventilation difficulties because of reduced upper airway space, 
difficulty fitting the mask, increased pressure required for VT 
generation, and reduced diaphragmatic excursion. Intubation 
is difficult as well; however, BMI is not an effective predictor of 
intubation difficulty, but neck circumference above 40 cm is 
associated with difficult intubation. There is no common agree-
ment on which approach to intubation should be used in obese 
patients. A possible strategy is awake intubation through the use 
of fiberoptics, although this technique requires coordination, 
proper anesthesia of the upper airways, and complete collabora-
tion of the patient, with this final factor being particularly 
important for success, although particularly difficult in the 
critically ill obese patient. The advent of video-laryngoscopy has 
significantly reduced the amount of difficulty clinicians face in 
airway management, and the use of a video-laryngoscope 
should be strongly considered in any intubation plan for the 
critically ill obese patient. A kit for rapid airway access should 
be present at the bedside or within reach until the airway is 
secured. Regardless of the device or technique adopted—which 
should be based on patient evaluation and personal expertise—
optimal positioning is mandatory to increase the chance of 
securing the airways. The “ramped position” consists of elevat-
ing the upper body and head of the patient to align the sternum 
and ear horizontally. This positioning technique results in a 
significantly improved laryngoscopic view. In addition, the 
elevated head of bed positioning typical of the ramped position 
improves respiratory mechanics and lung volumes during pre-
oxygenation, increasing the time to desaturation. The use of 
CPAP during preoxygenation can additionally increase the non-
hypoxemic apnea time by 50%.

Tidal  Volume,  Minute  Volume,  and  Respiratory  Rate. 
Pressure control ventilation or volume control ventilation can 
be equally effectively used to mechanically ventilate the obese 
patient (Box 30-5). However, regardless of mode of ventilation, 
VT settings must not be calculated based on actual body weight, 
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temporary PEEP discontinuation (e.g., disconnection of the 
patient from the ventilator circuit in the setting of high PEEP).22 
A recruitment maneuver during volume or pressure control 
ventilation can be performed as follows:

1. Assess hemodynamic stability of the patient.
2. Switch to pressure control ventilation with the following 

settings:
Pressure control: +15 cm H2O
PEEP: +10 cm H2O
Respiratory rate: 10 breaths/min
I/E ratio: 1 : 1

3. If patient is stable, after 30 seconds increase PEEP by 5 cm 
H2O (PEEP: +15 cm H2O).

4. Check oxygenation and hemodynamics.
5. If patient is stable, after 30 seconds increase PEEP by 5 cm 

H2O (PEEP: +20 cm H2O).
6. Check oxygenation and hemodynamics.
7. If patient is stable, after 30 seconds increase PEEP by 5 cm 

H2O (PEEP: +25 cm H2O).
8. Check oxygenation and hemodynamics.
9. Switch to volume control and perform a decremental 

PEEP trial. Set ventilator setting similar to that before 
recruitment maneuvers (RM) but keep PEEP at 25 cm H2O 
and FiO2 at 1.0. Measure total respiratory system compli-
ance (Crs) after 3 to 5 minutes.

10. Decrease PEEP to 21 cm H2O after 3 to 5 minutes and 
measure Crs.

11. Decrease PEEP to 19 cm H2O after 3 to 5 minutes and 
measure Crs.

12. Decrease PEEP to 17 cm H2O after 3 to 5 minutes and 
measure Crs.

13. Continue this process until the best Crs PEEP can be 
identified.

14. Recruit the lung again and then set PEEP at the best Crs 
PEEP plus 2 cm H2O.

15. Decrease the FiO2 to the lowest level maintaining PaO2 in 
the target range.

This approach to setting PEEP works well in morbidly obese 
patients and results in improved lung mechanics compared to 
the routine use of 8 to 12 cm H2O PEEP in these patients. In 
patients with less severe obesity PEEP in the range of 10 to 15 cm 
H2O generally stabilizes the lung and avoids atelectasis.23

Positioning.  It has been shown that elevation of the head 
of the bed is effective at improving respiratory system compli-
ance and oxygenation, reducing expiratory flow limitation, and 
reducing PEEP requirements for optimal ventilation in obese 
patients. This phenomenon is related to the gravitational effects 
of the abdomen on the diaphragm. When obese patients lie in 
the supine position, the abdominal content pushes against the 
diaphragm and displaces it in a cranial direction, resulting in 
increased pleural pressure and passive atelectasis in the depen-
dent zones of the lung (see the section on pathophysiology). 
The adoption of a sitting position changes the vector of the 
gravitational forces of the abdomen, partially releasing the dia-
phragm from abdominal pressure. Changes in bed position in 
morbidly obese patients (e.g., from sitting to supine, and back 

but on PBW or IBW, because an increased BMI does not reflect 
increased lung size. The best current evidence and practice 
stresses the importance of lung protective ventilation with a VT 
target of 6 ml/kg PBW (range, 4 to 8 ml/kg PBW) in all critically 
ill patients. There are different equations and formulas to cal-
culate the predicted or IBW, and there could be significant 
differences in the calculations. The most widely recommended 
formulas are listed below. These are the formulas used by the 
NIH/NHLBI ARDS Network in their landmark study:

PBW * Height in cmMEN = + −50 0 0 905 152 4. . .([ ] )

PBW * Height in cmWOMEN = + −45 5 0 905 152 4. . .([ ] )

Minute ventilation and respiratory rate should be adjusted 
to ensure an adequate clearance of CO2. Because of the increased 
metabolic rate, minute ventilation is commonly greater than 
10 L/min. In assisted partial ventilatory support, respiratory 
rate and volumes should be carefully monitored, especially in 
the setting of OHS, as central desensitization to CO2 might 
result in depressed respiratory drive in the setting of normal 
oxygenation. It is reasonable in this context to have a lower 
oxygenation target (SpO2 88% to 92%).
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VT	in	obese	patients	always	should	be	determined	
based	on	PBW,	not	actual	body	weight	because	lung	
size	is	not	based	on	weight,	it	is	based	on	height	and	
gender.

 Box 30-5 Mechanical Ventilation of the 
Obese Patient

•	 Mode:	Pressure	or	volume	ventilation
•	 Tidal	volume:	Average	6	ml/kg	PBW,	range	4	to	8	ml/kg	

PBW
•	 Inspiratory	time	0.6	to	1.0	second
•	 Plateau	pressure:	Less	than	28	cm	H2O,	unless	TPP	

measured	then	TPP	less	than	20	cm	H2O
•	 Driving	pressure	equal	to	or	less	than	15	cm	H2O
•	 Rate	only	limited	by	the	development	of	auto-PEEP
•	 Minute	volume	generally	10	L/min	or	greater
•	 Lung	recruitment	maneuver	with	decremental	PEEP	trial	to	

set	PEEP
•	 FiO2	set	to	maintain	target	PaO2

•	 Position	head	of	the	bed	to	30	degrees	or	greater	elevation
•	 Noninvasive	ventilation	for	24	to	48	hours	after	extubation

PBW,	predicted	body	weight;	TTP,	transpulmonary	pressure.

Lung  Recruitment.  It has been demonstrated in intraop-
erative settings that recruitment maneuvers in obese, mechani-
cally ventilated patients are effective at improving respiratory 
system compliance and oxygenation without affecting hemody-
namics. This effect is due to the reversal of atelectasis that forms 
during induction and persists without adequate levels of PEEP 
during mechanical ventilation. It is advisable to perform a 
recruitment maneuver whenever PEEP is increased or after 
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to sitting) should be followed by a recruitment maneuver in 
order to reexpand the regions of the lungs that collapsed during 
the transient increase in pleural pressure. In general, unless 
contraindicated, obese patients should be managed with the 
head of the bed elevated above 30 degrees.

MINI CLINI
Obesity: The Role of Postoperative 
Noninvasive Ventilation

PROBLEM: A 550-lb patient is recovering in the postopera-
tive care unit after a laparoscopic cholecystectomy. The proce-
dure was uneventful. The nurse called you because the SpO2 
decreased from 95% to 88% over the past hour despite a non-
rebreather facemask at 12 L/min. You see the patient; she is 
calm, resting in no pain, and breathing regularly at 8 breaths/
min. Other vital signs are heart rate 66 beats/min, blood pres-
sure 128/70 mm Hg and body temperature 36.5° C. After 
reviewing the nursing notes, you notice that patient required 
4 mg of midazolam before surgery for anxiety, 4 mg of hydro-
morphone during surgery, and additionally 10 mg of mor-
phine in the recovery room.

SOLUTIONS: Inform the medical/surgical team of the 
increased hypoxemia in this high-risk obese postsurgical 
patient. Suggest the medical/surgical team perform an ABG 
analysis to confirm hypoxemia and determine PCO2 to rule out 
pharmacologic narcosis and request a chest radiograph to rule 
out postoperative atelectasis. In agreement with the medical/
surgical team, this patient should receive NIV and be moni-
tored for 24 hours by telemetry.

In this patient, NIV instead of CPAP is required because not 
only is there most likely marked atelectasis but this patient’s 
ventilatory drive has been depressed by sedatives and narcotics, 
requiring ventilatory support. NIV may be required for only 24 
hours, but considering the size of the patient and the likelihood 
that the patient has sleep apnea, the use of CPAP during sleep 
should be considered on an ongoing basis and the patient 
evaluated for sleep apnea once recovered from the acute 
episode.
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FiO2	and	pressure	support	level	should	always	be	
weaned	before	PEEP	level	is	decreased.	When	FiO2	is	
approximately	0.40	and	pressure	support	is	10	cm	H2O	
or	less,	PEEP	can	be	decreased.

Ventilator Discontinuation.  One of the most challenging 
aspects of ventilatory management of obese patients is libera-
tion from mechanical ventilation. Expiratory flow limitation, 
low respiratory system compliance, atelectasis, and impaired 
neurologic respiratory drive play an important role in deter-
mining increased work of breathing in morbidly obese patients. 
As critical illness resolves, catabolic muscular wasting and 
post–critical illness muscular weakness aggravate the patient’s 
respiratory condition. There is still no consensus or scientific 
data on what might be the best approach for ventilatory 
weaning in these patients. Requiring a longer time on mechani-
cal ventilation and more prone to fail liberation from mechani-
cal ventilation, these patients more often require tracheostomy 
and transfer to long-term respiratory care facilities. However, it 
has been shown that morbidly obese patients who undergo 
tracheostomy have a higher morbidity and mortality and are 
more prone to tracheostomy-related complications. As the ben-
eficial effects of PEEP and positioning in this population 
become more clear, especially in partially reversing the phe-
nomena that lead to increased work of breathing, it is advisable 
that PEEP should be carefully reduced only after the FiO2 has 
stabilized at approximately 0.40. In addition, it is preferable to 
gradually reduce the level of pressure support while keeping the 
PEEP level stable, and eventually test a careful reduction of 
PEEP down to 8 to 10 cm H2O, if feasible. It would be best 
to extubate these patients while they are on PEEP and start 
noninvasive CPAP or bilevel positive airway pressure immedi-
ately after extubation. Noninvasive mechanical ventilation then 
can be gradually adjusted and weaned in the following 48 to  
72 hours.

NEAR DROWNING

Epidemiology

Drowning is one of the major causes of accidental pediatric 
death and is more common in low-income and middle-income 
countries. In adults, drowning is generally associated with 
alcohol and drug abuse. From 2005 to 2009 in the United States, 
there were approximately 4000 deaths resulting from drowning, 
of which almost 1000 were children younger than 14 years of 
age. It has been calculated that for each drowning casualty there 

are at least five times as many near-drowning–related admis-
sions to EDs, of which half require hospitalization.

The essential feature of drowning and the primary cause of 
death is asphyxia leading to cardiopulmonary collapse. Perma-
nent injuries include a spectrum of brain damage, starting with 
minor memory problems, to severe learning disabilities, includ-
ing a permanent vegetative state.24-26

Specific Pathophysiologic Concerns

The pathophysiologic mechanisms of drowning comprise the 
following two reflexes:
1. Inhalation of fluid causes irritation and cough response, 

resulting in fluid being either swallowed or inhaled. Laryn-
gospasm with closure of the glottis prevents aspiration of 
large amounts of fluid in the lungs (“dry drowning”), 
diverting these fluids to the stomach. Generally, the laryngo-
spasm lessens with unconsciousness, leading to “wet drown-
ing”—the aspiration of fluid, which is a more common 
occurrence.

2. Cold shock cardiac-respiratory reflexes occur with sudden 
immersion in water cooler than 25° C. The breathing pattern 
is characterized by gasping followed by hyperventilation and 
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airway-breathing-circulation approach, and cardiopulmonary 
resuscitation should be started immediately, if needed (Box 
30-6). If possible, prone positioning of the patient is preferable, 
because it allows optimal clearance of water from the tracheo-
bronchial tree, especially in the case of salt water drowning. 
Temperature monitoring and active body temperature control 
should be initiated as soon as possible because submersion and 
inhalation of water drastically reduces body temperature.

shallow breathing at almost total lung capacity. At lower 
water temperatures, sudden peripheral vasoconstriction can 
acutely increase systemic vascular resistance, leading to 
sudden cardiovascular collapse if the heart is unable to over-
come the acute increase in preload and afterload.27

During “wet drowning,” specific respiratory and blood 
chemistry dysfunction depend on whether fresh or seawater has 
been inhaled.
1. Inhalation of fresh water.28

a. Inhalation of fresh water and its effects on the respiratory 
system. Inhalation of fresh water rapidly depletes alveolar 
surfactant, leading to � �V/Q  mismatch. Inhaled water is 
quickly absorbed into the vascular system from the alveo-
lar space by osmosis, causing alveolar collapse and wors-
ening shunt and hypoxia. Additionally, in the setting of 
inhaled fresh water, acute neurogenic pulmonary edema 
secondary to cerebral hypoxia has been shown to worsen 
alveolar flooding. However, if hypoxia is reversed, normal 
pulmonary function can be quickly restored.

b. The effects of inhalation of fresh water on other organs. If a 
large volume of fresh water is inhaled, it is rapidly 
absorbed into the circulation, leading to electrolyte 
imbalance. Hyponatremia can lead to seizures, especially 
in pediatric patients. Additionally, diluted plasma causes 
water to rapidly enter into erythrocytes by osmosis, 
causing hemolysis. The resulting hyperkalemia and hypo-
natremia can cause ventricular fibrillation, and the libera-
tion of hemoglobin into the plasma can precipitate acute 
renal failure.

2. Inhalation of salt water.29

a. Inhalation of salt water and its effects on the respiratory 
system. Seawater has a three-fold higher osmolarity than 
blood. Hypertonic fluid inhalation therefore causes water 
to move from the circulation into the lungs. In experi-
mental studies in animals, inhaled seawater accounted for 
less than 50% of the volume of water retrieved from the 
lungs at autopsy. In contrast with the inhalation of fresh 
water, this phenomenon explains the sustained edema 
and prolonged shunt after the inhalation of salt water. 
Additionally, salt water causes direct damage to the 
alveolar-capillary membrane, enhancing lung injury.

b. The effects of inhalation of salt water on other organs. If a 
large volume of salt water is inhaled, the rapid loss of 
circulating volume into the alveolar space across the 
injured alveolar capillary membrane may cause hemo-
concentration, hypernatremia, and hypoalbuminemia. 
This phenomenon, if not recognized and rapidly reversed, 
leads to vascular collapse and hypovolemic shock.

Despite the pathophysiologic differences and the obvious 
circumstantial differences between drowning in salt water 
versus fresh water, at autopsy a definitive diagnosis cannot be 
made.30-32

Respiratory Management

Immediate management of patients who present with  
drowning or near-drowning events must follow the classic 
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Near-drowning	victims	almost	always	develop	ARDS	
and	should	be	managed	from	a	mechanical	ventilation	
perspective	like	any	other	ARDS	patient.

 Box 30-6 Respiratory Management 
of Near Drowning

•	 Basic	cardiopulmonary
•	 Airway	clearance

•	 Bronchoscopy
•	 Lavage
•	 Prone	positioning

•	 Mechanical	ventilation	as	in	all	ARDS	patients

Airway Clearance Therapy

The aspiration of foreign matter occurs relatively commonly in 
drowning or near-drowning events, particularly events involv-
ing drowning in shallow water. The most common aspirated 
material is sand, mud, or dirt. This can be easily recognized if 
solid material is found in the upper airways or in the stomach. 
It has been reported that a CT scan can show distinct hyper-
dense “sand bronchograms” in cases of sand aspiration. The 
inhalation of foreign material in the setting of drowning or near 
drowning is particularly harmful, because the material is usually 
solid, is nonsoluble, has a high density, and tends to consolidate 
and clog distal airways. This further worsens the onset of ARDS 
that follows drowning by enhancing the inflammatory response 
and by mechanically sealing the airways. Upper airway clear-
ance should be performed as soon as possible. Foreign material 
in the distal airways can be washed after intubation through 
repeated bronchoscopy and bronchoalveolar lavages.33,34

Mechanical Ventilation

Almost every patients who experiences drowning or near-
drowning events will develop ARDS. Ventilatory management 
of these patients should follow ARDS ventilation guidelines as 
outlined in Chapter 27 and 48 (Box 30-7). Frequently, these 
patients develop bronchospasm as a result of the irritant effects 
of water in the airways. Laryngospasm and persistent upper 
airway closure are usually resolved on the administration of 
paralysis at intubation, but severe bronchospasm might persist, 
requiring antibronchospasm inhalatory or intravenous therapy 
(see Chapter 35). Drowning in fluvial or brackish water or 
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postburn sepsis, aggressive surgical treatment, improved peri-
operative care, and the development of multidisciplinary treat-
ment teams. The first phase of the care of patients with serious 
burn injury is challenging in both respiratory care and hemo-
dynamic management. Intensivists and respiratory therapists 
during the initial management period must work cooperatively 
in the management of these critically ill patients.36

Clinical Assessment

During the clinical assessment of burn patients the airway is the 
first priority. Burn patients always should be considered trauma 
patients; airways evaluation and management should follow 
what is described in the previous section on airways manage-
ment of the trauma patient. Airways of burn patients should be 

MINI CLINI
Near Drowning: Recognizing  
Life-Threatening Acute  
Respiratory Complications

PROBLEM: An unresponsive 3-year-old boy is brought into 
the ED by his parents after he was rescued from their swim-
ming pool. The parents were hosting a midsummer barbecue 
when they heard screaming kids and found their son face-down 
in the swimming pool. Vital signs at admission to the ED were 
heart rate 40 beats/min, blood pressure 50/20 mm Hg, SatO2 
88%, and body temperature 33° C. What are the next steps and 
how should the RT respond?

SOLUTIONS: This is an emergency, and the team should be 
prepared for impending cardiac arrest because of near drown-
ing. Advance Cardiac Life Support (ACLS) should be started 
right away without delay. While the medical team supports the 
circulation, the RT should be prepared for emergent and pos-
sibly difficult intubation because of aspiration, oral/pharyngeal/
tracheobronchial fluids, and edema. A few pediatric ETT sizes, 
a pediatric intubation kit, and a difficult airway cart with an 
emergent tracheostomy kit should be at the bedside.

Wall suctioning should be readily available, and a pediatric 
fiberoptic bronchoscope for deep suctioning and/or foreign 
body retrieval should be at the bedside.

In summary, a pediatric near drowning should be treated 
as an emergency with standard pediatric ACLS. However, 
immediately after recovery, the RT should focus on pulmonary 
toilette by body positioning, suctioning, and titration of the 
ventilator in anticipation of impending respiratory complica-
tions; refractory hypoxemia; and ARDS.

	

RULE OF THUMB

Once	stabilized,	salt-water	near-drowning	victims	
generally	benefit	from	prone	positioning,	which	allows	
better	clearance	of	inhaled	fluids	from	the	lungs.

 Box 30-7 Mechanical Ventilation of the 
Near-Drowning Patient

•	 Mode:	Pressure	or	volume	ventilation
•	 Tidal	volume:	Average	6	to	8	ml/kg	PBW
•	 Inspiratory	time	0.6	to	1.0	sec
•	 Plateau	pressure:	less	than	28	cm	H2O
•	 Driving	pressure	equal	to	or	less	than	15	cm	H2O
•	 Rate	only	limited	by	the	development	of	auto-PEEP
•	 Minute	volume	to	maintain	PaCO2

•	 PEEP	5	to	10	cm	H2O
•	 FiO2	set	to	maintain	target	PaO2

•	 Prone	position
•	 If	ARDS,	manage	as	normal	for	ARDS	patients

seawater is usually complicated by pneumonia caused by  
opportunistic pathogens inhaled at the moment of drowning. 
However, these bacteria usually do not show antibiotic resis-
tance and prompt antibiotic prophylaxis should be able to 
prevent pneumonia.

Positioning

Whenever feasible, prone positioning is preferable immediately 
after cardiovascular stabilization, especially in the case of brack-
ish water or saltwater drowning, in which the osmotic activity 
of the inhaled salt causes continuous refilling of the lungs with 
water. The prone position allows clearance of salt-containing 
fluids from the lungs and might prove useful in the setting of 
severe ARDS.

BURNS

Epidemiology

In the United States, each year approximately 450,000 people 
receive medical treatment for burn injuries; of these patients, 
40,000 are hospitalized. Over 60% of the estimated U.S. acute 
hospitalizations related to burn injury were admitted to 127 
burn centers. Each year 3400 patients die as a result of burn and 
smoke inhalation. In a selected case series from 2003 to 2012 
the reason for admission was 43% fire, 34% scald, 9% contact, 
4% electrical, 3% chemical, and 7% other burn injuries.35 The 
main feature characterizing the natural history of serious burns 
is burn shock. Burn shock can lead to death within the first 
hours after injury. The most important cause of mortality, 
among those who survive burn shock is wound sepsis (Box 
30-8). After recovery from the acute inflammatory phase, post-
burn deformities delay full functional recovery. Improved sur-
vival has been associated with early resuscitation, prevention of 

 Box 30-8 Survival in Burn Patients

Survival	in	burn	patients	has	been	associated	with:
•	 Early	fluid	resuscitation
•	 Prevention	of	post	burn	sepsis
•	 Aggressive	surgical	treatment
•	 Improved	perioperative	care
•	 Development	of	multidisciplinary	teams
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response during the first critical hours after major burn. The 
severity of the burn depth is classified based on the anatomic 
planes progressively involved in the injury (Table 30-3). A first-
degree burn is a superficial injury that involves only the epider-
mis. The second-degree involves the dermis. Third-degree 
injury is characterized by the destruction of both the epidermis 
and dermis above the fascia. Fourth-degree involves the muscles 
and the bones. Surgical intervention with debridement and 
grafting should be considered starting from second-degree 
burns.

Extensive chest-wall burns commonly lead to worsening gas 
exchange and work of breathing. The accumulation of edema 
in the chest wall and upper abdomen lowers chest wall compli-
ance. The deterioration of respiratory mechanics can be so 
severe to require early fasciotomy.

Lung injury frequently results from inhalation of hot gases 
and smoke. ARDS is the typical presentation of heat-related 
lung injury. Fluid overload and systemic inflammatory response 
usually complicates the respiratory status and respiratory man-
agement of burn patients. Direct visualization of the tracheo-
bronchial tree by fiberoptic bronchoscopy can be extremely 
helpful in revealing mucosal alterations and disruptions char-
acterized by inflammation, erythema, carbonaceous debris, and 
ulcerations.

Carbon monoxide poisoning and cyanide toxicity are 
common findings in patients who have fire-related burns. The 
respiratory therapist should be aware that CO and cyanide poi-
soning do not cause cyanosis. SaO2 in blood should be mea-
sured by ABG analyses because most SpO2 sensors are unable 
to distinguish SO2Hb from methemoglobin (MetHb) and car-
boxyhemoglobin (COHb). This phenomenon results in false 
100 SpO2 readings even when the patient is lethally hypoxemic. 
In the absence of blood gas analyses, a cooximeter can measure 
concentration of MetHb and COHb. CO has an affinity for 
hemoglobin a hundred times greater than that for O2, and this 
can shift the oxyhemoglobin dissociation curve to the left. 
Patients become symptomatic when COHb levels are higher 
than 15%; levels greater than 50% are lethal. In these patients, 
100% O2 should be administered as soon as possible because it 
reduces the half-life of COHb to 40 to 60 minutes. When fea-
sible, hyperbaric O2 should be considered to prevent serious 
neurologic sequelae.38,39 Inhalation of cyanide-containing gas 
during combustion of nitrogenous materials is characterized by 

TABLE 30-2 

Quantification of Total Burn Surface Area by the 
Rule of Nines

Anatomic Structure % TBSA

Adult
Head,	anterior 4.5
Head,	posterior 4.5
Torso,	anterior 18
Torso,	posterior 18
Leg,	anterior,	each 9
Leg,	posterior,	each 9
Arm,	anterior,	each 4.5
Arm,	posterior,	each 4.5
Genitalia/perineum 1

Child
Head,	anterior 9
Head,	posterior 9
Torso,	anterior 18
Torso,	posterior 18
Leg,	anterior,	each 6.75
Leg,	posterior,	each 6.75
Arm,	anterior,	each 4.5
Arm,	posterior,	each 4.5
Genitalia/perineum 1

Infant
Head	and	neck 20
Torso,	anterior 16
Torso,	posterior 16
Leg,	each 16
Arm,	each 8
Genitalia/perineum 1

TBSA,	Total	burn	surface	area.

TABLE 30-3 

Severity of Burn Depth

Degree of Burn Depth of Injury Level of Pain

First	degree Superficial,	only	involving	the	
epidermis

Tender	and	
sore

Second	degree Involves	the	dermis Very	painful
Third	degree Destruction	of	the	epidermis	and	

dermis	above	the	fascia
Very	little	to	

no	pain
Fourth	degree Full-thickness	burns	involving	the	

fascia,	muscles,	and	bones
Painless

monitored closely because exposure to hot gases, flames,  
and toxic gases causes airways obstruction as a result of acute 
edema. Early intubation in these patients is essential, and early 
initiation of mechanical ventilation is required. Signs for early 
intubation include gradual but progressive compromise of 
respiratory mechanics and gas exchange and the presence of 
facial burns or any direct or indirect evidence of upper airways 
involvement.

Respiratory assessment of burn patients should focus on the 
following37:
1. Extension (total body surface area, [TBSA]) and depth of 

external burns
2. Degree of involvement of lung tissue
3. Inhalation of toxic gases (carbon monoxide and cyanide)

The surface area of external burns can be easily quantified 
by the rule of nines, which estimates the total amount of the 
body surface area involved by the burns (%TBSA). The evalu-
ation of external burns with the rule of nines is crucial to the 
medical team to guide fluid management during the first hours 
of treatment (Table 30-2). An adult patient of approximately 
80 kg and with burns of 50% of TBSA would require 16 L of 
fluids in the first 24 hours, of which 8 L is given within the first 
8 hours (1 L/hr of fluid infusion). It is imperative for the RT to 
know the rate of fluid resuscitation and the hemodynamic 
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1. Commonly, if TBSA exceeds 25%, a systemic inflammatory 
process becomes evident and fluids from the intravascular 
space enter the extravascular space and develop a generalized 
edema. Edema expands quickly within the first hours after 
the injury. If patients are not sufficiently hydrated, this fluid 
shift rapidly leads into an impairment of local and systemic 
perfusion with tissue and organ damage causing ischemia, 
metabolic acidosis, and mixed venous desaturation, as a 
result of hypovolemic and distributive shock. The hemato-
crit gradually increases secondary to hemoconcentration. At 
the same time, the massive systemic inflammation com-
monly leads to cardiovascular instability followed by myo-
cardial depression if not treated.

2. The first few hours after injury are characterized by a hyper-
dynamic state with high metabolic requirements with  
elevated CO2 production and O2 consumption. Massive 
vasodilation increases pulmonary shunt fraction, worsening 
hypoxemia that can develop into full pulmonary edema. 
However, this phase is short-lived and progresses to a cata-
bolic state. At this stage, patients are at high risk for develop-
ing infections, with pneumonia being the most common.

3. The effects of the inhalation injury on the tracheobronchial 
tree and the lungs lead to edema, bronchospasm, and buildup 
of secretions. Different degrees of ARDS usually follow lung 
burn injury. When the burn circumferentially surrounds the 
chest, a mechanical constriction can develop worsening 
chest and respiratory system compliance.

Specific Concerns

Burn-injured patients with an inhalation injury have a signifi-
cantly increased risk for morbidity and mortality. Inhalation 
injury can complicate 20% of burn patients, and these patients 
often present with facial burns. Patients presenting with facial 
burns, burnt nasal hairs, soot in the oral and nasal pharynx, and 
any signs of upper airway burns should be immediately intu-
bated because of the probability of serious airway obstruction 
developing over time is nearly 100%. At admission it is difficult 
to identify characteristic radiographic features of inhalation 
injury. The effects become evident over time only when second-
ary complications such as inflammation, infection, or atelecta-
sis develop. For this reason, the respiratory status and the airway 
patency of burn victims should be continuously monitored for 
the high risk for developing airway obstruction if an artificial 
airway is not already in place. Securing the airways as soon as 
possible should be the priority before catastrophic, irreversible 
airways obstruction occurs. One of the challenges in the respira-
tory care for severely injured burn patients is the clearance of 
copious and tenacious secretions. Secretions are accumulating 
throughout the tracheobronchial tree as a result of increased 
mucus secretion, buildup of toxic debris and necrotic cells,  
and peribronchial inflammatory exudates and transudates. In 
addition, mucociliary transport is severely impaired by dis-
rupted tracheal-bronchial epithelium causing small airways 
plugs, worsening alveolar collapse, and predisposing to pulmo-
nary infections. Optimization of airway humidification, careful 
endotracheal tube suctioning, and bronchoscope toilette are 

the presence of an adequate O2 delivery and metabolic acidosis 
with anion gap. Cyanide compounds work by interfering with 
mitochondrial O2 usage, blocking the final step of the oxidative 
phosphorylation cascade. The O2 use impairment, despite a 
normal O2 delivery, is confirmed by a high mixed venous O2 
saturation. Concentration of cyanide higher than 20 parts per 
million (ppm) is considered dangerous, and 100 ppm is lethal. 
Thiosulfate and cyanocobalamin are administered as soon as 
possible to reduce the half-life of this toxic compound. For both 
CO and cyanide poisoning, early clinical features are anxiety, 
tachycardia and/or arrhythmia, tachypnea, and hypertension, 
followed by headache, confusion, dyspnea, hypotension, and 
bradycardia leading to neurologic symptoms, such as seizures 
and reduced consciousness, respiratory failure with pulmonary 
edema, coma, and death (Box 30-9).40

	

RULE OF THUMB

CO	and	cyanide	poisoning	do	not	cause	cyanosis.	
SaO2	in	blood	should	be	measured	by	ABG	analyses,	
because	most	SpO2	sensors	are	unable	to	distinguish	
SO2Hb	from	MetHb	and	COHb.	This	phenomenon	
results	in	false	normal	SpO2	readings	(100%)	even	
when	the	patient	is	lethally	hypoxemic.

 Box 30-9 Early Clinical Features of Carbon 
Monoxide and Cyanide Poisoning

•	 Anxiety
•	 Tachycardia
•	 Arrhythmias
•	 Tachypnoea
•	 Hypertension	followed	by:

•	 Headache
•	 Confusion

•	 Dyspnea
•	 Hypotention
•	 Bradycardia	followed	by:

•	 Neurologic	system	symptoms	(seizures,	reduced	
consciousness)

•	 Respiratory	failure	with	pulmonary	edema
•	 Coma
•	 Death

Pathophysiology of Burn Patients

Burn injury can cause extensive tissue destruction, leading to a 
vast inflammatory process, which starts with the release of 
inflammatory cytokines. To simplify, there is a local burn effect 
at the site of the burn and a systemic effect mediated by inflam-
matory mediators that are released. However, these two effects 
are interlinked and difficult to separate from each other.

It is generally better to divide burn patients according to the 
systemic response over time: a severe systemic response that 
lasts up to the first 48 hours followed by a late response starting 
at 48 hours, and ending at approximately 72 hours after the 
burn accident.37
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lung protected ventilation in patients at high risk for  
developing ARDS.

Fiberoptic Bronchoscopy
Fiberoptic bronchoscopy is often used in these patients for diag-
nostic and treatment purposes. Bronchoscopy is used in acute 
settings for clearance of foreign bodies from the airways, dis-
rupted mucosa, and mucous debris that might precipitate 
hypoxemia by alveolar obstruction, collapse, and atelectasis. 
The copious and tenacious secretions and necrotic tissue often 
require multiple fiberoptic bronchoscopies over time. Clearance 
of the tracheobronchial tree has three purposes: (1) Improving 
ventilation while avoiding � �V/Q mismatch, (2) preventing bacte-
rial overgrowth within the bloody-necrotic secretions and 
pneumonia, and (3) enhancing nebulized drug delivery that is 
commonly used in these patients (e.g., bronchodilators, anti-
oxidants, and pulmonary vasodilator). Other use of bronchos-
copy in these patients includes inspection of injury and 
monitoring over time of major lesions and distal bronchoalveo-
lar lavage for a microbiologic sample if pneumonia is clinically 
suspected.46

milestones of daily respiratory care of these particular vulner-
able patients.41-43

	

RULE OF THUMB

Hyperbaric	O2	at	three	times	atmospheric	pressure	
reduces	the	half-life	of	CO	to	approximately	3	minutes,	
compared	to	80	minutes	for	regular	100%	O2	via	
nonrebreather	mask.

	

RULE OF THUMB

Patients	presenting	with	facial	burns,	burnt	nasal	hairs,	
soot	in	the	oral	and	nasal	pharynx,	and	any	signs	of	
upper	airway	burns	should	be	immediately	intubated	
because	the	probability	of	serious	airway	obstruction	
developing	over	time	is	nearly	100%.

	

RULE OF THUMB

Burn-injured	patients	with	an	inhalation	injury	have	a	
significantly	increased	risk	for	morbidity	and	mortality.

Respiratory Management

Respiratory care of burn patients is complex. Hemodynamics, 
fluid resuscitation, %TBSA involvement and related injuries, 
time from the injury, and upper and lower respiratory condi-
tions are some of the key elements that the RT needs to know 
while caring for these patients.

Oxygen Therapy
The SaO2 of burn patients has to be monitored continuously. 
Until proved otherwise, all victims rescued from a fire should 
be treated with O2 for suspected cyanide and CO poisoning. In 
the presence of cyanide and CO poisoning and to monitor 
response to treatment, noninvasive portable cooximetry or 
ABG analysis allows measurements of SaO2, COHb, and MetHb 
levels. Cyanide poisoning is treated pharmacologically. The RT 
should monitor continuously the level of MetHb in the blood, 
especially if cyanide is treated with nitrite donors. Methylene 
blue should be administered if levels of MetHb become symp-
tomatic. CO poisoning treatment is focused on dislodging CO 
from the hemoglobin. High concentration of inspired O2 via 
nonrebreathing mask is mandatory in these patients, because 
O2 shortens the half-life of CO. When available, a hyperbaric 
chamber is used in the treatment of the most severely CO poi-
soned burn patients; CO is quickly dissociated from hemoglo-
bin and cytochrome oxidase. Hyperbaric O2 at three times 
atmospheric pressure reduces the half-life of CO to approxi-
mately 3 minutes, compared to 80 minutes for regular 100% O2 
via nonrebreather mask. It also may reduce the brain (and other 
organs) tissue ischemia by increasing O2 transport in plasma to 
the brain.44,45

Early Endotracheal Intubation
In these patients early endotracheal intubation is generally rec-
ommended for four reasons: (1) Protection of the airways from 
the risk for occlusion secondary to mucosal and interstitial 
edema, (2) the need for extensive pulmonary toilette by  
multiple bronchoscopies, (3) delivery of high fraction of 
inspired O2 during CO poisoning, and (4) initiation of early 

Active Humidification
Active humidification with heated humidifiers supplied by 
heated wire circuit should be used when possible. The aim of 
using continuous heated well-humidified ventilation is avoid-
ance of mucus plugs in the distal airways and endotracheal tube 
while preventing body temperature loss.

Mechanical Ventilation
Mechanical ventilation should be titrated according to the 
underlying major respiratory condition of the patient (i.e., 
upper airway edema, lower airway injury, intoxication, ARDS, 
or pulmonary edema). In addition, the respiratory therapist 
should be prepared to change ventilation management accord-
ing to the rapid cardiovascular and respiratory changes of the 
patient’s clinical course during hospitalization. A typical early 
pulmonary scenario is a combination of pulmonary edema 
resulting from the high rate of fluid infusion and distal atelec-
tasis secondary to secretions and mucus accumulation. Often 
ARDS develops, complicating the multifactorial respiratory 
failure and worsening lung compliance and hypoxemia.  
An early protective lung ventilation approach with low VT 
and high PEEP is especially advantageous in these patients. 
Neuromuscular-blocking drugs are often beneficial to optimize 
low VT ventilation (Box 30-10). In refractory hypoxemia, prone 
positioning and the use of inhaled pulmonary vasodilators 
might be considered an adjunct to respiratory treatment when 
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feasible. The use of venovenous extracorporeal membrane  
oxygenation remains highly controversial in patients with 
extensive burn because of the risk for exsanguination. Early 
tracheostomy is often advocated because it improves secretion 
management by cough and suctioning, patient recovery by 
weaning from anesthetic medications, and wound care by 
patient collaboration.47,48

 Box 30-10 Mechanical Ventilation of Patients 
With Smoke Inhalation and 
Pulmonary Burns

•	 Mode:	Pressure	or	volume	ventilation
•	 Tidal	volume:	4	to	8	ml/kg	PBW
•	 Inspiratory	time	0.6	to	1.0	sec
•	 Plateau	pressure:	less	than	28	cm	H2O	unless	chest	wall	

compliance	decreased
•	 If	compliance	decreased,	plateau	pressure	can	exceed	

28	cm	H2O
•	 Measure	end	inspiratory	transpulmonary	pressure	to	

determine	acceptable	plateau	pressure,	\
•	 Driving	pressure	equal	to	or	less	than	15	cm	H2O
•	 Rate	only	limited	by	the	development	of	auto-PEEP
•	 Minute	volume	to	maintain	normal	PaCO2

•	 PEEP	5	to	10	cm	H2O,	unless	ARDS
•	 FIO2	1.0	initially	because	of	concern	for	CO	poisoning
•	 If	ARDS,	manage	as	any	other	ARDS	patient

MINI CLINI
Burn: Recognizing Hypoxemia  
in Patients After a Fire and  
Titrating Ventilation

PROBLEM: A 55-year-old firefighter presents at the hospital 
with 60% TBSA second- and third-degree burns after the suc-
cessful rescue of an entire family from their burning house. 
The patient is 6 feet, 2 inches and 240 lb. During transport to 
the hospital he was intubated with an 8.0-mm ETT for 
increased shortness of breath and changes in mental status. 
Breath sounds are audible bilaterally. Ventilator settings are 
pressure support ventilation 15, PEEP 5 cm H2O, and FiO2 
0.5. The patient’s vital signs are heart rate 110 beats/min, 
blood pressure 90/50 mm Hg, respiratory rate 30 breaths/
min, and SpO2 98%. Endotracheal suctioning shows moder-
ate dark/black secretions. The medical team started fluid 
resuscitation at a rate of 1 L/hr of normal saline. An arterial 
line was placed in his right radial artery, and the medical 
team has been struggling for the past half hour in the emer-
gency room to place a central line. His SpO2 has declined to 
92%, but the other vital signs are unchanged. What should 
the RT do?

SOLUTIONS: Immediately confirm ETT positioning by aus-
cultation of bilateral breath sounds and suggest a chest radio-
graph to the medical team if it was not requested already. 
Confirm by ETT suctioning the dark/black secretions in the 
airways, which imply a severe inhalation burn and cyanide 
poisoning.

Obtain a blood gas sample as soon as possible to rule out 
CO poisoning and evaluate metabolic acidosis. It is impera-
tive to perform a blood gas analysis as soon as possible in any 
burn patient with a TBSA greater than 25% admitted to the 
ED even when SaO2 is 99% to 100%. It might be a falsely high 
reading because of MetHb and COHb. The blood gas analysis 
should include PaO2, MetHb, COHb, PaCO2, pH, anion 
gap, lactate, and base excess. If available, noninvasive continu-
ous monitoring for MetHb and COHb should be applied to 
trend MetHb and COHb values and evaluate response to 
treatment.

This is a critically ill patient with extensive and severe 
burns (TBSA 60%, second- and third-degree burn) and inha-
lation injury with an ongoing massive fluid resuscitation 
requirement. Ventilator settings should be titrated according 
to the clinical scenario; however, the following should be rec-
ommended: (1) increase FiO2 up to 100% until the presence 
of CO and cyanide poisoning has been ruled out; (2) increase 
minute volume ventilation, avoiding increased VT and mean 
airway pressure, to minimize effects of metabolic acidosis; (3) 
titrate PEEP by performing best PEEP trial. This patient most 
likely will develop pulmonary edema secondary to inflamma-
tion and fluid resuscitation and ARDS secondary to inhalation 
injury.

SUMMARY CHECKLIST

◗	 In	trauma	patients,	careful	assessment	for	injuries	of	the	
head,	neck,	upper	airway,	and	chest	should	occur	
immediately	on	presentation.

◗	Obese	patient	are	at	significant	risk	for	cardiovascular	
disease.	In	addition,	lung	volumes	are	generally	decreased,	
with	atelectasis	and	airflow	limitation	that	can	result	in	air	
trapping	and	auto-PEEP.	High	levels	of	PEEP	are	
frequently	required.

◗	Near-drowning	victims	frequently	have	aspirated	foreign	
material	and	present	with	significant	pulmonary	edema	
and	electrolyte	imbalances.

◗	Patients	with	smoke	inhalation	and	pulmonary	burns	
require	careful	assessment	of	their	airways.	Any	clinical	
signs	of	upper	airway	injury	generally	require	immediate	
intubation	and	mechanical	ventilation.

◗	Chest	trauma	frequently	results	in	injuries	that	cause	
disruption	of	major	vessels	and	the	development	of	
tension	hemothorax	or	pneumothorax.

◗	All	obese	patients	should	be	assessed	for	sleep	apnea	
and	obesity	hypoventilation	syndrome.

◗	Fresh	water	drowning	frequently	results	in	hyponatremia,	
hemolysis,	hyperkalemia,	and	ventricular	fibrillation.	Salt	
water	drowning	frequently	results	in	marked	pulmonary	
edema,	hemoconcentration,	hypernatremia,	and	
hypoalbuminemia.

◗	Respiratory	assessment	of	burn	patients	should	focus	on	
percent	of	TBSA,	degree	of	tissue	involvement,	and	
inhalation	of	toxic	gases.
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◗	Generally,	gas-exchange	abnormalities	in	trauma	victims	
are	a	result	of	disruption	of	the	chest	wall	and	pulmonary	
contusion.

◗	Generally,	gas-exchange	abnormalities	in	obesity	are	a	
result	of	low	lung	volumes	and	the	development	of	
atelectasis.

◗	Generally,	gas-exchange	abnormalities	in	near	drowning	
are	a	result	of	fluid	shifts	and	the	activation	of	inflammatory	
mediators.

◗	Generally,	gas-exchange	abnormalities	in	burns	are	a	
result	of	burns	to	the	lung	parenchyma	and	inhalation	of	
foreign	materials	and	toxic	gases,	specifically	CO	and	
cyanide.

◗	O2	therapy	is	immediately	indicated	in	the	management	of	
near	drowning	and	pulmonary	burns.	Obese	patients	and	
trauma	victims	require	O2	therapy	based	on	the	severity	of	
the	patient’s	clinical	presentation.

◗	Noninvasive	ventilation	is	primarily	indicated	in	the	
management	of	patients	with	sleep	apnea,	patients	with	
OHS,	and	trauma	patients	with	unstable	chest	walls.

◗	 Invasive	mechanical	ventilation	can	be	indicated	in	all	four	
settings	based	on	the	severity	of	the	injury.

◗	The	primary	concern	during	mechanical	ventilation	to	
trauma	patients	is	the	presence	of	a	tension	
pneumothorax	and	hemodynamic	instability.

◗	The	primary	concern	with	the	application	of	mechanical	
ventilation	to	obese	patients	is	the	appropriate	selection	of	
VT	(based	on	PBW)	and	the	appropriate	application	of	
PEEP.

◗	Near-drowning	victims	and	pulmonary	burn	patients	
frequently	and	rapidly	develop	ARDS.

◗	 In	all	four	categories	of	patients,	lung	protective	
mechanical	ventilation	should	be	used	from	the	onset	of	
mechanical	ventilation.

◗	PEEP	and	lung	recruitment	maneuvers	should	be	applied	
to	the	markedly	obese	patient	and	any	patient	who	
develops	ARDS.	Prone	positioning	should	be	considered	
early	in	near-drowning	patients	and	any	patient	with	
refractory	hypoxemia	unresponsive	to	the	lung	recruitment	
maneuvers	and	the	setting	of	PEEP	by	decremental	trial.

◗	Spontaneous	breathing	trials	are	the	primary	approach	to	
weaning	from	ventilatory	support	for	all	of	these	patients.
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C H A P T E R   31 

Lung Cancer

PETER J. MAZZONE AND HILARY PETERSEN

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	epidemiology	of	lung	cancer	in	the	United	States,	particularly	current	trends.
◆	 Identify	risk	factors	for	lung	cancer.
◆	 State	the	classification	of	lung	cancer	types	and	the	cellular	features	of	the	four	common	types	of	lung	cancer.
◆	 Describe	our	current	understanding	of	the	pathophysiology	of	lung	cancer.
◆	 Identify	the	clinical	features	of	the	common	types	of	lung	cancer.
◆	 Describe	the	diagnostic	approach	to	lung	cancer.
◆	 State	the	importance	of	proper	staging	for	lung	cancer.
◆	 Describe	the	treatment	and	outcomes	for	the	common	types	of	lung	cancer	by	stage.
◆	 State	the	role	of	the	respiratory	therapist	in	managing	patients	with	lung	cancer.

CHAPTER OUTLINE

Epidemiology
New	Cases
Deaths

Classification
Pathophysiology
Clinical Features
Diagnosis
Staging

Preoperative Evaluation for Lung Resection 
Surgery

Screening
Treatment and Outcomes

Non–Small	Cell	Lung	Cancer
Small	Cell	Lung	Cancer

Future Scenario
Role of the Respiratory Therapist in Managing 

Patients With Lung Cancer

KEY TERMS

adenocarcinoma
chemotherapy
computed	tomography
flexible	bronchoscopy
large	cell	carcinoma
magnetic	resonance	imaging
mass
nodule

non–small	cell	carcinoma
Pancoast	syndrome
paraneoplastic	syndrome
positron	emission	tomography
radiotherapy
screening
small	cell	carcinoma

squamous	cell	carcinoma
staging	system
surgical	resection
tumor,	node,	metastasis	(TNM)	

staging
transbronchial	needle	aspiration
transthoracic	needle	biopsy

L ung cancer is a major public health problem. In the 
United States, approximately 28% of cancer deaths are 
due to lung cancer.1 Most of these deaths could be 

avoided if people did not smoke tobacco-related products. 
Worldwide tobacco consumption has not been declining, 
however, suggesting lung cancer will remain an epidemic for 
years to come. Advances in early detection and treatment have 
been slow, but steady. The overall prognosis remains poor, with 
just over one in eight lung cancer patients still living 5 years 

after diagnosis. This chapter provides an overview of lung 
cancer for the respiratory therapist (RT).

EPIDEMIOLOGY

New Cases

In 2014 an estimated 224,210 new cases of lung cancer were 
diagnosed in the United States.1 Lung cancer is the second most 
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number of cigarettes smoked per day, and the duration of 
smoking all influence the likelihood of developing lung cancer. 
Also, the intensity of smoking, the depth of inhalation, and the 
composition of the cigarette influence the risk. All types (see 
later) of lung cancer are associated with smoking. The strongest 
associations are with two of the cell types: small cell and squa-
mous cell carcinoma. The risk for developing lung cancer 
decreases over time after smoking cessation, although it never 
reaches that of a lifelong nonsmoker.

There is evidence that nicotine, a chemical in tobacco, is 
highly addictive.2 Approximately one-fifth of all adults in the 
United States smoke cigarettes. Progress had been made in the 
fight against cigarette use; in the decades from 1970 to 1990,  
the percentage of women who smoked declined from 33% to 
25% and the rate of smoking among men decreased from 43% 
to 28%. The annual decline that had occurred since the early 
1970s began to slow through the 1990s despite mounting evi-
dence associating smoking with disease and death.3 In addition, 
a decrease in smoking has not been observed among adults 18 
to 24 years old. Cigarette smoking among young people remains 
a major public health concern. Of young adults (18 to 24 years), 
33% have been reported to be current users of tobacco,4 and 
3000 teenagers begin smoking each day.5 Approximately 13% of 
middle school children and 28% of high school students use 
tobacco products. In the context that a person who has not 
started smoking as a teenager is unlikely ever to become a 

frequently diagnosed cancer in men and women. The incidence 
of lung cancer peaked in men in 1984 and has since been declin-
ing. In women, however, the incidence increased during the 
1990s, with a leveling off toward the end of the decade. These 
trends parallel the smoking patterns of men and women.1 The 
World Health Organization estimates that there are 2 million 
cases of lung cancer worldwide each year.

Deaths

Lung cancer is the number one cause of cancer-related death in 
men and women; it surpassed colon cancer in the early 1950s 
in men and breast cancer in the late 1980s in women. There are 
more deaths from lung cancer than breast, colon, and prostate 
cancer combined. Mortality rates in men declined significantly 
in the 1990s, whereas a slow increase occurred in women. These 
rates parallel the smoking patterns of men and women (Figures 
31-1). In 2014 in the United States, an estimated 159,260 deaths 
were due to lung cancer. In men, lung cancer is the leading cause 
of cancer-related deaths from age 40 years to end of life. In 
women, lung cancer surpasses breast cancer in the age group of 
60 and older.1

Tobacco-Related Products
Direct exposure to tobacco has occurred in 85% to 90% of 
individuals with lung cancer. Many tobacco-related carcinogens 
have been identified. The age at which smoking began, the 

FIGURE 31-1	 Death	rate	from	lung	cancer	by	gender	from	1930	to	2010.	(Modified	from	Siegel	R,	Ma	J,	Zou	Z,	et	al:	Cancer	statistics,	
2014.	CA Cancer J Clin	64:9–29,	2014.)
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smoker, the tobacco industry has focused on young people  
and developing countries as the primary sources of new 
customers.6,7

Other forms of exposure to tobacco-related products also 
pose risk for promoting lung cancer. Cigar smoking, which has 
increased considerably over the past several years, is known to 
be an independent risk factor for developing lung cancer.8

Exposure to sidestream smoke, or passive smoking, also may 
lead to an increased risk for lung cancer. The risk is generally 
much lower than active smoking but varies with the intensity 
of exposure.7 It has been estimated that 3000 to 5000 deaths 
in the United States and 21,400 deaths worldwide from  
lung cancer occur each year because of second-hand smoke 
exposure.9

Occupational Agents and Other Risks
Many other risk factors have been identified (Box 31-1). Occu-
pational agents are known to act as lung cancer carcinogens. 
Arsenic, asbestos, and chromium confer the highest risk. This 
risk is increased when there is concomitant exposure to tobacco 
products. Indoor radon exposure is also a risk factor for devel-
oping lung cancer. Radon is a naturally occurring gas produced 
by the breakdown of uranium ore or other rocks such as shale 
and granite. Indoor radon exposure generally comes from the 
soil underneath homes and buildings.10 Particulates in the 
atmosphere (i.e., pollution) also can increase the risk for lung 
diseases including lung cancer.

Family members of people who develop lung cancer have an 
increased risk.11–13 Women seem to have a higher baseline risk 
for developing lung cancer and a greater susceptibility to the 
effects of smoking. Differences in the metabolism of tobacco-
related carcinogens and their metabolites, an effect of hormone 
differences, or both are thought to account for the increased 
susceptibility.14 Dietary factors also can modify risks. Higher 

 Box 31-1 Lung Cancer Risk Factors

Tobacco	smoke	exposure
•	 Active	(mainstream)—cigarette,	cigar
•	 Passive	(sidestream)

Occupational	and	environmental	exposures
•	 Arsenic
•	 Asbestos
•	 Chromium
•	 Beryllium
•	 Bis(chloromethyl)ether
•	 Cadmium
•	 Nickel
•	 Polycyclic	aromatic	hydrocarbons
•	 Radon
•	 Vinyl	chloride

Genetic	predisposition
Gender
Dietary	factors
Chronic	obstructive	pulmonary	disease
Air	pollution

Courtesy	The	Cleveland	Clinic,	Cleveland,	OH.

consumption of fruits and vegetables is associated with a 
reduced lung cancer risk, and increased dietary fat intake may 
lead to a higher risk.15,16 Supplementation with vitamin A, 
vitamin E, or beta-carotene has not positively influenced risk.15 
The presence of chronic obstructive pulmonary disease (COPD) 
is an independent risk factor.17,18

CLASSIFICATION

Lung cancers are divided into two major groups—small cell 
carcinoma and non–small cell carcinoma—based on patho-
logic features that are visible under light microscopy. The evalu-
ation and management of a patient are guided by the type and 
stage (see later) of lung cancer. The non–small cell cancer cat-
egory consists of adenocarcinoma, squamous cell carcinoma, 
large cell carcinoma, and variants (Figure 31-2). Table 31-1 
presents the pathologic and epidemiologic features of the four 
most common types of lung cancer.

PATHOPHYSIOLOGY

The pathophysiology of lung cancer development is complex 
and incompletely understood. Damage to genetic material in 
lung cells is the result of exposure to chemical carcinogens such 
as the carcinogens contained in tobacco smoke.18 People who 
develop lung cancer may have a genetic predisposition to the 
effects of these carcinogens. The genes influenced in the patho-
genesis of lung cancer produce proteins involved in cell growth 
and differentiation, cell cycle processes, apoptosis (programmed 
cell death), angiogenesis (production of new blood vessels), 
tumor progression, and immune regulation. If enough of these 
pathways have been affected, the uncontrolled growth of cells 
that defines cancer occurs. By understanding the mechanisms 
that lead to genetic damage and the impact of that damage, 
novel means of risk stratification, prevention, early detection, 
and therapy should be able to be developed.

CLINICAL FEATURES

The clinical features of lung cancer result from the effects of 
local growth of the tumor, regional spread through the lym-
phatic system, hematogenous (blood-borne) distant metastatic 
spread, and remote effects from tumor products or immune 
cross reaction with tumor antigens (Box 31-2). Some manifes-
tations occur more commonly with a particular cell type. Only 
15% of patients with a diagnosis of lung cancer do not have 
symptoms at the time of presentation.

Local growth in a central location (e.g., in a main stem bron-
chus) can cause cough, hemoptysis, or features of large airway 
obstruction. Squamous cell carcinoma and small cell carcinoma 
are more likely to grow in a central location than other cell 
types. Adenocarcinoma and large cell carcinoma occur more 
commonly in the periphery of the lung. Peripheral growths  
also may cause cough and dyspnea; smaller tumors may not 
cause any symptoms. If the pleura or chest wall is involved, pain 
may occur.
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tion as a result of involvement of the brachial plexus. The supe-
rior vena cava can become obstructed, resulting in swelling of 
the face, neck, and upper chest, plethora (swollen facial veins 
causing a ruddy complexion), and dilation of superficial veins 
over these areas. This is called the superior vena cava syndrome. 
Lung cancer can grow to involve the heart and pericardium. 
Lymphatic obstruction and spread can lead to dyspnea, hypox-
emia, and pleural effusions.

Regional spread may lead to esophageal compression  
(dysphagia), recurrent laryngeal nerve paralysis (hoarseness), 
phrenic nerve paralysis with an elevated hemidiaphragm (dys-
pnea), and sympathetic nerve paralysis leading to Horner syn-
drome (ptosis [droopy eyelid], miosis [small pupils], anhidrosis 
[lack of facial sweating], and enophthalmos [sunken eye]). 
Growth at the very top of the lung may lead to a Pancoast 
syndrome, with shoulder pain radiating in an ulnar distribu-

TABLE 31-1 

Classification of Most Common Types of Lung Cancer

Category Cell Type Pathologic Features (Light Microscopy) Epidemiology

Non–small	cell	
carcinoma

Adenocarcinoma Formation	of	glandular	structures;	
heterogeneous	differentiation

Accounts	for	>40%	of	lung	cancers	in	North	
America;	increasing	frequency	in	women

Squamous	cell	carcinoma Cytokeratin	and	intercellular	bridges Second	most	frequent	type	of	lung	cancer	
in	United	States

Large	cell	carcinoma Sheets	and	nests	of	cells,	necrosis,	lack	
of	squamous	cell	or	glandular	features

Less	common	than	adenocarcinoma	or	
squamous	cell	carcinoma

Small	cell	
carcinoma

Small	cell	carcinoma Round	to	fusiform	nuclei;	faint	to	absent	
nucleoli;	scant	cytoplasm

Accounts	for	13%	of	lung	cancers

FIGURE 31-2	 Lung	cancer	histology.	A,	Adenocarcinoma,	characterized	by	heterogeneous	differentiation	in	the	same	tumor.	
B,	Squamous	cell	carcinoma,	characterized	by	the	presence	of	cytokeratin	differentiation	with	keratinization	and	intercellular	bridges.	
C,	Large	cell	carcinoma,	characterized	by	sheets	and	nest	with	extensive	necrosis,	large	nuclei	with	prominent	nucleoli,	and	lack	of	definitive	
evidence	of	squamous	or	glandular	differentiation.	D,	Small	cell	carcinoma,	characterized	by	round	to	fusiform	nuclei,	nuclear	molding,	faint	
or	absent	nucleoli,	and	scant	cytoplasm.	(Courtesy	The	Cleveland	Clinic,	Cleveland,	Ohio.)

AA

CC

BB

DD



638 SECTION IV • Review of Cardiopulmonary Disease

When symptoms develop that are the result of the presence 
of cancer but are not related to the growth or spread of the 
cancer, these symptoms constitute a paraneoplastic syndrome. 
Paraneoplastic syndromes can result from the effects of proteins 
produced by the tumor that circulate through the body to have 
their effects on distant organs or result from the immune 
response of the body to a tumor antigen that is similar to anti-
gens in other parts of the body, causing immune injury to the 
distant organ. Paraneoplastic syndromes may occur before the 
primary tumor appears and be the first sign of disease or an 

 Box 31-2 Lung Cancer Manifestations

Local	growth
•	 Cough
•	 Dyspnea
•	 Hemoptysis
•	 Pain

Regional	growth
•	 Dysphagia
•	 Dyspnea
•	 Hoarseness
•	 Horner	syndrome
•	 Hypoxia
•	 Pancoast	syndrome

Pericardial	and	pleural	effusions
•	 Superior	vena	cava	syndrome

Metastatic	disease
•	 Headache
•	 Hepatomegaly
•	 Mental	status	change
•	 Pain
•	 Papilledema
•	 Seizures
•	 Skin	or	soft	tissue	mass
•	 Syncope
•	 Weakness

Paraneoplastic
•	 Cutaneous	or	skeletal

•	 Acanthosis	nigricans
•	 Clubbing
•	 Dermatomyositis
•	 Hypertrophic	osteoarthropathy

•	 Endocrine
•	 Cushing	syndrome
•	 Humoral	hypercalcemia
•	 Syndrome	of	inappropriate	antidiuretic	hormone
•	 Tumor	necrosis	factor	(cachexia)

•	 Hematologic
•	 Anemia	or	polycythemia
•	 Disseminated	intravascular	coagulation
•	 Eosinophilia
•	 Granulocytosis
•	 Thrombophlebitis

•	 Neurologic
•	 Cancer-associated	retinopathy
•	 Encephalomyelitis
•	 Lambert-Eaton	syndrome
•	 Neuropathies
•	 Cerebellar	degeneration

•	 Renal
•	 Glomerulonephritis
•	 Nephrotic	syndrome

Courtesy	The	Cleveland	Clinic,	Cleveland,	OH.

MINI CLINI
Pancoast Tumor

PROBLEM:  A 65-year-old man who has smoked two packs 
of cigarettes per day for the past 40 years has had drooping of 
the left eyelid for the past 3 weeks. A chest radiograph reveals 
a mass in the apex of the left lung. Is there a link between the 
drooping of the eyelid and the lung mass?

DISCUSSION:  Lung tumors involving the apex of the lung 
(superior sulcus tumors) are also known as Pancoast tumors. If 
they involve the cervical sympathetic nerves in the neck, these 
tumors result in Horner syndrome. This syndrome is charac-
terized by ptosis (drooping of the eyelid), anhidrosis (absence 
of sweating), and miosis (constricted pupil) on the same side 
as the tumor. Other manifestations of Pancoast tumor include 
pain and weakness in the upper extremity (owing to involve-
ment of the brachial plexus), rib destruction, and destruction 
of vertebral bodies. Treatment depends on local and distant 
spread of the tumor.

Distant metastatic disease can affect most organs; the brain, 
bones, liver, and adrenal glands are most commonly involved. 
Neurologic symptoms such as headaches, vision changes, and 
seizures may suggest brain metastases. Back pain and changes 
in strength or sensation in an extremity may indicate spinal 
cord compression. Bone pain could indicate bone metastases. 
Laboratory abnormalities may point to bone marrow or liver 
involvement. Imaging may detect adrenal involvement.

MINI CLINI
Mediastinal Adenopathy

PROBLEM:  A 60-year-old man has been found to have small 
cell lung cancer on the basis of results of bronchoscopic biopsy 
findings. Computed tomography (CT) scan of the chest shows 
extensive mediastinal adenopathy. The patient has been admit-
ted to the oncology floor for chemotherapy. You are called to 
assess him because he cannot lie down owing to shortness of 
breath (orthopnea). When you arrive, the patient is sitting on 
the edge of the bed. You notice that his face and neck are 
swollen. He also has dilated veins over the face, neck, chest, and 
arms. How do you explain these findings?

DISCUSSION:  This patient has superior vena cava obstruc-
tion caused by compression by the mediastinal tumor. The 
swelling of the face, neck, and arms is caused by impairment 
of the venous drainage from the upper body (the superior vena 
cava distribution). The dilated chest and arm veins are collat-
eral vessels (or alternative pathway vessels) that compensate for 
the superior vena cava obstruction. Superior vena cava obstruc-
tion can be caused by various benign or malignant conditions 
that involve the mediastinum or the right upper lung. Treat-
ment usually is therapy for the underlying problem.
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vessels emerge from the mediastinum into the lung) or medi-
astinum or a pleural effusion. An individual patient’s clinical 
and radiographic presentation dictates further evaluation.

The symptoms of lung cancer are nonspecific. There are 
many reasons that someone could have a cough or be short of 
breath. Similarly, an abnormality such as a lung nodule can be 
present on chest imaging for various reasons. Certain clinical 
and radiographic features make it more likely that the presenta-
tion represents lung cancer. The older the patient is and the 
more he or she has smoked over time, the more likely the chest 
finding is lung cancer. Also, individuals with prior cancers are 
more likely to have lung cancer. Hemoptysis increases concern 
about cancer.

Radiographic features are also used to determine the prob-
ability of cancer. The larger the lung abnormality, the more 
likely it is to be cancer. When the abnormality has reached the 
size of a mass (3 cm), it needs to be considered a cancer until 
proved otherwise. The rate of growth of the lesion is also 
helpful. If a nodule grows rapidly (doubles in size in <1 month) 
or grows very slowly or not at all over a couple of years, it is 
unlikely to be due to cancer. If the nodule appears to be heavily 
calcified on imaging, it has likely been present for quite some 
time and is unlikely to represent cancer. If the abnormality has 
an irregular border, is lobulated, or is spiculated, it is more likely 
to be a cancer than if the border is smooth and rounded. Finally, 
if the lesion is cavitary, the thickness of the wall of the cavity 
can suggest cancer. A wall thickness of 14 mm or greater is likely 
to represent a cancer.20

indication of tumor recurrence. Examples of tumor secretion 
include the production of excess glucocorticoids (ectopic 
Cushing syndrome), parathyroid hormone (hypercalcemia of 
malignancy), and antidiuretic hormone (syndrome of inap-
propriate antidiuretic hormone [SIADH]). Immune cross-
reactivity leads to paraneoplastic neurologic syndromes that 
can affect all parts of the neurologic system, resulting in emo-
tional lability (limbic encephalitis), loss of balance (cerebellar 
degeneration), or proximal muscle weakness of the arms and 
legs with autonomic dysfunction (Lambert-Eaton myasthenic 
syndrome). Other paraneoplastic syndromes include skeletal 
and connective tissue syndromes (digital clubbing, hyper-
trophic pulmonary osteoarthropathy), coagulation and hema-
tologic disorders, cutaneous and renal manifestations, and 
systemic symptoms (anorexia, cachexia, and weight loss).19

MINI CLINI
No Response to Antibiotics

PROBLEM:  A 55-year-old woman who does not smoke has a 
3-month history of dyspnea on exertion, weight loss, and 
cough productive of copious amounts of clear, frothy sputum. 
She has no fever or chills. She has been treated for 2 weeks for 
“double pneumonia” without relief of the symptoms. Examina-
tion reveals finger clubbing and decreased air entry in both 
lung bases with dullness to percussion. A chest radiograph 
shows bilateral alveolar infiltrates. What should be done next?

DISCUSSION:  The patient has a variant of adenocarcinoma 
of the lung. Cough productive of copious amounts of clear, 
frothy sputum is characteristic of this type of lung cancer. The 
radiographic appearance may be indistinguishable from that of 
pneumonia, especially when there is sputum production. The 
absence of fever, the chronic presence of infiltrates, and the lack 
of response to antibiotic therapy should raise suspicion for this 
type of lung cancer. Bronchoscopy with transbronchial biopsy 
would be a reasonable next step to confirm the diagnosis.

	

RULE OF THUMB

A	solid	solitary	pulmonary	nodule	that	has	not	grown	in	
24	months	is	unlikely	to	be	malignant.

MINI CLINI
Paraneoplastic Syndrome

PROBLEM:  A 55-year-old man is brought to the emergency 
department by family members because of confusion and pro-
gressive generalized weakness. Examination in the emergency 
department shows the patient is dehydrated, lethargic, and 
confused. Chest radiograph reveals a cavitary lesion in the right 
upper lobe. Results of arterial blood gas analysis are normal. 
Results of chemical analysis urgently performed with the blood 
gas analysis reveal a sodium level of 150 mEq/L (normal 135 
to 145 mEq/L) and a calcium level of 17 mg/dL (normal 9 to 
10.5 mg/dL). How is the lung mass related to this patient’s 
presentation and biochemical abnormalities?

DISCUSSION:  This patient’s confusion and weakness are due 
to hypercalcemia, which is a paraneoplastic presentation of 
lung cancer, especially squamous cell carcinoma (the cavitating 
mass on the chest radiograph). Paraneoplastic syndromes are 
systemic manifestations of lung cancer that are not caused by 
metastasis. Most paraneoplastic syndromes are associated with 
small cell lung cancer. However, hypercalcemia is more common 
with squamous cell carcinoma and is caused by secretion by 
the tumor of parathyroid hormone–related peptide. Treatment 
consists of hydration, diuresis, and use of medications that can 
reduce the levels of calcium.

DIAGNOSIS

Approximately 85% of patients with lung cancer present with 
one or more of the previously described symptoms. In the 
remainder, lung cancer is detected by radiographic evaluation 
performed for an unrelated problem. This proportion may 
change in the future as computed tomography (CT) screening 
programs become widespread. Most patients have a chest radio-
graph and CT scan of the chest performed in their initial evalu-
ation. These studies show a small spot (<3 cm in diameter) 
termed a nodule in the lungs or a larger spot (>3 cm in diam-
eter) termed a mass. Other findings on imaging include enlarged 
lymph nodes in the hila (where the bronchi and central blood 
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enlarged as a result of spread of the tumor. Diagnosis and 
staging can be accomplished during bronchoscopy with endo-
bronchial ultrasound to guide biopsies of these lymph nodes.24,25

Transthoracic needle biopsy, using fluoroscopic or CT guid-
ance, also can be used to obtain tissue. With this procedure, an 
aspirating needle is passed through the skin into the lung lesion 
under the guidance of chest imaging. The positive predictive 
value of this procedure is high, the negative predictive value is 
modest, and the rate of establishing a specific benign diagnosis 
is low. Smaller nodules in central locations have lower diagnos-
tic rates. A higher rate of pneumothorax occurs with transtho-
racic needle biopsy.24 The choice of which procedure to use is 
guided by the size and location of the lesion and by the local 
expertise with each technique.

STAGING

A major factor that determines the prognosis of lung cancer and 
guides the selection of appropriate treatment is the extent to 
which the cancer has spread in the lungs and throughout the 
body. The extent of cancer spread is termed the stage of the 
cancer. Non–small cell lung cancer is staged using the TNM 
staging system (T for extent of primary tumor, N for regional 
lymph node involvement, and M for metastases).

The T component of the staging system is divided into T1 
through T4 lesions, as follows:
• A T1 tumor is a small tumor confined to the lung. It must 

be less than 3 cm in diameter and be surrounded by lung or 
visceral pleura and cannot extend into a main bronchus. T1a 
tumors are less than 2 cm in diameter, and T1b tumors are 
2 to 3 cm.

• A T2 tumor is between 3 cm and 7 cm in diameter or any 
size tumor that invades the visceral pleura, or extends into 
the main bronchus, but remains greater than 2 cm from the 
main carina. It may cause segmental or lobar atelectasis.

• A T3 tumor is locally advanced or invasive up to but not 
including the major intrathoracic structures. It can be any 
size, and it may involve the chest wall, diaphragm, mediasti-
nal pleura, parietal pericardium, or main bronchus within 
2 cm of the main carina (but not involving the main carina). 
It may cause atelectasis of an entire lung. There may be sepa-
rate tumor nodules in the same lobe as the primary tumor. 
A tumor larger than 7 cm in diameter is considered T3 even 
if unaccompanied by local invasion.

• A T4 tumor is a tumor of any size that has invaded one of 
the major intrathoracic structures, such as the mediastinum, 
heart, great vessels, trachea, esophagus, vertebral body, or 
main carina. The tumor is also classified T4 if there are 
tumor nodules in a different ipsilateral lobe of the lung.
The N component of the staging system is determined by 

which lymph nodes, if any, are involved with tumor, as follows:
• N0 spread does not involve any lymph nodes.
• N1 spread indicates the presence of cancer in nodes within 

the ipsilateral lung (the same side as the tumor).
• N2 spread signifies cancer in nodes in the mediastinum ipsi-

lateral to the primary tumor.

After the clinical and standard imaging features are reviewed, 
a probability of malignancy can be determined. If the probabil-
ity is very high, the potential cancer does not seem to have 
spread, and the individual is fit, proceeding directly to surgery 
would be reasonable. If the previously mentioned features 
suggest a very low probability of malignancy, the clinician and 
patient might choose to follow along with serial chest imaging 
over time to assess for further growth. When the probability 
falls between these extremes, adjunctive imaging and invasive 
procedures can be used to help alter the probability. The most 
commonly used additional imaging technique is positron emis-
sion tomography (PET) with fluorodeoxyglucose (FDG-PET). 
Because malignant cells are metabolically very active, they take 
up the glucose analogue more avidly than nonmalignant cells. 
The attached radioactive tracer becomes trapped in the cells, 
allowing it to be imaged. When this test is used to help predict 
the presence of lung cancer, it has a sensitivity of 97% and a 
specificity of 78%. PET imaging can produce false-positive 
results in other metabolically active conditions such as infec-
tions. It can be falsely negative if the lesion is too small (<10 mm) 
or if the tumor is slow growing and not very metabolically 
active (e.g., some adenocarcinomas, carcinoid tumor).21

Ultimately, tissue is obtained to confirm the diagnosis of 
lung cancer. Flexible bronchoscopy and transthoracic needle 
biopsy are invasive, nonsurgical approaches used to obtain 
tissue. If these procedures fail or are deemed unnecessary, a 
surgical approach is used.

Flexible bronchoscopy is a procedure in which a long, thin, 
flexible camera is passed through a patient’s nostril or mouth 
into the lungs. The camera can be extended into the branches 
of the lung as far as the branches are large enough to admit it. 
The camera has a small channel through which very thin biopsy 
instruments can be passed out deeper into the lung to take 
samples from concerning areas. Flexible bronchoscopy has a 
high diagnostic yield for lesions that are endoscopically visible 
within the larger airways. Samples are collected by washing 
saline over the lesion, sending a small brush through the camera 
to collect cells on its bristles, and taking biopsy samples with a 
forceps or needle.

Addition of needle aspiration to the conventional sampling 
techniques (washing, brushing, and forceps biopsy) improves 
the yield. The diagnostic yield from lesions in the periphery of 
the lung, beyond where the camera is able to see, is lower. Con-
ventional sampling techniques and peripheral transbronchial 
needle aspiration complement each other. Factors that influ-
ence the diagnostic yield of flexible bronchoscopy for periph-
eral lesions include the size of the lesion, its location, and the 
presence of a “bronchus sign” on CT (an airway leading directly 
into the lesion). Smaller, more peripheral lesions, without a 
visible bronchus within or leading directly to them, are unlikely 
to be diagnosed by flexible bronchoscopy.22 More recent tech-
nologic advances, such as multiplanar imaging, electromagnetic 
navigation of the bronchoscopy instruments, and peripheral 
endobronchial ultrasound, have been able to improve the yield 
of flexible bronchoscopy for these small peripheral lesions.23 
Not infrequently, the hilar or mediastinal lymph nodes are 
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staging with surgical resection and mediastinal dissection 
remains the gold standard in a patient with resectable disease. 
The assigned clinical stage (determined by the previously listed 
testing, including mediastinoscopy) can be lower than the 
pathologic staging (assigned after surgery).

The evaluation of metastatic disease also takes into consid-
eration the history, physical examination, laboratory results 
(electrolytes, calcium, alkaline phosphatase, liver profile, and 
creatinine), and pathologic examination results.

Per guidelines, a head CT or MRI scan should be performed 
if symptoms or signs of metastatic disease are present or when 
evaluating what appears to be stage IIIA through IV disease. 
Although there is no proved survival benefit from CT versus 
MRI, many clinicians prefer to use MRI of the brain because it 
has greater sensitivity to detect metastatic disease.30,34 The rest 
of the body is assessed by PET imaging, as was the mediastinum. 
PET imaging is recommended for all patients.

Along with evaluating the anatomic extent of disease, a 
patient’s performance status is important in determining his or 
her prognosis and ability to tolerate any proposed treatment. 
The two most commonly used scales of performance status are 
the Zubrod scale and the Karnofsky scale. Although their defini-
tions differ, the general principles of the two scales are the same, 
with ratings based on activity level, independence in daily activ-
ities, and severity of symptoms.

• N3 spread signifies cancer in contralateral (“opposite side”) 
mediastinal or hilar nodes, ipsilateral or contralateral scalene, 
or supraclavicular nodes.25–27

The M part of the staging system represents the absence 
(M0) or presence (M1) of metastases outside of the chest. M1a 
refers to metastasis of separate tumor nodules in the contralat-
eral lung or the presence of a malignant pleural or pericardial 
effusion. M1b refers to distant metastatic spread, such as liver, 
bone, or brain lesions.

The most recent revision26 to this staging system occurred in 
2009 (Table 31-2 and Figure 31-3). The stages are labeled from 
stage IA to stage IV based on the combination of T, N, and M 
features.

For patients with small cell lung cancer, the TNM staging 
system was previously thought to be less useful. Instead, small 
cell lung cancer has been staged as limited or extensive disease. 
Limited stage disease is present when the tumor is confined to 
a hemithorax (including ipsilateral mediastinal and supracla-
vicular lymph nodes) and can be contained within a radio-
therapy port. Extensive stage disease is present when the tumor 
extends beyond these boundaries. The recent lung cancer 
staging revision recognized a benefit to applying the TNM 
staging system used for non–small cell cancer to small cell 
cancer as well.26-29

The proper use of testing to stage a patient with lung cancer 
is addressed in a more recent set of guidelines.27 The history and 
physical examination are important in guiding testing. The 
extent of spread is best evaluated using CT of the chest extend-
ing to the upper abdomen to include the liver and adrenal 
glands; this should be ordered in all patients. Magnetic reso-
nance imaging (MRI) has not proved to be more accurate 
except in the setting of a Pancoast tumor. Evidence shows that 
integrated PET/CT scanning has better test characteristics for 
staging lymph node and distant disease involvement than other 
types of imaging (Figure 31-4).30-32

Because noninvasive tests can have false-positive results, 
tissue confirmation is necessary. Bronchoscopy with transbron-
chial needle aspiration is useful to stage the mediastinum. The 
addition of endobronchial and endoscopic ultrasound has 
increased the yield of nonsurgical mediastinal staging.26,33 If 
such staging is negative, mediastinoscopy, mediastinotomy, or 
thoracoscopy can confirm the nodal status. Despite the advances 
in imaging technology and sampling techniques, definitive 

TABLE 31-2 

TNM Staging for Lung Cancer

Stage

IA T1a,bN0M0
IB T2aN0M0
IIA T1a,bN1M0,	T2aN1M0,	T2bN0M0
IIB T2bN1M0,	T3N0M0
IIIA T3N1M0,	T(1-3)N2M0,	T4N0-1
IIIB T4N2M0,	T(1-4)N3M0
IV T(any)N(any)M1a,b

	

RULE OF THUMB

Staging	for	lung	cancer	is	complex	and	should	involve	
a	multidisciplinary	team.	Stage	I	cancers	are	small	
tumors.	Stage	II	cancers	involve	hilar	nearby	lymph	
nodes	or	larger	tumors.	When	mediastinal	nodes	are	
positive,	the	patient	is	at	least	stage	III.	When	a	
malignant	pleural	effusion	or	distant	sites	such	as	the	
brain	or	bones	are	involved,	the	patient	is	stage	IV.

PREOPERATIVE EVALUATION FOR 
LUNG RESECTION SURGERY

To determine if a patient would tolerate lung resection surgery, 
patients go through testing of their pulmonary, cardiovascular, 
and overall health. Reports of activity tolerance, pulmonary 
function testing, and exercise testing are used to assess the risk. 
The amount of risk is weighed against the benefit of having a 
traditional lung resection surgery (a lobectomy—one lobe 
removed, or pneumonectomy—a lung removed) versus a sub-
lobar resection or nonsurgical treatment. Traditional resection 
is the best chance for cure and reduces local recurrence. As 
would be expected, a pneumonectomy requires better preopera-
tive lung function than a lobectomy. When a lobe is removed, 
patients generally have a 10% to 15% drop in lung function. 
With a pneumonectomy, 30% to 35% is lost.

Cardiac conditions requiring medications, or an inability to 
climb two flights of stairs, should prompt a cardiac evaluation. 
The thoracic revised cardiac risk index can be used to identify 
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FIGURE 31-3	 Reference	chart	for	TNM	staging	of	lung	cancer.	(Modified	from	Lababede	O,	Meziane	P,	Rice	T:	Seventh	edition	of	the	
cancer	staging	manual	and	stage	grouping	of	lung	cancer:	quick	reference	chart	and	diagrams.	Chest	139:183–189,	2011.)
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FIGURE 31-4	 Positron	emission	tomography	image	of	right	lower	lobe	4.7cm	lung	mass.	Standardized	uptake	valve	(SUV	)	of	10.	
Corresponding	computed	tomography	chest	imaging	of	right	lower	lobe	4.7-cm	lung	mass.	(Courtesy	Cleveland	Clinic,	Cleveland,	OH.)

	

RULE OF THUMB

Patients	with	an	FEV1	greater	than	80%	predicted	value	
or	2	L	can	safely	undergo	surgical	resection	for	lung	
cancer,	even	if	pneumonectomy	is	needed.

 Box 31-3 To Calculate Percent Predicted 
Postoperative Values

The	segment	method

PPO FEV preoperative FEV number of resected 
segments/

1 1 1= × −(
119)

19	representing	the	total	number	of	segments	in	both	lungs:
Right	upper	lung:	3
Right	middle	lung:	2
Right	lower	lung:	5
Left	upper	lung:	5
Left	lower	lung:	4

patients at risk for cardiac complications. Those with any com-
bination of the following conditions (i.e., score ≥ 2) should have 
noninvasive cardiac stress testing or a cardiology consultation: 
previous ischemic heart disease, stroke or transient ischemic 
attack, creatinine > 2 mg/dL or planned pneumonectomy. Simi-
larly, those with a cardiac condition requiring medication, or 
with a newly suspected cardiac condition, and those unable to 
climb two flights of stairs should be considered for noninvasive 
cardiac stress testing or a cardiology consultation.

The evidence shows that the volume exhaled during the first 
second of a forced expiratory maneuver (FEV1) (see Chapter 
20) and diffusing capacity for carbon monoxide (DLCO) are 
the most frequently used pulmonary function tests and the best 
predictors for postoperative complications, including death. 
Traditional preoperative cutoff values have been replaced by 
percent predicted postoperative (PPO) values as starting points. 
PPO values of FEV1 and DLCO can be calculated by multiplying 
the percent predicted preoperative value by the fraction of the 
total number of lung segments that will remain postoperatively. 
This is the segment method (Box 31-3). Alternatively, quantita-
tive perfusion imaging can be used to guide the calculation. If 
the PPO FEV1 and DLCO are greater than 60%, the patient is 
considered at low risk for lung resection. If PPO values fall 
between 30% to 60%, an exercise test should be performed. The 
stair climb test, shuttle walk, and 6 minute walk tests can be 
used. For patients with PPO values below 30%, inadequate low 
technology exercise testing results, or when measured values 
and predictions seem discordant with an individual’s reported 
activity tolerance, a formal cardiopulmonary exercise test 

should be performed (Figure 31-5). If the peak oxygen uptake 
is greater than 20 mL/kg/min (or 75% predicted), the patient is 
considered at low risk for any resection. If the peak O2 uptake 
is less than 10 mL/kg/min (35% predicted), the patient is con-
sidered at high risk and conventional surgery should not be 
performed. Patients with a maximum O2 consumption value 
between these two limits are at moderate risk and should be 
considered on a case-by-case basis.33

SCREENING

Given the poor prognosis for advanced-stage lung cancer and 
the high proportion of patients who present in an advanced 
stage, there has been great interest in screening for lung cancer. 
The earliest efforts at radiographic screening involved the anal-
ysis of mass chest radiograph screenings from the population 
of an individual city. Subsequently in the 1970s, there were large 
efforts to use chest radiograph, sputum, or a combination of 
the two as screening tools. Finally, a large randomized trial of 
chest radiography as a screening did not show any benefit. Thus 
screening with chest radiography is not recommended.36-38

Given the disappointing overall results from studies of chest 
radiograph as a screening technique, efforts have centered on 
the use of low-dose CT imaging as a screening tool.37,38

One trial, the National Lung Screening Trial, reported a 20% 
reduction in lung cancer–specific mortality in patients with 
very high risk for developing lung cancer. This finding has 
changed the clinical discussion regarding lung cancer screen-
ing. The U.S. Preventive Services Task Force gave low-dose CT 
chest screening a grade B recommendation for high-risk indi-
viduals (age 55 to 80 and at least 30 pack-years of current 
smoking [pack years = the number of packs per day × years 
smoked], or at least 30 pack-years of former smoking and quit 
within 15 years). The evidence shows that CT lung screening is 
most effective when patient selection adheres closely to the 
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FIGURE 31-5	 Algorithm	for	patients	considered	for	lung	resection	surgery.	Note 1:	The	algorithm	represents	an	assessment	of	risk	for	
traditional	resection	(lobectomy,	pneumonectomy).	One	must	consider	the	benefits	of	traditional	resection	over	alternative	therapies	(sublobar	
resection,	ablative	therapies),	the	relative	risks	of	the	therapeutic	choices	and	the	patient’s	values	when	selecting	treatment.	Note 2:	The	
6-minute	walk	is	included	in	this	algorithm	but	is	not	part	of	other	guidelines	due	to	relatively	small	literature	support.	It	is	a	more	practical	
and	available	low-technology	exercise	study	than	the	recommended	tests	and	we	have	substantial	experience	with	this	test,	leading	us	to	
include	it	in	our	algorithm.	Note 3:	Potential	modifiers	of	risk	include	smoking	cessation,	adequate	treatment	of	comorbid	pulmonary	
conditions,	preresection	or	postresection	pulmonary	rehabilitation,	and	the	surgical	approach	(VATS	versus	thoracotomy).	Each	of	these	
should	be	considered	when	assessing	risk.	Note 4:	For	lobectomy,	the	segment	method	or	quantitative	perfusion	scan	can	be	used	to	
calculate	predicted	postoperative	values.	For	pneumonectomy,	the	quantitative	perfusion	scan	should	be	used.	Note 5:	Management	of	
cardiac	disease	per	American	College	of	Cardiology/American	Heart	Association	guidelines.	PPO,	Predicted	postoperative	values;	FEV1,	
forced	expiratory	volume	in	1	second;	DLCO,	diffusion	capacity	for	carbon	monoxide;	PPO,	predicted	post-operative;	HRR,	heart	rate	
recovery;	SC,	stair	climb;	SW,	shuttle	walk;	VO2,	oxygen	consumption;	ml/kg/min,	milliliters	per	kilogram	per	minute.	
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criteria described earlier and when the CT is performed in a 
setting where expertise in lung cancer and lung nodules is 
available.39–41

TREATMENT AND OUTCOMES

Although the RT would not be administering the treatments for 
lung cancer, and the therapies change with advances over time, 
a brief discussion to familiarize the RT with the approach to 
treatment and the types of available therapy is important.

Non–Small Cell Lung Cancer

Three types of treatment are used to treat non–small cell lung 
cancer: surgical resection, radiotherapy, and chemotherapy 
(Box 31-4). The first two treatments provide local control of the 
cancer, and the last is used to treat systemic disease. Which 
therapy or combination of therapies is recommended depends 
on the stage of the cancer, the patient’s ability to tolerate treat-
ment, and the type of cancer (or its histology). Molecular 
changes within the tumor are beginning to influence treatment 
choices as well.
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Radiotherapy has been used with curative intent in early-
stage non–small cell lung cancer in patients who cannot tolerate 
surgery or in patients who elect not to undergo surgery. The 
5-year survival rate in stage I and II disease approaches 15% 
with standard radiotherapy alone. There is a high rate of local 
recurrence, and most deaths are due to lung cancer. Stereotactic 
body radiotherapy is a novel radiation therapy technique in 
which multiple convergent beams of radiation are precisely tar-
geted on the tumor. This targeting allows very high doses of 
radiation to be delivered to the tumor while sparing the normal 
lung tissue. Rates of local control and survival are impressive  
in selected groups reported in many case series, approaching 
the rates of lung resection.45 Lung resection and stereotactic 
body radiotherapy have not been compared head to head. Lung 

TABLE 31-3 

Non–Small Cell Lung Cancer: 5-Year Survival  
by Stage

Stage Clinical Stage (%) Pathologic Stage (%)

IA 50 73
IB 43 58
IIA 36 46
IIB 25 36
IIIA 19 24
IIIB 7 9
IV 2 13

Modified	from	Goldstraw	P,	Crowley	J,	Chansky	K,	et	al;	International	
Association	for	the	Study	of	Lung	Cancer	International	Staging	Committee;	
IASLC	Lung	Cancer	Staging	Project:	Proposals	for	the	revision	of	the	TNM	
stage	groupings	in	the	forthcoming	(seventh)	edition	of	the	TNM	classification	
of	malignant	tumors.	J Thorac Oncol	2:706–714,	2007.

MINI CLINI
Lung Cancer Screening

PROBLEM:  A 68-year-old man presents to the clinic with the 
concern of developing lung cancer in the future. He currently 
smokes one pack of cigarettes per day and has smoked for 45 
years. He does not cough or feel shortness of breath. He has a 
history of high blood pressure and high cholesterol. He is oth-
erwise in his regular state of health. Should this man have lung 
cancer screening?

DISCUSSION:  Based on the evidence, he meets criteria to 
have a low-dose CT chest to screen for lung cancer. He does 
not have any symptoms that also make screening appropriate. 
A vitally important part of the conversation with this patient 
should be tobacco cessation. Quitting smoking at any age 
reduces the risk for lung cancer and other health problems.

 Box 31-4 Options for Treatment of 
Lung Cancer

NON–SMALL CELL
Stages IA, IB, IIA, IIB
•	 Surgical	resection	standard	of	care	if	patient	deemed	able	to	

tolerate	resection
•	 Sublobar	resection	if	patient	is	unable	to	tolerate	larger	

resection
•	 Radiotherapy,	particularly	stereotactic	body	radiotherapy	in	

NO	disease,	if	patient	is	unable	to	tolerate	or	chooses	not	to	
undergo	resection

•	 Adjuvant	radiotherapy	possibly	of	use	if	incomplete	resection	
has	occurred

•	 Adjuvant	chemotherapy	in	patient	with	stage	II	disease	who	
can	tolerate	it;	consider	in	stage	IB

Stage IIIA
•	 Concurrent	chemoradiotherapy	using	platinum-based	

regimen	if	performance	status	is	reasonable
•	 Induction	chemoradiotherapy	followed	by	resection	and	

adjuvant	chemotherapy	in	selected	patients,	ideally	as	part	
of	a	study	protocol

Stage IIIB
•	 Concurrent	chemoradiotherapy	using	platinum-based	

regimen	if	performance	status	is	reasonable
•	 Induction	chemoradiotherapy	followed	by	resection	in	highly	

selected	patients,	only	as	part	of	a	study	protocol

Stage IV
•	 Platinum-based	chemotherapy	regimen	in	patients	with	

adequate	performance	status
•	 Targeted	therapies	(EGFR,	VEGF,	and	ALK	inhibitors)	in	

appropriate	subgroups

SMALL CELL
Limited Stage
•	 Combination	chemotherapy	with	concurrent	hyperfractionated	

radiotherapy	if	performance	status	is	adequate
•	 Prophylactic	cranial	radiation	for	patients	with	complete	

response	to	chemoradiotherapy

Extensive Stage
•	 Combination	chemotherapy	if	performance	status	is	

adequate

Courtesy	The	Cleveland	Clinic,	Cleveland,	OH.
ALK,	Anaplastic	lymphoma	kinase;	EGFR,	epithelial	growth	factor	
receptor;	VEGF,	vascular	endothelial	growth	factor.

Early Stage Non–Small Cell Carcinoma
Surgical resection offers the best chance of cure for early stage 
non–small cell lung cancer (stages I and II) (Table 31-3). Sur-
vival after resection in pathologic stage IA approaches 70% at 
5 years; in pathologic stage IB, 5-year survival is closer to 55%. 
The surgery of choice is a lobectomy, in which the entire lobe of 
the lung containing the cancer is removed. If the tumor is very 
central, a pneumonectomy may be required. Sublobar resec-
tions, such as segmentectomy, or wedge resection, can be per-
formed in patients with modest lung function to spare as much 
lung tissue as possible. In most patients, sublobar resection 
leads to a slightly lower survival rate and a higher rate of local 
recurrence of cancer.42,43 In the smallest cancers and in patients 
who are older than 70 years, a sublobar resection may be as 
effective as a lobectomy.44 Recurrence usually involves distant 
metastases.

Survival after resection in pathologic stage IIA is 50% to 55% 
at 5 years and in pathologic stage IIB is approximately 40% (see 
Table 31-3). Sublobar resections are not typically an option in 
stage II cancers. Most recurrences involve distant metastases.
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of life. They are also cost-effective. This treatment is most 
appropriate for individuals with a good performance status. 
Resection of an isolated brain metastasis in patients with a good 
performance status can improve survival. Standard chemother-
apy typically involves two agents administered in cycles, each 
approximately 3 weeks apart, for a total of four to six cycles. 
The addition of a third agent or additional cycles has tradition-
ally added risk without benefit. More recently, agents with 
improved tolerance have been shown to benefit patients who 
have shown a good response to treatment when administered 
as maintenance treatment, until progression is noted.52

Standard chemotherapy targets all growing cells, not just 
cancer cells (hence the common side effects seen). Targeted 
therapies have been developed where the mechanism of action 
is more specific to the cancer cell. In lung cancer, inhibitors of 
epidermal growth factor receptors (EGFRs), vascular endothe-
lial growth factor (VEGF), and anaplastic lymphoma kinase 
(ALK) translocations have been studied. EGFR and ALK inhibi-
tors have been most successful in patients with EGFR-activating 
mutations and ALK translocations in their cancer tissue. The 
patients most likely to have EGFR mutations include female 
never-smokers with adenocarcinoma, in particular, patients of 
Asian origin. This subgroup has been found to have an improved 
survival overall, which is improved further by the use of an 
EGFR inhibitor. The VEGF receptor inhibitor has been shown 
to improve survival when added to standard chemotherapy  
in patients with nonsquamous cell histology. These treatments 
can be continued until progression is noted. Other promising 
agents in late-phase development include immune system 
stimulators.53,54

Small Cell Lung Cancer

Treatment of small cell lung cancer is based on its staging (see 
Box 31-4). In limited-stage disease, combination chemotherapy 
with concurrent hyperfractionated radiotherapy is recom-
mended. The drug etoposide and a platinum agent are standard. 
Prophylactic brain radiation is generally recommended for  
patients who have a complete response to chemoradiotherapy. 
Surgery is limited to cases in which the diagnosis is in doubt or 
in rare cases that manifest as a single lung nodule. In patients 
with extensive-stage disease, combination chemotherapy im-
proves the quality of life and median survival. A poor perfor-
mance status and an elevated lactate dehydrogenase level 
portend a poor prognosis.55

resection remains the standard of care in patients able to  
tolerate it. Adjuvant (“applied after initial treatment”) radio-
therapy in patients who have undergone surgical resection may 
improve local control but does not improve survival (with the 
possible exception of patients who have undergone incomplete 
resection).

Adjuvant platinum-based chemotherapy leads to a signifi-
cant survival benefit in selected patients with completely 
resected stage II lung cancers.46 The potential benefit of adju-
vant chemotherapy in patients with stage IB disease is debated.

Locally and Regionally Advanced Non–Small 
Cell Carcinoma
Locally advanced tumors (T3) frequently can be completely 
resected, although central T3 tumors are less resectable than 
tumors involving the chest wall. The survival in patients with 
T3 tumors and chest wall involvement without lymph node 
involvement approximates the survival of other patients with 
stage IIB disease. The best results occur when complete resec-
tion is possible. With nodal involvement at any level, survival 
decreases dramatically and the tumor is classified in a higher 
stage. T3 involvement of the mediastinum or main stem bron-
chus portends a poorer prognosis, with 5-year survival rates less 
than 30%.

When a Pancoast tumor is present, chemoradiotherapy fol-
lowed by surgical resection (lobectomy ± chest wall resection) 
is performed if possible. The invasion of local structures (rib, 
vertebral body, subclavian artery, or sympathetic chain) is a 
poor prognostic sign. Two-thirds of patients have a recurrence, 
and two-thirds of these recurrences are local.

The approach to N2 (stage IIIA, mediastinal lymph node 
involvement) disease varies among institutions. Patients without 
radiographic evidence of N2 disease but who are found at 
surgery to have N2 disease do better than patients with preop-
erative evidence of N2 disease. Adjuvant chemotherapy should 
be offered to this group. Generally, the more advanced the node 
involvement (number, extension, or location), the poorer the 
prognosis. Induction with chemotherapy with or without 
radiotherapy leads to objective responses in most patients. 
Patients who have bulky nodes or who require a pneumonec-
tomy are less likely to benefit from resection after induction 
therapy. At the present time, concurrent chemoradiotherapy 
should be considered the standard of care, with resection 
included in specialized centers, often in the setting of a study. 
Survival rates are 5% to 13% at 5 years. With advances in each 
of the modes of therapy, treatment will evolve over time.47–49

T4 disease without advanced nodal status (stage IIIB) may 
be considered for surgical treatment in only a few settings. T4 
disease involving the main carina may be considered for resec-
tion at centers with expertise. The role of induction therapy in 
this setting has not yet been defined. Disease at the N3 level 
(stage IIIB) is generally considered nonsurgical.50,51

Metastatic Non–Small Cell Carcinoma
In stage IV lung cancer, platinum-based chemotherapy regi-
mens have been shown to improve survival and enhance quality 

	

RULE OF THUMB

Surgery	is	the	treatment	of	choice	for	early-stage	
non–small	cell	lung	cancer.	Chemotherapy	is	the	
modality	of	choice	for	advanced	non–small	cell	lung	
cancer.	Chemotherapy	with	or	without	radiation	therapy	
is	used	to	treat	small	cell	lung	cancer.

Palliation of symptoms related to lung cancer is an important 
aspect of overall management. The judicious use of analgesic 
agents for pain, antiemetics for nausea, and antidepressants can 
improve quality of life. Radiotherapy can be used to palliate 
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bone pain related to metastatic disease, hemoptysis, or symp-
toms of airway obstruction. Invasive bronchoscopic procedures 
(e.g., laser ablation, electrocautery, stent placement) may be 
palliative in patients with airway obstruction. Evidence shows 
that in patients with end-stage non–small cell lung cancer early 
integration of palliative care has an increased median survival 
when compared to standard aggressive treatment.56

FUTURE SCENARIO

The prospect of major advances in the prevention, detection, 
and treatment of lung cancer is strong. An attainable vision for 
2034 could be as follows: Primary prevention campaigns have 
successfully minimized the number of individuals who are 
smoking, legislation has passed broadly to prevent exposure to 
tobacco smoke in public places, progress has been made in 
occupational exposure avoidance, and successful measures have 
been enacted to clean the air. Individuals are now identified who 
have changes in lung cells that suggest lung cancer could develop 
and are being treated with medication to prevent it from devel-
oping. Individuals at risk for developing lung cancer are part of 
a screening program that detects early-stage lung cancer with a 
test that is inexpensive and acceptable to all. Technology has 
improved diagnostic abilities by making imaging more specific 
and biopsies more accurate. Noninvasive diagnostics have 
expanded with advances in blood and breath testing. In addi-
tion to tumor appearance, researchers are identifying character-
istics of tumor biology that allow more selection in choosing 
treatments. The best form of local control for a given tumor 
(resection, radiation) is known, and means have been developed 
to minimize the effect of these interventions on the quality of 
life. Novel agents have been developed that can reach and kill 
tumor cells while avoiding injury to healthy tissue. As evidence 
of successes, lung cancer is no longer the leading cause of 
cancer-related mortality in the United States.

ROLE OF THE RESPIRATORY 
THERAPIST IN MANAGING PATIENTS 
WITH LUNG CANCER

RTs perform many important roles in the evaluation and man-
agement of patients with lung cancer. Many patients in the care 
of the RT are smokers, and the RT has the opportunity to 
educate these individuals on the dangers of smoking and on the 
means available to help them quit. Because many of these 
patients also have smoking-related lung disorders (e.g., COPD), 
RTs can offer guidance on the proper use of inhaled medica-
tions, the use of supplemental O2, and the role of pulmonary 
rehabilitation before and after treatment. Also, many RTs assist 
with diagnostic tests such as bronchoscopy and the measure-
ment of pulmonary function. Finally, in the context that the RT 
may spend substantial time with the patient with lung cancer, 
the RT may be an important source of psychologic support and 
help. Taken together, these various diagnostic and treatment 
roles establish that the RT plays a crucial role in helping to 
manage patients with lung cancer.

MINI CLINI
Evaluating Surgical Risk

PROBLEM:  A 62-year-old man with a long history of smoking 
has a chronic, productive cough. A chest CT obtained because 
of a recent episode of hemoptysis reveals a lung mass in the 
right upper lobe. Results of transbronchial biopsy suggest the 
presence of large cell carcinoma. There is no evidence of metas-
tasis. As part of the patient’s evaluation for surgery, he has the 
following spirometry and diffusing capacity results:
Forced vital capacity (FVC) 4.2 L (80% of predicted value)
FEV1 1.6 L (60% of predicted value)
FEV1/FVC 0.4
DLCO 15.5 (60% of predicted)

Can he undergo surgery?

DISCUSSION:  Assessment of lung reserve is an important step 
in the preoperative evaluation of patients with lung cancer 
being considered for surgical resection. After calculating his 
PPO values with the segment method (60 × [1 − 3/19]), he is 
found to have a PPO FEV1 and PPO DLCO of 50%. This 
patient, similar to most patients with lung cancer, has PPO 
values between 30% and 60% because of underlying COPD. He 
needs further evaluation with exercise testing such as a stair 
climb or shuttle walk test to better assess his risk. Furthermore, 
he needs treatment optimization for his COPD. If the patient’s 
lung function remains at moderate risk after these steps, a 
cardiopulmonary exercise test may help to clarify his risk.

SUMMARY CHECKLIST

◗	Approximately	224,210	cases	of	bronchogenic	carcinoma	
were	newly	diagnosed	in	the	United	States	in	2014,	
making	bronchogenic	carcinoma	a	major	health	hazard.	It	
is	the	leading	cause	of	cancer-related	mortality	in	the	
United	States.

◗	Approximately	85%	of	all	cases	of	bronchogenic	
carcinoma	are	linked	to	smoking.

◗	The	major	histopathologic	types	of	bronchogenic	
carcinoma	include	adenocarcinoma,	squamous	cell	
carcinoma,	small	cell	carcinoma,	and	large	cell	carcinoma.	
Adenocarcinoma	is	the	most	common	type,	representing	
more	than	40%	of	all	cases.

◗	The	clinical	manifestations	of	bronchogenic	carcinoma	
result	from	local	growth	of	the	tumor,	regional	spread,	
metastases	to	extrathoracic	and	intrathoracic	organs,	and	
paraneoplastic	syndromes.

◗	The	staging	system	most	commonly	used	for	non–small	
cell	bronchogenic	carcinoma	is	based	on	status	of	the	
primary	tumor	(T),	local	and	regional	lymph	node	
involvement	(N),	and	the	presence	of	metastasis	(M).	The	
TNM	classification	groups	patients	in	stages	or	categories	
that	correlate	with	survival.	Small	cell	lung	cancer	is	
classified	in	two	stages,	limited	and	extensive,	although	
the	TNM	system	can	be	used	as	well.

◗	The	most	commonly	used	treatments	for	patients	with	
non–small	cell	lung	cancer	are	surgical	resection,	radiation	
therapy,	and	chemotherapy.	Treatment	of	most	patients	
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with	small	cell	carcinoma	includes	chemotherapy,	with	
radiation	therapy	added	if	a	limited	stage	disease.

◗	The	most	effective	way	to	prevent	lung	cancer	is	to	
prevent	smoking.
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C H A P T E R   32 

Neuromuscular and Other 
Diseases of the Chest Wall

RENDELL W. ASHTON

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Identify	pulmonary	function	test	results	typically	seen	in	patients	with	neuromuscular	disease.
◆	 List	the	potential	respiratory	complications	associated	with	neuromuscular	disease.
◆	 Identify	the	clinical	signs	and	symptoms	associated	with	respiratory	muscle	weakness.
◆	 Describe	techniques	for	monitoring	patients	with	respiratory	muscle	weakness.
◆	 Describe	general	respiratory	care	management	of	patients	with	respiratory	muscle	weakness.
◆	 Describe	the	clinical	findings	and	treatment	for	each	of	the	following	neuromuscular	disorders:	Duchenne	

muscular	dystrophy,	myotonic	dystrophy,	polymyositis,	myasthenia	gravis,	Lambert-Eaton	syndrome,	Guillain-
Barré	syndrome,	unilateral	diaphragmatic	paralysis,	amyotrophic	lateral	sclerosis,	critical	illness	myopathy	and	
polyneuropathy,	spinal	cord	injury,	stroke,	traumatic	brain	injury,	kyphoscoliosis,	and	flail	chest.

◆	 Understand	the	role	of	the	RT	in	caring	for	patients	with	neuromuscular	and	chest	wall	diseases.

CHAPTER OUTLINE

General Principles Related to Neuromuscular 
Weakness of the Ventilatory Muscles
Pathophysiology	and	Pulmonary	Function	Testing
Clinical	Signs	and	Symptoms
Monitoring	and	Assessing	Patients	With	Muscle	

Weakness	for	Respiratory	Insufficiency
Management of Respiratory Muscle Weakness
Specific Neuromuscular Diseases

Disorders	of	the	Muscle	(Myopathic	Disease)
Disorders	of	the	Neuromuscular	Junction

Disorders	of	the	Nerves
Disorders	of	the	Spinal	Cord
Disorders	of	the	Brain

Disorders of the Thoracic Cage
Kyphoscoliosis
Flail	Chest
Ankylosing	Spondylitis

The Role of Respiratory Therapists in Caring for 
Patients With Neuromuscular Weakness and 
Other Diseases of the Chest Wall

KEY TERMS

amyotrophic	lateral	sclerosis
ankylosing	spondylitis
apneustic	breathing
ataxic	breathing
Becker	muscular	dystrophy
central	neurogenic	hyperventilation
Cheyne-Stokes	respirations
critical	illness	myopathy
critical	illness	polyneuropathy
dermatomyositis

Duchenne	muscular	dystrophy
flail	chest
gasping
Guillain-Barré	syndrome
inclusion	body	myositis
kyphoscoliosis
Lambert-Eaton	syndrome
Lou	Gehrig	disease
myasthenia	gravis
myopathy

myositis
myotonic	dystrophy
neuropathy
Ondine	curse
paradoxical	motion
periodic	breathing
polymyositis
stroke
traumatic	brain	injury
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2.	 Loss	of	strength	or	control	of	the	mechanics	of	breathing
•	 Respiratory	 failure	 as	 a	 result	 of	 excessive	 work	 of	

breathing
•	 Atelectasis	leading	to	hypoxemia
•	 Secondary	effects	of	chronic	hypoxemia	(e.g.,	pulmonary	

hypertension,	cor	pulmonale)
3.	 Loss	 of	 strength	 or	 control	 of	 the	 muscles	 responsible	 for	

airway	protection	and	cough
•	 Aspiration
•	 Obstructive	apnea
•	 Mucous	plugging
•	 Pneumonia
Some	systemic	diseases	that	affect	the	neuromuscular	system	

also	cause	interstitial	lung	disease,	which	can	lead	to	consider-
able	 respiratory	 dysfunction	 (see	 Chapter	 26).	 Respiratory	
failure,	often	associated	with	pulmonary	infection,	is	a	frequent	
cause	of	death	in	patients	with	neuromuscular	disorders.

A	thorough	understanding	of	the	physiology	of	ventilation	
and	chest	wall	mechanics	(see	Chapters	11	and	19)	is	needed	to	
understand	how	abnormalities	of	the	upper	airway,	chest	wall,	
diaphragm,	and	abdominal	muscles	cause	disease.	This	chapter	
reviews	 major	 disorders	 of	 the	 neuromuscular	 and	 skeletal	
systems	that	affect	breathing.	Disorders	are	grouped	according	
to	 which	 functional	 unit	 of	 the	 neuromuscular	 system	 is	
affected,	focusing	on	pulmonary	manifestations	of	these	disease	
processes	(Table	32-1).

GENERAL PRINCIPLES RELATED TO 
NEUROMUSCULAR WEAKNESS OF 
THE VENTILATORY MUSCLES

This	 section	 describes	 the	 evaluation	 and	 testing	 of	 patients	
with	 suspected	 neuromuscular	 weakness	 of	 the	 respiratory	
muscles,	regardless	of	the	disease	causing	the	weakness.

N euromuscular	 diseases	 are	 the	 group	 of	 conditions	
that	affect	the	strength	and	ability	of	muscles	to	func-
tion.	In	addition	to	the	lungs,	which	provide	an	inter-

face	between	inhaled	air	and	circulating	blood,	the	respiratory	
system	 includes	 the	 thoracic cage,	 which	 forms	 the	 structure	
of	the	ventilatory	pump,	and	the	muscles of respiration,	whose	
action	on	the	thoracic	cage	produces	movement	of	air	into	and	
out	of	the	lungs.	Diseases	that	affect	the	brain,	nerves,	muscles,	
or	 thoracic	 cage	 can	 lead	 to	 respiratory	 failure	 or	 hypoxemia	
even	if	the	lungs	are	normal.

Understanding	 the	 interactions	between	 these	components	
is	 essential	 to	 understanding	 how	 their	 dysfunction	 leads	 to	
disease.	 The	 neuromuscular	 components	 of	 the	 respiratory	
system	are	shown	in	Figure	32-1.	Maintenance	of	normal	ven-
tilation	depends	on	intact,	functional	components	of	the	neu-
romuscular	system,	which	contribute	to	breathing	in	three	main	
ways:	(1)	regulation	of	respiratory	drive	and	rate,	(2)	control	of	
the	mechanics	of	ventilation,	and	(3)	cough	and	other	airway	
protection.	 The	 pulmonary	 consequences	 of	 neuromuscular	
disease	include	the	following:
1.	 Dysregulation	of	respiratory	drive	or	rate

•	 Hyperventilation
•	 Hypoventilation
•	 Central	apnea
•	 Other	pathologic	breathing	patterns	(listed	in	Table	32-4)

FIGURE 32-1	 The	neuromuscular	components	of	the	respiratory	
system	include	elements	of	the	cortex	(which	allow	conscious	
alteration	of	breathing)	and	motor	centers	(which	maintain	upper	
airway	tone).	Brainstem	structures	receive	input	from	peripheral	
oxygen,	pH,	and	stretch	receptors	and	generate	automatic	
respiration.	Efferent	nerves	carry	central	nervous	impulses	to	the	
muscles	of	respiration	through	the	phrenic	and	spinal	nerves,	which	
drive	the	muscles	of	respiration.	
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TABLE 32-1 

Locations at Which Several Neuromuscular 
Diseases Affect the Respiratory System

Location Disease

Cerebral	cortex,	brainstem	
(including	the	respiratory	
center)	and	upper	motor	
neurons

Stroke,	traumatic	brain	injury

Spinal	cord Trauma,	transverse	myelitis,	multiple	
sclerosis

Anterior	horn	cells	(lower	
motor	neurons)

ALS,	spinal	muscular	atrophy,	
poliomyelitis,	and	postpoliomyelitis

Peripheral	nerves Guillain-Barré	syndrome,	critical	illness	
polyneuropathy,	Lyme	disease

Neuromuscular	junction Myasthenia	gravis,	Lambert-Eaton	
syndrome,	botulism

Muscle Duchenne	muscular	dystrophy,	
polymyositis,	acid	maltase	deficiency

Interstitial	lung	disease* Polymyositis,	dermatomyositis,	
tuberous	sclerosis,	neurofibromatosis

*A	category	of	systemic	diseases	that	can	affect	neuromuscular	function	as	
well	as	lung	function.
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TABLE 32-2 

Pulmonary Function Testing Results from a Patient With Profound Diaphragm Weakness

Predicted 
Value

Lower Limit 
of Normal

Sitting 
Position

% of 
Predicted

Supine 
Position

% Change 
from Sitting

FVC 4.42 3.55 1.85 42 0.89 −52
FEV1 3.36 2.62 1.51 45 0.68 −55
FEV1/FVC 75.88 66.20 81.75 108 75.76 −7
TLC 6.53 4.92 4.21 64
RV 2.10 1.34 2.39 114
DLCO 24.93 16.67 17.16 69
DLCO/VA 3.88 2.38 5.57 144
PImax 110.58 75.02 18.46 17
PEmax 207.29 140.04 26.52 13

DLCO,	Diffusing	capacity	for	carbon	dioxide;	DLCO/VA, DLCO	divided	by	alveolar	volume;	FEV1,	forced	expiratory	volume	in	1	second;	FVC,	forced	vital	
capacity;	PEmax,	decreased	maximum	expiratory	pressure;	PImax,	decreased	maximal	inspiratory	pressure;	RV,	residual	volume;	TLC,	total	lung	capacity.

FIGURE 32-2	 Normal	flow-volume	loop	compared	with	
loops	from	a	patient	with	neuromuscular	weakness,	showing	
characteristic	ventilatory	restriction,	which	worsens	when	the	patient	
is	placed	in	the	supine	position.	FVC,	Forced	vital	capacity.	
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 flow
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FIGURE 32-3	 Atelectasis	as	a	mechanism	of	hypoxemia	in	
patients	with	respiratory	muscle	weakness.	 � �V/Q,	Ventilation/
perfusion.	
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Decreased vital capacity

Microatelectasis
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Pathophysiology and Pulmonary 
Function Testing

Weakness	 of	 the	 respiratory	 muscles	 leads	 to	 the	 inability	 to	
generate	or	maintain	normal	respiratory	pressures.	Pulmonary	
function	testing	in	patients	with	neuromuscular	weakness	typi-
cally	reveals	a	restrictive	ventilatory	defect	even	if	the	lungs	are	
normal.	 Vital	 capacity	 (VC),	 forced	 expiratory	 volume	 in	 1	
second	 (FEV1),	 and	 total	 lung	 capacity	 (TLC)	 are	 decreased.	
Functional	 residual	 capacity	 is	 normal	 or	 decreased.	 Residual	
volume	(RV)	may	be	increased,	especially	as	weakness	becomes	
more	severe.	Diffusing	capacity	corrected	for	alveolar	volume	is	
usually	 normal	 or	 near-normal	 but	 can	 be	 decreased.1	 Com-
parison	 of	 spirometric	 results	 obtained	 with	 the	 patient	 in	
seated	 and	 supine	 positions	 can	 be	 useful	 in	 showing	 that	
orthopnea	is	caused	by	neuromuscular	weakness.	A	decrease	in	
VC	 or	 FEV1	 of	 20%	 or	 more	 when	 a	 patient	 moves	 from	 the	
seated	to	the	supine	position	suggests	diaphragmatic	weakness	
(Table	32-2	and	Figure	32-2).	The	inability	to	generate	normal	
respiratory	pressures	is	reflected	in	a	decreased	maximal	inspi-
ratory	 pressure	 (PImax),	 which	 is	 generally	 specific	 for	 dia-

phragm	weakness.	Expiratory	muscle	weakness	is	characterized	
by	a	decreased	maximal	expiratory	pressure	(PEmax)	and	is	not	
specific	to	any	single	muscle	group.2

Arterial	blood	gases	(Pmax)	in	the	setting	of	a	rapid,	shallow	
breathing	pattern	may	show	a	decreased	PaCO2,	although	pro-
gressive	 inspiratory	 muscle	 weakness	 leads	 to	 hypoventilation	
and	 hypercapnia.	 Hypoxemia	 can	 occur	 in	 patients	 unable	 to	
take	deep	breaths	and	may	be	caused	by	microatelectasis,	which	
leads	 to	 ventilation/perfusion	 ( � �V/Q)	 mismatching	 within	 the	
lung	 and	 a	 resulting	 decrease	 in	 PaO2	 (Figure	 32-3).	 Chronic	
hypoxemia	 in	 this	 situation	 may	 be	 protective	 against	 acute	
respiratory	 muscle	 failure.	 Some	 studies	 suggest	 that	 when	
hypoxemia	is	chronic,	it	may	increase	diaphragm	muscle	endur-
ance.3	Hypoventilation	that	occurs	with	progressive	neuromus-
cular	disease	may	be	a	protective	mechanism	that	avoids	acute	
respiratory	muscle	fatigue.	However,	when	hypoxemia	is	acute,	
it	potentiates	respiratory	muscle	fatigue,	hastening	respiratory	
failure.4
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RULE OF THUMB

When	a	patient	complains	of	immediate	shortness	of	
breath	on	lying	down,	especially	if	one	side	is	worse	
than	the	other,	the	problem	is	diaphragm	weakness	
until	proved	otherwise.

MINI CLINI
Consider Neuromuscular Weakness 
When a Patient Complains of Dyspnea

PROBLEM:  A	27-year-old	woman	was	referred	to	the	pulmo-
nary	 clinic	 for	 persistent	 shortness	 of	 breath	 for	 2	 months,	
along	with	a	sore	throat	and	a	hoarse	voice.	The	symptoms	had	
begun	with	a	viral	 syndrome	 including	 sore	 throat,	myalgias,	
and	fever,	progressing	to	cough	and	chest	discomfort.	All	symp-
toms	 except	 her	 shortness	 of	 breath	 and	 hoarseness	 had	
resolved.	She	complained	of	being	particularly	short	of	breath	
while	 lying	 down	 and	 not	 being	 able	 to	 lie	 down	 on	 her	 left	
side	at	all	because	she	felt	she	could	not	breathe	in	that	position.	
She	 also	 described	 running	 out	 of	 breath	 in	 the	 middle	 of	
sentences	and	of	her	voice	having	a	hoarse,	“airy”	quality.	She	
had	been	evaluated	previously,	including	a	normal	chest	radi-
ography	and	 spirometry,	 and	had	been	 told	her	dyspnea	was	
due	to	anxiety.	No	other	diagnosis	was	made.	What	clues	in	her	
history	 might	 suggest	 a	 pulmonary	 disease,	 and	 what	 addi-
tional	testing	could	help	identify	it?

DISCUSSION:  This	 patient	 had	 already	 been	 evaluated	 and	
had	 been	 told	 that	 her	 dyspnea	 was	 psychologic	 because	 her	
chest	 radiography	 and	 standard	 pulmonary	 function	 testing	
were	normal.	Spirometry	was	within	the	normal	range	of	val-
ues,	but	when	repeated	in	the	supine	position,	FVC	decreased	by	
41%.	Lung	volumes	were	normal	except	for	a	slight	elevation	of	
residual	volume.	Diffusing	capacity	also	was	normal.	A	fluoro-
scopic	sniff	test,	in	which	her	diaphragms	were	visualized	in	real	
time	as	she	performed	a	simple	sniff	maneuver,	showed	para-
doxical	motion	of	the	right	hemidiaphragm.	She	was	diagnosed	
with	 neuralgic	 amyotrophy,	 a	 rare	 neuromuscular	 condition	
affecting	the	phrenic	nerve,	which	is	often	triggered	by	a	viral	
syndrome	and	which	usually	improves	gradually	with	time.

The	important	clue	that	led	to	the	diagnosis	of	neuromus-
cular	weakness	was	her	complaint	of	orthopnea,	especially	the	
inability	 to	 breathe	 comfortably	 lying	 on	 one	 specific	 side.	
When	 one	 diaphragm	 is	 weak	 or	 paralyzed,	 a	 patient	 often	
cannot	 breathe	 when	 lying	 on	 the	 opposite	 side	 because	 this	
prevents	 the	good	side	 from	compensating	 for	 the	weak	side.	
When	 the	 details	 of	 her	 history	 were	 recognized	 as	 classic	
symptoms	of	diaphragm	weakness,	testing	to	establish	the	diag-
nosis	was	straightforward.

	

RULE OF THUMB

Neuromuscular	weakness	of	the	respiratory	muscles	
may	be	present	before	any	substantial	decrease	in	VC	
or	FEV1	is	noticed.	Values	of	PEmax	may	be	decreased	
by	50%	or	more	before	any	decrease	in	VC	or	FEV1	is	
noticed.

Clinical Signs and Symptoms

In	 the	 early	 stages	 of	 neuromuscular	 disease,	 patients	 with	
respiratory	muscle	weakness	initially	report	exertional	dyspnea	
and	 fatigue.	 As	 the	 disease	 process	 progresses,	 patients	 may	
complain	of	orthopnea	or	symptoms	of	cor	pulmonale	(remod-
eling	 of	 the	 right	 ventricle,	 usually	 in	 response	 to	 pulmonary	
hypertension,	 which	 causes	 symptoms	 of	 dyspnea,	 fatigue,	
anorexia,	 chest	 pain,	 and	 syncope).	 These	 symptoms	 occur	
because	 the	 muscles	 involved	 with	 respiration	 can	 no	 longer	
generate	 or	 maintain	 normal	 ventilation.	 The	 response	 to	
hypoxemia	and	respiratory	drive	is	preserved	in	most	patients	
with	neuromuscular	weakness.5	This	drive	is	assessed	by	a	mea-
surement	of	the	negative	airway	pressure	generated	during	100	
msec	 of	 airway	 occlusion,	 the	 so-called	 airway occlusion pres-
sure,	 abbreviated	 P0.1,	 which	 indicates	 respiratory	 effort	 and	
intact	pathways	from	the	respiratory	center	in	the	brainstem	to	
the	muscles	of	respiration.	Because	these	patients	often	do	not	
have	 the	 strength	 to	 take	 deep	 breaths,	 they	 maintain	 minute	
ventilation	by	increasing	respiratory	rate	and	adopting	a	rapid,	
shallow	 breathing	 pattern,	 which	 uses	 less	 respiratory	 muscle	
strength	 but	 provides	 less	 efficient	 ventilation.	 Patients	 with	
poor	inspiratory	muscle	function	(especially	diaphragm	weak-
ness)	may	have	marked	orthopnea	and	prefer	to	sleep	in	a	seated	
position.	They	also	may	experience	a	decline	in	voice	volume,	
power,	or	quality.	Muscle	weakness	can	progress	to	the	point	at	
which	adequate	ventilation	is	no	longer	maintained	and	hyper-
capnia	occurs.

Monitoring and Assessing Patients 
With Muscle Weakness for  
Respiratory Insufficiency

If	 respiratory	 muscle	 weakness	 progresses	 and	 cannot	 be	
stopped,	the	eventual	result	is	respiratory	failure.	The	onset	of	
respiratory	 failure	 is	 acute	 or	 chronic	 depending	 on	 the	 time	
course	 of	 the	 disease	 process	 and	 the	 circumstances	 of	 the	
patient.	 When	 this	 progression	 toward	 respiratory	 failure	 is	
noted,	careful	follow-up	and	monitoring	of	symptoms	and	pul-
monary	function	are	necessary	to	assess	the	need	for	mechani-
cal	ventilation.

PROBLEM:  What	 physical	 findings	 may	 suggest	 respiratory	
distress	in	a	patient	with	diaphragmatic	weakness?

DISCUSSION:  Patients	 whose	 diaphragmatic	 strength	 is	
inadequate	 to	 meet	 their	 ventilatory	 needs	 may	 use	 accessory	
muscles	 of	 inspiration.	 The	 sternocleidomastoid,	 intercostal,	
and	scalene	muscles	all	may	be	activated	in	the	setting	of	respi-
ratory	distress.	Use	of	these	muscles	in	the	setting	of	a	weak	or	
paralyzed	 diaphragm	 can	 lead	 to	 cephalad	 movement	 of	 the	
diaphragm	 during	 inspiration	 that	 is	 accompanied	 by	 para-
doxical	inward	movement	of	the	abdomen	during	inspiration	
(which	 is	called	paradoxical breathing).	The	presence	of	 these	
signs	 in	 this	 patient	 should	 prompt	 evaluation	 of	 ventilatory	
adequacy	and	the	need	for	ventilatory	support.
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avoid	invasive	ventilatory	support.9	In	addition	to	these	inter-
ventions,	general	rehabilitation	focusing	on	aerobic	condition-
ing,	 muscle	 strengthening,	 and	 respiratory	 muscle	 training	
often	can	delay	 the	need	 for	ventilatory	support	and	 improve	
the	overall	quality	of	life	for	patients	with	muscle	weakness.10

Noninvasive	ventilation	is	being	used	increasingly	for	short-
term	 and	 intermittent	 ventilatory	 support	 of	 patients	 with		
neuromuscular	 disease.11	 Acute	 deterioration,	 such	 as	 during	
pneumonia,	and	surgical	procedures	such	as	gastrostomy	tube	
insertion	are	situations	in	which	noninvasive	ventilation	is	safe	
and	 effective	 if	 used	 carefully.9,12	 If	 a	 patient	 needs	 long-term	
ventilatory	 support	 on	 an	 intermittent	 basis,	 such	 as	 at	 night	
only,	noninvasive	ventilation	may	be	appropriate.13	Decisions	to	
begin	mechanical	ventilation	in	some	patients	with	neuromus-
cular	weakness	have	varied	greatly	among	physicians14	and	may	
be	motivated	by	many	different	patient	 factors.15	No	uniform	
guidelines	exist	for	the	use	of	long-term	mechanical	ventilation	
for	patients	with	neuromuscular	weakness.	However,	it	is	con-
sidered	 a	 standard	 option	 for	 patients	 who	 have	 reached	 the	

MINI CLINI
Assessment of a Patient With 
Neuromuscular Weakness

PROBLEM:  A	50-year-old	man	with	ALS	is	admitted	to	the	
hospital	because	of	right	lower	lobe	pneumonia.	The	patient	is	
moderately	hypoxemic,	with	PO2	of	68	mm	Hg	on	 room	air.	
ALS	was	diagnosed	3	years	previously,	and	he	has	had	progres-
sive	 worsening	 of	 dyspnea	 since	 then.	 These	 symptoms	 first	
occurred	 with	 mild	 exertion	 and	 then	 with	 supine	 position,	
which	the	patient	has	noticed	in	the	last	1	or	2	months.	A	recent	
measurement	of	VC	at	the	physician’s	office	was	35	ml/kg.	The	
patient	has	recent	noticed	difficulty	with	swallowing	and	fre-
quent	coughing	at	meals.	What	features	in	the	patient’s	history	
may	be	relevant	with	regard	to	management?

DISCUSSION:  This	 patient	 has	 a	 disease	 that	 is	 associated	
with	respiratory	compromise,	which	progresses	slowly	in	most	
cases,	in	contrast	to	the	acute	case	described	here.	All	patients	
with	ALS	ultimately	have	respiratory	insufficiency.	The	earliest	
symptom	 of	 neuromuscular	 weakness	 in	 the	 respiratory	
muscles	 is	 exertional	dyspnea,	which	 this	patient	has	had	 for	
some	 time.	A	more	 significant	finding	 is	orthopnea,	which	 is	
highly	suggestive	of	diaphragmatic	weakness.	Patients	with	sig-
nificant	 diaphragmatic	 weakness	 prefer	 an	 upright	 position,	
which	allows	 the	abdominal	 contents	 to	 shift	 toward	 the	 feet	
and	 allows	 unimpeded	 diaphragmatic	 descent.	 Although	 the	
patient	may	not	have	had	a	critically	low	VC	recently,	this	value	
is	low.	Additional	loading	of	already	compromised	ventilatory	
machinery	can	lead	to	fatigue	and	frank	respiratory	failure.	It	
is	 important	 to	recognize	 that	 the	underlying	neuromuscular	
weakness	coupled	with	pneumonia	may	predispose	this	patient	
to	 respiratory	 fatigue	and	subsequent	 respiratory	 failure.	The	
history	of	feeding	difficulty	may	suggest	that	the	pneumonia	is	
related	to	aspiration.	The	location	of	pneumonia	in	the	lower	
lobe	also	favors	the	diagnosis	if	the	aspiration	occurred	when	
the	patient	was	seated	upright.

Monitoring	the	ventilatory	function	of	a	patient	with	neu-
romuscular	 weakness	 can	 involve	 repeated	 measurement	 of	
inspiratory	 pressure,	VC,	 and	 ABG	 values.	 Depending	 on	 the	
condition,	the	need	for	mechanical	support	can	be	signaled	by	
reaching	either	a	critical	value	on	testing	or	an	overall	clinical	
condition	 that	 does	 not	 allow	 unassisted	 ventilation	 to	 con-
tinue.	Additional	measurements	that	may	indicate	early	respira-
tory	 insufficiency,	 at	 least	 in	 amyotrophic	 lateral	 sclerosis,	
include	 maximal	 sniff	 nasal	 inspiratory	 force2	 and	 nocturnal	
oximetry.6

At	least	two	caveats	to	this	general	approach	should	be	men-
tioned.	First,	patients	with	myasthenia	gravis	having	an	acute	
myasthenic	crisis	may	have	normal	test	results	within	minutes	
of	acute	ventilatory	failure	because	of	the	nature	of	the	disor-
der.7	Second,	the	need	to	protect	the	upper	airway	from	secre-
tions	and	aspiration	may	not	be	 clearly	 reflected	 in	 results	of	
pulmonary	function	tests,	which	evaluate	only	the	mechanical	
function	of	the	ventilatory	pump.

Neuromuscular	weakness	may	not	manifest	uniformly	in	all	
muscle	groups.	Ventilation	may	be	only	moderately	reduced	in	
patients	with	gross	oropharyngeal	dysfunction	leading	to	aspi-
ration.	Patients	with	ventilatory	weakness	can	have	a	high	risk	
for	acute	respiratory	failure	if	upper	respiratory	tract	infection	
or	 pneumonia	 develops.	 In	 these	 patients,	 inability	 to	 clear	
secretions	 can	 increase	 the	 work	 of	 breathing;	 the	 results	 are	
muscle	fatigue,	hypoventilation,	and	acute	respiratory	failure.

Patients	with	significant	weakness	of	the	respiratory	muscles	
can	have	a	high	risk	for	respiratory	failure	when	any	additional	
process	 increases	 the	 work	 of	 breathing.	 Pulmonary	 edema,	
pneumonia,	and	mucous	plugging	are	examples	of	clinical	con-
ditions	that	can	precipitate	respiratory	failure	rapidly	in	patients	
with	significant	neuromuscular	weakness.	Although	the	under-
lying	disease	may	not	have	progressed	 to	 the	point	 that	 these	
patients	need	continual	or	routine	ventilatory	support	at	their	
baseline	function,	that	support	may	be	critical	in	the	setting	of	
acute,	exacerbating	illness.

Nocturnal	 oximetry	 or	 formal	 sleep	 testing	 with	 polysom-
nography	 may	 be	 suggested	 in	 some	 clinical	 settings	 when	
patients	 have	 cor	 pulmonale,	 sleep	 disturbance,	 or	 excessive	
daytime	somnolence	that	is	otherwise	unexplained.

MANAGEMENT OF RESPIRATORY 
MUSCLE WEAKNESS

Respiratory	insufficiency	and	failure	to	clear	secretions	are	the	
major	 consequences	 of	 inspiratory	 and	 expiratory	 muscle	
weakness.	 Treatment	 of	 these	 patients	 involves	 consideration		
of	 mechanical	 ventilation	 via	 face	 mask	 or	 other	 noninvasive	
interfaces	 or	 via	 tracheostomy.	 Although	 often	 overlooked,	
therapies	to	augment	secretion	clearance	and	assist	with	cough	
are	important	in	these	patients	(see	Chapters	42	and	43).	Used	
together,	 these	 interventions	 can	 decrease	 hospitalizations	 for	
respiratory	 complications	 in	 patients	 with	 neuromuscular	
disease.8	These	measures	also	may	be	useful	in	delaying	or	pre-
venting	 the	 need	 for	 intubation	 or	 tracheostomy,	 although	
severe	bulbar	muscle	weakness	may	 limit	a	patient’s	ability	 to	
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SPECIFIC NEUROMUSCULAR 
DISEASES

Disorders of the Muscle  
(Myopathic Disease)

Primary	 muscle	 disease	 can	 decrease	 the	 ability	 of	 a	 normal	
neural	impulse	to	generate	effective	muscle	contraction.	Some	
commonly	recognized	myopathies	include	Duchenne	muscular	
dystrophy,	 myotonic	 dystrophy,	 and	 polymyositis.	 Box	 32-1	
presents	a	more	complete	list	of	myopathic	diseases	associated	
with	ventilatory	dysfunction.

Duchenne Muscular Dystrophy and Becker 
Muscular Dystrophy
Duchenne muscular dystrophy	 (DMD)	 is	 a	 genetic	 muscle-
wasting	disorder	caused	by	mutations	in	the	dystrophin	gene.21	
Because	 it	 is	 an	 X-linked	 recessive	 disorder,	 it	 affects	 mostly	
males.	 The	 diagnosis	 is	 made	 when	 a	 dystrophin	 mutation	 is	

point	 of	 respiratory	 failure.	 Starting	 a	 patient	 on	 long-term	
mechanical	ventilation	requires	careful	planning	and	consider-
ation	of	various	issues	related	to	respiratory	care	in	alternative	
settings.	These	 issues	have	been	addressed	 in	consensus	 state-
ments16,17	and	are	discussed	in	Chapter	56.

Diaphragm	 pacing	 in	 patients	 with	 spinal	 cord	 injury	 has	
been	 described	 using	 direct	 stimulation	 of	 an	 intact	 phrenic	
nerve	 to	 contract	 the	 diaphragm	 and	 produce	 negative	 intra-
thoracic	 pressure	 and	 inspiration.18	 This	 technique	 usually	
requires	a	thoracotomy,	with	its	associated	risks	and	high	cost,	
and	carries	some	risk	for	phrenic	nerve	injury.	These	objections	
have	 led	 to	 the	development	of	 an	alternative	 system	 for	dia-
phragm	pacing	using	direct	pacing	of	the	diaphragm	muscle	by	
laparoscopically	 implanted	 electrodes.19	 When	 the	 electrodes	
can	be	placed	in	the	diaphragm	muscle	at	an	electrophysiologi-
cally	 mapped	 motor point,	 the	 result	 is	 often	 elimination	 of	
the	 need	 for	 mechanical	 ventilation	 in	 patients	 with	 spinal		
cord	injury	and	delay	in	the	need	to	start	mechanical	ventilation	
in	 patients	 with	 ALS	 and	 other	 progressive	 neuromuscular	
diseases.20

 Box 32-1 Myopathic Diseases With 
Associated Respiratory 
Dysfunction

MUSCULAR DYSTROPHIES
•	 Duchenne	muscular	dystrophy
•	 Becker	muscular	dystrophy
•	 Myotonic	dystrophy
•	 Facioscapulohumeral	muscular	dystrophy
•	 Limb-girdle	dystrophy
•	 Oculopharyngeal	dystrophy

MYOPATHIES
•	 Congenital	myopathies
•	 Nemaline	rod	myopathy
•	 Centronuclear	myopathy
•	 Metabolic	myopathies
•	 Acid	maltase	deficiency
•	 Mitochondrial	myopathies	(Kearns-Sayre	syndrome)
•	 Inflammatory	myopathies
•	 Polymyositis
•	 Dermatomyositis
•	 Hypothyroid-related	and	hyperthyroid-related	myopathies
•	 Endocrine	myopathies
•	 Steroid-induced	myopathies	(including	critical	illness	

myopathy)
•	 Miscellaneous	myopathies
•	 Electrolyte	disorders	(e.g.,	hypophosphatemia,	hypokalemia)
•	 Rhabdomyolysis
•	 Periodic	paralysis
•	 Postneuromuscular	blockade	myopathy

	

RULE OF THUMB

Patients	with	neuromuscular	weakness	who	require	
noninvasive	ventilation	generally	prefer	a	low	expiratory	
pressure	(2	to	3	cm	H2O)	with	a	significantly	higher	
inspiratory	pressure	(7	to	15	cm	H2O).

MINI CLINI
Care of a Patient With  
Neuromuscular Weakness

PROBLEM:  A	45-year-old	man	has	myotonic	dystrophy.	He	
has	progressive	dyspnea	that	has	increased,	particularly	in	the	
last	year.	PCO2	determined	 from	ABG	analysis	 is	55	mm	Hg.	
VC	is	45%	of	the	predicted	value.	The	patient	has	no	underly-
ing	lung	disease.	Cough	is	decreased,	but	the	patient	maintains	
adequate	control	of	secretions.	The	patient	sleeps	in	a	seated	to	
semirecumbent	position.	What	interventions	are	indicated	for	
this	patient?

DISCUSSION:  The	 patient	 has	 a	 disease	 that	 can	 result	 in	
respiratory	 insufficiency.	VC	is	decreased,	and	arterial	carbon	
dioxide	 levels	 are	 increased.	 These	 factors	 are	 consistent		
with	 hypoventilation	 secondary	 to	 neuromuscular	 weakness.	
The	 patient	 has	 dyspnea	 on	 exertion	 and	 orthopnea.	 All		
these	 factors	 suggest	 that	 mechanical	 ventilation	 should	 be	
considered.

Noninvasive	positive	pressure	ventilation	(NIPPV)	may	be	
a	reasonable	first	choice	in	the	care	of	this	patient.	The	patient’s	
mental	status	and	bulbar	function	are	intact.	He	has	no	signifi-
cant	problems	with	secretions.	(Important	factors	for	success-
ful	application	of	NIPPV	are	discussed	in	Chapter	49.)	Use	of	
a	nasal	mask	with	a	biphasic	positive	airway	pressure	unit	may	
be	instituted	and	titrated	to	patient	tolerance.	(Most	pressure	
or	volume-cycled	ventilators	can	be	used	to	deliver	NIPPV	and	
invasive	ventilation.)	A	time-cycled	backup	rate	can	be	set	on	
some	ventilators	 to	 facilitate	ventilation	of	patients	who	may	
inadequately	trigger	the	ventilator.	If	the	ability	to	clear	secre-
tions	 becomes	 compromised,	 cough	 augmentation	 strategies	
should	 be	 implemented.	 As	 long	 as	 bulbar	 function—
swallowing	and	secretion	management—are	maintained,	non-
invasive	 ventilation	 is	 a	 reasonable	 choice	 for	 ventilatory	
support.



656 SECTION IV • Review of Cardiopulmonary Disease

respiratory	muscles	or	directly	cause	respiratory	insufficiency.32	
This	 autosomal	 dominant	 disorder	 causes	 progressive	 muscle	
weakness,	 abnormalities	 of	 the	 cardiac	 conduction	 system,	
endocrine	dysfunction,	and	cataracts.	There	are	two	main	types	
of	 myotonic	 dystrophy,	 both	 caused	 by	 an	 expansion	 of	 a	
repeated	DNA	sequence	on	chromosome	19.33

Respiratory	dysfunction	in	myotonic	dystrophy	is	common,	
usually	occurring	late	in	the	course	of	disease,	and	can	include	
respiratory	 muscle	 weakness,	 obstructive	 sleep	 apnea,	 central	
sleep	apnea,	and	bulbar	muscle	dysfunction	leading	to	aspira-
tion.	Sleep-related	disorders	are	particularly	common,	even	at	
an	early	age.34

Patients	 with	 myotonic	 dystrophy	 can	 be	 very	 sensitive	 to	
anesthesia	and	respiratory	depressants.	Both	respiratory	failure	
and	prolonged	neuromuscular	blockade	have	been	reported	in	
patients	 with	 myotonic	 dystrophy	 given	 usual	 doses	 of	 these	
agents.	 For	 this	 reason,	 prolonged	 perioperative	 monitoring	
after	surgery	is	important.35,36

Nocturnal	 ventilation	 by	 nasal	 mask	 often	 is	 effective	 for	
these	 patients	 and	 should	 be	 considered	 if	 the	 patient	 has	
declining	 SaO2	 or	 hypercapnia.	 If	 patients	 develop	 central	
hypoventilation,	they	may	require	tracheostomy	and	mechani-
cal	 ventilation.	 Because	 cough	 is	 often	 weak,	 cough	 assistive	
devices	 and	 techniques	 may	 play	 an	 important	 role	 to	 clear	
secretions.

Polymyositis
Polymyositis,	dermatomyositis,	and	 inclusion body myositis	
are	 inflammatory	 myopathies	 of	 unknown	 cause.	 Respiratory	
compromise	is	rare	in	inclusion	body	myositis	but	can	be	seen	
in	both	polymyositis	and	dermatomyositis.	Clinical	respiratory	
muscle	 weakness	 is	 uncommon	 but	 can	 lead	 to	 respiratory	
weakness	 or	 failure	 within	 weeks	 to	 months	 in	 the	 setting	 of	
rapidly	progressing	disease.	Diagnosis	of	these	diseases	is	based	
on	clinical	findings	of	myalgia,	elevated	muscle	enzyme	 levels	
(creatine	phosphokinase	or	aldolase),	and	compatible	electro-
myographic	 or	 muscle	 biopsy	 results.	 Diagnostic	 criteria	 may	
apply	to	any	inflammatory	myopathy,	and	specific	findings	or	
antibody	 identification	 may	 be	 needed	 to	 differentiate	 the	
various	diseases	(Table	32-3).37,38

Ventilatory	insufficiency	and	failure	caused	by	these	inflam-
matory	myopathies	are	unusual	but	tend	to	parallel	the	devel-
opment	 of	 limb	 muscle	 weakness	 when	 they	 occur.	 In	 rare	
instances,	diaphragmatic	 function	is	decreased	disproportion-
ately	to	the	degree	of	limb	weakness.39

Corticosteroids	are	important	in	the	initial	management	of	
polymyositis	 and	 dermatomyositis,	 although	 other	 immuno-
suppressive	and	cytotoxic	regimens	are	used	to	limit	long-term	
steroid	 exposure;	 35%	 to	 40%	 of	 patients	 with	 inflammatory	
myopathy	 have	 interstitial	 lung	 disease	 associated	 with	 their	
myopathy.	This	lung	disease	appears	as	diffuse	interstitial	infil-
trates	 that	 may	 be	 caused	 by	 various	 lung	 processes,	 but	 the	
most	 common	 (56%)	 is	 nonspecific	 interstitial	 pneumonia.40	
Various	antisynthetase	antibodies	(e.g.,	the	Jo-1	antibody)	have	
been	 identified	that	are	associated	with	polymyositis	and	der-
matomyositis,41-43	although	the	role	of	these	antibodies	in	these	

found	in	DNA	from	circulating	white	blood	cells	or	when	dys-
trophin	is	found	to	be	absent	or	abnormal	in	biopsied	muscle	
tissue.

DMD	manifests	early	in	life	with	proximal	muscle	weakness	
that	 leads	 to	 a	 waddling	 gait,	 exaggerated	 lumbar	 curvature	
(lordosis),	 and	 frequent	 falls.	 Most	 affected	 children	 need	 a	
wheelchair	by	12	years	of	age.	Death	generally	occurs	by	20	years	
of	 age,	 usually	 as	 a	 result	 of	 declining	 respiratory	 muscle	
strength	 and	 subsequent	 infection.	 Becker muscular dystro-
phy,	a	milder	form	of	DMD,	also	is	associated	with	the	dystro-
phin	gene	and	manifests	later	in	life.

Other	systemic	effects	of	DMD	include	scarring	of	 the	 left	
ventricle	 and	 decreased	 bowel	 motility	 (intestinal	 pseudoob-
struction).	 The	 progressive	 decline	 in	 respiratory	 function	 in	
patients	with	DMD	parallels	limb	weakness	and	typically	mani-
fests	at	the	time	of	wheelchair	dependence.	Respiratory	failure	
is	primarily	due	to	loss	of	muscle	strength	and	features	a	lower	
PImax	at	all	lung	volumes	than	is	present	in	healthy	persons.

Progressive	 scoliosis	 is	associated	with	DMD	and	can	con-
tribute	 further	 to	 respiratory	 insufficiency.	 Many	 patients	
undergo	 spine	 fusion	 surgery,	and	often	 the	procedure	allows	
greater	 comfort	 and	 ease	 in	 maintaining	 an	 upright	 posture.	
Although	 no	 randomized	 trials	 have	 proved	 any	 benefit	 of	
surgery	 on	 pulmonary	 function,22	 it	 appears	 that	 the	 rate	 of	
respiratory	decline	is	slower	after	fusion	surgery.23

Obstructive	sleep	apnea	is	present	in	a	significant	proportion	
of	patients	with	DMD,	prompting	some	experts	to	recommend	
formal	polysomnography	in	patients	with	symptoms	of	obstruc-
tive	sleep	apnea	or	at	the	time	of	becoming	wheelchair-bound.24	
Instituting	 positive	 pressure	 ventilation	 (PPV)	 is	 a	 decision	
most	 patients	 face	 at	 some	 point	 in	 the	 disease.	 The	 point	 at	
which	to	begin	different	methods	of	ventilatory	support	depends	
on	 both	 test	 results	 and	 clinical	 condition.	 Nocturnal	 PPV	 is	
usually	 indicated	 when	 FVC	 reaches	 30%	 of	 predicted	 with	
signs	 of	 hypoventilation.25,26	 It	 can	 be	 started	 in	 response	 to	
oxygen	 (O2)	 desaturation	 during	 sleep,	 which	 is	 common	 in	
patients	with	increased	disability	and	scoliosis.

Nocturnal	ventilation	usually	improves	daytime	ventilatory	
function	in	patients	with	DMD,27	presumably	through	preven-
tion	 of	 respiratory	 muscle	 fatigue.	 Despite	 this	 improvement,	
studies	of	early	“prophylactic”	PPV	for	patients	with	DMD	have	
shown	that	early	PPV	failed	to	delay	the	need	for	invasive	ven-
tilatory	support.28	Long-term	inspiratory	muscle	training	using	
resistive	loading	has	been	shown	to	improve	PImax	in	patients	
with	DMD	and	VC	of	at	least	27%,29	theoretically	delaying	the	
need	for	ventilatory	support.	Although	there	are	concerns	that	
pulmonary	 rehabilitation	 might	 produce	 deleterious	 effects	
through	overloading	weak	 respiratory	muscles,	 such	concerns	
have	 not	 been	 confirmed	 in	 studies	 in	 Becker	 muscular	
dystrophy.30

Myotonic Dystrophy
Myotonic dystrophy	 is	 the	 most	 common	 form	 of	 muscular	
dystrophy	in	adults,	with	an	estimated	frequency	of	1	in	8000	
persons.31	Myotonia,	or	delayed	muscle	 relaxation,	 is	 the	hall-
mark	of	this	neuromuscular	disorder	but	does	not	clearly	target	
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these	patients	are	often	very	difficult	to	wean	from	mechanical	
ventilation.	Risk	 factors	 for	developing	 this	myopathy	 include	
use	of	corticosteroids	(likely	dose-dependent);	use	of	paralytic	
agents;	hyperglycemia;	hyperthyroidism;	and	possibly	systemic	
inflammatory	 response	 syndrome,	 with	 or	 without	 sepsis.44	
Weakness	improves	on	its	own	in	most	cases	but	may	take	weeks	
or	months	 to	 resolve,	often	 incompletely.	There	 is	no	 specific	
therapy,	and	prevention	by	avoiding	the	risk	factors	as	much	as	
possible	is	the	best	approach.45

diseases	 is	unclear.	Pulmonary	vasculitis	can	occur	with	poly-
myositis	 and	 dermatomyositis	 and	 can	 lead	 to	 O2	 exchange	
abnormalities	and	pulmonary	hypertension.

Critical Illness Myopathy
Critical illness myopathy	is	a	heterogeneous	entity	that	occurs	
commonly	 in	 intensive	 care	 units	 (ICUs)	 in	 which	 patients	
develop	 flaccid	 weakness	 of	 proximal	 muscles.	 Although	 this	
condition	 does	 not	 specifically	 target	 the	 diaphragm	 muscle,	

TABLE 32-3 

Diagnostic Criteria for Inflammatory Myopathies

Criterion Polymyositis Dermatomyositis Inclusion Body Myositis

Symmetric	proximal	muscle	weakness	on	physical	examination Yes Yes May	be	asymmetric	and	more	
distal	weakness

Elevation	of	serum	muscle	enzymes	(creatine	kinase,	aldolase,	
glutamate	oxaloacetate,	pyruvate	transaminases,	and	lactate	
dehydrogenase)

Yes Yes Yes,	lower	levels	than	in	
polymyositis	or	
dermatomyositis

Electromyographic	triad	of	(1)	short,	small	polyphasic	potentials,	
(2)	fibrillations,	(3)	high-frequency	repetitive	discharges

Yes Yes Yes

Muscle	biopsy	showing	mononuclear	inflammation,	
phagocytosis,	necrosis,	degeneration,	and	regeneration

Yes Yes Yes,	may	have	fatty	infiltration

Skin	findings:	Gottron	sign	and	papules;	heliotrope	rash No Common No
Anti–Jo-1	antibody	(or	other	antisynthetase	antibodies) 30%-50%,	may	indicate	

antisynthetase	syndrome
No

Interstitial	lung	disease 86%	in	patients	with	
antisynthetase	syndrome

No

MINI CLINI
Care of an Intensive Care Unit Patient to Minimize the Risk for Critical Care Myopathy

PROBLEM:  A	60-year-old	man	 is	 in	 the	 ICU	with	 respiratory	
failure	 secondary	 to	 severe	 influenza	pneumonia.	He	has	devel-
oped	 acute	 respiratory	 distress	 syndrome	 (ARDS),	 and	 gas	
exchange	is	severely	impaired,	with	a	PaO2/FiO2	ratio	of	90.	He	is	
requiring	relatively	high	positive	end	expiratory	pressure	(PEEP)	
and	 FiO2	 to	 maintain	 adequate	 SaO2.	 He	 has	 been	 hypotensive	
because	of	septic	shock	from	his	influenza	and	required	pressors	
via	 a	 central	 line	 immediately	 after	 admission	 to	 the	 unit	 and	
intubation	 for	 the	 initiation	 of	 mechanical	 ventilation.	 He	 also	
has	 diabetes.	 Along	 with	 the	 immediate	 needs	 for	 stabilization,	
resuscitation,	 and	 supportive	 care,	 the	 ICU	 team	 needs	 to	 con-
sider	what	impact	their	therapeutic	choices	now	will	have	on	his	
risk	for	developing	critical	illness	myopathy.

DISCUSSION:  Patients	 like	 this	 are	 commonly	 seen	 in	 high-
acuity	ICUs,	 in	which	patients	with	severe	ARDS	and	sepsis	are	
frequently	found.	He	has	a	number	of	risk	factors	for	critical	care	
myopathy,	some	of	which	may	be	avoidable	and	others	may	not.	
As	 the	critical	 care	 team	provides	 supportive	care	 for	him,	 they	
need	to	consider	how	each	risk	factor	could	be	avoided	or	mini-
mized,	as	followed:
•	 Corticosteroids:	So	far	he	has	not	required	corticosteroids,	but	

they	are	sometimes	used	for	refractory	hypotension	in	septic	
shock.	The	sepsis	guidelines	are	somewhat	ambiguous	about	

the	use	of	corticosteroids	in	this	setting,	because	the	evidence	
for	their	usefulness	is	mixed.	In	this	case,	if	the	blood	pressure	
can	be	maintained	without	them,	it	would	eliminate	one	risk	
factor	for	critical	care	myopathy.

•	 Paralytic agents:	In	severe	ARDS,	patients	are	sometimes	para-
lyzed	to	improve	oxygenation	and	ventilator	synchrony.	There	
is	evidence	that	paralysis	for	the	first	48	hours	may	improve	
survival	in	such	patients.	If	paralytics	are	used,	they	should	be	
discontinued	as	soon	as	they	are	no	longer	needed,	certainly	
by	the	48-hour	mark,	thus	minimizing	another	risk	factor.

•	 Hyperglycemia:	As	a	diabetic	who	is	critically	 ill,	 this	patient	
may	experience	wide	fluctuations	 in	his	blood	glucose	 level.	
ICU	 protocols	 usually	 aim	 to	 maintain	 the	 glucose	 level	 at	
about	150	mg/dl,	and	if	this	can	be	done,	it	will	minimize	an	
additional	 risk	 factor.	 Because	 corticosteroids	 would	 likely	
raise	 the	blood	glucose	 level,	 this	 is	another	 reason	 to	avoid	
them	in	this	patient.

•	 Systemic inflammatory response syndrome (SIRS):	Because	this	
patient	 has	 septic	 shock,	 by	 definition	 he	 has	 SIRS.	 Once	 a	
patient	has	SIRS,	the	only	option	for	the	ICU	team	is	to	treat	
the	 underlying	 infection	 if	 possible	 and	 support	 the	 patient	
through	 the	 septic	period.	This	 risk	 factor	 is	not	modifiable	
directly,	but	treating	the	influenza	appropriately	should	mini-
mize	the	duration	and	severity	of	SIRS.
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Disorders of the Neuromuscular 
Junction

Disorders	of	the	neuromuscular	junction	decrease	conduction	
of	nervous	system	impulses	to	the	peripheral	muscles,	resulting	
in	muscle	weakness.	Different	clinical	syndromes	are	caused	by	
defects	in	different	molecules	or	components	of	the	neuromus-
cular	 junction,	 which	 is	 represented	 schematically	 in	 Figure	
32-4,	which	compares	a	normal	neuromuscular	 junction	with	
an	 abnormal	 junction	 in	 myasthenia	 gravis.	 Disorders	 of	 the	
neuromuscular	junction	include	the	following:
1.	 Myasthenia	gravis
2.	 Lambert-Eaton	syndrome
3.	 Poisoning	(organophosphate,	tetanus,	botulism)

Myasthenia Gravis
Myasthenia gravis	(MG)	is	characterized	by	intermittent	mus-
cular	 weakness,	 which	 worsens	 on	 repetitive	 stimulation	 and	
improves	 with	 administration	 of	 anticholinesterase	 medica-
tions,	 such	 as	 edrophonium	 (Tensilon)	 or	 neostigmine.	 Most	
cases	 of	 MG	 arise	 from	 production	 of	 antibodies	 directed	
against	 the	 acetylcholine	 receptor	 (ACh-R).	 The	 antibodies	
inactivate	 the	 ACh-R	 and	 block	 transmission	 of	 electrical	
impulses	from	the	nerve	to	the	muscle.46

Approximately	20%	of	patients	with	MG	do	not	exhibit	such	
antibodies	but	may	have	antibodies	to	alternative	targets,	such	
as	muscle-specific	kinase.47	Abnormalities	of	the	thymus	gland	
are	common	in	MG.	Approximately	10%	of	patients	with	MG	
have	 a	 neoplastic	 growth	 within	 the	 thymus	 called	 thymoma,	

FIGURE 32-4	 The	neuromuscular	junction	with	acetylcholine	(ACh)	stored	in	presynaptic	vesicles.	ACh	is	released	by	exocytosis	into	the	
synaptic	cleft	in	response	to	a	presynaptic	nerve	impulse.	ACh	binds	to	its	cognate	ACh-R	on	the	postsynaptic	membrane.	This	process	
depolarizes	the	nerve,	propagates	the	impulse,	and	causes	muscle	contraction.	Binding	of	anti–ACh-R	antibodies	to	ACh-R	mediates	
autoimmune	destruction	of	the	receptors.	This	process	leads	to	abnormal	muscle	activation	and	the	weakness	that	occurs	in	patients	with	
myasthenia	gravis.	
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which	 can	 be	 malignant	 but	 usually	 is	 not.	 Patients	 without	
thymoma	 typically	 have	 some	 degree	 of	 thymic	 hyperplasia.	
Congenital	or	fetal	myasthenic	syndromes	are	caused	by	either	
autoantibodies	or	inherited	defects	in	the	ACh-R.

MG	 typically	 occurs	 earlier	 in	 life	 in	 women	 and	 later	 in	
men.	As	the	population	has	aged,	more	patients	are	diagnosed	
with	MG	later	in	life,	and	now	there	are	more	men	affected	than	
women.48	This	disorder	may	be	associated	with	other	autoim-
mune	 diseases,	 such	 as	 thyroid	 disease,	 diabetes,	 rheumatoid	
arthritis,	ulcerative	colitis,	sarcoidosis,	and	pernicious	anemia.

MG	 is	 characterized	 by	 progressive	 loss	 of	 muscular	 func-
tion,	which	may	affect	only	the	eye	muscles	(ocular	myasthenia)	
or	 may	 be	 more	 widespread.	 The	 initial	 symptom	 is	 diplopia	
(double	vision)	or	ptosis	(a	drooping	eyelid)	in	more	than	65%	
of	patients	(Figure	32-5).49	The	patient	typically	reports	weak-
ness	of	the	affected	muscles	that	may	vary	through	the	day	or	
progress,	especially	with	repetitive	use.	The	diagnosis	of	MG	is	
supported	 by	 the	 detection	 of	 anti–ACh-R	 antibodies	 in	 the	
blood,	a	characteristic	 fading	of	nerve	 impulses	with	repeated	
nerve	 stimulation	 testing	 during	 electromyography,	 and	 im-
provement	of	strength	or	symptoms	in	response	to	an	anticho-
linesterase	inhibitor	drug	(edrophonium)	(Figure	32-6).

The	pulmonary	complications	of	MG	depend	on	the	mag-
nitude	 and	 location	 of	 the	 affected	 muscle	 groups	 and	 tend		
to	 occur	 in	 patients	 most	 severely	 disabled	 with	 the	 disease.	
Upper	airway	obstruction,	 exertional	dyspnea,	 and	overt	ven-
tilatory	 failure	 all	 are	 reported	 in	 MG.	 Pulmonary	 function	
testing	of	MG	patients	who	have	respiratory	muscle	weakness	
shows	decreased	TLC,	VC,	PImax,	and	PEmax,	similar	to	other	
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such	 as	 azathioprine	 or	 cyclosporine.49	 For	 patients	 in	 acute	
myasthenic	crisis,	who	often	have	respiratory	failure	requiring	
mechanical	ventilation,	circulating	antibodies	can	be	removed	
by	 plasmapheresis,	 which	 results	 in	 clinical	 improvement53,54	
usually	after	five	or	six	treatments	and	has	been	used	to	facilitate	
weaning	 from	 mechanical	 ventilation	 in	 the	 care	 of	 these	
patients.55	Intravenous	immunoglobulin	G	(IgG)	has	been	used	
and	 can	 improve	 muscle	 strength	 and	 hasten	 recovery	 from	
respiratory	 failure.	 Neither	 plasmapheresis	 nor	 intravenous		
IgG	 is	generally	used	 for	 long-term	management	of	MG.	The	
effect	 of	 both	 treatments	 is	 temporary	 but	 may	 last	 several	
months.49	 Clinical	 trials	 comparing	 these	 treatments	 have	
shown	a	slight	advantage	with	plasmapheresis	but	also	a	higher	
complication	rate.56,57

neuromuscular	disorders,	with	PImax	and	PEmax	being	more	
sensitive	markers	of	early	respiratory	muscle	weakness.50

Myasthenic crisis	is	an	acute	event	in	MG	and	is	characterized	
either	 by	 respiratory	 failure	 or	 inability	 to	 maintain	 a	 patent	
airway.	Myasthenic	crisis	can	occur	acutely	in	response	to	wors-
ening	 of	 disease,	 intercurrent	 infection,	 or	 surgery	 or	 when	
excess	anticholinesterase	 inhibitors	have	been	given.	Endotra-
cheal	 intubation	 and	 mechanical	 ventilation	 are	 required	
immediately	and	may	be	prolonged.51

Treatment	of	MG	is	generally	effective,	although	it	is	largely	
empiric	because	clinical	trials	are	rare.	Long-term	management	
includes	 thymectomy52	and	administration	of	anticholinester-
ase	medications	(edrophonium,	neostigmine,	pyridostigmine)	
with	or	without	corticosteroids	or	other	immunosuppressants	

FIGURE 32-5	 Features	of	ocular	and	facial	weakness	in	a	patient	with	myasthenia	gravis.	At	rest	(left),	there	is	slight	bilateral	lid	ptosis,	
which	is	partially	compensated	by	asymmetric	contraction	of	the	frontalis	muscle,	raising	the	right	eyebrow.	During	attempted	smile	(right),	
there	is	contraction	of	the	medial	portion	of	the	upper	lip	and	horizontal	contraction	of	the	corners	of	the	mouth	without	the	natural	upward	
curling,	producing	a	“sneer.”	(From	Sanders	DB,	Howard	JF:	Disorders	of	neuromuscular	transmission.	In:	Bradley,	editor:	Neurology	in	
clinical	practice,	ed	5,	Philadelphia,	2008,	Butterworth	Heinemann.)

FIGURE 32-6	 Clinical	effect	of	edrophonium	on	a	patient	with	myasthenia	gravis.	Before	testing	(left),	the	patient	has	ptosis	of	the	left	
eyelid	and	lateral	deviation	of	the	left	eye,	and	she	must	support	her	jaw.	At	5	seconds	after	injection	of	0.1	mg	of	edrophonium	(right),	
ptosis	and	lateral	deviation	are	resolved,	and	her	jaw	no	longer	requires	support.	(From	Sanders	DB,	Massey	JM:	Clinical	features	of	
myasthenia	gravis.	In:	Engel	AG,	editor:	Neuromuscular	junction	disorders,	New	York,	2008,	Elsevier.)



660 SECTION IV • Review of Cardiopulmonary Disease

ventilation	techniques,	mortality	 in	this	condition	was	greater	
than	 33%.62	 Most	 patients	 recover	 their	 respiratory	 muscle	
strength	completely,	but	the	proportion	of	patients	with	signifi-
cant	 disability	 1	 year	 after	 onset	 of	 the	 disease	 can	 be	 20%.63	
Autonomic	 nervous	 system	 problems,	 such	 as	 hypotension,	
flushing,	bronchorrhea,	dermatographia,	 and	bradycardia,	 are	
common.	Two-thirds	of	patients	with	GBS	report	a	triggering	
event,	such	as	respiratory	or	gastrointestinal	 infection,	 immu-
nization,	or	surgery,	1	to	4	weeks	before	the	onset	of	symptoms.	
Other	reported	triggers	include	pregnancy	and	malignancy.62

GBS	is	a	demyelinating	process	widely	believed	to	be	caused	
by	autoantibodies	directed	against	the	myelin	constituting	the	
nerve	sheath.	The	diagnosis	of	GBS	is	based	on	a	combination	
of	clinical,	laboratory,	and	electrophysiologic	data	(Box	32-3).64	
Cerebrospinal	 fluid	 protein	 levels	 are	 elevated,	 with	 minimal	
cellularity	 after	 approximately	 1	 week	 of	 illness.	 Nerve	 con-
duction	 studies	 show	 slowing	 of	 conduction	 with	 preserved	
amplitude,	 which	 is	 typical	 of	 demyelination.	 Approximately	
one-third	of	all	patients	with	GBS	have	respiratory	muscle	com-
promise.	Although	the	diaphragm	is	 typically	affected	 later	 in	
the	 course	 of	 GBS,	 cases	 of	 respiratory	 failure	 in	 the	 absence		
of	 substantial	 peripheral	 weakness	 have	 been	 reported.	 The	
need	for	mechanical	ventilatory	support	for	patients	with	GBS	
increases	with	age.62

Treatment	 strategies	 that	 have	 improved	 outcome	 in	 GBS	
include	 intravenous	 IV	 infusions	 and	 plasmapheresis.	 These	
treatments	are	equally	effective	in	hastening	recovery	of	muscle	
strength.	The	benefit	is	greatest	when	treatment	is	started	within	
2	 weeks	 of	 symptom	 onset.	 There	 is	 no	 additional	 benefit	 of	
combining	the	two	therapies.	Corticosteroids	have	no	beneficial	
role	in	GBS.65

Patients	 with	 dyspnea,	 orthopnea,	 or	 impaired	 ability	 to	
maintain	a	patent	airway	should	receive	spirometry	every	4	to	
6	hours	for	documentation	of	function	and	assessment	of	the	
need	 for	 endotracheal	 intubation.	 Patients	 with	 poor	 upper	
airway	 control,	 weak	 cough,	 or	 large	 amounts	 of	 secretions	
should	be	considered	for	endotracheal	intubation	even	though	
their	VC	is	greater	than	20	ml/kg.	The	increased	work	of	breath-
ing	 imposed	 by	 mucous	 plugging	 or	 atelectasis	 can	 hasten	

Lambert-Eaton Syndrome
Another	syndrome	of	neuromuscular	weakness	arising	from	a	
disorder	at	the	neuromuscular	junction	is	Lambert-Eaton syn-
drome	 (LES).	 More	 than	 50%	 of	 cases	 of	 LES	 are	 associated	
with	cancer.	Of	these	cancer-related	cases,	greater	than	80%	are	
associated	 with	 small	 cell	 carcinoma	 of	 the	 lung.58	 The	 mean	
age	at	presentation	is	approximately	60	years,	although	LES	can	
occur	 in	 all	 age	 groups.	 Autoantibodies	 against	 voltage-gated	
calcium	 channels	 at	 the	 nerve	 terminals	 impair	 the	 release	 of	
acetylcholine	 and	 can	 lead	 to	 both	 muscular	 weakness	 and	
autonomic	insufficiency.59	These	autoantibodies	can	be	detected	
in	a	patient’s	serum,	which	confirms	the	diagnosis.58,60	The	clini-
cal	diagnosis	of	LES	is	supported	by	results	of	nerve	conduction	
studies.	 Increasing	muscle	strength	with	repetitive	stimuli	 is	a	
characteristic	feature	of	LES,	which	differentiates	it	from	MG,	
which	is	characterized	by	progressive	fatigue	of	muscular	con-
traction	with	repetitive	stimulation.

Patients	with	LES	usually	present	with	tiredness	or	weakness	
of	 proximal	 muscle	 groups	 out	 of	 proportion	 to	 findings	 on	
clinical	examination.	Although	patients	are	subject	to	respira-
tory	complications	because	of	their	increased	sensitivity	to	the	
effects	 of	 anesthesia,	 respiratory	 failure	 is	 rare.	 The	 clinical	
course	of	LES	tends	to	be	one	of	relative	stability	with	less	fluc-
tuation	 than	 MG.	 Management	 of	 LES	 includes	 treatment	 of	
the	underlying	malignancy	when	present.	 If	no	malignancy	 is	
found,	 surveillance	 for	 lung	 cancer	 is	 recommended	 every	 6	
months,	and	LES	 is	managed	symptomatically	with	 immuno-
suppressive	medication	or	acetylcholinesterase	inhibitors.58,60

Disorders of the Nerves

The	peripheral	nerves	may	be	affected	by	toxic	agents,	inflam-
matory	 processes,	 vascular	 disorders,	 malignant	 diseases,	 and	
metabolic	 or	 nutritional	 imbalances.	 Hundreds	 of	 conditions	
have	been	associated	with	neuropathies	 leading	 to	respiratory	
muscle	 dysfunction.	 Representative	 conditions	 are	 listed	 in		
Box	32-2.

Guillain-Barré Syndrome
Guillain-Barré syndrome	(GBS)	is	acute	inflammatory	demy-
elinating	polyneuropathy	and	is	the	most	common	peripheral	
neuropathy	causing	respiratory	insufficiency.	GBS	is	character-
ized	 by	 paralysis	 and	 hyporeflexia	 with	 or	 without	 sensory	
symptoms.	 GBS	 is	 typically	 a	 self-limited	 disease,	 but	 overall	
mortality	ranges	from	3%	to	10%.61	Before	modern	mechanical	

 Box 32-3 Diagnostic Criteria for 
Guillain-Barré Syndrome

REQUIRED FOR DIAGNOSIS
•	 Progressive	weakness	of	both	legs	and	arms
•	 Areflexia

SUPPORTIVE OF DIAGNOSIS
•	 Symptoms	progress	over	days	to	weeks
•	 Symmetry	of	weakness
•	 Cranial	nerve	involvement	(facial	palsies)
•	 Improvement	begins	2	to	4	weeks	after	progression	stops
•	 Absence	of	fever	at	onset	of	symptoms
•	 Pain
•	 Laboratory	features	not	suggestive	of	alternative	diagnosis
•	 Cerebrospinal	fluid	with	high	protein,	low	cell	count
•	 Nerve	conduction	slowing	or	block	with	normal	amplitude

 Box 32-2 Causes of Phrenic Nerve 
Dysfunction Leading to  
Respiratory Dysfunction

•	 Cardiac	surgery	(cold	cardioplegia	to	arrest	the	heart	can	
cause	“frostbitten”	phrenic	nerves;	ischemic	injury	to	nerves	
also	can	complicate	cardiac	surgery)

•	 Diabetes
•	 Trauma
•	 Thoracic	aneurysm
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phrenic	 nerve	 leads	 to	 paralysis	 of	 the	 ipsilateral	 hemidia-
phragm.	Bilateral	interruption	is	seen	in	high	spinal	cord	injury	
and	 causes	 complete	 diaphragmatic	 paralysis.	 Unilateral	 dia-
phragmatic	paralysis	can	be	seen	 in	various	disease	processes.	
Reversible	unilateral	diaphragmatic	paralysis	is	a	rare	complica-
tion	of	acute	pneumonia,	but	 it	can	occur	 in	10%	of	patients	
who	 undergo	 cardiac	 surgery	 with	 cardiopulmonary	 bypass,	
usually	secondary	to	cold	cardioplegia	or	traction	on	the	nerve	
during	surgery	or	ischemic	nerve	injury.69

Patients	with	unilateral	diaphragmatic	paralysis	may	have	a	
15%	to	20%	reduction	in	VC	and	TLC	in	the	upright	position	
and	 a	 further	 reduction	 while	 supine.	 If	 they	 have	 no	 other	
diseases,	 patients	 with	 unilateral	 diaphragmatic	 paralysis	 may	
have	 no	 symptoms.	 Athletes,	 musicians,	 and	 others	 who	 use	
their	 lungs	more	 fully	are	more	 likely	 to	notice	 the	decreased	
ventilatory	capacity	caused	by	unilateral	diaphragm	weakness.	
Diaphragmatic	 paralysis	 is	 diagnosed	 most	 often	 with	 chest	
radiography.	The	paralyzed	side	retains	 its	contour	but	 is	dis-
placed	upward	(Figure	32-7,	A).	At	fluoroscopy,	 the	paralyzed	
hemidiaphragm	 paradoxically	 rises	 into	 the	 thorax	 during	 a	
sudden	forceful	inspiration	(sniff	test).	This	paradoxical	motion	
damps	the	effect	of	the	normal	diaphragm	on	the	opposite	side.

For	 patients	 with	 unilateral	 diaphragm	 paralysis,	 surgical	
plication	of	the	weak	side	can	move	the	diaphragm	downward	
to	a	more	normal	position	(see	Figure	32-7,	B),	minimize	para-
doxical	motion,	and	improve	overall	lung	function.70,71	Histori-
cally,	 results	 of	 diaphragm	 plication	 procedures	 have	 been	
disappointing,	 but	 newer	 laparoscopic	 techniques	 are	 more	
promising.72,73	Appropriate	patient	selection	is	crucial	to	avoid	
operating	 on	 patients	 whose	 diaphragms	 would	 recover	 their	
strength	in	time	and	patients	whose	weakness	is	due	to	primary	
neuromuscular	 disorders,	 which	 would	 not	 be	 improved	 by	
plication.

decompensation.	A	small	subgroup	may	need	mechanical	ven-
tilation	for	1	year	or	more.	Weaning	of	patients	with	GBS	from	
mechanical	ventilation	is	predicted	by	VC	greater	than	18	ml/
kg,66	transdiaphragmatic	pressure	greater	than	31	cm	H2O,	or	a	
PImax	stronger	than	−30	cm	H2O.67

FIGURE 32-7	 A,	Chest	radiograph	showing	elevation	of	a	right	hemidiaphragm.	B,	Chest	radiograph	in	the	same	patient	1	year	after	
laparoscopic	diaphragm	plication.	(From	Groth	SS,	Andrade	RS:	Diaphragm	plication	for	eventration	or	paralysis:	a	review	of	the	literature.	
Ann	Thorac	Surg	89:S2146–S2150,	2010.)
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Patients	with	GBS	should	be	intubated	for	mechanical	
ventilatory	support	when	VC	decreases	to	12	to	15	ml/
kg	or	sooner	if	they	have	bulbar	dysfunction	with	
difficulty	managing	oral	secretions	or	when	PaO2	values	
are	less	than	70	mm	Hg	while	breathing	room	air.62	As	
with	all	patients	requiring	intubation,	as	soon	as	it	is	
clear	that	intubation	will	exceed	2	weeks’	duration,	a	
tracheostomy	should	be	considered.68

	

RULE OF THUMB

Patients	with	GBS	whose	VC	becomes	less	than	
20	ml/kg	or	declines	more	than	30%	from	baseline	or	
whose	PImax	is	less	negative	than	−30	cm	H2O	and	
PEmax	is	less	than	40	cm	H2O	are	at	risk	for	
respiratory	failure	and	may	need	ventilatory	support.	
Patients	who	meet	the	criteria	of	this	“20-30-40	rule”	
should	be	observed	in	an	ICU.66,67

Phrenic Nerve Damage and  
Diaphragmatic Paralysis
Each	hemidiaphragm	is	supplied	by	its	own	phrenic	nerve.	The	
phrenic	nerves	emerge	from	the	spinal	cord	at	 level	C3-5	and	
descend	through	the	mediastinum	along	the	great	vessels	of	the	
chest	 and	 pericardium.	 Damage	 to	 or	 interruption	 of	 either	
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Muscle	 weakness	 from	 ALS	 usually	 begins	 in	 a	 localized	
muscle	 group	 and	 spreads	 out	 geographically	 from	 there.	 It	
most	often	begins	in	the	arms	but	may	originate	in	the	bulbar	
muscles	 (i.e.,	 muscles	 supplied	 by	 nerves	 in	 the	 upper	 spinal	
cord,	such	as	the	nerves	controlling	swallowing	and	speaking)	
25%	of	the	time.	In	1%	to	2%	of	cases,	ALS	manifests	initially	
as	isolated	respiratory	muscle	dysfunction	in	an	otherwise	rela-
tively	intact	patient.	Respiratory	involvement	eventually	occurs	
in	all	patients	with	ALS,	and	pulmonary	complications	are	the	
most	 frequent	 cause	 of	 death.	 Muscle	 weakness	 is	 associated	
with	 fasciculations,	 or	 involuntary	 quivering	 of	 the	 affected	
muscles.	 If	muscle	 fasciculation	does	not	develop	 in	a	patient	
with	 presumed	 ALS	 soon	 after	 weakness,	 another	 diagnosis	
should	be	considered.76

Inspiratory	 muscle	 decline,	 measured	 by	 FVC,	 tends	 to	 be	
linear	with	time	in	any	one	patient,	although	the	rate	of	decline	
may	 be	 different	 between	 patients.	 As	 respiratory	 muscle	
strength	gradually	declines,	acute	respiratory	decompensation	
may	occur	in	the	setting	of	respiratory	infection	or	aspiration.	
ALS	patients	may	have	respiratory	difficulty	for	various	disease-
related	reasons,	not	all	of	which	are	direct	results	of	respiratory	
muscle	 weakness.	 Nocturnal	 hypoxemia	 and	 hypoventilation	
can	 lead	 to	 disrupted	 sleep,	 frequent	 arousal,	 daytime	 head-
aches,	and	somnolence.

Monitoring	FVC,	PImax,	and	PEmax	or	maximal	sniff	nasal	
inspiratory	 force	 is	 helpful	 in	 these	 patients	 and	 can	 provide	
important	information	regarding	the	ability	to	clear	secretions	
and	maintain	gas	exchange.	Ineffective	cough	can	lead	to	atel-
ectasis,	pneumonia,	worsening	gas	exchange,	and	hypoxemia.
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Diaphragm	weakness	resulting	from	phrenic	nerve	injury	
(not	transection)	often	improves	very	slowly,	sometimes	
over	years,	so	plication	should	be	delayed	until	serial	
testing	shows	that	no	further	improvement	is	occurring,	
usually	at	least	1	to	2	years	from	the	onset	of	
weakness.

Critical Illness Polyneuropathy
In	 contrast	 to	 critical	 illness	 myopathy,	 discussed	 previously,	
critical illness polyneuropathy	 is	 associated	 almost	 entirely	
with	severe	sepsis	in	the	ICU.	Patients	develop	muscle	weakness	
and	atrophy,	loss	of	deep	tendon	reflexes,	and	loss	of	peripheral	
sensation	 to	 pinprick	 and	 touch.	 Cranial	 nerve	 function	 is	
usually	 spared.	The	mechanism	of	nerve	damage	 is	unknown	
but,	similar	to	other	complications	of	sepsis,	may	be	related	to	
ischemia	caused	by	thrombosis	or	underperfusion	of	the	micro-
circulation,	or	both,	in	this	case	of	the	affected	nerves.45

Effects	 of	 critical	 illness	 polyneuropathy	 may	 persist	 for	
years,	or	permanently,	but	often	improve	with	time	and	reha-
bilitation.	 As	 in	 critical	 illness	 myopathy,	 there	 is	 no	 specific	
treatment;	 optimal	 management	 of	 the	 patient’s	 severe	 sepsis	
following	protocols	to	restore	adequate	circulation	and	limit	the	
length	of	organ	system	failure	is	probably	beneficial.

Disorders of the Spinal Cord

Upper	motor	neurons	arise	from	cell	bodies	in	the	motor	areas	
of	the	brain	and	terminate	at	the	anterior	horn	cells	in	the	spinal	
cord,	 which	 constitute	 the	 lower	 motor	 neurons	 because	 it	 is	
axons	 from	 these	 cells	 that	 extend	 out	 of	 the	 central	 nervous	
system	 to	 the	 skeletal	 muscles.	 Disorders	 in	 this	 group	 (e.g.,	
ALS)	 can	 affect	 specific	 parts	 of	 this	 chain	 or	 nonspecifically	
disrupt	these	tracts	(e.g.,	spinal	cord	injury).	Other	examples	of	
lesions	 in	 this	 anatomic	 location	 include	 transverse	 myelitis,	
syringomyelia,	poliomyelitis,	and	spinal	cord	tumors.

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis,	or	Lou Gehrig disease,	is	a	neu-
romuscular	 disease	 characterized	 by	 progressive	 degeneration	
of	both	upper	and	 lower	motor	neurons;	 early	 in	 the	disease,	
degeneration	of	either	upper	or	lower	motor	neurons	may	pre-
dominate.	 Approximately	 5%	 to	 10%	 of	 cases	 are	 familial;	
others	are	sporadic.	The	male-to-female	ratio	for	ALS	is	approx-
imately	1.2	:	1,	and	the	peak	incidence	is	between	65	and	75	years	
old,	although	cases	have	been	reported	in	patients	younger	than	
30	years	old.	The	prognosis	of	ALS	is	poor,	with	a	mean	survival	
from	diagnosis	of	3	years.	By	5	years,	80%	of	patients	have	died	
and	90%	have	died	by	10	years.74	Medical	treatment	of	ALS	is	
disappointing.	There	 is	no	cure,	and	 therapies	 to	halt	or	 slow	
progression	of	the	disease	are	few	and	ineffective.	One	approved	
therapy	for	ALS	is	riluzole,	an	antiglutamate	agent.	Randomized	
trials	have	shown	modest	improvements	in	median	survival	of	
4.2	months.75	The	high	cost	of	the	medication	makes	it	hard	to	
get	for	many	patients,	especially	in	light	of	the	modest	benefits	
that	are	usually	seen.
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Effective	cough	typically	requires	a	PEmax	greater		
than	40	cm	H2O	to	compress	airways	and	generate	
sufficient	flow	velocities	within	the	tracheobronchial	tree	
to	clear	obstructing	secretions	or	aspirated	material.

Preventing	respiratory	complications	and	assessing	the	need	
for	ventilatory	assistance	are	central	in	caring	for	patients	with	
advancing	ALS.	Helpful	treatments	include	(1)	modification	of	
food	consistency	or	placement	of	feeding	tubes	in	patients	with	
marked	 bulbar	 dysfunction,	 (2)	 clearing	 of	 secretions	 with	
assisted	cough	techniques	or	postural	drainage,	and	(3)	ventila-
tory	assistance	with	positive	or	negative	pressure	devices.	Non-
invasive	 techniques	are	a	reasonable	option	for	many	patients	
and	 have	 been	 shown	 to	 slow	 the	 rate	 of	 pulmonary	 decline,	
improve	 symptoms,	 and	prolong	 survival.77	When	 these	 tech-
niques	no	longer	suffice,	many	patients	with	ALS	choose	not	to	
receive	 invasive	 mechanical	 ventilation	 and	 opt	 for	 palliative	
management	 at	 that	 point.	 However,	 many	 patients	 do	 desire	
invasive	 ventilatory	 support,	 and	 up	 to	 90%	 of	 such	 patients	
report	satisfaction	with	their	decision	and	would	choose	trache-
ostomy	and	ventilation	again	in	the	same	situation.78	Although	
overall	survival	with	ALS	is	poor,	prolonged	survival	of	venti-
lated	patients	has	been	reported.
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Spinal Cord Trauma
Approximately	 12,000	 new	 spinal	 cord	 injuries	 occur	 in	 the	
United	States	each	year,	and	55%	involve	the	cervical	spine.	The	
causes	 are	 varied,	 but	 the	 most	 common	 causes	 are	 motor	
vehicle	accidents,	falls,	violence,	and	sports.	Many	patients	with	
a	spine	injury	have	other	injuries	associated	with	their	trauma,	
including	25%	to	50%	with	traumatic	head	injury.81	Of	spinal	
cord	 injuries,	 5%	 to	 10%	 cause	 quadriplegia.	 Complete	 cord	
injury	 is	 associated	 with	 absent	 motor	 and	 sensory	 function	
below	 the	 level	 of	 injury,	 and	 the	 patient’s	 condition	 rarely	
improves.	Patients	with	 incomplete	 injury	have	residual	 func-
tion	and	tend	to	improve	to	varying	degrees.

The	respiratory	manifestations	of	spinal	cord	injury	depend	
on	the	level	of	injury	and	extent	of	damage.	Cervical	cord	in-
juries	can	be	functionally	divided	into	two	classes:	high	cervical	
cord	 lesions	 (C1-2)	 and	 middle	 to	 low	 cervical	 cord	 lesions	
(C3-8).	The	diaphragm	receives	 innervation	 from	nerve	roots	
exiting	 the	 spinal	 cord	 at	 levels	 C3-5.	 Complete	 injury	 above	
this	level	results	in	total	respiratory	muscle	paralysis	and	death,	
unless	urgent	intubation	and	ventilation	are	performed.	Injury	
to	the	cord	at	C3-5	can	severely	reduce	respiratory	strength,	as	
manifested	 by	 reductions	 in	 PEmax,	 PImax,	 FVC,	 and	 FEV1,	
consistent	with	a	restrictive	ventilatory	defect.	Patients	adopt	a	
rapid,	shallow	breathing	pattern	and	use	accessory	inspiratory	
muscles	(scalene	and	sternocleidomastoid	muscles)	unless	these	
muscles	 are	 also	 affected.	 Abdominal paradox	 (inward	 move-
ment	of	the	abdomen	while	the	thorax	expands)	is	the	hallmark	
of	 significant	 bilateral	 diaphragmatic	 weakness.	 Despite	 the	
serious	nature	of	injury	between	C3	and	C5,	80%	of	intubated	
patients	with	this	 lesion	can	ultimately	be	 liberated	from	me-
chanical	 ventilation.	 The	 muscles	 of	 expiration	 receive	 neural	
input	from	spinal	levels	T1-L1	and	are	predominantly	affected	
by	middle	to	low	cervical	cord	lesions.	This	condition	manifests	
as	a	marked	reduction	in	PEmax	compared	with	PImax	and	a	
diminished	or	absent	effective	cough.

The	 differential	 weakness	 of	 respective	 muscle	 groups	 in	
patients	 with	 neuromuscular	 weakness	 affects	 ventilatory	
capacity	in	the	supine	and	seated	positions.	Patients	with	pre-
dominantly	 diaphragmatic	 weakness	 have	 orthopnea	 and	 are	
most	comfortable	 in	 the	upright	 seated	position.	The	upright	
seated	position	favors	gravity-assisted	descent	of	the	diaphragm,	
which	 is	 less	 affected	 by	 the	 abdominal	 contents	 that	 shift	
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Patients	with	ALS	typically	need	psychologic	support	
because	of	the	progressive,	incurable	nature	of	their	
disease.	Care	providers	must	address	issues	such	as	
depression,	social	and	family	support	and	education,	
and	end-of-life	planning.	Because	end-of-life	
discussions	with	patients	can	be	uncomfortable	for	
care	providers,	many	avoid	them	and	assume	someone	
else	will	address	this	difficult	topic,	but	that	is	a	
disservice	to	patients	who	need	to	understand	and	
confront	issues	of	eventual	respiratory	failure	and	death	
from	their	disease.
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ALS	is	a	complex	and	devastating	disease	and	often	
requires	a	multidisciplinary	approach,	with	input	and	
active	participation	from	numerous	clinical	specialties,	
including	pulmonary,	neurology,	critical	care,	
gastroenterology,	palliative	medicine,	physical	therapy,	
occupational	therapy,	social	work,	home	nursing,	
psychiatry,	and	spiritual	care.

MINI CLINI
Respiratory Care of a Patient With 
Amyotrophic Lateral Sclerosis

PROBLEM:  A	57-year-old	practicing	attorney	with	a	diagno-
sis	of	ALS	for	2	years	has	a	tracheostomy	for	nocturnal	mechan-
ical	ventilation.	He	is	still	able	to	function	and	practice	law	in	
a	 specialized	 wheelchair	 and	 wants	 to	 maintain	 his	 indepen-
dence	and	professional	practice	as	long	as	possible.	What	mea-
sures	 can	 be	 offered	 to	 help	 him	 maintain	 his	 respiratory	
function,	avoid	exacerbations	that	could	lead	to	acute	respira-
tory	failure,	and	preserve	his	quality	of	life?

DISCUSSION:  Respiratory	 muscle	 failure	 can	 be	 influenced	
by	 many	 factors	 in	 addition	 to	 the	 primary	 neuromuscular	
disease.	These	additional	factors	can	be	significant	contributors	
to	a	patient’s	quality	of	life	or	progressive	decline	in	function,	
and	they	provide	additional	therapeutic	targets	for	care	provid-
ers	trying	to	maintain	a	patient’s	function	and	comfort.

Reduced	 lung	 compliance	 secondary	 to	 atelectasis	 or	
retained	secretions	can	greatly	increase	the	work	of	breathing	
for	weakened	muscles	and	worsen	gas	exchange.	Maneuvers	to	
recruit	collapsed	alveoli	and	augment	his	cough	to	clear	secre-
tions	 can	 counteract	 these	 factors.	 These	 maneuvers	 include	
chest	physiotherapy	and	mechanical	insufflation	and	exsuffla-
tion	devices.	 Increased	secretion	production	is	another	 factor	
in	many	patients’	illness,	which	can	be	managed	with	medica-
tions	such	as	atropine	or	amitriptyline.	In	some	cases,	salivary	
glands	are	treated	with	low-dose	radiation.	Patients	with	bulbar	
dysfunction	may	lose	additional	respiratory	muscle	strength	as	
a	result	of	poor	nutrition;	placement	of	a	percutaneous	endo-
scopic	gastrostomy	tube	for	nutrition	may	avoid	this	as	eating	
becomes	 more	 difficult.	 Keeping	 these	 additional	 aspects	 in	
mind	 allows	 a	 care	 provider	 to	 address	 them	 along	 with	 the	
primary	weakness,	and	 it	 is	 this	care	 in	many	cases	 that	pro-
longs	a	patient’s	ability	to	breathe	independently	and	function	
as	he	or	she	would	like.80
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The	timing	and	type	of	ventilatory	intervention	
(noninvasive	or	invasive)	in	the	care	of	patients	with	
ALS	are	the	subject	of	much	discussion.	General	
guidelines	for	considering	ventilatory	assistance79	
include	VC	less	than	50%	predicted,	orthopnea,	
maximal	sniff	nasal	inspiratory	force	more	negative	than	
−40	cm	H2O,	and	abnormal	nocturnal	oximetry.
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control	of	the	upper	airway	and	pharynx	(see	Chapter	15).	The	
pons	 and	 medulla,	 located	 in	 the	 brainstem,	 contain	 (1)	 che-
moreceptors	for	automatic	control	of	ventilation	in	response	to	
increasing	 pH	 and	 hypercapnia	 and	 (2)	 centers	 that	 generate	
and	 modify	 patterns	 of	 automatic	 ventilation	 in	 response	 to	
visceral	 and	 chemical	 afferent	 information	 (see	 Figure	 32-1).	
Both	stroke	and	TBI	can	lead	to	disordered	patterns	of	breath-
ing,	which	are	listed	in	Table	32-4,82-84	and	abnormalities	in	the	
lungs	 themselves,	 such	as	neurogenic	pulmonary	edema.	This	
section	describes	the	clinical	entities	of	stroke	and	TBI	and	their	
effects	on	the	respiratory	system.

Stroke
Stroke	 is	 a	 clinical	 syndrome	produced	by	acute	 interruption	
of	the	normal	blood	flow	to	an	area	of	the	brain.	The	result	is	
persistent	dysfunction	related	to	the	affected	structures.	Stroke	
can	be	thrombotic	(related	to	local	formation	of	a	clot),	embolic	
(related	to	a	clot	traveling	from	a	remote	place	in	the	body),	or	
hemorrhagic.	The	effect	of	a	stroke	on	respiration	depends	on	
which	of	the	control	elements	of	ventilation	are	damaged.

Strokes	 in	 the	 cerebral	 cortex	 can	produce	 decreased	 chest	
wall	 and	 diaphragmatic	 movement.	 Infarction	 in	 this	 area	
usually	 does	 not	 lead	 to	 significant	 alteration	 of	 ventilation.	
However,	the	patient	may	have	significant	impairment	of	speech	
and	 movement,	 including	 impairment	 of	 muscles	 that	 affect	
upper	 airway	 tone	 and	 control	 secretions.	 Swallowing	 is	 fre-
quently	 a	 problem,	 leading	 to	 aspiration	 or	 poor	 nutrition.	
Chronic	changes	in	pharyngeal	muscle	tone	can	lead	to	obstruc-
tive	 sleep	 apnea.	 Rarely,	 localized	 strokes	 lead	 to	 profound	
alterations	 of	 the	 respiratory	 system.	 These	 alterations	 often	
result	 from	 strokes	 in	 the	 midbrain	 and	 brainstem	 or	 from	
subarachnoid	hemorrhage.	They	often	resolve	or	improve	after	
the	acute	timeframe	of	the	stroke	(Table	32-4).

Therapy	 for	 stroke	 has	 evolved	 considerably.	 Previous	
therapy	 for	 thrombotic	 stroke	 was	 largely	 supportive.	 At	 the	
present	time,	early	use	of	thrombolytic	therapy	to	dissolve	the	
clot	 and	 restore	 circulation	 and	 function	 has	 been	 shown	 to	
improve	function	and	survival,	particularly	if	the	thrombolytic	
agent	is	given	less	than	3	hours	after	the	onset	of	symptoms.85,86	
More	recent	trials	also	have	shown	benefit	in	a	more	restricted	
patient	population	when	thrombolytic	therapy	was	given	in	the	
3-	 to	 4.5-hour	 time	 frame.87,88	 Physical	 therapy	 and	 occupa-
tional	therapy	continue	to	be	important	components	for	opti-
mizing	 function	 in	 the	 setting	 of	 residual	 deficit	 after	 stroke.	
Patients	with	substantial	impairment	of	speech	and	swallowing	
may	 be	 at	 risk	 for	 aspiration	 pneumonia.	 As	 in	 many	 cata-
strophic	 illnesses,	 stroke	 presents	 a	 complex	 set	 of	 problems,	
and	patients	do	best	when	managed	using	a	multidisciplinary	
approach	in	a	center	with	high	volumes	of	similar	patients	and	
well-developed	expertise.85,86

Traumatic Brain Injury
Traumatic brain injury	 (TBI)	 is	 a	 general	 term	 referring	 to	
numerous	 focal	 or	 diffuse	 lesions	 of	 the	 brain	 resulting	 from	
blunt	or	penetrating	 force.	 In	some	patients,	direct	 trauma	to	
the	 respiratory	 centers	 in	 the	 brain	 may	 cause	 the	 same	

caudally	(toward	the	bottom	of	the	patient’s	spine)	in	the	seated	
patient.

Recumbent	patients	with	bilateral	diaphragmatic	weakness	
accompanying	 spinal	 cord	 injury	 may	 display	 paradoxical	
breathing,	or	abdominal	paradox.	Observation	of	the	chest	and	
abdomen	of	patients	reveals	paradoxic	inward	movement	of	the	
abdomen	during	inspiration.	Conversely,	patients	with	expira-
tory	muscle	weakness	similar	to	that	produced	by	low	cervical	
cord	 injury	prefer	 the	 supine	position,	 in	which	 the	 tendency	
of	 the	 abdominal	 contents	 to	 move	 toward	 the	 head	 assists	
expiration	 in	 the	 absence	 of	 marked	 expiratory	 muscle	 tone.	
These	 physiologic	 principles	 form	 the	 basis	 for	 the	 use	 of	
“rocking	 beds”	 and	 pneumatic	 belt	 devices	 as	 ventilatory	
adjuncts	 in	 the	 care	 of	 patients	 with	 significant	 respiratory	
muscle	weakness.

MINI CLINI
Respiratory Dysfunction in Spinal  
Cord Injury

PROBLEM:  A	young	man	who	is	otherwise	healthy	falls	from	
a	ladder	and	transects	the	spinal	cord	at	the	level	of	C6.	Which	
muscles	of	the	respiratory	system	will	be	affected,	and	what	will	
be	the	effect?

DISCUSSION:  Transection	of	 the	 spinal	cord	at	 the	 level	of	
the	 sixth	 cervical	 vertebra	 paralyzes	 any	 muscle	 group	 that	
receives	 its	 innervation	 from	 nerve	 roots	 that	 exit	 the	 spinal	
vertebral	 canal	 below	 C6.	A	 review	 of	 the	 innervation	 of	 the	
major	muscles	of	inspiration	and	expiration	is	important:
Upper	airway,	tongue,	palate:	Cranial	nerves	IX,	X,	XI,	and	XII
C3-5:	Diaphragm
C4-8:	Shoulder	girdle	muscle	(scalenes)
T1-12:	Intercostal	muscles
T7-L1:	Abdominal	muscles

The	upper	airway,	tongue,	shoulder	girdle	muscles,	and	dia-
phragm	should	be	intact	in	this	patient’s	injury.	Maintenance	
of	intrathoracic	volume	depends	partly	on	continuous	activa-
tion	 of	 intercostal	 muscles,	 which	 stabilize	 and	 expand	 the	
thoracic	cage.	With	these	muscles	paralyzed,	expiratory	reserve	
volume	 decreases	 and	 normal	 activation	 of	 the	 diaphragm	
results	in	a	tendency	toward	inward	excursion	of	the	chest	wall	
and	loss	of	effective	volume.	Forceful	exhalation	and	the	devel-
opment	of	cough	depend	on	activation	of	abdominal	and	inter-
costal	muscle	groups,	both	of	which	are	paralyzed	in	this	injury.	
Although	he	has	an	intact	diaphragm,	this	patient	has	a	poor	
cough,	which	is	a	predisposing	factor	for	atelectasis,	pooling	of	
secretions,	 and	pneumonia.	Successful	management	of	 spinal	
cord	 injury	at	 this	 level	 includes	aggressive	postural	drainage	
and	percussion	(when	the	injury	has	been	stabilized)	and	pos-
sibly	assisted	cough	in	the	respiratory	care	regimen.

Disorders of the Brain

Traumatic	 brain	 injury	 (TBI),	 stroke,	 hemorrhage,	 and	 infec-
tion	 can	 lead	 to	 abnormality	 of	 respiration	 through	 various	
mechanisms.	The	motor	cortex	contains	voluntary	centers	for	
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pliant	thoracic	cage	with	free	excursion	throughout	the	respira-
tory	cycle.

Kyphoscoliosis

Kyphosis	is	posterior	angulation	of	the	thoracic	cage.	Scoliosis	is	
lateral	curvature	of	the	spine	(Figure	32-8).	These	two	deformi-
ties	often	occur	together	(called	kyphoscoliosis)	as	a	result	of	
the	compensatory	effects	of	the	spine	in	response	to	the	primary	
lateral	curve	in	scoliosis.

Scoliosis	 is	 typically	 noticed	 during	 childhood	 and	 pro-
gresses	 during	 adolescence,	 although	 idiopathic	 adult	 kypho-
scoliosis	has	been	reported.	The	degree	of	scoliosis	is	measured	
by	the	Cobb angle,	which	is	determined	by	the	 intersection	of	
lines	drawn	between	the	upper	and	lower	limbs	of	the	primary	
curve	 in	 scoliosis	 (Figure	 32-9).	 Severe	 kyphoscoliosis	 (Cobb	

TABLE 32-4 

Abnormal Respiratory Patterns Associated With Stroke

Pattern Definition

Cheyne-Stokes respiration Common	abnormal	pattern	characterized	by	crescendo-decrescendo	breathing	force	and	tidal	volume;	it	is	
not	specific	for	stroke	and	is	more	commonly	the	result	of	cardiopulmonary	disease

Periodic breathing Similar	to	Cheyne-Stokes	but	with	complete	central	apneas	in	between	periods	of	crescendo-decrescendo	
breathing;	it	is	seen	in	25%	of	acute	strokes,	especially	in	patients	with	subarachnoid	hemorrhage

Gasping Very	short	inspiration,	often	involving	contraction	of	accessory	muscles,	with	long	expiratory	phase;	it	often	
heralds	impending	respiratory	failure

Ataxic breathing Irregularly	irregular	respiratory	rate	and	tidal	volumes;	it	nearly	always	means	a	medullary	stroke	or	lesion;	it	
is	not	the	sign	of	a	poor	prognosis

Apneustic breathing Very	long	inspiratory	phase	(several	seconds),	then	brief,	rapid	exhalation	followed	by	a	respiratory	pause;	
it	is	usually	associated	with	bulbar	dysfunction	with	difficulty	protecting	airway	from	secretions,	so	usually	
requires	intubation,	and	may	be	difficult	to	wean	from	ventilator

Central neurogenic 
hyperventilation

Rapid	deep	breaths	resulting	in	hypocapnia;	other	causes	of	hyperventilation	must	be	ruled	out,	but	if	so,	
this	pattern	signifies	a	poor	prognosis

Apnea Unusual	in	strokes	except	in	brain	death;	prognosis	is	generally	poor
Ondine curse Apnea	during	sleep	with	normal	respiration	while	awake;	it	is	treated	with	mechanical	ventilation	during	

sleep	only;	some	patients	improve	and	no	longer	need	ventilatory	support

Data	from	North	JB,	Jennett	S:	Abnormal	breathing	patterns	associated	with	acute	brain	damage.	Arch	Neurol	31:338-344,	1974;	Lee	MC,	Klassen	AC,	Resch	
JA:	Respiratory	pattern	disturbances	in	ischemic	cerebral	vascular	disease.	Stroke	5:612-616,	1974;	Frank	JI:	Abnormal	breathing	patterns.	In:	Hanley	DC,	
Einhaupl	KM,	Bleck	TP,	et	al,	editors:	Neurocritical	care,	Heidelberg,	1994,	Springer-Verlag.

FIGURE 32-8	 Frontal	and	lateral	chest	radiograph	views	of	the	same	patient,	showing	severe	scoliosis	and	kyphosis.	

abnormalities	of	ventilation	as	strokes	(mentioned	previously);	
TBI	also	can	lead	to	secondary	effects	on	the	respiratory	system,	
such	 as	 neurogenic	 pulmonary	 edema	 and	 hypersecretion	 of	
mucus,	 leading	 to	 hypoxemia	 and	 respiratory	 insufficiency	
through	mechanisms	other	than	muscular	weakness.	There	may	
be	other	injuries	in	patients	with	TBI	that	affect	the	respiratory	
system,	such	as	spinal	cord	injury	or	rib	fractures,	or	there	may	
be	 factors	 that	helped	 lead	to	 the	 injury,	which	may	 indepen-
dently	 affect	 breathing,	 such	 as	 intoxication	 or	 underlying	
illness.

DISORDERS OF THE THORACIC CAGE

The	thoracic	cage	contains	the	lungs	and	supports	the	muscles	
of	respiration.	Normal	ventilatory	mechanics	depend	on	a	com-
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normal.	 Fixation	 prevents	 complications	 resulting	 from	 pro-
gressive	curvature,	loss	of	compliance,	and	subsequent	ventila-
tory	dysfunction.	Few	options	are	available	to	restore	pulmonary	
function	 to	 older	 patients	 with	 established	 kyphoscoliosis.	
Surgery	 to	 correct	 the	 deformity	 can	 be	 undertaken,	 but	 this	
treatment	 generally	 does	 not	 improve	 pulmonary	 function.91	
Better	long-term	results	are	seen	when	surgery	or	brace	therapy	
to	correct	the	angulation	is	undertaken	in	adolescence.92

Both	noninvasive	and	invasive	ventilation	are	used	in	some	
patients	with	severe	kyphoscoliosis,	with	improvement	in	blood	
gas	values,	respiratory	muscle	strength,	symptoms	of	dyspnea,93	
and	 exercise	 capacity.94	 Both	 negative	 pressure95	 and	 positive	
pressure96	 ventilation	 have	 been	 used	 to	 stabilize	 respiratory	
function	in	patients	with	severe	kyphoscoliosis.

Flail Chest

Flail chest	is	defined	in	different	ways	but	occurs	as	a	result	of	
multiple	rib	fractures	that	cause	a	portion	of	the	chest	wall	to	
become	free-floating.	The	destabilized	segment	of	the	thoracic	
cage	exhibits	paradoxical motion	during	the	respiratory	cycle,	
bowing	 out	 with	 expiration	 and	 collapsing	 inward	 during		
a	 spontaneous	 breath.	 The	 movement	 is	 associated	 with	 a	
decreased	pressure	gradient	to	drive	inspiration	and	expiration	
and	 can	 result	 in	 respiratory	 failure.	 Flail	 chest	 frequently	 is	
accompanied	 by	 other	 pulmonary	 injuries	 as	 a	 result	 of	 the	
mechanism	of	injury	and	the	force	required	to	fracture	multiple	
ribs.	 Pulmonary	 contusion,	 hemothorax,	 and	 pneumothorax	
are	 frequently	associated	with	flail	 chest	 and	often	necessitate	
urgent	 or	 emergency	 treatment	 in	 the	 trauma	 patient.97	 Flail	
chest	 is	 managed	 by	 controlling	 pain	 and	 by	 PPV	 until	 the	
fractured	ribs	heal.

Ankylosing Spondylitis

Ankylosing spondylitis	is	a	rheumatologic	disease	that	affects	
the	 spine	and	 thoracic	cage.	Chronic	 joint	 inflammation	ulti-
mately	leads	to	fusion	of	the	vertebral	bodies	and	the	costover-
tebral	 joints	 (sometimes	 called	 a	 “bamboo	 spine”),	 typically	
leading	to	severe	kyphosis	and	a	dramatic	decrease	in	thoracic	
cage	compliance.	Because	diaphragmatic	movement	is	retained,	
TLC	and	VC	are	only	slightly	reduced.	The	most	severe	respira-
tory	consequence	is	parenchymal	lung	disease,	which	occurs	in	
approximately	10%	of	patients	with	ankylosing	 spondylitis	 in	
the	 form	 of	 apical	 fibrocystic	 changes	 that	 can	 decrease	 gas	
exchange	and	often	provide	a	location	for	infection,	especially	
fungal	infection.98

THE ROLE OF RESPIRATORY 
THERAPISTS IN CARING FOR 
PATIENTS WITH NEUROMUSCULAR 
WEAKNESS AND OTHER DISEASES 
OF THE CHEST WALL

Many	of	the	diseases	discussed	in	this	chapter	are	chronic,	pro-
gressive	 conditions	 that	 evolve	 into	 respiratory	 failure	 over	
time.	 Optimal	 management	 depends	 on	 the	 degree,	 rate,	 and	
specific	 manifestations	 of	 the	 disease	 process,	 and	 there	 is	

angle	>	90	to	100	degrees)	can	lead	to	hypoventilation,	hyper-
capnia,	 and,	 if	untreated,	 complications	of	pulmonary	hyper-
tension.	However,	the	degree	of	pulmonary	dysfunction	cannot	
be	 predicted	 from	 the	 Cobb	 angle	 alone.89,90	 Respiratory	 dys-
function	 is	 probably	 multifactorial	 in	 most	 patients.	 Compli-
ance	 of	 the	 chest	 wall	 and	 lung	 is	 decreased	 in	 patients	 with	
significant	kyphoscoliosis.	The	result	is	a	restrictive	ventilatory	
defect	 with	 decreased	 TLC	 and	 VC	 in	 pulmonary	 function	
testing.	Maximal	transdiaphragmatic	pressure	also	is	decreased,	
a	sign	of	impaired	diaphragmatic	function	in	the	pathogenesis	
of	respiratory	dysfunction	in	severe	kyphoscoliosis.

Anterior	or	posterior	spinal	fixation	can	stabilize	kyphosco-
liosis	and	restore	the	thoracic	curvature	to	a	condition	close	to	

FIGURE 32-9	 Scoliosis	is	lateral	curvature	of	the	spine.	The	
degree	of	scoliosis	is	measured	by	the	Cobb	angle,	which	is	
determined	by	the	intersection	of	lines	drawn	between	the	upper	
and	lower	limbs	of	the	primary	curve	in	scoliosis.	Respiratory	
insufficiency	rarely	occurs	until	the	Cobb	angle	exceeds	90	to	100	
degrees.	(Modified	from	Fishman	AP:	Acute	respiratory	failure.	In	
Fishman	AP,	editor:	Pulmonary	disease,	New	York,	1992,	McGraw-
Hill,	p	2300.)

90



 Neuromuscular and Other Diseases of the Chest Wall • CHAPTER 32 667

considerable	 variability.	 Physicians,	 nurses,	 and	 respiratory	
therapists	(RTs)	caring	for	these	patients	must	be	familiar	with	
the	 course	 and	 symptoms	 of	 this	 progression,	 so	 they	 can	
provide	 appropriate	 diagnostic	 testing	 and	 therapy	 at	 the		
right	time.

RTs	with	expertise	in	caring	for	these	patients	can	be	essen-
tial	 to	 their	 care.	 Many	 patients	 require	 close	 monitoring	 of	
their	 respiratory	 symptoms	 and	 function,	 and	 these	 results	
must	be	reliable	and	consistent,	because	decisions	such	as	when	
to	begin	a	new	 supportive	 therapy	 may	 rely	heavily	 on	 them.	
Maneuvers	 such	as	 spirometry	and	maximal	 respiratory	pres-
sures,	as	well	as	the	use	of	respiratory	devices	such	as	noninva-
sive	ventilation	and	cough	assist	technology	require	explanation,	
education,	 reinforcement,	 and	 troubleshooting.	 Without	 this	
kind	of	supervision	and	support,	many	patients	will	use	 their	
devices	improperly	or	not	at	all,	which	will	be	of	no	benefit	to	
them	and	may	lead	to	the	inaccurate	conclusion	that	the	thera-
pies	have	failed.

Neuromuscular	 diseases	 also	 carry	 with	 them	 the	 burdens	
common	to	many	chronic	and	progressive	diseases,	 including	
depression	and	other	psychological	burdens.	Respiratory	thera-
pists	involved	in	the	care	of	these	patients	can	provide	longitu-
dinal	 support,	 including	 encouragement	 to	 not	 give	 up	 on	
therapies	that	may	be	effective	and	perspective	when	there	are	
still	 additional	 measures	 that	 can	 be	 added	 to	 improve	 the	
patient’s	quality	of	life.	The	more	familiar	an	RT	is	with	specific	
disease	entities	as	well	as	the	diagnostic	and	therapeutic	options,	
the	better	they	can	help	patients	understand	and	cope	with	their	
chronic	diseases.

SUMMARY CHECKLIST

◗	The	components	of	the	neuromuscular	system	that	affect	
respiration	include	the	brain	(especially	respiratory	centers	
in	the	brainstem),	the	nerves	(the	phrenic	nerve	supplying	
the	diaphragm,	the	intercostal	nerves	supplying	many	of	
the	other	respiratory	muscles,	and	the	bulbar	muscles	
coordinating	the	throat),	the	neuromuscular	junction,	and	
the	muscles	of	inspiration,	expiration,	and	upper	airway	
control.

◗	Respiratory	muscle	weakness	or	ventilatory	failure	is	often	
the	most	important	clinical	dysfunction	for	many	patients	
with	neuromuscular	diseases.

◗	Other	effects	of	neuromuscular	disease	on	the	respiratory	
system	include	hyperventilation	or	hypoventilation,	sleep	
apnea,	aspiration,	atelectasis,	pulmonary	hypertension,	
and	cor	pulmonale.

◗	Signs	and	symptoms	that	may	indicate	weakness	of	the	
respiratory	muscles	include	exertional	dyspnea,	orthopnea,	
decreased	volume	of	voice,	weak	or	ineffective	cough,	
accessory	muscle	use,	and	paradoxical	breathing	pattern	
(abdominal	paradox).

◗	Pulmonary	function	abnormalities	in	patients	with	
inspiratory	muscle	weakness	typically	include	decreases	in	
PImax,	TLC,	VC,	and	FEV1.	Residual	volume	can	be	
increased.	There	often	is	an	abnormally	large	decrease	in	
FVC	and	FEV1	(30%	to	50%)	when	patients	repeat	testing	

in	the	supine	position,	compared	to	the	seated	position.	
Diffusing	capacity	corrected	for	alveolar	volume	typically	is	
normal.

◗	Common	neuromuscular	disorders	that	cause	respiratory	
compromise	include	ALS,	myotonic	dystrophy,	spinal	cord	
injury,	GBS,	Duchenne	muscular	dystrophy,	and	MG.

◗	Cervical	spine	injury	above	the	C3	level	results	in	complete	
paralysis	of	the	respiratory	muscles	and	necessitates	
emergency	mechanical	ventilation.	Cervical	spine	injury	
below	C5	leads	to	weakness	of	the	expiratory	muscles	
with	decreased	ability	to	cough	and	clear	secretions.

◗	Unilateral	diaphragmatic	paralysis	resulting	from	phrenic	
nerve	damage	usually	is	asymptomatic	and	is	associated	
with	minor	reductions	in	respiratory	function	in	an	
otherwise	healthy	patient.

◗	Scoliosis	is	abnormal	lateral	curvature	of	the	spine.	
Respiratory	insufficiency	can	occur	if	the	curve	is	severe.

◗	Flail	chest	typically	results	from	trauma	to	the	chest.	
Multiple	fractures	of	adjacent	ribs	produce	a	free-floating	
segment	of	the	thoracic	cage,	which	displays	paradoxical	
excursion	during	the	respiratory	cycle.	Flail	chest	often	is	
associated	with	serious	damage	to	the	lungs,	heart,	or	
great	vessels.	Respiratory	insufficiency	in	patients	with	flail	
chest	can	occur	through	numerous	mechanisms.
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Disorders of Sleep

EUHAN JOHN LEE AND PATRICK J. STROLLO, JR.

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Define	obstructive	sleep	apnea	(OSA).
◆	 Identify	why	airway	closure	occurs	only	during	sleep.
◆	 State	the	long-term	consequences	of	uncontrolled	OSA.
◆	 State	how	a	diagnosis	of	OSA	is	made.
◆	 Identify	what	groups	of	patients	are	at	particular	risk	for	OSA.
◆	 State	the	treatments	available	for	patients	with	OSA.
◆	 Describe	how	continuous	positive	airway	pressure	(CPAP)	works.
◆	 Identify	problems	associated	with	CPAP.
◆	 Determine	when	bilevel	pressure	is	useful	in	the	treatment	of	OSA.
◆	 Define	“auto-titrating”	CPAP.
◆	 Identify	the	surgical	alternatives	for	patients	with	severe	OSA.

CHAPTER OUTLINE

Pathophysiology
Obstructive	Sleep	Apnea
Central	Sleep	Apnea
Overlap	Syndrome
Hypoventilation	syndromes

Clinical Features
Screening Questionnaires
Laboratory Testing
Treatment

Behavioral	Interventions	and	Risk	Counseling
Positional	Therapy
Medical	Interventions
Oral	Appliances
Medications
Surgical	Interventions
Additional	Therapies

Role of the Respiratory Therapist in Disorders of 
Sleep

KEY TERMS

bilevel	positive	airway	pressure
central	sleep	apnea
continuous	positive	airway	pressure

excessive	daytime	sleepiness
obesity	hypoventilation
obstructive	sleep	apnea

sleep-disordered	breathing
uvulopalatopharyngoplasty
upper	airway	stimulation

O bstructive sleep apnea (OSA) syndrome is a common 
clinical problem that is underdiagnosed.1 It is esti-
mated that approximately 2% to 4% of adults have 

OSA.2 This prevalence is equivalent to those of asthma and 
diabetes in the general population. The spectrum of disease 
ranges from sleep disruption related to increased airway resis-
tance to profound daytime sleepiness in conjunction with 
severe oxyhemoglobin desaturation, pulmonary hypertension, 
and right heart failure. The common feature in all variants of 

OSA syndrome is sleep disruption secondary to increased ven-
tilatory effort that results in increased daytime sleepiness (or 
hypersomnolence) (Figure 33-1).3 Treatment decreases mor-
bidity and mortality.

Sleep apnea is defined as repeated episodes of complete ces-
sation of airflow for 10 seconds or longer. The events can be 
obstructive (caused by upper airway closure) or central (caused 
by lack of ventilatory effort). Primary central nervous system 
lesions, stroke, congestive heart failure, and high-altitude 
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ration.6 Most investigators agree that physiologically significant 
hypopnea is associated with a decrease in O2 saturation (SaO2) 
and/or arousal from sleep.7

Respiratory therapists (RTs) are likely to encounter both 
OSA and CSA when treating patients. OSA is the most com-
monly encountered type of sleep apnea and is underdiagnosed 
by health professionals; therefore the focus of this chapter  
is on the pathophysiology and management of the variants  
of OSA.

hypoxemia can diminish respiratory control and cause central 
apnea events.3 Central sleep apnea (CSA) is not as common as 
OSA. Only 10% to 15% of patients with sleep-disordered 
breathing are classified as having CSA.4 Mixed sleep apnea has 
an initial central component followed by an obstructive com-
ponent (Figure 33-2).

Hypopnea is a significant decrease in breathing without com-
plete cessation of airflow.5 Hypopnea is defined as a 30% 
decrease in airflow in conjunction with 4% oxygen (O2) desatu-

FIGURE 33-1	 Spectrum	of	sleep-related	upper	airway	obstruction.	A,	Obstructive	sleep	apnea.	These	events	are	defined	as	cessation	of	
airflow	for	10	seconds	or	longer.	Paradoxical	movement	of	the	rib	cage	and	abdomen	in	response	to	the	closed	airway	occurs.	Ventilatory	
effort,	measured	with	an	esophageal	pressure	balloon,	usually	increases	until	a	threshold	is	reached	that	triggers	a	brief	arousal	seen	on		
the	electroencephalogram	(EEG),	and	airway	opening	occurs.	Oxyhemoglobin	desaturation	usually	accompanies	the	event.	B,	Obstructive	
hypopnea.	These	events	have	been	defined	as	a	reduction	of	airflow	by	30%	to	50%	for	10	seconds	or	longer.	Paradoxical	movement	of	
the	rib	cage	and	abdomen	in	response	to	the	narrowed	airway	occurs.	Ventilatory	effort,	measured	with	an	esophageal	pressure	balloon,	
usually	increases	until	a	threshold	is	reached	that	triggers	a	brief	arousal	seen	on	the	EEG,	and	complete	airway	opening	occurs.	
Oxyhemoglobin	desaturation	usually	accompanies	the	event	and	usually	is	of	a	lesser	degree	than	occurs	with	apnea.	C,	Respiratory	
effort–related	arousals.	These	events	are	characterized	by	no	discernible	reduction	in	airflow.	Subtle	paradoxical	movement	of	the	rib		
cage	and	abdomen	in	response	to	narrowing	of	the	airway	may	occur.	As	in	apnea	and	hypopnea,	ventilatory	effort,	measured	with	an	
esophageal	pressure	balloon,	usually	increases	until	a	threshold	is	reached	that	triggers	a	brief	arousal	seen	on	the	EEG,	and	complete	
airway	opening	occurs.	By	definition,	no	oxyhemoglobin	desaturation	is	associated	with	the	event.	
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unstable upper airway, narrowing and closure during sleep fre-
quently involves multiple sites.10

Partial or complete closure of the upper airway during sleep 
is associated with a number of serious neurobehavioral, meta-
bolic, and cardiopulmonary consequences (Box 33-1). Com-
pared with the general population, patients with untreated OSA 
have an increased risk for systemic and pulmonary hyperten-
sion, stroke, nocturnal arrhythmia, heart failure, and myocar-
dial infarction.11,12 The repetitive cycle of upper airway closure 
and opening during sleep is believed to have effects on the 
autonomic nervous system—specifically, an increase in sympa-
thetic tone.13 These effects are caused in part by recurrent 

PATHOPHYSIOLOGY

Obstructive Sleep Apnea

The primary cause of OSA is a small or unstable pharyngeal 
airway. This condition can be caused by soft tissue factors, such 
as upper body obesity or tonsillar hypertrophy (rare in adults), 
and skeletal factors, such as a small or recessed chin.8 During 
the waking state, pharyngeal patency is maintained by increased 
activity of the upper airway dilator muscles. Sleep onset is asso-
ciated with a decrease in the activity of these muscles. The result 
is airway narrowing or closure of airways that are at risk.9 In an 

FIGURE 33-2	 Central	sleep	apnea	(CSA)	and	mixed	sleep	apnea.	A,	CSA.	These	events	are	defined	as	cessation	of	airflow	for	10	
seconds	or	longer.	Compared	with	the	events	of	obstructive	sleep	apnea	(OSA),	no	movement	of	the	rib	cage	or	abdomen	is	present	and	
the	airway	remains	open.	During	an	apneic	event,	there	is	a	lack	of	ventilatory	effort,	measured	with	an	esophageal	pressure	balloon.	A		
brief	arousal	on	the	electroencephalogram	(EEG)	is	associated	with	a	maximal	ventilatory	effort	that	usually	follows	the	episode	of	apnea.	
Oxyhemoglobin	desaturation	may	be	associated	with	the	event.	B,	Mixed	sleep	apnea.	These	events	have	characteristics	of	both	CSA	and	
OSA.	They	are	10	seconds	or	longer	in	duration,	and	the	central	portion	precedes	the	obstructive	component.	As	with	other	sleep-related	
upper	airway	obstructive	events,	termination	of	the	event	is	characterized	by	a	maximal	ventilatory	effort	and	is	associated	with	brief	arousal	
on	the	EEG.	Mixed	sleep	apnea	usually	is	associated	with	oxyhemoglobin	desaturation.	
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Patients have a ventilatory pattern known as periodic breathing, 
in which there is a waxing and waning of respiratory drive, 
which is reflected clinically as an increase and then a decrease 
in respiratory rate and tidal volume (VT). Cheyne-Stokes respi-
ration, which often occurs in patients with congestive heart 
failure or stroke, is a severe type of periodic breathing charac-
terized by a crescendo-decrescendo pattern of hyperpnea alter-
nating with apnea. After apnea occurs, there may be an increase 
in central ventilatory drive and an increase in VT.

3

Overlap Syndrome

Some patients with chronic obstructive pulmonary disease 
(COPD) have coexisting OSA. This combination is referred to 
as overlap syndrome.20 Patients are usually obese and have a 
history of smoking. They have moderate to severe nocturnal 
oxyhemoglobin desaturation secondary to both OSA and 
COPD. The worst desaturation values occur during rapid eye 
movement (REM) sleep and are related to the loss of accessory 
muscle use encountered in this physiologic state. Patients with 
overlap syndrome tend to have a worse prognosis and more 
severe blood gas abnormalities than patients with the same 
degree of OSA but without COPD.20 they may arrive in the 
intensive care unit with a “COPD exacerbation” and decompen-
sated right heart failure. Undiagnosed OSA complicates the 
course at night with arousals, increased dyspnea, and O2 desatu-
ration values resistant to supplemental O2.

20

Hypoventilation Syndromes

In addition to OSA and CSA, chronic hypoventilation syn-
dromes are increasingly being recognized.21, 22 Patients with 
neuromuscular disorders such as amyotrophic lateral sclerosis 
(ALS) or muscular dystrophy, obesity hypoventilation syn-
drome, and spinal cord injury with diaphragm dysfunction may 
have underlying restrictive lung physiology. These patients may 
benefit from early detection of sleep-related hypoventilation. 
Treatment with nocturnal noninvasive ventilation may result in 
improved breathing during sleep, as well as better daytime 
energy and quality of life.21, 22 Alternative therapies such as 
placement of a diaphragm pacer also may benefit a select subset 
of these patients.23

CLINICAL FEATURES

Patients with sleep apnea are more commonly men (three times 
greater frequency than among women), are older than 40 years, 
and have hypertension (Box 33-2). Most patients with sleep 
apnea report habitual snoring that has become progressively 
worse.2, 24 Sensations of nocturnal choking, gasping, or resusci-
tative snorting are frequently reported. If a bed partner observes 
periods of apnea, the diagnosis of OSA is highly likely.

The presence of excessive daytime sleepiness (EDS) may be 
underestimated because OSA manifests in a subacute manner. 
As a result, patients with OSA may report symptoms of fatigue 
alone. These patients also frequently report nocturnal reflux, 
nocturia, chronic nasal congestion, morning headaches, and 
symptoms of depression.

episodes of hypoxemia and hypercapnia that are due to airway 
closure and hypoventilation that can occur throughout the 
night in patients with OSA. The arousals and microarousals 
during sleep also play an important role in the increase in sym-
pathetic tone.13 Over time, increased sympathetic tone may 
result in systemic hypertension and modest pulmonary hyper-
tension.14 Patients with OSA may develop right ventricular 
hypertrophy and right heart failure if they are not treated.15,16

Obesity, especially of the upper body, has been found to cor-
relate positively with the presence of OSA. In most instances, 
patients with OSA are obese with a large amount of peripha-
ryngeal adipose tissue along with adipose tissue in the neck.17 
A body mass index greater than 28 (>120% of ideal body weight 
normalized for height) should alert the practitioner to the pos-
sibility of OSA, particularly if the patient has excessive daytime 
sleepiness.2

Patients who are of normal body weight can be predisposed 
to OSA if they have an abnormal craniofacial configuration. 
Men may grow a beard to disguise such a craniofacial abnor-
mality. If the chin is recessed (retrognathic) or small (micro-
gnathic), the upper airway space may be narrow, and the risk 
for airway closure during sleep increases.2, 8, 14 Patients with a 
deviated nasal septum or trauma to the nasal passages may be 
predisposed to upper airway closure during sleep as a result of 
the increased resistive load to the upper airway. An isolated 
nasal abnormality is an unusual cause of OSA.

OSA also can have a genetic predisposition.18 There have 
been reports of families in which obesity alone does not explain 
the increased prevalence of OSA.19 It has been postulated that 
craniofacial abnormalities and defects in ventilatory control 
explain the increased frequency of OSA in these families.

Central Sleep Apnea

Although a detailed discussion of the pathophysiology of CSA 
is beyond the scope of this chapter, several concepts are impor-
tant to RTs. In contrast to OSA, which represents a spectrum of 
the same disease, CSA is a heterogeneous group of disorders. 

 Box 33-1 Adverse Consequences of 
Obstructive Sleep Apnea

CARDIOPULMONARY
•	 Nocturnal	arrhythmia
•	 Diurnal	hypertension
•	 Pulmonary	hypertension
•	 Right	or	left	ventricular	failure
•	 Myocardial	infarction
•	 Stroke

NEUROBEHAVIORAL
•	 Excessive	daytime	sleepiness
•	 Diminished	quality	of	life
•	 Adverse	personality	change
•	 Motor	vehicle	accidents

METABOLIC
•	 Insulin	resistance
•	 Altered	lipid	metabolism
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known OSA are frequently not placed on continuous positive 
airway pressure (CPAP) while in the hospital or may require a 
temporary adjustment in pressure settings.53 Patients who are 
unstable for testing in a sleep laboratory can undergo portable 
bedside testing or empiric treatment with positive pressure if 
the diagnosis cannot be confirmed.54 Outpatient follow-up with 
confirmatory sleep evaluation is important for long-term treat-
ment and compliance.

SCREENING QUESTIONNAIRES

An initial history and physical examination may be inadequate 
for identifying OSA. Several screening questionnaires have been 
developed to aid in rapidly identifying individuals with OSA. 
In general, screening questionnaires have good sensitivity but 
limited specificity for diagnosis of OSA. The Berlin Question-
naire, the American Society for Anesthesiology (ASA) screening 
questionnaire, and the Sleep Apnea Clinical Score (SACS) have 
been validated for use as screening for OSA.48-50 The STOP-
BANG has been used commonly because of simplicity and ease 
of use, particularly in patients undergoing elective surgery50 
(Box 33-3). However useful and suggestive these questionnaires 
may be, a diagnostic sleep study remains the gold standard for 
diagnosing OSA.

LABORATORY TESTING

When sleep apnea is suspected, an overnight polysomnogram 
(PSG) should be obtained to confirm the clinical diagnosis. A 
full-night PSG in the sleep laboratory monitored by a sleep 
technologist is considered the standard method for diagnos-
ing OSA.

In a laboratory sleep study, several physiologic signals are 
recorded to determine whether airway closure occurs during 
sleep and to what extent the events disturb sleep continuity and 
cardiopulmonary function. An electroencephalogram (EEG), 
electrooculogram (EOG), and chin electromyogram (EMG) are 
obtained for assessment of sleep stage and documentation of 
sleep disruption secondary to sleep-related breathing distur-
bance. Airflow (measured at the nose and mouth), ventilatory 

Patients with OSA have arousals from sleep and sleep frag-
mentation, which can lead to fatigue, EDS, and irritability.25 
Patients who have an increased frequency of awakenings and 
microarousal have more daytime sleepiness and greater diffi-
culty with daytime functioning than the general population.26 
Patients with OSA may have neuropsychologic deficits and 
impaired vigilance.27 Compared with the general population, 
untreated OSA patients are at increased risk for motor vehicle 
accidents because of EDS.28-30

The physical examination of most patients reveals evidence 
of obesity, particularly in the upper body. Upper body obesity 
can be quantitated with neck size. A neck circumference of 
42 cm (16.5 inches) in men increases the likelihood of the diag-
nosis of sleep apnea.14 Examination of the oropharynx fre-
quently reveals a long soft palate. Although tonsillar hypertrophy 
is common in children with sleep apnea, it is seldom found in 
adults. Large palatine tonsils may increase the risk for airway 
closure during sleep. A retrognathic or micrognathic mandible 
can narrow the pharyngeal airway, placing a patient of normal 
weight at risk for airway closure during sleep.8

The cardiovascular examination may reveal evidence of pul-
monary hypertension or right heart failure (lower extremity 
edema).31,32 These findings are determined primarily by the 
hypoxic burden experienced by the patient. Pulmonary hyper-
tension or right heart failure is more commonly encountered 
in patients with concomitant daytime hypoxemia. Patients with 
OSA and COPD or severe obesity (body mass index > 40) 
appear to be at particular risk for this complication.33 Recurrent 
moderate to severe oxyhemoglobin desaturation secondary to 
OSA can be associated with an increased incidence of cardiac 
arrhythmias.34,35 Repeated nocturnal desaturation also can 
cause secondary polycythemia.14,36

OSA and poor sleep quality are also associated with the 
metabolic syndrome independent of obesity.37,38 The metabolic 
syndrome includes three of the following: waist circumference 
102 cm or greater in men or 88 cm or greater in women, hyper-
tension, impaired glucose tolerance, insulin resistance, and 
elevated triglycerides.39,40 These interactions also can increase a 
patient’s cardiac risks and are associated with increased mor-
bidity and mortality from cardiovascular disease.12,41

In the acute care setting, patients who present with previ-
ously undiagnosed OSA can pose a particular challenge for 
diagnosis and management.42-44 A high clinical suspicion for 
OSA in hospitalized patients is necessary because untreated or 
unrecognized OSA can complicate recovery from acute illness, 
trauma, heart failure, and recent surgery.45-52 Patients with 

	

RULE OF THUMB

Untreated	OSA	can	cause	daytime	hypoxemia.	The	
diagnosis	of	OSA	should	be	considered	when	the	
degree	of	hypoxemia	is	out	of	proportion	to	the	defect	
on	pulmonary	spirometry.	When	the	arterial	partial	
pressure	of	O2	is	less	than	60	mm	Hg	but	the	FEV1	
is	greater	than	30%	of	predicted,	COPD	alone	is	
inadequate	to	explain	the	hypoxemia	and	coexisting	
OSA	should	be	considered.	OSA	in	this	setting	is	
frequently	associated	with	pulmonary	hypertension	and	
evidence	of	right	heart	failure	on	physical	examination.	
Hypoxemia,	pulmonary	hypertension,	and	right	heart	
failure	can	be	substantially	improved	with	management	
of	OSA.	If	the	patient	adheres	to	therapy,	the	need	for	
supplemental	O2	may	be	reduced	or	eliminated.

 Box 33-2 Common Clinical Features of 
Obstructive Sleep Apnea

•	 Male
•	 Age	greater	than	40	years
•	 Upper	body	obesity	(neck	>16.5	inches)
•	 Habitual	snoring
•	 Fatigue	or	daytime	sleepiness
•	 Diurnal	hypertension
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a desaturation or arousal, B; expired carbon dioxide (CO2), D; 
and thermal sensors, D. A face mask pneumotachygraph allows 
the greatest precision in measuring airflow, but it is poorly 
tolerated. Nasal pressure is a reliable way to detect hypopnea 
and is well tolerated by patients undergoing a diagnostic PSG.5,57

After the sleep study is completed, the sleep technologist 
scores it. The number of apneas and hypopneas per hour of 
sleep are reported as an apnea-hypopnea index (AHI) or respi-
ratory disturbance index (RDI). The AASM has operationally 
defined the severity of OSA as follows: mild, AHI 5 to 15; mod-
erate, AHI 15 to 30; and severe, AHI greater than 30. AHI less 
than 5 is considered within the normal range for adults. The 
number of arousals per hour (arousal index), percentage of 
each sleep stage, frequency of SaO2, mean SaO2, and nadir of 
SaO2 also are reported (Box 33-4).

effort (using inductive plethysmography or piezoelectric belts), 
cardiac rhythm (with a modified lead II electrocardiogram 
[ECG]), and SaO2 (measured with pulse oximetry) are included 
in the standard testing montage.

In obstructive apnea or hypopnea, airflow is absent or 
decreased in the presence of continued ventilatory effort. Asyn-
chronous (paradoxical) movement of the abdomen and rib cage 
can be observed. O2 desaturation may or may not occur. The 
degree of the O2 desaturation depends on the length of the 
apneic event or the patient’s baseline saturation (see Figure 
33-1). Respiratory effort–related arousals are characterized by 
increased respiratory effort, leading to arousal from sleep that 
does not meet the criterion of an apneic or a hypopneic event 
(see Figure 33-1).55,56

Measuring devices that are adequate for assessing hypopnea 
also are adequate for assessing apnea; however, devices used for 
measuring apnea cannot always detect hypopnea. The diagnosis 
of hypopnea may be affected by the measurement technique 
used. In 1999, an American Academy of Sleep Medicine (AASM) 
task force conducted an evidence-based review of measurement 
techniques for detection of hypopnea.57 The scoring system was 
as follows: A, good to excellent agreement with a reference 
standard (face mask pneumotachygraph); B, limited data, but 
good theoretical framework and clinical experience suggest the 
method is valid; C, no data, weak theoretical framework or 
clinical experience; and D, research or clinical experience sug-
gests the method is invalid.

The measuring techniques were scored as follows: nasal pres-
sure, B; respiratory inductance plethysmography (RIP) with 
sum of chest and abdominal signals, B; dual-channel RIP, C; 
single-channel RIP, C; piezoelectricity sensors, strain gauges, 
and thoracic impedance, D; breathing measurement signal with 
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Intermittent	checks	of	SaO2	cannot	reliably	exclude	
sleep-related	desaturation	secondary	to	OSA.	Placing	
the	oximetry	probe	on	the	patient	frequently	awakens	
the	patient.	In	addition,	isolated	readings	may	not	allow	
sampling	of	all	sleep	stages,	especially	rapid	eye	
movement	(REM)	sleep,	during	which	sleep-disordered	
breathing	and	nocturnal	desaturation	tend	to	be	
prominent.	Continuous	overnight	oximetry	is	a	better	
assessment	of	the	degree	of	oxyhemoglobin	
desaturation	with	sleep.

 Box 33-4 Key Features of Sleep Studies to 
Be Analyzed and Reported for 
Obstructive Sleep Apnea

•	 Apnea-hypopnea	index
•	 Arousal	index
•	 Sleep	stage	distribution
•	 Frequency	of	oxyhemoglobin	desaturations
•	 Mean	oxyhemoglobin	saturation
•	 Nadir	of	oxyhemoglobin	saturation

 Box 33-3 STOP-BANG Questionnaire 
to Screen for Obstructive  
Sleep Apnea

Snore: Do	you	snore	loudly	(louder	than	talking	or	loud	
enough	to	be	heard	through	closed	doors)?

Tired: Do	you	often	feel	tired,	fatigued,	or	sleepy	during	the	
daytime?

Observed: Has	anyone	observed	you	stop	breathing	during	
sleep?

Pressure: Do	you	have	or	are	you	being	treated	for	high	blood	
pressure?

BMI: Greater	than	35	kg/m2?
Age: Age	older	50	years?
Neck: Neck	circumference	greater	than	40	cm?
Gender: Gender	male?

One	point	assigned	for	each	positive	question.
Total	score	less	than	three	=	low	probability	for	OSA.
Total	score	three	or	greater	=	high	probability	for	OSA.
Total	score	five	or	greater	=	high	probability	of	moderate	to	

severe	OSA.

From	Chung	F,	Subramanyam	R,	Liao	P,	et	al:	High	STOP-BANG	score	
indicates	a	high	probability	of	obstructive	sleep	apnoea.	Br	J	Anaesth	
108:768–775,	2012.

Abbreviated (portable) cardiopulmonary testing has been 
used to confirm a diagnosis of OSA. These studies do not record 
the electrophysiologic signals (EEG, EOG, and EMG) required 
to stage and score sleep. The portable studies vary in the type 
and number of cardiopulmonary values recorded. Controversy 
exists whether portable systems are sufficient to diagnose OSA. 
Many variables, such as airflow, ventilatory effort, sleep stage, 
and SaO2 values, may be less precise or may not be measured at 
all with these devices. Currently, portable monitoring for the 
diagnosis of OSA is acceptable in patients with high pretest 
probability but without significant comorbidities that may 
affect the accuracy of testing.58 A growing body of evidence 
supports the use of portable testing for additional patient popu-
lations, including patients undergoing elective surgery and 
patients admitted to the hospital with acute heart failure or 
stroke.59
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tailored to the individual patient. The likelihood of acceptance 
and adherence to the prescribed therapeutic intervention must 
be considered. The goals of treatment are to normalize SaO2 
and ventilation; eliminate apnea, hypopnea, and snoring; and 
improve sleep architecture and continuity (Box 33-5).

Behavioral Interventions and  
Risk Counseling

Patients must be informed of the risks of uncontrolled sleep 
apnea. Several behavioral interventions can be beneficial, 

Excerpts of American Association for Respiratory Care 
(AARC) Clinical Practice Guidelines for a PSG are provided in 
Clinical Practice Guideline 33-1.

TREATMENT

Management of OSA should be individualized but generally can 
be classified into three options: behavioral, medical, and surgi-
cal interventions.60 Behavioral therapy should be pursued in the 
care of all patients. Medical and surgical therapy must be 

33-1	 Polysomnography

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
Polysomnography	may	be	indicated	in	patients	with:
•	 COPD	whose	awake	PaO2	is	greater	than	55	mm	Hg	but	

whose	illness	is	complicated	by	pulmonary	hypertension,	
right	heart	failure,	polycythemia,	or	excessive	daytime	
sleepiness

•	 Restrictive	ventilatory	impairment	secondary	to	chest	wall	
and	neuromuscular	disturbances	whose	illness	is	
complicated	by	chronic	hypoventilation,	polycythemia,	
pulmonary	hypertension,	disturbed	sleep,	morning	
headaches,	or	daytime	somnolence	or	fatigue

•	 Disturbances	in	respiratory	control	whose	awake	PaCO2	is	
greater	than	45	mm	Hg	or	whose	illness	is	complicated	by	
pulmonary	hypertension,	polycythemia,	disturbed	sleep,	
morning	headaches,	or	daytime	somnolence	or	fatigue

•	 Nocturnal	cyclic	bradyarrhythmia	or	tachyarrhythmia,	
nocturnal	abnormalities	of	atrioventricular	conduction,	or	
ventricular	ectopy	that	seems	to	increase	in	frequency	
during	sleep

•	 Excessive	daytime	sleepiness	or	insomnia
•	 Snoring	associated	with	observed	apneas	or	excessive	

daytime	sleepiness	or	both
•	 Other	symptoms	of	sleep-disordered	breathing	as	

described	in	The International Classification of Sleep 
Disorders, Diagnostic and Coding Manual

■ CONTRAINDICATIONS
There	are	no	absolute	contraindications	to	polysomnography	
when	indications	are	clearly	established.	However,	risk-to-
benefit	ratios	should	be	assessed	if	transferring	medically	
unstable	inpatients.

■ PRECAUTIONS AND COMPLICATIONS
•	 Skin	irritation	may	occur	as	a	result	of	the	adhesive	used	to	

attach	electrodes	to	the	patient.
•	 At	the	conclusion	of	the	study,	adhesive	remover	is	used	to	

dissolve	adhesive	on	the	patient’s	skin.	Adhesive	removers	
(e.g.,	acetone)	should	be	used	only	in	well-ventilated	areas.

•	 The	integrity	of	the	electrical	isolation	of	polysomnographic	
equipment	must	be	certified	by	engineering	or	biomedical	
personnel	qualified	to	make	such	assessment.

•	 The	adhesive	used	to	attach	EEG	electrodes	should	not	be	
used	to	attach	electrodes	near	the	patient’s	eyes	and	
should	always	be	used	in	well-ventilated	areas.

•	 Because	of	the	high	flammability	of	adhesives	and	acetone,	
these	substances	should	be	used	with	caution,	especially	in	
patients	who	require	supplemental	O2.

•	 Adhesives	should	be	used	with	caution	in	patients	with	
reactive	airways	disease	and	in	small	infants.

•	 Patients	with	parasomnias	or	seizures	may	be	at	risk	for	
injury	related	to	movements	during	sleep.

•	 Institution-specific	policies	and	guidelines	describing	
personnel	responsibilities	and	appropriate	responses	should	
be	developed.

■ ASSESSMENT OF NEED
Polysomnography	is	indicated	for	patients	suspected	to	have	
sleep-related	respiratory	disturbances	described	in	The 
International Classification of Sleep Disorders, Diagnostic and 
Coding Manual.

■ ASSESSMENT OF TEST QUALITY
•	 Polysomnography	should	either	confirm	or	eliminate	a	

sleep-related	diagnosis.
•	 Documentation	of	findings,	suggested	therapeutic	

intervention,	and	other	clinical	decisions	resulting	from	
polysomnography	should	be	noted	in	the	patient’s	chart.

•	 Each	laboratory	should	implement	a	quality	assurance	
program	that	addresses	equipment	calibration	and	
maintenance,	patient	preparation	and	monitoring,	scoring	
methodology,	and	intertechnician	scoring	variances.

■ MONITORING
•	 Patient	variables	to	be	monitored	include	EEG,	EOG,	EMG,	

ECG,	respiratory	effort,	nasal	or	oral	airflow,	SpO2,	body	
position,	and	limb	movement;	intervention	should	occur	if	
the	physiologic	signals	are	lost.

•	 Infrared	or	low-light	video	cameras	and	recording	
equipment	should	permit	visualization	of	the	patient	by	the	
technician	throughout	the	procedure.

•	 The	technician	should	intervene	if	an	acute	change	in	
physiologic	status	occurs	and	communicate	that	change	to	
appropriate	medical	personnel.

*For complete guidelines, see AARC-APT (American Association for Respiratory Care-Association of Polysomnography Technologists) clinical practice guideline. 
Polysomnography. Respir Care 40:1336–1343, 1995.
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including weight loss in obese patients; avoiding alcohol, seda-
tives, and hypnotics; and avoiding sleep deprivation. Although 
weight loss clearly influences the severity of sleep apnea, it is 
frequently difficult to accomplish. Involving the patient with a 
dietitian or nutritionist can be helpful. Alcohol decreases the 
arousal threshold and so can increase the duration of apnea. 
Alcohol also reduces upper airway muscle tone, causing the 
airway to be more compliant and more prone to complete or 
partial closure.61 For these reasons, alcohol should be avoided 
by patients believed to have sleep apnea. Sedatives and hypnot-
ics can decrease the stability of the upper airway and suppress 
certain stages of sleep.62

Positional Therapy

When a sleep study indicates that apnea and snoring occur only 
in the supine position, instruction on sleeping in the lateral 
position or head of bed elevation can be beneficial.63,64 Use of 
the “tennis ball” technique, in which a ball is sewn onto the 
back of the patient’s sleeping garment, or other positional 
devices that discourage the patient from rolling into the supine 
position can be effective in treating positional OSA.65 However, 
the long-term effects of positional therapy are unknown. Posi-
tional therapy is generally recommended for milder cases of 
positional OSA.

Medical Interventions

Positive Pressure Therapy
Continuous Positive Airway Pressure Therapy. Continu-

ous positive airway pressure (CPAP) therapy was introduced 
for management of OSA in 1981.66 CPAP has become the first-
line medical therapy for OSA. Many studies have documented 
the effectiveness of CPAP in decreasing the morbidity and mor-
tality associated with OSA.9,11,67,68 For most patients, obstruction 
of the upper airway is abolished by CPAP pressures between 
7.5 cm H2O and 12.5 cm H2O.69 The level of CPAP required for 
optimal management of OSA is best determined with a titration 
performed in the sleep laboratory.68 Attempts to use an algo-
rithm or a prediction equation as a replacement for in-laboratory 
titration have not been uniformly successful.70

CPAP therapy has been shown to decrease daytime sleepi-
ness and improve neurocognitive testing, vigilance scores, 
insulin sensitivity, and lipid profiles. CPAP decreases the inci-
dence of pulmonary hypertension and right heart failure and 
decreases the number of ventilation-related arousals and noc-
turnal cardiac events. Reductions in daytime hypoxemia and 
hypercapnia also have been attributed to CPAP therapy.69,71-75

CPAP therapy primarily works by splinting the upper airway 
open, increasing the intraluminal pressure of the upper airway 

MINI CLINI
Nocturnal Angina in an Obese  
Middle-Aged Man

HISTORY:	 A 45-year-old, morbidly obese nonsmoker is 
admitted to the coronary care unit after awakening at 4 am with 
chest pain typical of angina pectoris. The pain has resolved by 
the time he reaches the emergency department. The patient is 
unsure of the duration of the pain before he called for his wife, 
who sleeps in a separate bedroom because of his very loud 
habitual snoring. The patient reports exertional shortness of 
breath but no chest pain before this event. He states that he 
frequently gets “indigestion” that sometimes is worse at night, 
but that this pain was different.

MEDICATIONS:
• Captopril, 25 mg by mouth twice per day
• Furosemide (Lasix), 20 mg by mouth every day
• Cimetidine (Tagamet), 300 mg by mouth at bedtime

MEDICAL	HISTORY:
• Hypertension and gastroesophageal reflux
• No significant cardiac disease
• Cardiac catheterization 1 year ago showed normal left ven-

tricular function and minimal coronary artery occlusion

PHYSICAL	EXAMINATION:
• Vital signs: Blood pressure 160/98 mm Hg, heart rate 100 

beats/min, temperature 98.6° F (37° C), respiration 18 
breaths/min

• General: Mildly diaphoretic obese white man
• Neck: 52 cm (20.5 inches) in circumference
• Lungs: Clear breath sounds bilaterally
• Heart: Regular rate and rhythm
• Abdomen: Obese; soft, normal bowel sounds
• Extremities: 4-mm pretibial pitting edema

LABORATORY	DATA:
• Room air arterial blood gases (ABGs): pH 7.36, PCO2 37 mm 

Hg, PO2 62 mm Hg, SaO2 92%
• Chest radiograph: Pulmonary congestion, otherwise normal
• ECG: Sinus tachycardia without acute changes

PROBLEM:	 Why did this patient experience angina during 
sleep?

DISCUSSION:	 Serial cardiac enzyme values show no myocar-
dial infarction. A stress test result is negative, but a submaximal 
effort is obtained. The patient’s weight precludes an adenosine 
thallium stress test. A repeat cardiac catheterization shows  
no change in the minimal coronary artery occlusion reported 
previously. The pulmonary consultant called to evaluate the 
patient’s shortness of breath recommends a nocturnal PSG to 
rule out sleep apnea. The sleep study result is positive for severe 
sleep apnea (AHI 110; lowest SaO2 70% on the oximeter during 
REM sleep). A CPAP titration test is performed. The patient is 
discharged home on CPAP 17.5 cm H2O via a nasal mask. He 
returns to the pulmonary clinic 1 month after discharge. He 
reported no further episodes of nocturnal angina. Reflux and 
shortness of breath have been relieved. The patient has lost 10 lb 
(4.5 kg) without dieting. Lower extremity edema is markedly 
relieved. A download of data from his CPAP machine shows 
excellent compliance with usage on 85% of nights, as well as 
good response to therapy with an average estimated AHI 3.5.

 Box 33-5 Goals of Treating Obstructive 
Sleep Apnea

•	 Eliminate	apnea,	hypopnea,	and	snoring
•	 Normalize	SaO2	and	ventilation
•	 Improve	sleep	architecture	and	continuity
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Figure 33-1). With the emergence of upper airway resistance 
syndrome as a clinical entity, some researchers have suggested 
that CPAP titrations may be suboptimal without measurement 
of esophageal pressure.79,82,83 Many sleep laboratories do 
not measure esophageal pressure. In addition, many patients  
refuse this type of monitoring because of perceived or real 
discomfort.

The contour of the inspiratory flow signal, when measured 
by a pressure transducer, correlates with ventilatory effort as 
reflected by esophageal pressure.55 When esophageal pressure is 
not used, nasal pressure can be useful to facilitate CPAP titra-
tions.83 It has been hypothesized that during CPAP titration, 
there is a period during the transition to deeper stages of sleep 
when there is flow limitation and increased intrathoracic pres-
sure without EEG arousals.63 It has been suggested that if this 
condition is not corrected, patients may have incomplete and 
suboptimal titrations. The clinical significance of flow limita-
tion without EEG arousals is currently uncertain.

Despite numerous studies documenting the efficacy of CPAP 
in treating patients in the sleep laboratory, many patients have 
difficulty adhering to CPAP therapy. Approximately 80% of 
patients accept CPAP initially, although long-term objective 
compliance is frequently lower. Objective compliance—defined 
as use of the machine for more than 4 hours per night for more 
than 70% of observed nights—has been measured to be 46%.84,85 
Data can be downloaded from CPAP machines that reveal 
patient compliance, average usage per night, average estimated 
AHI, presence of air leak, and other parameters.

The severity of AHI does not always correlate with compli-
ance, and the benefit perceived by the patient is a better predic-
tor. Research indicates that patients who are subjectively sleepy 
and have an AHI of 30 or greater are likely to accept and comply 
with CPAP therapy.94 Clinic follow-up with objective compli-
ance monitoring is essential. Compliance 1 month after the 
initiation of therapy is reported to be a good predictor of CPAP 
use at 3 months.

It is unclear whether higher levels of CPAP cause a decrease 
in compliance. Some patients report that breathing against a 
continuous pressure is uncomfortable. Discomfort with the 
interface and the device also may reduce acceptance and com-
pliance.87-89 Since introducing CPAP, various interfaces have 
been designed to improve comfort and have a favorable impact 
on compliance. Nasal pillows or prongs, nasal masks with 
comfort flaps or bubbles, oronasal masks, and full-face masks 
are available.90-94 No studies have been conducted to directly 
compare efficacy, subjective patient comfort, or objective patient 
compliance with these interfaces.90 In clinical practice, some 
patients tolerate one interface better than another. Technician 
bias may affect the choice of an interface, and this may have a 
positive or negative impact.

Bilevel Pressure Therapy. Another form of positive pres-
sure therapy is bilevel positive airway pressure (bilevel PAP). 
Bilevel PAP therapy was developed to take advantage of the  
fact that some patients may have different pressure require-
ments between inspiration and expiration.89 It was hypothe-
sized that because a patient may have a lower expiratory pressure 

above a critical transmural pressure of the pharynx and hypo-
pharynx that is associated with airway closure. The soft palate 
is effectively moved anteriorly up against the tongue, “pressur-
izing” the upper airway (Figure 33-3).76 CPAP allows the upper 
airway to be splinted open whether there is a single site (uncom-
mon) or multiple sites (more common) of airway narrowing or 
closure. Investigators have found that when nasal CPAP is 
applied, EMG activity of the upper airway dilator muscles is 
decreased.77

To be successful, CPAP titration should eliminate all apneic 
episodes and reduce the number of hypopneic episodes for 
preventing arterial O2 desaturation. Paradoxical thoracoab-
dominal movement and snoring should be eliminated.78 For 
improvement of sleep continuity, respiration-related EEG 
arousals and microarousals must be abolished. There is no evi-
dence to support the misconception that a higher level of CPAP 
always is necessary in patients with severe sleep apnea. There is 
variability in the CPAP requirement to treat OSA effectively. 
Some patients with relatively mild elevation of the AHI  
need higher levels of CPAP than patients with a substantially 
higher AHI.79

Patients who report EDS without an increase in AHI may 
have repetitive 2- to 3-second transient EEG arousals during 
episodes of snoring. These short arousals occur during episodes 
of increased upper airway resistance, and although not associ-
ated with any significant arterial O2 desaturation, they may 
cause EDS and fatigue.80,81 This pattern is known as upper 
airway resistance syndrome, generally occurs in younger patients, 
and is characterized by respiratory effort–related arousals (see 

FIGURE 33-3	 Nasal	continuous	positive	airway	pressure	
(CPAP).	Positive	airway	pressure	is	applied	with	a	nasal	mask.	The	
soft	palate	falls	against	the	base	of	the	tongue	so	that	the	upper	
airway	is	pneumatically	splinted	open.	
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requirement to splint the airway open, patient acceptance and 
compliance would be favorably affected. Bilevel units operate 
on household electricity and are similar in size and appearance 
to conventional CPAP units. There is a difference in cost, 
however, with bilevel devices generally more expensive than 
CPAP devices.

Although patient acceptance may be slightly better with 
bilevel PAP, published data have shown no difference in compli-
ance between conventional CPAP and bilevel PAP in patients 
who have not previously received CPAP therapy.95 However, 
bilevel PAP may be better tolerated by the subgroup of patients 
who need higher CPAP settings or who are uncomfortable 
exhaling against a continuous pressure.

In contrast to conventional CPAP, bilevel PAP is titrated by 
increasing inspiratory positive airway pressure and expiratory 
positive airway pressure separately in response to apnea, hypop-
nea, and desaturation. The specific titration algorithm may vary 
from laboratory to laboratory. Generally, inspiratory positive 
airway pressure and expiratory positive airway pressure are 
titrated upward together (as CPAP) until apnea is eliminated. 
Inspiratory positive airway pressure is then increased indepen-
dently to eliminate hypopnea, snoring, and arousals.

Autotitrating Devices. A new generation of self-titrating 
CPAP devices has been developed to address issues of patient 
compliance, patient comfort, and variability of the CPAP re-
quirement throughout the night.96-99 These devices are referred 
to as auto-CPAP, intelligent CPAP, or smart CPAP. These devices 
use a computer algorithm for adjusting the level of CPAP in 
response to dynamic changes in airflow or vibration caused by 
snoring or both. Abnormal function manifests as snoring,  
hypopnea, and apnea. The average overnight pressure required 
to treat OSA effectively may be decreased, which may have a 
favorable impact on interface-related leaks. It is unknown 
whether these devices are capable of eliminating the need for 
standard CPAP titration in a sleep laboratory. Self-titrating 
devices may help facilitate therapeutic CPAP titrations by tech-
nologists in the sleep laboratory but cannot replace proper  
diagnostic testing.54 Further studies are needed to determine 
whether self-titrating CPAP devices provide any improvement 
over conventional CPAP units in the areas of compliance and 
EDS, particularly in patients who have not previously received 
CPAP therapy. More advanced auto-titrating devices can be 
used for CSA and hypoventilation syndromes.

Side Effects and Troubleshooting Strategies. Side effects 
of positive pressure therapy are related to the interface and to 
the pressure prescribed. These effects include feelings of claus-
trophobia, nasal congestion, rhinorrhea, skin irritation, and 

	

RULE OF THUMB

Retrognathia	can	be	the	cause	of	OSA	in	young	
patients	who	are	at	or	close	to	ideal	body	weight.	
CPAP	therapy	is	highly	effective	for	these	patients,	but	
upper	airway	reconstruction	(phases	I	and	II	surgery)	
can	be	curative.

MINI CLINI
Young Man Hospitalized for 
Observation After a Single-Vehicle 
Accident in the Midafternoon

HISTORY:	 A 27-year-old nonsmoker is admitted to the coro-
nary care unit for monitoring so that the diagnosis of cardiac 
contusion can be ruled out. The patient has been involved in a 
single-vehicle automobile accident. The accident occurred at 
3:30 pm on a clear day. The patient felt drowsy immediately 
before the event. He became conscious after hitting the guard-
rail. The patient’s chest hit the steering wheel. The patient 
reports anterior chest wall pain and denies having angina or 
feeling faint.

MEDICATIONS:
• None

MEDICAL	HISTORY:
• Negative

PHYSICAL	EXAMINATION:
• Vital signs: Blood pressure 140/88 mm Hg, heart rate 100 

beats/min, temperature 98.6° F (37° C), respirations 16 
breaths/min

• General: Well-developed, well-nourished white man
• Head, eyes, ears, nose throat: Elongated soft palate, mild 

crowding of tonsillar pillars, retrognathic chin
• Neck: 40 cm (16 inches) in circumference
• Chest: Contusion on anterior portion of the chest
• Lungs: Clear breath sounds bilaterally
• Heart: Regular rate and rhythm
• Abdomen: Soft with normal bowel sounds
• Extremities: No clubbing, cyanosis, or edema
• Skin: Multiple small lacerations

LABORATORY	DATA:
• Chest radiograph: No cardiomegaly, mass, infiltrate, or 

effusion
• ECG: Sinus tachycardia
• Creatine kinase: 350 international/L (no myocardial bond 

fraction)

PROBLEM:	 What caused the patient to fall asleep at the 
wheel?

DISCUSSION:	 The patient is found to have bradycardia 
during sleep on the night of admission. These episodes appear 
to be associated with snoring and oxyhemoglobin desaturation 
on O2 at 2 L/min through a nasal cannula. The cardiology 
consultant recommends a diagnostic nocturnal PSG to rule out 
sleep apnea. The study shows severe sleep apnea (AHI 85 with 
a low SaO2 of 60%). A CPAP titration study reveals that the 
patient requires 10 cm H2O of CPAP via nasal pillows. At 
follow-up 1 month later, the patient states he no longer experi-
ences the fatigue he had previously. In retrospect, the patient 
believes that before treatment with CPAP, he was quite sleepy 
during the day. Despite this improvement, he wants to explore 
other treatment options. A surgical consultation is obtained.
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MINI CLINI
Middle-Aged Woman With Pulmonary Hypertension

HISTORY:	 A 59-year-old former smoker is admitted to the hos-
pital for right and left heart catheterization. A previous ECG 
showed pulmonary hypertension. The patient denies having 
angina or exertional chest discomfort. She admits to dyspnea on 
exertion that has been increasing over the past few months and 
to a chronic nonproductive cough. She denies taking “diet pills.”

MEDICATIONS:
• Nifedipine, 10 mg by mouth three times per day
• Furosemide (Lasix), 20 mg by mouth daily
• Potassium chloride, 20 mEq by mouth twice per day

MEDICAL	HISTORY:
• Hypertension and allergic rhinitis
• No cardiac disease

PHYSICAL	EXAMINATION:
• Vital signs: Blood pressure 140/88 mm Hg, heart rate 90 beats/

min, temperature 98.6° F (37° C), respirations 12 breaths/min
• General: Obese white woman in no acute distress
• Neck: 40 cm (16 inches) in circumference
• Lungs: Clear breath sounds bilaterally
• Heart: Regular rate and rhythm, increased second heart 

sound (P2)
• Abdomen: Obese; soft, normal bowel sounds
• Extremities: 2-mm pretibial pitting edema

LABORATORY	DATA:
• Chest radiograph: Mildly enlarged heart, no mass, infiltrate, or 

effusion
• ECG: Normal sinus rhythm with P pulmonale
• Left heart catheterization: No significant coronary artery 

disease, normal left ventricular function

• Right heart catheterization: Pulmonary hypertension 
(75/25 mm Hg), pulmonary artery wedge pressure 23 mm Hg

• Room air ABGs: pH 7.45, PCO2 41 mm Hg, PO2 54 mm Hg, 
SaO2 84%

• Spirometry: Forced vital capacity (FVC) 1.69 L (55% of 
predicted value), FEV1 1.27 L (55% of predicted value), 
FEV1/FVC 75, forced expiratory flow midexpiratory phase 
(FEF25%–75%) 0.96 L/sec (37% of predicted value); no sig-
nificant improvement with single-dose bronchodilator

PROBLEM:	 What is the cause of the pulmonary hypertension?

DISCUSSION:	 The pulmonary service is consulted for evalua-
tion for pulmonary hypertension in association with abnormal 
spirometric results. Results of bilateral lower extremity Doppler 
examinations and a ventilation/perfusion scan are normal. 
Because of a history of snoring, an overnight portable cardiopul-
monary sleep study is performed. The study reveals evidence of 
snoring, nonpositional apnea and hypopnea, and desaturation to 
less than 60% on the oximeter for most of the monitoring period. 
Results of a PSG performed in the sleep laboratory verify the 
presence of moderate to severe OSA with AHI 28, which responds 
well to the application of CPAP titrated to 12 cm H2O. Follow-up 
examinations show the dyspnea is relieved and that ABG values 
have improved. The patient no longer needs portable liquid O2 to 
maintain SaO2 greater than 90% at rest or with exercise.

It is likely this patient has pulmonary hypertension that is due 
to OSA, as opposed to idiopathic pulmonary artery hypertension, 
which generally affects younger women. Chronic thromboem-
bolic disease should be excluded, as it was in this case. Chronic 
right heart failure secondary to sleep apnea can be improved with 
proper treatment.

nasal dryness (Figure 33-4). Claustrophobia and skin irritation 
can be managed by changing the interface to one that is more 
easily tolerated by the patient. Nasal congestion, rhinorrhea, 
skin irritation, and nasal dryness can be managed by using 
combinations of topical nasal steroids, antihistamines, nasal 
saline sprays, and lotions. A humidifier can be used in-line with 
the machine. Heated humidification has been shown to improve 
compliance.100 If the patient has a sensation of too much pres-
sure in the nose, adding a system equipped with a ramp may be 
beneficial.62 The ramp allows a gradual increase in pressure over 
5 to 45 minutes. The ramp time is empirically determined by 
the prescribing physician. There is no objective evidence that a 
ramp feature improves patient acceptance or compliance.84

Pressure leaks are another problem that RTs may encounter. 
Most interfaces use the nose. Some patients tend to breathe 
partially or mainly through the mouth. The addition of a chin 
strap may not resolve the problem. Changing the interface to 
an oronasal mask may be required for effective “pressurization” 
of the upper airway in these patients.90 Mask and equipment 
availability varies depending on the home care company or 

medical facility, which can affect patient accommodation and 
long-term adherence to therapy

Oral Appliances

Oral appliances are devices that enlarge the airway by moving 
the mandible forward or by keeping the tongue in an anterior 
position (Figure 33-5). Patients who have mild sleep apnea and 
are unwilling to use CPAP may benefit from these devices. Oral 
appliances are worn only during sleep and come in various 
forms. The appliances are custom-fitted by dentists and are 
generally well tolerated by patients. They are overall less effec-
tive than CPAP therapy and are regarded as a second-line inter-
vention, particularly for severe OSA.101,102 The role of oral 
appliance therapy in the acute care setting, such as patients 
hospitalized for acute heart failure or after elective surgery, is 
unclear.

Medications

Medications have proved ineffective for most patients with 
sleep apnea. Benzodiazepines and other sedative-hypnotics 
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MINI CLINI
Worsening Right-Sided Heart Failure in a Patient With Chronic Obstructive 
Pulmonary Disease Who Is Using Oxygen

HISTORY:	 A 50-year-old former smoker previously found to 
have severe COPD, with FEV1 of 0.9 L (30% of predicted value), 
is admitted to the hospital for evaluation and management of 
worsening shortness of breath and persistent bilateral leg swelling. 
He has been using O2 at 2 L/min 24 hours per day for the last 3 
months. A chronic productive cough of clear sputum has been 
unchanged. He denies having chest pain.

MEDICATIONS:
• Ipratropium bromide by metered dose inhaler, 2 puffs four 

times per day
• O2, 2 L/min 24 hours per day
• Hydrochlorothiazide, 50 mg by mouth daily
• Theophylline, 300 mg by mouth twice per day

MEDICAL	HISTORY:
• Hypertension and chronic bronchitis
• No cardiac disease

PHYSICAL	EXAMINATION:
• Vital signs: Blood pressure 150/90 mm Hg, heart rate 100 

beats/min, temperature 98.6° F (37° C), respirations 18 
breaths/min

• General: Obese white man who appears short of breath
• Neck: 46 cm (18 in) in circumference
• Lungs: Decreased breath sounds bilaterally
• Heart: Faint sounds but regular rate and rhythm
• Abdomen: Obese; soft, normal bowel sounds
• Extremities: “Dusky” lower extremities with 4 mm pitting 

edema to the knees

LABORATORY	DATA:
• Theophylline level: 12 mcg/ml
• ABGs: pH 7.36, PCO2 44 mm Hg, PO2 56 mm Hg, SaO2 89% 

(on 2 L/min O2)
• Chest radiograph: “Pulmonary congestion”; otherwise normal
• ECG: Sinus tachycardia without acute changes
• Echocardiogram: “Technically limited” but reported to be 

without segmental wall abnormalities or to show normal left 
ventricular function

• Bilateral lower extremity Doppler examination: Negative for 
deep venous thrombosis

PROBLEM:	 What could be the cause of this patient’s continued 
signs of right heart failure?

DISCUSSION:	 The patient has overlap syndrome (COPD and 
OSA). He has been appropriately treated for COPD (bronchodila-
tors and O2) but has not been treated for OSA. His physician never 
asked and the patient never volunteered a history of nightly loud 
snoring with observed apnea and daytime fatigue. Subsequent 
evaluation with a nocturnal PSG reveals severe nocturnal desatu-
ration to 40% on the oximeter despite treatment with O2 at 2 L/
min. A CPAP titration study is performed. The patient is dis-
charged with CPAP set at 15 cm H2O via a nasal mask. He returns 
to the outpatient clinic 3 months later and reports “feeling great.” 
He reports that the shortness of breath has decreased and that he 
has much more energy during the day. Physical examination 
shows trace pedal edema. ABG studies on 2 L/min of O2 reveal 
pH 7.40, PCO2 40 mm Hg, PO2 75 mm Hg, and SaO2 93%.

FIGURE 33-4	 Positive	airway	pressure	problems.	Various	problems	can	be	encountered	with	continuous	positive	airway	pressure.	
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Palatal Surgery
Uvulopalatopharyngoplasty (UPPP) is palatal surgery per-
formed with a standard “cold knife” technique or a laser. Por-
tions of the soft palate, the uvula, and additional redundant 
tissue are removed in these procedures. The success rate of 
UPPP is reported to be less than 50% overall.106 The site of 
the physiologic obstruction cannot be predicted correctly  
with preoperative imaging. Laser-assisted UPPP has been  
marketed as an outpatient procedure; however, substantial effi-
cacy in managing OSA has not been documented. UPPP 
cannot be recommended for the management of OSA at the 
present time.107,108

Maxillofacial Surgery
Maxillofacial surgery shows more promise for patients with 
OSA (Figure 33-6). Phase I surgical procedures combine UPPP 
with genioglossal advancement. Patients are identified preop-
eratively with a combination of radiologic imaging and direct 
visualization of the upper airway. It is beneficial to have these 
patients use CPAP therapy perioperatively to reduce the chronic 
upper airway swelling and edema present before surgery and to 
reduce postoperative airway edema.109 When phase I surgery is 
unsuccessful, phase II surgery involves advancement of the 
maxilla and the mandible.110 These surgical procedures are per-
formed at only a few specialized centers. A coordinated effort 
by a dedicated team of otolaryngologists, oral surgeons, and 
sleep specialists is essential. Regardless of the surgical option 
chosen, a postoperative PSG should be obtained to document 
improvement objectively.111

Additional Therapies

Newer treatment options for OSA are being developed and 
tested, including nasal resistance devices, negative pressure 
appliances, and implantable upper airway stimulators.112,113 
Long-term benefits have yet to be established, but initial results 
have been promising.

should be avoided because they can potentiate upper airway 
collapse. The antidepressants protriptyline and fluoxetine have 
been used to manage mild sleep apnea but are ineffective in 
most patients.14 O2 therapy is useful for patients with oxyhemo-
globin desaturation who refuse positive pressure therapy. O2 
therapy can improve nocturnal desaturation but has no signifi-
cant effect on ventilatory arousals and daytime sleepiness.103 O2 
therapy should be used with caution by patients with concomi-
tant severe COPD, who may retain CO2.

Surgical Interventions

Surgical alternatives can be divided into two broad categories: 
procedures that bypass the upper airway and procedures that 
reconstruct the upper airway (Box 33-6). Before the advent of 
CPAP therapy, tracheostomy was the primary therapy for severe 
OSA. Because of the psychosocial and medical morbidity asso-
ciated with the procedure, use of tracheostomy today is limited 
to managing severe OSA when all other therapies have been 
exhausted.104,105

FIGURE 33-5	 Oral	appliance.	The	oral	appliance	covers	the	
teeth	of	the	upper	and	lower	jaws	and	is	adjusted	to	move	the	
mandible	(lower	jaw)	forward	mechanically	to	open	the	airway.	

 Box 33-6 Surgical Alternatives for 
Obstructive Sleep Apnea

•	 Bypass	of	the	upper	airway
•	 Tracheostomy
•	 Reconstruction	of	the	upper	airway
•	 Nasal	surgery
•	 Palatal	surgery
•	 Maxillofacial	surgery

	

RULE OF THUMB

Sleep	symptoms	may	present	early	in	patients	with	
neuromuscular	disease.	Treatment	with	noninvasive	
ventilation	during	sleep	may	improve	daytime	
symptoms.

ROLE OF THE RESPIRATORY 
THERAPIST IN DISORDERS OF SLEEP

RTs play a vital role in diagnosing and treating OSA. As part of 
the multidisciplinary team, RTs prepare patients for the over-
night PSG and obtain key information relating to their sleep 
history. During the study, RTs assess for sleep-disordered 
breathing and apply and titrate positive pressure. They are 
also involved with education, which is important in assisting 
with the patient’s understanding and compliance with positive 
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FIGURE 33-6	 Phase	I	and	phase	II	upper	airway	reconstruction.	A,	Phase	I	surgery.	Lateral	cutaway	view	of	the	skull	shows	tongue	
(genioglossal)	and	hyoid	bone	advancement	in	conjunction	with	uvulopalatopharyngoplasty.	B,	Phase	II	surgery.	Lateral	cutaway	view	of	the	
skull	shows	advancement	of	the	maxilla	(upper	jaw)	and	mandible	(lower	jaw)	in	a	patient	who	has	undergone	a	phase	I	procedure.	

A B

MINI CLINI
Young Woman With Mental Status Changes After Orthopedic Surgery

HISTORY:	 A 37-year-old obese smoker is admitted to the hos-
pital after elective surgical repair of a biceps tendon and ulnar 
collateral ligament. She initially sustained the injury after a fall 
when riding a bicycle. After outpatient orthopedic evaluation and 
preoperative cardiac clearance, an elective repair of the tendon 
and ligament was scheduled. She was intubated electively for the 
procedure, and her operative course was unremarkable. Postop-
eratively, she was extubated and noted to be slightly lethargic but 
easily arousable and in pain while in postoperative recovery. On 
transfer to the floor, she became increasingly lethargic and hypox-
emic despite the addition of up to 6 L/min of supplemental O2 
via nasal cannula. An emergency code is called. She is transferred 
to a step-down bed and further testing is performed.

MEDICATIONS	AT	HOME:
• None

MEDICAL	HISTORY:
• Hypertension, not on medications

PHYSICAL	EXAMINATION:
• Vital signs: Blood pressure 158/74 mm Hg, heart rate 68 beats/

min, temperature 98.6° F (38.6° C), respirations 12 breaths/
min

• General: Obese woman, lethargic and arousable
• Neck: 46 cm (18 in) in circumference
• Lungs: Diminished breath sounds bilaterally
• Heart: Faint sounds but regular rate and rhythm
• Abdomen: Obese; soft, normal bowel sounds

• Extremities: Right arm wound intact with bandages in place, 
pulses equal

LABORATORY	DATA:
• ABGs on 6 L/min O2 via nasal cannula: pH 7.11, PCO2 109 mm 

Hg, PO2 110 mm Hg, SaO2 87%
• Chest x-ray: No mass, infiltrate, or effusion
• ECG: Normal sinus rhythm
• CT scan of the head without contrast agent: No mass, hemor-

rhage, or midline shift
• CT scan of the chest with contrast agent: No evidence of pul-

monary embolism or parenchymal abnormality
• EEG: No seizure activity

PROBLEM:	 How should this patient be managed?

DISCUSSION:	 The patient requires bilevel noninvasive ventila-
tor support intermittently for the next several days. After her 
workup reveals nothing remarkable, a pulmonary and sleep con-
sultation is obtained. Review of the medical records reveals the 
patient has been receiving hydromorphone (Dilaudid) frequently 
for pain control. After stopping opioid medication, the patient’s 
mental status gradually returns to baseline. Repeat ABGs on room 
air show pH 7.39, PCO2 62 mm Hg, PO2 110 mm Hg, and SaO2 
93%. A diagnostic nocturnal PSG is performed, which reveals 
severe OSA with AHI of 55 and low SaO2 of 72% and evidence 
of chronic obesity hypoventilation. Positive pressure titration is 
performed successfully with average volume assisted pressure 
support with goal VT of 8 ml/kg. The patient is discharged home 
with a follow-up appointment in the sleep clinic.
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MINI CLINI
Fatigue in a Patient With Neuromuscular Disease

HISTORY:	 A 54-year-old man with recent diagnosis of ALS 
presents to the outpatient clinic with fatigue. He states he has been 
more tired and sleepy for the last few months. He had been diag-
nosed with ALS approximately 6 months ago, but has been doing 
fairly well at home. He does notice he has some difficulty sleeping 
at night, sometimes sleeping in a reclining chair. He denies 
snoring or weight gain, and in fact has lost 15 lb in the last few 
months. On further questioning, he reports feeling short of 
breath with exertion or when lying flat.

MEDICATIONS:
• None

MEDICAL	HISTORY:
• Hypertension and gastroesophageal reflux
• No significant cardiac disease

PHYSICAL	EXAMINATION:
• Vital signs: Blood pressure 135/70 mm Hg, heart rate 80 beats/

min, temperature 98.6° F (37° C), respiration 16 breaths/min
• General: Thin, no distress, pleasant man
• Neck: 52 cm (20.5 in) in circumference
• Lungs: Clear breath sounds bilaterally

• Heart: Regular rate and rhythm
• Abdomen: Thin; soft, normal bowel sounds
• Extremities: no edema

LABORATORY	DATA:
• Room air ABGs: pH 7.38, PCO2 52 mm Hg, PO2 88 mm Hg, 

SaO2 94%
• Chest radiograph: Normal
• Pulmonary function tests: FVC 1.52 L (42% predicted), FEV1 

1.41 L (53% predicted), FEV1/FVC ratio 0.73

PROBLEM:	 Why does this patient have fatigue?

DISCUSSION:	 The patient’s symptoms are concerning for 
respiratory compromise because of his neuromuscular disease. 
His pulmonary function tests reveal restrictive lung physiology, 
with decreased FVC and FEV1 on spirometry. He also has evidence 
for chronic hypoventilation with elevated PCO2 on ABG analysis. 
He may benefit from starting noninvasive ventilation. The patient 
was started on positive pressure therapy with average volume 
assist pressure support and his sleep quality and daytime energy 
improved.

pressure therapy. Some RTs pursue special certification in Sleep 
Technology.

RTs may see patients with sleep disorder–related symptoms 
in the course of their clinical practice and can encourage diag-
nostic testing by discussion with the patient or the managing 
physician or both. In the acute care setting, RTs and nursing 
staff are in a unique position to observe directly evidence of 
abnormal breathing during sleep or other clinical clues that may 
prompt further clinical action.

Therapeutically, RTs may see patients in their home and help 
manage the CPAP or bilevel PAP machines, interfaces, and 
supplemental O2. In the context of rehabilitation or bariatric 
surgery, RTs may help care for patients recovering from surgery 
or participating in rehabilitation programs for weight loss or 
improvement in cardiopulmonary function. The role of the RT 
may be key in serving as the bridge between physician and 
patient to enable education, identify obstacles to therapy, and 
improve overall compliance. In all these ways, RTs play an 
invaluable role as members of the sleep medicine team.

SUMMARY CHECKLIST

◗	There	are	three	types	of	sleep	apnea:	OSA,	CSA,	and	
mixed	sleep	apnea;	OSA	is	the	most	common.

◗	OSA	is	common,	underdiagnosed,	and	controllable.
◗	The	major	risk	factor	for	airway	narrowing	or	closure	

during	sleep	is	a	small	or	unstable	upper	airway.
◗	The	shift	in	the	physiologic	state	from	wakefulness	to	

sleep	and	the	consequent	decrease	in	muscle	tone	result	

in	partial	or	complete	airway	closure	of	the	upper	airway	in	
patients	with	OSA.

◗	The	long-term	harmful	effects	of	OSA	include	poor	
daytime	functioning,	impaired	metabolic	function,	and	
increased	risk	for	cardiovascular	morbidity	and	mortality.

◗	Risk	factors	for	OSA	include	male	sex,	age	greater	than	
40	years,	upper	body	obesity	(neck	size	>16.5	in),	habitual	
snoring,	and	diurnal	hypertension.

◗	PSG	is	the	most	accurate	way	to	make	the	diagnosis	of	
OSA.	The	PSG	measures	several	physiologic	variables	and	
allows	for	the	staging	of	sleep	and	measurement	of	
airflow,	ventilatory	effort,	ECG,	and	SaO2.

◗	First-line	medical	therapy	for	OSA	is	CPAP.	This	modality	
is	almost	always	effective	in	the	laboratory,	although	
long-term	adherence	with	CPAP	therapy	may	be	
suboptimal.

◗	Bilevel	PAP	therapy	may	be	useful	in	salvaging	selected	
patients	who	have	difficulty	accepting	or	complying	with	
CPAP.

◗	The	role	of	auto-titrating	positive	airway	pressure	devices	
(auto-CPAP	or	auto–bilevel	PAP)	in	managing	OSA	
remains	to	be	defined.

◗	Oral	appliances	can	be	effective,	in	particular,	in	patients	
with	mild	to	moderate	OSA.

◗	Surgical	therapy	may	be	an	option	for	a	select	group	of	
patients	who	have	undergone	an	extensive	preoperative	
analysis	of	the	upper	airway	and	do	not	accept	or	comply	
poorly	with	medical	therapy.	Optimal	management	of	OSA,	
regardless	of	the	modality,	requires	patient	education,	
continued	monitoring,	and	reassessment.
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Neonatal and Pediatric 
Respiratory Disorders

DOUGLAS D. DEMING AND KIMBERLY N. OTSUKA

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Discuss	the	clinical	findings,	radiographic	abnormalities,	and	treatment	of	patients	with	respiratory	distress	

syndrome.
◆	 Describe	the	clinical	manifestations	and	treatment	of	patients	with	transient	tachypnea	of	the	newborn.
◆	 Describe	the	pathophysiology,	presentation,	and	treatment	of	meconium	aspiration	syndrome.
◆	 Identify	the	clinical	signs	and	symptoms	associated	with	bronchopulmonary	dysplasia	and	the	approaches	

used	to	manage	these	infants.
◆	 State	the	cause	and	treatment	of	apnea	of	prematurity.
◆	 Describe	the	pathophysiology,	diagnosis,	and	treatment	of	persistent	pulmonary	hypertension	of	the	newborn.
◆	 Discuss	the	pathophysiology,	diagnosis,	and	treatment	of	congenital	diaphragmatic	hernia.
◆	 Identify	the	anatomic	defects	associated	with	tetralogy	of	Fallot.
◆	 Describe	the	clinical	presentation	of	a	ventricular	septal	defect.
◆	 Describe	types	and	associated	conditions	for	abdominal	wall	defects.
◆	 Define	the	epidemiologic	factors	associated	with	increased	risk	for	sudden	infant	death	syndrome.
◆	 Identify	the	respiratory	problems	associated	with	gastroesophageal	reflux	disease.
◆	 State	the	clinical	findings	commonly	observed	in	patients	with	bronchiolitis.
◆	 Describe	the	clinical	features	and	treatment	of	children	with	epiglottitis.
◆	 Describe	the	clinical	manifestations	and	treatment	of	cystic	fibrosis.
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M any perinatal disorders affect the respiratory system. 
Some disorders are developmental abnormalities  
of the heart, lungs, or airways; some are caused by 

prematurity; some are caused by problems during labor and 
delivery; and some are caused by treatments. Common disor-
ders in the neonatal period with which respiratory therapists 
(RTs) should be familiar are respiratory distress syndrome, 
transient tachypnea of the newborn, meconium aspiration syn-
drome, apnea of prematurity, bronchopulmonary dysplasia, 
persistent pulmonary hypertension of the newborn, and con-
genital cardiopulmonary abnormalities.

NEONATAL RESPIRATORY 
DISORDERS

Lung Parenchymal Disease

Respiratory Distress Syndrome
Background.  Neonatal respiratory distress syndrome 

(RDS) affects approximately 40,000 infants each year in the 
United States.1 Although the death rate has decreased dramati-
cally over the past 4 decades, many infants still die or have 
chronic effects of the syndrome. RDS, also known as hyaline 
membrane disease, is a disease of prematurity. The incidence 
increases with decreasing gestational age. The major factors in 
the pathophysiology of RDS are qualitative surfactant defi-
ciency, decreased alveolar surface area, increased small airways 
compliance, and presence of a ductus arteriosus.

FIGURE 34-1	 Pathophysiology	of	respiratory	distress	syndrome.	
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RULE OF THUMB

The	incidence	of	RDS	increases	with	decreasing	
gestational	age.

Surfactant production depends on both the relative maturity 
of the lung and the adequacy of fetal perfusion. Maternal factors 
that impair fetal blood flow, such as abruptio placentae and 
maternal diabetes, also may lead to RDS.

Pathophysiology.  In preterm infants, adequate amounts of 
surfactant are present in the lung; however, the surfactant is 
trapped inside type II cells. In infants with RDS, type II cells do 
not release adequate amounts of surfactant. The surfactant that 
is released is incompletely formed, so it does not make tubular 
myelin and does not decrease alveolar surface tension. Because 
the surfactant molecule in the alveolus is structurally abnormal, 
the type II cells and alveolar macrophages have more rapid 
uptake for recycling. Thus, there is a qualitative deficiency of 
alveolar surfactant.

Figure 34-1 outlines the pathophysiologic events associated 
with RDS. A qualitative decrease in surfactant increases alveolar 
surface tension forces, which causes alveoli to become unstable 
and collapse and leads to atelectasis and increased work of 
breathing. At the same time, the increased surface tension draws 
fluid from the pulmonary capillaries into the alveoli. In combi-
nation, these factors impair oxygen (O2) exchange and cause 
severe hypoxemia. The severe hypoxemia and acidosis increase 
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Treatment.  Continuous positive airway pressure (CPAP) and 
positive end expiratory pressure (PEEP) are the traditional 
support modes used to manage RDS. Surfactant replacement 
therapy and high-frequency ventilation (HFV) have been added 
to these traditional approaches.1-8 Unless the infant’s condition 
is severe, a trial of nasal CPAP is indicated (4 to 6 cm H2O).4-6,8-13 
Because of the hazards of endotracheal tubes (ETTs), nasal 
prongs are preferred. If the infant’s clinical condition dete-
riorates rapidly, a more aggressive approach is required. En-
dotracheal intubation should be performed under controlled 
conditions as an elective procedure. Mechanical ventilation 
with PEEP should be initiated if oxygenation does not improve 
with CPAP or if the patient is apneic or acidotic. There is sig-
nificant interest in an approach comprising intubation, delivery 
of surfactant, extubation, and then nasal CPAP.14,15 However, 
more research is needed to understand the risks and benefits of 
this approach.

The aim of mechanical ventilation for RDS is to prevent lung 
collapse and maintain alveolar inflation. In severe RDS, collapse 
of alveoli with every breath necessitates very high reinflation 
pressure. To prevent the need for this high reinflation pressure, 
use of end-tidal pressure is necessary.

Because of the relationship between arterial partial pressure 
of carbon dioxide (PaCO2) and functional residual capacity 
(FRC), PaCO2 is lowest when PEEP is used to optimize FRC. 

pulmonary vascular resistance (PVR). As pulmonary arterial 
pressure increases, extrapulmonary right-to-left shunting in-
creases, and hypoxemia worsens. Hypoxemia and acidosis also 
impair further surfactant production. Steroids given before 
birth (antenatally) have been shown to mature surfactant func-
tion in the fetus, decrease the severity of RDS, and improve 
outcomes.2,3

Clinical Manifestations.  The first signs of respiratory dis-
tress in infants with RDS normally appear soon after birth. 
Tachypnea usually occurs first. After tachypnea, worsening 
retractions, paradoxical breathing, and audible grunting are 
observed. Nasal flaring also may be seen. Chest auscultation 
often reveals fine inspiratory crackles. Cyanosis may or may not 
be present. If central cyanosis is observed, it is likely that the 
infant has severe hypoxemia. Certain other conditions, such as 
systemic hypotension, hypothermia, and poor perfusion, can 
mimic this aspect of RDS.

A definitive diagnosis of RDS usually is made with chest 
radiography (Figure 34-2). Diffuse, hazy, reticulogranular den-
sities with the presence of air bronchograms with low lung 
volumes are typical of RDS. The reticulogranular pattern is 
caused by aeration of respiratory bronchioles and collapse of 
the alveoli. Air bronchograms appear as aerated, dark, major 
bronchi surrounded by the collapsed or consolidated lung 
tissue.

FIGURE 34-2	 Radiopaque	appearance	of	severe	respiratory	distress	syndrome.	Anteroposterior	(A)	and	lateral	(B)	radiographs	show	
diffuse	hazy	appearance	with	low	lung	volumes	and	air	bronchograms	that	extend	into	the	periphery.	

BA
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All surfactants are delivered by ETT. Animal studies suggest 
that surfactant is rapidly distributed throughout the lung.6 Each 
specific surfactant has different dosing volumes and intervals 
(Table 34-1). The surfactant product insert describes the posi-
tioning of the infant for surfactant delivery. Basically, the infant 
is positioned with different sections of the lung dependent so 
that the surfactant enters that section of the lung with gravity 
flow. If the infant is very sick and cannot be repositioned, sur-
factant can be administered with the infant in the supine 
position.

The time constant of the lungs in RDS is short, so the lung 
empties very quickly with each ventilator cycle. If alveolar ven-
tilation is inadequate, either peak inspiratory pressure or rate 
should be increased. For minimizing the possibility of volu-
trauma, the peak inspiratory pressure should be kept less than 
30 cm H2O for larger premature infants, and even lower peak 
inspiratory pressure is indicated for more immature infants.

Four surfactant preparations are currently available in the 
United States for managing neonatal RDS: beractant (Survanta; 
Abbott Laboratories, North Chicago, IL), calfactant (Infasurf; 
ONY, Amherst, NY), poractant alfa (Curosurf; Chiesi, Cheadle, 
United Kingdom), and lucinactant (Surfaxin, Discovery Labs, 
Warrington, PA).4,5,7,8,16-26

Beractant and calfactant are natural bovine surfactant 
extracts. Poractant alfa is a natural porcine surfactant extract. 
Lucinactant is a completely synthetic surfactant. Each of three 
natural surfactants has surfactant proteins B and C as part of 
the formulation. The synthetic surfactant uses an amino acid 
sequence that acts like surfactant protein. Surfactant proteins 
are important for decreasing alveolar surface tension. All of 
these preparations are liquid suspensions that are instilled 
directly into the trachea. The current standard of care is to 
deliver replacement surfactant to all infants with RDS. There 
are investigations of an aerosol delivery system that would not 
require intubation for the synthetic surfactant. Currently, there 
is no evidence to support the use of a particular brand of sur-
factant over another.

Surfactant replacement therapy also is used as both a rescue 
treatment (in infants who already have RDS) and a prophylactic 
therapy (in the care of infants delivered prematurely).4,7-9,27 
Some centers use prophylactic surfactant replacement therapy 
in the care of all very small infants (<1500 g). Therapies aimed 
at decreasing pulmonary edema, improving cardiac output,  
and weaning from O2 and high ventilator pressures are essential 
in the successful treatment of infants receiving surfactant. 
Recent evidence supports the use of noninvasive ventilatory 
support (e.g., bubble CPAP) to support even the smallest of 
infants.13,28-30

TABLE 34-1 

Surfactant Dosing

Dosing Information Beractant (Survanta) Calfactant (Infasurf) Poractant Alfa (Curosurf) Lucinactant (Surfaxin)

Dose	mg/kg	of	birth	weight 100 100 100-200 20
Dose:	mL/kg	birth	weight 4 3 1.25-2.5 5.8
Administration ¼	dose	quickly	in	each	

of	four	positions
½	dose	slowly	supine	

then	rotated
Whole	or	½	dose	

supine
Dose	in	each	of	four	

positions
Dosing	interval Every	6	hr	or	more	

often
Every	12	hr	or	more	

often
Every	12	hr	or	more	

often
Up	to	4	doses	in	48	hr,	

minimum	of	6-hr	interval

MINI CLINI
Respiratory Distress Syndrome

PROBLEM:  A woman is about to deliver at 26 weeks of ges-
tational age. What should the RT have available for resuscita-
tion of the infant?

DISCUSSION:  An infant at 26 weeks of gestational age is 
most likely going to have RDS—ranging from mild to severe 
disease. The RT should have equipment, supplies, and drugs 
necessary to support the infant. Many infants require mask-bag 
ventilation. It is crucial that the RT be acutely attuned to using 
the lowest pressures necessary to move the chest. It is very easy 
to injure the lung with high VT. Most authorities recommend 
the use of a T-piece resuscitator that delivers manual breaths 
at fixed pressures, decreasing the risk for traumatic injury from 
high VT.

31

	

RULE OF THUMB

FRC	is	best	supported	by	positive	end-expiratory	
pressure	(CPAP	or	PEEP).

Some infants have severe disease that requires intubation 
and immediate administration of surfactant. Some infants have 
only mild disease. These less sick infants may require only nasal 
CPAP. For infants who have intermediate disease, at some 
centers clinicians intubate the infant, administer surfactant, and 
then extubate the infant back to nasal CPAP.14,15,28,32

Transient Tachypnea of the Newborn
Background.  Transient tachypnea of the newborn (TTN), 

often called type II RDS, is probably the most common respira-
tory disorder of newborns.33-36 The cause of TTN is unclear, 
but it is most likely related to delayed clearance of fetal lung 
liquid.36-42 During most births, approximately two-thirds of this 
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fluid is expelled by thoracic squeeze in the birth canal; the rest 
is reabsorbed through the lymphatic vessels during initial 
breathing. These mechanisms are impaired in infants born by 
cesarean section or infants with incomplete development of the 
lymphatic vessels (preterm or small-for-gestational-age infants). 
The residual lung fluid causes an increase in airway resistance 
and an overall decrease in lung compliance. Because compliance 
is low, the infant must generate more negative pleural pressure 
to breathe. This process can result in hyperinflation of some 
areas and air trapping in others. Most infants with TTN are 
born at term without any specific predisposing factors in 
common. Mothers of neonates who have TTN tend to have 
longer labor intervals and a higher incidence of failure to prog-
ress in labor, which leads to cesarean delivery. In many cases, 
however, maternal history and labor and delivery are normal.

Clinical Manifestations.  During the first few hours of life, 
infants with TTN breathe rapidly. Alveolar ventilation, as mea-
sured by arterial pH and PaCO2, usually is normal. The chest 
radiographic findings, which may initially be indistinguishable 
from pneumonia, are hyperinflation, which is secondary to air 
trapping, and perihilar streaking. The perihilar streaking prob-
ably represents lymphatic engorgement. Pleural effusions may 
be evident in the costophrenic angles and interlobar fissures.

Treatment.  Infants with TTN usually respond readily to a 
low FiO2 by infant O2 hood or nasal cannula. Infants requiring 
a higher FiO2 may benefit from CPAP. Because the retention of 
lung fluid may be gravity-dependent, frequent changes in the 
infant’s position may help speed lung fluid clearance. Because 
TTN and neonatal pneumonia have similar clinical signs, intra-
venous administration of antibiotics should be considered for 
at least 3 days after appropriate culture samples are obtained. 
Mechanical ventilation is rarely needed, and, when it is, this 
probably indicates a complication. Clearing of the lungs evident 
on a chest radiograph and with clinical improvement usually 
occurs within 24 to 48 hours. A few infants with TTN eventually 
have persistent pulmonary hypertension.

Meconium Aspiration Syndrome
Background.  Meconium aspiration syndrome is a disease 

of term and near-term infants. It involves aspiration of meco-

FIGURE 34-3	 Ball-valve	effect.	At	rest,	the	airway	lumen	is	partially	obstructed.	With	inspiration,	negative	intrathoracic	pressure	opens	
the	airway	and	relieves	obstruction.	Gas	enters	and	expands	the	alveoli.	With	expiration,	intrathoracic	pressure	changes	to	positive	force,	
which	narrows	the	airway	and	causes	total	occlusion.	Gas	cannot	be	expelled	and	is	trapped	within	the	alveoli.	(Modified	from	Koff	PB,	
Eitzman	DV,	Neu	J:	Neonatal	and	pediatric	care,	ed	2,	St	Louis,	1993,	Mosby.)

Rest Inspiration Expiration

nium into the central airways of the lung. It usually is associated 
with perinatal depression and asphyxia.

Pathophysiology.  Amniotic fluid consists mainly of fetal 
lung fluid, fetal urine, and transudate from the uterine wall. 
Meconium, the contents of the fetal intestine, occasionally is 
expelled from the fetus into the surrounding amniotic fluid. 
Meconium consists of mucopolysaccharides, cholesterol, bile 
acids and salts, intestinal enzymes, and other substances.  
Meconium normally is not passed until after delivery.43 Infants 
who have marked perinatal depression or perinatal asphyxia 
may pass meconium in utero. The pathophysiologic control 
mechanisms for the passage of meconium in utero are not 
completely understood. It is widely accepted that infants can 
have meconium aspiration in utero. Amniotic fluid stained  
with meconium is found in approximately 12% of all births.43 
Meconium-stained amniotic fluid is rare among infants younger 
than 37 weeks of gestational age. The clinical syndrome devel-
ops in 2 of every 1000 infants. Of infants with inhaled meco-
nium, 95% clear their lungs spontaneously.30 Amniotic fluid 
infusion into the uterus before the delivery of infants with 
meconium-stained fluid has been shown to improve neonatal 
outcomes.44,45

For many years, the aspirated meconium itself was consid-
ered the primary cause of MAS. More recent evidence suggests 
that the real causative agent is fetal asphyxia that precedes aspi-
ration. Fetal asphyxia causes pulmonary vasospasm and hyper-
reactivity of the vasculature, which lead to persistent pulmonary 
hypertension.46-48

MAS involves three primary problems: pulmonary obstruc-
tion, lung tissue damage, and pulmonary hypertension.46 
Obstruction occurs because of plugging of the airways with 
particulate meconium. This obstruction often is of the ball-
valve type, which allows gas entry but prevents gas exit. Ball-
valve obstruction causes air trapping and can lead to volutrauma 
(Figure 34-3). The lung tissue injury caused by MAS is chemical 
pneumonitis. Additionally, there are various chemical effects, 
inflammatory responses, cytokine and chemokine activations, 
complement activation, and phospholipase A2 activation.45,46,49-54 
Persistent pulmonary hypertension with intracardiac and extra-
cardiac right-to-left shunting frequently complicates MAS.46
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problem is hypoxemia. By distending the small airways, CPAP 
can sometimes overcome the ball-valve obstruction and improve 
both oxygenation and ventilation. If respiratory acidosis is 
severe or clinical assessment indicates excessive work in breath-
ing, mechanical ventilation should be started. Figure 34-3 shows 
the ball-valve effect. At rest, the airway lumen is partially 
obstructed. With inspiration, negative intrathoracic pressure 
opens the airway and relieves the obstruction. Gas enters and 
expands the alveoli. With expiration, intrathoracic pressure 
changes to a positive force, which narrows the airway and causes 
total occlusion. Gas cannot be expelled and is trapped within 
the alveoli. It is difficult to provide ventilation to infants with 
severe MAS. These infants often retain CO2 and need increased 
ventilator support. Because of high airway resistance, the lungs 
have a long time constant. High ventilator rates and pressures 
increase the risk for air trapping and volutrauma.

Evidence suggests that both HFV and synchronous intermit-
tent mechanical ventilation decrease the risk for air leak.63,64 
Various studies have shown improvement in MAS with the use 
of HFV and surfactant.51,54,61,65-67 Nitric oxide (NO) has become 
a major adjunct in the management of persistent pulmonary 
hypertension.47-49,68 Corticosteroids have not yet been shown to 
improve outcomes for infants with MAS.69 High mean airway 
pressures may worsen pulmonary hypertension and aggravate 
right-to-left cardiac shunting.55

Clinical  Manifestations.  Before birth, thick meconium, 
fetal tachycardia, and absent fetal cardiac accelerations during 
labor are evidence that the fetus is at high risk for MAS.55 After 
delivery, if the infant has a low umbilical artery pH, an Apgar 
score less than 5, and meconium aspirated from the trachea, 
intensive care and close observation for MAS are warranted. 
Infants with MAS typically have gasping respirations, tachy-
pnea, grunting, and retractions. The chest radiograph usually 
shows irregular pulmonary densities, which represent areas of 
atelectasis, and hyperlucent areas, which represent hyperinfla-
tion secondary to air trapping (Figure 34-4). Arterial blood 
gases (ABGs) typically show hypoxemia with mixed respiratory 
and metabolic acidosis. In the most severe cases, there is right-
to-left shunting and persistent pulmonary hypertension.43

Treatment.  It is no longer recommended that vigorous 
infants with meconium-stained fluid be intubated and suc-
tioned.44,50,56-60 However, it is important that an ETT be inserted 
immediately in severely depressed infants with thick meco-
nium, and suction should be applied directly to the ETT.58 The 
ETT is removed and inspected for meconium. If meconium is 
present, the procedure is repeated with a new ETT until no 
further meconium is aspirated or until two to four aspirations 
have been performed. The ETT should be left in place, and 
mechanical ventilation should be started. For prevention of 
hypoxemia, a flow of warmed 100% O2 should be blown across 
the infant’s face during the aspiration efforts. No evidence sug-
gests an improved outcome because of endotracheal suctioning 
in the care of infants who have meconium and are vigorous and 
would not otherwise require intubation.56,60 There is evidence 
that tracheal lavage with dilute surfactant improves the clinical 
course and outcome of infants with MAS.51,61,62

If the infant’s condition worsens, CPAP or mechanical ven-
tilation may be indicated. CPAP is indicated if the primary 

FIGURE 34-4	 Radiograph	of	a	patient	with	meconium	aspiration	
syndrome.	Anteroposterior	radiograph	shows	diffuse	patchy	areas	
of	atelectasis	and	emphysema.	

MINI CLINI
Meconium Aspiration Syndrome

PROBLEM:  The RT is called to the delivery room to attend 
the delivery of a term infant with meconium-stained amniotic 
fluid. What should the RT have available for the resuscitation 
of this infant?

DISCUSSION:  The RT should have the standard resuscitation 
equipment available. Current recommendations for resuscitat-
ing a newborn with meconium staining do not include imme-
diate intubation and tracheal suctioning for a vigorous infant. 
If the infant is depressed and not breathing, the infant should 
be resuscitated similar to any other depressed and apneic 
infant, which includes intubation. However, there is no evi-
dence for whether the depressed infant would benefit from 
intubation and tracheal suctioning.57,58,70

Bronchopulmonary Dysplasia
Background.  Infants, especially preterm infants, with severe 

respiratory failure in the first few weeks of life may develop  
a chronic pulmonary condition called bronchopulmonary 
dysplasia (BPD). BPD is a complex disease that is poorly 
defined.71-75 Historical definitions have included radiographic 
patterns and the requirement for supplemental O2 at fixed time 
points in the infant’s life. Immaturity, genetics, malnutrition, O2 
toxicity, and mechanical ventilation all have been suspected to 
cause BPD.56,73,76-79
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providing end-tidal pressure and avoiding large VT. Surfactant 
should be delivered early in the course of treatment.

Treatment of infants with BPD involves steps to minimize 
additional lung damage and prevent pulmonary hypertension 
and cor pulmonale. Infants with severe disease may be depen-
dent on supplemental O2 or mechanical ventilation for months 
and have symptoms of airway obstruction for years. Therapy 
usually is supportive throughout the course of the disease. An 
infant with BPD is given respiratory support as needed. Supple-
mental O2 can help decrease the pulmonary hypertension that 
is common with BPD.80

Multiple treatments have been suggested for infants with 
BPD.73,76,84,90-92 Diuretics are given as needed to decrease pulmo-
nary edema; antibiotics are given to manage existing pulmonary 
infection.93-95 Chest physical therapy may help mobilize secre-
tions and prevent further atelectasis. Bronchodilator therapy 
may help decrease airway resistance.93 Steroid therapy with 
dexamethasone can produce substantial short-term improve-
ment in lung function, often allowing rapid weaning from ven-
tilatory support. However, steroid therapy has little effect on 
long-term outcome such as mortality and duration of O2 
therapy.96 Steroid therapy also has been implicated in decreased 
alveolarization and increased developmental delay.92 Although 
steroids are still given in clinical practice, they should be used 
cautiously and only after the risks have been thoroughly 
explained to the parents. The use of NO to prevent or improve 
BPD is controversial.97,98

Control of Breathing

Apnea of Prematurity
Background.  Apnea of prematurity is a common, control-

lable disorder among premature infants. It usually resolves over 

FIGURE 34-5	 Radiograph	of	a	patient	with	bronchopulmonary	
disease	(BPD).	Anteroposterior	radiograph	shows	areas	of	scarring,	
atelectasis,	emphysema,	and	cysts.	This	film	is	consistent	with	
severe	BPD.	

Pathophysiology.  The development of BPD is complex and 
involves many pathways. The initiating factors are related to 
atelectrauma (lung collapse) and volutrauma (large tidal volume 
[VT]). Factors such as hyperoxia and hypoxia, mechanical forces, 
vascular maldevelopment, inflammation, nutrition, and genet-
ics contribute to the abnormal development of the lung and 
lead to BPD.77,78,80-86 Atelectrauma is a term coined to describe 
loss of alveolar volume that is both a result and a cause of lung 
injury. Volutrauma is the term used to describe local overinfla-
tion (and stretch) of airways and alveoli. Atelectrauma leads  
to derecuitment (e.g., areas of alveolar collapse) of the lung. 
Volutrauma leads to damage to airways, pulmonary capillary 
endothelium, alveolar and airway epithelium, and basement 
membranes. The combination of atelectrauma and volutrauma 
synergistically increases lung injury.87

Both atelectrauma and volutrauma cause a need for increased 
supplemental O2 concentrations. This use of supplemental O2 
leads to overproduction of superoxide, hydrogen peroxide, and 
perhydroxyl radicals. Preterm infants are particularly suscepti-
ble to O2 radicals because the antioxidant systems develop in 
the last trimester of pregnancy. Prolonged hyperoxia begins a 
sequence of lung injury that leads to inflammation, diffuse 
alveolar damage, pulmonary dysfunction, and death.

The response of the lungs to the combination of trauma  
and O2 toxicity is the production and release of soluble media-
tors. These mediators probably are released from granulocytes 
residing in the lung. The release of these mediators can injure 
the alveolar-capillary barrier and cause an inflammatory 
response.71,79 A “new” BPD is being described that shows 
decreased alveolarization rather than the prominent airway 
damage of the “old” BPD.77-88 This change in the pathologic 
characteristics of BPD is thought to be related to improvements 
in ventilator management, the use of surfactant, and processes 
that interrupt alveolar development (e.g., postnatal steroid 
therapy).74,89,90

Clinical Manifestations.  BPD has various clinical manifes-
tations. Some very immature infants may start with little or no 
O2 requirement and little or no mechanical ventilation require-
ment. Progressive respiratory distress develops at approximately 
2 to 3 weeks of life, and then the infant needs O2 and mechanical 
ventilation. Other immature infants may begin with pneumo-
nia or sepsis and need very high levels of O2 and mechanical 
ventilation. In either of these scenarios, progressive vascular 
leakage and areas of atelectasis and emphysema develop in the 
lungs, and progressive pulmonary damage occurs. The chest 
radiograph in severe disease shows areas of atelectasis, emphy-
sema, and fibrosis diffusely intermixed throughout the lung 
(Figure 34-5).77,78 ABG measurements reveal varying degrees of 
hypoxemia and hypercapnia secondary to airway obstruction, 
air trapping, pulmonary fibrosis, and atelectasis. There is a 
marked increase in airway resistance with an overall decrease in 
lung compliance.

Treatment.  The best management of BPD is prevention. 
Prevention of atelectrauma and volutrauma begins in the deliv-
ery room. Establishment of an optimal FRC without over-
stretching the lung requires careful attention to detail in 
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must be directed at resolving the underlying condition. Table 
34-3 outlines current treatment strategies for infants with 
apnea.86,109 Apnea secondary to prematurity responds well 
to methylxanthines, especially theophylline and caffeine.110-112 
These agents stimulate the central nervous system and increase 
the infant’s responsiveness to CO2. For infants with apnea that 
does not respond to treatment with theophylline, doxapram can 
be used.113-115 However, doxapram is delivered by continuous 
infusion and has multiple toxicities.

The “Back to Sleep” program initiated by the American 
Academy of Pediatrics has significantly decreased the incidence 
of SIDS.116 It is thought that when a newborn, which has a rela-
tively heavy head and weak neck muscles, manages to position 
its face into a soft surface (e.g., mattress, pillow, bunting, etc.) 
it will develop increased CO2 retention and become apneic. 
Unlike older infants, newborns will not have a response to 
awaken and move, they become apneic, then become brady-
cardic, then have cardiopulmonary arrest.100-116

CPAP also can be used to manage infant apnea.117 Although 
the mechanism of action is not established, CPAP probably 
increases FRC and improves arterial partial pressure of oxygen 
(PaO2) and PaCO2. CPAP may stimulate vagal receptors in the 
lung, increasing the output of the brainstem respiratory centers. 
Severe or recurrent apnea that is unresponsive to these inter-
ventions may necessitate mechanical ventilatory support.

As the respiratory control mechanisms mature, apnea of 
prematurity normally resolves without intervention. Apneic 
spells begin to disappear by weeks 37 to 44 of postmenstrual 
age with no apparent long-term effects. Infants who have apnea 
of prematurity are not at higher risk for sudden infant death 
syndrome (SIDS) than other infants.

Apnea monitoring can allow infants who are otherwise ready 
for discharge but still having occasional episodes of apnea to go 
home.103,109,118 However, the presence of a home apnea monitor 

TABLE 34-2 

Evaluation of an Infant With Apnea

Possible Cause Associated Signs Investigation

Infection Lethargy,	respiratory	
distress,	
temperature	
instability

Complete	blood	
count,	sepsis	
evaluation

Metabolic	
disorder

Poor	feeding,	
lethargy,	jitteriness

Glucose,	calcium,	
electrolyte	levels

Impaired	
oxygenation

Respiratory	distress,	
tachypnea,	
cyanosis

O2	monitoring,	arterial	
blood	gases,	chest	
radiograph

Maternal	drugs Maternal	history,	
hypotonia,	central	
nervous	system	
depression

Magnesium	level,	
urine	drug	screen

Intracranial	lesion Abnormal	neurologic	
findings,	seizures

Cranial	
ultrasonography

Environmental Lethargy Monitor	temperature	
(infant	and	
environment)

Gastroesophageal	
reflux

Feeding	difficulty Specific	observation,	
radiographic	barium	
swallow	examination

From	Stark	AR:	Disorders	of	respiratory	control	in	infants.	Respir	Care	
36:673,	1991.

TABLE 34-3 

Treatment Strategies for Infants With Apnea

Treatment Rationale

Manage	underlying	
cause	if	identified

Removes	precipitating	factor

Tactile	stimulation Increases	respiratory	drive	by	sensory	
stimulation

CPAP Reduces	mixed	and	obstructive	apnea	
by	splinting	the	upper	airway

Theophylline	or	
caffeine

Increases	respiratory	center	output	and	
CO2	response,	enhances	diaphragm	
strength,	adenosine	antagonist

Doxapram Stimulates	respiratory	center	and	
peripheral	chemoreceptors

Transfusion Decreases	hypoxic	depression	by	
increasing	O2-carrying	capacity

Mechanical	
ventilation

Provides	support	when	respiratory	
effort	is	inadequate

From	Stark	AR:	Disorders	of	respiratory	control	in	infants.	Respir	Care	
36:673,	1991.
CPAP,	Continuous	positive	airway	pressure.

time.99-103 Premature infants frequently have periodic respira-
tion, which comprises sequential short apneic episodes of 5 to 
10 seconds followed by 10 to 15 seconds of rapid respiration. 
Apneic spells are abnormal if (1) they last longer than 15 
seconds or (2) they are associated with cyanosis, pallor, hypo-
tonia, or bradycardia.

If no effort to breathe occurs during a spell, the apnea  
is called central apnea. If breathing efforts occur, but obstruc-
tion prevents airflow, the apnea is termed obstructive. Mixed 
apnea is a combination of the central and obstructive types that 
starts as obstructive apnea and then develops into central 
apnea.99,100,104,105

Cause.  Premature infants have immature control of respira-
tory drive in response to O2 and carbon dioxide (CO2). In 
mature animals, an increase in alveolar PaCO2 elicits an increase 
in VT and respiratory rate. A decrease in FiO2 below room air 
also triggers an increase in VT. Conversely, in premature animals, 
an increase in PaCO2 temporarily increases VT but does not 
increase respiratory rate. A decrease in FiO2 below room air 
decreases VT and respiratory rate. This effect can lead to apnea 
in a premature infant. Several factors in addition to prematurity 
can cause apnea in infants. Table 34-2 summarizes the potential 
causes, associated signs, and diagnostic indicators.99,105-107

Treatment.  Infants with apnea need continuous monitor-
ing of heart and respiratory rates. Continuous noninvasive 
monitoring of oxygenation by transcutaneous electrode or 
pulse oximetry is recommended. Most apneic incidents can be 
quickly ended with gentle mechanical stimulation, such as 
picking the infant up, flicking the sole of the foot, or rubbing 
the skin.106,108 If the cause of apnea is not prematurity, treatment 
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surfactant for RDS, glucose for hypoglycemia, and inotropic 
agents for low cardiac output and systemic hypotension. If cor-
rection of the underlying problem does not correct hypoxemia, 
the infant needs intubation and mechanical ventilation. Because 
pain and anxiety may contribute to PPHN, the infant may need 
sedation and, frequently, paralysis. If these measures do not 
improve oxygenation, the next step is HFV. This mode of ven-
tilation allows a higher FRC without a large VT. Inhaled NO is 
considered the next intervention.68,133-136 If all of these modali-
ties fail to improve oxygenation, the infant may be a candidate 
for extracorporeal membrane oxygenation (ECMO).137-139 Also, 
types 3 and 5 phosphodiesterase inhibitors are being used in 
infants and children with refractory pulmonary hyperten-
sion.140-143 Even with all of these treatments, PPHN remains a 
complex disease with high morbidity and mortality.

is a significant inconvenience to the family. Home monitors lack 
the sophisticated filtering systems of hospital monitors, and 
they have very frequent false alarms.118 Also, there is no evidence 
that apnea monitors prevent SIDS.

Pulmonary Vascular Disease

Persistent Pulmonary Hypertension  
of the Newborn

Background.  Persistent pulmonary hypertension of the 
newborn (PPHN) is a complex syndrome with many causes.119-132 
The common denominator in PPHN is a return to fetal circula-
tory pathways, usually because of elevated PVR. This condition 
results in further right-to-left shunting, severe hypoxemia, and 
metabolic and respiratory acidosis.

Pathophysiology.  In the uterus, the fetus does not use the 
lungs as a gas-exchange organ. PVR is high, and systemic vas-
cular resistance (SVR) is low. This condition produces a PVR/
SVR ratio greater than 1. A fetus has two anatomic shunts that 
are not present in older infants, children, or adults: the foramen 
ovale and ductus arteriosus. With a PVR/SVR ratio greater than 
1 and the anatomic shunts, blood flow bypasses the lung either 
at the atrial level (foramen ovale) or at the pulmonary artery 
(ductus arteriosus). Intrauterine total pulmonary blood flow 
and systemic arterial O2 saturation (SaO2) are low.

In the transition to extrauterine life, PVR decreases owing to 
gas filling the lungs and increasing PaO2 in the pulmonary 
venous circulation. SVR increases with the removal of the pla-
centa from the circulation, and this makes the PVR/SVR ratio 
less than 1. If PVR does not decrease to allow the PVR/SVR ratio 
to become less than 1, the infant has PPHN.

The three fundamental types of PPHN are vascular spasm, 
increased muscle wall thickness, and decreased cross-sectional 
area of pulmonary vessels.123 Vascular spasm is an acute event 
that can be triggered by many different conditions, including 
hypoxemia, hypoglycemia, hypotension, and pain. Increased 
muscle wall thickness is a chronic condition that develops in 
utero in response to several different causative factors, including 
chronic fetal hypoxia, increased pulmonary blood flow (e.g., 
intrauterine closure of the ductus arteriosus), and pulmonary 
venous obstruction (e.g., total anomalous pulmonary venous 
return with obstructed below-diaphragm return). Decreased 
cross-sectional area is related to hypoplasia of the lungs and 
occurs with congenital diaphragmatic hernia, Potter sequence 
(absent kidneys), and oligohydramnios syndromes (decreased 
amniotic fluid).

Clinical Manifestations.  PPHN should be suspected when 
an infant has rapidly changing O2 saturation (SaO2) without 
changes in FiO2 or has hypoxemia out of proportion to the lung 
disease detected with chest radiography or PaCO2 measure-
ment. In infants with a significant shunt through the ductus 
arteriosus, there usually is a substantial gradient (>5%) between 
preductal and postductal O2 saturation. This gradient can be 
found easily if two pulse oximeters are placed on the infant, one 
on the right arm and the other on either leg.

Treatment.  Initial therapy for PPHN is removal of the 
underlying cause, such as administration of O2 for hypoxemia, 

MINI CLINI

PROBLEM:  The RT is called to the bedside of a term infant 
who has mild respiratory distress, is receiving nasal cannula O2 
of 1 L/min, has an FIO2 of 1.0, and has a SpO2 of 75%. Shortly 
after birth, the infant’s chest radiograph revealed a normal size 
heart and clear, slightly hyperlucent lung fields with no infil-
trates. The bedside nurse describes that she has just finished 
taking the infant’s vital signs and changing its diaper. Before 
her touching the infant, the infant’s saturation was 96%. What 
is this infant’s problem? What should the RT do?

DISCUSSION:  This infant is exhibiting signs of persistent pul-
monary hypertension. The immediate interventions potentially 
could include increasing the O2 flow, lowering the lights in the 
room, decreasing the activity and ambient noise in the room, 
swaddling the infant, and minimizing the physical contact with 
the infant. All of these interventions are aimed at getting the 
infant into a quiet, calm environment and allowing the infant 
to relax.

Additionally, the RT and nurse should contact the physician 
who is caring for this infant and alert him or her to the possibil-
ity of persistent pulmonary hypertension. Potential additional 
therapies could include sedation, intubation, mechanical ven-
tilation, and inhaled NO.

Congenital Abnormalities  
Affecting Respiration

Congenital abnormalities that affect respiration can be divided 
into several groups: airway diseases, lung malformations, chest 
wall abnormalities, abdominal wall abnormalities, and diseases 
of neuromuscular control.

Airway Diseases
Airway abnormalities have three fundamental mechanisms: 
internal obstruction, external obstruction, and disruption. 
Internal obstruction includes common problems, such as  
laryngomalacia, that cause obstructive apnea. Less common 
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mass expands, the normal surrounding lung is compressed. 
Some CPAMs resolve spontaneously. A few infants have severe 
cardiorespiratory compromise and need respiratory support 
and emergency surgery. However, better results are seen when 
surgery can be performed electively.

Other, less common lung malformations include pulmonary 
sequestration and lobar emphysema. Both of these diseases 
involve maldevelopment of lobes of the lung. Sequestration is 
a primitive, frequently cystic, lung lobe that is not in commu-
nication with the tracheobronchial tree and frequently receives 
no pulmonary vascular blood flow.

Lobar emphysema is an airway malformation that causes gas 
trapping in a lobe of the lung. These malformations manifest 
as space-occupying masses within the thorax. They usually are 
treated by surgical removal.

Congenital Diaphragmatic Hernia
Congenital diaphragmatic hernia is a severe disease that usually 
manifests in newborns as severe respiratory distress.148-150 The 
pathophysiologic mechanism is a complex combination of lung 
hypoplasia, including decreased alveolar count and decreased 
pulmonary vasculature, pulmonary hypertension, and unusual 
anatomy of the inferior vena cava.148-150 This disorder varies 
between asymptomatic (rare) and severe life-threatening disease 
(frequent). There are two types of hernia: Bochdalek hernia 
(lateral and posterior defect, usually on the left) and Morgagni 
hernia (medial and anterior, may be on either side). Hernias 
that occur in the right hemidiaphragm may be less severe 
because the liver can block the defect and decrease the volume 
of abdominal contents that can enter the thorax.150

Some authors speculate that the diaphragmatic hernia 
complex is a developmental field defect and not just a simple 
cascade of events related to a hole in the diaphragm. This theory 
is partly based on long-term outcomes of survivors with dia-
phragmatic hernias. These survivors frequently have severe sco-
liosis in the direction of the diaphragm defect. They also 
frequently have severe esophageal reflux disease.

Most cases of congenital diaphragmatic hernia can be diag-
nosed in utero with ultrasonography. Physical examination may 
yield the following findings: scaphoid abdomen (because the 
abdominal contents are in the thorax), decreased breath sounds, 
displaced heart sounds (because the heart is pushed away from 
the hernia), and severe cyanosis (from lung hypoplasia and 
pulmonary hypertension). The diagnosis is established with 
chest radiography.

The general treatment of infants with congenital diaphrag-
matic hernia involves neonatologists and pediatric surgeons. 
Initial treatment is insertion of an ETT, paralysis, and mechani-
cal ventilation. A large sump tube is placed in the stomach and 
connected to continuous suction. These therapies allow ade-
quate ventilation and oxygenation and prevent gas insufflation 
of the intestine. Most centers delay surgical repair for several 
days to allow the natural decrease in PVR. On day 7 to 10 of 
life, a surgeon closes the defect. This scenario occurs only  
for infants with easily correctable pulmonary hypertension. 
Infants with severe pulmonary hypertension may need HFV 

problems caused by internal obstruction are tracheomalacia, 
laryngeal webs, tracheal stenosis, and hemangiomas. All of these 
diseases usually manifest as a combination of inspiratory 
stridor, gas trapping, expiratory wheezing, and accessory respi-
ratory muscle activity.

External compression can be caused by hemangiomas, neck 
or thoracic masses, and vascular rings. These lesions are far less 
common than diseases caused by internal obstruction, but they 
are not rare. The symptoms are similar to those of internal 
obstruction. Neck masses usually are obvious at visual inspec-
tion. Intrathoracic masses and vascular rings must be suspected 
on the basis of the clinical manifestations: noise during the 
respiratory cycle that worsens with exertion. The infant may 
have difficulty with swallowing.

Airway disruptions usually are related to tracheoesophageal 
fistula (TEF) in a newborn. This malformation usually is associ-
ated with esophageal atresia. There are five types of TEF: esoph-
ageal atresia with a proximal fistula, esophageal atresia with a 
distal fistula, esophageal atresia with both a proximal and a 
distal fistula, esophageal atresia without either fistula, and an 
intact esophagus with a so-called H fistula.144 The most common 
of these malformations is esophageal atresia with a distal fistula, 
which accounts for 85% to 90% of all TEFs. The least common 
is the H fistula. All of these malformations manifest as difficulty 
swallowing, bubbling and frothing at the mouth, and choking, 
particularly during attempts at feeding. These anomalies can 
occur in isolation or as part of an association of defects. The 
most common is the VATER or VACTERL association of verte-
bral anomalies, imperforate anus, TEF, and renal or radial 
anomalies. In VACTERL, cardiac anomalies are added, and 
renal and limb anomalies replace renal or radial anomalies in 
the acronym. These associated anomalies must be sought in any 
infant with TEF. TEF is managed with surgical ligation of the 
fistula (tying it closed) and reconnection of the interrupted 
esophagus.145 Most infants with TEF have a good outcome; 
however, some infants have severe malformations that can cause 
chronic problems. Infants with TEF usually need only support-
ive respiratory care. They usually do not have lung disease. 
However, some infants need HFV because the air leak through 
the fistula can become larger than the airflow to the alveoli.

Lung Malformations
There is a broad spectrum of rare lung malformations that 
occur in the newborn period.106-108 These lesions are thought to 
be part of a continual spectrum of diseases that originate as 
defects in lung segmentation. The most common is congenital 
pulmonary adenomatoid malformation (CPAM); this was pre-
viously known as cystic adenomatoid malformation of the lung. 
CPAM is classified into five types on the basis of the type and 
size of the cyst.146,147 The disease may affect entire lobes of the 
lung. The affected parts of the lung do not exchange gas and 
can become infected. The usual treatment is surgical removal 
of the affected lobe. There is also the potential for malignant 
transformation.

Some affected fetuses can develop hydrops in utero. Most 
infants with CPAM have symptoms of lung volume loss. As the 
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Congenital Heart Disease

A full discussion of congenital heart disease is beyond the scope 
of this chapter. However, basic knowledge of the common 
defects is essential to good practice in pediatric and neonatal 
respiratory care. Congenital heart diseases usually are divided 
into two large categories: cyanotic and acyanotic heart  
disease.162,163 Cyanotic heart diseases are diseases in which blood 
shunts from right to left, bypassing the lungs, and is deoxygen-
ated. Acyanotic heart diseases are diseases in which blood shunts 
from left to right, causing congestive heart failure. Figure 34-6 
compares normal cardiac anatomy with the features of the five 
most common congenital defects.

Cyanotic Heart Diseases
The two most common cyanotic heart diseases are tetralogy of 
Fallot and transposition of the great arteries.

Tetralogy  of  Fallot.  Tetralogy of Fallot is a defect that 
includes (1) obstruction of right ventricular outflow (pulmo-
nary stenosis), (2) ventricular septal defect (a hole between the 
right and left ventricles), (3) dextroposition of the aorta, and 
(4) right ventricular hypertrophy. Tetralogy of Fallot varies 
between mild disease, which is initially diagnosed in early child-
hood, and severe disease, which is diagnosed in the newborn 
period.163-165 The mild form of the disease manifests as a heart 
murmur, intermittent severe cyanotic spells, a history of the 
infant squatting or entering a knee-chest position, or a combi-
nation of these features. The severe form of the disease mani-
fests as a heart murmur and severe continuous cyanosis. Most 

and ECMO. At some centers, the diaphragm is repaired during 
ECMO. Most centers try to wean the infant from ECMO and 
then perform the repair. Despite all these advanced therapies, 
the mortality for this disease is high.151 Survival depends on 
many complex variables (e.g., liver herniation into the thorax, 
fetal head-to-lung ratio, initial PaO2, and PaCO2).149,151

Abdominal Wall Abnormalities
Because all newborns are primarily abdominal breathers, the 
abdominal wall is an intrinsic part of the respiratory system. 
Large defects in the abdominal wall can cause severe respiratory 
compromise.152-154 One of the most common of these defects is 
omphalocele. An omphalocele is an abdominal wall defect that 
involves the insertion of the umbilical cord. The umbilical cord 
goes into the omphalocele. The bowel of an infant with an 
omphalocele is usually covered by a membrane that looks like 
the surface of the umbilical cord. Occasionally, the omphalocele 
membrane ruptures and exposes the bowel of the infant. 
Omphaloceles must be distinguished from gastroschisis. Gas-
troschisis is an abdominal wall defect that is completely separate 
from the insertion of the umbilical cord. The bowel of an infant 
with a gastroschisis is not covered by a membrane and is outside 
of the abdomen. Because the bowel has been out of the abdomen, 
the abdominal cavity is small. There are two methods of repair-
ing gastroschisis. If the abdominal cavity is of sufficient size and 
the amount of bowel outside is small, a primary closure is done 
in which all of the bowel is returned to the abdominal cavity 
and the small defect is closed. However, if the abdominal cavity 
is too small or the amount of bowel is too large, the surgeons 
will place the bowel into a Silastic chimney (or silo). The open 
end is inserted into the defect and the closed end is suspended 
from the bed. Over the next several days, gravity and the gradual 
stretching of the abdominal wall will allow the bowel to come 
back into the abdomen.

Usually only large omphaloceles cause respiratory distress. 
When they are greater than 10 cm in diameter, these defects can 
cause severe respiratory distress and frequently require pro-
longed mechanical ventilation. Infants with gastroschisis usually 
have normal lungs. However, if they need to be have a silo 
placed, this is like a water column (the height of bowel in the 
silo) applying pressure against the diaphragm. These infants 
will need an end-tidal pressure to support FRC.

Neuromuscular Control
Many diseases of poor neuromuscular control affect new-
borns,155-159 including spinal muscular atrophy, congenital 
myasthenia gravis, and myotonic dystrophy. These diseases  
frequently require respiratory support in the newborn and 
pediatric periods. The morbidity and mortality of these dis-
eases are extremely variable. New technologies may allow non-
invasive respiratory support of some patients.158,160,161 Some 
diseases can be quite severe in the newborn period and be 
relieved with age. It is important to make an accurate diagnosis 
to be able to estimate prognosis and provide genetic counsel-
ing. Many of these diseases are inherited with known inheri-
tance patterns.

MINI CLINI
Delivery of an Infant With an Abdominal 
Wall Defect

PROBLEM:  The RT is called to the delivery room to assist in 
the delivery of a term infant with an abdominal wall defect. 
What should the RT consider for assisting this infant?

DISCUSSION:  There are many types of abdominal wall 
defects. The two most common are gastroschisis and ompha-
locele. These anomalies can be differentiated by whether the 
insertion of the umbilical cord into the abdomen is involved in 
the defect. In a gastroschisis, the umbilical cord inserts directly 
into the abdomen and is separate from the defect. In an ompha-
locele, the umbilical cord inserts directly into the defect. 
Although there is usually a membrane covering the bowel in 
an omphalocele, if the membrane has ruptured, the only means 
of distinguishing an omphalocele is by the umbilical cord 
insertion.

Most infants with these abdominal wall defects are term. 
Most do not have significant lung disease. An abdominal wall 
defect increases the intraabdominal pressure. It pushes the dia-
phragm up into the thorax, decreasing FRC. The RT should be 
aware that these patients will need support of their FRC. Typi-
cally, if the FRC can be supported with CPAP or PEEP, the 
infant will not need high rates or a high VT to achieve adequate 
gas exchange.
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FIGURE 34-6	 Normal	flow	of	blood	through	the	heart	and	some	congenital	defects	that	cause	abnormal	flow.	(Modified	from	Jacob	S,	
Francone	C,	Lossow	WJ:	Structure	and	function	in	man,	ed	5,	Philadelphia,	1982,	Saunders.)
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on the pressure gradients established, shunting through an 
open ductus may be either right to left (pulmonary pressure 
greater than aortic) or left to right (aortic pressure greater than 
pulmonary). Treatment is either pharmacologic (indometha-
cin) or surgical (ligation). In recent years, the best timing of 
treatment and the treatment mechanism have become quite 
controversial.179,180

Left  Ventricular  Outflow  Obstructions.  Hypoplastic left 
heart syndrome (Figure 34-7), interrupted aortic arch, and 
coarctation of the aorta have in common obstruction of left 
ventricular outflow.181 They all manifest in the newborn period 
with symptoms of acute heart failure. Systemic blood flow 
depends on patency of the ductus arteriosus. When the ductus 
spontaneously closes (usually at 5 to 7 days of age), severe con-
gestive heart failure develops. The symptoms range from mod-
erate respiratory distress to complete cardiovascular collapse. 

MINI CLINI
Newborn With Transposition of the 
Great Arteries

PROBLEM:  The RT is called to the delivery room to assist in 
the delivery of an infant to be born by repeat cesarean section 
without rupture of membranes. The fetus has had reassuring 
heart rate patterns in utero. There is no evidence of meconium. 
After delivery, the infant is breathing comfortably but fails to 
“pink up” (i.e., the infant is cyanotic). The transcutaneous O2 
saturation stabilizes in the low 70s despite mask-bag ventilation 
with an FiO2 of 1. What should the RT consider as the source 
of this problem?

DISCUSSION:  The most common reasons for a significantly 
cyanotic term infant immediately after delivery include pneu-
mothorax, persistent pulmonary hypertension, and cyanotic 
heart disease. Spontaneous pneumothorax occasionally can 
occur. The infant should have decreased breath sounds in the 
affected hemithorax. These infants usually have a significant 
increase in work of breathing; excluding pneumothorax leaves 
persistent pulmonary hypertension and cyanotic congenital 
heart disease as the main differential diagnoses. The two most 
likely cyanotic congenital heart diseases to manifest with sig-
nificant cyanosis immediately after birth are transposition of 
the great arteries (particularly with an intact ventricular 
septum) and tetralogy of Fallot (particularly with pulmonary 
atresia instead of pulmonary stenosis). An echocardiogram 
must be done as soon as possible to distinguish between these 
three possibilities.

Infants with cyanotic heart diseases are cyanotic. Some of 
these infants have saturations in the low 80s. Some of them 
have saturations in the 40s to 50s. Attempts to improve oxy-
genation with increased delivery of O2 would be unsuccessful. 
Increased O2 delivery would lead to problems with O2 toxicity. 
Improvement in systemic oxygenation occurs only by develop-
ing a left-to-right shunt in the central circulation. Acutely, this 
shunt can be managed with administration of prostaglandin to 
reopen the ductus arteriosus. Long-term management requires 
intervention by cardiac catheterization or surgery.

	

RULE OF THUMB

An	infant	with	profound	cyanosis	at	birth	most	likely	
has	cyanotic	heart	disease	or	PPHN.

types of tetralogy of Fallot can be managed surgically. All infants 
with tetralogy of Fallot should be evaluated for deletions on 
chromosome 22 (22q11).166 The type and timing of the surgery 
depend on the anatomy of the defects. Children with this defect 
are at increased risk for sudden death from arrhythmia later  
in life.

Transposition of the Great Arteries.  Transposition of the 
great arteries is the heart disease that most frequently causes 
severe cyanosis.162,163,167,168 It usually manifests as moderate to 
severe cyanosis immediately after birth. A murmur may be 
present. Infants with this abnormality frequently need emer-
gency atrial septostomy (cutting a hole in the wall between the 
two atria). This procedure historically has been performed in 
heart catheterization laboratories. Many pediatric cardiologists 
who perform invasive procedures have begun performing this 
procedure with ultrasound guidance in the neonatal intensive 
care unit. The condition of infants who need atrial septostomy 
usually stabilizes. The goal is to allow PVR to decrease and then 
to perform the arterial switch operation in week 2 or 3 of life.

Hypertension of the Newborn

Acyanotic Heart Diseases
Some of the most common and most severe congenital heart 
diseases are acyanotic. Ventricular septal defect is probably the 
most common congenital heart disease. Hypoplastic left heart 
syndrome is one of the most severe congenital heart diseases.

Ventricular Septal Defect.  Defects along the septum sepa-
rating the right and left ventricles are quite common. Ventricu-
lar septal defect (VSD) can occur alone or in combination with 
other anomalies. A simple VSD usually causes left-to-right 
shunting and congestive heart failure. This defect usually does 
not appear immediately after birth. It appears at 6 to 8 weeks 
of age, when the PVR has decreased enough that the shunt 
becomes large.

Historically, closure of VSDs has required surgery. In the last 
few years many VSDs have been able to be closed during heart 
catheterization.169-173

Atrial  Septal  Defect.  The most common type of atrial 
septal defect is a small, slitlike opening that persists after closure 
of the foramen ovale.174 An isolated atrial septal defect is of little 
clinical importance. As with VSDs, some ASDs can be closed 
during heart catheterization.171,175-178

Patent Ductus Arteriosus.  In a fetus, most of the pulmo-
nary blood flow is shunted through the ductus arteriosus to the 
aorta. Closure of the ductus normally occurs 5 to 7 days after 
birth of a term infant. Patent ductus arteriosus usually is a 
disease of immature, preterm infants. Factors altering pressure 
gradients or affecting smooth muscle contraction can cause the 
ductus not to close or to reopen after it has closed. Depending 
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ties discussed in this section include asthma, SIDS, gastroesoph-
ageal reflux disease, and cystic fibrosis.

Sudden Infant Death Syndrome

SIDS is the leading cause of death (40%) among infants younger 
than 1 year in the United States. Approximately 7000 infants die 
of SIDS each year in the United States.99,102,189,190 A presumptive 
diagnosis is based on the conditions of death in which a previ-
ously healthy infant dies unexpectedly, usually during sleep. 
Autopsy shows that many infants who die of SIDS have evi-
dence of repeated episodes of hypoxemia or ischemia. Factors 
associated with increased frequency of SIDS are presented in 
Box 34-1. If the infant is found and resuscitation is successful, 
the diagnosis would be apparent.

Cause
The cause of SIDS is unknown. Apnea of prematurity is not a 
predisposing factor, and there is no evidence that immaturity 
of the respiratory centers is a cause. Although infants in families 
in which two or more SIDS deaths have occurred are at slightly 
higher risk, there is no evidence of a genetic link. The best 
knowledge of SIDS comes from population or epidemiologic 
studies and is summarized in Box 34-2. An infant who dies of 
SIDS typically is a preterm African-American boy born to a 
poor mother younger than 20 years of age who received inad-
equate prenatal care. Infants 1 to 3 months old are most sus-
ceptible, and death is most likely to occur at night during the 
winter. The risk for SIDS also is high among infants who previ-
ously experienced an apparent life-threatening event. Such an 
event occurs when an infant becomes apneic, cyanotic, or limp 
enough to frighten the parent or caregiver. The prone sleeping 
position has been strongly associated with increased risk for 
SIDS. It is difficult to differentiate death from SIDS and death 

Initial treatment is intravenous administration of prostaglandin 
E1. Most infants with these defects need support with mechani-
cal ventilation. These infants do not have lung disease. The 
pressures and rates used should be set appropriately.

There are standard surgical repairs for both interrupted 
aortic arch and coarctation of the aorta. Hypoplastic left heart 
syndrome has several accepted treatments, including a palliative 
surgical procedure (Norwood) and transplantation.181-184 Nei-
ther the Norwood procedure nor transplantation is ideal, and 
each option has significant associated problems. The decision 
must be made in consultation with the family.

NEONATAL RESUSCITATION

Resuscitation of the newborn is a subset of resuscitation tech-
niques. Most infant resuscitations occur in the delivery room. 
Although these resuscitations can range from minimal inter-
vention to full resuscitation, more than 90% of them can be 
successfully dealt with by stimulation, ensuring the presence of 
an airway, and providing breathing support.185-188 RTs are very 
important members of any resuscitation team. Their expertise 
in establishing and supporting an airway and initiating respira-
tory support is essential. It is beyond the scope of this chapter 
to delineate the guidelines of neonatal resuscitation. The reader 
should refer to the neonatal resuscitation guidelines published 
by the American Academy of Pediatrics (AAP).185-188

PEDIATRIC RESPIRATORY DISORDERS

Compared with the common cardiopulmonary diseases in  
the neonatal period, the pulmonary conditions that occur 
among older infants and children commonly result from airway 
obstruction caused by bacterial or viral infections. Other enti-

FIGURE 34-7	 Hypoplastic	left	heart	syndrome.	
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 Box 34-1 Factors Associated With Increased 
Frequency of Sudden Infant  
Death Syndrome

MATERNAL CHARACTERISTICS
•	 Younger	than	20	years
•	 Poor
•	 African	American,	Native	American,	or	Alaskan	Native
•	 Previous	fetal	loss
•	 Cigarette	smoking
•	 Narcotic	abuse
•	 Illness	during	pregnancy
•	 Inadequate	prenatal	care

INFANT CHARACTERISTICS AT BIRTH
•	 Male	gender
•	 Premature	birth
•	 Small	for	gestational	age
•	 Low	Apgar	score
•	 Resuscitation	with	O2	and	ventilation	at	birth
•	 Second	or	third	in	birth	order	or	of	a	multiple	birth
•	 Sibling	death	from	SIDS

From	Koff	PB,	Eitzman	DV,	Neu	J:	Neonatal	and	pediatric	respiratory	
care,	ed	2,	St	Louis,	1993,	Mosby.
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mately 1% of infants hospitalized for bronchiolitis die of respi-
ratory failure. Infants most prone to respiratory failure as a 
consequence of bronchiolitis are very young and immunodefi-
cient and have a comorbidity, such as congenital heart disease, 
BPD, CF, or childhood asthma.206-210

Clinical Manifestations
The clinical manifestations of bronchiolitis are inflammation 
and obstruction of the small bronchi and bronchioles. Bronchi-
olitis commonly occurs soon after a viral upper respiratory tract 
infection. The infant may have a slight fever with an intermit-
tent cough. After a few days, signs of respiratory distress develop, 
particularly dyspnea and tachypnea. Progressive inflammation 
and narrowing of the airways cause inspiratory and expiratory 
wheezing and increase airway resistance. A chest radiograph 
shows signs of hyperinflation with areas of consolidation. The 
diagnosis of RSV infection can be established by immunofluo-
rescent assay the same day and assists in the implementation of 
a treatment plan.

Prophylaxis.  In recent years, passive immunization for RSV 
has become available.208,210-216 Initially, passive immunization 
was recommended only for preterm infants with BPD. However, 
passive immunization is now recommended for high-risk in-
fants younger than 2 years of age who require medical therapy 
for chronic lung disease, infants born at less than 32 weeks of 
gestational age, and infants with congenital heart disease who 
have cardiovascular compromise (Box 34-4).216

from intentional suffocation. The possibility of intentional suf-
focation must be investigated but with great sensitivity.109,191,192

Prevention
Because of the unknown causation and unexpected occurrence, 
there is no therapy for SIDS. Prevention is the goal. Successful 
prevention requires that infants at high risk be identified 
through a history of risk factors and documented monitoring 
or event recording. After identification that an infant is at risk, 
the family is trained in apnea monitoring and cardiopulmonary 
resuscitation. The AAP recommends placing infants in either 
the supine or the side-lying position for the first 6 months  
of life and reducing soft objects in the infant’s sleeping  
environment.109,191-193 To define the need and appropriate 
approach for home monitoring of infants, the AAP has  
developed a policy statement on infantile apnea and home 
monitoring.109,191 The AAP recommendations for the need for 
and use of home monitoring are summarized in Box 34-3.

Gastroesophageal Reflux Disease

Gastroesophageal reflux disease (GERD) is the regurgitation 
of stomach contents into the esophagus and is common in 
childhood. Some causes of GERD are not pathologic. There is 
general agreement that there are important interactions be-
tween GERD and various disorders of the respiratory system.194 
Respiratory problems caused by gastroesophageal reflux in-
clude reactive airways disease, wheezing, aspiration pneumonia, 
laryngospasm, stridor, chronic cough, choking spells, and 
apnea.194-198 GERD should be considered when an infant has 
faced a sudden life-threatening event and when an older child 
has unexplained chronic head and neck problems. GERD can 
be diagnosed with esophageal pH testing, upper gastrointestinal 
contrast studies, and gastric scintiscan. When GERD has been 
diagnosed, medical therapy can begin.199-205 Occasional cases 
that do not respond to medical management may require surgi-
cal intervention.

Bronchiolitis

Bronchiolitis is an acute infection of the lower respiratory tract, 
usually caused by respiratory syncytial virus (RSV). Nearly 1 in 
10 infants younger than 2 years of age acquires a bronchiolitis 
infection. The outcome is generally good, although approxi-

 Box 34-2 Infant Characteristics Near the 
Time of Death From Sudden Infant 
Death Syndrome

•	 Age	younger	than	6	months	(peak	between	1	month	and	3	
months)

•	 Winter	season
•	 Asleep	at	night
•	 Mild	illness	in	week	before	death
•	 History	of	apparent	life-threatening	event
•	 Prone	sleep	position
•	 Mother	smokes	cigarettes

 Box 34-3 American Academy of Pediatrics 
Recommendations on Home 
Apnea Monitoring

1.	 Home	cardiorespiratory	monitoring	should	not	be	prescribed	
to	prevent	SIDS.

2.	 Home	cardiorespiratory	monitoring	may	be	warranted	for	
premature	infants	who	are	at	high	risk	for	recurrent	episodes	
of	apnea,	bradycardia,	and	hypoxemia	after	hospital	
discharge.	The	use	of	home	cardiorespiratory	monitoring	in	
these	infants	should	be	limited	to	approximately	43	weeks	
postmenstrual	age	or	after	the	cessation	of	extreme	
episodes,	whichever	comes	last.

3.	 Home	cardiorespiratory	monitoring	may	be	warranted	for	
infants	who	are	technology-dependent	(tracheostomy,	
CPAP),	have	unstable	airways,	have	rare	medical	conditions	
affecting	regulation	of	breathing,	or	have	symptomatic	
chronic	lung	disease.

4.	 If	home	cardiorespiratory	monitoring	is	prescribed,	the	
monitor	should	be	equipped	with	an	event	recorder.

5.	 Parents	should	be	advised	that	home	cardiorespiratory	
monitoring	has	not	been	proved	to	prevent	sudden	
unexpected	deaths	in	infants.

6.	 Pediatricians	should	continue	to	promote	proved	practices	
that	decrease	the	risk	for	SIDS,	including	supine	sleep	
position,	safe	sleeping	environments,	and	elimination	of	
prenatal	and	postnatal	exposure	to	tobacco	smoke.

From	Committee	on	Fetus	and	Newborn:	American	Academy	of	
Pediatrics:	Apnea,	sudden	infant	death	syndrome,	and	home	monitoring.	
Pediatrics	111(4	Pt	1):914–917,	2003.
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bronchiolitis progresses to acute respiratory failure, mechanical 
ventilation is required. Because of the obstructive nature of this 
disorder, low respiratory rates and long expiratory times may 
be needed to prevent air trapping. Heliox has been used for 
severe airways disease requiring mechanical ventilation.219 Vig-
orous bronchial hygiene, occasionally including tracheobron-
chial aspiration, usually is needed to maintain a patent airway 
(Box 34-5).

Croup

Croup is a viral disorder of the upper airway that normally 
results in subglottic swelling and obstruction. Termed laryngo-
tracheobronchitis, viral croup is usually caused by the parainflu-
enza virus and is the most common form of airway obstruction 
in children 6 months to 6 years old. RSV and influenza virus 
are less common as causative agents. Bacterial superinfection 
with Staphylococcus aureus, group A Streptococcus pyogenes, or 
Haemophilus influenzae may worsen croup.

Clinical Manifestations
Symptoms become evident after 2 or 3 days of nasal congestion, 
fever, and coughing. A child typically has slow, progressive 
inspiratory and expiratory stridor and a barking cough. As the 
disease progresses, dyspnea, cyanosis, exhaustion, and agitation 
occur. A radiograph of the upper airway is helpful in confirming 
the diagnosis and ruling out epiglottitis but is usually not 
needed in most cases of croup. Classic croup is seen on an 
anteroposterior radiograph as characteristic subglottic narrow-
ing of the trachea, called the steeple sign (Figure 34-8).

Treatment.  Treatment of a patient with bronchiolitis varies 
with the severity of the infection and the clinical signs and 
symptoms. Many patients can be treated at home with humidi-
fication and oral decongestants. Patients with more severe 
symptoms (apnea) and comorbidity usually are hospitalized, 
and treatment is directed at relieving the airway obstruction 
and associated hypoxemia. Hospitalized children frequently are 
treated with systemic hydration and O2 via nasal cannula, high-
flow nasal cannula, hood, croup tent, or nasal cannula and 
assisted with airway clearance.208,212,215,217-220 Antibiotics may 
be administered to control secondary bacterial infections. If 

 Box 34-4 American Academy of Pediatrics 
Recommendations for Respiratory 
Syncytial Virus Prophylaxis

INDICATIONS FOR RSV PROPHYLAXIS
•	 Preterm	infants	without	CLD	or	congenital	heart	disease

•	 Preterm	infants	born	before	29	weeks,	0	days	gestation	
who	are	younger	than	12	months	at	the	start	of	the	RSV	
season

•	 Not	recommended	for	the	2	year	of	life
•	 Preterm	infants	with	CLD

•	 Infants	with	CLD	of	prematurity	defined	as	gestational	
age	<32	weeks,	0	days	and	requiring	FiO2	>21%	oxygen	
for	at	least	the	first	28	days	after	birth

•	 Second	year	of	life	recommendation	only	for	those	
infants	who	continue	requiring	medical	support	during	
the	6-month	period	before	the	start	of	the	second	RSV	
season

•	 Infants	with	hemodynamically	significant	CHD
•	 Acyanotic	heart	disease	requiring	medications	to	control	

congestive	heart	failure	and	will	require	cardiac	surgical	
procedures	in	infants	with	moderate	to	severe	pulmonary	
hypertension

•	 Cyanotic	heart	defects	in	the	first	year	of	life
•	 Infants	after	surgical	procedures	that	involve	

cardiopulmonary	bypass
•	 These	infants	may	need	a	postoperative	dose.

•	 Infants	younger	2	years	of	age	undergoing	cardiac	
transplantation

•	 Children	with	anatomic	pulmonary	abnormalities	or	
neuromuscular	disorder

•	 Immunocompromised	children
•	 Children	younger	than	24	months	of	age	with	severe	

immunocompromise
•	 Children	with	Down	syndrome

•	 Routine	us	is	not	recommended	unless	they	have	
qualifying	heart	disease,	CLD,	airway	clearance	issues,	or	
prematurity

•	 Children	with	cystic	fibrosis
•	 Routine	use	not	recommended	unless	other	indications	

are	present
•	 Infants	with	CF	and	CLD	or	nutritional	compromise	in	the	

first	year	of	life
•	 Infants	with	CF	and	severe	lung	disease	requiring	

hospitalization,	or	abnormalities	on	chest	radiograph/
computed	tomography,	or	weight	for	length	less	than	
10%

•	 Alaska	Native	and	American	Indian	Infants

CF,	Cystic	fibrosis;	CLD,	chronic	lung	disease;	RSV,	respiratory	syncytial	
virus.

FIGURE 34-8	 Anteroposterior	chest	radiograph	of	a	patient	with	
croup.	Subglottic	narrowing	typical	of	croup	is	evident	(arrows).	
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 Box 34-5 American Academy of Pediatrics Recommendations for Diagnosis and Management 
of Bronchiolitis

DIAGNOSIS
1a	Diagnosis	and	severity	should	be	made	on	the	basis	of	history	

and	physical	examination.	Routine	laboratory	and	radiologic	
studies	are	not	needed.

1b	Assess	for	history	of	risk	factors	in	patients	younger	than	12	
weeks	of	age.
Prematurity
Underlying	cardiopulmonary	disease
Immunodeficiency

TREATMENT
2a	Bronchodilators	should	not	be	routinely	used.
2b	A	carefully	monitored	trial	of	α-adrenergic	or	β-adrenergic	is	an	

option.	Inhaled	bronchodilators	should	be	continued	only	if	
there	is	a	documented	positive	clinical	response.

3	 Corticosteroids	should	not	be	used	routinely.
4	 Ribavirin	should	not	be	used	routinely.
5	 Antibacterial	medications	should	be	used	only	with	specific	

indications	of	the	coexistence	of	a	bacterial	infection.
6a	Assess	hydration	and	the	ability	to	take	oral	fluids.
6b	Chest	physiotherapy	should	not	be	used	routinely.

Supplemental	oxygen	is	indicated	if	oxyhemoglobin	saturation	
(SpO2)	falls	persistently	below	90%.

7a	Supplemental	O2	should	be	discontinued	if	SpO2	is	≥90%	and	
the	infant	is	feeding	well	and	has	minimal	respiratory	distress.

7b	As	the	child’s	clinical	course	improves,	continuous	
measurement	of	SpO2	is	not	routinely	needed.

7c	Infants	with	a	known	history	of	hemodynamically	significant	
heart	or	lung	disease	and	premature	infants	require	close	O2	
monitoring	as	the	O2	is	being	weaned.

PROPHYLAXIS
8a	Palivizumab	prophylaxis	should	be	done	according	to	the	new	

AAP	Guidelines	(Box	34-4).
9a	Hand	decontamination	is	the	most	important	step	in	

preventing	nosocomial	spread	of	RSV.
Hands	should	be	decontaminated	before	and	after	direct	

contact	with	the	patient	and	after	contact	with	inanimate	
objects	in	the	direct	vicinity	of	the	patient.

9b	Alcohol-based	rubs	are	preferred	for	hand	decontamination.
9c	Educate	personnel	and	family	members	on	hand	sanitation.
10a	Infants	should	not	be	exposed	to	passive	smoking.
10b	Breastfeeding	is	recommended	to	decrease	a	child’s	risk	for	

developing	a	lower	respiratory	tract	disease.
11	Inquire	about	the	use	of	complementary	and	alternative	

medicines.
•	 Infants	with	chronic	lung	disease

•	 Infants	born	at	younger	than	32	weeks	of	gestational	age
•	 Infants	born	at	32	to	35	weeks	to	gestational	age	who	are	

at	high	risk	for	severe	infection	and	younger	than	90	days	
of	age

•	 If	two	or	more	of	following	risks	are	present
•	 Child	care	attendance
•	 School-age	siblings
•	 Exposure	to	environmental	air	pollutants
•	 Congenital	abnormalities	of	the	airways
•	 Severe	neuromuscular	disease

•	 Infants	with	hemodynamically	significant	congenital	heart	
disease	(cyanotic	and	acyanotic)

•	 Following	cardiopulmonary	bypass

American	Academy	of	Pediatrics	Subcommittee	on	Diagnosis	and	Management	of	Bronchiolitis:	Diagnosis	and	management	of	bronchiolitis.	Pediatrics	
118:1774–1193,	2006.

Treatment
The evaluation and treatment of a child with croup must focus 
on the degree of respiratory distress and associated clinical find-
ings. If stridor is mild or occurs only on exertion and cyanosis 
is not present, hospitalization is generally not required and the 
child is treated at home. If there is stridor at rest (accompanied 
by harsh breath sounds, suprasternal retractions, and cyanosis 
with breathing of room air), hospitalization is indicated.  
The traditional treatment of a child with mild to moderate 
croup has involved cool mist therapy with or without supple-
mental O2. However, there is no evidence that this practice is 
beneficial.221 Corticosteroids and epinephrine have been shown 
to have the greatest benefit for decreasing the length and sever-
ity of respiratory symptoms associated with viral croup.222-225 
The addition of budesonide has been shown to reduce the 
severity of symptoms in mild to moderate cases of croup.222-225 
Progressive worsening of the clinical signs despite treatment 
indicates the need for intubation and mechanical ventilation. 
Heliox has been used for infants and children with severe 
disease. There is some evidence to show short-term benefit; 
however, long-term benefit has not yet been shown.226

Epiglottitis

Epiglottitis is an acute and often life-threatening infection of 
the upper airway that causes severe obstruction secondary to 
supraglottic swelling. Evidence suggests that the incidence of 
epiglottitis is decreasing among children and increasing in 
adults,227 probably because of the use of vaccines. The most 
common cause is H. influenzae type B infection. Other organ-
isms that are increasingly found to be causes of acute epiglottitis 
include group A S. pneumoniae, S. aureus, Klebsiella pneu-
moniae, Haemophilus parainfluenzae, and beta-hemolytic strep-
tococci (groups A, B, C, and F).228

Clinical Manifestations
A child with epiglottitis usually has a high fever, sore throat, 
stridor, and labored breathing.228-233 The patient does not have 
a croupy bark but instead has a muffled voice. Older children 
may report a sore throat and difficulty swallowing. Difficulty 
swallowing may cause drooling. Lateral radiographs of the neck 
(Figure 34-9) show the epiglottis is markedly thickened and 
flattened (thumb sign) and the aryepiglottic folds are swollen; 
the vallecula may not be visualized. Visual examination of the 
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extubation, close monitoring must be performed for evidence 
of airway compromise. Cool mist may be helpful to minimize 
inflammation after extubation.

Treatment
Children with epiglottitis need elective intubation under general 
anesthesia in the operating room. Tracheostomy may be needed 
if the patient’s condition warrants it; however, this procedure is 
rarely used. There should be no attempt to lie the child down 
or attempts to intubate until the child is sedated. Premature 
attempts at intubation can precipitate acute airway obstruction 
and respiratory arrest. After an airway is secured, a sample  
for bacterial culture should be obtained and antibiotic  
therapy should be started. Corticosteroids may decrease the 
swelling.228,229,231,233 Children with an ETT should be sedated and 
restrained to prevent inadvertent extubation. Extubation should 
not be attempted until an upper airway leak is readily detected.

Cystic Fibrosis

Cystic fibrosis (CF) is one of the most common life-limiting 
autosomal recessive diseases, occurring in approximately 1 in 
every 3500 newborns in the United States.234 It affects approxi-
mately 30,000 persons in the United States and 70,000 persons 
worldwide.234 The incidence varies by race and ethnicity affect-
ing approximately 1 : 3200 whites, 1 : 9500 Hispanics, 1 : 15,000 
African Americans, and 1 : 31,000 in Asian Americans.235 CF is 
caused by mutations in the gene that encodes a multifunctional 
protein called the CF transmembrane conductance regulator 
(CFTR).236 One of the main functions of this protein is to serve 
as an apical chloride channel in airway, intestinal, and exocrine 
cells.237 The movement of chloride ions and regulation of 
sodium ions is important to the proper regulation of the water 
content of secretions.238 The dehydrated viscous secretions that 
result from the CFTR abnormality lead to organ dysfunction 
resulting in the clinical manifestations of the disease.238 There 
are over 1900 known CFTR mutations,239 which are grouped 
into six classes that result in varying levels of CFTR production 
and dysfunction.237 The variety of CFTR mutations explains 
some of the variability in the severity of the clinical manifesta-
tions of the disease.

FIGURE 34-9	 Lateral	radiograph	of	the	neck	of	a	patient	with	
epiglottitis.	The	thumb	sign	is	prominent	(arrow).	

	

RULE OF THUMB

Both	parents	must	be	carriers	of	the	mutated	CF	gene	
(CFTR)	for	a	child	to	be	born	with	CF.	If	both	parents	
have	a	deleterious	CFTR	mutation,	the	chance	that	CF	
will	develop	in	their	offspring	is	1	in	4.

MINI CLINI
Extubation

PROBLEM:  A 3-year-old child underwent emergency intuba-
tion 5 days earlier for epiglottitis. The physician asks the RT to 
evaluate the patient for extubation. What would the RT evalu-
ate before making the decision to extubate? What equipment 
would the RT want to have at the bedside during extubation?

DISCUSSION:  Clinical examination of vital signs (e.g., body 
temperature), breath sounds, sensorium, and degree of airway 
leak should be considered. Equipment for rapid reintubation 
must be at the bedside, including racemic epinephrine for 
aerosolization.

upper airway is dangerous in these children and always should 
be performed in a controlled setting by personnel expert in 
emergency intubation. Inadvertent traction of the tongue can 
cause further and immediate swelling of the epiglottis and 
abrupt and total upper airway obstruction. Children with sus-
pected epiglottitis should be accompanied by personnel expert 
in emergency intubation during any transport for diagnostic 
procedures.

Extubation of any patient should take into consideration the 
pathophysiologic condition that led to intubation. In this case, 
the RT should look for evidence that the infection is resolving 
and that the upper airway is no longer inflamed. A lack of fever 
for at least 12 hours and visual inspection of the throat that 
reveals minimal inflammation would be most helpful. After 

Clinical Manifestations

Patients with CF primarily experience abnormalities in the 
respiratory, digestive, and reproductive tracts.240 Complications 
of lung disease are the leading cause of death in patients with 
CF.241 The decreased airway surface liquid secondary to CFTR 
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The diagnosis of CF in patients not identified by newborn 
screening can be made by performing a sweat test in children 
or adults with signs or symptoms suggestive of CF, including 
recurrent sinus or lung infections, bronchiectasis, nasal polyps, 
digital clubbing, malabsorption, failure to gain weight as 
expected, recurrent pancreatitis, salt-losing syndromes, and 
male infertility resulting from obstructive azoospermia, or if 
they have a sibling with CF.258 Having two sweat chloride test 
results greater than 60 mEq/L confirms the diagnosis.258

Pancreatic insufficiency is most often diagnosed with a stool 
fecal elastase testing.259

Monitoring
CF patients should be managed at an accredited CF center.234 
The CF Foundation recommends that newborns with CF are 
seen soon after a positive newborn screen result and then at 
least on a monthly basis until 6 months of age, then every 2 
months until age 1 year, and every 2 to 3 months thereafter.259 
It is recommended that older children and adults are seen quar-
terly at a minimum. Because CF lung disease is progressive, 
patients are closely monitored by symptom assessment, physical 
examinations, sputum cultures to monitor airway flora, and 
objective measurements with spirometry and chest radiogra-
phy.234 The nutritional status of each patient is also monitored 
very closely, including their growth, body mass index, protein 
stores, and fat-soluble vitamin levels.

Treatment
Multiple therapies are used to maintain a patient’s lung health. 
Airway clearance has been a mainstay of therapy in CF.260 There 
are many options for airway clearance, including percussion 
and postural drainage, positive expiratory pressure, autogenic 
drainage, autocycle of breathing technique, oscillatory positive 
expiratory pressure, and high-frequency chest compression.260 
Airway clearance therapies have been shown to increase sputum 
production, improve exercise tolerance, and decrease the rate of 
lung function decline.260 In general, no specific airway clearance 
technique is superior to another; therefore airway clearance 
must be tailored to the individual patient.260

As a result of the cellular debris from chronic infection and 
inflammation, there is free DNA in the airways that contributes 
to the viscosity of secretions. To treat this, inhaled recombinant 
deoxyribonuclease (DNase) is used to degrade the viscous 
DNA.261 The routine daily use of inhaled DNase has been shown 
to improve pulmonary function and reduce exacerbations in 
patients with CF.261,262 Inhaled DNase is recommended for daily 
use in patients 6 years of age and older.263 Nebulized 7% hyper-
tonic saline is thought to improve mucociliary clearance and 
has been shown to improve lung function and reduce exacerba-
tions.264 Nebulized 7% hypertonic saline is currently recom-
mended for twice-daily use in patients 6 years and older.263 High 
doses of the antiinflammatory drug ibuprofen, when used at 
doses resulting in appropriate levels, reduce the progression of 
CF lung disease and is recommended for use in children 6 to 
17 years of age with a forced expiratory volume in 1 second 
greater than 60% predicted.263 The regular use of azithromycin, 

dysfunction leads to impaired mucus clearance, resulting in 
inflammation and infection of the airways238 that causes a 
patient to have a chronic productive cough. Chronic airway 
infections can occur early in life, most frequently with S. aureus, 
H. influenzae, or Pseudomonas aeruginosa.234 Certain organisms, 
including P. aeruginosa, methicillin resistant S. aureus, and 
Burkholderia cepacia, have been associated with greater declines 
in lung function.242-244 There are infection control guidelines to 
reduce the risk for acquiring pathogens that can be detrimental 
to the health of patients with CF.245 As the disease progresses, 
the cycle of inflammation, infection, and lung damage results 
in lung hyperinflation and bronchiectasis.237 Patients with end-
stage CF lung disease have severe debility from respiratory 
failure and may develop pulmonary hypertension and cor 
pulmonale.241

Approximately 85% of patients with CF have exocrine pan-
creatic insufficiency.234 CFTR dysfunction in the pancreas dra-
matically reduces the amount of digestive enzymes, leading to 
malabsorption of fats and proteins and less so for carbohy-
drates.246 Malabsorption results in bulky, greasy, foul-smelling 
stools, fat-soluble vitamin deficiencies, and poor weight gain 
with failure to thrive. Some newborns present with a condition 
called meconium ileus secondary to bowel obstruction of thick 
and hardened meconium that sometimes results in intestinal 
perforation.247 Rectal prolapse also can occur as a result of 
malabsorption and elimination of bulky stools.248 Patients 
with pancreatic sufficiency can have recurrent bouts of pan-
creatitis.249 Liver disease can result in prolonged obstructive 
jaundice in the newborn period.250 Some children and adults 
have progressive liver disease leading to cirrhosis and portal 
hypertension.251

Males with CF have obstructive azospermia as a result of 
congenital absence of the vas deferens.252 Males and females 
with CF often have pubertal delays.253 Females also have reduced 
fertility.254

As children with CF age, the risk for diabetes increases, and 
by adulthood the majority of patients have abnormal glucose 
tolerance testing.234

The electrolyte composition of sweat in CF patients is abnor-
mal because of the higher content of salt.255 Increased salt losses 
in the sweat may lead to the initial presentation of some  
CF patients with hyponatremic hypochloremic metabolic  
alkalosis.256 The sweat chloride test used for the diagnosis of 
CF is based on the abnormal concentration of chloride in the 
sweat of patients with the disease.257

Diagnosis
Since 2010, screening for CF in newborns indicating persistent 
hypertrypsinogenemia is performed in all 50 states and the 
District of Columbia.234 The diagnosis is confirmed by a sweat 
chloride test performed at an accredited CF center. The skin is 
stimulated to produce sweat (pilocarpine iontophoresis), and a 
sweat chloride level greater than 60 mEq/L confirms the diag-
nosis of CF.258 The diagnosis in some infants is challenging 
because they have two CFTR mutations, but a normal sweat 
chloride (<30 mEq/L in infants younger than 6 months).258
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possibly through its antiinflammatory and antimicrobial prop-
erties, helps preserve lung function and decreases the frequency 
of pulmonary exacerbations. Azithromycin is recommended  
in patients 6 years and older.263 Patients taking azithromycin 
should be monitored for the acquisition of nontuberculous 
mycobacteria, at which time their azithromycin monotherapy 
should be discontinued.263

The lungs of CF patients are chronically colonized with 
bacteria. One of the most common organism is P. aerugi-
nosa,234 which has been associated with more rapid decline in 
lung function and decreased survival.242 Inhaled antibiotics di-
rected against this organism are recommended for eradiation 
and chronic suppression. Currently two inhaled antibiotics—
inhaled tobramycin and inhaled aztreonam—are available  
for use.263,265,266

More recently developed therapies are aimed at correcting 
the underlying CFTR defect or potentiating its function.237 In 
2012, ivacaftor, a potentiator that activates defective CFTR, was 
approved for use in the United States in patients with a specific 
variant of CF—the G551D CFTR mutation. In 2014 the approval 
for use of ivacaftor was expanded to some other gating CFTR 
mutations. Ivacaftor has been shown to improve lung function 
and significantly reduce pulmonary exacerbations.267 Ivacaftor 
also was observed to significantly decrease the sweat chloride 
concentration.

Lung transplantation is an option for patients with advanced 
severe CF lung disease.

The malabsorption secondary to deficiency of pancreatic 
enzymes is managed with pancreatic enzyme supplementation 
and vitamin supplementation.240 Some patients also require 
oral calorie supplements to assist with their nutritional needs.

Prognosis
When CF was first described in 1938, children lived approxi-
mately 6 months.268 As a result of improvements in CF care and 
advances in therapies, survival has significantly improved.234 In 
2002 the median age of survival was 31.3 years, and 10 years 
later in 2012, the median survival of patients with CF rose to 
41.1 years.234 In the near future, the number of adults will out-
number the children with CF.234

ROLE OF THE RESPIRATORY 
THERAPIST IN NEONATAL  
AND PEDIATRIC RESPIRATORY 
DISORDERS

As with any clinical situation, the role of the RT in the special 
environment of neonatal and pediatric care is to use his or her 
expertise and knowledge to improve patient outcome. Because 
there are significant differences in the diseases, pathophysiolo-
gies, and function of respiratory support equipment between 
adult and pediatric patients, the RT must be thoroughly familiar 
with all aspects of pediatric care. The old adage “children are 
not little adults” is true. Equally, newborns are not little chil-
dren. Each of these age groups has unique characteristics that 
require specialized knowledge and experience. The RT is an 

SUMMARY CHECKLIST

◗	The	incidence	of	RDS	increases	with	decreasing	
gestational	age.

◗	A	qualitative	decrease	in	surfactant	increases	alveolar	
surface	tension	forces	in	RDS	patients.	This	process	
causes	alveoli	to	become	unstable	and	collapse	and	leads	
to	atelectasis	and	increased	work	of	breathing.

◗	The	definitive	diagnosis	of	RDS	usually	is	made	with	chest	
radiography.	Diffuse,	hazy,	reticulogranular	densities	with	
the	presence	of	air	bronchograms	and	low	lung	volumes	
are	typical	of	RDS.

◗	TTN,	often	referred	to	as	type	II	RDS,	is	probably	the	most	
common	respiratory	disorder	of	the	newborn.	The	cause	
of	TTN	is	unclear	but	is	most	likely	related	to	delayed	
clearance	of	fetal	lung	liquid.	Infants	with	TTN	usually	
respond	readily	to	low	FiO2	by	O2	hood	or	nasal	cannula.	
Infants	who	need	higher	FiO2	levels	may	benefit	from	
CPAP.

◗	MAS	is	a	disease	of	term	and	near-term	infants.	It	involves	
aspiration	of	meconium	into	the	central	airways	of	the	
lung.	This	disorder	usually	is	associated	with	perinatal	
depression	and	asphyxia.

◗	The	best	management	of	BPD	is	prevention.	Prevention	of	
atelectrauma	and	volutrauma	begins	in	the	delivery	room.

◗	PPHN	should	be	suspected	when	an	infant	has	rapidly	
changing	SaO2	without	changes	in	FiO2	or	has	hypoxemia	
out	of	proportion	to	the	lung	disease	detected	on	the	
chest	radiograph	or	on	the	basis	of	PaCO2.

◗	Congenital	diaphragmatic	hernia	is	a	severe	disease	that	
usually	manifests	as	severe	respiratory	distress	in	the	
newborn	period.	The	pathophysiologic	mechanism	is	a	
complex	combination	of	lung	hypoplasia,	including	
decreased	alveolar	count	and	decreased	pulmonary	
vasculature;	pulmonary	hypertension;	and	unusual	
anatomy	of	the	inferior	vena	cava.

◗	The	cause	of	SIDS	is	unknown.	Apnea	of	prematurity	is	
not	a	predisposing	factor,	and	there	is	no	evidence	that	
immaturity	of	the	respiratory	centers	is	a	cause.

◗	Bronchiolitis	is	an	acute	infection	of	the	lower	respiratory	
tract	usually	caused	by	RSV.

◗	Croup	is	a	viral	disorder	of	the	upper	airway	that	normally	
results	in	subglottic	swelling	and	obstruction.	Termed	
laryngotracheobronchitis,	viral	croup	is	caused	by	the	
parainfluenza	virus	and	is	the	most	common	form	of	
airway	obstruction	in	children	6	months	to	6	years	old.

◗	Epiglottitis	is	an	acute,	often	life-threatening	infection	of	
the	upper	airway	that	causes	severe	obstruction	
secondary	to	supraglottic	swelling.	Evidence	suggests	that	
the	incidence	of	epiglottitis	is	decreasing	among	children,	

important part of a team that is dedicated to the health and 
well-being of these fragile patients.

Also, the RT has an important role in providing education 
and emotional support, not only of the pediatric patient but 
also of the families and caregivers. Frequently, the RT is at the 
bedside of patients when the parents or caregivers are present. 
The RT is invaluable in helping patients and parents understand 
the respiratory goals of each individual patient.
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probably	because	of	the	use	of	vaccines.	A	child	with	
epiglottitis	usually	has	a	high	fever,	sore	throat,	stridor,	
and	labored	breathing.

◗	CF	is	the	most	common	lethal	genetic	disorder	among	
whites.	It	is	inherited	as	an	autosomal	recessive	trait	that	
affects	approximately	30,000	people	in	the	United	States.	
Treatment	of	CF	lung	disease	requires	aggressive	efforts	
to	control	pulmonary	infections	and	clear	pulmonary	
secretions.	RTs	often	play	a	key	role	in	treating	patients	
with	CF.
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Airway Pharmacology
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CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Analyze	three	phases	that	constitute	the	course	of	drug	action	from	dose	to	effect.
◆	 Describe	classes	of	drugs	that	are	delivered	via	the	aerosol	route.
◆	 Compare	mode	of	action,	indications,	and	adverse	effects	that	characterize	each	major	class	of	aerosolized	

drug.
◆	 Compare	available	aerosol	formulations,	brand	names,	and	dosages	for	each	specific	drug	class.
◆	 Select	the	appropriate	drug	class	for	a	specific	patient	or	clinical	situation.
◆	 Assess	the	outcomes	for	each	class	of	aerosol	drug	therapy.
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Nonsteroidal Antiasthma Drugs
Indication	for	Use
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Adverse	Effects
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Aerosolized Antiinfective Agents
Pentamidine	Isethionate
Ribavirin
Inhaled	Tobramycin
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L T  ratio Lung availability Lung GI availability= +( )

This concept, proposed by Borgström4 and elaborated by Thors-
son,5 is illustrated in Figure 35-1, showing delivery of albuterol 
by inhalation using an MDI and a DPI.

Pharmacodynamic Phase

The pharmacodynamic phase describes the mechanisms of 
drug action by which a drug molecule causes its effects in the 
body. Drug effects are caused by the combination of a drug with 
a matching receptor. Drug signaling mechanisms include the 
following:

Signaling Mechanism Example

Mediation by G protein (guanine 
nucleotide)–linked receptors

Beta-adrenergic agonists, 
antimuscarinic agents

Attachment to intracellular 
receptors by lipid-soluble drugs

Corticosteroids

The mechanisms of drug action are briefly described for 
each class of bronchoactive drug.

Airway Receptors and Neural Control 
of the Lung

Pharmacologic control of the airway is mediated by receptors 
found on airway smooth muscle, secretory cells, bronchial epi-
thelium, and pulmonary and bronchial blood vessels. There  
are sympathetic (adrenergic) and parasympathetic (cholinergic) 
receptors in the lung. The terminology for drugs acting on these 
receptors is based on the usual neurotransmitter that acts on 
the receptor. The usual neurotransmitter in the sympathetic 
system is norepinephrine, which is similar to epinephrine. The 
usual neurotransmitter in the parasympathetic system is acetyl-
choline. The receptors responding to these neurotransmitters 
are termed adrenergic and cholinergic. Agonists (stimulating 
agents) and antagonists (blocking agents) that act on these 
receptors are given the following classifications:
• Adrenergic (adrenomimetic): Drug that stimulates a recep-

tor responding to norepinephrine or epinephrine
• Antiadrenergic: Drug that blocks a receptor for norepineph-

rine or epinephrine
• Cholinergic (cholinomimetic): Drug that stimulates a 

receptor for acetylcholine
• Anticholinergic: Drug that blocks a receptor for 

acetylcholine
• Muscarinic: Drug that stimulates acetylcholine receptors 

specifically at parasympathetic nerve–ending sites
Because cholinergic receptors exist at autonomic ganglia and 

at the myoneural junction in skeletal muscle, the terms musca-
rinic and antimuscarinic distinguish cholinergic agents whose 
action is limited to parasympathetic sites. Neostigmine is a cho-
linergic (indirect-acting) drug that increases receptor stimula-
tion at both the myoneural junction and the parasympathetic 
sites. By contrast, atropine is an antimuscarinic agent that 
blocks the action of acetylcholine only at the parasympathetic 
sites. Table 35-1 summarizes receptors and their effects for the 
cardiopulmonary system. A more detailed description of the 

T he primary focus of respiratory care pharmacology is 
the delivery of inhaled aerosols to the respiratory tract 
for the diagnosis and treatment of pulmonary diseases. 

Although other drug classes are used in respiratory care, discus-
sion in this chapter is limited to bronchoactive inhaled aerosols. 
Other drug classes are discussed in pharmacology texts.1,2

PRINCIPLES OF PHARMACOLOGY

The course of drug action from dose to effect comprises three 
phases: drug administration, pharmacokinetic, and pharmacody-
namic phases. These three phases of drug action can be applied 
to drug treatment of the respiratory tract with inhaled agents.

Drug Administration Phase

The drug administration phase describes the method by which 
a drug dose is made available to the body. Administering drugs 
directly to the respiratory tract uses the inhalation route, and 
the dose form is an aerosol of liquid solutions, suspensions, or 
dry powders. The most commonly used devices to administer 
orally or nasally inhaled aerosols are the metered dose inhaler 
(MDI), the soft-mist inhaler Respimat, the small volume nebu-
lizer (SVN), and the dry powder inhaler (DPI). Reservoir 
devices, including holding chambers with one-way inspiratory 
valves and simple, nonvalved spacer devices, are often added to 
MDIs to reduce the need for complex hand-breathing coordina-
tion and to reduce oropharyngeal impaction of the aerosol drug 
(see Chapter 39).

The advantages of treatment of the respiratory tract with 
inhaled aerosols are as follows:
• Aerosol doses are usually smaller than doses for systemic 

administration.
• Onset of drug action is rapid.
• Delivery is targeted to the organ requiring treatment.
• Systemic side effects are often fewer and less severe.

Disadvantages of the delivery of inhaled aerosols in treating 
respiratory disease include the number of variables affecting the 
delivered dose and lack of adequate knowledge of device per-
formance and use among patients and caregivers.3

Pharmacokinetic Phase

The pharmacokinetic phase of drug action describes the time 
course and disposition of a drug in the body based on its 
absorption, distribution, metabolism, and elimination. Inhaled 
aerosols are intended for local effects in the airway. Undesired 
systemic effects result from absorption and distribution 
throughout the body.

An inhaled aerosol distributes to the lung by inhalation and 
the stomach through swallowing of drug that deposits in the 
oropharynx. The therapeutic effect of the aerosol drug is caused 
by the portion in the airway, whereas systemic effects are due 
to absorption of the drug from the airway and gastrointestinal 
(GI) tract. The ideal aerosol would distribute only to the airway, 
with none reaching the stomach. The ratio of lung availability 
to total systemic availability (L/T ratio) quantifies the efficiency 
of aerosol delivery to the lung:
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autonomic nervous system and receptor subtypes is provided 
by Katzung and colleagues.2

ADRENERGIC BRONCHODILATORS

Adrenergic bronchodilators represent the largest group of  
drugs among the aerosolized agents used for oral inhalation. 

FIGURE 35-1	 Comparison	of	efficiency	of	aerosol	delivery	with	MDI	and	DPI	using	the	L/T	availability	ratio.	L/T,	Ratio	of	lung	availability	to	
total	systemic	availability.	(From	Gardenhire	DS:	Rau’s	respiratory	care	pharmacology,	ed	9,	St.	Louis,	2016,	Elsevier.)

Inhaled

Airway – 30% Stomach – 70%

Albuterol – MDI

Airway
absorption – 30%

Inactive – 35%

GI absorption – 35%

Systemic circulation

65%

[L/T ratio = 30/65 = 0.46]

Inhaled

Airway – 13% Stomach – 87%

Albuterol – DPI

Airway
absorption – 13%

Inactive – 44%

GI absorption – 44%

Systemic circulation

57%

[L/T ratio = 13/57 = 0.23]

TABLE 35-1 

Airway Receptors and Their Effects in the 
Cardiopulmonary System*

Location Receptor Effect

Heart Beta-1-adrenergic Increased	rate,	force
M2-cholinergic Decreased	rate

Bronchiolar	smooth	
muscle

Beta-2-adrenergic Bronchodilation
M3-cholinergic Bronchoconstriction

Pulmonary	blood	
vessels

Alpha-1-adrenergic Vasoconstriction
Beta-2-adrenergic Vasodilation
M3-cholinergic Vasodilation

Bronchial	blood	
vessels

Alpha-1-adrenergic Vasoconstriction
Beta-2-adrenergic Vasodilation

Submucosal	glands Alpha-1-adrenergic Increased	fluid,	mucin
Beta-2-adrenergic Increased	fluid,	mucin
M3-cholinergic Exocytosis,	secretion

M2, M3,	Subtypes	of	muscarinic	(M)	cholinergic	receptors.
*Adrenergic	and	muscarinic	cholinergic	receptor	subtypes	are	indicated.

Table 35-2 lists bronchodilators in this group, with their aerosol 
formulations, selected brand names, and dosages.

Indications for Use

The general indication for use of an adrenergic bronchodilator 
is the presence of reversible airflow obstruction. The most 
common use of these agents clinically is to improve flow rates 
in asthma (including exercise-induced asthma), acute and 
chronic bronchitis, emphysema, bronchiectasis, cystic fibrosis 
(CF), and other obstructive airway states.

Indication for Short-Acting Agents
Short-acting beta-2 agonists (SABAs), such as albuterol and 
levalbuterol, are indicated for relief of acute reversible airflow 
obstruction in asthma or other obstructive airway diseases. 
Short-acting agents are termed rescue agents in the 2007 National 
Asthma Education and Prevention Program Expert Panel III 
(NAEPP EPR III) guidelines.6

Indication for Long-Acting Agents
Long-acting beta agonists (LABAs), such as salmeterol, for-
moterol, arformoterol, indacaterol, and olodaterol are indicated 
for maintenance bronchodilation and control of bronchospasm 
and nocturnal symptoms in asthma or other obstructive dis-
eases, such as chronic obstructive pulmonary disease (COPD). 
NAEPP EPR III guidelines consider LABAs a controller; its 
slower time to peak effect makes it a poor rescue drug. In 
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TABLE 35-2 

Adrenergic Bronchodilator Agents Available in the United States

Drug Brand Name Receptor 
Preference

Adult Dosage Time Course (Onset, 
Peak, Duration)

Ultra-Short-Acting Adrenergic Bronchodilator Agents
Racemic	epinephrine Asthmanefrin* Alpha,	beta SVN:	2.25%	solution,	0.25-0.5	ml	(5.63-

11.25	mg)	4	times	daily
Onset:	3-5	min
Peak:	5-20	min
Duration:	0.5-2	hr

Short-Acting Adrenergic Bronchodilator Agents
Metaproterenol Alupent Beta-2 SVN:	0.4%,	0.6%	solution,	tid,	qid

Tab:	10	mg	and	20	mg,	tid,	qid
Syrup:	10	mg	per	5	ml

Onset:	1-5	min
Peak:	60	min
Duration:	2-6	hr

Albuterol Proventil	HFA999,	Ventolin	
HFA,	ProAir	HFA,	
AccuNeb,	VoSpire	ER

Beta-2 SVN:	0.5%	solution,	0.5	ml	(2.5	mg),	0.63	mg,	
1.25	mg	and	2.5	mg	unit	dose,	tid,	qid

MDI:	90	µg/puff,	2	puffs	tid,	qid
Tab:	2	mg,	4	mg,	and	8	mg,	bid,	tid,	qid
Syrup:	2	mg/5	ml,	1-2	tsp	tid,	qid

Onset:	15	min
Peak:	30-60	min
Duration:	5-12	hr

Levalbuterol Xopenex,	Xopenex	HFA Beta-2 SVN:	0.31	mg/3	ml	3	times	daily,	0.63	mg/3	ml	
3	times	daily,	or	1.25	mg/3	ml	3	times	daily,	
concentrate	1.25	mg/0.5	ml,	3	times	daily

MDI:	45	µg/puff,	2	puffs	every	4-6	hr

Onset:	15	min
Peak:	30-60	min
Duration:	5-8	hr

Long-Acting Adrenergic Bronchodilator Agents
Salmeterol Serevent	Diskus Beta-2 DPI:	50	µg/blister	twice	daily Onset:	20	min

Peak:	3-5	hr
Duration:	12	hr

Formoterol Perforomist,	Foradil Beta-2 SVN:	20	µg/2	ml	unit	dose,	bid
DPI:	12	µg/inhalation,	bid

Onset:	15	min
Peak:	30-60	min
Duration:	12	hr

Arformoterol Brovana Beta-2 SVN:	15	µg/2	ml	unit	dose,	twice	daily Onset:	15	min
Peak:	30-60	min
Duration:	12	hr

Indacaterol Arcapta	Neohaler Beta-2 DPI:	75	µg/inhalation,	once	daily Onset:	5	min
Peak:	30	min
Duration:	24	hr

Olodaterol Stiverdi	Respimat Beta-2 SMI:	2.5	µg/actuation,	2	actuations	daily Onset:	15	min
Peak:	30-60	min
Duration:	12	hr

DPI,	Dry	powder	inhaler;	MDI,	metered	dose	inhaler;	SMI,	soft	mist	inhaler;	SVN,	small	volume	nebulizer.
*Available	over-the-counter.

asthma, a long-acting bronchodilator is usually combined with 
antiinflammatory medication for control of airway inflamma-
tion and bronchospasm. Although some LABAs have a rapid 
onset and peak effect similar or better than that of albuterol, its 
prolonged activity makes it a better maintenance drug com-
pared with an acute reliever or rescue agent.

Indication for Racemic Epinephrine
Racemic epinephrine is often used by inhaled aerosol or direct 
lung instillation for its strong vasoconstricting effect to reduce 
airway swelling after extubation or during epiglottitis, croup, or 
to control airway bleeding during endoscopy.

Mode of Action and Effects

Adrenergic bronchodilators can stimulate one or more of the 
following receptors, with the effects described:
• Alpha-receptor stimulation: Causes vasoconstriction and a 

vasopressor effect (increased blood pressure)

• Beta-1-receptor stimulation: Causes increased heart rate and 
myocardial contractility

• Beta-2-receptor stimulation: Relaxes bronchial smooth 
muscle, stimulates mucociliary activity, and has some inhibi-
tory action on inflammatory mediator release
Bronchodilation, through stimulation of beta-2 receptors, is 

the desired therapeutic effect. Both alpha-adrenergic and beta-
adrenergic receptors are G protein–linked receptors. Figure 
35-2 illustrates the mode of action for relaxation of airway 
smooth muscle when a beta-2 receptor is stimulated. The nature 
of the beta receptor and its activity is presented in more detail 
by Chung and colleagues.7

Adrenergic Bronchodilator Agents

Adrenergic bronchodilator agents represent the evolution of a 
drug class. Although all of these agents are adrenergic ago-
nists, the differences among individual agents are due to  
their receptor preference (alpha-adrenergic, beta-1-adrenergic, 
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racemic mixtures, containing both the (R)-isomer and the (S)-
isomer in equal amounts. Levalbuterol is the pure (R)-isomer 
of racemic albuterol. Both stereoisomers of albuterol are shown 
in Figure 35-3 with the single-isomer (R-isomer) form of lev-
albuterol. Although the (S)-isomer is physiologically inactive on 
adrenergic receptors, there is evidence that the (S)-isomer is 
not completely inactive. Box 35-1 lists some of the physiologic 
effects of (S)-albuterol noted in the literature.8-14 The effects 
antagonize the bronchodilating effects of the (R)-isomer and 
promote bronchoconstriction. In addition, the (S)-isomer is 
more slowly metabolized than the (R)-isomer.

beta-2-adrenergic) and their different pharmacokinetics, as 
listed in Table 35-2. These differences determine the clinical 
application of individual agents. The adrenergic bronchodila-
tors form three subgroups.

Ultra-Short-Acting Catecholamines
The older agent racemic epinephrine is a catecholamine. This 
agent lacks beta-2 specificity. As a result, cardiac effects, espe-
cially tachycardia and increased blood pressure, are common. 
Catecholamines are metabolized by the enzyme catechol O-
methyltransferase, which causes a short duration of action. 
Because of a strong alpha-1 activity and vasoconstricting effect, 
racemic epinephrine is used to reduce swelling in the nose 
(nasal decongestant) and larynx (croup, epiglottitis) and to 
control bleeding during bronchoscopic biopsy.

Short-Acting Noncatecholamine Agents
Because of their short duration of action and lack of beta-2 
specificity, catecholamines were replaced with longer acting, 
beta-2-specific agents, including metaproterenol, albuterol, and 
levalbuterol. Because their duration of action averages 4 to 6 
hours, these drugs are better bronchodilating agents than cat-
echolamines and can be taken on a four-times-daily schedule. 
However, their modest duration of action results in loss of 
bronchodilating effect overnight.

Single-Isomer Beta Agonists. Levalbuterol is approved as 
a single-isomer beta-2-selective agonist. Previous inhaled for-
mulations of adrenergic bronchodilators all were synthetic 

FIGURE 35-2	 Mode	of	action	by	which	a	beta	agonist	stimulates	the	G	protein–linked	beta	receptor	to	cause	smooth	muscle	relaxation.	
Adrenergic	agonists,	such	as	albuterol	or	epinephrine,	attach	to	beta	receptors,	which	are	polypeptide	chains	traversing	the	cell	membrane	
seven	times.	This	causes	activation	of	the	stimulatory	G	protein,	designated	GS,	linked	to	the	receptor.	When	stimulated,	the	receptor	
undergoes	a	conformational	change,	and	the	alpha	subunit	of	the	G	protein	attaches	to	adenyl	cyclase.	Activation	of	adenyl	cyclase	by	the	
GS	protein	causes	an	increased	synthesis	of	the	second	messenger,	cyclic	adenosine	monophosphate	(cAMP).	This	ultimately	causes	
smooth	muscle	relaxation	and	bronchodilation.	ATP,	Adenosine	triphosphate;	COOH,	carboxy	terminus;	GDP,	guanosine	diphosphate;	GTP,	
guanosine	triphosphate.	(From	Gardenhire	DS:	Rau’s	respiratory	care	pharmacology,	ed	9,	St.	Louis,	2016,	Elsevier.)
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 Box 35-1 Effects and Characteristics of 
(S)-Isomer of Albuterol

•	 Increases	intracellular	calcium	concentration	in	vitro8

•	 Activity	is	blocked	by	the	anticholinergic	atropine8

•	 Does	not	produce	pulmonary	or	extrapulmonary	beta-2–
mediated	effects9

•	 Enhances	experimental	airway	responsiveness	in	vitro10

•	 Increases	contractile	response	of	bronchial	tissue	to	
histamine	or	leukotriene	C4	in	vitro11

•	 Enhances	eosinophil	superoxide	production	with	interleukin-5	
stimulation12

•	 Slower	metabolism	than	(R)-albuterol	in	vivo13

•	 Preferential	retention	in	the	lung	when	inhaled	by	MDI	(in	
vivo)14
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it is even faster—with onset at approximately 5 minutes and a 
duration of 24 hours.17 Indacaterol is also being studied in 
combination with tiotropium bromide with successful prelimi-
nary outcomes.1

Olodaterol is an ultra-long-acting beta agonist for once-daily 
treatment of COPD. Olodaterol has a quick onset similar to that 
of formoterol and indacaterol, with a change in FEV1 at approx-
imately 5 minutes.18 Currently, olodaterol is not approved for 
asthma; however, it has been shown to be effective as mono-
therapy and in combination with tiotropium.19

Vilanterol is an ultra-long-acting beta agonist that is avail-
able in fixed combinations with fluticasone (Breo Ellipta) and 
umeclidinium (Anoro Ellipta). Vilanterol in not available as 
monotherapy, but has been studied with effective results  
in COPD.20

Adverse Effects

Older adrenergic agents, such as isoproterenol, commonly 
caused tachycardia, palpitations, and an “adrenaline effect” of 
shakiness and nervousness. Newer, more beta-2-selective agents 
are safer and typically cause tremor as the main side effect. 
Other common side effects with the inhaled agents include 
headache, insomnia, and nervousness. Patients should be reas-
sured that some tolerance to these effects does occur. Potential 
adverse effects with use of adrenergic bronchodilators include 
the following:
• Dizziness
• Hypokalemia
• Loss of bronchoprotection
• Nausea
• Tolerance (tachyphylaxis)
• Worsening ventilation/perfusion ( � �V/Q) ratio (decrease in 

PaO2/SpO2)
Inhalation results in fewer and less severe side effects than 

oral administration. Although tolerance develops to the bron-
chodilating effect, this is not a contraindication to use of the 
drugs, and relaxation of airway smooth muscle still occurs. 
Desaturation resulting from mismatching of � �V/Q with inhala-
tion of the aerosol is not clinically significant and reverses 
quickly. The implication of beta-2-adrenergic agonists in deaths 
from asthma—termed the asthma paradox or the beta agonist 

Levalbuterol is available in many strengths and formulas that 
can be found in Table 35-2. Side effects of tremor and heart rate 
changes were less with the single-isomer formulation.15 The 
1.25-mg dose showed a higher peak effect on forced expiratory 
volume in 1 second (FEV1) with an 8-hour duration compared 
with racemic albuterol. Side effects with this dose were equiva-
lent to the side effects seen with racemic albuterol. An equiva-
lent clinical response was seen with one-fourth of the racemic 
dose (0.63 mg) using the pure isomer, although the racemic 
mixture contains 1.25 mg of the (R)-isomer (half of the total 
2.5-mg dose).

Long-Acting Adrenergic Bronchodilators
The release of salmeterol offered the first LABA in the United 
States. In contrast to previous agents, the duration of action of 
salmeterol is approximately 12 hours. The pharmacokinetics of 
salmeterol makes it suitable for maintenance therapy, in par-
ticular, with nocturnal asthma. However, it should not be used 
for relief of acute airflow obstruction or bronchospasm because 
its onset is longer than 20 minutes, with a peak effect occurring 
by 3 to 5 hours. Although this agent is a beta-2 agonist, its exact 
mode of action differs from previous beta-2 agonists, allowing 
persistent receptor stimulation over a prolonged period of 
hours.

Formoterol has a duration of effect of approximately 12 
hours, but in contrast to salmeterol, the onset of action and 
peak effect of formoterol are rapid and similar to those of alb-
uterol.16 Formoterol should not be used as a rescue inhaler. As 
with salmeterol, the extensive side chain or tail makes for-
moterol more lipophilic than shorter acting bronchodilators 
and is the basis for its longer duration of effect.

Arformoterol, the single (R)-isomer of formoterol is avail-
able as a 2-ml unit dose vial inhalation solution delivering 
15 mcg per dose. The recommended dosage is 1 unit dose  
twice daily. Arformoterol is indicated for the maintenance of 
bronchospasm in COPD, including chronic bronchitis and 
emphysema.

Indacaterol (Arcapta Neohaler) a novel once-daily therapy, 
LABA has been used mainly to treat asthma; however, in the 
United States it is indicated only in the treatment of COPD. 
Indacaterol is similar to formoterol, with a quick onset; however, 

FIGURE 35-3	 (R)-	and	(S)-isomers	of	racemic	albuterol.	Levalbuterol	is	the	single,	(R)-isomer	form	of	racemic	albuterol	and	contains	no	
(S)-isomer.	
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• Assess days of absence from school or work because of 
symptoms.

• Assess ability to reduce the dose of concomitant inhaled 
corticosteroids.
Note: Death has been associated with excessive use of 

inhaled adrenergic agents in severe acute asthma crises. Indi-
viduals using such drugs should be instructed to contact a phy-
sician or an emergency department if there is no response to 
the usual dose of the inhaled agent.

Because of the ongoing safety concerns of long-acting beta-2 
agonists, the U.S. Food and Drug Administration (FDA) is 
requiring changes on how long-acting beta-2 agonists are used 
in the treatment of asthma. The FDA suggests that if a LABA is 
used, it should be done in conjunction with a corticosteroid. 
Once the asthma episode has improved, the LABA should be 
discontinued. If a child needs a LABA it is preferred that a 
combination product (with a corticosteroid) be used to increase 
adherence.

controversy—remains debated.21 There is evidence of loss of a 
bronchoprotective effect with use of beta agonists, and patients 
should be cautioned to avoid asthma triggers. The increased 
prevalence of asthma in general remains a troublesome and 
unresolved issue.

Assessment of  
Bronchodilator Therapy

Assessment of therapy with adrenergic bronchodilators should 
be based on the indication for the aerosol agent (presence of 
reversible airflow obstruction owing to primary bronchospasm 
or other obstruction secondary to an inflammatory response or 
secretions, either acute or chronic). Basic vital signs (respiratory 
rate and pattern, pulse, breath sounds) should be assessed 
before and after treatment, especially for initial drug use, and 
the patient’s subjective reaction (complaints of breathing dif-
ficulty). Patients should be instructed in the correct use of the 
aerosol device, with verification of correct use. Finally, the 
patient’s subjective reaction to the treatment should be moni-
tored for any change in breathing effort. This assessment applies 
to all subsequent drug groups by aerosol and is not repeated for 
each class. The following specific actions are suggested to evalu-
ate patient response to this class of drugs:
• Monitor flow rates using bedside peak flowmeters, portable 

spirometry, or laboratory reports of pulmonary function 
before and after bronchodilator studies to assess reversibility 
of airflow obstruction.

• Assess arterial blood gases (ABGs) or pulse oximetry satura-
tion, as needed, for acute states with asthma or COPD to 
monitor changes in gas exchange.

• Beta agonists increase blood glucose and decrease K+ if using 
high doses, such as with continuous nebulization or emer-
gency department treatments.

• In the long term, monitor pulmonary function studies of 
lung volumes, capacities, and flows.

• Instruct asthmatic patients in the use and interpretation of 
disposable peak flowmeters to assess severity of asthmatic 
episodes and provide an action plan for treatment 
modification.

• Emphasize in patient education that beta agonists do not 
treat underlying inflammation and do not prevent progres-
sion of asthma and that additional antiinflammatory treat-
ment or more aggressive medical therapy may be needed if 
there is a poor response to the rescue beta agonist.

• Instruct and then verify correct use of aerosol delivery device 
(SVN, MDI, reservoir, Respimat, DPI).

• Instruct patients in use, assembly, and cleaning of aerosol 
inhalation devices.
The following actions are suggested to evaluate patient 

response to long-acting beta agonists:
• Assess ongoing lung function, including predose FEV1 over 

time and variability in peak expiratory flows.
• Assess amount of rescue beta agonist use and nocturnal 

symptoms.
• Assess number of exacerbations, unscheduled clinic visits, 

and hospitalizations.

MINI CLINI
Assessing Beta-Agonist Side Effects

PROBLEM:  The respiratory therapist (RT) has administered 
an aerosol treatment of albuterol using an MDI with a holding 
chamber to a 67-year-old patient with newly diagnosed COPD 
who was admitted for an acute exacerbation and shortness of 
breath. When the RT returns for the second treatment that day, 
the patient informs the RT that he began to feel very shaky and 
nervous, beginning about 30 minutes after the previous treat-
ment. He also noticed a tremor when he held his water cup and 
took a drink. His pulse during the earlier treatment was 84 
beats/min. Clinical assessment shows that he is coherent, has 
good color, is not diaphoretic, and is in no respiratory distress. 
His respiratory rate is 16 breaths/min and regular, and his pulse 
is 82 beats/min and regular. Auscultation reveals mild wheezing 
and scattered rhonchi, with little change from earlier breath 
sounds. A mild tremor is apparent when he holds his hand out. 
On questioning, he states that he is now feeling better, and the 
“shakiness” has subsided a bit.

DISCUSSION:  This patient’s situation exemplifies a common 
reaction to inhaled adrenergic bronchodilators. Although alb-
uterol is beta-2 preferential, it is still an epinephrine-like drug 
and can produce side effects secondary to sympathetic stimula-
tion. The description of the symptoms is suggestive of common 
adrenergic side effects (tremor, shakiness). The timing of the 
symptoms coincides with the pharmacokinetics of albuterol 
(peak effect in 30 to 60 minutes). As presented in the case 
description, it is important to rule out other complications. 
The physical examination shows no changes from the earlier 
treatment in his vital signs.

It is important to caution patients about “normal” expected 
side effects and to reassure them that the side effects decrease 
with tolerance to the medication. In addition, the RT needs to 
be alert to the possibility that patients may have deteriorated 
or changed their respiratory status.
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Indications for Use

Table 35-3 lists the dosage, forms, and pharmacokinetics of 
anticholinergic bronchodilators available in the United States. 
Generally, anticholinergic agents have been found to be as effec-
tive as beta agonists in airflow improvement in COPD but less 
so in asthma. A nasal formulation of ipratropium is also avail-
able for relief of allergic and nonallergic perennial rhinitis, 
including the common cold.

Indication for Anticholinergic 
Bronchodilators
Anticholinergic agents are indicated as bronchodilators for 
maintenance treatment in COPD, including chronic bronchitis 
and emphysema.

Indication for Combined Anticholinergic and 
Beta-Agonist Bronchodilators
A combination anticholinergic and beta agonist, such as ipratro-
pium bromide and albuterol (Combivent Respimat; DuoNeb), 
is indicated for use in patients with COPD receiving regular 
treatment who require additional bronchodilation for relief of 
airflow obstruction. Ipratropium bromide is also commonly 
used in severe asthma in addition to beta agonists, especially in 
acute bronchoconstriction that does not respond well to beta 
agonist therapy.

Mode of Action

Anticholinergic or antimuscarinic agents act as a competitive 
antagonist for acetylcholine at muscarinic receptors on airway 

TABLE 35-3 

Inhaled Anticholinergic Bronchodilator Agents*

Drug Brand Name Adult Dosage Time Course (Onset, 
Peak, Duration)

Ipratropium	bromide Atrovent	HFA HFA	MDI:	17	µg/puff,	2	puffs	4	times	daily
SVN:	0.02%	solution	(0.2	mg/ml),	500	µg	3-4	times	daily
Nasal	spray:	21	µg	or	40	µg,	2	sprays	per	nostril	2-4	

times	daily	(dosage	varies)

Onset:	15	min
Peak:	1-2	hr
Duration:	6	hr

Ipratropium	bromide	
and	albuterol

Combivent	Respimat SMI:	Ipratropium	20	µg/puff	and	albuterol	100	µg/puff,	1	
inhalation	qid

Onset:	15	min
Peak:	1-2	hr
Duration:	6	hrDuoNeb SVN:	Ipratropium	0.5	mg	and	albuterol	2.5	mg

Aclidinium	Bromide Tudorza	Pressair DPI:	400	µg/inhalation,	1	inhalation	bid Onset:	10	min
Peak:	2	hr
Duration:	12	hr

Tiotropium	bromide Spiriva DPI:	18	µg/inhalation,	1	inhalation	daily	(1	capsule) Onset:	30	min
Peak:	3	hr
Duration:	24	hr

Umeclidinium	bromide Incruse	Ellipta DPI:	62.5	µg/inhalation,	1	inhalation	daily Onset:	5-15	min
Peak:	1-3	hr
Duration:	24	hr

Umeclidinium	bromide	
and	vilanterol

Anoro	Ellipta DPI:	Umeclidinium	62.5	µg/inhalation	and	vilanterol	
25	µg/inhalation,	1	inhalation	daily

Onset:	5-15	min
Peak:	1-3	hr
Duration:	24	hr

DPI,	Dry	powder	inhaler;	HFA,	hydrofluoroalkane;	MDI,	metered	dose	inhaler;	SMI,	soft	mist	inhaler;	SVN,	small	volume	nebulizer.
*A	holding	chamber	is	recommended	with	MDI	administration	to	prevent	accidental	eye	exposure.

	

RULE OF THUMB

Choosing an Aerosol Agent
An	aerosol	agent	to	treat	the	respiratory	tract	is	chosen	
based	on	the	indication	for	the	agent	or	class	of	drugs	
and	a	corresponding	presence	of	the	indication	in	the	
patient.
•	 Example:	Adrenergic	bronchodilator.	The	indication	

is	presence	of	reversible	airflow	obstruction.	The	
patient	shows	a	20%	improvement	in	FEV1	on	
spirometry	with	use	of	inhaled	albuterol.	Choose	an	
adrenergic	bronchodilator.

•	 Example:	Inhaled	corticosteroid.	The	indication	is	
mild,	moderate,	or	persistent	asthma.	The	patient	
with	asthma	reports	a	need	to	use	a	beta-agonist	
inhaler	more	than	a	few	days	each	week	and	
complains	of	waking	up	at	night	with	shortness	of	
breath.	Choose	an	inhaled	corticosteroid.

ANTICHOLINERGIC 
BRONCHODILATORS

A second method of producing airway relaxation is through 
blockade of cholinergic-induced bronchoconstriction. An im-
portant difference between beta agonists and anticholinergic 
bronchodilators is the active stimulatory action of the former 
versus the passive blockade of the latter. A cholinergic blocking 
agent is effective only if bronchoconstriction exists secondary 
to cholinergic activity.
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times greater than the MDI dose (500 mcg vs. 34 mcg). If a 
patient receives approximately 10% of the SVN volume in the 
lung, a much larger dose is given with an SVN than with an 
MDI. Although ipratropium is not contraindicated in patients 
with prostatic hypertrophy, urinary retention, or glaucoma, the 
drug should be used with caution and adequate evaluation for 
possible systemic side effects in these patients. The eyes must 
be protected from drug exposure with aerosol use owing to 
accidental spraying from an MDI or with nebulizer-mask deliv-
ery. There is less chance for eye exposure with the MDI formula-
tion than the SVN solution; a holding chamber is recommended 
with MDI use.

smooth muscle. Part of the airflow obstruction in COPD may 
be due to vagally mediated, reflex cholinergic stimulation. 
Airway irritation and inflammation stimulate afferent sensory 
C-fibers in the airway, which synapse with efferent vagal (cho-
linergic) fibers to the airway and mucous glands. The musca-
rinic receptor subtype on smooth muscle and submucosal 
mucous glands is the M3 receptor, which is a G protein–linked 
receptor. The effect of acetylcholine, the usual neurotransmitter, 
on the muscarinic (M3) receptors on airway smooth muscle is 
bronchoconstriction. The M1 receptor at the ganglionic junc-
tion enhances cholinergic nerve transmission. The M2 receptor 
is an autoreceptor inhibiting further release of acetylcholine so 
that blockade can increase acetylcholine release and may offset 
the bronchodilating effect of antimuscarinics.22

All anticholinergic agents have affinity for M1, M2, and M3 
receptors; however, the main difference is how slowly they dis-
sociate from the receptor. Ipratropium dissociates much faster; 
therefore it does not have as long duration. Aclidinium, tiotro-
pium, and umeclidinium dissociate from the M3 receptor 
much slower, allowing for a much longer duration.1 The site 
of action of anticholinergic agents in reversing cholinergic-
induced airflow obstruction is shown in Figure 35-4.

Adverse Effects

Side effects of inhaled anticholinergics usually include the local 
topical effect of dry mouth, pupillary dilation, lens paralysis, 
increased intraocular pressure, increased heart rate, urinary 
retention, and altered mental state. Box 35-2 details the side 
effects of anticholinergics.

The actual amount of drug delivered should be considered; 
for example, the nebulizer dose of ipratropium is more than 10 

FIGURE 35-4	 Mode	of	action	of	anticholinergic	agents	in	blocking	muscarinic	receptors	in	the	airway	to	inhibit	cholinergic-induced	
bronchoconstriction.	ACH,	Acetylcholine.	(From	Gardenhire	DS:	Rau’s	respiratory	care	pharmacology,	ed	9,	St.	Louis,	2016,	Elsevier.)
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 Box 35-2 Side Effects Seen With 
Anticholinergic Aerosol Agents*

SVN, MDI, AND DPI (COMMON)
•	 Cough,	dry	mouth

MDI (OCCASIONAL)
•	 Nervousness,	irritation,	dizziness,	headache,	palpitation,	rash

SVN AND DPI
•	 Pharyngitis,	dyspnea,	flulike	symptoms,	bronchitis,	upper	

respiratory	tract	infections,	nausea,	occasional	
bronchoconstriction,	eye	pain,	urinary	retention

PRECAUTIONS:	Use	with	caution	in	patients	with	narrow-angle	glaucoma,	
prostatic	hypertrophy,	bladder	neck	obstruction,	constipation,	bowel	
obstruction,	or	tachycardia.
DPI,	Dry	powder	inhaler;	MDI,	metered	dose	inhaler;	SVN,	small	volume	
nebulizer.
*Side	effects	were	reported	in	a	small	percentage	(1%	to	5%)	of	patients.
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TABLE 35-4 

Mucoactive Agents Available for Aerosol Administration

Drug Brand Name Adult Dosage Use

N–Acetylcysteine	10%
N–Acetylcysteine	20%

Mucomyst SVN:	3-5	ml Efficacy	has	not	been	demonstrated	for	any	lung	disease

Dornase	alfa Pulmozyme SVN:	2.5	mg/ampule,	1	ampule	daily* CF
Aqueous	water,	saline SVN:	3-5	ml,	as	ordered Sputum	induction
Hyperosmolar	7%	saline SVN:	4	ml Airway	clearance
Hyperosmolar	3%	saline SVN:	4	ml Infantile	bronchiolitis
Mannitol Bronchitol† DPI:	400	mg,	bid Airway	clearance	in	CF

CF,	Cystic	fibrosis;	DPI,	dry	power	inhaler;	SVN,	small	volume	nebulizer.
*Nebulizer	system	recommended	(see	package	insert).
†Orphan	designation	only.

MINI CLINI
Calculating Drug Doses

PROBLEM:  The dose of ipratropium bromide (Atrovent) 
released from the valve of the MDI is 17 mcg. With a usual dose 
of two actuations, this would release 34 mcg total. The SVN 
solution is a vial of 2.5 ml of a 0.02% strength concentration, 
all of which is placed in the nebulizer. Does the nebulizer dose 
contain the same amount of drug as the two actuations from 
the MDI?

DISCUSSION:  The amount of drug in milligrams or micro-
grams can be calculated for the nebulizer solution, using the 
following formula for percentage strength:

% ( )
( )

( )
as decimal

Drug solute in g

Total solution in ml
=

0 0002
2 5

.
.

= x g

ml

x g ml g= × =0 0002 2 5 0 0005. . .

Converting 0.0005 g to milligrams gives 0.5 mg, or 500 mcg. 
Two actuations of the MDI release 34 mcg, whereas the dose 
contained in the SVN is 500 mcg (or >10 times more). The 
lower dose MDI is the reason that additional actuations of four 
or six are needed if a patient does not obtain relief. The SVN 
solution also may provide relief by giving a higher dose of the 
drug.

Assessment

The assessment of bronchodilator therapy with an anticholin-
ergic agent is the same as assessment for adrenergic agents. In 
addition, preexisting conditions of narrow-angle glaucoma, 
prostatic hypertrophy, or urinary retention warrant caution 
with continued evaluation.

MUCUS-CONTROLLING AGENTS

The two agents approved in the United States for oral inhalation 
with an effect on mucus are N-acetyl cysteine (NAC) and 
dornase alfa. Both agents are mucolytic, although their modes 
of action differ. Table 35-4 lists these agents, their formulations, 
dosages, and bland aqueous aerosols. A review by Rubin23 pro-
vides additional detail.

N-Acetyl Cysteine

NAC is the N-acetyl derivative of the amino acid L-cysteine and 
is given by either nebulization or direct tracheal instillation.

Indications for Use
NAC is indicated to reduce accumulation of airway secretions, 
with concomitant improvement in pulmonary function and gas 
exchange and prevention of recurrent respiratory infection and 
airway damage. Diseases of excessive viscous mucous secretions 
and poor airway clearance include COPD, acute tracheobron-
chitis, and bronchiectasis. NAC also is used to treat or prevent 
liver damage that can occur when a patient takes an overdose 
of acetaminophen.24 Despite excellent in vitro mucolytic activ-
ity and a long history of use, no data clearly demonstrate that 
oral or aerosolized NAC is effective therapy for treating any lung 
disease.25 This situation may be partially due to NAC selectively 
depolymerizing the essential mucin polymer structure and 
leaving the pathologic polymers of DNA and F-actin intact in 
respiratory secretions.26

Mode of Action
NAC acts as a classic mucolytic to reduce the viscosity of mucus 
by substituting its own sulfhydryl group for the disulfide group 
in mucus, breaking a portion of the bond forming the gel  
structure.26 When NAC comes into physical contact with 

mucus it begins to reduce viscosity and mucolytic activity 
increases with a higher pH of 7.0 to 9.0.

Side Effects
Several side effects to NAC have led to less use in patients with 
hypersecretory states. The drug is irritating to the airway and 
can produce bronchospasm, especially in subjects with asthma 
and hyperreactive airways. The general effect of airway irrita-
tion is counterproductive to reduction of mucus hypersecre-
tion. To reduce the occurrence of bronchospasm, use of the 10% 
solution, which is less hypertonic than the 20% solution, is 
recommended. Pretreatment with an adrenergic bronchodila-
tor, allowing adequate time for production of a bronchodilatory 
effect, can prevent or reduce airway resistance with NAC.
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Side Effects
In contrast to its predecessor, pancreatic dornase (Dornavac), a 
natural enzyme obtained from animal preparations, dornase 
alfa has not been shown to produce antibodies that might  
cause allergic reactions, including bronchospasm. Common 
side effects associated with the drug include pharyngitis and 
voice alteration, laryngitis, rash, chest pain, and conjunctivitis. 
Other effects are less common but are reported as various re-
spiratory symptoms (cough, dyspnea, pneumothorax, hemop-
tysis, rhinitis, sinusitis), flu syndrome, GI obstruction, hypoxia, 
malaise, and weight loss. Contraindications to the drug include 
hypersensitivity to dornase, Chinese hamster ovary (CHO) cell 
products, or other components of the drug preparation.

Other Mucoactive Agents

Bland aerosols of water, including distilled water and normoto-
nic, hypertonic, and hypotonic saline, have traditionally been 
nebulized to improve mobilization of secretions in respiratory 
disease states. The mucous gel layer is relatively resistant to the 
addition or removal of water after it is formed. Bland aerosols 
have been found to increase secretion clearance and sputum 
production and cause productive coughing.29 The effect is prob-
ably a vagally mediated reflex production of cough and mucus 
secretion. Bland aerosols are more properly considered expec-
torants rather than mucolytic agents. Clinicians must be alert 
to the possibility of bronchospasm with nonisotonic solutions, 
in particular, in patients with hyperreactive airways.

Inhaled mannitol administered by DPI (Bronchitol) has 
been approved outside the United States. Studies have shown 
Bronchitol to be safe and well tolerated in treating patients with 
CF or bronchiectasis. However, because some children with CF 
experience bronchial hyperreactivity with inhaled mannitol,30 it 
is important to pretreat with a short-acting bronchodilator 
before use.

Sodium bicarbonate has been aerosolized and directly 
instilled into the airway in intubated patients to reduce the 

Other side effects that can occur include the following:
• Airway obstruction secondary to rapid liquefaction of 

secretions
• Disagreeable odor secondary to hydrogen sulfide
• Incompatibility with certain antibiotics (sodium ampicillin, 

amphotericin B, erythromycin, tetracyclines, and aminogly-
cosides) if mixed in solution

• Increased concentration and toxicity of nebulizer solution 
toward end of treatment. It is recommended to dilute with 
equal volume of sterile water to reduce concentration that 
may lead to airway irritation

• Nausea and rhinorrhea
• Stomatitis
• Reactivity of acetylcysteine with rubber, copper, iron, 

and cork

Dornase Alfa

Dornase alfa (Pulmozyme) is a genetically engineered clone of 
the natural human pancreatic DNase enzyme, which can digest 
extracellular DNA material. It is a peptide mucolytic and can 
reduce extracellular DNA and F-actin polymers. It is occasion-
ally referred to as rhDNase (recombinant human DNase). It is 
designated as an orphan drug. Administration and dosage are 
given in Table 35-4.

Indication for Use
Dornase alfa is indicated in the management of CF to reduce 
the frequency of respiratory infections requiring parenteral 
antibiotics and to improve pulmonary function of these 
patients.27

Mode of Action
Dornase alfa is a proteolytic enzyme that can break down the 
DNA material from neutrophils found in purulent secretions 
(Figure 35-5). This agent is more effective than acetylcysteine 
in reducing the viscosity of infected sputum in CF.28

FIGURE 35-5	 Illustration	of	the	mode	of	action	of	dornase	alfa	in	reducing	DNA	polymers	in	cystic	fibrosis	(CF)	sputum.	Confocal	
micrograph	showing	CF	sputum	stained	(with	YOYO-1)	for	DNA	before	(A)	and	after	(B)	treatment	with	dornase	alfa	in	vitro.	The	long	DNA	
polymers	are	degraded	after	dornase	treatment.	(From	Gardenhire	DS:	Rau’s	respiratory	care	pharmacology,	ed	9,	St.	Louis,	2016,	Elsevier.)

A B



 Airway Pharmacology • CHAPTER 35 727

Gastroesophageal reflux and inability of the patient to 
protect the airway are risk factors for postural drainage that 
should be considered if postural drainage is necessary with 
mucoactive therapy. Mucoactive agents should be discontinued 
if there is evidence of clinical deterioration. Patients with acute 
bronchitis or exacerbation of chronic disease (CF, COPD) may 
be less responsive to mucoactive therapy, possibly secondary to 
infection and muscular weakness, which can reduce airflow-
dependent mechanisms further.

INHALED CORTICOSTEROIDS

Corticosteroids are endogenous hormones produced in the 
adrenal cortex that regulate basic metabolic functions in the 
body and exert an antiinflammatory effect.30 The use of aerosol-
ized corticosteroids is reviewed in this section. All corticoste-
roids used to treat asthma and COPD are glucocorticoids.

Indications and Purposes

The two general formulations of aerosolized glucocorticoids  
are orally inhaled and intranasal aerosol preparations. Orally 
inhaled preparations are listed in Table 35-5. The primary use 
of orally inhaled corticosteroids is for antiinflammatory main-
tenance therapy of persistent asthma6 and severe COPD.31 The 
use of intranasal steroids is for control of seasonal allergic or 
nonallergic rhinitis. Most agents in Table 35-5 are available as 
intranasal preparations, with the exception of the combination 
drugs.

Mode of Action

Glucocorticoids are lipid-soluble drugs that act on intracellular 
receptors. The complex action of steroids is illustrated in Figure 
35-6.32-34 It is important for patients to understand that inhala-
tion of an aerosolized steroid does not provide immediate relief 
as with an adrenergic bronchodilator. However, daily compli-
ance with the inhaled medication is essential to controlling the 
inflammation of asthma. Oral corticosteroids may be needed 
initially to clear the airway or as “burst” therapy to control 
asthma exacerbations.

Adverse Effects

The type and severity of side effects seen with inhaled aerosol-
ized corticosteroids are much less than with systemic use, as 
with other classes of aerosolized drugs. Box 35-3 lists systemic 
and local effects that can occur with inhaled steroids. The sys-
temic effect of adrenal suppression is not usually seen with 
inhaled doses less than 800 mcg/day in adults or less than 
400 mcg/day in children. Use of a reservoir device should be 
routine with inhaled steroids to prevent the swallowed portion 
adding to the systemic effect and to prevent the local effects of 
oral candidiasis and dysphonia. Allen and colleagues35 pub-
lished a comprehensive review of inhaled steroids.

Special Considerations

The modes of action of all inhaled glucocorticoids are the same 
with one exception. Ciclesonide, a prodrug, is given as an 

viscosity of airway secretions. This agent is not approved for 
such use. The reduction in secretion viscosity is thought to be 
caused by the increase in topical airway pH, with degradation 
of bonding in the mucin polysaccharide.

Expectorants are mucoactive but stimulate the production 
and clearance of airway secretions rather than cause mucolysis. 
Examples of such agents include guaifenesin (also known as 
glyceryl guaiacolate), iodinated glycerol, and saturated solution 
of potassium iodide (SSKI). Guaifenesin is found in many over-
the-counter cough and cold products.

Assessment of Mucoactive  
Drug Therapy

Assessment of drug therapy for respiratory secretions is diffi-
cult. FEV1 is relatively insensitive to changes in mucociliary 
clearance. The rate of change in lung function over time is a 
better marker. In addition, during maintenance therapy, the 
volume of sputum expectorated varies from day to day and does 
not reflect effective therapy. The following assessments should 
be performed.

Before Treatment
• Assess the patient’s adequacy of cough and level of con-

sciousness to determine need for treatment with mechanical 
suctioning or adjunct bronchial hygiene (postural drainage 
or percussion, positive expiratory pressure therapy) to clear 
the airway or if treatment is contraindicated.

During Treatment and  
Short Term
• Teach and then verify correct use of aerosol nebulization 

system, including cleaning.
• Assess therapy based on indication for drug.
• Monitor changes in FEV1.
• Assess the patient’s breathing pattern and rate.
• Assess the patient’s breathing effort or pattern.
• Discontinue therapy if the patient experiences adverse 

reactions.

Long Term
• Discontinue therapy if the patient experiences adverse 

reactions.
• Monitor number and severity of respiratory tract infections 

and need for antibiotic therapy, emergency visits, and 
hospitalizations.

• Monitor pulmonary function for improvement or slowing 
in the rate of deterioration.

General Contraindications
Mucoactive therapy should be used with caution in patients 
with severely compromised vital capacity and expiratory flow, 
such as in the presence of end-stage pulmonary disease or neu-
romuscular disorders. Generally, if FEV1 is less than 25% of 
predicted, it becomes difficult to mobilize and expectorate 
secretions. Theoretically, with profound airflow compromise, 
secretion clearance could decline.
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TABLE 35-5 

Corticosteroids and Combination Products Available by Aerosol for Oral Inhalation*

Drug Brand Name Formulation and Dosage

Beclomethasone	
dipropionate

QVAR MDI:	40	and	80	µg/puff
Adults	and	children	≥12	yr:	40-80	µg	twice	daily†	or	40-160	µg	twice	daily‡

Children	≥5	yr:	40-80	µg	twice	daily
Ciclesonide Alvesco MDI:	80	µg/puff	and	160	µg/puff

Adults	and	children	≥12	yr:	80-160	µg	twice	daily†	or	80-320	µg	twice	daily‡

Flunisolide	hemihydrate AeroSpan MDI:	80	µg/puff
Adults	and	children	≥12	yr:	2	puffs	twice	daily,	adults	no	more	than	4	puffs	daily§

Children	6-11	yr:	1	puff	daily,	no	more	than	2	puffs	daily
Fluticasone	propionate Flovent	HFA MDI:	44,	110,	and	220	µg/puff

Adults	and	children	≥12	yr:	88	µg	twice	daily,†	88-220	µg	twice	daily,‡	or	880	µg	
twice	daily§

Children	4-11	yr:	88	µg	twice	daily¶

Flovent	Diskus DPI:	50,	100,	and	250	µg
Adults	and	children	≥12	yr:	100	µg	twice	daily,†	100-250	µg	twice	daily,‡	1000	µg	

twice	daily§

Children	4-11	yr:	50	µg	twice	daily
Fluticasone	furoate Arnuity	Ellipta DPI:	100	µg/actuation	and	200	µg/actuation

Adults	and	children	≥12	yr:	100	µg	or	200	µg,	once	daily
Budesonide Pulmicort	Flexhaler DPI:	90	µg/actuation	and	180	µg/actuation

Adults	and	children	≥12	yr:	180-360	µg	bid,†	180-360	µg	bid,‡	360-720	µg	bid§

Children	≥6	yr:	180-360	µg	bid
Pulmicort	Respules SVN:	0.25	mg/2	ml,	0.5	mg/2	ml,	1	mg/2	ml

Children	1-8	yr:	0.5-mg	total	dose	given	once	daily	or	twice	daily	in	divided	doses†,‡	
1	mg	given	as	0.5	mg	twice	daily	or	once	daily§

Mometasone	furoate Asmanex	Twisthaler DPI:	110	µg/actuation;	or	220	µg	actuation
Adults	and	children	≥12	yr:	220-440	µg	daily,†	220-440	µg	daily,‡	440-880	µg	

daily§;	children	4-11	yr:	110-220	µg	daily
Asmanex	HFA MDI:	100	µg/actuation;	or	200	µg	actuation

Adults	and	children	≥12	yr:	100-200	µg	bid
Fluticasone	propionate/

salmeterol
Advair	Diskus DPI:	100	µg	fluticasone/50	µg	salmeterol,	250	µg	fluticasone/50	µg	salmeterol,	or	

500	µg	fluticasone/50	µg	salmeterol
Adults	and	children	≥12	yr:	100	µg	fluticasone/50	µg	salmeterol,	1	inhalation	twice	

daily,	~12	hr	apart	(starting	dose	if	not	currently	taking	inhaled	corticosteroids)
Maximal	recommended	dose	500	µg	fluticasone/50	µg	salmeterol	twice	daily
Children	≥4	yr:	100	µg	fluticasone/50	µg	salmeterol,	1	inhalation	twice	daily,	~12	hr	

apart	(for	patients	who	are	symptomatic	while	taking	an	inhaled	corticosteroid)§

Advair	HFA MDI:	45	µg	fluticasone/21	µg	salmeterol,	115	µg	fluticasone/21	µg	salmeterol,	or	
230	µg	fluticasone/21	µg	salmeterol§

Adults	and	children	≥12	yr:	2	inhalations	twice	daily,	~12	hr	apart
Budesonide/formoterol	

fumarate	HFA
Symbicort MDI:	80	µg	budesonide/4.5	µg	formoterol	and	160	µg	budesonide/4.5	µg	

formoterol	twice	daily
Adults	and	children	≥12	yr:	320	µg	budesonide/9	µg	formoterol;	or	160	µg	

budesonide/9	µg	formoterol	twice	daily
Mometasone	furoate/

formoterol	fumarate	HFA
Dulera MDI:	100	µg	mometasone/5	µg	formoterol	and	200	µg	mometasone/5	µg	

formoterol
Adults	and	children	≥12	yr:	If	previously	on	medium	dose	of	corticosteroids,	
≤400	µg	mometasone/20	µg	formoterol	daily;	if	previously	on	high	dose	of	
corticosteroid,	≤800	µg	mometasone/20	µg	formoterol	daily

Fluticasone	furoate/vilanterol Breo	Ellipta DPI:	100	µg	fluticasone/25	µg	vilanterol
Adults:	100	µg	fluticasone/25	µg	vilanterol	daily

HFA,	Hydrofluoroalkane.
*Individual	agents	are	discussed	in	the	text.	Detailed	information	about	each	agent	should	be	obtained	from	the	manufacturer’s	drug	insert.
†Recommended	starting	dose	if	taking	only	bronchodilators.
‡Recommended	starting	dose	if	previously	taking	inhaled	corticosteroids.
§Recommended	starting	dose	if	previously	taking	oral	corticosteroids.
¶This	dose	should	be	used	regardless	of	previous	therapy.
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inactive compound and is converted to an active metabolite, 
desisobutyryl ciclesonide, by intracellular enzymes. Ciclesonide 
is available as an intranasal formulation (Omnaris and Zetonna) 
and a pressurized MDI (Alvesco).

Assessment of Drug Therapy

The basic actions to evaluate an aerosol drug treatment should 
be followed (see section on Assessment of Bronchodilator 
Therapy). As with other drug therapy, the indications for this 
class of drug should be present. The NAEPP and Global Initia-
tive on Obstructive Lung Disease (GOLD) COPD guidelines are 
recommended for guidance.6,31 In addition, with inhaled corti-
costeroids, the following actions are suggested:
• Verify that the patient understands that a corticosteroid is a 

controller agent and is different from a rescue bronchodila-
tor; assess the patient’s understanding of the need for con-
sistent use of an inhaled corticosteroid (compliance).

• Instruct the patient in the use of a peak flowmeter to monitor 
baseline peak expiratory flow (PEF) and changes. Verify that 
there is a specific action plan, based on symptoms and PEF 
results. The patient should understand when to contact a 
physician with deterioration in PEF or exacerbation of 
symptoms.

Long Term
• Assess severity of symptoms (coughing, wheezing, nocturnal 

awakenings, symptoms during exertion; use of rescue bron-
chodilator; number of exacerbations; missed work or school 
days; and pulmonary function) and modify level or dosage 
as recommended by NAEPP and GOLD guidelines.6,31

• Assess for the presence of side effects with inhaled steroid 
therapy (oral thrush, hoarseness or voice changes, cough or 
wheezing with MDI use); use a reservoir (preferably a 
holding chamber) with MDI use, and verify correct 
technique.

NONSTEROIDAL ANTIASTHMA DRUGS

Nonsteroidal antiinflammatory drugs constitute a growing class 
of drugs in the treatment of asthma. These include mast cell 
stabilizers (cromolyn sodium); antileukotrienes, also termed 
leukotriene modifiers (zafirlukast, zileuton, montelukast); and 
monoclonal antibodies or antiimmunoglobulin E (IgE) agents 
(omalizumab). Antileukotrienes are administered orally, and 
the monoclonal antibody agent omalizumab is given parenter-
ally, but these are included as bronchoactive drugs. Table 35-6 
lists pharmaceutical details for each agent.

Indication for Use

The general indication for clinical use of nonsteroidal anti-
asthma agents is prophylactic management (control) of persis-
tent asthma (Step 2 or greater asthma, using the classification 
in the NAEPP guidelines6). Step 2 asthma is defined as more 
than 2 days per week with but not daily symptoms and more 
than 2 nights per month with awakenings and FEV1 of 80% or 
greater. Step 3 asthma is defined as daily symptoms and 3 to 4 

FIGURE 35-6	 Mode	of	action	by	which	corticosteroids	
modify	cell	response	to	inhibit	inflammatory	response	in	the		
airway.	Corticosteroids	(CS)	diffuse	into	the	cell	and	bind	to	a	
glucocorticoid	receptor	(GR).	When	the	steroid	binds	to	the	GR,	a	
protein,	heatshock	protein	90	(hsp	90),	dissociates	from	the	GR,	
and	the	steroid-GR	complex	moves	into	the	cell	nucleus.	The	
drug-receptor	complex	binds	to	glucocorticoid	response		
elements	(GRE)	of	the	nuclear	DNA	to	upregulate	transcription	of	
antiinflammatory	substances	such	as	lipocortin,	a	protein	that	
inhibits	the	generation	of	the	arachidonic	acid	cascade	by	
phospholipase	A2.	There	is	evidence	that	steroids	also	upregulate	
inhibitors	of	factors	in	the	cell,	such	as	nuclear	factor-κB	(NF-κB),	
which	can	cause	transcription	of	inflammatory	substances.	There	
may	be	direct	inhibition	of	factors	such	as	NF-κB	to	limit	the	
inflammatory	process	further.	AP-1,	Activator	protein-1;	iκBα,	
inhibitor	of	nuclear	factor-κBα;	SLPI,	secretory	leukocyte	protease	
inhibitor.	(From	Gardenhire	DS:	Rau’s	respiratory	care	
pharmacology,	ed	9,	St.	Louis,	2016,	Elsevier.)
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 Box 35-3 Potential Hazards and Side Effects 
of Aerosolized Corticosteroids

SYSTEMIC
•	 Adrenal	insufficiency*,†

•	 Extrapulmonary	allergy*
•	 Acute	asthma*
•	 HPA	suppression	(minimal,	dose	dependent)
•	 Growth	retardation†

•	 Osteoporosis†

LOCAL (TOPICAL)
•	 Oropharyngeal	fungal	infections
•	 Dysphonia
•	 Cough,	bronchoconstriction
•	 Incorrect	use	of	MDI

†Effect	with	inhaled	corticosteroids	alone	is	unclear.
*Following	substitution	for	systemic	corticosteroid	therapy.

HPA,	Hypothalamo-pituitary-adrenocortical.
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nights per month with awakening and FEV1 greater than 60% 
but less than 80%. Step 4 and above asthma is defined as symp-
toms throughout the day and night awakenings more than once 
per week and FEV1 less than 60%. For children older than 12 
years and adults, omalizumab is available for use in asthma 
above Step 4.36

The following are qualifications to the general indications 
for use of these agents:
• Cromolyn sodium and antileukotrienes are typically recom-

mended as alternatives to introducing inhaled corticoste-
roids in Step 2 and Step 3 asthma.

• Cromolyn sodium and montelukast in particular are often 
used in infants and young children as alternatives to inhaled 
corticosteroids in Step 2 asthma because of their safety 
profiles.

• Antileukotrienes can be useful in combination with inhaled 
steroids to reduce the dose of the steroid and are listed as 
alternatives in Step 2 through Step 4 asthma.

• The monoclonal antibody omalizumab is available for con-
sideration in the appropriate population.37

All of the nonsteroidal antiasthma drugs described in this 
chapter are controllers, not relievers, and are used in asthma 
requiring antiinflammatory drug therapy (Box 35-4).

Mode of Action

Cromolyn sodium acts by inhibiting the degranulation of mast 
cells in response to allergic and nonallergic stimuli. This inhibi-
tion prevents release of histamine and other mediators of 

MINI CLINI
Patient Education

PROBLEM:  A 24-year-old patient with asthma has com-
plained of waking up at night and being short of breath. She 
also reports feeling tight in her chest and needs to use her 
albuterol inhaler 5 to 6 days per week to get relief. She is not 
currently on other inhaled medications. Her allergist prescribes 
an inhaled MDI corticosteroid and salmeterol to be taken on a 
daily basis. What instructions should she be given in using 
these agents by inhalation?

DISCUSSION:  The key points with corticosteroid inhalation 
should be reviewed. These are small doses and safe to take. 
However, it is important to take the prescribed corticosteroid 
dose regularly every day if the drug is to have an antiinflam-
matory effect in the lung. She should also use a reservoir device 
with the MDI. Rinsing her mouth with water after a treatment 
can reduce further the chance of oral candidiasis or dysphonia. 
With salmeterol, she should be instructed to follow her pre-
scribed dose, which is usually two inhalations, twice daily. 
Because of its pharmacokinetics, salmeterol is considered a 
long-term controller and not a quick reliever. It is not helpful 
in relieving bronchospasm if she experiences acute difficulty in 
breathing. For acute respiratory problems, she should have a 
quick-acting adrenergic agent such as albuterol or levalbuterol. 
If she experiences wheezing or chest tightness, one or two 
actuations of one of these agents would help. Salmeterol should 
be taken at the regularly prescribed time, usually every 12 
hours.

TABLE 35-6 

Nonsteroidal Antiasthma Medications*

Generic Drug Brand Name Formulation and Dosage

Mast Cell Stabilizer
Cromolyn	sodium SVN:	20	mg/ampule	or	20	mg/2	ml

Adults	and	children	≥2	yr:	20	mg	inhaled	4	times	daily
Spray†:	40	mg/ml	(4%)	(5.2	mg	per	actuation)
Adults	and	children	≥32	yr:	1	spray	each	nostril,	3-6	times	daily	every	4-6	hr

Gastrocrom Oral	concentrate:	100	mg/5	ml
Adults	and	children	≥13	yr:	2	ampules	4	times	daily,	30	min	before	meals	and	at	bedtime
Children	2-12	yr:	1	ampule	4	time	daily,	30	min	before	meals	and	at	bedtime

Antileukotrienes
Zafirlukast Accolate Tablets:	10	and	20	mg

Adults	and	children	≥12	yr:	20	mg	twice	daily,	without	food
Children	5-11	yr:	10	mg	twice	daily

Montelukast Singulair Tablets:	10	mg	and	4-mg	and	5-mg	cherry-flavored	chewable;	4-mg	packet	of	granules
Adults	and	children	≥15	yr:	One	10-mg	tablet	daily
Children	6-14	yr:	One	5-mg	chewable	tablet	daily
Children	2-5	yr:	One	4-mg	chewable	tablet	or	one	4-mg	packet	of	granules	daily	6-23	mo:	

One	4-mg	packet	of	granules	daily
Zileuton Zyflo;	Zyflo	CR Tablets:	600	mg

Adults	and	children	≥12	yr:	One	600-mg	tablet	4	times	per	day;	CR,	2	tablets	twice	daily,	
within	1	hr	of	morning	and	evening	meals

Monoclonal Antibody
Omalizumab Xolair Adults	and	children	≥12	yr:	subcutaneous	injection	every	4	wk;	dose	dependent	on	weight	

and	serum	IgE	level

*Detailed	prescribing	information	should	be	obtained	from	the	manufacturer’s	package	insert.
†Available	over-the-counter.
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FIGURE 35-7	 Modes	and	sites	of	action	for	leukotriene	modifiers	
zileuton,	zafirlukast,	and	montelukast.	Zileuton	inhibits	the	5-LO	
enzyme,	whereas	zafirlukast	and	montelukast	block	the	leukotriene	
receptor	(CysLT1).	LT,	Leukotriene;	PLA,	phospholipase	A.	
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 Box 35-4 Bronchoactive Agents 
Distinguished as Controllers or 
Relievers in Treating Asthma

LONG-TERM CONTROL
•	 Inhaled	corticosteroids
•	 Cromolyn	sodium
•	 Long-acting	beta-2	agonists

•	 Inhaled:	Salmeterol,	formoterol
•	 Oral:	Sustained-release	albuterol

•	 Leukotriene	modifiers
•	 Systemic	corticosteroids
•	 Methylxanthines	(theophylline)

QUICK RELIEF
•	 Short-acting	inhaled	beta-2	agonists:	Albuterol,	levalbuterol
•	 Anticholinergic	(antimuscarinic):	Ipratropium
•	 Systemic	corticosteroids	(oral	burst	therapy,	IV)

From	National	Asthma	Education	and	Prevention	Program,	National	
Heart,	Lung	and	Blood	Institute,	National	Institutes	of	Health:	Expert	
Panel	Report	3:	Guidelines	for	the	diagnosis	and	management	of	
asthma,	NIH	Publication	No.	08-4051.	Bethesda,	MD,	2007,	National	
Institutes	of	Health.

inflammation. These mediators cause bronchospasm and 
trigger an increasing cascade of further mediator release and 
inflammatory cell activity in the airway.38

Zafirlukast and montelukast act as leukotriene receptor 
antagonists and are selective competitive antagonists of leukot-
riene receptors LTD4 and LTE4. Leukotrienes such as LTC4, LTD4, 
and LTE4 (previously known as SRS-A) stimulate leukotriene 
receptors termed CysLT1 to cause bronchoconstriction, mucus 
secretion, vascular permeability, and plasma exudation into the 
airway. The mode of action is shown in Figure 35-7. The drug 
inhibits asthma reactions induced by exercise, cold air, allergens, 
and aspirin.39

Zileuton inhibits the 5-lipoxygenase enzyme that catalyzes 
the formation of leukotrienes from arachidonic acid (see Figure 
35-7).40 Omalizumab is a recombinant DNA–derived human-
ized antibody that binds to IgE. The agent inhibits the attach-

TABLE 35-7 

Summary of Comparative Features of Three Available Antileukotriene Agents

Features Zileuton Zafirlukast Montelukast

Brand	name Zyflo;	Zyflo	CR Accolate Singulair
Action 5-LO	inhibitor CysLT1	receptor	block CysLT1	receptor	block
Age	range ≥12	yr ≥5	yr ≥6	mo
Dosage 600-mg	tab,	qid;	CR:	2	600-mg	tab	

bid;	1	hr	within	morning	and	evening	
meal

Adult:	20-mg	tab	bid Adult:	10-mg	tab	q	evening
Children	5-11	yr:	10-mg	tab	bid 6-14	yr:	5-mg	tab	q	evening

2-5	yr:	4-mg	tab	q	evening
6-23	mo:	4-mg	oral	granules	q	evening

Administration Can	be	taken	with	food 1	hr	before	or	2	hr	after	meal Taken	with	or	without	food
Drug	interaction Yes	(theophylline,	warfarin,	propranolol) Yes	(warfarin,	theophylline,	aspirin) No
Side	effects	

(common)
Headache,	dyspepsia,	unspecified	

pain,	liver	enzyme	elevations
Headache,	infection,	nausea,	

possible	liver	enzyme	changes
Headache,	influenza,	abdominal	pain

Contraindications Active	liver	disease	or	elevated	liver	
enzyme	levels,	hypersensitivity	to	
components

Hypersensitivity	to	components Hypersensitivity	to	components

ment of IgE to mast cells and basophils, reducing the release of 
chemical mediators of the allergic response.41

Adverse Effects

A potential adverse effect with any nonsteroidal antiasthma 
drug is inappropriate use. These agents are not bronchodilators 
and offer no benefit for acute airway obstruction in asthma.

Table 35-7 summarizes information and comparative fea-
tures of the three antileukotriene agents, including drug inter-
actions, common side effects, and contraindications. The most 
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Pentamidine Isethionate

Pentamidine isethionate (NebuPent) is an antiprotozoal agent 
that has been used in the treatment of opportunistic pneumo-
nia caused by Pneumocystis jiroveci, which is the causative agent 
of Pneumocystis pneumonia (PCP). PCP is seen in immuno-
compromised patients, especially patients with AIDS.

Indication for Use
General recommendations for prophylaxis of PCP were pub-
lished by the U.S. Centers for Disease Control and Prevention 
(CDC) for HIV-positive children42 and adults.43 In the 2013 
CDC recommendations, oral trimethoprim-sulfamethoxazole 
(TMP-SMX) was preferred for prophylaxis of PCP as long as 
adverse side effects from TMP-SMX were absent or acceptable.43 
Aerosolized pentamidine is recommended as an alternative 
therapy for prophylaxis of PCP if TMP-SMX cannot be 
tolerated.

Adverse Effects
Possible side effects with aerosolized pentamidine include 
cough, bronchial irritation, bronchospasm, wheezing, shortness 
of breath, fatigue, bad or metallic taste, pharyngitis, conjuncti-
vitis, rash, and chest pain. Systemic effects also have been noted 
with inhaled pentamidine, including decreased appetite, dizzi-
ness, rash, nausea, night sweats, chills, spontaneous pneumo-
thoraces, neutropenia, pancreatitis, renal insufficiency, and 
hypoglycemia. Extrapulmonary infection with P. jiroveci can 
occur with prophylactic inhaled pentamidine.

Assessment
When administering aerosolized pentamidine, isolation, an 
environmental containment system (e.g., a booth or negative 
pressure room), and personnel barrier protection should be 
provided. Patients should be screened for tuberculosis. The 
drug is given using a nebulizer system with one-way valves and 
scavenging expiratory filters (e.g., Respirgard); this reduces 
environmental contamination. Nebulizer systems capable of 

common adverse reactions seen with omalizumab include 
injection site reaction, viral infections, respiratory tract infec-
tions, headache, sinusitis, and pharyngitis.

Assessment of Drug Therapy

The basic actions to evaluate an aerosol drug treatment should 
be followed (see section on Assessment of Bronchodilator 
Therapy). As with other drug therapy, the indication for this 
class of drug should be present.
• Verify that the patient understands that nonsteroidal anti-

asthma agents are controller drugs and their difference from 
rescue bronchodilators; assess the patient’s understanding of 
the need for consistent use of these agents (compliance).

• Instruct the patient in use of a peak flowmeter to monitor 
baseline PEF and changes. Verify that there is a specific 
action plan, based on symptoms and PEF results. The patient 
should be clear on when to contact a physician with deterio-
ration in PEF or exacerbation of symptoms.

Long Term
• Assess severity of symptoms (coughing, wheezing, nocturnal 

awakenings, symptoms during exertion); use of rescue medi-
cation; number of exacerbations; missed work or school 
days; pulmonary function), and modify level of asthma 
therapy (up or down, as described in the NAEPP EPR III 
guidelines for step therapy).

• Assess for the presence of side effects with nonsteroidal anti-
asthma agents; refer to the particular agent and its side 
effects (listed previously).

AEROSOLIZED ANTIINFECTIVE 
AGENTS

Multiple aerosolized antiinfective agents are available. Some 
agents may be used less often than others in respiratory therapy. 
The antiinfective agents pentamidine, ribavirin, inhaled tobra-
mycin, inhaled aztreonam, and zanamivir are briefly outlined 
here. Drug formulations and dosages are given in Table 35-8.

TABLE 35-8 

Inhaled Antiinfective Agents*

Drug Brand Name Formulation and Dosage Clinical Use

Pentamidine	isethionate NebuPent 300	mg	powder	in	6	ml	sterile	water;	300	mg	once	every	4	wk PCP	prophylaxis
Ribavirin Virazole 6	g	powder	in	300	ml	sterile	water	(20	mg/ml	solution);	given	

every	12-18	hr/day	for	3-7	days	by	SPAG	nebulizer
RSV

Tobramycin TOBI 300-mg/5-ml	ampule;	adults	and	children	≥6	years:	300	mg	
bid,	28	days	on/28	days	off	drug

Pseudomonas aeruginosa	
infection	in	CF

Tobramycin Bethkis 300-mg/4-ml	ampule;	adults	and	children	≥6	years:	300	mg	
bid,	28	days	on/28	days	off	drug

P. aeruginosa	infection	in	CF

Aztreonam Cayston 75	mg/1	ml;	adults	and	children	≥7	yr:	75	mg	tid,	28	days	
on/28	days	off	drug

P. aeruginosa	infection	in	CF

Zanamivir Relenza DPI:	5	mg/inhalation;	adults	≥5	years:	2	inhalations	(one	5-mg	
blister	per	inhalation)	bid,	12	hr	apart	for	5	days

Influenza

CF,	Cystic	fibrosis;	RSV,	respiratory	syncytial	virus;	PAP, Pneumocystis jiroveci	pneumonia;	SPAG,	small	particle	aerosol	generator.
*Details	on	use	and	administration	should	be	obtained	from	manufacturer’s	drug	insert	material	before	use.
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Inhaled Tobramycin

Patients with CF have chronic respiratory infection with Pseu-
domonas aeruginosa and other microorganisms. Such chronic 
infection causes recurrent acute respiratory infections and dete-
rioration of lung function. With the exception of the quinoline 
derivatives such as ciprofloxacin, antibiotics such as the amino-
glycosides (e.g., tobramycin), which are effective against Pseu-
domonas organisms, have poor lung bioavailability when taken 
orally. Consequently, these antibiotics must be given either 
intravenously or by inhalation. The aminoglycoside tobramycin 
has been approved for inhaled administration (TOBI) and is 
intended to manage chronic infection with P. aeruginosa in 
patients with CF. Goals of therapy are to treat or prevent early 
colonization with P. aeruginosa and maintain present lung func-
tion or reduce the rate of deterioration. The emergence of bac-
terial resistance has not been seen in clinical trials with inhaled 
tobramycin.45

Adverse Effects
Side effects with parenteral aminoglycosides include possible 
auditory and vestibular damage with potential for deafness and 
nephrotoxicity. Other possible effects are listed in Box 35-5. 
Risk for more serious side effects with tobramycin, whether by 
inhaled or parenteral routes, increases with the use of other 
aminoglycosides, in the presence of poor renal function and 
dehydration, with preexisting neuromuscular impairment, or 
with use of other ototoxic drugs.

The following precautions are suggested with use of inhaled 
tobramycin:
• Inhaled tobramycin should be used with caution in patients 

with preexisting renal, auditory, vestibular, or neuromuscu-
lar dysfunction.

• Tobramycin solution should not be mixed with beta-lactam 
antibiotics (penicillins, cephalosporins) because of admix-
ture incompatibility, and mixing with other drugs in general 
is discouraged.

• Nebulization of antibiotics during hospitalization should 
be performed under conditions of containment, as previ-
ously described for pentamidine and ribavirin, to prevent 

producing a mass median diameter of 1 to 2 µm for peripheral 
lung deposition may reduce coughing. The patient should  
be monitored for onset of any of the previously described 
adverse reactions. In addition, the following actions are 
recommended:
• If coughing and bronchospasm are present, provide a short-

acting beta agonist or an anticholinergic bronchodilator 
such as ipratropium with inhaled pentamidine.

• Monitor for occurrence rate of PCP and rate of long-term 
hospitalizations.

• Monitor for presence of side effects (shortness of breath, 
possible pneumothorax, conjunctivitis, rash, neutropenia, 
dysglycemia) or appearance of extrapulmonary P. jiroveci 
infection.

• Evaluate need for prior use of a bronchodilator if symptoms 
of bronchospasm or coughing occur after inhalation of 
pentamidine.
Long Term. Over the long term, monitor the efficacy of 

pentamidine prophylaxis in preventing episodes of PCP.

Ribavirin

Ribavirin (Virazole) is an antiviral agent used in the treatment 
of severe lower respiratory tract infections caused by respiratory 
syncytial virus (RSV). RSV is a common seasonal respiratory 
infection in infants and young children that is usually self-
limiting. Recommendations for use of the drug were published 
in a statement by the American Academy of Pediatrics.44 Gener-
ally, the drug is not recommended for routine RSV infection, 
but it may be considered for life-threatening infections.

Administration of the aerosol requires use of a special large-
reservoir nebulizer called a small particle aerosol generator 
(SPAG). The mode of action of ribavirin is similar to that of the 
drug guanosine, a natural nucleoside. Substitution of ribavirin 
for the natural nucleoside interrupts the viral replication process 
in the host cell.

Adverse Effects
Skin rash, eyelid erythema, and conjunctivitis have been noted 
with aerosol administration. Important equipment-related 
effects during mechanical ventilation include endotracheal  
tube occlusion and occlusion of ventilator expiratory valves  
or sensors. Deterioration of pulmonary function can occur. 
Patients or practitioners who are pregnant should not have 
exposure to ribavirin.

Assessment
• Monitor signs of improvement in RSV infection severity, 

including vital signs, respiratory pattern and work of breath-
ing, level of FiO2 needed, level of ventilatory support, ABGs, 
body temperature, and other indicators of pulmonary gas 
exchange.

• Monitor the patient for evidence of side effects, such as dete-
rioration in lung function, bronchospasm, occlusion of 
endotracheal tube, cardiovascular instability, skin irritation 
from the aerosol drug, and equipment malfunction related 
to drug residue.

 Box 35-5 Side Effects With Aminoglycosides 
and Tobramycin

PARENTERAL ADMINISTRATION
•	 Ototoxicity	(auditory	and	vestibular)
•	 Nephrotoxicity
•	 Neuromuscular	blockade
•	 Hypomagnesemia
•	 Cross-allergenicity
•	 Fetal	harm	(deafness)

INHALED NEBULIZED TOBRAMYCIN
•	 Voice	alteration
•	 Tinnitus
•	 Nonsignificant	increase	in	bacterial	resistance
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environmental saturation and development of resistant 
organisms in the hospital.

• Aminoglycosides can cause fetal harm if administered to 
pregnant women; exposure to ambient aerosol drug should 
be avoided by women who are pregnant or trying to become 
pregnant.

• Local airway irritation resulting in cough and broncho-
spasm with decreased ventilatory flow rates is possible with 
inhaled antibiotics and seems to be related to the osmolality 
of the solution.46,47 Peak flow rates and chest auscultation 
should be used before and after treatments to evaluate 
airway changes. Pretreatment with a beta agonist may be 
needed.

• Allergic reactions in the patient, staff, or family should be 
considered if exposure to the aerosolized drug is not con-
trolled. The use of a nebulizing system with a scavenging 
filter, one-way valves, and thumb control could reduce ambi-
ent contamination with the drug, as previously described.
In clinical trials, inhaled tobramycin was administered using 

the PARI LC Plus nebulizer with a DeVilbiss Pulmo-Aide com-
pressor. Studies have reported that not all nebulizer-compressor 
systems perform adequately with antibiotic solutions, and 
higher flow rates of 10 to 12 L/min may be needed with 
nebulizers.48,49

Assessment
• Verify that the patient understands that nebulized tobramy-

cin should be given after other CF therapies, including other 
inhaled drugs.

• Check whether the patient has renal, auditory, vestibular, or 
neuromuscular problems or is taking other aminoglycosides 
or ototoxic drugs. Consider whether tobramycin should be 
used for the patient based on severity of preexisting or con-
comitant risk factors.

• Monitor lung function to note improvement in FEV1.
• Assess rate of hospitalization before and after institution of 

inhaled tobramycin.
• Assess need for intravenous antipseudomonal therapy.
• Assess improvement in weight.
• Monitor for occurrence of side effects, such as tinnitus or 

voice alteration; have the patient rinse and expectorate after 
aerosol treatments.

• Evaluate for changes in hearing or renal function during use 
of inhaled tobramycin.

Inhaled Aztreonam

Aztreonam was approved in December 1986 by the FDA as a 
monobactam, a synthetic bactericidal antibiotic; it is given as 
an intravenous solution. Inhaled aztreonam (Cayston) was 
approved in 2010 to improve pulmonary symptoms in patients 
with CF colonized with P. aeruginosa.50 Inhaled aztreonam is 
not indicated for patients younger than 7 years old or patients 
with Burkholderia cepacia infection. This agent has been studied 
only in patients with FEV1 greater than 25% or less than 75% 
of predicted. The agent is delivered by itself using the Altera 
Nebulizer System.

Adverse Effects
Inhaled aztreonam can cause bronchospasm and decrease FEV1. 
All patients should be screened for baseline pulmonary func-
tion results and treated with a bronchodilator before adminis-
tering inhaled aztreonam.

Patients have been reported to experience severe allergic 
reactions with injectable aztreonam. Careful observation is war-
ranted when first using inhaled aztreonam because it could 
cause an allergic reaction.

The use of antibiotics in the absence of infection may lead 
to the development of drug-resistant bacteria. Inhaled aztreo-
nam should not be used in patients with CF not infected with 
P. aeruginosa.

Colistimethate Sodium

Colistimethate sodium (colistin) is an antibiotic used to treat 
sensitive strains of gram-negative bacilli, particularly P. aerugi-
nosa. Colistimethate sodium is available as an inhaled formula-
tion in Europe as Promixin; this agent is not approved by the 
FDA for inhalation. However, nebulization of the parenteral 
formulation is commonly used in patients with CF. Falagas and 
colleagues51 published a review of intravenous and aerosolized 
colistimethate sodium.

Adverse Effects
Side effects seen with parenteral administration include neuro-
toxic events and nephrotoxicity. Because colistimethate sodium 
is mainly eliminated by the renal system, renal insufficiency 
should be considered. Neurotoxic events associated with  
colistimethate sodium include dizziness, confusion, muscle 
weakness, and possible neuromuscular blockade, leading  
to respiratory arrest. When using aerosolized colistimethate 
sodium, the most common complication seen is bronchospasm. 
Pretreatment with a beta agonist can decrease the potential for 
this complication.

Inhaled Zanamivir

Zanamivir is an inhaled powder aerosol (DPI). Despite the 
availability of zanamivir and the oral antiinfluenza agent osel-
tamivir (Tamiflu), prophylactic vaccination against influenza is 
still recommended, especially in high-risk individuals with car-
diovascular or pulmonary disease. Zanamivir and oseltamivir 
represent a new class of antiviral agents termed neuraminidase 
inhibitors.

Indication for Use
Inhaled zanamivir is indicated for the treatment of uncompli-
cated acute illness caused by influenza virus in adults and chil-
dren 5 years or older who have been symptomatic for no longer 
than 2 days. The agents have an off-label use for treatment and 
prophylaxis of H1N1 influenza A.

Mode of Action
The influenza virus attaches to respiratory tract cells by binding 
of viral surface hemagglutinin to the cell’s surface molecule of 
sialic acid (Figure 35-8). The viral particle also has an enzyme, 
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However, other studies have determined that high-risk patients 
such as patients with asthma and COPD were not affected by 
the use of zanamivir.53

Clinical Efficacy
In studies of clinical efficacy, the use of zanamivir resulted in 
shortening of the median time to alleviation of symptoms by 1 
day. In subjects who began treatment within 30 hours of illness, 
the median time to alleviation of symptoms was reduced by 
approximately 3 days.54 Zanamivir is not approved for prophy-
laxis of influenza, although some data suggest a preventive 
effect in patients exposed to influenza virus.53 Cost-versus-effi-
cacy issues revolve around the modest reduction in symptoms 
and inability to confirm the presence of influenza quickly, easily, 
and inexpensively as the basis for the drug treatment.

Assessment
• Assess improvement in influenza symptoms, including fever 

reduction, less myalgia and headache, reduced coughing and 
sore throat, and less systemic fatigue.

• Monitor for airway irritation and symptoms of broncho-
spasm, especially during initial use of the dry powder aerosol. 
Provide a short-acting beta agonist if needed or if the patient 
is at risk for airway reactivity (COPD, asthma).

INHALED PULMONARY 
VASODILATORS

The use of nitric oxide gas to treat neonates with persistent 
pulmonary hypertension is approved by the FDA and is dis-
cussed in detail in Chapters 41 and 53. In addition to this 
medical gas, inhaled medications are being tested and used  
to treat pulmonary hypertension. Several such agents are  
being studied, including epoprostenol (Flolan) and alprostadil 
(Prostin VR Pediatric); however, only two, iloprost, and trepro-
stinil, are approved by the FDA for widespread use. Siobal55 
published a review of aerosolized prostacyclins and nitric  
oxide (NO).

Nitric Oxide

Indications for Use
As described in more detail in Chapters 41 and 53, NO 
(INOmax) is indicated in the treatment of neonates (>34 weeks 
of gestational age) with hypoxic respiratory failure.56 The 
patient should have evidence of pulmonary hypertension in 
which NO would improve oxygenation and decrease the need 
for extracorporeal membrane oxygenation. Off-label uses 
include reducing pulmonary artery pressure in the neonate, 
pediatric patient, and adult.57 NO is frequently used in cardiac 
surgical patients who present with perioperative pulmonary 
hypertension although this indication is considered off label.

Mode of Action
NO is produced by cells in the body. It relaxes vascular smooth 
muscle by binding to the heme group of cytosolic guanylate 
cyclase, activating guanylate cyclase, and increasing cyclic  

neuraminidase, on its surface. When replicated viral particles 
are released from the host cell after infection, the viral neur-
aminidase cleaves the sialic acid on both the host cell surface 
and other viral particle surfaces so that mature virus can be 
released and spread. Without neuraminidase, influenza virus 
would clump together and to the host cell, preventing spread. 
Zanamivir and oseltamivir combine with the surface neuramin-
idase, preventing its action and the spread of viral particles.

Adverse Effects
Several adverse effects can occur with inhaled zanamivir:
• Bronchospasm and deterioration in lung function, especially 

in patients with COPD or asthma
• Possible undertreatment of bacterial infection masquerad-

ing as a viral infection or a secondary bacterial infection in 
the presence of influenza

• Allergic reactions, as may occur with any drug
• Adverse reactions, such as diarrhea, nausea, vomiting, bron-

chitis, cough, sinusitis, dizziness, and headaches
Because of the effect on lung function in patients with respi-

ratory disease and reports of adverse reactions, revised labeling 
for the drug carries a warning that zanamivir is not generally 
recommended for patients with underlying airways disease.52 

FIGURE 35-8	 Mode	of	action	by	which	inhaled	zanamivir	exerts	
an	antiviral	effect	on	influenza	virus.	Zanamivir	is	a	sialic	acid	
analogue	and	binds	to	neuraminidase,	the	enzyme	responsible	for	
cleaving	sialic	acid	and	preventing	viral	binding	to	sialic	acid.	This	
causes	viral	aggregation,	with	binding	of	viral	particles	to	each	other	
and	to	the	host	cell,	preventing	viral	spread.	HA,	Hemagglutinin;	
NA,	neuraminidase;	SA,	sialic	acid.	(From	Gardenhire	DS:	Rau’s	
respiratory	care	pharmacology,	ed	9,	St.	Louis,	2016,	Elsevier.)
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guanosine monophosphate. When inhaled, NO produces pul-
monary vasodilation, reducing pulmonary artery pressure and 
improving � �V/Q mismatching.

Adverse Effects
NO is contraindicated in neonates with dependent right-to-left 
shunts. Precautions include methemoglobinemia and NO2 for-
mation. The most common adverse events are hypotension and 
withdrawal.58

Iloprost

Indications for Use
Iloprost (Ventavis) inhalation is indicated for the treatment of 
pulmonary hypertension.59 Iloprost inhalation is administered 
with the I-neb nebulizer.

Mode of Action
Iloprost is a synthetic analogue of prostacyclin (PGI2). This 
agent dilates pulmonary arterial vascular beds and affects plate-
let aggregation. It is unknown whether platelet aggregation 
plays a role in the treatment of pulmonary hypertension.

Adverse Effects
Syncope and pulmonary edema may occur secondary to the 
vasodilatory properties of iloprost. During the 12-week clinical 
trial, headache and increased cough were the most noted adverse 
reactions.

Treprostinil

Indication for Use
Treprostinil (Tyvaso) is indicated for the treatment of pulmo-
nary arterial hypertension to increase walking distance in 
patients with New York Heart Association class III symptoms.60 
It is administered using the Tyvaso Inhalation System, which is 
an ultrasonic, pulsed-delivery device.

Mode of Action
Treprostinil is a prostacyclin analogue that causes vasodilation 
of the pulmonary and systemic arterial vascular beds and inhib-
its platelet aggregation. Treprostinil is available in a 2.9-mL 
ampule, which contains 1.74 mg of treprostinil (0.6 mg/mL). It 
is provided as an aerosol in the Tyvaso Inhalation System.

Adverse Effects
Treprostinil has not been studied in patients with underlying 
lung disease (e.g., asthma, COPD). Treprostinil may cause bron-
chospasm. This agent should not be mixed with any other 
agents.

SUMMARY CHECKLIST

◗	Orally	inhaled	aerosol	drug	classes	include	beta-agonist	
bronchodilators,	anticholinergic	(antimuscarinic)	
bronchodilators,	mucolytics,	corticosteroids,	nonsteroidal	
antiasthma	drugs,	antiinfective	agents,	and	anti–pulmonary	
hypertensive	agents.

◗	Beta-agonist	and	anticholinergic	bronchodilators	are	used	
to	reverse	or	improve	airflow	obstruction;	mucolytics	are	
used	to	reduce	mucus	viscosity	and	improve	mucociliary	
clearance;	corticosteroids	and	nonsteroidal	antiasthma	
agents	are	used	to	reduce	or	prevent	airway	inflammation	
in	asthma;	the	antiinfective	agent	pentamidine	is	used		
to	treat	PCP,	especially	in	patients	with	acquired	
immunodeficiency	syndrome;	ribavirin	is	used	to	treat	
respiratory	syncytial	virus	infection	in	at-risk	infants	and	
children;	inhaled	tobramycin	and	aztreonam	are	used	in	
patients	with	CF	to	prevent	or	manage	gram-negative	
Pseudomonas	infections;	and	inhaled	zanamivir	is	used	to	
treat	acute	influenza.

◗	All	aerosol	treatments	are	assessed	immediately	by	
monitoring	respiratory	vital	signs,	which	include	respiratory	
rate	and	pattern,	pulse,	breath	sounds	on	auscultation,	
general	patient	appearance	(e.g.,	color,	diaphoresis),	and	
patient	report	of	subjective	reaction	(e.g.,	chest	tightness).	
Additional	assessment	should	be	related	to	the	indication	
for	the	drug	(e.g.,	monitoring	of	peak	flow	rates	or	bedside	
spirometry	with	bronchodilator	use;	frequency	of	
exacerbation	or	beta	agonist	use	with	inhaled	
corticosteroids	in	asthma).

◗	Each	class	of	aerosol	drug	has	its	own	mode	of	action.	
Practitioners	should	be	familiar	with	how	agents	they	
administer	work.	Common	side	effects	with	each	class		
of	drug	include	tremor	and	shakiness	with	beta	agonists,	
dry	mouth	with	anticholinergic	agents,	bronchial	irritation	
with	acetylcysteine,	dysphonia	and	voice	changes		
with	dornase	alfa,	and	oral	fungal	infections	with	
corticosteroids.

◗	Agents	used	in	asthma	that	provide	quick	relief	include	
short-acting	beta	agonists	(albuterol,	levalbuterol,	
metaproterenol)	and	anticholinergic	bronchodilators.	
Agents	that	provide	long-term	control	include	long-acting	
beta	agonists	(salmeterol,	formoterol,	arformoterol,	
indacaterol,	olodaterol);	inhaled	corticosteroids;	and	
nonsteroidal	antiasthma	drugs	(cromolyn,	montelukast,	
and	other	leukotriene	antagonists).	Systemic	
corticosteroids	are	used	for	both	quick	relief	(intravenously)	
and	long-term	control	(orally).

◗	Newer	inhaled	medications	within	a	class	known	as	
aerosolized prostacyclins	are	being	introduced	to	help	
treat	pulmonary	hypertension.	Several	agents	are	being	
studied,	including	epoprostenol	(Flolan)	and	alprostadil	
(Prostin	VR	Pediatric);	however,	only	treprostinil	(Tyvaso)	
and	iloprost	(Ventavis)	are	being	used	on	a	widespread	
basis.
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Airway Management

NEILA ALTOBELLI

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	how	to	perform	endotracheal	and	nasotracheal	suctioning	safely.
◆	 Describe	how	to	obtain	sputum	samples	properly.
◆	 Assess	the	need	for	and	select	an	artificial	airway.
◆	 Identify	the	complications	and	hazards	associated	with	insertion	of	artificial	airways.
◆	 Describe	how	to	perform	orotracheal	and	nasotracheal	intubation	of	an	adult.
◆	 Assess	and	confirm	proper	endotracheal	tube	placement.
◆	 Describe	the	rationale	and	the	methods	for	performing	a	tracheotomy.
◆	 Identify	the	types	of	damage	that	artificial	airways	can	cause.
◆	 Describe	how	to	maintain	and	troubleshoot	artificial	airways	properly.
◆	 Describe	techniques	for	measuring	and	adjusting	tracheal	tube	cuff	pressures.
◆	 Identify	when	and	how	to	extubate	or	decannulate	a	patient.
◆	 Describe	how	to	use	alternative	airway	devices.
◆	 Describe	how	to	assist	a	physician	in	setting	up	and	performing	bronchoscopy.

CHAPTER OUTLINE

Suctioning
Endotracheal	Suctioning
Nasotracheal	Suctioning
Sputum	Sampling

Establishing an Artificial Airway
Clinical	Practice	Guideline
Routes
Airway	Tubes
Procedures
Laryngectomy

Airway Trauma Associated With Tracheal Tubes
Laryngeal	Lesions
Tracheal	Lesions
Prevention

Airway Maintenance
Securing	the	Airway	and	Confirming	Placement
Providing	for	Patient	Communication

Ensuring	Adequate	Humidification
Minimizing	Nosocomial	Infections
Facilitating	Secretion	Clearance
Providing	Cuff	Care
Care	of	Tracheostomy	and	Tube
Troubleshooting	Airway	Emergencies

Extubation or Decannulation
Assessing	Patient	Readiness	for	Extubation
Procedures

Alternative Airway Devices
Laryngeal	Mask	Airway
Double-Lumen	Airway
Surgical	Emergency	Airways

Bronchoscopy
Rigid	Tube	Bronchoscopy
Flexible	Fiberoptic	Bronchoscopy

KEY TERMS

bronchoscopy
decannulation
endotracheal	tubes
extubation
fenestrated
intubation

laryngectomy
obturator
pharyngeal	airways
radiopaque
stenosis
suctioning

tracheoesophageal	fistula
tracheoinnominate	artery	fistula
tracheomalacia
tracheostomy
tracheostomy	tubes
tracheotomy



740 SECTION V • Basic Therapeutics

R espiratory therapists (RTs) are an important part of the 
health care team who aim to optimize patient ventila-
tion and gas exchange. Because adequate ventilation 

and gas exchange are impossible without a patent airway, RTs 
often assume responsibility for airway management of patients 
in both the acute care and the post–acute care settings. RTs must 
develop skills in three broad areas of airway care. First, the RT 
must be proficient in airway clearance techniques, including 
methods designed to ensure the patency of the patient’s natural 
or artificial airway. Second, the RT must be able to insert and 
maintain artificial airways designed to support patients whose 
own natural airways are inadequate. Third, the RT must be able 
to assist physicians in performing special procedures related to 
airway management. This chapter explores each of these areas.

SUCTIONING

Airway obstruction can be caused by retained secretions, foreign 
bodies, and structural changes such as edema, tumors, or 
trauma. Retained secretions increase airway resistance and the 
work of breathing and can cause hypoxemia, hypercapnia, atel-
ectasis, and infection. Difficulty in clearing secretions may be 
due to the thickness or amount of the secretions or to the 
patient’s inability to generate an effective cough.

RTs can remove retained secretions or other semi-liquid 
fluids from the airways by suctioning. Suctioning is the applica-
tion of negative pressure (vacuum) to the airways through a 
collecting tube (flexible catheter or suction tip). Removal of 
foreign bodies, secretions, or tissue masses beyond the main 
stem bronchi requires bronchoscopy, which is generally per-
formed by a physician; however, an increasing number of 
centers have trained RTs to perform therapeutic bronchoscopy. 
RTs often assist physicians in performing bronchoscopy, which 
is discussed at the end of the chapter.

Suctioning can be performed by way of either the upper 
airway (oropharynx) or the lower airway (trachea and bronchi). 
Secretions or fluids also can be removed from the oropharynx 
by using a rigid tonsillar or Yankauer suction tip (Figure 36-1). 
Access to the lower airway is by introduction of a flexible suction 
catheter (Figure 36-2) through the nose (nasotracheal suction-
ing) or artificial airway (endotracheal suctioning). Tracheal 
suctioning through the mouth should be avoided because it 
causes gagging.

Endotracheal Suctioning

Clinical Practice Guideline
To guide practitioners in safe and effective application of this 
procedure, the American Association for Respiratory Care 
(AARC) has developed a clinical practice guideline on endotra-
cheal suctioning of mechanically ventilated patients with arti-
ficial airways. Excerpts from the AARC guideline, including 
indications, contraindications, hazards and complications, 
assessment of need, assessment of outcome, and monitoring, 
appear in Clinical Practice Guideline 36-1.1

FIGURE 36-1	 Rigid	tonsillar,	or	Yankauer,	suction	tip.	(Modified	
from	Sills	JR:	The	comprehensive	respiratory	therapist	exam	review,	
entry	and	advanced	levels,	ed	5,	St.	Louis,	2010,	Mosby.)

Tip

Catheter

Thumb-control
valve

Handle

Large openings at tip

Connector for vacuum

Vacuum tubing

FIGURE 36-2	 Flexible	suction	catheter	for	lower	airway	
suctioning.	

Thumb-control valve

Catheter

Connector for vacuum

Vacuum tubing

Tip with a single opening

Patient end

Equipment and Procedure
The procedure described here is for endotracheal suctioning of 
adults or children. Nasotracheal suctioning is described sepa-
rately later in this chapter. There are two techniques for endo-
tracheal suctioning: open and closed. The open, sterile technique 
requires disconnecting the patient from the ventilator. The 
closed technique uses a sterile, closed, in-line suction catheter 
that is attached to the ventilator circuit so that the suction 
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36-1	 Endotracheal	Suctioning	of	Mechanically	
Ventilated	Patients	With	Artificial	Airways

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 Need	to	maintain	patency	and	integrity	of	the	artificial	

airway
•	 Need	to	remove	accumulated	pulmonary	secretions	as	

evidenced	by	one	of	the	following:
•	 Sawtooth	pattern	on	the	flow-volume	loop	on	the	

monitor	screen	of	the	ventilator	or	the	presence	of	
coarse	crackles	over	the	trachea—both	are	strong	
indicators	of	retained	pulmonary	secretions

•	 Increased	peak	inspiratory	pressure	on	volume-control	
ventilation	or	decreased	tidal	volume	on	pressure	control	
ventilation

•	 Deterioration	of	O2	saturation	or	blood	gas	values
•	 Visible	secretions	in	the	airway
•	 Inability	of	patient	to	generate	an	effective	cough
•	 Acute	respiratory	distress

•	 Suspected	aspiration	of	gastric	or	upper	airway	
secretions

•	 Need	to	obtain	a	sputum	specimen	to	rule	out	or	identify	
pneumonia	or	other	pulmonary	infection	or	for	sputum	
cytology

■ CONTRAINDICATIONS
Endotracheal	suctioning	is	a	necessary	procedure	for	patients	
with	artificial	airways.	Most	contraindications	are	relative	to	the	
patient’s	risk	for	developing	adverse	reactions	or	worsening	
clinical	condition	as	a	result	of	the	procedure.	When	indicated,	
there	is	no	absolute	contraindication	to	endotracheal	
suctioning	because	the	decision	to	withhold	suctioning	to	
avoid	possible	adverse	reaction	may	be	lethal.

■ HAZARDS AND COMPLICATIONS
•	 Decrease	in	dynamic	lung	compliance	and	functional	

residual	capacity
•	 Atelectasis
•	 Hypoxia	or	hypoxemia
•	 Tissue	trauma	to	the	tracheal	or	bronchial	mucosa
•	 Bronchoconstriction	or	bronchospasm
•	 Increased	microbial	colonization	of	lower	airway
•	 Changes	in	cerebral	blood	flow	and	increased	intracranial	

pressure
•	 Hypertension
•	 Hypotension
•	 Cardiac	dysrhythmias

Routine	use	of	normal	saline	instillation	may	be	associated	
with	the	following	adverse	events:
•	 Excessive	coughing
•	 Decreased	O2	saturation

•	 Bronchospasm
•	 Dislodgment	of	the	bacterial	biofilm	that	colonizes	the	

endotracheal	tube	into	the	lower	airway
•	 Pain,	anxiety,	dyspnea
•	 Tachycardia
•	 Increased	intracranial	pressure

■ ASSESSMENT OF NEED
Qualified	personnel	should	assess	the	need	for	endotracheal	
suctioning	as	a	routine	part	of	a	patient	and	ventilator	system	
assessment	as	detailed	under	Indications.

■ ASSESSMENT OF OUTCOME
•	 Improvement	in	appearance	of	ventilator	graphics	and	

breath	sounds
•	 Decreased	peak	inspiratory	pressure	with	narrowing	of	

peak	inspiratory	pressure	to	plateau	pressure	difference;	
decreased	airway	resistance	or	increased	dynamic	
compliance;	increased	tidal	volume	delivery	during	
pressure-limited	ventilation

•	 Improvement	in	arterial	blood	gas	values	or	saturation	as	
reflected	by	pulse	oximetry	(SpO2)

•	 Removal	of	pulmonary	secretions

■ MONITORING
The	following	should	be	monitored	before,	during,	and	after	
the	procedure:
•	 Breath	sounds
•	 O2	saturation
•	 Skin	color
•	 Pulse	oximeter
•	 Respiratory	rate	and	pattern
•	 Hemodynamic	parameters
•	 Pulse	rate
•	 Blood	pressure,	if	indicated	and	available
•	 Electrocardiogram,	if	indicated	and	available
•	 Sputum	characteristics—color,	volume,	consistency,	odor
•	 Cough	characteristics
•	 Intracranial	pressure,	if	indicated	and	available
•	 Ventilator	parameters
•	 Peak	inspiratory	pressure	and	plateau	pressure
•	 Tidal	volume
•	 Pressure,	flow,	and	volume	graphics,	if	available
•	 FiO2

*For complete guidelines, see American Association for Respiratory Care: Clinical practice guideline: endotracheal suctioning of mechanically ventilated patients 
with artificial airways. Respir Care 55:758, 2010.
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(sufficient to reach the main stem bronchi) and sized in 
French units (external circumference). A curved-tip catheter, 
or catheter coudé, is available to help direct access to the left 
main stem bronchus. The size of the catheter may be more 
important than its design. A catheter that is too large can 
obstruct part or all of the airway by occupying too much of 
its opening. Too large a suction catheter combined with nega-
tive pressure quickly evacuates lung volume and can cause 
atelectasis and hypoxemia. To avoid this problem, the diam-
eter of the catheter should be less than 50% of the internal 
diameter of the artificial airway in adults.5,6 In infants and 
small children, the diameter of the suction catheter should be 
less than 70% of the internal diameter of the artificial airway.7

catheter can be advanced into the patient’s endotracheal airway 
without disconnecting the patient from the ventilator.

There are also two methods of suctioning based on how deep 
the suction catheter is inserted in the artificial airway: deep 
suctioning and shallow suctioning. Deep suctioning is when the 
catheter is inserted until resistance is met and then withdrawn 
approximately 1 cm before applying suction. Shallow suction-
ing is when the catheter is advanced to a predetermined depth, 
which is usually the length of the airway plus the adapter.2 Using 
shallow suctioning rather than deep suctioning is recommended 
in infants and children.3

Step 1: Assess Patient for Indications.
Generally, a patient should never be suctioned according to 
a preset schedule. Although very thick secretions may not 
move with airflow and may not create any adventitious 
sounds, the patient should be assessed for clinical indicators, 
such as rhonchi heard on auscultation, which suggest the 
need for suctioning (see Clinical Practice Guideline 36-1).

Step 2: Assemble and Check Equipment.
The equipment needed for endotracheal suctioning is listed 
in Box 36-1. The suction catheter, gloves, and cup are often 
prepackaged together in disposable sterile kits for use during 
the open suctioning technique. The AARC Clinical Practice 
Guideline suggests the closed suctioning technique to avoid 
disconnecting the patient from the ventilator, which inter-
rupts ventilation and exposes the patient to infection risk. 
Suction pressure should always be checked by occluding the 
end of the suction tubing before attaching the suction  
catheter. The suction pressure should be set at the lowest 
effective level. Negative pressures of 80 to 100 mm Hg in 
neonates and less than 150 mm Hg in adults are generally 
recommended.4

Suction catheters are available in various designs, most 
with side ports to minimize mucosal damage. Most suction 
catheters for adult general purposes are 22 inches long 

 Box 36-1 Equipment Needed for Suctioning

•	 Vacuum	source
•	 Calibrated,	adjustable	regulator
•	 Collection	bottle	and	connecting	tubing
•	 Disposable	gloves:	sterile	(open	suction)	or	clean	(closed	

suction)
•	 Sterile	suction	catheter
•	 Sterile	water	and	cup	(open	suction),	if	needed	to	clear	

catheter
•	 Goggles,	mask,	and	other	appropriate	equipment	for	

standard	precautions
•	 Oxygen	(O2)	source	with	a	calibrated	flowmeter	(open	

suction)	or	ventilator	(closed	suction)
•	 Pulse	oximeter
•	 Manual	resuscitation	bag	equipped	with	O2-enrichment	

device	for	emergency	backup	use
•	 Stethoscope

OPTIONAL EQUIPMENT
•	 Electrocardiograph
•	 Sterile	sputum	trap	for	culture	specimen

RULE OF THUMB

To	estimate	quickly	the	proper	size	of	suction	catheter	
to	use	with	a	given	tracheal	tube,	first	multiply	the	
tube’s	inner	diameter	by	2.	Then	use	the	next	smallest	
size	catheter.

Example:6 2 6 12-mm endotracheal tube
next smallest cathet

: ;× =
eer is F10

Example: 8 2 8 16-mm endotracheal tube
next smallest cathet

: ;× =
eer is F14

	

An in-line suction catheter can be used for patients 
receiving ventilatory support (Figure 36-3). These systems 
are incorporated directly into the ventilator circuit and used 
repeatedly. Because this system allows suctioning without 
disconnecting the patient from the ventilator, it is recom-
mended for suctioning patients who require high fractional 
inspired oxygen (FiO2) and positive end-expiratory pressure 
(PEEP), who are at risk for lung derecruitment, and for 
neonates.8-10 In addition, cross contamination is less likely 
with such systems. The use of in-line suction catheters has 
been shown to be cost-effective because they need to be 
changed only if soiled or malfunctioning and not on a daily 
basis.11 However, in-line suction catheters have not been 
shown either to increase or to decrease the risk for ventilator-
associated pneumonia (VAP).12 The extra weight an in-line 
catheter adds to a ventilator circuit may increase tension on 
the endotracheal tube (ETT), so care should be taken to 
support the ventilator tubing appropriately.

Basic indications for the use of closed suction catheters 
are listed in Box 36-2.13 Routine instillation of sterile normal 
saline to aid secretion removal before suctioning is not rec-
ommended because there is insufficient evidence that this 
practice is beneficial, and it may increase infection risk (see 
Hazards and Complications in Clinical Practice Guideline 
36-1). If the secretions are extremely tenacious, instillation 
of acetylcysteine or sodium bicarbonate (2%) may be more 
effective than normal saline; this generally requires a physi-
cian’s order. The use of these medications is discussed in 
more detail in Chapter 35.

After connecting the catheter to the suction source, the 
level of suction pressure should be checked by closing the 
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Step 3: Assess Patient for Hyperoxygenation.
Before suctioning, delivery of 100% oxygen (O2) for 30 to 60 
seconds to pediatric and adult patients is suggested, espe-
cially to patients who are at risk for hypoxemia. Also, the O2 
concentration should be increased by 10% in neonates 
before suctioning14; this may be done by increasing the set 
FiO2 or activating the temporary 100% setting on micropro-
cessor ventilators. Manual ventilation is not recommended 
because it is sometimes difficult to deliver 100% O2 this 
way and high pressure potentially causing lung injury can 
inadvertently be applied.15 However, if there is no other alter-
native to hyperoxygenate the patient, PEEP should be main-
tained by adding a PEEP valve to the manual resuscitator 
during manual ventilation with 100% O2.

Step 4: Insert Catheter.
To prevent tracheal mucosal trauma, especially in infants, the 
shallow suction method should be used, advancing the cath-
eter just to the end of the artificial airway as recommended 
in the AARC guidelines.

Step 5: Apply Suction and Clear Catheter.
Suction is applied while withdrawing the catheter. Total 
suction time should be kept to less than 15 seconds.16,17 After 
removing the catheter, it should be cleared using a sterile cup 
filled with sterile water or saline. The closed suction catheter 
has an adapter for saline vials to be placed in line with the 
device. The catheter is cleared by squeezing the saline vial 
and applying suction at the same time. Caution must be used 
to ensure saline is being drawn into the catheter and not 

FIGURE 36-3	 In-line,	closed-system	multiuse	suction	catheter.	(Modified	from	Sills	JR:	The	comprehensive	respiratory	therapist	exam	
review,	entry	and	advanced	levels,	ed	5,	St.	Louis,	2010,	Mosby.)
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RULE OF THUMB

Set	suction	pressure	120	to150	mm	Hg	for	adults,	100	
to	120	mm	Hg	for	children,	and	80	to	100	mm	Hg	for	
infants.

 Box 36-2 Indications for Use of Closed 
Suctioning Technique

Mechanically	ventilated	patients,	especially	neonates	and	
patients	with:
•	 Positive	end	expiratory	pressure	≥10	cm	H2O
•	 Mean	airway	pressure	≥20	cm	H2O
•	 Inspiratory	time	≥1.5	seconds
•	 FiO2	≥0.60
•	 Frequent	suctioning	(≥6	times/day)
•	 Hemodynamic	instability	associated	with	ventilator	

disconnection
•	 Respiratory	infections	requiring	airborne	or	droplet	

precautions	(see	Chapter	4)
•	 Inhaled	agents	that	cannot	be	interrupted	by	ventilator	

disconnection	(e.g.,	nitric	oxide,	helium/oxygen	mixture)

catheter thumb port and aspirating some sterile water or 
saline from the basin. If no vacuum is generated, it is neces-
sary to check for leaks in the tubing, at the collection con-
tainer, or at the suction regulator. In addition, if the collecting 
bottle is full, the float-valve closes and prevents vacuum 
transmission.
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• Do not routinely instill normal saline; only instill normal 
saline to help mobilize very thick secretions.

• Use closed suction technique to avoid disconnection from 
ventilator.

down the airway. If any untoward response occurs during 
suctioning, the catheter should be immediately removed, 
and the patient should be oxygenated.

Step 6: Reoxygenate Patient.
The patient should be hyperoxygenated by the same method 
used in Step 3 for at least 1 minute. Routine hyperventilation 
is not recommended. If there are indications of derecruit-
ment, lung recruitment maneuvers may be used.

Step 7: Monitor Patient and Assess Outcomes.
Steps 3 through 7 are repeated as needed until improvement 
is seen or an adverse response is observed. Any necessary 
corrective steps should be taken.

Minimizing Complications and  
Adverse Responses
Careful adherence to procedure is the best way to avoid or 
minimize complications of endotracheal suctioning. Potential 
complications are as follows:
• Hypoxemia

• Minimized by preoxygenating the patient, preferably 
without disconnecting patient from the ventilator.18

• Minimized by using closed suction technique, especially 
in neonates and adults requiring high FiO2 or PEEP, or 
both or at risk for lung derecruitment.

• Cardiac dysrhythmias
• Bradycardia may occur secondary to vagal nerve 

stimulation.
• Tachycardia may occur as a result of agitation and/or 

hypoxemia.
• If either occurs, stop suctioning, administer O2 and ven-

tilation, and notify the nurse and physician.
• Hypotension or hypertension

• May occur as a result of cardiac dysrhythmia, hypoxemia, 
anxiety, stress, pain, or coughing.

• If either occurs, stop suctioning, administer O2 and ven-
tilation, and notify the nurse and physician.

• Atelectasis (collapse of alveoli)/lung derecruitment
• Limit amount of negative suction pressure used (see Rule 

of Thumb).
• Keep duration of suctioning less than 15 seconds.
• Use appropriate-size catheter (see Rule of Thumb).
• Avoid disconnection from ventilator by using closed 

suction technique, especially in neonates and adults who 
require high FiO2 or PEEP.

• Mucosal trauma
• Limit amount of negative suction pressure used (see Rule 

of Thumb).
• Use shallow suctioning method.

• Increased intracranial pressure (ICP)
• Usually transient and returns to baseline within 1 minute.
• For patients who already have increased ICP, administer 

aerosolized topical anesthetic (lidocaine) 15 minutes 
before suction to minimize cough, discomfort, and 
increased ICP.19

• Bacterial colonization of lower airway
• Use sterile technique during open suctioning.

	

RULE OF THUMB

To	minimize	hypoxemia	and	lung	derecruitment	when	
suctioning	a	mechanically	ventilated	patient,	
preoxygenate	and	suction	the	artificial	airway	with	a	
closed-system	in-line	catheter	to	avoid	disconnecting	
the	patient	from	the	ventilator.

Nasotracheal Suctioning

Nasotracheal suctioning is indicated for patients who have 
retained secretions but do not have an artificial airway.

Clinical Practice Guideline
The AARC has published a clinical practice guideline on naso-
tracheal suctioning to guide practitioners in safe and effective 
application of this procedure. Excerpts from the AARC guide-
line, including indications, contraindications, hazards and com-
plications, assessment of need, assessment of outcome, and 
monitoring, appear in Clinical Practice Guideline 36-2.20

Equipment and Procedure
The equipment and procedure for nasotracheal suctioning are 
similar to the equipment and procedure for endotracheal suc-
tioning. Only the key differences are highlighted here. In addi-
tion to the equipment and supplies used for endotracheal 
suctioning (see Box 36-1), sterile water-soluble lubricating jelly 
is needed to aid catheter passage through the nose. Use of a 
nasopharyngeal airway should be considered to help reduce 
mucosal trauma in the nose of patients who require repeated, 
long-term nasotracheal suctioning.

The key aspect of the nasotracheal suctioning procedure is 
catheter insertion. After lubricating the catheter, the RT inserts 
it gently through the nostril, directing it toward the septum and 
floor of the nasal cavity, without applying negative pressure. 
The catheter is gently twisted if any resistance in the nose is felt. 
If twisting does not help, the catheter is withdrawn and inserted 
through the other nostril.

As the catheter enters the lower pharynx, the patient should 
assume a “sniffing” position (Figure 36-4). This position helps 
align the opening of the larynx with the lower pharynx, making 
catheter passage through the larynx more likely. The catheter is 
continually advanced until the patient coughs or a resistance  
is felt.

Minimizing Complications and  
Adverse Responses
Complications of nasotracheal suctioning are as follows:
• Gagging and/or regurgitation

• To minimize this risk, avoid suctioning soon after a meal 
or tube feeding; coordinate with nurse.
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36-2	 Nasotracheal	Suctioning

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 Need	to	maintain	a	patent	airway	and	remove	saliva,	

pulmonary	secretions,	blood,	vomitus,	or	foreign	material	
from	the	trachea	in	the	presence	of	inability	to	clear	
secretions	when	audible	or	visible	evidence	of	secretions	in	
the	large	or	central	airways	that	persist	despite	patient’s	
best	cough	effort,	as	evidenced	by	one	or	more	of	the	
following:
•	 Visible	secretions	in	airway
•	 Chest	auscultation	of	coarse,	gurgling	breath	sounds,	

rhonchi,	or	diminished	breath	sounds
•	 Feeling	of	secretions	in	the	chest	(increased	tactile	

fremitus)
•	 Suspected	aspiration	of	gastric	or	upper	airway	

secretions
•	 Clinically	apparent	increased	work	of	breathing
•	 Deterioration	of	arterial	blood	gas	values	suggesting	

hypoxemia	or	hypercarbia
•	 Chest	radiographic	evidence	of	retained	secretions	

resulting	in	atelectasis	or	consolidation
•	 Restlessness

•	 Stimulate	cough	or	for	unrelieved	coughing
•	 Obtain	a	sputum	sample	for	microbiologic	or	cytologic	

analysis

■ CONTRAINDICATIONS
Listed	contraindications	are	relative	unless	noted	to	be	
absolute.
•	 Occluded	nasal	passages
•	 Nasal	bleeding
•	 Epiglottitis	or	croup—absolute
•	 Acute	head,	facial,	or	neck	injury
•	 Coagulopathy	or	bleeding	disorder
•	 Laryngospasm
•	 Irritable	airway
•	 Upper	respiratory	tract	infection
•	 Tracheal	surgery
•	 Gastric	surgery	with	high	anastomosis
•	 Myocardial	infarction
•	 Bronchospasm

■ HAZARDS AND COMPLICATIONS
•	 Mechanical	trauma
•	 Laceration	of	nasal	turbinates
•	 Perforation	of	pharynx
•	 Nasal	irritation	or	bleeding
•	 Tracheitis
•	 Mucosal	hemorrhage
•	 Edema	of	uvula
•	 Hypoxia	or	hypoxemia
•	 Cardiac	dysrhythmias	or	arrest
•	 Bradycardia
•	 Increased	blood	pressure

•	 Hypotension
•	 Respiratory	arrest
•	 Uncontrolled	coughing
•	 Gagging	or	vomiting
•	 Laryngospasm
•	 Bronchoconstriction	or	bronchospasm
•	 Discomfort	and	pain
•	 Nosocomial	infection
•	 Atelectasis
•	 Misdirection	of	the	catheter
•	 Increased	intracranial	pressure
•	 Intraventricular	hemorrhage
•	 Exacerbation	of	cerebral	edema
•	 Pneumothorax

■ ASSESSMENT OF NEED
Personnel	should	perform	a	baseline	assessment	for	
indications	of	respiratory	distress	and	the	need,	as	recognized	
by	the	previously	listed	presenting	indications.	This	
assessment	should	include	but	not	be	limited	to	the	following:
•	 Auscultation	of	the	chest
•	 Monitoring	of	heart	rate
•	 Assessment	of	respiratory	rate
•	 Assessment	of	cardiac	rhythm
•	 Assessment	of	O2	saturation
•	 Assessment	of	skin	color	and	perfusion
•	 Assessment	of	effectiveness	of	cough

Prepare	the	patient	for	the	procedure	by	providing	an	
appropriate	explanation	along	with	adequate	sedation	and	
pain	relief	as	needed.

■ ASSESSMENT OF OUTCOME
Assess	the	patient	after	suction	for	the	following:
•	 Improved	breath	sounds
•	 Removal	of	secretions
•	 Improved	blood	gas	data	or	pulse	oximetry
•	 Decreased	work	of	breathing	(decreased	respiratory	rate	or	

dyspnea)

■ MONITORING
The	following	should	be	monitored	before,	during,	and	after	
the	procedure:
•	 Breath	sounds
•	 Skin	color
•	 Breathing	pattern	and	rate
•	 Pulse	rate,	dysrhythmia,	electrocardiogram	if	available
•	 Color,	consistency,	and	volume	of	secretions
•	 Presence	of	bleeding	or	evidence	of	physical	trauma
•	 Subjective	response,	including	pain
•	 Oxygenation	(pulse	oximeter)
•	 Intracranial	pressure,	if	equipment	is	available
•	 Arterial	blood	pressure,	if	available
•	 Laryngospasm

*For complete guidelines, see American Association for Respiratory Care: Clinical practice guideline: nasotracheal suctioning—2004 revision and update. Respir 
Care 49:1080, 2004.
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Sputum Sampling

Sputum samples are often collected to identify organisms 
infecting the airway. To obtain the samples, the suctioning pro-
cedures described previously should be followed. In addition to 
the usual equipment, a sterile specimen container is needed. 
This device consists of a plastic tube or cup with flexible tubing 
on one end to attach to the suction catheter. The other outlet 
is a stiff plastic nozzle that connects to the suction tubing from 
the wall vacuum unit (Figure 36-5).

It is important to maintain sterile technique when touching 
the connection points on the trap. If a closed suction system is 
being used, a new catheter should be placed just before suction-
ing the patient for the sample. When an adequate sample is 
obtained, the container is removed from the suction catheter 
and suction tubing. The flexible tubing on the container is 
attached to the open nozzle; this creates a closed container. The 
container should be labeled according to hospital or facility 
policy. The suctioning procedure is completed as previously 
described.

ESTABLISHING AN  
ARTIFICIAL AIRWAY

Clinical Practice Guideline

An artificial airway is required when the patient’s natural airway 
can no longer perform its proper functions. To guide practitio-
ners in the identification, assessment, and treatment of patients 
requiring artificial airways, the AARC has developed a clinical 
practice guideline on management of airway emergencies. 
Excerpts from the AARC guideline, including indications; con-
traindications; precautions, hazards, and possible complica-
tions; assessment of need and outcome; and monitoring, appear 
in Clinical Practice Guideline 36-3.21

FIGURE 36-4	 Nasotracheal	suctioning	technique.	A,	Optimal	
position	of	the	head	to	insert	catheter	into	the	trachea.	The	neck	is	
flexed,	and	the	head	is	extended.	The	tongue	is	protruded	(and	
held	by	a	4	×	4	gauze	pad).	B,	After	catheter	has	advanced	into	
the	trachea,	the	tongue	is	released,	and	the	patient’s	head	is	
allowed	to	assume	a	comfortable	position.	C,	View	of	vocal	
cords	from	above.	The	cords	are	most	widely	separated	during	
inspiration.	(Modified	from	Sanderson	RG:	The	cardiac	patient:	a	
comprehensive	approach,	Philadelphia,	1972,	Saunders.)

A

B

C

FIGURE 36-5	 Specimen	container	placement	between	the	
suction	catheter	and	wall	suction	source.	

• If this occurs, reposition patient and suction oropharynx 
if necessary.

• Airway trauma (bleeding)
• To avoid, before suctioning, assess patient for any bleed-

ing disorder (check platelet count and/or bleeding studies 
and anticoagulation medications) before suctioning.

• To minimize, do not use excessive force when advancing 
catheter.

• To minimize, lubricate catheter.
• To minimize, use nasopharyngeal airway to protect nasal 

mucosa.
• Contamination of the lungs

• Immunosuppressed patients are especially at risk.
• To avoid, use sterile technique and gentle insertion of 

catheter.
• Bronchospasm or laryngospasm

• These incidents may be stimulated by the catheter in the 
lower airway.

• Patients with hyperactive airway disease are especially 
at risk.

• If these occur, stop suctioning and administer aerosolized 
bronchodilator if needed.
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36-3	 Management	of	Airway	Emergencies

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
In	general,	conditions	requiring	management	of	the	airway	are	
impending	or	actual	(1)	airway	compromise,	(2)	respiratory	
failure,	and	(3)	need	to	protect	the	airway.	Specific	conditions	
include	but	are	not	limited	to	the	following:
•	 Airway	emergency	before	endotracheal	intubation
•	 Obstruction	of	the	artificial	airway
•	 Apnea
•	 Acute	traumatic	coma
•	 Penetrating	neck	trauma
•	 Cardiopulmonary	arrest	and	unstable	dysrhythmias
•	 Severe	bronchospasm
•	 Severe	allergic	reactions	with	cardiopulmonary	compromise
•	 Pulmonary	edema
•	 Sedative/narcotic	drug	effect
•	 Foreign	body	obstruction
•	 Choanal	atresia	in	neonates
•	 Aspiration
•	 Risk	for	aspiration
•	 Severe	laryngospasm
•	 Self-extubation

Conditions	requiring	emergency	tracheal	intubation	include	
but	are	not	limited	to:
•	 Persistent	apnea
•	 Traumatic	upper	airway	obstruction
•	 Accidental	extubation	of	a	patient	unable	to	maintain	

adequate	spontaneous	ventilation
•	 Obstructive	angioedema
•	 Massive	uncontrolled	upper	airway	bleeding
•	 Infection-related	upper	airway	obstruction	(partial	or	

complete)
•	 Epiglottitis	in	children	or	adults
•	 Acute	uvular	edema
•	 Tonsillopharyngitis	or	retropharyngeal	abscess
•	 Suppurative	parotitis

•	 Coma	with	potential	for	increased	intracranial	pressure
•	 Neonatal-	or	pediatric-specific	conditions

•	 Perinatal	asphyxia
•	 Severe	adenotonsillar	hypertrophy
•	 Severe	laryngomalacia
•	 Bacterial	tracheitis
•	 Neonatal	epignathus
•	 Obstruction	from	abnormal	laryngeal	closure	owing	to	

arytenoid	masses
•	 Mediastinal	tumors
•	 Congenital	diaphragmatic	hernia
•	 Presence	of	thick	or	particulate	meconium	in	amniotic	

fluid
•	 Absence	of	airway	protective	reflexes
•	 Cardiopulmonary	arrest
•	 Massive	hemoptysis
A	patient	in	whom	airway	control	is	not	possible	by	other	

methods	may	require	surgical	placement	of	an	airway	(needle	
or	surgical	cricothyrotomy).

Conditions	in	which	endotracheal	intubation	may	be	
impossible	and	in	which	alternative	techniques	may	be	used	
include	but	are	not	limited	to	the	following:

•	 Restriction	of	endotracheal	intubation	by	policy	or	statute
•	 Difficult	or	failed	intubation	in	the	presence	of	risk	factors	

associated	with	difficult	tracheal	intubations	such	as:
•	 Short	neck	or	bull	neck
•	 Protruding	maxillary	incisors
•	 Receding	mandible
•	 Reduced	mobility	of	atlantoocciptal	joint
•	 Temporomandibular	ankylosis
•	 Congenital	oropharyngeal	wall	stenosis
•	 Anterior	osteophytes	of	the	cervical	vertebrae,	associated	

with	diffuse	idiopathic	skeletal	hyperostosis
•	 Large	substernal	or	cancerous	goiters
•	 Treacher	Collins	syndrome
•	 Morquio-Brailsford	syndrome
•	 Endolaryngeal	tumors
•	 When	endotracheal	intubation	is	not	immediately	possible

■ CONTRAINDICATIONS
Aggressive	airway	management	(intubation	or	establishment	
of	a	surgical	airway)	may	be	contraindicated	when	the	
patient’s	desire	not	to	be	resuscitated	has	been	clearly	
expressed	and	documented	in	the	patient’s	medical	record	or	
other	valid	legal	document.

■ PRECAUTIONS, HAZARDS, AND 
COMPLICATIONS
Possible	hazards	or	complications	related	to	the	major	facets	
of	management	of	airway	emergencies	include	the	following:
•	 Failure	to	establish	a	patent	airway
•	 Failure	to	intubate	the	trachea
•	 Failure	to	recognize	intubation	of	esophagus
•	 Upper	airway	trauma,	laryngeal,	and	esophageal	damage
•	 Aspiration
•	 Cervical	spine	trauma
•	 Unrecognized	bronchial	intubation
•	 Eye	injury
•	 Vocal	cord	paralysis
•	 Problems	with	endotracheal	tubes

•	 Cuff	perforation
•	 Cuff	herniation
•	 Pilot-tube-valve	incompetence
•	 Tube	kinking	during	biting
•	 Inadvertent	extubation
•	 Tube	occlusion
•	 Bronchospasm
•	 Laryngospasm
•	 Dental	accidents
•	 Dysrhythmias
•	 Hypotension	and	bradycardia	secondary	to	vagal	

stimulation
•	 Hypertension	and	tachycardia
•	 Inappropriate	tube	size
•	 Bleeding
•	 Mouth	ulceration

•	 Nasal	intubation	specific
•	 Nasal	damage,	including	epistaxis
•	 Tube	kinking	in	pharynx
•	 Sinusitis	and	otitis	media

Continued



•	 Tongue	ulceration
•	 Tracheal	damage,	including	tracheoesophageal	fistula,	

tracheal	innominate	fistula,	tracheal	stenosis,	and	
tracheomalacia

•	 Pneumonia
•	 Laryngeal	damage	with	consequent	laryngeal	stenosis,	

laryngeal	ulcer,	granuloma,	polyps,	synechiae
•	 Surgical	cricothyrotomy	or	tracheostomy	specific

•	 Stomal	stenosis
•	 Innominate	erosion

•	 Needle	cricothyrotomy	specific
•	 Bleeding	at	insertion	site	with	hematoma	formation
•	 Subcutaneous	and	mediastinal	emphysema
•	 Esophageal	perforation
•	 Emergency	ventilation
•	 Inadequate	O2	delivery
•	 Hypoventilation	or	hyperventilation
•	 Gastric	insufflation	or	rupture
•	 Barotrauma
•	 Hypotension	owing	to	reduced	venous	return	secondary	

to	high	mean	intrathoracic	pressure
•	 Vomiting	and	aspiration
•	 Prolonged	interruption	of	ventilation	for	intubation
•	 Failure	to	establish	adequate	functional	residual	capacity	

in	a	newborn
•	 Movement	of	unstable	cervical	spine	(more	than	by	any	

commonly	used	method	of	endotracheal	intubation)
•	 Failure	to	exhale	owing	to	upper	airway	obstruction	

during	percutaneous	transtracheal	ventilation

■ ASSESSMENT OF NEED
The	need	for	airway	management	is	dictated	by	the	clinical	
condition	of	the	patient.	Careful	observation,	implementation	
of	basic	airway	management	techniques,	and	laboratory	and	
clinical	data	should	help	determine	the	need	for	more	
aggressive	measures.	Specific	conditions	requiring	intervention	
include	the	following:
•	 Inability	to	protect	airway	adequately	(e.g.,	coma,	lack	of	

gag	reflex,	inability	to	cough)	with	or	without	other	signs	of	
respiratory	distress.

•	 Partially	obstructed	airway.	Signs	of	a	partially	obstructed	
upper	airway	include	ineffective	patient	efforts	to	ventilate,	
paradoxical	respiration,	stridor,	use	of	accessory	muscles,	
patient	pointing	to	neck,	choking	motions,	cyanosis,	and	
distress.	Signs	of	lower	airway	obstruction	may	include	the	
above-mentioned	signs	and	wheezing.

•	 Complete	airway	obstruction.	Respiratory	efforts	with	no	
breath	sounds	or	suggestion	of	air	movement	are	indicative	
of	complete	obstruction.

•	 Apnea.	No	respiratory	efforts	are	seen;	may	be	associated	
with	cardiac	arrest.

•	 Hypoxemia,	hypercarbia,	or	acidemia	seen	on	arterial	blood	
gas	analysis,	oximetry,	or	exhaled	gas	analysis.

•	 Respiratory	distress.	Elevated	respiratory	rate,	high	or	low	
ventilatory	volumes,	and	signs	of	sympathetic	nervous	
system	hyperactivity	may	be	associated	with	respiratory	
distress.

■ ASSESSMENT OF PROCESS AND OUTCOME
Timely	intervention	to	maintain	the	patient’s	airway	can	
improve	outcomes.	Under	rare	circumstances,	maintenance	
of	an	airway	by	nonsurgical	means	may	be	impossible.	
Despite	optimal	airway	maintenance,	outcomes	are	affected	
by	patient-specific	factors.	Lack	of	appropriate	equipment	and	
personnel	may	adversely	affect	outcomes.	Monitoring	and	
recording	can	help	improve	emergency	airway	management.	

Some	aspects	(e.g.,	frequency	of	complications	of	tracheal	
intubations	or	time	to	establishment	of	a	definitive	airway)	are	
easy	to	quantify	and	can	help	improve	hospital-wide	systems.	
The	patient’s	condition	after	the	emergency	should	be	
evaluated	from	this	perspective.

■ MONITORING
Clinical Signs
Continuous	patient	observation	and	repeated	clinical	
assessment	by	a	trained	observer	provide	optimal	monitoring	
of	the	airway.	Special	consideration	should	be	given	to	the	
following:
•	 Level	of	consciousness
•	 Presence	and	character	of	breath	sounds
•	 Ease	of	ventilation
•	 Symmetry	and	amount	of	chest	movement
•	 Skin	color	and	character	(temperature	and	presence	or	

absence	of	diaphoresis)
•	 Presence	of	upper	airway	sounds	(crowing,	snoring,	stridor)
•	 Presence	of	excessive	secretions,	blood,	vomitus,	or	

foreign	objects	in	the	airway
•	 Presence	of	epigastric	sounds
•	 Presence	of	retractions
•	 Presence	of	nasal	flaring

Physiologic Variables
Repeated	assessment	of	physiologic	data	by	trained	
professionals	supplements	clinical	assessment	in	managing	
patients	with	airway	difficulties.	Monitoring	devices	should	be	
available,	accessible,	functional,	and	periodically	evaluated	for	
function.	These	data	include	but	are	not	limited	to:
•	 Ventilatory	frequency,	tidal	volume,	and	airway	pressure
•	 Presence	of	CO2	in	exhaled	gas
•	 Heart	rate	and	rhythm
•	 Pulse	oximetry
•	 Arterial	blood	gas	values
•	 Chest	radiograph

Endotracheal Tube Position
Regardless	of	the	method	of	ventilation	used,	the	most	
important	consideration	is	detection	of	esophageal	intubation.
•	 Tracheal	intubation	is	suggested	but	may	not	be	confirmed	

by:
•	 Bilateral	breath	sounds	over	the	chest
•	 Symmetric	chest	movement
•	 Absence	of	ventilation	sounds	over	the	epigastrium
•	 Presence	of	condensate	inside	the	tube,	corresponding	

with	exhalation
•	 Visualization	of	the	tip	of	the	tube	passing	through	the	

vocal	cords
•	 Esophageal	detector	devices	may	be	useful	in	

differentiating	esophageal	from	tracheal	intubation
•	 Tracheal	intubation	is	confirmed	by	detection	of	CO2	in	the	

exhaled	gas,	although	cases	of	transient	CO2	excretion	
from	the	stomach	have	been	reported.

•	 Tracheal	intubation	is	confirmed	by	endoscopic	visualization	
of	the	carina	or	tracheal	rings	through	the	tube.

•	 Position	of	the	endotracheal	tube	(i.e.,	depth	of	insertion)	
should	be	appropriate	on	chest	radiograph.

■ AIRWAY MANAGEMENT PROCESS
A	properly	managed	airway	may	improve	patient	outcome.	
Continuous	evaluation	of	the	process	identifies	components	
needing	improvement.	These	include	response	time,	equipment	
function,	equipment	availability,	practitioner	performance,	
complication	rate,	and	patient	survival	and	functional	status.

*For complete guidelines, see American Association for Respiratory Care: Clinical practice guideline: management of airway emergencies. Respir Care 40:749, 1995.

36-3	 Management	of	Airway	Emergencies—cont’d

AARC Clinical Practice Guideline (Excerpts)*
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Routes

Artificial airways are inserted for various reasons and involve 
varying degrees of invasion into the upper airway. Pharyngeal 
airways extend only into the pharynx. Artificial airways that are 
placed through the mouth or nose into the trachea are called 
endotracheal tubes (ETTs). The process of placing an artificial 
airway into the trachea is referred to as intubation. When the 
ETT is passed through the nose first, the procedure is referred 
to as nasotracheal intubation. When the tube is passed through 
the mouth on its way into the trachea, the procedure is called 
orotracheal intubation.

Pharyngeal Airways
Pharyngeal airways prevent airway obstruction by keeping the 
tongue pulled forward and away from the posterior pharynx. 
This type of obstruction is common in an unconscious patient 
as a result of a loss of muscle tone.

A nasopharyngeal airway (Figure 36-6) is most often placed 
in a patient who requires frequent nasotracheal suctioning. 
Although it does not ensure entry into the trachea, it minimizes 
damage to the nasal mucosa that can be caused by the suction 
catheter. A nasopharyngeal airway also may be placed in a 
patient who was recently extubated after facial surgery. The 
nasopharyngeal airway helps maintain the patency of the upper 
airway despite swelling.

Oropharyngeal airways (see Figure 36-6) are inserted into the 
mouth over the tongue. Use of oropharyngeal airways should 
be restricted to unconscious patients to avoid gagging and 
regurgitation. These airways maintain a patent airway when the 
tongue would otherwise obstruct the oropharynx. The airway 
also can be used as a bite block for patients with oral tubes.

Pharyngeal airways are used mainly in emergency life 
support. Further details on their use, insertion techniques, and 
size selection are provided in Chapter 37.

Tracheal Airways
Tracheal airways extend beyond the pharynx into the trachea. 
The two basic types of tracheal airways are endotracheal (trans-
laryngeal) tubes and tracheostomy tubes. ETTs are inserted 

FIGURE 36-6	 Pharyngeal	airways.	A,	Nasopharyngeal	airway.	
B	and	C,	Oropharyngeal	airways.	

through either the mouth or the nose (orotracheal or nasotra-
cheal), through the larynx, and into the trachea. Tracheostomy 
tubes (TTs) are inserted through a surgically created opening 
in the neck directly into the trachea. Table 36-1 summarizes the 
advantages and disadvantages of each of these three approaches.

Airway Tubes

Endotracheal Tubes
ETTs are semi-rigid tubes most often composed of polyvinyl 
chloride or related plastic polymers.22 Figure 36-7 shows a 
typical ETT, its key components, and a stylet used for insertion. 
The proximal end of the tube is attached to a standard adapter 
with a 15-mm external diameter. The curved body of the tube 
usually has length markings, indicating the distance (in centi-
meters) from the beveled tube tip. In addition to the beveled 
opening at the tip, there is a side port, or “Murphy eye,” that 
ensures gas flow if the main port should become obstructed. 
The angle of the bevel minimizes mucosal trauma during inser-
tion. The tube cuff is permanently bonded to the tube body. 
Inflation of the cuff seals off the lower airway, either for protec-
tion from gross aspiration or to provide positive pressure ven-
tilation. A small filling tube leads from the cuff to a pilot balloon, 
used to monitor cuff status and pressure when the tube is in 
place. Finally, a valve with a standard connector for a syringe 
allows inflation and deflation of the cuff. Although not shown 
in Figure 36-7, included with most modern ETTs is a radi-
opaque indicator that is embedded in the distal end of the tube 
body. This indicator allows for easy identification of tube posi-
tion on the radiograph.

Specialized Endotracheal Tubes. Some standard ETTs 
have been modified for specific uses, including special ven-
tilation methods, lung pathologic conditions, and surgical pro-
cedures. Some more common tubes, including double-lumen 

FIGURE 36-7	 Typical	endotracheal	tube	and	stylet.	
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tubes, tubes with special adapters for jet ventilation, and tubes 
with subglottic suction ports, are discussed.23

Special mechanical ventilation techniques may require 
unique types of ETTs. When unilateral lung disease occurs, 
independent lung ventilation may be needed. This ventilation 
requires the use of a double-lumen ETT (Figure 36-8). This 
tube has two proximal ventilator connectors (15-mm adapter), 
two inner lumens for gas flow, two cuffs, and two distal open-
ings. The larger cuff seals the tracheal lumen and allows gas to 
flow into one bronchus. The smaller cuff seals the opposite 
bronchial lumen (Figure 36-9).

TABLE 36-1 

Advantages and Disadvantages of Tracheal Airway Routes

Route Advantages Disadvantages

Oral	intubation Insertion	is	faster,	easier,	less	traumatic,	and	more	comfortable
Larger	tube	is	tolerated
Easier	suctioning
Less	airflow	resistance
Decreased	work	of	breathing
Easier	passage	of	bronchoscope
Reduced	risk	for	tube	kinking
Avoidance	of	nasal	and	paranasal	complications,	including	

epistaxis	and	sinusitis

Esthetically	displeasing,	especially	long	term
Greater	risk	for	self-extubation	or	inadvertent	

extubation
Greater	risk	for	main	stem	intubation
Risk	of	tube	occlusion	by	biting	or	trismus
Risk	of	injury	to	lips,	teeth,	tongue,	palate,	and	oral	

soft	tissues
May	require	additional	use	of	oral	airway
Great	risk	for	retching,	vomiting,	and	aspiration
Pain	and	discomfort,	especially	with	inadequate	

preparation
Nasal	intubation Less	retching	and	gagging

Greater	comfort	in	long-term	use
Less	salivation
Improved	ability	to	swallow	oral	secretions
Improved	communication
Improved	mouth	care	and	oral	hygiene
Avoidance	of	occlusion	by	biting	or	trismus
Easier	nursing	care
Avoidance	of	oral	route	complications
Less	posterior	laryngeal	ulceration
Better	tube	anchoring,	less	chance	of	inadvertent	extubation
Reduced	risk	for	main	stem	intubation
Some	patients	can	swallow	liquids,	providing	a	means	of	

nutritional	support
Blind	nasal	intubation	does	not	require	muscle	relaxants	or	

sedatives
May	avert	“crash”	oral	intubation

Nasal	and	paranasal	complications,	including	
epistaxis,	sinusitis,	otitis

More	difficult	to	perform
Spontaneous	breathing	required	for	blind	nasal	

intubation
Smaller	tube	is	necessary
Greater	suctioning	difficulty
Increased	airflow	resistance
Increased	work	of	breathing
Difficulty	passing	bronchoscope
Smaller	risk	for	transient	bacteremia

Tracheotomy Avoidance	of	laryngeal	and	upper	airway	complications	of	
translaryngeal	intubation

Greater	comfort
Aids	feeding,	oral	care,	suctioning,	speech
Psychologic	benefit	(improved	motivation)
Easier	passage	of	fiberoptic	bronchoscope
Easier	reinsertion
Esthetically	less	objectionable
Facilitation	of	weaning	from	ventilator
Elimination	of	risk	for	main	stem	intubation
Reduced	work	of	breathing
Better	anchoring	(reduced	risk	for	decannulation)
Improved	ability	to	place	curve-tipped	suction	catheter	in	left	

bronchus
Improved	mobility	(transfer	out	of	intensive	care	unit	to	ward	or	

extended-care	facility)

Greater	expense
Requirement	for	use	of	operating	room	in	most	cases
Need	for	general	anesthesia	in	most	cases
Permanent	scar
More	severe	complications
Greater	mortality	rate
Delayed	decannulation
Increased	frequency	of	aspiration
Greater	bacterial	colonization	rate
Persistent	open	stoma	after	decannulation,	reducing	

cough	efficiency

From	Stauffer	JL,	Silvestri	RC:	Complications	and	consequences	of	endotracheal	intubation	and	tracheostomy.	Respir	Care	27:417,	1982.

FIGURE 36-8	 Double-lumen	endotracheal	tube	for	independent	
lung	ventilation.	
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There is a jet port for the injection of high-flow pulses from the 
jet ventilator and a 15-mm connection for conventional ventila-
tion. A pressure monitoring tube also is available for monitor-
ing airway pressures.

A specialized ETT with an attached subglottic suction port 
has been designed to allow for removal of secretions that often 
accumulate above the cuff (Figure 36-11). A separate channel 
in the wall of the tube attaches to a wall suction source. The 
suction source is run continuously at negative pressures of 20 
to 30 cm H2O. The aspirated material is collected in a small 
container, which is emptied on a regular basis. Every 4 hours, a 
small amount of air should be injected into the suction port to 
ensure the port and tubing are not clogged. Use of this tube has 
been reported to decrease the incidence of VAP.24,25

Tracheostomy Tubes
Tracheostomy tubes are generally made from polyvinyl chloride 
or silicone, although some are still made from metal.

Figure 36-12 shows a typical tracheostomy tube and its key 
components. The outer cannula forms the primary structural 
unit of the tube, to which the cuff and a flange are attached. 
The flange prevents tube slippage into the trachea and provides 
the means to secure the tube to the neck. There are single-
cannula and double-cannula tracheostomy tubes. The double-
cannula tube has a removable inner cannula with a standard 
15-mm adapter. It is normally kept in place within the outer 
cannula. To prevent accidental removal, the inner cannula can 
be locked in place at the proximal end of the outer cannula. The 
inner cannula may be disposable or nondisposable. If the tube 
becomes occluded with very thick secretions or blood clots, the 
inner cannula can be easily removed and cleaned or replaced to 
establish a patent airway. This prevents the necessity of emer-
gently changing the entire tracheostomy tube in this situation. 

FIGURE 36-9	 Correct	positioning	of	double-lumen	endotracheal	
tube.	
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FIGURE 36-10	 Endotracheal	tube	adapter	for	jet	ventilation.	
LifePort	Adapter.	(Courtesy	Bunnell	Incorporated,	Salt	Lake	City,	
Utah.)

FIGURE 36-11	 Endotracheal	and	tracheostomy	tubes	with	
subglottic	suction	ports.	

There are important points to consider when using double-
lumen ETTs. These tubes are stiffer and bulkier to insert than 
standard tubes and must be rotated during insertion to align 
with the proper bronchus. Fiberoptic bronchoscopy should be 
performed to ensure proper placement. The resistance to flow 
through each tube is increased because each lumen is smaller 
than the same-size single-lumen tubes.

High-frequency jet ventilation uses a special ETT adapter 
(Figure 36-10). This adapter replaces the standard ETT adapter. 
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The metal Jackson tracheostomy tube is made of stainless 
steel with an inner and outer cannula (Figure 36-13). There is 
no cuff at the distal end or 15-mm adapter at the proximal end. 
This tracheostomy tube is generally used in patients with a 
long-term need for an airway but who do not require a seal to 
protect the airway from aspiration or to facilitate positive pres-
sure ventilation. If the patient requires manual ventilation, a 
15-mm adapter should be inserted into the proximal opening. 
If the patient requires a sealed airway, the tube needs to be 
changed to the standard cuffed tube described earlier. A laryn-
gectomy tube is a shorter tube without a cuff inserted into the 
stoma after a laryngectomy. The tube keeps the stoma open 
until it heals. There are several different types, some with a 
flange that can be secured with a fastener around the patient’s 
neck and some without a flange (low profile). The tube may be 
easily removed to be cleaned and then reinserted (Figure 36-14).

Procedures

Orotracheal Intubation
Orotracheal intubation is the preferred route for establishing an 
emergency tracheal airway because the oral passage is the quick-
est and easiest route in most cases. Orotracheal intubation can 
be safely performed by an appropriately trained physician, RT, 

FIGURE 36-12	 Parts	of	a	tracheostomy	tube.	
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FIGURE 36-13	 Jackson	tracheostomy	tube	made	from	stainless	
steel.	It	has	no	cuff	and	no	15-mm	adapter.	A,	Obturator.	B,	Outer	
cannula.	C,	Inner	cannula.	
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FIGURE 36-14	 Laryngectomy	tubes.	

Double cannula tubes are especially recommended for patients 
who are going home with a tracheostomy tube or in situations 
in which the humidity delivered to the airway is less than 
optimal. However, the inner cannula in some tracheostomy 
tubes can decrease the inner diameter of the tube, causing some 
patients to have difficulty breathing through the tube because 
of the increased airway resistance. In other double-cannula 
tubes the outer diameter is larger than the outer diameter of the 
same-size single cannula tube. This can decrease the room 
around the tube with the cuff deflated so that a patient may not 
be able to breathe around it with a speaking valve or cap on the 
tube. In this case the tube would need to be changed to a one 
with a smaller outer diameter.26

As with an ETT, an inflation tube leads from the cuff to a 
pilot balloon and valve. The tube is stabilized at the stoma site 
with cotton tape, which attaches to the flange and is tied around 
the neck or, more frequently, a soft tracheostomy tube holder 
with Velcro fasteners. An obturator with a rounded tip is used 
for tube insertion. Before insertion, the obturator is placed 
within the outer cannula, with its tip extending just beyond the 
far end of the tube; this minimizes mucosal trauma during 
insertion. Finally, as with ETTs, a radiopaque indicator in the 
distal end of the tube helps confirm tube position on a 
radiograph.

As with ETTs, various modified tracheostomy tubes are 
available. Extra-long tracheostomy tubes may be used in patients 
who require extra proximal or distal length because of anatomic 
considerations, such as a thick neck. Some extra-long tubes have 
an adjustable flange so that the tube, under direct vision with a 
bronchoscope, can be placed past an abnormality in the trachea, 
such as a tumor or tracheal stenosis.
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nurse, or paramedic.27 Typically, this training involves manikin 
practice and application on anesthetized patients under the 
guidance of an anesthesiologist or other appropriately skilled 
individual. The basic steps in orotracheal intubation are 
described here.28 Proficiency in this technique can be developed 
only with extensive training and experience.
Step 1: Assemble and Check Equipment.

Box 36-3 lists the equipment necessary for intubation. All 
suction equipment is assembled, and the vacuum pressure is 
checked before intubation because vomitus or secretions may 
obscure the pharynx or glottis. The appropriate-size laryngo-
scope blade (see Box 36-3) is attached to its handle, and the 
light source is checked for secure attachment and brightness. 
If the light does not function, the bulb first should be checked 
to see if it is tight. If the scope still does not light, the batteries 
should be checked or the bulb should be replaced.

An appropriate-size tube should be selected, and other 
tubes should be available that are at least one size larger and 
one size smaller. Table 36-2 lists recommended orotracheal 
tube sizes according to patient weight or age. ETTs are sized 
by their internal diameter (in millimeters). Tube lengths 
given in Table 36-2 are averages after insertion, confirmed 
placement, and fixation (teeth to tube tip).

TABLE 36-2 

Guideline for Infant, Pediatric, and Adult Oral 
Endotracheal Tube Sizes

Age Tube Size (mm 
Internal Diameter)

Distance (in cm) from 
Incisors (Lip in Infants) 
to Tip of Tube

Infant,	<1	kg 2.5 6.5-8
Infant,	1-2	kg 3.0 7-8
Infant,	2-3	kg 3.5 8-9
Infant,	4	kg 3.5-4.0 9-10
6	mo 3.5-4.0 10-11
18	mo 3.5-4.5 11-13
3	yr 4.5-5.0 12-14
5	yr 4.5-5.0 13-15
6	yr 5.5-6.0 14-16
8	yr 6.0-6.5 15-17
12	yr 6.0-7.0 17-19
16	yr/small	women 6.5-7.0 18-20
Women	(average) 7.5-8.0 19-21
Men 8.0-9.0 21-23

FIGURE 36-15	 A,	Correct	head	position	before	intubation.	
B,	Incorrect	head	position	before	intubation.	
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RULE OF THUMB

Generally,	a	woman	is	intubated	with	a	No.	7	or	No.	
7.5	orotracheal	tube	and	a	man	is	intubated	with	a	No.	
8.0	or	No.	8.5	orotracheal	tube.

 Box 36-3 Equipment Needed for 
Endotracheal Intubation

•	 Oxygen	flowmeter	and	tubing
•	 Suction	apparatus
•	 Flexible	sterile	suction	catheters
•	 Sterile	gloves	for	endotracheal	suctioning
•	 Yankauer	(tonsillar)	tip	suction
•	 Manual	resuscitation	bag	and	mask
•	 Colorimetric	carbon	dioxide	detector
•	 Oropharyngeal	airways
•	 Laryngoscope	(two)	with	assorted	blades	(size	2	or	3	for	

adults,	size	1	or	2	for	children,	size	0	or	1	for	infants)
•	 Endotracheal	tubes	(three	appropriate	sizes)
•	 Tongue	depressor
•	 Stylet
•	 Stethoscope
•	 Tape	or	endotracheal	tube	holder
•	 10-	or	12-ml	syringe
•	 Water-soluble	lubricating	gel
•	 Magill	forceps
•	 Local	anesthetic	(spray)
•	 Towels	(for	positioning)
•	 CDC	barrier	precautions	(gloves,	gowns,	masks,	goggles,	or	

face	shields)

CDC,	U.S.	Centers	for	Disease	Control	and	Prevention.

the cuff before insertion. To ease insertion, the outer surface 
of the tube should be lubricated with a water-soluble gel. 
Finally, many clinicians insert a stylet into the tube to add 
rigidity and maintain shape during insertion. The tip of the 
stylet must never extend beyond the ETT tip.

Step 2: Position Patient.
To visualize the glottis and insert the tube, the RT aligns the 
patient’s mouth, pharynx, and larynx. This alignment is 
achieved by combining moderate cervical flexion with exten-
sion of the atlantooccipital joint. Placement of one or more 
rolled towels under the patient’s shoulders helps. Next the 
RT flexes the patient’s neck and tilts the head backward with 
his or her hand, placing the patient into the sniff position 
(Figure 36-15).

After selecting the correct size of tube, the RT inflates the 
tube cuff and checks for leaks. The RT must be sure to deflate 
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FIGURE 36-16	 To	achieve	orotracheal	intubation,	the	respiratory	
therapist	holds	the	laryngoscope	in	the	left	hand,	introduces	the	
blade	into	the	right	side	of	mouth,	and	displaces	the	tongue	to		
the	left.	(Modified	from	Ellis	PD,	Billings	DM:	Cardiopulmonary	
resuscitation:	procedures	for	basic	and	advanced	life	support,		
St.	Louis,	1980,	Mosby.)
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RULE OF THUMB

A	No.	3	curved	Macintosh	or	straight	Miller	
laryngoscope	blade	is	commonly	used	to	intubate	
adults.

Step 3: Preoxygenate and Ventilate Patient.
A patient in need of intubation is often apneic or in respira-
tory distress. Providing ventilation and oxygenation by 
manual resuscitator bag and mask with 100% O2 before intu-
bation helps ensure the patient tolerates the intubation pro-
cedure. No more than 30 seconds should be devoted to any 
intubation attempt. If intubation fails, immediate ventilation 
and oxygenation of the patient for 3 to 5 minutes before the 
next attempt should occur.

Step 4: Insert Laryngoscope.
The RT should use the left hand to hold the laryngoscope 
and the right hand to open the mouth (Figure 36-16). The 
laryngoscope is inserted into the right side of the mouth and 
moved toward the center, displacing the tongue to the left. 
The tip of the blade is advanced along the curve of the 
tongue until the epiglottis is visualized.

MINI CLINI
Indications for Artificial  
Airway Management

PROBLEM:	 A woman is admitted to the emergency depart-
ment after sustaining chest trauma during a motor vehicle 
accident. The patient is unconscious, cyanotic, and tachypneic 
and has blood in the mouth and pharynx. Breath sounds are 
diminished on both sides. The physician requests that the RT 
immediately perform orotracheal intubation. Why?

DISCUSSION:	 This patient exhibits several indications for 
insertion of an artificial airway. First, being unconscious, the 
patient is probably unable to protect her lower airway ade-
quately. With blood in the mouth and pharynx, there should 
be increased concern for protecting her lungs from aspiration. 
The blood also may indicate partial airway obstruction; the 
breath sounds, cyanosis, and respiratory distress contribute to 
that conclusion. Finally, the cyanosis and chest trauma indicate 
potential hypoxemic respiratory failure, which may require 
positive pressure ventilatory support via a cuffed ETT.

Step 5: Visualize Glottis.
As the laryngoscope blade reaches the base of the tongue, the 
RT looks for the arytenoid cartilage and epiglottis (Figure 
36-17). If these structures are not visible, the blade is prob-
ably advanced too far and may be in the esophagus. If this is 
the case, the RT should maintain upward force on the laryn-
goscope and slowly withdraw the blade until the larynx  
is seen.

Step 6: Displace Epiglottis.
The technique used to displace the epiglottis depends on the 
type of blade chosen (Figure 36-18). With the curved or 
MacIntosh blade, the epiglottis is displaced indirectly by 

advancing the tip of the blade into the vallecula (at the base 
of the tongue), and the laryngoscope is lifted up and forward 
(see Figure 36-18, A). With the straight or Miller blade, the 
epiglottis is displaced directly by advancing the tip of the 
blade over its posterior surface and the laryngoscope is lifted 
up and forward (see Figure 36-18, B).

One should avoid levering the laryngoscope against the 
teeth while lifting the tip of the blade because this can 
damage the teeth and gums. This problem can be avoided by 
keeping the wrist fixed and moving the handle of the laryn-
goscope in the direction it is pointing when visualizing the 
epiglottis.

Step 7: Insert Tube.
When the epiglottis is displaced and the glottis is visualized, 
the tube is inserted from the right side of the mouth and 
advanced without obscuring the glottic opening (Figure 
36-19). When the tube tip is seen passing through the glottis, 
it is advanced until the cuff has passed the vocal cords. When 
the tube is in place, the RT stabilizes it with the right hand 
and uses the left hand to remove the laryngoscope and stylet. 
The cuff is inflated to seal the airway, and ventilation and 
oxygenation are immediately provided.

Step 8: Assess Tube Position.
Ideally, the tip of an ETT should be positioned in the  
trachea about 3 to 6 cm above the carina.29 One or more 
of several bedside methods can be used to assess positioning 
of the ETT before stabilization (Box 36-4). With the excep-
tion of fiberoptic laryngoscopy or bronchoscopy and vide-
olaryngoscopy, none of these methods can absolutely confirm 
proper tube placement.
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FIGURE 36-17	 Visualization	of	vocal	cords	is	achieved	with	a	laryngoscope.	(Modified	from	Ellis	PD,	Billings	DM:	Cardiopulmonary	
resuscitation:	procedures	for	basic	and	advanced	life	support,	St.	Louis,	1980,	Mosby.)
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FIGURE 36-18	 Placement	of	curved	(A)	versus	straight	
(B)	laryngoscope	blade.	

A

B

 Box 36-4 Bedside Methods to Assess 
Endotracheal Tube Position

•	 Auscultation	of	chest	and	abdomen
•	 Observation	of	chest	movement
•	 Tube	length	(centimeters	to	teeth)
•	 Esophageal	detection	device
•	 Light	wand
•	 Capnometry
•	 Colorimetry
•	 Fiberoptic	laryngoscopy	or	bronchoscopy
•	 Videolaryngoscopy

After tube passage and cuff inflation, the RT listens for 
equal and bilateral breath sounds as the patient is being 
ventilated. Air movement or gurgling sounds over the epi-
gastrium indicate possible esophageal intubation. In addi-
tion, the chest wall is observed for adequate and equal chest 
expansion. These movements, combined with good breath 
sounds, are reinforcing. The combination of decreased 
breath sounds and decreased chest wall movement on the 
left side may indicate right main stem intubation. Right 
main stem intubation is corrected by slowly withdrawing the 
tube while listening for the return of left-side breath sounds. 
Other conditions may cause decreased breath sounds in the 
left lung (e.g., atelectasis, pleural effusion).

The depth of tube insertion (length from teeth to tip) is 
useful to help determine tube position. As indicated in Table 
36-2, the average length from the teeth (incisors) to the tip 
of a properly positioned oral ETT in men is 21 to 23 cm. For 
women, this distance is approximately 2 cm less. Tube length 
alone cannot confirm proper placement; a tube with the 
23-cm mark positioned at the teeth could just as well be in 
the esophagus as in the trachea.

An esophageal detection device may be used to determine 
whether the tube is in the esophagus or trachea.30 This device 
is more commonly used outside the hospital setting. The 
original device consists of a squeeze-bulb aspirator attached 
to a standard 15-mm adapter. After a negative pressure (−80 
to −90 mm Hg) is created by squeezing the bulb, the adapter 
is attached to the positioned ETT. If the tube is placed  
correctly, the bulb quickly reexpands on release because  
the tracheal lumen is held open by cartilaginous rings. If the 
tube is in the esophagus, it does not reinflate because the 
more pliable esophagus collapses around the tip of the ETT 
and prevents the bulb from reinflating. Instead of a squeeze-
bulb, a large syringe with a 15-mm adapter can be used. If 
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FIGURE 36-19	 Insertion	of	endotracheal	tube.	(Modified	from	Ellis	PD,	Billings	DM:	Cardiopulmonary	resuscitation:	procedures	for	basic	
and	advanced	life	support,	St.	Louis,	1980,	Mosby.)

Pharynx

Vallecula

Epiglottis

Glottis

FIGURE 36-20	 Capnogram	tracing	showing	changes	in	expired	
percent	carbon	dioxide	with	proper	and	improper	placement	of	
endotracheal	tube	in	test	animals.	
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the ETT is in the esophagus, strong resistance is noticed 
when aspirating air (the barrel tends to recoil if released); if 
the tube is in the trachea, aspirating air into the syringe is 
easy. In patients with copious secretions, the esophageal 
detection device may become occluded and not reexpand. 
The esophageal detection device is not recommended for 
detecting esophageal intubation in children younger than  
1 year.30

A light wand is a flexible stylet with a lighted bulb at the 
tip. If a light wand is used during intubation, as the stylet 
and ETT pass into the larynx, a characteristic glow is seen 
under the skin, just above the thyroid cartilage.31 This glow 
is not as bright or focused if the tube is in the esophagus.

Esophageal intubation can be assessed using exhaled 
carbon dioxide (CO2) analysis (capnometry). Because in-
spired air contains only approximately 0.04% CO2 and end-
tidal gas contains approximately 5% CO2, placement of an 
ETT in the respiratory tract causes CO2 levels to increase 
abruptly during expiration. This increase is evident on a 
capnographic display (Figure 36-20). If the tube is in the 
esophagus, CO2 levels remain near zero.32

Colorimetric CO2 analysis is an inexpensive alternative to 
capnometry. Functioning similar to pH paper, a colorimetric 
system has an indicator that changes color when exposed to 
different CO2 levels.33 Figure 36-21 shows a disposable colo-
rimetric system designed specifically to confirm tube place-
ment during intubation. Colorimetric devices are portable 
and disposable and are commonly used in hospitals.

Both devices are effective in detecting most esophageal 
intubations. However, in patients with cardiac arrest, expired 
CO2 levels may be near zero because of poor pulmonary 
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blood flow, yielding a false-negative result.31-33 Generally, 
expired CO2 levels increase with the return of spontaneous 
circulation. CO2 analysis is an unreliable indicator of main 
stem bronchial intubation.

	

RULE OF THUMB

Generally,	an	orotracheal	tube	initially	should	be	
inserted	to	the	21-	to	23-cm	mark	at	the	teeth	in	men	
and	to	the	19-	to	21-cm	mark	at	the	teeth	in	women	
and	adjusted	based	on	the	results	of	the	patient	
assessment	(bilateral	breath	sounds)	and	chest	
radiograph	findings	after	intubation.

FIGURE 36-21	 Disposable	colorimetric	carbon	dioxide	detector	
for	confirming	tracheal	intubation.	(Used	by	permission	from	Nellcor	
Puritan	Bennett	LLC,	Boulder,	Colorado,	doing	business	as	
Covidien.)

Proper tube placement in the trachea can be confirmed 
without a chest radiograph by using a fiberoptic laryngoscope 
or bronchoscope34 (Figure 36-22). After ensuring patient 
reoxygenation, a fiberoptic bronchoscope can be inserted 
directly into the ETT. Visualization of the carina distal to the 
tip of the ETT ensures proper placement in the trachea. More 
precise placement is possible by moving the bronchoscope 
from the tube tip to the carina, while measuring this distance. 
Also, a videolaryngoscope can be used to ensure proper place-
ment of the ETT, especially in anticipated difficult intuba-
tions. It provides a better view of the airway, especially when 
there is limited mobility of the patient’s neck or mouth. Also, 
other clinicians can see the airway and help if needed.35

MINI CLINI
Capnometry and Endotracheal  
Tube Placement

PROBLEM:	 At a code blue in the emergency department, a 
patient is intubated by the RT. A capnometer is attached to the 
ETT to confirm placement in the trachea. The end-expired CO2 
reads 0% as the patient is ventilated with a manual resuscitator. 
At this time, no one is performing cardiac compressions. 
Should the RT conclude that the ETT is not in the trachea?

DISCUSSION:	 No. If the patient is in cardiac arrest, no blood 
is perfusing the alveoli and no CO2 is entering the alveoli. The 
result is an end-tidal CO2 of 0%. When cardiac compressions 
begin (and they should begin immediately in confirmed cardiac 
arrest) and if compressions are effective, one should see an 
increase in end-tidal CO2 as blood begins to perfuse the alveoli 
and CO2 diffuses the blood.

There are other simple ways to assess ETT placement in the 
trachea, such as bilateral breath sounds on auscultation and 
chest excursions.36 However, an increase in end-tidal CO2 is a 
sure indication that the endotracheal tube is in the lungs 
because the only source of CO2 is in the alveoli.

FIGURE 36-22	 Fiberoptic	laryngoscopy	used	to	confirm	endotracheal	tube	placement.	
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unusual airway anatomy. Special intubation equipment  
(e.g., laryngoscope blades, videolaryngoscopy, or specialized 
stylets) or alternative techniques can be employed.27,36 Addi-
tional details of these techniques are beyond the scope of this 
chapter.

Nasotracheal Intubation
Although nasotracheal intubation is more difficult than orotra-
cheal intubation, it is the route of choice in certain clinical situ-
ations. Examples include intubation of patients when the oral 
route is unavailable, such as patients with maxillofacial injuries 
or undergoing oral surgery.

Nasotracheal intubation is performed either blindly or by 
direct visualization.37 The direct visualization approach requires 
either a standard or a fiberoptic laryngoscope. For the blind 
technique to work, the patient must be breathing spontane-
ously. Equipment assembly, patient positioning, and preoxy-
genation are essentially the same as with oral intubation. A 
mixture of 0.25% phenylephrine and 3% lidocaine may be 
applied to the nasal mucosa with a long cotton-tipped swab to 
provide local anesthesia and vasoconstriction of the nasal 
passage.

Direct Visualization. The equipment needed for nasal 
intubation by direct visualization is the same as for oral intuba-
tion, with the addition of Magill forceps. A smaller ETT also 
may be needed. The tube should be prelubricated with water-
soluble gel to aid passage. To insert the tube, the bevel is posi-
tioned toward the septum and advanced along the floor of the 

Step 9: Stabilize Tube and Confirm Placement.
The tube should not be secured until correct placement has 
been assessed by using one or more of the previously men-
tioned methods. After assessing placement and while holding 
the tube in position, the RT secures the tube to the skin 
above the lip and on the cheeks using tape or an ETT holder. 
A bite block, oropharyngeal airway, or similar device may be 
needed to prevent the patient from biting down on the tube 
(Figure 36-23). After the tube is stabilized, a chest radio-
graph should be taken to confirm its position.

The most common complication of emergency airway 
management is tissue trauma. The most serious complica-
tions are acute hypoxemia, hypercapnia, bradycardia, and 
cardiac arrest.37,38 These problems can be minimized by 
using proper technique, providing the patient with adequate 
ventilation and oxygenation (before, during, and after), and 
strictly adhering to intubation time limits. In addition, seda-
tion and anesthesia can reduce complications and facilitate 
intubation in a semicomatose or combative patient.27 Muscle 
relaxing or paralyzing agents can be used in a combative 
patient who cannot be controlled by sedation. A paralyzed 
patient has no ability to compensate for hypoxemia or 
hypercapnia. It is imperative that the patient can be ade-
quately ventilated by bag and mask. Rapid-sequence induc-
tion is used with the administration of a sedative-hypnotic 
medication and a muscle relaxing or paralyzing agent.

Difficult intubations occur because of inability to open 
the patient’s mouth, inability to position the patient, or 

FIGURE 36-23	 Securing	the	endotracheal	tube.	
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Tracheotomy
Tracheotomy is the procedure of establishing access to the 
trachea via a neck incision. The opening created by this proce-
dure is called a tracheostomy. Tracheotomy may be performed 
as a regular surgical procedure or by a percutaneous dilation 
procedure.

Tracheotomy is the preferred, primary route for overcoming 
upper airway obstruction or trauma and for patients with poor 
airway protective reflexes. Another indication for tracheotomy 
is the continuing need for an artificial airway after a prolonged 
period of oral or nasal intubation. The patient should be 
assessed daily for the continued need for intubation. If the 
patient still needs an artificial airway after approximately 7 to 
14 days, a tracheostomy is commonly considered. The benefits 
of a tracheostomy versus oral or nasal intubation are elimina-
tion of vocal cord injury, increased patient comfort, less need 
for deep sedation, easier removal of secretions, decreased work 
of breathing, and potentially shorter weaning time.38 The deci-
sion when to switch from an ETT to a tracheostomy tube should 
be individualized. Pertinent factors that should be considered 
in making this decision are summarized in Box 36-5. Figure 
36-25 is a decision-making algorithm useful for timing trache-
otomy in critically ill patients.

Procedure. Tracheotomy should be performed as an 
elective procedure by a skilled physician or surgeon after the 
patient’s airway is stabilized. Mortality and morbidity are 
greater when the procedure is performed on an emergency 
basis. The RT may be asked to assist in tracheotomy, especially 
if performed at the bedside. For this reason, we briefly describe 
both the traditional surgical procedure and the percutaneous 
dilation method.38

A local anesthetic is used, and the patient is mildly sedated if 
conditions permit. If an ETT is in place, it should not be removed 
until just before the insertion of the tracheostomy tube. Keeping 
the ETT in place this way ensures a patent airway and provides 
additional stability to the trachea during the procedure.

In traditional surgical tracheotomy, the surgeon makes an 
incision in the neck over the second or third tracheal ring. After 
the skin and subcutaneous tissue have been incised, the surgeon 
divides the superficial muscles and locates the underlying 
thyroid gland. The surgeon divides and ligates the thyroid 
isthmus, which overlies the second and third tracheal rings. The 
surgeon then enters the trachea through either a horizontal 
incision between rings or a vertical incision through the second 

nasal cavity (inferiorly). When the tip of the tube is in the 
patient’s oropharynx, the RT opens the patient’s mouth, inserts 
the laryngoscope (with the left hand), and visualizes the glottis. 
The RT uses the Magill forceps with the right hand to grasp the 
tube just above the cuff and direct it between the vocal cords 
(Figure 36-24). To help advance the tube past the vocal cords, 
the neck may need to be flexed. Confirmation of position and 
stabilization follows, as with the oral route.

Alternatively, a fiberoptic bronchoscope or laryngoscope can 
be used to guide tube passage.34 With the bronchoscopic 
method, the distal end of the scope is passed through the ETT 
and directly into the trachea. When placement is ensured, the 
RT slides the ETT down over the scope into proper position. 
The procedure is similar with a fiberoptic laryngoscope. 
However, because directional control of the scope is limited, the 
RT may have to reposition the patient’s head and neck to help 
guide the tube.

Blind Passage. For blind nasal intubation, the patient is 
placed in either the supine or the sitting position. As with direct 
visualization, the tube is inserted through the nose. As the tube 
approaches the larynx, one can listen through the tube for air 
movement. The breath sounds become louder and more tubular 
when the tube passes through the larynx. Successful passage of 
the tube through the larynx usually is indicated by a harsh 
cough, followed by vocal silence. If the sounds disappear, the 
tube is moving toward the esophagus. A malpositioned tube can 
be corrected by manipulating the tube and repositioning the 
patient’s head and neck. Confirmation of tube placement and 
stabilization should follow. As previously indicated, a light 
wand can help ensure proper tracheal placement during blind 
nasotracheal intubation.

FIGURE 36-24	 Nasal	intubation	using	Magill	forceps.	(Modified	
from	Finucane	BT,	Santora	AH:	Principles	of	airway	management,	
Philadelphia,	1988,	FA	Davis.)

 Box 36-5 Factors to Consider in Switching 
from Endotracheal Tube  
to Tracheostomy

•	 Projected	time	the	patient	will	need	an	artificial	airway
•	 Patient’s	tolerance	of	endotracheal	tube
•	 Patient’s	overall	condition	(including	nutritional,	

cardiovascular,	and	infection	status)
•	 Patient’s	ability	to	tolerate	a	surgical	procedure
•	 Relative	risks	of	continued	endotracheal	intubation	versus	

tracheostomy
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and third rings. As little cartilage as possible should be removed 
to promote better closure after extubation.

In percutaneous dilation tracheotomy, the initial steps to 
prepare the patient are similar to the steps in the traditional 
tracheotomy procedure. After dissection to the anterior tracheal 
wall, the ETT is retracted to keep the tip of the tube inside the 
larynx. A bronchoscope can be used to reassess placement for 
the ETT for the duration of the procedure. A large leak around 
the ETT may develop, requiring adjustment of mechanical ven-
tilation. If the patient is unable to tolerate the large leak, and 
adjustments to ventilatory support cannot compensate for the 
leak, a surgical procedure may be indicated for that patient.

The physician inserts a needle and sheath into the trachea 
between the cricoid and first tracheal ring or between the first 
and second rings. The physician then inserts a guidewire 
through the sheath, the sheath is removed, and a dilator is 
passed over the guidewire. Increasingly larger dilators are intro-
duced until the stoma is large enough for a standard tracheos-
tomy tube. The physician slips the tracheostomy tube over the 
last dilator used. An alternative to the use of multiple dilators 
is to use a single dilator with increasing diameter from the 
proximal to the distal end.

The procedure may be performed under direct vision with 
a bronchoscope passed through the ETT or a laryngeal mask 

FIGURE 36-25	 Approach	to	timing	tracheotomy	in	patients	intubated	and	mechanically	ventilated	for	respiratory	failure.	(From	Heffner	
JE:	Timing	of	tracheostomy	in	ventilator-dependent	patients.	Clin	Chest	Med	12:611,	1991.)
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airway (LMA). Compared with the traditional surgical proce-
dure, a percutaneous dilation tracheotomy is rapid, with fewer 
complications from the surgical site, and has a better cosmetic 
appearance after decannulation. Contraindications for percuta-
neous tracheotomy are listed in Box 36-6.

Insertion of the tube, inflation of the cuff, and securing the 
tube follow both methods. Tracheostomy tube ties should be 
secure enough to prevent movement of the tube but not so tight 
as to cause skin ulceration. The role of the RT in the procedure 
may include managing the ETT, making ventilator changes as 
needed, assisting with the bronchoscope, and monitoring the 
patient. Advantages and disadvantages of percutaneous and 
open surgical tracheotomy are listed in Table 36-3.

Generally, the tube size is correct if it occupies two-thirds to 
three-quarters of the internal tracheal diameter. Tracheostomy 
tubes come in various sizes, lengths, and shapes depending on 
the manufacturer. The size marked on the flange usually indi-
cates the internal diameter, but some tracheostomy tubes with 
inner cannulas use Jackson sizing. Table 36-4 lists the sizes, 
internal diameter, external diameter, and length of commonly 
used brands and styles of adult tracheostomy tubes. Table 36-5 
provides guidelines for selecting a tracheostomy tube according 
to a patient’s age. Within an age category, the exact size of tube 
chosen depends on the patient’s height, weight, and airway 
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 Box 36-6 Contraindications for 
Percutaneous Dilation 
Tracheostomy

ABSOLUTE
•	 Need	for	emergent	surgical	airway

RELATIVE
•	 Children	younger	than	12	years	of	age
•	 Poor	landmarks	secondary	to	body	habitus,	abnormal	

anatomy,	or	occluding	thyroid	mass
•	 Positive	end	expiratory	pressure	less	than	15	cm	H2O
•	 Coagulopathy
•	 Pulsating	blood	vessel	over	tracheotomy	site
•	 Limited	ability	to	extend	cervical	spine
•	 History	of	difficult	intubation
•	 Infection,	burn,	or	malignancy	at	tracheotomy	site

From	Park	S,	Goldenberg	D:	Percutaneous	tracheotomy:	Griggs	
technique.	Op	Tech	Otolaryngol	18:95,	2007.

TABLE 36-3 

Comparison of Percutaneous and Open  
Surgical Tracheotomy

Procedure Advantages Disadvantages

Percutaneous	
tracheotomy

May	be	done	in	intensive	
care	unit

Not	done	in	children	
younger	than	12	yr

Sedation	and	local	
anesthetic	given

Stoma	usually	stabilizes	
in	5	days

May	be	difficult	to	
insert	because	of	
calcified	cartilaginous	
rings

Open	surgical	
tracheotomy

Done	in	patients	with	
poor	landmarks	
because	of	abnormal	
anatomy	or	body	
habitus

Usually	done	in	
operating	room

May	be	done	emergently General	anesthesia	
given

Done	in	children	younger	
than	12	yr

Stoma	usually	takes	
longer	to	stabilize	(7	
to	10	days)

TABLE 36-4 

Comparison of Commonly Used Brands of Adult Tracheostomy Tubes

PORTEX FLEX DIC: SIZED BY ID; ALSO AVAILABLE 
CUFFLESS OR FENESTRATED

SHILEY SCT: SIZED BY ID; ALSO  
AVAILABLE CUFFLESS

ID (mm) OD (mm) Length (mm)* ID (mm) OD (mm) Length (mm)*

6.0 8.2 64 6.0 8.3 67
7.0 9.6 70 7.0 9.6 80
8.0 10.9 74 8.0 10.9 89

SHILEY DOUBLE CANNULA (LPC, DC, CFS, CFN, FEN, 
PERC) WITH DISPOSABLE OR NONDISPOSABLE 
INNER CANNULA: SIZED BY JACKSON SCALE; ALSO 
AVAILABLE CUFFLESS OR FENESTRATED

JACKSON DOUBLE CANNULA STAINLESS STEEL 
TUBE; AVAILABLE CUFFLESS ONLY; AVAILABLE 
FENESTRATED

Size (Jackson) ID (mm) OD (mm) Length (mm) Size (Jackson) ID (mm) OD (mm) Length (mm)

4 5.0 9.4 65 4 5.3 8.0 62
6 6.4 10.8 76	(PERC	74) 6 7.2 10.0 69
8 7.6 12.2 81	(PERC	79) 8 9.2 12.0 69

EXTRA LENGTH TUBES: SHILEY 
TRACHEOSOFT XLT PROXIMAL OR DISTAL 
EXTENSION WITH DIC: SIZED BY ID

BIVONA MID-RANGE AIRE-CUF EXTRA LENGTH FIXED 
OR ADJUSTABLE NECK FLANGE: SIZED BY ID

ID (mm) OD (mm) Length (mm) ID (mm) OD (mm) Length (mm)

6.0 11 95 6.0 8.7 100	(adjustable	110)
7.0 12.3 100 7.0 10.0 110	(adjustable	120)
8.0 13.3 105 8.0 11.0 120	(adjustable	130)

BIVONA TTS: SIZED BY ID; CUFF INFLATED WITH STERILE WATER NOT AIR

ID (mm) OD (mm) Length (mm)

6.0 8.7 70
7.0 10.0 80
8.0 11.0 88

DIC,	Disposable	inner	cannula;	ID,	inner	diameter;	OD,	outer	diameter;	SCT,	single	cannula	tracheostomy.
*The	main	difference	between	these	tubes	is	the	length.
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anatomy. To choose a tracheostomy tube that fits a patient 
properly, it is important to consider not only the internal and 
external diameter of the tube but also the length and shape of 
the tube.

Laryngectomy

Total laryngectomy, removal of the larynx (voice box), is usually 
done to treat laryngeal cancer. It also may be done to treat severe 
trauma, such as from a gunshot wound to the neck or damage 
to the larynx from radiation (radiation necrosis). Besides remov-
ing the larynx the surgeon creates a hole in the neck (stoma) and 
attaches the trachea to the stoma. The patient will now breathe 
through this permanent stoma. A laryngectomy tube may be 
inserted into the stoma to keep it open while it heals.

The surgeon may also do a tracheoesophageal puncture 
(TEP), which is a small opening between the posterior wall of 

TABLE 36-5 

Guideline for Infant, Pediatric, and Adult 
Tracheostomy Tube Sizes

Age/Weight* ID	(mm)
Premature	<2	kg 2.5	cuffless	neonatal
Infant 3.0-3.5	cuffless	neonatal
6-18	mo 3.5-4.0	neonatal	or	pediatric
18	mo	to	4-5	yr 4.0-4.5	pediatric
4-5	yr	to	10	yr 4.5-6.0	pediatric
10-14	yr 5.0-6.5	pediatric	or	adult
14	years	to	adult 6.0-9.0	adult

NOTE:	The	difference	between	the	same	size	(ID)	neonatal	and	pediatric	tube	
or	pediatric	and	adult	tube	is	the	length;	that	is,	the	adult	tube	is	longer	than	
the	pediatric	tube,	and	the	pediatric	tube	is	longer	than	the	neonatal	tube.
ID,	Inner	diameter.
*Typical	pediatric	size	=	(16	+	age)/4	or	(age/4)	+	4.

FIGURE 36-26	 Laryngectomy	with	tracheoesophageal	voice	prosthesis	(TEP).	(Courtesy	INHEALTH	technologies:	Blom-Singer	voice	
restoration	systems.)
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the trachea and esophagus. The surgeon will insert a small 
device (prosthesis) that has a one-way valve. This prosthesis 
allows the patient to speak when the patient occludes the stoma 
during exhalation once the patient has been trained by a speech 
and language pathologist (Figure 36-26). Some patients with 
TEP use their thumb, and others use an attached tracheostoma 
adjustable valve to occlude the stoma during exhalation to be 
able to speak. Another way a laryngectomy patient can speak is 
by holding an electrolarynx against the throat. This is a battery-
operated device that creates vibrations that are transmitted 
through the pharynx and mouth to produce a voice.39

The risks associated with this surgery are hematoma, wound 
infection, fistulas, stomal stenosis (narrowing), leaking around 
tracheoesophageal prosthesis, difficulty swallowing and eating, 
and problems speaking.

Sometimes the surgeon will perform only a partial laryngec-
tomy to remove the cancer. A tracheotomy is also done and a 
tracheostomy tube is inserted while the surgical site is allowed 
to heal. There is still communication between the pharynx and 
trachea, so the patient should eventually be able to breathe 
using the normal upper airway and may even be able to speak 
once the tracheostomy tube is removed by the surgeon.40

It is important to know whether a patient has had a total or 
partial laryngectomy, in case the patient accidentally loses the 
artificial airway and requires manual ventilation. In the case of 
a total laryngectomy the RT would apply bag-mask ventilation 
over the stoma, ideally using a small pediatric mask that would 
fit more closely over the stoma than an adult mask. In a partial 
laryngectomy the RT would cover the stoma with a gauze pad 
and apply bag-mask ventilation over the nose and mouth with 
the standard adult mask because there is still communication 
between the trachea and upper airway.
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and no treatment is indicated. Vocal cord polyps and granulo-
mas develop more slowly, taking weeks or months to form.24 
Symptoms include difficulty in swallowing, hoarseness, and 
stridor. If symptoms are severe or persistent, the polyps or 
granulomas may have to be removed surgically.

Vocal cord paralysis is likely in extubated patients with 
hoarseness and stridor that does not resolve with treatment or 
time. In some patients, symptoms may resolve within 24 hours, 
and full movement of the vocal cords can return over several 
days. If the obstructive symptoms continue, tracheotomy may 
be indicated.

Laryngeal stenosis occurs when the normal tissue of the 
larynx is replaced by scar tissue, which causes stricture and 
decreased mobility. The symptoms of laryngeal stenosis are 
similar to symptoms of vocal cord paralysis—stridor and 
hoarseness. Because laryngeal stenosis does not resolve sponta-
neously, surgical correction is usually required. Some patients 
require a permanent tracheostomy.

Tracheal Lesions

Although laryngeal lesions occur only with oral or nasal ETTs, 
tracheal lesions can occur with any tracheal airway. These tra-
cheal lesions include granulomas, tracheomalacia, and tracheal 
stenosis.1,24,43 Less common, but more serious complications are 
tracheoesophageal and tracheoinnominate artery fistulas.

Tracheomalacia and tracheal stenosis can occur either sepa-
rately or together. Tracheomalacia is the softening of the carti-
laginous rings, which causes collapse of the trachea during 
inspiration and expiration. Tracheal stenosis is a narrowing of 
the lumen of the trachea, which can occur as fibrotic scarring, 
causes the airway to narrow. In patients with ETTs, this type of 
damage most often occurs at the cuff site. In patients with tra-
cheostomy tubes, stenosis may occur at the cuff, tube tip, or 
stoma sites; the stoma site is the most common. Stenosis at the 
stoma site is associated with too large a stoma, infection of  
the stoma, movement of the tube, frequent tube changes, and 
advanced age.44

Signs of possible tracheal damage before extubation include 
difficulty in sealing the trachea with the cuff and evidence of 
tracheal dilation on chest radiograph.41 Signs and symptoms of 
postextubation problems include difficulty with expectoration, 
dyspnea, and stridor. Although these findings may appear 
acutely, they may develop over several months and may not be 
present until the radius is reduced by 50% to 75%. Dyspnea at 
rest may not be seen until the diameter of the trachea is less 
than 5 mm. Symptoms are often incorrectly attributed to the 
development of asthma or chronic lung disease.24

Tomography, fluoroscopy, and pulmonary function studies 
(especially flow-volume loops) may be helpful in quantifying 
the severity of the damage. Flow-volume loops are also helpful 
in distinguishing between tracheomalacia and tracheal stenosis. 
Tracheomalacia appears as a variable obstruction with different 
inspiratory and expiratory patterns. Tracheal stenosis appears 
as a fixed obstructive pattern, with flattening of both the  
inspiratory and the expiratory limbs of the flow-volume loop 
(Figure 36-27).

AIRWAY TRAUMA ASSOCIATED WITH 
TRACHEAL TUBES

Artificial airways do not conform exactly to patient anatomy, 
which may result in pressure on soft tissues that can result in 
ischemia and ulceration.41 In addition, artificial airways tend to 
shift position as the patient’s head and neck move or as the tube 
is manipulated. This shifting can result in friction-like injuries. 
Occasional reaction to the materials composing the tube also 
may cause problems.

Depending on the type of tube, damage to the patient’s 
airway can occur anywhere from the nose down into the lower 
trachea. Because tracheostomy tubes do not pass through the 
larynx, structural injury resulting from these airways is limited 
to tracheal sites. Laryngeal dysfunction may occur secondary to 
a lack of stimulation from airflow or restricted movement sec-
ondary to equipment.14

Because injury often cannot be assessed while an artificial 
airway is in place, the patient’s airway should always be evalu-
ated carefully after extubation. Techniques commonly used  
to diagnose airway damage include physical examination, air 
tomography, fluoroscopy, laryngoscopy, bronchoscopy, mag-
netic resonance imaging, and pulmonary function studies.42

Laryngeal Lesions

The most common laryngeal injuries associated with endotra-
cheal intubation are glottic edema, vocal cord inflammation, 
laryngeal or vocal cord ulcerations, and vocal cord polyps or 
granulomas. Less common and more serious injuries are vocal 
cord paralysis and laryngeal stenosis.29,41

Glottic edema and vocal cord inflammation are transient 
changes that occur as a result of pressure from the ETT or 
trauma during intubation.41 The primary concern with glottic 
edema and vocal cord inflammation occurs after extubation. 
Because swelling can worsen over 24 hours after extubation, 
patients should be evaluated periodically for delayed develop-
ment of glottic edema.

The primary symptoms of glottic edema and vocal cord 
inflammation are hoarseness and stridor. Hoarseness occurs in 
most extubated patients and usually resolves quickly. Stridor is 
a more serious symptom than hoarseness, indicating a signifi-
cant decrease in diameter of the airway. Stridor is often treated 
with epinephrine (2.25% racemic solution or levoepinephrine 
1 : 1000) via aerosol.41 The treatment goal is to reduce glottic or 
airway edema by mucosal vasoconstriction. A steroid also may 
be added to the aerosol to reduce inflammation further. Both 
of these techniques are more commonly used in children than 
in adults.

To reduce laryngeal edema in patients who have had pro-
longed intubation or patients who have failed prior extubation 
because of glottic edema, intravenous steroids may be given 24 
hours before extubation.41 If stridor continues and is unrespon-
sive to treatment, structural changes that narrow the airway 
should be suspected.

Laryngeal and vocal cord ulcerations may cause hoarseness 
soon after extubation. Symptoms usually resolve spontaneously, 
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tracheostomies. If a patient with a tracheostomy requires O2 
therapy, tracheostomy collars are preferred to T-tubes or Briggs 
adapters.

Selection of the correct airway size is also important. Once 
in place, endotracheal and tracheostomy tubes should not be 
changed unless necessary. To minimize vocal cord closure 
around ETTs, patients should be discouraged from unnecessary 
coughing or efforts to talk. Tracheal wall injury from the endo-
tracheal or tracheostomy tube cuff can be reduced by maintain-
ing pressures of 20 to 30 cm H2O.13,43 If the airway is in place 
solely for suctioning or to bypass an obstruction, a cuff may not 
be needed.

Infected secretions have been implicated in the development 
of tracheitis and mucosal destruction, and infection of the tra-
cheotomy stoma has been linked to tracheal stenosis.42 Sterile 
techniques should be used when cleaning or suctioning trache-
ostomy tubes. Good tracheostomy care, including aseptic clean-
ing of the stoma with sterile normal saline or half-strength 
hydrogen peroxide, should be carried out routinely, and soiled 
tracheostomy dressings should be changed as needed. If there 
is significant drainage from the stoma, it is better to use a foam 
dressing, which will absorb the drainage away from the skin, 
rather than a standard gauze dressing, which when wet will keep 
the skin moist. (See discussion of tracheostomy care procedure 
later in the chapter.) When sutures are used to secure the trach 
tube flange to the patient’s neck it can be very difficult to prop-
erly clean around the stoma. So if sutures are present, it is 
recommended to remove them as soon as possible, ideally by 
day 7 after the tracheostomy was performed. If there are any 
signs of pressure injury from the trach flange, place a hydrocol-
loid dressing under the flange. Sometimes because of a patient’s 
neck anatomy, changing the tracheostomy tube to another type 
with a different style of flange as soon as it is safe to do so may 
also prevent further skin injury.

Treatment depends on the severity of the lesion, especially 
the length and circumference of the damage.42 Laser therapy 
may be useful if the lesion is small. Resection and end-to-end 
anastomosis may be indicated when the damage involves fewer 
than three tracheal rings. More involved damage may require 
staged repair. Stents may be placed to maintain the patency of 
the airway.

A tracheoesophageal fistula is a direct communication 
between the trachea and the esophagus. Tracheoesophageal 
fistula is a rare complication of both tracheotomy and endotra-
cheal intubation. If it occurs soon after a tracheotomy, incorrect 
surgical technique may be the cause. Later development is 
related to sepsis, malnutrition, tracheal erosion from the cuff 
and tube, and esophageal erosion from nasogastric tubes.41 The 
diagnosis can be made based on a history of recurrent aspira-
tion and abdominal distention as air is forced into the esopha-
gus during positive pressure ventilation. Diagnosis is also made 
by direct endoscopic examination of the trachea and esophagus. 
Treatment involves surgical closure of the defect.

A tracheoinnominate artery fistula can occur when a tra-
cheostomy tube causes tissue erosion through the innominate 
artery. The result is massive hemorrhage and, in most cases, 
death. Tracheoinnominate artery fistula is a rare complication, 
probably caused by improper low positioning of the stoma or 
excessive movement of the tube.42 Pulsation of the tracheos-
tomy tube may be the only clue before actual hemorrhage. 
When hemorrhage begins, hyperinflation of the cuff may slow 
the bleeding, but the patient still needs surgical intervention.42 
Even with proper corrective action, only 25% of patients who 
develop this serious complication survive.

Prevention

Several actions can minimize the trauma caused by tracheal 
airways. Many studies suggest that tube movement is a primary 
cause of injury.41,42 Several methods can be used to limit tube 
movement. Sedation can help keep patients comfortable and 
decrease the likelihood of self-extubation. Nasotracheal tubes 
are easier to stabilize and may move less than orotracheal tubes. 
Swivel adapters can be used to minimize tube traction whenever 
respiratory therapy equipment is attached to patients with 

FIGURE 36-27	 Patterns	of	pulmonary	dysfunction	revealed	by	flow-volume	loops.	Dashed lines	are	normal	values	for	comparison.	
Tracheomalacia	is	typically	seen	as	a	variable	obstruction,	whereas	stenosis	most	often	manifests	with	a	fixed	obstruction	pattern.	(Modified	
from	Mottram	C:	Ruppel’s	manual	of	pulmonary	function	testing,	ed	10,	Mosby,	2013,	St.	Louis.)
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RULE OF THUMB

In	adults,	tracheal	tube	cuff	pressure	should	be	
maintained	at	20	to	30	cm	H2O	to	minimize	tracheal	
mucosal	injury	and	aspiration	of	oral	secretions.
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AIRWAY MAINTENANCE

The RT must attend to several aspects of airway maintenance 
when a tracheal airway is in place. Critical responsibilities in 
this area include (1) securing the tube and maintaining its 
proper placement, (2) providing for patient communication, 
(3) ensuring adequate humidification, (4) minimizing the  
possibility of infection, (5) aiding in secretion clearance,  
(6) providing appropriate cuff care, and (7) troubleshooting 
airway-related problems.

Securing the Airway and  
Confirming Placement

The most common way to secure ETTs is with tape. The tape is 
secured to one side of the face and then wound around the tube 
and airway once or twice before the end is secured to the skin 
again (see Figure 36-23). Silk tape is adequate if the period of 
intubation is short, such as during surgery; however, silk tape 
is easily loosened by oral secretions. Cloth tape seems to be 
better for longer use and may adhere better if the skin is pre-
pared with a nonirritating medical liquid adhesive. Instead of 
using tape to secure the tube, practitioners can choose among 
several commercial ETT or stabilizers. Case reports indicate that 
use of these stabilizers can result in less skin damage, tube 
movement, and self-extubations than with traditional taping. 
However, of and by themselves, these stabilizing devices cannot 
prevent airway or skin trauma. So the skin around the mouth 
or nose should be checked regularly. If there is evidence of skin 
irritation, the tube should be moved to the other side of the 
mouth or the other nares and then resecured.

A tracheostomy tube can be secured by threading cloth ties 
through the tube flange and tying them together on the side of 
the patient’s neck. Alternatively, a commercial tracheostomy 
tube holder made of soft foam with Velcro attachments threaded 
through the tube flange can be used. This soft tracheostomy 
tube holder is easier to change and does not cause skin ulcer-
ation as often as cloth ties. Whichever tube holder is used, skin 

FIGURE 36-28	 Effect	of	neck	flexion	and	extension	on	endotracheal	tube	position.	(Modified	from	Conrardy	PA,	Goodman	L,	Lainge	F,	
et	al:	Alteration	of	endotracheal	tube	position:	flexion	and	extension	of	the	neck.	Crit	Care	Med	4:8,	1976.)
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damage can be minimized by keeping the ties loose enough to 
slip one finger underneath easily.

Proper placement of an endotracheal or tracheostomy tube 
normally is confirmed by radiograph. The tube tip should be 
approximately 3 to 6 cm above the carina in adults, or between 
the second and fourth tracheal rings.29,44 Keeping the tube posi-
tion in this range minimizes the chance of the tube moving 
down into the main stem bronchi or up into the larynx. Even 
so, the ETT position changes with movement of the head and 
neck (Figure 36-28).45 Flexion of the neck moves the tube 
toward the carina, whereas extension pulls the tube toward the 
larynx.46,47 When reviewing a radiograph for tube placement, 
the clinician should also check the position of the head and 
neck. If the tube is malpositioned, the old tape should be 
removed and the tube repositioned, using the centimeter mark-
ings as a guide. This maneuver usually requires two people to 
prevent extubation.

As an alternative to using chest films to confirm tube place-
ment, a practitioner trained in fiberoptic laryngoscopy or bron-
choscopy may confirm the position of the tube visually.48 With 
this method, the fiberoptic scope is inserted into the tube, and 
the carina is directly visualized. By moving the scope from the 
tube tip to the carina and measuring the distance of bronchos-
copy displacement, the exact distance of insertion can be 
determined.

Providing for Patient Communication

One of the most frustrating aspects of caring for a patient with 
a tracheal tube is his or her inability to talk. Phonation requires 
moving vocal cords, resulting in airflow between them. ETTs 
prevent vocal cord movement and airflow through the cords. 
Standard tracheostomy tubes allow vocal cord movement but 
prevent airflow. Without the ability to speak, the patient cannot 
easily inform the health care providers of changes in symptoms 
or make basic requests. This situation may lead to agitation and 
stress in the patient. If that agitation is treated with sedatives, a 
patient on a ventilator may wean more slowly.47
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Another tracheostomy tube, the Blom fenestrated tracheos-
tomy tube, has a special speech cannula that allows ventilator-
dependent patients to speak with the cuff fully inflated. With 
the speech cannula inserted during inhalation the flap valve 
opens and the flexible bubble valve expands, blocking the fen-
estrations. During exhalation the flap valve closes and the 
bubble valve collapses, which allows air to pass through the 
fenestrations so the patient can speak.28 (Figure 36-30)

An alternative to a speaking tracheostomy tube is to place a 
one-way valve (speaking valve) on the external opening of the 
tracheostomy tube.28 With this device in place and the trache-
ostomy tube cuff deflated, the patient inhales around and 
through the tube and exhales only around the tube through the 
larynx. Speech is coordinated with exhalation through the 
larynx. A patient who is a good candidate for a speaking valve 
is one who is medically stable, is able to communicate, and has 
a low risk for aspiration. Several types of speaking valves are 
available, as shown in Figure 36-31. They can be used with 
spontaneously breathing or ventilator-dependent patients. 
When using the speaking valve, the cuff on the tube must be 
deflated to allow airflow around the tube. This deflation of  
the cuff causes a leak on inspiration and a decrease in tidal 
volume (VT) delivery during mechanical ventilation. However, 
an increase in the set VT on the ventilator during initial trials of 
the valve should compensate for this.

During the initial placement of the speaking valve, the 
patient’s ability to exhale around the tracheostomy tube should 

An experienced practitioner may use lip reading, but this 
technique is very difficult in patients with orotracheal tubes. 
Alternatively, an alert patient may write messages on paper  
or some other writing surface. For many patients, however, 
restricted hand movement because of restraints or vascular 
catheters makes writing impossible. Some critically ill patients 
simply cannot hold up their heads. A better solution is a letter, 
phrase, or picture board.47 These devices allow patients to com-
municate by simple pointing. Large and simple drawings are 
particularly important for patients who cannot see print clearly. 
Some patients may choose to use special electronic devices to 
communicate, especially patients who have a tracheostomy tube 
because of the need for chronic mechanical ventilation. Speech 
language pathologists often work with these patients to figure 
out which device will work best so an individual patient can 
communicate.

For conscious patients with a long-term tracheostomy  
who are ventilator-dependent, communication can be enhanced 
with a “talking” tracheostomy tube (Figure 36-29).28 These 
special airways provide a separate inlet for compressed gas, 
which escapes above the tube, allowing phonation. There are 
some problems associated with these tubes, however. The con-
tinuous gas flow through a new tracheostomy may cause air 
leaks. High flow rates may cause mucosal drying and irritation. 
Finally, secretions may occlude the speaking gas outlets. 
Although not life-threatening, these problems can be frustrat-
ing for both the patient and the practitioner.

FIGURE 36-29	 “Talking”	tracheostomy	tube.	
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FIGURE 36-30	 Blom	fenestrated	trach	tube	with	speech	
cannula.	

be assessed by measuring the tracheal pressure during exhala-
tion with the valve in place as shown in Figure 36-32. If the 
tracheal pressure is greater than 5 cm H2O, it may indicate that 
there is increased resistance during exhalation. The most 
common causes of this problem are the size of the tracheostomy 
tube relative to the size of the trachea, tube position, inadequate 
cuff deflation, or an upper airway abnormality.28 The tube may 
need to be changed to a smaller size, to a cuffless tube, or to a 
tube with a tight-to-shaft cuff. The speaking valve then can be 
placed and the tracheal pressure measured again. If an upper 
airway abnormality is suspected, an otolaryngologist should be 
consulted. A speech-language pathologist may be consulted to 
assist in the assessment of the patient’s risk for aspiration and 
tolerance of the speaking valve.

Assessment of heart rate, respiratory rate, and saturation 
should follow initial placement of the valve for all patients. In 
addition to facilitating communication, other benefits of airflow 
over the upper airway include better function of the vocal cords, 
better sense of smell, and fewer secretion problems. Improved 
swallowing function and less aspiration have been reported 
with the speaking valve.48,49

FIGURE 36-31	 Speaking	valves.	

FIGURE 36-32	 Setup	to	measure	transtracheal	pressures	with	
speaking	valve	on	tracheostomy	tube.	

	

RULE OF THUMB

The	tracheostomy	tube	cuff	must	be	deflated	before	a	
speaking	valve	is	placed	on	the	tracheostomy	tube.

Ensuring Adequate Humidification

Although tracheal tubes provide an artificial airway to conduct 
gas to and from the lungs, they do not function as well as 
natural airways. Specifically, artificial tracheal airways bypass 
the normal humidification, filtration, and heating functions of 
the upper airway. The decreased humidity in the inspired air 
can cause secretions to thicken. Cool air also can decrease ciliary 
function. These conditions may impair mucociliary clearance 
and cause retention of secretions. If a patient is intubated to 
help clear secretions, failure to provide adequate humidification 
only worsens the problem. In the worst case, thick secretions 
can obstruct a tracheal tube and cause asphyxiation.

Either a heated humidifier or a large-volume jet nebulizer 
should be used to deliver heated humidity to nonventilated 
patients with a tracheostomy. However, some patients may have 
increased airway resistance or bronchospasm from the aerosol 
produced by a large-volume jet nebulizer. A heat and moisture 
exchanger may be used to provide humidity to patients who do 
not require O2 and do not have thick secretions. For ventilated 
patients, a heated humidifier or heat and moisture exchanger 
can be used. These devices can provide saturated gas to the 
airway at temperatures between 32° C and 35° C.50 The selection 
of a humidification device ultimately should be based on patient 
needs and assessment of the airway and include the volume and 
thickness of secretions and the history of mucous plugging or 
tube occlusions. More details are provided in the AARC Clinical 
Practice Guideline for humidification during mechanical ven-
tilation, which is included in Chapter 38.51
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Minimizing Nosocomial Infections

Patients with tracheal airways are very susceptible to bacterial 
colonization and infection of the lower respiratory tract. The 
presence of infection is suggested by changes in the patient’s 
sputum (color, consistency, or amount), breath sounds (wheezes, 
crackles, or rhonchi), or chest radiograph (infiltrates or atelec-
tasis).52 Additional changes associated with bacterial infection 
include fever, increased heart rate, and leukocytosis.

There are several reasons why tracheal tubes increase the 
incidence of pulmonary infection (Box 36-7).52,53 To guard 
against infection, the clinician first should avoid introducing 
organisms into the airway. The clinician does this by (1) adher-
ing to sterile technique during suctioning, (2) ensuring that 
only aseptically clean or sterile respiratory equipment is used 
for each patient, and (3) consistently performing hand hygiene 
between patient contacts (see Chapter 4).54

In addition, efforts should be made to prevent retention  
of secretions. Suctioning, chest physiotherapy, and adequate 
humidification are useful to this end. Closed suction systems 
may be preferred to open suction systems in the prevention of 
infection.54 Routinely cleaning or changing the inner cannula 
on tracheostomy tubes also may help minimize bacterial con-
tamination and infection. Techniques to decrease the conse-
quences of pharyngeal aspiration include (1) use of medications 
for stress ulcer prophylaxis, such as sucralfate, that maintain 
normal gastric pH; (2) positioning of patients with the head of 
the bed elevated 30 degrees or more to decrease reflux; and (3) 
continuous aspiration of subglottic secretions.55

Facilitating Secretion Clearance

The most common cause of airway obstruction in critically ill 
patients is retained secretions. To remove retained secretions, 
blood, or other semiliquid fluids from the large airways, the 
patient is suctioned as described previously in this chapter. 
Suctioning involves application of negative pressure to the large 
airways through a catheter. This method may be used alone or 
in combination with noninvasive techniques described in 
Chapter 43.

One noninvasive technique is the mechanical insufflator-
exsufflator (Cough Assist, J. H. Emerson, Cambridge, MA). It 
has been shown to facilitate secretion clearance in patients with 
an ineffective cough, especially secondary to neuromuscular 
disease, such as amyotrophic lateral sclerosis and muscular dys-
trophy.56,57 These patients have decreased vital capacities and 

 Box 36-7 Why Tracheal Airways 
Increase the Incidence of 
Pulmonary Infection

•	 Bypassed	upper	airway	filtration
•	 Increased	aspiration	of	pharyngeal	secretions
•	 Contaminated	equipment	or	solutions
•	 Impaired	mucociliary	clearance	in	trachea
•	 Increased	mucosal	damage	owing	to	tube	or	suctioning
•	 Ineffective	clearance	via	cough

expiratory flows. During inspiration, the mechanical insufflator-
exsufflator delivers positive pressure usually set between 30 and 
40 cm H2O for 1 to 3 seconds to inflate the lungs. During expi-
ration, it delivers negative pressure usually set between 30 and 
40 cm H2O for 2 to 3 seconds, which increases the expiratory 
flow rates mobilizing secretions upward into the larger airways.

The mechanical insufflator-exsufflator can be used with a 
face mask, mouthpiece, or artificial airway. The patient’s oro-
pharynx may need to be suctioned after using the mechanical 
insufflator-exsufflator with a face mask or mouthpiece if the 
patient is unable to expectorate the secretions. A patient with a 
tracheostomy tube may require suctioning to clear the tube of 
secretions after using the mechanical insufflator-exsufflator. 
The mechanical insufflator-exsufflator may also be used to 
improve secretion clearance in patients with chronic obstruc-
tive pulmonary disease (COPD) and in pediatric patients, but 
the evidence is unclear as to how beneficial it is in these 
patients.58

Providing Cuff Care

Tracheal tube cuffs are used to seal the airway for mechanical 
ventilation or to prevent or minimize aspiration. As previously 
mentioned, tracheal stenosis and tracheomalacia are associated 
with cuff use. The pathogenesis of these problems is related  
to the amount of cuff pressure transmitted to the tracheal  
wall, impeding the flow of blood and lymphatic fluid. If cuff 
pressure exceeds the mucosal perfusion pressure, ischemia, 
ulceration, necrosis, and exposure of the cartilage may result 
(Figure 36-33).

Importance of Cuff Pressure
In the past, high-pressure tracheal tube cuffs were a major cause 
of airway damage. Since the 1970s, high-residual-volume, low-
pressure cuffs have become the norm (Figure 36-34). The fully 
inflated diameter of these cuffs is greater than the diameter of 
the trachea. This means that the cuff does not have to be fully 
inflated to seal the airway, and less internal cuff pressure is 
needed. When properly used, these cuffs transmit less pressure 
to the tracheal wall than the older high-pressure designs. 
Although low-pressure cuffs have reduced the incidence of tra-
cheal damage, they have not eliminated the problem entirely.

Cuff Inflation and Measuring and  
Adjusting Cuff Pressure
Key aspects of airway care are cuff inflation and cuff pressure 
measurement and adjustment. The goal is to keep cuff pressures 
below the tracheal mucosal capillary perfusion pressure, esti-
mated to range from 20 to 30 mm Hg.43 Higher pressure cuts 
off mucosal blood flow and causes tissue damage. However, if 
the cuff pressure is too low, it does not prevent silent aspiration 
of pharyngeal secretions, which can contribute to the develop-
ment of VAP. It is recommended to inflate the cuff to 20 to 
30 cm H2O, which should prevent tracheal mucosal injury. 
Minimal occluding volume and minimal leak inflation tech-
niques are no longer recommended because they increase the 
risk for silent aspiration.43
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FIGURE 36-33	 Tracheal	injury	may	occur	secondary	to	trauma	from	the	cuff.	(Modified	from	Stauffer	JL:	Complications	of	endotracheal	
intubation	and	tracheostomy.	Respir	Care	44:828,	1999.)
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FIGURE 36-34	 Comparison	of	shapes	of	high-residual-volume,	
low-pressure	cuff	(A)	and	low-residual-volume,	high-pressure	cuff	
(B).	(Modified	from	McPherson	SP:	Respiratory	therapy	equipment,	
ed	4,	St.	Louis,	1989,	Mosby.)

A B

Cuff pressure can be measured with various devices designed 
for this purpose. These devices have the ability to measure the 
pressure and allow air to be added or withdrawn from the cuff. 
There are two key considerations when making these adjust-
ments. First, most manometers are calibrated in centimeters of 
water, with the “acceptable range” of pressure 20 to 30 cm H2O.42 
Second, attaching the measurement system to the pilot tube 
evacuates some volume from the cuff (and decreases its pres-
sure). For this reason, the clinician should always adjust the 
pressure to the desired level and never just measure it.

High cuff pressures may be caused by the need to overinflate 
the cuff to seal the airway. This problem is common if the tube 
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who have already developed tracheal injury. This cuff can mini-
mize tracheal mucosal trauma but may not minimize the risk 
for aspiration of oral secretions and may make mechanical ven-
tilation difficult.

Another cuff design is the TTS cuff on some tracheostomy 
tubes (Figure 36-36). This is a low-volume, high-pressure cuff 
designed to maximize airflow around the tube when it is 
deflated. It should be inflated only intermittently for airway 
protection or short-term ventilation. Because the cuff is made 
of a porous silicone material, it can be inflated only with sterile 
water and not air.

Prevention of silent aspiration is difficult because the current 
generation of cuffs when inflated properly create channels along 
the cuff in which secretions from above the cuff move by capil-
lary action. Newer tubes with longer length ultrathin polyure-
thane cuffs form a cylinder shape or an inverted pear shape 
when inflated so that they do not form channels. These newer 
cuff designs and material seem to minimize silent aspiration 
that has been implicated in the development of VAP.59

Minimizing Likelihood of Aspiration
When judging the adequacy of a tracheal seal, the potential for 
aspiration should be taken into account. Keeping the cuff pres-
sure between 20 and 30 cm H2O helps minimize aspiration and 
injury. Also, aspiration is reported to be more common in spon-
taneously breathing patients than in patients receiving positive 
pressure ventilation; this may be due to the movement of pha-
ryngeal secretions past the cuff during the negative pressure 
phase of a spontaneous inspiration.

A simple swallowing test can help determine whether aspira-
tion is occurring. These tests can be performed by various  
clinicians, including speech therapists, nurses, and RTs. To 
perform this test, blue food coloring is added to the patient’s 
feedings or the patient swallows a small amount of blue food 
coloring in water. The patient’s trachea is suctioned through the 
artificial airway. If blue-tinged secretions are obtained when 
performing suctioning, some aspiration is occurring. However, 
false-negative results can occur; the patient may still be aspirat-
ing despite no sign of blue coloring in suctioned secretions. For 
this reason, a modified barium swallow test may be needed to 
determine conclusively whether a patient is aspirating.60

If aspiration is confirmed, efforts must be made to minimize 
the aspiration. Ideally, the patient should be switched to a tube 
that continually aspirates subglottic secretions (see the previous 

FIGURE 36-35	 Tracheostomy	tubes	(TTs)	with	different	types	of	
cuffs.	A,	TTS	cuff.	B,	Self-inflating	foam	cuff.	

A B

FIGURE 36-36	 Causes	of	tube	obstruction.	(See	text	for	details.)	(Modified	from	Sykes	MK,	McNichol	MW,	Campbell	EJM:	Respiratory	
failure,	Philadelphia,	1969,	FA	Davis.)

1 2 3 4

chosen is too small for the patient’s trachea or positioned too 
high in the trachea or if the patient has developed tracheoma-
lacia (softening of the tracheal tissue). Another cause of high 
cuff pressures is high airway pressures generated by mechanical 
ventilation, which may require adding air to the cuff to main-
tain an adequate tracheal seal. Intracuff pressure measurements 
should be done regularly to maintain the cuff pressure in the 
safe range to avoid tracheal wall injury and minimize risk for 
aspiration of oral secretions.

Alternative Cuff Designs
Some different types of cuffs have been designed to minimize 
mucosal trauma.24 The foam cuff is one, which is designed to 
seal the trachea with atmospheric pressure in the cuff (Figure 
36-35). Before insertion, the foam cuff must be deflated by 
actively withdrawing air from the cuff with a cuff pressure 
device or syringe. When in position, the pilot tube is opened to 
the atmosphere, and the foam is allowed to expand against the 
tracheal wall. Expansion of the cuff stops when the tracheal wall 
is encountered. If too much air leak and volume loss occur 
around the tube, the pilot tube can be placed in line with the 
ETT. Foam cuff tubes are not commonly used except in patients 
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kit includes a basin and brush to clean the inner cannula of 
the tube. Alternatively, a disposable inner cannula may be 
used. The function of the manual resuscitator, O2 flow, and 
suction control must be checked before starting.

Step 2: Explain Procedure to Patient.
Explain the procedure and confirm the patient understands 
what will be done.

Step 3: Suction Patient.
The procedures previously described for endotracheal suc-
tioning are appropriate for this situation. A tracheostomy 
tube is much shorter than an ETT. The catheter is inserted 
just to the end of the tracheostomy tube to avoid causing 
mucosal injury to the carina.

Step 4: Clean Inner Cannula (If Present and Nondisposable).
The inner cannula is removed and placed in the basin. If 
appropriate, such as in the case of a ventilator-dependent 
patient, the spare inner cannula is inserted. Patients with 
certain types of tracheostomy tubes (Portex) can be mechan-
ically ventilated without an inner cannula in place. If the 
patient is not mechanically ventilated, the O2 therapy device 
is reapplied as necessary. Sterile water and hydrogen peroxide 
are added to the basin, and the cannula is left to soak. The 
brush is used to remove any dried secretions from the inner 
lumen or the outside of the cannula. The cannula is rinsed 
with sterile water and allowed to air dry on sterile gauze.

Step 5: Clean and Examine Stoma Site.
The dressing (if present) is removed and disposed. Applica-
tors that have been dipped in sterile normal saline or half-
strength hydrogen peroxide are used to clean around the 
stoma site. After cleaning liquid, a skin barrier should be 
applied to protect the skin from moisture. A clean dressing, 
if needed to absorb drainage, is placed under the flange of 
the tube. Either precut gauze or an absorbent foam dressing, 
especially if there is excessive drainage around stoma, should 
be used. If the stoma site appears red or swollen, has pus 
around it, or is emitting a foul smell, the physician and nurse 
should be notified.

Step 6: Change Tie or Holder.
The clinician cuts the old tie or loosens the Velcro holder. 
One hand is kept on the flange of the tracheostomy tube to 
keep it secure. The old tie or holder is removed and dis-
carded. The clinician replaces the tie or holder, keeping one 
finger-width of space between the neck and tie or holder.

Step 7: Replace Clean Inner Cannula (If Present).
If the inner cannula is marked disposable and is not to be 
reused, a new one is inserted.

Step 8: Reassess Patient.
The clinician checks for adequate breath sounds, checks vital 
signs and oxygenation, and confirms no adverse effects.

section on Specialized Endotracheal Tubes). If it is impossible 
to make this switch, oropharyngeal suctioning (above the tube 
cuff) should be performed as needed. To decrease the possibility 
of aspiration with feedings, the head of the bed should be ele-
vated 30 degrees or more when possible.55 Also, the feeding tube 
can be inserted into the duodenum, with its position confirmed 
by radiograph. The use of slightly higher cuff pressure during 
and after feedings may minimize aspiration.

Care of Tracheostomy and Tube

Tracheostomy tubes require daily care to clean the site and 
change the tie or holder securing the tube. The tubes also may 
be removed and replaced for routine cleaning or in an emer-
gency, such as obstruction of the tube. The procedures for tra-
cheostomy care and changing a tracheostomy tube are described 
in the following section.61-63

Tracheostomy Care
Step 1: Assemble and Check Equipment.

Box 36-8 lists the equipment needed for routine tracheos-
tomy care. The equipment needed is for cleaning through the 
tube, around the tube, and the tube itself. Personal protective 
equipment (face shield or mask and goggles) for the clinician 
is needed because the stimulation of the trachea may result 
in coughing and expectorated secretions. Use of suction 
equipment to remove secretions from the tube before the 
procedure can decrease the possibility of secretions contami-
nating the environment. O2 and a manual resuscitator are 
needed for the suctioning procedure and in case any prob-
lems such as desaturation occur. To clean around the tube, 
hydrogen peroxide (diluted to half-strength with sterile water 
or saline), sterile water, cotton-tipped applicators, and tra-
cheostomy sponges are needed along with a new tie or trache-
ostomy tube holder to secure the tube. A tracheostomy tube 

 Box 36-8 Equipment for Tracheostomy Care

•	 Personal	protective	equipment:	Goggles	and	mask	or	face	
shield

•	 Sterile	gloves
•	 Suction	equipment
•	 Resuscitation	bag
•	 Oxygen
•	 Tracheostomy	care	kit	(basin	and	brush)

•	 Spare	inner	cannula
•	 Disposable	inner	cannula	(if	appropriate)
•	 Hydrogen	peroxide	and	sterile	water
•	 Cotton-tipped	applicators
•	 Precut	gauze	pad	or	precut	foam	dressing	(to	absorb	

excessive	drainage)
•	 New	tracheostomy	tube	tie	or	Velcro	tracheostomy	tube	

(TT)	holder
•	 Another	TT	of	the	same	size	as	backup
•	 Additional	equipment	needed	if	changing	TT
•	 New	TT	with	component	parts	and	another	tube	one	size	

smaller
•	 Water-soluble	lubricant
•	 10-	or	12-ml	syringe

	

RULE OF THUMB

An	extra	tracheostomy	tube	of	the	same	size	and	
another,	one	size	smaller,	should	be	kept	readily	
available	in	or	near	the	patient’s	room	in	case	of	an	
accidental	decannulation.
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Troubleshooting Airway Emergencies

The areas discussed so far are routine aspects of airway care. 
Three emergency situations that may occur are tube obstruc-
tion, cuff leaks, and accidental extubation. Clinical signs fre-
quently encountered under these circumstances include various 
degrees of respiratory distress; changes in breath sounds; air 
movement through the mouth; or, if the patient is mechanically 
ventilated, changes in pressures.

Decreased breath sounds are a common finding in airway 
emergencies. The RT must try to identify specific indications of 
decreased breath sounds, such as the inability to pass a suction 
catheter (obstruction, occluded tube) or airflow around the 
tube (leaking cuff). Replacement airways, a manual resuscitator, 
mask, and gauze pads (for patients with tracheostomies) should 
be kept at the bedside.

Tube Obstruction
Obstruction of the tube is one of the most common causes of 
airway emergencies. Tube obstruction can be caused by (1) the 
kinking of the tube or the patient biting on the tube, (2) hernia-
tion of the cuff over the tube tip,64 (3) obstruction of the tube 
orifice against the tracheal wall,67 and (4) mucous plugging (see 
Figure 36-36).

Different clinical signs are present depending on whether the 
tube obstruction is partial or complete.39,65 A spontaneously 
breathing patient with partial airway obstruction exhibits 
decreased breath sounds and decreased airflow through the 
tube. If the patient is receiving volume-controlled ventilation, 
peak inspiratory pressures increase, often causing the high-
pressure alarm to sound; during pressure-controlled ventila-
tion, delivered VTs decrease. With complete tube obstruction, 
the patient exhibits severe distress, no breath sounds are heard, 
and there is no gas flow through the tube.

If the tube is kinked or positioned against the tracheal wall, 
the obstruction can be reversed by moving the patient’s head 
and neck or repositioning the tube.39 If this action does not 
relieve the obstruction, a herniated cuff may be blocking the 
airway. Deflating the cuff relieves the obstruction in such cases. 
If these steps fail to overcome the obstruction, the clinician can 
try to pass a suction catheter through the tube. The distance the 
catheter inserts before stopping helps determine the site of 
obstruction. If the catheter does not travel much beyond the 
tube tip and insertion does not cause coughing, the likely 
problem is a herniated cuff or a mucous plug. In the case of 
mucous plugging, the clinician can attempt to remove the plug 
by suctioning the tube before considering more drastic action. 
Although instillation of sterile normal saline into the tube is not 
routinely needed during suctioning, it may facilitate mobilizing 
the mucous plug so that it can be more easily removed by suc-
tioning. Also, a mucus shaving device may be used to clear thick, 
dried secretions from the inner lumen of the ETT. This device 
has a balloon at the end of the catheter. Once the catheter is 
inserted into the ETT, the balloon is inflated. When the catheter 
is withdrawn, the balloon scrapes the thick, dried mucus from 
the inside of the tube66 (Figure 36-37).

Changing a Tracheostomy Tube
A tracheostomy tube may need to be replaced according to 
schedule in the case of long-term mechanical ventilation; if the 
current tube develops a problem, such as a mucous plug or 
damage to the cuff; or if a different size or type of tube is 
needed.63 If a tube needs to be replaced before the stoma heals 
(7 to 10 days), it is best done by a physician. Intubation equip-
ment should also be available. Because a single cannula tube has 
no inner cannula to remove for cleaning, it may need to be 
replaced periodically.
Step 1: Assemble and Prepare Equipment.

In addition to the equipment described previously, the new 
tube, an extra tube one size smaller, and water-soluble lubri-
cant are necessary.

Step 2: Explain Procedure to Patient.
Step 3: Prepare Equipment.

Sterile technique must always be maintained for the distal 
portion of the cannula, which goes into the trachea. The 
inner cannula is removed and placed on a sterile surface. The 
obturator is inserted. The tie or tracheostomy tube holder is 
attached to one side of the flange of the tube. The clinician 
inflates the cuff, checks for leaks, and deflates the cuff. Lubri-
cant is applied to the distal portion of the cannula.

Step 4: Prepare Patient.
The patient should be placed with the neck extended so that 
the tracheal stoma is accessible. The patient is suctioned and 
hyperoxygenated.

Step 5: Remove Old Tube.
The tie is cut, or the Velcro tracheostomy tube holder is 
opened. The cuff is deflated. The clinician removes the tube 
by following the curve of the tube. The clinician grasps the 
outer portion of the tracheostomy tube with one hand and 
rotates the wrist toward the chest. The stoma is inspected for 
any bleeding or other problems, such as granuloma or 
ulceration.

Step 6: Insert New Tube and Assess Patient.
The new tube is picked up by the proximal portion. The 
surface that enters the trachea should not be touched. The 
tip of the obturator is inserted into the stoma, and the tube 
is advanced following the curve of the tube. While holding 
the flange of the tube against the neck, the clinician imme-
diately removes the obturator. The clinician assesses for 
airflow through the tube. Coughing may reflect pressure on 
the outside of the trachea. The patient is assessed for proper 
tube placement and tolerance of the procedure. If extreme 
difficulty is encountered inserting the new tube, insertion of 
the “stand-by” tube, which is one size smaller, is attempted.

Step 7: Secure Tube.
While still holding onto the flange, the clinician secures the 
tracheostomy tube tie or holder without overtightening. The 
inner cannula, if present, is inserted. The clinician reassesses 
for airflow and reapplies the O2 therapy device or ventilator.

Step 8: Reassess Patient.
Suctioning may be required again. The clinician checks vital 
signs and O2 saturation (SaO2) and assesses the patient’s 
overall tolerance of the procedure.
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replacement valve into the pilot tubing, can offer a safe and 
effective alternative until a replacement tube can be inserted.

A ruptured cuff requires extubation and reintubation emer-
gently if the patient is being mechanically ventilated. This pro-
cedure can be done via the standard reintubation procedure or 
by using an ETT exchanger, which is a semirigid guide over 
which the damaged tube can be removed and the new tube 
promptly inserted. An ETT exchanger should be used only by 
an individual trained in its use, and all necessary intubation 
equipment and personnel should be available to perform a stan-
dard intubation if problems occur. An ETT that is positioned 
too high in the trachea and near the glottic opening can mimic 
a cuff leak. Before presuming a cuff leak, the RT should check 
the tube depth by noting the markings, and if the tube appears 
shallow, the RT should attempt to advance the tube slightly and 
reassess the leak. A leak around a tracheal tube can occur from 
a tube or cuff problem. Figure 36-38 is a diagram of the process 
to investigate the source of a leak around a tube.13

When the patient has a tracheostomy tube with an inner 
cannula, it should be removed and checked to see if the plug is 
lodged in the tube. O2 should be provided to the patient through 
the outer cannula, or the inner cannula should be replaced with 
a spare one to facilitate manual ventilation.

If the obstruction cannot be cleared by using these tech-
niques, the airway should be removed and replaced. In patients 
who have undergone recent tracheotomy (4 or 5 days earlier), 
the stoma may not be well established and may close when the 
tube is removed. If suture ties were left in place by the surgeon, 
they can be used to pull open the stoma.

After the obstructed airway is removed, the clinician should 
immediately try to restore adequate ventilation and oxygen-
ation. For a patient with a tracheotomy stoma, the stoma may 
need to be covered with a gauze pad and the patient may need 
to be manually ventilated with a mask. Airway reinsertion by a 
properly trained RT or physician should be undertaken only 
after adequate ventilation and oxygenation are restored.

Cuff Leaks
A leak in the cuff, pilot tube, or one-way valve is a problem 
mostly for patients receiving mechanical ventilation. This leak 
causes a system leak, with a resultant loss of delivered volume 
or decreased inspiratory pressure or both.

A small cuff leak can be detected by noting decreasing cuff 
pressures over time. A large leak, such as occurs with a ruptured 
cuff, generally has a more rapid onset. Breath sounds are 
decreased, but a spontaneously breathing patient has air move-
ment through the tube. With positive pressure breaths, airflow 
often is felt at the mouth. Under such circumstances, the RT 
should try to reinflate the cuff while checking the pilot tube and 
valve for leaks.13 If the pilot tube or valve is leaking, the tube 
needs to be changed as soon as possible. However, a pilot valve 
(pilot balloon) repair kit, which permits the insertion of a 

FIGURE 36-37	 Mucus	shaving	device.	 MINI CLINI
Airway Cuff Problems

PROBLEM:	 The RT is called to assist with a 220-lb, 6-ft, 
2-inch male patient who is intubated with a 7-mm ETT and 
receiving positive pressure ventilation. The patient’s nurse 
reports to the RT that over the last week it has been increasingly 
difficult to get a good seal with the tube cuff and that she has 
had to add “more and more air” to prevent gross leakage. When 
asked if the cuff pressures have been monitored, she says no. 
What is the likely problem and solution?

DISCUSSION:	 “Low-pressure” cuffs can exert high pressure 
at high inflation volumes. The need for high volumes to get a 
good seal usually indicates that the ETT or tracheostomy 
tube is too small for the patient. This large man probably 
should have been intubated with at least an 8-mm tube. In 
addition, because cuff pressures were not monitored, it is 
possible that tracheal damage has already occurred. The fact 
that the nurse reports having to add “more and more air” to 
get a seal suggests tracheomalacia, which could be confirmed 
by radiographic or bronchoscopic examination.

Tracheomalacia can cause a vicious cycle in which high pres-
sure causes more tracheal dilation, which requires higher pres-
sures to seal the cuff, and so on. If tracheomalacia is confirmed, 
and the patient still needs an artificial airway, the smaller tube 
should be replaced with a larger one that allows a good seal at 
acceptable cuff pressures. It also may be necessary to reposition 
the tube so that the cuff is not proximal to the original site of 
damage.

Accidental Extubation
Partial displacement of an airway out of the trachea can be 
detected by noting decreased breath sounds, decreased airflow 
through the tube, and the ability to pass a catheter to its full 
length without meeting an obstruction or eliciting a cough. 
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EXTUBATION OR DECANNULATION

For most patients, tracheal intubation is a temporary measure. 
The artificial airway should be removed when it is no longer 
needed. The process of removing an artificial tracheal airway  
is called extubation (ETT) or decannulation (tracheostomy 
tube). Although most patients eventually undergo extubation, 
a few need to maintain a permanent artificial route, usually by 
tracheostomy. Permanent tracheostomies are common among 

With positive pressure ventilation, airflow through the mouth 
or into the stomach may be heard and a decrease in delivered 
volumes or pressures occurs. In these cases, the tube should be 
completely removed and ventilatory support should be pro-
vided by manual resuscitator and mask as needed until the 
patient can be reintubated or the tracheostomy tube reinserted. 
To monitor trends and optimize quality outcomes associated 
with unplanned extubations, hospitals often require certain 
details of such incidents to be recorded.

FIGURE 36-38	 Algorithm	for	solving	leaking	cuff	problems.	(From	Hess	D:	Managing	the	artificial	airway.	Respir	Care	44:759,	1999.)
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and 400 ml with the cuff deflated, the difference is 100 ml. The 
percent cuff leak is 20% (100 ml divided by 500 ml), which 
suggests that there is no significant upper airway edema or 
obstruction. However, some data suggest that this test may not 
always be predictive of the presence of upper airway obstruction 
or edema.70 This test may be most useful in patients who are at 
greatest risk for postextubation stridor, such as children, women, 
and patients intubated for more than 6 days.71 Some patients 
who fail the test or who have questionable results may still be 
extubated, but they must be closely monitored with the appro-
priate personnel and equipment available to reestablish the 
airway if needed.

Clinical Practice Guideline
To guide practitioners in safe and effective application of this 
procedure, the AARC has developed a clinical practice guideline 
on removal of the ETT. Excerpts from the AARC guideline, 
including indications, contraindications, hazards and compli-
cations, assessment of need, assessment of outcome, and moni-
toring, appear in Clinical Practice Guideline 36-4.67

Procedures

Because RTs play a key role in extubation and decannulation 
and the techniques differ, the procedures for removing orotra-
cheal or nasotracheal (extubation) and tracheostomy tubes 
(decannulation) are reviewed separately.

Orotracheal or Nasotracheal Tubes
The procedure for orotracheal or nasotracheal extubation is as 
follows.
Step 1: Assemble Needed Equipment.

Needed equipment includes suctioning apparatus; two age-
appropriate suction kits with sterile suction catheters and 
gloves; tonsillar suction tip (Yankauer); 10-ml or 12-ml 
syringe; O2 and aerosol therapy equipment; manual resusci-
tator and mask; aerosol nebulizer with racemic epinephrine 
and normal saline (if ordered); and intubation equipment 
(laryngoscope blades, handle, ETTs, stylets, water-soluble 
lubricant, syringe to inflate cuff, tape or holder to secure 
tube).

Step 2: Suction Endotracheal Tube and Pharynx to Above Cuff.
Suctioning before extubation helps prevent aspiration of 
secretions after cuff deflation. After use, the first suction kit 
should be discarded, and another should be prepared for use, 
or a rigid tonsillar (Yankauer) suction tip should be prepared 
to suction the oropharynx.

Step 3: Oxygenate Patient Well After Suctioning.
Extubation is a stressful procedure that can cause hypoxemia 
and unwanted cardiovascular side effects. To help avoid these 
problems, 100% O2 should be administered for 1 to 2 
minutes.

Step 4: Deflate Cuff.
The 10- or 12-ml syringe is attached to the pilot tubing. All 
the air is withdrawn from the cuff while applying positive 
pressure to direct any pooled secretions above the cuff up 
into the oropharynx, where they can immediately be 

patients with surgically treated throat or laryngeal cancer  
and patients requiring long-term positive pressure ventilation. 
Advances in noninvasive mechanical ventilation have reduced 
the need for permanent tracheostomies in the latter group.

Assessing Patient Readiness  
for Extubation

A patient is ready to be extubated when the original need for 
the artificial airway no longer exists. Because artificial airways 
are inserted for many different reasons, several different criteria 
to establish readiness for extubation need to be considered.67 
Some basic assessments include the ability of the patient to 
protect the airway by the presence of a gag reflex, the ability to 
manage secretions based on cough strength, the quantity and 
thickness of secretions, and the patency of the upper airway.

MINI CLINI
Extubation Assessment

PROBLEM:	 A physician informs the RT that a patient recently 
removed from a ventilator is maintaining adequate oxygen-
ation and ventilation via spontaneous breathing through an 
oral ETT. She requests that the RT evaluate the patient for 
extubation. What would the RT assess and why?

DISCUSSION:	 Because the patient is maintaining adequate 
oxygenation and ventilation off the ventilator, two key criteria 
for extubation have already been met. Further assessment  
is needed to determine (1) the risk for upper airway 
obstruction after extubation, (2) the level of protection 
against aspiration, and (3) the ability of the patient to clear 
secretions after extubation. First, the RT should perform a 
leak test to assess for upper airway edema. Second, the RT 
should determine the patient’s level of consciousness and 
neuromuscular function by assessing the gag reflex or having 
the patient try to raise and hold his or her head off the bed. 
Third, the RT should determine the patient’s ability to cough, 
using either subjective assessment (on suctioning) or 
measurement of maximum expiratory pressure or peak 
cough flow. Extubation should be recommended only if all 
three areas yield positive results.

The decision to remove the airway may not be the same as 
the decision to discontinue mechanical ventilation. The ventila-
tor and airway may be removed simultaneously in the case of 
patients with normal lungs intubated for surgery. If a patient 
was intubated because of respiratory failure and has improved, 
but the upper airway problems remain (e.g., no gag reflex), the 
ventilator may be discontinued before extubation.

The cuff-leak test is designed to help predict the occurrence 
of glottic edema or stridor after extubation.68,69 The clinician 
totally deflates the tube cuff and assesses the leak around the 
tube during positive pressure ventilation in a volume-controlled 
mode. The percent of the cuff leak should be approximately 
15% or greater, as determined by the difference between  
the measured expiratory VT with the cuff inflated and then 
deflated.68 If the exhaled volume is 500 ml with the cuff inflated 
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36-4	 Removal	of	the	Endotracheal	Tube

AARC Clinical Practice Guideline (Excerpts)*

■ ENVIRONMENT
The	endotracheal	tube	should	be	removed	in	an	environment	
in	which	the	patient	can	be	physiologically	monitored	and	in	
which	emergency	equipment	and	appropriately	trained	health	
care	providers	with	airway	management	skills	are	immediately	
available.

■ INDICATIONS
•	 The	airway	control	afforded	by	the	endotracheal	tube	is	

deemed	to	be	no	longer	necessary	for	the	continued	care	
of	the	patient.

•	 Subjective	or	objective	determination	of	improvement	of		
the	underlying	condition	impairing	pulmonary	function	or	
gas-exchange	capacity,	or	both,	is	made	before	extubation.	
To	maximize	the	likelihood	for	successful	extubation,	the	
patient	should	be	capable	of	maintaining	a	patent	airway	
and	generating	adequate	spontaneous	ventilation.	
Generally,	the	patient	needs	to	possess	adequate	central	
inspiratory	drive,	respiratory	muscle	strength,	cough	
strength	to	clear	secretions,	laryngeal	function,	nutritional	
status,	and	clearance	of	sedative	and	neuromuscular	
blocking	effects.

•	 Occasionally,	acute	airway	obstruction	of	the	artificial	airway	
caused	by	mucus	or	mechanical	deformation	mandates	
immediate	removal	of	the	artificial	airway.	Reintubation	or	
other	appropriate	techniques	for	reestablishing	the	airway	
(i.e.,	surgical	airway	management)	must	be	used	to	
maintain	effective	gas	exchange.

•	 Patients	in	whom	an	explicit	declaration	of	the	futility	of	
further	medical	care	is	documented	may	have	the	
endotracheal	tube	removed	despite	failure	to	meet	the	
previously	listed	indications.

■ CONTRAINDICATIONS
There	are	no	absolute	contraindications	to	extubation.	
However,	some	patients	may	require	one	or	more	of	the	
following	to	maintain	acceptable	gas	exchange	after	
extubation:	Noninvasive	ventilation,	continuous	positive	airway	
pressure	(CPAP),	high	inspired	O2	fraction,	or	reintubation.	
Airway	protective	reflexes	may	be	depressed	immediately	after	
as	well	as	for	some	time	after	extubation.	Measures	to	
prevent	aspiration	should	be	considered.

■ HAZARDS AND COMPLICATIONS
•	 Hypoxemia	after	extubation	may	result	from	but	is	not	

limited	to
•	 Failure	to	deliver	adequate	FiO2	through	the	natural	upper	

airway
•	 Acute	upper	airway	obstruction	secondary	to	

laryngospasm
•	 Development	of	postobstruction	pulmonary	edema
•	 Bronchospasm
•	 Development	of	atelectasis,	or	lung	collapse
•	 Pulmonary	aspiration
•	 Hypoventilation

•	 Hypercapnia	after	extubation	may	be	caused	by	but	is	not	
limited	to
•	 Upper	airway	obstruction	resulting	from	edema	of	the	

trachea,	vocal	cords,	or	larynx
•	 Respiratory	muscle	weakness

•	 Excessive	work	of	breathing
•	 Bronchospasm

•	 Death	may	occur	when	medical	futility	is	the	reason	for	
removing	the	endotracheal	tube.

■ ASSESSMENT OF EXTUBATION READINESS
The	endotracheal	tube	should	be	removed	as	soon	as	the	
patient	no	longer	requires	an	artificial	airway.	Patients	should	
show	some	evidence	for	the	reversal	of	the	underlying	cause	
of	respiratory	failure	and	should	be	capable	of	maintaining	
adequate	spontaneous	ventilation	and	gas	exchange.	The	
determination	of	extubation	readiness	may	be	individualized	
using	the	following	guidelines:
•	 Patients	with	an	artificial	airway	to	facilitate	treatment	of	

respiratory	failure	should	be	considered	for	extubation	when	
they	have	met	established	extubation	readiness	criteria;	
examples	of	these	criteria	include	but	are	not	limited	to:
•	 The	capacity	to	maintain	adequate	arterial	partial	

pressure	of	O2	(PaO2/FiO2	ratio	>150	to	200)	on	inspired	
O2	fractions	provided	with	simple	O2	devices	(FiO2	≤	0.4	
to	0.5)	and	with	low	levels	of	PEEP	(≤5	to	8	cm	H2O)

•	 The	capacity	to	maintain	appropriate	pH	(pH	≥	7.25)	and	
arterial	partial	pressure	of	CO2	during	spontaneous	
ventilation

•	 Successful	completion	of	30-	to	120-minute	spontaneous	
breathing	trial	performed	with	a	low	level	of	CPAP	(e.g.,	
5	cm	H2O)	or	low	level	of	pressure	support	(e.g.,	5	to	
7	cm	H2O)	showing	adequate	respiratory	pattern	and	gas	
exchange,	hemodynamic	stability,	and	subjective	comfort

•	 In	adults,	respiratory	rate	less	than	35	breaths/min	during	
spontaneous	breathing;	in	infants	and	children,	
acceptable	respiratory	rate	decreases	inversely	with	age	
and	can	be	measured	with	good	repeatability	with	a	
stethoscope

•	 Adequate	respiratory	muscle	strength
•	 Maximum	negative	inspiratory	pressure	greater	than	

−30	cm	H2O,	although	current	clinical	practice	may	
accept	greater	than	−20	cm	H2O

•	 Vital	capacity	greater	than	10	ml/kg	ideal	body	weight	or	
in	neonates	greater	than	150	ml/m2

•	 Pressure	measured	across	the	diaphragm	during	
spontaneous	ventilation	less	than	15%	of	maximum

•	 In	adults,	spontaneous	exhaled	minute	ventilation	less	
than	10	L/min

•	 In	adults,	a	rapid	shallow	breathing	index	(ratio	of	
respiratory	rate	to	tidal	volume	of	≤105);	in	infants	and	
children,	variables	standardized	by	age	or	weight	prove	
more	useful

•	 Thoracic	compliance	greater	than	25	ml/cm	H2O
•	 Work	of	breathing	less	than	0.8	J/L
•	 O2	cost	of	breathing	less	than	15%	total,	especially	for	

patients	with	chronic	respiratory	insufficiency	requiring	
long-term	mechanical	ventilation

•	 Ratio	of	dead	space	to	tidal	volume	(VD/VT)	less	than	0.6;	
in	children,	VD/VT	of	0.5	or	less	equates	to	96%	successful	
extubation,	0.51	to	0.64	equates	to	60%	successful	
extubation,	0.65	equates	to	20%	successful	extubation.

•	 Airway	occlusion	pressure	at	0.1	second	(P0.1)	less	than	
6	cm	H2O	and	when	normalized	for	maximal	inspiratory	



 Airway Management • CHAPTER 36 777

Continued

36-4	 Removal	of	the	Endotracheal	Tube—cont’d

AARC Clinical Practice Guideline (Excerpts)*

pressure	(MIP),	as	indicated	by	P0.1/MIP	(107	to	109)	
(this	measurement	is	primarily	a	research	tool)

•	 Maximum	voluntary	ventilation	more	than	twice	the	
resting	minute	ventilation

•	 In	preterm	infants,	minute	ventilation	testing	versus	
standard	clinical	evaluation	resulted	in	shorter	time	to	
extubation.

•	 Peak	expiratory	flow	of	60	L/min	or	greater	after	three	
cough	attempts	measured	with	an	in-line	spirometer.

•	 Time	to	recovery	of	minute	ventilation	to	pre–
spontaneous	breathing	trial	baseline	levels

•	 Sustained	maximal	inspiratory	pressures	greater	than	
57.5	pressure	time	units	predicted	extubation	outcome.

•	 In	neonates,	total	respiratory	compliance	(derived	from	
VT/PIP	−	PEEP)	of	0.9	ml/cm	H2O	or	less	was	associated	
with	extubation	failure,	whereas	a	value	of	1.3	ml/
cm	H2O	or	greater	was	associated	with	extubation	
success.

•	 Preterm	infants	extubated	directly	from	low-rate		
ventilation	without	a	trial	of	endotracheal	tube	CPAP	
showed	a	trend	toward	increased	chance	of	successful	
extubation.

•	 Integrated	indices	of	measured	vital	capacity	(threshold	
value	635	ml),	respiratory	frequency-to-tidal	volume	ratio	
(threshold	value	88	breaths/min/L),	and	maximal	
expiratory	pressure	(threshold	value	28	cm	H2O)

•	 In	addition	to	treatment	of	respiratory	failure,	artificial	
airways	are	sometimes	placed	for	airway	protection.	
Resolution	of	the	need	for	airway	protection	may	be	
assessed	by	but	is	not	limited	to
•	 Appropriate	level	of	consciousness
•	 Adequate	airway	protective	reflexes
•	 Reduced	cough	strength	(grade	0	to	2)	measured	by	the	

white	card	test	and	increased	secretion	burden	predicted	
unsuccessful	extubation

•	 Easily	managed	secretions
•	 In	addition	to	resolution	of	the	processes	requiring	the	

insertion	of	an	artificial	airway,	issues	that	should	be	
considered	in	all	patients	before	extubation	include	the	
following:
•	 No	immediate	need	for	reintubation
•	 Known	risk	factors	for	extubation	failure
•	 Patient	features	of	high	risk	for	extubation	failure	include	

admission	to	medical	intensive	care	unit,	age	older	than	
70	years	or	younger	than	24	months,	higher	severity	of	
illness	on	weaning,	hemoglobin	less	than	10	mg/dl,	use	
of	continuous	intravenous	sedation,	longer	duration	of	
mechanical	ventilation,	presence	of	a	syndromic	or	
chronic	medical	condition,	known	medical	or	surgical	
airway	condition,	frequent	pulmonary	toilet,	and	loss	of	
airway	protective	reflexes.

•	 Risk	factors	for	a	known	history	of	a	difficult	airway	include	
syndromic	or	congenital	conditions	associated	with	
cervical	instability	(i.e.,	Klippel-Feil	syndrome	or	trisomy	
21);	limited	physical	access	to	the	airway	(i.e.,	halo	vest		
or	anatomic	hindrances);	and	multiple	failed	direct	
laryngoscopy	attempts	by	an	experienced	laryngoscopist	
or	a	failed	laryngoscopy	attempt	followed	by	tracheal	
intubation	using	fiberoptic	bronchoscopy	or	a	nasal	light	
wand	or	requiring	placement	of	a	laryngeal	mask	airway.

•	 In	the	pediatric	patients	undergoing	cardiothoracic	
surgery,	presence	of	one	or	more	of	these	variables	
increases	the	likelihood	of	failed	extubation:	age	younger	
than	6	months,	history	of	prematurity,	congestive	heart	
failure,	and	pulmonary	hypertension.

•	 For	pediatric	patients,	validated	bedside	measures	of	
respiratory	function	identifying	low	risk	(<10%)	and	high	
risk	(>25%)	threshold	values	of	extubation	failure	may	be	
useful	in	generating	discussion	but	do	not	apply	to	
individual	risk.

•	 Presence	of	upper	airway	obstruction	or	laryngeal	edema	
as	detected	by	diminished	gas	leak	around	the	
endotracheal	tube	with	positive	pressure	breaths

•	 Percent	cuff	leak	or	the	difference	between	expiratory	
tidal	volume	measured	with	the	cuff	inflated	and	then	
deflated	in	a	volume-controlled	mode	of	15.5%	or	
greater;	this	test	was	found	not	to	be	predictive	in	a	
study	of	patients	undergoing	cardiothoracic	surgery.

•	 Air	leak	may	be	an	age-dependent	predictor	of	
postextubation	stridor	in	children.	An	air	leak	greater	than	
20	cm	H2O	was	predictive	of	postextubation	stridor	in	
children	7	years	old	or	older	but	was	not	predictive	in	
children	younger	than	7	years.

•	 Air	leak	test	has	been	predictive	of	postextubation	stridor	
or	extubation	failure	for	children	with	upper	airway	
pathology,	including	trauma	patients,	patients	with	croup,	
and	patients	after	tracheal	surgery.

•	 Evidence	of	stable,	adequate	hemodynamic	function
•	 Evidence	of	stable	nonrespiratory	functions
•	 Electrolyte	values	within	normal	range
•	 Evidence	of	malnutrition	decreasing	respiratory	muscle	

function	and	ventilatory	drive
•	 Anesthesia	literature	indicates	the	patient	must	have	no	

intake	of	food	or	liquid	by	mouth	for	a	time	before	airway	
manipulation;	continuation	of	transpyloric	feedings	during	
an	extubation	procedure	is	controversial.

•	 Prophylactic	medication	before	extubation	to	avoid	or	
reduce	the	severity	of	postextubation	complications
•	 Consider	use	of	lidocaine	to	prevent	cough	or	

laryngospasm	in	patients	at	risk
•	 Prophylactic	administration	of	steroids	may	be	helpful	to	

prevent	reintubation	rates	in	high-risk	neonates	but	not	in	
children.

•	 Prophylactic	administration	of	steroids	may	help	reduce	
the	incidence	of	postextubation	stridor	in	children	but	not	
in	neonates	or	adults.

•	 Prophylactic	administration	of	steroids	for	patients	with	
laryngotracheobronchitis	(croup)	correlates	with	reduced	
rates	of	reintubation.

•	 Caffeine	citrate	reduced	the	risk	for	apnea	for	infants	but	
did	not	reduce	the	risk	for	extubation	failure.

•	 Methylxanthine	treatment	stimulates	breathing	and	
reduces	the	rate	of	apnea	for	neonates	with	poor	
respiratory	drive,	especially	low-birth-weight	infants.

■ ASSESSMENT OF OUTCOME
•	 Removal	of	the	endotracheal	tube	should	be	followed	by	

adequate	spontaneous	ventilation	through	the	natural	
airway,	adequate	oxygenation,	and	no	need	for	
reintubation.
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suctioned with the tonsillar suction tip. The RT should listen 
for an audible leak around the tube. If no audible leak is 
present, the RT should reinflate the cuff and discuss with the 
physician how to proceed.

Step 5: Remove Tube.
The tape or holder that is securing the tube is removed. The 
technique used to remove the tube should help avoid aspira-
tion of pharyngeal secretions and maximally abduct the 
vocal cords. Clinicians use one of two different techniques 
to accomplish these goals. In the first method, a large breath 
is given with the manual resuscitator, and the tube is removed 
at peak inspiration (when the vocal cords are maximally 
abducted). In the second method, the patient coughs and the 
tube is pulled during the expulsive expiratory phase. This 
technique also results in maximal abduction of the vocal 
cords.

Step 6: Apply Appropriate Oxygen and Humidity Therapy.
Patients who have been receiving mechanical ventilation 
may still require O2 therapy, usually at a higher FiO2. Other 
patients may require some O2 because this is a stressful pro-
cedure. If humidity or aerosol therapy is indicated, most 
clinicians suggest a cool mist immediately after extubation.

Step 7: Assess or Reassess Patient.
After extubation, auscultation is performed to check for 
good air movement. Stridor or decreased air movement after 
extubation indicates upper airway problems. Next, the 
patient’s respiratory rate, breathing pattern, heart rate, blood 
pressure, and SaO2 are checked. Mild hypertension and 

tachycardia immediately after extubation are common and 
resolve spontaneously in most cases. The patient should be 
monitored for nosebleed after nasotracheal extubation. The 
patient is encouraged to cough, with assistance as needed. 
Because laryngeal edema may worsen with time and stridor 
may develop, racemic epinephrine for nebulization should 
be available. Arterial blood gas (ABG) values should be 
sampled and analyzed as needed.

The most common problems that occur after extubation 
are hoarseness, sore throat, and cough.41 These problems are 
benign and improve with time. A rare but serious complica-
tion associated with extubation is laryngospasm. Postextu-
bation laryngospasm is usually a transient event, lasting 
several seconds. If laryngospasm occurs, oxygenation can be 
maintained with a high FiO2 and the application of positive 
pressure. If laryngospasm persists, a neuromuscular blocking 
agent may need to be given, which necessitates manual ven-
tilation or reintubation.

Because the vocal cords have had limited function during 
the intubation period, they may not close fully as needed 
when the airway has been removed. To avoid aspiration, oral 
feedings, especially liquids, should be withheld for 24 hours 
after extubation. Patients may aspirate liquids even with an 
intact gag reflex.48

Extubation failure, defined as the sudden need for rein-
sertion of the airway because of airway problems, often 
occurs within 8 hours of extubation. Aspiration and edema 
are the most common problems. If the patient also is 

•	 Clinical	outcome	may	be	assessed	by	physical	examination,	
auscultation,	invasive	and	noninvasive	measurements	of	
gas	exchange,	and	chest	radiography.

•	 When	a	patient	experiences	an	unplanned	self-extubation	
and	does	not	require	reintubation,	this	suggests		
that	planned	extubation	should	have	been	considered	
earlier.

•	 Some	patients	may	require	support	after	extubation	or	
intervention	to	maintain	adequate	gas	exchange	
independent	of	controlled	mechanical	ventilation.

Noninvasive Respiratory Support
•	 Nasal	continuous	positive	airway	pressure	(CPAP)	is	used	

in	infants.
•	 Routine	use	of	noninvasive	positive	pressure	ventilation	in	

adults	is	not	supported.
•	 In	patients	with	chronic	obstructive	pulmonary	disease,	

CPAP	of	5	cm	H2O	and	pressure	support	ventilation	of	

15	cm	H2O	have	improved	pulmonary	gas	exchange,	
decreased	intrapulmonary	shunt	fraction,	and	reduced	
patient	work	of	breathing.

Postextubation Medical Therapy
•	 Aerosolized	levoepinephrine	is	as	effective	as	aerosolized	

racemic	epinephrine	in	the	treatment	of	postextubation	
laryngeal	edema	in	children.

•	 Heliox	may	alleviate	symptoms	of	partial	airway	obstruction	
and	resultant	stridor,	improve	patient	comfort,	decrease	
work	of	breathing,	and	prevent	reintubation.

Diagnostic Therapy
•	 For	patients	with	postextubation	complications	such	as	

stridor	or	obstruction,	fiberoptic	bronchoscopy	may	provide	
direct	airway	inspection	and	therapeutic	interventions	
(secretion	clearance,	instillation	of	drugs,	removal	of	
aspirated	foreign	objects).

36-4	 Removal	of	the	Endotracheal	Tube—cont’d

AARC Clinical Practice Guideline (Excerpts)*

*For complete guidelines, see American Association for Respiratory Care: Clinical practice guideline: removal of the endotracheal tube—2007 revision and 
update. Respir Care 52:81, 2007.
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Removal of the cap or speaking valve allows access for suction-
ing. If mechanical ventilation is needed, the inner cannula can 
be reinserted and the cuff can be reinflated.

One problem associated with this type of tracheostomy tube 
is malposition of the fenestration, such as between the skin and 
stoma or against the posterior wall of the larynx.43 Customizing 
the fenestration or trying a fenestrated tube of a different size or 
by a different manufacturer can help avoid this problem. Proper 
placement can be confirmed by using fiberoptic bronchoscopy.

Case reports have shown granular tissue formation in some 
patients using a fenestrated tracheostomy tube. Granular tissue 
tends to form on the posterior tracheal wall, above the tube 
fenestration. This granular tissue may occlude the fenestration, 
cause bleeding (especially with tube changes), or result in airway 
obstruction on decannulation. Given the location of this granu-
lar tissue, these problems may be due to poor positioning of the 
fenestration within the airway.

Progressively Smaller Tubes
A second airway weaning technique is to use progressively 
smaller tracheostomy tubes. Similar to fenestrated tubes, this 
approach maintains the airway, but it allows for increasing use 
of the upper airway. This technique is also indicated in patients 
whose airway is too small for the available fenestrated tubes. 
The use of progressively smaller tubes may also allow for better 
healing of the stoma.

The problem with these techniques is the continued presence 
of a tube within the lumen of the airway.70 The presence of the 
tube (cuffed or uncuffed) increases airway resistance. In patients 
with preexisting obstructive disorders, this added airway resis-
tance may be too much to bear, resulting in failed decannula-
tion. These tubes also can impair coughing by preventing full 
compression of the inspired thoracic volume. The last factor to 
consider when using smaller tubes is the fit of the tube within 
the trachea. Smaller tubes not only have a smaller diameter but 
also a different length; this may result in the curve of the tube 
impacting the posterior tracheal wall.

Tracheal Buttons
The tracheal button also may be used to maintain a tracheal 
stoma.43 In contrast to the fenestrated tube, the tracheal button 
fits through the skin to just inside the anterior wall of the 
trachea (Figure 36-40), which avoids the problem of added 
resistance. Because the tracheal button has no cuff, its use is 
limited to relieving airway obstruction and aiding the removal 
of secretions. When the inner cannula is removed, the clinician 
can suction through the outer cannula. However, when the 
inner cannula is removed, the clinician needs to hold the outer 
cannula in place to prevent it from being coughed out during 
suctioning.

Assessment After Tracheostomy 
Decannulation
After tracheostomy decannulation, the patient should be 
assessed for vocal cord responses.71 Vocal cord abnormalities 
can result in either aspiration or acute airway obstruction. FIGURE 36-39	 Fenestrated	tracheostomy	tubes.	

mechanically ventilated, reintubation may be required for 
work of breathing issues unrelated to the airway.

Tracheostomy Tube Removal 
(Decannulation)
Decannulation refers to removal of the tracheostomy tube. 
Several approaches exist to remove tracheostomy tubes. Patients 
who received a tracheostomy as a result of upper airway obstruc-
tion that has been resolved may have their tube removed in one 
step. Patients who have been on mechanical ventilation for an 
extended time may have problems with muscle weakness, prob-
lems adjusting to the increase in anatomic dead space, and upper 
airway problems with secretions and glottic closure. For these 
patients, a weaning process is used rather than abrupt removal 
of the tube. Weaning is accomplished by using fenestrated tubes, 
progressively smaller tubes, or tracheostomy buttons.70

Before decannulation, a comprehensive patient assessment 
is required. The patient should have sufficient muscle strength 
(peak expiratory pressure > 40 cm H2O) to generate an effective 
cough. Ideally, there should be no active pulmonary infection, 
and the volume and thickness of secretions should be accept-
able. Patency of the upper airway can be assessed via bronchos-
copy.71 An adequate swallow must be present to decrease the 
risk for aspiration. After removal of the tube, the stoma closes 
on its own in a few days. After cleaning around the stoma, a 
sterile occlusive dressing should be applied over the stoma until 
it closes. The particular decannulation technique used depends 
on the patient’s needs and the experience and preferences of the 
attending physician.

Fenestrated Tracheostomy Tubes
A fenestrated tracheostomy tube is a double cannulated tube 
that has an opening in the posterior wall of the outer cannula 
above the cuff (Figure 36-39). Removal of the inner cannula 
opens the fenestration, allowing air to pass into the upper 
airway. Capping or placing a speaking valve on the proximal 
opening of the tube’s outer cannula, accompanied by deflation 
of the cuff, allows for assessment of upper airway function. 
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TABLE 36-6 

Advantages and Disadvantages of Alternatives to 
Endotracheal Intubation for Maintaining Upper 
Airway Patency

Device Advantages Disadvantages

Oral	and	
nasal	
airways

Little	training	required Does	not	guarantee	
airway	patency

No	special	equipment	
necessary

May	worsen	obstruction

Inexpensive Poorly	tolerated	by	awake	
patient

Can	be	quickly	placed Does	not	prevent	
aspiration

Short-term	use
Does	not	facilitate	positive	

pressure	ventilation
Double-lumen	

airway	
(Combitube)	
placement

Less	skill	than	
bag-valve-mask	or	
intubation

Difficulty	distinguishing	
tracheal	versus	
esophageal	insertion

No	special	equipment	
necessary

Short-term	use

Protection	against	
aspiration

Aspiration	during	removal

Facilitates	positive	
pressure	ventilation

Cannot	suction	in	
esophageal	position

Only	one	size	(adult)
Potential	for	esophageal	

injury
Laryngeal	

mask	airway	
(LMA)

Easy	to	insert Short-term	use
No	special	equipment	

necessary
Aspiration	not	avoided

Can	intubate	without	
removing	LMA

Cannot	provide	high	
ventilation	pressures	if	
needed

Avoids	laryngeal	and	
tracheal	trauma

FIGURE 36-41	 Largneal	mask	airway	(LMA).	(From	Gartsman	
G:	Shoulder	arthroscopy,	ed	2,	Philadelphia,	2009,	Saunders.)

FIGURE 36-40	 Tracheostomy	button.	

Cannula
cap

Cannula
cap

Hollow
cannula

Flange

Cannula
in place

Symptoms such as stridor, retractions, and inability to feel 
airflow through the upper airway indicate upper airway obstruc-
tion. A replacement tracheostomy tube and suctioning equip-
ment should be available in case the patient develops any of 
these symptoms of obstruction.

ALTERNATIVE AIRWAY DEVICES

Placement of an ETT is a complex skill and is not always accom-
plished easily, even in experienced hands. Emergency medical 
services personnel are not always in the best situation to intu-
bate. A patient’s particular anatomy may make intubation  
difficult. Several alternative devices and techniques can be  
used in such circumstances. An algorithm for difficult intuba-
tions created by the American Society of Anesthesiologists  
provides extensive options.72 Video-assisted laryngoscopy or 
intubating over a fiberoptic bronchoscope are alternative 
approaches during a difficult intubation. Two devices, the LMA 
and the double-lumen airway (Combitube), are referred to as 
nonintermediate airways. They can be used to ventilate a patient, 
but an ETT or tracheostomy tube may be needed eventually. 
These two devices may be inserted by respiratory care practitio-
ners and are discussed subsequently. The advantages and disad-
vantages of each device are summarized in Table 36-6.

Laryngeal Mask Airway

The algorithm for management of a difficult airway has been 
modified to show the various uses of the LMA. The LMA 

consists of a short tube and a small mask that is inserted deep 
into the oropharynx (Figure 36-41).72,73 The open surface of the 
mask faces the laryngeal opening, and the tip of the mask is just 
above the esophageal sphincter. The short tube has a 15-mm 
adapter that can be connected to a manual resuscitator bag. A 
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The insertion of the LMA does not require any equipment 
(Figure 36-42).73 Before insertion, the posterior surface of the 
mask must be lubricated and the cuff must be fully deflated. 
The index finger is used to guide insertion of the mask along 
the palate and down into the oropharynx. When the cuff is in 
place, it is inflated to a maximum of 60 cm H2O. Inflation 
causes the mask to rise slightly out of the mouth.

small tube is used to inflate a cuff when the device is in place. 
LMAs range in size from size 5 for adults to size 1 for infants.

Compared with bag and mask ventilation, a greater amount 
of ventilation is directed to the lungs by the LMA. The ease and 
speed of insertion offer an advantage over intubation when the 
intubator is inexperienced, the patient cannot be positioned for 
intubation, or the intubation is difficult.

FIGURE 36-42	 Insertion	of	largneal	mask	airway.	(Modified	from	Cairo	JM,	Pilbeam	SP:	Mosby’s	respiratory	care	equipment,	ed	8,	
St.	Louis,	2010,	Mosby.)

A

B

C

D
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or the esophagus (Figure 36-44).73 Its external design is similar 
to that of a double-lumen ETT with two external openings, two 
15-mm adapters, two lumens, and two cuffs. One cuff seals the 
oropharynx. The second seals the trachea or the esophagus.

If the tube is placed into the esophagus and the cuffs are 
inflated, ventilation is accomplished by air passing through a 
series of holes in the area of the hypopharynx and into the 
trachea. The pharyngeal cuff prevents air from leaving through 
the mouth. The distal cuff in the esophagus helps decrease 
regurgitation. If the tube is placed in the trachea, it functions 
like an ETT. To assess placement, the RT can manually ventilate 
through the external adapters and determine which gives the 
best breath sounds.

Surgical Emergency Airways

Despite various alternatives to establish ventilation, occasion-
ally the problem of “cannot intubate/cannot ventilate” occurs.27 
In these situations, a surgical transtracheal airway must be 
established. Cricothyroidotomy and percutaneous transtracheal 
ventilation are options. Commercial kits are available, or a series 
of available supplies can be used (Figures 36-45 and 36-46).74

Complications include bleeding, subcutaneous emphysema 
secondary to inspiratory airway resistance through a small 
lumen, and air trapping secondary to expiratory flow resistance. 
Nevertheless, cricothyroidotomy and percutaneous transtra-
cheal ventilation are the preferred routes over emergent trache-
otomy until a more definitive airway can be placed after the 
emergency has passed. A surgical transtracheal airway should 
be accomplished in 48 to 72 hours.39,74FIGURE 36-43	 Intubating	laryngeal	mask	airway.	

FIGURE 36-44	 Insertion	of	a	double-lumen	airway	(Combitube).	(Modified	from	Cairo	JM,	Pilbeam	SP:	Mosby’s	respiratory	care	
equipment,	ed	8,	St.	Louis,	2010,	Mosby.)

Use of the LMA has two major limitations.73 First, it cannot 
be used in a conscious or semicomatose patient because of 
stimulation of the gag reflex. Second, if ventilating pressures 
greater than 20 cm H2O are needed, gastric distention may 
occur. This device does not protect against aspiration should 
regurgitation occur.

The classic LMA can be used to facilitate intubation because 
the opening faces the glottis. However, because of the small size 
of the ventilating tube on the mask, a small ETT is needed. A 
specially designed LMA with a small handle facilitates intuba-
tion (Figure 36-43).

Double-Lumen Airway

The double-lumen airway (Combitube) is designed to be 
inserted blindly through the oropharynx and into the trachea 
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FIGURE 36-45	 Commercially	available	cricothyroidotomy	kit.	
(Courtesy	Smith’s	Medical	International,	Kent,	United	Kingdom.)

FIGURE 36-46	 Percutaneous	tracheal	ventilation	supplies.	
(Modified	from	Rodrick	MB,	Deutschman	CS:	Emergent	airway	
management:	indications	and	methods	in	the	face	of	confounding	
conditions.	Crit	Care	Clin	16:396,	2000.)

7.0 endotracheal tube adapter

3-cm3 syringe barrel

IV extension tubing

14-g angiocatheter

BRONCHOSCOPY

Bronchoscopy is the general term used to describe the insertion 
of a visualization instrument (endoscope) into the bronchi. The 
purposes of bronchoscopy are to inspect the airway, remove 
objects from the airway, collect samples from the airway, and 
place devices into the airway.34 Two different bronchoscopic 

techniques are in use: rigid tube bronchoscopy and flexible 
bronchoscopy. Although RTs most often assist in flexible fiber-
optic bronchoscopy, they should understand the differences 
between these two approaches.

Rigid Tube Bronchoscopy

A rigid bronchoscope is an open metal tube with a distal light 
source and a port for attaching O2 or ventilating equipment. A 
rigid bronchoscope is used most often by otorhinolaryngolo-
gists or thoracic surgeons. The tube is passed through the 
mouth, down into the trachea, and as far as the bronchi. A 
telescoping tube with mirrors is used to advance to and view 
segmental bronchi. Suctioning is accomplished via a metal tube 
passed through the bronchoscope. The large internal diameter 
of this suction tube allows for aspiration of thick inspissated 
secretions and large mucous plugs. Grasping forceps passed 
through the device allow removal of foreign bodies and biopsies 
of airway tumors.

Rigid bronchoscopy has several disadvantages. First, it is very 
uncomfortable for conscious patients. It usually requires the 
assistance of an anesthesiologist and the use of an operating 
room. Last, and most important, rigid bronchoscopy cannot 
access the smaller airways.

Flexible Fiberoptic Bronchoscopy

Flexible fiberoptic bronchoscopy has gained popularity over the 
years as a result of both its versatility and its ability to access 
very small airways. A typical fiberoptic bronchoscope has a light 
transmission channel, a visualizing channel, and a multipur-
pose open channel (Figure 36-47). The open channel can be 
used for aspiration, tissue sampling, or O2 administration. After 
insertion, the physician can direct the tip of the scope via the 
control section to the location desired. This type of broncho-
scope is most often used by the pulmonologist, often with the 
assistance of the RT.75

To guide practitioners in assisting physicians performing this 
procedure, the AARC has developed and published a clinical 
practice guideline on fiberoptic bronchoscopy assisting. Excerpts 
from the AARC guideline, including indications, contraindica-
tions, precautions and possible complications, assessment of 
need, assessment of outcome, and monitoring, appear in Clini-
cal Practice Guideline 36-5.76

Fiberoptic Bronchoscopy Procedure

Key factors in planning and conducting fiberoptic bronchos-
copy include premedication, equipment preparation, airway 
preparation, and monitoring.76,77 To reduce the risk for aspira-
tion secondary to gagging and loss of airway reflexes, the patient 
should refrain from food or drink for at least 8 hours before the 
start of the procedure. In addition, if the intravenous route is 
not already available, vascular access should be obtained before 
the start of the procedure.

Premedication
Bronchoscopy is an uncomfortable procedure. To decrease 
anxiety, the patient should be premedicated 30 to 45 minutes 
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36-5	 Bronchoscopy	Assisting

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 Presence	of	lesions	of	unknown	cause	on	the	chest	

radiograph	or	need	to	evaluate	recurrent	pneumonia,	
persistent	atelectasis,	or	pulmonary	infiltrates

•	 Need	to	assess	patency	or	mechanical	properties	of	the	
upper	airway

•	 Need	to	investigate	hemoptysis,	unexplained	cough,	
wheeze,	or	stridor

•	 Suspicious	or	positive	sputum	cytology	results
•	 Suspicion	that	secretions	or	mucous	plugs	are	causing	

atelectasis
•	 Need	to	obtain	lower	respiratory	tract	secretions,	cell	

washings,	and	biopsy	specimens	for	cytologic,	histologic,	
and	microbiologic	evaluation

•	 Need	to	determine	location	and	extent	of	injury	from	toxic	
inhalation	or	aspiration

•	 Need	to	evaluate	problems	associated	with	endotracheal	or	
tracheostomy	tubes	(tracheal	damage,	airway	obstruction,	
or	tube	placement)

•	 Need	for	aid	in	performing	difficult	intubations	or	
percutaneous	tracheostomies

•	 Suspicion	that	secretions	or	mucous	plugs	are	responsible	
for	lobar	or	segmental	atelectasis

•	 Need	to	remove	abnormal	endobronchial	tissue	or	foreign	
material	by	forceps,	basket,	or	laser

•	 Need	to	retrieve	a	foreign	body	(although	rigid	
bronchoscopy	is	preferred	under	most	circumstances)

•	 Therapeutic	management	of	endobronchial	toilet	in	
ventilator-associated	pneumonia

•	 Selective	intubation	of	a	main	stem	bronchus
•	 Need	to	place	or	assess	airway	stent	function
•	 Need	for	airway	balloon	dilation	in	treatment	of	

tracheobronchial	stenosis

■ CONTRAINDICATIONS
Flexible	bronchoscopy	should	be	performed	only	when	the	
relative	benefits	outweigh	the	risks.	Absolute	contraindications	
include	the	following:
•	 Absence	of	consent	from	the	patient	or	his	or	her	

representative	unless	a	medical	emergency	exists	and	
patient	is	not	competent	to	give	permission

•	 Absence	of	an	experienced	bronchoscopist	to	perform	or	
supervise	closely	and	directly	the	procedure

•	 Lack	of	adequate	facilities	and	personnel	to	care	for	
emergencies	such	as	cardiopulmonary	arrest,	
pneumothorax,	or	bleeding

•	 Inability	to	oxygenate	the	patient	adequately	during	the	
procedure

•	 Danger	of	a	serious	complication	from	bronchoscopy	is	
especially	great	in	patients	with	the	following	disorders,	and	
these	conditions	are	usually	considered	absolute	
contraindications	unless	the	risk-benefit	assessment	
warrants	the	procedure:
•	 Coagulopathy	or	bleeding	diathesis	that	cannot	be	

corrected
•	 Severe	refractory	hypoxemia
•	 Unstable	hemodynamic	status	including	dysrhythmias
Relative	contraindications	(or	conditions	involving	increased	

risk),	according	to	the	American	Thoracic	Society	guidelines	
for	fiberoptic	bronchoscopy	in	adults,	include	the	following:
•	 Lack	of	patient	cooperation
•	 Recent	(within	6	weeks)	myocardial	infarction	or	unstable	

angina
•	 Partial	tracheal	obstruction
•	 Moderate	to	severe	hypoxemia	or	any	degree	of	

hypercarbia

FIGURE 36-47	 Flexible	fiberoptic	bronchoscope.	
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•	 Uremia	and	pulmonary	hypertension	(possible	serious	
hemorrhage	after	biopsy)

•	 Lung	abscess	(danger	of	flooding	airway	with	purulent	
material)

•	 Obstruction	of	superior	vena	cava	(possibility	of	bleeding	
and	laryngeal	edema)

•	 Debility	and	malnutrition
•	 Disorders	requiring	laser	therapy,	biopsy	of	lesions	

obstructing	large	airways,	or	multiple	transbronchial	lung	
biopsies

•	 Known	or	suspected	pregnancy	(safety	concern	of	possible	
radiation	exposure)

•	 Safety	of	bronchoscopic	procedures	in	asthmatic	patients	
is	a	concern,	but	the	presence	of	asthma	does	not	
preclude	use	of	these	procedures

•	 Patients	with	recent	head	injury	are	susceptible	to	
increased	intracranial	pressures

•	 Inability	to	sedate	(including	time	constraints	of	oral	
ingestion	of	solids	or	liquids)

■ HAZARDS AND COMPLICATIONS
•	 Adverse	effects	of	medication	used	before	and	during	

bronchoscopic	procedure
•	 Hypoxemia
•	 Hypercarbia
•	 Bronchospasm
•	 Hypotension
•	 Laryngospasm,	bradycardia,	or	other	vagally	mediated	

phenomena
•	 Mechanical	complications	such	as	epistaxis,	pneumothorax,	

and	hemoptysis
•	 Increased	airway	resistance
•	 Cross-contamination	of	specimens	or	bronchoscopes
•	 Nausea,	vomiting
•	 Fever	and	chills
•	 Cardiac	dysrhythmias
•	 Death
•	 Infection	hazard	for	health	care	workers	or	other	patients

■ ASSESSMENT OF NEED
Need	is	determined	by	bronchoscopist	assessment	of	the	
patient	and	treatment	plan	in	addition	to	the	presence	of	
clinical	indications	and	the	absence	of	contraindications,	as	
described	previously.

■ ASSESSMENT OF OUTCOME
Patient	outcome	is	determined	by	clinical,	physiologic,	and	
pathologic	assessment.	Procedural	outcome	is	determined	by	
the	accomplishment	of	the	procedural	goals	as	indicated	and	
by	appropriate	quality	assessment	indicators.

■ MONITORING
The	following	should	be	monitored	continuously	before,	
during,	and	after	bronchoscopy,	until	the	patient	returns	to	
presedation	level	of	consciousness.

Patient
•	 Level	of	consciousness
•	 Medications	administered,	dosage,	route,	and	time	of	

delivery
•	 Subjective	response	to	procedure	(e.g.,	pain,	discomfort,	

dyspnea)
•	 Blood	pressure,	breath	sounds,	heart	rate,	rhythm,	and	

changes	in	cardiac	status
•	 SpO2,	FiO2,	and	end-tidal	CO2

•	 Tidal	volume,	peak	inspiratory	pressure,	adequacy	of	
inspiratory	flow,	and	other	ventilator	parameters	if	patient	is	
mechanically	ventilated

•	 Lavage	volumes	(delivered	and	retrieved)
•	 Monitor	and	document	site	of	biopsies	and	washings;	

record	which	laboratory	tests	were	requested	on	each	
sample

•	 Periodic	follow-up	monitoring	of	patient	condition	after	the	
procedure	is	advisable	for	24	to	48	hours	for	inpatients.	
Outpatients	should	be	instructed	to	contact	the	
bronchoscopist	regarding	fever,	chest	pain	or	discomfort,	
dyspnea,	wheezing,	hemoptysis,	or	any	new	findings	
manifesting	after	procedure	has	been	completed.	Oral	
instructions	should	be	reinforced	by	written	instructions	that	
include	names	and	phone	numbers	of	persons	to	be	
contacted	in	emergency.

•	 Chest	radiograph	1	hour	after	transbronchial	biopsy	to	
exclude	pneumothorax

Technical Devices
•	 Bronchoscope	integrity	(fiberoptic	or	channel	damage,	

passage	of	leak	test)
•	 Strict	adherence	to	the	manufacturer’s	and	institutional	

recommended	procedures	for	cleaning,	disinfection,	and	
sterilization	of	the	devices	and	integrity	of	disinfection	or	
sterilization	packaging

•	 Smooth,	unhampered	operation	of	biopsy	devices	(forceps,	
needles,	brushes)

Recordkeeping
•	 Quality	assessment	indicators	determined	appropriate	by	

the	institution’s	quality	assessment	committee
•	 Documentation	of	patient	and	device	monitoring
•	 Identification	of	bronchoscope	used	for	each	patient
•	 Annual	assessment	of	the	institutional	or	departmental	

bronchoscopy	procedure,	including	(1)	evaluation	of	the	
adequacy	of	bronchoscopic	specimens;	(2)	review	of	
infection	control	procedures	and	compliance	with	current	
guidelines	for	semicritical	patient	care	objects;	(3)	synopsis	
of	complications;	(d)	control	washings	to	ensure	that	
infection	control	and	disinfection	and	sterilization	
procedures	are	adequate,	and	that	cross	contamination	of	
specimens	does	not	occur;	and	(e)	annual	review	of	the	
bronchoscopy	service	and	all	of	the	previously	listed	
records	with	physician	bronchoscopists

36-5	 Bronchoscopy	Assisting—cont’d

AARC Clinical Practice Guideline (Excerpts)*
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 Box 36-9 Equipment Needed 
for Bronchoscopy

EQUIPMENT FOR BRONCHOSCOPIST  
AND ASSISTANT
•	 Masks	and	goggles
•	 Gloves	(sterile	for	bronchoscopist)
•	 Gown

BRONCHOSCOPIC DEVICES
•	 Appropriate	size	bronchoscope,	as	determined	by	

bronchoscopist
•	 Bronchoscopic	light	source
•	 Bronchoscope	adapter	for	endotracheal	tube	(ETT)
•	 Cytology	brushes,	flexible	forceps,	transbronchial	aspiration	

needles,	retrieval	baskets,	as	determined	by	the	
bronchoscopist

•	 Syringes	for	medication	delivery,	normal	saline	lavage,	and	
needle	aspiration

•	 Sterile	normal	saline
•	 Specimen	collection	devices	and	fixatives	as	determined	by	

institutional	policies
•	 Bite	block
•	 Sterile	gauze	pads	for	cleaning	tip	of	bronchoscope,	as	

needed
•	 Water-soluble	lubricant
•	 Venous	access	equipment
•	 In	case	intubation	is	required

•	 ETTs	(various	sizes,	laryngoscope,	laryngeal	mask	
airway,	thoracostomy	set/tray)

•	 Appropriate	procedure	documentation	paperwork,	
including	laboratory	requisitions

FOR PATIENT SUPPORT AND MONITORING
•	 Pulse	oximeter
•	 Oxygen	and	related	delivery	equipment
•	 Electrocardiographic	monitoring	equipment
•	 Sphygmomanometer
•	 Suction	system	with	suction	supplies	for	mouth	and	scope
•	 Resuscitation	equipment,	in	case	needed

MEDICATIONS*
•	 Topical	anesthetics:	Lidocaine	1%,	2%,	4%;	lidocaine	3%	

with	phenylephrine	(for	nares)
•	 Sedatives:	Codeine,	midazolam,	morphine,	diazepam,	

fentanyl,	propofol
•	 Benzodiazepine	antagonist	(flumazenil),	narcotic	antagonist	

(naloxone)
•	 Anticholinergic	agent	(atropine,	glycopyrrolate)	to	reduce	

secretions	and	minimize	vasovagal	reflexes
•	 Sterile	nonbacteriostatic	0.9%	sodium	chloride	solution	for	

bronchial	washings	or	lavage
•	 Dilute	epinephrine	(usually	1	:	10,000)	for	bleeding	control
•	 Inhaled	beta	agonist	(albuterol,	levalbuterol)
•	 Nasal	decongestants	(pseudoephedrine)
•	 Water-soluble	lubricant	or	combined	lubricant	and	anesthetic	

(viscous	lidocaine)
•	 Mucolytics	or	mucokinetics	(10%	or	20%	acetylcysteine,	

7.5%	sodium	bicarbonate,	rhDNAse)
•	 Emergency	and	resuscitation	drugs	as	deemed	appropriate

From	American	Association	for	Respiratory	Care:	Clinical	practice	
guideline:	bronchoscopy	assisting—2007	revision	and	update.	Respir	
Care	52:74,	2007.
*Depend	on	institutional	policy	and	bronchoscopist	preference.	
Aerosolized,	atomized,	or	instilled	drugs	may	be	administered	by	an	
appropriately	trained	respiratory	therapist.	Intravenous	medications	must	
be	administered	by	a	physician	or	nurse.

before the procedure. The patient should be calm but alert 
enough to follow commands, such as taking a deep breath. 
Conscious sedation is normally performed for this procedure.

Another goal of premedication is to dry the patient’s airway. 
A dry airway promotes anesthetic deposition, aids visibility, and 
can reduce procedure time. An anticholinergic agent, such as 
atropine, may be given before the procedure. Atropine also may 
help decrease vagal responses (e.g., bradycardia and hypoten-
sion) that can occur during bronchoscopy.

Narcotic analgesics such as morphine or fentanyl also may 
be given. In addition to reducing pain, these agents help dimin-
ish laryngeal reflexes. However, narcotics should be withheld 
until procedures requiring patient cooperation are completed. 
Caution must be exercised to avoid respiratory depression. Nal-
oxone (Narcan) must be available in the event of respiratory 
depression.

Additional narcotics and sedatives (e.g., propofol) may be 
needed for patient comfort and should be available. The need 
for antiarrhythmics, resuscitative drugs, narcotic antagonists, 
and intravenous fluids is harder to predict. Advance preparation 
results in a more efficient and rapid response.

Equipment Preparation
The RT is often responsible for preparing the equipment needed 
for bronchoscopy. Box 36-9 lists needed equipment. Special 
procedure rooms are often used for bronchoscopy and usually 
have most of the ancillary equipment already in place. All 
equipment must be thoroughly checked for function, tight con-
nections, and integrity. This check is especially important for 
small parts and connectors, which can be aspirated if they 
loosen and disconnect.

Airway Preparation
The goals of airway preparation are to prevent bleeding, decrease 
cough and gagging, and decrease pain. Topical vasoconstric-
tors such as pseudoephedrine or dilute epinephrine (usually 
1 : 10,000) may be used to prevent or treat bleeding.

Airway anesthesia is achieved by topical anesthetics or nerve 
block. Topical anesthetics are more common. The particular 
anesthetic and route of administration vary depending on expe-
rience and locale. Lidocaine (1%, 2%, or 4%) is often used. 
Lidocaine is commonly delivered via an atomizer to the nose, 
via mouthwash to the oropharynx, and via nebulizer or instil-
lation through the bronchoscope to the lower airways. The RT 
will usually administer the lidocaine by nebulizer. The use of 
lidocaine by nebulizer before bronchoscopy may limit the need 
for lidocaine instillations into the lower airways and can make 
the procedure less unpleasant for the patient. Superior laryngeal 
nerve block provides anesthesia in the upper larynx, but it does 
not affect the vocal cords. Transtracheal block through the 
cricoid membrane anesthetizes both the vocal cords and the 
trachea.

Monitoring
The RT has an active role in monitoring the patient and should 
communicate any changes to the physician. Oxygenation should 
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be monitored continuously via pulse oximetry. If desaturation 
occurs, FiO2 is increased with an O2 therapy device. Alterna-
tively, the procedure can be temporarily halted, and O2 can be 
given through the scope’s open channel. The latter technique 
has the advantage of defogging the scope.

The respiratory rate and depth are also observed. Decreases 
in rate or depth may indicate oversedation. Continuous electro-
cardiogram and periodic blood pressure monitoring also should 
be routine. Arrhythmias and changes in blood pressure that 
occur are usually due to hypoxemia, vagal stimulation, pain,  
or anxiety. Prompt recognition of a problem and appropriate 
response aid recovery.

Assisting With the Procedure
The physician inserts the bronchoscope into the airway and 
guides it by directing the tip with the thumb lever. While moni-
toring the patient, the RT may also assist the physician by sup-
plying syringes filled with anesthetic, vasoconstrictor, mucolytic 
agents, or lavage solutions. Forceps or brushes are often inserted 
into the bronchoscope by the RT. The physician guides these 
devices to the desired area. In addition, sputum or tissue samples 
obtained by the physician may be collected by the RT and pre-
pared for laboratory analysis. When the goals of the procedure 
have been achieved, the bronchoscope is removed, and the 
patient’s recovery period begins.

Recovery
Hypoxemia that occurs during the procedure may persist after 
completion. O2 therapy should be maintained for up to 4 hours. 
Adequate oxygenation, via pulse oximetry, should be confirmed 
before therapy is discontinued.

The risk for aspiration persists as long as the airway is anes-
thetized. Patients should remain in a sitting position and refrain 
from eating or drinking until sensation returns. Patients are 
assessed for the development of stridor or wheezes. The physi-
cian is notified, and appropriate aerosol therapy with nebulized 
racemic epinephrine or bronchodilators is given in such cases.

Complications
The complications of bronchoscopy are similar to the complica-
tions associated with suctioning. However, the greater patient 
discomfort, longer duration, and the extent of airway penetra-
tion make bronchoscopy a more hazardous and complex 
procedure.

Hypoxemia is most severe in patients with underlying lung 
disease. To minimize this problem, all patients should receive 
O2 before and during the procedure. When the nasal route is 
used to insert the bronchoscope, O2 can be administered by a 
nasal catheter (in the opposite naris) or by a mask adapted to 
allow passage of the bronchoscope.

Hemodynamic changes (heart rate, blood pressure, and 
cardiac output) vary and may be related to differences in tech-
niques or medications. Bronchospasm also has been reported 
and is most severe in patients with asthma. Premedication with 
albuterol and ipratropium bromide may help relieve this 
problem; the use of sedatives or narcotic analgesics, which  

do not release histamine, would also be helpful. Meperidine 
(Demerol) and fentanyl are better for patients with asthma.34

In patients with artificial airways, placing a bronchoscope 
through an ETT or tracheostomy tube may decrease the radius 
by 50%. If the patient is on a ventilator, peak inspiratory pres-
sure may increase, or VTs may decrease. Inadvertent PEEP also 
may increase. An RT should be present during the procedure to 
adjust the ventilator and monitor SaO2 and exhaled volumes.

SUMMARY CHECKLIST

◗	Retained	secretions	or	other	semiliquid	fluids	are	removed	
from	the	large	airways	via	suctioning.	Removal	of	foreign	
bodies	or	tissue	masses	beyond	the	main	stem	bronchi	
requires	bronchoscopy.

◗	To	avoid	or	minimize	the	complications	of	suctioning,	the	
RT	needs	to	(1)	preoxygenate,	(2)	limit	negative	pressure	
and	suction	time,	and	(3)	use	sterile	technique.

◗	The	primary	indications	for	an	artificial	tracheal	airway	are	
(1)	to	relieve	airway	obstruction,	(2)	to	facilitate	secretion	
removal,	(3)	to	protect	against	aspiration,	and	(4)	to	
provide	positive	pressure	ventilation.

◗	There	are	two	basic	types	of	tracheal	airways:	
endotracheal	(translaryngeal)	tubes	and	tracheostomy	
tubes.

◗	Orotracheal	intubation	is	the	preferred	route	for	
establishing	an	emergency	tracheal	airway.

◗	Before	intubation,	adequate	ventilation	and	100%	O2	by	
manual	resuscitator	and	mask	should	be	provided.

◗	No	more	than	30	seconds	should	be	devoted	to	any	
intubation	attempt.

◗	There	are	many	ways	to	assess	ETT	position;	only	
laryngoscopy	or	bronchoscopy	can	confirm	correct	
positioning.

◗	Serious	complications	of	emergency	airway	management	
include	acute	hypoxemia,	hypercapnia,	bradycardia,	and	
cardiac	arrest.

◗	Nasotracheal	intubation	is	the	preferred	route	for	
intubation	of	patients	with	maxillofacial	injuries.

◗	The	primary	indication	for	tracheotomy	is	the	continuing	
need	for	an	artificial	airway	after	a	prolonged	period	of	oral	
or	nasal	intubation;	the	decision	when	to	switch	from	ETT	
to	tracheostomy	tube	should	be	individualized.

◗	The	most	common	laryngeal	injuries	associated	with	
endotracheal	intubation	are	glottic	edema,	vocal	cord	
inflammation,	laryngeal	or	vocal	cord	ulcerations,	and	
vocal	cord	polyps	or	granulomas.

◗	Although	laryngeal	lesions	occur	only	with	oral	or	nasal	
ETTs,	tracheal	lesions	can	occur	with	any	tracheal	airway.	
The	most	common	tracheal	lesions	are	granulomas,	
tracheomalacia,	and	tracheal	stenosis.

◗	To	minimize	or	prevent	trauma	secondary	to	tracheal	
airways,	the	RT	needs	to	(1)	select	the	correct	size	of	
airway,	(2)	avoid	tube	movement	or	traction,	(3)	limit	cuff	
pressures,	and	(4)	use	sterile	techniques.

◗	To	minimize	the	risk	for	infection,	the	RT	needs	to	(1)	use	
closed	suction	devices,	(2)	use	passive	humidification,		
(3)	monitor	cuff	pressure	carefully,	(4)	use	subglottic	
suction,	and	(5)	keep	the	head	of	the	bed	elevated.
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◗	ETT	obstruction	can	be	caused	by	(1)	kinking	of	or	biting	
on	the	tube,	(2)	herniation	of	the	cuff	over	the	tube	tip,		
(3)	obstruction	of	the	tube	orifice	against	the	tracheal	wall,	
and	(4)	mucous	plugging.

◗	 If	a	tracheal	airway	appears	to	be	completely	obstructed,	
the	RT	needs	to	perform	the	following	steps	in	order	until	
the	obstruction	is	relieved:	(1)	Reposition	the	patient’s	
head	and	neck,	(2)	deflate	the	tube	cuff,	(3)	try	passing	a	
suction	catheter,	(4)	try	removing	the	inner	cannula	of	the	
tracheostomy	tube,	(5)	remove	the	airway	and	provide	
bag-valve-mask	ventilation	and	oxygenation.

◗	A	patient	is	ready	for	extubation	if	the	patient	(1)	can	
maintain	adequate	spontaneous	oxygenation	and	
ventilation,	(2)	is	at	minimal	risk	for	upper	airway	
obstruction,	(3)	has	adequate	airway	protective	reflexes,	
and	(4)	can	adequately	clear	secretions.

◗	Tracheostomy	decannulation	can	be	accomplished	by	
using	fenestrated	tubes,	progressively	smaller	tubes,	or	
tracheostomy	buttons.

◗	An	LMA	or	a	double-lumen	airway	(Combitube)	can	be	
used	in	a	difficult	intubation.

◗	Cricothyroidotomy	is	performed	when	a	patient	cannot	be	
intubated	or	ventilated.

◗	Key	factors	in	planning	and	conducting	fiberoptic	
bronchoscopy	include	premedication,	equipment	
preparation,	airway	preparation,	and	monitoring.
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Emergency Cardiovascular 
Life Support

THOMAS A. BARNES

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 List	the	causes	of	sudden	cardiac	arrest	(SCA).
◆	 List	the	signs	of	SCA,	heart	attack,	and	foreign	body	airway	obstruction.
◆	 Describe	how	to	perform	cardiopulmonary	resuscitation	(CPR)	on	adults,	children,	and	infants.
◆	 Describe	how	to	perform	defibrillation	with	automated	external	defibrillators	and	manual	defibrillators.
◆	 State	how	to	administer	synchronized	cardioversion.
◆	 Describe	how	to	evaluate	quality	and	effectiveness	of	CPR.
◆	 List	the	complications	that	can	occur	as	a	result	of	resuscitation	of	SCA.
◆	 State	when	not	to	initiate	CPR.
◆	 Describe	how	to	apply	key	adjunct	equipment	during	Advanced	Cardiac	Life	Support	(ACLS).
◆	 State	common	drugs	and	drug	routes	used	during	ACLS.
◆	 Describe	how	to	monitor	patients	before	cardiac	arrest,	during	CPR,	and	after	cardiac	arrest.
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Evaluating	Effectiveness	of	Cardiopulmonary	
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Hazards	and	Complications
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Advanced Cardiovascular Life Support
Support	for	Oxygenation
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basic	life	support
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RULE OF THUMB

Assessment	of	the	pulse	of	an	unresponsive	patient	by	
health	care	providers	should	be	limited	to	10	seconds	
to	avoid	delaying	chest	compressions.	Pulse	checks	
are	difficult	to	accomplish	with	any	fidelity.	Pulse	and	
rhythm	checks	should	not	be	done	after	a	shock	until	
five	cycles	of	CPR	have	been	completed.	Pulse	checks	
should	not	be	done	by	lay	rescuers.3

R espiratory therapists (RTs) play a vital role in emer-
gency cardiovascular life support. In hospitals, RTs 
serve as key members of the medical emergency teams, 

also known as rapid response teams. In addition to managing 
the airway, RTs often provide ventilatory and circulatory 
support; drug and electrical therapy; and monitoring immedi-
ately before, during, and after a cardiac arrest.

In the community, RTs also may be certified cardiopulmo-
nary resuscitation (CPR) instructors, extending their knowl-
edge to laypeople through organizations such as the American 
Heart Association (AHA) and the American Red Cross. Mastery 
of an extensive knowledge base and the development of various, 
sometimes difficult, manual skills are required for teaching  
and performing CPR. The practitioner is encouraged to obtain 
further competencies by completion of formal courses in CPR, 
Advanced Cardiovascular Life Support (ACLS), pediatric 
advanced life support, and neonatal resuscitation program.

CAUSES AND PREVENTION OF 
SUDDEN DEATH

Sudden cardiac arrest (SCA) is a leading cause of death among 
adults over the age of 40 in the United States and many parts 
of the world.1 In the United States, approximately 500,000 
people per year experience SCA and receive an attempted re-
suscitation.1 Pulseless ventricular rhythms are the first manifes-
tation of 23% of emergency medical services (EMS)-treated 
out-of-hospital cardiac arrests.2 Successful resuscitation de-
pends on immediate CPR and delivery of a shock before pulse-
less ventricular rhythms deteriorate into asystole. In cases of 
SCA related to asphyxia secondary to trauma, drug overdose, or 
upper airway obstruction, CPR with chest compressions and 
ventilation before the shock is critical.

BASIC LIFE SUPPORT

The goal of basic life support (BLS) is to restore ventilation and 
circulation to victims of airway obstruction and respiratory or 
cardiac arrest. These skills can be used by a single practitioner 
to restore ventilation and circulation until the victim is revived 
or until ACLS equipment and personnel are available. The steps 
for administering BLS by a single health care practitioner are as 
follows:
1. Check for lack of movement or response and no normal 

breathing or only gasping.
2. Activate the emergency response system (get automated 

external defibrillator [AED] if close to your location).
3. If no AED is available, start chest compressions and rescue 

breathing for adult cardiac arrest (use cycles of 30 compres-
sions to 2 ventilations).

4. Open airway and check breathing.
5. If person is not breathing, give 2 breaths that produce  

chest rise.
6. Immediately resume chest compressions (push hard and 

deep with a minimum depth of 2 inches [5 cm] and a 
minimum rate of 100 to 120/min. Do not exceed 120/min 

compressions because depth of compression and release of 
pressure during chest compression will be affected).

7. AED arrives with response team.
Steps 3 through 6 are referred to as the CABDs of 

resuscitation—circulation, airway, breathing, and defibrillation. 
Table 37-1 summarizes the CABDs of CPR for adults, children 
(1 year old to puberty), and infants (younger than 1 year old).

Determining Unresponsiveness

BLS begins with immediate recognition of SCA and activation 
of the emergency response system, based on assessment of 
unresponsiveness, not moving, and no normal breathing (only 
gasping).

Whatever the location, the victim’s level of consciousness 
should be assessed quickly by checking for signs of life (e.g., 
movement and normal breathing). The rescuer should call for 
help and activate the EMS system if the patient is not moving 
or breathing or only gasping. Outside the hospital, someone 
may need to call 911 or the emergency number for the local 
EMS system. Within the hospital, specific protocols exist for 
“calling a code.” All RTs must be familiar with the protocols of 
their institution for handling these emergency situations.

Restoring Circulation

Determining Pulselessness
For ease of training, the lay rescuer should be taught to assume 
that a cardiac arrest is present if the unresponsive victim is not 
breathing or gasping and not take time to check for a pulse. 
Health care workers also may take too long for a pulse check 
and have difficulty determining if a pulse is present. For this 
reason, health care rescuers should proceed immediately with 
chest compressions if no pulse is found within 10 seconds.

Pulselessness is evaluated by palpating a major artery. In 
adults and children older than 1 year, the carotid artery in the 
neck or femoral artery should be palpated. To locate the carotid 
artery, the rescuer should maintain the head-tilt with one hand 
while sliding the fingers of the other hand into the groove 
created by the trachea and the large neck muscles (Figure 37-1). 
The carotid artery area must be palpated gently to avoid com-
pressing the artery or pushing on the carotid sinus. Because the 
pulse may be slow, weak, or irregular, the artery may need to be 
assessed for approximately 10 seconds for the presence or 
absence of a pulse to be confirmed.

For infants, the brachial artery is preferred for assessing 
pulselessness. To palpate the brachial artery, the rescuer must 
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TABLE 37-1 

Steps for Cardiopulmonary Resuscitation in Adults, Children, and Infants

Procedure Adult Child Infant

Compressions
Where	to	check	pulse	(limit	

pulse	check	to	<10	sec)
Carotid	artery Carotid	or	femoral	artery Brachial	artery

Hand	placement Heel	of	one	hand	on	sternum	in	
center	of	chest,	between	nipples.	
Second	hand	on	top	of	first	with	
hands	overlapped	and	parallel.

Lower	half	of	sternum	
with	heel	of	one	hand	
or	with	two	hands	(for	
larger	children).	Do	not	
compress	over	xiphoid.

Sternum	with	two	fingers	placed	just	
below	nipple	line	in	center	of	chest

Compression-to-ventilation	
ratio

One	or	two	rescuers	30	:	2 One	rescuer	30	:	2;	two	
rescuers	15	:	2

One	rescuer	30	:	2;	two	rescuers	15	:	2
Newly	born	or	newborn	3	:	1

Cycles	of	compression-to-
ventilation

5 5 5

Depth	of	compressions	
(push	in	hard	and	fast,	
allow	chest	to	recoil	fully)

Minimum	of	2	in	(50	mm) At	least	one-third	
anteroposterior	
diameter	of	chest	or		
2	inches	(50	mm)

At	least	one-third	anteroposterior	
diameter	of	chest	or	11

2	inch	(4	cm).

Compression	rate Minimum	of	100/min	(do	not	exceed	
120/min)

100/min 100/min

Breathing
Obstructive	procedure Responsive:	If	mild,	allow	victim	to	

clear	the	airway	by	coughing.	If	
severe,	repeat	abdominal	thrusts	
until	foreign	body	is	expelled,	or	
the	choking	victim	becomes	
unresponsive.	Consider	chest	
thrusts	if	abdominal	thrusts	are	
ineffective,	if	rescuer	is	unable	to	
encircle	victim’s	abdomen,	or	if	
victim	is	in	the	late	stages	of	
pregnancy.

Same	as	for	adult Responsive:	If	mild,	allow	infant	to	
clear	the	airway	by	coughing.	If	
infant	is	unable	to	make	a	sound	
(severe	obstruction),	deliver	five	
back	blows	(slaps)	followed	by	chest	
thrusts	repeatedly	until	object	is	
expelled	or	infant	becomes	
unresponsive.	Abdominal	thrusts	
should	not	be	done	on	infants	
because	they	may	damage	the	
largely	unprotected	liver.

Unresponsive:	Carefully	move	victim	
to	the	ground,	immediately	activate	
EMS	system,	and	begin	CPR,	
compressions	first,	then	look	into	
the	mouth	before	giving	breaths.	If	
a	foreign	body	is	seen,	it	should	
be	removed.	Follow	ventilation	with	
chest	compressions.

Unresponsive:	Activate	EMS	system	
and	begin	CPR,	30	chest	
compressions	first,	then	look	into	
the	mouth	before	giving	breaths.	If	a	
foreign	body	is	seen,	it	should	be	
removed.	Follow	ventilations	with	
cycles	of	30	chest	compressions	
and	2	ventilations.

Rescue Breathing
Palpable	pulse,	but	no	

spontaneous	breaths	or	
inadequate	breathing

10-12/min,	1	breath	every	5-6	sec 12-20/min,	1	breath	
every	3-5	sec,	if	
palpable	pulse	≥60/min

20/min,	1	breath	every	3	sec,	if	
palpable	pulse	≥60/min

grasp the infant’s arm with his or her thumb outward, slide his 
or her fingers down toward the antecubital fossa, and press 
gently to feel for a pulse. The femoral artery also can be pal-
pated, which may be done for an adult, a child, or an infant.

In hospital critical care settings, bedside monitoring equip-
ment may provide supporting or confirming information 
regarding the respiratory or circulatory status of a patient. 
However, information obtained from these devices should 
never be a substitute for careful clinical assessment.

If the patient has a pulse but is not breathing, ventilation 
must be started immediately, at the appropriate rate of 8 to 
10 breaths/min (every 6 to 8 seconds). If no pulse is palpa-
ble, external chest compressions must be interposed with 

ventilatory support. Deliver cycles of 30 compressions and  
2 ventilations until an advanced airway is placed; then de-
liver uninterrupted chest compressions with asynchronous 
ventilations at a rate every 6 to 8 seconds (8 to 10/min) (see 
Table 37-1).

Providing Chest Compressions
Adequate circulation can be restored in a pulseless victim using 
external chest compressions. The rescuer manually compresses 
the lower half of the sternum (for an adult patient) at a 
minimum rate of 100 compressions/min without exceeding 
120/min. The duty cycle for downstroke and upstroke (release) 
is 1 : 1 downstroke-to-upstroke ratio. It is very important to 
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the patient close to that side. If the bed is high or you are 
short, you may need to lower the bed, stand on a stool or 
chair, or kneel on the bed next to the victim. If the patient 
is on the ground, kneel at his or her side.

3. Identify the lower half of the victim’s sternum, in the center 
of the chest between the nipples, place the heel of your hand 
on the sternum with your other hand on top, and lock your 
elbows.6

4. Perform compression with the weight of your body exerting 
force on your outstretched arms, elbows held straight. Your 
shoulders should be positioned above the patient so that the 
thrust of each compression goes straight down onto the 
sternum, using your upper body weight and the hip joints as 
a fulcrum (see Figure 37-2). It is acceptable to let your hands 
leave the victim’s chest ever so slightly to ensure a complete 
upstroke (see Figure 37-3).

5. Compress the sternum 2 inches (5 cm) at a minimum rate 
of 100 compressions/min; however, do not exceed a rate of 
120/min. The compression phase of the cycle should be 
equal in duration to the upstroke phase.

6. If CPR must be interrupted for transportation or advanced 
life-support measures, resume chest compressions as quickly 
as possible. Compressions should not cease for more than 5 
seconds (30 seconds if the victim is being intubated).
Children.  Children who have reached puberty should 

receive chest compressions as outlined for adults. The proce-
dure for younger children (1 year old to puberty) is as follows:
1. Place the victim in the supine position on a firm surface. 

Small children may require additional support under the 
upper body; this is particularly true when chest compres-
sions are given with mouth-to-mouth ventilation because 
extension of the neck raises the shoulders. The head should 
be no higher than the body.

2. As with an adult, identify the lower half of the sternum. 
Because the liver and spleen of younger children lie higher 
in the abdominal cavity, take special care to ensure proper 

have a complete upstroke so as not to increase intrathoracic 
pressure during the diastolic phase. The best way to ensure that 
the upstroke is complete is for the rescuer to take his or her 
hand slightly off the chest between compressions.4,5 Cardiac 
output produced by external chest compressions is approxi-
mately one-fourth of normal cardiac output, with arterial sys-
tolic blood pressures between 60 and 80 mm Hg. Blood flow 
during chest compression probably results from changes in the 
intrathoracic pressure.

Adults.  The procedure for providing chest compressions to 
adults is as follows (Figures 37-2 and 37-3):
1. Place the victim in a supine position on a firm surface 

because chest compressions are more effective when the 
victim is on a firm surface.

2. Choose a position close to the patient’s upper chest so that 
the weight of your upper body can be used for compression. 
If the patient is on a bed or stretcher, stand next to it with 

FIGURE 37-2	 Position	of	practitioner	for	external	cardiac	
compression.	Note	interlocked	fingers	to	prevent	pressure	on		
rib	cage.	

FIGURE 37-3	 Techniques	for	hand	position.	

Compression Decompression

Standard hand position

Hands-off technique

FIGURE 37-1	 Determining	pulselessness.	
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the chest to achieve a 3 : 1 ratio of 90 compressions and 30 
breaths to achieve 120 events per minute.8 Coordinated chest 
compressions and ventilations should continue until the spon-
taneous heart rate is greater than 60/min.8 Two methods have 
been described. The first method uses a “wraparound” tech-
nique (Figure 37-5). To use this method, the rescuer encircles 
the neonate’s chest with both hands and compresses the sternum 
with two thumbs, using the other fingers of both hands to 
support the neonate’s back. The rescuer should position the 
thumbs just below the victim’s intermammary line, taking care 
not to compress the xiphoid process. Compression should be 
performed smoothly, with downstroke and upstroke times 
approximately equal. In all infants, the chest should be allowed 
to expand fully after a compression. After every third compres-
sion, the neonate should receive a breath of 100% O2, coordi-
nated with compressions to avoid simultaneous delivery. The 
second method, the two-finger technique (see Figure 37-4), may 
have advantages when access to the umbilicus is required.

Chest Compressions Under  
Special Circumstances
The following unique circumstances require modification of 
the normal procedures for applying cardiac compressions: near 
drowning and electrical shock.

Near Drowning.  Use the A-B-C approach instead of C-A-B 
because of the hypoxemia caused by near drowning. When 
cardiac arrest occurs as a result of drowning, the victim must 
be moved as quickly as possible to a firm surface. Cardiac  
compressions are difficult to perform while a victim is in the 
water and may be ineffective. Mouth-to-mouth ventilation in 
shallow water may be helpful when administered properly. Sta-
bilization of the cervical spine is unnecessary unless circum-
stances leading to the incident indicate that trauma is likely. 
Manual cervical spine and spine immobilization equipment 

positioning as described previously. However, use only one 
hand to compress. Use the other hand to maintain head 
position and maintain an airway.

3. Compress the chest at a rate of at least 100 compressions/
min. Push with enough force to depress the chest one-third 
of the anteroposterior diameter, approximately 11

2 inch 
(4 cm) in infants or at least 2 inches (5 cm) in children. 
Generally, the heel of one hand is sufficient to achieve com-
pression. Because children and rescuer hands come in all 
sizes, one or two hands can be used to deliver chest com-
pressions to ensure that adequate compression depth and 
with complete release occur. The use of two hands to com-
press the chest of children will result in better release (less 
leaning) and less fatigue.6,7 As with adults, compression and 
relaxation times should be equal in length and delivered 
smoothly.
Infants.  The procedure for infants (1 year of age or younger) 

is as follows (Figure 37-4):
1. Use the lower half of the sternum for compression in an 

infant. Proper placement is determined by imagining a line 
across the chest connecting the nipples. Place your index 
finger along this line on the sternum. Then place your middle 
and ring fingers next to the index finger. Raise your index 
finger and perform compressions with the middle and ring 
fingers. Use the other hand to maintain the infant’s head 
position and airway.

2. Compress the sternum approximately 1.5 inch (4 cm) at a 
rate of at least 100 compressions/min. Compression and 
upstroke phases should be equal in length and delivered 
smoothly. Your fingers should remain on the chest at all 
times.
Neonates.  Chest compressions are indicated if the neonate’s 

heart rate decreases to less than 60/min despite adequate ven-
tilation with supplemental oxygen (O2) for 30 seconds.8 Before 
starting chest compressions, the rescuer should ensure that the 
neonate is being ventilated optimally.8 Neonatal chest compres-
sions are delivered on the lower third of the sternum to a depth 
of approximately one-third of the anteroposterior diameter of 

FIGURE 37-5	 Neonatal	chest	compression	using	the	
wraparound	technique.	FIGURE 37-4	 Position	for	chest	compression	in	infants.	
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Restoring Ventilation

Breathlessness exists if no chest movement or normal breath 
sounds are present or only gasping is present. This evaluation 
should take no longer than 3 to 5 seconds to complete. Delivery 
of chest compressions should always precede attempts to ven-
tilate the patient using a ratio of 30 compressions to 2 breaths.

Providing Artificial Ventilation
During respiratory arrest, the victim must be provided with O2 
within 4 to 6 minutes, or biologic death follows. The lay rescuer 
can restore O2 supply to the victim’s lungs by exhaling into the 
victim’s mouth, nose, or tracheal stoma. These procedures can 
be used for any victim, with appropriate modification for the 
patient’s age. Health care providers should be able to provide 
bag-mask ventilation with 100% O2.

FIGURE 37-6	 Opening	the	airway.	A,	Airway	obstruction	
produced	by	tongue	and	epiglottis.	B,	Relief	by	head-tilt/chin-lift	
method.	

A

B

FIGURE 37-7	 Jaw-thrust	maneuver.	

may restrict adequate opening of the airway and may delay the 
delivery of adequate ventilation.

Electrical Shock.  Electrical shock can cause either cardiac 
or respiratory arrest. Cardiac arrest is caused by ventricular 
fibrillation (VF). Respiratory arrest may occur secondary to 
paralysis of ventilatory muscles. Initially, the victim must be 
removed from contact with the source of electricity and evalu-
ated. The rescuers must pay special attention to their own safety. 
A victim who is still connected to an electrical source must not 
be touched. The power must be turned off. If cardiac arrest has 
occurred, airway control, CPR, and attempts at defibrillation 
should be administered immediately.

Restoring the Airway

After calling for help and activating the EMS system, the lay 
rescuer providing “hands only” CPR should not use a passive 
airway such as hyperextending the neck. There is insufficient 
evidence indicating that a passive airway improves ventilation 
while administering chest compressions.3

The health care provider after activating the emergency 
response system and sending someone for an automatic exter-
nal defibrillator should deliver 30 chest compressions and use 
the head-tilt/chin-lift or jaw-thrust maneuver to open the 
airway (Figures 37-6 and 37-7). The victim should be quickly 
inspected for any neck or facial trauma. If spinal cord trauma 
is suspected, the neck must be carefully positioned in a neutral 
in-line position and procedures requiring hyperextension must 
be modified. In addition, when a victim is found lying on his 
or her side or stomach, he or she should be moved to a supine 
position before airway procedures are begun. Manual in-line 
spinal motion restriction should be employed when moving the 
patient. The rescuer must ensure that the victim is positioned 
on a hard, flat surface.

One of two procedures can be used. (1) The head-tilt/chin-
lift method is the primary procedure recommended when 
spinal trauma is not suspected. (2) The jaw thrust is used mainly 
by trained clinicians when spinal neck injuries are suspected. 
Health care providers should use the head-tilt/chin-lift proce-
dure if the jaw-thrust maneuver does not open the airway.4 
After the airway is cleared and opened, the rescuer must imme-
diately deliver 2 breaths.
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4. Remove your mouth from the person’s mouth, and allow 
him or her to exhale passively. Provide a second breath after 
exhalation is complete.

5. After successfully delivering 2 breaths, immediately assess 
the circulatory status (take <10 seconds to accomplish).

6. Should the initial attempt to ventilate fail, reposition the 
person’s head and repeat the effort. If a second attempt at 
ventilation fails, the person may have foreign body airway 
obstruction (FBAO), and the procedures for handling such 
situations described elsewhere in this chapter should be 
followed.

7. Assuming mouth-to-mouth ventilation is successful and the 
person remains apneic, continue the effort at a rate of 1 
breath every 5 to 6 seconds to maintain the minimal adult 
rate of 10 to 12 breaths/min.3

Infants and Children.  Airway opening maneuvers for chil-
dren and infants are similar to maneuvers for adults, with 
several key differences. Anatomic differences in the infant’s 
airway make it especially susceptible to occlusion by the tongue. 
The infant’s head should be extended only slightly, or it should 
be tilted back gently into a neutral position when the head-tilt/
chin-lift maneuver is used. The procedure for children and 
infants is as follows:
1. If the child is an infant (younger than 1 year), create an 

airtight seal by placing your mouth over the infant’s nose 
and mouth (Figure 37-9).

2. If the patient is a child between 1 year old and puberty, 
ventilate the child’s lungs using the same technique as would 
be used for an adult (see Figure 37-8).

3. Provide an initial breath (over 1 second) sufficient to cause 
a visible rise in the chest. In infants, small puffs of air from 
the rescuer’s cheeks are usually sufficient to achieve adequate 
ventilation.

4. Remove your mouth, and allow the child to exhale passively. 
Provide a second breath after this deflation pause.

5. After successfully delivering 2 breaths, immediately assess 
the pulse (<5 seconds). Provide chest compressions if the 
pulse is less than 60/min despite adequate oxygenation and 
ventilation.

6. If the initial attempt to ventilate fails, reposition the child’s 
head and repeat the effort. A child’s head may need to be 

Mouth-to-Mouth  Ventilation.  Untrained lay rescuers 
should be encouraged to deliver hands-only (chest compres-
sion only) CPR (i.e., continuous chest compression over the 
middle of the chest). Trained rescuers can restore adequate 
oxygenation through mouth-to-mouth ventilation. To do this, 
the rescuer should take a normal breath (500 to 600 mL) and 
exhale directly into the victim’s mouth over 1 second to produce 
visible chest rise. Exhaled air provides approximately 16% O2, 
which is sufficient to achieve an arterial O2 tension (PaO2) of 
50 to 60 mm Hg. A tidal volume (VT) of 500 mL should be 
delivered when chest compressions are being administered. 
Children require proportionally smaller volumes.

During resuscitation of a victim of cardiac arrest, 2 breaths 
should be given over a period of 1 second each. Excessive 
volumes (>500 mL) or an inspiratory rate that is too fast (>10 
breaths/min) must be avoided because this can push air into the 
stomach, causing gastric inflation and increase intrathoracic 
pressure. Increased intrathoracic pressure can decrease coro-
nary and cerebral perfusion. Visible chest rise should be used 
to gauge the VT needed in children and adults.

Adults.  Thirty chest compressions should be delivered 
to unresponsive victims with apnea or abnormal breathing 
(gasping) before attempting mouth-to-mouth breathing. The 
exception would be a hypoxic event such as a near-drowning 
victim. The procedure for mouth-to-mouth ventilation of 
adults with spontaneous circulation (i.e., strong palpable 
pulses) is as follows (Figure 37-8).
1. Place the person on his or her back on a hard, flat surface.
2. Kneel at the person’s side, and open and clear the airway as 

previously described. Pinch the person’s nose with your 
thumb and index finger close to the nares to prevent air from 
escaping during ventilation.

3. Take a normal breath and deliver 500 mL over 1 second, 
while making a seal over the person’s mouth and watching 
for chest rise. A good seal over the person’s mouth is essen-
tial. If a good seal cannot be obtained using this method, 
attempt mouth-to-nose ventilation.

FIGURE 37-8	 Adult	mouth-to-mouth	ventilation.	 FIGURE 37-9	 Mouth-to-mouth	and	nose	seal	for	infants.	
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Mouth-to-Stoma  Ventilation.  Patients with tracheosto-
mies or laryngectomies can be ventilated directly through the 
stoma or tube. These patients can be identified by an obvious 
stoma or a tracheostomy or laryngectomy tube in place. Some 
patients wear a medical alert tag or bracelet indicating that a 
stoma is present. The procedure for mouth-to-stoma ventila-
tion is as follows:
1. Place the person on his or her back with the neck in vertical 

alignment. Usually, the neck does not need to be extended 
and the nose or mouth does not need to be sealed because 
oropharyngeal structures are bypassed by the stoma.

2. Ensure that the stoma is clear of any obstructing matter and 
breathe directly into the stoma (or tube). If the person has 
a cuffed tracheostomy tube in place, inflate the cuff to 
prevent air from escaping around the tube. If the tube is 
uncuffed, the mouth and nose may need to be sealed off with 
your hand or a tight-fitting face mask. A pediatric face mask 
may be used to create an adequate peristomal seal for bag-
mask ventilation to persons with stomas without artificial 
airways.

3. After delivering 2 breaths, immediately assess the circulatory 
status.

4. If the person remains apneic, maintain ventilation at the rate 
appropriate for his or her age.

One-Rescuer Versus Two-Rescuer 
Adult Cardiopulmonary Resuscitation

Outside the hospital, one-rescuer CPR is common. In such 
cases, the rescuer must assess the victim, call for help, and begin 
CPR without assistance from others. The rescuer must remain 
calm and remember the steps of one-rescuer CPR. The tech-
nique for performing chest compressions, opening the airway, 
and giving mouth-to-mouth breaths is the same, regardless of 
the number of rescuers.

When performing CPR alone, the lay rescuer must remem-
ber to give only compressions for adults, children, and infants 
until an AED arrives. When two rescuers are available, the 
second rescuer ventilates and evaluates the effectiveness of CPR. 
The other rescuer administers cardiac compressions. To facili-
tate movement, each rescuer should assume the appropriate 
rescue position on opposite sides of the victim. For an adult and 
child, the compression-to-ventilation ratio is the same as for a 
single rescuer (30 : 2) and the timing for compressions is “one 
and two and three and four and five” (a minimum rate of 100 
times/min). In infants, two rescuers should use a compression-
to-ventilation ratio of 3 : 1 with 90 compressions and 30 breaths 
delivered per minute (120 events/min). Each breath is delivered 
over a half-second with exhalation occurring on the next 
compression.

moved through a wide range of positions to secure an open 
airway. Hyperextension of a child’s neck can cause obstruc-
tion and should be avoided. If a second attempt at ventila-
tion fails, the victim may have FBAO, and the appropriate 
procedures outlined elsewhere in this chapter should be 
followed.

7. Assuming mouth-to-mouth ventilation is successful and the 
child remains apneic, continue to provide 1 breath every 3 
to 5 seconds to maintain a rate of 12 to 20 breaths/min. 
Recheck pulse every 2 minutes.
Mouth-to-Nose  Ventilation.  Mouth-to-mouth ventilation 

cannot be performed in some situations; these include trismus 
(involuntary contraction of the jaw muscles, also known as 
lockjaw) and traumatic jaw or mouth injury. Also, sometimes it 
is difficult to maintain a tight seal with the lips using the mouth-
to-mouth method. In these situations, mouth-to-nose ventila-
tion should be used. The procedure is as follows (Figure 37-10):
1. Place the person in a supine position.
2. Use the head-tilt/chin-lift maneuver to establish the airway, 

taking care to close the mouth completely.
3. Inhale normally and exhale into the person’s nose. Greater 

force may need to be applied than would be used with 
mouth-to-mouth ventilation because the nasal passageways 
are smaller.

4. Remove your mouth from the person’s nose to allow the 
person to exhale passively. If the person does not exhale 
through the nose (because of nasopharyngeal obstruction 
from the soft palate), open the mouth or separate his or her 
lips to facilitate exhalation.

5. After successfully delivering 2 slow breaths, immediately 
assess the circulatory status (limit pulse check to <10 
seconds).

6. If the person remains apneic, maintain ventilation at the rate 
appropriate for his or her age.

FIGURE 37-10	 Mouth-to-nose	ventilation.	 	

RULE OF THUMB

Lay	rescuers	should	be	taught	to	do	a	minimum	of	100	
compressions/min	(do	not	exceed	120/min)	until	the	
AED	arrives	for	all	age	groups	because	it	is	easier	to	
remember.	Emphasis	should	be	placed	on	teaching	lay	
rescuers	to	“push	hard	and	fast”	on	the	sternum.
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1. The most common initial rhythm in witnessed sudden 
cardiac arrest is VF.

2. The treatment for VF is electrical defibrillation.
3. The probability of successful defibrillation diminishes 

rapidly over time.
4. VF tends to convert to asystole within a few minutes.

Studies have shown that survival rates are highest when 
immediate bystander CPR is provided and defibrillation occurs 
within 5 minutes after SCA.10,11

The AHA recommendation is that automated external defi-
brillators (AEDs) be made available to individuals expected to 
respond to emergencies, such as police, security personnel,  
ski patrol personnel, flight attendants, and first-aid volunteers 
(Figure 37-11). Early defibrillation has already proved effective 
in saving lives of people who otherwise may not have been suc-
cessfully resuscitated.10,11 After appropriate training and imple-
mentation of the CABs, this step is inserted as the letter D, for 
defibrillation. This step should be initiated within 2 minutes of 
beginning CPR. If the EMS provider witnesses the collapse or 
for in-hospital situations, the rescuer should use the defibrilla-
tor as soon as it is available. When more than one health care 
provider is available, one should provide chest compressions 
while the other activates the emergency response system and 
retrieves the defibrillator. In an adult drowning victim or a 
victim of FBAO who becomes unconscious, a health care pro-
vider working alone may give about five cycles (approximately 
2 minutes) of CPR before activating the emergency response 
system.3

Personnel employed at high-acuity hospitals may not be 
equipped with AEDs because access to ACLS is readily available, 
usually within minutes of the code being called. However, low-
acuity hospitals, skilled nursing facilities, and other medical 
facilities that do not have a code team on the premises would 
benefit from AEDs. RTs working at such facilities should inquire 
whether one is on the premises and, if so, where it is located 
and how it functions. If an AED is not present, a recommenda-
tion should be made to the administration of the facility to 

When two health care providers resuscitate a patient, the 
individual providing compressions briefly pauses after 30 com-
pressions so that the other person can administer two ventila-
tions. The cycle is repeated without interruption of compressions 
to check for signs of circulation or response until an AED 
arrives or until the hospital code team take over CPR. Health 
care providers should limit interruptions in chest compressions 
to no longer than 10 seconds except for interventions such as 
insertion of an advanced airway or defibrillation.

To provide rest for the individual delivering cardiac com-
pressions, the rescuers should change positions every five cycles 
(approximately 2 minutes). The individual doing cardiac com-
pressions calls for the change, saying “we will change next time” 
in sequence with compressions. The switch should be accom-
plished in less than 5 seconds. The cycle continues with the two 
rescuers in their new positions. Alternatively, to avoid fatigue, 
teams of three health care providers can be assigned to do chest 
compression, switching every five cycles of 30 : 2 compression-
to-ventilation ratio. The goal is to push “hard and fast” at a 
minimum rate of 100/min (do not exceed 120/min) without 
fatigue diminishing that goal.

FIGURE 37-11	 Automated	external	defibrillator	with	pads	
attached.	(From	Chapleau	W:	Emergency	first	responder,	making	
the	difference,	revised	ed	2,	St.	Louis,	2011,	St.	Louis,	Mosby	
JEMS.)

	

RULE OF THUMB

The	person	doing	chest	compressions	should	be	
changed	every	2	minutes.	Doing	chest	compressions	is	
tiring,	and	fatigue	occurs	within	a	few	minutes,	leading	
to	a	compression	rate	less	than	100	compressions/min,	
shallow	chest	compressions	(<50	mm),	and	incomplete	
chest	recoil.4

	

RULE OF THUMB

Health	care	providers	should	use	a	30	:	2	compression-
to-ventilation	ratio	on	adults	and	children.	However,	
when	two	health	care	providers	work	together	to	
resuscitate	a	child	or	infant	the	compression-to-
ventilation	ratio	should	be	15	:	2.9

Rescue attempts continue until advanced life support is 
available, the rescuers note spontaneous pulse and breathing, 
or a physician pronounces the victim dead. A cardiopulmo-
nary emergency is a crisis for the victim and his or her family, 
and appropriate support and intervention should be provided 
all individuals affected. Victims who survive CPR should be 
transported quickly to tertiary care facilities, ideally only after 
advanced life support is instituted.

Automated External Defibrillation

Early Defibrillation
Since 1990 the AHA has recommended adding a fourth step  
to the treatment of cardiac arrest. This step involves early defi-
brillation after CPR has been initiated. The rationale is as 
follows:
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Evaluating Effectiveness of 
Cardiopulmonary Resuscitation

CPR providers need to judge continuously both the effective-
ness of CPR and the victim’s response. Ventilation can be evalu-
ated by observing visible rise and fall of the victim’s chest during 
mouth-to-mouth resuscitation. Air that is escaping can be 
heard and felt during exhalation. A consensus statement from 
the AHA on the quality of CPR reached the following conclu-
sions on five quality metrics of CPR performance.17

1. Minimize the frequency and duration of interruptions in 
chest compressions.

2. Compress the adult chest at a rate of 100 to 120 compressions/
min.

3. Ensure chest compression depth of 50 mm or greater (>2 
inches) in adults and at least one-third the anteroposterior 
dimension of the chest in infants and children.

4. Allow the chest to recoil completely after each compression, 
that is, no residual leaning.

5. Avoid excessive ventilation: rate less than 12 breaths/min 
(minimal chest rise).
The time to deliver 30 compressions is 18 seconds or less  

if the compression rate is at least 100 compressions/min. It  
takes a rescuer 4 seconds to deliver 2 breaths with a 1-second 

purchase one. The AHA recommends that an AED be available 
wherever CPR is likely to be performed.

VF cardiac arrest is less common in children than adults and 
accounts for 5% to 15% of pediatric and adolescent arrests.12 
The AHA recommends use of an AED for children older than 
1 year who are in cardiac arrest and encourages the use of a 
pediatric dose-attenuator system if one is available. If such a 
system is unavailable, a standard AED is recommended. The 
standard doses recommended by the AHA for manual defibril-
lation of children are 2 J/kg for the first attempt and 4 J/kg for 
the subsequent attempt, increasing the dose in additional sub-
sequent attempts not to exceed 10 J/kg.13 Research has shown 
that lower energy (120 to 200 J) biphasic waveform shocks  
have equivalent or higher success in terminating VF than three 
stacked monophasic waveform shocks delivering escalating 
energy of 200 J, 300 J, and 360 J.14,15 AEDs should be deployed 
in locations where there is a high incidence of witnessed SCA, 
such as airports, casinos, and sports facilities.

Automated External Defibrillators
AEDs function in a semiautomatic fashion; the device only 
recommends that a shock be delivered, rather than initiating 
one automatically. Adhesive electrodes from the AED are 
attached to the patient. When all of the equipment is hooked 
up, the “Analyze” button should be pressed to begin. A rhythm 
recognition program analyzes the patient’s rhythm. If it detects 
ventricular tachycardia (VT) or VF, it advises the rescuer 
through voice and visual prompts that a shock should be deliv-
ered. If a shock is indicated, the rescuer should “Clear” the 
patient and press the “Shock” button. After pressing the shock 
button, the rescuer should deliver five cycles of CPR beginning 
with chest compressions using a compressions-to-ventilations 
ratio of 30 : 2.

The rescuer should not delay chest compressions by stop-
ping to recheck the rhythm or pulse. The rhythm is checked by 
the AED after five cycles (approximately 2 minutes) of CPR 
have been completed. The rescuers should be prepared to initi-
ate another five cycles of CPR immediately after a second shock 
has been delivered. The rescuer administering chest compres-
sions should be changed every 2 minutes. The rescuer provid-
ing 2 minutes of chest compressions should be prepared to 
deliver a shock as soon as he or she removes hands from the 
victim’s chest. The second rescuer should be in position to start 
chest compressions as soon as the shock is delivered. If no 
shock is advised by the AED, the AED voice prompt should 
instruct the rescuer to resume CPR immediately, starting with 
chest compressions. If the message reads “No shock indicated,” 
CPR should be performed for 1 to 2 minutes and then the 
rhythm analysis should be repeated. A 1- to 2-minute period of 
CPR after a no-shock prompt from the AED delivers O2 and 
metabolic substrates to the myocardium, increasing the prob-
ability that a perfusing rhythm will occur. The rescuer should 
not be concerned that chest compressions might trigger the 
return of VF in the presence of a postshock organized rhythm.16 
Figure 37-12 demonstrates how the AED is attached to the 
victim.

FIGURE 37-12	 Positioning	of	rescuer	and	placement	of	pads	
when	using	automated	external	defibrillator.	(From	Chapleau	W:	
Emergency	first	responder,	making	the	difference,	revised	ed	2,		
St.	Louis,	2011,	St.	Louis,	Mosby	JEMS.)

	

RULE OF THUMB

Patients	in	VF	or	pulseless	VT	cardiac	arrest	should	
receive	only	one	shock	followed	immediately	by	five	
cycles	of	CPR	before	the	next	shock	is	delivered.	Time	
should	not	be	taken	to	check	for	a	pulse	or	ventilate	
the	patient	before	delivering	the	second	shock	if	
needed.	Biphasic	AEDs	have	a	90%	conversion	rate	of	
VF	on	the	first	shock,	so	it	is	unlikely	there	will	be	a	
need	for	a	second	shock.	However,	chest	
compressions	immediately	after	the	first	shock	increase	
O2	delivery	and	increase	the	chance	of	VF	conversion	
to	a	normal	rhythm.13



800 SECTION V • Basic Therapeutics

ventilation virtually impossible or lead to severe lung injury 
such as aspiration pneumonia that may cause death days or 
weeks later.

Vomiting
Vomiting is another complication associated with abdominal 
thrusts, and it is impossible to avoid in some victims. Vomiting 
itself is a minor problem. The hazard is the aspiration of vomitus 
into the lung. Aspiration can be prevented only by using 
advanced airway devices such as an endotracheal tube, laryngeal 
mask airway, or esophageal-tracheal double-lumen airway 
(Combitube, Medtronic, Minneapolis, MN).

Internal Trauma
External cardiac compression is hazardous, and every attempt 
should be made to minimize trauma by using the correct tech-
nique. Complications associated with chest compression include 
rare incidents of gastric perforation, laceration of the liver, 
pneumothorax, hemothorax, cardiac tamponade, and soft 
tissue emphysema. More common complications are contusion 
of the lung and fractured ribs or sternum.22,23 These complica-
tions most often are linked to improper hand position. Place-
ment of the hands too far to either the left or the right can cause 
fractured ribs or lacerated lung. Incorrect placement on the left 
can injure the heart. Placing the hands too high on the sternum 
can fracture the sternum; placing the hands too low can cause 
a fractured xiphoid process or a lacerated liver. Correct identi-
fication of landmarks and proper hand placement minimize the 
likelihood of these complications.

Foreign Body Airway Obstruction
Manual removal of FBAO from the upper airway also can be 
hazardous because of the possibility of forcing the object deeper 
into the airway or traumatizing the airway. This hazard can be 
minimized by attempting to remove an FBAO only when the 
provider can see solid material obstructing the airway in an 
unresponsive patient and using extreme care in removing it.3

Contraindications to Cardiopulmonary 
Resuscitation

A pulseless, apneic patient dies within 4 to 6 minutes without 
intervention. Fear of further harm should never influence the 
decision to begin CPR. CPR is contraindicated only when the 
patient is obviously biologically dead (as noted by such findings 
as rigor mortis). In the hospital, CPR is contraindicated when 
a valid “do-not-resuscitate” order is in effect or when a properly 
executed living will (advance directive) specifically requests that 
CPR not be initiated.

Health Concerns and Cardiopulmonary 
Resuscitation

The actual risk for disease transmission during mouth-to-
mouth ventilation is very small. However, the reluctance to 
initiate CPR poses a clear threat to the effectiveness of early 
intervention in life-threatening emergencies, which affects the 
public as a whole. A bystander should provide hands-only 

inspiratory time and a 1-second expiratory time. Assuming 2 
seconds are lost switching from compressions to ventilations, 
the total ventilation time is 6 seconds. The CPR cycle time is 24 
seconds or less; 2.5 cycles/min would optimally deliver a 
minimum of 75 compressions and five breaths. The AHA has 
encouraged the use of CPR prompts after studies showed com-
pression and ventilation rates are frequently too fast or slow.17 
Every effort possible must be made to decrease the number of 
interruptions in chest compressions.

Hazards and Complications

The most common complications that occur with CPR are 
worsening of existing neck or spine injuries, gastric inflation 
and vomiting, trauma to internal structures during chest com-
pressions, and problems associated with the removal of foreign 
objects to clear an obstructed airway.

Neck and Spine Injuries
Health care providers can aggravate neck or spinal injuries by 
inappropriately moving the victim’s head. However, only 
approximately 2% to 5% of victims with blunt trauma have a 
spinal injury. Spinal injury risk is greatest if the victim has 
craniofacial injury or a Glasgow Coma Scale score of less than 
8.18 The victim should be carefully assessed for head, neck, 
or spinal injuries. If this type of injury is apparent, the head 
should be carefully supported, and side-to-side motion must be 
avoided. In such situations, using the jaw thrust maneuver 
rather than the head-tilt/chin-lift method to open the airway  
is recommended by the AHA.3 If jaw thrust is unsuccessful 
in establishing an airway, the rescuer should try a slight 
head-tilt.3

Gastric Inflation
During prolonged mouth-to-mouth ventilation, air enters the 
esophagus and stomach. Some gastric inflation is not unusual, 
particularly in children, and occurs in approximately 17%  
of cases.19,20 Severe gastric inflation puts pressure on the 
diaphragm, restricting lung expansion. Gastric inflation also  
can increase vagal tone and cause reflex bradycardia and 
hypotension.

	

RULE OF THUMB

The	best	way	to	avoid	gastric	inflation	during	bag-mask	
ventilation	is	to	deliver	breaths	with	low	to	moderate	
flow	(<30	L/min)	over	1	second.21	VT	size	should	be	
only	large	enough	to	cause	visible	chest	rise.	The	
health	care	provider	should	not	ventilate	and	compress	
the	chest	simultaneously	with	a	bag-mask	device.

However, most important is the fact that severe gastric infla-
tion prompts regurgitation. Because an unconscious patient 
lacks normal upper airway reflexes, regurgitated stomach  
contents can be aspirated easily into the lungs. Aspiration of 
stomach contents into the lungs may cause death by making 
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pregnancy and on markedly obese individuals. Both abdominal 
thrusts and chest thrusts normally are followed by a visual check 
and manual removal of any observed obstructing foreign 
material.

Abdominal Thrusts (Heimlich Maneuver)
Forceful thrusts applied to the epigastrium can dislodge an 
obstruction caused by a food bolus, vomitus, or other foreign 
body. Quick thrusts to the abdomen rapidly displace the dia-
phragm upward, increasing intrathoracic pressure and creating 
expulsive expiratory airflow. As with a normal cough, this 
expulsive airflow may be sufficient to expel the foreign body 
from the airway. The procedure for performing abdominal 
thrusts on adults and children is as follows (Figure 37-13). If 
the victim is sitting or standing, stand behind the victim and 
wrap your arms around his or her waist. Make a fist with one 
hand, and place the thumb side midline on the abdomen slightly 
above the navel and well below the tip of the xiphoid process 
(see Figure 37-13). Grasp the fist with the other hand and 
deliver a quick upward and inward thrust. Each thrust should 
be a separate and distinct movement. Repeat the process until 
the obstruction is removed or the victim loses consciousness.

If an adult victim with FBAO becomes unresponsive, the 
rescuer should move the patient to the ground, activate the EMS 
system, and begin CPR. Each time the mouth is opened during 
cycles of compressions and ventilation, the rescuer should look 
into the victim’s mouth for FBAO and remove it; this should be 
done without increasing the time to deliver 2 breaths (approxi-
mately 6 seconds). The routine use of blind finger sweeps to 
remove FBAO in adults, children, and infants is not recom-
mended by the AHA.3,8

A conscious victim who is alone can attempt to dislodge the 
foreign body with self-administered abdominal thrusts, per-
formed by pressing his or her fist into the abdomen or pushing 
the abdomen against a firm surface such as a counter top, sink, 
chair back, railing, or tabletop.

(chest compression only) CPR, with an emphasis on “push hard 
and fast,” or follow the directions of the emergency medical 
dispatcher.4

FIGURE 37-13	 Abdominal	thrusts,	adult	victim	standing.	(From	
Chapleau	W:	Emergency	First	Responder,	Making	the	Difference,	
Revised	2nd	edition,	2011,	St.	Louis,	Mosby	JEMS.)

	

RULE OF THUMB

Rescuers	of	adult	VF	cardiac	arrest	should	provide	
chest	compressions	at	a	rate	of	at	least	100	
compressions/min,	with	an	emphasis	on	“push	hard	
and	fast.”	Periodic	gasps	and	chest	recoil	in	adult	
cardiac	arrest	may	provide	some	ventilation	if	the	
airway	is	open.	Most	children	and	infants	with	cardiac	
arrest	require	both	prompt	ventilations	and	chest	
compressions.

Health care providers with a duty to provide CPR should 
follow the guidelines established by the U.S. Centers for Disease 
Control and Prevention (CDC) and the Occupational Safety 
and Health Administration. These recommendations include 
the use of latex gloves, masks, and goggles. Mechanical barrier 
aids to ventilation (e.g., masks, filters, valves, bag-mask) also 
have been suggested to allay fear and protect the rescuer. 
However, these devices require training to be used properly.

Equipment contaminated with blood or other body fluids 
during a resuscitation effort always should be discarded in 
appropriate receptacles or thoroughly cleaned and disinfected 
according to hospital protocols.

Treating Foreign Body  
Airway Obstruction

Early recognition of FBAO is critical. Foreign bodies may cause 
partial or complete obstruction. Partial obstruction may allow 
nearly adequate air exchange, in which case the patient remains 
conscious and coughing. As long as air exchange is present, the 
patient should be reassured and allowed to clear his or her own 
airway by coughing. If partial obstruction persists, or air 
exchange worsens, the EMS system should be activated. Poor 
air exchange exists when the patient has a weak or ineffective 
cough, increased inspiratory difficulty, or cyanosis.

With a completely obstructed airway, the patient commonly 
clutches at his or her throat. This is known as the universal 
distress signal for foreign body obstruction. A person with a com-
plete obstruction cannot talk, cough, or breathe and is in  
dire need of emergency intervention using abdominal thrusts, 
chest thrusts, back blows, or a combination of two or more 
maneuvers.

Several procedures can be used to obtain a clear passageway 
if attempts to open a victim’s airway are unsuccessful or if a 
foreign body is observed but cannot be removed from the 
mouth or pharynx. For adults and children, the procedure for 
health care providers for clearing a foreign body is the abdomi-
nal thrust. The rescuer should attempt back blows first for 
infants with an obstructed airway; if these are unsuccessful, the 
rescuer should try chest thrusts. Chest thrusts may be used in 
place of abdominal thrusts on women in advanced stages of 
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• Confirmed expulsion of foreign body
• Clear breathing and ability to speak
• Return of consciousness
• Return of normal color

If successive attempts to clear the airway fail, more aggres-
sive techniques are indicated, if available. These include direct 
laryngoscopy and foreign body removal with Magill forceps, 
transtracheal catheterization, cricothyrotomy, and tracheot-
omy. These methods require specially trained health care pro-
fessionals and equipment, and they are aptly categorized as 
advanced life-support techniques. Transtracheal catheteriza-
tion and cricothyrotomy are discussed later in this chapter, and 
laryngoscopy, bronchoscopy, and tracheotomy are described in 
Chapter 36.

ADVANCED CARDIOVASCULAR  
LIFE SUPPORT

ACLS extends BLS capabilities by providing additional mea-
sures beyond immediate ventilatory and circulatory assistance. 
These measures include using accessory equipment to support 
ventilation and oxygenation, monitoring the electrocardiogram 
(ECG), establishing an intravenous (IV) route for drug ad-
ministration, and applying selected pharmacologic agents and 
electrical therapies (Figure 37-15). The AHA claims that “the 

Internal Organ Damage.  The major hazard associated with 
abdominal thrusts that are performed when an individual has 
choked and lost consciousness is possible damage to internal 
organs, such as laceration or rupture of abdominal or thoracic 
viscera.24 The body of clinical data regarding choking is largely 
retrospective and anecdotal. Abdominal thrusts have been rec-
ommended for relief of FBAO in adults and children since 1975, 
based mostly on early anecdotal case reports. Abdominal thrusts 
are recommended by the AHA and several other resuscitation 
councils for use for unresponsive adult and child (but not infant) 
victims. Abdominal thrusts are not recommended for infants 
younger than 1 year of age because of their relatively unpro-
tected abdomens and large livers. Rational conjecture and 
common practices suggest that back blows may loosen obstruc-
tion so that subsequent abdominal or chest thrusts may relieve 
obstruction. The risk for internal organ damage from abdomi-
nal thrusts in a conscious patient can be minimized by the 
rescuer placing his or her arms and fist below the victim’s 
xiphoid process and the lower margin of the ribs.

Back Blows and Chest Thrusts
Because an abdominal maneuver can easily cause abdominal 
injury when applied to infants, a combination of back blows 
and chest thrusts should be used to clear foreign bodies from 
the upper airway. Back blows alone may create sufficient force 
to dislodge trapped objects, but if this is ineffective, the back 
blows should be followed with five chest thrusts. The rescuer 
should continue inspecting the airway until the airway is 
restored. This procedure is as follows:
1. Back blows can be administered to infants more efficiently 

if the child is held straddled over one arm with the head 
lower than the body (Figure 37-14).

2. Use the flat portion of your hand to deliver gently, but 
quickly, five back blows between the shoulder blades.

2. If the back blows do not clear the infant’s airway, turn the 
infant over and institute a series of five chest thrusts (see 
Figure 37-14). Similar to abdominal thrust, chest thrust 
creates a rapid increase in intrathoracic pressure, aiding 
expulsion of the foreign body. Chest thrusts for infants are 
performed in the same manner and at the same location as 
cardiac compressions but at a slower rate.

3. Try to clear the airway between attempts to expel the foreign 
body. First, visually inspect the oral cavity and remove any 
foreign matter that can be seen. Deep blind finger sweeps of 
the mouth of an infant, child, or adult are not recommended.

Evaluating Effectiveness of Foreign  
Body Removal
After each airway restoration maneuver, the rescuer must deter-
mine whether the foreign body has been expelled and the 
obstructed airway cleared. If the foreign body has not been 
dislodged, the appropriate sequence (abdominal thrusts or 
chest thrusts for adults and children, back blows and chest 
thrusts for infants) should be repeated until successful. Success-
ful removal of an obstructing body is indicated by the 
following:

FIGURE 37-14	 Use	of	back	blows	and	chest	thrusts	to	clear	
foreign	bodies	from	infant	airway.	
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abnormalities during CPR lead to hypoxia. Hypoxia results in 
anaerobic metabolism and metabolic acidosis. Metabolic acido-
sis impedes the action of certain drugs and can diminish  
the effectiveness of electrical therapies. For these reasons, the 
highest possible concentration of O2 should be administered as 
soon as possible to adults and children. Concerns about O2 
toxicity are not valid during this period of resuscitation. Less 
than 100% O2 may be used during neonatal resuscitation 
at birth.

During ACLS, supplemental O2 is normally given through 
accessory devices designed to support ventilation. The ability of 
these devices to provide high fractional inspired O2 (FIO2) is a 
key factor in judging their performance.

foundation of ACLS is good BLS care, beginning with prompt 
high-quality bystander CPR and, for pulseless ventricular 
rhythms, attempted defibrillation within minutes of collapse.”25

During ACLS in the hospital, the RT assumes primary 
responsibility for supporting oxygenation, establishing and 
maintaining the airway, and providing ventilation. RTs must 
demonstrate high levels of proficiency in these advanced life-
support skills and other ACLS skills that may be assigned by the 
resuscitation team leader.

Support for Oxygenation

Although expired air ventilation provides an acceptable level of 
oxygenation, low cardiac output, pulmonary shunting, and 

FIGURE 37-15	 Pulseless	VT/VF	algorithm.	(From	Aehlert	B:	ACLS	study	guide,	ed	4,	St.	Louis,	2012,	Mosby.)

Algorithm assumes scene safety has been ensured, personal protective
equipment is used, no signs of obvious death or presence

of do not resuscitate order, and previous step was unsuccessful

Assess ECG rhythm
Shockable?

Assess ECG rhythm
Shockable?

YES

NO

NO

Shock (defibrillate) � 1
Resume CPR—5 cycles (about 2 minutes)

Without interrupting CPR, start IV/IO
During CPR, give vasopressor

Epinephrine 1 mg every 3-5 min
OR

Vasopressin 40 units � 1 in place
of first or second epinephrine dose

Asystole?
Go to asystole algorithm

Electrical activity present?
Check pulse

No pulse, go to PEA algorithm
Pulse present? Assess vital signs,

begin postresuscitation care

First Impression: Sick or not sick?
Primary survey
Unresponsive?

If no pulse, 30 compressions/2 breaths
Attach AED or monitor/defibrillator

Give O2 when available

YES

Shock (defibrillate) � 1
Resume CPR—5 cycles (about 2 minutes)

During CPR, consider antiarrhythmic
Amiodarone 300 mg IV/IO initial dose; consider

repeat dose of 150 mg � 1 in 5 min
OR

Lidocaine 1-1.5 mg/kg IV/IO initial dose
(if amiodarone not available),

then 0.5-0.75 mg/kg prn every 5-10 min;
max cumulative dose 3 mg/kg

Consider magnesium 1-2 g IV/IO
for torsades de pointes

Consider reversible causes of arrest

• Effectiveness of CPR
• Airway
• Oxygenation/ventilation
• Paddle/pad position/contact
• No O2 flowing over patient

during shocks
Attempt/verify:
• Advanced airway placement
• Vascular access
Monitor and treat:
• Glucose
• Electrolytes
• Temperature
• CO2

REASSESS/MONITOR

Defibrillation
• Monophasic: 360 J all shocks
• AED: Per manufacturer
• Biphasic: Per manufacturer
• Biphasic unknown: 200 J

initially, then same or higher
as first shock

SHOCKS

• Pulmonary embolism—
anticoagulants? surgery?

• Acidosis—give O2,
ensure adequate ventilation

• Tension pneumothorax—
needle decompression

• Cardiac tamponade—
pericardiocentesis

• Hypovolemia—replace
volume

• Hypoxia—give O2,
ensure adequate ventilation

• Heat/cold—cooling/warming
measures

• Hypo—hyperkalemia (and
other electrolytes)—correct
electrolyte abnormalities

• Myocardial infarction—
fibrinolytics?

• Drug overdose/accidents—
antidote/specific therapy

REVERSIBLE CAUSES
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airways should never be placed when either a space-occupying 
lesion or a foreign body obstructs the oral cavity or pharynx.

Two techniques may be used to insert an oropharyngeal 
airway. In the first method, the tongue is displaced away from 
the roof of the mouth with a tongue depressor. The curved 
portion of the airway is slipped over the tongue, following the 
curve of the oral cavity.

In the second approach, the jaw-lift technique is used to help 
displace the tongue. The oropharyngeal airway is rotated 180 
degrees before insertion. In this manner, the airway itself helps 
separate the tongue from the posterior wall of the pharynx. As 
the tip of the airway reaches the hard palate, it is rotated 180 
degrees, aligning it in the pharynx.

In either approach, incorrect placement can displace the 
tongue, pushing it farther back into the pharynx and worsening 
the obstruction. Oropharyngeal airways must be inserted care-
fully and by trained personnel only. As shown in Figure 37-16, 
C, when properly inserted, the tip of an oropharyngeal airway 
lies at the base of the tongue above the epiglottis, with the flange 
portion extending outside the teeth. Only in this position can 
the device properly maintain airway patency.

Nasopharyngeal Airways
Nasopharyngeal airways are inserted through the nose instead 
of the mouth. A properly inserted nasopharyngeal airway pro-
vides a passageway from the external nares to the base of the 
tongue. As with the oropharyngeal airway, the nasopharyngeal 
airway helps restore airway patency by separating the tongue 
from the posterior pharyngeal wall.

The nasopharyngeal airway generally is indicated when 
placement of an oropharyngeal airway is impossible. The naso-
pharyngeal airway also is used when the jaws of a victim cannot 
be separated, as may occur with seizures. A nasopharyngeal 
airway should not be used when there is trauma to the nasal 
region or when space-occupying lesions or foreign objects block 

Airway Management

Accessory equipment designed to provide airway management 
during ACLS includes a variety of masks and artificial airways.

Pharyngeal Airways
Pharyngeal airways can help restore airway patency and main-
tain adequate ventilation, in particular, when using a bag-mask 
device. A properly placed pharyngeal airway also may help 
provide access for suctioning. Pharyngeal airways should be 
used only after BLS methods have successfully opened and 
cleared the airway.

Pharyngeal airways restore airway patency by separating the 
tongue from the posterior pharyngeal wall. Two types of pha-
ryngeal airways are used in clinical practice: the oropharyngeal 
airway and the nasopharyngeal airway.

Oropharyngeal airways come in many different sizes to  
fit adults, children, and infants. Figure 37-16 shows the two 
most common oropharyngeal airway designs: the Guedel air-
way (Flexicare, Irvine, CA; see Figure 37-16, A) and the Berman 
airway (Medline, Mundelein, IL; see Figure 37-16, B). Both 
types have an external flange, a curved body that conforms to 
the shape of the oral cavity, and one or more channels. The 
Guedel airway has a single center channel, whereas the Berman 
airway uses two parallel side channels.

To choose the correct size airway, the clinician should place 
the devices on the side of the patient’s face with the flange even 
with the patient’s mouth. The correct size airway measures from 
the corner of the patient’s mouth to the angle of the jaw follow-
ing the natural curve of the airway.

Because insertion of an oropharyngeal airway can provoke a 
gag reflex, vomiting, or laryngeal spasm, these devices generally 
are contraindicated for conscious or semiconscious patients. 
They also are contraindicated when there is trauma to the oral 
cavity or the mandibular or maxillary areas of the skull. These 

FIGURE 37-16	 Oropharyngeal	airways.	A,	Guedel	airway.	B,	Berman	airway.	C,	Airway	in	place.	
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knowledge of the capabilities and limitations of the equipment 
at hand.

Endotracheal Intubation
An advanced airway allows the rescuer to achieve one or more 
of the following goals:
1. Deliver ventilations that are not synchronous with chest 

compressions
2. Restore airway patency
3. Maintain adequate ventilation
4. Isolate and protect the airway from aspiration
5. Provide access for clearance of secretions

Endotracheal intubation is the preferred method for secur-
ing the airway during CPR. When positioned properly, an endo-
tracheal tube can maintain a patent airway, prevent aspiration 
of stomach contents, permit suctioning of the trachea and main 
stem bronchi, facilitate ventilation and oxygenation, and provide 
a route for drug administration.

Attempts to intubate the trachea must never interfere  
with providing adequate ventilation and oxygenation by other 
means. Only highly trained personnel should perform endotra-
cheal intubation, and each attempt ideally should not exceed 10 
seconds because chest compressions will not be possible during 
the procedure. Continuous waveform capnography is recom-
mended by the AHA Guidelines in addition to physical assess-
ment as the initial method for confirming and monitoring 
correct placement of an endotracheal tube.25 When capnometry 
is not available, auscultation and direct visualization should  
be used to confirm tracheal position of the endotracheal  
tube. Adequate ventilation and oxygenation must be provided 
between attempts. Figure 37-17 shows a cuffed orotracheal tube 
properly positioned in the trachea. It is being used with a 
manual bag-mask device to provide ventilation and oxygen-
ation. Adequate ventilation and oxygenation can be provided 
with 10 to 12 breaths/min.

RTs should be trained in endotracheal intubation techniques, 
as applied in both emergency life support and mechanical  
ventilation situations. Details about the necessary equipment, 

the nasal passages. Because the nasal passageway in children and 
infants is small, the use of nasal airways is generally limited to 
adults.

Most nasal airways are made from either rubber or plastic 
polymers and sized by external diameter according to the 
French scale, with 26F to 32F being the usual range for adults. 
Anatomically, the length of the airway is more critical than  
the diameter. The appropriate length can be estimated by  
measuring the distance from the patient’s earlobe to the tip of 
the nose.

To insert a nasopharyngeal airway, the victim’s head is tilted 
slightly backward. The airway is lubricated with a water-soluble 
agent to ease insertion, and it is positioned perpendicular to the 
frontal plane of the victim’s face. The airway is advanced slowly 
through the inferior meatus of either the right or the left nasal 
cavity, with the bevel edge facing the septum. If an obstruction 
is felt during insertion, gentle twisting may facilitate placement. 
If the resistance continues, the most likely cause is a deviated 
nasal septum. In this case, attempt to insert the airway through 
the other naris or try a smaller diameter tube.

After the airway is inserted, try to visualize and confirm its 
correct position quickly, using a tongue depressor if necessary. 
When properly positioned, a nasopharyngeal airway is usually 
stabilized by its own flange.

Masks
A mask that fits the patient is a useful tool for the application 
of artificial ventilation by appropriately trained rescuers. An 
ideal mask should be made of transparent material, be capable 
of sealing tightly against the face, provide an inlet for supple-
mental O2, and have a standard 22-mm port for connection to 
a bag-mask device. The mask should be available in various 
sizes to accommodate adults, children, and infants. Infant masks 
often have a 15-mm male connector instead of a 22-mm port. 
The use of masks to support ventilation presumes that the 
airway can be maintained by conventional BLS techniques. 
Which mask should be used in a given situation depends on 
careful assessment of the status of the victim and an in-depth 

FIGURE 37-17	 Orotracheal	tube	in	place,	being	used	with	a	bag-valve	resuscitator.	
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delivery 100 to 120 compressions/min). The ratio of 30 com-
pressions to 2 ventilations allows for only 5 breaths to be deliv-
ered per minute. All 5 breaths should be delivered with no  
more than visible chest rise.17 After an advanced airway replaces 
the face mask, the ventilatory rate should be 8 to 10 breaths/
min during CPR. Slower rates of 6 to 8 breaths/min might  
be needed for patients with chronic obstructive pulmonary 
disease (COPD) to prevent air trapping and the development 
of auto–positive end expiratory pressure (PEEP). Ventilatory 
rates greater than 12 breaths/min are not recommended during 
CPR because they lead to increased intrathoracic pressure, 
impeding venous return to the heart during chest compres-
sions,26 and hyperventilation.

The rescuer delivers each breath over 1 second and should 
not attempt to synchronize ventilations with the chest compres-
sions. Nonsynchronized delivery of ventilation and compres-
sions allows the number of chest compressions delivered per 
minute to increase from 75 to 100 (33% increase) and breaths 
delivered per minute increase from 5 to 10 (100% increase). 
After restoration of a perfusing rhythm, the ventilation rate 
should be 10 to 12 breaths/min delivered over 1 second.

procedures, and short-term and long-term complications of 
endotracheal intubation are provided in Chapter 36.

Ventilation

Accessory equipment used to support ventilation in advanced 
life support includes manual and O2-powered resuscitators. 
Manual resuscitators, also called bag-mask devices, are available 
for adults, children, and infants. Conversely, O2-powered resus-
citators are strictly limited to adult application and are not 
discussed in this chapter. T-tube devices have been used  
successfully to ventilate and oxygenate neonates at birth  
(Figure 37-18).

Bag-Mask Devices

One-way valves on bag-mask devices should be simple, depend-
able, and jam-free. All health care professionals responding to 
a cardiac arrest call should be familiar and skilled in the use of 
such a device for support of ventilation and oxygenation. Appli-
cation of the bag-mask device is best performed with the prac-
titioner positioned at the head of the victim, using the head-tilt 
maneuver to maintain the airway (Figure 37-19). The rescuer 
delivers VT adequate to produce visible chest rise (6 to 7 mL/kg 
predicted body weight or 400 to 500 mL) over 1 second. Using 
this smaller VT decreases airway pressure and minimizes risk for 
gastric inflation.

It is important to deliver the 2 breaths during CPR over only 
3 seconds so that the optimal number of chest compressions 
per minute can be delivered (75 compressions/min, rate of 

FIGURE 37-18	 T-tube	resuscitator	used	to	ventilate	newly	born	
neonates.	(Courtesy	Mercury	Medical,	Clearwater,	FL.)

FIGURE 37-19	 Ventilation	using	a	bag-mask	device	and	
head-tilt/chin-lift	method	to	open	the	airway.	(From	Henry	MC,	
Stapleton	ER:	EMT	prehospital	care,	revised	ed	4,	St.	Louis,	2009,	
Mosby.)

	

RULE OF THUMB

Rescuers	should	not	hyperventilate	victims	of	cardiac	
arrest.	Once	an	advanced	airway	is	placed,	ventilations	
should	be	delivered	over	1	second	at	a	rate	of	8	to	10	
breaths/min	(every	6	to	8	seconds).	Do	not	attempt	to	
synchronize	ventilations	with	chest	compressions.	
Ventilation	for	patients	with	a	perfusing	rhythm	should	
be	at	a	rate	of	10	to	12	breaths/min	(1	breath	every		
5	to	6	seconds).	Patients	with	COPD	may	need	
ventilation	rates	of	6	to	8	breaths/min	to	prevent	
auto-PEEP.
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O2 inlet goes into the reservoir tube, where it is stored for the 
next breath.

Use
To use a bag-mask device, the health care provider is positioned 
at the head of the patient’s bed. Ideally, an oral airway is inserted, 
and the head-tilt method is used to keep the airway open 
(assuming there are no neck injuries). While using one hand to 
keep the patient’s head extended and the mask tightly sealed to 
the patient’s face, the health care provider uses the other hand 
to compress the bag (see Figure 37-19).

In addition to providing adequate ventilation, bag-mask 
devices can provide high FiO2. Theoretically, all such devices on 
the market can deliver 100% O2; however, the actual FiO2 pro-
vided at the bedside depends on several factors, including O2 
input flow, reservoir volume, delivered volume and rate, and 
bag refill time. As a guideline to achieve the highest possible 
FiO2 with a bag-mask device, the following always should be 
done:
1. Use an O2 reservoir of adequate size.
2. Set the O2 input flow at 10 to 15 L/min.
3. Deliver appropriate VT for a 1-second period (when using a 

mask).
4. Ensure the longest possible bag refill time.

Hazards and Troubleshooting
Bag-mask devices are simple and safe advanced life-support 
devices. However, several major hazards are associated with 
their use. The first and most common problem is unrecognized 
equipment failure. Knowledge of how such devices operate  
can help clinicians understand the operational testing of and 
troubleshooting for these devices. Gastric inflation is another 
common hazard encountered when using a bag-valve device 
with a face mask. Gastric inflation can be minimized by provid-
ing low to moderate inspiratory flows (<30 L/min).23 For an 
adult, a full 1 second should be used to deliver VT of 500 mL.

Barotrauma has long been recognized as a potential hazard 
of bag-mask device use. However, with the full-bag volume of 
adult-size devices (generally ≤2000 mL), the potential for baro-
trauma is small if the nonrebreathing valve is working properly 
and a bronchial intubation has not occurred. The average mask 
leak with bag-mask devices ranges from 20% to 40% of stroke 
volume and substantially reduces the risk for barotrauma, espe-
cially if no more than visible chest rise is used to determine 
adequate VT. Some pediatric bag-mask devices have bag volumes 
of more than 500 mL, and rescuers may cause barotrauma to 
small children or infants if they do not adjust stroke volume by 
squeezing the bag so that only half to one-third of the volume 
is delivered to the mask.

Hyperventilation during resuscitation of a cardiac arrest 
victim markedly decreases coronary perfusion pressure and 
survival rates.26 Overzealous ventilation with high rates (>12 
breaths/min) during resuscitation of cardiac arrest increases 
intrathoracic pressure, impedes venous return, decreases cardiac 
output, decreases coronary artery perfusion pressure, increases 
gastric inflation, and provides more ventilation than is needed.

Bag-mask devices combine a mask with a self-inflating bag 
and a nonrebreathing valve mechanism. These devices may be 
used to ventilate patients by applying the mask over the patient’s 
mouth and nose or by attaching the self-inflating bag directly 
to an endotracheal tube or other advanced airways. All devices 
are capable of providing ventilation with air or with supple-
mental O2. Bag-mask devices can provide 100% O2 when 
properly applied. Although initially designed as adjuncts for 
emergency life support, they are used extensively in other respi-
ratory care settings, particularly in the areas of airway manage-
ment and continuous mechanical ventilation.

Design
Figure 37-20 is a schematic of a typical bag-mask device, 
showing gas movement and valve action during both the 
inhalation-compression and exhalation-relaxation phases. The 
key components shown in this schematic are the nonrebreath-
ing valve (left), the bag itself, the O2 inlet and bag inlet valve (to 
the right of the bag), and the O2 reservoir tube (far right).

During exhalation (see Figure 37-20, A), gas flows out from 
the patient’s lungs through the nonrebreathing valve into the 
atmosphere. At the same time (while the bag expands), the 
intake valve opens and 100% O2 flows into the bag from both 
the reservoir and the O2 inlet.

During the inhalation phase (see Figure 37-20, B), the bag is 
compressed manually, causing bag pressure to increase. This 
increase in bag pressure simultaneously closes the inlet valve 
and opens the nonrebreathing valve, forcing gas into the patient. 
While the bag inlet valve is closed, O2 coming in through the 

FIGURE 37-20	 Components	of	bag-mask	device.	
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FIGURE 37-21	 Supraventricular	tachycardia,	lead	II.	

MINI CLINI
Ventilation During Cardiopulmonary 
Resuscitation

PROBLEM:  A student is observing a code blue in progress in 
the intensive care unit. The patient has had a cardiac arrest, and 
CPR is being administered. The student notices that the RT is 
ventilating the patient’s lungs with a bag-valve device through 
an endotracheal tube at a considerably higher rate and minute 
ventilation than would normally be established on a mechani-
cal ventilator for a patient of this size. Is this increased minute 
ventilation needed?

SOLUTION:  No, it is not. The ventilation rate should be 8 to 
10 breaths/min, and VT should be limited to achieve no more 
than a visible chest rise to avoid excessive ventilation.17 Ventila-
tion rates greater than 12 breaths/min and large VT (>6 to 7mL/
kg ) increase intrathoracic pressure and impede venous return 
to the heart during chest compressions.26 During CPR, hyper-
ventilation reduces cardiac output and decreases coronary and 
cerebral perfusion. Increases in central venous pressure, as a 
result of increased intrathoracic pressure, can decrease cerebral 
blood flow. Increased airway pressures and auto-PEEP gener-
ated by hyperventilation should be avoided. The AHA guide-
lines for CPR and emergency cardiovascular care state that 
“routine hyperventilation during and after cardiac arrest is det-
rimental and it is considered a Class III procedure” (i.e., the 
risk is greater than the benefit).3,17 Ventilation with VT of 400 
to 500 mL at rates of 1 breath every 6 to 8 seconds is all that is 
needed to maintain a normocarbic level during CPR.

Given their important role in ACLS, RTs must be skilled in 
recognizing arrhythmias. Although an RT may be able to quickly 
interpret gross arrhythmias appearing on electrocardiographic 
monitors at the bedside, these skills develop only after much 
practice with actual rhythm strips. Chapter 18 presents a review 
of ECG interpretation. The reader should focus on the follow-
ing arrhythmias:
• VT
• VF
• Sinus tachycardia
• Sinus bradycardia
• Sinus arrest
• Premature atrial contractions
• SVT—a classification of arrhythmias, including but not 

limited to sinus tachycardia, atrial flutter, and atrial 
fibrillation

• Atrioventricular blocks—first degree, second degree types I 
and II, and third degree

• Premature ventricular contractions
• Pulseless electrical activity (PEA)
• Systole

This section briefly discusses the arrhythmias closely associ-
ated with CPR conditions, including SVT, VT, VF, and PEA.

Supraventricular  Tachycardia.  The term supraventricular 
tachycardia is commonly used to describe any tachycardia not 
of ventricular origin. This grouping can include sinus tachycar-
dia, atrial tachycardia, junctional tachycardia, atrial flutter, and 
atrial fibrillation (with rates >100 beats/min). These individual 
supraventricular arrhythmias are identified by ECG and treated 
accordingly (Figure 37-21).

A more specific form of SVT involves rapid impulse forma-
tion caused by a reentry mechanism that develops in the atria 
or atrioventricular junction. Normally, a single impulse from 
the sinoatrial node traverses the atria and continues down  
into the ventricles, causing depolarization and contraction. In 
reentry, an ectopic focus disrupts this normal conduction. The 
impulse not only moves down to the ventricles but also returns 
to the atria. This pattern repeats in a self-perpetuating, or cir-
cular, manner.

Typically, this form of SVT results in heart rates between 
160 and 220 beats/min. The rhythm is regular, which distin-
guishes it from rapid atrial fibrillation. However, because of its 
rapid rate, P waves may not be seen. If identifiable, the P waves 
appear abnormal. In addition to the rate and regular rhythm, 
SVT is characterized by a normal QRS complex. At very high 

Restoring Cardiac Function

Perfusion support techniques, such as chest compressions, can 
restore circulation only temporarily. ACLS must go beyond 
simple perfusion support to identify, remove, or relieve the 
underlying cause of cardiac failure; this is done by combining 
ECG monitoring with pharmacologic and electrical therapies.

Electrocardiogram Monitoring
Because most cases of cardiac arrest are caused by arrhythmias, 
ECG monitoring should be started as soon as the necessary 
equipment and personnel arrive. Monitoring may be done with 
either standard electrocardiographic equipment or the quick-
look paddles now available on most defibrillators.
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Ventricular  Tachycardia.  VT occurs when one or more 
irritable foci within the ventricle discharge at rapid rates, creat-
ing the appearance of a prolonged chain of premature ventricu-
lar contractions. Rates typically range from 140 to 220 beats/
min and usually are regular (Figure 37-23). Although VT may 
come and go in brief episodes, or paroxysms, it is always a sign 
of a serious underlying pathologic condition and should be 
treated immediately. In stable patients, VT is managed with 
amiodarone, procainamide, and/or sotalol.25 Procainamide and 
sotalol should be avoided in patients with prolonged QT.25 For 
patients with sustained VT who exhibit hypotension, ischemic 
chest pain, shortness of breath, decreased consciousness, or 
signs of pulmonary edema, immediate synchronized cardio-
version is indicated (Figure 37-24). Patients with sustained VT 
in full cardiac arrest are treated similarly to patients with VF.

Ventricular  Fibrillation.  VF is a rapid, sustained, and 
uncontrolled depolarization of the ventricles. During VF, the 
ECG is characterized by irregular, widened, and poorly defined 

rates, the ventricles may not have enough time to fill com-
pletely. Incomplete ventricular filling can result in decreased 
cardiac output, congestive heart failure, and tissue hypoxia. 
SVT may deteriorate to VT if it is not recognized and treated 
in a timely manner.

The treatment of SVT varies according to the clinical situa-
tion (Figure 37-22). If a patient with SVT is ill or unstable, the 
treatment of choice is immediate synchronized electrical car-
dioversion, as described elsewhere in this chapter. If the patient 
is stable, other interventions are tried before cardioversion is 
considered. The most common nonelectrical treatment for SVT 
is vagal stimulation by carotid artery massage or Valsalva 
maneuver. If these attempts are ineffective and the patient 
remains stable, drugs such as adenosine, diltiazem, verapamil, 
or beta blockers (as a second-line agent) may halt SVT. These 
drugs work primarily on the nodal tissue by slowing ventricular 
response to atrial arrhythmias, or they block the reentry SVT 
that travels through the atrioventricular node.25

FIGURE 37-22	 Narrow-complex	QRS	tachycardia.	(From	Aehlert	B:	ACLS	study	guide,	ed	4,	St.	Louis,	2012,	Mosby.)
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CONSIDER CONTRIBUTING
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Many conditions cause VF. The most common causes include 
hypoxia, hypovolemia, acidosis, hypokalemia and hyperkale-
mia, hypothermia, toxins, cardiac tamponade, tension pneumo-
thorax, pulmonary thrombosis, and coronary thrombosis.25 
Regardless of the cause, VF constitutes a true emergency. Patient 
survival depends on immediate provision of ACLS, especially 
electrical defibrillation. Early defibrillation is the major deter-
minant of survival in cardiac arrest caused by VF.

QRS complexes, known as coarse VF (Figure 37-25, A). These 
complexes widen farther and lose amplitude, resembling a 
coarse asystole, which now is defined as fine VF (see Figure 
37-25, B). Rather than exhibiting coordinated contractions, the 
ventricles quiver in a totally disorganized manner. Cardiac 
output during VF is zero. The rapid decrease in cardiac output 
produces acute cerebral hypoxia, often manifested by seizures. 
VF is uniformly fatal if not corrected immediately.

FIGURE 37-23	 Ventricular	tachycardia,	lead	II.	

FIGURE 37-24	 Wide-complex	QRS	tachycardia.	(From	Aehlert	B:	ACLS	study	guide,	ed	4,	St.	Louis,	2012,	Mosby.)
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fibrinolytics?
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Pulseless Electrical Activity.  PEA that is not shockable can 
result from several reversible causes (Figure 37-26). The imme-
diate primary treatment is uninterrupted CPR for approxi-
mately 2 minutes with vasopressor given simultaneously. The 
best secondary approach is to identify and treat reversible causes 
(e.g., for hypovolemia, replace volume; for tension pneumotho-
rax, needle decompression). In asystole or slow PEA, vasopres-
sin administration should be considered (see Figure 37-26).25

Pharmacologic Intervention
Although the full range of drug use in ACLS is beyond the scope 
of this chapter, RTs must have a general knowledge of both the 
various drug categories and the specific agents used in emer-
gency situations.27 Table 37-2 summarizes the major drug cat-
egories and primary agents currently used in ACLS.

Routes of Administration.  Unless a central vein is already 
cannulated, the ideal route for drug administration in emer-
gency situations is a peripheral IV line. IV drugs should be given 
by rapid bolus injection, followed by a 20-mL bolus of IV fluid 
and elevation of the extremity.

Selected drugs, such as epinephrine, vasopressin, lidocaine, 
and atropine, also may be given through intraosseous access 
when IV access is not readily available.28

The intraosseous route always is an option, especially in 
small children or infants.29 Chapter 35 provides information 
about pharmacologic agents often used in ACLS.

Electrical Therapy
The following three general types of electrical therapy are used 
in emergency cardiac care: (1) unsynchronized countershock, 
or defibrillation; (2) synchronized countershock, or cardiover-
sion; and (3) electrical pacing.

Unsynchronized  Countershock  (Defibrillation).  When 
an electrical shock of appropriate strength is applied to the 
myocardium, all myocardial fibers simultaneously depolarize. 

FIGURE 37-25	 Ventricular	fibrillation	(VF).	A,	Coarse	VF.	B,	Fine	VF,	lead	II.	

A

B

MINI CLINI
Route of Drug Administration During 
Advanced Cardiovascular Life Support

PROBLEM:  An RT working in a small, rural hospital is called 
to the emergency department, where a patient is in cardiac 
arrest. The RT is able to intubate and ventilate the patient, using 
a bag-valve device with 100% O2.

Nurses are performing cardiac compressions and attempt-
ing unsuccessfully to start a peripheral IV line. The ECG 
monitor reveals a fine VF pattern. Electrical defibrillation is 
unsuccessful on the first attempt, and five cycles of 30 compres-
sions to 2 ventilations are in progress. Immediate administra-
tion of epinephrine without interrupting CPR is indicated 
before or after the next shock. Attempts to secure an IV line 
continue to be unsuccessful. What action is appropriate at this 
time?

SOLUTION:  Because of its strong inotropic and alpha-
adrenergic effects, epinephrine should be the first drug during 
resuscitation of cardiac arrest and it should be administered as 
soon as possible. Drugs given via a peripheral vein require 1 to 
2 minutes to reach the central circulation. Epinephrine can 
convert fine VF to coarse VF and improves the chance for suc-
cessful electrical defibrillation. In this case, because IV routes 
are unavailable, epinephrine should be administered using  
the intraosseous route, which can be quickly established  
with minimal complications by providers with varied levels  
of training.25,28,29

Theoretically, when all cells depolarize, the cells that spontane-
ously fire at the fastest rate should be able to regain control  
and pace the heart. Normally, the sinus node spontaneously 
depolarizes most rapidly. After electrical shock, the sinus node 
should discharge first and capture all parts of the myocardium 
as the depolarization wave travels through the still, silent heart.
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FIGURE 37-26	 Asystole	or	pulseless	electrical	activity	algorithm.	(From	Aehlert	B:	ACLS	study	guide,	ed	4,	St.	Louis,	2012,	Mosby.)
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------------
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TABLE 37-2 

Drugs Used in Advanced Cardiovascular Life Support

Drug Indications Contraindications Route Dosage26 Pharmacologic Effects

Adenosine PSVT Use	with	caution	if	
patient	has	asthma;	
may	precipitate	atrial	
fibrillation;	poison-
induced	or	drug-
induced	tachycardia;	
second-degree	or	
third-degree	heart	
block

IV	bolus 6	mg	IV	for	1-2	sec	
followed	by	20-mL	
saline	bolus;	repeat	
twice	with	12	mg	in	
1-2	min	if	needed

Decrease	in	AV	node	
conduction

Amiodarone Stable	regular	narrow-
complex	tachycardia	
to	control	rapid	
ventricular	rate	
secondary	to	
accessory	pathway	
conduction	in	
preexcited	atrial	
arrhythmias

Prolonged	QT	interval IV;	IO 150	mg	IV	over	10	min;	
may	repeat	every	
10	min	to	maximum	of	
2.2	g	in	24	hr

Multichannel	blocker	
(calcium,	potassium);	
inhibited	alpha-	and	
beta-adrenergic	
responses

Atropine	
sulfate

Acute	symptomatic	
bradycardia

Sinus,	atrial,	and	
ventricular	
tachycardia;	
hypothermic	
bradycardia;	
infranodal	(type	II)	AV	
block;	new	third-
degree	with	wide	
QRS	complexes

IV	bolus;	IO 0.5-1	mg	IV	repeated	
every	3-5	min	to	total	
dose	of	3	mg

Increased	heart	rate;	
increased	force	of	
atrial	contractions

Dopamine Hypotension	with	signs	
and	symptoms	of	
shock;	second-line	
drug	for	symptomatic	
bradycardia

Use	with	caution	in	
cardiogenic	shock	
with	accompanying	
CHF

IV	infusion 2-20	mcg/kg/min Increased	renal	and	
splenic	flow	at	low	
doses	(1-5	mcg/	
kg/min);	beta-
adrenergic	effects	at	
moderate	doses	
(5-10	mcg/kg/min);	
alpha-adrenergic	
effects	at	high	doses	
(>10	mcg/kg/min)

Epinephrine Cardiac	arrest;	VF;	
pulseless	tachycardia;	
asystole;	PEA;	
symptomatic	
bradycardia;	severe	
hypotension;	
anaphylaxis;	severe	
allergic	reaction

VT	and	frequent	PVCs IV	bolus;	IO;	
endotracheal*	
use	only	if	IV	or	
IO	cannot	be	
established;	IV	
infusion

1	mg	every	3-5	min	in	
cardiac	arrest,	up	to	
0.2	mg/kg;	2-10	mcg/
min	infusion,	titrate	to	
patient	response

Increased	heart	rate;	
increased	force	of	
contractions;	
vasoconstriction;	
increased	coronary	
perfusion	pressure;	
increased	myocardial	
irritability;	increased	
myocardial	O2	
consumption

Isoproterenol Alternative	when	a	
bradyarrhythmia	is	
unresponsive	to	or	
inappropriate	for	
treatment	with	
atropine,	or	as	a	
temporizing	measure	
while	awaiting	the	
availability	of	a	
pacemaker.	Refractory	
torsades	de	pointes	
unresponsive	to	
magnesium	sulfate

Cardiac	arrest;	VT;	
frequent	PVCs

IV	infusion 2-10	mcg/min,	titrate	to	
adequate	heart	rate

Increased	heart	rate;	
increased	force	of	
contractions;	
vasodilation

Continued



814 SECTION V • Basic Therapeutics

Drug Indications Contraindications Route Dosage26 Pharmacologic Effects

Lidocaine Second-line	
antiarrythmic	therapy	
for	monomorphic	VT.	
Alternative	to	
procainamide,	sotalol,	
and	amiodarone	in	
cardiac	arrest	from	
VF/VT

Signs	of	lidocaine	
toxicity;	prophylactic	
use	in	acute	MI

IV	bolus;	IV	
infusion;	IO;	
endotracheal†

1-1.5	mg/kg	bolus		
every	5-10	min	up		
to	3	mg/kg

Increased	electrical	
stimulation	threshold;	
depressed	
ventricular	electrical	
activity

Magnesium	
sulfate

Cardiac	arrest	only	if	
torsades	de	pointes		
or	hypomagnesemia		
is	present;	life-
threatening	
arrhythmias	caused		
by	digitalis	toxicity

Routine	administration	
in	hospitalized	
patients	with	acute	
MI;	use	with	caution	
in	renal	failure

IV	infusion;	IO	
infusion

Cardiac	arrest:	1-2	g	
(2-4	mL	of	50%	
solution)	diluted	in	
10	mL	of	5%	dextrose	
in	water	over	20	min

Hypomagnesemia	
hinders	
replenishment	of	
intracellular	
potassium

Procainamide Stable	monomorphic		
VT	with	normal	QT	
interval	and	preserved	
left	ventricular	
function;	treatment	of	
PSVT	uncontrolled	by	
adenosine	and	vagal	
maneuvers	if	blood	
pressure	is	stable;	
stable	wide-complex	
tachycardia	of	
unknown	origin;	AF	
with	Wolff-Parkinson-
White	syndrome

Heart	block,	asystole,	
PEA,	proarrhythmic	
especially	in	setting	
of	acute	MI,	
hypokalemia,	or	
hypomagnesemia;	
avoid	with	in	patients	
with	CHF	and	
prolonged	QT	
interval

IV	bolus;	IV	
infusion

20	mg/min,	50	mg/min	in	
urgent	situations	up	to	
maximum	dose	of	
17	mg/kg;

Sodium	and	
potassium	channel	
blocker

Propranolol Suspected	MI	and	
unstable	angina;	SVTs

Bronchospastic	
disease;	severe	
bradycardia;	
hypotension;	
second-degree	or	
third-degree	heart	
block;	cocaine-
induced	acute	
coronary	syndrome

IV Total	dose:	0.1	mg/kg	by	
slow	IV	push,	divided	
into	3	equal	doses	at	
2-	to	3-min	intervals.	
Do	not	exceed	1	mg/
min,	repeat	in	2	min	to	
a	total	dose	of	0.1	mg/
kg	if	required

Reduce	heart	rate;	
decreased	stroke	
volume;	decreased	
myocardial	O2	
consumption;	
increased	LVEDP

Vasopressin Alternative	pressor		
to	epinephrine	in	
treatment	of	adult	
shock-refractory		
VF;	alternative	to	
epinephrine	in		
asystole	and	PEA,	
hemodynamic	support	
in	vasodilatory	shock

Responsive	patients	
with	coronary	artery	
disease

IV	bolus;	IO	
bolus;	if	IV	or	IO	
access	cannot	
be	established,	
vasopressin	or	
epinephrine	may	
be	administered	
via	endotracheal	
tube

40-unit	push	may	replace	
either	first	or	second	
dose	of	epinephrine

Potent	peripheral	
vasoconstrictor

TABLE 37-2 

Drugs Used in Advanced Cardiovascular Life Support—cont’d
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conducting gel and applied with firm pressure (approximately 
25 lb).

Synchronized Countershock (Cardioversion).  Cardiover-
sion is similar to defibrillation, with two major exceptions. First, 
the countershock is synchronized with the heart’s electrical 
activity (the R wave). Synchronization is necessary because elec-
trical stimulation during the refractory phase (part of the T 
wave) can cause VF or VT. Second, the energy used during 
cardioversion usually is less than the energy applied during 
defibrillation.

Cardioversion is considered when a patient with an orga-
nized arrhythmia producing a high ventricular rate exhibits 
signs or symptoms of cardiac decompensation. These so-called 
tachyarrhythmias include SVT, atrial flutter, atrial fibrillation, 
and monomorphic VT with pulses. Cardioversion is ineffective 
for treatment of junctional tachycardia or multifocal atrial 
tachycardia.13

If the arrhythmia is not causing serious signs or symptoms, 
drug therapy is used first. However, if the patient is hypotensive, 
exhibits signs of decreased consciousness or pulmonary conges-
tion, or complains of chest pain, cardioversion is indicated.

Electrical Pacing.  Another application of electrical therapy 
uses intermittently timed, low-energy discharges to replace or 
supplement the natural pacemaker of the heart. There are two 
primary types of electrical pacing. First, the electrical discharge 
can be delivered from an external power pack through wires 

Drug Indications Contraindications Route Dosage26 Pharmacologic Effects

Verapamil,	
diltiazem

Alternative	drug	(after	
adenosine	or	vagal	
maneuvers)	to	
terminate	PSVT	with	
narrow	QRS	complex,	
adequate	blood	
pressure,	and	
preserved	left	
ventricular	function;	
control	ventricular	rate	
in	patients	with	atrial	
fibrillation	or	atrial	
flutter

Wide-complex	QRS	
tachycardias	of	
uncertain	origin,	
Wolff-Parkinson-
White	syndrome	and	
AF,	sick	sinus	
syndrome,	second-
degree	or	third-
degree	block	without	
pacemaker,	
concurrent	IV	
administration	with	
IV	beta	blockers

IV	bolus First dose:	Verapamil:	
2.5-	to	5-mg	IV	bolus	
over	2	min	(over	3	min	
in	older	patients)

Second dose:	5-10	mg,	
if	needed,	every	
15-30	min;	maximum	
dose	20	mg

Alternative:	5-mg	bolus	
every	15	to	30	min	to	a	
total	dose	of	20	to	30	g

Diltiazem:	initial	dose	15	
to	20	mg	(0.25	mg/kg)	
IV	over	2	min;	an	
additional	20	to	25	mg	
(0.35	mg/kg)	IV	in	
15	min	if	needed;	
5-15	mg/hr	IV	titrated	
maintenance	infusion	
titrated	AF	heart	rate	(if	
given	for	rate	control)

Decreased	sinoatrial	
node	automaticity;	
slowed	AV	node	
conduction

AF,	Atrial	fibrillation;	AV,	atrioventricular;	CHF,	congestive	heart	failure;	IO,	intraosseous;	LVEDP,	left	ventricular	end-diastolic	pressure;	MI,	myocardial	infarction;	
PSVT,	paroxysmal	supraventricular	tachycardia;	PEA,	pulseless	electrical	activity;	PVC,	premature	ventricular	contraction;	SVT,	supraventricular	tachycardia;	VF,	
ventricular	fibrillation;	VT,	ventricular	tachycardia.
*Endotracheal	tube	dosage	is	usually	double	IV	dosage.
†Dose	of	lidocaine	via	an	endotracheal	tube	is	2.0	to	2.5	times	the	normal	IV	dose	diluted	in	10	mL	of	normal	saline	or	sterile	water	to	be	used	only	when	IV	
and	IO	access	is	unavailable.

TABLE 37-2 

Drugs Used in Advanced Cardiovascular Life Support—cont’d

Defibrillation is an unsynchronized shock used to depolarize 
the myocardial fibers simultaneously. It is the definitive treat-
ment for both VF and pulseless VT. If one of these arrhythmias 
is present, and the proper equipment and trained personnel are 
available, defibrillation of the patient should be performed 
immediately.

If a biphasic defibrillator is available, the AHA recommends 
an initial energy level of 120 to 200 J for defibrillation of adults 
and 2 to 4 J/kg for defibrillation of children and infants.13 For 
children older than 1 year, if a shockable rhythm persists after 
five cycles of CPR, the rescuer should give one shock (4 J/kg) 
and resume compressions immediately. Use a 360-J shock for 
monophasic defibrillators for the first and subsequent shocks 
for adults.13 If VF recurs, the previously successful energy level 
should be used for subsequent shocks and compressions should 
be resumed immediately.

Electrode paddle size and placement are important in ensur-
ing that the full energy of the countershock is applied. For 
adults, paddles should be 8 to 12 cm in diameter to decrease 
resistance; adult paddles are adequate size for children older 
than 1 year. Normally, one paddle is placed below the clavicle 
and just to the right of the upper portion of the sternum, with 
the other positioned on the midaxillary line to the left of the 
left nipple. Alternatively, one paddle may be placed on the left 
precardium, with the other positioned posteriorly under the 
patient, behind the heart. Paddles should be prepared with 
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should be checked for proper functioning. Pacing is not recom-
mended by the AHA for patients in asystolic cardiac arrest 
because it is ineffective and may delay or interrupt the delivery 
of chest compressions.13

Monitoring Provider Team 
Performance During Advanced  
Cardiac Life Support

1. Five main components of high-performance CPR have been 
identified by an AHA consensus statement for inside and 
outside the hospital.17 Minimize interruptions in chest com-
pressions to less than 20% of the time chest compressions 
are performed during cardiac arrest.

inserted into the patient’s chest wall (transcutaneous, or trans-
thoracic, pacing). Alternatively, wire electrodes may be floated 
through the large veins and implanted directly inside the heart 
(transvenous pacing). Because it can be started quickly, trans-
cutaneous pacing is the method used most often in emergency 
cardiac care.

Pacemaker therapy is used to treat sinus bradycardias that 
produce serious signs and symptoms and that do not respond 
to atropine (Figure 37-27). Electrical pacing also is used to 
manage second-degree type II and third-degree heart block.

Because defibrillation can cause damage to permanent pace-
makers, care should be taken not to place the electrode paddles 
near these devices. After a patient with a permanent pacemaker 
undergoes either cardioversion or defibrillation, the device 

FIGURE 37-27	 Symptomatic	bradycardia	algorithm.	(From	Aehlert	B:	ACLS	study	guide,	ed	4,	St.	Louis,	2012,	Mosby.)
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Atropine 0.5 mg IV
Repeat PM every 3 to 5 min
Maximum total dose 3 mg

Transcutaneous pacing

Dopamine infusion
2 to 10 mcg/kg/min

or
Epinephrine infusion

2 to 10 mcg/min

Narrow QRS
(�0.10 sec)

Serious signs/symptoms due to the bradycardia (heart rate �60 beats/min)?

ABCs, O2, IV, monitor

Hypotension
Pulmonary congestion
Dizziness

Shock
Ongoing chest pain
Shortness of breath

CHF
Weakness/fatigue
Acute altered mental status

Prepare for
transvenous pacing

• Pulmonary embolism—
anticoagulants? surgery?

• Acidosis—give O2,
ensure adequate ventilation

• Tension pneumothorax—
needle decompression

• Cardiac tamponade—
pericardiocentesis

• Hypovolemia—replace
volume

• Hypoxia—give O2,
ensure adequate ventilation

• Heat/cold—cooling/warming
measures

• Hypo—hyperkalemia (and
other electrolytes)—correct
electrolyte abnormalities

• Myocardial infarction—
fibrinolytics?

• Drug overdose/accidents—
antidote/specific therapy

CONSIDER CONTRIBUTING
CAUSES
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and helps indicate patient response to these interventions. 
However, an acceptable ECG rhythm does not mean that cardiac 
output is adequate. Other indices of perfusion, such as pulse, 
blood pressure, and skin temperature, are needed to confirm 
adequate cardiac output.

Patient Care After Resuscitation

After cardiac arrest, a patient may exhibit an optimal response, 
in which case the patient regains consciousness, is responsive, 
and breathes spontaneously. More often, however, the patient 
requires support of one or more organ systems. Acidemia asso-
ciated with cardiac arrest usually improves when normal venti-
lation and perfusion are restored.

If the patient is conscious and breathing spontaneously after 
resuscitation, supplemental O2, maintenance of an IV infusion, 
and continuous cardiac and hemodynamic monitoring may be 
all that is necessary. A 12-lead ECG, chest x-ray, arterial blood 
gas (ABG) analysis, and clinical chemistry profile should be 
performed as soon as possible. Providers of care after cardiac 
arrest should do the following: “(1) control body temperature 
to optimize survival and neurologic recovery; (2) identify  
and treat acute coronary syndromes; (3) optimize mechanical 
ventilation to minimize lung injury; (4) reduce the risk for 
multiorgan injury and support organ function if required;  
(5) objectively assess prognosis for recovery; and (6) assist sur-
vivors with rehabilitation services when required.”30 The patient 
should be closely supervised in an intensive care or coronary 
care unit, especially during the first 24 hours after a cardiac 
arrest.

Only in this setting can underlying organ system insuffi-
ciency or failure be properly identified and managed. The 
organs most likely to exhibit failure after resuscitation are the 
lung, heart, and vasculature, and kidneys. Central nervous 
system failure is an ominous sign and generally indicates a failed 
resuscitation attempt.

Respiratory Management

If the patient remains apneic or exhibits irregular breathing 
after resuscitation, mechanical ventilation is instituted through 
a properly positioned endotracheal tube, with an initial O2 
concentration of 100%. ABGs, preferably obtained through an 
arterial line, are analyzed as needed until the oxygenation and 
acid-base status of the patient stabilize. ABG analysis also  
helps differentiate between pulmonary and nonpulmonary (or 
cardiac) causes of hypoxemia and tissue hypoxia. Mechanical 
ventilation is adjusted to maintain a normal PaCO2 level. 
Hyperventilation is detrimental and should be avoided. Higher 
ventilatory rates and larger VT may cause hyperventilation. This 
hyperventilation may generate increased airway pressures and 
auto-PEEP, leading to an increase in cerebral venous and intra-
cranial pressures and a decrease in coronary artery and cerebral 
arterial pressures.31 Cerebral blood flow may decrease, causing 
increased brain ischemia, if hyperventilation results in increased 
intrathoracic pressure. For details of the selection and use  
of mechanical ventilators and appropriate patient monitoring 
procedures, see Chapters 44 to 49, 51, and 52.

MINI CLINI
Cardiopulmonary Resuscitation  
Quality Control

PROBLEM:  The RT is part of a code team resuscitating a 
patient in VF cardiac arrest. The RT notices several quality 
control issues. Another therapist is providing bag-mask ventila-
tion with breaths that are too large and delivered with a fast 
inspiratory flow and rate. Another member of the team is 
administering chest compressions at rate of 80 compressions/
min and appears to be tiring. A house-staff member has failed 
to place an endotracheal tube on the first attempt and is prepar-
ing for a second attempt. What steps can the RT take to improve 
the quality of CPR?

SOLUTION:  The RT providing ventilations should be asked 
to deliver breaths that are large enough only to create visible 
chest rise and to deliver them over 1 second at a rate of 10 to 
12/min. The RT should say silently “one-one thousand” to esti-
mate a 1-second delivery time. The team member doing chest 
compression should be asked to push “hard and fast” at a rate 
of 100 to 120 compressions/min at a depth greater than 50 mm 
and allow complete chest recoil. The hands of the person doing 
chest compressions should be lifted slightly off the chest on 
each upstroke to ensure complete chest recoil. Interruptions in 
chest compressions should be held to less than 20% of CPR 
time and should not be interrupted by a second attempt to 
place an advanced airway (endotracheal tube, laryngeal mask 
airway, double-lumen airway [Combitube]) until five cycles 
(approximately 2 minutes) of CPR have been completed using 
a 30 : 2 compression-to-ventilation ratio. Postponing the second 
intubation attempt assumes that the victim can be ventilated 
with a bag-mask device. The team members doing chest com-
pressions should be rotated every 2 minutes to prevent fatigue 
from affecting performance. One cycle of CPR takes approxi-
mately 24 seconds with 30 compressions delivered in 18 seconds 
and 2 breaths delivered in 6 seconds (1 second for inspiration 
and 1 second for exhalation × 2, with 2 seconds lost to transi-
tioning between compressions and ventilation). Perfect CPR 
would result in 75 compressions and five breaths being deliv-
ered each minute. Code team members should not stop CPR 
to check the rhythm or a pulse immediately after shock deliv-
ery. After the shock, they should immediately administer five 
cycles of uninterrupted CPR beginning with chest compres-
sions and should check the rhythm and pulse after about 2 
minutes.

2. Maintain a chest compression rate of 100 to 120/min.
3. Chest compression depth should be 50 mm (2 inches) or 

greater in adults and at least one-third of the anterior to 
posterior chest diameter in children and infants.

4. Allow the chest to recoil completely during chest compres-
sions (i.e., no residual leaning).

5. Avoid excessive ventilation by keeping the rate to less than 
12/min and use a rate of 8 to 10 with an advanced airway.

The ECG is the most common and one of the most useful types 
of monitoring used during ACLS. The ECG provides the basis 
for selecting various drug and electrical therapies during CPR 
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Cardiovascular Management

The 12-lead ECG, chest radiograph, clinical chemistry profile, 
cardiac enzyme results, and current and past drug histories 
should be reviewed. Invasive hemodynamic monitoring may be 
needed to monitor blood pressure and cardiac output. This 
monitoring provides needed data on the adequacy of vascular 
volumes, left ventricular performance, and overall tissue perfu-
sion. Based on these data, judgments can be made regarding the 
need for fluid therapy and the selection and use of appropriate 
drugs.

SUMMARY CHECKLIST

◗	The	most	common	cause	of	sudden	death	in	adults	is	
coronary	artery	disease;	accidents	are	the	most	common	
cause	of	death	in	young	people.

◗	The	fundamental	steps	of	basic	CPR	of	health	care	
providers	for	a	witnessed	cardiac	arrest	are	as	follows:
1.	 Confirm	unresponsiveness.
2.	 Call	for	help	and	activate	the	EMS	system.
3.	 Check	for	a	pulse	(<10	seconds).
4.	 Perform	30	cardiac	compressions.
5.	 Give	two	1-second	breaths	to	produce	visible	chest	rise.
6.	 Initiate	automated	external	defibrillation	immediately	

(perform	defibrillation	as	soon	as	possible).
◗	Five	cycles	of	30	compressions	to	2	ventilations	CPR	for	

adults	should	be	given	between	attempts	at	defibrillation	
using	only	one	shock	followed	immediately	by	chest	
compressions.

◗	Evaluating	the	effectiveness	of	CPR	is	important	and	
requires	rescuers	to	watch	for	visible	chest	rise	and	fall	
with	ventilation	and	to	push	hard	and	fast	when	delivering	
chest	compression.

◗	Complications	of	CPR	include	worsening	of	potential	neck	
injuries,	gastric	inflation	and	vomiting,	and	internal	trauma	
during	chest	compressions.	Correct	technique	minimizes	
the	risk	for	such	complications.

◗	The	RT	is	most	often	called	on	to	establish	an	airway	and	
ventilation	with	elevated	FiO2	during	ACLS	of	hospitalized	
patients.	Most	often,	knowledge	and	skill	with	bag-valve	
devices	and	oropharyngeal	airways	are	required.	Special	
care	should	be	taken	not	to	hyperventilate	the	patient	
during	or	after	cardiac	arrest.

◗	Common	pharmacologic	agents	used	during	ACLS	include	
atropine	for	bradycardia,	epinephrine	and	amiodarone	or	
lidocaine	for	ventricular	arrhythmias,	and	epinephrine	or	
vasopressin	for	cardiac	arrest	and	hypotension.

◗	The	RT	is	often	involved	in	care	after	cardiac	arrest	of	a	
victim	who	responds	favorably	to	CPR.	In	the	
postresuscitative	phase,	the	RT	may	need	to	maintain	
normal	ventilation	and	oxygenation	and	assist	the	
physician	and	nurses	in	monitoring	the	patient’s	condition.
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Humidity and Bland 
Aerosol Therapy

JAMES B. FINK AND ARZU ARI

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	how	airway	heat	and	moisture	exchange	normally	occurs.
◆	 State	the	effect	dry	gases	have	on	the	respiratory	tract.
◆	 State	when	to	humidify	and	warm	inspired	gas.
◆	 Describe	how	various	types	of	humidifiers	work.
◆	 Describe	how	to	enhance	humidifier	performance.
◆	 State	how	to	select	and	use	humidifier	heating	and	feed	systems	safely.
◆	 Identify	the	indications,	contraindications,	and	hazards	that	pertain	to	humidification	during	mechanical	

ventilation.
◆	 Describe	how	to	monitor	patients	receiving	humidity	therapy.
◆	 Describe	how	to	identify	and	resolve	common	problems	with	humidification	systems.
◆	 State	when	to	apply	bland	aerosol	therapy.
◆	 Describe	how	large-volume	aerosol	generators	work.
◆	 Identify	the	delivery	systems	used	for	bland	aerosol	therapy.
◆	 Describe	how	to	identify	and	resolve	common	problems	with	aerosol	delivery	systems.
◆	 Describe	how	to	perform	sputum	induction.
◆	 State	how	to	select	the	appropriate	therapy	to	condition	a	patient’s	inspired	gas.

CHAPTER OUTLINE

Humidity Therapy
Physiologic	Control	of	Heat	and	Moisture	Exchange
Indications	for	Humidification	and	Warming	of	

Inspired	Gases
Equipment
Problem	Solving	and	Troubleshooting

Bland Aerosol Therapy
Equipment
Sputum	Induction
Problem	Solving	and	Troubleshooting

Selecting the Appropriate Therapy

KEY TERMS

American	Society	for	Testing	and	
Materials

baffling
body	humidity
heat	and	moisture	exchangers
humidifier
hydrophobic

hygrometer
hygroscopic
hypothermia
inspissated
International	Organization	for	

Standardization
isothermic	saturation	boundary

nebulizer
piezoelectric	crystal
servo-controlled	heating	system
ultrasonic	nebulizer
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Above the ISB, temperature and humidity decrease during 
inspiration and increase during exhalation. Below the ISB, tem-
perature and relative humidity remain constant (BTPS).

Numerous factors can shift the ISB deeper into the lungs. 
The ISB shifts distally when a person breathes through the 
mouth rather than the nose; when the person breathes cold, dry 
air; when the upper airway is bypassed (breathing through an 
artificial tracheal airway); or when the minute ventilation is 
higher than normal. When this shift of ISB occurs, additional 
surfaces of the airway are recruited to meet the heat and humid-
ity requirements of the lung. This recruitment of airways that 
do not typically provide this level of heat and humidity can have 
a negative impact on epithelial integrity. These shifts of the ISB 
can compromise the body’s normal heat and moisture exchange 
mechanisms, and humidity therapy is indicated.

Indications for Humidification and 
Warming of Inspired Gases

The primary goal of humidification is to maintain normal 
physiologic conditions in the lower airways. Proper levels of 
heat and humidity help ensure normal function of the muco-
ciliary transport system. Humidity therapy is also used to treat 
abnormal conditions. Box 38-1 summarizes the indications and 
contraindications for humidity therapy.

Administration of dry medical gases at flows greater than 
4 L/min to the upper airway causes immediate heat and water 
loss and, if prolonged, causes structural damage to the epithe-
lium. As the airway is exposed to relatively cold, dry air, ciliary 
motility is reduced, airways become more irritable, mucus pro-
duction increases, and pulmonary secretions become inspis-
sated (thickened owing to dehydration).

As listed in Box 38-2, the hazard of breathing dry gas is even 
greater when the normal heat and water exchange capabilities 

V apors and mists have been used for millenia to treat 
respiratory disease. Modern respiratory care still uses 
these treatments at the bedside, in the form of water 

vapor (humidity) and bland water aerosols. Concepts of abso-
lute and relative humidity are essential for understanding 
humidity therapy and are covered in Chapter 6. This chapter 
reviews the principles, methods, equipment, and procedures for 
using these concepts appropriately.

HUMIDITY THERAPY

Humidity therapy involves adding water vapor and (some-
times) heat to the inspired gas. To understand the need for 
humidity therapy, clinicians must understand the normal 
control of heat and moisture exchange.

Physiologic Control of Heat and 
Moisture Exchange

Heat and moisture exchange is a primary function of the upper 
respiratory tract, mainly the nose.1 The nose heats and humidi-
fies gas on inspiration and cools and reclaims water from gas 
that is exhaled. The nasal mucosal lining is kept moist by secre-
tions from mucous glands, goblet cells, transudation of fluid 
through cell walls, and condensation of exhaled humidity. The 
nasal mucosa is very vascular, actively regulating temperature 
changes in the nose and serving as an active element in promot-
ing effective heat transfer. Similarly, the mucosa lining the 
sinuses, trachea, and bronchi aid in heating and humidifying 
inspired gases.

During inspiration through the nose, the tortuous path of 
gas through the turbinates increases contact between the 
inspired air and the mucosa. As the inspired air enters the nose, 
it warms (convection) and picks up water vapor from the moist 
mucosal lining (evaporation), cooling the mucosal surface.

During exhalation, the expired gas transfers heat back to the 
cooler tracheal and nasal mucosa by convection. As the satu-
rated gas cools, it holds less water vapor. Condensation occurs 
on the mucosal surfaces during exhalation, and water is reab-
sorbed by the mucus (rehydration). In cold environments, the 
formation of condensate may exceed the ability of the mucus 
to reabsorb water (resulting in a “runny nose”).

The mouth is less effective at heat and moisture exchange 
than the nose because of the low ratio of gas volume to moist 
and warm surface area and the less vascular squamous epithe-
lium lining the oropharynx and hypopharynx. When a person 
inhales through the mouth at normal room temperature, pha-
ryngeal temperatures are approximately 3° C less than when the 
person breathes through the nose, with 20% less relative humid-
ity. During exhalation, the relative humidity of expired gas 
varies little between mouth breathing and nose breathing, but 
the mouth is much less efficient in reclaiming heat and water.2

As inspired gas moves into the lungs, it achieves BTPS condi-
tions (i.e., body temperature, 37° C; barometric pressure; satu-
rated with water vapor [100% relative humidity at 37° C]) 
(Figure 38-1). This point, normally approximately 5 cm below 
the carina, is called the isothermic saturation boundary (ISB).3 

FIGURE 38-1	 As	a	person	breathes	typical	ambient	air,	the	
upper	airway	adds	20	mg/L	of	water	vapor	and	the	lower	airway	
adds	13.9	mg/L.	If	all	of	that	humidity	were	exhaled,	this	would	
represent	a	33.9	mg/L	humidity	deficit.	AH,	Absolute	humidity;	
RH,	relative	humidity;	T,	temperature.	(From	Fink	J:	Humidity	and	
aerosol	therapy.	In	Cairo	J,	Pilbeam	S,	editors:	Mosby’s	respiratory	
equipment,	ed	8,	St.	Louis,	2010,	Mosby.)

T = 22° C
RH = 50%

AH = 10 mg/L

T = 30°
RH = 95%
AH = 30 mg/L

Isothermic 
saturation
boundary

T = 37°
RH = 100%
AH = 43.9 mg/L

-

Humidity deficit:

43.9 mg/L
10.0 mg/L

33.9 mg/L
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of the upper airway are lost or bypassed, as occurs with endo-
tracheal intubation. Breathing dry gas through an endotracheal 
tube (ETT) can cause damage to tracheal epithelium within 
minutes. However, as long as the inspired humidity is at least 
60% of BTPS conditions, no injury occurs in normal lungs.4,5 
Prolonged breathing of improperly conditioned gases through 
a tracheal airway can result in hypothermia (reduced body 
temperature), inspissation of airway secretions, mucociliary 
dysfunction, destruction of airway epithelium, and atelectasis.6 
Box 38-3 summarizes the signs and symptoms associated with 
breathing cold, dry gases. A reduction of 20 mg/L below BTPS 
(44 mg/L) is less than 60% relative humidity at BTPS.

The amount of heat and humidity that a patient needs 
depends on the site of gas delivery (e.g., nose or mouth, hypo-
pharynx, trachea). Table 38-1 summarizes the recommended 
levels based on standards.7

Warmed, humidified gases are used to prevent or treat 
various abnormal conditions. For treatment of hypothermia, 
heating and humidifying the inspired gas is one of several tech-
niques used to raise core temperatures back to normal.8,9 Heated 
humidification is used to prevent intraoperative hypothermia.10 
Of possibly greater clinical significance, warming and humidi-
fying the inspired gas can help alleviate bronchospasm in 
patients who develop airway narrowing after exercise or when 
they breathe cold air. Although the cause of this condition is 
not known for certain, the primary stimulus is probably a com-
bination of airway cooling and drying, which leads to hyperto-
nicity of airway lining fluid and the release of chemical 
mediators.11 The incidence of cold air–induced bronchospasm 
can be reduced by wearing a scarf over the nose and mouth in 
cold weather; the scarf becomes a crude passive heat and mois-
ture exchanger.

 Box 38-3 Clinical Signs and Symptoms of 
Inadequate Airway Humidification

•	 Atelectasis
•	 Dry,	nonproductive	cough
•	 Increased	airway	resistance
•	 Increased	incidence	of	infection
•	 Increased	work	of	breathing
•	 Patient	complaint	of	substernal	pain	and	airway	dryness
•	 Thick,	dehydrated	secretions

 Box 38-2 Hazards and Complications for 
Humidification Therapy

Hazards	and	complications	associated	with	the	use	of	heated	
humidifier	(HH)	and	HME	devices	during	mechanical	ventilation	
include	the	following:
•	 Potential	electrical	shock	(HH)
•	 Potential	for	burns	to	caregivers	from	hot	metal	(HH)

•	 Hypothermia	(HME	or	inadequately	set	HH)
•	 Hyperthermia	(HH)
•	 Thermal	injury	(HH)

•	 Underhydration	and	mucous	impaction	(HME	or	HH)
•	 Hypoventilation	and/or	alveolar	gas	trapping	resulting	

from	mucus	plugging	of	airways	(HME	or	HH)
•	 Hypoventilation	secondary	to	hypercapnia	caused	by	the	

increase	in	dead	space	(HME)
•	 Increased	work	of	breathing	(HME)
•	 Possible	hypoventilation	resulting	from	hypercapnia	

caused	by	the	increase	in	dead	space	(HME)
•	 Inadvertent	overfilling	or	pooled	condensate	resulting	in	

unintentional	tracheal	lavage	(HH)
•	 High	flow	rates	during	disconnect	may	aerosolize	

contaminated	condensate	(HH)
•	 Elevated	airway	pressures	caused	by	condensation	(HH)
•	 Ineffective	low-pressure	alarm	during	disconnection	(HME)
•	 Patient-ventilator	dyssynchrony	and	improper	ventilator	

function	caused	by	condensation	in	the	circuit	(HH)
•	 Airway	burns	or	tubing	meltdown	if	heated	wire	circuits	

are	covered	or	incompatible	with	humidifier	(HH)

 Box 38-1 Indications for Humidification 
Therapy

PRIMARY
•	 Humidifying	dry	medical	gases
•	 Overcoming	humidity	deficit	created	when	upper	airway	is	

bypassed

SECONDARY
•	 Treating	bronchospasm	caused	by	cold	air
•	 Contraindications	for	humidification	therapy

There	are	no	contraindications	to	providing	physiologic	
conditioning	of	inspired	gas	during	mechanical	ventilation.	
However,	a	heat	and	moisture	exchanger	(HME)	is	
contraindicated	for	patients:
•	 With	thick,	copious,	or	bloody	secretions
•	 With	an	expired	tidal	volume	(VT)	less	than	70%	of	the	

delivered	VT	(e.g.,	patients	with	large	bronchopleural	fistulas	
or	incompetent	or	absent	endotracheal	tube	cuffs)

•	 With	body	temperature	less	than	32°	C
•	 With	high	spontaneous	minute	volumes	(>10	L/min)
•	 Receiving	noninvasive	ventilation	with	large	mask	leaks,	

because	the	patient	does	not	exhale	enough	VT	to	replenish	
heat	and	moisture	to	adequately	condition	the	inspired	gas.	
Also,	the	resistance	and	dead	space	of	the	HME	may	
negate	the	effects	of	the	noninvasive	positive	pressure	and	
add	additional	work	of	breathing.

•	 Receiving	lung	protective	ventilation	strategies	such	as	in	
acute	respiratory	distress	syndrome	(additional	dead	space	of	
HME	may	increase	the	ventilation	requirement	and	PaCO2).

•	 Receiving	in-line	aerosol	drug	treatments	(a	standard	HME	
must	be	removed	from	the	patient	circuit	during	treatments.	
An	HME	designed	for	aerosol	delivery	must	be	switched	to	
the	aerosol	bypass	mode)

TABLE 38-1 

Recommended Heat and Humidity Levels

Delivery Site Temperature 
Range (° C)

Relative 
Humidity (%)

Absolute 
Humidity (mg/L)

Nose/mouth 20-22 50 10
Hypopharynx 29-32 95 28-34
Trachea 32-35 100 36-40

From	Chatburn	R,	Primiano	F:	A	rational	basis	for	humidity	therapy.	Respir	
Care	32:249,	1987.
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FIGURE 38-2	 Effects	of	reservoir	temperature	on	humidity	output	with	unheated	(left)	and	heated	(right)	bubble-type	humidifiers.	
(Modified	from	Fink	J,	Cohen	N:	Humidity	and	aerosols.	In	Eubank	D,	Bone	R,	editors:	Principles	and	applications	of	cardiorespiratory	care	
equipment,	St.	Louis,	1994,	Mosby.)

Dry gas Dry gasPressure
release valve

Gas temperature 10° C
Relative humidity 100%
Absolute humidity 9.4 mg/L

Room temperature 23° C
Relative humidity 50%
Absolute humidity 10 mg/L              

Gas temperature 40° C
Relative humidity 100%
Absolute humidity 51 mg/L

Room temperature 23° C
Relative humidity 50%       
Absolute humidity 30 mg/L

Reservoir temp 40° CReservoir temp 10° C

Heater outlet

Electric outlet

 Box 38-4 Physical Principles Governing 
Humidifier Function

Temperature:	The	higher	the	temperature	of	a	gas,	the	more	
water	vapor	it	can	hold	(increased	capacity)	or	vice	versa.

Surface area:	The	greater	the	surface	area	of	contact	between	
water	and	gas,	the	more	opportunity	there	is	for	evaporation	
to	occur.

Contact time:	The	longer	a	gas	remains	in	contact	with	water,	
the	greater	is	the	opportunity	for	evaporation	to	occur.

Thermal mass:	The	greater	the	mass	of	water	or	the	core	
element	of	a	humidifier,	the	greater	is	its	capacity	to	hold	
and	transfer	heat.

The delivery of cool humidified gas is used to treat upper 
airway inflammation resulting from croup, epiglottitis, and 
postextubation edema. This technique is used most often in 
conjunction with bland aerosol delivery (see the section on 
Bland Aerosol Delivery).

Equipment

A humidifier is a device that adds molecular water to gas. This 
process occurs by evaporation of water from a surface (see 
Chapter 6), whether the water is in a reservoir, a wick, or a 
sphere of water in suspension (aerosol).

Physical Principles Governing  
Humidifier Function
The following four variables or principles affect the quality of 
performance of a humidifier: (1) temperature, (2) surface area, 
(3) time of contact, and (4) thermal mass. These factors are 
exploited to various degrees in the design of humidification 
devices (Box 38-4).

Temperature.  Temperature is an important factor affecting 
humidifier performance. The greater the temperature of a gas, 
the more water vapor it can hold (increased capacity). As gas 
expansion and evaporation cool water in unheated humidifiers 
to 10° C below ambient temperature, the humidifiers become 
less efficient.

Figure 38-2 shows this concept, where, owing to evaporative 
cooling, the unheated humidifier on the left is operating at 10° 
C. Although the humidifier fully saturates the gas, the low oper-
ating temperature limits total water vapor capacity to approxi-

mately 9.4 mg/L water vapor, equivalent to approximately 21% 
of body humidity. Simply heating the humidifier to 40° C 
(Figure 38-2, right) increases its output to 51 mg/L, which is 
sufficient to meet BTPS conditions.

Surface Area.  The greater the area of contact between water 
and gas, the more opportunity there is for evaporation to occur. 
Passover humidifiers pass gas over a large surface area of water. 
More space-efficient ways to increase the ratio of water to gas 
surface area include bubble diffusion, aerosol, and wick 
technologies.

Bubble-diffusion directs a stream of gas underwater, where it 
is broken up into small bubbles. As the gas bubbles rise to the 
surface, evaporation increases the water vapor content within 
the bubble. The smaller the bubble, the greater is the ratio of 
water to air surface area.
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Types of Humidifiers
Humidifiers are either active (actively adding heat or water 
or both to the device-patient interface) or passive (recycling 
exhaled heat and humidity from the patient). Active humidifiers 
typically include (1) bubble humidifiers, (2) passover humidi-
fiers, (3) nebulizers of bland aerosols, and (4) vaporizers. Passive 
humidifiers refer to typical heat and moisture exchangers 
(HMEs). Specifications covering the design and performance 
requirements for medical humidifiers are established by the 
American Society for Testing and Materials (ASTM).12

Active Humidifiers
Bubble.  A bubble humidifier breaks (diffuses) an underwa-

ter gas stream into small bubbles (Figure 38-3). Use of a foam 
or mesh diffuser produces smaller bubbles than an open lumen, 
allowing greater surface area for gas/water interaction. Unheated 
bubble humidifiers are commonly used with oxygen (O2) deliv-
ery systems (see Chapter 41) to raise the water vapor content 
of the gas to ambient levels.

As indicated in Table 38-2, unheated bubble humidifiers  
can provide absolute humidity levels between approximately 
15 mg/L and 20 mg/L.13,14 At room temperature, 10 mg/L abso-
lute humidity corresponds to approximately 80% relative 
humidity but only approximately 25% body humidity (see 
Chapter 6). As gas flow increases, the reservoir cools and contact 
time is reduced, limiting effectiveness at flow rates greater than 
10 L/min. Heating the reservoirs can increase humidity content, 

An alternative to dispersing gas bubbles in water is spraying 
water particles (aerosol) into the gas. The higher the aerosol 
density (number of particles per volume of gas), the greater is 
the gas to water surface area available for evaporation.

Wicks use porous water-absorbent materials to draw water 
(similar to a sponge) into its fine honeycombed structure by 
means of capillary action. The surfaces of the wick increase  
the area of contact between the water and gas, which aids 
evaporation.

Contact  Time.  The longer a gas remains in contact with 
water, the greater the opportunity is for evaporation to occur. 
For bubble humidifiers, contact time depends on the depth of 
the water column; the deeper the column, the greater is the time 
of contact as the bubbles rise to the surface. In passover and 
wick-type humidifiers, the flow rate of gas through the humidi-
fier is inversely related to contact time, with high flow rates 
reducing the time available for evaporation to occur. Aerosols 
suspended in a gas stream have extended contact time (and 
opportunity for evaporation) as the aerosol and gas travel to 
the patient.

Thermal  Mass.  The greater the amount of water in a 
humidifier, the greater is the thermal mass. Increased thermal 
mass equates to increased capacity to hold and transfer heat to 
therapeutic gases. Larger reservoir humidifiers can provide 
more consistent heat and humidification with a broader range 
of gas flow.

FIGURE 38-3	 Primary	types	of	active	humidifiers.	Gas	passes	through	the	water	(bubble),	around	drops	of	water	(aerosol)	or	over	the	
surface	of	water	(Passover),	a	saturated	material	(wick)	or	a	semipermeable	membrane	(membrane).	(From	Fink	J:	Humidity	and	aerosol	
therapy.	In	Cairo	J,	Pilbeam	S,	editors:	Mosby’s	respiratory	equipment,	ed	8,	St.	Louis,	2010,	Mosby.)

Bubble Aerosol Passover

MembraneWick
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membrane, but liquid water (and pathogens) cannot. As with a 
wick humidifier, bubbling does not occur. If a membrane-type 
humidifier were to be inspected while it was in use, no liquid 
water would be seen in the humidifier chamber.

Compared with bubble humidifiers, passover humidifiers 
offer several advantages.15,16 First, in contrast to bubble devices, 
passover humidifiers can maintain saturation at high flow rates. 
Second, they add little or no flow resistance to spontaneous 
breathing circuits. Third, they do not generate any aerosols, and 
they pose a minimal risk for spreading infection.

Vaporizer Humidifiers.  Simple vaporizers heat water to the 
point of expansion as a gas. Simple room vaporizers have been 
used in ambulatory settings for years as room humidifiers. A 
capillary force vaporizer is a thin-film, high-surface-area boiler 
that combines capillary force and phase transition to impart 
pressure onto an expanding gas (water vapor) and ejects it into 
the gas stream.

Heat  and  Moisture  Exchangers.  An HME is a passive 
humidifier, also described as an “artificial nose.” Similar to the 
nose, an HME captures exhaled heat and moisture and returns 
up to 70% of the heat and humidify to the patient during the 
next inspiration. In contrast to the nose, with its rich vascula-
ture and endothelium, most HMEs do not actively add heat or 
water to the system.6

Traditionally, use of HMEs has been limited to providing 
humidification to patients receiving ventilatory support via 
endotracheal or tracheostomy tubes. More recently, HMEs have 
been used successfully in meeting the short-term humidifica-
tion needs of spontaneously breathing patients with tracheos-
tomy tubes.17-22 Reports of increased incidence of blocked 
tracheal tubes associated with long duration of HME use in the 
intensive care unit,23 are in contrast with evidence supporting 
long-term use of HMEs for spontaneously breathing patients.24

but this is not recommended because cooling produces conden-
sate that obstructs small-bore delivery tubing.

To warn of flow-path obstruction and prevent bursting of 
the humidifier bottle, bubble humidifiers incorporate a simple 
pressure-relief valve, or pop-off. The pop-off is commonly a 
gravity or spring-loaded valve that releases pressures greater 
than 2 psi. Humidifier pop-offs should provide both an audible 
and a visible alarm and resume normal position when pressures 
return to normal.12 The pop-off can be used to test an O2 deliv-
ery system for leaks by obstructing delivery tubing at or near 
the patient interface. If the pop-off sounds, the system is leak-
free; failure of the pop-off to sound may indicate a leak (or a 
faulty pop-off valve).

As gas flow increases, bubble humidifiers can produce aero-
sols. Although invisible to the naked eye, these water droplet 
suspensions can transmit pathogenic bacteria from the humidi-
fier reservoir to the patient.15 Because any device that generates 
an aerosol poses a high risk for spreading infection, strict infec-
tion control procedures must be followed when using these 
systems (see Chapter 4).

Passover.  Passover humidifiers direct gas over a surface con-
taining water. There are three common types of passover 
humidifiers: (1) simple reservoir type, (2) wick type, and (3) 
membrane type (see Figure 38-3).

The simple reservoir device directs gas over the surface of  
a volume of water (or fluid). The surface for gas-fluid interface 
is limited. Typically used with heated fluids with invasive 
mechanical ventilation, room temperature fluids may be used 
with noninvasive ventilatory support (nasal continuous positive 
airway pressure or bilevel ventilation).

A wick humidifier uses an absorbent material to increase the 
surface area for dry air to interface with heated water. Typically, 
a wick is placed upright with the gravity-dependent end in a 
heated water reservoir. Heating elements might be below or 
surrounding the wick. Capillary action draws water up from the 
reservoir and keeps the wick saturated. As dry gas enters the 
chamber, it flows around the wick, quickly picking up heat and 
moisture and leaving the chamber saturated with water vapor. 
No bubbling occurs, so no aerosol is produced.

A membrane-type humidifier separates the water from the 
gas stream by means of a hydrophobic membrane (Figure 
38-4). Water vapor molecules can easily pass through this 

TABLE 38-2 

Absolute Humidity (mg/L) Provided by Unheated 
Bubble Humidifiers

L/min Aquapak 301 (Hudson 
RCI, Dunham, NC)

Traveral 500 (Baxter-Travenol, 
Deerfield, IL)

2 17.6 20.4
4 17.7 19.5
6 16.9 16.2
8 14.9 15.7

Modified	from	Darin	J,	Broadwell	J,	MacDonell	R:	An	evaluation	of	
water-vapor	output	from	four	brands	of	unheated,	prefilled	bubble	
humidifiers.	Respir	Care	27:41,	1982.

FIGURE 38-4	 Process	of	humidification	with	a	hydrophobic	
condenser	humidifier.	AH,	Absolute	humidity;	RH,	relative	humidity;	
T,	temperature.	

Hydrophobic Condenser

Expiration

Inspiration

T 10°, RH 100%
AH 8 mg/L

T 35°, RH 100%
AH 40 mg/L

T 20°, RH 50%
AH 9 mg/L

T 30°, RH 100%
AH 30 mg/L



826 SECTION V • Basic Therapeutics

of these devices is comparable to that of hygroscopic condenser 
HMEs (approximately 70%). However, some hydrophobic 
HMEs that provide bacterial filtration may reduce the risk for 
pneumonia but be unsuitable for patients with limited respira-
tory reserve or who are prone to airway blockage because they 
may increase artificial airway occlusion.25,26 HMEs that deliver 
at least 30 mg H2O/L should be used because they are associated 
with a lower incidence of ETT occlusion.18

Design and performance standards for HMEs are set by the 
International Organization for Standardization (ISO).27 The 
ideal HME should operate at 70% efficiency or better (provid-
ing at least 30 mg/L water vapor); use standard connections; 
have a low compliance; and add minimal weight, dead space, 
and flow resistance to a breathing circuit.28 HME performance 
varies from brand to brand and may differ from manufacturers’ 
specifications.29 Insufficient heat and humidification can occur 
with some HMEs causing complications.30,31 Table 38-3 com-
pares performance of several commercially available HMEs 

The three basic types of HMEs are (1) simple condenser 
humidifiers, (2) hygroscopic condenser humidifiers, and  
(3) hydrophobic condenser humidifiers. Simple condenser 
HMEs contain a condenser element with high thermal conduc-
tivity, usually consisting of metallic gauze, corrugated metal, or 
parallel metal tubes. Inspired air cools the condenser element, 
and expired water vapor condenses directly on its surface and 
rewarms it. On the next inspiration, cool, dry air is warmed and 
humidified as its passes over the condenser element. Simple 
condenser humidifiers are able to recapture only approximately 
50% of a patient’s exhaled moisture.

Hygroscopic condenser HMEs provide higher efficiency by 
(1) using a condensing element of low thermal conductivity 
(e.g., paper, wool, or foam) and (2) impregnating this material 
with a hygroscopic salt (calcium or lithium chloride). By using 
an element with low thermal conductivity, hygroscopic con-
denser HMEs can retain more heat than simple condenser 
systems while hygroscopic salt helps capture extra moisture 
from the exhaled gas. The lower water vapor pressure in the 
inspired gas liberates water molecules directly from the hygro-
scopic salt, without cooling. Figure 38-5 depicts the overall 
process of humidification with a hygroscopic condenser humid-
ifier, showing the changes in temperature and the relative and 
absolute humidity occurring during the cycle of breathing. As 
shown, these devices typically achieve approximately 70% effi-
ciency (40 mg/L exhaled, 27 mg/L returned).

Hydrophobic condenser HMEs use a water-repellent element 
with a large surface area and low thermal conductivity (see 
Figure 38-4). During exhalation, the condenser temperature 
increases to approximately 25° C because of conduction and the 
latent heat of condensation. On inspiration, cool gas and evapo-
ration reduce the condenser temperature down to 10° C. This 
large temperature change results in the conservation of more 
water to be used in humidifying the next breath. The efficiency 

FIGURE 38-5	 Process	of	humidification	with	a	hygroscopic	
condenser	humidifier.	AH,	Absolute	humidity;	RH,	relative	humidity;	
T,	temperature.	

Hygroscopic Condenser

Expiration

Inspiration

T 22°, RH 100%
AH 22 mg/L

T 35°, RH 100%
AH 40 mg/L

T 20°, RH 50%
AH 9 mg/L

T 28°, RH 100%
AH 27 mg/L

TABLE 38-3 

Comparison of 25 Heat and Moisture Exchangers

Device Manufacturer Measured 
AH (mg 
H2O/L)

AH/ml 
of Dead 
Space

Measured 
Resistance 
at 60 L/min 
cm H2O

Hygrovent Peters 31.9	±	0.6 0.34 1.8
Hygrobac Mallinckrodt 31.7	±	0.7 0.33 2.1
Hygrovent	S Peters 31.7	±	0.5 0.58 2.8
Hygrobac	S Mallinckrodt 31.2	±	0.2 0.69 2.3
9000/100 Allégiance 31.2	±	1.4 0.35 2.7
Servo	

Humidifier	
172

Siemens 30.9	±	0.3 0.56 NA

Humid	Vent	
Filter

Hudson 30.8	±	0.3 0.88 2.3

Hygroster Mallinckrodt 30.7	±	0.6 0.32 2.3
Humid	Vent	2 Hudson 29.7	±	0.4 1.03 NA
Servo	

Humidifier	
162

Siemens 29.7	±	0.8 0.78 NA

Humid	Vent	
2S

Hudson 29.2	±	0.4 1.01 NA

9040/01 Allégiance 28.6	±	1.1 0.61 2.4
9000/01 Allégiance 28.5	±	0.8 0.32 3.9
BB100E Pall 27.2	±	0.7 0.32 1.4
BB100 Pall 26.8	±	0.5 0.30 2.0
Stérivent Mallinckrodt 23.8	±	0.9 0.26 1.9
Iso	Gard	

Hepa	Light
Hudson 23.6	±	0.3 0.47 2.4

Stérivent	S Mallinckrodt 22.2	±	0.2 0.36 1.7
BB25 Pall 19.6	±	1.4 0.56 2.6
BB2000AP Pall 18.9	±	0.4 0.54 3.1
Stérivent	Mini Mallinckrodt 16.6	±	1.0 0.47 2.2
4444/66 Allégiance 16.4	±	0.6 0.35 3.4
4000/01 Allégiance 15.1	±	0.9 0.40 2.2
Barrierbac	S Mallinckrodt 13.2	±	0.2 0.38 2.1

Modified	from	Lellouche	F,	Taille	S,	Lefrancois	F,	et	al:	Humidification	
performance	of	48	passive	airway	humidifiers:	comparison	with	manufacturer	
data.	Chest	135:276,	2009.
AH,	Absolute	humidity;	NA,	not	available.
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Compared with active humidification systems, HMEs reduce 
bacterial colonization of ventilator circuits.35 However, circuit 
colonization plays a minor role in the development of nosoco-
mial infections, provided that usual maintenance precautions 
are applied.36 Although there is no evidence of an overall dif-
ference between HMEs and heated humidifiers in preventing 
mortality and other complications in patients who are mechan-
ically ventilated,26 and previous research indicates no difference 
in incidence of ventilator-associated infections, with HMEs and 
heated humidifiers.26,29,30,35,37-39 The position of the HME relative 
to the patient’s airway can affect its ability both to heat and to 
humidify inhaled gas. Secretions can foul HMEs attached 
directly to the airway. The use of devices such as closed suction 
catheters and airway monitor ports requires placement of the 
HME closer to the ventilator. Previous research tested perfor-
mance of HMEs placed directly at the airway, 10 cm away from 
ETT and proximal to the ventilator circuit.40 It was reported 
that HME performance was best at the airway (Figure 38-6).40 

according to their moisture output, flow resistance, and dead 
space.29

As shown in Table 38-3, the moisture output of HMEs tends 
to decrease at high volumes and rates of breathing. In addition, 
high inspiratory flows and high FiO2 levels can decrease HME 
efficiency.28 Flow resistance through the HME also is important. 
When an HME is dry, resistance across most devices is minimal. 
However, because of water absorption, HME flow resistance 
increases after several hours of use.32 For some patients, the 
increased resistance imposed by the HME may not be well toler-
ated, particularly if the underlying lung disease already causes 
increased work of breathing. An increase in work of breathing 
through the HME may lead to elevated airway pressures and 
possible disconnect.33

Because HMEs eliminate the problem of breathing circuit 
condensation, many clinicians consider these devices (especially 
hydrophobic filter HMEs) to be helpful in preventing nosoco-
mial infections and ventilator-associated pneumonia (VAP).34 

FIGURE 38-6	 Placement	of	heat	and	moisture	exchangers	(HMEs)	(Hygrobac	S	[Mallinckrodt-Dar,	Mirandola,	Italy,	blue circle]	or	
Thermovent	HEPA	[Smiths	Medical	International,	Kent,	U.K.,	red circle])	at	the	airway	(site 1)	or	proximal	to	the	ventilator	circuit	(site 2).	
Temperature	mean	±	SD	(TEMP;	left)	and	absolute	humidity	were	significantly	higher	with	both	HMEs.	P	<	.05	placed	at	site 1	compared	
with	site 2.	(Modified	from	Inui	D,	Oto	J,	Nishimura	M:	Effect	of	heat	and	moisture	exchanger	[HME]	positioning	on	inspiratory	gas	
humidification.	BMC	Pulm	Med	6:19,	2006.)
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element, which matches a preset or adjustable temperature. 
They also may use a thermistor placed at the outlet of the 
humidifier, with a heater set to control output temperature. 
Servo-controlled heating systems monitor the temperature at 
the humidifier’s outlet and at the patient’s airway using a therm-
istor probe. The controller adjusts the heater power to reach the 
desired airway temperature and incorporates alarms and an 
alarm-activated heater shutdown function.

An electrical heating element provides the needed energy. 
Five types of heating elements are common: (1) a hotplate 
element at the base of the humidifier; (2) a wraparound type 
that surrounds the humidifier chamber; (3) a yolk, or collar, 
element that sits between the water reservoir and the gas outlet; 
(4) an immersion-type heater, with the element placed in the 
water reservoir; (5) a heated wire in the inspiratory limb 
warming a saturated wick or hollow fiber; and (6) a thin-film, 
high surface area broiler.

Humidifier heating systems have a controller that regulates 
the element’s electrical power. In the simplest systems, the con-
troller monitors the heating element, varying the delivered 
current to match either a preset or an adjustable temperature. 
In these systems, the temperature of the patient’s airway has no 
effect on the controller. Conversely, a servo-controlled heating 
system monitors temperature at or near the patient’s airway 
using a thermistor probe. The controller adjusts heater power 
to achieve the desired airway temperature. Systems usually have 
alarms and alarm-activated heater shutdown. Box 38-5 outlines 
key features of modern heated humidification systems.

Clinicians should select HMEs that perform adequately when 
placed at the intended position. Although use of HMEs has 
been associated with thickened and increased volume of  
secretions in some patients, the incidence of ETT occlusion 
when HMEs are used is equivalent to that with heated 
humidifiers.38,41

HMEs are not recommended for use with infants and small 
children for several reasons. First, HMEs add 30 to 90 ml of 
mechanical dead space, exceeding the tidal volume of the infant. 
In addition, infants are commonly ventilated through uncuffed 
ETTs, which allow exhaled gas to leak around the tube and 
bypass the HME reducing recovered heat and humidity.

Active Heat and Moisture Exchangers.  Active HMEs add 
humidity or heat or both to inspired gas by chemical or electri-
cal means.42 The Humid-Heat (Louis Gibeck AB, Upplands 
Väsby, Sweden) consists of a supply unit with a microprocessor, 
water pump, and humidification device, which is placed between 
the Y-piece and the ETT. The humidification device is based on 
a hygroscopic HME, which absorbs the expired heat and mois-
ture and releases it into the inspired gas. External heat and water 
are added to the patient side of the HME, so the inspired gas 
should reach 100% humidity at 37° C (44 mg H2O/L air). The 
external water is delivered to the humidification device via a 
pump onto a wick and evaporated into the inspired air by an 
electrical heater. The microprocessor controls the water pump 
and the heater by an algorithm using the minute ventilation 
(which is fed into the microprocessor) and the airway tempera-
ture measured by a sensor mounted in the flex-tube on the 
patient side of the humidification device. The HME Booster 
(King Systems, Noblesville, IN) has a T-piece containing an 
electrically heated element that was designed for use as an 
adjunct to a passive HME. The heating element heats water so 
that water vapor passes into the airway between the artificial 
airway and ETT, via a Gore-Tex membrane and aluminum. 
Using a gravity feedbag via a flow regulator that limits flow to 
10 mL/hr, water is fed to the heater, which operates at 110° C 
and adds 3 to 5.5 mg/L of humidity and 3° C to 4° C to inspired 
gas compared with the HME alone. The Humid-Booster was 
designed for patients with minute volumes of 4 to 20 L, and it 
is not appropriate for use with pediatric patients or infants. 
Active HMEs add weight and complexity at the patient airway.

	

RULE OF THUMB

HMEs	should	be	replaced	if	secretions	have	
contaminated	the	filter	and/or	if	flow	resistance	has	
increased	causing	an	increase	in	the	work	of	breathing.

Heated Humidifiers
Heat improves the water output of humidifiers. Heated humidi-
fiers are used to increase the heat and water content of inspired 
gas for patients with bypassed upper airways and patients 
receiving noninvasive mechanical ventilatory support.6 Humid-
ifier heating systems generally have a controller that regulates 
the power to the heating element by monitoring the heating 

	

RULE OF THUMB

Place	heated	humidifier	thermistor	probes	in	the	
inspiratory	limb	of	a	ventilator	circuit	far	enough	from	
the	patient	Y	adaptor	to	ensure	that	warm	exhaled	gas	
does	not	fool	the	controller	system.	Never	place	a	
thermistor	probe	in	an	isolette	or	a	radiant	warmer,	
where	the	probe	is	warmed	externally	and	the	
humidifier	is	fooled	into	shutting	down,	reducing	the	
humidity	available	to	the	patient.

Reservoir and Feed Systems
Heated humidifiers operating continuously in breathing cir-
cuits can evaporate more than 1 L of water per day. An ideal 
reservoir or feed system should be safe, dependable, easy to set 
up, and use allowing continuity of therapy, even when the res-
ervoir is being replenished.

Manual Systems.  Simple large-reservoir systems are manu-
ally refilled (with sterile or distilled water). If a manual system 
is used, momentary interruption of humidifier operation and 
mechanical ventilation is required for refilling. Because the 
system must be “opened” for refilling, cross contamination can 
occur. Water levels in manually filled systems are constantly 
changing, and changes in the humidifier fill volume alter  
the gas compression factor and the delivered volume during 
mechanical ventilation.



 Humidity and Bland Aerosol Therapy • CHAPTER 38 829

A small inlet that can be attached to a gravity-fed intrave-
nous bag and line allows refilling without interruption of ven-
tilation. Such systems still require constant checking and manual 
replenishment by opening the line valve or clamp. If not checked 
regularly, the reservoir in these systems can go dry, placing the 
patient at considerable risk.

Automatic Systems.  Automatic feed systems avoid the need 
for constant checking and manual refilling of humidifiers. The 
simplest type of automatic feed system is the level-compensated 
reservoir (Figure 38-7). In these systems, an external reservoir 
is aligned horizontally with the humidifier, maintaining rela-
tively consistent water levels between the reservoir and the 
humidifier chamber.

With flotation-type systems, a float rises and falls with the 
water level. As the water level falls below a preset value, the float 
opens the feed valve; as the water rises back to the set fill level, 
the float closes the feed valve. Alternatively, optical sensors can 
be used to sense water level, driving a solenoid valve to allow 
refilling of the humidifier reservoir.

FIGURE 38-7	 Schematic	of	the	Concha-Column	wick-type	
humidifier	with	level-compensated	reservoir	feed	system	(Hudson	
RCI,	Temecula,	CA).	(Modified	from	Fink	J,	Cohen	N:	Humidity	and	
aerosols.	In	Eubank	D,	Bone	R,	editors:	Principles	and	applications	
of	cardiorespiratory	care	equipment,	St.	Louis,	1994,	Mosby.)

Gas inlet

Gas outlet

Wick

Water reservoirWater

Heater
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Humidification	of	inspired	gas	is	mandatory	in	
mechanically	ventilated	patients	with	ETT	or	
tracheostomy	tube.	During	noninvasive	ventilation,	
active	humidification	is	suggested	to	improve	comfort.

 Box 38-5 Key Features for Heated 
Humidification Systems

•	 Gas	temperature	delivered	to	the	patient	should	not	be	
greater	than	40°	C.	When	temperatures	greater	than	40°	C	
are	reached,	audible	and	visual	alarms	should	indicate	an	
overly	high	temperature	condition	and	interrupt	power	to	the	
heater.

•	 Audible	and	visual	alarms	should	indicate	when	remote	
temperature	sensors	are	disconnected,	absent,	or	defective,	
and	power	to	the	heater	should	be	interrupted	to	prevent	
overheating.

•	 Temperature	overshoot	should	be	minimized.	Overshoot	can	
occur	when	servo-controlled	units	warm	up	without	flow	
through	the	circuit,	when	the	temperature	probe	is	not	
inserted	in	the	circuit	(or	becomes	dislodged),	or	when	flow	
changes	during	normal	operation.	Non–servo-controlled	units	
can	overshoot	when	temperature	controls	are	set	too	high	
or	when	gas	flow	is	abruptly	reduced.

•	 Indicators	for	delivered	gas	temperature	should	be	accurate	
to	±	3°	C	of	the	indicated	value.

•	 Humidifier	temperature	output	should	not	vary	more	than	2°	
C	from	the	set	value	(proximal	to	the	patient).

•	 Warmup	time	should	not	exceed	15	minutes.
•	 The	water	level	should	be	readily	visible	in	either	the	

humidifier	or	the	remote	reservoir.
•	 Humidifiers	should	be	able	to	withstand	ventilation	pressures	

greater	than	100	cm	H2O.
•	 Internal	compliance	should	be	low	and	stable	so	that	

changes	in	the	water	level	do	not	significantly	alter	the	
delivered	tidal	volume.

•	 The	exposed	surface	of	a	humidifier	should	not	be	too	hot	to	
touch	during	operation.	Readily	accessible	surfaces	should	
not	be	greater	than	37.5°	C.	A	warning	label	is	needed	for	
hotter	surfaces.

•	 Operator,	or	feed,	systems	must	not	be	able	to	overfill	the	
humidifier	to	the	point	that	water	can	block	gas	flow	through	
the	humidifier	or	ventilator	circuit.	Humidifiers	should	not	be	
damaged	by	spilled	fluids.

•	 Electromagnetic	interference	from	other	devices	should	not	
affect	humidifier	performance.	The	unit	should	not	be	
damaged	by	95	to	135	Volts.

•	 Fuses	or	circuit	breakers	should	be	clearly	labeled	and	easily	
reset	or	replaced.	The	unit	should	have	adequate	
overcurrent	protection	to	prevent	ventilator	shutdown	or	loss	
of	power	to	other	equipment	on	the	same	branch	circuit	
because	of	internal	equipment	failures.

•	 It	should	be	impossible	to	assemble	the	unit	in	a	way	that	
would	be	hazardous	to	the	patient.	The	direction	of	gas	flow	
should	be	indicated	on	interchangeable	components,	for	
which	proper	direction	is	essential.

•	 The	humidifier	should	be	assembled	and	filled	in	a	manner	
that	minimizes	the	introduction	of	infectious	materials	or	
foreign	objects.

•	 Service	and	operation	manuals	should	be	provided	with	the	
humidifier	and	should	cover	all	aspects	of	its	use	and	
service.

Modified	from	Emergency	Care	Research	Institute:	Heated	humidifiers,	
Health	Devices.	1987.	http://www.fda.gov/oc/po/firmrecalls/
Vapotherm2000i_01_06.html.	Accessed	March	2,	2011.

Setting Humidification Levels
The American National Standards Institute (ANSI) recom-
mends minimum levels of humidity for intubated patients 
(>30 mg/L). However, optimum humidity targets the tempera-
ture and humidity for normal conditions at the point that the 

http://www.fda.gov/oc/po/firmrecalls/Vapotherm2000i_01_06.html
http://www.fda.gov/oc/po/firmrecalls/Vapotherm2000i_01_06.html
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FIGURE 38-8	 The	capillary	force	vaporizer	(CFV)	is	a	thin-film,	high-surface-area	boiler	that	combines	capillary	force	and	phase	transition.	
A,	Inducing	phase	transition	in	a	capillary	environment,	the	CFV	imparts	pressure	onto	the	expanding	gas	and	ejects	it.	B,	The	CFV	is	
incorporated	to	provide	controlled	heated	humidity	in	the	Hydrate	(Pari,	Midlothian,	VA).	C,	Temperature	probe.	(Courtesy	Pari.)
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MINI CLINI
Selecting the Appropriate Therapy to Condition a Patient’s Inspired Gas

PROBLEM:  A survivor of near drowning has just been intu-
bated and placed on mechanical ventilatory support. Her body 
temperature is 31° C, and her minute ventilation is high. What 
would be the appropriate humidification system to recommend 
for this patient?

SOLUTION:  Normally, patients without pulmonary disease 
supported by mechanical ventilation can be started with an HME, 
unless its use is contraindicated. Using an HME with this patient 
is contraindicated because (1) she is hypothermic and (2) she has 
a high minute ventilation. Based on this assessment, the best 
choice is a heated humidifier, preferably with servo-controlled 
airway temperature.

Membrane-type humidifiers require no flow control system 
because the liquid water chamber underlying the membrane 

cannot overfill and they require only an open gravity feed system. 
Two examples are the Vapotherm (Vapotherm, Stevensville, MD) 
membrane cartridge system and the Hummax II (Metran Medical 
Instruments, Saitama, Japan), which uses a heated wire to warm 
the polyethylene microporous hollow fiber placed in the inspira-
tory circuit.

A capillary force vaporizer is driven by software that controls 
a heater element and water flow. The 19-mm diameter disc can 
deliver 2.2 mg of water vapor/min at 37° C. Data from prototypes 
suggest temperature control from 33° C to 41° C for flows 2 to 
40 L/min (Figure 38-8).43

A gas temperature above 41° C may lead to a potential thermal 
injury to the patient; over-temperature alarms protect the patient 
from thermal injury.6

gas is entering the airway. For example, the humidity of air 
entering the carina is typically 37 to 40 mg/L. When humidifiers 
run too cold (<32° C), humidity can be reduced to the point of 
increased airway plugging. Not all active heated humidifiers 
perform the same under all conditions.40 Previous research 

emphasized the need to set humidifiers to maintain airway tem-
peratures between 35° C and 37° C.44

Controversy exists regarding the appropriate temperature 
and humidity of inspired gas delivered to mechanically venti-
lated patients with artificial airways. The current AARC Clinical 
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38-1  Humidification During Invasive and Noninvasive 
Mechanical Ventilation

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
Humidification	of	inspired	gas	during	mechanical	ventilation	is	
mandatory	when	an	endotracheal	or	a	tracheostomy	tube	is	
present.	Humidification	of	inspired	gas	during	mechanical	
ventilation	is	mandatory	when	an	endotracheal	or	
tracheostomy	tube	is	present	but	optional	with	noninvasive	
ventilation.

■ CONTRAINDICATIONS
There	are	no	contraindications	to	providing	physiologic	
conditioning	of	inspired	gas	during	mechanical	ventilation.	
However,	a	heat	and	moisture	exchanger	(HME)	is	
contraindicated	in	the	following	circumstances:
•	 For	patients	with	thick,	copious,	or	bloody	secretions
•	 For	patients	with	an	expired	tidal	volume	less	than	70%	of	

the	delivered	tidal	volume	(e.g.,	patients	with	large	
bronchoneural	fistulas	or	incompetent	or	absent	
endotracheal	tube	cuffs)

•	 For	patients	whose	body	temperature	is	less	than	32°	C
•	 For	patients	with	high	spontaneous	minute	volumes		

(>10	L/min)
•	 For	patients	receiving	in-line	aerosol	drug	treatments	(an	

HME	must	be	removed	from	the	patient	circuit	during	
treatments)

■ HAZARDS AND COMPLICATIONS
Hazards	and	complications	associated	with	the	use	of	heated	
humidifier	(HH)	and	HME	devices	during	mechanical	
ventilation	include	the	following:
•	 High	flow	rates	during	disconnect	may	aerosolize	

contaminated	condensate	(HH)
•	 Underhydration	and	mucous	impaction	(HME	or	HH)
•	 Increased	work	of	breathing	(HME	or	HH)
•	 Hypoventilation	caused	by	increased	dead	space	(HME)
•	 Elevated	airway	pressures	caused	by	condensation	(HH)
•	 Ineffective	low-pressure	alarm	during	disconnection	(HME)
•	 Patient-ventilator	dyssynchrony	and	improper	ventilator	

function	caused	by	condensation	in	the	circuit	(HH)
•	 Hypoventilation	or	gas	trapping	caused	by	mucous	

plugging	(HME	or	HH)
•	 Hypothermia	(HME	or	HH)
•	 Potential	for	burns	to	caregivers	from	hot	metal	(HH)
•	 Potential	electrical	shock	(HH)
•	 Airway	burns	or	tubing	meltdown	if	heated	wire	circuits	are	

covered	or	incompatible	with	humidifier	(HH)

•	 Possible	increased	resistive	work	of	breathing	caused	by	
mucous	plugging	(HME	or	HH)

•	 Inadvertent	overfilling	resulting	in	unintended	tracheal	lavage	
(HH)

•	 Inadvertent	tracheal	lavage	from	pooled	condensate	in	
circuit	(HH)

■ ASSESSMENT OF NEED
•	 Either	an	HME	or	an	HH	can	be	used	to	condition	inspired	

gases:
•	 HMEs	are	better	suited	for	short-term	use	(≤96	hours)	and	

during	transport.
•	 HHs	should	be	used	for	patients	requiring	long-term	

mechanical	ventilation	(>96	hours)	or	for	patients	for	whom	
HME	use	is	contraindicated.

■ ASSESSMENT OF OUTCOME
Humidification	is	assumed	to	be	appropriate	if,	on	regular,	
careful	inspection,	the	patient	exhibits	none	of	the	listed	
hazards	or	complications.

■ MONITORING
The	humidifier	should	be	inspected	during	the	patient-
ventilator	system	check,	and	condensate	should	be	removed	
from	the	circuit	as	needed.	HMEs	should	be	inspected	and	
replaced	if	secretions	have	contaminated	the	insert	or	filter.	
The	following	should	be	recorded	during	equipment	
inspection:
•	 During	routine	use	on	an	intubated	patient,	an	HH	should	

be	set	to	deliver	inspired	gas	at	33°	C	±	2°	C	and	should	
provide	a	minimum	of	30	mg/L	of	water	vapor.

•	 Inspired	gas	temperature	should	be	monitored	at	or	near	
the	patient’s	airway	opening	(HH).

•	 Specific	temperatures	may	vary	with	the	patient’s	condition;	
airway	temperature	should	never	exceed	37°	C.

•	 For	heated	wire	circuits	used	with	infants,	the	probe	must	
be	placed	outside	the	incubator	or	away	from	the	radiant	
warmer.

•	 The	high-temperature	alarm	should	be	set	no	higher	than	
37°	C,	and	the	low	setting	should	not	be	less	than	30°	C.

•	 The	water	level	and	function	of	automatic	feed	system	(if	
applicable)	should	be	monitored.

•	 Quantity,	consistency,	and	other	characteristics	of	
secretions	should	be	noted	and	recorded.	When	using	an	
HME,	if	secretions	become	copious	or	appear	increasingly	
tenacious,	an	HH	should	replace	the	HME.

*For the complete guideline, see Restrepo RD, Walsh BK: Humidification during invasive and noninvasive mechanical ventilation: 2012. Respir Care 57:782–788, 
2012.

Practice Guideline recommends 33° C, within 2° C, with a 
minimum of 30 mg/L of water vapor. (see Clinical Practice 
Guideline 38-1). In a comprehensive review, Williams45 sug-
gested that inspired humidity be maintained at an optimal level, 
37° C with 100% relative humidity and 44 mg/L, to minimize 

mucosal dysfunction. Theoretically, optimal humidity offers 
improved mucociliary clearance. The benefits of this strategy 
are theory based but have yet to be shown conclusively in the 
clinical setting. Further controlled studies are needed to support 
better the need for optimal humidity.
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FIGURE 38-9	 Gases	leaving	a	standard	heated	humidifier	are	cooled	en	route	to	the	patient.	Although	the	gas	remains	saturated	(100%	
relative	humidity	[RH]),	cooling	reduces	its	water	vapor	capacity,	and	condensation	forms.	Almost	half	of	the	original	water	(500	ml/day)	is	
lost	to	condensation.	The	temperature	at	the	patient	connection	(37°	C)	shown	here	is	for	illustrative	purposes	only.	Heated	humidifiers	
should	be	set	to	deliver	inspired	gas	at	35°	C	±	2°	C.	AH,	Absolute	humidity.	

Gas
source

Heated humidifier

Outlet: 50o C
            

Room temperature: 22o C
            

RH: 100%
     AH: 84 mg/L            

Delivery site: 37o C
            RH: 100%

     AH: 44 mg/L      

H2O condensate
in tubing

Patient 
connection

	

RULES OF THUMB

Always	treat	breathing	circuit	condensate	as	infectious	
waste.	Use	standard	precautions,	including	wearing	
gloves	and	goggles.	Always	drain	the	tubing	away	from	
the	patient’s	airway	into	an	infectious	waste	container,	
and	dispose	of	the	waste	according	to	the	policies	and	
procedures	of	the	institution.

Problem Solving and Troubleshooting

Common problems with humidification systems include con-
densation, avoiding cross contamination, and ensuring proper 
conditioning of the inspired gas.

Condensation
In standard heated humidifier systems, saturated gas cools as it 
leaves the point of humidification and passes through the deliv-
ery tubing en route to the patient. As gas cools, water vapor 
capacity decreases, resulting in condensation or “rain out.” 
Factors influencing the amount of condensation include (1) the 
temperature difference across the system (humidifier to airway); 
(2) the ambient temperature; (3) the gas flow; (4) the set airway 
temperature; and (5) the length, diameter, and thermal mass of 
the breathing circuit.

Figure 38-9 illustrates the condensation process. Because 
cooling occurs as gas transits the circuit, the humidifier is set to 
a higher temperature (50° C) than desired at the airway. At 50° 
C, saturated gas has an absolute humidity level of 84 mg/L of 
water. As cooling occurs along the tubing, the capacity of the 
gas to hold water vapor decreases as temperature decreases to 
37° C, and holds only 44 mg/L of water vapor. Although BTPS 
conditions have been achieved, 40 mg/L, half the total output 
of the humidifier (84 mg/L − 44 mg/L = 40 mg/L), condenses 
in the inspiratory limb of the circuit.

This condensation poses risks to patients and caregivers and 
can waste a lot of water. Condensation can disrupt or occlude 
gas flow through the circuit, potentially altering ventilator func-
tion. Because condensate can enter the patient airway and be 
aspirated, circuits must be positioned to drain condensate away 
from the patient and checked often, with condensate drained 
from breathing circuits frequently.

Patients contaminate ventilator circuits within hours, with 
condensate colonized with bacteria posing an infection risk.46 

Health care personnel should treat all breathing circuit conden-
sate as infectious waste. See Chapters 4 and 46 for more detail 
on control procedures used with breathing circuits, including 
the American Association for Respiratory Care (AARC) Clinical 
Practice Guideline on changing ventilator circuits (see Clinical 
Practice Guideline 4-1).

A common method to minimize problems with condensate 
is to place water traps at low points in the circuit (both the 
inspiratory and the expiratory limbs of ventilator circuits) to 
collect condensate and reduce the likelihood of gas flow obstruc-
tion. Water traps should have little effect on circuit compliance, 
allow emptying without disrupting ventilation, and not be 
prone to leakage.

Nebulizers, with medication reservoirs positioned below the 
ventilator circuit, can act as a “water trap,” collecting contami-
nated condensate. This creates a risk that contaminated aerosols 
can be generated and pathogens delivered to deep into the lung. 
To minimize this risk, nebulizers should be placed in a superior 
position so that any condensate travels downstream from the 
nebulizer. In addition, these nebulizers should be rinsed and  
air dried, washed, and sterilized or disposed of and replaced 
between treatments.

One way to avoid condensation problems is to prevent con-
densation from forming. Because the decrease in temperature 
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in gas traveling from the humidifier to the airway causes con-
densation, maintaining heat in the circuit can prevent forma-
tion of condensate. Several methods, such as insulation or 
increasing the thermal mass of the circuit, can reduce circuit 
cooling by keeping the circuit at a constant temperature. The 
most common approach uses wire heating elements inserted 
into the ventilator circuit.

Most heated wire circuits use dual controllers with two tem-
perature sensors: one monitoring the temperature of gas leaving 
the humidifier and the other placed at or near the patient’s 
airway47-50 (Figure 38-10). The controller regulates the tempera-

FIGURE 38-11	 Humidity	achieved	at	the	Y-piece	of	a	neonatal	humidification	system	when	used	inside	an	incubator	(dotted line)	and	
outside	or	under	an	incubator	(solid line).	
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Heated	humidifiers	should	be	set	to	deliver	an	inspired	
gas	temperature	of	34°	C	or	greater	but	less	than	41°	
C	at	the	inspiratory	limb	near	the	Y	adaptor	during	
invasive	mechanical	ventilation.	Gas	temperatures	in	
patients	receiving	noninvasive	ventilation	should	be	
selected	based	on	patient	comfort,	tolerance,	
adherence,	and	underlying	pulmonary	condition.

FIGURE 38-10	 Heated	wire	humidifier	system.	The	dual	sensor	
system	keeps	the	temperature	constant	throughout	the	inspiratory	
limb	of	the	ventilator	circuit,	minimizing	condensation.	Cooling	of	
exhaled	gas	in	the	expiratory	limb	can	cause	condensation	unless	it	
also	is	heated.	
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ture difference between humidifier output and patient airway. 
When heated wire circuits are used, the humidifier heats gas to 
a lower temperature (32° C to 40° C) than with conventional 
circuits (45° C to 50° C). Reduction in condensate in the tubing 
results in less water use, reduced need for drainage, and less 
infection risk for patients and health care workers.

Unwanted levels of condensate can still occur with heated 
wires. Absorptive material in the inspiratory limb of the ventila-
tor circuit acts as a wick warmed by the heated wire system 
(Fisher & Paykel Healthcare, Irvine, CA).

Use of heated wire circuits in neonates is complicated by the 
use of incubators and radiant warmers. Incubators provide a 
warm environment surrounding the infant and radiant warmers 
use radiant energy to warm objects that intercept radiant light. 
In both cases, a temperature probe placed in the heated envi-
ronment would affect humidifier performance, resulting in 
reduced humidity received by the patient. Figure 38-11 shows 
the impact of temperature probe placement, in or out of the 
incubator, on absolute humidity delivered to the neonate. Con-
sequently, temperature probes always should be placed outside 
of the radiant field or incubator (Figure 38-12).
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FIGURE 38-12	 Neonatal	breathing	circuit	configuration	used	with	an	incubator,	with	the	temperature	probe	placed	outside	of	the	
warming	environment	and	an	unheated	portion	of	the	inspiratory	circuit	delivering	the	gases	to	the	Y-piece.	

Temperature probe
and heater wire
outside warming environment

Cross Contamination
Aerosol and condensate from ventilator circuits are known 
sources of bacterial colonization.46 However, advances in both 
circuit and humidifier technology have reduced the risk for 
nosocomial infection when these systems are used. Wick-type 
or membrane-type passover humidifiers prevent formation of 
bacteria-carrying aerosols. Heated wire circuits reduce produc-
tion and pooling of condensate within the circuit. In addition, 
the high reservoir temperatures in humidifiers are bacteri-
cidal.51 In ventilator circuits using wick-type humidifiers with 
heated wire systems, circuit contamination usually occurs from 
the patient to the circuit, rather than vice versa.

For decades, the traditional way to minimize the risk for 
circuit-related nosocomial infection in critically ill patients 
receiving ventilatory support was to change the ventilator 
tubing and its attached components daily.52 It is now known 
that frequent ventilator circuit changes increase the risk for 
nosocomial pneumonia.45 There is minimal risk for VAP with 
weekly circuit changes and there may be no need to change 
circuits at all unless visibly soiled.35,36,53,54 In addition, substan-
tial cost savings can accrue with decreased frequency of circuit 
changes.

Proper Conditioning of Inspired Gas
All respiratory therapists (RTs) are trained to measure patient 
inspired FiO2 levels regularly and, in ventilatory care, to monitor 
selected pressures, volumes, and flows. However, few clinicians 
take the steps needed to ensure proper conditioning of the 
inspired gas received by patients.

The most accurate and reliable way to ensure that patients 
are receiving gas at the expected temperature and humidity level 
is to measure these parameters. Portable battery-operated 
digital hygrometer-thermometer systems are available for less 
than $300 and are invaluable in ensuring proper conditioning 
of the inspired gas. When measuring high-humidity environ-
ments, hygrometers become saturated and nonresponsive over 
time and so should be used for spot checks only.

Many heated wire humidification systems have a humidity 
control. This control does not reflect either absolute or relative 
humidity but only the temperature differential between the 
humidifier and the airway sensor. If the heated wires are set 
warmer than the humidifier, less relative humidity is delivered 
to the patient. To ensure that the inspired gas is being properly 
conditioned, clinicians always should adjust the temperature 
differential to the point at which a few drops of condensation 
form near the patient connection, or “wye.” Lacking direct mea-
surement of humidity, observation of this minimal condensate 
is the most reliable indicator that the gas is fully saturated at 
the specified temperature. If condensate cannot be seen, there 
is no way of knowing the level of relative humidity without 
direct measurement—it could be anywhere between 99% and 
0%. HME performance can be evaluated in a similar manner.55

	

RULES OF THUMB

You	can	estimate	whether	an	HME	is	performing	well	at	
the	bedside	by	visually	confirming	condensation	in	the	
flex	tube	between	the	airway	and	HME.	Lack	of	
condensate	may	be	a	clue	that	humidification	is	
inadequate	and	that	alternative	systems	may	be	
appropriate	for	use	with	the	patient.

BLAND AEROSOL THERAPY

Humidity is simply water in the gas phase, whereas a bland 
aerosol consists of liquid particles suspended in a gas (see 
Chapter 39 for details on aerosol physics). Bland aerosol therapy 
involves the delivery of sterile water or hypotonic, isotonic, or 
hypertonic saline aerosols. Bland aerosol administration may be 
accompanied by O2 therapy. To guide practitioners in applying 
this therapy, the AARC has published Clinical Practice Guide-
line: Bland Aerosol Administration; excerpts appear in Clinical 
Practice Guideline 38-2.56
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Equipment

The equipment needed for bland aerosol therapy includes an 
aerosol generator and a delivery system. Devices used to gener-
ate bland aerosols include large-volume jet nebulizers and 
ultrasonic nebulizers (USNs). Delivery systems include various 
direct airway appliances and enclosures (mist tents).

Aerosol Generators
Large-Volume Jet Nebulizers.  A large-volume jet nebulizer 

is the most common device used to generate bland aerosols. As 
depicted in Figure 38-13, these devices are pneumatically 
powered, attaching directly to a flowmeter and compressed gas 
source. Liquid particle aerosols are generated by passing gas at 
a high velocity through a small “jet” orifice. The resulting low 
pressure at the jet draws fluid from the reservoir up to the top 

of a siphon tube, where it is sheared off and shattered into liquid 
particles. The large, unstable particles fall out of suspension or 
impact on the internal surfaces of the device, including the fluid 
surface (baffling). The remaining small particles leave the neb-
ulizer through the outlet port, carried in the gas stream. A 
variable air-entrainment port allows air mixing to increase flow 
rates and to alter FiO2 levels (see Chapter 41).

Similar to humidifiers, if heat is required, a hot plate, wrap-
around, yolk collar, or immersion element can be added. These 
devices rarely have sophisticated servo-controlled systems to 
control delivery temperature. They may not shut down when 
the reservoir empties, resulting in the delivery of hot, dry gas to 
the patient. Failure of the heating element also can cause a loss 
of heating capacity, without warning to the clinician.

Depending on the design, input flow, and air-entrainment 
setting, the total water output of unheated large-volume jet 

38-2  Bland Aerosol Administration

AARC Clinical Practice Guideline (Excerpts)

■ INDICATIONS
•	 Presence	of	upper	airway	edema—cool,	bland	aerosol
•	 Laryngotracheobronchitis
•	 Subglottic	edema
•	 Postextubation	edema
•	 Postoperative	management	of	the	upper	airway
•	 Presence	of	a	bypassed	upper	airway
•	 Need	for	sputum	specimens	or	mobilization	of	secretions

■ CONTRAINDICATIONS
•	 Bronchoconstriction
•	 History	of	airway	hyperresponsiveness

■ HAZARDS AND COMPLICATIONS
•	 Wheezing	or	bronchospasm
•	 Bronchoconstriction	when	artificial	airway	is	used
•	 Infection
•	 Overhydration
•	 Patient	discomfort
•	 Caregiver	exposure	to	airborne	contagions	produced	during	

coughing	or	sputum	induction
•	 Edema	of	the	airway	wall
•	 Edema	associated	with	decreased	compliance	and	gas	

exchange	and	with	increased	airway	resistance
•	 Sputum	induction	by	hypertonic	saline	inhalation	can	cause	

bronchoconstriction	in	patients	with	chronic	obstructive	
pulmonary	disease,	asthma,	cystic	fibrosis,	or	other	
pulmonary	diseases.

■ ASSESSMENT OF NEED
The	presence	of	one	or	more	of	the	following	may	be	an	
indication	for	administration	of	a	water	or	isotonic	or	
hypotonic	saline	aerosol:
•	 Stridor
•	 Brassy,	crouplike	cough
•	 Hoarseness	after	extubation

•	 Diagnosis	of	laryngotracheobronchitis	or	croup
•	 History	of	upper	airway	irritation	and	increased	work	of	

breathing	(e.g.,	smoke	inhalation)
•	 Patient	discomfort	associated	with	airway	instrumentation	

or	insult
•	 Bypassed	upper	airway
•	 Need	for	sputum	induction	(e.g.,	Pneumocystis	pneumonia	

or	tuberculosis)	is	an	indication	for	administration	of	
hypertonic	saline	aerosol.

■ ASSESSMENT OF OUTCOME
With	administration	of	water	or	hypotonic	or	isotonic	saline,	
the	desired	outcome	is	one	or	more	of	the	following:
•	 Decreased	work	of	breathing
•	 Improved	vital	signs
•	 Decreased	stridor
•	 Decreased	dyspnea
•	 Improved	arterial	blood	gas	values
•	 Improved	O2	saturation,	as	indicated	by	pulse	oximetry
•	 With	administration	of	hypertonic	saline,	the	desired	

outcome	is	a	sputum	sample	that	is	adequate	for	analysis.

■ MONITORING
The	extent	of	patient	monitoring	should	be	determined	based	
on	the	stability	and	severity	of	the	patient’s	condition:
•	 Patient	subjective	response—pain,	discomfort,	dyspnea,	

restlessness
•	 Heart	rate	and	rhythm,	blood	pressure
•	 Respiratory	rate,	pattern,	mechanics;	accessory	muscle		

use
•	 Sputum	production—quantity,	color,	consistency,	odor
•	 Skin	color
•	 Breath	sounds
•	 Pulse	oximetry	(if	hypoxemia	is	suspected)
•	 Spirometry	equipment	(if	adverse	reaction	is	a	concern)

From Kallstrom T, American Association for Respiratory Care: Clinical practice guideline: bland aerosol administration, 2003 revision and update. Respir Care 
5:529–533, 2003.
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produces an aerosol with MMAD between 4 and 6 µm. Signal 
amplitude directly affects the amount of aerosol produced; the 
greater the amplitude, the greater is the volume of aerosol 
output. In contrast to frequency, signal amplitude may be 
adjusted by the clinician.

Particle size and aerosol density delivered to the patient also 
are affected by the source and flow of gas through the aerosol-
generating chamber. Some large-volume USNs have built-in 
fans that direct room air through the solution chamber con-
ducting the aerosol to the patient. The airflow may be adjusted 
by changing the fan speed or use of a simple damper valve. 
Alternatively, compressed anhydrous gases can be delivered  
to the chamber inlet through a flowmeter. For precise control 
over delivered O2 concentrations, clinicians can attach a flow-
meter with an O2 blender or air-entrainment system to the 
chamber inlet.

The flow and amplitude settings interact to determine 
aerosol density (mg/L) and total water output (ml/min). Ampli-
tude affects water output. At a given amplitude setting, the 
greater the flow through the chamber, the less the density of the 
aerosol. Conversely, low flows result in aerosols of higher 
density. Total aerosol output (ml/min) is greatest when both 
flow and amplitude are set at the maximum. Using these set-
tings, some units can achieve total water outputs of 7 ml/min.

Particle size, aerosol density, and output are also affected by 
the relative humidity of the carrier gas (see Chapter 39). In 
contrast to jet nebulizers, the temperature of the solution placed 
in a USN increases up to 10° C during use. Although this 

nebulizers varies between 26 mg H2O/L and 35 mg H2O/L. 
When heated, output increases to between 33 mg H2O/L and 
55 mg H2O/L, mainly because of increased vapor capacity.56,57 
Larger versions of these devices (with 2-L to 3-L reservoirs) are 
used to deliver bland aerosols into mist tents. These enclosure 
systems can generate flow rates greater than 20 L/min, with 
water outputs of 5 ml/min (300 ml/hr). Because heat buildup 
in enclosures is a problem, these systems are always run 
unheated.

Ultrasonic  Nebulizers.  A USN is an electrically powered 
device that uses a piezoelectric crystal to generate aerosol. This 
crystal transducer converts radiowaves into high-frequency 
mechanical vibrations (sound). These vibrations are transmit-
ted to a liquid surface, where the intense mechanical energy 
creates a cavitation in the liquid, forming a standing wave, or 
“geyser,” that sheds aerosol droplets. Figure 38-14 provides a 
schematic of a large volume USN. Output from a radiofre-
quency generator is transmitted over a shielded cable to the 
piezoelectric crystal. Vibrational energy is transmitted either 
indirectly through a water-filled couplant reservoir or directly 
to a solution chamber. Gas entering the chamber inlet picks up 
the aerosol particles and exits through the chamber outlet.

The properties of the ultrasonic signal determine the char-
acteristics of the aerosol generated by these nebulizers. The 
frequency at which the crystal vibrates, preset by the manufac-
turer, determines aerosol particle size. Particle size is inversely 
proportional to signal frequency. A USN operating at a fre-
quency of 2.25 MHz may produce an aerosol with a mass 
median aerodynamic diameter (MMAD) of approximately 
2.5 µm, whereas another nebulizer operating at 1.25 MHz 

FIGURE 38-13	 All-purpose	large-volume	jet	nebulizer.	

DISS flow meter inlet

Variable air entrainment port

Outlet port

Siphon tube

Jet orifice

Water reservoir

Filter

FIGURE 38-14	 Functional	schematic	of	a	typical	large-volume	
ultrasonic	nebulizer.	1,	Radiofrequency	generator;	2,	shielded	cable;	
3,	piezoelectric	crystal	transducer;	4,	water-filled	couplant	reservoir;	
5,	solution	chamber;	6,	chamber	inlet;	and	7,	chamber	outlet.	
(Modified	from	Barnes	TA:	Core	textbook	for	respiratory	care	
practice,	ed	2,	St.	Louis,	1994,	Mosby.)
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T-tubes, tracheostomy masks exert no traction on the airway 
and they allow secretions and condensate to escape from the 
airway, reducing airway resistance.

Enclosures (Mist Tents and Hoods)
Infants and small children may not readily tolerate direct airway 
appliances such as masks, so enclosures such as mist tents and 
aerosol hoods are used to deliver bland aerosol therapy to these 
patients. More recent studies have shown that aerosol hoods can 
provide aerosol delivery with similar efficiency to a properly 
fitted aerosol mask in infants, with less discomfort for the 
patient.60

Mist tents were used for more than 40 years mainly to treat 
croup and thus called croup tents. The cool aerosol provided 
through these enclosures promotes vasoconstriction, decreases 
edema, and reduces airway obstruction.

Any body enclosure poses two problems: carbon dioxide 
(CO2) buildup and heat retention. CO2 buildup can be reduced 
by providing sufficiently high gas flow rates. These high flows 
of fresh gas circulate continually through the enclosure and 
“wash out” CO2 while helping maintain desired O2 concentra-
tions. Heat retention may be handled with high fresh gas flows 
to prevent heat buildup or use of a separate cooling device such 
as a simple ice compartment to cool the aerosol. The Ohmeda 
Ohio Pediatric Aerosol Tent (Ohmeda Ohio, Gurnee, IL) and 
other similar units use electrically powered refrigeration units 
to cool the circulating air.

increase in temperature affects water vapor capacity, its impact 
on aerosol output is minimal.

FIGURE 38-15	 Airway	appliances	used	to	deliver	bland	aerosol	
therapy.	A,	Aerosol	mask.	B,	Face	tent.	C,	Tracheostomy	mask.	
D,	T-tube.	
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To	produce	a	high-density	aerosol	using	a	USN	(useful	
for	sputum	induction),	set	the	amplitude	high	and	the	
flow	rate	low.	To	maximize	aerosol	delivery	per	minute	
(when	trying	to	help	mobilize	secretions),	set	the	flow	
rate	to	match	and	slightly	exceed	patient	inspiratory	
flow	rate,	and	set	the	amplitude	at	the	maximum.

Although USNs have some unique capabilities, in most  
cases of bland aerosol administration, their relative advantages 
over jet nebulizers are outweighed by their high cost and erratic 
reliability. Exceptions include the use of a USN for sputum 
induction, where the high output (1 to 5 ml/min) and aerosol 
density seem to yield higher quantity and quality of sputum 
specimens for analysis, although at some cost in increased 
airway reactivity.58 Although a major manufacturer of USNs 
(DeVilbiss) discontinued their product line, other companies in 
both the United States and Europe still manufacture units for 
clinical use.

Commercially available USNs (usually marketed as “cool” 
mist devices) have found a place in the home, being used as 
room humidifiers. As with any nebulizer, the reservoirs of these 
devices can easily become contaminated, resulting in airborne 
transmission of pathogens. Care should be taken to ensure that 
these units are cleaned according to the manufacturer’s recom-
mendations and that water is discarded from the reservoir peri-
odically between cleanings. In the absence of a manufacturer’s 
recommendation, these units should undergo appropriate dis-
infection at least every 6 days.59 Generally, passover and wick-
type humidifiers present less risk than the USN as a room 
humidifier.

Airway Appliances
Airway appliances used to deliver bland aerosol therapy include 
the aerosol mask, face tent, T-tube, and tracheostomy mask 
(Figure 38-15). The aerosol mask and face tent are used for 
patients with intact upper airways. The T-tube is used for 
patients who are orally or nasally intubated or who have a tra-
cheostomy. The tracheostomy mask is used only for patients 
who have a tracheostomy. In all cases, large-bore tubing is 
required to minimize flow resistance and prevent occlusion by 
condensate.

For short-term therapy to patients with intact upper airways, 
the aerosol mask is the device of choice. However, some patients 
cannot tolerate masks and may do better with a face tent. No 
data support preferential use of an open aerosol mask versus a 
face tent.

Although the T-tube is the most common application for 
tracheostomy patients, unless moderate to high FiO2 levels are 
needed, a tracheostomy mask is a better choice. In contrast to 
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therapy. Sputum induction is a useful, cost-effective, and  
safe method for diagnosing tuberculosis, pneumocystis pneu-
monia (caused by Pneumocystis jiroveci [formerly Pneumocystis 
carinii]), and lung cancer.61,62

Sputum induction involves short-term application of high-
density hypertonic saline (3% to 10%) aerosols to the airway to 
assist in mobilizing pulmonary secretions for evacuation and 
recovery. These high-density aerosols are often made using 
ultrasonic nebulization. Box 38-7 outlines a procedure for 
sputum induction using a 3% saline solution.63

To ensure a good sputum sample, every effort must be made 
to separate saliva from true respiratory tract secretions.62 Some 
protocols have patients brush their teeth and tongue surface 
thoroughly and rinse their mouths before sputum induction. 
Although the distinction between saliva and sputum can be 
made in the diagnostic laboratory, care during the collection 
procedure reduces the need for repeat inductions.

Problem Solving and Troubleshooting

The most common problems with bland aerosol delivery 
systems are cross contamination and infection, environmental 
safety, inadequate mist production, overhydration, broncho-
spasm, and noise.

The cooling produces a great deal of condensation, which 
must be drained into a collection bottle outside of the tent. 
Units such as the Mistogen CAM-3M (Mercury Medical, Clear-
water, FL) have overcome some of these problems with a ther-
moelectric cooling system, in which an electrical current passing 
through a semiconductor augments heat absorption and release. 
As warm air is taken from the tent, heat is transferred and 
released in the room, and cool air is returned to the tent.

Sputum Induction

As a diagnostic procedure, sputum induction (Box 38-6) war-
rants separate attention from other modes of bland aerosol 

 Box 38-7 Monitoring

The	humidifier	should	be	inspected	during	the	patient-ventilator	
system	check,	and	condensate	should	be	removed	from	the	
circuit	as	needed.	HMEs	should	be	inspected	and	replaced	if	
secretions	have	contaminated	the	insert	or	filter.	The	following	
should	be	recorded	during	equipment	inspection:
•	 Humidifier settings:	During	routine	use	on	an	intubated	

patient,	a	heated	humidifier	(HH)	should	be	set	to	deliver	
inspired	gas	at	34°	C	or	greater	but	less	than	41°	C	at	the	Y	
adaptor	in	the	circuit	and	should	provide	a	minimum	of	
33	mg/L	of	water	vapor.

•	 Inspired gas temperature:	Inspired	gas	temperature	should	
be	monitored	at	or	near	the	patient’s	airway	opening	(HH).

•	 Location of probe:	For	heated	wire	circuits	used	with	infants,	
the	probe	must	be	placed	outside	the	incubator	or	away	
from	the	radiant	warmer.

•	 Temperature:	High-temperature	alarm	should	be	set	no	
higher	than	41°	C,	and	the	low-temperature	alarm	should	be	
set	no	lower	than	2°	C	below	the	desired	temperature	at	the	
circuit	Y	piece.

•	 Water level and feed system:	Water	level	and	function	of	
automatic	feed	system	(if	applicable)	should	be	monitored.

•	 Quantity and consistency of secretions:	Quantity,	
consistency,	and	other	characteristics	of	secretions	should	
be	noted	and	recorded.	When	using	an	HME,	if	secretions	
become	copious	or	appear	increasingly	tenacious,	an	HH	
should	replace	the	HME.

•	 Airway obstruction:	The	presence	of	copious	secretions	
increases	the	resistance	of	airflow	through	the	HME.	This	
even	may	increase	peak	pressures	and	induce	changes	of	
the	flow	waveforms	consistent	with	those	observed	with	
airway	obstruction.	If	these	changes	persist	after	changing	
the	HME	because	of	copious	secretions,	an	HH	should	be	
used	instead.

 Box 38-6 Sputum-Induction Procedure

•	 Gather	the	necessary	equipment:	Ultrasonic	nebulizer,	
aerosol	mask,	large-bore	tubing,	specimen	container,	3%	
sterile	saline,	and	stethoscope.

•	 Check	the	chart	for	order	or	protocol,	diagnosis,	history,	and	
other	pertinent	information.

•	 Wash	your	hands	and	follow	applicable	standard,	airborne,	
and	tuberculosis	precautions.

•	 Introduce	yourself	and	identify	your	department,	verify	the	
patient’s	identity,	and	explain	the	procedure	and	verify	that	
the	patient	understands	it.

•	 Have	the	patient	assume	an	upright,	seated	position	if	
possible.

•	 Have	the	patient	rinse	his	or	her	mouth	with	water,	blow	his	
or	her	nose,	and	clear	any	excess	saliva.

•	 Perform	pretreatment	assessment,	including	vital	signs,	
muscle	tone,	ability	to	cough,	and	auscultation.

•	 Assemble	the	nebulizer;	fill	the	couplant	chamber	with	tap	
water;	plug	the	unit	into	a	grounded	electrical	outlet;	and	
attach	the	delivery	tubing	and	mask.

•	 Aseptically	fill	the	medication	chamber	of	the	nebulizer	with	
3%	sterile	saline.

•	 Turn	the	unit	on	and	adjust	the	output	control	to	achieve	
adequate	flow	and	high	density.

•	 Place	the	mask	comfortably	on	the	patient’s	face,	and	
instruct	the	patient	to	take	slow,	deep	breaths,	with	
occasional	inspiratory	hold	as	tolerated.

•	 Periodically	reassess	the	patient’s	condition	(including	breath	
sounds)	throughout	the	application.

•	 Modify	the	technique	and	reinstruct	the	patient	as	needed,	
based	on	his	or	her	response.

•	 Terminate	the	treatment	after	15	to	30	minutes,	if	significant	
adverse	reactions	occur,	or	when	sputum	specimen	has	
been	obtained.

•	 Encourage	the	patient	to	cough	and	expectorate	sputum	
into	specimen	cup;	observe	for	volume,	color,	consistency,	
odor,	and	presence	or	absence	of	blood.

•	 Label	the	specimen	container	with	patient	identification	and	
required	information,	and	deliver	to	the	appropriate	
personnel.

•	 Chart	the	therapy	according	to	departmental	and	institutional	
protocol.

•	 Notify	the	appropriate	personnel	of	any	adverse	reactions	or	
other	concerns.

Modified	from	Butler	TJ:	Laboratory	exercises	for	competency	in	
respiratory	care,	ed	2,	Philadelphia,	2009,	FA	Davis.
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Box 38-6 Lists variables that should be recorded during inspec-
tion and monitoring of humidification devices.

Bronchospasm
Bland water aerosols are irritating and can cause bronchospasm 
in some patients. Ultrasonic nebulization of distilled water is 
used in some pulmonary function laboratories to provoke 
bronchospasm and to assess bronchial hyperactivity.63 Always 
carefully review the patient’s history and diagnosis before 
administering any bland aerosol, especially a hypotonic water 
solution. As indicated in the AARC practice guideline (see Clin-
ical Practice Guideline 38-2), patients receiving continuous 
bland aerosol therapy should be initially monitored carefully 
(including breath sounds and subjective response) and reevalu-
ated every 8 hours or with any change in clinical condition.56 If 
bronchospasm occurs during therapy, treatment must be 
stopped immediately, O2 provided, and appropriate bronchodi-
lator therapy initiated as soon as possible. If the physician still 
requests bland aerosol therapy, pretreatment with a bronchodi-
lator may be needed. Isotonic solutions (0.9% saline) may be 
better tolerated by these patients than water.

A problem unique to large-volume, air-entrainment jet neb-
ulizers is the noise they generate, especially at high flows. The 
American Academy of Pediatrics recommends that sound levels 
remain less than 58 dB to avoid hearing loss for infants being 
cared for in incubators and O2 hoods. Because many commer-
cial nebulizers exceed this noise level when in operation, careful 
selection of equipment is necessary. However, the best way to 
avoid this problem and minimize infection risks further is to 
use heated passover humidification instead of nebulization.

SELECTING THE APPROPRIATE 
THERAPY

Figure 38-16 provides a basic algorithm for selecting or recom-
mending the appropriate therapy to condition a patient’s 
inspired gas. Key considerations include (1) gas flow, (2) pres-
ence or absence of an artificial tracheal airway, (3) character of 
the pulmonary secretions, (4) need for and expected duration 
of mechanical ventilation, and (5) contraindications to using 
an HME.

Regarding delivery of O2 to the upper airway, the American 
College of Chest Physicians advises against using a bubble 
humidifier at flow O2 rates of 4 L/min or less.65 For the occa-
sional patient who complains of nasal dryness or irritation when 
receiving low-flow O2, a humidifier should be added to the deliv-
ery system. Conversely, the relative inefficiency of unheated 
bubble humidifiers means that the clinician may need to con-
sider heated humidification for patients receiving long-term O2 
at high flow rates (>10 L/min without air entrainment).

HMEs provide an inexpensive alternative to heated humidi-
fiers when used for ventilation of patients who do not have 
complex humidification needs. However, passive HMEs may 
not provide sufficient heat or humidification for long-term 
management of certain patients. When an HME is to be used, 
it should be selected based on individual patient need and 

Cross Contamination
Rigorous adherence to the infection control guidelines detailed 
in Chapter 4, especially guidelines covering solutions and 
equipment processing, should help minimize the cross con-
tamination and infection risks involved in using these systems. 
In addition, the water should be changed regularly and the 
couplant compartments and nebulizer chambers of USNs 
should be disinfected or replaced regularly.

Environmental Exposure
Environmental safety issues from secondhand and exhaled 
aerosol arise mainly when aerosol therapy is prescribed for 
immunosuppressed patients or for patients with tuberculosis. 
A survey suggested that RTs may be at increased risk for devel-
oping asthma-like symptoms, attributed partly to secondhand 
exposure to aerosols such as ribavirin or albuterol.64 To mini-
mize problems in this area, all clinicians should strictly follow 
U.S. Centers for Disease Control and Prevention standards and 
airborne precautions, including precautions specified for 
control of exposure to tuberculosis (see Chapter 4). Additional 
methods for dealing with environmental control of drug aero-
sols are described in Chapter 39.

Inadequate Aerosol Output
Inadequate mist production is a common problem with all 
nebulizer systems. With pneumatically powered jet nebulizers, 
poor mist production can be caused by inadequate input flow 
of driving gas, siphon tube obstruction, or jet orifice mis-
alignment. With the exception of inadequate driving gas flow, 
these problems require unit repair or replacement. If a USN is 
not functioning properly, the electrical power supply (cord, 
plug, and fuse or circuit breakers) should be checked first. 
The clinician next should check to confirm that (1) carrier gas 
is flowing through the device and (2) the amplitude, or 
output, control is set above minimum. If there is still no 
visible mist output, the clinician should inspect the couplant 
chamber to confirm proper fill level and the absence of any 
visible dirt or debris. Finally, the clinician must ensure that 
the couplant chamber solution meets the manufacturer’s 
specifications (most units do not function properly with dis-
tilled water).

Overhydration
Overhydration is a problem with continuous use of heated jet 
nebulizers and USNs. With USNs capable of such extraordi-
narily high water outputs, they should never be used for con-
tinuous therapy. The risk for overhydration is highest for 
infants, small children, and patients with preexisting fluid or 
electrolyte imbalances. Even if used only to meet BTPS condi-
tions, bland aerosol therapy effectively eliminates insensible 
water loss through the lungs and should be equated to a daily 
water gain (approximately 200 ml/day for an average adult). In 
addition to overhydration of the patient, inspissated pulmonary 
secretions can swell after high-density aerosol therapy, worsen-
ing airway obstruction. Careful patient selection and monitor-
ing can prevent most potential problems with overhydration. 
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ventilatory pattern and the unit’s performance, efficiency, and 
size. All patients using HMEs should be reevaluated regularly 
to confirm the appropriateness of continued use.

FIGURE 38-16	 Selection	algorithm	for	humidity	and	bland	aerosol	therapy.	HME,	Heat	and	moisture	exchanger.	
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HMEs	are	better	suited	for	short-term	use	and	during	
transport,	and	heated	humidifiers	should	be	used	for	
patients	requiring	long-term	mechanical	ventilation		
(>96	hours)	or	for	patients	for	whom	HME	use	is	
contraindicated.

MINI CLINI
Cost-Effectiveness of  
Humidification Systems

PROBLEM:  There is a lot of controversy over which is more 
cost-effective—heated water humidifiers or HMEs. How can 
the cost of passover humidifiers, with standard circuit and 
heated wire circuits, be compared with the cost of HMEs?

SOLUTION:  First, determine the frequency of circuit setup 
and component changes for each type of humidification 
system. Second, determine supplies and time required to set up 
the system and operate the system on a daily basis.
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care hospital. Labor costs were calculated as the time required 
to perform setup or maintenance multiplied by the average 
salary. This example assumes no circuit changes for a patient 
over 14 days and that the HME is changed daily.

Components of 
Circuit Setup and 
Operating Costs

Heated 
Humidifier 
With 
Standard 
Circuit

Heated 
Humidifier 
With 
Heated Wire 
Circuit

Heat 
Moisture 
Exchanger

Vent circuit $3.00 $11.00 $3.00
Humidifier/water 

feed system
$12.00 $12.00 —

HME filter — — $5.00
Setup cost (labor) $18.00 $23.00 $8.00
Daily cost (labor) $11.00 $1.50 $5.00
Total costs (5 days) $62.00 $29.00 $28.00
Total costs (12 days) $139.00 $39.50 $63.00

In this example, the standard circuit costs less than the 
heated wire circuit but has twice the daily water usage, with an 
additional labor cost of $9.50 per day for adding and removing 
water from the system. The HME has the lowest setup cost, but 
after ventilator day 5, total costs of daily filter replacement 
exceed the cost associated with operation of the heated wire 
circuit. However, most modern ventilator humidification 
systems require the purchase of their prepackaged water. This 
can markedly increase the cost of both unheated and heated 
wire circuits. Although different component costs may shift the 
analysis, in general there is not a significant cost difference 
associated with the use of HME, unheated wire, and heated wire 
systems. The decision to use each is generally based on the clini-
cal needs of the patient.

SUMMARY CHECKLIST

◗	Conditioning	of	inhaled	and	exhaled	gas	is	accomplished	
primarily	by	the	nose	and	upper	airway.	Bypassing	the	
upper	airway	without	providing	similar	levels	of	heat	and	
humidity	to	inhaled	gas	can	cause	damage	to	the	
respiratory	tract.

◗	Gases	delivered	to	the	nose	and	mouth	should	be	
conditioned	to	20°	C	to	22°	C	with	10	mg/L	water	vapor	
(50%	relative	humidity).

◗	When	being	delivered	to	the	trachea,	gases	should	be	
warmed	and	humidified	to	32°	C	to	40°	C	with	36	to	
40	mg/L	water	vapor	(>90%	relative	humidity).

◗	A	humidifier	is	a	device	that	adds	invisible	molecular	water	
to	gas.

◗	A	nebulizer	generates	and	disperses	liquid	particles	in	a	
gas	stream.

◗	Water	vapor	cannot	carry	pathogens,	but	aerosols	and	
condensate	can	carry	pathogens.

◗	Temperature	is	the	most	important	factor	affecting	
humidifier	output.	The	higher	the	temperature,	the	greater	
is	the	water	vapor	content	of	the	delivered	gas.

◗	Bubble	humidifiers,	passover	humidifiers,	wick	humidifiers,	
and	HMEs	are	the	major	types	of	humidifiers.	Active	
humidifiers	incorporate	heating	devices	and	reservoir	and	
feed	systems.

◗	At	high	flow	rates,	some	bubble	humidifiers	can	produce	
microaerosol	particles,	which	can	carry	infectious	bacteria.

◗	Most	HMEs	are	passive,	capturing	both	heat	and	moisture	
from	expired	gas	and	returning	it	to	the	patient,	at	
approximately	70%	efficiency.	HMEs	are	not	
recommended	for	use	with	infants	because	of	the	
increased	mechanical	dead	space	and	use	of	uncuffed	
ETTs,	which	allow	some	exhaled	gas	to	bypass	the	HME.

◗	Common	problems	with	humidification	systems	include	
condensation,	cross	contamination,	and	ensuring	proper	
conditioning	of	the	inspired	gas.

◗	Breathing	circuit	condensate	must	always	be	treated	as	
infectious	waste.

◗	Bland	aerosol	therapy	with	sterile	water	or	saline	is	used	
to	(1)	treat	upper	airway	edema,	(2)	overcome	heat	and	
humidity	deficits	in	patients	with	tracheal	airways,	and	(3)	
help	obtain	sputum	specimens.

◗	Large-volume	jet	nebulizers	and	USNs	are	used	to	
generate	bland	aerosols.	Delivery	systems	include	various	
direct	airway	appliances	and	mist	tents.

◗	Common	problems	with	bland	aerosol	therapy	are	cross	
contamination	and	infection,	environmental	safety,	
inadequate	mist	production,	overhydration,	bronchospasm,	
and	noise.
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Aerosol Drug Therapy

JAMES B. FINK AND ARZU ARI

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Define	the	term	aerosol.
◆	 Describe	how	particle	size,	motion,	and	airway	characteristics	affect	aerosol	deposition.
◆	 Describe	how	aerosols	are	generated.
◆	 List	the	hazards	associated	with	aerosol	drug	therapy.
◆	 Describe	how	to	select	the	best	aerosol	drug	delivery	system	for	a	patient.
◆	 Describe	how	to	initiate	and	modify	aerosol	drug	therapy.
◆	 State	the	information	patients	need	to	know	to	self-administer	drug	aerosol	therapy	properly.
◆	 Describe	how	to	assess	patient	response	to	bronchodilator	therapy	at	the	point	of	care.
◆	 Describe	how	to	apply	aerosol	therapy	in	special	circumstances.
◆	 Describe	how	to	protect	patients	and	caregivers	from	exposure	to	aerosolized	drugs.
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liquid emitted (leaving) from the aerosol generator. For nebu-
lizers the output rate is the mass of aerosol generated per unit 
of time. Output varies greatly among different nebulizers and 
inhalers. For drug delivery systems, emitted dose describes the 
mass of drug leaving the mouthpiece of a nebulizer or inhaler 
as aerosol.

Aerosol output can be measured by collecting the aerosol 
that leaves the nebulizer on filters and measuring either their 
weight (gravimetric analysis) or quantity of drug (assay). Gravi-
metric measurements of aerosols are easier but less reliable than 
drug assay techniques because weight changes with water evap-
oration while drug mass does not. A drug assay provides the 
most reliable measure of aerosol output.

A large proportion of particles that leave a nebulizer may 
never reach the lungs. The ability of aerosols to travel through 
the air, enter the airways, and become deposited in the lungs is 
based on numerous variables ranging from particle size to 
breathing pattern. Understanding and skillful manipulation of 
these variables can greatly improve pulmonary delivery of 
aerosols.

Particle Size

Aerosol particle size depends on the substance for nebulization, 
the method used to generate the aerosol, and the environmental 
conditions surrounding the particle.3 It is impossible to deter-
mine visually whether a nebulizer is producing an optimal par-
ticle size. The unaided human eye cannot see particles less than 
50 to 100 µm in diameter (equivalent to a small grain of sand). 
The only reliable way to determine the characteristics of an 
aerosol suspension is laboratory measurement. The two most 
common laboratory methods used to measure medical aerosol 

A n aerosol is a suspension of solid or liquid particles in 
gas. Aerosols occur in nature as pollens, spores, dust, 
smoke, smog, fog, and mist.1 The upper airway and 

respiratory tract filter out larger particles to protect the lungs 
from invasion by these aerosols. In the clinical setting, medical 
aerosols are generated with atomizers, nebulizers, and inhalers. 
Aerosols can be used to deliver bland water solutions to the 
respiratory tract (see Chapter 38) or to administer drugs to the 
lungs, throat, or nose for local and systemic effect. This chapter 
focuses on the principles of medical aerosol drug therapy.

The aim of aerosol therapy is to deliver a therapeutic dose 
of the selected agent (drug) to the desired site of action (nose, 
throat, airways, or deep lung). The indication for any specific 
aerosol is based on the need for the specific drug.1 Administra-
tion of drugs by aerosol offers higher local drug concentrations 
in the lung with lower systemic levels compared with other 
forms of administration. Improved therapeutic action with 
fewer systemic side effects provides a higher therapeutic index.2

CHARACTERISTICS OF  
THERAPEUTIC AEROSOLS

Effective use of medical aerosols requires an understanding of 
the characteristics of aerosols and their effect on drug delivery 
to the desired site of action. Key concepts include aerosol 
output, particle size, deposition, and changes in the aerosol over 
time (aging).

Aerosol Output

Aerosol output is the mass of fluid or drug produced by an 
aerosol generator. Output is described as the mass of drug or 
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changes direction, the particle tends to remain on its initial path 
and collide with the airway surface.

Because inertia involves both mass and velocity, the higher 
the flow of a gas stream, the greater the tendency for particles 
to impact and be deposited in the airways. Turbulent flow pat-
terns, obstructed or tortuous pathways, and inspiratory flow 
rates greater than 30 L/min are associated with increased iner-
tial impaction. Turbulent flow and convoluted passageways in 
the nose cause most particles larger than 10 µm to impact and 
become deposited. This process produces an effective filter that 
protects the lower airway from particulates such as dust and 
pollen. However, particles 5 to 10 µm tend to become deposited 
in the oropharynx and hypopharynx, especially with the turbu-
lence created by the transition of air as it passes around the 
tongue and into the larynx.

Sedimentation
Sedimentation occurs when aerosol particles settle out of sus-
pension and are deposited owing to gravity. The greater the 
mass of the particle, the faster it settles (Figure 39-2). During 
normal breathing, sedimentation is the primary mechanism for 
deposition of particles 1 to 5 µm. Sedimentation occurs mostly 
in the central airways and increases with time, affecting particles 
1 µm in diameter. Breath holding after inhalation of an aerosol 
increases the residence time for the particles in the lung and 
enhances distribution across the lungs and sedimentation. A 
10-second breath hold can increase aerosol deposition 10% and 
increase the ratio of aerosol deposited in lung parenchyma to 
central airway by fourfold.4

Diffusion
Brownian diffusion is the primary mechanism for deposition of 
small particles (<3 µm), mainly in the respiratory region where 
bulk gas flow ceases and most aerosol particles reach the alveoli 
by diffusion. These aerosol particles have very low mass and are 

particle size distribution are cascade impaction and laser dif-
fraction. Cascade impactors are designed to collect aerosols of 
different size ranges on a series of stages or plates. The mass of 
aerosol deposited on each plate is quantified by drug assay, and 
a distribution of drug mass across particle sizes is calculated. In 
laser diffraction, a computer is used to estimate the range and 
frequency of droplet volumes crossing the laser beam.

Because medical aerosols contain particles of many different 
sizes (heterodisperse), the average particle size is expressed 
with a measure of central tendency, such as mass median aero-
dynamic diameter (MMAD) for cascade impaction or volume 
median diameter (VMD) for laser diffraction. These measure-
ment techniques of the same aerosol may report different sizes, 
so it is important to know which measurement is used. The 
MMAD and VMD both describe the particle diameter in 
micrometers (µm). In an aerosol distribution with a specific 
MMAD, 50% of the particles are smaller and have less mass, 
and 50% are larger and have greater mass.

The geometric standard deviation (GSD) describes the 
variability of particle sizes in an aerosol distribution set at 1 
standard deviation above or below the median (15.8% and 
84.13%). Most aerosols found in nature and used in respiratory 
care are composed of particles of different sizes, described as 
heterodisperse. The greater the GSD, the wider the range of 
particle sizes, and the more heterodisperse the aerosol. Aerosols 
consisting of particles of similar size (GSD ≤1.2) are referred to 
as monodisperse. Nebulizers that produce monodisperse aero-
sols are used mainly in laboratory research and in nonmedical 
industries.

Deposition

When aerosol particles leave suspension in gas, they deposit on 
(attach to) a surface. Only a portion of the aerosol generated 
and emitted from a nebulizer (emitted dose) may be inhaled 
(inhaled dose). A fraction of the inhaled dose is deposited in 
the lungs (respirable dose). Inhaled mass is the amount of drug 
inhaled. The proportion of the drug mass in particles that are 
small enough (fine-particle fraction) to reach the lower respi-
ratory tract is the respirable mass. Not all aerosol particles 
delivered to the lung are retained, or deposited. A small percent-
age (1% to 5%) of inhaled drug may be exhaled. Whether 
aerosol particles that are inhaled into the lung are deposited in 
the respiratory tract depends on the size, shape, and motion of 
the particles and on the physical characteristics of the airways 
and breathing pattern. Key mechanisms of aerosol deposition 
include inertial impaction, gravimetric sedimentation, and 
brownian diffusion.1,3

Inertial Impaction
Inertial impaction occurs when suspended particles in motion 
collide with and are deposited on a surface; this is the primary 
deposition mechanism for particles larger than 5 µm. The 
greater the mass and velocity of a moving object, the greater its 
inertia, and the greater the tendency of that object to continue 
moving along its set path (Figure 39-1). When a particle of suf-
ficient (large) mass is moving in a gas stream and that stream 

FIGURE 39-1	 Inertial	impaction	of	large	particles,	the	masses	of	
which	tend	to	maintain	their	motion	in	straight	lines.	As	airway	
direction	changes,	the	particles	are	deposited	on	nearby	walls.	
Smaller	particles	are	carried	around	corners	by	the	airstream	and	
fall	out	less	readily.	
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Figure 39-3 summarizes the relationships between particle 
size and aerosol deposition in the respiratory tract. The depth 
of penetration and deposition of a particle in the respiratory 
tract tend to vary with size and tidal volume (VT).5 With this 
knowledge, it may be possible to target aerosol deposition to 
specific areas of the lung by using the proper particle size and 
breathing pattern.

FIGURE 39-2	 Effect	of	mass	on	particle	size.	Large	particles	
(A)	are	more	susceptible	to	the	force	of	gravity	than	smaller	
particles	(B),	which	are	more	affected	by	the	bombardment	of	
molecules	deposited	by	diffusion.	

A B

FIGURE 39-3	 Range	of	particle	size	for	common	aerosols	in	the	environment	and	the	influence	of	inertial	impactions,	sedimentation,	and	
diffusion.	(Modified	from	Yu	CP,	Nicolaides	P,	Soong	TT,	et	al:	Effect	of	random	airway	sizes	on	aerosol	deposition.	Am	Ind	Hyg	Assoc	J	
40:999,	1979.)
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RULE OF THUMB

The	site	of	deposition	in	the	respiratory	tract	varies	with	
the	size	of	the	particle.	Use	of	nebulizers	that	produce	
particles	in	a	specific	size	range	improves	the	targeting	
of	aerosols	for	deposition	to	a	desired	site	in	the	
respiratory	tract,	as	follows:

Desired Location Recommended MMAD

Upper	airway:	nose,	larynx,	trachea 5	to	>50	µm
Lower	airways 2	to	5	µm
Parenchyma:	alveolar	region 1	to	3	µm
Parenchyma <0.1	µm

easily bounced around by collisions with carrier gas molecules. 
These random molecular collisions cause some particles to 
contact and become deposited on surrounding surfaces. Parti-
cles 1 to 0.5 µm are so stable that most remain in suspension 
and are cleared with the exhaled gas, whereas particles smaller 
than 0.5 µm have a greater retention rate in the lungs.

Aging

Aerosols are dynamic suspensions. Individual particles con-
stantly grow, shrink, coalesce, and fall out of suspension. The 
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Quantifying Aerosol Delivery

As mentioned in the preceding sections, many characteristics of 
aerosols can account for the variances in quantity of aerosolized 
medication delivered to the patient. Although the precise 
amount of drug delivered to the patient’s airways can be diffi-
cult to determine, it can be measured in terms of the patient’s 
clinical response to aerosol drug therapy, including the desired 
therapeutic effects and any unwanted adverse effects. The 
amount of aerosol deposited to a patient’s airways can be quan-
tified using specialized equipment and tests.

One approach used to quantify aerosol deposition (in vivo) 
involves scintigraphy, in which a drug is “tagged” with a radio-
active substance (e.g., technetium), aerosolized, and inhaled. A 
scanner (similar to scanners used in nuclear medicine) mea-
sures the distribution and intensity of radiation across the 
device and the patient’s head and thorax. The result is a radia-
tion map of aerosol deposition in the upper airway, the lungs 
(central and peripheral airways), and the stomach. This infor-
mation is used to calculate the percentage of drug retained by 
the device and delivered to various areas in the patient.6

A less direct approach relates the systemic pharmocokinetic 
profile of a drug delivered by aerosol to an assay of the drug in 
a patient’s blood or urine over time. This method does not 
estimate actual lung delivery, but it provides insight into sys-
temic drug levels achieved after aerosol administration. Care 
must be taken to differentiate drug absorbed through the lungs 
from drug absorbed through the gastrointestinal tract. Simple 
laboratory, or in vitro, models, which simulate a range of VT 
values, inspiratory flow rates, I : E ratios, and respiratory rates, 
have been useful in predicting inhaled mass of drug and relative 
performance of nebulizers.7

process by which an aerosol suspension changes over time is 
called aging. How an aerosol ages depends on the composition 
of the aerosol, the initial size of its particles, the time in suspen-
sion, and the ambient conditions to which it is exposed.

Aerosol particles can change size as a result of either evapo-
ration or hygroscopic water absorption. The relative rate of 
particle size change is inversely proportional to the size of a 
particle, so small particles grow or shrink faster than large  
particles. Small water-based particles shrink when exposed to 
relatively dry gas. Aerosols of water-soluble materials, especially 
salts, tend to be hygroscopic, absorbing water and growing 
when introduced into a high-humidity environment.5

Particle size is not the only determinant of deposition. Inspi-
ratory flow rate, flow pattern, respiratory rate, inhaled volume, 
ratio of inspiratory time to expiratory time (I : E ratio), and 
breath holding all influence where a particle of any specific size 
is deposited. The presence of airway obstruction is one of the 
greatest factors influencing aerosol deposition. It has been 
shown that total pulmonary deposition is greater in smokers 
and patients with obstructive airway disease than in healthy 
persons (Figure 39-4). Similarly, when inspiratory flow rates  
are constant, the deposition fraction of monodisperse aerosols 
increases with increased VT, length of inspiration, and particle 
size (Figure 39-5).

These dynamic variables make it difficult to predict exactly 
what occurs to aerosol particles when they enter a gas stream 
and are inhaled. For this reason, prediction of actual aerosol 
deposition for an individual patient is difficult.

FIGURE 39-4	 Total	lung	deposition	of	a	fine	aerosol	of	particles	
1	µm	in	diameter	in	healthy	adults	and	in	subjects	with	obstructive	
airway	disease.	Numbers	over	the	bar	indicate	the	percentage	
increase	above	normal	value.	COPD,	Patients	with	chronic	
obstructive	pulmonary	disease;	Dp,	particle	diameter;	SAD,	smoker	
with	symptoms	of	small	airways	disease;	f,	respiratory	rate;	VT,	tidal	
volume.	(Modified	from	Kim	CS:	Methods	of	calculating	lung	
delivery	and	deposition	of	aerosol	particles.	Respir	Care	45:695,	
2000.)
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FIGURE 39-5	 Total	lung	deposition	versus	VT	and	respiratory	
time	at	a	fixed	flow:	respiratory	flow	(Q)	=	250	ml/sec.	Dp,	Particle	
diameter.	(Modified	from	Kim	CS:	Methods	of	calculating	lung	
delivery	and	deposition	of	aerosol	particles.	Respir	Care	45:695,	
2000.)
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ing secretions when the secretions are mobilized by aerosol 
therapy. Appropriate airway clearance techniques should 
accompany any aerosol therapy designed to help mobilize secre-
tions (see Chapter 43).

Drug Concentration

During nebulization, the evaporation, heating, baffling, and 
recycling of drug solutions undergoing jet or ultrasonic nebu-
lization increase solute concentrations.11 This process can 
expose the patient to increasingly higher concentrations of the 
drug over the course of therapy and result in a larger concentra-
tion of drug remaining in the nebulizer at the end of therapy. 
This increase in concentration usually is time-dependent; the 
greatest effect occurs when nebulization of medications occurs 
over extended periods, as in continuous aerosol drug delivery.

Eye Irritation

Aerosol administration via a face mask may deposit drug in the 
eyes and cause eye irritation. In very rare cases, anticholinergic 
medications (see Chapter 35) have been suspected to worsen 
preexisting eye conditions, such as forms of glaucoma. Caution 
should be exercised when a face mask is used during aerosol 
drug therapy. In addition, special mask designs that have been 
shown to reduce drug deposition in the eyes or mouthpieces 
should be considered for at-risk patients.12,13

Secondhand Exposure to  
Aerosol Drugs

Workplace exposure to aerosols may be detectable in the plasma 
of bystanders and health care providers. Repeated secondhand 
exposure to bronchodilators is associated with increased risk of 
occupational asthma. Institutions should develop and imple-
ment an occupational health and safety policy to minimize the 
risk of secondhand aerosol exposure for care providers and 
bystanders.14-16 Implementation of an occupational health and 
safety policy could include using systems that introduce less 
aerosol to the atmosphere (pressurized metered dose inhalers 
[pMDIs], dry powder inhalers [DPIs], and breath-actuated 
nebulizers), filtering exhalation to contain aerosol, and using 
environmental controls. Unless filters are placed in the expira-
tory limb, 40% of aerosols produced during mechanical ventila-
tion are exhausted to the air of the intensive care unit.17

AEROSOL DRUG DELIVERY SYSTEMS

Effective aerosol therapy requires a device that quickly delivers 
sufficient drug to the desired site of action with minimal waste 
and at a low cost.18 Aerosol generators in use include pMDIs 
with or without spacers or VHCs, DPIs, small and large volume 
(jet) nebulizers, hand-bulb atomizers (including nasal spray 
pumps), ultrasonic nebulizers (USNs), and vibrating mesh 
(VM) nebulizers as well as numerous emerging technologies.2

Pressurized Metered Dose Inhalers

The pMDI is the most commonly prescribed method of aerosol 
delivery in the United States. The pMDI is portable, compact, 

HAZARDS OF AEROSOL THERAPY

The primary hazard of aerosol drug therapy is an adverse reac-
tion to the medication being administered (see Chapter 35). 
Other hazards to the patient include infection, airway reactivity, 
systemic effects of bland aerosols, drug concentration, and eye 
irritation. Care providers and bystanders risk these hazards as 
a result of exposure to secondhand aerosol drugs.

Infection

Aerosol generators can contribute to nosocomial infections by 
spreading bacteria by the airborne route.8 The most common 
sources of bacteria are patient secretions, contaminated solu-
tions (i.e., multiple-dose drug vials), and caregivers’ hands. 
Offending organisms are primarily gram-negative bacilli, in 
particular, Pseudomonas aeruginosa and Legionella pneumophila 
(the cause of the highly virulent legionnaires’ disease).9

Various procedures can help reduce contamination and 
infection associated with respiratory care equipment. Guide-
lines from the U.S. Centers for Disease Control and Prevention 
(CDC) state that nebulizers should be sterilized between 
patients, frequently replaced with disinfected or sterile units, or 
rinsed with sterile water (not tap water) and air dried every 24 
hours (see Chapter 4). In addition, some recommend one nebu-
lizer for one treatment. The cystic fibrosis foundation recom-
mends that standard small volume nebulizers should be 
discarded after each treatment to prevent infection in cystic 
fibrosis patients.

Airway Reactivity

Cold air and high-density aerosols can cause reactive broncho-
spasm and increased airway resistance, especially in patients 
with preexisting respiratory disease.10 Medications such as acet-
ylcysteine, antibiotics, steroids, cromolyn sodium, ribavirin, and 
distilled water have been associated with increased airway resis-
tance and wheezing during aerosol therapy. Administration of 
bronchodilators before or with administration of these agents 
may reduce the risk or duration of increased airway resistance.

The risk of inducing bronchospasm always should be con-
sidered when aerosols are administered. Monitoring for reactive 
bronchospasm should include auscultation for adventitious 
breath sounds; observation of the patient’s breathing pattern 
and overall appearance before and after therapy; and, most 
essential, communicating with the patient during therapy to 
determine the perceived work of breathing.

Pulmonary and Systemic Effects

Pulmonary and systemic effects are associated with the site of 
delivery and the drug being administered. Preliminary assess-
ment should balance the need versus the risk of aerosol therapy, 
especially among patients at high risk, such as infants, patients 
who are prone to fluid and electrolyte imbalances, and patients 
with atelectasis or pulmonary edema. For patients unable to 
clear their own secretions, suctioning or other airway clearance 
techniques may be indicated as an adjunct to aerosol therapy. 
Care must be taken to ensure that patients are capable of clear-
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The pMDI appears to be a simple device, but it represents 
sophisticated technology and engineering. A pMDI is a pressur-
ized canister that contains the prescribed drug (a micronized 
powder or aqueous solution) in a volatile propellant combined 
with a surfactant and dispersing agent (Figure 39-7). When the 
canister is inverted (nozzle down) and placed in its actuator, or 
“boot,” the volatile suspension fills a metering chamber that 
controls the amount of drug delivered. Pressing down on the 
canister aligns a hole in the metering valve with the metering 
chamber. The high propellant vapor pressure quickly forces the 
metered dose out through this hole and through the actuator 
nozzle.

Aerosol production takes approximately 20 msec. As the 
liquid suspension is forced out of the pMDI, it forms a plume, 
within which the propellants vaporize. Initially, the velocity of 
this plume is high (approximately 15 m/sec). However, within 
0.1 second, the plume velocity decreases to less than half its 
maximum as the plume moves away from the actuator nozzle. 
At the same time, propellant evaporation causes the initially 
large particles (35 µm) generated at the actuator orifice to 
decrease rapidly in size.

The output volume of pMDIs ranges from 30 to 100 mcl. 
Approximately 60% to 80% by weight of this spray consists of 
the propellant, with only approximately 1% being active drug 
(50 mcg to 5 mg, depending on the drug formulation). For a 

and easy to use and provides multidose convenience. A uniform 
dose of drug is dispensed within a fraction of a second after 
actuation and is reproducible throughout the canister life. The 
pMDI and actuator are designed for the specific drug formula-
tion and dose volume to be delivered. The pMDI is used  
to administer bronchodilators, anticholinergics, and steroids. 
More formulations of these drugs are available for use by pMDIs 
than for use with nebulizers. When properly used, pMDIs  
are at least as effective as other nebulizers for drug delivery.  
For this reason, pMDIs often are the preferred method for  
delivering bronchodilators to spontaneously breathing patients 
and patients who are intubated and undergoing mechanical 
ventilation.19,20

Although pMDIs have a relatively easy-to-use design, patients 
commonly misuse them during therapy. Most pMDIs are “press 
and breathe,” but there is increasing presence of a variation 
known as breath-actuated pMDIs. The basic components of 
pMDI are similar regardless of type, manufacturer, or active 
ingredient; commonly used pMDIs are shown in Figure 39-6.

FIGURE 39-6	 Examples	of	commonly	used	pMDIs.	A,	Albuterol	
inhaler	B,	The	ASMANEX	TWISTHALER.	(A,	Courtesy	Hemera,	
Thinkstock.	B,	Reproduced	with	permission	of	Schering	
Corporation,	subsidiary	of	Merck	&	Co.	All	rights	reserved.	
ASMANEX	and	TWISTHALER	are	registered	trademarks	of	Schering	
Corporation.)

A

B

FIGURE 39-7	 Components	of	a	pMDI,	including	function	of	the	
metering	valve.	(From	Gardenhire	DS:	Rau’s	respiratory	care	
pharmacology,	ed	8,	St.	Louis,	2012,	Mosby.)
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the efficacy of breath-actuated pMDIs in children younger than 
6 years is limited, and their use should be restricted to older 
children and adults. Oropharyngeal deposition of steroids using 
these devices is still very high.

New Breath-Actuated pMDIs
Tempo Inhaler. A new generation of pMDIs such as the 

Tempo (MAP Pharmaceuticals, Mountain View, CA) have been 
designed to be breath actuated with lower force of the plume 
exiting the mouthpiece, reducing oropharyngeal deposition and 
increasing lung dose. It is used for the treatment of migraines 
and is seeking approval from the U.S. Food and Drug Admin-
istration (FDA).

chlorofluorocarbon (CFC) pMDI used in a standard actuator, 
loss of drug in the valve stem housing and on the actuator 
mouthpiece amounts to 10% to 15% of the nominal dose from 
the metering valve.

From their inception in the mid-1950s to the beginning of 
the twenty-first century, chlorofluorocarbons (CFCs) such as 
Freon were the propellants used in pMDIs. Manufacture of 
CFCs for most applications has now been prohibited because 
of the effect of these compounds on global warming, with  
a period of transition provided for pMDIs. A consortium of 
eight pharmaceutical companies developed hydrofluoroalkane 
(HFA)-134a to be more environment-friendly and possibly 
clinically safer than CFCs.21 Redesign of key components of the 
pMDI has resulted in improved performance.22

In addition to the propellant, pMDIs use dispersal agents to 
improve drug delivery by keeping the drug in suspension. The 
most common dispersal agents are surfactants, such as soy leci-
thin, sorbitan trioleate, and oleic acid. These agents help keep 
the drug suspended in the propellant and lubricate the valve 
mechanism but may also cause adverse responses (coughing or 
wheezing) in some patients.

Every pMDI should be primed by shaking and actuating the 
device to atmosphere one to four times (see label for the specific 
device) before initial use and after storage. Without priming, 
the initial dose actuated from a new pMDI canister contains  
less active substance than subsequent actuations.23 This “loss of 
dose” from a pMDI occurs when drug particles rise to the top 
of the canister over time (“cream”). A reduction in emitted dose 
with the first actuation commonly occurs with a pMDI after 
storage, particularly with the valve pointed in the downward 
position. Loss of prime is related to valve design and occurs 
when propellant leaks out of the metering chamber during 
periods of nonuse (e.g., 4 hours). The result is reduced pressure 
and drug released with the next actuation.23 Improved designs 
of metering valves developed for use with HFA propellants 
reduce these losses. It is recommended that a single dose be 
wasted before the next dose is inhaled when a CFC pMDI has 
not been used for 4 to 6 hours. An HFA pMDI requires no 
wasting of dose for periods exceeding 2 days.

New Pressurized Metered Dose  
Inhaler Technologies

AerospanTM. The AerospanTM (Meda Pharmaceuticals, 
Somerset, New Jersey) was developed to deliver flunisolide 
hemhydrate as an HFA formulation (Figure 39-8). It has a 
built-in valveless spacer that improves hand-breath coordina-
tion. Also, it does not have a built-in dose counter. According 
to the manufacturer, the AerospanTM does not need to be cleaned 
on a regular basis to maintain proper orientation.

Breath-Actuated Pressurized Metered  
Dose Inhaler
A variation of a pMDI is a breath-actuated nebulizer, which 
incorporates a trigger that is activated during inhalation. The 
trigger theoretically reduces the need for the patient or caregiver 
to coordinate pMDI actuation with inhalation.24 Evaluation of 

FIGURE 39-8	 New	pressurized	metered	dose	inhaler	(pMDI)	
technologies.	
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RULE OF THUMB

•	 A	pMDI	has	a	press-and-breath	design;	a	breath-
actuated	pMDI	incorporates	a	trigger	that	is	
activated	with	inspiration.

•	 Before	initial	use	and	after	storage,	every	pMDI	
should	be	primed	by	shaking	and	actuating	the	
device	to	atmosphere	one	to	four	times,	depending	
on	the	label.
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should be followed for cleaning. pMDI canisters should never 
be placed under water.

Priming. Priming is defined as shaking the device and 
releasing one or more sprays into the air when the pMDI is new 
or has not been used for awhile. It is done to mix the drug and 
the propellant, which can separate in the canister over time. 
Priming is required to provide an adequate dose, according to 
the manufacturer’s guidelines.

Timing of Actuation Intervals. Manufacturers recom-
mend 30 seconds to 1 minute between actuations. When pro-
pellants are released, the device cools, changing aerosol output. 
The pause allows the device to return to room temperature and 
recover normal output. However, previous research25 showed 
that pMDI output is similar at 15-second intervals. Very rapid 
actuation of multiple puffs per breath reduces inhaled drug  
per puff.

Aerosol Delivery Characteristics
Although pMDIs can produce particles in the respirable range 
(MMAD 2 to 6 µm),23 the initial velocity and dispersion of the 
aerosol plume generate larger particles that decrease in size as 
they leave the pMDI, resulting in approximately 80% of the 
dose leaving the actuator to impact and become deposited in 
the oropharynx. A significant proportion of this oropharyngeal 
deposition is swallowed and may be a factor in systemic absorp-
tion of some drugs. Pulmonary deposition ranges from 10% to 
20% in adults and larger children (less in infants).26 The exact 
amount of drug delivered to an individual patient is unpredict-
able because of high variability between patients and because 
pMDI drug administration is technique-dependent.

FIGURE 39-9	 Dose	counters	may	be	mounted	on	the	top	of	a	
pMDI	canister	integrated	in	the	actuator	boot.	

MINI CLINI
Using Universal Pressurized Metered 
Dose Inhaler Actuator or Boot

PROBLEM:  The association of CFCs with degradation of the 
earth’s atmosphere and the ozone layer has resulted in an inter-
national treaty banning use of these compounds. As HFAs 
become the propellants of choice, a problem arises. If the CFC 
and HFA drug formulations are bioequivalent, can these com-
pounds be used with the same (universal) pMDI actuator, or 
boot?

Discussion:  In the case of HFA-based albuterol (e.g., Proven-
til HFA), the operating pressure and stem orifice differ from 
those used for the CFC formulation. The result is different 
plume geometries. When HFA albuterol is used in a universal 
adapter designed for CFC albuterol, the MMAD and GSD are 
greatly increased. The result is that significantly less drug is 
available to the patient. When possible, accessory devices that 
are used in the manufacturer’s boot with the pMDI should be 
selected. If these devices are unavailable, the universal adapter 
device that is available should be evaluated to determine how 
much additional dose may be required to provide an equivalent 
dose through a third-party adapter.

Dose Counters
A serious limitation of pMDIs is the lack of a “counter” to 
indicate the number of doses remaining in the canister. After 
the number of label doses has been administered, the pMDI 
may seem to give another 20 to 60 doses, which may deliver 
little or no medications as the doses “tail-off.” The tail-off effect 
refers to variability in the amount of drug dispensed toward the 
end of the life of the canister. The result of tail-off is swings 
from normal to almost no dose emitted from one breath to the 
next with no reliable indicator to the user. Without a dose 
counter, there is no viable method to determine remaining drug 
in a pMDI other than manually keeping a log of every dose 
taken. The FDA is requiring all new pMDIs to have counter 
technology to track pMDI actuations remaining. Third-party 
dose counters may be added to older pMDI models but may 
not have the accuracy of built-in technology (Figure 39-9).

Factors Affecting Pressurized  
Metered Dose Inhaler Performance  
and Drug Delivery

Temperature. Low temperature (<10° C) decreases the 
output of CFC pMDIs. Patients with cold air–induced broncho-
spasm who keep their pMDIs in outer coat pockets when 
outside in cold winter weather may receive only a small percent-
age of drug compared with that administered with the same 
pMDI at 25° C. This problem has been less serious with the 
newer HFA pMDIs.23

Nozzle Size and Cleanliness. Aerosol drug delivery is influ-
enced by nozzle size and cleanliness. Nozzle size is pMDI-
specific. As debris builds up on the nozzle or actuator orifice, 
the emitted dose is reduced.24 Manufacturer recommendations 
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Holding the canister outside the open mouth (at two finger-
breadths) provides a space for the particles to decelerate while 
evaporating, allowing particle size to reduce to respirable size. 
Use of the open-mouth technique with a low inspiratory flow 
rate can result in a doubling of the dose delivered to the lower 
respiratory tract of an adult from approximately 7% to 10% to 
14% to 20%. However, this technique is more difficult for patients 
to perform reliably than the closed-mouth technique. Although 
it may reduce oropharyngeal deposition, the technique has not 
been shown to improve the clinical response to pMDI 
bronchodilators.

Concerns have been raised about use of the open-mouth 
technique with ipratropium bromide because poor coordina-
tion can result in drug being sprayed into the eyes. Use of 
anticholinergic agents has been associated with increased ocular 
pressure, which could be dangerous for patients with glaucoma. 
For avoidance of ocular exposure, the drug manufacturer  
recommends patients use the closed-mouth technique with 
ipratropium.

The high percentage of oropharyngeal drug deposition  
with use of steroid pMDIs can increase the incidence of oral 
yeast infection (thrush) and changes in the voice (dysphonia). 
Rinsing the mouth after steroid use can help avoid this problem, 
but most pMDI steroid aerosol impaction occurs deep in the 
hypopharynx, which cannot be easily rinsed with gargling. For 
this reason, steroid pMDIs should not be used alone but always 
in combination with a spacer or valved holding chamber. See 
Box 39-2 for instructions for determining dosage left in  
the pMDI.

Pressurized Metered Dose Inhaler 
Accessory Devices
Various pMDI accessory devices have been developed to over-
come the two primary limitations of these systems: hand-breath 
coordination problems and high oropharyngeal deposition. 
Accessory devices include spacers, and valved holding 
chambers.

Spacers and Valved Holding Chambers. Spacers and 
valved holding chambers (VHCs) are designed to reduce both 
oropharyngeal deposition and the need for hand-breath coor-
dination. A spacer is a simple valveless extension device that 
adds distance between the pMDI outlet and the patient’s mouth. 
This distance allows the aerosol plume to expand and the pro-
pellants to evaporate before the medication reaches the oro-
pharynx. Larger particles leaving the pMDI tend to impact on 
the spacer walls. In combination, this phenomenon reduces 
oropharyngeal impaction and increases pulmonary deposition. 
VHCs incorporate one or more valves that prevent aerosol in 
the chamber from being cleared on exhalation. This allows 
patients with a small VT to empty the aerosol from the chamber 
over two or more successive breaths. Generally, holding cham-
bers provide less oropharyngeal deposition, higher respirable 
drug dosages, and better protection from poor hand-breath 
coordination than simple spacers. VHCs protect the patient 
from poor hand-breath coordination, with exhaled gas venting 
to the atmosphere, allowing aerosol to remain in the chamber 

Technique
The successful administration of aerosol drugs by pMDI is 
highly technique-dependent. Two-thirds of patients and health 
care professionals who teach pMDI use do not perform the 
procedure properly.27 Box 39-1 outlines the recommended 
steps for self-administering a bronchodilator by pMDI. Patient 
instruction should last 10 to 30 minutes and should include 
demonstration, practice, and confirmation of patient perfor-
mance (demonstration pMDIs with placebo are available from 
manufacturers for this purpose). Repeated instruction improves 
performance; repeat instruction is done most appropriately 
with follow-up clinic or home visits. Demonstration and return 
demonstration must occur several times for best patient adher-
ence to device use.

For best effect, the pMDI should be actuated once at the 
beginning of inspiration. Common hand-breath coordination 
problems include actuating the pMDI before or after the breath. 
Some patients, especially infants, young children, elderly adults, 
and patients in acute distress, may be unable to coordinate 
actuation of the pMDI with inspiration. Some patients exhibit 
a “cold Freon effect,” which occurs when the cold aerosol plume 
reaches the back of the mouth and the patient stops inhaling. 
All of these problems reduce aerosol delivery to the lung to the 
point that the patient does not benefit from the medication, but 
they can be corrected entirely or in part by use of the proper 
pMDI accessory device.

Most pMDI labels call for placing the mouthpiece between 
the lips. However, positioning the outlet of the pMDI approxi-
mately 4 cm (two fingerbreadths) in front of the mouth improves 
lung deposition by decreasing oropharyngeal impaction.28 

 Box 39-1 Optimal Technique for Use of a 
Pressurized Metered Dose Inhaler

1.	 Warm	the	pMDI	canister	to	hand	or	body	temperature,	and	
shake	it	vigorously.

2.	 Before	first	use	of	a	new	pMDI	and	when	the	pMDI	has	not	
been	used	for	several	days,	prime	the	pMDI	by	pointing	it	
into	the	air	(away	from	people)	and	actuating	a	couple	of	
times.

3.	 Assemble	the	apparatus	and	uncap	the	mouthpiece,	
ensuring	there	are	no	loose	objects	in	the	device.

4.	 Open-mouth	technique:	Open	your	mouth	wide,	keeping	
tongue	down.	Hold	the	pMDI	with	the	canister	oriented	
downward	and	the	outlet	aimed	at	your	mouth.	Position	the	
pMDI	approximately	4	cm	(two	fingerbreadths)	away	from	
your	mouth.

5.	 Closed-mouth	technique:	Place	mouthpiece	between	lips,	
with	tongue	out	of	the	path	of	the	outlet.

6.	 Breathe	out	normally.
7.	 As	you	slowly	begin	to	breathe	in	(<0.5	L/sec),	actuate	the	

pMDI.
8.	 Continue	inspiration	to	total	lung	capacity.
9.	 Hold	your	breath	for	up	to	10	seconds.	Then	relax	and	

breathe	normally.
10.	 Wait	1	minute	between	puffs.
11.	 Disassemble	the	apparatus,	and	recap	the	mouthpiece.
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may reduce oral deposition by 90%, whereas a valved holding 
chamber can reduce oral deposition by 99%.

It is increasingly common practice to provide asthmatic 
patients an accessory device to use with the pMDI and to teach 
them how to use the pMDI with and without the accessory 
device. Patients are instructed to use the device with the pMDI 
whenever they feel short of breath. Many of these patients find 
that they get much better relief from the pMDI with an acces-
sory device than with the pMDI alone.

Proper use of a simple open-tube spacer still requires some 
hand-breath coordination because a momentary delay between 
triggering and inhaling the discharged spray results in a sub-
stantial loss of drug and reduced lung delivery. Exhalation into 
a simple spacer after pMDI actuation clears the aerosol from 
the device and wastes most of the dose to the atmosphere. This 

available to be inhaled with the next breath. VHCs allow infants, 
small children, and adults who cannot control their breathing 
pattern to be treated effectively with pMDIs.

Types of Accessory Devices. Basic concepts for spacer 
devices include (1) small volume adapters, (2) open tube 
designs, (3) bag reservoirs, and (4) valved holding chambers 
(Figure 39-10). More than a dozen different devices with 
volumes ranging from 15 to 750 ml have been developed over 
the past 30 years. Despite differences in design, all spacers add 
distance between the pMDI and the mouth, reducing the initial 
forward velocity of the pMDI droplets, which occurs with 
partial evaporation of propellant in the time the aerosol tra-
verses the length of the spacer. The reduction in initial forward 
velocity decreases the number of nonrespirable particles reach-
ing the airway. The same drug used with different accessory 
devices may produce differences in MMAD, GSD, and fine-
particle fraction. The quantity of respirable drug available at the 
spacer or valved holding chamber depends on spacer volume 
and design and formulation. The placement of a valve between 
the pMDI, the chamber, and the mouthpiece works like a baffle 
reducing the size of particles inhaled. A simple tube spacer  

FIGURE 39-10	 pMDI	and	accessory	devices	consisting	of	
spacer	and	holding	chambers.	All	of	the	accessory	devices	reduce	
oropharyngeal	deposition.	Small	volume	spacers	(e.g.,	Optihaler	
[Philips	Respironics,	Murrysville,	PA]	and	Myst	Assist	[Philips	
Respironics,	Murrysville,	PA])	offer	no	additional	advantage,	but	
large	volume	spacers	(e.g.,	toilet	paper	roll	and	Ellipse	[Ellipse	
Technologies,	Irving,	CA])	improve	inhaled	aerosol	with	delay	
between	actuation	and	inspiration.	Only	the	bag	(e.g.,	Inspirease	
[Schering	Plough,	Kenilworth,	NJ])	and	valved	holding	chambers	
(VHCs)	(e.g.,	Aerochamber	[Invicare,	Elyria,	OH],	Optichamber	
[Philips	Respironics,	Murrysville,	PA],	Ace	[Smiths	Medical,	Kent,	
UK],	and	Medispacer	[Cardinal	Health,	Dublin,	OH])	protect	the	
patient	from	blowing	the	dose	away	when	the	pMDI	is	actuated	
during	expiration.	(Modified	from	Wilkes	W,	Fink	J,	Dhand	R:	
Selecting	an	accessory	device	with	a	metered-dose	inhaler:	variable	
influence	of	accessory	devices	on	fine	particle	dose,	throat	
deposition,	and	drug	delivery	with	asynchronous	actuation	from	a	
metered	dose	inhaler.	J	Aerosol	Med	14:351,	2001.)
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 Box 39-2 Determining Dose Left in 
Pressurized Metered Dose Inhaler

Tracking	the	number	of	actuations	(puffs)	remaining	in	a	pMDI	
can	be	done	with	or	without	dose	counters	(see	Figure	39-9).

WITH DOSE COUNTERS
The	user	should29:
1.	 Determine	how	many	puffs	of	drug	the	pMDI	has	when	full.
2.	 Learn	to	read	the	counter	display	because	each	dose	

counter	has	a	different	way	of	displaying	doses	left	in	the	
canister.

3.	 Check	the	counter	display	to	track	the	pMDI	actuations	
remaining	in	the	canister.

4.	 Reorder	the	pMDI	when	there	are	a	few	days	of	drug	
remaining.

5.	 Dispose	of	the	pMDI	properly,	after	the	last	dose	is	
dispensed.

WITHOUT DOSE COUNTERS
The	user	should29:
1.	 Read	the	label	to	determine	how	many	puffs	of	drug	the	

pMDI	has	when	full.
2.	 Calculate	how	long	the	pMDI	will	last	by	dividing	the	total	

number	of	puffs	in	the	pMDI	by	the	total	puffs	used	per	day.	
If	the	pMDI	is	used	more	often	than	planned,	it	will	run	out	
sooner.

3.	 Identify	the	date	that	the	medication	will	run	out,	and	mark	it	
on	the	canister	or	on	a	calendar.

4.	 For	drugs	that	are	prescribed	to	be	taken	as	needed,	track	
the	number	of	puffs	of	drug	administered	on	a	daily	log	
sheet	and	subtract	them	from	the	remaining	puffs	to	
determine	the	amount	of	medication	left	in	the	pMDI.

5.	 Keep	the	daily	log	sheet	in	a	convenient	place,	such	as	
taped	to	the	bathroom	mirror.

6.	 Refill	the	pMDI	prescription	when	there	are	a	few	days	of	use	
remaining	in	the	pMDI.

7.	 Dispose	of	the	pMDI	properly	when	the	last	dose	is	
dispensed.
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The addition of a one-way valve to convert an open tube into 
a reservoir for the aerosol, the incorporation of the actuator in 
the pMDI, the shape of the device, flow of air through the 
device, edge effects, masks, and manufacturing materials all 
affect aerosol characteristics. The inhalation valve, which is used 
to contain the aerosol, also acts as a baffle to reduce oropharyn-
geal deposition. This valve must be able to withstand the initial 
pressure from the pMDI when the device is triggered to retain 
aerosol and have sufficiently low resistance to open readily 
when the user inhales, in particular, when the user is a child or 
an infant. Exhalation valves in a face mask attached to a spacer 
device must also provide low resistance. Issues of spacer volume, 
VT, frequency of breathing, and mechanical dead space between 
the spacer and mouth are of particular concern when these 
devices are used by children.32 There are twofold to threefold 
differences in the amount of drug available at the mouth when 
different spacers are used to treat infants. Clinicians should 

reduction in dose also occurs with small volume reverse-flow 
design spacers if there is no provision for “holding” the aerosol 
in the device.29

The MMAD of the aerosol emitted from the pMDI exiting 
a spacer decreases approximately 25%, whereas the fraction 
containing particles less than 5 µm in diameter increases. This 
change is largely due to rapid evaporation of propellant in the 
spacer. With valved holding chambers, in addition to evapora-
tion of the plume, the valves act as baffles of larger particles, 
increasing the respirable fraction further.

VHCs produce a finer, slower moving, more “respirable” 
aerosol with less impaction of drug in the oropharyngeal area 
(1% of dose) than simple spacers (10%) or a pMDI alone (80% 
of dose). Research suggests that a properly used pMDI and 
aerochamber can significantly reduce oropharyngeal deposition 
versus an open-mouth technique while maintaining drug dose 
delivery to the lungs. This finding was true for both healthy 
subjects and patients with chronic obstructive pulmonary 
disease (COPD).30 The advantage of reduced oropharyngeal 
deposition is fewer side effects from steroid aerosols. Multiple 
actuations of one or more drugs into a spacer reduce both the 
total dose and the respirable dose of drug available for inhala-
tion. The extent of these losses may vary for different drugs and 
spacer designs.23

VHCs with masks are available for use in the care of infants, 
children, and adults. These units allow effective administration 
of aerosol from a pMDI to patients who are unable to use a 
mouthpiece device (because of their size, age, coordination, or 
mentation). VHCs are helpful in administration of pMDI ste-
roids because deposition of the drug in the mouth is largely 
eliminated, and systemic side effects can be minimized.

Even with a VHC, respirable particles containing drug settle 
out and become deposited within the device, causing a whitish 
buildup on the inner chamber walls. This residual drug poses 
no risk to the patient but should be be rinsed out periodically. 
Plastic spacers decrease drug output due to the presence of an 
electrostatic charge. With these devices, a buildup of material 
can be seen on the walls of the chamber. As more material builds 
up on the wall of the chamber, the charge is dissipated, and 
more drug is inhaled by the patient. Washing the chamber with 
water (without soap) causes the electrostatic charge to be rees-
tablished, making the device less effective for the next few puffs, 
until the static charge in the chamber (which attracts small 
particles) is again reduced.32 Optimal technique is outlined in 
Box 39-3.

Use of conductive metal or nonelectrostatic plastic chambers 
or washing the plastic chamber periodically with deionizing 
detergent (liquid dishwashing soap) can overcome the loss of 
fine-particle mass owing to electrostatic charge and increase  
the inhaled mass from 20% to 50% of the emitted dose of the 
pMDI, even in children (Figure 39-11).31 The effect of washing 
the chamber with conventional dishwashing soap reduces this 
static charge for up to 30 days. All manufacturers recommend 
that VHCs and spacers should be cleaned regularly, typically 
monthly using dilute liquid dishwashing soap, with or without 
rinsing, and allowing them to air dry.

FIGURE 39-11	 Although	the	percentage	of	drug	deposited	
in	the	lung	varies	with	age	(red bars),	the	percentage	of	lung	
deposition	corrected	for	body	weights	is	consistent	across	age	
groups.	(Modified	from	Wildhaber	JH,	Janssens	HM,	Piérart	F,	et	al:	
High	percentage	lung	delivery	in	children	from	detergent-treated	
spacers.	Pediatr	Pulmonol	29:389-393,	2000.)
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 Box 39-3 Optimal Technique for Use of a 
Metered Dose Inhaler With a 
Valved Holding Chamber

1.	 Warm	the	pMDI	to	hand	or	body	temperature.
2.	 Assemble	the	apparatus,	ensuring	there	are	no	objects	or	

coins	in	the	chamber	that	could	be	aspirated	or	obstruct	
outflow.

3.	 Hold	the	canister	vertically,	and	shake	it	vigorously.	Prime	if	
necessary.

4.	 Place	the	pMDI	in	the	holding	chamber	inlet,	position	
chamber	outlet	in	the	mouth	(or	place	the	mask	over	nose	
and	mouth),	and	encourage	the	patient	to	breathe	through	
the	mouth.	Visually	inspect	for	proper	valve	function.

5.	 With	normal	breathing,	actuate	the	pMDI	once	and	have	the	
patient	breathe	through	the	device	for	three	to	seven	breaths	
(three	breaths	for	adults	and	seven	breaths	for	infants).*

6.	 Allow	30	to	60	seconds	between	actuations.

*For	a	cooperative	patient,	synchronizing	actuation	at	the	beginning	of	
larger	breaths	with	breath	holding	may	be	encouraged.	However,	this	
maneuver	has	not	been	shown	to	increase	clinical	response	to	inhaled	
bronchodilators.
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patient to inhale the powder with a sufficiently high inspiratory 
flow rate (Figure 39-12). In terms of both lung deposition and 
drug response, DPIs are as effective as pMDIs.33

Equipment Design and Function
Most passive dry powder–dispensing systems require the use of 
a carrier substance (lactose or glucose) mixed into the drug to 
enable the drug powder to deaggregate more readily and flow 
out of the device. Reactions to lactose or glucose seem to be 
fewer than reactions to the surfactants and propellants used in 
pMDIs, even though the amount of these substances is substan-
tially greater than the amount of the drug and can represent 
98% or more of the weight per inhaled dose in some 
formulations.

As shown in Figure 39-13, A, B, and C, there are numerous 
DPIs on the market, which can be divided into three categories 
based on the design of their dose containers: (1) unit-dose DPI, 
(2) multiple unit-dose DPI, and (3) multiple dose drug reser-
voir DPI.

Unit-dose DPIs, such as the Aerolizer (Schering-Plough, 
Kenilworth, NJ) and the HandiHaler (Boehringer Ingleheim, 
Ingelheim am Rhein, Germany), dispense individual doses of 
drug from punctured gelatin capsules. Multiple unit-dose DPIs 
(Diskhaler; GlaxoSmithKline, Philadelphia) contain a case of 
four or eight individual blister packets of medication on a disk 
inserted into the inhaler. Multiple dose DPIs include the Twist-
haler (Schering-Plough), Flexhaler (AstraZeneka, London), and 
the Diskus (GlaxoSmithKline). The Twisthaler and Flexhaler 
have a multidose reservoir powder system preloaded with a 
quantity of pure drug sufficient for dispensing 120 doses of 
medication, and the Diskus incorporates a tape system that 
contains up to 60 sealed single doses (Figure 39-14).

The particle size of the dry powder particles of drug ranges 
from 1 to 3 µm. However, the size of the lactose or glucose 
particles can range from approximately 20 to 65 µm, so most 
of the carrier (≤80%) is deposited in the oropharynx.

determine the delivery efficiencies of spacer devices before 
using the device in a particular population.

Accessory devices are used with either the manufacturer-
designed boot that comes with the pMDI or with a “universal 
adapter” that triggers the pMDI canister. Different formulations 
of pMDI drugs operate at different pressures and have a 
different-sized orifice in the boot that is specifically designed  
by the manufacturer for use exclusively with that pMDI. The 
output characteristics of a pMDI change when an adapter with 
a different-sized orifice is used. With HFA pMDIs, the diameter 
of the actuator orifice is smaller, and the spray is predictably 
finer. When the HFA pMDI is used in an actuator designed for 
use with CFC pMDIs, output is reduced. When these HFA for-
mulations are used with any particular spacer, it is important 
to know how comparable the available dose and particle size 
distribution are to the dose and particle size from an existing 
CFC pMDI.23

Cost
Many hospitals are moving away from the use of HFA pMDIs 
because of the high cost of these devices. Regardless of drug 
delivered, these devices cost between $200 to $300 dollars com-
pared to pennies a dose for the same drug in a preparation to 
be used in a nebulizer. The use of these less expensive prepara-
tions with a vibrating mesh nebulizer (see later discussion) has 
now become the norm in many hospitals because of cost.

Dry Powder Inhalers

A DPI is typically a breath-actuated dosing system. With a DPI, 
the patient creates the aerosol by drawing air though a dose of 
finely milled drug powder with sufficient force to disperse and 
suspend the powder in the air. DPIs are inexpensive, do not 
need propellants, and do not require the hand-breath coordina-
tion needed for pMDIs. However, dispersion of the powder into 
respirable particles depends on the creation of turbulent flow 
in the inhaler. Turbulent flow is a function of the ability of the 

FIGURE 39-12	 Aerosolization	of	dry	powder.	(Modified	from	Dhand	R,	Fink	J:	Dry	powder	inhalers.	Respir	Care	44:940,	1999.)
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Exposure to Humidity and Moisture. The emitted dose of 
DPI decreases in a humid environment, likely because of powder 
clumping. The longer the exposure and the greater the level of 
absolute humidity, the lower the dose emitted. New DPIs with 
multiple unit-doses minimize the effects of moisture on the 
powder as long as individual doses are inhaled as soon as the 
seal is broken.

Patient’s Inspiratory Flow Ability. High peak inspiratory 
flow rates (>60 L/min) are required to dispense the drug powder 
from most current DPI designs and result in a pharyngeal dose 
comparable to the dose received from a typical pMDI without 
an add-on device. If a patient does not inhale at the optimal 
inspiratory flow rate for a particular device, delivery to the lung 
decreases as the dose of drug dispensed decreases and the par-
ticle size of the powder aerosol increases (Figure 39-15).33

Passive, or patient-driven, DPIs rely on the patient’s inspira-
tory effort to dispense the dose. The result is differences in lung 

Factors Affecting Dry Powder Inhaler 
Performance and Drug Delivery

Intrinsic Resistance and Inspiratory Flow Rate. Optimal 
performance for each DPI design occurs at a specific inspiratory 
flow rate. The fine-particle fraction of respirable drug from 
existing DPIs ranges from 10% to 60% of the nominal dose. 
The amount varies with inspiratory flow and device design. The 
higher the resistance or the greater the flow requirement of a 
DPI device, the more difficult it is for a compromised or young 
patient to generate inspiratory flow sufficient to obtain the 
maximum dose of drug from the device.

FIGURE 39-14	 Diskus	DPI	(Glaxo	Wellcome,	Research	Triangle	
Park,	NC).	The	doses	are	contained	in	60	sealed	pockets	along	an	
aluminum-foil	strip	that	is	advanced	by	the	lever.	As	the	drug	
pocket	reaches	the	mouthpiece,	the	cover	is	peeled	away,	making	
the	drug	available	for	inhalation.	A	dose	counter	indicates	the	
number	of	doses	remaining	in	the	device.	(Modified	from	Dhand	R,	
Fink	J:	Dry	powder	inhalers.	Respir	Care	44:940,	1999.)
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FIGURE 39-15	 Fine	particle	mass	delivered	from	a	1000-mg	
dose	(±	standard	deviation)	as	a	function	of	flow.	BAMDI,	Breath-
actuated	pMDI	(Autohaler);	DPI,	dry	powder	inhaler	(Diskhaler);	
pMDI,	pressurized	metered	dose	inhaler.	(Modified	from	Smith	KJ,	
Chan	HK,	Brown	KF:	Influence	of	flow	rate	on	aerosol	particle	size	
distributions	from	pressurized	and	breath-actuated	inhalers.	J	
Aerosol	Med	11:231,	1998.)
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FIGURE 39-13	 Some	currently	available	DPIs:	A	and	B,	Multiple-dose	dpi:	diskus	inhaler	C,	Unit-dose	dpi:	aerolizer.	(A,	GlaxoSmithKline,	
used	with	permission.	B	and	C,	Merck	&	Co.	Inc.	Whitehouse	Station,	NJ.)
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FIGURE 39-16	 Peak	inspiratory	flows	in	individual	inexperienced	children	(Pedersen	et	al,	1990)	and	groups	of	experienced	children	
(Agertoft	et	al,	1995).	(Modified	from	Pedersen	S:	Delivery	options	for	inhaled	therapy	in	children	over	the	age	of	6	years.	J	Aerosol	Med	
10[Suppl	1]:S41,	1997.)
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 Box 39-4 Optimal Technique for Use of a 
Dry Powder Inhaler

1.	 Assemble	the	apparatus.
2.	 Load	dose,	keeping	device	upright.
3.	 Exhale	slowly	to	functional	residual	capacity.
4.	 Seal	lips	around	the	mouthpiece.
5.	 Inhale	deeply	and	forcefully	(>60	L/min).	A	breath	hold	

should	be	encouraged	but	is	not	essential.
6.	 Repeat	the	process	until	dose	is	completed.
7.	 Monitor	adverse	reactions.
8.	 Assess	beneficial	effects.

Modified	from	Pedersen	S:	How	to	use	a	Rotahaler.	Arch	Dis	Child	
61:11,	1986;	and	Hansen	OR,	Pedersen	S:	Optimal	inhalation	technique	
with	terbutaline.	Turbuhaler	Eur	Respir	J	2:637,	1989.

delivery and clinical response. Active or powered DPI devices, 
which deaggregate the powder before inhalation, are indepen-
dent of patient effort. Active DPIs use an energy source to deag-
gregate the powder and suspend the powder into an aerosol, 
allowing the dose to be suspended independent of patient inspi-
ratory flow rates.

Technique. Proper technique is essential to derive the 
maximum benefit from a DPI. Box 39-4 outlines the basic steps 
for ensuring optimal drug delivery. The most critical factor in 
using a passive DPI is the need for high inspiratory flow. Patients 
must generate an inspiratory flow rate of at least 40 to 60 L/min 
to produce a respirable powder aerosol. Because infants, small 
children (<5 years old) (Figure 39-16), and patients who are 
unable to follow instructions cannot develop inspiratory flows 

this high, these patients cannot use DPIs. Because patients with 
severe airway obstruction may be unable to achieve the required 
flow, they should not use DPIs during acute bronchospasm.

Exhalation into a DPI before inspiration can result in loss of 
drug delivery to the lung. Some DPIs also require assembly, 
which can be cumbersome or difficult for some patients, espe-
cially in an emergency. It is important that patients receive 
demonstrations with their inhalers and have the opportunity to 
assemble and use the DPI (return demonstration) before self-
administration. Although the DPI may require cleaning in 
accordance with the product label, the device should never be 
submerged in water. Moisture in the device dramatically reduces 
available dose. Table 39-1 provides methods to determine the 
dose of the different types of DPI.

New Dry Powder Inhaler Technologies
Easyhaler®. The Easyhaler® (Orion Corporation, Espoo, 

Finland) is approved for marketing in Europe for delivery of 
beclomethasone, albuterol, formoterol, and budesonide. The 
device is similar to the pMDI in terms of its shape and opera-
tion. However, it is a DPI and has a dose counter which gives a 
red signal when 20 doses are left in the device.

Ellipta®. The Ellipta® (GlaxoSmithKline, Research Triangle 
Park, NC) is a disposable multidose DPI in which the drug is 
stored in double-foil blister strips. The device has a 3-step tech-
nique (open-inhale-close) and provides auditory feedback with 
the opening of the inhaler that results in loading the dose and 
an advancement in the dose counter. When a patient does not 
inhale the dose from the Ellipta®, the drug is dumped internally 
to prevent overdosing. The Ellipta® has three categories that 
provide different drugs or drug combinations: (1) IncruseTM 
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device that does not require any type of special breathing tech-
nique. Therefore, unlike other DPIs, the Staccato is insensitive 
to patient inhalation rates. The device generates aerosols by 
heating a thin film of drug to form pure drug vapor. When the 
patient inhales, the vapor cools and condenses into 1- to 3-µm-
diameter particles. Thus, pure drug can be delivered to the 
alveoli without extensive thermal degradation and with the 
optimal range of particle diameter, promoting very fast systemic 
drug absorption. The Staccato has been approved in the United 
States for delivery of loxapine.

Nebulizers

Nebulizers generate aerosols from solutions and suspensions. 
The three categories of nebulizers include (1) pneumatic jet 
nebulizers, (2) USNs, and (3) vibrating mesh (VM) nebulizers. 
Nebulizers are also described in terms of their reservoir size. 
Small volume nebulizers (SVNs) most commonly used for 
medical aerosol therapy hold 5 to 20 ml of medication. Large 
volume nebulizers, also known as jet nebulizers, hold up to 
200 ml and may be used for either bland aerosol therapy (see 
Chapter 38) or continuous drug administration.

Pneumatic (Jet) Nebulizers
Gas-powered jet nebulizers (Figure 39-17, A) have been in clini-
cal use for longer than 100 years. Most modern jet nebulizers 
are powered by high-pressure air or oxygen (O2) provided by a 
portable compressor, compressed gas cylinder, or 50-psi wall 
outlet.

Factors Affecting Nebulizer Performance. Nebulizer 
design, gas pressure, gas density, and medication characteristics 
affect SVN performance (Box 39-5).

Nebulizer Design. As shown in Figure 39-17, B, a typical 
SVN is powered by a high-pressure stream of gas directed 
through a restricted orifice (the jet). The gas stream leaving the 
jet passes by the opening of a capillary tube immersed in solu-
tion. Because it produces low lateral pressure at the outlet, the 
high jet velocity draws the liquid up the capillary tube and into 
the gas stream, where it is sheared into filaments of liquid that 
break up into droplets. This primary spray produces a hetero-
disperse aerosol with droplets ranging from 0.1 to 500 µm.34

This spray is directed against one or more baffles. A baffle is 
a surface on which large particles impact and fall out of suspen-
sion, whereas smaller particles remain in suspension, reducing 

Ellipta® delivers umeclidinium, a long-acting muscarinic antag-
onist that is used in the treatment of COPD, (2) BreoTM Ellipta® 
has a combination of fluticasone furoate and vilanterol (long-
acting β2-agonist), and (3) AnoroTM Ellipta® includes a combi-
nation of umeclidinium and vilanterol.

PodhalerTM. As a single-dose reusable DPI, the PodhalerTM 
(Novartis Pharmaceutical Corporation, San Carlos, CA) deliv-
ers TOBI for the treatment of chronic infection in patients with 
cystic fibrosis. The device produces light porous particles with 
improved flow and dispersion characteristics by using the Pul-
moSphereTM technology that has less interparticle cohesive 
forces. When using the Podhaler, a patient opens the mouth-
piece, inserts the capsule in the device, and then inhales. The 
manufacturer suggests disposing of the device after 7 days  
of use.

TaifunTM. The TaifunTM is a reservoir based multidose DPI 
in which drug within the reservoir is protected from moisture. 
It is a user friendly device with a dose counter that is used to 
deliver salbutamol, fentanyl, formoterol, and budesonide in 
Europe. Although the TaifunTM has reproducible and uniform 
metered doses, more research is needed about patient accep-
tance, preference, safety, and clinical efficacy of the device.

TudorzaTM PressairTM. The TudorzaTM PressairTM (Forest 
Laboratories, St Louis, MO) is a multidose DPI that delivers 
aclidinium bromide, a long-acting anticholinergic. The device 
has a dose counter that decreases by 10 doses and shows a red 
mark with a “0” sign when it is empty. It also has a lockout 
system at the end of the dose. The TudorzaTM PressairTM pro-
vides both visual feedback and auditory feedback during 
therapy. The visual feedback displays red color in the control 
window with incorrect technique and shows green color when 
the patient inhales the dose completely with the correct use of 
the device.

Spiromax®. As a multidose passive DPI, the Spiromax® 
(Teva Pharmaceuticals) is used to deliver albuterol, fluticasone/
salmeterol, and budesonide/formoterol in the treatment of pul-
monary diseases in Europe. When the patient opens the cap on 
the mouthpiece, the dose is loaded to the DPI and then is ready 
for the patient to inhale the medication.

Staccato®. The Staccato® (Alexza Pharmaceuticals) uses a 
thermal aerosol technology that has three components includ-
ing a heating substrate, a thin film of pure drug, and a channel 
where aerosol forms. It is a small, portable, breath-actuated 

TABLE 39-1 

Determining Doses Left in the Dry Powder Inhaler

Drug Container Doses Type Indicator Meaning of Dose Indicator

Unit-Dose DPI Aerolizer	or	
HandiHaler

Single	capsule 1 None Check	capsule	to	ensure	full	dose	was	inhaled.	
Repeat	to	empty	capsule

Multiple Unit-Dose 
DPI

Diskhaler Dose	blisters 4	or	8 None Inspect	visually	to	confirm	use	of	all	blisters

Diskus Blister	strip 60 Red	numbers Red	numbers	indicate	that	≤5	doses	are	left	in	DPI
Multiple Dose DPI Flexhaler Reservoir 60	or	120 “0” Marked	in	intervals	of	10	doses;	“0”	indicates	empty

Twisthaler Reservoir 30 “01” “01”	indicates	last	dose
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of sizes) of the generated aerosol. Atomizers operate with the 
same basic principles as nebulizers without baffling and produce 
aerosols with larger MMAD and GSD. Residual drug volume, 
or dead volume, is the medication that remains in the SVN after 
the device stops generating aerosol and “runs dry.”35 The resid-
ual volume of a 3-ml dose can range from 0.5 to more than 
2.2 ml, which can be more than two-thirds of the total dose. 
The greater the residual drug volume, the more drug that is 
unavailable as aerosol, and the less efficient the delivery system. 
Residual volume also depends on the position of the SVN. Some 
SVNs stop producing aerosol when tilted 30 degrees from verti-
cal. Increasing the fill volume allows a greater proportion of 
active medication to be nebulized. In a nebulizer with a residual 
volume of 1.5 ml, a fill of 3 ml would leave only 50% of the 
nebulizer volume (nominal dose) available for nebulization. In 
contrast, a fill of 5 ml would make 3.5 ml, or more than 70% 
of the medication, available to be inhaled. The unit-dose 
volumes of drugs were based on clinical response of patients 
using nebulizers with substantial residual drug volumes. 
Although increasing dose volume may increase available dose, 
it should be considered off-label administration, and there is no 
significant difference in clinical response with varying diluent 
volumes and flow rates.

Flow. Droplet size and nebulization time are inversely pro-
portional to gas flow through the jet. The higher the flow of gas 
to the nebulizer, the smaller the particle size generated, and the 
shorter is the time required for nebulization of the full dose. 
Nebulizers that produce smaller particle sizes by use of baffles, 
such as one-way valves, may reduce total drug output per 
minute compared with the same nebulizer without baffling and 
require more time or nominal dose to deliver a standard dose 
of medication to the lungs.

Gas Source (Hospital Versus Home). Gas pressure and flow 
through the nebulizer affect particle size distribution and 
output. Within operating limits, the higher the pressure or flow, 
the smaller the particle size, the greater the output, and the 
shorter the treatment time. A nebulizer that produces an 
MMAD of 2.5 µm when driven by a gas source of 50 psi at 6 to 
10 L/min may produce an MMAD of more than 5 µm when 
operated on a home compressor (or ventilator) developing 
10 psi. Too low a gas pressure or flow can result in negligible 
nebulizer output. Consequently, nebulizers used for home care 
should be matched to the compressor according to data sup-
plied by the manufacturer. Thus, the combination of specific 
equipment improves efficient nebulization of the desired medi-
cations prescribed for the patient.

Other concerns in the use of disposable nebulizers with com-
pressors at home involve possible degradation of performance 
of the plastic device over multiple uses. One study showed that 
repeated use of nebulizers did not alter MMAD or output as 
long as the nebulizer was cleaned properly. Failure to clean the 
nebulizer properly caused degradation of performance because 
of clogging of the jet orifice, reducing the output flow, and 
buildup of electrostatic charge in the device.

Density. Gas density affects both aerosol generation and 
delivery to the lungs. The lower the density of the carrier gas, 

FIGURE 39-17	 A,	Small	volume	jet	nebulizer	with	tube	reservoir	
for	liquid	drug	delivery.	B,	Schematic	of	a	small	volume	jet	
nebulizer.	(A,	DeVilbiss	Healthcare,	Somerset	PA.	B,	From	
Gardenhire,	D:	Rau’s	Respiratory	Care	Pharmacology,	ed	8,		
St.	Louis,	2012,	Mosby.)
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 Box 39-5 Factors Affecting Performance of 
Small Volume Nebulizers

NEBULIZER DESIGN
•	 Baffles
•	 Fill	volume
•	 Residual	drug	volume
•	 Nebulizer	position
•	 Continuous	vs.	intermittent	nebulization
•	 Reservoirs	and	extensions
•	 Vents,	valves,	and	gas	entrainment
•	 Tolerances	in	manufacturing	within	lots

GAS SOURCE: WALL, CYLINDER, COMPRESSOR
•	 Pressure
•	 Flow	through	nebulizer
•	 Gas	density
•	 Humidity
•	 Temperature

CHARACTERISTICS OF DRUG FORMULATION
•	 Viscosity
•	 Surface	tension
•	 Homogeneity

the size of particles remaining in the aerosol. In many designs, 
droplets that impact baffles in the SVN return to the medication 
reservoir for nebulization again.

Baffles are key elements in nebulizers; well-designed baffling 
systems decrease both the MMAD (size) and the GSD (range 
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Small Volume Nebulizers
Four categories of jet SVNs include (1) continuous nebulizer 
with simple reservoir, (2) continuous nebulizer with collection 
reservoir bag, (3) breath-enhanced nebulizer, and (4) breath-
actuated nebulizer (Figure 39-18, A, B, and C). The most com-
monly used SVN is the constant output design. Aerosol is 
generated continuously, with 30% to 60% of the nominal dose 
being trapped as residual volume in the nebulizer, and more 
than 60% of the emitted dose is wasted to the atmosphere. 
Continuous nebulization wastes medication because the aerosol 
is produced throughout the respiratory cycle and is largely lost 
to the atmosphere, as shown in Figure 39-19. Patients with an 
I : E ratio of 40 : 60 (or 1 : 1.5) lose 60% of the aerosol gener-
ated to the atmosphere. If 50% of the total dose is emitted from 
the nebulizer, and 50% of that aerosol is in the respiratory range 
and 40% of that is inhaled by the patient, less than 10% deposi-
tion is commonly measured in adults receiving continuous 
nebulizer therapy. In neonates and infants, given the small 
minute volumes and small airways with increased impaction 
and reduced sedimentation, deposition can be only 0.5%.

Aerosolized medication can also be conserved with reser-
voirs.39 A reservoir on the expiratory limb of the nebulizer con-
serves drug aerosol.

Small Volume Nebulizer With a Reservoir. Many types of 
disposable SVNs are packaged with a 6-inch (15-cm) piece of 
aerosol tubing to be used as a reservoir (Figure 39-17, A). This 
may increase inhaled dose by 5% to 10% or increase the inhaled 
dose from 10% to approximately 11% with the reservoir tube.

Continuous Small Volume Nebulizer With Collection 
Bag. Bag reservoirs hold the aerosol generated during exhala-
tion and allow the small particles to remain in suspension for 
inhalation with the next breath, while larger particles rain out. 

the less aerosol impaction as gas passes through the airways, and 
the greater the deposition of aerosol in the lungs.36 However, 
when heliox is used to drive a jet nebulizer at standard flow 
rates, aerosol output is substantially less than with air or O2, and 
aerosol particles are considerably smaller. When driving a nebu-
lizer with heliox, twofold to threefold greater flow is required 
to  produce a  comparable aerosol output. Heliox concentra-
tions of 40% or greater have been shown to improve aerosol 
deposition.37

Humidity and Temperature. Humidity and temperature 
can affect particle size and the concentration of drug remaining 
in the nebulizer. Evaporation of water and adiabatic expansion 
of gas can reduce the temperature of the aerosol to 10° C less 
than ambient temperature. This cooling may increase solution 
viscosity and reduce the nebulizer output, while decreasing par-
ticle MMAD.38 Aerosol particles entrained into a warm and fully 
saturated gas stream increase in size. These particles also can 
coalesce (stick together), increasing the MMAD further and, in 
the case of a DPI, can severely compromise the output of respi-
rable particles. How much these particles enlarge depends pri-
marily on the tonicity of the solution. Aerosols generated from 
isotonic solutions probably maintain their size as they enter the 
respiratory tract. Hypertonic solutions tend to enlarge, whereas 
evaporation can cause hypotonic droplets to evaporate and 
shrink.

Characteristics of Drug Formulation. The viscosity and 
density of a drug formulation affect both output and particle 
size. Some drugs, such as antibiotics, are so viscous that they 
cannot be used effectively for nebulization in some standard 
SVNs. Also, in some suspensions, some aerosolized particles 
contain no active drug, whereas other particles, generally larger, 
carry the active medication.

FIGURE 39-18	 Variety	of	available	aerosol	devices.	A	and	C,	Passive	mesh.	B,	Active	vibrating	mesh.	(A	and	C,	Courtesy	Omron	
Healthcare,	Inc.	Bannockburn,	IL.	B,	Courtesy	PARI	Respiratory	Equipment,	Inc.,	Midloathian,	VA.)
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These additions have been attributed with a 30% to 50% 
increase in inhaled dose.39 A collection bag is attached on the 
expiratory side of the nebulizer “T,” which collects aerosol 
leaving the SVN when the patient is not actively inhaling. Some 
of the aerosol in the bag is inhaled with the next inspiration, 
increasing total dose efficiency.

FIGURE 39-19	 Proportions	of	nebulizer	output	inhaled	with	continuous	standard	jet	nebulizer,	vented	nebulizer,	and	dosimetric	(breath-
actuated)	nebulizer.	(Modified	from	Nikander	K:	Drug	delivery	systems.	Aerosol	Med	7[Suppl	1]:S19,	1994.)
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FIGURE 39-20	 Operating	principles	of	the	Sprint	(Pari,	Midlothian,	VA)	breath-enhanced	nebulizer.	(From	Cairo	JM,	Pilbeam	SP:	
Mosby’s	respiratory	care	equipment,	ed	8,	St.	Louis,	2009,	Mosby.)

Liquid
medication

Air from the compressor breaks the liquid med-
ication into small breathable particles which
form a mist (aerosol).

As the patient breathes in, the valve at the top
opens, letting air in and speeding up the mist
generation.

When the patient breathes out, the top valve
closes, slowing down the mist and the mouth-
piece flap opens letting the patient’s breath out.
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How it works:

Breath-Enhanced Nebulizers. Breath-enhanced nebuliz-
ers generate aerosol continuously, using a system of vents and 
one-way valves to minimize aerosol waste.40 In the Pari LC 
Sprint (Pari, Midlothian, VA) breath-enhanced nebulizer 
(Figure 39-20), an inspiratory vent allows the patient to  
draw in air through the nebulization chamber generating and 
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FIGURE 39-21	 Breath-actuated	pneumatic	nebulizer	(AeroEclipse	BANII)	flow	path	diagram.	A,	Before	inhalation,	actuator	is	up,	and	
compressed	gas	freely	circulates	with	no	aerosol	produced.	B,	Patient	inhales,	and	actuator	starts	to	move	down.	C,	Negative	pressure	pulls	
the	diaphragm	down	(with	actuator	moved	down	sealing	around	the	nozzle	cover),	producing	aerosol.	D,	Patient	exhales	through	valve	in	
mouthpiece;	as	pressure	increases,	the	diaphragm	and	actuator	move	up,	stopping	aerosol	production.	(Courtesy	Trudell	Medical	
International,	London,	Ontario,	Canada.)
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MINI CLINI
Home Nebulizer Therapy

PROBLEM:  Many patients are sent home with a prescription 
for home nebulizer therapy prescribed with the intention of 
giving the patient the same quality of aerosol therapy he or she 
received in the hospital. However, the patient often is given the 
same type of nebulizer used in the hospital because it is inex-
pensive. These nebulizers provide an aerosol that is too large 
for optimal deposition in the lungs. What should be done 
instead?

DISCUSSION:  Home nebulizers designed for use with com-
pressors should be matched to ensure an MMAD of 1 to 5 µm 
with the medication being administered. Nebulizer manufac-
turers such as Pari and Medic-Aid offer matched nebulizer-
compressor systems for home use. Although these devices  
cost a little more, they are more likely to meet therapeutic 
objectives.

containing aerosolized drug. On exhalation, the inlet vent 
closes, and aerosol exits by a one-way valve near the mouth-
piece; this process can increase inhaled mass by 50% over stan-
dard continuous nebulizers and reduces aerosol waste to the 
atmosphere.

Breath-Actuated Nebulizers. Breath-actuated nebulizers 
synchronize aerosol generation with inspiration, reducing waste 
of aerosol during exhalation and increasing inhaled dose up to 
threefold more than continuous and breath-enhanced nebuliz-
ers. Dosimeters, used in pulmonary function laboratories, sense 
inspiration and pulse airflow to the jet orifice and transform a 

conventional nebulizer into a breath-actuated system. Manual 
systems allow the user to cover a thumb port directing com-
pressed gas to the jet nebulizer.

AeroEclipse (Trudell Medical International, London, 
Ontario, Canada) is a breath-actuated SVN. A unique, spring-
loaded, one-way valve design draws the jet to the capillary tube 
during inspiration and causes nebulization to cease when the 
patient’s inspiratory flow decreases below the threshold or the 
patient exhales into the device (Figure 39-21). Expiratory pres-
sure on the valve at the initiation of exhalation moves the nebu-
lizer baffle away from its position directly above the jet orifice, 
reduces the pressure, and stops aerosolization. Because aerosol 
is generated only during inhalation, exhaled aerosol and con-
tamination of the environment during the expiratory phase of 
the breathing cycle are largely reduced.

It can be difficult to determine when a nebulizer treatment 
is complete. Aerosol delivery from a jet nebulizer ceased after 
the onset of inconsistent nebulization (sputtering) (Figure 
39-22).41 Aerosol output declined by one-half within 20 seconds 
of the onset of sputtering. The concentration of albuterol in the 
nebulizer cup increased significantly when the aerosol output 
declined, and further weight loss in the nebulizer was caused 
primarily by evaporation. Most consider aerosolization past the 
point of initial nebulizer sputter ineffective.

Table 39-2 summarizes some of these key factors for many 
commercially available SVNs.42 Numerous SVNs are on the 
market, and they vary widely in design and performance. SVNs 
of the same design and lot number can exhibit variable perfor-
mance, even to the point that some nebulizers of the same 
model number do not work at all.43 Managers and clinicians 
always must evaluate SVNs carefully before purchasing or using 
them. Manufacturers should provide data on the performance 
of their nebulizers under common use conditions.
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FIGURE 39-22	 Output	rate	for	jet	nebulizers	is	substantially	reduced	as	the	nebulizer	begins	to	sputter.	The	decrease	in	output	rate	
correlates	with	reduced	drug	output.	This	finding	supports	a	recommendation	to	end	treatment	when	sputtering	begins.	(Modified	from	
Malone	RA,	Hollie	MC,	Glynn-Barnhart	A,	et	al:	Optimal	duration	of	nebulized	albuterol	therapy.	Chest	104:1114,	1993.)
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TABLE 39-2 

Comparison of Different Nebulizers

Jet Ultrasonic Vibrating Mesh

Features
Power	source Compressed	gas	or	electrical	mains Electrical	mains Batteries	or	electrical	mains
Portability Restricted Restricted Portable
Treatment	time Long Intermediate Short
Output	rate Low Higher Highest
Residual	volume 0.8-2.0	ml Variable	but	low ≤0.2	ml

Environmental Contamination
Continuous	use High High High
Breath-activated Low Low Low
Performance	variability High Intermediate Low

Formulation Characteristics
Temperature Decreases* Increases† Minimum	change
Concentration Increases Variable Minimum	change
Suspensions Low	efficiency Poor	efficiency Variable	efficiency
Denaturation Possible‡ Probable‡ Possible‡

Cleaning Required,	after	single	use Required,	after	multiple	use Required	after	single	use
Cost Very	low High High

Modified	from	Dolovich	MB,	Dhand	R:	Aerosol	drug	delivery:	developments	in	device	design	and	clinical	use.	Lancet	377:1032,	2011.
*For	jet	nebulizers,	the	temperature	of	the	reservoir	fluid	decreases	about	15°	C	during	nebulization	because	of	evaporation.
†For	ultrasonic	nebulizers,	vibration	of	the	reservoir	fluid	causes	a	temperature	increase	during	aerosol	generation,	which	can	be	10°	C	to	15°	C.
‡Denaturation	of	DNA	occurs	with	all	the	nebulizers.

Technique. Box 39-6 outlines the optimal technique for 
using an SVN for aerosol drug delivery. Use of an SVN is less 
technique-dependent and device-dependent than use of a 
pMDI or DPI delivery system. Slow inspiratory flow optimizes 
SVN aerosol deposition. However, deep breathing and breath 
holding during SVN therapy do little to enhance deposition 
over normal tidal breathing.44 Because the nose is an efficient 
filter of particles larger than 5 µm, many clinicians prefer not 

to use a mask for SVN therapy. As long as the patient is mouth 
breathing, there is little difference in clinical response between 
therapy given by mouthpiece and therapy given by mask. The 
selection of delivery method (mask or mouthpiece) should be 
based on patient ability, preference, and comfort.

Infection Control Issues. The CDC recommends that neb-
ulizers be cleaned and disinfected, rinsed with sterile water, or 
air dried between uses. Jet SVNs have reservoirs that are open 
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Large Volume Jet Nebulizers
Large volume jet nebulizers are also used to deliver aerosolized 
drugs to the lung and are particularly useful when traditional 
dosing strategies are ineffective in the management of severe 
bronchospasm. When a patient with airway obstruction does 
not respond to a standard dosage of bronchodilator, it is 
common to repeat the treatment every 15 minutes. An alterna-
tive approach is to provide continuous nebulization with a  
specialized large volume nebulizer.

The high-output extended aerosol respiratory therapy nebu-
lizers HEART (Cardinal Health, Dublin, OH) and HOPE (B & 
B Medical Technologies, Carlsbad, CA) are examples of devices 
designed for this purpose. These nebulizers have a reservoir 
greater than 200 ml that produces an aerosol with an MMAD 
of 2.2 to 3.5 µm. Actual output and particle size vary with the 
pressure and flow at which the nebulizer operates. A concern 
with continuous bronchodilator therapy (CBT) is increased 
drug concentration. Patients receiving CBT need close monitor-
ing for signs of drug toxicity (e.g., tachycardia and tremor). An 
additional strategy is to use an intravenous infusion pump to 
drip premixed bronchodilator solution into a standard SVN. 
Although this is an equipment-intensive approach, this tech-
nique can provide dosing equivalent to therapy performed 
every 15 minutes.46

Another special-purpose large volume nebulizer is a small 
particle aerosol generator (SPAG) (Figure 39-23). The SPAG was 
developed in the 1940s to study pathogen aerosols, and subse-
quently manufactured by ICN Pharmaceuticals specifically for 
administration of ribavirin (Virazole) to infants with respira-
tory syncytial virus infection. The device is unique in clinical 
respiratory care practice. It incorporates a drying chamber  
with its own flow control to produce a stable aerosol. The  
SPAG reduces medical gas source from the normal 50 pounds 
per square inch gauge (psig) line pressure to 26 psig with an 

FIGURE 39-23	 Small	particle	aerosol	generator	(SPAG).	

Pressure
manometer

Drying chamber
flow control

Drying
chamber

Delivery
tube

Nebulizer

Nebulizer
flow control

Medication
reservoir

 Box 39-6 Optimal Technique for Using a 
Small Volume Nebulizer

1.	 Assess	the	patient	for	need	(clinical	signs	and	symptoms,	
breath	sounds,	peak	flow,	%FEV1).

2.	 Select	mask	or	mouthpiece	delivery	(nose	clips	may	be	
needed	with	mouthpiece).

3.	 Use	conserving	system	(thumb	port,	breath	actuator	or	
reservoir)	if	indicated.

4.	 Place	drug	in	the	nebulizer.	If	using	a	multidose	vial,	add	
saline	to	approved	dose	volume	(per	drug	label).

5.	 Set	gas	flow	to	nebulizer	at	6	to	10	L/min	(per	manufacturer	
label).

6.	 Coach	patient	to	breathe	slowly	through	the	mouth	at	
normal	VT.

7.	 Continue	treatment	until	nebulizer	begins	to	sputter.
8.	 Rinse	the	nebulizer	with	sterile	water	and	air	dry,	or	discard,	

between	treatments.
9.	 Monitor	patient	for	adverse	response.

10.	 Assess	outcome	(change	in	peak	flow,	%FEV1).

to and positioned below the mouthpiece or mask. This allows 
secretions from the patient to enter the medication cup, con-
taminating medication.

Multidose drug containers have been associated with con-
tamination. After 7 days of nebulizer use five of six multidose 
containers of medication solutions were found to be contami-
nated.45 Refrigerating solutions and discarding syringes every 
24 hours eliminated bacterial contamination. Use of single dose 
ampoules have not been associated with contamination of med-
ications. In addition, some recommend one nebulizer for one 
treatment. The Cystic Fibrosis Foundation recommends that 
standard small volume nebulizers should be discarded after 
each treatment to prevent infection in cyctic fibrosis patients.
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lizers. Output is determined by the amplitude setting (some-
times user-selected). The greater the signal amplitude, the 
greater the nebulizer output. Particle size is inversely propor-
tional to the frequency of vibrations. Frequency is device-
specific and is not user-adjustable. For example, the DeVilbiss 
(Somerset, PA) Portasonic nebulizer operating at a frequency 
of 2.25 MHz produces particles with an MMAD of 2.5 µm, 
whereas the DeVilbiss Pulmosonic nebulizer operating at 
1.25 MHz produces particles in the 4- to 6-µm range. Particle 
size and aerosol density also depend on the source and flow of 
gas conducting the aerosol to the patient.

Large Volume Ultrasonic Nebulizers. Large volume USNs 
(used mainly for bland aerosol therapy or sputum induction) 
incorporate air blowers to carry the mist to the patient (Chapter 
38). Low flow through the USN is associated with higher mist 
density. In contrast to jet nebulizers, the temperature of the 
solution placed in a USN increases during use. As the tempera-
ture increases, the drug concentration increases, and proteins 
can be denatured.

Small Volume Ultrasonic Nebulizers. Many small volume 
USNs have been marketed for aerosol drug delivery (see Figure 
39-24). In contrast to the larger units, some of these systems do 
not use a couplant compartment; the medication is placed 
directly into the manifold on top of the transducer. The trans-
ducer is connected by a cable to a power source, often battery-
powered to increase portability. These devices have no blower; 
the patient’s inspiratory flow draws the aerosol from the nebu-
lizer into the lung.

Small volume USNs administer a wide variety of formula-
tions ranging from bronchodilators to antiinflammatory agents 
and antibiotics.47 Suspensions such as budesonide may not 
nebulize well with USNs, because large suspension aerosol par-
ticles that are larger than the aerosol particles remain in the 
medication cup. Use of a small volume USN may increase avail-
able respirable mass for designs with less residual drug volume 
than SVNs; this may reduce the need for a large quantity of 
diluent to ensure delivery of the drugs. The contained portable 
power source adds a great deal of convenience in mobility. 

adjustable regulator. The regulator is connected to two flowme-
ters that separately control flow to the nebulizer and flow 
through the drying chamber. The nebulizer is located within the 
glass medication reservoir, the fluid surface and wall of which 
serve as primary baffles. As it leaves the medication reservoir, 
the aerosol enters a long, cylindrical drying chamber. Here the 
second (separate) flow of dry gas is added, reducing particle  
size by evaporation, creating a monodisperse aerosol with an 
MMAD of 1.2 to 1.4 µm. Nebulizer flow should be maintained 
at approximately 7 L/min with total flow from both flowmeters 
not less than 15 L/min. The latest model operates consistently 
even with back pressure and can be used with masks, hoods, 
tents, or ventilator circuits.

Two specific problems are associated with SPAG use to 
deliver ribavirin. The first is caregiver exposure to the drug 
aerosol. Approaches to limit caregiver exposure are discussed 
later (see the section on Controlling Environmental Contami-
nation). The other problem occurs only when the SPAG is used 
to deliver ribavirin through a mechanical ventilator circuit. 
Drug precipitation can jam breathing valves or occlude the 
ventilator circuit. This problem can be overcome by (1) placing 
a one-way valve between the SPAG and the circuit and (2) filter-
ing out the excess aerosol particles before they reach the exhala-
tion valve, and changing filters frequently to avoid increasing 
expiratory resistance.44

Hand-Bulb Atomizers and Spray Pumps
Hand-bulb atomizers and nasal spray pumps are used to admin-
ister sympathomimetic, anticholinergic, antiinflammatory, and 
anesthetic aerosols to the upper airway, including nasal pas-
sages, pharynx, and larynx (see also Chapter 35). These agents 
are used to manage upper airway inflammation and rhinitis, to 
provide local anesthesia, and to achieve systemic effects.

Because the spray pump generates relatively low pressure 
and does not have baffles, it produces an aerosol with large 
particle size (high MMAD and GSD), ideal for upper airway 
deposition. (Nasopharyngeal deposition is greatest for particles 
5 to 40 µm.) Deposition with the hand-bulb atomizer applied 
to the nose occurs mostly in the anterior nasal passages with 
clearance to the nasopharynx. The 100-mcl puffs appear to 
deposit more medication than 50-mcl puffs, and deposition to 
a greater surface area occurs with a 35-degree spray angle than 
with a 60-degree angle.

Ultrasonic Nebulizers
The USN uses a piezoelectric crystal to generate an aerosol. The 
crystal transducer converts an electrical signal into high-
frequency (1.2- to 2.4-MHz) acoustic vibrations. These vibra-
tions are focused in the liquid above the transducer, where they 
disrupt the surface and create oscillation waves (Figure 39-24). 
If the frequency of the signal is high enough and its amplitude 
strong enough, the oscillation waves form a standing wave that 
generates a geyser of droplets that break free as fine aerosol 
particles.

USNs are capable of higher aerosol outputs (0.2 to >1.0 ml/
min) and higher aerosol densities than conventional jet nebu-

FIGURE 39-24	 Small	volume	USN	designed	for	use	with	
mechanical	ventilation.	A	vibrating	piezoceramic	crystal	generates	
ultrasonic	waves	that	pass	through	couplant	(sterile	buffer	water)	
and	the	medication	cup	to	generate	a	fountain	(or	standing	wave)	
of	medication	that	produces	aerosol	particles.	(Courtesy	Siemens,	
Tarrytown,	New	York.)
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With pulmonary deposition increased from the old standard 
of approximately 10% to more than 60% of the nominal dose, 
these recent device improvements may be accompanied by 
greater systemic side effects, unless the delivered dose is reduced. 
The key is to be able to target an effective delivered dose to the 
lungs.

New Nebulizer Designs for Liquids. New nebulizer designs 
are available for delivery of liquids.50,51

AERx. The AERx (Aradigm Corp, Hayward, CA) uses a 
drug solution in a unit-dose, sterile, preservative-free blister 
pack containing 25 to 50 mcl of fluid. The drug is extruded 
under pressure through a nozzle containing many small, 
precision-drilled holes that produce a fine, respirable spray on 
inhalation. The aerosolization nozzle is part of the disposable 

However, sometimes the theoretical advantages of the ultra-
sonic devices are outweighed by relatively high purchase costs 
and poor reliability.

Small volume USNs have been used to administer undiluted 
bronchodilators to patients with severe bronchospasm.47 Because 
the nebulizers have minimal residual drug volume, the treatment 
time is reduced with smaller volumes; however, it may be 
increased with standard dosing volumes. Some ventilator manu-
facturers (e.g., Maquet, Rastatt, Germany) have promoted the 
use of USNs for administration of aerosols during mechanical 
ventilation. In contrast to SVNs, USNs do not add extra gas flow 
to the ventilator circuit during use. This feature reduces the need 
to change and reset ventilator and alarm settings during aerosol 
administration.48

Vibrating Mesh Nebulizers
Two types of VM nebulizers, active and passive, are available 
commercially.49 Active VM nebulizers use a dome-shaped aper-
ture plate, containing more than 1000 funnel-shaped apertures. 
The dome is attached to a plate that is also connected to a 
piezoceramic element surrounding the aperture plate. Electrical 
energy applied to the piezoceramic element vibrates the aper-
ture plate at a frequency of approximately 130 kHz (or one-
tenth that of a USN), moving the aperture plate up and down 
by approximately 1 µm, creating an electronic micropump. The 
plate actively pumps the liquid through the apertures, where it 
is broken into fine droplets. The exit velocity of the aerosol is 
low (<4 m/sec), and the particle size can range from 3 to 4 µm 
(MMAD), varying with the exit diameter of the apertures 
(Figure 39-25, A and B). Examples of an active VM nebulizer 
include the Aeroneb Go, Pro, and Solo nebulizers (Aerogen, Inc, 
Galway, Ireland) and the eFlow nebulizers (Pari, Midlothian, 
VA). An active VM nebulizer can nebulize single drops of 15 mcl 
of formulations containing small and large molecules, suspen-
sions, microsuspensions, and liposomes.

Passive VM nebulizers use a mesh separated from an ultra-
sonic horn by the liquid solution for nebulization. A piezoelec-
tric transducer vibrates the ultrasonic horn, which pushes fluid 
through the mesh. Passive VM nebulizers include the NEU-22 
(Omron, Kyoto, Japan) and the I-Neb (Philips Respironics, 
Murraysville, PA).

The residual drug volumes with either type of VM nebulizer 
range from 0.1 to 0.4 ml, in contrast to other types of liquid 
aerosol generators with residual drug volumes of 0.8 to 1.5 ml. 
Because a greater percentage of standard unit doses is emitted 
as aerosol, care should be exercised when transitioning to these 
devices to ensure that the higher dose does not create adverse 
effects.

New-Generation Nebulizers
Low-velocity (soft mist) aerosol, smaller particle size distribu-
tion, and systems that minimize residual volume of medication 
left in the nebulizer substantially improve aerosol device effi-
ciency. Along with improved performance, some “smart” nebu-
lizers have the capability to monitor patient compliance and aid 
in managing the patient’s treatment schedule.

FIGURE 39-25	 VM	nebulizers	use	two	basic	configurations.	
Active	VM	nebulizer	(A)	has	an	aperture	plate	with	funnel-shaped	
holes	vibrated	by	a	piezoelectric	transducer	surrounding	the	
aperture	plate	found	in	the	Aeroneb	Solo	(Aerogen,	Galway,	Ireland)	
and	eFlow	(Pari,	Midlothian,	VA;	A).	Passive	VM	nebulizer	(B)	uses	
an	ultrasonic	horn	to	push	fluid	through	a	stationary	mesh	found		
in	the	NEU-22	(Omron;	B)	and	iNeb	(Phillips/Respironics,	
Murrysville,	PA).	

A

B
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adaptive aerosol delivery that monitors pressure changes and 
inspiratory time for the patient’s first three consecutive breaths 
(Figure 39-26).53 Drug is then aerosolized over 50% of the inspi-
ratory maneuver during the fourth and all subsequent breaths. 
Targeted inhalation mode guides the patient to take serially 
longer inspirations to achieve optimal inhalation duration, 
reducing the time for administration. When the prescribed 
emitted dose has been aerosolized, the system provides an 
audible signal indicating the treatment should be stopped  
and the remaining medication discarded. Built-in electronics 
monitor patient treatment schedules and delivered doses with 
the goal to improve compliance with therapy. The I-Neb has 
been released for delivery of prostacyclin.

The Akita (Activaero, Gemuenden/Wohra, Germany) allows 
controlled inhalation of aerosol produced by either a jet or VM 
nebulizer. The Akita controls inspiratory flow to keep it slow 
(12 to 15 L/min), reducing impaction loss of aerosols in the 
upper airways. Patient pulmonary function is stored on a smart 
card programmed to tell the device when to generate aerosol 
during inspiration. Aerosol generated early targets distal airways, 
whereas aerosol generated later in the breath targets larger, 
more central airways.54 Smart nebulizers can track the actual 
time, duration, and dose administered for each treatment and 
provide logs of use that can be downloaded for the medical or 
research record.

Advantages and Disadvantages of 
Aerosol Systems

Knowledge of the advantages and disadvantages of various 
aerosol drug delivery systems is crucial for proper selection and 
application. Table 39-3 compares pMDI, DPI, SVN, and USN 
delivery systems.

Special Medication Delivery Issues for 
Infants and Children

Children and infants have a smaller airway diameter than adults. 
In addition, their breathing rate is faster, and nose breathing 
filters out large particles and deposits more medication in the 
upper airway. Also, mouthpiece administration often cannot be 
used before 3 years of age. Patient cooperation and ability vary 
with age and developmental ability. Finally, infants and small 
children have lower minute volumes than adults and so inhale 
a smaller proportion of the output of continuous nebulizers 
than adults.6

Normal tidal breathing is the most effective method for 
administering aerosols to an infant. Mouth breathing enhances 
medication delivery to the airways of adults, but there is little 
evidence to show that this is true for infants, who are preferen-
tial nose breathers up to 1 year of age. Crying greatly reduces 
lower airway deposition of aerosol medication; therefore, aero-
sols should not be administered to a crying child (Figure 39-27).

For infants and children who can tolerate a mask, a medica-
tion nebulizer can be fitted to an appropriately sized aerosol 
mask. There is no difference in clinical response between 
mouthpiece and close-fitting mask treatment, so patient toler-
ance, compliance, and preference should guide selection of the 

blister and is not reused. The dose from a single blister is 
metered in approximately 1.5 seconds. The emitted dose is more 
than 70% of the dose contained in the blister with an inspira-
tory flow rate range of 30 to 85 L/min. The AERx is being tested 
for use with numerous drugs in liquid form for both topical 
and systemic therapy. It has built-in electronic monitoring 
capabilities for measuring inspiratory flow rate during dosing 
and for triggering and dispensing the dose at the appropriate 
inspiratory flow rate for optimal delivery. The dose adminis-
tered is logged to provide a record of treatments and an indica-
tion of patient compliance with therapy.

Fox. The Fox inhalation system (Vectura Group, Wilshire, 
UK) is an active vibrating mesh nebulizer with a flow- and 
volume-controlled inhalation system that increases intrapul-
monary deposition. The device targets aerosol deposition in the 
peripheral and central airways by controlling the time of aerosol 
release during therapy. While releasing the aerosol at the begin-
ning of inspiration leads to peripheral deposition, the release of 
aerosols in the middle of inhalation results in aerosol deposition 
in central airways. The Fox inhalation system is approved for 
delivery of different medications in Europe but not available in 
the United States.

Tyvaso®. The Tyvaso® Optineb is a pulsed ultrasonic nebu-
lizer that is used for delivery of treprostinil. Device preparation 
requires assembly of different parts of the device including 
dome, inhalation piece, filters, and mouthpiece. A couplant 
chamber is filled with water between the piezo and the medica-
tion cup. A daily dose is placed in the medication cup and 
patients are instructed to take a set number of breaths per treat-
ment, at set intervals during the day, with the device cleaned at 
the end of the day. The Optineb provides auditory and visual 
feedback on the patient’s inhalation technique. Also, if a patient 
stops inhalations during therapy, the device shows the remain-
ing breaths in the numerical display that are needed to complete 
the treatment.

Respimat. The Respimat soft mist inhaler (Boehringer, 
Ingelheim am Rhein, Germany) is a small hand-held inhaler 
that uses mechanical energy to create an aerosol from liquid 
solutions to produce a low-velocity spray (10 mm/sec) that 
delivers a unit dose of drug in a single actuation. To operate the 
device, patients twist the body of the device to load an internal 
spring, place the mouthpiece of the Respimat between the lips, 
and press a button to release the drug through a uniblock to 
create the aerosol, which is released over 1.1 to 1.4 seconds, 
depending on the formulation configuration. The Respimat 
requires hand-breath coordination on the part of the patient, 
as does a pMDI, but because of the longer aerosolization time, 
it seems more likely that the patient will get a greater percent 
of emitted dose despite coordination issues. Because of the 
small particle size and low-velocity spray, pulmonary deposi-
tion of 40% is independent of inspiratory flows with oral depo-
sition (40%) half the oral deposition with most pMDIs and 
DPIs (80%). The Respimat is currently available with several 
drugs in Europe and with tiotropium in the United States.52

Smart Nebulizers. The I-Neb (Phillips Respironics, Mur-
rysville, PA) is a breath-actuated passive VM nebulizer with 
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FIGURE 39-26	 The	iNeb	(bottom left)	is	a	smart	nebulizer	with	adaptive	aerosol	delivery	(AAD)	and	targeted	inhalation	mode	(TIM).	AAD	
delivers	a	precise	preset	dose	with	variation	between	patients.	A	microprocessor	tracks	the	patient’s	breathing	pattern	on	a	running	average	
of	the	previous	three	breaths,	generating	aerosol	for	50%	of	the	predicted	inspiration	(upper left).	TIM	progressively	guides	the	patient	to	
take	longer	inspirations,	increasing	to	achieve	optimal	inhalation	duration	(right).	
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device. There is evidence that the aerosol available to the patient 
is substantially less when a loosely fitting mask (>1-cm leak) is 
used rather than a snug mask or mouthpiece with either a 
nebulizer or a pMDI with a holding chamber.54,55 If a patient 
cannot tolerate mask treatment (e.g., will not wear a close-
fitting mask without agitation), a commonly used strategy is the 
“blow-by” technique, in which the practitioner directs the 
aerosol from the nebulizer toward the patient’s nose and mouth 
from a distance of several inches from the face. Studies suggest 
a greatly reduced inhaled dose with blow-by. Rather than “blow-
by,” it may be more efficient to take the time to condition the 
infant or child to tolerate the mask without crying or to deliver 
medication with a close-fitting mask when the patient is asleep.56

A pediatric mask with an integrated pacifier uses the infant’s 
pull on the pacifier to hold the mask in place with improved 
face-mask seal which may reduce agitation and crying associ-
ated with standard masks (Soothermask InspiRx Inc, Somerset, 
NJ). Given the cognitive and functional limitations of very 
young patients, not all delivery devices are suitable for these 
patients. To help guide clinicians, the accompanying Rule of 

Thumb outlines age-specific guidelines for using aerosol devices 
in pediatric and neonatal patients.

	

RULE OF THUMB

Guidelines for Use of Aerosol Devices in 
the Care of Infants and Children

Device Age Group

SVN Neonate	to	all	ages
Valved	chamber	with	mask Neonate/infant/toddler
Valved	chamber	with	mouthpiece >3	years
pMDI	alone >4	years
Breath-actuated	Neb >4	years
DPI ≥4	years

Spontaneous breathing in all patient populations results in 
greater deposition of aerosol from an SVN than occurs with 
positive pressure breaths (e.g., intermittent positive pressure 
ventilation [IPPB]). IPPB reduces aerosol deposition more than 
30% compared with spontaneously inhaled aerosols.57
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caregiver is trained to use the device properly.51 Figure 39-28 
is an algorithm that provides guidance regarding device 
selection.

Regardless of the device used, the clinician must be aware of 
the limitations of aerosol drug therapy. First, depending on the 
device and patient, 10% or less of drug emitted from an aerosol 
device may be deposited in the lungs (Figure 39-29). As indi-
cated in Box 39-7, additional reductions in lung deposition can 
occur in many clinical situations that sometimes necessitate the 
use of higher dosages. Clinical efficacy varies according to both 
patient technique and device design. For these reasons, the best 
approach to aerosol drug therapy is to use an assessment-based 
protocol that emphasizes individually tailored therapy modified 
according to patient response.

ASSESSMENT-BASED 
BRONCHODILATOR  
THERAPY PROTOCOLS

Although the choice of delivery system affects how well an 
aerosolized drug works, it is ultimately the patient’s response 
that determines the therapeutic outcome. Because patients vary 
markedly in response to the dose and route of drug administra-
tion, it makes sense to tailor aerosol drug therapy to each 
patient. This approach is best determined with an assessment-
based protocol.

Sample Protocol

Figure 39-30 is an algorithm of a bronchodilator therapy pro-
tocol for acutely ill adults or children admitted to an emergency 
department.61 The protocol relies heavily on bedside assessment 
of the severity of airway obstruction based on the patient’s 
response to varying drug dosages.

According to the algorithm, a patient with acute airway 
obstruction (wheezing, cough, dyspnea, and peak expiratory 
flow rate [PEFR] <60% of predicted value) would receive up to 
three SVN treatments with a standard dose of albuterol, repeated 
at 20-minute intervals, or 4 puffs of pMDI albuterol with a 
holding chamber (up to 12 puffs). Each treatment is followed 
by a dose-response assessment to determine the “best” dose. 
Once determined, this best dose, with the pMDI or SVN, is 
repeated 1 hour later, then every 4 hours as needed, supple-
mented with patient education. If use of the SVN or pMDI with 

Selecting an Aerosol Drug  
Delivery System

pMDIs, DPIs, and nebulizers all work with comparable clinical 
results, as long as they are prescribed for the appropriate patients 
and are used properly.58-60 Consequently, clinicians need to 
know the strengths and limitations of each type of device, 
match the device to each patient, and ensure that the patient or 

TABLE 39-3 

Advantages and Disadvantages of Aerosol Drug 
Delivery Systems

Advantages Disadvantages

pMDI
Convenient
Inexpensive
Portable
No	drug	preparation	required
Difficult	to	contaminate

Patient	coordination	required
Patient	activation	required
High	percentage	of	pharyngeal	

deposition
Risk	of	abuse
Difficult	to	deliver	high	doses
Not	all	medications	are	available
Most	units	still	use	ozone-depleting	

CFCs
Expensive

pMDI With Accessory Device
Less	patient	coordination	

required
Less	pharyngeal	deposition
No	drug	preparation	required

More	complex	for	some	patients
More	expensive	than	MDI	alone
Less	portable	than	MDI	alone
Not	all	medications	available

DPI
Less	patient	coordination	

required
Breath-activated
Breath	hold	not	required
Can	provide	accurate	dose	

counts
No	CFCs

Requires	high	inspiratory	flow
Most	units	are	single	dose
Risk	of	pharyngeal	deposition
Not	all	medications	are	available
Difficult	to	deliver	high	doses
Expensive

SVN
Inexpensive
Less	patient	coordination	

required
High	doses	possible	(even	

continuous)
No	CFC	release

Wasteful
Drug	preparation	required
Contamination	possible	if	device	

not	cleaned	carefully
Not	all	medications	available
Pressurized	gas	source	required
Long	treatment	times

USN
Moderate	residual	volume
Quiet
Smaller	residual	drug	volume	

than	SVN
Aerosol	accumulates	during	

exhalation

Expensive
Prone	to	electrical	or	mechanical	

breakdown
Not	all	medications	available
Drug	preparation	required

VM Nebulizer
Low	residual	volume
Quiet
Does	not	require	gas	or	

propellant
Flow-independent	delivery
Shorter	treatment	times

Expensive
Not	all	medications	available
Drug	preparation	required

Modified	from	Hess	D:	Aerosol	delivery.	Respir	Care	Clin	N	Am	1:235,	1995.

 Box 39-7 Factors Associated With 
Reduced Aerosol Drug  
Deposition in the Lung

•	 Mechanical	ventilation
•	 Artificial	airways
•	 Reduced	airway	caliber	(e.g.,	infants	and	children)
•	 Severe	airway	obstruction
•	 High	gas	flows
•	 Low	minute	volumes
•	 Poor	patient	compliance	or	technique
•	 Limitation	of	specific	delivery	device



870 SECTION V • Basic Therapeutics

FIGURE 39-27	 Drug	deposition	of	radiolabeled	albuterol	in	a	young	child	(A)	inhaling	with	a	pMDI/space	through	a	non-tightly	fitted	
facemask;	(B)	inhaling	with	a	nebulizer	through	a	non-tightly	fitted	facemask;	(C)	inhaling	with	a	pMDI/spacer	through	a	tightly	fitted	
facemask,	screaming	during	inhalation;	(E, F)	inhaling	with	a	pMDI/spacer	through	a	tightly	fitted	facemask,	quietly	inhaling;	and	
(G, H)	inhaling	from	a	nebulizer	through	a	tightly	fitted	facemask,	quietly	inhaling.	(Redrawn	from	Erzinger,	S,	Schueepp,	KG,	
Brooks-Wildhaber,	J,	et	al:	Facemasks	and	aerosol	delivery	in	vivo.	J	Aerosol	Med	2007;20(Suppl	1.):S78–S84.)
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holding chamber fails to relieve the symptoms, CBT with 
15 mg/hr albuterol is generally started.

Assessing Patient Response

Careful, ongoing patient assessment is key to an effective bron-
chodilator therapy protocol.

Use and Limitations of Peak  
Flow Monitoring
Because the peak flow measurement is effort-dependent and 
volume-dependent, evaluation of patient performance is sub-
jective, and there are no good acceptability criteria. In addition, 
agreement between conventional spirometry values, such as 
forced vital capacity (FVC) and FEV1, and bedside PEFR values 
are poor for individual patients. Although peak flow measure-
ment can be used at the bedside to assess treatment effectiveness 
and to monitor trends, conventional spirometry remains the 
standard for determining bronchodilator response.

Some peak flowmeters are more accurate and reliable than 
others. Even different units of the same model may give variable 

results. For this reason, when monitoring trends, the same unit 
should be used for a given patient and the patient’s range be 
reestablished if a different flowmeter is used.

Other Components of Patient Assessment
Tests of expiratory airflow for assessing patient response to 
therapy are commonly used, but not all patients can perform 
these maneuvers. Other components of patient assessment 
useful in evaluating bronchodilator therapy include patient 
interviewing and observation, measurement of vital signs, aus-
cultation, blood gas analysis, and oximetry.

When possible, the patient should be interviewed to deter-
mine the pertinent respiratory history and current level of 
dyspnea. A validated dyspnea rating scale may be useful for this 
purpose. Initial determination of patient age and level of con-
sciousness is helpful in selecting both delivery device and start-
ing drug dosage. Observing the patient for signs of increased 
work of breathing (e.g., tachypnea, accessory muscle use) pro-
vides a baseline for assessing status as therapy progresses. Rest-
lessness, diaphoresis, and tachycardia also may indicate severity 
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indicates worsening airway obstruction or patient fatigue. 
Improvement is indicated when wheezing decreases and the 
overall intensity of breath sounds increases.

All patients with acute airway obstruction should be moni-
tored for oxygenation status with pulse oximetry. This value can 
be used in conjunction with observational assessment to titrate 
the level of inspired O2 given to the patient (see Chapter 38). 

of airway obstruction but must not be confused with broncho-
dilator overdose.

Increased cough has been associated with the onset of 
asthma. The frequency, severity, and effectiveness of cough 
should be assessed before and after therapy.

In terms of breath sounds, a decrease in wheezing accompa-
nied by an overall decrease in the intensity of breath sounds 

FIGURE 39-28	 Selecting	an	aerosol	drug	delivery	system.	When	the	need	is	established	for	aerosol	drug	delivery,	the	formulations	
available	for	the	prescribed	medication	should	be	determined.	If	a	pMDI	is	available,	it	is	the	first	choice	for	cost	and	convenience.	The	
patient’s	ability	to	coordinate	actuation	with	inspiration	and	the	need	to	reduce	oropharyngeal	deposition	(e.g.,	steroids)	determine	need	for	
a	holding	chamber	or	a	breath-actuated	unit.	Nebulizers	are	the	first	choice	when	the	formulation	is	available	only	as	a	solution.	When	the	
ordered	medication	is	unavailable	for	inhalation	use,	the	RT	should	recommend	a	substitution	to	the	ordering	physician.	
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FIGURE 39-29	 Distribution	of	albuterol	via	nebulizer,	pMDI,	pMDI	with	a	holding	chamber,	and	DPI.	(Modified	from	Fink	J:	Metered-dose	
inhalers,	dry	powder	inhalers	and	transitions.	Respir	Care	45:623,	2000.)
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FIGURE 39-30	 Algorithm	underlying	a	bronchodilator	therapy	protocol	for	acutely	ill	adults	or	children	admitted	to	an	emergency	
department.	PEFR,	Peak	expiratory	flow	rate;	VS,	vital	signs.	
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Arterial blood gases are not essential for determining patient 
response to bronchodilator therapy but may be needed for 
patients in severe distress to assess for hypercapnic respiratory 
failure.

Dose-Response Assessment
Poor patient response to bronchodilator therapy often occurs 
because an inadequate amount of drug reaches the airway. To 

determine the “best” dose for patients with moderate obstruc-
tion, the respiratory therapist should conduct a dose-response 
titration.

A simple albuterol dose-response titration involves giving an 
initial 4 puffs (90 mcg/puff) at 1-minute intervals through a 
pMDI with a holding chamber. After 5 minutes, if airway 
obstruction is not relieved, the RT gives 1 puff per minute until 
symptoms are relieved, heart rate increases by more than 
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the options and actions required to reduce or eliminate these 
effects. In addition, patients should be able to demonstrate good 
technique regarding the use of each aerosol device that they are 
expected to use in self-care. Practitioner demonstration fol-
lowed by repeated patient return demonstration is a must and 
should be done frequently, with each office or clinic visit.

SPECIAL CONSIDERATIONS

Aerosol Therapy for Treatment of 
Pulmonary Arterial Hypertension

Epoprostenol (Veletri®, Actelion Pharmaceuticals US, Inc, 
South San Francisco, CA), epoprostenol sodium (Flolan®, Glax-
oSmithKline, Research Triangle Park, NC), iloprost (Ventavis®, 
Actelion Pharmaceuticals US Inc, South San Francisco, CA), 
and treprostinil (Tyvaso) are inhaled prostacyclins used for 
treatment of pulmonary arterial hypertension. Whereas epo-
prostenol administration is associated with positive effects on 
symptoms, hemodynamics, exercise capacity, disease progres-
sion and survival,62-64 it has not been approved for inhalation, 
and due to its short half-life of 30 to 90 seconds, requires con-
tinuous nebulization. In contrast, iloprost and treprostinil are 
approved for inhalation with a half-life of 60 to 90 minutes, 
allowing more convenient dosing to ambulatory patients.

Acute Care and Off-Label Use

Every drug approved for inhalation to date has been designed 
for and tested in populations of ambulatory patients with mod-
erate disease. As patients with lung disease become acutely and 
critically ill, the approved label doses, frequency of administra-
tion, and devices may not be practical or effective, especially  
for treatment of patients requiring ventilatory support. In  
such cases, clinicians may explore and consider nonstandard 
methods (doses, frequency, and devices) for administration of 
approved inhaled drugs to patients in the acute care environ-
ment, known as off-label use. Another type of off-label use 
involves drugs that have not been approved for inhalation, 
ranging from heparin to certain antibiotics. Although physi-
cians may order such drugs via inhalation, the risk to the patient 
and institution is greater when the administration of such drugs 
via inhalation has not been thoroughly studied. All forms of 
off-label use should be avoided when approved and viable alter-
natives exist. Likewise, off-label administration should always 
be backed by appropriate departmental or institutional policies 
and procedures.

Continuous Nebulization for  
Refractory Bronchospasm
Patients in the emergency department with severe exacerbation 
of asthma or acute bronchospasm often have been taking stan-
dard doses of their bronchodilators for 24 to 36 hours before 
admission without response. Giving nebulizer treatments with 
standard bronchodilator doses and repeating the treatments 
until the symptoms are relieved can require hours of staff time. 
Administering higher doses of albuterol in short time frames 

20 beats/min, tremors increase, or 12 puffs are delivered. The 
best dose is the dose that provides maximum relief of symptoms 
and the highest PEFR without side effects.

Frequency of Patient Assessment
How frequently patients should undergo assessment for bron-
chodilator therapy depends primarily on the acuity of the con-
dition. An unstable patient in acute distress should undergo 
closer and more frequent scrutiny than a patient in stable condi-
tion. Box 39-8 provides guidance regarding the frequency of 
assessment according to acuity.

Patient Education

The desired outcome of all bronchodilator protocols is restora-
tion of normal airflow and cessation of therapy. For patients 
who need ongoing maintenance therapy after the acute phase 
of illness, the goal should be effective self-administration. An 
effective program of aerosol drug self-administration depends 
on thorough patient education.

The patient’s ability to understand the therapy and its goals 
significantly affects the therapeutic efficacy of any treatment. 
Whenever possible, patients should be taught to understand the 
basic administration techniques, to keep track of dosing require-
ments, to recognize undesirable side effects, and to understand 

 Box 39-8 Frequency of Assessment of 
Bronchodilator Therapy

FOR PATIENT WITH AN ACUTE DISORDER WHO IS 
IN UNSTABLE CONDITION
•	 Whenever	possible,	perform	a	full	assessment	and	obtain	a	

pretreatment	baseline.
•	 Assess	and	document	all	appropriate	variables	before	and	

after	each	treatment	(breath	sounds,	vital	signs,	side	effects	
during	therapy,	and	PEFR	or	FEV1).

•	 The	frequency	with	which	physical	examination	and	PEFR	or	
FEV1	are	repeated	should	be	based	on	the	acuteness	of	the	
disorder	and	the	severity	of	the	patient’s	condition.

•	 SpO2	should	be	monitored	continuously,	if	possible.
•	 Assessment	should	continue	as	dosages	are	changed	to	

optimize	patient	response	(e.g.,	if	an	asthmatic	patient	
achieves	70%	to	90%	of	predicted	or	“personal	best”	or	
becomes	symptom-free).

FOR STABLE PATIENT
•	 In	the	hospital,	PEFR	should	be	measured	initially	before	and	

after	each	bronchodilator	administration.	Thereafter,	
twice-daily	determinations	may	be	adequate.

•	 In	the	home,	PEFR	ideally	should	be	measured	three	or	four	
times	a	day:	on	rising,	at	noon,	between	4	PM	and	7	PM,	
and	at	bedtime.

•	 For	a	stable	COPD	patient	at	home,	measuring	PEFR	twice	
a	day	may	be	adequate.

•	 Patients	with	asthma	should	adjust	the	frequency	of	PEFR	
measurement	according	to	the	severity	of	symptoms.

•	 PEFR	levels	before	and	after	bronchodilator	use,	medication	
dose,	date	and	time,	and	dyspnea	score	should	be	
documented.

•	 The	patient	should	be	reevaluated	periodically	for	response	
to	therapy.
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can be accomplished by nebulization of undiluted albuterol (8 
to 20 breaths) or by protocol titration with a pMDI and holding 
chamber (up to 12 puffs). If these strategies fail to provide relief, 
CBT with albuterol nebulization doses ranging from 5 to 20 mg/
hr have proved safe and effective for adult and pediatric patients 
(Figure 39-31).

Figure 39-32 is a treatment algorithm for high-dose therapy 
and CBT for pediatric patients with status asthmaticus who are 
unable to perform peak flow maneuvers.65 Candidates for this 
protocol are children who, despite frequent beta agonist treat-
ments, remain in extremis with bronchospasm, dyspnea, cough, 
chest tightness, and diminished breath sounds.

According to this protocol, children older than 6 years with 
tachypnea, hypoxemia, increased work of breathing, and rest-
lessness who do not respond to standard therapy are given CBT 

FIGURE 39-31	 Continuous	line	from	a	syringe	pump	attached	
to	a	nebulizer.	

FIGURE 39-32	 Algorithm	for	CBT	for	patients	younger	than	5	years	with	pediatric	asthma	in	extremis.	
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TABLE 39-4 

Pediatric Asthma Score

SCORE

Indicator 0 1 2

PaO2 >70	mm	Hg	
(air)

<70	mm	Hg	
(air)

<70	mm	Hg	
(40%	O2)

SpO2 >94%	(air) <94%	(air) <94%	
(40%	O2)

Cyanosis No Yes Yes
Breath	sounds Equal Unequal Absent
Wheezing None Moderate Marked
Accessory	muscle	use None Moderate Marked
Level	of	consciousness Alert Agitated	or	

depressed
Comatose

Modified	from	Volpe	J:	Therapist-driven	protocols	for	pediatric	patients.	
Respir	Care	Clin	N	Am	2:117,	1996.

MINI CLINI
Continuous Bronchodilator Therapy 
Dosage Computations

PROBLEM:  Dosages for CBT are ordered in milligrams per 
hour, and delivery depends on both drug concentration and 
nebulizer output. Compute the volume of 1 : 200 (0.5%) alb-
uterol and the volume of diluent (normal saline solution) 
needed to provide 4 hours of CBT with 15 mg/hr of albuterol 
in a nebulizer with an output of 25 ml/hr.
DISCUSSION:  Step 1: Compute the volume of albuterol given 

per hour (mg/hr × ml/mg).

15 0 0 2 3 0. . .mg hr ml mg ml hr albuterol× =
Step 2: Compute the volume of albuterol for the treatment 

period (hours × ml/hr).

4 3 0 12 4hours ml hr ml hr albuterol× =.

Step 3: Compute the volume of nebulization solution (ml/hr 
nebulizer output × hours).

25 4 100ml hr hours ml× =
Step 4: Compute the volume of diluent required.

100 12 88ml ml ml normal saline solution− =
To prepare this dosage, mix 12 ml of 0.5% albuterol with 

88 ml of normal saline solution, for a total nebulizer solution 
volume of 100 ml. In this example, residual volume of the 
nebulizer decreases total treatment time and dose.

with a large volume nebulizer or SVN at a dose rate of 15 mg/
hr (see the accompanying Mini Clini “CBT Dosage Computa-
tions” for dosage computations). A standardized asthma score 
is used to evaluate children younger than 6 years for the severity 
of the condition (Table 39-4). Patients with an asthma score of 
4 or higher are given CBT.

After CBT is started, the patient is carefully assessed every 30 
minutes for the first 2 hours and thereafter every hour. A posi-
tive response is indicated by an increase in PEFR of at least 10% 
after the first hour of therapy. The goal is at least 50% of the 
predicted value. For small children, improved oxygenation 
(oxygen saturation by pulse oximeter [SpO2] >92% on room 
air) with evidence of decreased work of breathing indicates a 
favorable response. Once the patient “opens up,” intermittent 
SVN administration is resumed, or a pMDI dose-response 
assessment is conducted.

The patient has responded poorly to CBT if any of the indi-
cators listed in Table 39-4 worsens. The patient must be observed 
for adverse drug responses, including worsening tachycardia, 
palpitations, and vomiting. In these situations, the attending 
physician must be contacted immediately.

As an alternative to large volume drug nebulizers, some pro-
tocols are based on high-dose pMDI therapy (12 to 24 puffs per 
hour).66 To provide an extra margin of safety, some clinicians 
recommend that patients receiving CBT undergo continuous 
electrocardiogram monitoring and measurement of serum 
potassium level every 4 hours.

Aerosol Administration to Mechanically 
Ventilated Patients

Since the advent of modern mechanical ventilation, clinicians 
have administered aerosols to patients with the sickest of lungs. 
Four primary forms of aerosol generator are used to deliver 
aerosols during mechanical ventilation: SVN, USN, VM nebu-
lizer, and pMDI with third-party adapter. Table 39-5 summa-
rizes the factors affecting aerosol drug delivery to mechanically 
ventilated patients. Techniques to optimize delivery to patients 
receiving ventilatory support are described.67

TABLE 39-5 

Factors Affecting Aerosol Drug Delivery During 
Mechanical Ventilation

Category Factor

Ventilator-related Mode	of	ventilation
VT

Respiratory	rate
Duty	cycle
Inspiratory	waveform
Breath-triggering	mechanism

Circuit-related Size	of	endotracheal	tube
Type	of	humidifier
Relative	humidity
Density	and	viscosity	of	inhaled	gas

Device-related	MDI Type	of	spacer	or	adapter	used
Position	of	spacer	in	circuit
Timing	of	MDI	actuation

SVN Type	of	nebulizer	used
Fill	volume
Gas	flow
Cycling:	inspiration	vs.	continuous
Duration	of	nebulization
Position	in	circuit

Patient-related Severity	of	airway	obstruction
Mechanism	of	airway	obstruction
Presence	of	dynamic	hyperinflation
Spontaneous	ventilation
Disease	process

Drug-related Dose
Aerosol	particle	size
Targeted	site	for	delivery
Duration	of	action
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of additional gas flow can more than double VT and inspiratory 
pressure, placing the patient at risk. Risk is high for not chang-
ing ventilator parameters and not returning parameters to pre-
treatment levels after administration. There is also a tendency 
for condensate and secretions to drain into the nebulizer reser-
voir, contaminating medication being delivered to the lungs.

Use of a Vibrating Mesh Nebulizer During 
Mechanical Ventilation
Aerosol administration by a VM nebulizer has been estimated 
to deliver greater than 10% deposition in adults and infants 
without the addition of gas into the ventilator circuit. The low 
residual drug volume and small particle size are associated  
with higher efficiency. Similar to the USN, the VM nebulizer 
does not add gas flow into the ventilator circuit, so ventilator 

 Box 39-9 Optimal Technique for Aerosolized 
Drug Delivery to Mechanically 
Ventilated Patients

1.	 Review	order,	identify	the	patient,	gather	equipment,	and	
assess	the	need	for	bronchodilators.

2.	 Clear	the	airways	as	needed,	by	suctioning	the	patient	as	
needed.

3.	 If	using	a	circuit	with	heat	and	moisture	exchanger	(HME),	
remove	HME	from	between	the	aerosol	generator	and	the	
patient.

4.	 If	using	heated	humidifier,	do	not	turn	off	or	disconnect	
before	or	during	treatment.

5.	 Assemble	equipment	(tubing,	nebulizer,	circuit	adapter).
6.	 Fill	the	nebulizer	with	recommended	volume	and	

medication	per	physician	order	and	label.
7.	 Place	adapter	in	the	inspiratory	limb,	6	inches	from	the	

“wye,”	and	connect	aerosol	generator.
8.	 Turn	off	or	minimize	bias	flow	during	treatment.
9.	 Connect	the	nebulizer	to	a	gas	or	power	source,	as	

appropriate.
10a.	 For	jet	nebulizer	(including	SVN):	Use	gas	source	on	

ventilator	to	synchronize	nebulization	with	inspiration,	if	
available;	otherwise,	set	gas	flow	6	to	10	L/min	as	
recommended	on	nebulizer	label,	and	adjust	ventilator	
volume	or	pressure	limit	and	alarms	to	compensate	for	
added	flow	and	volume.

10b.	 For	USN	and	VM	nebulizer:	Attach	power	source	and	
cable	from	controller.

10c.	 For	pMDI:	Shake	canister	and	connect	to	spacer	or	
adapter;	actuate	at	beginning	of	inspiration.

11.	 Observe	aerosol	cloud	for	adequate	aerosol	generation	
during	nebulization.

12.	 After	appropriate	dose	is	administered,	remove	aerosol	
generator	from	the	ventilator	circuit.

13.	 Reconnect	HME,	as	appropriate.
14.	 Return	ventilator	settings	and	alarms	to	previous	values.
15.	 Ensure	there	is	no	leak	in	the	ventilator	circuit.
16.	 Rinse	the	nebulizer	with	sterile	or	distilled	water,	shake	off	

excess	water,	and	allow	to	air	dry.
17.	 Store	aerosol	device	in	a	clean,	dry	place.
18.	 Monitor	heart	rate,	SpO2,	blood	pressure,	and	patient-

ventilator	synchronization.
19.	 Monitor	the	patient	for	adverse	response.
20.	 Assess	the	airway,	and	suction	as	needed;	document	

findings.

Regarding doses, the amount of drug required to achieve the 
same therapeutic end point is substantially similar for medica-
tions delivered by pMDI to intubated patients (8%) and patients 
who are not intubated (8% to 10%). In stable patients with 
COPD receiving ventilatory support, 4 puffs of albuterol via 
pMDI with chamber and 2.5 mg via SVN were shown to 
produce maximum bronchodilation with effects lasting for 4 
hours. However, some differences in response were noted that 
may have been due to the level of airway obstruction and the 
techniques used for assessing response.

Techniques for assessing the response to a bronchodilator in 
intubated patients undergoing mechanical ventilation differ 
from techniques used in the care of spontaneously breathing 
patients because expiration is passive during mechanical venti-
lation, and forced expiratory values (PEFR, FVC, FEV1) cannot 
normally be obtained. Additional techniques can be used for 
mechanically ventilated patients because (1) a change in the 
differences between peak and plateau pressures (volume venti-
lation with constant flow, the most reliable indicator of a change 
in airway resistance during continuous mechanical ventilation) 
can be measured, (2) automatic positive end expiratory pres-
sure levels may decrease in response to bronchodilators (see 
Chapter 44), and (3) breath-to-breath variations make mea-
surements more reliable when the patient is not actively breath-
ing with the ventilator.68

Techniques for aerosol administration vary by type of aerosol 
generator and device used. The optimal technique for drug 
delivery to mechanically ventilated patients with each type of 
aerosol generator is described in Box 39-9.

Use of a Small Volume Nebulizer During 
Mechanical Ventilation
The aerosol administered by SVN to intubated patients receiv-
ing mechanical ventilation tends to be deposited mainly in the 
tubing of the ventilator circuit and expiratory filter. Under 
normal conditions with heated humidification and standard jet 
nebulizers, pulmonary deposition ranges from 1.5% to 3.0%.68,69 
When nebulizer output, humidity level, VT, flow, and I : E ratio 
are optimized, deposition can increase to 15%.

There are several disadvantages with SVN use during 
mechanical ventilation. Although in vitro models showed 40% 
higher aerosol delivery with an unheated, unhumidified circuit 
compared with heated humidity, these effects have not been 
shown in patients, whereas the risks associated with administer-
ing cold and dry gas through an endotracheal tube include 
drying of secretions, bronchospasm, and airway obstruction. A 
heat and moisture exchanger should be considered a barrier to 
aerosol administration and should always be removed if placed 
between the nebulizer and the patient airway. When available 
with the specific ventilator being used, breath actuation can 
increase aerosol delivery by 30%, but it may extend administra-
tion time by more than threefold. Introducing additional flow 
into the ventilator circuit may change parameters of flow and 
delivered volumes and require changes to alarm settings during 
and after nebulization. The smaller the patient, the greater the 
impact of added flow into the ventilator circuit, where 6 L/min 
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generators 18 to 24 inches from the patient in the inspiratory 
limb increases inhaled dose for jet nebulizers, where continuous 
gas flow acts to charge the inspiratory limb of the ventilator 
circuit with aerosol. In contrast, pMDI, USN, and VM nebulizer 
devices are more efficient when placed close to the patient at 
the circuit wye.70,71 With continuous or bias flow through the 
adult and pediatric ventilator circuit, the delivery is reduced as 
flow increases, whereas placement of a VM or USN nebulizer 
near the ventilator increases delivery (Figure 39-33).71,72

Placement During Noninvasive Ventilation
Noninvasive ventilation may be administered with standard and 
bilevel ventilators. Bilevel ventilators often use a flow turbine, 
with a fixed leak in the circuit that permits excess flow to vent 
to atmosphere. Placement of the aerosol generator between  
the leak and the patient’s airway seems to provide the highest 
aerosol delivery efficiency.73,74 A VM nebulizer delivers a greater 
inhaled dose than an SVN during noninvasive ventilation, pre-
sumably because of the lower residual drug volume and lower 
total flow in the circuit.75

Placement During High-Flow Nasal Cannula
Delivery of aerosol via a high-flow nasal cannula (HFNC) with 
infant, pediatric, and adult cannulas, is markedly limited.76 
Figure 39-34 shows the setup with HFNC, including the loca-
tion of the VM nebulizer. However, placement of the VM nebu-
lizer prior to the humidifier increases aerosol deposition with 
HFNC.77 In addition to the location of the nebulizer with 
HFNC, the inhaled dose seems to vary based on cannula size, 
respiratory pattern, and O2 flow. Heliox (80 : 20) appears to 
improve aerosol delivery at higher flow rates with these setups.77 
The administration of aerosolized medications via HFNC is less 
efficient than removing the cannula during administration.78 
When delivering aerosolized medications by mask, the benefit 
of increased aerosol delivery must be weighed against the risk 
of desaturation when nasal prongs are removed.

Placement During Intrapulmonary 
Percussive Ventilation
Intrapulmonary percussive ventilation provides high-frequency 
oscillation of the airway while administering aerosol particles. 
During intrapulmonary percussive ventilation, the aerosol gen-
erator should be placed in the circuit as close to the patient’s 
airway as practical. A comparison study found the MMAD was 
smaller with intrapulmonary percussive ventilation than with 
the jet (0.2 µm vs. 1.89 µm), and the fine-particle fraction was 
lower (16.2% vs. 67.5%). However, lung dose was similar (2.49% 
with intrapulmonary percussive ventilation vs. 4.2% with the 
jet nebulizer). It was concluded that intrapulmonary percussive 
ventilation was too variable and too unpredictable to recom-
mend for drug delivery to the lung.79

Placement During High-Frequency 
Oscillatory Ventilation
When used in conjunction with high-frequency oscillatory ven-
tilation, administration of albuterol sulfate via a VM nebulizer 

parameters and alarms do not need to be adjusted before, 
during, or after nebulization. In contrast to jet SVNs and USNs, 
the medication reservoir of the VM nebulizer is above the 
circuit and separated from the ventilator tubing by the mesh, 
reducing the risk of retrograde contamination of medication in 
the reservoir from the ventilator circuit. Because of the nature 
of the mesh, the reservoir can be opened and medication can 
be added to the nebulizer without creating a perceptible leak 
during ventilation.

Use of a Pressurized Metered Dose Inhaler 
During Mechanical Ventilation
Results of in vitro studies show that effective aerosol delivery 
by pMDIs during mechanical ventilation can range from 2% to 
30%. Direct pMDI actuation by simple elbow adapters typically 
results in the least pulmonary deposition, with most of the 
aerosol impacting in either the ventilator circuit or the tracheal 
airway. Higher aerosol delivery percentages occur only when an 
actuator or spacer is placed in-line in the ventilator circuit. 
These spacers allow an aerosol “plume” to develop before the 
bulk of the particles impact on the surface of the circuit or 
endotracheal tube. The result is a more stable aerosol mass that 
can penetrate beyond the artificial airway and be deposited 
mainly in the lung. This situation leads to a better clinical 
response at lower doses.49

Aerosol Generator Placement

Placement of aerosol generators in the ventilator circuit can 
have a substantial impact on the available lung dose of drug. 
During adult ventilation without bias flow, placement of aerosol 

MINI CLINI
Never Emptying Nebulizer

PROBLEM:  Jet nebulizers and USNs are commonly used to 
administer aerosol to patients during mechanical ventilation. 
Commonly, a nebulizer is filled with a standard unit dose of 
3 ml of medication at the beginning of the aerosol treatment, 
and the RT finds as much or more fluid in the medication 
reservoir 20 to 30 minutes later. The additional fluid is usually 
condensate (often contaminated from patient secretions), 
which drains from the inspiratory limb into the gravity-
dependent reservoir of the nebulizer. Even heated wire circuits 
may have condensate. Although pathogens in a dry circuit have 
minimal chance of contaminating the patient’s airway, aerosol-
izing the pathogens provides a vehicle for infectious material 
to enter the airway and the lung parenchyma.

SOLUTION:  The nebulizer should be positioned so that the 
upper end of the reservoir is superior to (higher than) the 
ventilator tubing attached to both ends of the nebulizer. This 
position allows the condensate and secretions to drain away 
from the nebulizer. Alternatively, nebulizers with physical bar-
riers between the ventilator circuit tubing and the medication 
reservoir can be used. These options include use of a pMDI 
with spacer or a VM nebulizer.
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FIGURE 39-33	 Frequency	of	assessment	according	to	acuity.	(From	Ari	A,	Fink	TB:	Factors	affecting	bronchodilator	delivery	in	
mechanically	ventilated	adults.	Nurs	Crit	Care	15:192,	2010.)

Review order, identify patient, and 
assess need for bronchodilator.

Clear the airways by suctioning, if needed.

If using an HME, remove it from the circuit.

If using a heat humidifier, do not turn off or
disconnect during the treatment.

IN:

Assemble tubing and nebulizer cup.

Fill the nebulizer with
recommended volume on label.

If unknown, fill with 4-6 ml.

Place the IN in the inspiratory line at
least 6 inches from the “Y” adapter

or prior to the humidifier.

Keep the nebulizer vertical
during treatment.

VMN:

Correctly assemble the nebulizer.

Pour the solution into the
medication reservoir.

Do not exceed the volume
recommended by the manufacturer.

Place VMN in the inspiratory line
6 inches from the “Y” adapter.

pMDI:

Shake the pMDI.

Warm the pMDI canister to hand
or body temperature.

Correctly assemble the pMDI with spacer.

Place the pMDI spacer/adapter in the
inspiratory line 6 inches from the “Y” adapter.

Ensure that there is no
leak in the circuit.

Position the patient in an
upright position if possible.

Connect the nebulizer to a power source.

Use gas source on ventilator in order
to synchronize the nebulization with
inspiration, if appropriate. Otherwise,
set gas flow on the IN at 6 to 8 l/min

or flow recommended on label.

Adjust ventilator volume or pressure
limit to compensate for added flow.

Tap the IN periodically until all
drug is nebulized. 

Connect the nebulizer
to a power source.

Turn on the power.

If the treatment must
be interrupted, turn off
the unit to avoid waste.

Coordinate actuations with
beginning of inspiration.

Do not remove or shake
the pMDI between actuations

and administer total dose.

If patient can take a spontaneous 
breath greater than 500 ml, coordinate

actuation with breath inhalation and
encourage 4 to 10 sec breath hold.

Observe aerosol cloud
for adequate aerosol

generation during treatment.

At the completion of the treatment,
remove IN from the ventilator circuit.

Rinse the nebulizer with sterile
or distilled water and

shake off excess water.

Allow to air dry.

Store the nebulizer in a clean and
safe place.

At the completion of the treatment,
disassemble and clean as recommended

by the manufacturer.

Do not touch the vibrating mesh during 
cleaning as this will damage the unit.

Allow to air dry.

Store the nebulizer in a clean
and safe place.

At the completion of the treatment, 
disassemble and clean the

spacer device as recommended
by the manufacturer, when necessary.

Reconnect the HME
Return ventilator settings and alarms to previous
values. Ensure there is no leak in the ventilator

circuit. Monitor vital signs, oxygen saturation
and patient ventilator synchronization.

Monitor for adverse response.

Assess outcome and document findings.
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placed between the ventilator circuit and the patient airway has 
been reported to deliver greater than 10% of dose to both 
infants and adults.80,81 A pMDI with adapter placed immediately 
proximal to the endotracheal tube achieved similar results  
in adult patients ventilated via high-frequency oscillatory 
ventilation.82

CONTROLLING ENVIRONMENTAL 
CONTAMINATION

Drugs for nebulization that escape from the nebulizer into the 
atmosphere or are exhaled by the patient can be inhaled by 
anyone in the vicinity of the treatment. The risk imposed by 
this environmental exposure is clear and is associated with a 
range of drugs and patients with infectious disease. Pentami-
dine and ribavirin were associated with health risks to health 
care providers even when used in conjunction with filters on 
exhalation ports of nebulizers, containment and scavenger 
systems, and high-efficiency particulate air (HEPA) filter hoods 
and ventilation systems (Figure 39-35).

FIGURE 39-34	 Placement	of	SVN	and	VM	nebulizer	aerosol	generators	in	two	positions	in	the	ventilator	circuit	with	2	L/min	and	5	L/min	
of	bias	flow	results	in	different	deposition	efficiency.	

Jet nebulizer
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*Significant difference between jet nebulizer and vibrating-mesh nebulizer (p� 05).
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FIGURE 39-35	 In	vitro	model.	(From	Bhashyam	AR,	Wolf	MT,	
Marcinkowski	AL,	et	al:	Aerosol	delivery	through	nasal	cannulas:	an	
in	vitro	study.	J	Aerosol	Med	Pulm	Drug	Deliv	21:181,	2008.)
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Booths and Stations

Booths or stations should be used for sputum induction and 
aerosolized medication treatments given in any area where 
more than one patient is treated. The area should be designed 
to provide adequate airflow to draw aerosol and droplet nuclei 
from the patient into an appropriate filtration system or an 
exhaust system directly to the outside. Booths and stations 
should be adequately cleaned between patients.

A variety of booths and specially designed stations are avail-
able for delivery of pentamidine or ribavirin. The Emerson 
containment booth (Figure 39-36) is an example of a system 
that completely isolates the patient during aerosol administra-
tion. The AeroStar Aerosol Protection Cart (Respiratory Safety 
Systems, San Diego, CA) is a portable patient isolation station 
for administration of hazardous aerosolized medication. It has 
been used during sputum induction and for pentamidine treat-
ment. The patient compartment is collapsible with a swing-out 
counter and three polycarbonate walls. Captured aerosols are 
removed with a HEPA filter. A prefilter is used to retain larger 
dust particles and to prevent early loading of the more expen-
sive HEPA filter.

Filters and nebulizers used in treatments with pentamidine 
and ribavirin should be treated as hazardous wastes and dis-
posed of accordingly. Goggles, gloves, and gowns should be 
used as splatter shields and to reduce exposure to medication 
residues and body substances. Staff members should be screened 
for adverse effects of exposure to the aerosol medication. The 
risks and safety procedures should be reviewed regularly.

In addition to the risks associated with administration of 
aerosol medication, risk of tuberculosis transmission has 
become a great concern because of an increase in case numbers 
and the development of multidrug-resistant strains of the 
organism. Tuberculosis is transmitted in the form of droplet 
nuclei (0.3 to 0.6 µm) that carry tuberculosis bacilli. Patients 

Continuous pneumatic nebulizers produce the greatest 
amount of secondhand aerosol, with most (60%) of the aerosol 
produced passing directly into the environment. The Respir-
gard II (Vital Signs, Totowa, NJ) nebulizer was developed for 
administration of pentamidine, adding one-way valves and an 
expiratory filter to contain aerosol that is exhaled and not 
inhaled. Breath-actuated nebulizers, DPIs, and pMDIs tend to 
generate less secondhand aerosol.

A survey found that RTs were more than twice as likely as 
physical therapists to develop asthma-like symptoms during the 
course of their careers. The authors associated this with admin-
istration of ribavirin and exposure to gluteraldehyde.16 There 
have been anecdotal reports of respiratory care clinicians who 
have developed a sensitivity to secondhand aerosol from bron-
chodilators. Further research is required to understand more 
thoroughly the hazards of secondhand exposure to aerosols in 
the clinical setting. Most nebulizer therapy currently delivered 
does not include filtering systems.

Patients with infectious and resistant organisms, such as 
tuberculosis, severe acute respiratory syndrome, and H1N1 
virus, require respiratory isolation, and caregivers require pro-
tection. RTs have a duty to take appropriate steps to protect 
themselves and their patients. In these cases, the aerosols gener-
ated by the patient from coughing, speaking, or laughing can 
transmit disease. These aerosols can travel substantial distances 
between rooms and even floors in institutions. Although expo-
sure to secondhand aerosol generated by a nebulizer is undesir-
able, it poses less risk than the infected aerosols produced by 
mucosa of patients.83 In essence, it is unlikely that any medical 
aerosol that is inhaled by the patient would be contaminated. 
Nonetheless, during the severe acute respiratory syndrome out-
break, some centers outlawed use of medical aerosols to reduce 
exposure. Efforts should be taken to reduce transmission of 
both nebulizer aerosols and patient-generated aerosols to the 
environment.

Various techniques are available for protecting patients and 
caregivers from environmental exposure during aerosol drug 
therapy. The greatest occupational risk for RTs has been associ-
ated with the administration of ribavirin and pentamidine. 
Conjunctivitis, headaches, bronchospasm, shortness of breath, 
and rashes have been reported among individuals administer-
ing these drugs.84 Patients given aerosolized ribavirin or pent-
amidine must be treated in a private negative room, booth, or 
tent or at a special station designed to minimize environmental 
contamination with the caregiver wearing an N95 mask during 
all periods in the room during administration and at for least 
10 minutes after completion of administration of the aerosol.

Negative Pressure Rooms

When ribavirin or pentamidine is given, the treatment is pro-
vided in a private room. The room should be equipped for 
negative pressure ventilation with adequate air exchanges (at 
least six per hour) to clear the room of residual aerosols before 
the next treatment. HEPA filters should be used to filter room 
or tent exhaust, or the aerosol should be scavenged to the 
outside.

FIGURE 39-36	 Emerson	treatment	booth	provides	containment	
of	aerosol	during	therapy.	
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with known or suspected tuberculosis need private rooms with 
negative pressure ventilation that exhausts to the outside. If 
environmental isolation is impossible or the health care worker 
must enter the patient’s room, personal protective equipment 
should be used.

Personal Protective Equipment

Personal protective equipment is recommended when caring 
for any patient with a disease that can be spread by the airborne 
route.85 The greatest risk is communication of tuberculosis or 
chickenpox. Although environmental controls should be insti-
tuted in the care of these patients, standard and airborne  
precautions should also be implemented. Various masks and 
respirators have been recommended for use when caring for a 
patient with tuberculosis or other respiration-transmitted dis-
eases. Traditional surgical masks, particulate respirators, dispos-
able and reusable HEPA filters, and powered air-purifying 
respirators (PAPR) have been used. No data are available for 
determining the most effective and most clinically useful device 
to protect health care workers and others, although the U.S. 
Occupational Safety and Health Administration requires spe-
cific levels of protection (HEPA filters and powered air-purifying 
respirators). Guidelines from the World Health Organization 
recommend surgical masks for all patient care with the excep-
tion of N95 masks for aerosol-generating procedures such as 
sputum induction. Evidence from laboratory studies of poten-
tial airborne spread of influenza from contagious patients indi-
cates that guidelines related to the current 1-m respiratory zone 
may need to be extended to a larger respiratory zone and include 
eye protection.86

SUMMARY CHECKLIST

◗	An	aerosol	is	a	suspension	of	solid	or	liquid	particles	in	
gas.	In	the	clinical	setting,	therapeutic	aerosols	are	made	
with	atomizers	or	nebulizers.

◗	The	general	aim	of	aerosol	drug	therapy	is	delivery	of	a	
therapeutic	dose	of	the	selected	agent	to	the	desired	site	
of	action.

◗	Where	aerosol	particles	are	deposited	in	the	respiratory	
tract	depends	on	their	size,	shape,	and	motion	and	on	the	
physical	characteristics	of	the	airways.	Key	mechanisms	
causing	aerosol	deposition	include	inertial	impaction,	
sedimentation,	and	brownian	diffusion.

◗	For	targeting	aerosols	for	delivery	to	the	upper	airway	
(nose,	larynx,	trachea),	particles	in	the	5-	to	20-µm	MMAD	
range	are	used;	for	the	lower	airways,	2-	to	5-µm	particles	
are	used;	and	for	the	lung	parenchyma	(alveolar	region),	
1-	to	3-µm	particles	are	used.

◗	The	primary	hazard	of	aerosol	drug	therapy	is	an	adverse	
reaction	to	the	medication	being	administered.	Other	
hazards	include	infection,	airway	reactivity,	systemic	
effects	of	bland	aerosols,	and	drug	reconcentration.

◗	Drug	aerosol	delivery	systems	include	pMDIs,	DPIs,	SVNs,	
large	volume	jet	nebulizers,	hand-bulb	atomizers	(nasal	
spray	pumps),	USNs,	and	VM	nebulizers.

◗	MDIs	are	the	preferred	method	for	maintenance	delivery	of	
bronchodilators	and	steroids	to	spontaneously	breathing	
patients.	The	effectiveness	of	this	therapy	is	highly	
technique-dependent.

◗	Accessory	devices,	spacers,	and	holding	chambers	are	
used	with	pMDIs	to	reduce	oropharyngeal	deposition	of	a	
drug	and	to	overcome	problems	with	poor	hand-breath	
coordination.

◗	Effective	use	of	DPIs	does	not	require	hand-breath	
coordination,	but	it	does	require	high	inspiratory	flows.	
Some	patients	in	stable	condition	prefer	DPI	delivery	
systems.

◗	Compared	with	pMDI	and	DPI	delivery	systems,	use	of	an	
SVN	is	less	technique-dependent	and	is	more	commonly	
used	in	acute	care.

◗	Large	volume	drug	nebulizers	can	be	used	to	provide	
continuous	aerosol	delivery	when	traditional	dosing	
strategies	are	ineffective	in	controlling	severe	
bronchospasm.

◗	Small	volume	USNs	can	be	used	to	administer	
bronchodilators,	antiinflammatory	agents,	and	antibiotics.

◗	Because	patients	vary	greatly	in	their	response	to	a	
particular	drug	dose	and	route	of	administration,	aerosol	
drug	therapy	should	be	tailored	to	each	patient	with	an	
assessment-based	protocol.

◗	Careful,	ongoing	patient	assessment	is	the	key	to	an	
effective	bronchodilator	therapy	protocol.	Components	of	
the	assessment	include	a	patient	interview,	observation,	
expiratory	airflow	tests,	vital	sign	measurements,	
auscultation,	blood	gas	analysis,	and	oximetry.

◗	Protocols	for	CBT	have	proved	safe	and	effective	in	the	
management	of	refractory	bronchospasm	in	both	adults	
and	children.

◗	Many	factors	affect	the	efficiency	of	aerosol	drug	delivery	
during	mechanical	ventilation.	Proper	selection	of	aerosol	
generator	type,	position	in	the	circuit,	dose,	and	accessory	
equipment	is	needed	to	optimize	deposition	and	achieve	
the	desired	clinical	outcome.

◗	Various	techniques	are	available	to	protect	patients	and	
caregivers	from	environmental	exposure	during	aerosol	
drug	therapy.
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C H A P T E R   40 

Storage and Delivery of 
Medical Gases

DAVID L. VINES

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	how	medical	gases	and	gas	mixtures	are	produced.
◆	 Discuss	the	clinical	applications	for	medical	gases	and	gas	mixtures.
◆	 Distinguish	between	gaseous	and	liquid	storage	methods.
◆	 Calculate	the	duration	of	remaining	contents	of	a	compressed	oxygen	cylinder.
◆	 Calculate	the	duration	of	remaining	contents	of	a	liquid	oxygen	cylinder.
◆	 Describe	how	to	store,	transport,	and	use	compressed	gas	cylinders	properly.
◆	 Distinguish	between	gas	supply	systems.
◆	 Describe	what	to	do	if	a	bulk	oxygen	supply	system	fails.
◆	 Differentiate	among	safety	systems	that	apply	to	various	equipment	connections.
◆	 Select	the	appropriate	devices	to	regulate	gas	pressure	or	control	flow	in	various	clinical	settings.
◆	 Describe	how	to	assemble,	check	for	proper	function,	and	identify	malfunctions	in	gas	delivery	equipment.
◆	 Identify	and	correct	common	malfunctions	of	gas	delivery	equipment.

CHAPTER OUTLINE

Characteristics of Medical Gases
Oxygen
Air
Carbon	Dioxide
Helium
Nitric	Oxide
Nitrous	Oxide

Storage of Medical Gases
Gas	Cylinders
Bulk	Oxygen

Distribution and Regulation of Medical Gases
Central	Piping	Systems
Safety	Indexed	Connector	Systems
Regulating	Gas	Pressure	and	Flow

KEY TERMS

American	standard	safety	system
Bourdon	gauge
cryogenic
diameter-index	safety	system
downstream
filling	density
flammable

flowmeter
fractional	distillation
heliox
manifold
nonflammable
oxidizing
pin-index	safety	system

psig
reducing	valve
regulator
Thorpe	tube
upstream
zone	valves

T he hospital “oxygen service” is the origin from which 
the current technology-laden field of respiratory care 
evolved. Although respiratory therapists (RTs) have 

assumed many more challenging duties, ensuring the safe  
and uninterrupted supply of medical gases remains a key 
responsibility.

There are many commercially produced gases, but only a few 
are used medically (Table 40-1). Medical gases are classified as 
laboratory gases, therapeutic gases, or anesthetic gases. Labora-
tory gases are used for equipment calibration and diagnostic 
testing. Therapeutic gases are used to relieve symptoms and 
improve oxygenation of patients with hypoxemia. Anesthetic 



 Storage and Delivery of Medical Gases • CHAPTER 40 885

process involves several related steps. First, atmospheric air is 
filtered to remove pollutants, water, and carbon dioxide (CO2). 
The purified air is liquefied by compression and cooled by rapid 
expansion (Joule-Thompson effect).

The resulting mixture of liquid O2 and nitrogen (N, N2) is 
heated slowly in a distillation tower. N2, with its boiling point 
of 195.8° C (320.5° F), escapes first, followed by the trace gases 
of argon, krypton, and xenon. The remaining liquid O2 is trans-
ferred to specially insulated cryogenic (low-temperature) stor-
age cylinders. An alternative procedure is to convert O2 directly 
to gas for storage in high-pressure metal cylinders. These meth-
ods produce O2 that is approximately 99.5% pure. The remain-
ing 0.5% is mostly N2 and trace argon. U.S. Food and Drug 
Administration (FDA) standards require an O2 purity of at 
least 99.0%.3

Physical Separation. Two methods are used to separate O2 
from air.4 The first method entails use of molecular “sieves” 
composed of inorganic sodium aluminum silicate pellets. 
These pellets absorb N2, “trace” gases, and water vapor from 
the air, providing a concentrated mixture of more than 90% O2 
for patient use. The second method entails use of a vacuum to 
pull ambient air through a semipermeable plastic membrane. 
The membrane allows O2 and water vapor to pass through at a 
faster rate than N2 from ambient air. This system can produce 
an O2 mixture of approximately 40%. These devices, called 
oxygen concentrators, are used primarily for supplying low-flow 
O2 in the home care setting. For this reason, details about the 
principles of operation and appropriate use are discussed in 
Chapter 56.

Air

Atmospheric air is a colorless, odorless, naturally occurring gas 
mixture that consists of 20.95% O2, 78.1% N2, and approxi-
mately 1% “trace” gases, mainly argon. At STPD, the density of 
air is 1.29 g/L, which is used as the standard for measuring 
specific gravity of other gases. O2 and N2 can be mixed to 
produce a gas with an O2 concentration equivalent to that of 
air. Medical-grade air usually is produced by filtering and com-
pressing atmospheric air.1,5

gases are combined with oxygen (O2) to provide anesthesia 
during surgery. It is important for RTs to be familiar with all 
aspects of gases used in the clinical setting, especially the chemi-
cal symbols, physical characteristics, ability to support life, and 
fire risk. In regard to fire risk, medical compressed gases are 
classified as either nonflammable (do not burn), nonflamma-
ble but supportive of combustion (also termed oxidizing), or 
flammable (burns readily, potentially explosive).1 Of the gases 
listed in Table 40-1, the focus of this chapter is on the therapeu-
tic gases.

CHARACTERISTICS OF  
MEDICAL GASES

Oxygen

Characteristics
O2 is a colorless, odorless, transparent, and tasteless gas.1 It 
exists naturally as free molecular O2 and as a component of a 
host of chemical compounds. At standard temperature, pressure, 
and dry (STPD), O2 has a density of 1.429 g/L, being slightly 
heavier than air (1.29 g/L). O2 is not very soluble in water. At 
room temperature and 1 atm pressure, only 3.3 ml of O2 dis-
solves in 100 ml of water.

O2 is nonflammable, but it greatly accelerates combustion. 
Burning speed increases with either (1) an increase in O2 per-
centage at a fixed total pressure or (2) an increase in total pres-
sure of O2 at a constant gas concentration. Both O2 concentration 
and partial pressure influence the rate of burning.1,2

Production
O2 is produced through one of several methods. Chemical 
methods for producing small quantities of O2 include electroly-
sis of water and decomposition of sodium chlorate (NaClO3). 
Most large quantities of medical O2 are produced by fractional 
distillation of atmospheric air.1 Small quantities of concen-
trated O2 are produced by physical separation of O2 from air.

Fractional Distillation. Fractional distillation is the most 
common and least expensive method for producing O2. The 

TABLE 40-1 

Physical Characteristics of Medical Gases

Gas Chemical Symbol Color Taste Odor Can Support Life Flammability

Laboratory Gases
Nitrogen N Colorless Tasteless Odorless No Nonflammable
Helium He Colorless Tasteless Odorless No Nonflammable
Carbon	dioxide CO2 Colorless Slightly	acidic Odorless No Nonflammable

Therapeutic Gases
Air AIR Colorless Tasteless Odorless Yes Supports	combustion
Oxygen O2 Colorless Tasteless Odorless Yes Supports	combustion
Helium/oxygen	(heliox) He/O2 Colorless Tasteless Odorless Yes Supports	combustion
Carbon	dioxide/oxygen CO2/O2 Colorless Slightly	acidic Odorless No Supports	combustion
Nitric	oxide NO Colorless Tasteless Metallic No Supports	combustion

Anesthetic Gas
Nitrous	oxide N2O Colorless Slightly	sweet Slightly	sweet No Supports	combustion
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contact with water. The gas is recovered from this process and 
liquefied by compression and cooling. The FDA purity standard 
for CO2 is 99%.3

Mixtures of O2 and 5% to 10% CO2 are occasionally used 
for therapeutic purposes, as noted in Chapter 41. Therapeutic 
uses include the management of singultus (hiccups), prevention 
of the complete washout of CO2 during cardiopulmonary 
bypass, and regulation of pulmonary vascular pressures in  
some congenital heart disorders. However, CO2 mixtures are 
more commonly used for the calibration of blood gas analyzers 
(see Chapter 19) and for diagnostic purposes in the clinical 
laboratory.

Helium

Helium (He) is second only to hydrogen as the lightest of all 
gases; it has a density at STPD of 0.1785 g/L. He is odorless, 
tasteless, nonflammable, and chemically and physiologically 

Figure 40-1 shows a typical large medical air compressor 
system. In these systems, an electric motor is used to power a 
piston in a compression cylinder. On its downstroke, the piston 
draws air through a filter system with an inlet valve. On its 
upstroke, the piston compresses the air in the cylinder (closing 
the inlet valve) and delivers it through an outlet valve to a res-
ervoir tank. Air from the reservoir tank is reduced to the desired 
working pressure by a pressure-reducing valve before being 
delivered to the piping system.

For medical gas use, air must be dry and free of oil or par-
ticulate contamination.5 The most common method used for 
drying air is cooling to produce condensation. For avoidance of 
oil or particulate contamination, medical air compressors have 
air inlet filters and polytetrafluoroethylene (Teflon) piston rings 
as opposed to oil lubrication. Large medical air compressors 
must provide high flow (at least 100 L/min) at the standard 
working pressure of 50 pounds per square inch gauge (psig) for 
all equipment in use. The psig is the pressure read on the gauge. 
It reads the pressure above atmosphere pressure. See Chapter 6 
for more information on this concept.

Smaller compressors (Figure 40-2) are available for bedside 
or home use. These compressors have a diaphragm or turbine 
that compresses the air and generally do not have a reservoir. 
This design limits the pressure and flow capabilities of these 
devices. For this reason, small compressors must never be used 
to power equipment that needs unrestricted flow at 50 psig, 
such as pneumatically powered ventilators (see Chapter 45). 
However, small diaphragm or turbine compressors are ideal for 
powering devices such as small-volume medication nebulizers 
(see Chapter 39).

Carbon Dioxide

At STPD, CO2 is a colorless and odorless gas with a specific 
gravity of 1.52 (approximately 1.5 times heavier than air).1 CO2 
does not support combustion or maintain animal life. For 
medical use, CO2 usually is produced by heating limestone in 

FIGURE 40-1	 Large	medical	air	compressor.	The	compressor	sends	gas	to	the	reservoir	at	higher	than	line	pressure.	When	the	preset	
pressure	level	is	reached,	the	pressure	switch	shuts	off	the	compressor.	Gas	leaves	the	reservoir	and	passes	through	the	dryer	to	remove	
moisture,	and	the	reducing	valve	reduces	gas	to	the	desired	line	pressure.	When	reservoir	pressure	has	decreased	to	near	line	pressure,		
the	pressure	switch	turns	the	compressor	back	on.	(Modified	from	McPherson	SP,	Spearman	CB:	Respiratory	therapy	equipment,	ed	5,		
St	Louis,	1995,	Mosby.)

Piston and
cylinder

Motor

Pressure
switch

Dryer

To piping
system

Reducing
valve

Reservoir
tank

FIGURE 40-2	 Small	portable	compressor	used	with	a	hand-
held	nebulizer	to	aerosolize	medication.	
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The use of N2O as an anesthetic agent is based on its central 
nervous system depressant effect. However, only dangerously 
high levels of N2O provide true anesthesia. N2O/O2 mixtures are 
almost always used in combination with other anesthetic agents.

Long-term human exposure to N2O has been associated with 
a form of neuropathy. In addition, epidemiologic studies have 
linked chronic N2O exposure with an increased risk for fetal 
disorders and spontaneous abortion.1 On the basis of this 
knowledge, the National Institute for Occupational Safety  
and Health (a division of the Occupational Safety and Health 
Administration) set an upper exposure limit for hospital oper-
ating rooms of 25 ppm N2O.1

STORAGE OF MEDICAL GASES

Medical gases are stored either in portable high-pressure cylin-
ders or in large bulk reservoirs. Bulk reservoirs require a sepa-
rate distribution system to deliver the gas to the patient.

Gas Cylinders

The containers used to store and ship compressed or liquid 
medical gases are high-pressure cylinders. The design, manu-
facture, transport, and use of these cylinders are carefully con-
trolled by both industrial standards and federal regulations. Gas 
cylinders are made of seamless steel and are classified by the 
U.S. Department of Transportation (DOT) according to their 
fabrication method. DOT type 3A cylinders are made from 
carbon steel, and DOT type 3AA containers are manufactured 
with a steel alloy tempered for higher strength.1

Markings and Identification
Medical gas cylinders are marked with metal stamping on the 
shoulders that supplies specific information (Figure 40-3).1,9 
Although the exact location and order of these markings vary, 
the practitioner should be able to identify several key items of 
information.

The letters DOT or ICC (Interstate Commerce Commission) 
are followed by the cylinder classification (3A or 3AA) and the 
normal filling pressure in pounds per square inch (psi). Below 
this information usually is the letter size of the cylinder (E, G, 
and so on) followed by the cylinder serial number. A third line 
provides a mark of ownership, often followed by the manufac-
turer’s stamp or a mark identifying the inspecting authority. An 
abbreviation indicating the method of cylinder manufacturer is 
usually on the opposite side of the cylinder. Also in this area is 
information about the original safety test and dates of all sub-
sequent tests.

Safety tests are conducted on each cylinder every 5 or 10 
years, as specified in DOT regulations.1,9 During these tests, 
cylinders are pressurized to five thirds of their service pressure. 
While the cylinder is under pressure, technicians measure cyl-
inder leakage, expansion, and wall stress. The notation EE 
followed by a number indicates the elastic expansion of the 
cylinder in cubic centimeters under the test conditions. An 
asterisk (*) next to the test date indicates DOT approval for 
10-year testing. A plus sign (+) means the cylinder is approved 

inert. It is a good conductor of heat, sound, and electricity but 
is poorly soluble in water. Although He is present in small 
quantities in the atmosphere, it is commercially produced from 
natural gas through liquefaction to purity standards of at  
least 99%.1,3

He cannot support life, so breathing 100% He would cause 
suffocation and death. For therapeutic use, He must always be 
mixed with at least 20% O2. Heliox (a gas mixture of O2 and 
He) may be used clinically to manage severe cases of airway 
obstruction. Its low density decreases the work of breathing by 
making gas flow more laminar. He is discussed in more detail 
in Chapter 41.

	

RULE OF THUMB

He	must	always	be	combined	with	at	least	20%	O2.	
The	higher	the	concentration	of	O2	used	in	a	heliox	
mixture,	the	less	likely	it	is	that	heliox	would	be	
beneficial.	Heliox	mixtures	of	less	than	60%	He	are	
rarely	used	clinically.

Nitric Oxide

Nitric oxide (NO) is a colorless, nonflammable, toxic gas that 
supports combustion. It is produced by oxidation of ammonia 
at high temperatures in the presence of a catalyst. In combina-
tion with air, NO forms brown fumes of nitrogen dioxide 
(NO2). Together, NO and NO2 are strong respiratory irritants 
that can cause chemical pneumonitis and a fatal form of pul-
monary edema. Exposure to high concentrations of NO alone 
can cause methemoglobinemia (see Chapter 41). High levels of 
methemoglobin can cause tissue hypoxia.

As discussed in Chapter 41, NO is approved by the FDA for 
use in the treatment of term and near-term infants for hypoxic 
respiratory failure. The American Academy of Pediatrics (AAP) 
published a policy statement recommending the use of NO in 
the care of term and near-term infants when mechanical venti-
lation is failing because of hypoxic respiratory failure. The AAP 
suggests that NO be used before extracorporeal membrane oxy-
genation.6 A systemic review from the Cochrane database sup-
ports the recommendation that inhaled NO at 20 ppm may be 
beneficial in term and near-term infants who do not have a 
diaphragmatic hernia (see Chapter 34).7 The use of inhaled NO 
in the treatment of premature neonates with hypoxic respira-
tory failure does not improve outcomes and may increase the 
risk for intracranial hemorrhage.8

Nitrous Oxide

Nitrous oxide (N2O) is a colorless gas with a slightly sweet odor 
and taste that is used clinically as an anesthetic agent. Similar 
to O2, N2O can support combustion. However, N2O cannot 
support life and causes death if inhaled in pure form. For this 
reason, inhaled N2O must always be mixed with at least 20% 
O2. N2O is produced by thermal decomposition of ammonium 
nitrate.1
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the cylinder contents always must be identified through careful 
inspection of the label. It has been reported that gas mixtures 
such as heliox can become unmixed.12 To be absolutely sure 
about the O2 concentration provided by a cylinder, the user 
must analyze the gas before administering it (see Chapter 19).

Cylinder Sizes and Contents
Letter designations are used for different sizes of cylinders 
(Figure 40-4). Sizes E through AA are referred to as “small cyl-
inders” and are used most often for transporting patients and 
anesthetic gases. These small cylinders are easily identified 
because of their unique valves and connecting mechanisms. 
Small cylinders have a post valve and yoke connector. Large 
cylinders (F through H and K) have a threaded valve outlet 
(Figure 40-5).

Cylinder Safety Relief Valves
In a closed cylinder, any increase in gas temperature increases 
gas pressure. Should the temperature increase too much (as in 
a fire), the high gas pressure could rupture and explode the 
cylinder. To prevent this type of accident, all cylinders have 
high-pressure relief valves. These relief valves are of three basic 
designs: frangible disk, fusible plug, and spring-loaded. The 
frangible metal disk ruptures at a specific pressure. The fusible 
plug melts at a specific temperature. The spring-loaded valve 
opens and vents gas at a set high pressure. In each case, the 
activated valve vents gas from the cylinder and prevents pres-
sure from becoming too high.

Most small cylinders have a fusible plug relief valve. Most 
large cylinders have a spring-loaded relief valve. These safety 
relief valves are always located in the cylinder valve stems.

for filling to 10% greater than its service pressure. An approved 
cylinder with a service pressure of 2015 psi can be filled to 
approximately 2200 psi. After hydrostatic testing, cylinders are 
subjected to internal inspection and cleaning.

In addition to these permanent marks, all cylinders are 
color-coded and labeled for identification of their contents.1,10 
Table 40-2 lists the color codes for medical gases as adopted  
by the Bureau of Standards of the U.S. Department of Com-
merce.10,11 For comparison, the color codes adopted by the 
Canadian Standards Association also are included. Color codes 
are not standardized internationally. For this reason, cylinder 
color should be used only as a guide. As with any drug agent, 

FIGURE 40-3	 Typical	markings	of	cylinders	containing	medical	gases.	Front	and	back	views	are	for	illustration	purposes	only;	exact	
location	and	order	of	markings	vary.	DOT,	Department	of	Transportation.	

DOT specifications

Serial number
Ownership mark

Manufacturer's mark

DOT-3AA-2015

28300

PCGC

Front

H

Service pressure

Original hydrostatic test

Chrome-molybdenum
steel used

Spinning 
process used Retest dates

Retest passed
specificationsInspector's mark

Rear

8H52 E.E.17.5

4 58

7 M 63

5 68

2 x 73

3 T 78 +

+

+

+

+CR.MO.

SPUN

Elastic expansion of
17.5 cc at 3360 psi

TABLE 40-2 

Color Codes for Medical Gas Cylinders

Gas United States Canada

O2 Green White*
CO2 Gray Gray
N2O Blue Blue
Cyclopropane Orange Orange
He Brown Brown
C2H4 Red Red
CO2-O2 Gray/green Gray/white
He-O2 Brown/green Brown/white
N2 Black Black
Air Yellow* Black/white
N2-O2 Black/green Pink

*Vacuum	systems	historically	are	identified	as	white	in	the	United	States		
and	yellow	in	Canada.	For	this	reason,	the	Compressed	Gas	Association	
recommends	that	white	not	be	used	for	any	cylinders	in	the	United	States	
and	that	yellow	not	be	used	in	Canada.
C2H4,	Ethylene.
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FIGURE 40-4	 Cylinder	sizes	are	identified	by	letter	designations.	

H G E D B A DD BB AA

FIGURE 40-5	 A,	Post	valve	for	yoke	connector	used	with	small	cylinders	(E	through	AA).	B,	Large,	threaded	valve	outlet	used	with	large	
cylinders	(H/K,	G,	and	M).	

A B

Filling (Charging) Cylinders
How a cylinder is filled depends on whether its contents will be 
gaseous or liquid. Some gases stored in liquid form can remain 
at room temperature, but others must be maintained in a cryo-
genic (low-temperature) state.

Compressed Gases. A gas cylinder normally is filled to 
its service pressure (the pressure stamped on the shoulder) at 
21.1° C (70° F). However, approved cylinders can be filled to 
10% greater than service pressure.

Liquefied Gases. Gases with critical temperatures greater 
than room temperature can be stored as liquids at room tem-
perature (see Chapter 6). These gases include CO2 and N2O. 
Rather than being filled to filling pressure, cylinders of these 
gases are filled according to a specified filling density. The filling 
density is the ratio between the weight of liquid gas put into 
the cylinder and the weight of water the cylinder could contain 
if full. The filling density for CO2 is 68%. This system allows the 
manufacturer to fill a cylinder with liquid CO2 up to 68% of 
the weight of water that a full cylinder could hold. The filling 
density of N2O is 55%.

Cylinder pressures for gases stored in the liquid phase are 
much lower than for gases stored in the gas phase. Because the 
liquid does not fill the entire volume of a cylinder, the space 
above the liquid surface contains gas in equilibrium with the 
liquid. The pressure in a liquid-filled cylinder equals the pres-
sure of the vapor at any given temperature.

Pressure in a cylinder depends on the state of its contents. In 
a gas-filled cylinder, the pressure represents the force required 
to compress the gas into its smaller volume. In contrast, the 
pressure in a liquid-filled cylinder is the vapor pressure needed 
to keep the gas liquefied at the current temperature.

Measuring Cylinder Contents
Because of the previously described differences in the physical 
state of matter of compressed and liquid gases, different methods 
are needed to measure the contents of the cylinder.

Compressed Gas Cylinders. For gas-filled cylinders, the 
volume of gas in the cylinder is directly proportional to its pres-
sure at a constant temperature. If a cylinder is full at 2200 psig, 
it will be half full when the pressure decreases to 1100 psig. To 
know how much gas is contained in a compressed gas cylinder, 
one needs only to measure its pressure.
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flow from a cylinder is directly proportional to the contents and 
inversely proportional to flow, as expressed in the following 
formula:

Duration of flow
Contents

Flow
=

The units commonly used in the United States for measure-
ment of these quantities are not the same. Cylinder contents are 
generally specified in cubic feet or gallons, whereas gas flow 
normally is measured in liters. Table 40-3 provides the factors 
needed to convert these units.

Rather than memorizing various cylinder contents and con-
stantly converting metric and English units, the user can quickly 
calculate duration of flow by using cylinder factors. Cylinder 
factors are derived for each common gas and cylinder size with 
the following formula:

Cylinder factor L psig
Cubic feet full cylinder

Press
( )

( ) .= × 28 3

uure full cylinder in psig( )

In the numerator of the previous equation, the English-metric 
conversion constant (28.3) is used to convert cubic feet to liters. 
Dividing the resulting volume by the pressure in a full cylinder 

Liquid Gas Cylinders. In a liquid gas cylinder or container, 
the measured pressure is the vapor pressure above the liquid. 
This pressure bears no relationship to the amount of liquid 
remaining in the cylinder. As long as some liquid remains (and 
the temperature remains constant), the vapor pressure and the 
gauge pressure remain constant. When all the liquid is gone and 
the cylinder contains only gas, the pressure decreases in propor-
tion to a reduction in volume. Monitoring the gauge pressure 
of liquid gas cylinders is useful only after all the liquid vaporizes. 
Weighing a liquid-filled cylinder is the only accurate method 
for determining the contents.

Figure 40-6 compares the behavior of compressed gas and 
liquid gas cylinders during use. The vapor pressure of liquid  
gas cylinders varies with the temperature of the contents. The 
pressure in an N2O cylinder at 21.1° C (70° F) is 745 psig; at 
15.6° C (60° F), the pressure decreases to 660 psig. As the tem-
perature increases toward the critical point, more liquid vapor-
izes, and the cylinder pressure increases. If a cylinder of N2O 
warms to 36.4° C (97.5° F) (its critical temperature), all the 
contents convert to gas. Only at this temperature and higher 
does the cylinder gauge pressure accurately reflect cylinder 
contents.

Estimating Duration of Cylinder Gas Flow
When a cylinder of therapeutic gas is used, it often is necessary 
to predict how long the contents will last at a given flow. The 
duration of flow of a cylinder can be estimated if the following 
are known: (1) the gas flow, (2) the cylinder size, and (3) the 
cylinder pressure at the start of therapy. For a given flow, the 
more gas a cylinder holds, the longer it lasts. The higher the gas 
flow, the shorter the cylinder emptying time. The duration of 

FIGURE 40-6	 The	content	of	a	gas-filled	cylinder	(A)	is	directly	proportional	to	the	gas	pressure.	A	pressure	decrease	of	50%	indicates	a	
loss	of	50%	of	the	contained	gas.	In	a	liquid-gas	cylinder	(B),	gauge	pressure	is	a	measure	of	only	the	vapor	pressure	of	gas	in	equilibrium	
with	the	liquid	phase.	This	value	remains	constant	at	a	given	temperature	as	long	as	liquid	is	present.	Only	when	all	the	liquid	has	vaporized,	
as	the	cylinder	nears	depletion,	does	the	gauge	pressure	decrease	proportionately	to	the	terminal	volume	of	remaining	gas.	

psi

max0

A

B

TABLE 40-3 

Gas Volume Conversion Factors

Liters Cubic Feet Gallons

28.316 1 7.481
1 0.03531 0.2642
3.785 0.1337 1
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Estimating Duration of Liquid Oxygen 
Cylinder Gas Flow
The only accurate method for determining the volume of gas 
in a liquid-filled cylinder is by weight. Because 1 L of liquid O2 
weighs 2.5 lb and produces 860 L of O2 in its gaseous state, the 
amount of gas in a liquid O2 cylinder can be calculated with the 
following formula:

Amount of gas in cylinder
Liquid O weight lb

lb L
= ×2 860

2 5

( )

.

After the amount of O2 remaining in the cylinder is determined, 
the duration of the gas in minutes can be calculated with the 
following formula:

Duration of gas min
Amount of gas in cylinder L

Flow L min
( )

( )

(
=

))

As with gaseous O2 cylinders, a wide margin of safety is 
needed for estimation of cylinder duration. This margin of 
safety varies with the size of the portable O2 unit or large storage 
container.

TABLE 40-4 

Factors for Calculation of Cylinder Duration of 
Flow (Minutes)

Gas CYLINDER SIZE

D E G H and K

O2,	O2/N2,	air 0.16 0.28 2.41 3.14
O2/CO2 0.20 0.35 2.94 3.84
He/O2 0.14 0.23 1.93 2.50

MINI CLINIC
Computing the Duration of a Liquid 
Oxygen Container

PROBLEM:  The RT needs to estimate how long Mrs. Jones’ 
portable liquid O2 container will last if it contains 3 lb of liquid 
O2 that supplies an O2 delivery device running at 2 L/min.

SOLUTION:  Step 1: Determine the amount of O2 in the 
cylinder.

Amount of gas in cylinder
Liquid O weight lb

lb L
= ×

= ×

2 860

2 5

3

( )

.

8860

2 5
1032

.
= L

Step 2: Calculate the duration of the gas in the container.

Duration of gas
Amount of gas in the cylinder L

Flow L min
= ( )

( )

== =

=

1032

2

516

60

8 36

L minutes

min hr

hours minutes

( )MINI CLINIC
Computing Cylinder Duration of Flow

PROBLEM:  The RT needs to determine how long a G 
cylinder of O2 with a gauge pressure of 800 psi set to deliver 
8 L/min will last until empty.
SOLUTION:  Step 1: Determine the cylinder factor for an O2 

G cylinder (see Table 40-4), which in this case is 2.41.
Step 2: Apply the duration of flow equation:

Duration of flow min
Pressure psig Cylinder factor

Flow L
( )

( )

(
= ×

mmin)

Duration of flow min minutes

approximately h

( )
.

(

= × =800 2 41

8
241

4 oours)

	

RULE OF THUMB

A	full	E	O2	cylinder	running	at	10	L/min	lasts	
approximately	60	minutes	(1	hour).	A	full	H/K	cylinder	
lasts	at	least	10	times	longer	(>10	hours).	Use	these	
two	simple	rules	to	estimate	flow	duration.	For	
example,	a	half-full	E	O2	cylinder	running	at	10	L/min	
lasts	approximately	30	minutes,	whereas	a	full	H	
cylinder	running	at	5	L/min	lasts	more	than	20	hours.

yields the cylinder factor. The derived factor represents the 
volume of gas leaving a given cylinder for every 1-psig decrease 
in pressure. Table 40-4 provides cylinder factors for the thera-
peutic medical gases and common cylinder sizes.

When the factor for a given gas and cylinder is known, cal-
culating the duration of flow is a simple matter of applying the 
following equation:

Duration of flow min
Pressure psig Cylinder factor

Flow L
( )

( )

(
= ×

mmin)

A margin of safety must be allowed in estimation of cylinder 
duration of flow. This principle is especially important if the RT 
cannot be present during use and must return with a full cylin-
der. Some clinicians return 30 to 40 minutes before the calcu-
lated time; others compute duration of flow to a level of 300 to 
500 psig rather than 0 psig (empty). Assuming the calculations 
are correct and there is no change in flow, both methods ensure 
an uninterrupted supply. The accompanying Rule of Thumb 
presents a shortcut for estimating cylinder duration of flow.

Gas Cylinder Safety
The following guidelines for cylinder safety are from the recom-
mendations of the National Fire Protection Agency (NFPA)2 
and the Compressed Gas Association (CGA).1,11 For ease of use, 
these safety guidelines are divided into cylinder storage, trans-
port, and use.

Cylinder Storage. The following guidelines apply to cylin-
der storage:
• Store gas cylinders in racks or chain cylinders to the wall to 

prevent them from falling or becoming damaged.
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for H and G cylinders and a pin-index safety system (PISS) 
for E cylinders.

• When O2 is in use, post a “No Smoking” sign unless signs in 
the entrances are posted that prohibit smoking in the 
facility.

Bulk Oxygen

Large acute care facilities use large volumes of O2 every day. To 
meet these needs, a centralized bulk storage and delivery system 
is required. By definition, bulk O2 storage systems hold at least 
20,000 ft3 of gas, including the onsite unconnected reserves.2 
Bulk O2 may be stored in either gaseous or liquid form, but 
liquid storage is most common. When needed, the O2 flows 
from this central source throughout the facility through a 
piping system with outlets conveniently located.

A bulk O2 system has several advantages over portable 
cylinders. Although initially expensive to construct, bulk O2 
systems are far less expensive over the long term. Bulk O2 
systems are less prone to interruption. These systems eliminate 
the inconvenience and hazard of transporting and storing 
numerous cylinders. Bulk O2 systems regulate delivery pressures 
centrally, eliminating the need for separate pressure-reducing 
valves at each outlet. These systems also operate at low pres-
sures, making them much safer than high-pressure cylinders.

Safety standards for bulk O2 systems are set by the NFPA and 
are subject to further control by local fire and building codes.2

Gas Supply Systems
The three types of centrally located gas supply systems are an 
alternating supply system or cylinder manifold system, a cylin-
der supply system with reserve supply, and a bulk gas system 
with a reserve.2 The alternating supply or cylinder manifold 
system consists of large (normally H or K size) cylinders of 
compressed O2 banked together in series (Figure 40-7). This 
alternating supply system has two sides: a primary bank and a 
reserve bank. When the pressure in the primary bank decreases 
to a set level, a control valve automatically switches over to the 
reserve bank. When this occurs, the primary bank is taken off-
line, and the empty cylinders are replaced with full ones. The 
replenished primary bank becomes the reserve bank. Some 
large alternating supply systems are permanently fixed and are 
refilled on site by a supply truck. These cylinder manifold 
systems have pressure-reducing valves for regulation of deliv-
ered pressure and normally have low-pressure alarms. These 
alarms sound when reserve switchover occurs, and they warn 
of impending depletion or malfunction. Cylinder manifolds or 
alternating supply systems are used to supply O2 from a central 
location in small facilities or to supply specialty gases, such as 
N2O, to operating rooms (Figure 40-8).

A cylinder supply system with a reserve consists of a primary 
supply, a secondary supply, and a reserve supply. When the 
primary gas supply is depleted by the demand, this supply 
system automatically switches to the secondary supply. Master 
signal panels indicate that the changeover has occurred. This 
supply system operates in a manner similar to the alternating 
system except that this system has a reserve supply if primary 

• Store cylinders away from any combustible material.
• Store gas cylinders away from sources of heat. Keep the cyl-

inder temperature less than 125° F (<51.7° C).
• Store flammable gases separately from gases that support 

combustion, such as air, O2, and N2O.
• If a cylinder is not in use, keep the protective cylinder cap in 

place.
• Do not store air compressors and gas cylinders together. A 

fire involving one or the other can damage both gas delivery 
systems.

• Contain and store cylinder supply systems in an enclosure 
constructed of a material with at least a 1-hour fire resistive 
rating that is well ventilated and well drained.

• Segregate full and empty cylinders; store them separately if 
possible.

• Place on each door or gate of the enclosure a sign that cau-
tions the presence of an oxidizing gas and alerts against 
smoking. This sign must be readable from a distance of at 
least 5 ft (1.5 m).

• Store liquid O2 containers in a cool, well-ventilated area 
because of the venting of small amounts of O2 from these 
low-pressure containers. The venting of O2 prevents these 
containers from overpressurizing because liquid O2 is con-
tinuously converting to gaseous O2.
Cylinder Transport. The following guidelines apply to cyl-

inder transport:
• Use cylinder carts with a securing mechanism for transpor-

tation of cylinders.
• Keep the protective cylinder caps in place during transporta-

tion of cylinders.
• Protect gas cylinders from striking other cylinders or objects 

to avoid damaging the safety devices, valve stems, or the 
cylinder itself.

• Avoid dropping, dragging, or rolling cylinders in transport.
• Do not transport cylinders for use that are not appropriately 

labeled.
Cylinder Use. The following guidelines apply to cylinder 

use:
• Secure gas cylinders at the patient’s bedside in a way that 

prevents them from falling. Secure cylinders to the wall with 
a chain, bind or chain them to a suitable cart, or support the 
cylinder with a stand.

• Do not use flammable materials, especially oil or grease, on 
regulators, cylinders, fittings, or valves. This restriction 
includes oily hands, rags, and gloves.

• Open the cylinder valve slightly to remove dust and dirt 
before attaching the regulator. When slightly opening the 
valve, ensure no one is in front of the valve. “Crack” the 
cylinder before bringing it to the patient’s bedside.

• Never use cylinder valves or regulators that need repair.
• Do not alter or deface cylinder markings or color.
• Never place cylinders near sources of heat.
• Never secure cylinders to movable objects unless the object 

has an apparatus that can contain the cylinder safely.
• Ensure that the connection between the regulator and the 

cylinder valve is an American standard safety system (ASSS) 
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(Figure 40-10). Because it eliminates heat conduction, the 
vacuum keeps the liquid O2 below its critical temperature 
without refrigeration. When it flows through vaporizer coils 
exposed to ambient temperature, the liquid O2 quickly converts 
back to a gas. With the O2 in its gaseous form, the pressure is 
decreased to the standard working pressure of 50 psi by a 

and secondary supplies become depleted. Liquid containers 
may be used as the primary and secondary gas sources, but the 
reserve supply usually is high-pressure gas cylinders. Gas cylin-
ders are used as the reserve supply because low-pressure liquid 
containers lose approximately 3% of the supply per day.2

For economy, safety, and convenience, most large health care 
facilities use a liquid bulk O2 system. A small volume of liquid 
O2 provides a very large amount of gaseous O2 and minimizes 
space requirements. However, along with this advantage comes 
a major problem. O2 has a critical temperature well below room 
temperature (−118.6° C [−181.4° F]).1 Liquid O2 must con-
tinually be stored below this temperature, or it reverts to its 
gaseous state.

To stay in liquid form, O2 is stored in large stand tanks 
(Figure 40-9) at relatively low pressure (<250 psig). These stand 
tanks are similar to giant thermos bottles, consisting of inner 
and outer steel shells separated by an insulated vacuum chamber 

FIGURE 40-7	 Gas	cylinder	manifold	system.	The	alternating	supply	system	is	composed	of	primary	and	reserve	banks,	which	alternate	
to	charge	the	piping	system.	(Modified	from	Standard	for	nonflammable	medical	gas	systems,	NFPA	No.	56F.	Copyright	1973,	National	Fire	
Protection	Association,	Boston,	MA.)
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FIGURE 40-8	 Alternating	supply	system	of	N2O.	

FIGURE 40-9	 Large	stand	tank	and	reserve	tank	of	liquid	O2	
represents	a	typical	bulk	gas	system	with	a	reserve.	
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workable level. This is the primary function of gas distribution 
and regulation systems. Modern hospital gas distribution 
systems deliver bulk O2 and compressed air to patient rooms 
and special care areas through an elaborate piping network. 
This network may include a vacuum source and, for surgical 
areas, N2O. Patient transport still requires the use of portable 
cylinders. Whether delivery occurs by central bulk supply or 
cylinder, patient safety is always the primary aim. For this 
reason, RTs must be proficient in the use of both delivery 
systems.

Central Piping Systems

Structural standards for piping systems are established by the 
NFPA and are described in more detail elsewhere.2 Figure 40-11 
shows a simple central piping gas system. The gas pressure in a 
central piping system normally is reduced to the standard 
working pressure of 50 psi at the bulk storage location. A main 
alarm warns of decreases in pressure or interruptions in flow 
from the source. Zone valves (Figure 40-12) throughout the 
system can be closed for system maintenance or in case of fire. 
Wall or station outlets at the delivery sites allow connection of 
various types of equipment to the gas distribution system. 
Because most delivery outlets include O2, air, vacuum, and pos-
sibly N2O, special safety connectors are used to help prevent 
accidental misconnections.

Safety Indexed Connector Systems

One of the greatest risks in medical gas therapy is giving the 
wrong gas to a patient. Carefully reading the cylinder or outlet 
labels is the best way to avoid these accidents. However, human 
error does occur. For this reason, the industry has developed 
indexed safety systems for gas delivery and regulation equip-
ment. These safety systems make misconnection between pieces 
of equipment nearly impossible. For example, an indexed safety 
system normally prevents connecting a cylinder of N2O to an 
O2 delivery system. Three basic indexed safety systems are used 
in the delivery and regulation of medical gases: (1) the Ameri-
can National Standard/Compressed Gas Association Standard 
for Compressed Gas Cylinder Valve Outlet and Inlet Connec-
tions, or the ASSS; (2) the diameter-index safety system (DISS); 
and (3) the pin index safety system (PISS).17,18

American Standard Safety System
Adopted in the United States and Canada, the ASSS provides 
standards for threaded high-pressure connections between 
large compressed gas cylinders (sizes F through H/K) and their 
attachments.17 Specifications exist for more than 60 gases and 
gas mixtures. Figure 40-13 shows a typical ASSS connection 
between a threaded cylinder outlet and a pressure-reducing 
valve nipple. Use of the ASSS standards makes misconnections 
difficult because the size (bore) of the cylinder outlet and its 
threading differ based on the type of gas in the cylinder.

Because there are only 26 connections for the 62 listed gases 
and mixtures, each gas may not have a unique connection. 
Some gases have identical connections. Catalogues of cylinder 
equipment show the connection specifications for each type of 

pressure-reducing valve. A safety vent allows vaporized liquid 
O2 to escape if warming causes cylinder pressure to increase 
above a set limit.

Smaller liquid cylinders are used for home O2 supply. These 
cylinders come in several sizes and hold between 2

3 ft3 and 
11

2 ft3 of liquid O2. Small liquid O2 cylinders are refilled onsite 
by means of transfer of liquid O2 from a large cylinder. Chapter 
56 describes the use of these small liquid O2 cylinders in the 
home.

Bulk Oxygen Safety Precautions
The NFPA sets standards for the design, construction, place-
ment, and use of bulk O2 systems.2 A key provision in these 
standards is the requirement for a reserve or backup gas supply 
to equal the average daily gas usage of the hospital. To meet this 
requirement, most large facilities have a second, smaller liquid 
stand tank. Smaller facilities may use a cylinder gas manifold as 
the backup.

Failure of bulk O2 supply systems has been reported with 
resultant major problems.13-16 Failure of a bulk O2 supply can 
be life-threatening to any patient receiving O2 or gas-powered 
ventilatory support. For this reason, the respiratory care staff 
must be prepared. Adherence to an established protocol is a 
quick way to identify and prioritize all affected patients. When 
affected patients are identified, staff members move appropriate 
backup equipment to the bedside (e.g., portable cylinders, bag-
valve-mask resuscitators). Trained personnel bypass the failed 
system and provide needed patient support, while engineers 
determine the cause of the failure and correct it.

DISTRIBUTION AND REGULATION OF 
MEDICAL GASES

Before it can be administered to a patient, a medical gas must 
be delivered to the bedside and the pressure reduced to a 

FIGURE 40-10	 Liquid-O2	stand	tank	(fixed	station).	(Modified	
from	Cairo	JM,	Pilbeam	SP:	Mosby’s	respiratory	care	equipment,	
ed	8,	St	Louis,	2010,	Mosby.)
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FIGURE 40-11	 A	hospital	piping	system.	Numbers	indicate	zone	valves.	
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FIGURE 40-12	 O2,	air,	and	vacuum	zone	valves.	

FIGURE 40-13	 Typical	American	standard	supply	system	
connection	used	to	attach	a	reducing	valve	to	a	large	high-pressure	
cylinder.	A	hexagonal	nut	is	held	on	the	nipple	of	the	reducing	valve	
by	a	circular	collar.	The	connection	is	made	by	(1)	aligning	the	
reducing	valve	nipple	with	the	conical	cylinder	valve	outlet	and		
(2)	tightening	the	reducing	valve	hex	nut	onto	the	threaded	cylinder	
outlet.	Different	threading	and	cylinder	outlet	sizes	make	accidental	
misconnections	difficult.	

Threaded cylinder outlet

Connecting
nipple

Hex nut

Cylinder
gas

cylinder and gas. A typical description for a large cylinder of O2 
is as follows: CGA-540 0.903-14NGO-RH-Ext. The connection 
for the threaded outlet of this cylinder is listed by the CGA as 
connection number 540. The outlet has a thread diameter 
(bore) of 0.903 inch; there are 14 threads per inch; and the 

threads are right-handed (RH) and external (Ext). It generally 
is necessary to use only one or two outlet connections because 
most of the gases that are used by RTs are grouped within a few 
connector sizes. However, practitioners should be familiar with 
the classification scheme in general because expanding instru-
mentation and scope of services may bring RTs in contact with 
other gases and gas systems.

Pin-Index Safety System
Pin indexing is part of the ASSS but applies only to the valve 
outlets of small cylinders, up to and including size E. These 
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As shown in Figure 40-16, the DISS connection consists of 
an externally threaded body and a mated nipple with a nut. As 
the two parts are joined, the shoulders of the nipple and the 
bores of the body mate, with the union held together by a hand-
tightened hex nut. Indexing is achieved by varying the dimen-
sions of the borings and shoulders. There are 11 indexed DISS 
connections and 1 connection for O2, for a total of 12.18 The 
standard threaded O2 connector (0.5625 inch in diameter and 
18 threads per inch) preceded adoption of this safety system. 
Nonetheless, it has been assigned a DISS number of 1240.

Although O2 and air are generally used from a central outlet, 
it may be necessary to administer other gases that have different 
DISS connections. To avoid stocking a large variety of pressure 
regulators, flowmeters, and connectors for special gas use, 
adapters can be used to convert various DISS connections  
so they can be used for different purposes. Using adapters  
to bypass a safety system carries the increased risk for miscon-
nection. For this reason, RTs should exercise extreme caution 

cylinders have a yoke type of connection. Figure 40-14 illus-
trates the general structure of the pin-indexed yoke connection. 
The upper yoke fits over the lower valve stem. Two pins, project-
ing from the inner surface of the yoke connector, mate with two 
pinholes bored into the valve stem. Proper pin position aligns 
the small receiving nipple of the yoke with the recessed cylinder 
valve outlet. Tightening the hand screw on the yoke firmly seats 
the receiving nipple into the valve outlet. A nylon washer or 
bushing typically is used to ensure a leak-free connection.

Similar to the ASSS, the PISS helps prevent accidental mis-
connections between pieces of equipment. The exact positions 
of pins and pinholes vary for each gas. Unless the pins and holes 
align perfectly, the yoke nipple cannot seat in the recessed valve 
outlet. Six holes and pin positions constitute the total system. 
Because overlapping holes cannot be used, there are 10 possible 
pin combinations. Figure 40-15 is a diagram of the location of 
all six possible holes and their index numbers. Table 40-5 lists 
the gases included in the PISS system, including their index 
positions.

Diameter-Index Safety System
The ASSS and the PISS provide standards for high-pressure 
connections between cylinders and equipment; the DISS was 
established to prevent accidental interchange of low-pressure 
(<200 psig) medical gas connectors.18 RTs typically find 
DISS connections (1) at the outlets of pressure-reducing valves 
attached to cylinders; (2) at the station outlets of central piping 
systems; and (3) at the inlets of blenders, flowmeters, ventila-
tors, and other pneumatic equipment.

FIGURE 40-14	 Yoke	connector	showing	regulator	inlet	and	
pin-indexed	safety	system	(for	cylinders	size	AA	to	E).	

FIGURE 40-15	 Location	of	the	pin-index	holes	in	the	cylinder	
valve	face	for	different	gases.	See	Table	40-5	for	pin-index	hole	
locations	for	various	gases.	
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TABLE 40-5 

Pin-Index Hole Positions*

Gas Pin Positions

O2 2-5
O2/CO2	(CO2	not	>7%) 2-6
He/O2	(He	not	>80%) 2-4
C2H4 1-3
N2O 3-5
C3H6 3-6
He/O2	(He	>	80%) 4-6
O2/CO2	(CO2	>	7%) 1-6
Air 1-5

*See	Figure	40-15.
C2H4,	Ethylene;	C3H6,	cyclopropane.
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when adapting equipment connections. Misconnections have 
occurred, with negative patient consequences.13,19

Quick-Connect Systems
Station outlets at the patient’s bedside allow quick access to a 
bulk supply of O2 and air or a vacuum source. Station outlets 
have DISS connections or quick-connect systems that are  
gas-specific or vacuum-specific. Various manufacturers have 
designed specially shaped connectors for each gas (Figure 
40-17). Because each connector has a distinct shape, it does not 
fit into an outlet for another gas and each manufacturer has its 
own unique design. For this reason, connectors from different 
manufacturers are not interchangeable. As long as a facility is 
standardized for a single quick-connect system, this incompat-
ibility is seldom a problem.

A variety of safety systems help prevent inadvertent miscon-
nections between medical delivery systems and equipment. 
Figure 40-18 summarizes the use of and relationships between 
the ASSS, PISS, and DISS systems as applied to cylinder gases. 
Proficiency in the proper use of these systems is a basic skill  
of RTs.

FIGURE 40-16	 O2	(A)	and	air	(B)	diameter	index	safety	system	(DISS)	connections.	The	two	shoulders	of	the	nipple	allow	the	nipple	to	
unite	only	with	a	body	that	has	corresponding	borings.	If	the	match	is	incorrect,	the	nut	does	not	engage	the	body	threads.	The	difference	
in	the	shoulders	and	bore	between	the	O2	(A)	and	air	(B)	DISS	connections	is	evident.	

A B

FIGURE 40-17	 Common	brands	of	quick	connects.	NPT,	National	pipe	thread	taper.	(Courtesy	Nellcor	Puritan	Bennett,	Pleasanton,	CA.)
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O.E.SN.C.G.Ohio Diamond

FIGURE 40-18	 Comparison	of	safety	systems	used	for	
compressed	gases.	The	diameter-index	safety	system	(DISS)	
connections	are	for	low-pressure	outlets	(<200	psig).	The	American	
standard	safety	system	(ASSS)	provides	for	high-pressure	
connections	with	large	cylinders.	A	variation	of	the	ASSS	entails	a	
yoke	and	pin	system	(PISS)	for	connecting	to	small	cylinders	(AA	
through	E).	
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valve is divided into a high-pressure chamber (C) and an 
ambient-pressure chamber (D) by a flexible diaphragm (E). 
Attached to the diaphragm in the ambient-pressure chamber is 
a spring (F), which is fixed to the other side of the chamber. 
Also attached to the diaphragm, but in the high-pressure 
chamber, is a valve stem (G) that sits on the high-pressure inlet 
(H). Gas flows through the valve inlet (H) into the high-pressure 
chamber and on to the gas outlet (I). The pressure chamber is 
supplied with a safety vent (L) preset to 200 psig to release pres-
sure in the event of malfunction.

The spring tension is calibrated to give when the pressure on 
the diaphragm exceeds 50 psig. When this happens, the valve 
stem is pushed forward and closes the high-pressure inlet, pre-
venting further entry of gas into the reducing valve. However, 
as long as gas is allowed to escape from the pressure chamber 
through the outlet (I), the inlet valve remains open and allows 
gas flow. The regulator maintains a balance between outlet flow 
and inlet pressure. Automatic adjustment of the diaphragm-
spring combination keeps the pressure in the high-pressure 
chamber at a near-constant 50 psig—hence the name preset. 
Preset reducing valves are normally used in conjunction with 
high-pressure gas cylinders to decrease the pressure to the stan-
dard 50 psig used with most respiratory care equipment.

Adjustable Reducing Valve. Although most respiratory 
care equipment works at the standard 50 psig, some devices 
need variable pressures. To provide variable outlet pressures 
from a high-pressure gas source, an adjustable reducing valve is 
needed. Figure 40-20 shows the basic design of a high-pressure 

Regulating Gas Pressure and Flow

Whatever the source of medical gas, for safe administration to 
a patient, the pressure and flow must be regulated. If the goal 
is solely a reduction in gas pressure, a reducing valve is used. 
For control of gas flow to a patient, a flowmeter is used. If 
control of both pressure and flow is needed, a regulator is used.

Cylinder gases such as O2 and air exert a pressure that is 
much too high for use with respiratory care equipment. For use 
at the bedside, these high pressures must be reduced to a lower 
“working” level. In the United States, this working pressure is 
50 psig. For bulk delivery systems with individual station outlets, 
built-in reducing valves decrease the delivered pressure to 50 
psig. This standard pressure can be directly applied to power 
devices such as ventilators (see Chapter 45). However, if the goal 
is to control gas delivery to a patient for O2 therapy or nebulized 
medication (see Chapters 39 and 41), a flowmeter also must  
be used.

High-Pressure Reducing Valves
The two basic types of high-pressure reducing valves are single-
stage and multiple-stage. Reducing valves are available as preset 
or adjustable. Although all of these valves function on the same 
principle, the design, features, and use are different. This section 
differentiates preset reducing valves and adjustable reducing 
valves and discusses multiple-stage reducing valves.

Preset Reducing Valve. Figure 40-19 shows the basic design 
of a high-pressure preset reducing valve. High-pressure gas 
(2200 psig for O2) enters through the valve (A), with the inlet 
pressure displayed on the pressure gauge (B). The body of the 

FIGURE 40-19	 Preset	high-pressure	reducing	valve.	
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FIGURE 40-20	 Adjustable	high-pressure	reducing	valve.	
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been reduced to 50 psig by the time it reaches the outlet stations; 
this eliminates the need for pressure reduction and requires 
only a flowmeter.

Three categories of flowmeters are used in respiratory care: 
the flow restrictor, the Bourdon gauge, and the Thorpe tube. 
The Thorpe tube has two different designs: pressure compen-
sated or not pressure compensated (uncompensated). Although 
uncompensated Thorpe tubes are rare, they may still be used at 
some institutions. For this reason, the principles underlying 
each of the four types of flow metering devices are compared 
and contrasted.

Flow Restrictor. The flow restrictor is the simplest and least 
expensive flowmeter device. As shown in Figure 40-21, a flow 
restrictor consists solely of a fixed orifice calibrated to deliver a 
specific flow at a constant pressure (50 psig). The operation of 
the flow restrictor is based on the principle of flow resistance, 
as described in Chapter 6. Specifically, the flow of gas through 
a tube can be quantified with the following equation:

R
P P

V
= −1 2

adjustable reducing valve. As with the preset design, the inlet 
valve (H) remains open until the gas pressure exceeds the spring 
tension, displacing the diaphragm and blocking further gas 
entry. However, whereas the preset reducing valve provides a 
fixed pressure, the adjustable reducing valve allows a change in 
outlet pressure. Outlet pressure can be changed with a threaded 
hand control (K) attached to the end of the diaphragm spring. 
Changing the tension on the valve spring varies pressure over a 
wide range, usually between 0 psig and 100 psig.

The adjustable reducing valve commonly is used in combi-
nation with a Bourdon-type flow gauge (discussed later). The 
combination of a flowmeter with a reducing valve is called a 
regulator.

Multiple-Stage Reducing Valve. As the name suggests, a 
multiple-stage reducing valve reduces pressure in two or more 
steps. Multiple-stage reducing valves can be either preset or 
adjustable and can be combined with a flowmeter device as a 
true regulator. Two-stage reducing valves are used occasionally, 
and three-stage units are rarely needed. A two-stage reducing 
valve functions as two single-stage reducing valves working in 
series. Gas enters the first stage, where the pressure is reduced 
to an intermediate level (usually 200 to 700 psig). Gas then 
enters the second stage, where the pressure is decreased to 
working level (usually 50 psig). Because each pressure chamber 
has one safety relief vent, the user usually can determine the 
number of stages in a reducing valve by noting the number of 
relief vents present. Because they reduce pressure in multiple 
steps, these valves provide more precise and smooth flow 
control. However, they are larger and more expensive than 
single-stage reducing valves. For this reason, a multiple-stage 
reducing valve should be considered only if minimal fluctua-
tions in pressure or flow are critical factors, as in research activi-
ties. For routine hospital work, single-stage reducing valves are 
satisfactory.

Proper Use of High-Pressure Reducing Valves. When a 
cylinder attached to a high-pressure reducing valve is open, gas 
undergoes rapid decompression followed by rapid recompres-
sion. Because the recompression is adiabatic (see Chapter 6), 
the gas temperature quickly increases. These rapid pressure and 
temperature changes may cause failure of the reducing valve. 
Rapid temperature changes can ignite combustible materials; 
this risk is increased in the presence of 100% O2. Box 40-1 
provides guidelines for minimizing the risk associated with 
setting up O2 cylinders with a high-pressure reducing valve or 
regulator.1

Low-Pressure Gas Flowmeters
As with drugs, giving a medical gas to a patient requires knowl-
edge of the dosage being delivered. Physicians often prescribe 
O2 dosage as a flow, in liters per minute. In addition, certain 
gas-mixing equipment requires accurate knowledge of input 
flows, sometimes involving two or more gases. Flowmeters 
allow the rate of gas flow to a patient to be set and controlled. 
When the gas source is a high-pressure gas cylinder, a regulator 
(reducing valve plus flowmeter) is required. However, when the 
source is a bulk central supply system, the pressure has already 

 Box 40-1 Safe Procedure for Setup of an 
Oxygen Cylinder and Reducing 
Valve or Regulator

1.	 Secure	the	cylinder	according	to	the	CGA	guidelines.	Verify	
the	contents	from	the	label	that	matches	the	color	code	and	
valve	indexing.

2.	 Remove	the	protective	cap	or	wrap,	and	inspect	the	cylinder	
valve	to	ensure	that	it	is	free	of	dirt,	debris,	and	oil.

3.	 Warn	any	persons	present	that	the	cylinder	valve	is	about	to	
be	“cracked”	and	that	it	will	make	some	noise.	Turn	the	
cylinder	valve	away	from	persons	present,	stand	to	the	side,	
and	quickly	open	and	close	the	valve.	This	removes	any	dust	
or	small	debris	from	the	cylinder	valve	outlet.

4.	 Inspect	the	valve	or	regulator	inlet	for	debris,	dirt,	and	oil.	
Check	the	device	label,	and	confirm	that	it	is	intended	for	
high-pressure	service	and	for	use	with	the	gas	to	be	
administered.	O2-reducing	valves	and	regulators	should	have	
a	label	stating:	Oxygen: Use No Oil.

5.	 After	the	valve	or	regulator	inlet	is	confirmed	to	be	free	of	
contaminants,	securely	tighten	(but	do	not	force)	the	device	
onto	the	cylinder	outlet.	When	making	connections	to	the	
cylinder,	use	appropriate	wrenches	that	are	free	of	oil	and	
grease.	Never	use	pipe	wrenches.	Use	only	cylinder	valve	
connections	that	conform	to	the	ASSS	and	the	PISS.	
Low-pressure	connections	must	comply	with	the	DISS	or	be	
noninterchangeable,	low-pressure	quick	connects.	Never	
connect	fixed	or	adjustable	orifices	or	metering	devices	
directly	to	a	cylinder	without	a	pressure-reducing	valve.

6.	 Confirm	that	the	regulator	or	reducing	valve	is	in	the	off	or	
closed	position,	and	slowly	open	the	cylinder	valve	to	
pressurize	the	attached	reducing	valve	or	regulator.	After	
pressurization	has	occurred,	open	the	cylinder	valve	
completely	and	turn	it	back	one-fourth	to	one-half	turn	(this	
maneuver	prevents	a	condition	known	as	“valve	freeze,”	in	
which	the	valve	cannot	be	turned).

ASSS,	American	standard	safety	system;	CGA,	Compressed	Gas	
Association;	DISS,	diameter-index	safety	system;	PISS,	pin-index	safety	
system.
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psig. Table 40-6 summarizes the advantages and disadvantages 
of flow restrictors.

Bourdon Gauge. A Bourdon gauge (Figure 40-22) is a flow-
meter device that is always used in combination with an adjust-
able pressure-reducing valve. Similar to the flow restrictor, the 
Bourdon gauge uses a fixed orifice. In contrast to the flow 
restrictor, the Bourdon gauge operates under variable pressures, 
as adjusted with the pressure-reducing valve. The Bourdon 
gauge is a fixed-orifice, variable-pressure flowmeter, so increas-
ing the upstream pressure increases gas flow out of the device 
unless downstream pressure also increases.

As shown in Figure 40-23, a Bourdon gauge has a calibrated 
fixed orifice (A), which creates outflow resistance. The gauge 
itself is attached with a connector (B) located proximal to the 
orifice. Inside the gauge is a curved, hollow, closed tube (C) that 
responds to pressure changes by changing shape. The force of 
gas pressure tends to straighten the tube, causing its distal end 
to move. This motion is transmitted to a gear assembly and 
indicator needle (D). Although it changes based on pressure, 
the numbered scale is calibrated to read the needle movement 
in units of flow (liters per minute).

As with the flow restrictor with a fixed orifice, the output 
flow of the Bourdon gauge is proportional to the driving pres-
sure. However, the Bourdon gauge provides a continuous range 
of flow, which the user adjusts by altering the driving pressure. 

Rearranging the equation to solve for flow (V) yields the 
following:

V
P P

R
= −1 2

where V is the volumetric flow per unit time, P1 is the pressure 
at the upstream point (point 1), P2 is the pressure at the down-
stream point (point 2), and R is the total resistance to gas flow.

By design, a flow restrictor requires a source of constant 
pressure (usually 50 psig). As long as the source pressure remains 
fixed, P1 − P2 should stay constant. With a fixed-size orifice, the 
flow resistance (R) also remains constant. The rate of gas flow 
through a flow restrictor can be increased by increasing P1 
(upstream pressure) or by selecting a larger orifice size. Both 
fixed and adjustable orifice flow restrictors are used clinically. 
Commercially produced flow restrictors are calibrated at 50 

FIGURE 40-21	 Flow	restrictor.	

Fixed orifice

Constant output
flow

Constant pressure
source (50 psig)

MINI CLINIC
Leaky Connections

PROBLEM:  Following standard procedure, the RT attaches a 
pressure-reducing valve to an O2 cylinder. When the RT opens 
the cylinder valve, gas leaking at or near the connection can be 
heard.

SOLUTION:  A leak usually indicates that the connection 
between the pressure-reducing valve and the cylinder outlet is 
not tight. If the cylinder outlet is a standard ASSS threaded 
connector, the connection is either cross-threaded or not prop-
erly seated and tightened. To solve this problem, the RT closes 
the cylinder valve and removes and reattaches the pressure-
reducing valve, taking care to thread the connection properly 
and to tighten with a wrench. If the cylinder outlet is a pin-
indexed connector, the RT closes the cylinder valve and removes 
the pressure-reducing valve. The RT checks to ensure that the 
nylon washer is present, in good condition, and properly fitted. 
The RT then reattaches the pressure-reducing valve, taking care 
to seat the connection properly and to hand tighten. If the leak 
continues after these corrective actions, it is likely that the 
pressure-reducing valve is malfunctioning and should be 
replaced.

TABLE 40-6 

Advantages and Disadvantages of Flow Restrictors

Advantages Disadvantages

Low-cost,	simple,	reliable	
(no	moving	parts)

Different	versions	required	for	
different	flows

Cannot	be	set	to	incorrect	
flow

Accuracy	varies	with	changes	in	
source	and	downstream	pressures

Can	be	used	in	any	position	
(gravity-independent)

Cannot	be	used	with	high-resistance	
equipment

FIGURE 40-22	 Bourdon	gauge	regulator.	
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FIGURE 40-24	 Bourdon	performance	when	downstream	pressures	increase	as	a	result	of	high-resistance	equipment	or	blockage.	Left,	
Normal	state	with	fixed	orifice	and	no	downstream	resistance	results	in	an	accurate	flow	reading.	Center,	High-resistance	nebulizer	increases	
downstream	pressure,	or	back	pressure.	The	result	is	a	falsely	high	reading	(10	L/min	vs.	actual	flow	of	6	L/min).	Right,	Complete	blockage	
(zero	flow)	results	in	flow	reading	on	gauge.	

10 1010

95 psig

10 L/min

0.0018-inch
orifice

6 L/min

FIGURE 40-23	 Components	of	a	Bourdon	pressure	gauge.	
See	text	for	more	information.	

Hollow tube (C)

Pressure indicator
gear (D)

Gas inlet connector (B)

Calibrated orifice (A)

Although the gauge actually measures pressure changes, it dis-
plays the corresponding flow.

As with a flow restrictor, gravity does not affect a Bourdon 
gauge. The Bourdon gauge is the best choice when a flowmeter 
cannot be maintained in an upright position. This situation is 
common when a patient is being transported with a portable 
O2 source. In these instances, keeping the E cylinder upright is 
seldom easy, and movement of both the O2 supply and the 
patient is common. Combined with its continuous range of 
flows, this feature makes the Bourdon gauge the metering device 
of choice for patient transport.

The main disadvantage of the Bourdon gauge is its inaccu-
racy when pressure distal to the orifice (downstream pressures) 
changes. Specifically, if downstream pressure increases (as when 
high-resistance equipment is used), the pressure difference 
across the orifice and actual output flow decrease. However, the 
Bourdon gauge flow reading depends on upstream pressure, 
which stays constant. In this situation, the gauge reading is 
falsely higher than the actual delivered flow. Because it measures 
upstream pressure, the gauge registers flow even when the outlet 
is completely blocked (Figure 40-24). A user who needs accurate 
flow when using a device that creates high resistance should not 
select a Bourdon gauge. A compensated Thorpe tube should be 
used instead.

Integrated O2 cylinders (Figure 40-25), including the 
Grab ’n Go System (Praxair, Danbury, CT), have combined the 
O2 cylinder with a pressure regulator and an adjustable flow 
restrictor to meter O2 flow. These portable O2 systems eliminate 
the need for separate O2 tanks, Bourdon gauge regulators, and 
O2 keys or wrenches (needed to turn on standard E-cylinders). 

These integrated systems virtually eliminate problems and 
delays associated with incorrectly mounted regulators. The 
practitioner simply selects the flow on the flow-adjusting knob 
and connects the O2 tubing to the system connection and the 
patient.

Thorpe Tube. The Thorpe tube flowmeter (Figure 40-26) 
is always attached to a 50-psig source, either a preset pressure-
reducing valve or a bedside station outlet. Compared with  
the flow restrictor and the Bourdon gauge, the Thorpe tube 
functions as a variable-orifice, constant-pressure flowmeter, so 
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pressure difference across the float. With the upward pressure 
difference greater than the downward force of gravity, the float 
rises. However, as the float rises, the available “orifice” increases 
in diameter. Flow resistance around the float decreases, and the 
pressure difference again equilibrates with gravity. The float 
position stabilizes at a higher level, proportionate to the greater 
flow around it.

Thorpe tubes come in two basic designs: pressure compen-
sated and pressure uncompensated. The term pressure compen-
sation refers to a design that prevents changes in downstream 
resistance, or back pressure, from affecting meter accuracy. All 
manufacturers now supply only pressure-compensated Thorpe 
tubes for administration of a medical gas. However, some  
ventilators and anesthesia machines still use uncompensated 
Thorpe tubes. For this reason, clinicians using these devices 
must understand the effect of back pressure on the accuracy of 
these devices. Downstream resistance increases when the user 
connects a flowmeter to certain types of equipment. Almost all 
therapy gas equipment produces some flow restriction. Devices 
such as jet nebulizers produce very high downstream resistance. 
Depending on their design, Thorpe tube flowmeters respond to 
resistance in one of two ways.

The uncompensated Thorpe tube flowmeter is calibrated in 
liters per minute but at atmospheric pressure (without restric-
tion). Gas from a 50-psig source flows into the meter at a rate 
controlled by a needle valve located before the flow tube (Figure 
40-28, A). When the user attaches flow-restricting equipment 
to the meter, downstream resistance increases, which increases 
pressure in the flow tube. As long as this pressure does not 
exceed 50 psig, gas continues to flow through the tube. However, 
the added downstream resistance increases the pressure in the 
flow tube above atmospheric pressure. At this higher pressure, 

increasing the size of the orifice increases the gas flow. Figure 
40-27 shows how a Thorpe tube works. The key component in 
this device is a tapered transparent tube that contains a float. 
The diameter of the tube increases from bottom to top. Gas flow 
suspends the float against the force of gravity. To read the flow, 
one simply compares the float position with an adjacent cali-
brated scale, normally calibrated in liters per minute.

Although the Bourdon gauge measures pressure, the Thorpe 
tube is used to measure true flow. Flow measurement involves 
the complex interaction of gravity and fluid dynamics. When 
gas begins to flow into a Thorpe tube, the initial pressure dif-
ference lifts the float. As the needle valve is opened, the float 
rises in the widening tube, the space available for flow around 
it increases, and resistance to flow decreases. The float ulti-
mately stabilizes when the pressure difference across the float 
(an upward force) equals the opposing downward force of 
gravity.

As the needle valve of the flowmeter is opened, the increase 
in flow initially disrupts this balance, causing an increase in the 

FIGURE 40-25	 Grab	’n	Go	System	(Praxair,	Danbury,	
Connecticut).	

FIGURE 40-26	 Thorpe	tube	flowmeter.	

FIGURE 40-27	 The	position	of	the	float	in	a	Thorpe	tube	
flowmeter	is	based	on	a	balance	between	the	force	of	gravity	and	
the	pressure	difference	(P2	−	P1)	across	it,	as	determined	by	the	
variable-sized	orifice	between	the	float	and	the	tube	wall.	

P2

P1
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a greater amount of gas flows through a given restriction than 
at atmospheric pressure so that the float at a given height on 
the scale indicates more gas flow through the tube than is  
actually occurring. Under these conditions, an uncompensated 
Thorpe tube falsely shows a flow lower than that actually deliv-
ered to the patient.4

In contrast, the scale of the compensated Thorpe tube flow-
meter is calibrated at 50 psig instead of at atmospheric pressure. 
Its flow control needle valve is placed after (distal to) the flow 
tube (see Figure 40-28, B). The entire meter operates at constant 
50-psig pressure. Knowing that the compensated Thorpe tube 
operates at 50 psig helps identify it. When a compensated 
Thorpe tube is connected to a 50-psig gas source with the 
needle valve closed, the float “jumps” and then returns to zero 
as the Thorpe tube is pressurized. Because the entire meter 
operates at constant pressure, an increase in downstream resis-
tance increases pressure distal to the needle valve only. As long 
as the downstream pressure does not exceed 50 psig (in which 
case flow ceases), the position of the float accurately reflects 
actual outlet flow. For this reason, the pressure-compensated 
Thorpe tube is the preferred instrument in most clinical 
situations.

The only factor limiting the use of a pressure-compensated 
Thorpe tube is gravity. Because it is accurate only in an upright 
position, a Thorpe tube is not the ideal choice for patient trans-
port. In these cases, the gravity-independent Bourdon gauge is 
a satisfactory alternative. Figure 40-29 summarizes the effects 
of downstream resistance, or back pressure, on the Bourdon 
gauge and pressure-compensated and uncompensated Thorpe 
tube flow metering devices.

FIGURE 40-28	 Comparison	of	pressure-uncompensated	(A)	and	pressure-compensated	(B)	Thorpe	tube	flowmeters.	In	the	pressure-
uncompensated	flowmeter,	the	flow-control	valve	is	proximal	to	the	meter,	and	the	gauge	records	less	than	the	actual	output.	In	the	
pressure-compensated	flowmeter,	location	of	the	valve	distal	to	the	meter	correlates	the	gauge	reading	with	the	output.	

6 L/min

8 L/min

8 L/min 8 L/min

50 psigA BAtm 50 psig Atm

FIGURE 40-29	 Comparative	accuracy	of	flowmeter	devices	
against	increasing	downstream	pressure	(back	pressure).	With	the	
pressure-compensated	Thorpe	tube,	indicated	flow	equals	actual	
flow,	regardless	of	downstream	pressure.	With	the	uncompensated	
Thorpe	tube,	indicated	flow	is	progressively	lower	than	actual	flow	
as	downstream	pressure	increases.	With	the	Bourdon	gauge,	
indicated	flow	is	progressively	higher	than	actual	flow	as	
downstream	pressure	increases.	(Modified	from	McPherson	SP,	
Spearman	CB:	Respiratory	therapy	equipment,	ed	5,	St	Louis,	
1995,	Mosby.	Modified	from	Puritan-Bennett	Corp,	Los	Angeles,	
California.)
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MINI CLINIC
Selection of Devices to Regulate Gas 
Pressure or Control Flow

PROBLEM:  Three staff RTs are given three separate requests 
to set up O2. (1) Mark has an order to transport Ms. Patel to 
radiology with O2. (2) Carmen needs to set up a pneumatically 
powered ventilator with O2 in the ambulatory clinic (where 
there are no O2 outlets). (3) Monica has to set up O2 therapy 
with a jet nebulizer for a patient in the intensive care unit 
(ICU). What equipment should RT select?
SOLUTIONS: 
1. Because he has to transport a patient using O2, Mark should 

select an E cylinder with an adjustable regulator that 
includes a Bourdon gauge (unaffected by gravity) or an 
integrated O2 cylinder that includes an adjustable flow 
restrictor.

2. Because pneumatically powered ventilators require 50 psig 
and no central outlets are available, Carmen needs a preset 
(50 psig) reducing valve and a large G or H size O2 
cylinder.

3. Because all modern ICUs have central wall outlets for O2, 
Monica need only select a flowmeter with the appropriate 
quick connect. A compensated Thorpe tube is required for 
metering flow through high-resistance equipment such as 
jet nebulizers.

SUMMARY CHECKLIST

◗	All	therapy	gases	must	contain	at	least	20%	O2;	all	such	
gases	support	combustion.

◗	Medical	gases	are	stored	either	in	portable	high-pressure	
cylinders	or	in	large	centralized	bulk	reservoirs.

◗	For	positive	identification	of	the	contents	of	a	medical	gas	
cylinder,	the	label	must	be	carefully	read.

◗	The	pressure	in	a	gas-filled	cylinder	indicates	its	contents;	
the	pressure	in	a	liquid-filled	cylinder	does	not.

◗	To	compute	duration	of	flow	(minutes)	of	a	medical	gas	
cylinder,	multiply	the	cylinder	pressure	(pounds	per	square	
inch)	by	the	cylinder	factor,	and	divide	the	result	by	the	set	
flow	(liters	per	minute).

◗	Gas	supply	systems	provide	gas	at	50	psig	to	outlets	
throughout	a	facility	through	a	network	of	pipes.	Such	a	
system	must	include	both	zone	valves	for	repairs	or	fire	
and	alarms	to	warn	of	failure.

◗	Failure	of	a	bulk	gas	supply	system	can	threaten	the	lives	
of	patients	receiving	O2	therapy	or	being	supported	with	
pneumatically	powered	devices.	A	protocol	must	exist	to	
deal	with	this	emergency.

◗	 Indexed	safety	systems	help	prevent	misconnections	
between	equipment.	The	ASSS	provides	high-pressure	

connections	with	large	cylinders;	the	PISS	does	the	same	
for	small	cylinders;	and	DISS	connections	are	for	low-
pressure	outlets,	typically	50	psig.

◗	A	reducing	valve	is	used	for	reduction	of	gas	pressure.	
A	flowmeter	is	used	for	control	of	gas	flow.	A	regulator	is	
used	for	control	of	both	pressure	and	flow.

◗	A	flow	restrictor	is	used	to	provide	fixed	low	flows	of	O2.	
A	Bourdon	gauge	is	used	to	meter	flow	during	patient	
transport.	A	compensated	Thorpe	tube	is	used	when	
accurate	flows	are	needed	with	high-resistance	
equipment.
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Medical Gas Therapy

ALBERT J. HEUER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	when	oxygen	(O2)	therapy	is	needed.
◆	 Assess	the	need	for	O2	therapy.
◆	 Describe	what	precautions	and	complications	are	associated	with	O2	therapy.
◆	 Select	an	O2	delivery	system	appropriate	for	the	respiratory	care	plan.
◆	 Describe	how	to	administer	O2	to	adults,	children,	and	infants.
◆	 Describe	how	to	identify	and	correct	malfunctions	of	O2	delivery	systems.
◆	 Assess	and	monitor	a	patient’s	response	to	O2	therapy.
◆	 Describe	how	and	when	to	modify	or	recommend	modification	of	O2	therapy.
◆	 Describe	how	to	implement	protocol-based	O2	therapy.
◆	 Identify	the	indications,	complications,	and	hazards	of	hyperbaric	O2	therapy.
◆	 Identify	when	and	how	to	administer	specialty	therapeutic	gases.

CHAPTER OUTLINE

Oxygen Therapy
General	Goals	and	Clinical	Objectives
Clinical	Practice	Guideline
Assessing	the	Need	for	Oxygen	Therapy
Precautions	and	Hazards	of	Supplemental	Oxygen
Oxygen	Delivery	Systems:	Design	and	Performance
Selecting	a	Delivery	Approach
Protocol-Based	Oxygen	Therapy

Hyperbaric Oxygen Therapy

Physiologic	Effects
Methods	of	Administration
Indications
Complications	and	Hazards
Troubleshooting

Other Medical Gas Therapies
Nitric	Oxide	Therapy
Helium-Oxygen	Therapy
Carbon	Dioxide–Oxygen	(Carbogen)	Therapy

KEY TERMS

atmospheric	pressure	absolute	
(ATA)

bronchopneumonia
bronchopulmonary	dysplasia
croup
exudative

heliox	therapy
high-flow	system
high-flow	nasal	cannula	(HFNC)
hyperbaric	oxygen	(HBO)	therapy
low-flow	system

neovascularization
neutral	thermal	environment	(NTE)
nitric	oxide	(NO)
reservoir	system
retinopathy	of	prematurity	(ROP)

G as therapy is the most common mode of respiratory 
care. Most medical gases are drugs. As with any drug, 
in consultation with the physician, respiratory thera-

pists (RTs) recommend a dosage and delivery method for 
medical gases, initiate therapy, monitor the response, and alter 
therapy accordingly in relation to the patient care plan.

OXYGEN THERAPY

There is general agreement among clinicians about the proper 
use of O2 therapy.1-4 However, as the primary member of the 
health care team responsible for O2 administration, the RT must 
be well versed in all aspects of its use in clinical practice.
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Assessing the Need for  
Oxygen Therapy

There are three basic ways to determine whether a patient needs 
O2 therapy. The first is the use of laboratory measures to docu-
ment hypoxemia. Second, a patient’s need for O2 therapy can 
be based on the specific clinical problem or condition. Third, 
hypoxemia has many manifestations, such as tachypnea, tachy-
cardia, cyanosis, and distressed overall appearance, and there-
fore bedside assessment can identify such a need.

Laboratory measures for documenting hypoxemia include 
hemoglobin saturation and partial pressure of oxygen (PO2), as 
determined by either invasive or noninvasive means (see 
Chapter 19). Threshold criteria defining hypoxemia with these 
measures are described in the AARC clinical practice guideline 
(see Clinical Practice Guideline 41-1).2

O2 therapy is needed for patients with disorders associated 
with hypoxemia. Examples are postoperative patients; patients 
with carbon monoxide or cyanide poisoning, shock, trauma, or 
acute myocardial infarction; and some premature infants.1,2,8

Careful bedside physical assessment can disclose a patient’s 
need for O2 therapy. Table 41-1 summarizes the common respi-
ratory, cardiovascular, and neurologic signs used in the detec-
tion of hypoxia. This information can be combined with more 
quantitative measures such as arterial blood gas results to 
confirm the need for supplemental O2.

Precautions and Hazards of 
Supplemental Oxygen

Excerpts from the relevant AARC clinical practice guidelines 
(see Clinical Practice Guideline 41-1) outline the major precau-
tions and hazards associated with administration of supple-
mental O2.

2 Five of these hazards are common enough to 
warrant additional discussion.

General Goals and Clinical Objectives

The overall goal of O2 therapy is to maintain adequate tissue 
oxygenation, while minimizing cardiopulmonary work. Clinical 
objectives for O2 therapy are the following:
• Correct documented or suspected acute hypoxemia
• Decrease symptoms associated with chronic hypoxemia
• Decrease the workload hypoxemia imposes on the cardio-

pulmonary system

Correcting Hypoxemia
O2 therapy corrects hypoxemia by increasing alveolar and blood 
levels of O2. Correction of hypoxemia is the most tangible 
objective of O2 therapy and the easiest to measure and 
document.

Decreasing Symptoms of Hypoxemia
In addition to relieving hypoxemia, O2 therapy can help relieve 
the symptoms associated with certain lung disorders, including 
dyspnea.5 O2 therapy also may improve mental function among 
patients with chronic hypoxemia.6

Minimizing Cardiopulmonary Workload
The cardiopulmonary system compensates for hypoxemia by 
increasing ventilation and cardiac output. In cases of acute 
hypoxemia, supplemental O2 can decrease demands on both the 
heart and the lungs. Patients with hypoxemia breathing air can 
achieve acceptable arterial oxygenation only by increasing ven-
tilation. Increased ventilatory demand increases the work of 
breathing. In these cases, O2 therapy can reduce both the high 
ventilatory demand and the work of breathing.

Patients with arterial hypoxemia can maintain acceptable 
tissue oxygenation only by increasing cardiac output. Because 
O2 therapy increases blood O2 content, the heart does not have 
to pump as much blood per minute to meet tissue demands. 
This reduced workload is particularly important when the heart 
is already stressed by disease or injury, as in myocardial infarc-
tion, sepsis, or trauma.

Hypoxemia causes pulmonary vasoconstriction and pulmo-
nary hypertension. Pulmonary vasoconstriction and hyperten-
sion increase workload on the right side of the heart. For 
patients with chronic hypoxemia, this increased workload over 
the long-term can lead to right ventricular failure (cor pulmo-
nale). O2 therapy can reverse pulmonary vasoconstriction and 
decrease right ventricular workload.7

Clinical Practice Guideline

To guide practitioners in safe and effective patient care, the 
American Association for Respiratory Care (AARC) has devel-
oped and published clinical practice guidelines for O2 therapy. 
Excerpts from the AARC guideline on O2 therapy in acute care 
hospitals appear in Clinical Practice Guideline 41-1.2 Addi-
tional AARC guidelines for O2 therapy in the home or an 
extended care facility3 and for selection of O2 delivery devices 
for neonatal and pediatric patients4 are provided in Chapters 
53 and 56.

TABLE 41-1 

Clinical Signs of Hypoxia

Finding Mild to Moderate Severe

Respiratory Tachypnea Tachypnea
Dyspnea Dyspnea
Paleness Cyanosis

Cardiovascular Tachycardia Tachycardia,	eventual	
bradycardia,	arrhythmia

Mild	hypertension,	
peripheral	
vasoconstriction

Hypertension	and	
eventual	hypotension

Neurologic Restlessness Somnolence
Disorientation Confusion
Headaches Distressed	appearance
Lassitude Blurred	vision

Tunnel	vision
Loss	of	coordination
Impaired	judgment
Slow	reaction	time
Manic-depressive	activity
Coma
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41-1	 Oxygen	Therapy

AARC Clinical Practice Guideline (Excerpts)

■ INDICATIONS
•	 Documented	hypoxemia	as	evidenced	by

•	 PaO2	less	than	60	mm	Hg	or	SaO2	less	than	90%	in	
subjects	breathing	room	air

•	 PaO2	or	SaO2	below	desirable	range	for	a	specific	clinical	
situation

•	 Acute	care	situations	in	which	hypoxemia	is	suspected
•	 Severe	trauma
•	 Acute	myocardial	infarction
•	 Short-term	therapy	or	surgical	intervention	(e.g.,	

postanesthesia	recovery)

■ CONTRAINDICATIONS
•	 With	a	few	exceptions,	no	specific	contraindications	to	O2	

therapy	exist	when	indications	are	present.
•	 Certain	delivery	devices	are	contraindicated,	such	as	nasal	

cannulas	and	nasopharyngeal	catheters	in	pediatric	and	
neonatal	patients	with	nasal	obstruction.

■ PRECAUTIONS AND/OR POSSIBLE 
COMPLICATIONS
•	 PaO2	greater	than	or	equal	to	60	mm	Hg;	ventilator	

depression	may	occur	rarely	in	spontaneously	breathing	
patients	with	elevated	PaCO2

•	 With	FiO2	greater	than	0.5,	absorption	atelectasis,	O2	toxicity,	
or	depression	of	ciliary	or	leukocyte	function	may	occur

•	 In	premature	infants,	PaO2	greater	than	80	mm	Hg	may	
contribute	to	retinopathy	of	prematurity

•	 In	infants	with	certain	congenital	heart	lesions	such	as	
hypoplastic	left	heart	syndrome,	high	PaO2	can	
compromise	the	balance	between	pulmonary	and	systemic	
blood	flow

•	 In	infants,	O2	flow	directed	at	the	face	may	stimulate	an	
alteration	in	respiratory	pattern

•	 Increased	FiO2	can	worsen	lung	injury	in	patients	with	
paraquat	poisoning	or	patients	receiving	bleomycin

•	 During	laser	bronchoscopy	or	tracheostomy,	minimal	FiO2	
should	be	used	to	avoid	intratracheal	ignition

•	 Fire	hazard	increased	in	the	presence	of	high	FiO2

•	 Bacterial	contamination	can	occur	when	nebulizers	or	
humidifiers	are	used

■ ASSESSMENT OF NEED
Need	is	determined	by	measurement	of	inadequate	PaO2	or	
SaO2,	or	both,	by	invasive	or	noninvasive	methods	and	the	
presence	of	clinical	indicators.

■ ASSESSMENT OF OUTCOME
Outcome	is	determined	by	clinical	and	physiologic	assessment	
to	establish	adequacy	of	patient	response	to	therapy.

■ MONITORING
Patient
•	 Clinical	assessment	including	but	not	limited	to	cardiac,	

pulmonary,	and	neurologic	status
•	 Assessment	of	physiologic	parameters	(PaO2,	SaO2,	SpO2)	

in	any	patient	treated	with	O2	(consider	need	or	indication	
to	adjust	FiO2	for	increased	levels	of	activity	and	exercise)	in	
conjunction	with	the	initiation	of	therapy	or
•	 Within	12	hours	of	initiation	with	FiO2	less	than	0.40
•	 Within	8	hours	with	FiO2	of	0.40	or	greater	(including	

postanesthesia	recovery)
•	 Within	72	hours	in	acute	myocardial	infarction
•	 Within	2	hours	for	any	patient	with	principal	diagnosis	of	

COPD
•	 Within	1	hour	for	the	neonate

•	 Appropriate	O2	therapy	use	protocol	is	suggested	as	a	
method	to	decrease	waste	and	to	realize	increased	cost	
savings

Equipment
•	 All	O2	delivery	systems	should	be	checked	at	least	once	

per	day
•	 More	frequent	checks	by	calibrated	analyzer	are	necessary	

in	systems
•	 Susceptible	to	variation	in	FiO2	(e.g.,	hood,	high-flow	

blending	systems)
•	 Applied	to	patients	with	artificial	airways
•	 Delivering	a	heated	gas	mixture
•	 Applied	to	patients	who	are	clinically	unstable	or	who	

require	FiO2	greater	than	0.50
•	 Equipment	supplying	supplemental	O2	to	newborn	or	

premature	infants

For complete guidelines, see American Association for Respiratory Care: Clinical practice guideline: selection of an oxygen delivery device for neonatal and 
pediatric patients, Respir Care 47:707, 2002; and American Association for Respiratory Care: Clinical practice guideline: oxygen therapy for adults in the acute 
care facility, Respir Care 47:717, 2002.

Oxygen Toxicity
O2 toxicity primarily affects the lungs and the central nervous 
system (CNS).9-11 Two primary factors determine the harmful 
effects of O2: PO2 and exposure time (Figure 41-1). The higher 
the PO2 and the longer the exposure, the greater the likelihood 
of damage. Effects on the CNS, including tremors, twitching, 
and convulsions, tend to occur only when a patient is breathing 
O2 at pressures greater than 1 atm (hyperbaric pressure). Pul-
monary effects can also occur with enriched O2 environments 
at normal atmospheric pressures.

Table 41-2 summarizes the physiologic response to breathing 
100% O2 at sea level. A patient exposed to a high PO2 for a 
prolonged period has signs similar to bronchopneumonia. 
Patchy infiltrates appear on chest radiographs and usually are 
most prominent in the lower lung fields.

Exposure to high PO2 first damages the capillary endothe-
lium. Interstitial edema follows and thickens the alveolar-
capillary membrane. If the process continues, type I alveolar 
cells are destroyed, and type II cells proliferate. An exudative 
phase follows, resulting from alveolar fluid buildup, which leads 
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damage provokes an immune response and causes tissue infil-
tration by neutrophils and macrophages. These scavenger cells 
release inflammatory mediators that worsen the initial injury. 
At the same time, local neutrophils and platelets may release 
more free radicals, which continue the process.

Exactly how much O2 is safe is the subject of debate (see the 
following Rule of Thumb). Results of most studies indicate that 
adults can breathe up to 50% for extended periods without 
major lung damage.12 Rather than applying strict cutoffs, the 
goal always should be to use the lowest possible FiO2 to achieve 
adequate tissue oxygenation.13

to a low ventilation/perfusion ratio, physiologic shunting,  
and hypoxemia. In the end stages, hyaline membranes form in 
the alveolar region, and pulmonary fibrosis and hypertension 
develop.

As the lung injury worsens, blood oxygenation deteriorates. 
If this progressive hypoxemia is managed with additional O2, 
the toxic effects worsen (Figure 41-2). However, if the patient 
can be kept alive while fractional inspired oxygen concentration 
(FiO2) is decreased, the pulmonary damage sometimes resolves.

The toxicity of O2 is caused by overproduction of O2 free 
radicals. O2 free radicals are by-products of cellular metabolism. 
If unchecked, these radicals can severely damage or kill cells.9

In the presence of high PO2, free radicals can overwhelm the 
body’s normal antioxidant system and cause cell damage. Cell 

FIGURE 41-1	 Relationship	between	PO2	and	exposure	time	
causing	O2	toxicity.	
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TABLE 41-2 

Physiologic Responses of Healthy Individuals to 
Exposure to 100% Inspired Oxygen

Exposure Time (hr) Physiologic Response

0-12 Normal	pulmonary	function
Tracheobronchitis
Substernal	chest	pain

12-24 Decreasing	vital	capacity
25-30 Decreasing	lung	compliance

Increasing	P(A-a)O2

Decreasing	exercise	PO2

30-72 Decreasing	diffusing	capacity

FIGURE 41-2	 The	vicious	circle	that	can	occur	in	managing	
hypoxemia	with	high	FiO2.	High	FiO2	can	be	toxic	to	the	lung	
parenchyma	and	cause	further	physiologic	shunting.	Increased	
shunting	worsens	the	hypoxemia,	necessitating	higher	FiO2.	
(Modified	from	Flenley	DC:	Long-term	oxygen	therapy—state	of	the	
art.	Respir	Care	28:876,	1983.)
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RULE OF THUMB

Avoiding Oxygen Toxicity
Limit	patient	exposure	to	100%	O2	to	less	than	24	
hours	whenever	possible.	High	FiO2	is	acceptable	if	the	
concentration	can	be	decreased	to	70%	within	2	days	
and	50%	or	less	in	5	days.

Because	the	growing	lung	may	be	more	sensitive	to	
O2,	more	caution	is	needed	with	infants.	High	PO2	also	
is	associated	with	retinopathy	of	prematurity	(ROP)	and	
bronchopulmonary	dysplasia	in	infants.

Regardless	of	approach,	supplemental	O2	never	
should	be	withheld	from	hypoxic	patients.	Although	the	
toxic	effects	of	high	O2	concentrations	can	be	serious,	
it	is	not	FiO2	but	rather	PO2	that	results	in	such	harmful	
effects.	If	a	patient	needs	a	high	FiO2	to	maintain	
adequate	tissue	O2,	the	patient	should	receive	it.

Depression of Ventilation
When breathing moderate to high O2 concentrations, a very 
small percentage of patients with COPD and chronic hypercap-
nia may ventilate less.14 Decreases in ventilation of nearly 20% 
have been observed in these patients with accompanying eleva-
tions in arterial partial pressure of carbon dioxide (PaCO2) of 
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Because premature infants often need supplemental O2, the 
risk of ROP poses a serious management problem. The Ameri-
can Academy of Pediatrics recommends keeping arterial PO2 in 
an infant less than 80 mm Hg as the best way to minimize the 
risk of ROP.8

Absorption Atelectasis
FiO2 greater than 0.50 presents a significant risk of absorption 
atelectasis.20 Nitrogen normally is the most plentiful gas in both 
the alveoli and the blood. Breathing high levels of O2 quickly 
depletes body nitrogen levels. As blood nitrogen levels decrease, 
the total pressure of venous gases rapidly decreases. Under these 
conditions, gases that exist at atmospheric pressure within any 
body cavity rapidly diffuse into the venous blood. This principle 
is used for removing trapped air from body cavities. Giving 
patients high levels of O2 can help clear trapped air from the 
abdomen or thorax.

This same phenomenon can cause lung collapse, especially 
if the alveolar region becomes obstructed (Figure 41-3). Under 
these conditions, O2 rapidly diffuses into the blood (see Figure 
41-3, A). With no source for repletion, the total gas pressure in 
the alveolus progressively decreases until the alveolus collapses. 
Because collapsed alveoli are perfused but not ventilated, 
absorption atelectasis increases the physiologic shunt and 
worsens blood oxygenation.20

The likelihood of absorption atelectasis is greatest when 
present with other risk factors associated with low tidal volumes 
such as sedation, surgical pain, or CNS dysfunction. In these 
cases, poorly ventilated alveoli may become unstable when they 
lose O2 faster than it can be replaced. The result is a more 

20 to 23 mm Hg.15 However, this hypoventilation is not typical 
of patients with COPD and appropriate management of hypox-
emia with supplemental O2 should never be avoided in them.

The primary reason some patients with COPD hypoventilate 
when given O2 is most likely suppression of the hypoxic drive. 
In these patients, the normal response to high partial pressure 
of carbon dioxide (PCO2) is blunted, the primary stimulus to 
breathe being lack of O2 as sensed by the peripheral chemore-
ceptors. The increase in the blood O2 level in these patients 
suppresses peripheral chemoreceptors, depresses ventilatory 
drive, and elevates the PCO2.

16,17 High blood O2 levels may 
disrupt the normal ventilation/perfusion balance and cause an 
increase in dead space-to-tidal volume ratio (VD/VT) and in 
PaCO2.

18

Retinopathy of Prematurity
Retinopathy of prematurity (ROP), also called retrolental fibro-
plasia, is an abnormal eye condition that occurs in some pre-
mature or low-birth-weight infants who receive supplemental 
O2. An excessive blood O2 level causes retinal vasoconstriction, 
which leads to necrosis of the blood vessels. In response, new 
vessels form and increase in number. Hemorrhage of these deli-
cate new vessels causes scarring behind the retina. Scarring 
often leads to retinal detachment and blindness.19 ROP most 
often affects neonates up to approximately 1 month of age, by 
which time the retinal arteries have sufficiently matured. Exces-
sive O2 is not the only factor associated with ROP; other factors 
associated with ROP include hypercapnia, hypocapnia, intra-
ventricular hemorrhage, infection, lactic acidosis, anemia, 
hypocalcemia, and hypothermia.

FIGURE 41-3	 The	development	of	atelectasis	beyond	blocked	airways	when	breathing	of	100%	O2	(A)	and	room	air	(B).	In	each	case,	
the	sum	of	the	gas	pressures	in	mixed	venous	blood	(pulmonary	artery)	is	less	than	in	the	alveoli.	The	pressure	gradient	is	much	greater	
when	breathing	100%	O2	(A),	causing	more	rapid	diffusion	from	the	alveoli.	Note:	The	gas	pressures	in	the	room	air	alveolus	will	change	
slightly	over	time,	but	the	total	will	remain	close	to	760	mm	Hg.	
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individual capabilities.22 O2 delivery devices traditionally are 
categorized by design. Three basic designs exist: low-flow 
systems, reservoir systems, and high-flow systems. Enclosures 
are commonly identified as a fourth category. The design  
categories share functional characteristics, capabilities, and 
limitations.

Although design plays an important role in the selection of 
these devices, clinical performance ultimately determines how 
the device is used. The user judges the performance of an O2 
delivery system by answering two key questions: (1) How much 
O2 can the system deliver (FiO2 or FiO2 range)? (2) Does the 
delivered FiO2 remain fixed or vary under changing patient 
demands?22

Regarding the FiO2 range, O2 systems can be broadly divided 
into systems designed to deliver a low (<35%), moderate (35% 
to 60%), or high (>60%) O2 concentration. Some designs can 
deliver O2 across the full range of concentrations (21% to 
100%).

Whether a device delivers a fixed or variable FiO2 depends 
on how much of the patient’s inspired gas it supplies. If the 
system provides all of the patient’s inspired gas, FiO2 remains 
stable. If the device provides only some of the inspired gas, the 
patient must draw the remainder from the surrounding air. In 
this case, the more the patient breathes, the more air dilutes the 
delivered O2, and FiO2 is lower. If the patient breathes less with 
this type of device, less air dilutes the O2, and FiO2 increases. A 
system that supplies only a portion of the inspired gas always 
provides a variable FiO2.

23 FiO2 supplied with such systems can 
vary widely from minute to minute and even from breath to 
breath.

Figure 41-4 shows these concepts as applied to low-flow, 
reservoir, and high-flow systems. With the low-flow system (see 
Figure 41-4, A) the patient’s inspiratory flow often exceeds the 
flow delivered by the device; the result is air dilution (shaded 

gradual shrinking of the alveoli that may lead to complete col-
lapse, even when the patient is not breathing supplemental O2 
(see Figure 41-3, B).

Fire Hazard
Despite numerous preventive measures, fires involving enriched 
O2 environments continue to occur in health care facilities. Fires 
seem to pose the greatest risk in operating rooms and in associa-
tion with selected respiratory procedures. During surgery and 
procedures such as tracheotomies, electronic scalpels and 
similar devices are often used while the patient is receiving 
supplemental O2. To complicate matters, even higher O2 con-
centrations may exist under surgical drapes.21 Other situations 
associated with increased fire risk involve home care patients 
smoking while receiving low-flow O2 and the use of aluminum 
O2 regulators. Additionally, hyperbaric oxygen (HBO) therapy 
or therapy at increased atmospheric pressures (discussed later 
in this chapter) often involves the administration of supple-
mental O2 and greatly increases fire risk.

Some simple strategies can be used to reduce the fire risk in 
health care facilities. Effectively managing the fire triangle of O2, 
heat, and fuel is key. An essential component is always using the 
lowest effective FiO2 for a given clinical situation. In addition, 
using scavenging systems to minimize O2 buildup beneath 
sterile drapes during surgery or while performing tracheosto-
mies can help reduce fire risk. Educating clinicians, patients, 
and caregivers on safe O2 use is also important. Additionally, 
fire prevention protocols for HBO therapy should be strictly 
followed.21

Oxygen Delivery Systems: Design  
and Performance

Proper device selection requires in-depth knowledge of both 
the general performance characteristics of these systems and the 

FIGURE 41-4	 Differences	between	O2	delivery	systems.	A,	Low-flow	device.	B,	High-flow	device.	C,	Reservoir	device.	
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FIGURE 41-5	 Nasal	cannula.	

Right nasal prong

Left nasal prong

Delivery tube Restraining band

FIGURE 41-6	 Placement	of	nasal	catheter	in	the	nasopharynx.	

Uvula

Catheter tip placed
behind uvula

areas). The greater the patient’s inspiratory flow, the more air 
is breathed, and FiO2 is lower. The high-flow system (see Figure 
41-4, B) always exceeds the patient’s flow and provides a fixed 
FiO2. A fixed FiO2 can be achieved with a reservoir system (see 
Figure 41-4, C), which stores a reserve volume (flow × time) 
that equals or exceeds the patient’s tidal volume. For a reservoir 
system to provide a fixed FiO2, the reservoir volume must always 
exceed the patient’s tidal volume, and there cannot be any air 
leaks in the system. Table 41-3 outlines the general specifica-
tions for the common O2 therapy systems in current use.

Low-Flow Systems
Typical low-flow systems provide supplemental O2 directly to 
the airway at a flow of 8 L/min or less. Because the inspiratory 
flow of a healthy adult exceeds 8 L/min, the O2 provided by a 
low-flow device is always diluted with air; the result is a low and 
variable FiO2. Low-flow O2 delivery systems include nasal 
cannula, nasal catheter, and transtracheal catheter.

Nasal Cannula. A nasal cannula is a disposable plastic 
device consisting of two tips or prongs approximately 1 cm long 
that are connected to several feet of small-bore O2 supply tubing 
(Figure 41-5). The user inserts the prongs directly into the 
vestibule of the nose while attaching the supply tubing either 
directly to a flowmeter or to a bubble humidifier. In most cases, 
a humidifier is used only when the input flow is greater than 
4 L/min.2 However, flows greater than 6 to 8 L/min can cause 
patient discomfort.22 Cannulas should not be used in newborns 
and infants if their nasal passages are obstructed, and flows 
generally should be limited to 2 L/min unless a specialized 
high-flow cannula system, discussed later in this chapter, is 
being used.2 Table 41-3 lists the FiO2 range, FiO2 stability, 
advantages, disadvantages, and best use of a nasal cannula.

Nasal Catheter. The use of nasal catheters is generally 
limited to short-term O2 administration during specialized pro-
cedures such as a bronchoscopy. A nasal catheter is a soft plastic 
tube with several small holes at the tip that is inserted by gently 
advancing it along the floor of either nasal passage and visual-
izing it just behind and above the uvula (Figure 41-6). Once in 
position, the catheter is taped to the bridge of the nose. If direct 
visualization is impossible, the catheter may be blindly inserted 
to a depth equal to the distance from the nose to the earlobe.

When placed too deep, the catheter can provoke gagging or 
swallowing of gas, which increases the likelihood of aspiration. 
In general, a nasal catheter should be replaced with a new one 
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to 45% cited in Table 41-3 is based on 8 L/min as the upper 
limit of comfortable flow. These wide FiO2 ranges occur because 
the O2 concentration delivered by a low-flow system varies with 
the amount of air dilution. The amount of air dilution depends 
on several patient and equipment variables. Table 41-4 sum-
marizes these key variables and how they affect FiO2 provided 
by low-flow systems.

Simple formulas exist for estimating FiO2 provided by low-
flow systems (see the accompanying Rule of Thumb). Given the 
large number of variables affecting FiO2, however, the RT can 
never know precisely how much O2 a patient is receiving with 
these systems. Without knowing the patient’s exact FiO2, the RT 
must rely on assessing the actual response to O2 therapy.

(placed in the opposite naris) at least every 8 hours. Nasal cath-
eters are inappropriate for neonatal patients. As a result of these 
notable limitations, nasal catheters are rarely used today.4

Transtracheal Catheter. A transtracheal O2 catheter is a 
thin polytetrafluoroethylene (Teflon) catheter inserted into the 
trachea between the second and third tracheal rings (Figure 
41-7), secured by a chain necklace. Standard tubing connected 
directly to a flowmeter provides the O2 source flow.24, 25 Because 
flow is so low, no humidifier is needed.

Because the transtracheal catheter resides directly in the 
trachea, O2 builds up both there and in the upper airway during 
expiration. This process effectively expands the anatomic reser-
voir and increases the FiO2 at any given flow. Compared with a 
nasal cannula, a transtracheal catheter needs about half of the 
O2 flow to achieve a given arterial partial pressure of oxygen 
(PaO2).25 This reduced flow can be of great economic and prac-
tical benefit to patients needing continuous long-term O2 
therapy because it can greatly increase the duration of flow of 
portable O2 systems. Transtracheal O2 therapy can pose prob-
lems and risks, however, and these devices have not received 
widespread acceptance. Chapter 56 provides some additional 
details on maintaining transtracheal O2 set-ups. Table 41-3 lists 
the FiO2 range, FiO2 stability, advantages, disadvantages, and 
best use of a transtracheal catheter.

Performance Characteristics  
of Low-Flow Systems
Low-flow nasal systems provide O2 concentrations ranging 
from 22% at 1 L/min to 60% at 15 L/min.2,3,22 The range of 22% 

FIGURE 41-7	 Transtracheal	O2	catheter.	

TABLE 41-4 

Variables Affecting FiO2 of Low-Flow 
Oxygen Systems

Increases FiO2 Decreases FiO2

Higher	O2	input Lower	O2	input
Mouth-closed	breathing* Mouth-open	breathing*
Low	inspiratory	flow High	inspiratory	flow
Low	tidal	volume High	tidal	volume
Slow	rate	of	breathing Fast	rate	of	breathing
Small	minute	ventilation Large	minute	ventilation
Long	inspiratory	time Short	inspiratory	time
High	I	:	E	ratio Low	I	:	E	ratio

I:E,	Inspiratory/expiratory.
*Cannula	only.

	

RULE OF THUMB

Estimating FiO2 Provided by 
Low-Flow Systems
For	patients	with	a	normal	rate	and	depth	of	breathing,	
each	1	L/min	of	nasal	O2	increases	FiO2	approximately	
4%.	For	example,	a	patient	using	a	nasal	cannula	at	
4	L/min	has	an	estimated	FiO2	of	approximately	37%	
(21	+	16).

Troubleshooting Low-Flow Systems
Common problems with low-flow O2 delivery systems include 
inaccurate flow, system leaks and obstructions, device displace-
ment, and skin irritation. The problem of inaccurate flow is 
greatest when low-flow flowmeters (≤3 L/min) are used. Given 
the trend toward assessment of outcome of O2 therapy (with 
either blood gases or pulse oximetry), ensuring the absolute 
accuracy of O2 input flow generally is not essential. Nonetheless, 
similar to all respiratory care equipment, flowmeters should be 
subjected to regular preventive maintenance and testing for 
accuracy. Equipment that fails preventive maintenance stan-
dards should be removed from service and repaired or replaced. 
Table 41-5 provides guidance on troubleshooting the most 
common clinical problems with nasal cannulas.
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through the nose (this reopens or resets the reservoir mem-
brane). In addition, exhalation through pursed lips may impair 
performance, especially during exercise. For these reasons, pre-
scribed flow settings should be individually determined by 
clinical assessment, including SaO2 monitoring.26

The low flow at which the reservoir cannula operates makes 
humidification unnecessary. Excess moisture can hinder proper 
action of the reservoir membrane.26 Even regular use can cause 
membrane wear. For this reason, patients should replace the 
reservoir cannula approximately every 3 weeks.

Reservoir Masks. Masks are the most commonly used 
reservoir systems. There are three types of reservoir masks:  
(1) simple mask, (2) partial rebreathing mask, and (3) nonre-
breathing mask. Table 41-3 lists the FiO2 range, FiO2 stability, 
advantages, disadvantages, and best use of each of these devices.

TABLE 41-5 

Troubleshooting Common Problems With a Nasal 
Oxygen Cannula

Problem or Clue Cause Solution

No	gas	flow	can	
be	felt	coming	
from	the	cannula

Flowmeter	not	on
System	leak

Adjust	flowmeter
Check	connections

Humidifier	pop-off	
is	sounding

Obstruction	distal	to	
humidifier

Find	and	correct	the	
obstruction

Flow	is	set	too	high Use	alternative	device
Obstructed	naris Use	alternative	device

Patient	reports	
soreness	over	lip	
or	ears

Irritation	or	
inflammation	
caused	by	
appliance	straps

Loosen	straps
Place	cotton	balls	at	

pressure	points
Use	a	different	device

Mouth	breathing Habitual	mouth	
breathing,	blocked	
nasal	passages

Switch	to	simple	
mask	or	venturi	
mask

FIGURE 41-8	 Reservoir	cannula.	

Reservoir Systems
Reservoir systems incorporate a mechanism for gathering and 
storing O2 between patient breaths. Patients draw on this reserve 
supply whenever inspiratory flow exceeds O2 flow into the 
device. Because air dilution is reduced, reservoir devices gener-
ally provide higher FiO2 than low-flow systems. Reservoir 
devices can decrease O2 use by providing FiO2 comparable with 
nonreservoir systems but at lower flow. Reservoir systems cur-
rently in use include reservoir cannulas, masks, and nonre-
breathing circuits. In principle, enclosure systems, such as tents 
and hoods, operate as reservoirs surrounding the head or body.

Reservoir Cannula. Reservoir cannulas are designed to 
conserve O2 and are an alternative to the pulse-dose or demand-
flow O2 systems described in Chapter 56. There are two types 
of reservoir cannula: nasal reservoir and pendant reservoir. 
Table 41-3 lists the FiO2 range, FiO2 stability, advantages, disad-
vantages, and best use of a reservoir cannula.

A nasal reservoir cannula operates by storing approximately 
20 ml of O2 in a small membrane reservoir during exhalation 
(Figure 41-8). The patient draws on this stored O2 during early 
inspiration. The amount of O2 available increases with each 
breath and decreases the flow needed for a given FiO2. Although 
the device is comfortable to wear, many patients object to its 
appearance and may not always comply with prescribed therapy.

The pendant reservoir system helps overcome esthetic con-
cerns by hiding the reservoir under the patient’s clothing on the 
anterior chest wall (Figure 41-9). Although the device is less 
visible, the extra weight of the pendant can cause ear and facial 
discomfort.

At low flow, reservoir cannulas can reduce O2 use 50% to 
75%. A patient at rest who needs 2 L/min through a standard 
cannula to achieve an arterial oxygen saturation (SaO2) greater 
than 90% may need only 0.5 L/min through a reservoir cannula 
to achieve the same blood oxygenation.26 Although flow savings 
is predictable, factors such as nasal anatomy and breathing 
pattern can affect the performance of the device. For these 
devices to function properly at low flow, patients must exhale 

FIGURE 41-9	 Pendant	reservoir	cannula.	
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volume acts as dead space and causes carbon dioxide (CO2) 
rebreathing.27

Because air dilution easily occurs during inspiration through 
its ports and around its body, a simple mask provides a variable 
FiO2. How much FiO2 varies depends on the O2 input flow, the 
mask volume, the extent of air leakage, and the patient’s breath-
ing pattern.28

As shown in Figure 41-11, a partial rebreathing mask and a 
nonrebreathing mask have a similar design. Each has a 1-L flex-
ible reservoir bag attached to the O2 inlet. Because the bag 
increases the reservoir volume, both masks provide higher FiO2 
capabilities than a simple mask. The key difference between 
these designs is the use of valves. A partial rebreathing mask has 
no valves (see Figure 41-11, A). During inspiration, source O2 
flows into the mask and passes directly to the patient. During 
exhalation, source O2 enters the bag. However, because no 
valves separate the mask and the bag, some of the patient’s 
exhaled gas also enters the bag (approximately the first third). 
Because it comes from the anatomic dead space, the early 
portion of exhaled gas contains mostly O2 and little CO2. As the 
bag fills with both O2 and dead space gas, the last two-thirds of 
exhalation (high in CO2) escapes out the exhalation ports of the 
mask. As long as the O2 input flow keeps the bag from collapsing 
more than about one-third during inhalation, CO2 rebreathing 
is negligible.

Although it can provide a higher FiO2 than a simple mask 
(see Table 41-3), a standard disposable partial rebreathing mask 
is subject to considerable air dilution. The result is delivery of 
a moderate but variable FiO2 dependent on the same factors as 
with a simple mask.FIGURE 41-10	 Simple	O2	mask.	

Exhalation ports

Oxygen inlet

FIGURE 41-11	 A,	Partial	rebreathing	mask.	B,	Nonrebreathing	mask.	

Valves

Reservoir bag

A B

Reservoir bag

A simple mask is a disposable plastic unit designed to cover 
both the mouth and the nose (Figure 41-10). The body of the 
mask itself gathers and stores O2 between patient breaths. The 
patient exhales directly through open holes or ports in the mask 
body. If O2 input flow ceases, the patient can draw in air through 
these holes and around the mask edge.

The input flow range for an adult simple mask is 5 to 10 L/
min. Generally, if flow greater than 10 L/min is needed for 
satisfactory oxygenation, use of a device capable of a higher 
FiO2 should be considered. At a flow less than 5 L/min, the mask 



 Medical Gas Therapy • CHAPTER 41 917

with one-way valves. A valved T-tube also can be used in the 
care of a patient with an endotracheal or a tracheostomy tube.

Troubleshooting Reservoir Systems. Common problems 
with reservoir masks include device displacement, system leaks 
and obstructions, improper flow adjustment, and skin irrita-
tion. Table 41-6 provides guidance on troubleshooting the most 
common clinical problems with reservoir masks.

High-Flow Systems
High-flow systems supply a given O2 concentration at a flow 
equaling or exceeding the patient’s peak inspiratory flow. An 
air-entrainment or a blending system is used. As long as the 
delivered flow exceeds the patient’s flow, both systems can 
ensure a fixed FiO2. The accompanying Rule of Thumb can help 
determine which devices truly qualify as high-flow systems.

A nonrebreathing mask, which is much more commonly 
used than a partial rebreathing mask, prevents rebreathing with 
one-way valves (see Figure 41-11, B). An inspiratory valve sits 
on top of the bag, and expiratory valves cover the exhalation 
ports on the mask body. During inspiration, slight negative 
mask pressure closes the expiratory valves, preventing air dilu-
tion. At the same time, the inspiratory valve on top of the bag 
opens, providing O2 to the patient. During exhalation, valve 
action reverses the direction of flow. Slight positive pressure 
closes the inspiratory valve, which prevents exhaled gas from 
entering the bag. Concurrently, the one-way expiratory valves 
open and divert exhaled gas out to the atmosphere.

Because it is a closed system, a leak-free nonrebreathing 
mask with competent valves and enough flow to prevent more 
than one-third bag collapse during inspiration can deliver 100% 
source gas. As indicated in Table 41-3, however, modern dispos-
able nonrebreathing masks normally do not provide much 
more than approximately 70% O2.

22

Large air leaks which occur both around the mask body and 
through the open (nonvalved) exhalation port can pose a 
problem. This open exhalation port is a common safety feature 
designed to allow air breathing if the O2 source fails, but can 
result in air dilution (leakage) and a variable FiO2 whenever 
inspiratory flow or volume are high.

Nonrebreathing Reservoir Circuit. A nonrebreathing 
circuit operates with the same design principles as a nonre-
breathing mask. Although the nonrebreathing circuit requires 
an elaborate combination of equipment and supplies, it can be 
more versatile than a nonrebreathing mask because it provides 
a full range of FiO2 (21% to 100%) and can be used for both 
intubated and nonintubated patients.22 As shown in Figure 
41-12, a typical nonrebreathing circuit incorporates a blending 
system to premix air and O2. The gas mixture is warmed and 
humidified, ideally with a servo-controlled heated humidifier. 
Gas flows through large-bore tubing into an inspiratory volume 
reservoir, which includes a fail-safe inlet valve. The patient 
breathes through a closed airway appliance, in this case, a mask 

FIGURE 41-12	 Nonrebreathing	reservoir	circuit	with	a	valved	
face	mask.	Reservoir	bag	in	combination	with	high-flow	(0	to		
100	L/min)	flowmeters	ensures	delivery	of	set	FiO2.	(Modified	from	
Foust	GN,	Potter	WA,	Wilons	MD,	et	al:	Shortcomings	of	using		
two	jet	nebulizers	in	tandem	with	an	aerosol	face	mask	for	optimal	
oxygen	therapy,	Chest	99:1346,	1991.)

Blender

60 1 pm60 1 pm

Reservoir
bag

One-way
valves

B C

Fail-safe
valve

Humidifier

H2O

TABLE 41-6 

Troubleshooting Common Problems With Reservoir Masks

Problem or Clue Cause Solution

Patient	constantly	removes	mask Claustrophobia Use	alternative	device
Confusion Restrain	patient

No	gas	flow	can	be	detected Flowmeter	not	on Adjust	flowmeter
System	leak Check	connections

Humidifier	pop-off	is	sounding Obstruction	distal	to	humidifier Find	and	correct	obstruction
High	input	flow Omit	humidifier	if	therapy	is	short-term
Jammed	inspiratory	valve Fix	or	replace	valve

Reservoir	bag	collapses	when	the	patient	inhales Flow	is	inadequate Increase	flow
Reservoir	bag	remains	inflated	throughout	inhalation Large	mask	leak Correct	leak

Inspiratory	valve	jammed	or	reversed Repair	or	replace	mask
Erythema	develops	over	face	or	ears Irritation	or	inflammation	owing	to	

appliance	or	straps
Reposition	mask	or	straps
Place	cotton	balls	over	ear	pressure	points
Provide	skin	care
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MINI CLINI
Determining FiO2 of an 
Air-Oxygen Mixture

PROBLEM:	 An air-entrainment device mixes at a fixed ratio 
of three volumes of air to each volume of O2 (3 : 1 ratio). What 
is the resulting FiO2?

Solution:	 Substituting air, O2, and total (air + O2) volumes 
into Equation 41-1:

%O
Airflow O flow

Total flow
2

221 100
=

×( ) + ×( )

%O2
3 21 1 100

3 1
= ×( ) + ×( )

+
%O2 41=

An air-entrainment device that mixes three volumes of air 
with one volume of O2 provides a gas mixture with FiO2 of 
approximately 0.40.

MINI CLINI
Conflicting Assessment Information

PROBLEM:	 A disoriented postoperative male patient breath-
ing room air exhibits tachypnea, tachycardia, and mild cyanosis 
of the mucous membranes. Using a pulse oximeter, the RT 
measures the patient’s oxyhemoglobin saturation as 90%. What 
should the RT recommend to the patient’s surgeon?

Discussion:	 This is a classic example of how monitoring data 
and results of bedside assessment can conflict. Both the patient’s 
condition and the observed clinical signs indicate hypoxemia, 
but the pulse oximeter indicates adequate oxygenation. In situ-
ations such as this, it is always better to err on the side of the 
patient and recommend O2 therapy—treat the patient, not the 
monitor. This concept is particularly important in the use of 
monitoring technologies known to have limited accuracy, such 
as pulse oximetry (see Chapter 19).

 Box 41-1 Equations for Computing Oxygen 
Percentage, Ratio, and Flow

To	compute	the	O2	percentage	of	a	mixture	of	air	and	O2:

	 %O
Airflow O flow

Total flow
2

221 100
=

×( ) + ×( )
	 (Eq.	41-1)

1.	 To	compute	the	air-to-O2	ratio	needed	to	obtain	a	given	O2	
percentage:

	
Liters air
Liters O

O
O2

2

2

100
21

=
−( )

−( )
%

%
	 (Eq.	41-2)

2.	 To	compute	the	total	output	flow	from	an	air-entrainment	
device	(given	the	O2	input):
a.	 Compute	the	air-to-O2	ratio	(see	Equation	41-2).
b.	 Add	the	air-to-O2	ratio	parts.
c.	 Multiply	the	sum	of	the	ratio	parts	by	the	O2	input	flow.

3.	 To	compute	the	flow	of	O2	and	air	needed	to	obtain	a	given	
O2	percentage	at	a	given	total	flow:
a.	 Compute	the	O2	flow:

	 O flow
Total flow O

2
2 21

79
=

× −( )%
	 (Eq.	41-3)

b.	 Compute	the	airflow:

Airflow Total flow O flow= − 2

	

RULE OF THUMB

High-Flow Devices
To	qualify	as	a	high-flow	device,	a	system	should	
provide	at	least	60	L/min	total	flow.	This	flow	criterion	is	
based	on	the	fact	that	the	average	adult	peak	
inspiratory	flow	during	tidal	ventilation	is	approximately	
three	times	the	minute	volume.	Because	20	L/min	is	
close	to	the	upper	limit	of	sustainable	minute	volume	
for	an	ill	person,	a	flow	of	3	×	20,	or	60	L/min,	should	
suffice	in	most	situations.	In	a	few	rare	circumstances,	
flow	must	reach	or	exceed	100	L/min.

Principles of Gas Mixing. All high-flow systems mix air 
and O2 to achieve a given FiO2. These gases are mixed with air-
entrainment devices or blending systems. Computations involv-
ing mixtures of air and O2 are based on a modified form of the 
dilution equation for solutions:

V C V C V CF F = +1 1 2 2

In this equation, V1 and V2 are the volumes of the two gases 
being mixed; C1 and C2, the O2 concentration in these two 
volumes; and VF and CF, the final volume and concentration of 
the resulting mixture.

Box 41-1 shows how to apply variations of this equation to 
compute (1) the final concentration of a mixture of air and O2, 
(2) the air-to-O2 ratio needed to obtain a given FiO2, (3) the 
total output flow from an air-entrainment device, and (4) the 
amount of O2 that must be added to a volume of air to obtain 
a given FiO2. Clinical examples of these computations are pro-
vided in the accompanying Mini Clini boxes.

Air-Entrainment Systems. Air-entrainment systems direct a 
high-pressure O2 source through a small nozzle or jet sur-
rounded by air-entrainment ports (Figure 41-13). The amount 
of air entrained at these ports varies directly with the size of the 
port and the velocity of O2 at the jet. The larger the intake ports 
and the higher the gas velocity at the jet, the more air is 
entrained.

Because they dilute source O2 with air, entrainment devices 
always provide less than 100% O2. The more air they entrain, 
the higher the total output flow, but the delivered FiO2 is lower. 
High flow is possible only when low O2 concentration is deliv-
ered. For these reasons, air-entrainment devices function as true 
high-flow systems only at low FiO2. If the flow output from an 
air-entrainment device decreases to less than a patient’s inspira-
tory flow, air dilution occurs, and FiO2 becomes variable.
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mined. As described in the previous Rule of Thumb, the total 
flow output of a system determines whether it truly performs 
as a high-flow device. The accompanying Mini Clini entitled 
Computing Total Flow Output of an Air-Entrainment Device 
shows how to determine the total output flow of an air-
entrainment system.

Rather than using Equation 41-2 in Box 41-1 to compute 
air-to-O2 ratio, many RTs derive quick estimates by using a 
simple mathematical aid called the magic box (Figure 41-14). 
To use the magic box, one draws a square and places 20 in the 
top left corner and 100 in the bottom left corner. One places 
the desired O2 percentage in the center of the box (as in the case 
illustrated in Figure 41-14, 70%). One subtracts diagonally 
from lower left to the upper right (disregard the sign). One 
subtracts diagonally again from upper left to lower right (dis-
regard the sign). The resulting numerator (30) is the value for 
air, and the denominator (50) is the value for O2.

By convention, the air-to-O2 ratio is expressed with the 
denominator (liters of O2) set to 1. To reduce any ratio to a ratio 
of x : 1, divide both the numerator and the denominator by the 
denominator. In the magic box example (also see Figure 41-14):

30

50

30 50

50 50

0 61

1
= =

.

The magic box can be used only for estimation of air-to-O2 
ratio. For absolute accuracy, Equation 41-2 in Box 41-1  
always should be used. Based on Equation 41-2, Table 41-7  
lists the approximate air-to-O2 ratios for several common O2 
percentages.

The other major factor determining the O2 concentration 
provided by an air-entrainment device is downstream flow 
resistance. In the presence of flow resistance distal to the jet, the 
volume of air entrained always decreases. With less air being 
entrained, total flow output decreases, and the delivered O2 
concentration increases. More detail on this phenomenon is 
provided later in this chapter.29

The two most common O2 delivery systems in which air 
entrainment is used are the air-entrainment mask (AEM) and 
the air-entrainment nebulizer.

Air-Entrainment (Venturi) Mask. The use of an O2 mask 
with controlled FiO2 by means of air entrainment was first 
reported in 1941 by Barach and Eckman.30 The system provided 
relatively high FiO2 (>40%) through the use of adjustable 

FIGURE 41-13	 Basic	components	of	an	air-entrainment	system.	
Pressurized	gas	passes	through	a	nozzle	or	jet,	beyond	which	are	
air-entrainment	ports.	Shear	forces	at	the	jet	orifice	entrain	air	into	
the	primary	gas	stream,	diluting	the	O2	and	increasing	the	total	flow	
output	of	the	device.	

Jet

Entrainment
port

MINI CLINI
Computing Total Flow Output of an 
Air-Entrainment Device

PROBLEM:	 A patient is receiving O2 through an air-
entrainment device set to deliver 50% O2. The input O2 flow is 
set to 15 L/min. What is the total output flow of this system?

Solution:	 Step 1: Compute the air-to-O2 ratio by substituting 
50 for the %O2 in Equation 41-2:

Liters air

Liters O

O

O2

2

2

100

21
= −( )

−( )
%

%

Liters air

Liters O2

100 50

50 21
= −( )

−( )
Liters air

Liters O2

50

29
=

Liters air

Liters O2

1 7

1
= .

Step 2: Add the air-to-O2 ratio parts:

1 7 1 2 7. .+ =

Step 3: Multiply the sum of the ratio parts times the O2 
input flow:

2 7 15 41. min min× =L L

An air-entrainment device set to deliver 50% O2 that has an 
input flow of 15 L/min provides a total output flow of approxi-
mately 41 L/min.

FiO2 provided by air-entrainment devices depends on two 
key variables: the air-to-O2 ratio and the amount of flow resis-
tance downstream from the mixing site. Changing the input 
flow of an air-entrainment device alters the total output flow 
but has little effect on delivered FiO2. Generally, FiO2 remains 
within 1% to 2% of that specified by the manufacturer, regard-
less of input flow.29

The size of the jet and entrainment ports of a device deter-
mines the air-to-O2 ratio and the delivered FiO2. The accompa-
nying Mini Clini entitled Determining FiO2 of an Air-Oxygen 
Mixture shows how to compute the FiO2 provided by an air-
entrainment system if the air-to-O2 ratio is known.

A more common clinical problem arises when the total 
output flow from an air-entrainment system must be deter-

FIGURE 41-14	 The	magic	box	used	to	estimate	air-to-O2	ratio.	

20 30

30
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50
0.6:1

100 50
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the orifice, the greater the velocity of O2, and more air is 
entrained.

Figure 41-15 depicts a typical AEM, designed to deliver a 
range of low to moderate FiO2 (0.24 to 0.40). The mask consists 
of a jet orifice or nozzle around which is an air-entrainment 
port (top drawing). The body of the mask has several large ports, 
which allow escape of both excess flow from the device and 
exhaled gas from the patient. In this design, FiO2 is regulated 
by selection and changing of the jet adapter. The smallest jet 
provides the highest O2 velocity, the most air entrainment, and 
the lowest FiO2 (0.24). The largest jet provides the lowest O2 
velocity, the least air entrainment, and the highest FiO2 (0.40). 
Other AEM designs may vary both jet and entrainment port 
size to provide an even broader range up to 50% FiO2. The 
aerosol entrainment collar fits over the air-entrainment ports 
(see later).

For controlled FiO2 at flow high enough to prevent air dilu-
tion, the total output flow of an AEM must exceed the patient’s 
peak inspiratory flow.29 With an entrainment ratio exceeding 
5 : 1, an AEM set to deliver less than 35% O2 has little trouble 
meeting or exceeding the 60 L/min high-flow criterion (see pre-
vious Rule of Thumb). At settings greater than 35%, total AEM 
flow decreases significantly, and FiO2 becomes variable. For 
example, when set to deliver 50% O2, some AEMs provide 
0.39 FiO2.

32-34

Air-Entrainment Nebulizer. Pneumatically powered air-
entrainment nebulizers have most of the features of AEMs but 
have added capabilities, including additional humidification 
and temperature control. Humidification is achieved through 

TABLE 41-7 

Approximate Air-to-Oxygen Ratios for Common 
Oxygen Concentrations*

Percentage O2 Approximate Air-to-O2 Ratio Total Ratio Parts

100 0	:	1 1
80 0.3	:	1 1.3
70 0.6	:	1 1.6
60 1	:	1 2
50 1.7	:	1 2.7
45 2	:	1 3
40 3	:	1 4
35 5	:	1 6
30 8	:	1 9
29 10	:	1 11
24 25	:	1 26

*Total	output	flow	(air	+	O2)	in	L/min	can	be	calculated	by	multiplying	the	
total	ratio	parts	by	the	O2	input	flow	(L/min).

FIGURE 41-15	 Typical	AEM.	FiO2	is	regulated	by	changing	a	jet	adapter.	The	aerosol	collar	allows	high	humidity	or	aerosol	entrainment	
from	an	air	source.	(Modified	from	Kacmarek	RM:	In-hospital	O2	therapy.	In	Kacmarek	RM,	Stoller	J,	editors:	Current	respiratory	care,	
Toronto,	1988,	BC	Decker.)

Air
entrainment
port

Jet
orifice

Aerosol
entrainment
collar

24 28 31 35 40

air-entrainment ports that controlled the amount of air mixed 
with O2. Almost 20 years later, Campbell31 developed an entrain-
ment mask that provided controlled, low FiO2 and called the 
device a venturi mask or venti-mask.

As the name venti-mask suggests, the operating principle 
behind these devices has often been attributed to the Venturi 
principle (see Chapter 6). This assumption is incorrect.32 Rather 
than having an actual Venturi tube that entrains air, these 
devices have a simple restricted orifice or jet through which O2 
flows at high velocity. Air is entrained by shear forces at the 
boundary of jet flow, not by low lateral pressures. The smaller 
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air-entrainment nebulizer set to deliver 40% O2 ranges from 48 
to 60 L/min. Although this amount may be adequate for most 
patients, it is insufficient for patients with very high inspiratory 
flow or minute volume.35

The actual FiO2 received by patients may be affected by the 
choice of airway appliance. The FiO2 delivered by face tent is 
consistently less than the set nebulizer concentration, especially 
at higher levels.36

Air-entrainment nebulizers should be treated as fixed-
performance devices only when set to deliver low O2 concentra-
tion (≤35%).33 When a nebulizer is used to deliver a higher 
concentration of O2, the output flow is insufficient to meet 
patient needs. There are two ways to assess whether the flow of 
an air-entrainment nebulizer meets the patient’s needs. The first 
method is simple visual inspection. With this approach (gener-
ally used only with a T tube), the RT sets up the device to deliver 
the highest possible flow at the prescribed FiO2 and observes 
the mist output at the expiratory side of the T tube. As long as 
mist can be seen escaping throughout inspiration, flow is ade-
quate and the delivered FiO2 is ensured.

The second way to assess the adequacy of nebulizer flow is 
to compare it with the patient’s peak inspiratory flow. A patient’s 
peak inspiratory flow during tidal breathing is at least three 
times minute volume. As long as the nebulizer flow exceeds this 
value, the delivered FiO2 is ensured. If the patient’s peak flow 
exceeds that provided by the nebulizer, the device functions as 
a low-flow system with variable FiO2 (see the accompanying 
Mini Clini for an example).35

production of aerosol at the nebulizer jet. Temperature control 
is provided by an optional heating element. In combination, 
these added features allow delivery of particulate water (in 
excess of needs for body temperature and pressure, saturated) 
to the airways. These devices are also widely known as jet nebu-
lizers or large volume nebulizers.

Because of added humidification and heat control, air-
entrainment nebulizers have been the traditional device of 
choice for delivering O2 to patients with artificial tracheal 
airways. O2 typically is delivered with a T tube or a tracheos-
tomy mask. An alternative is to use an aerosol mask or a face 
tent to deliver an O2 mixture via aerosol to patients with intact 
upper airways (Figure 41-16).35

AEMs can vary both jet and entrainment port size to obtain 
a given FiO2; however, gas-powered nebulizers have a fixed 
orifice. Air-to-O2 ratios can be altered only by varying entrain-
ment port size. Disposable nebulizers usually have a continuous 
range of settings from 28% to 100%.22

Similar to AEMs, air-entrainment nebulizers perform as 
fixed-performance devices only when output flow meets or 
exceeds the patient’s inspiratory demand. In contrast to AEMs, 
air-entrainment nebulizers do not allow easy increases in nebu-
lizer output flow by means of an increase in O2 input. With most 
nebulizer systems, the extremely small size of the jet needed for 
aerosol production limits the maximum O2 input flow to 12 to 
15 L/min at 50 psig. For example, the total output flow of an 

FIGURE 41-16	 Devices	for	delivery	of	O2	mixtures	with	aerosol.	
A,	Aerosol	mask.	B,	Face	tent.	C,	Tracheostomy	collar.	D,	T	tube.	
(Modified	from	Kacmarek	RM:	In-hospital	O2	therapy.	In	Kacmarek	
RM,	Stoller	J,	editors:	Current	respiratory	care,	Toronto,	1988,	BC	
Decker.)
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MINI CLINI
Computing Minimum Flow Needs

PROBLEM:	 A physician orders 40% O2 through an air-
entrainment nebulizer to a patient with a tidal volume of 0.6 L 
and a respiratory rate of 33 breaths/min. If maximum nebulizer 
input flow is 12 L/min, will the patient receive 40% O2? If not, 
what total flow is needed to meet this patient’s needs?
Solution:	 1. Estimate the patient’s inspiratory flow:

Peak inspiratory flow VE L min= × = ×( ) =×3 0 6 33 3 59 4. .

2. Compute the total flow of the nebulizer:

Sum of ratio parts Input flow L L3 1 12 48: min min( ) × ( ) =

3. Compare value 1 with value 2 (patient with nebulizer):

59 4 48. min minL patient L nebulizer( ) > ( )
Under these conditions, the patient does not receive 40% 

O2. To deliver a stable 40% O2 concentration, the total flow 
would have to be at least 59.4 L/min.

Troubleshooting Air-Entrainment Systems. The major prob-
lem with air-entrainment systems is ensuring that the set FiO2 
actually is delivered to the patient. Problems usually do not 
occur when the devices are used to deliver low FiO2 (<0.35). 
However, the design of these devices makes it difficult to pro-
vide even moderate FiO2 at the high flow needed to ensure a set 
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FIGURE 41-17	 Use	of	an	open	volume	reservoir	to	enhance	delivered	O2	concentration	with	a	T	tube.	From	50	to	150	ml	of	aerosol	
tubing	is	connected	to	the	expiratory	side	of	the	T	tube.	A,	When	the	patient	inhales,	gas	at	the	set	FiO2	is	drawn	first	through	the	
inspiratory	side	of	the	circuit.	B,	If	the	patient’s	flow	exceeds	nebulizer	flow,	gas	is	drawn	from	the	reservoir	side.	After	the	reservoir	volume	
is	fully	tapped,	room	air	is	entrained,	and	FiO2	decreases.

From air entrainment nebulizer

A B

Open reservoir

FIGURE 41-18	 Use	of	two	nebulizers	in	parallel	to	provide	high	
FiO2	at	high	flow.	

 Box 41-2 Increasing FiO2 Capabilities of 
Air-Entrainment Nebulizers

•	 Add	open	reservoir	to	expiratory	side	of	T	tube
•	 Provide	inspiratory	reservoir	with	one-way	expiratory	valve
•	 Connect	two	or	more	nebulizers	together	in	parallel
•	 Set	nebulizer	to	low	concentration;	bleed-in	O2;	analyze	and	

adjust
•	 Use	a	commercial	dual-flow	system

O2 concentration. The performance of all air-entrainment 
devices is affected by downstream resistance. The result can be 
inaccurate FiO2 that makes delivery of a low O2 concentration 
difficult with air-entrainment nebulizers.

Providing Moderate to High FiO2 at High Flow. AEMs and 
air-entrainment nebulizers differ in ratio settings and input and 
output flow capabilities. Most AEMs can be set to deliver no 
more than 50% O2. When set according to the manufacturer’s 
specifications to provide much more than 35% O2, AEMs 
simply do not generate enough flow to ensure the set FiO2. The 
solution is to boost the total output flow. With AEMs, total 
output flow can be boosted with a simple increase in input flow. 
For a 35% AEM (5 : 1 ratio) with an input flow of 8 L/min, the 
total output flow is 48 L/min. This flow is insufficient to ensure 
35% O2 delivery to all patients. Simply increasing the input flow 
to 12 L/min boosts the output flow of the AEM by 50%, to 72 L/
min. The new high flow ensures delivery of the set O2 concen-
tration to essentially all patients.

This solution is impossible with most air-entrainment nebu-
lizers. Because the small jets in many of these devices limit O2 
flow to 12 to 15 L/min, the input flow cannot be increased 
beyond these levels. A few nebulizer models, such as the Thera-
Mist Barrel Nebulizer (Smiths Medical, London, England), sup-
posedly can provide moderately high output flows of 54 L/min 
at FiO2 80%. However, most air-entrainment nebulizers cannot 
because of the total flow-to-FiO2 tradeoff. The five alternatives 
for boosting the FiO2 capabilities in these situations are pre-
sented in Box 41-2.

The simplest approach to achieving higher FiO2 with these 
devices is to add a 50- to 150-ml aerosol tubing reservoir to the 
expiratory side of the T tube (Figure 41-17). Given its simplic-
ity, adding an open volume reservoir to the expiratory side of 
T tubes is standard procedure in most clinical settings. This 

approach can be used only in the treatment of intubated 
patients. Even then, the small reservoir size limits the ability of 
this system to ensure stable FiO2, especially greater than 40%, 
and larger reservoirs can cause rebreathing.

Rather than a simple open reservoir, a closed reservoir or 
nonrebreathing system similar to that shown in Figure 41-12 
can be used. These systems combine an inspiratory volume 
reservoir (usually a compliant 3- to 5-L anesthesia bag) with a 
one-way expiratory valve. Whenever patient flow exceeds nebu-
lizer flow, the expiratory valve closes, and the patient draws 
additional gas from the reservoir. Although they can ensure 
delivery of the set O2 concentration, these systems pose consid-
erable hazards. If source flow stops for any reason, the patient 
can suffocate. For this reason, these systems must be equipped 
with an emergency inlet valve that allows room air breathing in 
the event of source gas failure.

The third approach to higher FiO2 with air-entrainment 
nebulizers is to connect two or more devices together with  
a “wye” adapter (Figure 41-18).22 Although a single air-
entrainment nebulizer set at 60% (1 : 1 ratio) with a maximum 
input flow of 15 L/min has a total output flow of only 30 L/min, 
connecting two of these devices together doubles the total 
output flow to 60 L/min (the minimum needed for a high-flow 
device). This approach works well only for delivery of a con-
centration of 60% or less to patients with a minute volume less 
than 10 L/min.35,36

A fourth method for boosting FiO2 provided by air-
entrainment nebulizers is to set the device to a lower 
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three main features: (1) delivery of a high FiO2, (2) meeting or 
exceeding the patient’s minute ventilation and therefore acting 
as a fixed oxygen delivery device, and (3) generating a distend-
ing positive airway pressure. Furthermore, the heated-humidity 
feature enables these systems to deliver highly humidified 
oxygen, thus preventing the drying effects that some high-flow 
devices have on the mucosa. This point and the less confining 
design of these devices generally mean that they are more com-
fortable and better tolerated by many patients than are alterna-
tive oxygen delivery devices. As a result, such devices have 
become a popular substitute for both traditional high-flow 
oxygen devices and continuous positive airway pressure setups 
for infants with disorders including bronchiolitis and broncho-
pulmonary dysplasia. Furthermore, HFNC devices are rapidly 

concentration than that prescribed (to generate high flow) 
while bleeding supplemental O2 into the delivery tubing. This 
method increases both FiO2 and total output flow. To achieve a 
specific FiO2 the delivered concentration should be analyzed 
and the supplemental O2 input flow adjusted until the desired 
concentration is achieved.

Commercial dual-flow systems entail a similar approach. 
One flow source powers the jet, while another flow source pro-
vides supplemental O2. The Misty Ox (Vital Signs, Totowa, New 
Jersey) gas injection nebulizer is an example. This system is not 
an air-entrainment system because it does not depend on 
entrainment ports to increase total flow or O2 concentration to 
the patient. Rather, it uses two flowmeters: one that operates the 
jet and one that feeds into the side of the jet manifold. The 
Misty Ox system can provide FiO2 of 0.96 at a flow of 42 L/min 
and offers O2 concentrations ranging from 0.21 to nearly 1.00.35

Problems With Downstream Flow Resistance. Any increase 
in flow resistance downstream from (distal to) the point of  
air entrainment alters the performance of all air-entrainment 
systems. Increased downstream flow resistance causes back 
pressure. The back pressure decreases both the volume of 
entrained air and the total flow output of these devices. With 
less air entrained, the delivered O2 concentration increases; 
however, because total flow output also decreases, the effect on 
FiO2 varies. High downstream flow resistance usually turns air-
entrainment systems from high-flow (fixed) O2 delivery systems 
into low-flow (variable) O2 delivery systems incapable of deliv-
ering a precise and constant FiO2.
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This problem explains why it is extremely difficult to deliver 
less than 28% to 30% O2 with an air-entrainment nebulizer. The 
5 to 6 ft (1.5 to 1.8 m) of aerosol tubing normally used with 
these devices produces enough flow resistance to decrease air 
entrainment and prevent a lower FiO2.

A similar situation can occur when the entrainment ports of 
an air-entrainment device become obstructed (most common 
with AEMs). Delivered O2 concentration increases, but total 
output flow decreases. The net effect usually is a variable FiO2. 
The accompanying Mini Clini is an example of the effect of 
increased downstream flow resistance on the performance of an 
air-entrainment device.

High-Flow Nasal Cannula. A variation of the standard 
nasal cannula discussed earlier in this chapter is a high-flow 
nasal cannula (HFNC). Various systems are available, including 
the Vapotherm Precision Flow System (Vapotherm, Exeter, New 
Hampshire), which can deliver both FiO2 and relative humidity 
greater than 90% by using heated, humidified O2 flows up to 
40 L/min. HFNC units offered by other manufacturers such as 
Fisher and Paykel’s Optiflow (Irvine, California) featured in 
Figure 41-19, have been shown to provide even higher flows of 
50 L/min, as well as a maximum FiO2 of more than 90%. These 
devices feature a variety of proprietary designs that facilitate the 
separate control of flow and humidified supplemental oxygen. 
The ability to maintain a consistent FiO2 under varying patient 
breathing patterns makes these devices suitable for a great many 
patients. As a result, these systems have been shown to success-
fully treat moderate hypoxemia through a combination of the 

MINI CLINI
Effect of Downstream Flow  
Resistance on Performance of  
an Air-Entrainment Device

PROBLEM:	 A tracheostomy patient is receiving O2 therapy 
through a T tube attached to an air-entrainment nebulizer set 
at 35% O2 with an input flow of 10 L/min. Over the past 30 
minutes, the patient’s SpO2 has decreased from 93% to 88%. 
When assessing the patient, the RT finds that the large-bore 
delivery tubing of the nebulizer is partially obstructed with 
condensate and that aerosol mist at the T tube is not visible 
throughout inspiration. What is the likely problem, and what 
is the best solution?

Solution:	 The likely problem is a decrease in FiO2 owing to 
the increased downstream resistance caused by the condensate. 
At 10 L/min input flow, the device was probably delivering 
approximately 60 L/min of 35% O2 before the tubing became 
obstructed. Because aerosol mist is not visible at the T tube 
throughout inspiration, it is clear that the total output flow is 
no longer sufficient and that the patient is now diluting the 
delivered O2 with room air. Draining the tubing solves this 
problem.

FIGURE 41-19	 High-flow	nasal	cannula	set-up	(Courtesy	of	
Fisher	&	Paykel	Healthcare,	Inc.,	Irvine,	California.)
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gaining popularity in treating patients of all ages with moderate 
hypoxemia.

Despite the fact that some earlier infection control concerns 
associated with older HFNC designs appear to have been largely 
overcome, a few limitations seem to persist. These include con-
traindications for use on patients with blocked nasal passages, 
problems from the inability to precisely determine and monitor 
the level of positive pressure actually applied to the airway, and 
in rare instances, nasal skin erosions, mainly in neonates and 
infants, from an improperly fitting cannula.37

FIGURE 41-20	 O2	blending	device.	(Modified	from	McPherson	
SP:	Respiratory	therapy	equipment,	ed	3,	St.	Louis,	1985,	Mosby.)
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MINI CLINI
Manually Mixing Air and Oxygen to 
Achieve Specified Concentration  
at a Given Flow

PROBLEM:	 To mix air and O2 manually to provide a patient 
with 50% O2 at a total flow of 60 L/min, what O2 and airflow 
would the RT set?
Solution:	 1. Use Equation 41-3 to compute the O2 flow:

O flow
Total flow O

2
2 21

79
=

× −( )%

O flow2

60 50 12

79
=

× −( )

O flow L2 22= min

2. Compute the airflow:

Airflow Total flow O flow= − 2

Airflow = −60 22

Airflow L= 38 min

To provide a patient with 50% O2 at a total flow of 60 L/
min, blend 22 L of O2 with 38 L of air.

MINI CLINI
Indications for High-Flow Nasal Oxygen

PROBLEM:	 A recently extubated patient experiencing mod-
erate hypoxemia is having trouble tolerating a 50% venturi 
mask due to claustrophobia and airway dryness. When switched 
to a nasal cannula, his SpO2 drops to 88%. The physician wants 
the patient SpO2 to remain at 92% or higher and asks the RT 
what options are available for delivering moderate oxygen con-
centrations to this patient while maximizing patient comfort.

Solution:	 A high-flow nasal oxygen setup is able to provide a 
moderate to high and consistent FiO2 through varying patient 
breathing patterns. In addition, features including a less-
confining design and delivery of a highly humidified gas tend 
to make them better tolerated than many other oxygen delivery 
systems. Hence, in this instance, the RT should recommend a 
high-flow nasal oxygen setup.

Blending Systems. When air-entrainment devices cannot 
provide a high enough O2 concentration or flow, use of a gas 
blending system should be considered. With a blending system, 
separate pressurized air and O2 sources are input, and the gases 
are mixed either manually or with a precision valve (blender). 
This system allows precise control over both FiO2 and total flow 
output. Most blending systems can provide flow much greater 
than 60 L/min, qualifying them as true fixed-performance 
delivery devices. For adults, gas is delivered from the blender 
either through an open system, such as an aerosol mask or T 
tube, or with a closed nonrebreathing system. For many patients 
requiring high FiO2 and breathing spontaneously, this is the 
ideal setup, provided that the gas is humidified. The use of high-
flow blended systems with heated humidity, as opposed to a 
heated aerosol, are very well tolerated by most patients, includ-
ing patients with tracheostomies.

Mixing Gases Manually. When gases are mixed manually, 
separate air and O2 flowmeters must be adjusted for the desired 
FiO2 and flow (see the accompanying Mini Clini). For adults, 
this approach requires calibrated high-flow flowmeters (at least 
60 L/min) and monitoring of delivered FiO2.

Oxygen Blenders. Rather than manually mixing air and O2, 
the RT more often uses an O2 blender. Figure 41-20 shows the 
major components of a typical O2 blender. Air and O2 enter the 
blender and pass through dual pressure regulators that exactly 

match the two pressures. Gas flows to a precision proportioning 
valve. Because the two gas pressures at this point are equal, 
varying the size of the air and O2 inlets provides precise control 
over the relative concentration.

An alarm system gives an audible warning when either 
source gas fails or the pressure decreases below a specified value. 
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FIGURE 41-21	 O2	tent	incorporating	refrigeration	coils	for	
cooling.	(Modified	from	Cairo	JM:	Mosby’s	respiratory	care	
equipment,	ed	9,	St.	Louis,	2014,	Mosby.)
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Air inlet
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Condensation drain
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 Box 41-3 Procedure for Confirming 
Operation of an Oxygen Blender

1.	 Confirm	that	inlet	pressures	of	air	and	O2	are	within	
manufacturer’s	specifications.

2.	 Test	low	air	and	O2	alarms	by	disconnecting	each	source;	
also	confirm	safety	bypass	or	crossover	system.

3.	 Analyze	O2	concentration	at	100%,	21%,	and	specified	FiO2.

The alarm system usually has a crossover or bypass feature 
whereby failure of one gas source causes the blender system to 
switch to the other. If the air source fails when delivering 60% 
O2, the alarm sounds, and the blender switches over to delivery 
of 100% O2.

Although they allow ideal control over both FiO2 and flow, 
blenders are especially prone to inaccuracy and failure.38,39 
Hence, an operational check of any blender should be con-
ducted before using it on a patient (Box 41-3). FiO2 should be 
checked and confirmed with a calibrated O2 analyzer at least 
once per shift.2 When a blender is used in the care of a neonate, 
an O2 analyzer should be kept in-line at all times. In the use of 
a nonrebreathing or closed delivery system, (1) all breathing 
valves should be inspected and tested before application to a 
patient, and (2) a fail-safe inspiratory valve should be included 
in the delivery system.

Enclosures. The concept of enclosing a patient in a 
controlled-O2 atmosphere is among the oldest approaches to O2 
therapy. Entire rooms once were used for this purpose. With 
today’s simpler airway devices, enclosures are generally used 
only in the care of infants and children. The primary types of 
O2 enclosures used for infants and children are tents, incuba-
tors, and hoods.

Oxygen Tents. O2 tents previously were the most common 
method of O2 therapy in the treatment of both adults and 
children. Use of O2 tents in both adults and children is rare at 
the present time. However, when they are used, it is common 
for tents to be air-conditioned or cooled with ice to provide  
a comfortable temperature within a plastic sheet canopy  
(Figure 41-21).

The main problem with tents is that frequent opening and 
closing of the canopy cause wide swings in O2 concentration. 
Constant leakage makes a high FiO2 impossible. In large tents, 
O2 input flow of 12 to 15 L/min can provide only 40% to 50% 
O2 levels. Comparable FiO2 can be achieved in smaller pediatric 
or croup tents with flow of 8 to 10 L/min.

Hoods. An O2 hood, also known as an oxyhood, is often the 
best method for administration of controlled O2 therapy to 
infants. As shown in Figure 41-22, an O2 hood covers only the 
head, leaving the infant’s body free for nursing care. O2 is deliv-
ered to the hood through either a heated air-entrainment nebu-
lizer or a blending system with a heated humidifier. A minimum 
flow of 7 L/min should be set to prevent accumulation of CO2.
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Depending on the size of the hood, flow of 10 to 15 L/min may 
be needed to maintain a stable high O2 concentration. Higher 
flow generally is not needed and may produce a harmful noise 
level and additional stress on neonatal patients.41

FIGURE 41-22	 Infant	O2	hood.	(Courtesy	Utah	Medical	
Products,	Inc,	Midvale,	Utah.)

In the care of premature infants, it is especially important to 
ensure that the gas mixture is properly warmed and humidified 
and not directed toward the patient’s face or head. Low tem-
peratures or convection cooling produced by high flow over the 
head can cause heat loss and cold stress. In premature infants, 
cold stress can increase O2 consumption and cause apnea.42

The temperature of gases provided to an infant in an O2 
hood should be precisely set to maintain a neutral thermal 
environment (NTE). The NTE temperature varies according to 
an infant’s age and weight. The NTE temperature for newborns 
weighing less than 1200 g is 95° F (35° C). For older infants 
weighing 2500 g or more, the NTE is lower, approximately  
86° F (30° C).42

Incubators. Incubators, also known by the trade name Iso-
lette (Dräger Medical AG & Co, Lübeck, Germany) are poly-
methyl methacrylate (Plexiglas) enclosures that combine 
servo-controlled convection heating with supplemental O2 
(Figure 41-23). When it is needed, supplemental humidity 
usually is provided with an external heated humidifier or 
nebulizer.
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gas delivery with inspiration. These devices can substantially 
extend duration of flow of a liquid or gaseous O2 tank and are 
popular in alternative settings, as described in Chapter 56.

Selecting a Delivery Approach

The RT is often involved in the initial selection of an  
appropriate delivery system. This generally involves making 
recommendations—on the basis of sound patient assessment—
to initiate, change or discontinue the treatment regimen (see 
later section on Protocol-Based Oxygen Therapy).

The three Ps—purpose, patient, and performance—are used 
in the initial selection or recommendation of a change in O2 
delivery system. The goal is to match the performance charac-
teristics of the equipment to both the objectives of therapy 
(purpose) and the patient’s special needs.

Purpose
The general purpose or objective of all O2 therapy is to increase 
FiO2 sufficiently to correct arterial hypoxemia. Other objectives, 
including decreasing hypoxic symptoms and minimizing 
increased cardiopulmonary work, follow from this primary 
purpose.

Patient
Key patient considerations in selecting O2 therapy equipment 
for use in acute care are summarized in Box 41-4. Knowledge 
of these factors helps guide the RT in selecting the appropriate 
equipment. For example, a simple mask at 5 to 6 L/min is prob-
ably more suitable than a nasal cannula at 4 L/min for a mouth 
breathing, mildly hypoxemic patient. An infant with moderate 
hypoxia and a normal airway usually needs an O2 enclosure 
(hood or enclosed incubator).

Performance
O2 systems vary according to actual FiO2 delivered and stability 
of FiO2 under changing patient demands. Generally, the more 
critically ill the patient, the greater the need for a stable, high 
FiO2. Less acutely ill patients generally need a lower, less exact 
FiO2. Table 41-8 lists guidelines for selecting an O2 delivery 
system on the basis of the level and stability of the FiO2 needed.

General Goals and Patient Categories
On the basis of overall consideration of the three Ps, general 
goals can be set for several patient categories. In emergencies in 
which tissue hypoxia is suspected, patients should be given the 

Supplemental O2 can be administered with a direct connec-
tion between the incubator and a flowmeter that has a heated 
humidifier. In some units, a filtered air-entrainment device 
limits the delivered concentration to approximately 0.40. How-
ever, leaks and frequent opening of the isolette dilute the O2 
levels to much less than 40%. Blockage of the inlet filter can 
cause less air entrainment and a higher O2 concentration.42

Given the highly variable O2 concentration provided by these 
devices, the best way to control O2 delivery to infants in an 
isolette is with an oxyhood. The oxyhood is placed over the 
infant’s head inside the isolette. The O2 concentration and gas 
temperature within the oxyhood, not in the isolette, must be 
assessed. It is ideal to monitor isolette or oxyhood O2 concentra-
tion continuously (see later).2,4

Because hoods allow better FiO2 control, and because servo-
controlled radiant heating warmers are generally more conve-
nient, Plexiglas isolettes are not as popular as they used to be. 
However, these devices are still the best choice for providing O2 
to infants in stable condition with a NTE.42

Other Oxygen Delivery Devices
Bag-Mask Devices. Bag-mask devices use a self-inflating 

bag and nonrebreathing valve features to provide up to 100% 
O2. Bag-mask devices are often used in emergency life support 
and in critical care and are more completely discussed in 
Chapter 37.

Demand-Flow and Pulse-Dose Systems. Demand-flow or 
pulse-dose systems use a flow sensor and valve to synchronize 

FIGURE 41-23	 Infant	isolette.	(Courtesy	Dräger	Medical	AG	&	
Co,	Lübeck,	Germany.)

 Box 41-4 Patient Factors in Selecting 
Oxygen Therapy Equipment

•	 Severity	and	cause	of	hypoxemia
•	 Patient	age	group	(infant,	child,	adult)
•	 Degree	of	consciousness	and	alertness
•	 Presence	or	absence	of	tracheal	airway
•	 Stability	of	minute	ventilation
•	 Mouth	breathing	vs.	nose	breathing	patient
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neously breathing patient with a tracheostomy tube receiving a 
moderate FiO2 via a blended system or an air-entrainment 
nebulizer connected to a tracheostomy mask. Given the imprac-
ticalities of transporting a patient on an air-entrainment nebu-
lizer, it may be more suitable to connect a venturi adapter 
temporarily to provide the appropriate FiO2 to the tracheos-
tomy mask during the transport, and then reconnect them back 
to the original aerosol set-up immediately after the transport.

Protocol-Based Oxygen Therapy

O2 therapy is ideally suited for a protocol. Bedside assessment 
of oxygenation by RTs and other clinicians has progressed to 
where it is more cost-effective and clinically appropriate to use 
a protocol rather than obtaining a new physician order for each 
change in FiO2. An order for “O2 therapy via protocol” permits 
O2 therapy to be initiated, modified, or discontinued by the RT, 
provided that an assessment reveals that the patient meets pre-
viously approved clinical criteria. A well-designed O2 protocol 
ensures the patient (1) undergoes initial assessment, (2) is eval-
uated for protocol criteria, (3) receives a treatment plan that is 
modified according to need, and (4) stops receiving therapy as 
soon as it is no longer needed.44

Figure 41-24 shows the decision algorithm underlying an  
O2 therapy titration protocol developed at the Cleveland 
Clinic Foundation. In the algorithm, a pulse oximetry satura-
tion (SpO2) of 92% is the point at which therapy is to be initi-
ated. The patient is assessed each shift for the need of 
supplemental O2, which is adjusted depending on need. When 
the SpO2 is consistently 92% or greater on room air, therapy is 
discontinued.

HYPERBARIC OXYGEN THERAPY

Hyperbaric oxygen (HBO) therapy is the therapeutic use of O2 
at pressures greater than 1 atm.45-47 Pressures during HBO 
therapy usually are expressed in multiples of atmospheric pres-
sure absolute (ATA): 1 ATA equals 760 mm Hg (101.32 kPa). 
Most HBO therapy is conducted at pressures between 2 ATA 
and 3 ATA, although other pressures may be used, often based 
on U.S. Navy diving treatment tables.46-48

Physiologic Effects

The known physiologic effects of HBO therapy are summarized 
in Box 41-5.45 These effects are mainly due to either high pres-
sure or high O2 tension in body fluids and tissues. In conditions 

highest FiO2 possible—ideally 100%. This level can be achieved 
with a true high-flow or a closed reservoir system. The goal is 
the highest possible blood O2 content. Clinical examples include 
respiratory or cardiac arrest, severe trauma, shock, carbon mon-
oxide poisoning, and cyanide poisoning. Carbon monoxide and 
cyanide poisoning may necessitate HBO therapy (see later).

A critically ill adult patient with moderate to severe hypox-
emia needs either a reservoir or a high-flow system capable of 
at least 60% O2. Thereafter, changes in FiO2 (and device) should 
be based on results of assessment of physiologic values. The goal 
is a PaO2 greater than 60 mm Hg or oxyhemoglobin saturation 
greater than 90%.

In the care of adult patients in more stable condition but 
who are acutely ill with mild to moderate hypoxemia, a system 
capable of low to moderate O2 concentration can be used. In 
these cases, stability of FiO2 is not critical. Applicable devices 
include a nasal cannula at moderate flow or a simple mask. 
Common examples include patients in the immediately post-
operative phase and patients recovering from acute myocardial 
infarction.

Adult patients with chronic lung disease and accompanying 
acute-on-chronic hypoxemia present a special case. In the care 
of these patients, the goal is to ensure adequate arterial oxygen-
ation without depressing ventilation. Adequate oxygenation of 
these patients generally means SaO2 of 85% to 92% with PaO2 
of 50 to 70 mm Hg.31,43 These values usually are achieved with 
either low-flow nasal O2 or a low-concentration (24% to 28%) 
AEM. The less stable the patient’s condition, the greater the 
need for a high-flow AEM.22

Because of size, discomfort, and appearance, AEMs are less 
well tolerated than nasal cannulas for long-term therapy. In 
contrast to a cannula, an AEM must be removed for eating and 
drinking. Because even a short break in O2 therapy can cause a 
rapid decrease in PaO2 in some patients, these patients should 
be taught to switch to a nasal cannula whenever they must 
remove the mask.22

Lastly, it is sometimes necessary to modify O2 delivery 
systems to facilitate patient transport. An example is a sponta-

TABLE 41-8 

Selection of an Oxygen Delivery System Based on 
Desired FiO2 Level and Stability

Desired FiO2 
Level

DESIRED FiO2 STABILITY

Fixed Variable

Low	(<35%) AEM Nasal	cannula
Air-entrainment	nebulizer Nasal	catheter
Blending	system Transtracheal	catheter
Isolette,	incubator	(infant)

Moderate	
(35%-60%)

Air-entrainment	nebulizer Simple	mask
Blending	system Air-entrainment	nebulizer
Oxyhood	(infant) Tent	(child)

High	(>60%) Blending	system Partial	rebreather
Oxyhood	(infant) Nonrebreather
High-flow	nasal	cannula

 Box 41-5 Physiologic Effects of Hyperbaric 
Oxygen Therapy

•	 Bubble	reduction	(Boyle’s	law)
•	 Hyperoxygenation	of	blood	and	tissue	(Henry’s	law)
•	 Vasoconstriction
•	 Enhanced	host	immune	function
•	 Neovascularization
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O2 supply to the tissues affects the immune system, wound 
healing, and vascular tone. A tissue PO2 of at least 30 mm Hg 
is necessary for normal cellular function. Damaged and infected 
tissues often have a lower PO2. Increasing O2 supply to these 
tissues can help restore both white blood cell function and 
antimicrobial activity.

Hyperoxia affects the cardiovascular system. HBO therapy 
causes generalized vasoconstriction and a small decrease in 
cardiac output. Although these changes may decrease blood 
flow to a region, this effect is more than offset by the increase 
in O2 content. In conditions such as burns, cerebral edema, and 

such as air embolism and decompression sickness, Boyle’s law 
dictates that high pressure exerts a physical effect on air or 
nitrogen bubbles trapped in the blood or tissues, reducing their 
size, and minimizing potential harm. Because pressure is crucial 
in these cases, HBO treatments may be conducted at 6 ATA  
or more.46,48

The second beneficial effect of HBO is hyperoxia. When a 
patient is breathing room air, only a small amount of O2 dis-
solves in the plasma (approximately 0.3 ml/dl). At 3 ATA, 
plasma contains nearly 7 ml/dl dissolved O2, a level exceeding 
average resting tissue uptake.46

FIGURE 41-24	 Protocol	for	titration	of	O2	therapy.	(Courtesy	the	Respiratory	Therapy	Section,	Cleveland	Clinic	Foundation,	Cleveland,	
Ohio.)
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multiplace chambers have air locks that allow entry and exit 
without altering the pressure. The multiplace chamber is gener-
ally filled with air. If indicated, only the patient breathes supple-
mental O2 (through a mask or another device). Because they 
can achieve pressures of 6 ATA or more, multiplace chambers 
are ideal for the management of decompression sickness and 
air embolism.46-48

A typical monoplace chamber consists of a transparent 
Plexiglas cylinder large enough only for a single patient (see 
Figure 41-25, B). During therapy, the cylinder O2 concentration 
is kept at 100%. The patient need not wear a mask. Because of 
the high O2 concentration, most electronic equipment cannot 
be used in a monoplace chamber. In addition, many ventilators 
do not function properly under the high atmospheric pressures. 
However, monitoring systems and ventilators can be adapted to 
allow treatment of a critically ill patient with hyperbaric pres-
sure. Additionally, artificial airways suited to function properly 
under hyperbaric conditions should be used.45

crush injuries, vasoconstriction may be helpful because it 
reduces edema and tissue swelling while maintaining tissue 
oxygenation.

Hyperoxia also helps form new capillary beds, a process 
called neovascularization. Although the exact mechanism is 
unknown, neovascularization is an essential component of 
tissue repair, especially in radiation-induced injuries.46,47

Study results suggest that HBO may be useful in many other 
conditions, including the management of stroke, wound healing, 
and treating stubborn soft tissue infections. Because HBO has 
emerged as a highly effective therapy for various conditions, its 
use in recent years has expanded.49,50

Methods of Administration

HBO is administered in either a multiplace or a monoplace 
chamber. A multiplace chamber is a large tank capable of 
holding a dozen or more people (Figure 41-25, A). Because 
patients are directly cared for by medical staff inside the tank, 

FIGURE 41-25	 A,	Fixed	hyperbaric	chamber.	B,	Monoplace	chamber.	

Entrance

Tank
Operation room

Operator

A

B

Permanently fixed chamber

Movable monoplace chamber



930 SECTION V • Basic Therapeutics

be compared with the hazards before therapy is initiated. 
Common complications of HBO are listed in Box 41-8.46 These 
complications are generally caused by high pressure, O2 toxicity, 
fire, or worsening of certain existing conditions. The most fre-
quent problems involve barotrauma to closed body cavities, 
such as the middle ear or sinuses. Pneumothorax and air embo-
lism also are possible during HBO treatment but are rare in 
patients with normal lungs.

O2 at high pressure can rarely be neurotoxic. Early signs of 
impending CNS toxicity include twitching, sweating, pallor, and 
restlessness, and later seizures and convulsions.47

In terms of pulmonary O2 toxicity, HBO treatments do 
not normally expose patients to high PO2 long enough to 
cause damage. However, HBO may have an additive effect on 
critically ill patients who receive high FiO2 between HBO 
treatments.46,47

Avoiding fire and sudden decompression are primary safety 
concerns. Only 100% cotton fabric should be used to avoid fire 
from a static electrical discharge. Other ignition sources such 
as matches or lighters should never be brought into HBO 
chambers, and alcohol- or petroleum-based products, includ-
ing makeup or deodorant, should never be used. Other po-
tential hazards of HBO involve the aggravation of existing 
conditions, including diabetes, epilepsy, and hypertension. 
These concerns can be addressed by an appropriate history and 
chart review, close patient monitoring, and appropriate adjust-
ment of therapy.

Indications

HBO has long been accepted as the primary treatment of divers 
with decompression sickness. Several other of the most common 
indications for HBO therapy are listed in Box 41-6.45,47 The two 
most common acute conditions for which RTs administer HBO 
are air embolism and carbon monoxide poisoning.45,48,51

Air Embolism
Air embolism is a complication that can occur with certain 
cardiovascular procedures, lung biopsy, hemodialysis, and 
central line placement. HBO can decrease the size of air bubbles 
which may otherwise reach the cerebral or cardiac circulation 
and can cause symptoms or sudden death. Typical therapy for 
air embolism involves immediate pressurization in air to 6 ATA 
for 15 to 30 minutes. This step is followed by decompression to 
2.8 ATA with prolonged O2 treatment.46-48

Carbon Monoxide Poisoning
Carbon monoxide poisoning accounts for about half of all poi-
soning deaths in the United States. The condition of a patient 
with carbon monoxide poisoning improves quickly with HBO 
treatment because this treatment is the fastest way to remove 
carbon monoxide from the blood.51 If a patient breathes air, it 
takes more than 5 hours to remove only one half of the car-
boxyhemoglobin in the blood. Breathing 100% O2 reduces this 
“half-life” to 80 minutes. The half-life of carboxyhemoglobin 
under HBO at 3 ATA is only 23 minutes. Box 41-7 lists the major 
criteria for selecting patients with acute carbon monoxide poi-
soning for treatment with HBO.51

Complications and Hazards

Although the benefits of HBO are significant, this type of 
therapy also has significant risks. As a result, the benefits should 

 Box 41-8 Major Complications of Hyperbaric 
Oxygen Therapy

BAROTRAUMA
•	 Ear	or	sinus	trauma
•	 Tympanic	membrane	rupture
•	 Alveolar	overdistention	and	pneumothorax
•	 Gas	embolism

OXYGEN TOXICITY
•	 CNS	toxic	reaction
•	 Pulmonary	toxic	reaction

OTHER
•	 Fire
•	 Sudden	decompression
•	 Reversible	visual	changes
•	 Claustrophobia
•	 Decreased	cardiac	output

 Box 41-7 Criteria for Hyperbaric Oxygen 
Therapy for Acute Carbon 
Monoxide Poisoning

•	 History	of	unconsciousness
•	 Presence	of	neuropsychiatric	abnormality
•	 Presence	of	cardiac	instability	or	cardiac	ischemia
•	 Carboxyhemoglobin	level	25%	(lower	levels	for	children	and	

pregnant	women)

 Box 41-6 Indications for Hyperbaric 
Oxygen Therapy

ACUTE CONDITIONS
•	 Decompression	sickness
•	 Air	or	gas	embolism
•	 Carbon	monoxide	and	cyanide	poisoning
•	 Acute	traumatic	ischemia	(compartment	syndrome,	crush	

injury)
•	 Acute	peripheral	arterial	insufficiency
•	 Intracranial	abscesses
•	 Crush	injuries	and	suturing	of	severed	limbs
•	 Clostridial	gangrene
•	 Necrotizing	soft	tissue	infection
•	 Ischemic	skin	graft	or	flap

CHRONIC CONDITIONS
•	 Diabetic	wounds	of	the	lower	extremities	and	other	

nonhealing	wounds
•	 Refractory	osteomyelitis
•	 Actinomycosis	(chronic	systemic	abscesses)
•	 Radiation	necrosis	(HBO	as	an	adjunct	to	conventional	

treatment)
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In adults, studies have shown that inhaled NO has been 
effective in treating pulmonary hypertension associated with 
acute respiratory distress syndrome (ARDS). However, these 
benefits seem to be short-lived, and no significant improvement 
in clinical outcomes, including ventilator days and mortality, 
have been shown to date. However, inhaled nitric oxide is fre-
quently used for the management of patients with acute or 
chronic pulmonary hypertension as a result of pulmonary or 
cardiac disease and as a diagnostic tool for assessing pulmonary 
vascular responsiveness prior to heart transplantation or other 
cardiac surgical procedures. But because of the high cost of 
nitric oxide, and the lower cost of alternative drug therapies, 
including inhaled epoprostenol sodium (Flolan) and similar 
medications (discussed in Chapter 35), most try to avoid the 
use of nitric oxide. Inhaled NO in adults has not been approved 
by the FDA. Irrespective, the potential indications for inhaled 
NO are listed in Box 41-9.53,54

Dosing
The amount of NO needed to improve oxygenation or decrease 
pulmonary vascular pressure in neonates or adults is relatively 
low. The therapeutic range of NO is 2 to 20 ppm, and an initial 
dose of 20 ppm is commonly used. Treatment should be con-
tinued until underlying oxygenation desaturation has resolved. 
For many patients, dosages often can be reduced to less than 
20 ppm at the end of 4 hours of initial treatment, as tolerated. 
At these levels, NO has minimal toxicity.52-54

Toxicity and Adverse Effects
Most of the toxic effects of NO are caused by its chemical 
by-products, especially NO2. NO2 is produced spontaneously 
whenever NO is exposed to O2. NO2 is more toxic than NO. 
Levels greater than 10 ppm can cause cell damage, hemorrhage, 
pulmonary edema, and death. The U.S. Occupational Safety 
and Health Administration has set the safety limit for NO2 
exposure at 5 ppm. Properly set up NO delivery systems safely 
and easily achieve this limit.55

Other harmful chemical by-products produced in reaction 
with NO include methemoglobin and peroxynitrite (produced 
when NO reacts with superoxide). Although it can occur with 
NO administration, methemoglobinemia probably is not a 
large problem considering the doses commonly used and the 

There are numerous relative contraindications for HBO, 
many of which relate to the potential complications and hazards 
noted earlier. Relative contraindications include inner ear infec-
tions and seizure disorders. Absolute contradictions include an 
untreated pneumothorax and congenital heart defects resulting 
in dependency on a patent ductus arteriosus for survival.47

Troubleshooting

Although fire hazards restrict the use of certain electronic 
equipment, some state-of-the-art monitors and ventilators with 
solid-state circuitry can be used within the chamber. This 
equipment allows intensive care of critically ill patients.45

In regard to ventilator use, reductions in delivered tidal 
volume should be expected and corrected. Additionally, trache-
ostomy or endotracheal tubes with foam or fluid-filled cuffs 
should generally be used to preserve cuff integrity under pres-
sure. If not accounted for, reduced tidal volumes and leaks can 
lead to respiratory hypercapnia and acidosis. Hypercapnia can 
result in respiratory acidosis and can worsen CNS toxicity 
owing to cerebral vasodilation.47 Generally, pressure-regulating 
and flow-regulating equipment used in a hyperbaric chamber 
must be specifically designed for operation or equipment ap-
propriately modified to function properly in such conditions.

OTHER MEDICAL GAS THERAPIES

O2 is not the only medical gas administered by RTs. The potent 
pulmonary vasodilator nitric oxide (NO), and helium-O2 mix-
tures are also among other medical gases administered by RTs.

Nitric Oxide Therapy

Mode of Action
NO gas is a colorless, odorless, highly diffusible, and lipid-
soluble free radical that oxidizes quickly to nitrogen dioxide 
(NO2) in the presence of O2. NO is normally produced in 
small amounts within the human body and activates guanylate 
cyclase, which catalyzes the production of cyclic guanosine 
3′,5′-monophosphate (cGMP). The end result is that increased 
cGMP levels cause vascular smooth muscle relaxation.52 The 
therapeutic benefit of inhaled NO stems from improved blood 
flow to ventilated alveoli. The result is a reduction in intrapul-
monary shunting, improvement in arterial oxygenation, and a 
decrease in pulmonary vascular resistance and pulmonary arte-
rial pressure.

Indications
Inhaled NO has been approved by the U.S. Food and Drug 
Administration (FDA) for use in conjunction with mechanical 
ventilation, in treating term and near-term (>34 weeks) neo-
nates with hypoxic (type I) respiratory failure with associated 
pulmonary hypertension. As a result of the clinical benefits of 
reduced pulmonary vascular resistance, improved oxygenation, 
and less need for a highly invasive method for increasing tissue 
oxygenation known as extracorporeal membrane oxygenation, 
inhaled NO is a mainstay therapy for near-term neonates with 
this type of respiratory failure.53

 Box 41-9 Potential Uses for Inhaled 
Nitric Oxide

•	 ARDS
•	 Persistent	pulmonary	hypertension	of	the	newborn
•	 Primary	pulmonary	hypertension
•	 Pulmonary	hypertension	after	cardiac	surgery
•	 Cardiac	transplantation
•	 Acute	pulmonary	embolism
•	 COPD
•	 Congenital	diaphragmatic	hernia
•	 Sickle	cell	disease
•	 Testing	pulmonary	vascular	responsiveness
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required monitoring systems discussed later in this section.  
Peroxynitrite can cause severe cell damage; however, there is  
no hard evidence supporting its toxic effects during NO 
administration.

Potential adverse effects associated with NO therapy are 
listed in Box 41-10.55 A poor or paradoxical response to NO has 
been observed in some patients. Of patients with ARDS, 40% 
do not have initial improvement in oxygenation with NO 
therapy, and some patients have experienced more severe 
hypoxemia (probably because of a worsening ventilation/
perfusion imbalance when no shunt was present). NO inhibits 
platelet agglutination; however, no significant increase in bleed-
ing time has been reported in NO trials with human subjects. 
Because it can quickly reduce right ventricular afterload,  
NO may increase left ventricular filling pressure in some 
patients. In the presence of congestive heart failure, this effect 
could cause or worsen pulmonary edema. Concerns involving 
increased left heart pressures also account for inhaled NO being 
contraindicated for neonates with certain cardiac and vascular 
anomalies such as coarctation of the aorta.53 In certain patients, 
the withdrawal of NO has resulted in development of hypox-
emia and pulmonary hypertension, perhaps worse than they 
were before therapy was started. This phenomenon is known as 
a rebound effect. This rebound effect occurs because the admin-
istration of nitric oxide depresses the body’s normal production 
of NO. When NO is finally discontinued, FiO2 frequently needs 
to be initially increased then slowly reduced to baseline.52

Although NO has been used safely with other drugs  
and treatments such as dopamine, steroids, surfactant, and 
high-frequency ventilation, the interaction of NO with other 
medications is still being studied. One investigational area may 
involve the study of patients receiving both inhaled NO  
and other NO-related compounds such as nitroglycerin and  
the possible development of methemoglobinemia or systemic 
hypotension.54

Methods of Administration
NO is administered to mechanically ventilated patients through 
a system with the capability for operator-determined concen-
tration of NO in the breathing gas, a constant concentration 
throughout the breathing cycle, and a concentration that does 
not cause generation of excessive inhaled NO2. Features of an 
ideal NO delivery system are listed in Box 41-11.

The INOmax® DSIR
® Plus (Delivery System-Infrared ) (Ikaria, 

Hampton, New Jersey ) shown in Figure 41-26 provides these 

FIGURE 41-26	 INOmax	DS	Plus	(Delivery	System-Plus)	delivery	
system	for	administration	of	NO	to	mechanically	ventilated	patients.	
(Courtesy	Ikaria,	Hampton,	New	Jersey.)

 Box 41-11 Features of Ideal Nitric Oxide 
Delivery System

•	 Dependability	and	safety
•	 Delivery	of	a	precise	and	stable	dose	of	NO
•	 Limited	production	of	nitrogen	dioxide
•	 Accurate	monitoring	of	NO	and	nitrogen	dioxide	levels
•	 Maintenance	of	adequate	patient	ventilation

 Box 41-10 Adverse Effects Associated With 
Nitric Oxide Therapy

•	 Poor	or	paradoxical	response
•	 Methemoglobinemia
•	 Increased	left	ventricular	filling	pressure
•	 Complications	of	certain	cardiac	anomalies	(coarctation	of	

the	aorta)
•	 Rebound	hypoxemia,	pulmonary	hypertension

features.54,56 The INOmax DSIR Plus delivers INOmax (nitric 
oxide) for inhalation into the inspiratory limb of the patient’s 
breathing circuit in a manner that provides a constant dose of 
NO, as preset by the clinician, throughout inspiration. This 
configuration tracks the ventilator flow waveforms and delivers 
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obstructive disorders.59,60 Either alone or combined with other 
therapies such as bronchodilators, helium-O2 therapy has been 
shown to decrease the respiratory rate, the level of dyspnea, and 
the need for intubation and mechanical ventilation in patients 
with reversible obstructive disorders.61 Specifically, heliox 
therapy has yielded promising results in the management of 
acute upper airway obstruction of varying origin,62 postextuba-
tion stridor in pediatric trauma patients,63 acute severe asthma, 
and croup.64

Guidelines for Use
Because it is inert and unable to support life, helium always 
must be mixed with at least 20% O2. The most common com-
bination is 80% helium and 20% O2. From the standpoint of 
its ability to oxygenate, this mixture is comparable to air, but 
helium is used in place of nitrogen. Although air has a density 
of 1.293 g/L, the density of an 80% helium mixture is 0.429 g/L. 
For a comparable flow through constricted large airways, this 
low-density mixture can dramatically decrease the work of 
breathing.

Most commonly, premixed, commercial heliox cylinders are 
used at the bedside. These premixed cylinders are commonly 
available in an 80 : 20 or a 70 : 30 combination. The 70% helium 
and 30% O2 mixture has a density of 0.554 g/L and can provide 
additional O2 for the management of the hypoxemia that can 
occur with large airway obstruction. Other combinations such 
as 60 : 40 and 65 : 35 mixtures are being examined and show 
promising results.61,65

The low-density benefit of heliox is the same attribute that 
presents challenges in selecting a delivery device. Because 
helium is highly diffusible, administration through low-flow 
systems such as a nasal cannula tends not to deliver sufficient 
concentrations to treat obstructive disorders in adults. However, 
heliox administered via cannulas with an adequate seal at the 
nares has shown to be effective in some infants.66 Irrespective, 
heliox should generally be delivered to most spontaneously 
breathing patients via a tight-fitting nonrebreathing mask with 
a fully functional valved exhalation port. The delivery system 
should be high flow, sufficient to meet or exceed the patient’s 
minute ventilation requirements. Closed systems with demand 
valves and reservoirs or the use of demand regulators has proved 
to be suitable for delivering heliox to patients with artificial 
airways. Ideally, an O2 analyzer should be used to confirm the 
FiO2 of the heliox mixture output flowing to the patient and all 
such patients should be closely monitored, including with a 
pulse oximetry.67

Helium mixtures can be given through a cuffed tracheal 
airway with a positive pressure ventilator. However, the perfor-
mance of ventilators in delivering heliox tends to vary signifi-
cantly by model, and only some of them have received FDA 
clearance for such use. Consequently, RTs should ensure that an 
appropriate ventilator is being used to administer heliox, deter-
mine if a conversion factor is needed to adjust settings, and 
ensure that the patient is monitored closely while such an 
approach is being used.68 Pressure measurements on mechani-
cal ventilators are always accurate during the use of heliox but 

a synchronized and proportional dose of NO through the injec-
tor module into the ventilator circuit. A monitoring system 
continuously displays inspired FiO2, NO2, and NO. The INOmax 
DSIR Plus employs several alarm systems to alert clinicians, 
including alarms for high and low NO and FiO2 and high NO2. 
Other alarms notify clinicians when the source gas (INOmax) 
pressure is low, or if there is a monitoring failure. The device 
also informs clinicians when high calibrations for the monitor-
ing system are due; low calibrations are performed automati-
cally by the device without requiring user intervention.57

The delivery system entails the use of cylinder mixtures of 
NO containing up to 800 ppm of NO with the balance being 
nitrogen. This high concentration of NO is diluted by gases in 
the ventilator circuit before delivery to the patient. Because 
adding NO to the circuit decreases the FiO2 (up to 10 percent 
at 80 ppm), O2 concentration must be continuously monitored 
downstream from the titration site.

The INOmax DSIR Plus can also be interfaced with several 
specialty ventilators including high-frequency oscillators, jet 
ventilators, and anesthesia machines. Inhaled NO has also been 
used with noninvasive ventilation. Other special considerations 
apply, and resources such as ventilator procedure manuals and 
department policy and procedures should be reviewed to help 
ensure proper setup and patient safety.56

The administration of inhaled NO to spontaneously breath-
ing patients is also possible. The INOmax DSIR Plus has been 
validated with high- and low-flow nasal cannula systems and 
some nasal CPAP systems.56

Withdrawing Therapy
Care must be taken when NO therapy is withdrawn to prevent 
the rebound effect. First, the NO level should be reduced to the 
lowest effective dose (ideally ≤5 ppm). Second, the patient’s 
condition should be hemodynamically stable, and the patient 
should be able to maintain adequate oxygenation while breath-
ing a moderate FiO2 (≤0.4) on low levels of positive end expira-
tory pressure. Third, the patient should be hyperoxygenated 
(FiO2 0.6 to 0.7) just before discontinuation of NO inhalation. 
Close monitoring of patients and use of these measures usually 
avoid an increase in pulmonary artery pressure and hypoxemia 
with withdrawal of nitric oxide.53

Helium-Oxygen Therapy

Indications
The value of helium as a therapeutic gas is based solely on its 
low density. As detailed in Chapter 6, when flow is turbulent, 
driving pressure varies with the square of the flow. Because  
flow in the large airways is mainly turbulent, breathing a low-
density gas mixture can decrease the driving pressure needed  
to move gas in and out of this area. With less pressure needed 
to move gas through the large airways, the patient’s work of 
breathing decreases. However, this effect is limited to large 
airway obstruction (flow in the small airways is not turbulent).

Helium-O2 has been used for more than 70 years as an 
adjunct tool in the management of large airway obstruction.58 
Heliox therapy has been shown to be effective in treating acute 
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cylinders stored for long periods of time have been found to 
contain these gases in an unmixed, or separated, state. The only 
way to avoid this potential hazard is to analyze the O2 concen-
tration coming from the cylinder before administering the gas.

As clinical applications for heliox have expanded, other 
hazards have emerged. One potential problem is volume-
induced lung injury when heliox is administered via a mechani-
cal ventilator. This risk can be addressed by using only ventilators 
approved by the FDA for heliox administration. In addition, the 
lower density of helium-O2 mixtures may result in greater vari-
ability in medication delivery to the airways. Careful patient 
monitoring during such therapy can help minimize this concern. 
Another rare but possible problem is hypothermia to infants 
receiving heliox via an oxyhood. This risk results from the high 
thermal conductivity of helium and can be avoided by warming 
and humidifying the heliox gas.66

Carbon Dioxide–Oxygen  
(Carbogen) Therapy

Although rarely used, CO2-O2 mixtures (carbogen) have been 
employed to treat hiccups, carbon monoxide poisoning, and 
some neonates with congenital cardiac anomalies, and to 
prevent complete washout of CO2 during cardiopulmonary 
bypass and extracorporeal gas exchange. More recently, it has 
been investigated as a treatment for hearing loss and seizures. 
However, the application of carbogen in clinical settings has 
been quite limited given the potential adverse effects of hypox-
emia, premature ventricular contractions, hypertension, and 
muscle twitching.70

Carbogen is supplied in compressed gas cylinders as either 
5% : 95% or 7% : 93% CO2-O2 mixtures. It can be administered 
to patients with a snug-fitting nonrebreathing mask, with a flow 
sufficient to prevent the reservoir from collapsing during inha-
lation. Because of the potential adverse effects, patients receiv-
ing carbogen should be monitored closely, especially at 7% : 93% 
mixtures. If any significant adverse effects are noted, the therapy 
should be stopped.70

volume measurements can be grossly inaccurate if the ventilator 
is not calibrated to a heliox mixture.

Blenders have also been used to administer heliox. When a 
blender is used, the 80 : 20 heliox is generally attached to the air 
inlet, and an O2 analyzer is placed downstream. However, 
because the accuracy of blenders tends to vary, the system’s FiO2 
readings should first be tested, and the difference between the 
set and actual FiO2 should be known.

Heliox has also been combined with bronchodilator therapy 
to treat acute obstructive disorders such as status asthmaticus. 
Heliox improves aerosol deposition mainly because of a reduc-
tion in turbulence and less impaction and medication loss. 
Because of the low density of heliox, when a nebulizer is driven 
by heliox, the liter flow must be increased from the customary 
6 L/min to 10 to 12 L/min to achieve the same volume of 
aerosol generated per unit of time.

When heliox is given alone or as part of nebulization, the RT 
should realize that a typical hospital O2 flowmeter is inaccurate 
because of the lower density of helium. Flowmeters calibrated 
for helium should be used to ensure accurate delivery. However, 
correction factors are available for O2 flowmeters. The correc-
tion for an 80 : 20 helium-O2 mixture is 1.8; this means that for 
every 10 L/min indicated flow, 10 × 1.8, or 18 L/min, of the 
80 : 20 mixture actually leaves the flowmeter. For delivery of a 
specific flow from an 80 : 20 helium-O2 source, the RT sets the 
flowmeter to the desired flow divided by 1.8. If a flow of 9 L/
min of an 80 : 20 helium-O2 mixture is needed, the RT sets the 
flowmeter to 9/1.8, or 5 L/min. Factors for any other mixture 
can be calculated if needed. The factor for a 70 : 30 helium-O2 
mixture is 1.6.

In addition to special flow considerations, the RT should use 
an O2 analyzer to monitor heliox (actually O2) concentrations 
continuously between the source of the mixture and the patient. 
The basis for this recommendation is that the gas is either 
helium or O2, and if the FiO2 is known, assuming there are no 
leaks, the remaining gas is helium. This monitoring helps ensure 
that the patient is receiving the therapeutic benefits of a less 
dense gas while maintaining the appropriate FiO2.

Troubleshooting and Hazards
The low density of helium mixtures makes them poor vehicles 
for aerosol transport. High-density bland water aerosols are 
difficult to deliver with helium mixtures. The low density of 
helium mixtures also makes coughing less effective. If the 
patient can develop an effective cough, this problem can  
be rectified by means of washing out the helium before 
coughing.

The most common side effect of helium is a benign one. 
When a patient is breathing a helium mixture, the spoken word 
is badly distorted at a pitch so high as to make it almost unintel-
ligible. This effect is caused by the passage of a low-density gas 
through the vocal cords on exhalation.

A more serious problem is hypoxemia associated with 
breathing helium mixtures.66,69 Although this problem may have 
been caused by using too low an O2 concentration (20%), there 
is another possibility. Very rarely, some commercial helium-O2 

SUMMARY CHECKLIST

◗	O2	therapy	is	used	to	(1)	correct	acute	hypoxemia,	(2)	
decrease	the	symptoms	of	chronic	hypoxemia,	and	(3)	
decrease	cardiopulmonary	workload.

◗	The	need	for	supplemental	O2	can	be	assessed	with	
laboratory	measures,	clinical	history,	and	bedside	patient	
evaluation.

◗	 In	the	care	of	adults,	children,	and	infants	older	than	28	
days,	O2	therapy	is	indicated	if	PaO2	is	less	than	
60	mm	Hg	or	SaO2	is	less	than	90%.

◗	Exposure	to	100%	O2	for	more	than	24	hours	should	be	
avoided	whenever	possible;	high	FiO2	is	acceptable	if	the	
concentration	can	be	decreased	to	0.70	within	2	days	and	
to	0.50	or	less	in	5	days.

◗	Concern	that	O2	therapy	can	cause	hypoventilation	should	
never	preclude	administration	of	O2	to	a	patient	in	need.	
Prevention	of	hypoxia	always	is	the	first	priority.
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◗	 If	an	O2	delivery	system	provides	all	of	a	patient’s	inspired	
gas,	FiO2	remains	stable.	If	the	device	provides	only	part	
of	the	inspired	gas,	air	dilutes	the	O2,	and	FiO2	can	vary.

◗	O2	provided	with	low-flow	devices	such	as	a	nasal	cannula	
always	is	diluted	with	air;	the	result	is	a	low	and	variable	
FiO2.

◗	Reservoir	devices	can	provide	higher	FiO2	than	low-flow	
systems	or	can	be	used	to	conserve	O2.

◗	To	avoid	rebreathing,	a	flow	of	at	least	5	L/min	should	be	
used	with	O2	masks;	for	reservoir	masks	with	bags,	the	
flow	must	be	sufficient	to	prevent	bag	collapse.

◗	A	nonrebreathing	reservoir	circuit	can	provide	a	full	range	
of	FiO2	(21%	to	100%)	at	any	needed	flow	to	both	
intubated	and	nonintubated	patients.

◗	High-flow	systems	supply	a	given	O2	concentration	at	a	
flow	of	at	least	60	L/min.

◗	A	high-flow	nasal	cannula	can	be	useful	in	treating	
moderate	hypoxemia,	especially	for	patients	who		
don’t	tolerate	oxygen	masks	and	need	supplemental	
humidity.

◗	Because	entrainment	devices	dilute	source	O2	with	air,	
they	always	provide	less	than	100%	O2.	The	more	air	
entrained,	the	higher	the	total	flow,	but	the	delivered	FiO2	
is	lower.

◗	Air-entrainment	nebulizers	should	be	treated	as	fixed-
performance	devices	only	when	set	to	deliver	low	O2	
concentration	(≤35%).

◗	One	way	to	achieve	high	FiO2	with	air-entrainment	
nebulizers	is	to	connect	two	or	more	devices	together	in	
parallel.

◗	Back	pressure	decreases	both	the	volume	of	entrained	air	
and	the	total	flow	output	of	air-entrainment	devices.

◗	A	blending	system	allows	precise	control	over	FiO2	and	
total	flow	output;	most	blending	systems	qualify	as	true	
fixed-performance	delivery	devices.

◗	An	operational	check	of	an	O2	blender	should	always	be	
conducted	before	the	device	is	used.

◗	O2	therapy	enclosures	are	used	mainly	in	the	care	of	
children	and	infants.	Problems	include	limited	and	highly	
variable	FiO2	and	temperature	control.

◗	The	three	Ps—purpose,	patient,	and	performance	of	the	
device—should	be	considered	in	the	selection	or	
recommendation	of	an	O2	delivery	system.

◗	 In	HBO	therapy,	O2	is	administered	at	a	pressure	greater	
than	1	atm	for	management	of	conditions	such	as	air	
embolism	and	carbon	monoxide	poisoning.

◗	 Inhaled	NO	improves	blood	flow	to	ventilated	alveoli,	
reduces	intrapulmonary	shunting,	improves	arterial	
oxygenation,	and	decreases	pulmonary	vascular	resistance	
and	pulmonary	arterial	pressure.

◗	Heliox	mixtures	are	used	to	reduce	the	work	of	breathing	
in	large	airways	obstruction.	The	low	density	of	heliox	
makes	standard	O2	flowmeters	inaccurate	and	provides	
inaccurate	volume	and	flow	measurement	on	ventilators	
not	calibrated	for	its	use.

◗	Carbogen	is	used	in	the	management	of	some	neonates	
with	congenital	heart	disease,	to	treat	hiccups	and	to	
prevent	complete	washout	of	CO2	during	cardiopulmonary	
bypass	or	extracorporeal	gas	exchange.
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Lung Expansion Therapy

DANIEL F. FISHER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	various	causes	of	atelectasis.
◆	 Identify	which	patients	need	lung	expansion	therapy.
◆	 Define	the	clinical	findings	seen	in	atelectasis.
◆	 Describe	how	lung	expansion	therapy	works.
◆	 List	the	indications,	hazards,	and	complications	associated	with	the	various	modes	of	lung	expansion	therapy.
◆	 Describe	the	primary	responsibilities	of	the	respiratory	therapist	in	planning,	implementing,	and	evaluating	lung	

expansion	therapy.

CHAPTER OUTLINE

Causes and Types of Atelectasis
Factors	Associated	With	Causing	Atelectasis

Clinical Signs of Atelectasis
Lung Expansion Therapy

Incentive	Spirometry
Noninvasive	Ventilation

Intermittent	Positive	Airway	Pressure	Breathing
Other	Therapies
Positive	Airway	Pressure	Therapy

Selecting an Approach
Early	Mobilization	of	the	ICU	Patient

KEY TERMS

atelectasis
compression	atelectasis
continuous	positive	airway	pressure	

(CPAP)
deep	breathing/directed	cough

gas	absorption	atelectasis
incentive	spirometry	(IS)
intermittent	positive	airway	pressure	

breathing	(IPPB)
lobar	atelectasis

noninvasive	ventilation	(NIV)
positive	expiratory	pressure	(PEP)

P ulmonary complications are common serious prob-
lems seen in patients who have undergone thoracic or 
abdominal surgery.1,2 Such complications include atel-

ectasis (alveolar collapse), pneumonia, and acute respiratory 
failure. These respiratory problems can be minimized or avoided 
if proper respiratory care is implemented during the periopera-
tive period. The most common form of therapy used in high-
risk patients is lung expansion therapy.

Lung expansion therapy encompasses a variety of respiratory 
care procedures designed to prevent or correct atelectasis. The 
most common modalities include deep breathing/directed 
cough, incentive spirometry (IS), continuous positive airway 
pressure (CPAP), positive expiratory pressure (PEP), inter-
mittent positive airway pressure breathing (IPPB), and early 

patient mobilization. The common purpose that all of these 
techniques share is improving pulmonary function by maxi-
mizing alveolar recruitment and optimizing airway clearance.

Various lung expansion therapies can be effective in prevent-
ing or correcting atelectasis in selected patients.1 There is no 
one specific method to apply in a given situation because no 
advantage of any one method has been established. In fact, 
evidence suggests that patient preference is as important as the 
chosen therapy.3 The most efficient use of resources is a primary 
concern with any plan to apply lung expansion therapy.

All of the following therapies share a common goal, to 
increase functional residual capacity (FRC). In other words, all 
of these supplemental techniques are designed to simulate a 
deep breath or sigh. In consultation with the prescribing 
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and in patients who are restricted to bed rest for any reason.6 
Atelectasis is one of the leading causes of hypoxemia after 
abdominal surgery and may account for 24% of deaths within 
6 days of surgery.7 It is good clinical practice to consider atel-
ectasis during assessment of postoperative patients.

Impairment of the function of pulmonary surfactant can 
also have an impact on the development of atelectasis. Surfac-
tants decrease the surface tension of the walls of the alveoli. 
When there is deterioration of the function of this vital protein, 
the relative increase in surface tension can cause alveoli to 
collapse.5

Most postoperative patients also have problems coughing 
effectively because of their reduced ability to take deep breaths. 
An ineffective cough impairs normal clearance mechanisms and 
increases the likelihood of retained secretions, which could lead 
to the development of absorption atelectasis and pneumonia in 
a patient with excessive mucus production. Patients with a 
history of lung disease that causes increased mucus production 
(e.g., chronic bronchitis) are most prone to develop complica-
tions in the postoperative period. Similarly, a significant history 
of cigarette smoking should alert the RT to the high risk for 
respiratory complications with surgery. Such patients must be 
identified in the preoperative period and considered strong can-
didates for airway clearance and lung expansion therapy. Elec-
tive surgery for these patients may need to be postponed in 
some cases until such therapies can be included in the treatment 
plan. Lung expansion therapy in the postoperative period may 
help improve clearance of secretions by improving the effective-
ness of coughing and secretion removal.

physician, the RT should assist in identifying patients most 
likely to benefit from lung expansion therapy, recommend and 
initiate the appropriate and most efficient therapeutic approach, 
monitor the patient’s response, and alter the treatment regimen 
as needed.

CAUSES AND TYPES  
OF ATELECTASIS

Although atelectasis can occur from a large variety of problems, 
this chapter focuses on the two primary types associated  
with postoperative or bedridden patients who are breathing 
spontaneously without mechanical assistance: (1) gas absorp-
tion atelectasis and (2) compression atelectasis. Gas absorption 
atelectasis can occur either when there is a complete interrup-
tion of ventilation to a section of the lung or when there is a 
significant shift in ventilation/perfusion ( � �V/Q). Gas distal to an 
obstruction is absorbed by blood passing through the pulmo-
nary capillaries, which eventually causes partial collapse of the 
nonventilated alveoli. When ventilation is compromised in a 
larger airway or bronchus, lobar atelectasis can develop.

Compression atelectasis occurs when the transthoracic 
pressure (the pressure difference between the body surface and 
the alveoli) exceeds the transalveolar pressure (the pressure dif-
ference between the alveoli and pleural space).2,4,5 Compression 
atelectasis is primarily caused by mechanisms that increase this 
pressure gradient. This situation is common with general anes-
thesia, with the use of sedatives and bed rest, and when deep 
breathing is painful, as when broken ribs are present or surgery 
has been performed on the upper abdominal region. Weakening 
or impairment of the diaphragm can also contribute to com-
pression atelectasis. Compression atelectasis also results from 
fluid overload. It is a common cause of atelectasis in hospital-
ized patients. It may occur in combination with gas absorption 
atelectasis in a patient with excessive airway secretions who 
breathes with small tidal volumes for a prolonged period.

Factors Associated With  
Causing Atelectasis

Patients who have difficulty taking deep breaths without assis-
tance include those with significant obesity, patients with  
neuromuscular disorders, patients under heavy sedation, and 
patients who have undergone upper abdominal or thoracic 
surgery. Diaphragmatic position and function is the major con-
tributor to the onset of atelectasis. In an anesthetized patient, 
there is a cephalad (toward the head) shift of the diaphragm. 
For patients who are supine and breathing spontaneously, the 
lower, dependent portion of the diaphragm performs the most 
movement. The opposite occurs in patients who are paralyzed—
the upper portion of the diaphragm is involved in movement.4,5 
Patients undergoing lower abdominal surgery are at relatively 
less risk for developing atelectasis than patients undergoing 
upper abdominal or thoracic surgery. Neuromuscular injury 
patients are prone to respiratory complications, the most 
common of which is atelectasis. Atelectasis can occur in any 
patient who cannot or does not take deep breaths periodically 

	

RULE OF THUMB

The	closer	the	incision	is	to	the	diaphragm,	the	greater	
the	risk	for	postoperative	atelectasis.	Patients	with	a	
history	of	inadequate	nutritional	intake,	as	shown	by	an	
albumin	level	less	than	3.2	mg/dl,	have	an	increased	
risk	for	pulmonary	complications	in	the	postoperative	
period.	This	increased	risk	is	most	likely	due	to	
inadequate	strength	of	the	inspiratory	muscles	to	
maintain	a	normal	VC.

Laproscopic surgery uses a fiberoptic bundle with small inci-
sions to perform the procedure. Use of this technique has 
gained widespread acceptance in gastrointestinal procedures 
because of shortened recovery time, less pain for the patient, 
and smaller incisions. All of this also lessens the opportunities 
for development of postoperative pulmonary complications.8,9 
Some studies have shown there is a slightly higher cost both 
monetarily and in personel time for laparoscopic procedures 
when compared with open incisions. The benefit of this proce-
dure is the shortened recovery time and fewer complications.8

CLINICAL SIGNS OF ATELECTASIS

RTs must be able to recognize the clinical signs of atelectasis in 
patients so that appropriate therapy can be implemented in a 
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of the pulmonary vessels, and air bronchograms. Indirect signs 
include elevation of the diaphragm; shift of the trachea, heart, 
or mediastinum; pulmonary opacification; narrowing of the 
space between the ribs; and compensatory hyperexpansion of 
the surrounding lung.

LUNG EXPANSION THERAPY

All modes of lung expansion therapy increase lung volume by 
increasing the transpulmonary pressure (PTP) gradient. As 
detailed elsewhere in this text (Chapters 46 and 51), PTP gradient 
represents the difference between the alveolar pressure (Palv) and 
the pleural pressure (Ppl):

P P PTP alv pl= −

With all else being constant, the greater the PTP gradient, the 
more that the alveoli expand.

As depicted in Figure 42-1, the PTP gradient can be increased 
by either (1) decreasing the surrounding Ppl (see Figure 42-1, 
A) or (2) increasing the Palv (see Figure 42-1, B). A spontaneous 
deep inspiration increases the PTP gradient by decreasing the Ppl. 
The application of positive pressure to the lungs increases the 
PTP gradient by increasing the pressure inside the lung (Palv).

All lung expansion therapies use one of these two approaches. 
IS enhances lung expansion via a spontaneous and sustained 
decrease in Ppl. Positive airway pressure techniques increase Palv 
in an effort to expand the lung. Positive pressure lung expansion 
therapies may apply pressure during inspiration only (as in 
IPPB), during expiration only (as in PEP and flutter valves), or 
during both inspiration and expiration (CPAP). Although all of 
these approaches are used in lung expansion therapy, the 
methods that decrease Ppl (e.g., IS) have more of a physiologic 
effect than the methods that increase Palv and often are most 
effective. IS and other patient-directed therapies require an 
alert, cooperative patient who is capable of taking a deep breath.

The goal of any lung expansion therapy should be to imple-
ment a plan that provides an effective strategy in the most 
efficient manner. Staff time and equipment are the two major 
issues related to efficiency. For a patient with minimal risk of 
postoperative atelectasis, deep breathing exercises, frequent 
repositioning, and early ambulation are usually effective and 
can be done with minimal coaching and time from clinicians 

timely fashion. The patient’s medical history often provides the 
first clue in identifying atelectasis. Recent upper abdominal or 
thoracic surgery in any patient should suggest possible atelec-
tasis. A history of chronic lung disease or cigarette smoking or 
both provides additional evidence that the patient is prone to 
respiratory complications after major surgery or prolonged  
bed rest.

The physical signs of atelectasis may be absent or very subtle 
if the patient has minimal atelectasis. When the atelectasis 
involves a more significant portion of the lungs, the patient’s 
respiratory rate increases proportionally. Fine, late-inspiratory 
crackles may be heard over the affected lung region. These 
crackles are produced by the sudden opening of distal airways 
with deep breathing. Bronchial-type breath sounds may be 
present as the lung becomes more consolidated with atelectasis. 
Diminished breath sounds are common when excessive secre-
tions block the airways and prevent transmission of breath 
sounds. Tachycardia may be present if atelectasis leads to sig-
nificant hypoxemia.

FIGURE 42-1	 Transpulmonary	pressure	gradients	with	
spontaneous	inspiration	(A)	and	positive	pressure	inspiration	(B).	
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RULE OF THUMB

There	is	a	direct	relationship	between	the	spontaneous	
respiratory	rate	and	the	degree	of	atelectasis	present.	
Typically,	as	atelectasis	progresses,	respiratory	rate	
increases	proportionally.

MINI CLINI
Risk Factors for Atelectasis

PROBLEM:  The RT is called to evaluate a 47-year-old obese 
man admitted to the hospital for upper abdominal surgery. He 
has a 60 pack-year smoking history and is scheduled for surgery 
tomorrow morning. Examination reveals bilateral inspiratory 
and expiratory coarse crackles and expiratory wheezes. He is 
alert and oriented with normal vital signs. His past medical 
history is positive for diabetes and kidney stones. What factors 
are present that predispose this patient for postoperative atel-
ectasis, and what treatment plan should the RT recommend?

Discussion:  Several important risk factors are present in this 
patient. The three most important are positive smoking history, 
obesity, and the site of surgery (upper abdomen). The findings 
of adventitious lung sounds and positive smoking history are 
very suggestive of a current pulmonary problem that would 
probably require bronchial hygiene and bronchodilators before 
surgery. Delaying the surgery may be necessary if significant 
secretion retention is present. Postoperatively, this high-risk 
patient would need careful monitoring for risks of atelectasis.

The chest radiograph is often used to confirm the presence 
of atelectasis. The atelectatic region of the lung has increased 
opacity. Evidence of volume loss is present in patients with 
significant atelectasis. Direct signs of volume loss on the chest 
film include displacement of the interlobar fissures, crowding 
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mimic natural sighing by encouraging patients to take slow, 
deep breaths simulating a yawn or sigh. IS can be performed 
using devices that provide visual cues to patients when the 
desired inspiratory flow or volume has been achieved. Incentive 
spirometry was first described in 1972, which led to the devel-
opment of a visual feedback device in 1973.10

The desired volume and number of repetitions to be per-
formed are initially set by the RT or other qualified caregiver. 
The inspired volume goal is set on the basis of predicted values 
or observation of initial performance. The true benefit from IS 
is best achieved by repeated use and proper technique.11 The 
American Association for Respiratory Care (AARC) has devel-
oped and published a clinical practice guideline on IS; excerpts 
from this guideline appear in Clinical Practice Guideline 42-1.

and without equipment.5 For a patient at high risk for atelecta-
sis (e.g., a patient undergoing upper abdominal surgery), IS is 
usually instituted. The additional staff time and equipment are 
justified in this high-risk group. Positive pressure therapy 
requires significantly more staff time and equipment and is 
reserved for high-risk patients who cannot perform IS 
techniques.

Incentive Spirometry

The purpose of IS is to coach the patient to take a sustained 
maximal inspiratory (SMI) effort resulting in a decrease in Ppl 
and maintaining the patency of airways at risk for closure. 
Because of its simplicity, IS has been the mainstay of lung 
expansion therapy for many years. IS devices are designed to 

■ INDICATIONS
•	 Presence	of	conditions	predisposing	to	the	development	of	

pulmonary	atelectasis	(upper	abdominal	surgery,	thoracic	
surgery,	surgery	in	patients	with	COPD)

•	 Presence	of	pulmonary	atelectasis
•	 Presence	of	restrictive	lung	defect	associated	with	

quadriplegia	or	dysfunctional	diaphragm

■ CONTRAINDICATIONS
•	 Patient	cannot	be	instructed	or	supervised	to	ensure	

appropriate	use	of	device
•	 Patient	cooperation	is	absent,	or	patient	is	unable	to	

understand	or	demonstrate	proper	use	of	device
•	 Patient	is	unable	to	deep	breathe	effectively	(e.g.,	with	VC		

<10	ml/kg	or	IC	< 1
3	predicted)

•	 Presence	of	an	open	tracheal	stoma	is	not	a	
contraindication	but	requires	adaptation	of	the	spirometer

■ HAZARDS AND COMPLICATIONS
•	 Ineffective	unless	closely	supervised	or	performed	as	

ordered
•	 Inappropriate	as	sole	treatment	for	major	lung	collapse	or	

consolidation
•	 Hyperventilation
•	 Barotrauma	(emphysematous	lungs)
•	 Discomfort	secondary	to	inadequate	pain	control
•	 Hypoxia	owing	to	break	in	mask	O2	therapy
•	 Exacerbation	of	bronchospasm
•	 Fatigue

■ ASSESSMENT OF NEED
•	 Surgical	procedure	involving	upper	abdomen	or	thorax
•	 Conditions	predisposing	to	atelectasis,	including	immobility,	

poor	pain	control,	and	abdominal	binders
•	 Presence	of	neuromuscular	disease	involving	respiratory	

musculature

■ ASSESSMENT OF OUTCOME
•	 Absence	of	or	improvement	in	signs	of	atelectasis
•	 Decreased	respiratory	rate
•	 Resolution	of	fever
•	 Normal	pulse	rate
•	 Absence	of	crackles	or	presence	of	or	improvement	in	

previously	absent	or	diminished	breath	sounds
•	 Normal	chest	radiograph
•	 Improved	PaO2	and	decreased	alveolar-arterial	O2	tension	

gradient
•	 Increased	VC	and	peak	expiratory	flows
•	 Return	of	FRC	or	VC	to	preoperative	values,	in	absence	of	

lung	resection
•	 Improved	inspiratory	muscle	performance	(e.g.,	attainment	

of	preoperative	flow	and	volume	levels,	increased	FVC)

■ MONITORING
Direct	supervision	of	every	patient	performance	is	
unnecessary	after	the	patient	has	demonstrated	mastery	of	
technique;	however,	preoperative	instruction,	volume	goals,	
and	feedback	are	essential	to	optimal	performance.
•	 Observation	of	patient	performance	and	use
•	 Frequency	of	sessions
•	 Number	of	breaths	per	session
•	 Inspiratory	volume	or	flow	goals	achieved	and	3-	to	

5-second	breath	hold	maintained
•	 Effort	and	motivation
•	 Periodic	observation	of	patient	compliance	with	technique,	

with	additional	instruction	as	necessary
•	 Device	within	reach	of	patient	and	patient	encouraged	to	

perform	independently
•	 New	and	increasing	inspiratory	volumes	established		

each	day
•	 Vital	signs

*For complete guidelines, see American Association for Respiratory Care: Clinical practice guidelines: incentive spirometry. Respir Care 56:1600, 2011.

42-1  Incentive Spirometry

AARC Clinical Practice Guideline (Excerpts)*
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FIGURE 42-2	 Alveolar	(solid lines)	and	pleural	(dotted lines)	
pressure	changes	during	spontaneous	breathing	(A)	and	SMI	(B).	
Note	the	difference	in	PTP	gradients	(double arrows).	
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 Box 42-3 Hazards and Complications of 
Incentive Spirometry

•	 Hyperventilation	and	respiratory	alkalosis
•	 Discomfort	secondary	to	inadequate	pain	control
•	 Pulmonary	barotrauma
•	 Exacerbation	of	bronchospasm
•	 Fatigue

 Box 42-2 Contraindications for 
Incentive Spirometry

•	 Patient	cannot	be	instructed	or	supervised	to	ensure	
appropriate	use	of	device

•	 Patient	cooperation	is	absent,	or	patient	is	unable	to	
understand	or	demonstrate	proper	use	of	device

•	 Patients	unable	to	deep	breathe	effectively	(VC	<10	ml/kg	or	
IC	< 1

3	predicted)

 Box 42-1 Indications for Incentive 
Spirometry

•	 Presence	of	pulmonary	atelectasis
•	 Presence	of	conditions	predisposing	to	atelectasis

•	 Upper	abdominal	surgery
•	 Thoracic	surgery
•	 Surgery	in	patients	with	COPD

•	 Presence	of	a	restrictive	lung	defect	associated	with	
quadriplegia	or	dysfunctional	diaphragm

Physiologic Basis
An SMI is functionally equivalent to performing a functional 
residual capacity (FRC) to inspiratory capacity (IC) maneuver, 
followed by a breath hold. Figure 42-2 compares the alveolar 
and Ppl changes occurring during a normal spontaneous breath 
and an SMI during IS.

During the inspiratory phase of spontaneous breathing, the 
decrease in Ppl caused by expansion of the thorax is transmitted 
to the alveoli. With Palv now negative, a pressure gradient is 
created between the airway opening and the alveoli. This tran-
srespiratory pressure gradient causes gas to flow from the airway 
into the alveoli. Within certain limits, the greater the transres-
piratory pressure gradient, the more that lung expansion occurs.

Indications
Indications for IS are listed in Box 42-1. The primary indication 
for IS is to treat existing atelectasis. IS may also be used as a 
preventive measure when conditions exist that make the devel-
opment of atelectasis likely.7

Contraindications
IS is a simple and relatively safe modality. For this reason, con-
traindications are few (Box 42-2).

Hazards and Complications
Given its normal physiologic basis, IS presents few major 
hazards and complications; those that can occur are listed in 
Box 42-3. Acute respiratory alkalosis is the most common 
problem and occurs when the patient performs IS too rapidly, 
or if the prescribed frequency of therapy is mismatched.12 Diz-
ziness and numbness around the mouth are the most frequently 
reported symptoms associated with respiratory alkalosis. This 
can be easily corrected with careful instruction and monitoring 
of the patient. Discomfort with deep inspiratory efforts second-
ary to pain is usually the result of inadequate pain control in a 
postoperative patient. Appropriate pain control prior to and 
during therapy is important.

Equipment
The equipment needed for SMI is typically simple, portable, 
and inexpensive. Although advances in technology have pro-
duced more complex devices, there is no evidence that these 
devices produce any better outcomes than their lower cost, dis-
posable counterparts.

IS devices can generally be categorized as volume-oriented 
or flow-oriented. True volume-oriented devices measure and 
visually indicate the volume achieved during an SMI. The most 
popular true volume-oriented IS devices employ a bellows that 
rises according to the inhaled volume. When the patient reaches 
a target inspiratory volume, a controlled leak in the device 
allows the patient to sustain the inspiratory effort for a short 
period (usually 5 to 10 seconds). Because the bellows types of 
IS devices are bulky and large, smaller devices that indirectly 
indicate volume based on flow through a fixed orifice have been 
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Administration
The successful application of IS involves three phases: planning, 
implementation, and follow-up. Because many of the compo-
nents of this process are similar to those previously described, 
we highlight only the key points and differences in approach.

Preliminary Planning. During preliminary planning, the 
need for IS should be determined by careful patient assessment. 
Once the need is established, planning should focus on selecting 
specific therapeutic outcomes. Box 42-4 lists potential out-
comes that can be considered for patients receiving IS.

Patients scheduled for upper abdominal or thoracic surgery 
should be screened before undergoing the surgical procedure. 
Assessment conducted at this point helps to identify patients at 
high risk for complications and allows determination of their 
baseline lung volumes and capacities. This approach provides 
an opportunity to orient high-risk patients to the procedure 
before undergoing surgery, increasing the likelihood of success 
when IS is provided after surgery.

Implementation. Successful IS requires effective patient 
teaching. The RT should set an initial goal that is attainable by 
the patient yet requires a moderate effort. Setting an initial goal 
that is too low for the patient results in little incentive and an 
ineffective maneuver, at least initially. The patient should be 
instructed to inspire slowly and deeply to maximize the distri-
bution of ventilation.

The RT should observe the patient perform the initial inspi-
ratory maneuvers and ensure the patient uses correct technique. 
Correct technique calls for diaphragmatic breathing at slow to 
moderate inspiratory flows. Demonstration is probably the 
most effective way to assist patient understanding and coopera-
tion. Both the operation of the device and the proper breathing 
technique can be explained easily when the RT uses himself or 
herself as an example, and much trial and error can be avoided.

Many patients have difficulty with the slow inspiration fol-
lowed by the breath hold. Nonetheless, patients should be 
encouraged to try not to breathe in too fast or slowly and to 
attempt a brief breath hold.

A normal exhalation should follow the breath hold, and the 
patient should be given the opportunity to rest as long as needed 
before the next SMI maneuver. Some patients in the early 

FIGURE 42-3	 Volumetric	incentive	spirometer.	(Courtesy	DHE	
Healthcare,	Canastota,	NY.)

FIGURE 42-4	 Flow-oriented	incentive	spirometer.	(From	DeWit,	
S:	Fundamental	concepts	and	skills	for	nursing,	ed	2,	St	Louis,	
2004,	Saunders.)

 Box 42-4 Potential Outcomes of 
Incentive Spirometry

•	 Absence	of	or	improvement	in	signs	of	atelectasis
•	 Decreased	respiratory	rate
•	 Normal	pulse	rate
•	 Resolution	of	abnormal	breath	sounds
•	 Normal	or	improved	chest	radiograph
•	 Improved	PaO2	and	decreased	PaCO2

•	 Increased	SpO2

•	 Increased	VC	and	peak	expiratory	flows
•	 Restoration	of	preoperative	FRC	or	VC
•	 Improved	inspiratory	muscle	performance	and	cough
•	 Attainment	of	preoperative	flow	and	volume	levels
•	 Increased	FVC

developed. These devices sacrifice accurate measurement of  
the inhaled volume to achieve portability and smaller size 
(Figure 42-3).

Flow-oriented devices measure and visually indicate the 
degree of inspiratory flow (Figure 42-4). This flow can be 
equated with volume by assessing the duration of inspiration 
or time (flow × time = volume). Both flow-oriented and volume-
oriented devices attempt to encourage the same goal for the 
patient: a sustained maximal inspiratory effort to prevent or 
correct atelectasis. There is no benefit of one type of IS over  
the other.
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Intermittent Positive Airway  
Pressure Breathing

Physiologic Basis
IPPB is a specialized form of NIV used for relatively short treat-
ment periods (approximately 15 minutes per treatment). The 
intent of IPPB, unlike NIV, is not to provide full ventilatory 
support but to provide machine-assisted deep breaths assisting 
the patient to deep breathe and stimulate a cough. This section 
discusses the use of IPPB as a modality for the treatment of 
atelectasis.

IPPB has historically consisted of providing an aerosol under 
positive pressure, augmenting the patient’s own inspiratory 
efforts and thus resulting in a larger tidal volume (VT) than 
could be spontaneously generated. The effectiveness of IPPB as 
an enhancement for aerosol delivery has been shown to be 
incorrect. In fact, IPPB does not improve aerosol deposition at 
all.3 The AARC CPG for IPPB even recommends a 10-fold 
increase in medication dosage when compared with other 
aerosol delivery methods.14 Lung volumes are increased in IPPB 
because Palv > Ppl. Depending on the mechanical properties of 
the lung, Ppl may exceed atmospheric pressure during a portion 
of inspiration. As with spontaneous breathing, the recoil force 
of the lung, stored as potential energy during the positive pres-
sure breath, causes a passive exhalation. As gas flows from the 
alveoli out to the airway opening, Palv decreases to atmospheric 
level, while Ppl is restored to its normal subatmospheric range 
(Figure 42-5). The AARC has developed and published a clinical 
practice guideline for IPPB; excerpts from this guideline appear 
in Clinical Practice Guideline 42-2.

Indications
Although IPPB is not an effective aerosol delivery system, peri-
odic sessions of positive pressure ventilation provided noninva-
sively can be useful in the treatment of pulmonary complications 

postoperative stage may need to rest for 30 seconds to 1 minute 
between maneuvers. This rest period helps avoid a common 
tendency by some patients to repeat the maneuver at rapid rates, 
causing respiratory alkalosis. The goal is not rapid, partial lung 
inflation but intermittent, maximal inspiration.

The exact number of sustained maximal inspirations needed 
to reverse or prevent atelectasis is not known and probably 
varies according to the patient’s clinical status. However, because 
healthy individuals average about 6 sighs per hour, an IS regimen 
should probably aim to ensure a minimum of 5 to 10 SMI 
maneuvers each hour.12

Follow-up. Assessing the patient’s performance is vital to 
ensuring achievement of goals. To do so, the RT should make 
return visits to monitor treatment sessions until the correct 
technique and appropriate effort are achieved. Suggested moni-
toring activities for IS are outlined in Box 42-5.

After the patient has demonstrated mastery of technique, IS 
may be performed with minimal supervision. For patients with 
a neuromuscular disease or spinal injury, the use of a mechani-
cal cough device (in-exsufflator) may provide a similar thera-
peutic objective. There is a lack of supporting data that IS has 
an effect of preventing or reversing pulmonary complications 
in post cardiac surgery patients, or those patients who have 
recently had upper abdominal surgery.10,13 This is not implying 
that the therapy does not work, but strengthens the need to have 
more robust studies to evaluate this modality.

Noninvasive Ventilation

Noninvasive ventilation (NIV) provides breathing support to 
patients with inadequate ability to ventilate. NIV has been doc-
umented to have beneficial effects for patients who may need 
periodic, short-term support or patients who are experiencing 
exacerbations of pulmonary disease. NIV offers some benefits 
over traditional, invasive ventilation owing to lower infection 
risk and reduced need for sedation because of the absence of an 
artificial airway. NIV is discussed in detail elsewhere (Chapter 
49). In addition, variations of NIV, including IPPB and PEP 
therapy, can be potentially valuable lung expansion tools and 
are discussed in the following sections.

FIGURE 42-5	 Alveolar	(solid lines)	and	pleural	(dotted lines)	
pressure	changes	during	spontaneous	breathing	(A)	and	IPPB	(B).	
Note	the	difference	in	PTP	gradients	(double arrows).	
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 Box 42-5 Monitoring Patients Receiving 
Incentive Spirometry

Observe	patient	performance	and	use:
•	 Frequency	of	sessions
•	 Number	of	breaths	per	session
•	 Volume	and	flow	goals	achieved
•	 Breath	hold	maintained
•	 Effort	and	motivation
•	 Periodic	observation	of	patient	compliance,	with	

additional	instruction	as	needed
•	 Device	within	reach	of	patient	and	patient	encouraged	to	

perform	independently
•	 New	and	increasing	inspiratory	volumes	established	each	

day
•	 Vital	signs	and	breath	sounds
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42-2  Intermittent Positive Pressure Breathing

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 Need	to	improve	lung	expansion
•	 Presence	of	clinically	significant	pulmonary	atelectasis	when	

other	forms	of	therapy	(e.g.,	IS)	have	been	unsuccessful	or	
the	patient	cannot	cooperate

•	 Inability	to	clear	secretions	adequately	because	of	
pathology	that	severely	limits	the	ability	to	ventilate	or	
cough	effectively	and	failure	to	respond	to	other	modes	of	
treatment

•	 Need	for	short-term	noninvasive	ventilatory	support	for	
hypercapnic	patients	(as	an	alternative	to	intubation	and	
continuous	ventilatory	support)

•	 Need	to	deliver	aerosol	medication
•	 Although	some	authors	oppose	the	use	of	IPPB	in	the	

treatment	of	severe	bronchospasm	(e.g.,	acute	asthma),	we	
recommend	a	careful,	closely	supervised	trial	of	IPPB	when	
treatment	using	other	techniques	(metered	dose	inhaler	
[MDI]	or	nebulizer)	has	been	unsuccessful

•	 IPPB	may	be	used	to	deliver	aerosol	medications	to	
patients	with	ventilatory	muscle	weakness	or	fatigue	or	
chronic	conditions	in	which	intermittent	noninvasive	
ventilatory	support	is	indicated.

■ CONTRAINDICATIONS
Although	no	absolute	contraindications	to	use	of	IPPB	therapy	
(except	tension	pneumothorax)	have	been	reported,	a	patient	
with	any	of	the	following	should	be	carefully	evaluated	before	
a	decision	is	made	to	initiate	IPPB	therapy:
•	 ICP	>15	mm	Hg
•	 Hemodynamic	instability
•	 Recent	facial,	oral,	or	skull	surgery
•	 Tracheoesophageal	fistula
•	 Recent	esophageal	surgery
•	 Active	hemoptysis
•	 Nausea
•	 Air	swallowing
•	 Active,	untreated	tuberculosis
•	 Radiographic	evidence	of	bleb
•	 Singultus	(hiccups)

■ HAZARDS AND COMPLICATIONS
•	 Increased	airway	resistance
•	 Barotrauma,	pneumothorax
•	 Nosocomial	infection
•	 Hyperventilation	or	hypocapnia
•	 Hemoptysis
•	 Hyperoxia	when	O2	is	the	gas	source
•	 Gastric	distention
•	 Secretion	impaction	(inadequate	humidity)
•	 Psychological	dependence
•	 Impedance	of	venous	return

•	 Exacerbation	of	hypoxemia
•	 Hypoventilation
•	 Increased	V/Q� 	mismatch
•	 Air	trapping,	auto-PEEP,	overdistended	alveoli

■ ASSESSMENT OF NEED
•	 Presence	of	clinically	significant	atelectasis
•	 Reduced	timed	volumes	or	VC	(e.g.,	FEV1	<65%	predicted,	

FVC	<70%	predicted,	maximum	voluntary	ventilation	<50%	
predicted,	or	VC	<10	ml/kg)	precluding	an	effective	cough

•	 Neuromuscular	or	skeletal	disorders	associated	with	
decrease	in	lung	volumes	and	capacities

•	 Fatigue	or	muscle	weakness	with	impending	respiratory	
failure

•	 Presence	of	acute,	severe	bronchospasm	or	exacerbated	
COPD	that	fails	to	respond	to	other	therapy	(consider	MDI	
with	spacer	or	holding	chamber	first)

•	 With	demonstrated	effectiveness,	the	patient’s	preference	
for	a	positive	pressure	device	should	be	honored

■ ASSESSMENT OF OUTCOME
•	 A	minimum	delivered	tidal	volume	of	at	least	one-third	of	

predicted	IC	( 1
3	×	50	ml/kg)	has	been	suggested

•	 FEV1	or	peak	flow	increase
•	 Cough	more	effective	with	treatment
•	 Secretion	clearance	enhanced	as	a	consequence	of	deep	

breathing	and	coughing
•	 Chest	radiograph	improved
•	 Breath	sounds	improved
•	 Favorable	patient	subjective	response

■ MONITORING
Items	from	the	following	list	should	be	chosen	as	appropriate	
for	the	specific	patient:
•	 Machine	performance	(trigger	sensitivity,	peak	pressure,	

flow	settings,	FiO2,	inspiratory	time,	expiratory	time,	plateau	
pressure,	PEEP)

•	 Respiratory	rate	and	volume
•	 Peak	flow	or	FEV1/FVC
•	 Pulse	rate	and	rhythm	from	electrocardiogram	if	available
•	 Patient	subjective	response	to	therapy	(pain,	discomfort,	

dyspnea)
•	 Sputum	production	(quantity,	color,	consistency,	and	odor)
•	 Mental	function
•	 Skin	color
•	 Breath	sounds
•	 Blood	pressure
•	 Arterial	hemoglobin	saturation	by	pulse	oximetry	(if	

hypoxemia	is	suspected)
•	 ICP	in	patients	for	whom	ICP	is	of	critical	importance
•	 Chest	radiograph

*For complete guidelines, see American Association for Respiratory Care: Intermittent positive pressure breathing—2003 revision and update. Respir Care 48:540, 
2003.
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problem is easily avoided through proper coaching of the 
patient before and during treatment.

Another potential complication of IPPB is gastric distention; 
this occurs when gas from the IPPB device passes directly into 
the esophagus. Gastric distention is uncommon in an alert 
patient but is a significant risk for a neurologically obtunded 
patient. Normally, the esophagus does not open until a pressure 
of about 20 to 25 cm H2O has been reached. Gastric distention 
represents the greatest risk in patients receiving IPPB at high 
pressures. The major hazards and complications of IPPB are 
listed in Box 42-7.

Administration
Effective IPPB requires careful preliminary planning, individu-
alized patient assessment and implementation, and thoughtful 
follow-up. In all three phases of the process, the RT should work 
closely with the prescribing physician to determine patient 
need, select the appropriate therapeutic approach, and assess 
patient progress toward predefined clinical outcomes.

Preliminary Planning. During preliminary planning, the 
need for IPPB is determined, and desired therapeutic outcomes 
are established. The outcomes chosen for a patient are based on 
diagnostic information that supports the need for IPPB therapy. 
In addition, therapeutic outcomes should be as explicit and 
measurable as possible. Box 42-8 lists potential accepted and 

or exacerbations of lung disease.12,15-17 CPAP or NIV may be the 
more appropriate treatments for patients with clinically diag-
nosed atelectasis unresponsive to other therapies, such as IS. 
IPPB should not be used as a single treatment modality for a 
patient with absorption atelectasis because of excessive airway 
secretions. Appropriate systemic hydration and airway clear-
ance techniques should be used to assist in removal of excessive 
secretions.

In concept, IPPB treatment should provide the patient with 
augmented tidal volumes, achieved with minimal effort. There 
is no data to support the use of IPPB as a method of preventing 
or expanding atelectasis. However both the use of CPAP and 
NIV have shown promise in the management of postoperative 
respiratory complications.7,18

Contraindications
There are several clinical situations in which IPPB should not 
be used (Box 42-6). With the exception of untreated tension 
pneumothorax, most of these contraindications are relative. As 
with all procedures, a sound knowledge of the patient’s condi-
tion tempered with good clinical insight should guide the RT 
in the decision-making process. A patient with any of the condi-
tions listed in Box 42-6 should be carefully evaluated before a 
decision is made to begin IPPB therapy.

Hazards and Complications
As with any clinical intervention, certain hazards and complica-
tions are associated with IPPB. These potential problems should 
be addressed in the initial stages of planning for IPPB. In addi-
tion, hazards and complications must be considered through-
out the course of therapy as part of the process of assessing the 
patient for unwanted side effects. The most common complica-
tion associated with IPPB is the inducement of respiratory  
alkalosis. Respiratory alkalosis is induced when the patient 
hyperventilates during the treatment. Deep, fast breathing leads 
to a sharp decrease in PCO2 and an equally marked increase in 
arterial pH. The patient usually feels light-headed and numb 
around the mouth. Arrhythmias are also possible if the alkalosis 
is severe or if the patient has significant heart disease. This 

 Box 42-8 Potential Outcomes of Intermittent 
Positive Airway Pressure  
Breathing Therapy

•	 Improved	VC
•	 Increased	FEV1	or	peak	flow
•	 Enhanced	cough	and	secretion	clearance
•	 Improved	chest	radiograph
•	 Improved	breath	sounds
•	 Improved	oxygenation
•	 Favorable	patient	subjective	response

 Box 42-7 Hazards and Complications of 
Intermittent Positive Airway 
Pressure Breathing

•	 Increased	airway	resistance	and	work	of	breathing
•	 Barotrauma,	pneumothorax
•	 Nosocomial	infection
•	 Hypocarbia
•	 Hemoptysis
•	 Gastric	distention
•	 Impaction	of	secretions	(associated	with	inadequately	

humidified	gas	mixture)
•	 Psychologic	dependence
•	 Impedance	of	venous	return
•	 Exacerbation	of	hypoxemia
•	 Hypoventilation	or	hyperventilation
•	 Increased	mismatch	of	ventilation	and	perfusion
•	 Air	trapping,	auto-PEEP,	overdistention Box 42-6 Clinical Situations Contraindicating 

Intermittent Positive Airway 
Pressure Breathing Therapy

•	 Tension	pneumothorax
•	 ICP	>15	mm	Hg
•	 Hemodynamic	instability
•	 Active	hemoptysis
•	 Tracheoesophageal	fistula
•	 Recent	esophageal	surgery
•	 Active,	untreated	tuberculosis
•	 Radiographic	evidence	of	blebs
•	 Recent	facial,	oral,	or	skull	surgery
•	 Singultus	(hiccups)
•	 Air	swallowing
•	 Nausea
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ness, although the evidence supporting them is low-level, or 
anectdotal.3,19

Positive Airway Pressure Therapy

Similar to IPPB, positive airway pressure (PAP) adjuncts use 
positive pressure to increase the PTP gradient and enhance lung 
expansion. In contrast to IPPB, PAP therapy requires no 
complex machinery. Some methods do not even need a source 
of pressurized gas.

Physiologic Basis
There are three current approaches to PAP therapy: PEP, flutter, 
and CPAP. All three techniques are effective in treating atelec-
tasis in most postsurgical patients.20,21 Because PEP and flutter 
are used most often as part of airway clearance, they are 
described in Chapter 43. This chapter describes the intermittent 
use of CPAP for the treatment of atelectasis.

PEP and flutter valves create expiratory positive pressure 
only, whereas CPAP maintains a positive airway pressure 
throughout both inspiration and expiration. Figure 42-6 com-
pares the alveolar and Ppl changes occurring during a normal 
spontaneous breath (Figure 42-6, A) and CPAP (see Figure 
42-6, B). As can be seen, CPAP elevates and maintains high 
alveolar and airway pressures throughout the full breathing 
cycle; this increases PTP gradient throughout both inspiration 
and expiration. Typically, a patient on CPAP breathes through 
a pressurized circuit against a threshold resistor, with pressures 
maintained between 5 cm H2O and 20 cm H2O. To maintain 
system pressure throughout the breathing cycle, CPAP requires 
a source of pressurized gas.

The following factors involving PAP, flutter, and CPAP 
therapy contribute to the beneficial effects: (1) recruitment of 

desired outcomes of IPPB therapy. Not all the outcomes listed 
in Box 42-8 apply to every patient. For example, for a patient 
exhibiting clinical signs and symptoms of postoperative atelec-
tasis, the following outcomes might be set: improved patient 
comfort, increased aeration on auscultation, decreased respira-
tory rate and work of breathing, and improvement in the chest 
radiograph.

Evaluating Alternatives. Before starting IPPB, the RT and 
prescribing physician must determine therapeutic objectives for 
the treatment and whether simpler and less costly methods 
might be as effective in achieving the desired outcomes.

Baseline Assessment. Before beginning therapy, a baseline 
patient assessment should be conducted. This information 
helps individualize the treatment and allows objective evalua-
tion of the patient’s subsequent response to therapy. Together 
with the patient’s medical history, this baseline assessment also 
alerts the RT to possible problems or hazards associated with 
administering IPPB to the patient. The baseline assessment 
includes a general evaluation of the patient’s clinical status and 
a specific assessment related to the chosen therapeutic goals. 
The general assessment, common to all patients for whom IPPB 
is ordered, includes (1) measurement of vital signs, (2) obser-
vational assessment of the patient’s appearance and sensorium, 
and (3) breathing pattern and chest auscultation.

Discontinuation and Follow-up
Depending on the goals of therapy and condition of the patient, 
IPPB treatments typically last 10 to 15 minutes. Follow-up 
activities include posttreatment assessment of the patient, 
recordkeeping, and equipment maintenance.

Posttreatment Assessment. At the end of a treatment 
session, the patient assessment is repeated. As with the baseline 
assessment, this follow-up evaluation has two components. The 
general follow-up evaluation of the patient’s clinical status 
should focus on determining any pertinent changes in vital 
signs, sensorium, and breath sounds, with emphasis on identi-
fying possible untoward effects. The more specific follow-up 
assessment provides information relevant to evaluating prog-
ress toward achieving the chosen goals of therapy.

Treatment frequency should be determined by assessing 
patient response to therapy (Box 42-9). For acute care patients, 
orders should be reevaluated based on patient response to 
therapy at least every 72 hours or with any change of patient 
status.

Other Therapies

There are other therapies available to the respiratory therapist 
with the aim of secretion clearance and possible treatment of 
postoperative pulmonary complications: intrapulmonary per-
cussive ventilation (IPV), and high-frequency chest wall com-
pression (HFCWC). There is a lack of supporting evidence for 
the effectiveness of either of these therapies, although each is 
similar to techniques previously discussed within this chapter. 
IPV is similar to IPPB with a high respiratory rate, and 
HFCWC is similar to CPT using a pneumatic vest that the 
patient wears. These modalities are mentioned for complete-

 Box 42-9 Monitoring Intermittent 
Positive Airway Pressure  
Breathing Therapy

MACHINE PERFORMANCE
•	 Sensitivity
•	 Peak	pressure
•	 Flow	setting
•	 FiO2

•	 I	:	E	ratio

PATIENT RESPONSE*
•	 Breathing	rate	and	expired	volume
•	 Peak	flow	or	FEV1/FVC%
•	 Pulse	rate	and	rhythm	(from	electrocardiogram	if	available)
•	 Sputum	quantity,	color,	consistency,	and	odor
•	 Mental	function
•	 Skin	color
•	 Breath	sounds
•	 Blood	pressure
•	 SpO2	(if	hypoxemia	is	suspected)
•	 ICP	(in	patients	for	whom	ICP	is	important)
•	 Chest	radiograph	(when	appropriate)
•	 Subjective	response	to	therapy

*Items	should	be	chosen	as	appropriate	for	the	specific	patient.
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Hazards and Complications
Most hazards and complications associated with CPAP are 
caused by either the increased pressure or the apparatus. The 
increased work of breathing caused by the apparatus can lead 
to hypoventilation and hypercapnia. In addition, because CPAP 
does not augment spontaneous ventilation, patients with an 
accompanying ventilatory insufficiency may hypoventilate dur-
ing application. Barotrauma is a potential hazard of CPAP and 
is more likely to occur in a patient with emphysema and blebs. 
Gastric distention may occur especially if CPAP values greater 
than 20 cm H2O are needed. This condition may lead to vomit-
ing and aspiration in a patient with an inadequate gag reflex.

Equipment
CPAP is most commonly delivered using either specialized 
CPAP machines (Figure 42-7), or ventilators. These devices 
allow for a more consistent level of positive pressure and provide 
the benefit of some level of patient monitoring. In the case 
where ICU-level ventilators are used, this includes monitoring 
of respiratory rate, airway pressures, and alarms. In the event of 
a disconnect, or if the patient becomes apneic, the ventilator 
can provide a measure of safety not realized with a high-flow 
system and resistor valve.

Administering Intermittent Continuous 
Positive Airway Pressure
As with all respiratory care, effective CPAP therapy requires 
careful planning, individualized patient assessment and imple-
mentation, and thoughtful follow-up.

Planning. During planning, the need for PAP therapy 
should be determined, and desired therapeutic outcomes should 
be set. Specifically, an improvement in breath sounds, improve-
ment in vital signs (e.g., lower respiratory rate), resolution of 
abnormal radiograph findings, and restoration of normal  
oxygenation all would indicate that the therapy has achieved  
its goal.

Procedures. Whether used on an intermittent or continu-
ous basis, CPAP is a complex and potentially hazardous 
approach to patient management. As with all therapies, the 
appropriate CPAP level for a patient must be determined on an 
individual basis. Initial application and monitoring require a 
broader range of knowledge and skill than required for simpler 
modes of lung expansion therapy.

Monitoring and Troubleshooting
CPAP poses a danger of hypoventilation. Experience with long-
term CPAP shows that patients must be able to maintain ade-
quate excretion of carbon dioxide on their own if the therapy 
is to be successful. For these reasons, patients receiving CPAP 
must be closely and continuously monitored for untoward 
effects. In addition, it is vital that the CPAP device be equipped 
with a means to monitor the pressure delivered to the airways 
and alarms to indicate the loss of pressure owing to system 
disconnect or mechanical failure. There should also be a device 
allowing for excessive pressure to be released (pop-off). These 
are essential components of any CPAP device.

collapsed alveoli via an increase in FRC, (2) decreased work of 
breathing secondary to increased compliance or elimination of 
intrinsic positive end expiratory pressure (PEEP), (3) improved 
distribution of ventilation through collateral channels (e.g., 
pores of Kohn), and (4) increase in the efficiency of secretion 
removal.

Indications
Although evidence exists to support the use of CPAP therapy 
in the treatment of postoperative atelectasis, as with all mechan-
ical techniques, the duration of beneficial effects appears 
limited. The corresponding increase in FRC may be lost within 
10 minutes after the end of the treatment. For this reason, it has 
been suggested that CPAP should be used on a continuous basis 
until the patient recovers.

CPAP by mask also has been used to treat cardiogenic pul-
monary edema. In such patients, CPAP reduces venous return 
and cardiac filling pressures, which is helpful in reducing pul-
monary vascular congestion. Lung compliance is improved, and 
the work of breathing is decreased.

Contraindications
Intermittent use of CPAP for the correction of atelectasis is 
contraindicated when certain clinical situations exist. A patient 
who is hemodynamically unstable is unlikely to tolerate CPAP 
for even a short period. A patient who is suspected to have 
hypoventilation is not a good candidate for CPAP because it 
does not ensure ventilation, but the patient may be an ideal 
candidate for consideration of NIV. Other problems that may 
indicate CPAP is not an appropriate therapy include nausea, 
facial trauma, untreated pneumothorax, and elevated intracra-
nial pressure (ICP).

FIGURE 42-6	 Alveolar	(solid lines)	and	pleural	(dotted lines)	
pressures	during	spontaneous	breathing	(A)	and	CPAP	(B).	Note	
the	difference	in	PTP	gradients	(double arrows).	
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FIGURE 42-7	 Various	CPAP	systems.	See	text	for	description.	

The most common problem with PAP therapies is system 
leaks. When using a mask, a tight seal must be maintained to 
keep pressure levels above atmospheric levels. Any significant 
leaks in the system result in the loss of PAP. Because a tight seal 
requires a tight-fitting mask, pain and irritation may occur in 
some patients, especially if the therapy is prolonged.

The development of new CPAP units and improvement on 
the interface itself have addressed some of the comfort issues 
and correction of leakage associated with CPAP. The RT must 
also ensure that the flow is adequate to meet the patient’s needs 
with the use of CPAP systems. Flow adjustments are made by 
carefully observing the airway pressure. Flow generally can be 
considered adequate when the system pressure decreases no 
more than 1 to 2 cm H2O during inspiration.

SELECTING AN APPROACH

The best approach for achieving a given clinical goal is always 
the safest, simplest, and most effective method for an individual 
patient. Selecting an approach for lung expansion therapy 
requires in-depth knowledge of both the methods available and 
the specific condition and needs of the patient being considered 
for therapy.

Figure 42-8 presents a sample protocol for selecting an 
approach to lung expansion therapy. As indicated in the algo-
rithm, the patient first must meet the criteria for therapy by 
having one or more of the indications previously specified. For 

patients meeting the inclusion criteria, the RT first determines 
the degree of alertness. Because an obtunded patient cannot be 
expected to cooperate with IS or PEP or EPAP therapy, IPPB or 
NIV is initiated with appropriate monitoring.

For a patient having no difficulty with secretions, if the VC 
exceeds 15 ml/kg of lean body weight or the IC is greater than 
33% of predicted, IS is given. If either the VC or the IC is less 
than these threshold levels, IPPB is initiated, with the pressure 
gradually manipulated from the initial setting to deliver at least 
15 ml/kg.

If excessive sputum production is a compounding factor, a 
trial of PEP therapy is substituted for IS. Based on patient 
response, bronchodilator therapy and bronchial hygiene mea-
sures may be added to this regimen. If monitoring fails to reveal 
improvement and atelectasis persists, a trial of CPAP should be 
considered. Because evidence of the effectiveness of CPAP is still 
contradictory, its use should be limited to treating atelectasis 
after alternative approaches have been tried without success.

Early Mobilization of the ICU Patient

Whether or not to keep critically ill patients on complete bed 
rest is being critically examined in the literature.22-25 The com-
plications of prolonged bed rest include cardiovascular, pulmo-
nary, gastrointestinal, and skin integrity issues. Pulmonary 
issues include those that have been the focus of this chapter: 
development of atelectasis, pneumonia, and pulmonary emboli 
(PE).23-25 Rates of early mobilization for ICU patients have been 
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mortality. Early mobilization is the only true multidisciplinary 
approach requiring the various members of the health care 
team (respiratory therapist, nurse, physical therapist) to be 
present at the same time.

increasing in both Europe and the United States along with the 
emphasis on decreasing morbidity in the ICU. Mobilization 
does not only include walking, but also sitting, standing, and 
getting out of bed into a chair. As the patient changes body 
position, his or her breathing changes as well as gas distribution 
within the lung. Improvements in ventilation result in less alve-
olar collapse.

Because of the beneficial pulmonary effects from early mobi-
lization of the post–adbominal surgery patient, it has been sug-
gested that mobilization should be considered as early as the 
day of surgery.26 Recently, there has been a shift in the mindset 
that critically ill patients should be on complete bedrest. With 
the increasing knowledge of the benefits of early mobilization, 
the paradigm must change from thinking that a patient is too 
sick to get out of bed, to one in which we must think that a 
patient is too sick to stay in bed.25

In order to move the patient from the bed, it is important 
that they are not completely sedated. Along with early mobiliza-
tion, there are other benefits of lighter sedation, and even “seda-
tion vacations” when all sedation for the patient is temporarily 
discontinued in order to re-assess the need for sedation. Having 
a patient who is able to respond to the caregiver allows for  
better pain control with decreased risk of sedation-related 
complications.27,28

Although early mobilization does not classify as a procedure, 
it does have distinct benefits in decreasing morbidity and 

FIGURE 42-8	 Protocol	for	selecting	an	approach	for	lung	expansion	therapy.	See	text	for	details.	
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SUMMARY CHECKLIST

◗	Atelectasis	is	caused	by	persistent	ventilation	with	small	
tidal	volumes	or	by	resorption	of	gas	distal	to	obstructed	
airways.

◗	Patients	who	have	undergone	upper	abdominal	or	thoracic	
surgery	are	at	greatest	risk	for	atelectasis.

◗	A	history	of	lung	disease	or	significant	cigarette	smoking	
increases	the	risk	for	atelectasis.

◗	Patients	with	atelectasis	usually	have	rapid,	shallow	
breathing;	fine,	late-inspiratory	crackles;	and	abnormalities	
on	chest	radiograph.

◗	Lung	expansion	therapy	corrects	atelectasis	by	increasing	
the	PTP	gradient;	this	can	be	accomplished	by	deep	
spontaneous	breaths	or	by	the	application	of	positive	
pressure.

◗	The	most	common	problem	associated	with	lung	
expansion	therapy	is	the	onset	of	respiratory	alkalosis,	
which	occurs	when	the	patient	breathes	too	quickly.

◗	RTs	are	responsible	for	implementing,	monitoring,	and	
documenting	results	of	lung	expansion	therapy.
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C H A P T E R   43 

Airway Clearance 
Therapy (ACT)

DAVID L. VINES AND DONNA D. GARDNER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	normal	airway	clearance	mechanisms	and	the	factors	that	impair	their	function.
◆	 Identify	pulmonary	diseases	associated	with	abnormal	secretion	clearance.
◆	 State	the	goals	and	clinical	indications	for	airway	clearance	therapy.
◆	 Describe	the	proper	technique	and	potential	benefit	of	each	of	the	following:

•	 Chest	physical	therapy
•	 Directed	coughing	and	related	expulsion	techniques
•	 Vibratory	positive	expiratory	pressure	therapy
•	 High-frequency	positive	airway	pressure	devices
•	 High-frequency	compression/oscillation	devices
•	 Mobilization	and	exercise

◆	 Evaluate	a	patient’s	response	to	airway	clearance	therapy.
◆	 Modify	airway	clearance	therapies	on	the	basis	of	patient	response.

CHAPTER OUTLINE

Physiology of Airway Clearance Therapies (ACT)
Normal	Clearance
Abnormal	Clearance
Diseases	Associated	With	Abnormal	Clearance

General Goals and Indications
Airway	Clearance	Therapy	for	Acute	Conditions
Airway	Clearance	Therapy	for	Chronic	Conditions
Airway	Clearance	Therapy	to	Prevent	Retention	of	

Secretions
Determining the Need for Airway Clearance 

Therapy
Airway Clearance Methods

Chest	Physical	Therapy
Coughing	and	Related	Expulsion	Techniques
Active	Cycle	of	Breathing	Technique
Autogenic	Drainage
Mechanical	Insufflation-Exsufflation
Positive	Airway	Pressure	Adjuncts
High-Frequency	Chest	Wall	Oscillation
Exercise,	Mobilization	and	Physical	Activity

Selecting Airway Clearance Techniques
Selection	Factors
Protocol-Based	Airway	Clearance

KEY TERMS

active	cycle	of	breathing	technique	
(ACBT)

autogenic	drainage	(AD)
bronchiectasis
chest	physical	therapy	(CPT)
ciliary	dyskinetic	syndromes
forced	expiratory	technique	(FET)
Hertz	(Hz)

high-frequency	chest	wall	
compression	(HFCWC)

high-frequency	positive	airway	
pressure	devices	(HFPAP)

huff	coughing
inspissation
intrapulmonary	percussive	

ventilation	(IPV)

mechanical	insufflation-exsufflation	
(MIE)

mucous	plugging
oscillation
positive	expiratory	pressure	(PEP)
splinting
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where secretions can be swallowed or expectorated. Healthy 
individuals produce 10 to 100 mL of secretions in the airway 
on a daily basis that are cleared by this mucociliary escalator.1,4,6

The cough is one of the most important protective 
reflexes.1,2,4,6 Coughing clears the larger airways of excessive 
mucus and foreign matter, assists normal mucociliary clearance, 
and helps ensure airway patency. As shown in Figure 43-1, there 
are four distinct phases to a normal cough: irritation, inspira-
tion, compression, and expulsion. In the initial irritation phase, 
an abnormal stimulus provokes sensory fibers in the airways to 
send impulses to the medullary cough center in the brain. This 
stimulus normally is inflammatory, mechanical, chemical, or 
thermal. Infection is a good example of an inflammatory process 
that can stimulate a cough. Foreign bodies can provoke a cough 
through mechanical stimulation. Inhaling irritating gases (e.g., 
cigarette smoke) can result in coughing through chemical stim-
ulation. Finally, cold air may cause thermal stimulation of 
sensory nerves, producing a cough.

When these afferent impulses are received, the cough center 
generates a reflex stimulation of the respiratory muscles to initi-
ate a deep inspiration (the second phase). In normal adults, this 
inspiration averages 1 to 2 L.

During the third or compression phase, reflex nerve impulses 
cause glottic closure and a forceful contraction of the expiratory 
muscles. This compression phase is normally about 0.2 second 
and results in a rapid increase in pleural and alveolar pressures, 
often greater than 100 mm Hg.

At this point, the glottis opens, initiating the expulsion 
phase. With the glottis open, a large pressure gradient between 
the lungs and the atmospheric pressure exists. Together with the 
continued contraction of the expiratory muscles, this pressure 
gradient causes a violent, expulsive high velocity of airflow  
from the lungs. This high-velocity gas flow, combined with 
dynamic airway compression, creates huge shear forces that 
displace mucus from the airway walls into the air stream. Mucus 

A irway clearance therapy uses noninvasive techniques 
designed to assist in mobilizing and removing secre-
tions to improve gas exchange.1,2 Historically, the term 

chest physical therapy (CPT) described the primary techniques 
used to assist with clearing secretions from the airways. Today 
there are numerous options related to airway clearance includ-
ing CPT, breathing retraining techniques, positive expiratory 
therapy (PEP), vibratory PEP, high-frequency positive pressure 
devices, high-frequency chest wall compression devices, and 
various exercise protocols.1-4 This chapter focuses on airway 
clearance therapies or techniques used to mobilize secretions 
and noninvasively assist in their removal. The primary invasive 
method for removing airway secretions is suctioning, and is 
discussed in Chapter 36. Successful outcomes in airway clear-
ance techniques require knowledge of normal and abnormal 
physiology, understanding of how clearance devices work, 
careful patient evaluation, rigorous application of evidence-
based methods, and ongoing assessment targeted at achieving 
therapeutic goals.1-6

PHYSIOLOGY OF AIRWAY 
CLEARANCE THERAPIES (ACT)

To apply airway clearance therapies (ACT) properly, one first 
must understand how normal airway clearance mechanisms 
work and what can impair their function.

Normal Clearance

Normal airway clearance requires patent airways, a functional 
mucociliary escalator, adequate hydration, and effective 
coughs.4,6 The mucociliary clearance happens from the larynx 
down to the respiratory bronchioles. Mucus is produced by 
secretory (Clara, goblet, and serous) cells and submucosal 
glands.6 Ciliated epithelial cells move this mucus via a coordi-
nated wave of ciliary motion toward the trachea and larynx, 

FIGURE 43-1	 The	cough	reflex.	(Modified	from	Cherniack	RM,	Cherniack	L:	Respiration	in	health	and	disease,	ed	3,	Philadelphia,	1983,	
WB	Saunders.)

Irritation Inspiration Compression Expulsion
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In addition, movement of the tube tip and cuff can cause 
erosion of the tracheal mucosa leading to further impairment 
of the mucociliary escalator. The endotracheal tube also impairs 
the compression phase of the cough reflex by preventing closure 
of the glottis (see Table 43-1). Although suctioning is used to 
aid secretion clearance, it too can cause damage to the airway 
mucosa and impair mucociliary transport. Inadequate humidi-
fication can cause thickening or inspissation of secretions, 
mucous plugging, and airway obstruction.9 High fractional 
inspired oxygen (FiO2) concentrations can impair cilia func-
tion, resulting in retained secretions. Retained secretions can 
lead to acute tracheobronchitis. Several common drugs, includ-
ing some general anesthetics and narcotic-analgesics, may also 
depress mucociliary transport.10

Diseases Associated With  
Abnormal Clearance

Several diseases are associated with abnormal airway clearance, 
including diseases affecting airway patency, composition and 
production of mucus, ciliary structure and function, and 
normal cough reflex.1,2,4,6,7 Internal obstruction or external 
compression of the airway lumen can impair airway clearance. 
Examples include foreign bodies, tumors, and congenital or 
acquired thoracic anomalies such as kyphoscoliosis. Internal 
obstruction also can occur with mucus hypersecretion, inflam-
matory changes, or bronchospasm that narrows the lumen. 
Examples include asthma, chronic bronchitis, and/or acute 
infections.

Diseases that alter normal mucociliary clearance also can 
cause retention of secretions. In cystic fibrosis (CF) the solute 
concentration of the mucus is altered because of abnormal 
sodium and chloride transport.5,6 This alteration increases the 
viscosity of mucus and impairs its movement up the respiratory 
tract. Although less common, there are several conditions in 
which the respiratory tract cilia do not function properly.6 
These ciliary dyskinetic syndromes also can contribute to 
ineffective airway clearance. Bronchiectasis is permanently 
damaged and dilated airways that are prone to obstruction due 
to retained secretions.6,11 Bronchiectasis is a common finding in 
CF and ciliary dyskinetc syndromes.11,12

Mucociliary function may be normal, but lack of an effective 
cough alters airway clearance leading to retained secretions, 

and foreign material are expelled from the lower airways to the 
upper airway, where they can be expectorated or swallowed.

Abnormal Clearance

Any abnormality that alters airway patency, mucociliary func-
tion, strength of the inspiratory or expiratory muscles, thick-
ness of secretions, or effectiveness of the cough reflex can impair 
airway clearance leading to retention of secretions.1,2,4-7 In addi-
tion, some therapeutic interventions, especially interventions 
used in critical care, such as an endotracheal tube, can result in 
abnormal clearance.

Retention of secretions can result in full or partial airway 
obstruction. Full obstruction, or mucous plugging, can result 
in atelectasis which causes hypoxemia due to shunting. A partial 
obstruction restricts airflow, increasing work of breathing and 
possibly leading to air trapping, lung overdistention, and 
ventilation/perfusion ( � �V/Q) imbalances. In the presence of 
pathogenic organisms, retention of secretions can also lead to 
infections. Infectious processes provoke an inflammatory 
response and the release of chemical mediators. These chemical 
mediators, including leukotrienes, proteases, and elastases, can 
damage the airway epithelium and increase mucus production, 
resulting in a vicious cycle of worsening airway clearance.6

In patients with retained secretions, interference with one of 
the four phases of cough can result in ineffective airway clear-
ance. This occurs in patients post thoracic or upper abdominal 
surgery, in the intensive care unit, or with neuromuscular dis-
eases (NMD) such as amyotrophic lateral sclerosis (ALS), myas-
thenia gravis (MG), or spinal cord injuries.4,7 Table 43-1 provides 
examples of factors that can impair the normal cough reflex.

As indicated in Box 43-1, additional factors can impair 
airway clearance in critically ill patients with artificial airways, 
the most important of which is the airway itself.8 The presence 
of the tube in the trachea increases mucus secretion, and the 
cuff of the tube mechanically blocks the mucociliary escalator. 

TABLE 43-1 

Mechanisms Impairing Cough Reflex

Phase Examples of Impairments

Irritation Anesthesia
CNS	depression
Narcotic-analgesics

Inspiration Pain
Neuromuscular	dysfunction
Pulmonary	restriction
Abdominal	restriction

Compression Laryngeal	nerve	damage
Artificial	airway
Abdominal	muscle	weakness
Abdominal	surgery

Expulsion Airway	compression
Airway	obstruction
Abdominal	muscle	weakness
Inadequate	lung	recoil	(e.g.,	emphysema)

CNS,	Central	nervous	system.

 Box 43-1 Causes of Impaired Mucociliary 
Clearance in Intubated Patients

•	 Endotracheal	or	tracheostomy	tube
•	 Tracheobronchial	suction
•	 Inadequate	humidification
•	 High	FiO2	values
•	 Drugs
•	 General	anesthetics
•	 Opiates
•	 Narcotics
•	 Underlying	pulmonary	disease
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Airway Clearance Therapy to Prevent 
Retention of Secretions

Airway clearance therapy has been used as preventive therapy 
in various disorders. Current evidence is not supportive of this 
approach.1,3 The best-documented preventive uses of airway 
clearance therapy include (1) body positioning and patient 
mobilization to prevent retained secretions in acutely ill patients 
and (2) ACT combined with physical activity to maintain lung 
function in patients with CF.1,3,5 Other preventive applications 
of airway clearance therapy have not proved to be useful.1,3,5

DETERMINING THE NEED FOR 
AIRWAY CLEARANCE THERAPY

Effective airway clearance therapy requires proper initial and 
ongoing patient assessment (Chapter 16). Formulation of the 
respiratory care plan depends on review of the patient’s medical 

	

RULE OF THUMB

Patients	with	copious	secretions	(20	to	30	mL/day)	or	
inability	to	mobilize	and	expectorate	secretions	may	
benefit	from	airway	clearance	therapy.

MINI CLINI
Assessing a Patient’s  
Cough Clearance

PROBLEM:  The RT is called by a nurse to determine a care 
plan to assist a patient who is having difficulty clearing secre-
tions. The patient is an alert, obese, 45-year-old man who 
underwent general anesthesia and surgery for gallbladder 
removal 3 hours earlier. Physical signs indicate retention of 
secretions, but there is no history of lung disease. Auscultation 
reveals coarse expiratory crackles. The patient is breathing 
spontaneously, however, his breathing is shallow and he has a 
very weak cough. Visual clues indicate the patient has severe 
pain in the epigastric area. The patient was given an injection 
of morphine to assist with the pain 1 hour earlier.

Discussion:  Even without lung disease, it is no surprise that 
this patient is having difficulty clearing secretions. Recent anes-
thesia and the narcotic-analgesic potentially are impairing his 
cough. In addition, obesity (abdominal restriction), weakness, 
and pain are impairing the inspiration, compression, and 
expulsion phases of his cough effort.

The patient should immediately be started on an ACT and 
hyperinflation or lung expansion therapies. Judicious use of 
pain medication, coinciding with therapies, should continue. 
Cough instruction including incisional splinting should be part 
of the plan. Early mobilization should be considered. Although 
the most common postoperative complication is atelectasis, 
pneumonia may also occur. The head of the patient’s bed 
should be elevated at least to 30 to 45 degrees to minimize the 
risk of aspiration.

 Box 43-2 Indications for Airway 
Clearance Therapy

ACUTE CONDITIONS
•	 Copious	secretions
•	 Inability	to	mobilize	secretions
•	 Ineffective	cough

CHRONIC CONDITIONS
•	 CF
•	 Bronchiectasis
•	 Ciliary	dyskinetic	syndromes
•	 COPD	patients	with	retained	secretions

mucous plugs, obstructions, and atelectasis. The most common 
conditions affecting the cough reflex are musculoskeletal and 
NMDs,6,7 including muscular dystrophy, ALS, spinal muscular 
atrophy, myasthenia gravis, poliomyelitis, and cerebral palsy 
(see Chapter 32).

GENERAL GOALS AND INDICATIONS

The primary goal of airway clearance therapy is to assist the 
patient to mobilize and remove retained secretions. Removal of 
these retained secretions may improve gas exchange, promote 
alveolar expansion, and reduce the work of breathing. Box 43-2 
lists general indications for ACT.1,2,4,7

Airway Clearance Therapy for  
Acute Conditions

Patients with acute conditions in whom ACT may be indicated 
include (1) acutely or chronically ill patients with copious secre-
tions; (2) patients with retained secretions or ineffective cough 
(coarse crackles, worsening oxygenation and/or ventilation, 
volume loss on chest radiograph); and possibly (3) patients 
with acute lobar atelectasis or (4) patients with � �V/Q abnormali-
ties.13 In treating acute respiratory conditions, inhaled broncho-
dilator therapy before airway clearance therapy may improve 
the overall effectiveness of the treatment both by opening the 
airways and by increasing the mucociliary activity.6 For acute 
pulmonary infections, inhaled antibiotics after airway clearance 
therapy can lead to improved deposition of the antibiotic.14 
Acute conditions for which airway clearance therapy is probably 
not indicated include (1) routine care of COPD, (2) pneumonia 
without clinically significant sputum production, (3) routine 
postoperative care, and (4) uncomplicated asthma.1

Airway Clearance Therapy for  
Chronic Conditions

Airway clearance therapy has proved effective in secretion clear-
ance and improving pulmonary function in chronic conditions 
associated with copious sputum production, including CF, 
bronchiectasis, and ciliary dyskinetic syndromes, and COPD 
patients with retained secretions.1,2,4,5,14 Generally, sputum pro-
duction must exceed 20 to 30 ml/day for airway clearance 
therapy to improve secretion removal significantly.2
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various positions that are intended to drain secretions from 
each of the patient’s lung segments into the central airways, 
where they can be removed by cough or suctioning.4,5 This 
drainage is accomplished by simply placing the segmental bron-
chus to be drained in a more vertical position, permitting 
gravity to assist in the process. Positions generally are held for 
3 to 15 minutes (longer in special situations such as CF) and 
modified as the patient’s condition and tolerance warrant.13 
Cough methods are used with CPT and are discussed 
separately.

The indications for CPT (and other ACT) in a patient are 
copious secretions, inability to mobilize and expectorate the 
secretions, and pulmonary disorders associated with retained 
secretions (CF, bronchiectasis, and ciliary dyskinetic syn-
dromes).1,2,4,5 This therapy does require a trained caregiver’s 
assistance for it to be performed correctly. CPT may be most 
effective in conditions characterized by excessive sputum pro-
duction that is not cleared by deep breathing and coughing. For 
maximum effect with PD, head-down positions should exceed 
25 degrees below horizontal.14,15 If the patient can not be placed 
in appropriate positions for the areas affected, other ACT 
should be considered. In spontaneously breathing patients, fre-
quency should be determined by assessing patient response to 
therapy. Critically ill patients, especially patients being mechan-
ically ventilated, should have their positions changed every 2 
hours.16

Technique
On the basis of a preliminary assessment of the patient and 
review of the physician’s order, the RT should identify the 
appropriate lobes and segments for drainage. The RT may need 
to choose a different method for ACT in patients with unstable 
cardiovascular status, hypertension, cerebrovascular disorders, 
or dyspnea. To avoid gastroesophageal reflux and the possibility 
of aspiration, treatment times should be scheduled before or at 
least 2 hours after meals or tube feedings.10 If the patient assess-
ment indicates that pain may hinder treatment implementa-
tion, the RT should consider coordinating the treatment 
regimen with prescribed pain medication. Contraindications 
for CPT are listed in Box 43-4.

Before positioning, the procedure (including adjunctive 
techniques) should be explained to the patient. The RT should 
inspect for incisions, monitoring leads, intravenous tubing, and 
oxygen (O2) therapy equipment connected to the patient and, 
if necessary, make adjustments to ensure continued function 
during the procedure or choose a different ACT method. Before 
starting, during, and after the procedure, the RT should measure 
the patient’s vital signs, auscultate the chest, and measure SpO2 
if hypoxemia is suspected. These simple assessments serve as 
baseline measurements for monitoring the patient’s response 
during the procedure and can assist in determining outcomes. 
The following items should also be monitored before, during, 
and after CPT: subjective responses (pain, discomfort, dyspnea, 
response to therapy), arrhythmias, breathing pattern, sputum 
production (quantity, color, consistency, odor), skin color, and 
ICP if monitored.13

history and interview for current symptoms, physical assess-
ment, laboratory testing (including pulmonary function tests), 
and radiologic evaluation. Box 43-3 lists the key factors that 
must be considered when assessing a patient’s need for airway 
clearance therapy.1,2,5 Physical findings such as a loose, ineffec-
tive cough; labored breathing pattern; decreased or bronchial 
breath sounds; coarse inspiratory and expiratory crackles; 
tachypnea; tachycardia; or fever may indicate a potential 
problem with retained secretions.

AIRWAY CLEARANCE METHODS

Five general approaches to ACT, which can be used alone or in 
combination, include (1) CPT; (2) coughing and related expul-
sion techniques (including manual insufflation-exsufflation 
[MIE]); (3) positive airway pressure (PAP) adjuncts (positive 
expiratory pressure [PEP], vibratory PEP, high-frequency pos-
itive airway pressure devices); (4) high-frequency compression/
oscillation methods; and (5) mobilization and physical activity. 
Table 43-2 provides a brief description and limitations associ-
ated with these airway clearance therapies. Appropriate use of 
these techniques requires an understanding of their underlying 
principles, relative efficacy, and methods of application.

Chest Physical Therapy

CPT has long been considered a standard of care in patients 
with CF. Evidence suggests that these therapies benefit mucus 
transport and assist in the expectoration of secretions.1,2,4,5 This 
therapy includes postural drainage (PD) and percussion or 
vibration.

CPT involves the use of positioning, gravity, and mechanical 
energy to help mobilize secretions. PD places the body in 

 Box 43-3 Initial Assessment of Need for 
Airway Clearance Therapy

MEDICAL RECORD
History	of	pulmonary	problems	causing	increased	secretions
Admission	for	upper	abdominal	or	thoracic	surgery;	consider:

Age	(elderly)
History	of	COPD
Obesity
Nature	of	procedure
Type	of	anesthesia
Duration	of	procedure

Presence	of	artificial	tracheal	airway
Chest	radiograph	indicating	atelectasis	or	infiltrates
Results	of	pulmonary	function	testing
Arterial	blood	gas	values	or	O2	saturation

PATIENT
Posture,	muscle	tone
Effectiveness	of	cough
Sputum	production
Breathing	pattern
General	physical	fitness
Breath	sounds
Vital	signs,	heart	rate	and	rhythm
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TABLE 43-2 

Techniques and Devices Used for Airway Clearance Therapy

Techniques/Devices Description Potential Limitations

Chest	Physiotherapy	(CPT)	
includes	Percussion	and	
Postural	Drainage

Manually	striking	the	chest	wall	with	cupped	
hands	in	a	rhythmic	fashion	or	vibrating	it	with	a	
mechanical	device	to	loosen	secretions	from	the	
airways	and	propel	them	forward	while	placing	
the	patient	in	various	positions	so	gravity	can	
assist	in	draining	the	secretions	from	lung	
segment	to	larger	airways	to	be	cleared.

There	is	no	age	limitation	but	it	requires	help	of	a	
caregiver.	CPT’s	effectiveness	may	be	dependent	on	
appropriate	positioning,	and	patients	with	shortness	
of	breath	may	not	tolerate	Trendelenburg	position.	
Patients	are	unable	to	perform	concurrent	aerosol	
therapy.

Active	Cycle	of	Breathing The	patient	alternates	cycles	of	deep	breathing,	
relaxed	breathing,	and	forced	expiration	
technique	to	mobilize	secretions.

Begin	to	introduce	the	concept	at	3	to	4	years	of	age	
and	continue	coaching	until	approximately	10	years	
of	age.	It	is	difficult	to	perform	during	exacerbations	
or	when	patients	are	unable	to	take	a	deep	breath.

Autogenic	Drainage The	patient	uses	series	of	breathing	patterns	from	
a	low	volume	that	loosens	secretions	to	start,	
then	a	normal	tidal	volume	breath	to	begin	to	
move	secretions,	and	finally	a	larger	volume	
breath	at	higher	peak	flows	to	move	secretions	
into	the	larger	airways	so	they	can	be	expelled	
with	a	cough.

Patients	need	to	be	approximately	10	to	12	years	of	
age	to	perform	correctly.	It	requires	a	coordinated	
breathing	effort	from	the	patients.	It	is	difficult	to	
perform	during	exacerbations	or	when	patients	are	
unable	to	take	a	deep	breath.

Mechanical	Insufflator-
Exsufllator	(MIE)

This	device	applied	with	a	mask	provides	
inspiratory	positive	airway	pressure	to	augment	
the	patient’s	tidal	volume	and	then	switches	to	
a	negative	pressure	to	assist	with	expulsion	of	
secretions.

Usually	requires	an	additional	caregiver.	May	worsen	
airway	collapse	in	obstructive	disorders.	It	is	
contraindicated	when	untreated	pneumothorax,	
hemodynamic	instability,	increased	intracranial	
pressure,	recent	maxillofacial	surgery	or	trauma,	
active	hemoptysis,	or	ruptured	tympanic	membrane	
exists	or	is	suspected.

Positive	Expiratory	Pressure	
(PEP)	or	Vibratory	PEP

The	PEP	devices	use	a	fixed	or	variable	orifice	
expiratory	flow	resistor	to	generate	expiratory	
pressures	of	10	to	20	cm	H2O	as	the	patient	
actively	exhales	through	the	device.	Vibratory	or	
oscillatory	PEP	incorporates	flow	interruptions	
during	the	active	expiration	to	create	flow	
oscillations	in	addition	to	the	PEP.

It	is	limited	to	children	and	adults	who	can	take	a	
deep	breath	and	generate	high	enough	flow	rates	to	
create	PEP	and	vibrations.	It	is	contraindicated	when	
untreated	pneumothorax,	hemodynamic	instability,	
increased	intracranial	pressure,	recent	maxillofacial	
surgery	or	trauma,	active	hemoptysis,	or	ruptured	
tympanic	membrane	exists	or	is	suspected.

High-Frequency	Positive	
Airway	Pressure	Devices	or	
Intrapulmonary	Percussive	
Ventilation	(IPV)

IPV	devices	provide	short,	rapid	positive	airway	
pressure	pulses	as	the	patient	breathes	in	and	
actively	exhales	against	these	pulsations	to	
loosen	secretions	and	move	then	forward.	If	
patients	don’t	actively	exhale,	exhalation	occurs	
due	to	chest	wall’s	elastic	recoil.

It	is	limited	to	children	and	adults.	It	is	contraindicated	
when	untreated	pneumothorax,	hemodynamic	
instability,	increased	intracranial	pressure,	recent	
maxillofacial	surgery	or	trauma,	active	hemoptysis,	or	
ruptured	tympanic	membrane	exists	or	is	suspected.

High-Frequency	Chest	Wall	
Compression	(HFCW)

High-frequency,	small	volumes	are	applied	to	the	
chest	wall	through	a	vest.	These	pulses	of	air	
create	chest	wall	compressions	that	result	in	
small	expiratory	flows	in	the	airways	that	move	
secretions	forward.

Used	in	children	that	are	at	least	2	to	3	years	of	age.	
Indwelling	catheters	and	chest	tubes	should	be	
avoided	when	this	device	is	used.

Mobilization	and	Physical	
Activity

Physical	activity	that	results	in	increased	tidal	
ventilation,	heart	rate,	and	cardiac	output,	and	
improved	physical	conditioning.

Patients’	medical	condition	must	be	such	that	they	
can	safely	participate	in	physical	exercise,	or	medical	
supervision	would	be	required	to	monitor	for	
desaturations.	Patients	with	reactive	airways	have	a	
risk	of	developing	bronchospasms.

Modified	from	Volsko	T:	Airway	clearance	therapy:	finding	the	evidence.	Respir	Care	58(10):1669–1678,	2013.

Figure 43-2 depicts the primary positions used to drain the 
various lung lobes and segments. Generally, to obtain the proper 
head-down position, the RT must lower the head of the bed by 
at least 16 to 18 inches to achieve the desired 25-degree angle. 
In the ambulatory care setting, a tilt table can be used in lieu of 
a hospital bed. A tilt table allows precise positioning at head-
down angles up to 45 degrees. When angles this large are used, 

shoulder supports must be provided to prevent the patient from 
sliding off the tilt table.

After the patient is positioned, the RT confirms the patient’s 
comfort and ensures proper support of all joints and bony areas 
with pillows or towels. The indicated position is maintained for 
a minimum of 3 minutes if tolerated and longer if good sputum 
production results. Between positions, pauses for relaxation and 
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 Box 43-4 Contraindications to the Use 
of CPT

The	decision	to	use	postural	drainage	requires	assessment	of	
potential	benefits	vs	potential	risks.	Therapy	should	be	provided	
for	no	longer	than	necessary	to	obtain	the	desired	therapeutic	
results.	Listed	contraindications	are	relative	unless	marked	as	
absolute	(A).

Positioning:	All	positions	are	contraindicated	for:
•	 Head	and	neck	injury	until	stabilized	(A)
•	 Active	hemorrhage	with	hemodynamic	instability	(A)
•	 Intracranial	pressure	(ICP)	greater	than	20	mm	Hg
•	 Recent	spinal	surgery	or	acute	spinal	injury
•	 Active	hemoptysis
•	 Empyema
•	 Bronchopleural	fistula
•	 Pulmonary	edema	associated	with	congestive	heart	failure
•	 Aged,	confused,	or	anxious	patients	who	do	not	tolerate	

position	changes
•	 Pulmonary	embolism
•	 Rib	fracture,	with	or	without	flail	chest
•	 Surgical	wound	or	healing	tissue
•	 Large	pleural	effusions

Trendelenburg	position	contraindicated	for:
•	 Recent	gross	hemoptysis	related	to	recent	lung	carcinoma	

treated	surgically	or	with	radiation	therapy
•	 ICP	greater	than	20	mm	Hg
•	 Uncontrolled	hypertension
•	 Distended	abdomen
•	 Patients	in	whom	increased	ICP	is	to	be	avoided	(e.g.,	

neurosurgery,	aneurysms,	eye	surgery)
•	 Uncontrolled	airway	at	risk	for	aspiration	(tube	feeding	or	

recent	meal)
•	 Esophageal	surgery

External	manipulation	of	the	thorax	contradinciations	(in	
addition	to	contraindications	previously	listed):
•	 Subcutaneous	emphysema
•	 Recent	epidural	spinal	infusion	or	spinal	anesthesia
•	 Recently	placed	transvenous	pacemaker	or	subcutaneous	

pacemaker
•	 Lung	contusion
•	 Osteomyelitis	of	the	ribs
•	 Coagulopathy
•	 Recent	skin	grafts,	or	flaps,	on	the	thorax
•	 Burns,	open	wounds,	and	skin	infections	of	the	thorax
•	 Suspected	pulmonary	tuberculosis
•	 Bronchospasm
•	 Osteoporosis
•	 Complaint	of	chest	wall	pain

Excerpts	from	the	American	Association	for	Respiratory	Care:	Clinical	
practice	guideline:	postural	drainage	therapy.	Respir	Care	36:1418,	
1991.

MINI CLINI
Postural Drainage, Percussion,  
and Vibration

PROBLEM:  A physician’s progress note indicates a potential 
bacterial pneumonia localized to a patient’s right middle lobe. 
The patient has coarse breath sounds on the right midlung and 
a nonproductive cough. The physician orders CPT four times 
daily “until radiograph clears.” What positions should the RT 
select for postural drainage, and where should the RT provide 
percussion?

Discussion:  The correct position for draining the right 
middle lobe would be head down (foot of bed raised about 12 
inches), with the patient rotated about 45 degrees left from 
supine (modified left side-lying position). Percussion should  
be performed on the right anterior chest wall, between the 
fourth and sixth ribs (see Chapter 16 for external anatomic 
landmarks).

breathing control are useful and can help prevent hypoxemia. 
Because postural drainage therapy can increase O2 consump-
tion, critically ill patients should be given supplemental O2 
during the procedure if SpO2 decreases.

During the procedure, the patient is continually observed for 
any side effects or complications. Moderate changes in vital 
signs are expected during treatment. Table 43-3 lists complica-
tions and recommended interventions. Significant problems 
may require immediate intervention.

Also, the RT should ensure that the patient uses appropriate 
coughing technique during and after positioning. When using 
the head-down position, the patient should avoid strenuous 
coughing because this markedly increases intracranial pressure. 
Rather, the patient should use the forced expiration technique 
(described later in this chapter). Generally, total treatment time 
should not exceed 15 minutes for a routine treatment and 30 
minutes for extended treatment. Both the patient and the RT 
should understand that postural drainage does not always result 
in the immediate production of secretions. More often, secre-
tions are simply mobilized toward the trachea for easier removal 
by coughing. If the procedure causes vigorous coughing, have 
the patient sit up until the cough subsides.

After the procedure, the patient is repositioned to the pre-
treatment position, and the RT ensures the patient’s stability 
and comfort. Immediate posttreatment assessment includes 
repeat vital signs, confirmation of satisfactory arterial satura-
tion, chest auscultation, and questioning the patient regarding 
his or her subjective response to the procedure.

	

RULE OF THUMB

Generally,	whenever	you	observe	any	patient	adverse	
effects	or	complications	during	postural	drainage,	follow	
the	“triple	S	rule”:	stop	the	therapy,	return	patient	to	
original	resting	position,	and	stay	with	the	patient	until	
he	or	she	is	stabilized.

Outcome Assessment
Specific outcome criteria indicating a positive response to pos-
tural drainage are listed in Box 43-5. Generally, achievement of 
one or more of these outcomes indicates that the therapy is 
meeting its objectives and should be continued. Not all criteria 
are required to justify continuing postural drainage. Because 
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FIGURE 43-2	 Patient	positions	for	postural	drainage.	(Modified	from	Potter	PA,	Perry	AG:	Fundamentals	of	nursing:	concepts,	process	
and	practice,	ed	4,	St	Louis,	1997,	Mosby.)
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TABLE 43-3 

Complications of Postural Drainage Therapy and Recommended Interventions

Complication Action to Be Taken/Possible Intervention

Hypoxemia Administer	higher	FiO2	during	procedure	if	potential	for	or	observed	hypoxemia	exists.	If	patient	
becomes	hypoxemic	during	treatment,	administer	100%	O2,	stop	therapy	immediately,	return	
patient	to	original	position,	and	consult	physician

Increased	intracranial	pressure Stop	therapy,	return	patient	to	original	resting	position,	and	consult	physician
Acute	hypotension	during	procedure Stop	therapy,	return	patient	to	original	resting	position,	and	consult	physician
Pulmonary	hemorrhage Stop	therapy,	return	patient	to	original	resting	position,	and	call	physician	immediately.	Administer	

O2	and	maintain	an	airway	until	physician	responds
Pain	or	injury	to	muscles,	ribs,	or	spine Stop	therapy	that	appears	directly	associated	with	pain	or	problem,	exercise	care	in	moving	

patient,	and	consult	physician
Vomiting	and	aspiration Stop	therapy,	clear	airway	and	suction	as	needed,	administer	O2,	maintain	airway,	return	patient	

to	previous	resting	position,	and	contact	physician	immediately
Bronchospasm Stop	therapy,	return	patient	to	previous	resting	position,	and	administer	or	increase	O2	delivery	

while	contacting	physician.	Administer	physician-ordered	bronchodilators
Arrhythmias Stop	therapy,	return	patient	to	previous	resting	position,	and	administer	or	increase	O2	delivery	

while	contacting	physician
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them easier to remove by coughing or suctioning. The effective-
ness of percussion as an adjunct to postural drainage remains 
unclear.2,3 This controversy is due to variability in practice and 
the difficulty related to performing these trials since percussion 
is only a part of the treatment regimen.

Manual Percussion. The therapist performs manual per-
cussion with his or her hands in a cupped position, with fingers 
and thumb closed (Figure 43-3). This technique compresses air 
between the hand and chest wall. This technique should be 
applied against a thin layer of cloth, such as a hospital gown or 
bed sheet to help improve patient comfort. This technique 
involves the therapist’s cupped hands rhythmically striking the 
chest wall in a waving motion, using both hands alternately in 
sequence with the elbows partially flexed and wrists loose (see 
Figure 43-3). Slower, more relaxing rates are better tolerated by 
the patient and the therapist. This technique requires practice 
to determine the appropriate force and maintain a rhythmic 
pattern during this therapy (Figure 43-4). Ideally, the RT should 
percuss back and forth in a circular pattern over the localized 
area for 3 to 5 minutes. Care should be taken to avoid tender 
areas or sites of trauma or surgery, and one should never percuss 

FIGURE 43-3	 Movement	of	cupped	hand	at	wrist,	to	percuss	
chest.	

Strike chest
in waving
movement (1)

Hand positioned
3 inches from
chest (2)

 Box 43-5 Assessment Outcomes after CPT

The	following	items	represent	individual	criteria	that	indicate	a	
positive	response	to	therapy	(and	support	continuation	of	
therapy).	Not	all	criteria	are	required	to	justify	continuation	of	
therapy	(e.g.,	a	ventilated	patient	may	not	have	sputum	
production	>30	ml/day	but	have	improvement	in	breath	sounds,	
chest	radiograph,	or	increased	compliance	or	decreased	
resistance).
•	 Change	in	sputum	production
•	 Change	in	breath	sounds	of	lung	fields	being	drained
•	 Patient	subjective	response	to	therapy
•	 Change	in	vital	signs
•	 Change	in	chest	radiograph
•	 Change	in	arterial	blood	gas	values	or	O2	saturation
•	 Change	in	ventilator	variables

Excerpts	from	the	American	Association	for	Respiratory	Care:	Clinical	
practice	guideline:	postural	drainage	therapy.	Respir	Care	36:1418,	
1991.

secretion clearance is affected by patient hydration, the RT may 
need to wait for at least 24 hours after optimal systemic hydra-
tion has been achieved to see any evidence of increased sputum 
production. In the interim, tracheobronchial clearance may be 
enhanced in some patients by adding bland aerosol therapy.17,18

Breath sounds may seem to “worsen” after therapy by chang-
ing from diminished breath sounds before therapy to coarse 
crackles. This change is due to the loosening of secretions and 
their movement into the larger airways, an intended purpose of 
the therapy. These coarse crackles should clear after coughing 
or suctioning.

In terms of the patient’s subjective response to therapy, the 
patient should be encouraged to report any pain, discomfort, 
shortness of breath, dizziness, or nausea during or after therapy. 
Any of these adverse effects may be grounds for either modify-
ing or stopping treatment. Patient reports of easier clearance or 
increased volume of secretions after therapy support continu-
ing therapy.

On the basis of assessment results, CPT orders should be 
reevaluated for need at least every 2 to 3 days for hospitalized 
patients. Patients receiving home care should be reevaluated at 
least every 3 months or whenever their status changes.

Documentation and Follow-Up
The chart entry should include the positions used, time of treat-
ment, patient tolerance, pre and post vital signs and breath 
sounds, subjective and objective indicators of treatment effec-
tiveness (including amount, color, and consistency of sputum 
produced), and any adverse effects observed.

Percussion and Vibration
Percussion and vibration involve application of mechanical 
energy to the chest wall by the use of either hands or various 
electrical or pneumatic devices. Both methods are designed to 
augment secretion clearance.14 In theory, percussion should 
help loosen secretions from the tracheobronchial tree, making 

FIGURE 43-4	 Hand	placement	for	CPT.	(From	Harkreader	H,	
Hogan	M,	Thobaben	M:	Fundamentals	of	nursing,	caring	and	
clinical	judgment,	ed	3,	St	Louis,	2007,	Saunders.)
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directly over bony prominences, such as the clavicles, vertebrae 
or sternum. Hands should be positioned parallel to the ribs.

Mechanical Percussion and Vibration. Mechanical vibra-
tion sometimes is used as an alternative to manual percussion 
in acutely ill patients with chest wall discomfort or injury. 
Various electrical and pneumatic devices have been developed 
to generate and apply the energy waves used during percussion 
and vibration. Typically, these devices have both a frequency 
and a percussion force control (Figure 43-5). Most units provide 
frequencies up to 20 to 50 cycles per second (20 to 50 Hz). 
Other sonic or acoustic devices may provide up to 120 Hertz 
(Hz). Noise, excess force, and mechanical failure all are potential 
problems. Electrical devices also pose a potential shock hazard. 
These devices have the advantage of reducing fatigue on the 
caregiver and can deliver consistent rates, rhythms, and impact 
forces.14 These devices may improve hospitalized patients’ com-
pliance, especially when chest wall discomfort or injury is 
present. However, there is no firm evidence that such devices 
are more effective than manual techniques. For this reason, the 
selection of manual or mechanical methods should be based on 
individual patient factors such as age, condition, and tolerance 
which are similar to other ACT modalities.4

Coughing and Related  
Expulsion Techniques

Most airway clearance therapies help only to move secretions 
into the central airways. Clearance of these secretions requires 
either coughing or suctioning. In this respect, an effective cough 
(or alternative expulsion measure) is an essential component of 
all ACT. These expulsion methods are also useful in obtaining 
sputum specimens for diagnostic analysis.

FIGURE 43-5	 Example	of	an	electrically	powered	mechanical	
percussor.	(Courtesy	General	Physiotherapy,	Inc.	St	Louis,	MO.)

	

RULE OF THUMB

Clinicians	should	coach	an	effective	cough	with	most	
airway	clearance	techniques	to	fully	clear	secretions.

 Box 43-6 Directed Cough

CONTRAINDICATIONS
Directed	cough	is	rarely	contraindicated.	The	contraindications	
listed	must	be	weighed	against	potential	benefit	in	deciding	to	
eliminate	cough	from	the	care	of	the	patient.	Listed	
contraindications	are	relative:
•	 Inability	to	control	possible	transmission	of	infection	from	

patients	suspected	or	known	to	have	pathogens	
transmittable	by	droplet	nuclei	(e.g.,	Mycobacterium 
tuberculosis)

•	 Presence	of	elevated	ICP	or	known	intracranial	aneurysm
•	 Presence	of	reduced	coronary	artery	perfusion,	such	as	in	

acute	myocardial	infarction
•	 Acute	unstable	head,	neck,	or	spine	injury
•	 Manually	assisted	directed	cough	with	pressure	to	the	

epigastrium	may	be	contraindicated	in	the	presence	of	
increased	potential	for	regurgitation	or	aspiration,	acute	
abdominal	pathology,	abdominal	aortic	aneurysm,	hiatal	
hernia,	pregnancy,	bleeding	diathesis,	or	untreated	
pneumothorax

•	 Manually	assisted	directed	cough	with	pressure	to	the	
thoracic	cage	may	be	contraindicated	in	the	presence	of	
osteoporosis	or	flail	chest

HAZARDS AND COMPLICATIONS
•	 Reduced	coronary	artery	perfusion
•	 Reduced	cerebral	perfusion
•	 Incontinence
•	 Fatigue
•	 Rib	or	costochondral	fracture
•	 Headache
•	 Visual	disturbances,	including	retinal	hemorrhage
•	 Bronchospasm
•	 Muscular	damage	or	discomfort
•	 Incisional	pain,	evisceration
•	 Anorexia,	vomiting
•	 Gastroesophageal	reflux
•	 Spontaneous	pneumothorax
•	 Pneumomediastinum
•	 Subcutaneous	emphysema
•	 Cough	paroxysms
•	 Chest	pain
•	 Central	line	displacement

Excerpts	from	the	American	Association	for	Respiratory	Care:	Clinical	
practice	guideline:	directed	cough.	Respir	Care	38:495,	1993.

Directed Cough
Directed cough is a deliberate maneuver that is taught, super-
vised, and monitored. It aims to assist in creating a productive 
cough in patients unable to clear secretions with an effective 
spontaneous cough.

In patients with copious secretions, directed coughing is an 
effective clearance method clearing secretions from the central, 
but not peripheral, airways.1,2,19, 20 In addition to aiding in the 

removal of retained secretions from central airways, it should 
be a routine part of all ACT and may be helpful in obtaining 
sputum specimens for diagnostic analysis.19

Box 43-6 lists the relative contraindications and potential 
complications associated with directed cough. These patients 
should be monitored for pain, discomfort, dyspnea, pulse rate, 
cardiac rhythm (if electrocardiogram is available), breath 
sounds, pulse oximetry if desaturation is suspected, breathing 
pattern, skin color, sputum production, and ICP if elevated. To 
determine the effectiveness of directed cough techniques, thera-
pists should evaluate the patient for any of the following 
outcome changes: increased sputum production, decreased 
pulse and respiratory rate, clearing of the breath sounds, 
improved oxygen saturation, and possibly clearing of infiltrates 
on the chest radiograph.19



 Airway Clearance Therapy (ACT) • CHAPTER 43 961

appropriate nutrition, or lack of use during mechanical ventila-
tion. In these cases, either suctioning or using the mechanical 
insufflation-exsufflation (MIE) device may be effective in 
clearing these secretions.

Modifications to Directed Cough Technique. Modifying 
the normal directed cough to the needs of the individual patient 
may lead to a productive cough effort. Good clinical examples 
of the need to modify directed cough are seen in surgical 
patients, patients with COPD, and patients with neuromuscular 
disorders.

In surgical patients, preoperative training in deep breathing 
and directed cough can help prepare the patient for the post-
operative regimen. This preparation can minimize the anxiety 
related to pain that commonly impairs an effective cough in 
these patients. In addition, coordinating the coughing sessions 
with prescribed pain medication and splinting the operative 
site can enhance these sessions. The RT can use his or her hands 
to support the area of incision during the expiratory phase of 
the cough. Eventually, the patient can learn to use a pillow or 
blanket roll to splint the incision site. The forced expiratory 
technique (FET) (discussed subsequently) may also be valuable 
in these patients.

In some patients with COPD, the high pleural pressures 
during a forced cough may compress the smaller airways and 
limit the cough’s effectiveness. In this situation, the patient is 
placed in the sitting position previously described. The patient 
is instructed to take in a moderately deep breath slowly through 
the nose. To help enhance expulsion, the patient should exhale 
with moderate force through pursed lips, while bending forward. 
This forward flexion of the thorax enhances expiratory flow by 
upward displacement of the abdominal contents. After three or 
four repetitions of this maneuver, the patient is encouraged to 
bend forward and initiate short staccato-like bursts of air. This 
technique relieves the strain of a prolonged hard cough, and the 
staccato rhythm at a relatively low velocity minimizes airway 
collapse. These staccato-like bursts of air against an open glottis 
are referred to as huffing.1,2,21 With this technique the patient is 
instructed to make the sound “huff, huff, huff” rapidly with  
the mouth and glottis open. Huff coughing is also referred to 
as FET.

Forced Expiratory Technique
As stated above, FET consists of one or two forced expirations 
of middle to low lung volume without closure of the glottis, 
followed by a period of diaphragmatic breathing and relax-
ation.19 The goal of this method is to help clear secretions with 
less change in pleural pressure and less likelihood of bronchio-
lar collapse. To help keep the glottis open during FET, the 
patient is taught to phonate or “huff” during expiration. The 
period of diaphragmatic breathing and relaxation following  
the forced expiration is essential in restoring lung volume  
and minimizing fatigue. Comparative clinical studies on the 
effectiveness of FET have shown favorable results. The tech-
nique is particularly useful in patients prone to airway collapse 
during normal coughing, such as patients with COPD, CF, or 
bronchiectasis.1,2,21

Standard Technique. After the clinical need for directed 
coughing has been established, the RT should assess the patient 
for any factors that could limit the success of directed cough 
and relative contraindications. An effective directed cough is 
impossible with unresponsive, paralyzed, or uncooperative 
patients. In addition, some patients with severe COPD or severe 
restrictive disorders (including neurologic, muscular, or skeletal 
abnormalities) may be unable to generate an effective spontane-
ous cough. Pain, systemic dehydration, tenaciously thick secre-
tions, artificial airways, or use of central nervous system 
depressants can also impact efforts to implement an effective 
directed cough. If any of these limitations exist, the RT should 
recommend an alternative to directed cough such as an assisted 
cough, which is discussed later in this chapter.

Patient education is a critical part of developing an effective 
directed cough. The three most important aspects in teaching 
a patient to have an effective cough are (1) instruction on 
proper positioning, (2) instruction on breathing control, and 
(3) exercises to strengthen the expiratory muscles.21 These activ-
ities are modified according to the patient’s underlying clinical 
problem.

First, patients are taught to assume a sitting position with 
one shoulder rotated inward and the head and spine slightly 
flexed to aid exhalation and allow easy thoracic compression. It 
is difficult to generate an effective cough in the supine position. 
The patient’s feet should be supported to provide abdominal 
and thoracic support for the patient. If the patient is unable to 
sit up, the RT should raise the head of the bed and ensure that 
the patient’s knees are slightly flexed with the feet braced on the 
mattress.

Breathing control measures help ensure that the inspiration, 
compression, and expulsion phases of the cough are maximally 
effective and coordinated. For effective inspiration, the patient 
should be taught to inspire slowly and deeply through the nose, 
using the diaphragm. In patients with copious amounts of 
sputum, such breaths alone may stimulate coughing by loosen-
ing secretions in the larger airways.

After confirming that the patient can take a good, deep inspi-
ration, the RT has the patient bear down against the glottis, in 
much the same manner as would occur with straining when 
lifting weights or during a bowel movement. For patients with 
pain or patients subject to bronchial collapse, it is probably best 
that they be shown how to “stage” their expiratory effort into 
two or three short bursts. For these patients, this method is 
generally less fatiguing and more effective in producing sputum 
than a single violent expulsion. Effective breathing control and 
effective coughing are best taught by demonstration. The RT 
demonstrates the various phases of the cough sequence while 
emphasizing the correct technique. The RT explains how to 
avoid common errors, such as simple throat clearing.

Proper positioning and breathing control alone may not 
result in an effective cough and clear secretions. This limitation 
often is due to weak breathing muscles. Muscle weakness is 
common in patients with neuromuscular disease, patients with 
COPD, and patients needing long-term ventilatory support. 
These muscles may atrophy due to disease progression, lack of 
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Active Cycle of Breathing Technique

To emphasize that FET should include breathing exercises, the 
originators of this technique modified the procedure and 
renamed it the active cycle of breathing technique (ACBT).14,24 
ACBT consists of repeated cycles of breathing control, thoracic 
expansion, and FET (Box 43-7). Breathing control involves 
gentle diaphragmatic breathing at normal tidal volumes for 5 
to 10 seconds with relaxation of the upper chest and shoulders. 
This phase is intended to help prevent bronchospasm. The tho-
racic expansion exercises involve deep inhalation, approaching 
vital capacity, with relaxed exhalation, which may be accompa-
nied by percussion, vibration, or compression. The thoracic 
expansion phase is designed to help loosen secretions, improve 
the distribution of ventilation, and provide the volume needed 
for FET. The subsequent FET moves secretions into the central 
airways. Postoperative patients may require splinting at the tho-
racic or abdominal incision site. Although ACBT can be per-
formed in the sitting position, it is most beneficial when 
combined with postural drainage. When ACBT is compared 
with similar methods of secretion clearance, studies indicate 
that ACBT can provide comparable results in terms of both 
sputum production and distribution of ventilation.24,25 ACBT is 
not useful with young children (<2 years old) or critically ill 
patients. Caution should be taken in patients with reactive 
airways during ACBT.

Autogenic Drainage

Autogenic drainage (AD) is another modification of directed 
coughing, designed as an airway clearance mechanism that can 
be performed independently by trained patients.7,11,14,24 During 
AD, the patient uses diaphragmatic breathing to mobilize secre-
tions by varying lung volumes and expiratory airflow in three 
distinct phases (Figure 43-6).14,24 For maximum benefit, the 
patient should be in the sitting position. Patients are taught to 
control their expiratory flows to prevent airway collapse while 
trying to achieve a mucous “rattle” rather than a wheeze. Cough-
ing should be suppressed until all three breathing phases are 
completed.

In patients with CF, AD provides sputum clearance compa-
rable to PDPV but is less likely to produce O2 desaturation. In 
addition, AD seems to be tolerated better by patients and has 
the advantage of being performed without assistance from a 
caregiver.2,21,24-26

Manual Assisted Cough
Patients with neuromuscular conditions present a special chal-
lenge in cough management. These patients typically are unable 
to generate the forceful expulsion needed to move secretions 
toward the trachea.23 If this problem results in retained secre-
tions, there are only three options: (1) placement of an artificial 
airway and removal of secretions by tracheobronchial suction-
ing (see Chapter 36), (2) manually assisted cough, and/or  
(3) MIE.

Manually assisted cough is external application of pressure 
to the thoracic cage or epigastric region, coordinated with 
forced exhalation.19 In this technique, the patient takes as deep 
an inspiration as possible, assisted as needed by the application 
of positive pressure via a self-inflating bag or intermittent posi-
tive pressure breathing device. At the end of the patient’s inspi-
ration, the RT begins exerting pressure on the lateral costal 
margins or epigastrium. This pressure increases the force of 
compression throughout expiration; this mimics the normal 
cough mechanism by generating an increase in the velocity of 
the expired air and may be helpful in moving secretions toward 
the trachea, where they can be removed by suctioning. Assisted 
cough with pressure to the lateral costal margins is contraindi-
cated in patients with osteoporosis or flail chest.19 Assisted 
cough using epigastric pressure is contraindicated in uncon-
scious patients with unprotected airways, in pregnant women, 
and in patients with acute abdominal pathology, abdominal 
aortic aneurysm, or hiatal hernia.19

 Box 43-7 Active Cycle of Breathing 
Technique Sequence

1.	 Relaxation	and	breathing	control
2.	 Three	or	four	thoracic	expansion	exercises
3.	 Relaxation	and	breathing	control
4.	 Repeat	three	to	four	thoracic	expansion	exercises
5.	 Repeat	relaxation	and	breathing	control
6.	 Perform	one	or	two	FETs	(huffs)
7.	 Repeat	relaxation	and	breathing	control

MINI CLINI
Modifications to Directed Cough

PROBLEM:  A patient who has been diagnosed with ALS who 
has been attending your multidisciplinary clinic for the last few 
years returns for a follow-up visit. The patient states she has 
noticed her cough is not as powerful as it has been and that she 
is “winded” when walking distances. The respiratory therapist 
assesses the patient and finds: pulse rate of 80, respiratory rate 
of 24, and breath sounds of scattered wet crackles in both lungs. 
The patient performs spirometry and maximum inspiratory 
and expiratory pressure maneuvers (MIP/MEP). Her FVC is 
70% of predicted, MIP is negative 50 cm H2O and MEP is 
55 cm H2O sitting, and MIP is negative 40 cm H2O and MEP 
is 40 cm H2O supine. The therapist reviews the values from the 
previous visit 3 months earlier and finds FVC was 75% of 
predicted and MIP was a negative 65 cm H2O and the MEP was 
70 cm H2O both sitting and supine.

Discussion:  Based on this assessment, the patient’s lung 
volumes and muscle strength have declined. She also has 
retained secretions and would benefit from airway clearance 
therapy and possibly MIE to assist with secretion removal. The 
patient began high-frequency chest wall compressions to mobi-
lize these secretions and MIE to assist in expectorating the 
secretions. This therapy should take place a minimum of twice 
a day.
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The MIE device delivers a positive pressure breath of 30 to 
50 cm H2O over a 1- to 3-second period via a face mask or 
artificial airway. The airway pressure is abruptly reversed to −30 
to −50 cm H2O and maintained for 2 to 3 seconds. Peak expira-
tory “cough” flows obtained with this device are in the normal 
range (mean 7.5 L/sec); far better than can be achieved with 
manually assisted coughing. Expiratory flows remain high in 
the immediate postexsufflation period, indicating that MIE 
does not promote airway collapse. Newer MIE devices have 
incorporated oscillation during inspiration or expiration to 
assist in mobilizing secretions.

A typical treatment session with the MIE consists of about 
five cycles (inspiration and expiration) followed by a period of 
normal spontaneous or assisted breathing (to avoid hyperven-
tilation). This process is repeated five or more times until secre-
tions are cleared from the airway and the patient is able to either 
suction or spit them out.

MIE via an oronasal mask is effective, provided that there is 
no fixed airway obstruction or glottic collapse during exsuffla-
tion. For patients with severe restrictive disease and NMD who 
are not able to take deep breaths, insufflation pressures should 
be increased gradually based on the patient and their assess-
ment to avoid chest wall muscle strains. Abdominal distention 
is infrequent and reduced by decreasing airway pressures during 
insufflation, not exsufflation. The effectiveness of MIE in 
persons with airway obstructions such as COPD is less clear, 
and MIE may be detrimental because it may increase the 
amount of air trapping and auto-PEEP.2

Precautions should be observed using MIE with patients 
with known cardiac instability. It may be beneficial to monitor 
heart rate and O2 saturation closely in these patients. MIE is 
contraindicated in patients with a history of bullous emphy-
sema or previous barotraumas such as pneumothorax or 
pneumomediastinum.

Mechanical Insufflation-Exsufflation

The MIE device (also called cough-assist device or “coughlator”) 
has gained popularity in its use to manage secretions in patients 
with certain neuromuscular disorders (Figure 43-7).2,7,14 The 
reason is growing evidence that MIE helps prevent respiratory 
complications in patients with neuromuscular disorders by 
helping them generate sufficient expiratory flow rates needed 
for effective secretion clearance.1,7,27

NMD patients who are not able to demonstrate a peak cough 
flow greater than 180 L/min or not able to generate an effective 
cough may benefit from MIE.7 The AARC clinical practice 
guideline for ACT recommends cough assist techniques when 
peak cough flows are less than 270 L/min in NMD patients.1 

FIGURE 43-6	 Spirogram	of	lung	volumes	during	three	phases	of	autogenic	drainage.	Phase	1	involves	a	full	inspiratory	capacity	
maneuver,	followed	by	breathing	at	low	lung	volumes.	This	phase	is	designed	to	“unstick”	peripheral	mucus.	Phase	2	involves	breathing	at	
low	to	middle	lung	volumes	to	collect	mucus	in	the	middle	airways.	Phase	3	is	the	evacuation	phase,	in	which	mucus	is	readied	for	
expulsion	from	the	large	airways.	(Modified	from	Hardy	KA,	Anderson	BD:	Respir	Care	Clin	North	Am	2:323,	1996.)
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FIGURE 43-7	 MIE	device.	(From	Mason	R,	Broaddus	V,	Martin	
T,	et	al:	Murray	&	Nadel’s	textbook	of	respiratory	medicine,	ed	10,	
Philadelphia,	2010,	Saunders.)
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Positive Expiratory Pressure (PEP) and 
Vibratory PEP
PEP therapy involves active expiration against a fixed orifice 
flow resistor or variable orifice threshold resistor capable of 
developing pressures of 10 to 20 cm H2O. Most fixed orifice 
devices allow adjustment of the orifice size to achieve a targeted 
PEP level. In theory, PEP therapy helps move secretions into the 
larger airways by providing a constant back-pressure that pre-
vents airway collapse during expiration and the airway behind 
the mucus fills via collateral ventilation. A subsequent huff or 
FET maneuver may allow the patient to generate the flows 
needed to expel mucus from blocked airways.

PEP devices are available as PEP only or vibrator PEP. Vibra-
tor or oscillator PEP devices provide rapid fluctuations in 
airway pressure as the patient exhales. The frequency of the 
vibrations has been reported to range from 10 to 30 Hz with 
amplitudes ranging from 20 to 100 torr at flows of 10 and 25 L/
min.29 Clinical studies of PEP and vibratory PEP therapy 
improved secretion clearance in hospitalized,3 CF,2,5,30,31 and 
COPD patients with secretion retention,1 but is not beneficial 
in preventing postoperative atelectasis.1 Generally, compared 
with other airway clearance methods (PDPV, AD, ACBT) in 
patients with CF, PEP therapy provides comparable mucociliary 
clearance, with the added advantages of being potentially self-
administered and cost-effective.2,32 Patients may prefer PEP over 
CPT.5 PEP therapy cannot be used in young children (<3 years 
old). Patients must also be able to take a deep breath (>10-
12 mL/kg) to generate adequate pressure, oscillations, and pro-
longed exhalations.

There are several available PEP and vibratory PEP devices on 
the market and manufacturer instructions on recommended 
application are included with each device (Figure 43-8). Most 
of these are single-use commercial devices. A general clinical 
procedure for application of PAP therapy is presented in Box 
43-9.16 Regardless of the equipment used, it is important that 
actual intended PEP levels are reached so initial monitoring of 
patient for correct use is essential.

Common strategies for PEP therapy vary, with frequency 
determined by assessment of patient response. Studies provide 
conflicting results related to the amount of time and intervals 
of therapy sessions during acute exacerbations associated with 
CF and COPD. Twice to four times daily are common frequen-
cies used for PEP therapy.28 Aerosol drug therapy may be added 
to a PEP session using either an in-line hand-held nebulizer or 
a metered dose inhaler attached to the one-way valve inlet of 
the system. The combination of aerosol drug therapy with PEP 
seems to improve the efficacy of bronchodilator administration 
because of better distribution to the peripheral airways.17 Some 
PEP devices can be modified to incorporate a mask for patients 
with ALS, toddlers, or stroke patients who are unable to use a 
mouthpiece.

High-frequency vibrations or oscillations refer to the rapid 
vibratory movement of small volumes of air back and forth  
in the respiratory tract. At frequencies of 12 to 25 Hz these 
oscillations are thought to physically loosen secretions and 
move them toward the larger airways, which enhances airway 

Positive Airway Pressure Adjuncts

PAP adjuncts are used to help mobilize secretions and treat 
atelectasis. As adjuncts for airway clearance, these methods are 
usually paired with other airway clearance techniques such as 
directed cough. Indications for PAP adjuncts are similar to 
those listed early for all ACT. These devices elevate airway pres-
sure and may also be beneficial in treating atelectasis. See 
Chapter 42 to review the use of these methods to treat atelec-
tasis. Box 43-8 lists the contraindications and potential compli-
cations associated with PAP adjuncts. As with other ACT, these 
patients should be monitored for pain, discomfort, dyspnea, 
pulse rate, cardiac rhythm (if electrocardiogram is available), 
breath sounds, pulse oximetry if desaturation is suspected, 
breathing pattern, skin color, sputum production, fatigue, and 
ICP if elevated. To determine the effectiveness of PAP adjuncts, 
the therapist should evaluate the patient for increased sputum 
production, decreased pulse and respiratory rate, clearing of the 
breath sounds, improved oxygen saturation, and possibly clear-
ing of infiltrates on the chest radiograph.28 The following dis-
cussion will focus on the use of PAP devices for secretion 
clearance.

Excerpts	from	the	American	Association	for	Respiratory	Care:	Clinical	
practice	guideline:	use	of	PAP	adjuncts	to	bronchial	hygiene	therapy.	
Respir	Care	38:516,	1993.

 Box 43-8 Positive Airway Pressure 
(PAP) Adjuncts for Airway 
Clearance Therapy

CONTRAINDICATIONS
Although	no	absolute	contraindications	to	the	use	of	PAP	
adjuncts	have	been	reported,	the	following	should	be	carefully	
evaluated	before	initiating	therapy:
•	 Patients	unable	to	tolerate	increased	work	of	breathing	

(acute	asthma,	COPD)
•	 Intracranial	pressure	(ICP)	greater	than	20	mm	Hg
•	 Hemodynamic	instability
•	 Acute	sinusitis
•	 Active	hemoptysis
•	 Untreated	pneumothorax
•	 Known	or	suspected	tympanic	membrane	rupture	or	other	

middle	ear	pathology
•	 Recent	facial,	oral,	or	skull	surgery	or	trauma
•	 Epistaxis
•	 Esophageal	surgery
•	 Nausea

HAZARDS AND COMPLICATIONS INCLUDE
•	 Pulmonary	barotraumas
•	 Increased	ICP
•	 Cardiovascular	compromise	(myocardial	ischemia,	decreased	

venous	return)
•	 Skin	breakdown	and	discomfort	from	mask
•	 Air	swallowing,	vomiting,	and	aspiration
•	 Claustrophobia
•	 Increased	work	of	breathing	that	may	lead	to	hypoventilation	

and	hypercapnia



FIGURE 43-8	 Positive	expiratory	devices:	A,	Flutter.	B,	TheraPEP.	C,	Acapella	(Choice	is	used	for	a	range	of	flows.	Green	is	used	for	
flows	higher	than	15	L/min.	Blue	is	used	for	flows	less	than	15	L/min.).	D,	Aerobika.	E,	RC-Cornet.	

A

B C
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HFPAP or IPV devices (Figure 43-9) use a pneumatic device to 
deliver a rapid series of pressurized gas minibursts at rates of 
100 to 225 cycles per minute (1.7 to 5 Hz) to the airway. During 
the percussive cycle, the patient can inhale and exhale through 
the device as this oscillating airway pressure is applied. These 
devices also deliver aerosolized medication, and rely on chest 
wall recoil or an active patient exhalation. Comparative studies 
show that IPV is equivalent to other airway clearance strategies 
in enhancing sputum expectoration in patients.2,3,5 The therapy 
is well tolerated by stable patients and may provide a more 
effective alternative for airway clearance in patients unable to 
take a deep inspiration.

High-Frequency Chest Wall Oscillation

High-frequency chest wall oscillation (HFCWO) devices are 
passive oscillatory devices. These devices use a two-part system: 
(1) a variable air-pulse generator and (2) a nonstretch inflatable 

clearance. There are two general approaches: airway application 
of oscillation methods such as vibratory PEP discussed above 
or high-frequency positive airway pressure devices (HFPAP), 
or external (chest wall) application referred to as high-frequency 
chest wall compression (HFCWC). It is thought that the mucus 
moves as a result of the vibrations of the airways crated when 
the oscillation frequency resembles the resonance frequency of 
the pulmonary system.22,29

High-Frequency Positive Airway 
Pressure Devices

High-frequency positive airway pressure devices are also 
referred to as intrapulmonary percussive ventilation (IPV). 

FIGURE 43-9	 Intrapulmonary	Percussive	Ventilator,	IPV.	
(Courtesy	Percussionaire,	SandPoint,	Idaho,	and	MetaNeb.)	

A

B

 Box 43-9 Clinical Procedure for Positive 
Airway Pressure Therapy

1.	 Assess	need	for	PAP	therapy	and	design	a	treatment	
program	to	accomplish	treatment	objectives.
a.	 Bring	equipment	to	bedside	and	provide	initial	therapy	to	

patient,	adjusting	pressure	settings	to	meet	patient	need.
b.	 After	initial	patient	treatment	or	training,	communicate	

treatment	plan	to	physician	and	nurse,	and	provide	
instruction	to	nursing	staff	if	required.

2.	 Explain	purpose	of	PAP	therapy	to	patient;	teach	patient	
“huff”	(directed	cough	procedure).

3.	 Instruct	patient	to:
a.	 Sit	comfortably.
b.	 If	using	a	mask,	apply	it	tightly	but	comfortably	over	the	

nose	and	mouth.	If	mouthpiece	is	used,	place	lips	firmly	
around	it	and	breathe	through	mouth.

c.	 Take	in	a	breath	that	is	larger	than	normal,	but	do	not	
completely	fill	lungs.

d.	 Exhale	actively,	but	not	forcefully,	creating	a	PAP	of	10	to	
20	cm	H2O	during	exhalation	(determined	with	manometer	
during	initial	therapy	sessions).	Length	of	inhalation	should	
be	approximately	one-third	of	the	total	breathing	cycle	
(inspiratory-to-expiratory	ratio	of	1	:	3	to	1	:	4).

e.	 Perform	10	to	20	breaths.
f.	 Remove	the	mask	or	mouthpiece,	and	perform	two	or	

three	“huff”	coughs;	rest	as	needed.
g.	 Repeat	above	cycle	four	to	eight	times,	not	to	exceed	20	

minutes.
4.	 Evaluate	patient	for	the	ability	to	self-administer.
5.	 When	appropriate,	teach	patient	to	self-administer.	

Observations	on	several	occasions	of	proper	technique,	
uncoached,	should	precede	allowing	the	patient	to	self-
administer	without	supervision.

6.	 When	patients	are	also	receiving	bronchodilator	aerosol,	
administer	in	conjunction	with	PAP	therapy	by	placing	a	
nebulizer	in	line	with	the	PAP	device.

7.	 When	PAP	device	is	visibly	soiled,	rinse	it	with	sterile	water	
and	shake	or	air	dry;	leave	within	reach	at	patient’s	bedside	
in	a	clear	plastic	bag.

8.	 Send	the	PAP	device	(if	single-patient	use)	home	with	the	
patient,	or	discard	it	on	discharge.	If	device	is	
nondisposable,	send	in-house	for	high-level	disinfection.

9.	 Document	in	the	patient’s	medical	record	procedures	
performed	(including	device,	settings	used,	pressure	
developed,	number	of	breaths	per	treatment,	and	frequency),	
patient	response	to	therapy,	patient	teaching	provided,	and	
patient	ability	to	self-administer.



 Airway Clearance Therapy (ACT) • CHAPTER 43 967

the respiratory cycle. The chest wall will expand when the nega-
tive pressure is applied. This device is capable of a frequency 
range between 1 and 999 oscillations per minute, I : E ratios of 
1 : 6 and 6 : 1 and inspiratory and expiratory pressures of −70 to 
70 cm H2O. The recommended application is two sets of cycles 
that include a few minutes at a frequency between 600 and 700 
at an I : E of 1 : 1, followed by a higher frequency at an inverse 
I : E ratio.22 The therapy will ultimately depend on the patient’s 
response.

Exercise, Mobilization and  
Physical Activity

Immobility is a major factor contributing to complications in 
chronic disease and hospitalized patients. Early mobilization  
is recommended to reduce complications in hospitalized pa-
tients and is recommended as adjunctive therapy along with 
another ACT in CF to aid airway clearance and overall health 
benefits.1,5,33,34 Physical activity may also improve lung function, 
exercise tolerance, quality of life, and adherence to therapy.5 For 
more on the use of exercise in ambulatory patients with severe 
lung disease see Chapter 55.

SELECTING AIRWAY CLEARANCE 
TECHNIQUES

Selection Factors

Box 43-10 specifies many factors therapists should consider 
when selecting an airway clearance strategy. The correct appli-
cation and patient motivation to perform the ACT are critical 
components regardless of the setting. No ACT is successful if it 
is abandoned by the patient. Likewise, no routine strategy is 
likely to be followed without results. In this regard, increased 
sputum production, less shortness of breath, and perhaps 
improved physical activity are a few outcomes that can be used 
to motivate patients and gain their ongoing cooperation.

Age, disease process, available resources, and patient prefer-
ence often affect the choice of ACT. Patient and caregiver goals 

vest that wraps around the patient’s entire torso (Vest Airway 
Clearance Systems, Hill-Rom Services, Inc., Batesville, IN). See 
Figure 43-10. Either one or two large-bore tubing(s) connect 
the vest to the air-pulse generator. Table 43-4 lists the devices, 
air-pulse waveforms, and hose configurations. The generator 
inflates and deflates the vest, creating pressure pulses against the 
thorax resulting in chest wall oscillations and moving secretions 
forward. These devices are used in hospital or home settings. 
The therapy is typically performed for a 30-minute session 2 to 
6 times per day at oscillatory frequencies between 5 to 25 Hz. 
These therapy sessions depend on patient need and response.

Clinical trials with HFCWO have reported better or equiva-
lent secretions clearance compared to other ACT in CF 
patients.2,5 Studies in other populations have shown some 
improvement, as measured by patient perception, increased 
compliance, or outcome.7,22

The Biphasic Cuirass Ventilation (BCV) device is an alterna-
tive to the vest devices. This device may be used to provide 
noninvasive ventilation and/or cough assist. It uses a chest 
cuirass or shell that encompasses the anterior chest wall. The 
shell is connected to the generator that controls both phases of 

FIGURE 43-10	 Patient	using	the	Vest	Airway	Clearance	System	
for	high-frequency	chest	wall	oscillation.	(Copyright	2011	Hill-Rom	
Services,	Inc.,	Batesville,	IN.	Reprinted	with	permission.	All	rights	
reserved.)

TABLE 43-4 

High-Frequency Chest Wall Oscillator (HFCWO) 
Device Comparison

Company Device Air Pulse Hose 
Configuration

Hill	Rom Vest™ Sine	waveform Single	hose
Electromed SmartVest™ Sine	waveform Double	hose
RespirTech InCourage™ Triangle	waveform Double	hose

 Box 43-10 Key Factors in Selecting an Airway 
Clearance Strategy

•	 Patient’s	motivation
•	 Patient’s	goals
•	 Patient’s	ability	to	comprehend—literacy	and	cognition	levels
•	 Patient’s	physical	limitations
•	 Physician/caregiver	goals
•	 Effectiveness	of	technique
•	 Ease	of	learning	and	teaching
•	 Skill	of	therapists
•	 Patient	fatigue	associated	or	work	required	to	use	device
•	 Need	for	assistance	to	use	the	equipment
•	 Limitations	of	technique	based	on	disease	type	and	severity
•	 Costs	(direct	and	indirect)
•	 Desirability	of	combining	methods
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for treatment should be discussed jointly, with the intent of 
choosing the method that best fits the patient’s goals and life-
style. The RT’s skill and patience in teaching the ACT is also a 
factor in determining the therapy’s success. The patient’s learn-
ing needs and barriers to learning should also be considered.

Because patients reject methods that are fatiguing, this 
should be considered in method selection. In addition, the 
patient’s disease either may suggest the best approach or may 
impose certain limitations that preclude using a particular 
method. Cost is a critical factor in selecting all treatment strate-
gies. There are multiple inexpensive options that are effective. 
Patient or caregiver education also plays an important role in 
the therapy’s effectiveness (see Chapter 54).

MINI CLINI
Recommending Airway  
Clearance Strategies

PROBLEM:  The RT is asked to evaluate and recommend an 
appropriate airway clearance therapy regimen for a 7-year-old 
active girl with CF who is being cared for in her home by elderly 
grandparents.

Discussion:  Generally, appropriate secretion clearance strat-
egies for this patient include exercise, vibratory PEP, CPT, 
ACBT, HFCWO, and IPV. CPT would be difficult to implement 
in this patient’s home setting (elderly caregivers), so emphasis 
should be placed on either vibratory PEP with ACBT or 
HFCWO and FET. An exercise plan should also be incorporated 
into the overall strategy. Dietary and medication consider-
ations are also important.

Protocol-Based Airway Clearance

Numerous RT-driven protocols have been published for airway 
clearance therapy. All of these protocols involve rigorous assess-
ment of the patient both to establish preliminary need and to 
determine continuation of or modification in therapy. Figure 
43-11 is an algorithm used in one such protocol. Changes in 
therapy occur throughout and are based on the patient’s 
response and therapist’s evaluation.

SUMMARY CHECKLIST

◗	Normal	airway	clearance	requires	a	patent	airway,	a	
functional	mucociliary	escalator,	and	an	effective	cough.

◗	Patients	with	copious	secretions	(20	to	30	mL/day)	or	
inability	to	mobilize	and	expectorate	secretions	may	benefit	
from	airway	clearance	therapy.

◗	The	primary	goal	of	airway	clearance	therapy	is	to	help	
mobilize	and	remove	retained	secretions,	improve	gas	
exchange,	and	reduce	the	work	of	breathing.

◗	Retained	secretions	can	increase	the	work	of	breathing,	
cause	air	trapping,	worsen	 � �V/Q	imbalance,	promote	
atelectasis	and	shunting,	and	increase	the	incidence	of	
infection.

◗	Disorders	associated	with	abnormal	secretion	clearance	
include	foreign	bodies,	tumors,	congenital	or	acquired	
thoracic	anomalies,	asthma,	chronic	bronchitis,	CF,	
bronchiectasis,	and	acute	infections.

◗	Musculoskeletal	and	neurologic	disorders	can	impair	
coughing	and	lead	to	mucous	plugging,	airway	
obstruction,	and	atelectasis.

◗	Both	mechanical	and	treatment	factors	impair	mucociliary	
clearance	in	intubated	patients.

◗	Clinical	signs	consistent	with	retained	secretions	include	
ineffective	cough,	absent	or	increased	sputum	production,	
a	labored	breathing	pattern,	abnormal	or	adventitious	lung	
sounds	(e.g.,	coarse	crackles,	decreased	breath	sounds),	
tachypnea,	tachycardia,	and	fever.

◗	Turning	promotes	lung	expansion,	improves	oxygenation,	
and	prevents	retention	of	secretions.

◗	Postural	drainage	involves	placing	the	segmental	bronchus	
to	be	drained	in	a	vertical	position	relative	to	gravity	and	
holding	the	position	for	3	to	15	minutes.

◗	Cough	methods	must	be	modified	in	surgical	patients,	
patients	with	COPD,	and	patients	with	neuromuscular	
disorders.

◗	FET,	or	huff	cough,	consists	of	one	or	two	forced	
expirations	of	middle	to	low	lung	volume	without	closure	of	
the	glottis,	followed	by	a	period	of	diaphragmatic	breathing	
and	relaxation.

◗	ACBT	consists	of	repeated	cycles	of	breathing	control,	
thoracic	expansion,	and	FET.

◗	During	AD,	the	patient	uses	diaphragmatic	breathing	to	
mobilize	secretions	by	varying	lung	volumes	and	expiratory	
airflow	in	three	distinct	phases.

◗	MIE	involves	delivery	of	a	positive	pressure	breath	followed	
by	the	quick	application	of	negative	pressure;	positive	
expiratory	flows	exceed	flows	developed	by	manually	
assisted	coughing.

◗	PEP	or	vibratory	therapy	is	a	self-administered	clearance	
technique	involving	active	expiration	against	a	variable-flow	
resistance,	followed	by	FET;	patients	frequently	prefer	PEP	
over	other	methods.

◗	At	high	frequencies	(12	to	25	Hz),	airway	oscillations	
enhance	cough	clearance	of	secretions.

◗	Airway	oscillations	can	be	created	externally	(HFCWC)	or	
at	the	airway	opening	(flutter	valve,	IPV).

◗	Adding	physical	activity	to	mobilization	and	coughing	
enhances	mucus	clearance,	improves	overall		
aeration	and	 � �V/Q	matching,	and	improves	pulmonary	
function.

◗	 If	performed	correctly,	no	airway	clearance	therapy	has	
been	proven	better	than	another.

◗	Numerous	factors	must	be	considered	in	trying	to	
select	the	best	airway	clearance	strategy	for	a	given	
patient.
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CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Define	acute	respiratory	failure.
◆	 Differentiate	between	hypoxemic	respiratory	failure	(type	I)	and	hypercapnic	respiratory	failure	(type	II).
◆	 Discuss	the	causes	of	acute	respiratory	failure.
◆	 Discuss	the	differences	between	chronic	respiratory	failure	and	acute-on-chronic	respiratory	failure.
◆	 Identify	the	complications	of	respiratory	failure.
◆	 Discuss	the	indications	for	ventilatory	support.
◆	 Discuss	general	management	principles	of	hypoxemic	and	hypercapnic	respiratory	failure.
◆	 Discuss	indications	for	noninvasive	ventilation.
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Acute-on-Chronic	Respiratory	Failure
Complications	of	Acute	Respiratory	Failure
Clinical	Presentation
Indications	for	Ventilatory	Support

Assessment of Respiratory Fatigue, Weakness, 
and Failure and Work of Breathing
Respiratory	Muscle	Weakness
Respiratory	Muscle	Fatigue
Respiratory	Failure
Work	of	Breathing

Choosing a Ventilatory Support Strategy for 
Different Causes of Respiratory Failure
Noninvasive	Ventilation
Noninvasive	Ventilation	in	Acute	Conditions
Noninvasive	Ventilation	in	Chronic	Conditions
Invasive	Ventilatory	Support
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compromised despite adequate blood flow. Obstructive lung 
diseases are frequent causes. The bronchospasm, mucous plug-
ging, inflammation, and premature airway closure that signal 
asthmatic or emphysematous exacerbations worsen ventilation 
and create � �V/Q mismatch. Infection, heart failure, and inhala-
tion injury may lead to partially collapsed or fluid-filled alveoli, 
also resulting in decreased ventilation and reduced blood O2 
levels.

Clinical Presentation
Because patients present with hypoxemia, the initial goal is 
always to treat the low PaO2 or SpO2 (arterial O2 saturation by 
pulse oximeter). � �V/Q mismatch responds to supplemental O2 

R espiratory failure is a clinical problem that all respira-
tory care practitioners must be skilled at identifying, 
assessing, and treating. The mortality of patients re-

quiring intensive care unit (ICU) admission with respiratory 
failure was 44% in 1995, and only marginally improved to 
34.5% in 2010.1,2 The need for oxygen (O2) delivery, mechani-
cal ventilation, and other modalities in the management  
of such patients makes the respiratory therapist’s (RT) role 
indispensable.

Respiratory failure is the “inability to maintain either the 
normal delivery of O2 to the tissues or the normal removal of 
carbon dioxide (CO2) from the tissues”3 and often results from 
an imbalance between respiratory workload and ventilatory 
strength or endurance. Criteria for respiratory failure based on 
arterial blood gases (ABGs) were established by Campbell4 and 
generally define failure as arterial partial pressure of oxygen 
(PaO2) less than 60 mm Hg (also referred to as hypoxemic or 
type I respiratory failure), alveolar partial pressure of carbon 
dioxide (PaCO2) greater than 50 mm Hg (hypercapnic or type 
II respiratory failure), or both, in otherwise healthy individuals 
breathing room air at sea level. Respiratory failure can be an 
acute or a chronic process. Hypercapnic respiratory failure is 
also known as ventilatory failure or “bellows” failure. Patients 
with baseline acid-base derangement (e.g., chronic obstructive 
pulmonary disease [COPD], neuromuscular disease, thoracic 
or parenchymal restrictive lung disease) may be chronically 
hypercapnic and in chronic ventilatory failure. Although ABG 
analysis is helpful in distinguishing hypoxemic (type I) and 
hypercapnic (type II) respiratory failure, many patients in acute 
respiratory failure develop both hypoxemia and hypercapnia.

HYPOXEMIC RESPIRATORY  
FAILURE (TYPE I)

The primary causes of hypoxemia are the following:
• Ventilation/perfusion ( � �V/Q) mismatch
• Shunt
• Alveolar hypoventilation
• Diffusion impairment
• Perfusion/diffusion impairment
• Decreased inspired O2

• Venous admixture
These entities are briefly discussed here and are discussed in 
more detail in Chapters 11 and 12.

Ventilation/Perfusion Mismatch

There are regions in healthy lungs where ventilation and perfu-
sion are not evenly matched, so it seems logical that this is the 
most common cause of hypoxemia. RTs are familiar with this 
concept through the work of West,5 which described a high � �V/Q 
ratio at the apex of the lungs and a low ratio at the bases. This 
concept can be oversimplified and stated as there being more air 
than blood at the apexes and more blood than air at the bases.

Pathologic � �V/Q mismatch occurs when disease disrupts this 
balance, and hypoxemia results (Figure 44-1, A). Most com-
monly, areas of low � �V/Q ratio are seen in which ventilation is 

FIGURE 44-1	 Hypoxemia	caused	by	 � �V/Q	mismatch	showing	the	
effect	of	supplemental	O2.	 � �V/Q	is	normal	on	the	left	side	of	each	
idealized	lung	unit	and	low	on	the	right.	Only	O2	exchange	is	
shown,	and	P(A	−	a)O2	is	assumed	to	be	zero.	A,	With	room	air,	
not	enough	O2	reaches	the	poorly	ventilated	alveolus	to	saturate	its	
capillary	blood	fully.	B,	With	40%	O2,	PaO2	in	this	alveolus	is	
increased	enough	to	make	capillary	PO2	nearly	normal.	PaO2	in	the	
mixed	blood	from	the	two	capillaries	is	determined	by	the	average	
of	the	O2	contents	of	the	two	streams	of	blood,	not	by	the	PaO2	
values.	(Modified	from	Pierson	DJ,	Kacmarek	RM:	Foundations	of	
respiratory	care,	New	York,	1992,	Churchill	Livingstone.)
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Clinical Presentation
The clinical presentation and patient observations in shunting 
are very similar in many ways to the presentation of � �V/Q mis-
match. Bilateral or unilateral crackles are common owing to the 
alveolar filling process. Unilateral absence of breath sounds may 
indicate significant collapse, mass, or effusion; these conditions 
require treatment before oxygenation can improve. The paren-
chyma on chest radiograph may be “white” with physiologic 

(see Figure 44-1, B). Hypoxemia commonly manifests with 
dyspnea, tachycardia, and tachypnea, but these are very non-
specific findings. However, patient observation is extremely 
valuable. The use of accessory muscles of respiration (scalene, 
pectoralis major, and sternomastoid) is an important sign that 
normal diaphragmatic inspiration is inadequate. In an elderly, 
cachectic, or barrel-chested individual who is leaning forward 
on his or her arms, COPD is the likely diagnosis. Nasal flaring 
may be present. Lower extremity edema is more indicative of 
cardiac failure as the cause of hypoxemia. Cyanosis may be 
peripheral and primarily due to decreased blood flow. Central 
cyanosis, seen most easily as a bluish tint around the lips, 
occurs when greater than 5 g/dl of unsaturated hemoglobin is 
present. This finding is more common in patients with polycy-
themia but may be subject to wide observer variability. More 
severe hypoxemia can lead to significant central nervous system 
(CNS) dysfunction, ranging from irritability to confusion  
to coma.

Auscultation and percussion are very useful when added to 
patient observation. Bilateral wheezing, especially in a young 
patient in respiratory distress, often identifies the broncho-
spasm of asthma. Upper airway disease or fluid-filled airways 
may also result in wheezing. Breath sounds that are diminished 
bilaterally with increased resonance on percussion are common 
in emphysema. Unilateral abnormalities are significant. Wheez-
ing in one lung may identify an endobronchial lesion, whereas 
the absence of breath sounds and decreased resonance on one 
side of the chest may reflect collapse, infection, edema, or effu-
sion as potential causes of � �V/Q mismatch. Discordant exam 
findings with increased resonance on percussion and decreased 
breath sounds on the same side may signal a pneumothorax. 
Unilateral crackles and decreased resonance on percussion 
generally indicate an alveolar filling process (mass, infection, 
fluid).

Radiographically, � �V/Q mismatch can manifest as a “black” 
radiograph, with large or hyperinflated lungs as in the case of 
obstructive disease. A “white” chest radiograph is evident when 
alveoli are partially occluded. The “blackness” or “whiteness” of 
the lung fields on the plain chest radiograph has important 
diagnostic value in assessing a patient with acute respiratory 
failure.

Shunt

Shunt is an extreme version of � �V/Q mismatch in which there 
is no ventilation to match perfusion ( � �V/Q = 0). About 2% 
to 3% of the blood supply is shunted via the bronchial and 
thebesian veins that feed the lungs and heart; this is normal 
anatomic shunt. Pathologic anatomic shunt occurs as a result 
of right-to-left blood flow through cardiac openings (e.g., atrial 
or ventricular septal defects) or in pulmonary arteriovenous 
malformations. Physiologic shunt leads to hypoxemia when 
alveoli collapse or are filled with fluid or exudate. Common 
etiologies of physiologic shunting include atelectasis, pulmo-
nary edema, and pneumonia. In contrast to � �V/Q mismatch, 
shunt does not respond to supplemental O2 because the gas-
exchange unit (the alveolus) is not open (Figure 44-2, A).

FIGURE 44-2	 Alveolar-capillary	diagram	of	intrapulmonary	
(capillary)	shunting	showing	why	supplemental	O2	fails	to	correct	
hypoxemia.	Only	O2	exchange	is	shown,	and	P(A	−	a)O2	is	
assumed	to	be	zero.	A,	With	room	air,	although	blood	leaving	the	
normal	alveolar-capillary	unit	is	normally	saturated,	blood	passing	
the	capillary	on	the	right	“sees”	no	O2	because	its	alveolus	is	
unventilated,	and	it	leaves	the	unit	unsaturated.	When	the	two	
streams	of	blood	mix,	the	resulting	PaO2	is	determined	by	the	
average	of	the	O2	contents,	not	by	the	PO2	values.	B,	Addition	of	
40%	O2	fails	to	correct	the	hypoxemia	because	O2	content	is	not	
significantly	increased	in	the	normal	unit,	and	capillary	blood	in	the	
unventilated	unit	still	“sees”	no	O2.	Even	100%	O2	could	not	
completely	reverse	the	oxygenation	defect	in	this	example;	this	is	
very	different	from	the	effect	with	low	 � �V/Q	as	illustrated	in	Figure	
44-1.	(Modified	from	Pierson	DJ,	Kacmarek	RM:	Foundations	of	
respiratory	care,	New	York,	1992,	Churchill	Livingstone.)
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nary syndrome.6 In this condition, right-to-left intracardiac 
shunt combines with dilated pulmonary capillaries resulting in 
impaired gas exchange because the normal alveolar partial pres-
sures of O2 may be insufficient to drive the O2 molecules to the 
center of the dilated pulmonary vasculature. Cirrhosis is the 
most common liver disease, and portal hypertension is usually 
present. Although shunt is a component of the syndrome, sig-
nificant supplemental O2 can overcome the hypoxemia, so this 
is commonly called a perfusion/diffusion defect.

Clinical Presentation
Obvious signs of liver disease (e.g., ascites, jaundice, and spider 
nevi) may or may not be present. Digital clubbing can occur in 
hepatopulmonary syndrome. Platypnea, which is the sensation 
of dyspnea when moving to the upright position from the 
supine position, may be a patient complaint. Orthodeoxia, an 
actual decrease in the measured O2 level, may parallel this sub-
jective sensation.

Decreased Inspired Oxygen

Also clinically uncommon, hypoxemia may develop when the 
inspired O2 is less than body requirements. The most common 
situation is at high altitude, where hypoxemia occurs not 
because of a decrease in the fraction of oxygen in the ambient 
air (which remains 21%) but from barometric pressure 
decreases, which results in a decrease in the partial pressure of 
inspired O2. Even with pressurized airplanes, air travelers with 
chronic hypoxemia may still need supplemental O2.

8 Similarly, 
mountain climbers sometimes require O2 masks. Cases of 
patient-O2 disconnects and delivery of an incorrect gas source 
are also included in this category.

Inspired O2 less than 21% can be used diagnostically and 
therapeutically. The Hypoxia Altitude Simulation Test replicates 
inspired partial pressure of O2 (PiO2) during air travel by asking 
the potential traveler to inhale a hypoxic mixture. Inhaling at 
FiO2 of 15% replicates the PiO2 found at an altitude of 8000 feet 
(108 mm Hg). For a lower altitude of 5400 feet, an equivalent 
FiO2 of 17% can be calculated.8 Infants with certain cyanotic 
congenital heart defects (e.g., hypoplastic left ventricle) may 
benefit from FiO2 below room air level. In the preoperative 
state, low FiO2 helps to prevent pulmonary dilation and the 
excessive pulmonary blood flow, which could flood the lungs.

Clinical Presentation
The signs and symptoms of hypoxemia may be present, with 
the cause related to the patient environment such as the 
altitude.

Venous Admixture

A decrease in mixed venous O2 increases the gradient by which 
O2 needs to be stepped up as it passes through the lungs and 
can contribute to the development of hypoxemia. Congestive 
heart failure with low cardiac output is the most common cause 
of low mixed venous O2, owing to increased peripheral extrac-
tion of O2, and there are therefore other, more important coex-
isting determinants of hypoxemia, such as � �V/Q mismatch and 

causes of shunting as may occur in the acute respiratory distress 
syndrome (ARDS). Anatomic shunts may be harder to diagnose 
as the chest radiograph may appear normal, but can be  
diagnosed by using 100% O2 breathing techniques, contrast-
enhanced echocardiography, macroaggregated albumin scan-
ning, or pulmonary angiography.6 Shunt is differentiated from 
� �V/Q  mismatch by the lack of increase in PO2 as fractional 

inspired oxygen (FiO2) is increased (see Figure 44-2, B).

Alveolar Hypoventilation

Alveolar hypoventilation is discussed subsequently in the 
section on hypercapnic respiratory failure (Type II).

Diffusion Impairment

Diffusion refers to movement of gas across the alveolar-capillary 
membrane along a pressure gradient. Although diffusion 
impairment is rarely a cause of significant hypoxemia at rest, its 
effects become more pronounced with exercise, which limits the 
time for gas exchange. Diffusion impairment in interstitial lung 
disease (e.g., pulmonary fibrosis, asbestosis, sarcoidosis), in 
which the thickening and scarring of the interstitium under-
mine normal gas exchange, may contribute 20% to 30% of the 
widening in the alveolar-arterial O2 gradient during exercise.7 
Emphysema, with its inherent alveolar destruction, also has 
subnormal transfer of O2 and CO2 between the alveolus and the 
capillary. The reduced ventilation in both diseases implies that 
� �V/Q mismatch also plays a role in the resulting hypoxemia.

Pulmonary vascular abnormalities can also lead to diffusion 
impairment. Anemia, pulmonary hypertension, and pulmonary 
embolus all may reduce capillary blood flow, resulting in dimin-
ished gas transfer.

Clinical Presentation
Signs and symptoms are related to the specific disease. Intersti-
tial lung disease may be the diagnosis of a dyspneic patient with 
a dry cough and fine, basilar crackles on auscultation, and club-
bing of the nail beds. Rheumatologic manifestations may be 
present if the underlying cause is a connective tissue disorder. 
Joint abnormalities, Raynaud disease, and telangiectasia (a vas-
cular lesion formed by dilation of a group of small blood 
vessels) may be observed. The pallor of anemia can be a clue to 
poor gas exchange, although chronic hypoxemia may lead to 
polycythemia and possibly cyanosis. Pulmonary hypertension 
may manifest with signs of right-sided heart failure, such as 
edema, jugular venous distention, and a louder pulmonary 
component of the second heart sound.

Diffusion impairment can also manifest with multiple, 
varied radiographic forms. The hyperinflated, dark radiograph 
of emphysema was mentioned earlier. Interstitial disease may 
manifest with reduced lung volumes with interstitial markings. 
Enlarged right ventricle and pulmonary arteries may be evident 
in secondary pulmonary hypertension.

Perfusion/Diffusion Impairment

Perfusion/diffusion impairment is a cause of hypoxemia in 
individuals with liver disease complicated by the hepatopulmo-
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FIGURE 44-3	 The	metabolic	hyperbola.	Due	to	the	hyperbolic	
relationship	between	the	pCO2	and	ventilation,	a	minor	drop	of	
ventilation	occurring	at	an	already	low	minute	ventilation	results	in	a	
significantly	greater	increase	in	the	pCO2	relative	to	an	equivalent	
drop	occurring	at	a	higher	minute	ventilation.	
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response to applying even small amounts of O2 identifies � �V/Q 
mismatch as the cause of hypoxemia because altered P(A − a)
O2 has not been totally obliterated. True shunt shows little or 
no improvement in oxygenation even with 100% FiO2 (see 
Table 44-1). As a result, treatment of intrapulmonary shunt 
must be directed toward opening collapsed alveoli or clearing 
fluid or exudative material before O2 can be beneficial at below 
toxic levels. Testing to rule out anatomic shunt should be done 
in the right clinical setting (e.g., clear or black parenchyma on 
the chest radiograph).

HYPERCAPNIC RESPIRATORY 
FAILURE (TYPE II)

Hypercapnic respiratory failure (type II), also known as 
pump, bellows or ventilatory failure, is characterized by an ele-
vated PaCO2, creating an uncompensated respiratory acidosis 
(whether acute or acute-on-chronic). PaCO2 and alveolar ven-
tilation ( �VA) are inversely related, meaning that alveolar and 
arterial PCO2 levels are doubled when alveolar ventilation is 
halved. This is illustrated by the metabolic hyperbola 
relationship:

PaCO VCO VA2 20 863= ( . )� �
�V MV V VA D T= −( )1

where �VA is alveolar ventilation (L/min), MV is minute ventila-
tion, VD/VT is dead space-to-tidal volume ratio, and �VCO2 is 
CO2 production (ml/min).

This equation demonstrates a rectangular hyperbola relation 
between the PaCO2 and ventilation (Figure 44-3). Patients with 
chronic hypercapnia and low ventilation are on a steeper section 
of the metabolic hyperbola such that a minor drop in ventila-
tion results in a significant increase in PaCO2, making them 
more susceptible to developing a sudden, further increase in 
PaCO2 in the context of even minor respiratory exacerbations. 
Additionally, with chronically elevated arterial PaCO2, the ven-
tilatory response to a further increase in PaCO2 is more blunted.9 
This leads to an acute ventilatory failure superimposed on chronic 
ventilatory failure.

shunting.3 Other causes include low hemoglobin concentration 
and increased O2 consumption. A low mixed venous O2 may 
have a significant effect on the ultimate arterial O2 tension in 
the presence of lung disease.

Clinical Presentation
Signs and symptoms of congestive heart failure or underlying 
lung disease, or both, may be present and typically overshadow 
the clinical presentation.

Differentiating the Causes of Acute 
Hypoxemic Respiratory Failure

It is important to recognize the physiologic basis of each of the 
three main causes of hypoxemic respiratory failure (hypoventi-
lation, � �V/Q mismatch, and shunt). Hypoventilation differs 
from the other causes in manifesting with a normal alveolar-to-
arterial PO2 difference [P(A − a)O2] indicating normal lung 
parenchyma (Table 44-1). A clinical determination of this dif-
ference is made by subtracting PaO2 from PAO2 (partial pres-
sure of alveolar O2) derived from the alveolar air equation:

PAO FiO P P PaCO RB H O2 2 22= − −( )

where PB is barometric pressure, PH2O is water vapor tension, 
and R is the respiratory exchange ratio (0.8).

The P(A − a)O2 ranges from 10 mm Hg in young patients to 
approximately 25 mm Hg in elderly patients while breathing 
room air (see the accompanying Rule of Thumb). In patients 
with hypoxemia caused by hypoventilation, treatment can be 
focused on improving ventilation because the hypoxemia is 
purely a result of alveolar displacement of O2 by elevated CO2.

TABLE 44-1 

Differentiating the Cause of Hypoxemia

Cause P(A − a)O2 Response to Increased FiO2

Hypoventilation Normal Marked
Shunt Increased Minimal
� �V/Q	mismatch Increased Marked

	

RULE OF THUMB

The	mean	alveolar-to-arterial	difference	[P(A	−	a)O2]	in	
PO2	increases	slightly	with	age	and	can	be	estimated	
with	the	following	equation:

Mean age-specific P A a O age( ) ( )− = +2 4 4

Example:	A	76-year-old	person	living	at	sea	level:

P A a O mm Hg( ) ( )− = + = + =2 76 4 4 19 4 23

A � �V/Q mismatch and shunt both result in elevated P(A − a)
O2 levels, indicating that the resultant hypoxemia is due to an 
abnormality of lung tissue, requiring treatment to address that 
abnormality. When the RT encounters an increased P(A − a)O2, 
a � �V/Q mismatch and shunt can be differentiated by means of 
O2 administration (see Figures 44-1 and 44-2). A significant 
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MINI CLINI
Differentiating Causes of Hypoxemia

PROBLEM:  Two patients present with the following ABG values 
at sea level:

Patient A Patient B

pH 7.45 pH 7.21
PaCO2 33 mm Hg PaCO2 72 mm Hg
PaO2 40 mm Hg PaO2 53 mm Hg
HCO3

− 22 mEq/L HCO3
− 28 mEq/L

SaO2 70% SaO2 81%
FiO2 0.21 FiO2 0.21

1. Define the respiratory condition indicated by each ABG 
analysis.

2. What is the P(A − a)O2 for each blood gas?
3. Identify the type of respiratory failure in each case.
4. In which case would administration of 100% FiO2 help deter-

mine therapy?

Discussion:
1. Patient A exhibits uncompensated respiratory alkalosis with 

hypoxemia. Patient B exhibits partially compensated respira-
tory acidosis with hypoxemia.

2. Patient A:
PAO2 = 0.21 (760 − 47) − 33/0.8 = 108 mm Hg
PaO2 = 40 mm Hg
P(A − a)O2 = 108 − 40 = 68 mm Hg on room air
Patient B:
PAO2 = 0.21 (760 − 47) − 72/0.8 = 60 mm Hg
PaO2 = 53 mm Hg
P(A − a)O2 = 60 − 53 = 7 mm Hg on room air
The normal values for P(A − a)O2 range from 10 mm Hg in 

young people to approximately 25 mm Hg in elderly 
people while breathing room air.

3. Patient A has hypoxemic respiratory failure (type I) as char-
acterized by below-normal PaO2 (40 mm Hg). PaCO2 is also 
below normal (33 mm Hg), indicating hyperventilation is 
occurring in an effort to improve the oxygenation. Patient B 
has hypercapnic respiratory failure (type II) as characterized 
by above-normal PaCO2 (72 mm Hg) indicating hypoventila-
tion (ventilatory failure) is occurring. There is also an eleva-
tion of HCO3

− (28 mEq/L), indicating that the acute ventilatory 
failure is superimposed on chronic ventilatory failure. This 
patient is also hypoxemic (53 mm Hg).

4. Patient A has hypoxemic respiratory failure with P(A − a)O2 
of 68 mm Hg, which is well above normal, indicating an oxy-
genation defect. The administration of 100% O2 in this case 
would help to determine the cause of the defect. Significant 
response to 100% FiO2 would point to � �V/Q mismatch as the 
cause, whereas shunt would be implicated if PaO2 did not 
respond to the increase in delivered O2. In the latter condition, 
some form of PEEP would be necessary to improve gas 
exchange by improving functional residual capacity. Patient B 
has hypercapnic respiratory failure (ventilatory failure) with 
hypoxemia, but with P(A − a)O2 of 7 mm Hg, which is within 
the normal range. A pure ventilatory defect is the cause of 
hypoxemia, and administration of 100% FiO2 would not help 
to determine therapy. Depending on the full patient scenario, 
this patient may require non-invasive mechanical ventilation 
or intubation and invasive mechanical ventilation to restore 
normal acid-base status.

Similarly, this relationship shows that PaCO2 may increase 
as dead space (VD/VT) rises or as CO2 production ( �VCO2) 
increases. Additionally, a change in the � �V/Q distribution of the 
lung toward lower ratios not only causes hypoxemia, as shown 
in Figures 44-1 and 44-2, but also to a lesser extent can cause 
an elevation of PaCO2 by reducing the CO2 discharge from the 
pulmonary circulation to the alveoli. However, increased dead 
space, increased �VCO2, and shifts in the � �V/Q distribution 
toward lower ratios all are usually matched by a corrective 
increase in ventilation because respiratory control mechanisms 
tend to maintain the PaCO2 constant. The following sections 
describe mechanisms of hypercarbia caused by an imbalance 
between CO2 exposure (external or internal) and CO2 clearance 
(central and respiratory effector mechanisms). Hypoxemia may 
often accompany pump failure simply because of the displace-
ment of alveolar PO2 (PAO2) by the increased PaCO2 from 
alveolar hypoventilation. This situation is identified on a room 
air ABG assessment by a normal P(A − a)O2 as discussed pre-
viously. The presence of an increased P(A − a)O2 indicates 
that concomitant hypoxemia is present, most likely as a result 
of � �V/Q mismatch or shunt. The disorders responsible for 

hypercapnic respiratory failure (ventilatory failure) are dis-
cussed next.

Insidious Exposure

Although most cases of increased PaCO2 are due to hypoventi-
lation, an insidious exposure can occur in certain situations.

Clinical Presentation
These insidious exposures follow unusual clinical scenarios 
including defective CO2 scrubbers in the settings of anesthesia 
machines or life-support systems in scuba units, airtight cham-
bers, spacecrafts, or submersible crafts. Occupational exposures 
also occur in spelunkers in caves (from groundwater seepage), 
individuals who work with dry ice (dry ice is a solid form of 
CO2), miners, and firefighters.

Increased Carbon Dioxide Production

Fever, agitation, exertion, shivering, hypermetabolism, and 
excess caloric intake all can result in an increase in �VCO2, with 
consequent hypercapnia in patients with additional impair-
ment in respiratory control and effector mechanisms.
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(including Guillain-Barré syndrome and Charcot-Marie-Tooth 
disease), disorders of the neuromuscular junction (e.g., myas-
thenia gravis and botulism), and muscular diseases (including 
muscular dystrophy, myositis, critical care myopathy, and meta-
bolic disorders).12

Clinical Presentation. Although hypercapnia may be a 
common end point, these diseases have varied clinical presenta-
tions. Patient observation is a key skill. Drooling, dysarthria, 
and weak cough are common bulbar signs in amyotrophic 
lateral sclerosis and myasthenia gravis. As muscle wasting and 
weakness become more severe, diaphragmatic insufficiency 
develops, and supine paradoxical breathing is common.13 Guil-
lain-Barré syndrome commonly manifests with lower extremity 
weakness progressing to the respiratory muscles in one-third of 
patients.14 Weak cough and gag may be seen, which can threaten 
airway patency and lead to microatelectasis, hypoxemia, and 
uncompensated respiratory acidosis. Myasthenia gravis does 
not always result in respiratory failure.15 These diseases are quite 
different in clinical course, but there is much overlap in their 
presentations, and they commonly result in respiratory muscle 
fatigue and failure and elevated PaCO2.

Increased Work of Breathing
Despite normal respiratory drive, nerve transmission, and neu-
romuscular response, hypercapnic respiratory failure can still 
occur if the imposed workload cannot be overcome.3,16 Most 
commonly, this situation occurs when increased dead space 
accompanies COPD, or elevated airway resistance accompanies 
asthma. Both of these obstructive airway diseases may increase 
respiratory work requirements excessively secondary to the 
presence of intrinsic positive end-expiratory pressure (auto-
PEEP). Increased workload can also result from thoracic abnor-
malities such as pneumothorax, rib fractures with a flail chest, 
pleural effusions, and other conditions creating a restrictive 
burden on the lungs. Finally, requirements for increased minute 
ventilation can arise when increased CO2 production accompa-
nies hypermetabolic states, such as in extensive burns.

Clinical Presentation. The RT must be alert to the possibil-
ity of respiratory failure when a heavy load is imposed on the 
respiratory system. Patients with asthma or COPD should 
present with hyperventilation in an exacerbation, but if breath-
ing becomes more rapid but shallow, it may indicate impending 
failure. This increased VD/VT ratio leads to hypercapnia because 
the significant airway obstruction does not resolve with treat-
ment. Diminished breath sounds in a young patient with asthma 
likewise can be an ominous sign. Irritability, confusion, and 
ultimately coma are possible signs in worsening hypercapnia, as 
they are in hypoxemic respiratory failure. More subtle findings 
include muscle tremor owing to catecholamine release and pap-
illedema resulting from cerebral vasodilation in states of ele-
vated arterial PCO2.

17

In summary, hypercapnic (type II) respiratory failure, also 
known as ventilatory failure, develops when ventilation is 
impaired secondary to intrinsically or extrinsically increased 
CO2 exposure; impairment in respiratory control; or impair-
ment in respiratory effector mechanisms, including neurologic 

Clinical Presentation
The most common clinical scenario involving increases in CO2 
production probably involves mechanically ventilated patients 
with an already compromised lung function, in whom attempts 
to liberate from artificial ventilation are complicated by type II 
respiratory failure. Recognition and management of fever, agi-
tation, hypermetabolic states, and excess caloric intake, particu-
larly with carbohydrate-rich enteral solutions, may contribute 
to a favorable outcome.

Impairment in Respiratory Control

Both central (medullary) and peripheral (aortic and carotid 
bodies) chemoreceptors responding to CO2 tension and O2 
tension stimulate the drive to breathe.9 This ventilatory drive 
can be diminished by various factors, such as drugs (overdose 
or sedation), bilateral carotid endarterectomy with incidental 
resection of the carotid bodies, brainstem lesions, diseases of 
the CNS (multiple sclerosis, Parkinson disease, or elevated 
intracranial pressure), hypothyroidism, morbid obesity (e.g., 
obesity-hypoventilation), and sleep apnea. Other, less common 
potential causes include metabolic alkalosis, metabolic enceph-
alopathy, malnutrition, and sleep deprivation.10 Patients at risk 
of having a decreased ventilatory drive usually can be identified 
by their clinical situation (e.g., CNS insult, overdose of sedative 
medications), and the clinician should be attentive to reversible 
causes.

Clinical Presentation
The hallmark of the clinical scenario of decreased ventilatory 
drive is bradypnea and perhaps ultimately apnea. A respiratory 
rate is usually no less than 12 breaths/min in adults. Drug over-
dose or a brain disorder can manifest with an altered level of 
consciousness ranging from merely lethargic to obtunded and 
comatose, with decreased respirations. Evidence of drug use by 
history or toxicity screen confirms the diagnosis of drug over-
dose. Evidence of head trauma and brain computed tomogra-
phy (CT) scan abnormalities are important in the diagnosis of 
a brain disorder. Although hypothyroidism classically manifests 
with fatigue, weight gain, hyporeflexia, and constipation, it can 
progress to significant hypoventilation and myxedema coma. 
Patients with obesity-hypoventilation may have a rapid, shallow 
breathing pattern, which results from decreased compliance 
and microatelectasis. Although these patients may also have 
nighttime sleep apnea, daytime PaCO2 is also elevated because 
of a decrease in the drive to breathe or an increase in the work 
of breathing.11 See Figure 44-3 for the relationship between 
PCO2 and minute volume.

Impairment in Respiratory Effectors

Neurologic Diseases
The lungs inhale and exhale under the guidance of the CNS. In 
some patients, the CNS signal does not reach its goal, resulting 
in neuromuscular dysfunction. Examples include spinal trauma, 
motor neuron disease in which lesions of the anterior horn cells 
may gradually lead to progressive ventilatory failure (e.g., amyo-
trophic lateral sclerosis or poliomyelitis), motor nerve disorders 
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Similarly, polycythemia may result from prolonged hypox-
emic respiratory failure (e.g., sleep apnea) when O2 delivery to 
the tissues is compromised, and erythropoietin levels increase 
to elicit erythrocytosis. Hemoglobin also releases O2 more easily 
as the O2 dissociation curve shifts to the right in the face of 
acidosis. Finally, O2 delivery to the brain is enhanced when 
hypercapnia results in increased cerebral blood flow.17

Acute-on-Chronic Respiratory Failure

Chronic respiratory failure can be complicated by acute set-
backs that create acute-on-chronic respiratory failure. Patients 
with chronic hypercapnic respiratory failure are at significant 
risk for this condition, as indicated by the fact that COPD is 
now the third leading cause of death in the United States.18 
Acute-on-chronic respiratory failure can also be the presenting 
manifestation of neuromuscular disease in the setting of a con-
current pulmonary infection.19 Most common precipitating 
factors include bacterial or viral infections, congestive heart 
failure, pulmonary embolus, pneumothorax, chest wall dys-
function, and medical noncompliance.19-21 In these patients, the 
presence of respiratory failure cannot be judged by the normal 
ABG criteria but by a significant change from the baseline 
PaCO2 to a level having the potential for morbidity and 
mortality.

Treatment goals include normalizing pH (avoiding me-
chanical ventilation if possible), elevating SaO2 to 90% (if hy-
poxemia is also present), improving airflow, treating infection, 

disease or pulmonary and chest wall disorders associated with 
increased work of breathing (Table 44-2).

CHRONIC RESPIRATORY FAILURE 
(TYPE I AND TYPE II)

For some patients with pulmonary disease and respiratory 
failure, the condition has developed over weeks to months to 
years and has become a chronic state, allowing compensatory 
adaptive mechanisms to develop. Most commonly, chronic 
hypercapnic respiratory failure accompanying COPD or 
obesity-hypoventilation syndrome elicits a renal response, and 
the kidneys retain bicarbonate to elevate the blood pH. However, 
this compensatory metabolic alkalosis would not be expected 
to restore the pH to normal. Chronic hypercapnic respiratory 
failure is also known as chronic ventilatory failure.

TABLE 44-2 

Causes of Respiratory Failure

Type I (Hypoxemic) Type II (Hypercapnic)

Increased Exposure Impaired Respiratory Control Neurologic Disease Increased Work of Breathing

ARDS Extrinsic Drug	overdose Spinal	cord	trauma Obstructive	lung	disease
Pulmonary	

embolism
Defective	CO2	scrubbers	

(anesthesia	or	life-
support	systems)

Bilateral	endarterectomy	
with	carotid	body	
resection

Motor	neuron COPD

Pulmonary	edema Occupational	exposure	
(miners,	spelunkers,	
dry-ice	workers,	firemen)

Central	sleep	apnea Poliomyelitis Asthma

Septic	shock Intrinsic Hypocapnia Amyotrophic	lateral	sclerosis Upper	airway	obstruction
Pulmonary	infection Fever Cheyne-Stokes Motor	nerve Obesity-hypoventilation
	 Viral Shivering Acromegaly Phrenic	nerve Pneumothorax
	 Bacterial Hypermetabolism Hypothyroid Guillain-Barré Severe	burns
	 Fungal Agitation Brainstem	lesions Charcot-Marie-Tooth Chest	wall	disorders
Inhalation Excess	caloric	intake Cerebrovascular	accident Neuromuscular	junction Kyphoscoliosis
	 Smoke Encephalitis Myasthenia	gravis Ankylosing	spondylitis
	 Chemical Multiple	sclerosis Botulism
	 Water Parkinson	disease Muscular
Pleural	effusion Metabolic	alkalosis Muscular	dystrophy
Interstitial	lung	

disease
Primary	alveolar	

hypoventilation
Myositis

Obstructive	lung	
disease

(Ondine’s	curse) Myopathy

Aspiration Congenital	central	
hypoventilation

Acid	maltase

Primary	pulmonary	
hypertension

Carotid	body	resection Metabolic
Obesity-hypoventilation

	

RULE OF THUMB

Chronic	and	acute	hypercapnic	respiratory	failure	can	
be	differentiated	by	the	severity	of	change	in	pH.16

•	 Acute	hypercapnic	failure	(acute	ventilatory	failure):	
pH	decreases	0.08	for	every	10-mm	Hg	increase	in	
PaCO2

•	 Chronic	hypercapnic	failure	(chronic	ventilatory	
failure):	pH	decreases	0.03	for	every	10-mm	Hg	
increase	in	PaCO2
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MINI CLINI
Acute or Chronic Hypercapnic 
Respiratory Failure

PROBLEM:  A 55-year-old man presents to the emergency 
department complaining of increased shortness of breath and 
yellow-green sputum production for 1 week. He is alert and 
oriented. He has a 60 pack-year smoking history. Vital signs are 
blood pressure 165/90 mm Hg, pulse 120 beats/min, respira-
tions 25 breaths/min, and temperature 100.5° F oral.

ABG values on room air are as follows:

pH 7.28
PaCO2 70 mm Hg
PaO2 35 mm Hg
HCO3

− 36 mm Hg
SaO2 66%

1. Define the respiratory condition indicated by the ABG 
results.

2. What is the P(A − a)O2?
3. What type of respiratory failure is present?
4. What kind of therapy is indicated?

Discussion
1. The ABG values indicate a partially compensated respira-

tory acidosis with hypoxemia.
2. PAO2 = 0.21 (760 − 47) − 70/0.8 = 62 mm Hg

PaO2 = 35 mm Hg
P(A − a)O2 = 62 − 35 = 27 mm Hg on room air

3. This is hypercapnic respiratory failure (type II), also known 
as ventilatory failure. However, in acute failure, the pH 
decreases 0.08 for every 10-mm Hg increase in PaCO2. In 
this patient, PaCO2 has increased 30 mm Hg (70 − 40), and 
the pH has decreased 0.12. The pH would be expected to 
decrease 0.24 (3 × 0.08) if this were acute ventilatory 
failure. This is a case of acute-on-chronic failure. HCO3

− of 
36 mEq/L (normal 22 to 26 mEq/L) also indicates renal 
compensation has occurred, which takes days to achieve. 
P(A − a)O2 is 27 mm Hg, which is above normal, indi-
cating that hypoxemia cannot be explained fully by 
hypoventilation.

4. Because the patient is alert, conservative therapy to improve 
lung function is indicated. O2 administration to achieve 
SaO2 of at least 90% is required. If PaO2 does not respond 
to O2 administration, shunt is present, and positive airway 
pressure may be necessary. Antibiotics are indicated for the 
probable infection (fever, discolored sputum), and bron-
chopulmonary hygiene (bronchodilators, steroids, cough 
assist) is indicated to improve ventilation.

monitoring and maintaining fluid status, and preventing or 
treating complications as necessary.16,20,21 Deaths are less due to 
respiratory failure, and more associated with dysfunction of 
other organs, older age, significant baseline disease, a severe 
precipitating illness, severity of acidosis, and presence of com-
plications.22 Episodes of acute respiratory failure in these pa-
tients seem to have a significant long-term influence with 
mortality rates reaching 45% within the year after an exacerba-
tion requiring mechanical ventilation and tracheostomy.23

Patients with chronic hypoxemic respiratory failure (type I) 
are at similar risk for acute deterioration of hypoxemia. Infec-
tion and heart failure can result in worsening of the tenuous 
oxygenation status of patients with interstitial pulmonary fibro-
sis or primary pulmonary hypertension.

Complications of Acute  
Respiratory Failure

Although respiratory failure is life-threatening by itself, compli-
cations frequently arise that can add significantly to morbidity 
and mortality. Especially in patients with ARDS, more deaths 
are due to complications (e.g., sepsis, multiorgan failure) than 
to the primary disease.24 Modern ICUs with sophisticated 
mechanical ventilation can prolong but may not preserve life. 
Pulmonary complications such as emboli, barotrauma, and 
infection may be secondary to treatment strategies such as cath-
eters, mechanical ventilation, and endotracheal tubes. A wide 
array of nonpulmonary complications may develop, including 
bacteremia, malnutrition, psychosis secondary to prolonged 
ICU stays, cardiac disorders (e.g., arrhythmias, hypotension), 
gastrointestinal ailments (e.g., hemorrhage, dysmotility), and 
renal disturbances (e.g., acute renal failure, positive fluid 
balance).

Clinical Presentation

Clinically, a patient with respiratory muscle fatigue shows an 
initially increased respiratory rate followed by bradypnea 
(slowed respiratory rate) and apnea as fatigue ensues. Respira-
tory alternans, which is a phasic alternation between rib cage 
and abdominal breathing, may also occur. Opinions vary on the 
sensitivity and specificity of abdominal motion paradox in 
patients with respiratory muscle weakness, but at least some 
investigators suggest that respiratory muscle paradox is an early 
sign (see Chapter 16). When ventilatory failure is full-blown, 
ABG results show hypercapnia with acidosis. As mentioned 
earlier, the presence of hypercapnia with acidosis can also indi-
cate that the respiratory center is not responding properly.25

Tachypnea is the cardinal sign of increased work of breath-
ing. Tachypnea occurs when the respiratory center increases 
breathing frequency in an attempt to lessen respiratory excur-
sion and reduce the amount of work performed by the respira-
tory muscles.26 Overall workload is reflected in the minute 
volume needed to maintain normocapnia.

Indications for Ventilatory Support

For each type of oxygenation and ventilatory failure, the goal 
of mechanical ventilation is either to support the patient until 

the underlying problem resolves or to maintain support of the 
patient with chronic ventilatory problems. These goals may be 
achieved by improving alveolar ventilation and arterial oxygen-
ation, increasing lung volume, or reducing work of breathing.27 
This section discusses the indications for mechanical ventila-
tion for hypoxemic (type I) and hypercapnic (type II) respira-
tory failure. Hypoxemic respiratory failure is divided into 
processes that require short-term and long-term ventilatory 
support. Hypercapnic respiratory failure is broken down into 
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failure or ventilatory failure can be caused by increased ventila-
tory dead space, increased CO2 production, or decreased alveo-
lar ventilation. All of these processes cause an increase in 
PaCO2.

25 Assessment of the pH allows a determination of 
whether the problem is acute or chronic. Chronic hypoventila-
tion is compensated by the kidneys’ retention of bicarbonate, 
although this response requires several days. The following 
example shows the importance of pH in interpreting the sig-
nificance of elevated PaCO2.

Patient A Patient B

PaCO2 60 mm Hg 60 mm Hg
Serum HCO3

− 25 mEq/L 36 mEq/L
pH 7.25 7.38

Although both patients in this example have the same level 
of hypercapnia, only patient A exhibits acute ventilatory failure 
with an elevated PaCO2 but normal serum bicarbonate 
(25 mEq/L). Patient B has a compensated respiratory acidosis 
from chronic hypercapnic respiratory failure, as indicated by 
the normal pH and elevated serum bicarbonate (36 mEq/L). 
This condition is also known as chronic ventilatory failure. The 
distinction between acute and chronic ventilatory failure is very 
important in respiratory care and emphasizes the need to use 
both PaCO2 and pH as indicators for ventilatory support. The 
trend in pH and PaCO2 values is also useful in assessing the 
effects of therapies in correcting acute ventilatory failure.

Significance of Elevated Alveolar Partial Pressure of 
Carbon Dioxide. Because elevated PaCO2 increases ventilatory 
drive in healthy subjects, the existence of hypoventilation sug-
gests other problems with the respiratory apparatus. Specifi-
cally, the presence of acute respiratory acidosis indicates one of 
three major problems: (1) The respiratory center is not respond-
ing normally to elevated PaCO2; (2) the respiratory center is 
responding normally, but the signal is not getting through to 
the respiratory muscles; or (3) despite normal neurologic 
response mechanisms, the lungs and chest bellows are incapable 
of providing adequate ventilation because of parenchymal lung 
disease or muscular weakness.28

ASSESSMENT OF RESPIRATORY 
FATIGUE, WEAKNESS, FAILURE,  
AND WORK OF BREATHING

Respiratory Muscle Weakness

Respiratory muscle weakness refers to the decreased capacity of 
a rested muscle to generate force and decreased endurance.29 
Respiratory muscle weakness occurs most commonly in patients 
with neuromuscular disease. Other conditions that lead to 
muscle weakness by increasing demand include COPD, kypho-
scoliosis, and obesity.

The most commonly used tests to assess respiratory muscle 
strength at the bedside are maximum inspiratory pressure 
(MIP) and maximum expiratory pressure (MEP),30 forced 
vital capacity, and maximum voluntary ventilation (MVV) 
(see Table 44-3). MIP of −30 cm H2O or less (more negative) 

unstable ventilatory drive, muscle fatigue, excessive work of 
breathing, and alveolar hypoventilation.

Parameters Indicating Need for  
Ventilatory Support
Although various measurements have been proposed to help 
decide if a patient needs mechanical ventilation, the clinical 
status of the patient is the most important criterion. Table 44-3 
and the discussion that follows review common physiologic 
indicators for initiating support by the underlying cause of 
respiratory failure.

Hypoxemic Respiratory Failure. Severe, refractory hypox-
emia is a common indication for intubation and ventilator 
support. Table 44-3 lists different measures of hypoxemia that 
have been used to assess the need for ventilatory support. Most 
commonly, PaO2 is compared with FiO2 as with the PaO2/FiO2 
ratio or the alveolar-arterial O2 difference [P(A − a)O2]. Indica-
tors of profoundly impaired oxygenation suggesting the need 
for intubation, high inspired O2 administration, and PEEP 
include P(A − a)O2 value of 350 mm Hg on FiO2 of 1.0 or a 
PaO2/FiO2 value of less than 200. These values are useful for all 
causes of hypoxemic respiratory failure (type I) but cannot help 
distinguish if the process is a readily reversible one, such as 
pulmonary edema or atelectasis, or a process that resolves more 
slowly, such as acute lung injury. Frequently, patients have a 
combination of hypoxemic and hypercapnic respiratory failure.

Hypercapnic Respiratory Failure (Ventilatory Failure). 
As previously discussed, hypercapnic (type II) respiratory 

TABLE 44-3 

Physiologic Indicators for Ventilatory Support, 
Classified by Mechanism Underlying  
Respiratory Failure

Mechanism Normal Values Support Indicated

Inadequate Alveolar Ventilation
PaCO2	(mm	Hg) 35-45 >55
pH 7.35-7.45 <7.20

Inadequate Lung Expansion
Tidal	volume	(VT)	ml/kg 5-8 <5
Vital	capacity	(VC)	ml/kg 65-75 <10
Respiratory	rate 12-20 >35

Inadequate Muscle Strength
Maximum	inspiratory	

pressure	(cm	H2O)
−80-100 ≥−20

Vital	capacity	(VC,	ml/kg) 65-75 <10
Maximum	voluntary	

ventilation	(MVV,	L/min)
120-180 <2×	VE

Increased Work of Breathing
Minute	ventilation	( �VE) 5-6 >10
VD/VT	(%) 0.25-0.40 >0.6

Hypoxemia
P(A	−	a)O2	on	100%	O2	

(mm	Hg)
25-65 >350

PaO2/FiO2 350-450 <200

VE,	Minute	ventilation.
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diaphragm despite the presence of diaphragm weakness.36 
Alternatively, fatigue of the diaphragm lasting for 24 hours is 
reliably present after hyperventilation at 60% of MVV or greater 
until task failure.34,37

Work of Breathing

Work of breathing is the amount of pressure needed to move 
a given volume into the lung with a relaxed chest wall. Excessive 
work of breathing is the most common cause of respiratory 
muscle fatigue. Work of breathing is due to physiologic work 
and imposed work. Physiologic work involves overcoming the 
elastic forces during inspiration and overcoming the resistance 
of the airways and lung tissue. Normal work of breathing is 0.3 
to 0.6 J/L. Airway and pulmonary parenchymal abnormalities 
can increase the physiologic work of breathing. In intubated 
patients, sources of imposed work of breathing include the 
endotracheal tube, ventilator circuit, and auto-PEEP secondary 
to dynamic hyperinflation with airflow obstruction, as is com-
monly seen in a patient with COPD.26 Increased work of breath-
ing can also be an impediment to weaning.38 Measurement of 
work of breathing with an esophageal balloon catheter and a 
flow transducer has been used to determine work of breathing 
and break it down into physiologic and imposed components.38 
Kirton and colleagues39 showed that 96% of patients with a 
physiologic work of breathing less than 0.8 J/L were successfully 
weaned and extubated from ventilatory support.

CHOOSING A VENTILATORY 
SUPPORT STRATEGY FOR DIFFERENT 
CAUSES OF RESPIRATORY FAILURE

The remainder of this chapter briefly discusses current ventila-
tory strategies for hypoxemic and hypercapnic respiratory 
failure. The clinical application of specific modes of mechanical 
ventilation is described in Chapters 45 and 48, and noninvasive 
ventilation (NIV) is reviewed in more detail in Chapter 49. 
When it has been determined that the patient needs ventilatory 
support, the initial decision is whether to intubate or to venti-
late noninvasively. In the acute setting, this decision is some-
times based on the underlying process, the type of respiratory 
failure, and how rapidly the underlying process can be reversed.

Noninvasive Ventilation

A consensus report supports the use of noninvasive support of 
ventilation to reduce the morbidity and possibly the mortality 
of both hypoxemic and hypercarbic respiratory failure.40 In this 
context, noninvasive ventilation (NIV) can be defined as any 
mode of ventilatory support that is provided without endotra-
cheal intubation, encompassing continuous positive airway 
pressure (CPAP) alone or in combination with any mode of 
pressure-limited or volume-limited ventilation.40 NIV can 
improve hypoxemia and hypercarbia via several mechanisms 
including but not limited to (1) compensating for the inspira-
tory threshold load imposed by intrinsic PEEP,41 (2) supple-
menting a reduced tidal volume,42 (3) partial or complete 
unloading of the respiratory muscles,42 (4) reducing venous 

usually indicates adequate respiratory muscle strength to con-
tinue spontaneous breathing, but the overall trend needs to  
be considered. This consideration is especially important in 
patients with myasthenic crisis or Guillain-Barré syndrome, 
where values of MIP that are becoming less negative may be the 
only clue to impending respiratory failure. The MVV maneuver 
can be performed at the bedside with a hand-held spirometer, 
but its use in the critical care setting is limited because substan-
tial patient cooperation is required. The sniff nasal inspiratory 
pressure may also be used to assess inspiratory muscle strength. 
Advantages include ease of performance even in patients with 
advanced disease and its prognostic value.31

Respiratory Muscle Fatigue

Fatigue is usually defined as a condition in which there is loss 
of the capacity to develop force or velocity of a muscle resulting 
from muscle activity under load, which is reversible by rest.32 
Fatigue can be assessed by measuring the loss of force in 
response to repeated stimulations. It can be caused by both 
specific demands placed on the muscle and reduced supply of 
necessary nutrients. The demand on a muscle is increased by 
increased work of breathing, increased strength of muscle con-
traction, and decreased muscle efficiency. Hypoxemia, decreased 
inspiratory muscle blood flow, poor nutrition, and inability of 
a muscle to extract energy from supplied substrates can lead to 
fatigue as well.29

There are three types of respiratory muscle fatigue. 
(1) Central muscle fatigue is an exertion-induced, reversible 
decrease in central respiratory drive; (2) transmission muscle 
fatigue is an exertion-induced, reversible impairment in the 
transmission of neural impulses; and (3) contractile muscle 
fatigue is a reversible impairment in the contractile response to 
a neural impulse in an overloaded muscle.28

Respiratory Failure

Respiratory failure is an unfavorable imbalance between a respi-
ratory workload, on the one hand, and ventilatory muscle 
strength and endurance, on the other hand. The tension-time 
index takes into account the fact that respiratory muscle endur-
ance depends both on the magnitude of the respiratory load in 
relation to respiratory strength (Pdi/Pdimax) and on the duration 
of the inspiratory effort in relation to total breath time (the duty 
cycle, or Ti/Ttot). This index (Pdi/Pdimax) × (Ti/Ttot) determines 
whether a respiratory load can be tolerated without develop-
ment of failure: Values less than 0.15 are generally tolerated for 
a long period, whereas indices greater than 0.18 usually result 
in fatigue and respiratory failure within 45 minutes.33 Compar-
ing the spontaneous minute ventilation with MVV is also a 
helpful index because fatigue and failure are both likely to occur 
if the minute ventilation exceeds 60% of MVV.34

These closely related concepts of weakness, fatigue, and 
failure usually overlap and can result in acute or chronic respi-
ratory failure. Respiratory muscle weakness can predispose to 
ventilatory muscle fatigue. Whether fatigue consistently leads to 
failure has historically been the subject of much debate.35 In one 
study, weaning failure was not accompanied by fatigue of the 
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reduction in ventilator-associated pneumonia and lower ICU 
mortality rate.60 Factors that may be associated with NIV failure 
in these settings include the presence of shock, metabolic aci-
dosis, severe hypoxemia, a Simplified Acute Physiology Score 
(SAPS) II greater than 34, and a PaO2/FiO2 less than 175 after 
1 hour of NIV.58-60

Noninvasive Ventilation in  
Chronic Conditions

Obesity-Hypoventilation Syndrome
Obesity-hypoventilation syndrome refers to the presence of 
daytime hypercapnia (PaCO2 > 45 mm Hg) in obese individu-
als when no other cause of hypoventilation is present. Factors 
associated with daytime hypercapnia include body mass index, 
the presence of nocturnal apnea hypopnea, mean overnight O2 
saturation, and severity of restrictive pulmonary function.11 
Average volume-assured pressure support, a form of NIV in 
which pressure support is automatically adjusted to reach a set 
tidal volume, lowers PaCO2 compared with bilevel positive 
airway pressure alone but without improving oxygenation, 
sleep quality, or quality of life.61

Stable Chronic Obstructive  
Pulmonary Disease
NIV in patients with severe COPD and PaCO2 greater than 
46 mm Hg improves survival, but adherence to NIV is low, 
some quality of life indices appear to show worsening with NIV, 
and there was no reduction in hospitalization rates,62 perhaps 
owing to selection of inspiratory pressures that were insufficient 
to reduce hypercapnia. For instance, compared with low-
intensity NIV (mean inspiratory positive airway pressure 14 cm 
H2O, backup rate 8/min), the use of settings that aimed to 
reduce PaCO2 maximally (mean inspiratory positive airway 
pressure 29 cm H2O with backup rate 17.5/min) increased the 
daily use of NIV by 3.6 hr/day and improved exercise-related 
dyspnea, daytime PaCO2, forced expiratory volume in 1 second, 
vital capacity and health-related quality of life.63

Neuromuscular Diseases and Thoracic 
Cage Abnormalities
Several studies show that even in progressive neuromuscular 
disorders, NIV can prolong survival, improve quality of life, 
enhance cognitive function, and reduce pneumonia and hospi-
talization rates.12 Other NIV techniques using rocking beds, 
pneumobelts, and negative pressure ventilation are much less 
frequently used and are becoming less easily available.

Invasive Ventilatory Support

Patients with profound hypoxemia from a process that is 
expected to resolve slowly, such as acute lung injury, usually 
require intubation and mechanical ventilation. Other indica-
tions for intubation include conditions where NIV may be 
poorly tolerated or even deleterious, such as the presence of 
upper airway obstruction, inability to clear secretions and 
protect airway, inability to achieve a proper mask fit, and intol-
erance of the intervention. Both hypoxemic and hypercarbic 

return and left ventricular afterload,43,44 (5) alveolar recruit-
ment,45 (6) preventing intermittent narrowing and collapse in 
patients with concomitant obstructive sleep apnea hypopnea 
syndrome by acting as a pneumatic splint during sleep,46 and 
(7) improving lung function (particularly functional residual 
capacity) and daytime gas exchange in obstructive sleep apnea 
hypopnea syndrome.47 NIV currently has indications in both 
acute48 and chronic49 respiratory failure.

Noninvasive Ventilation in  
Acute Conditions

Exacerbations of Chronic Obstructive 
Pulmonary Disease
NIV is considered to be a standard of care in patients with 
exacerbations of COPD.50 For instance, NIV combined with 
usual care in exacerbations of COPD reduces treatment failure 
(defined as mortality, need for intubation, or intolerance) such 
that the number needed to treat (NNT) to prevent 1 treatment 
failure was 5, intubations (NNT = 5), mortality (NNT = 8), 
complications (NNT = 3), and hospital length of stay by about 
3 days.50

Recommendations are to initiate NIV when the PaCO2 is 
greater than 45 mm Hg but before the development of severe 
acidosis in the course of a COPD exacerbation.50 Otherwise, in 
patients with mild COPD exacerbations (pH >7.35), NIV was 
no more effective than standard medical therapy.51 Nearly 50% 
of the patients did not tolerate NIV.51

Cardiogenic Pulmonary Edema
NIV is a recommended option in the management of acute 
respiratory failure in the setting of cardiogenic pulmonary 
edema. Studies showed that either CPAP or NIV in these 
patients significantly reduced dyspnea score, heart rate, acidosis, 
and hypercapnia within the first hour after the start of treat-
ment.52,53 In the largest study, mortality, rates of intubation, rate 
of admission to the critical care unit, or mean length of hospital 
stay were not improved,52 but smaller trials showed decreased 
intubation and mortality rates with NIV.53 Selection and meth-
odologic criteria may explain the difference, see Chapter 49.

Acute Asthma
Studies have shown that NIV in asthma associated with acute 
respiratory failure progressively improved pH and PaCO2 over 
12 to 24 hours, reduced the respiratory rate, improved lung 
function, resolved the attack faster, and reduced the need for 
hospitalization.54-55 Despite those promising results, the use of 
NIV in status asthmaticus remains controversial, and large, pro-
spective, randomized controlled trials are needed to confirm the 
role of NIV in that setting.56

Acute Lung Injury and Acute Respiratory 
Distress Syndrome
NIV in the settings of acute lung injury and ARDS has been 
disappointing with a 50% to 84% failure rate.57-59 A prospective 
study showed that NIV was successful in improving gas exchange 
and avoiding intubation in 54% of patients, with consequent 
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noncompliant lungs. Volume-cycled ventilation in patients with 
ARDS frequently leads to high peak airway and plateau pres-
sures. Ventilating these patients with small tidal volumes (about 
6 ml/kg) reduces complications associated with mechanical 
ventilation and improves survival.64

Increased Intracranial Pressure
Hyperventilation applied acutely and for short periods may be 
used to reduce ICP. The goal is to lower PaCO2 to between 
25 mm Hg and 30 mm Hg, which causes alkalosis, which in 
combination with hypocapnia helps reduce cerebral blood flow 
until ICP can be controlled by other measures. Ongoing ventila-
tory support should maintain PCO2 in the range of 30 to 
40 mm Hg. By maintaining PCO2 in this range, sudden increases 
in ICP can be quickly controlled by short-term hyperventila-
tion. Although reducing blood flow can reduce brain swelling 
and ICP, cerebral ischemia can also result. Another concern in 
ventilating patients with elevated ICP is using PEEP to manage 
hypoxemia. There is a concern that increased intrathoracic 
pressure secondary to PEEP would cause decreased cerebral 
venous return leading to increased ICP and that PEEP can 
decrease cerebral perfusion by limiting cardiac output. The use 
of PEEP in patients with elevated ICP may require invasive 
monitoring of ICP because the combination of decreased cere-
bral perfusion and elevated ICP can narrow cerebral perfusion 
pressure.65 Elevation of the head of the bed can offset the 
increased ICP associated with the application of PEEP.

types of respiratory failure can be managed effectively by inva-
sive mechanical ventilation.

There are several ventilator variables, some independently 
set by the operators and others that are dependent on the set 
variables. Independent and dependent variables vary with the 
mode of ventilation. FiO2 and PEEP are independently set vari-
ables regardless of mode of ventilation used to manage hypox-
emia. In volume-controlled or flow-controlled ventilation, tidal 
volume, flow, and respiratory rate are independently set vari-
ables. In pressure control ventilation, driving pressure, inspira-
tory time, and respiratory rate are independently set variables. 
Other modes and strategies include inverse ratio ventilation, 
liquid ventilation, prone positioning, and airway pressure 
release ventilation. Considerations in selected cases of respira-
tory failure requiring invasive ventilatory support are briefly 
reviewed.

Acute Respiratory Distress Syndrome
Profound hypoxemic respiratory failure is often due to severe 
pneumonia and ARDS. Patients with these conditions have very 

MINI CLINI
Acute Hypercapnic Respiratory Failure

PROBLEM:  A patient with COPD presents to the emergency 
department in moderate respiratory distress. He is alert and 
cooperative. Respiratory rate is 26 breaths/min. Lung examina-
tion shows poor air entry with expiratory wheezing. Room air 
ABGs show pH 7.24, PaCO2 60 mm Hg, and PaO2 60 mm Hg.
1. What type of respiratory failure is this?
2. How should the patient be managed?

Discussion:  ABGs show an acute respiratory acidosis with 
normal PAO2 − PaO2 gradient.

PAO2 0 21 713 60 0 8 74= − =. ( ) .

P A a O mm Hg( )− = − =2 74 60 14

This patient has hypercapnic respiratory failure related to 
obstructive lung disease, also known as ventilatory failure. In 
addition to bronchodilators and corticosteroids, the RT should 
aim to improve ventilation to reverse the respiratory acidosis. 
In this patient, who is alert and cooperative, NIV via face mask 
may be tried. Initial mask ventilation can start in the pressure 
support ventilation mode with a level of support of 10 cm H2O 
and 5 cm H2O PEEP. Tidal volume should be maintained at 
approximately 6 to 8 ml/kg. If this patient deteriorates despite 
therapy, he will need to be intubated and mechanically 
ventilated.

MINI CLINI
Indications for Continuous Positive 
Airway Pressure versus Continuous 
Mechanical Ventilation With Positive 
End Expiratory Pressure

PROBLEM:  A patient in the ICU is severely tachypneic and 
hypoxemic. The respiratory rate is 30 breaths/min. On approxi-
mately 50% O2 by mask at sea level, PaO2 is 50 mm Hg, PaCO2 
is 30 mm Hg, pH is 7.51, and HCO3

− is 23 mEq/L. The patient 
is in distress but alert and able to cooperate and follow 
instructions.
1. What is this patient’s P(A − a)O2?
2. What type of respiratory failure is this?
3. What is the appropriate initial therapy?

Discussion:  This patient does not have hypercapnic respira-
tory failure, as is confirmed by PaCO2 of 30 mm Hg. The 
patient does have a serious oxygenation defect, as confirmed by 
P(A − a)O2.

PAO mm Hg2 0 50 713 30 0 8 318= − =. ( ) .

P A a O mm Hg( )− = − =2 318 50 268

The elevated P(A − a)O2 indicates the presence of severe 
intrapulmonary shunt. Shunts this severe can occur only when 
significant airway closure and atelectasis are present. The mode 
of therapy should be aimed at reinflating collapsed alveoli and 
keeping the alveoli open throughout the breathing cycle. In this 
patient, alveolar ventilation is not impaired (PaCO2 = 
30 mm Hg). CPAP alone may be effective in reducing shunt. 
(CPAP does not ventilate the patient; all breaths are patient-
initiated and spontaneous.) CPAP may be applied noninva-
sively via face mask, as would be indicated in this alert, 
cooperative patient. If hypercapnia and acidemia develop, 
mechanical ventilation with PEEP would be indicated.
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Obstructive Lung Disease
Patients with obstructive lung disease have markedly increased 
airway resistance that leads to a decrease in the rate of expira-
tory flow with resulting hyperinflation. These patients fre-
quently have problems with elevated airway pressure or dynamic 
hyperinflation (auto-PEEP), which can cause barotrauma and 
increased dyssynchrony, especially ineffective triggering of the 
ventilator.66

The management goal for patients with obstructive lung 
disease and respiratory failure is to oxygenate and ventilate the 
patient successfully, while avoiding dyssynchrony and dynamic 
hyperinflation. In these patients, lower tidal volumes (6 to 8 ml/
kg), moderate respiratory rates, and high sustained (square 
wave) inspiratory flow rates (70 to 100 L/min) are recom-
mended to avoid dynamic hyperinflation.67 These maneuvers 
reduce inspiratory time and prolong expiratory time, which 
allows a patient with obstructive lung disease to have a longer 
time to exhale.

Another consideration in patients with obstructive lung 
disease is the inspiratory threshold load imposed by auto-PEEP 
resulting in increased patient inspiratory work.41 In this case, 
applied (or extrinsic) PEEP can compensate for this threshold 
load and reduce the work of breathing for patient-triggered 
breaths in any assisted ventilatory mode.41

Ventilatory Support in Chronic Hypercapnic 
Respiratory Failure
The goal of therapy in hypercapnic respiratory failure (acute 
ventilatory failure) is to guarantee a set minute ventilation. In 
treating patients with chronic ventilatory failure, the goal is to 
normalize the pH but not the PaCO2. Correction of PaCO2 in 
a patient with chronic hypoventilation from diverse causes can 
lead to a posthypercapnic metabolic alkalosis, which can 
produce hypokalemia, seizures, and arrhythmias.

SUMMARY CHECKLIST

◗	Acute	respiratory	failure	is	identified	by	PaO2	less	than	
60	mm	Hg	or	PaCO2	greater	than	50	mm	Hg,	or	both,	in	
otherwise	healthy	individuals	at	sea	level.

◗	Hypoxemic	respiratory	failure	is	most	commonly	due	to	
� �V/Q	mismatch,	shunt,	or	hypoventilation.

◗	Hypercapnic	respiratory	failure,	also	known	as	ventilatory 
failure,	results	from	decreased	ventilatory	drive,	neurologic	
disease,	or	increased	work	of	breathing.
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and	evidence	of	a	compensatory	metabolic	alkalosis	
(chronic	ventilatory	failure)	or	with	polycythemia	reflecting	
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◗	The	clinical	status	of	the	patient	is	the	most	important	
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◗	Excessive	work	of	breathing	is	the	most	common	cause	of	
respiratory	muscle	fatigue.

◗	The	beneficial	role	of	NIV	in	the	acute	setting	has	been	
best	established	in	acute	exacerbations	of	COPD	and	in	
cardiogenic	edema.

◗	 Increased	FiO2	and	PEEP	are	the	main	therapies	for	
severe	hypoxemia.

◗	The	goal	of	therapy	in	hypercapnic	respiratory	failure	
(acute	ventilatory	failure)	is	to	normalize	the	pH.
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Mechanical Ventilators

ROBERT L. CHATBURN AND TERESA A. VOLSKO

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Define	a	mechanical	ventilator.
◆	 Differentiate	between	automatic	resuscitators	and	mechanical	ventilators.
◆	 Describe	the	key	design	features	of	mechanical	ventilators.
◆	 Describe	the	10	maxims	used	to	develop	a	standardized	ventilator	taxonomy.
◆	 Describe	the	operating	characteristics	of	mechanical	ventilators	used	along	the	continuum	of	care.
◆	 List	the	basic	ways	to	present	monitored	data.
◆	 List	the	three	main	goals	of	mechanical	ventilator	support.

CHAPTER OUTLINE

How Ventilators Work
Input	Power
Electrical Energy
Pneumatic Energy
Power	Transmission	and	Conversion
Drive Mechanism
Output Control Valve
Control	System
The	Operator	Interface
Ventilator Displays
Alarm Settings
The	Patient	Interface

Identifying Modes of Mechanical Ventilation
The	10	Maxims	for	Understanding	Modes

The	Taxonomy	for	Mechanical	Ventilation
How	to	Classify	Modes
Examples

Comparing Modes of Mechanical Ventilation
Types of Ventilators

Conventional	Versus	High-Frequency	Ventilators
Conventional Ventilators
High-Frequency Ventilators
Classification	of	Ventilators	by	Use
Critical Care Ventilators
Subacute Care Ventilators
Home Care Ventilators
Transport Ventilators
Noninvasive Ventilators

KEY TERMS

assisted	breath
continuous	mandatory	ventilation	

(CMV)
continuous	spontaneous	ventilation	

(CSV)
control	system
cycle

elastance
intermittent	mandatory	ventilation	

(IMV)
loaded	breathing
mandatory
mode
pressure-control	ventilation

resistance
spontaneous	breath
time	constant
trigger
trigger	variable
volume-control	ventilation

T o safely and effectively initiate and manage a mechani-
cal ventilator, the respiratory therapist must thoroughly 
understand (1) ventilator design, classification, and 

operation; (2) appropriate clinical application of ventilatory 
modes (i.e., the proper matching of ventilator capability with 

physiologic need); and (3) the physiologic effects of mechanical 
ventilation, including gas exchange and pulmonary mechanics. 
This chapter focuses on the first of these. It explains classifica-
tion terminology and outlines a framework for understanding 
current and future ventilatory support devices.1-3
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Pneumatic Energy
A pneumatically powered ventilator uses compressed gas as its 
power source. Most modern intensive care unit (ICU) ventila-
tors are pneumatically powered. Ventilators powered by com-
pressed gas usually have internal pressure-reducing valves so 
that the normal operating pressure is lower than the source 
pressure. This allows uninterrupted operation from hospital-
piped gas sources, which are usually regulated to 50 psi (pounds 
per square inch) but are subject to periodic fluctuations.

Most pneumatically powered ICU ventilators still require 
electrical power to support their control functions (see the fol-
lowing section on control mechanisms). However, a few pneu-
matically powered ventilators can function without electrical 
power, using compressed gas to power lung inflation and the 
ventilator’s control circuitry. Pneumatically powered ventilators 
are ideal in situations where electrical power may be unavailable 
(e.g., during patient transport), in a mass casualty situation 
where the influx of patient are triaged and stabilized in an area 
where electrical power is scarce (e.g., parking lot located adja-
cent to an emergency department), or as a back-up to electri-
cally powered ventilators in case of extended power failures. 
They are also particularly useful where electrical power is unde-
sirable, such as near magnetic resonance imaging (MRI) equip-
ment. It is essential to understand how the ventilator consumes 
compressed gas, especially in settings where the compressed gas 
source may be limited, such as air or ground transport. Weight 
restrictions, especially on air transport, affect the number and 
size of the gas cylinders used. Therefore, it is essential for the 
respiratory therapist to anticipate the total amount of com-
pressed gas needed (air, oxygen, and specialty gas). Since the 
compressed gas source is limited during interhospital transport, 
the respiratory therapist must ensure the compressed gas supply 
will not deplete and cause the ventilator to fail on the way to 
the transport team’s final destination.

HOW VENTILATORS WORK

To understand how ventilators work, one must have some 
knowledge of basic mechanics. A ventilator is a machine, which 
is a system designed to alter, transmit, and direct applied energy 
in a predetermined manner to perform useful work.4 These 
complex machines deliver an array of medical gas mixtures such 
as nitric oxide, helium, and oxygen. Sophisticated software and 
advanced monitoring systems make it possible to deliver 
mechanical breaths from conventional or normal physiologic to 
high frequency rates.

Ventilators used along the continuum of care, from intensive 
care units to patient transport to long-term and home care, 
require energy in the form of either electricity or compressed 
gas to function. The energy is transmitted or transformed (by 
the ventilator’s drive mechanism) in a predetermined manner 
(by the control circuit) to augment or replace the patient’s 
muscles in performing the work of breathing (the desired 
output). Thus, to understand mechanical ventilators, their four 
basic functions must be understood:
• Input power
• Power transmission and conversion
• Control system
• Output (pressure, volume, and flow waveforms)
This simple outline format can be expanded to add as much 
detail about a given ventilator as desired.

Input Power

The power source for a ventilator comes from either electrical 
energy (energy = volts × amperes × time) or compressed gas 
(energy = pressure × volume).

Electrical Energy
An electrically powered ventilator uses voltage from an elec-
trical line outlet. In the United States, this line voltage is nor-
mally 110 to 115 volts alternating current (AC) (60 Hz). In 
addition to powering the ventilator, this AC voltage may  
be reduced and converted to direct current (DC). This DC 
source can then be used to power delicate electronic control 
circuits.

Some ventilators, notably portable ventilators used for 
transport or to provide mechanical ventilation in the home, 
have rechargeable batteries to be used as a source of power if 
AC is not available. The length of time power is provided from 
an internal or external battery depends on the ventilator’s 
drive mechanism, the ventilator settings, the load of the respi-
ratory system, and the type of battery used to provide power. 
Lithium ion and nickel metal hydride batteries are more 
compact, weigh less, and have higher power with shorter 
recharging times compared with similar-sized lead/acid batter-
ies. Battery power becomes essential when providing mechani-
cal ventilation out of the acute care setting. Although portable 
ventilators have an internal battery that provides power on a 
limited basis, the availability of an external battery can be an 
essential lifesaving feature in the event of an extended power 
outage.

	

RULE OF THUMB

For	patient	transport,	you	must	use	either	a	
pneumatically	powered	ventilator	or	one	that	can	run	
solely	on	batteries.	Always	take	along	a	manually	
powered	bag-valve	mask	resuscitator,	and	for	long	
transports	be	sure	to	have	back-up	power	available	
(extra	cylinders	or	batteries).

Power Transmission and Conversion

The power transmission and conversion system consists of the 
drive and output control mechanisms. The drive mechanism 
generates the actual force needed to deliver gas under pressure. 
The output control consists of one or more valves that regulate 
gas flow to the patient.

Drive Mechanism
The ventilator’s drive mechanism converts the input power to 
useful work. The characteristic flow and pressure patterns the 
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The Operator Interface

The ventilator’s operator interface has undergone extensive evo-
lution over the last 35 years. Originally, the displays on ventila-
tors were analog. Operator inputs, or settings, were accomplished 
with hard-wired knobs, buttons, and dials. The ventilator 
outputs, such as alarm conditions and ventilating pressure, were 
displayed with bulbs, light emitting diodes (LEDs), and meters. 
Some simple transport ventilators still use analog displays 
(Figure 45-1). The development of inexpensive microproces-
sors has led manufacturers to use digital displays almost exclu-
sively on all types of ventilators. Digital interfaces use LED or 
LCD screens for visual display of ventilator data along with 
some multipurpose hard-wired buttons. More advanced dis-
plays use dedicated special-purpose buttons and dials (Figure 
45-2). The most advanced interfaces use the concept of the 
“virtual” instrument, meaning that knobs, buttons, dials, and 
meters are simulated on a computer screen (sometimes a touch 
screen) and often incorporate a single mechanical dial that  
is used to set multiple parameters (Figure 45-3). Computer 
screens allow graphic displays of alarm settings as, for example, 
bar graphs along with pressure, volume, and flow waveforms as 
scalars or loops.

ventilator produces are determined, in part, by the type of drive 
mechanism it contains. Drive mechanisms can be either (1) a 
direct application of compressed gas through a pressure-
reducing valve or (2) an indirect application by an electrical 
motor or compressor. Descriptions of these devices are given in 
textbooks devoted to respiratory care equipment.5

Output Control Valve
The output control valve regulates the flow of gas to the patient. 
Early ventilators had simple on/off exhalation valves. For most 
modern ventilators, the output control valve can shape the 
output waveform, as in the Maquet SERVO-i (Maquet, Bridge-
water, NJ). Commonly used output control valves include the 
pneumatic diaphragm, electromagnetic poppet/plunger valve, 
and proportional valve.6

Control System

To manipulate pressure, volume, and flow, a ventilator must 
have a control system. A control system measures and directs 
the output of the ventilator and operates the exhalation  
manifold. A ventilator control circuit may include mechanical, 
pneumatic, electrical, electronic, or fluidic components. Most 
modern ventilators combine two or more of these subsystems 
to provide user control.

Mechanical control circuits use devices such as levers, pulleys, 
and cams. These types of circuits were used in the early manu-
ally operated ventilators illustrated in history books.7 Pneu-
matic control is provided using gas-powered pressure regulators, 
needle valves, jet entrainment devices, and balloon-valves. 
Some transport ventilators use pneumatic control systems.

Electrical control circuits use only simple switches, rheostats 
(or potentiometers), and magnets to control ventilator opera-
tion. Electronic control circuits use devices such as resistors, 
capacitors, diodes, and transistors as well as combinations  
of these components in the form of integrated circuits. The 
most sophisticated electronic systems, incorporated into venti-
lators used in critical care, use microprocessors and complex 
software algorithms to manage monitoring and control ventila-
tor function.

Fluidic logic-controlled ventilators, such as the Bio-Med 
MVP-10 (Bio-Med Devices, Stanford, CT) also use pressurized 
gas to regulate the parameters of ventilation. However, instead 
of simple pressurized valves and timers, these ventilators use 
fluidic logic circuits that function much like electrical circuit 
boards.8 Fluidic control mechanisms have no moving parts and 
low gas consumption, which make them useful for patient 
transport. Additionally, fluidic circuits are immune to failure 
from surrounding electromagnetic interference, as can occur 
around MRI equipment. It is important to note that the MVP-10 
does not have an alarm system to alert the clinician of a patient 
disconnect, or changes in the patient’s lung mechanics that will 
affect minute ventilation. It is essential for the clinician to rely 
on information from noninvasive (e.g., pulse oximetry and 
end-tidal carbon dioxide monitoring) and cardiopulmonary 
monitoring (e.g., heart rate, respiratory rate, blood pressure) to 
evaluate and optimize the patient–ventilator interaction.

FIGURE 45-1	 Transport	ventilator	with	a	simple	operator	
interface.	(Courtesy	Airon	Corp.)
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Trends.  Trends provide clinicians with measured or calcu-
lated data related to ventilatory support over time (Figure 45-4). 
Gradual or sudden changes in the patient’s ventilatory status 
can be identified by evaluating trends. Alarm logs can also be 
accessed and provide an additional layer of detail important for 
adjusting alarm limits to minimize nuisance alarms and enhance 
safety. Alarm logs can be invaluable in the event of a suspected 
ventilator failure and may be used as evidence in a legal inves-
tigation if significant patient harm has occurred.

Waveforms  and  Loops.  Graphic displays of pressure, 
volume, and flow convey a wealth of information. Not only is 
it possible to determine the mode of ventilation by examining 
these graphics but one can also determine the causes of patient–
ventilator asynchrony, including flow asynchrony, delayed or 
premature cycling, and missed triggers. Graphic representations 
of respiratory mechanics are helpful for identifying the ventila-
tor parameters to be adjusted to improve the ventilator-patient 
interaction.9,10 When pressure, volume, or flow is graphed on 
the vertical axis with time on the horizontal axis, a waveform 
or “scalar” display (Figure 45-5) is the result. Loop displays plot 
one variable against another as x-y graphs (Figure 45-6). 
Pressure-volume (PV) loops can be used to set optimal PEEP 
and tidal volume levels (Figure 45-7).11 PV loops are created by 
using a “super syringe” to inject discrete volumes of gas and 
then measuring static pressures (static pressure–volume curve) 
or by using a ventilator at very low constant inspiratory flows 
(less than 10 L/min) or slow pressure ramps to minimize the 
pressure due to flow resistance and create what are called quasi-
static loops. It is usually necessary to heavily sedate and/or para-
lyze the patient to avoid errors due to the patient’s inspiratory 
efforts or minimize patient anxiety and discomfort during the 
maneuver. For volume control modes, pressure-volume loops 
are useful in displaying overdistention. Flow-volume loops are 
helpful in identifying the need for suctioning and/or response 
to bronchodilator therapy. An example of a composite display 
showing numeric values, waveforms, and loops is shown in 
Figure 45-8.

Picture Graphics.  An interesting development in ventilator 
displays involves the use of picture graphics to represent useful 

Ventilator Displays
The output displays of monitored data have also evolved sig-
nificantly over the last 30 years. Ventilator and patient data are 
available as alphanumeric values, waveforms, trend lines, and 
even picture graphics.

Alphanumeric Values.  Measured or calculated data in the 
form of alphanumeric values are presented in numbers or text. 
Typically FIO2, pressures (mean, baseline, peak, and plateau), 
volumes (inhaled/exhaled tidal volume, minute ventilation), 
and frequency are represented as numeric values. A variety of 
calculated parameters including I : E ratio, peak inspiratory and 
expiratory flow, percent leak, resistance, and compliance may 
also be displayed.

FIGURE 45-2	 Covidien	Newport	e360	ventilator.	(Courtesy	
Bunnel.)

FIGURE 45-3	 Operator	interface	of	Dräger	V500	ventilator.	
(©	Drägerwerk	AG	&	Co.	KGaA,	Lübeck.)
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turned off by the operator), redundant, and noncanceling. Level 
2 events range from mild irregularities in machine function to 
dangerous situations that could threaten patient safety if left 
unattended. These include failure of the air-oxygen blending 
system, inadequate or excessive PEEP, auto-triggering, circuit 
leak, circuit occlusion, inappropriate I : E ratio, and failure of 
the humidification system. Alarms in this category are not nec-
essarily redundant and may be self-canceling (i.e., automatically 
turned off if the event ceases). Level 3 events reflect changes in 
the level of ventilatory support. Examples include changes in 
the patient’s ventilatory drive or respiratory system mechanics 
and the presence of auto-PEEP. Level 3 events often trigger the 
same alarms as Levels 1 and 2. Level 4 events are focused entirely 
on the patient. These include changes in gas exchange, dead 
space, oxygenation, and cardiovascular functions. Many ventila-
tors do not warn of these events, and external monitors are thus 
required for surveillance.

Ventilators do not display alarm settings in terms of levels of 
priority. Instead, they tend to lump them all together on the 
screen (Figures 45-11 and 45-12). The actual setting of alarm 
thresholds is a complicated topic that has been studied but for 
which little information is available regarding mechanical ven-
tilation. The basic goal is to maximize true alarms and minimize 
false alarms. A high false alarm rate leads to clinicians ignoring 
warnings. False alarms can also lead to inappropriate responses. 
On average, ICU alarms occur 6 times per hour with only a 
small percentage indicating an actual urgent clinical situation 
(23%) and a high percentage being false positive alarms 
(44%).14,15 Although studies have not addressed mechanical 
ventilator alarms specifically, it is not hard to imagine similar 

information about the patient–ventilator system. Obstructed 
endotracheal tubes and auto-PEEP problems are detected more 
quickly and treated sooner with graphic rather than conven-
tional displays.12 Clinicians also perceive lower subjective work-
loads when using picture graphics.

Hamilton Medical was the first to make use of innovative 
picture graphics on their G5 ventilator. They created a graphic 
representation of the lungs, called a dynamic lung panel, that 
visually displays information about resistance and compliance 
by the shape and color of the lungs and airways (Figure 45-9). 
In addition, they have created a unique graphic representation 
called the vent status panel which displays key parameters (e.g., 
oxygenation, ventilation, and spontaneous breathing activity) 
and shows when each item is in or out of an acceptable zone 
and for how long. This makes weaning status, for example, easy 
to identify. Dräger Medical followed with a similar graphic 
display called the Smart Pulmonary View, which is a graphic 
display of respiratory system compliance and resistance as  
well as of the spontaneous and mandatory minute volume 
(Figure 45-10).

Alarm Settings
The purpose of ventilator alarms is to bring events to the atten-
tion of the clinician. Events are conditions or occurrences that 
require clinician awareness or intervention. Events can be clas-
sified according to four levels of priority.13 Level 1 events are 
immediately life threatening. These include things such as 
insufficient or excessive gas delivery to the patient, exhalation 
valve failure, control circuit failure, or loss of power. Alarm 
indicators in this category should be mandatory (cannot be 

MINI CLINI
The Use of Trending Data to Optimize the Application of Mechanical Ventilation

PROBLEM:  A patient with respiratory distress is ventilated with the following settings:
Mode: PC-CMV
Set frequency: 12/minute
Inspiratory pressure: 28 cm H2O
PEEP: 8 cm H2O
FIO2: 0.60
Inspiratory time: 1 second
The following trends are available:

Date 8/8 8/8 8/8 8/8 8/8 8/8
Time 0000 0200 0400 0600 0800 1000
VT (mL) 420 415 390 385 373 362
Total frequency (Breaths/minute) 12 12 12 12 12 12
Minute ventilation (L/minute) 5.04 4.98 4.68 4.62 4.48 4.34

What value does the trend monitoring provide for the clinician? What additional data are needed for the clinician to optimize 
ventilation?

Answer:  The data shows that the patient has had no respiratory effort over the recorded time period monitored. This can be seen by 
comparing the set frequency to the total frequency. The trends also show that the tidal volume has decreased over time. This can be 
attributed to an increase in airway resistance or a reduction in lung compliance (or both) because the mode was a form of pressure 
ventilation. Accessing the trends for airways resistance will enable the clinician to differentiate between airways resistance and lung 
compliance problems. If the airways resistance has remained relatively stable, the pulmonary compliance has decreased. Additional 
testing, such as chest radiography and arterial blood gas monitoring, may be required to determine pathologic changes such as atelectasis 
as well as aberrancies in acid-base balance.
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FIGURE 45-5	 Model	pressure,	volume,	and	flow	waveforms	generated	with	a	computer	using	the	equation	of	motion.	A,	Pressure-
controlled	inspiration	with	a	rectangular	pressure	waveform	(identical	to	flow-controlled	inspiration	with	an	exponential	decay	flow	waveform).	
B,	Flow-controlled	inspiration	with	a	rectangular	flow	waveform	(identical	to	volume-controlled	inspiration	with	an	ascending	ramp	volume	
waveform).	C,	Flow-controlled	inspiration	with	an	ascending	ramp	flow	waveform.	D,	Flow-controlled	inspiration	with	a	descending	ramp	flow	
waveform.	E,	Flow-controlled	inspiration	with	a	sinusoidal	flow	waveform.	The	short	dotted	lines	represent	mean	inspiratory	pressure,	while	
the	long	dotted	lines	represent	mean	airway	pressure	(assuming	zero	PEEP).	Note	that	for	the	rectangular	pressure	waveform	in	A,	the	
mean	inspiratory	pressure	is	the	same	as	the	PIP.	For	all	waveforms,	VT	=	644	ml,	compliance	=	20	ml/cm	H2O,	and	resistance	=	20	cm	
H2O/L/sec.	
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the	correspondence	between	the	waveform	display	and	the	loop	
display	for	the	initial	pressure	rise,	peak	pressure,	and	tidal	volume.	
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FIGURE 45-8	 Portion	of	display	screen	on	the	Dräger	Evita	XL	ventilator.	(Courtesy	Dräger	Medical.)
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FIGURE 45-10	 Example	of	picture	graphic	display	from	the	
Dräger	Evita	Infinity	V500	ventilator	showing	the	Smart	Pulmonary	
View.	A,	The	movement	of	the	diaphragm	indicates	synchronized	
mandatory	breaths	or	supported	(triggered)	breaths.	B,	The	blue	
line	around	the	trachea	indicates	the	resistance	(R).	The	higher	the	
resistance,	the	thicker	the	line.	The	numeric	value	is	also	displayed.	
C,	The	blue	line	around	the	lungs	indicates	the	compliance	(Cdyn).	
The	higher	the	compliance,	the	thinner	the	line.	The	numeric	value	
is	also	displayed.	D,	Diagram	displaying	the	relationship	between	
spontaneous	breathing	and	mandatory	ventilation.	The	following	
parameters	are	displayed	in	different	colors:	VT,spon	and	RRspon,	
VT,mand	and	RRmand.	(Courtesy	Dräger	Medical.)
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FIGURE 45-11	 Alarm	panel	of	CareFusionAvea	ventilator.	(Courtesy	CareFusion.)
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results for such a study. Ventilator alarms are usually set by the 
operator (or as default values by the ventilator) as either a set 
value or a set percentage of the current value. Examples would 
be low and peak airway pressure alarms set at the current value 
plus or minus 5 cm H2O or low and high tidal volume/minute 
ventilation set at plus or minus 25% of the current value. The 
problem is that the parameters for which clinicians want to set 
alarms, and these three in particular, are highly variable, with 
significant portions of readings at extreme values. Therefore 
limits set as absolute values or percentages may reduce safety 
for some extreme values while increasing nuisance events for 
other values. An alternative approach might be to reference the 
alarm limits to the current value of the parameter such that 
extreme values have tighter limits. Further research is needed to 

identify optimization algorithms (i.e., minimize both harmful 
and nuisance events) for intelligent targeting schemes to auto-
matically set alarms during mechanical ventilation.

The Patient Interface

The patient interface is the connection between the ventilator 
and the patient—typically a system of plastic hoses, and  
often called the patient circuit. From the perspective of under-
standing how ventilators work, the important thing to know 
about the patient circuit is that it contributes to discrepancies 
between the desired and actual ventilator output values. This is 
because the patient circuit has its own compliance and resis-
tance. Thus, the pressure measured on the inspiratory side of a 
ventilator will always be higher than the pressure at the airway 
opening due to patient circuit resistance. In addition, the 
volume and flow coming out of the ventilator will exceed that 
delivered to the patient because of the compliance of the patient 
circuit.

Using an analogy to electrical circuits, compliance of the 
delivery circuit can be shown to be connected in series with the 
compliance of the respiratory system (that is, both elements 
sharing the same driving pressure). Consequently, the total 
compliance of the ventilator-patient system is simply the sum 
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In summary, the set values for pressure, volume, and flow 
may be different from the output (from ventilator) values due 
to calibration errors and the effects of the patient circuit. Thus 
two general sources of error cause discrepancies between the 
desired and actual patient values.

IDENTIFYING MODES OF 
MECHANICAL VENTILATION

Ventilator manufacturers coin unique names for modes avail-
able on their respective devices, primarily as marketing tools. 
As a result, there have been no industry standards for naming 
modes of ventilation. This makes it difficult for clinicians to 
understand how the various modes of ventilation function. In 
some cases, ventilator modes function in the same way but have 
very different names. For example, Pressure-Control Ventila-
tion Plus Adaptive Pressure Ventilation on the Hamilton Galileo 
is the same as Pressure Regulated Volume Control on the 
Siemens Servo 300. Volume control continuous mandatory ven-
tilation (VC-CMV) on the Maquet SERVO-i ventilator and the 
PB 840 have identical names, and function very differently.16

The 10 Maxims for  
Understanding Modes

A formal taxonomy for classifying modes of ventilation is now 
available.17,18 This portion of the chapter will explain the deriva-
tion of this taxonomy in the form of 10 fundamental maxims 
(concise statements of scientific principles). These fundamental 
constructs of ventilator design and function are a culmination 
of data from an international survey19 and more than 30 years 
of mechanical ventilation teaching experience.

1. A Breath is One Cycle of Positive Flow 
(Inspiration) and Negative Flow (Expiration) 
Defined in Terms of the Flow-Time Curve.
Breath delivery is one of the most basic functions a mechanical 
ventilator performs. A breath can simply be defined as one cycle 
of inspiratory flow followed by a matching expiratory flow 
(Figure 45-13). These flows are paired by size, meaning approxi-
mately equal inspiratory and expiratory volumes. However, 
there are some modes of ventilation in which inspiration is not 
followed immediately by the matching expiration. Airway pres-
sure release ventilation provides an example of this. During this 
mode of ventilation the transition from low pressure to high 
pressure results in a large mandatory breath during inspiration, 
followed by a few small spontaneous inspirations and expira-
tions during the low-pressure phase, which contribute to a 
smaller exhaled volume. The transition from high pressure to 
low pressure results in the matching mandatory exhalation. It 
is also possible to have many small mandatory breaths super-
imposed on larger spontaneous breaths, as seen during high-
frequency oscillatory ventilation.

Inspiratory time and expiratory time are the two most basic 
definitions in reference to a breath. Inspiratory time is defined 
as the period from the start of inspiratory flow to the start of 
expiratory flow. Inspiratory time is equal to inspiratory flow 

of the two compliances. Similarly, the resistance of the delivery 
circuit is connected in series with the respiratory system resis-
tance (that is, both elements sharing the same flow) so that the 
total resistance is the sum of the two. Based on these assump-
tions, the relationship between the volume input to the patient 
(at the point of connection to the patient’s airway opening) and 
the volume output from the ventilator (at the point of connec-
tion to the patient circuit) can be described by the following 
equation:

Volume input to patient
Volume output from ventilator

Cpc

=
+1 CCrs

Equation 45-1

where Cpc is the compliance of the patient circuit, and Crs is the 
total compliance of the patient’s respiratory system. The equa-
tion shows that the larger the patient circuit compliance com-
pared with the patient’s respiratory system, the larger the 
denominator on the right-hand side of the equation. Hence, the 
smaller the delivered tidal volume is compared with the volume 
coming from the ventilator’s drive mechanism.

Assuming that the volume exiting the ventilator is the set 
tidal volume, the patient circuit compliance (Cpc) is calculated 
as follows:

 C
Set tidal volume

P PEEP
pc

plat

=
−

 Equation 45-2

where Pplat is the pressure measured during an inspiratory hold 
maneuver with the Y-piece of the patient circuit occluded 
(patient not connected), and PEEP is end-expiratory pressure 
(that is, baseline pressure). Most authors recommend the use of 
PIP for Pplat in this equation, which is acceptable but may lead 
to a slight underestimation of patient circuit compliance. Pplat 
is slightly lower than PIP because of the flow-resistive pressure 
drop of the patient circuit if pressure is not measured at the 
Y-piece. This difference is greatest in small-bore, corrugated 
patient circuit tubing but is probably insignificant.

The effects of patient circuit compliance are most trouble-
some during volume-controlled ventilation. For example, in 
neonatal ventilation the patient circuit compliance can be as 
much as three times that of the respiratory system, even with 
small-bore tubing and a small-volume humidifier. Thus in an 
attempt to deliver a preset tidal volume, the volume delivered 
to the patient may be as little as 25% of that exiting the ventila-
tor, whereas 75% is compressed in the patient circuit.

During pressure-control ventilation the compliance of the 
patient circuit has the effect of rounding the leading edge of a 
rectangular pressure waveform, which reduces the peak flow 
and could reduce the volume delivered to the patient. This effect 
is prevented if the pressure limit is maintained for at least 5 time 
constants of the respiratory system.

For both pressure- and volume-control ventilation the 
patient circuit compliance and resistance, along with the resis-
tance of the exhalation valve (in series with the patient circuit 
and respiratory system resistance) increase the expiratory time 
constant. Thus a large circuit compliance coupled with a short 
expiratory time can lead to inadvertent or auto-PEEP.
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above zero). A drop in airway pressure below baseline during 
inspiration indicates that the patient is doing work against the 
ventilator. We say the breath is “loaded” rather than assisted. 
Some loading is unavoidable if the patient must signal to the 
ventilator when to start inspiratory flow by a drop in airway 
pressure, called triggering (see below).22 Optimization of venti-
lator settings minimizes loaded breathing by maximizing the 
synchrony between the ventilator output and the patient’s 
demand.

3. A Ventilator Assists Breathing Using 
Either Pressure Control or Volume Control 
Based on the Equation of Motion for the 
Respiratory System.
To understand how a ventilator assists breathing, we make use 
of a very important model of patient–ventilator interaction 
called the equation of motion for the respiratory system.23 This 
equation is a mathematical model describing a physical model 
composed of a single flow conducting tube (representing the 
airways) and a single elastic compartment (representing the 
lungs and chest wall) as shown in Figure 45-14. There are many 
versions of this equation, but the simplest version, as it relates 
to ventilator mode classification, is as follows:

 P t EV t RV tvent ( ) ( ) ( )+ = + �  Equation 45-3

Where Pvent(t) is inspiratory pressure generated by the ventilator 
as a function of time, E is the elastance of the respiratory system 
(ΔP/ΔV), V(t) is volume as a function of time, R is respiratory-
system resistance (∆ ∆P/ V� ), and �V t( ) is flow as a function of 
time. Note that all these variables are measured relative to their 
end expiratory values. Under normal circumstances these values 
are Pvent = set PEEP, V = end expiratory lung volume (functional 
residual capacity if PEEP = 0), and �V = 0. Sometimes the 
equation is written with compliance (C = ΔV/ΔP) instead of 
elastance, in which case the term EV(t) becomes V(t)/C. If  
the patient is spontaneously triggering the ventilator, the left 
side of Equation 45-3 becomes Pmuscles + Pvent, indicating that 
the work of breathing is shared in some way between the  
patient and the ventilator. However, if the patient is breathing 
independent of the ventilator, the left side of Equation 45-3  
is simply Pmuscles.

A plot of Pvent(t), V(t), and �V t( ) versus time yields the wave-
forms seen on ventilator displays (Figure 45-15). If the shape of 
the pressure waveform is predetermined by the ventilator set-
tings, independent of changes in respiratory system mechanics, 
the ventilator is providing pressure control (PC). One way to 
think about this is that the ventilator controls the left-hand side 
of Equation 45-1. That means for a given pressure waveform 
[i.e., graph of Pvent(t)], volume and flow are dependent on E and 
R. In more practical terms, if the operator sets inspiratory pres-
sure, or inspiratory pressure is controlled by the ventilator to 
be proportional to some measure of the patient’s inspiratory 
effort, then we say the mode of ventilation is a form of pressure 
control.

One very confusing issue with pressure-control ventilation 
is that sometimes the operator sets the magnitude of the 

time plus inspiratory hold time. Inspiratory hold or pause time 
is the period from the cessation of inspiratory flow (into the 
airway opening) to the start of expiratory flow during mechani-
cal ventilation. On some ventilators, the operator can directly 
set inspiratory hold time. On others, hold time is the difference 
between the preset inspiratory time and the inspiratory flow 
time due to the preset tidal volume at the preset inspiratory flow 
(i.e., inspiratory flow time = tidal volume/inspiratory flow). An 
inspiratory pause is often used to improve oxygenation by 
increasing mean airway pressure. It may also be used to create 
a static airway pressure also known as plateau pressure. During 
an inspiratory pause, the flow of gas to and from the patient 
ceases. Therefore, the pressure displayed during the inspiratory 
pause, or plateau pressure, can be used to calculate respiratory 
system resistance and compliance. The period from the start of 
expiratory flow to the start of inspiratory flow is known as 
expiratory time.

2. A Breath is Assisted If the Ventilator 
Provides Some or All of the Work  
of Breathing.
Ventilators are designed to assist with the patient’s work of 
breathing. Work is defined in terms of the pressure necessary to 
deliver the tidal volume to the respiratory system. In the sim-
plest case, work is the pressure change during inspiration times 
the volume change (i.e., tidal volume).20 An assisted breath, 
therefore, is one for which the ventilator does some work on the 
respiratory system. Pressure is generated either by the patient’s 
inspiratory muscles (Pmus) or the ventilator (Pvent), which causes 
an increase in the pressure difference across the respiratory 
system, called inspiratory pressure on some ventilators.21

On a ventilator graphic display, an assisted breath is identi-
fied as one in which airway pressure rises above baseline during 
inspiration (from Maxim 1, inspiration is identified by flow 

FIGURE 45-13	 A	breath	is	defined	in	terms	of	the	flow-time	
waveform.	(Courtesy	Mandu	Press	Ltd.)
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FIGURE 45-14	 The	respiratory	system	can	be	modeled	as	a	single-flow	conducting	tube	connected	to	a	single	elastic	compartment.	
This	physical	model	can	be	described	by	a	mathematical	model	called	the	equation of motion	for	the	respiratory	system.	In	this	model,	
pressure,	volume,	and	flow	are	variables	(i.e.,	functions	of	time),	whereas	resistance	and	elastance	(or	compliance)	are	constants.	
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pressure

Transthoracic
pressure

Transrespiratory
pressure

Volume

Flow

∆ Transairway pressure

∆ Flow
Resistance =

Compliance = ∆ Volume
∆ Transthoracic pressure

Elastance = ∆ Transthoracic pressure
∆ Volume

Pvent  +  Pmuscles  =  elastance  ×  volume  +  resistance  ×  flow

Equation of Motion for the Respiratory System

pressure waveform relative to atmospheric pressure (called peak 
inspiratory pressure) and other times the magnitude is set rela-
tive to positive end expiratory pressure (PEEP), in this case 
simply termed inspiratory pressure.24

Refer again to Figure 45-15. If the shapes of the volume and 
flow waveforms are predetermined by the ventilator settings, 
and are unaffected by respiratory system mechanics, the ventila-
tor is providing volume control (VC). In other words, the venti-
lator controls the right-hand side of Equation 45-1. That means 
for a given flow waveform [i.e., the graph of �V t( )], the volume 
waveform [i.e., the graph of V(t)] will be predetermined 
(because volume is simply a function of flow and time). Fur-
thermore, the pressure waveform [i.e., the graph of Pvent(t)], will 
be dependent on E and R. In more practical terms, if the tidal 
volume and inspiratory flow are preset, then we say the mode 
of ventilation is a form of volume control. The term volume 
control is used rather than flow control merely for historical 
reasons. Note that during volume-control ventilation, both 
volume and flow are preset prior to inspiration. We emphasize 
this because there are some pressure control modes that allow the 
operator to set a target tidal volume but allow the ventilator to 
determine the flow. There are also pressure-control modes that 
allow the operator to set the maximum inspiratory flow, but not 
the tidal volume. In this case, tidal volume delivery depends on 

the operator-set inspiratory pressure target and the patient’s 
respiratory system mechanics.

In some rare cases of nonconventional ventilation, inspira-
tory flow, inspiratory volume, and inspiratory pressure are all 
dependent on respiratory system mechanics. As no parameters 
of the pressure, volume, or flow waveforms are preset, the only 
control of the breath is the timing (i.e., inspiratory and expira-
tory times). When this happens the mode is called a form of 
time control. Examples of this are high-frequency oscillatory 
ventilation (3100ventilator, CareFusion, San Diego, Calif.) and 
volumetric diffusive respiration (Percussionaire, Sagle, Idaho).

One way to compare volume-control and pressure-control 
modes of ventilation is to first recognize that the aim is to 
control the patient’s minute ventilation (because minute venti-
lation determines the PaCO2 for a given rate of metabolic CO2 
production). Next, we can relate the operator-set variables that 
control minute ventilation for VC versus PC. A convenient way 
to do this is with influence diagrams, which are graphic illustra-
tions that show how things are interrelated by using circles to 
represent (in this case) ventilator settings and lines to represent 
relationships. Figure 45-16 shows the influence diagram for 
volume-control ventilation and Figure 45-17 shows the influ-
ence diagram for pressure-control ventilation. The equations 
that relate the ventilator settings are given in Table 45-1.
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volume, or flow. An electrical signal from the diaphragm can 
also be used to trigger inspiration. Common cycle signals are 
the same as those for triggering. Sensitivity is a term used to 
describe the amount that the trigger or cycle signal must change 
before inspiration starts or stops.

Trigger and cycle events are key definitions in the develop-
ment of a classification system for modes of ventilation. They 
are used to define mandatory and spontaneous breaths (see 
Maxim 6). Mandatory and spontaneous breaths are used to 
describe ventilatory patterns (Maxim 7), and they form the 
basis for the mode taxonomy (see Maxim 10). Figure 45-18 
shows an algorithm that can be used to identify trigger and cycle 
variables.

5. Trigger Variable and Cycle Events Can 
Be Either Patient or Machine Initiated.
There are instances when disease processes weaken the dia-
phragm or medications, such as sedation or paralytic agents, 
interfere with the patient’s ability to generate trigger and cycle 
signals. Hence it is important to have a backup machine trigger 
system. However, when a patient’s ability to generate trigger and 

In summary:
Volume control means that both volume and flow are preset 

prior to inspiration.
Pressure control means that inspiratory pressure is preset to 

some constant value (e.g., Pressure Support mode) or  
is proportional to inspiratory effort (e.g., Proportional 
Assist Ventilation and Neurally Adjusted Ventilatory 
Assist modes).

Time control means that pressure, volume, and flow are 
all dependent on changing respiratory system mechan-
ics and nothing is predetermined except inspiratory 
and expiratory times (e.g., high-frequency oscillatory 
ventilation).

4. Breaths Are Classified According to the 
Criteria That Trigger (Start) and Cycle 
(Stop) Inspiration.
The definition of a breath (Maxim 1) implies that the ventilator 
knows when to start (trigger) and when to stop (cycle) inspira-
tory flow. There are several signals that can be used to trigger 
inspiration, including time, and changes in airway pressure, 

FIGURE 45-15	 Idealized	waveforms	for	volume-control	ventilation	and	pressure-control	ventilation.	Note	that	the	volume	waveform	has	
the	same	shape	as	the	transthoracic	or	lung	pressure	waveform	(i.e.,	pressure	due	to	elastic	recoil).	The	flow	waveform	has	the	same	shape	
as	the	transairway	pressure	waveform	(i.e.,	pressure	due	to	airway	resistance).	The	shaded	areas	represent	pressures	due	to	resistance;	the	
open	areas	represent	pressure	due	to	elastic	recoil.	The	dotted	lines	represent	mean	airway	pressure.	Note	that	the	mean	pressure	at	the	
airway	is	the	same	as	that	in	the	lung	and	that	mean	pressure	for	volume-control	ventilation	is	less	than	that	for	pressure-control	ventilation.	
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FIGURE 45-16	 Influence	diagram	for	volume-control	ventilation.	
Variables	are	connected	by	straight	lines	such	that	if	any	two	are	
known,	the	third	can	be	calculated	(see	Table	45-1).	
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FIGURE 45-17	 Influence	diagram	for	pressure-control	
ventilation.	Variables	are	connected	by	straight lines	such	that	if	any	
two	are	known,	the	third	can	be	calculated	(see	Table	45-1).	
Arrows	represent	relations	that	are	more	complex.	Purple circles	
represent	variables	that	are	directly	controlled	by	ventilator	settings.	
Gray circles	show	indirectly	controlled	variables.	
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FIGURE 45-18	 Algorithm	for	determining	the	trigger	and	cycle	variables	during	a	breath	on	a	mechanical	ventilator.	
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cycle signals is intact, it is important to deliver inspiratory flow 
in synchrony with the patient’s breathing efforts. Trigger and 
cycle capabilities are built into the mode of ventilation. The 
trigger variable can be either time, pressure, flow, or volume.

Inspiration may be triggered after a preset time interval (e.g., 
because of a preset breathing frequency). In this instance, 

inspiration has started regardless of any inspiratory efforts 
made by the patient. During such a breath, therefore, we say 
that inspiration is machine triggered. Minute ventilation thresh-
old is another signal a ventilator can use to machine-trigger 
inspiration. Minute ventilation is calculated by dividing the 
tidal volume by the time for one breath cycle (equivalent to 
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TABLE 45-1 

Equations Relating the Important Parameters for Volume-Controlled and Pressure-Controlled Ventilation

Mode Parameter Symbol Equation

Volume-controlled Tidal	volume	(L) VT V V fT E= ÷�
V V TT I I= ×�

Mean	inspiratory	flow	(L/min) �V1
�V V TI T I= × ÷60

�
�

V
V TCT

T
E

1
1

= ×

Pressure-controlled Tidal	volume	(L) VT VT	=	ΔP	×	C	×	(1	−	e−t/τ)
Instantaneous	inspiratory	flow	(L/min) �V1 �V

P
R

e t
1 = 





−∆ τ

Pressure	gradient	(cm	H2O) ΔP ΔP	=	PIP	−	PEEP
Both	modes Exhaled	minute	ventilation	(L/min) �VE

�V V fE T= ×
Total	cycle	time	or	ventilatory	period	(seconds) TCT TCT	=	TI	+	TE	=	60	÷	f
I	:	E	ratio I	:	E

I E T T
T
T

E
E

: := =1
1

Time	constant	(seconds) τ τ	=	R	×	C
Resistance	(cm	H2O/L/sec) R

R
P
V

= ∆
∆ �

Compliance	(L/cm	H2O) C
C

V
P

= ∆
∆

Elastance E
E

C
= 1

Mean	airway	pressure	(cm	H2O) Paw P
TCT

P dtaw aw

t

t TCT

= 





=

=

∫
1

0

Primary	variables Pressure	(cm	H2O) P
Volume	(L) V
Flow	(cm	H2O/L/sec) �V
Time	(sec) τ
Inspiratory	time	(sec) TI

Expiratory	time	(sec) TE

Frequency	(breaths/min) f
Base	of	natural	logarithm	(≈2.72) e

multiplying tidal volume by frequency). Depending on the 
brand of ventilator used, the clinician may be able to set a 
minimum threshold for minute ventilation. In this case, inspi-
ration is triggered when minute ventilation drops below a preset 
threshold.

A variety of signals may be used to machine cycle inspira-
tion. Volume cycling refers to inspiration that ends due to a 
preset tidal volume. Cycling due to a preset inspiratory time (or 
inspiratory pause time) is referred to as time cycling.

Patient triggering or cycling implies that inspiration starts or 
stops independent of any preset trigger or cycle signals gener-
ated by the ventilator. In the equation of motion, Pmus, elastance, 
and resistance are all patient determined. Inspiration is patient 
triggered or cycled if it starts or stops because of one or more 
of these patient-determined variables. When the patient makes 
an inspiratory effort, the ventilator commonly detects this by a 
change in airway pressure, volume, or flow. Inspiratory effort 
may also be detected by electrical signals derived from the 
movement of the diaphragm (e.g.,  neurally adjusted ventilatory 
assist [NAVA]) or expansion of the chest wall (e.g, electrical 
impedance tomography). Similarly, if the patient makes an 
expiratory effort, then inspiration may be cycled off.

Respiratory system mechanics play a critical role in trigger-
ing and cycling. These factors are easiest to understand in the 
passive patient (Pmus = 0). Let us first consider the cycling of 
inspiration. If the ventilator delivers a constant inspiratory flow, 
then peak airway pressure is determined by the preset flow and 
the elastance and resistance of the patient’s respiratory system. 
Suppose the ventilator is set to cycle inspiration off when a 
preset pressure threshold is met; for a given preset inspiratory 
flow, the elastance and resistance of the patient’s respiratory 
system determines the time for this threshold. If these patient-
determined factors change, inspiratory time will change. Cycling 
thus occurs independently of any preset machine-generated 
signal and inspiration is patient cycled. Thus, pressure cycling 
is a form of patient cycling. This can also be observed when a 
patient makes an expiratory effort, such as a cough in response 
to airway irritation by the device interface or secretions. Pres-
sure cycling most often occurs as an alarm condition (high 
pressure alarm), but it is also a routine cycling mechanism used 
in automatic resuscitators.25

Another example of patient cycling occurs with a mode  
of ventilation called Pressure Support. Pressure Support deliv-
ers pressure-controlled breaths to spontaneously breathing 
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trigger window comprises the entire expiratory time minus a 
short refractory period required to reduce the risk of triggering 
a breath before exhalation is complete. If a signal from the 
patient (i.e., some measured variable indicating an inspiratory 
effort) occurs within this trigger window, inspiration starts and 
is defined as a patient-triggered event.

A synchronization window is a short period during which a 
patient signal may be used to synchronize the beginning or 
ending of inspiration to the patient’s actions. The synchroniza-
tion window occurs at the end of a preset expiratory time or at 
the end of a preset inspiratory time. If a patient signal occurs 
during an expiratory time synchronization window, inspiration 
starts and is defined as a machine-triggered event initiating a 
mandatory breath. The breath is defined in this manner because 
the mandatory breath would have been time triggered regard-
less of whether the patient signal had appeared or not. This 
distinction is necessary to avoid logical inconsistencies in defin-
ing mandatory and spontaneous breaths, which are the founda-
tion of the mode taxonomy. A synchronization window may be 
used at the end of the inspiratory time of a pressure-controlled, 
time-cycled breath. An example of this would be when a patient 
signal occurs during the inspiratory time synchronization 
window and expiration starts, which is defined as a machine-
cycled event, ending a mandatory breath.

Some ventilators offer the mode called airway pressure 
release ventilation (APRV). In this mode of ventilation both 
expiratory and inspiratory synchronization windows can be 
used. This mode provides us with an example of the importance 
of distinguishing between trigger/cycle windows (allowing  

patients. During Pressure Support, inspiration is triggered by 
patient effort and cycled when the decaying flow signal meets 
a preset threshold (usually expressed as a percentage of the 
peak inspiratory flow), which in turn determines the inspira-
tory time. If P(t) in the equation of motion is set to be con-
stant (i.e., preset constant inspiratory pressure), inspiratory 
flow can be calculated as a function of time. The solution is:

 �V t
P

R
e t RC( ) ( )= −∆

 Equation 45-4

The term RC in above equation is known as the respiratory 
time constant, or the time at which an exponential function 
attains 63% of its steady state value in response to a step input 
(ΔP). In other words, in this case, it is the time necessary for 
inspiratory flow to drop to 63% of its peak value (Figure 45-19). 
The time constant, for a passive patient, determines how long 
it will take to reach the cycle threshold. The time constant thus 
determines the inspiratory time independent of any cycle signal 
generated by the ventilator, and we say the inspiration is patient 
cycled. Interestingly, a passive patient can trigger inspiration by 
the same mechanism, except in this case the trigger threshold 
is based on the decay of expiratory pressure (an exponential 
flow through a constant expiratory resistance gives an exponen-
tial pressure waveform). This is the mechanism used in some 
automatic resuscitators.25

As a further refinement, patient triggering can be defined as 
starting inspiration based on a patient signal (i.e., a measure-
ment indicating the patient’s breathing motion) occurring in a 
trigger window, independent of a machine trigger signal. A 

FIGURE 45-19	 The	time	constant	is	a	measure	of	how	long	the	respiratory	system	takes	to	passively	inflate	or	deflate	in	response	to	a	
sudden	change	in	transrespiratory	system	pressure.	The	time	constant	is	calculated	as	the	product	of	resistance	times	compliance	and	is	
expressed	in	units	of	time,	usually	seconds.	
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6. Breaths are Classified as Spontaneous 
or Mandatory Based on Both the Trigger 
and Cycle Events.
The terms spontaneous and mandatory as types of breaths are 
fundamental concepts for the classification of modes. The dic-
tionary definition of spontaneous is “without premeditation or 
external stimulus.” If we apply this definition to breathing, it 
implies that the patient retains substantial control over timing. 
Therefore, spontaneous breaths are those for which the patient 
determines the start and end of inspiration, independent of any 
machine settings for inspiratory time and expiratory time. In 
terms of the previous two maxims then, a spontaneous breath 
is one for which inspiration is both triggered and cycled by the 
patient. A spontaneous breath may occur during a mandatory 
breath (e.g., airway pressure release ventilation).

Some authors use the term spontaneous breath to refer only 
to unassisted breaths. But that is an unnecessary limitation that 
prevents the word from being used as a key term in the mode 
taxonomy. The definition given here applies for assisted and 
unassisted breathing. For unassisted breathing, the brain pro-
vides the trigger and cycle signals. For assisted breathing, the 
signals may come from the brain or the ventilator.

A mandatory breath is a breath for which the patient has lost 
control over timing (i.e., frequency or inspiratory time). During 
a mandatory breath, the start and/or end of inspiration is deter-
mined by the ventilator, independent of the patient. Again, in 
terms of the previous two maxims, a mandatory breath is one 
for which the machine triggers or cycles inspiration (or both). 
A mandatory breath can occur during a spontaneous breath 
(e.g., high-frequency jet ventilation). A mandatory breath is, by 
definition, assisted.

Summary:
A spontaneous breath is one for which inspiration is both 

triggered and cycled by the patient.
A mandatory breath is anything else (machine triggered and 

patient cycled; patient triggered and machine cycled; 
machine triggered and machine cycled).

7. There Are Three Basic Breath 
Sequences: Continuous Mandatory 
Ventilation, Intermittent Mandatory 
Ventilation, and Continuous  
Spontaneous Ventilation.
Spontaneous and mandatory breaths come out of a ventilator 
like dots and dashes come out of a telegraph machine. Because 
there are only two types of breaths, it follows that there are only 
three possible breath sequences: all breaths are mandatory, 
called continuous mandatory ventilation (CMV); there are 
both mandatory and spontaneous breaths, called intermittent 
mandatory ventilation (IMV); and all breaths are spontaneous, 
called continuous spontaneous ventilation (CSV).

More specifically, continuous mandatory ventilation is a 
breath sequence for which spontaneous breaths are not possible 
between mandatory breaths because every patient trigger signal 
in the trigger window produces a machine-cycled inspiration 
(i.e., a mandatory breath). Continuous mandatory ventilation 

for patient-triggered breaths) and synchronization windows 
(allowing for patient-synchronized, machine-triggered breaths). 
APRV is intended to provide a set number of releases or drops 
from a high-pressure level to a low-pressure level. Spontaneous 
breaths can occur at the high and low-pressure levels (although 
there may not be enough time to accomplish this if the duration 
of the low pressure is too short). Using the standardized vocab-
ulary, these releases (paired with their respective rises) are actu-
ally mandatory breaths because, as originally described, they 
were time triggered and time cycled. There are ventilators that 
have synchronization windows added to both the expiratory 
time (to synchronize the transition to the high pressure with a 
patient inspiratory effort) and inspiratory time (to synchronize 
cycling with the expiratory phase of a spontaneous breath taken 
during the high-pressure level). If both triggering and cycling 
occurred with patient signals in the synchronization window, 
and if these events were called patient-triggered and patient-
cycled, the result would be the ambiguous possibility of having 
spontaneous breaths (i.e., synchronized) occurring during 
spontaneous breaths (unsynchronized breaths during the high-
pressure level).

On modes that are classified as forms of IMV (such as 
APRV), the operator must distinguish between the mandatory 
minute ventilation and the spontaneous minute ventilation (to 
gauge the level of mechanical support); this cannot be done if 
the definition of mandatory and spontaneous breaths are in any 
way ambiguous.

In summary:
Patient triggering means starting inspiration based on a 

signal from the patient independent of a machine trigger 
signal.

Machine triggering means starting inspiratory flow based on 
a signal (usually time) from the ventilator, independent 
of a patient trigger signal.

Patient cycling means ending inspiratory time based on 
signals representing the patient-determined components 
of the equation of motion (i.e., elastance or resistance) 
and including effects due to inspiratory effort. Flow 
cycling is a form of patient cycling because the rate of flow 
decay to the cycle threshold, and hence the inspiratory 
time, is determined by patient mechanics.

Machine cycling means ending inspiratory time independent 
of signals representing the patient-determined compo-
nents of the equation of motion.

An algorithm for distinguishing between machine and 
patient trigger/cycle events is shown in Figure 45-20.

	

RULE OF THUMB

When	initiating	mechanical	ventilatory	support	it	is	
important	to	ensure	that	trigger	sensitivity	is	set	
appropriately	for	the	patient.	High	or	low	sensitivity	
thresholds	may	cause	a	delay	in	flow	delivery	or	
auto-triggering,	respectively,	which	can	ultimately	
increase	a	patient’s	work	of	breathing.
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FIGURE 45-20	 An	algorithm	for	distinguishing	between	machine	vs.	patient	events	for	triggering	and	cycling.	(Courtesy	Mandu	Press	Ltd.)
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is commonly referred to as Assist/Control. Machine-triggered 
mandatory breaths may be delivered at a preset frequency with 
this breath sequence. The mandatory breath frequency for 
CMV is the set minimum value for the frequency. The total 
frequency may be higher than the set frequency but never below 
it. In some pressure controlled modes on ventilators with an 
active exhalation valve, spontaneous breaths may occur during 
mandatory breaths, but the defining characteristic of CMV is 
that spontaneous breaths are not permitted between mandatory 
breaths. Note that trigger windows are used to create CMV 
whereas synchronization windows are used for IMV.

Intermittent mandatory ventilation has three variations.
1. Mandatory breaths are always delivered at the set frequency 

(e.g., SIMV Volume Control mode on the Covidien PB 840 
ventilator). When a synchronization window is used, the 
actual ventilatory period for a mandatory breath may be 

shorter than the set period. Some ventilators, such as the 
Dräger Evita XL, will add the difference to the next manda-
tory period to maintain the set mandatory breath frequency.

2. Mandatory breaths are delivered only when the spontaneous 
breath frequency falls below the set frequency. One example 
is the S/T mode on the Philips Respironic BiPAP noninvasive 
ventilator.

3. Mandatory breaths are delivered only when the measured 
minute ventilation (i.e., product of breath frequency and 
tidal volume) drops below a preset threshold. Examples of 
this variation include Dräger’s Mandatory Minute Volume 
Ventilation mode and Hamilton’s Adaptive Support Ventila-
tion mode.
In contrast to CMV, in IMV the mandatory breath frequency 

can never be higher than the set rate, but it may be lower (i.e., 
the set frequency is a maximum value).
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Note that use of the definitions for mandatory and sponta-
neous breaths for determining the breath sequence (i.e., CMV, 
IMV, CSV) assumes normal ventilator operation. For example, 
coughing during VC-CMV may result in patient cycling for a 
patient-triggered breath due to the pressure alarm limit. 
Although inspiration for that breath is both patient triggered 
and patient cycled, this is not normal operation and the sequence 
does not turn into IMV.

Continuous spontaneous ventilation means that all breaths 
are spontaneous. Alternatively, you could think of it as the 
opposite of CMV, meaning that mandatory breaths are not 
permitted between spontaneous breaths.

Note that the definition of a breath sequence depends on  
the definition of spontaneous and mandatory breaths (Maxim 
6) and those definitions rely on the definitions of machine 
versus patient triggering and cycling (Maxims 4 and 5). The 
distinctions between CMV, IMC, and CSV are illustrated in 
Figure 45-21.

8. There Are Five Basic Ventilatory 
Patterns: VC-CMV, VC-IMV, PC-CMV, 
PC-IMV, and PC-CSV.
A ventilatory pattern is a sequence of breaths (CMV, IMV, or 
CSV) with a designated control variable (volume or pressure) 
for the mandatory breaths (or the spontaneous breaths for 
CSV). Thus, with two control variables and three breath 
sequences, there are five possible ventilatory patterns: VC-CMV, 
VC-IMV, PC-CMV, PC-IMV, and PC-CSV. The VC-CSV com-
bination is not possible because volume control implies that 
inspiration ends when the preset tidal volume is delivered, 
which implies ventilator cycling, and ventilator cycling makes 
every breath mandatory, not spontaneous (Maxim 6).

For completeness, we include the possibility of a time control 
(TC) ventilatory pattern such as TC-IMV. Although this is 
uncommon and nonconventional, it is possible, as demon-
strated by modes such as high-frequency oscillatory ventilation 
and intrapulmonary percussive ventilation. Because any mode 
of ventilation can be associated with one and only one ventila-
tory pattern, the ventilatory pattern serves as a simple mode 
classification system.

Ventilatory patterns are a simple mode classification system 
that offers practical advantages in clinical situations. We can use 
it to describe different modes a patient may experience without 
using the names for modes that vary depending on the ventila-
tor manufacturer. For example, during surgery there may be no 
need to worry about patient–ventilatory synchrony and thus we 
might say VC-CMV was used (instead of saying Volume Assist/
Control or CMV, names that relate to specific ventilators). Post-
operatively, we could say we switched to PC-CMV to allow 
unrestricted inspiratory flow when the patient begins to make 
some breathing effort (instead of saying Pressure Assist/Control 
or Pressure Control; again names of modes on specific ventila-
tors). When the patient is evaluated for extubation, a “spontane-
ous breathing trial” may be attempted using PC-CSV (instead 
of saying Pressure Support or Volume Support). Referring to 
modes in terms of breathing patterns instead of specific names 

FIGURE 45-21	 Algorithm	distinguishing	among	CSV,	CMV,	
and	IMV.	

Start

Mandatory
breaths

allowed?

Breath
sequence is

CSV
no

Breath
sequence is

CMV
no

Breath
sequence is

IMV
no

yes

yes

yes

Spontaneous
breaths

allowed between
mandatory

breaths

Spontaneous
breaths

allowed within
mandatory

breaths

Breath
sequence is

IMV
with active
exhalation

valve

on particular ventilators simplifies both verbal communication, 
and perhaps more important, documentation in the patient’s 
record.

9. Within Each Ventilatory Pattern  
There Are Several Types That Can Be 
Distinguished by Their Targeting Schemes 
(Set-Point, Dual, Bio-Variable, Servo, 
Adaptive, Optimal, and Intelligent).
Although the concept of ventilatory patterns may serve as a 
simple classification system in some cases, a better way to 
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tage is simplicity. The disadvantage is that changing 
patient condition may make the settings inappropriate, so 
that frequent manual adjustments are necessary. An 
example mode name is Volume Assist/Control.

2. Dual: The ventilator can automatically switch between 
volume control and pressure control during a single 
inspiration. The advantage is the ability to adjust to 
changing patient condition and assure either a preset tidal 
volume or peak inspiratory pressure, whichever is deemed 
most important. The disadvantage is that some forms are 
complicated, difficult to set, and need constant readjust-
ment. The original mode using dual targeting was called 
Volume Assured Pressure Support. In this mode, inspira-
tion started off in pressure control but changed to volume 
control if flow decayed to the preset value before the tidal 
volume was delivered.27 An example of the opposite 
approach, such as switching from volume control to pres-
sure control, is Flow Adaptive Volume Control on the 
Maquet SERVO-i ventilator. If the patient makes little or 
no inspiratory efforts the mode looks like VC-CMV (e.g., 
Assist/Control). But if the patient makes strong enough 
efforts, the mode looks like PC-CSV (e.g., Pressure 
Support).16

3. Bio-variable: Studies have shown that varying tidal 
volume breath-by-breath to mimic normal breathing 
improves gas exchange.28,29 Currently this biologically 
variable targeting scheme is available in only one mode, 
Variable Pressure Support on the Dräger V500 ventilator. 
The operator sets a target inspiratory pressure and a 
percent variability from 0% to 100%. A setting of 0% 
means the preset inspiratory pressure will be delivered for 
every breath. A 100% variability setting means that the 
actual inspiratory pressure varies randomly from PEEP/
CPAP level to double the preset pressure support level.

4. Servo: The output of the ventilator (pressure/volume/
flow) automatically follows a varying input. In current 
modes, this means that the inspiratory pressure is pro-
portional to the patient’s inspiratory effort; the more 
assistance the patient demands, the more the ventilator 
delivers. No other targeting scheme does this. The disad-
vantage is that it requires estimates of artificial airway 
and/or respiratory system mechanical properties or 
special equipment to monitor the respiratory effort signal. 
Example mode names include Automatic Tube Compen-
sation (ATC), Proportional Assist Ventilation (PAV), and 
Neurally Adjusted Ventilatory Assist (NAVA).

identify the differences among modes is necessary. To do this, 
we need a deeper understanding of the feedback control schemes 
used by engineers who design modes. We refer to these as target-
ing schemes.

Targeting  Schemes.  Figure 45-22 illustrates a basic sche-
matic of a closed-loop or feedback control scheme. The opera-
tor sets a desired input, for example, inspiratory pressure. The 
software sends control signals to the flow control and exhalation 
valves. The manipulated variable (typically flow) is delivered to 
the patient. The resulting inspiratory pressure (the output) is 
measured as a feedback signal and compared to the input 
setting. A variety of disturbances, such as patient circuit char-
acteristics, leaks, patient ventilatory efforts, and respiratory 
system mechanics, to name a few, can affect the output. Any 
difference between the input and output generates an error 
signal that is passed on to the control valves to bring the output 
closer to the input. This system is referred to as a targeting 
scheme in this chapter as it relates to modes of ventilation.

The targeting scheme is a key component of a mode descrip-
tion. A target is basically a predetermined goal of ventilator 
output. Pressure, volume, and flow waveforms are called within-
breath targets. Inspiratory pressure, rise time, inspiratory flow 
and tidal volume (set-point and dual targeting), and constant 
of proportionality between inspiratory pressure and patient 
effort (servo targeting) are examples of within-breath targets. 
Preset values within a breath that end inspiration, such as tidal 
volume, inspiratory time, or percent of peak flow, may also be 
considered cycle variables.

There may also be between-breath targets. These serve to 
modify the within-breath targets or the overall ventilatory 
pattern. Between-breath targets are used with more advanced 
targeting schemes, where targets act over multiple breaths. A 
simple example of a between-breath target is comparing actual 
exhaled volume to a preset between-breath tidal volume to 
automatically adjust the within-breath constant pressure or 
flow target for the next breath. Average tidal volume (for adap-
tive targeting), percent minute ventilation (for optimal target-
ing), and combined PCO2, volume, and frequency values 
describing a zone of comfort (for intelligent targeting) are 
examples of between-breath targets and targeting schemes.

There are at least seven targeting schemes used on commer-
cially available ventilators:26

1. Set-point: The operator sets all parameters of the pressure 
waveform (pressure control modes) or volume and flow 
waveforms (volume control modes) and the ventilator 
makes no automatic adjustments to targets. The advan-

FIGURE 45-22	 Schematic	of	a	closed	loop	feedback	control	scheme	for	a	ventilator.	(Courtesy	Mandu	Press	Ltd.)
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or they do not match the patient’s actual physiology. The 
only mode currently using this is Adaptive Support Ven-
tilation (ASV).

7. Intelligent: A targeting scheme that uses artificial intelli-
gence programs such as fuzzy logic, rule-based expert 
systems, and artificial neural networks. The advantage is 
that it can adjust to changing patient condition. The dis-
advantage is that the automatic adjustment may be 
inappropriate if the algorithm assumptions are violated 
or they do not match the patient’s actual physiology. 
The only modes currently using this scheme are 
SmartCare/PS and IntelliVent (not available in the 
United States).

These targeting schemes along with example modes that use 
them are summarized in Table 45-2.

5. Adaptive: The ventilator automatically sets target(s) 
between breaths in response to varying patient condi-
tions. The advantage is that it can adjust to changing 
patient lung mechanics (including inspiratory effort). 
The disadvantage is that the automatic adjustment may 
be inappropriate if the algorithm assumptions are  
violated or they do not match the patient’s actual  
physiology.30 The first mode to use this was called 
Pressure Regulated Volume Control.

6. Optimal: The ventilator automatically adjusts the targets 
of the ventilatory pattern to either minimize or maximize 
some overall performance characteristic. The advantage 
is that it can adjust to changing patient condition. The 
disadvantage is that the automatic adjustment may be 
inappropriate if the algorithm assumptions are violated 

TABLE 45-2 

Specifications for Some Modes Found on the Draeger Evita XL Ventilator

Name 
(Abbreviation)

Description Advantage Disadvantage Example Mode 
Name

Ventilator 
(Manufacturer)

Set-point	(s) The	operator	sets	all	
parameters	of	the	
pressure	waveform	
(pressure	control	modes)	
or	volume	and	flow	
waveforms	(volume	
control	modes)

Simplicity Changing	patient	
conditions	may	make	
settings	inappropriate

Volume	control	
CMV

Evita	Infinity	
V500	(Drager)

Dual	(d) The	ventilator	can	
automatically	switch	
between	volume	control	
and	pressure	control	
during	a	single	inspiration

It	can	adjust	to	changing	
patient	conditions	and	
ensure	either	a	pre-set		
VT	or	peak	inspiratory	
pressure,	whichever	is	
deemed	most	important

It	may	be	complicated	to	
set	correctly	and	may	
need	constant	
readjustment	if	not	
automatically	controlled	
by	the	ventilator

Volume	control Servo-I	
(Maquet)

Servo	(r) The	output	of	the	ventilator	
(pressure/volume/flow)	
automatically	follows	a	
varying	input

Support	by	the	ventilator	is	
proportional	to	inspiratory	
effort

It	requires	estimates	of	
artificial	airway	and/or	
respiratory	system	
mechanical	properties

Proportional	
assist	
ventilation

PB840	
(Covidien)

Adaptive	(a) The	ventilator	automatically	
sets	target(s)	between	
breaths	in	response	to	
varying	patient	conditions

It	can	maintain	stable	VT	
delivery	with	pressure	
control	for	changing	lung	
mechanics	or	patient	
inspiratory	effort

Automatic	adjustment	
may	be	inappropriate	if	
algorithm	assumptions	
are	violated	or	if	they	do	
not	match	physiology

Pressure-
regulated	
volume	
control

Servo-I

Bio-variable	
(b)

The	ventilator	automatically	
adjusts	the	inspiratory	
pressure	or	VT	randomly

It	simulates	the	inspiratory	
time	or	VT	observed	
during	normal	breathing	
and	may	improve	
oxygenation	or	mechanics

Manually	set	range	of	
variability	may	be	
inappropriate	to	achieve	
goals

Variable	
pressure	
support

Evita	Infinity	
V500

Optimal	(o) The	ventilator	automatically	
adjusts	the	targets	of	the	
ventilator	pattern	to	either	
minimize	or	maximize	
some	overall	performance	
characteristic	(e.g.,	work	
or	rate	of	breathing)

It	can	adjust	to	changing	
lung	mechanics	or	patient	
inspiratory	effort

Automatic	adjustment	
may	be	inappropriate	if	
algorithm	assumptions	
are	violated	or	if	they	do	
not	match	physiology

ASV GS	(Hamilton	
Medical)

Intelligent	(i) This	is	a	targeting	scheme	
that	uses	artificial	
intelligence	programs	
such	as	fuzzy	logic,	
rule-based	expert	
systems,	and	artificial	
neural	networks

It	can	adjust	to	changing	
lung	mechanics	or	patient	
inspiratory	effort

Automatic	adjustment	
may	be	inappropriate	if	
algorithm	assumptions	
are	violated	or	if	they	do	
not	match	physiology

SmartCare/PS
IrdelliVent-ASV

Evita	Infinity	
V500

S1	(Hamilton	
Medical)
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Limitations  of  Automatic  Targeting  Schemes.  As target-
ing schemes have evolved, they have become more automated 
and, as a result, more complicated. Automation relies on various 
assumptions—for example, that compliance and resistance are 
linear or that a patient’s carbon dioxide production is a particu-
lar number of mL per minute. If the underlying assumptions 
of a targeting scheme are violated, unexpected and possibly 
unwanted results may result. Set-point targeting provides an 
example. This targeting scheme assumes constant respiratory 
system mechanics. If respiratory system mechanics change 
rapidly, either peak airway pressure (during volume control 
ventilation) or tidal volume (during pressure control ventila-
tion) may become unstable and drift out of acceptable ranges.

Dual targeting assumes that mechanics may change but may 
be useless without careful setting of the criteria for switching 
between volume- and pressure-control breaths. Servo control 
requires accurate data for respiratory system mechanical prop-
erties, such as resistance and elastance; if the data are unavail-
able, the mode cannot be used. Some forms of adaptive targeting 
assume that changes in respiratory system mechanics are related 
only to compliance. The ventilator is unable to distinguish 
between patient inspiratory effort and an increase in compli-
ance. The targeting scheme is fooled into decreasing support 
when the patient needs it most.30

Optimal targeting is based on mathematical models (e.g., the 
relations among power of breathing, lung mechanics, frequency, 
and tidal volume). When the models do not match the actual 
physiology of the patient, they may instruct the ventilator to do 
inappropriate things (e.g., hyper/hypoventilate the patient or 
increase risk of ventilator-induced lung damage).

Intelligent targeting systems may rely on rules in the form of 
“if…then” statements; “if the patient does this, then the ventila-
tor should do that.” Ventilator algorithms or operational rules 
are derived from the consensus of clinical experts. These rules 
currently cover a very small set of actual clinical scenarios. 
Assumptions upon which the artificially intelligence system are 
based may be easily violated by actual patient conditions. For 
example, the targeting scheme might assume that the patient 
can be aggressively weaned when in fact the patient is not ready. 
Awareness of these drawbacks of ventilator technology should 
prompt the clinician to fully understand both the capabilities 
and limitations of the modes used.

10. A Mode of Ventilation is Classified 
According to Its Control Variable, Breath 
Sequence, and Targeting Scheme(s).
In general terms, a mode of ventilation is a predefined pattern 
of interaction between the ventilator and the patient. Histori-
cally, modes have been referred to by the names coined by 
ventilator manufacturers, who use them as marketing devices. 
As a consequence, there are now so many different names that 
understanding and comparing all modes has become nearly 
impossible. The solution is to use a taxonomy or formal classi-
fication system. The use of a taxonomy may make it easier  
(1) to compare research reports and facilitate the development 
of evidence-based clinical practice; (2) for clinicians to select 

the most appropriate modes, making optimal ventilator man-
agement more likely; and (3) for manufacturers to communi-
cate with clients, thus improving the effectiveness of both sales 
and training.

The taxonomy of modes is based on the concepts of the 
control variable, the breath sequence, and the targeting scheme, 
as described in the previous nine maxims.

The Taxonomy for Mechanical 
Ventilation

A taxonomy is a hierarchy (outline) of concepts starting with 
the most general and progressing to more specific with each 
successive level of the outline. The ventilator mode taxonomy 
has four hierarchical levels (analogous to the order, class, genus, 
and species used in biology)17,18

1. Control variable (pressure or volume)
A. Breath sequence (CMV, IMV, or CSV)

i. Primary breath targeting scheme (for CMV or CSV)
a. Secondary breath targeting scheme (for IMV)

The “primary breath” is either the only breath there is (man-
datory for CMV and spontaneous for CSV) or it is the manda-
tory breath in IMV. The targeting schemes can be represented 
by single, lower case letters: set-point = s, dual = d, servo = r, 
bio-variable = b, adaptive = a, optimal = o, intelligent = i. For 
example, on the Covidien PB 840 ventilator there is a mode 
called A/C Volume Control. This mode is classified as volume 
control, continuous mandatory ventilation with set-point tar-
geting, represented by VC-CMVs. A mode with the same func-
tionality on the Dräger Evita XL ventilator is called Continuous 
Mandatory Ventilation. On that ventilator, you can alter the 
targeting scheme by activating a feature called AutoFlow. This 
changes the mode to pressure control continuous mandatory 
ventilation with adaptive targeting, PC-CMVa. Finally, some 
modes represent compound targeting schemes. For example, 
some ventilators offer Tube Compensation, a feature that 
increases inspiratory pressure in proportion to flow to support 
the resistive load of breathing through an artificial airway. This 
is a form of servo targeting. On the Dräger Evita XL, you can 
add Tube Compensation to CMV with AutoFlow to get a mode 
classified as PC-CMVar (ar represents the compound targeting 
scheme composed of servo added to set-point). A mode classi-
fied as pressure control intermittent mandatory ventilation 
with set-point control for both primary (mandatory) and sec-
ondary (spontaneous) breaths would have a tag that looks like 
this: PC-IMVs,s. If you added Tube Compensation to the spon-
taneous breaths (e.g., Covidien PB 840) the tag would change 
to PC-IMVs,sr. If you added it to both mandatory and sponta-
neous breaths (e.g., Dräger Evita XL), the tag would change to 
PC-IMVsr,sr.

The structure of this mode classification system is reminis-
cent of the taxonomy of biological organisms comprised  
of order (control variable), family (breath sequence), genus 
(primary targeting scheme), and species (secondary targeting 
scheme). Modes in the same “species” can be further differenti-
ated by describing their “species variety” in term of their phase 
variables (i.e., trigger and cycle variables plus the within- and 
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Step 1: Identify the control variable. Simply put, if you set 
inspiratory pressure, or if pressure is proportional to inspi-
ratory effort, then the control variable is pressure. On the 
contrary, if you set tidal volume and inspiratory flow, then 
the control variable is volume. Figure 45-23 shows the  
decision algorithm with a few refinements to accommodate 
dual targeting.

Step 2: Identify the breath sequence. Figure 45-24 shows the 
decision rubric.

Step 3: Identify the targeting schemes for the primary and (if 
applicable) secondary breaths (see Table 45-2).

Examples
To demonstrate these steps, we will classify some of the most 
commonly used modes in intensive care units, starting with A/C 
Volume Control (Covidien PB 840). For this mode, both 

between-breath targets and control algorithms). An example of 
the use of a “species variety” description is to distinguish 
between Proportional Assist Ventilation and Neurally Adjusted 
Ventilatory Assist, both of which are forms of PC-CSVr. They 
can be distinguished simply by noting that PAV breaths are 
triggered and cycled with flow signals whereas NAVA is trig-
gered and cycled with an electrical signal representing dia-
phragm activation. Of course there are a great many other 
distinguishing features (e.g., targeting algorithms) but these are 
better described in the operator’s manuals than, for example, in 
a general classification table.

How to Classify Modes

Translating the name of a mode into a mode classification  
using the taxonomy we have described is a simple three-step 
procedure:

FIGURE 45-23	 Algorithm	for	determining	the	control	variable	of	a	mode.	(Courtesy	Mandu	Press	Ltd.)
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FIGURE 45-24	 Algorithm	for	determining	the	breath	sequence	of	a	mode.	(Courtesy	Mandu	Press	Ltd.)
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Breath Sequence Identification

inspiratory volume and flow are preset, so the control variable 
is volume. Every breath is volume cycled, which is a form of 
machine cycling. Any breath for which inspiration is machine 
cycled is classified as a mandatory breath. Hence, the breath 
sequence is continuous mandatory ventilation. Finally, the 

operator sets all the parameters of the volume and flow wave-
forms, so the targeting scheme is set-point. Thus, the mode is 
classified as volume control continuous mandatory ventilation 
with set-point targeting (the tag or abbreviation is thus 
VC-CMVs).
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a form of patient cycling because the time constant of the 
patient’s respiratory system determines when the cycle thresh-
old is met for passive exhalation. Alternatively, the patient may 
make an expiratory effort that cycles inspiration off. Either way, 
a patient-triggered and patient-cycled breath is a spontaneous 
breath. Thus, spontaneous breaths may occur between manda-
tory breaths and the breaths sequence is actually IMV. Finally, 
the tag for this mode is VC-IMVd,d. Note that with dual target-
ing modes we need to identify which control variable is in effect 
at the start of inspiration (Figure 45-23) and in this case it is 
volume. In contrast, the mode called Pressure A/C with Machine 
Volume (CareFusionAvea) incorporates dual targeting, it starts 
out in pressure control and may switch to volume control.

Finally, some modes are comprised of compound targeting 
schemes. For example, some ventilators offer Tube Compensa-
tion, a feature that increases inspiratory pressure in proportion 
to flow to support the resistive load of breathing through an 
artificial airway. This is a form of servo targeting. On the Dräger 
Evita XL, Tube Compensation can be added to CMV with Auto-
Flow to get a mode classified as PC-CMVar (ar represents the 
compound targeting scheme composed of servo added to set-
point, with no comma because there are only primary breaths). 
A mode classified as pressure control intermittent mandatory 
ventilation with set-point control for both primary (manda-
tory) and secondary (spontaneous) breaths would have a tag 
that looks like this: PC-IMVs,s (with a comma to denote 
primary and secondary breaths). If you added Tube Compensa-
tion to the spontaneous breaths (e.g., Covidien PB 840) the tag 
would change to PC-IMVs,sr. If you added it to both mandatory 
and spontaneous breaths (e.g., Dräger Evita XL) the tag would 
change to PC-IMVsr,sr. Another example is IntelliVent mode 
(Hamilton G5 ventilator), which uses optimal targeting to min-
imize the work rate and intelligent targeting to establish lung 
protective limits and adjust PEEP and FiO2. The tag for this 
mode is PC-CMVoi,oi.

The utility of this taxonomy becomes evident when compar-
ing modes on different ventilators (e.g., for making a purchase 
decision). For example, suppose your hospital has standardized 
on two common ICU ventilators, the Covidien PB 840 and the 
Maquet SERVO-i. You could construct a simple pocket card to 
show how the different names of modes are actually the same 
by classification (Table 45-3); the mode called Assist/Control 
Volume Control Plus on the PB 840 is the same as the mode 
called Pressure Regulated Volume Control on the SERVO-i, as 
indicated by the fact that they have the same tag: PC-CMVa.

COMPARING MODES OF 
MECHANICAL VENTILATION

The use of the ventilator mode taxonomy allows clinicians to 
appropriately match the technology to the patients’ needs. Cli-
nicians must not only know what tool to use but how to use it. 
Knowing how to use a mode involves understanding the tech-
nological capabilities of the mode and how they serve the goals 
of mechanical ventilation. These goals are safety, comfort, and 
liberation. Safety means maintaining adequate gas exchange 

Another common mode is Volume Control Plus (Covidien 
PB 840). For this mode, the operator sets the tidal volume but 
not the inspiratory flow. Because setting volume alone (like 
setting flow alone) is a necessary but not sufficient criterion for 
volume control, the control variable is pressure. Spontaneous 
breaths are allowed between mandatory breaths, which means 
the breath sequence is IMV. The ventilator adjusts the inspira-
tory pressure of mandatory breaths to achieve an average preset 
tidal volume, making the primary targeting scheme adaptive. 
Spontaneous breaths between mandatory breaths are either 
CPAP or Pressure Support, so the targeting scheme is set-point. 
The mode tag is thus PC-IMVa,s.

A very common mode for spontaneous breathing trials (or 
for assistance of spontaneous breaths in IMV modes) is Pres-
sure Support. For this mode, the operator sets an inspiratory 
pressure, so the control variable is pressure. All breaths are 
patient triggered and patient cycled (note what was said about 
flow cycling above), so the breath sequence is CSV. Because the 
ventilator does not adjust any of the parameters of the breath, 
the targeting scheme is set-point and the tag is PC-CSVs.

If carefully applied, the taxonomy has the power to clarify 
and unmask hidden complexity in a mode that has a cryptic 
name. Take for example the mode called CMV+AutoFlow on the 
Dräger Evita XL ventilator. While “CMV” on this ventilator is 
the same as “Volume Assist/Control” described above, adding 
the “AutoFlow” feature changes it to a completely different 
mode. For CMV+AutoFlow, the operator sets a target tidal 
volume but not inspiratory flow. Indeed, inspiratory flow is 
highly variable because the ventilator actually sets the inspira-
tory pressure within a breath. Thus, the control variable, accord-
ing to the equation of motion, is pressure. Every inspiration is 
time cycled and hence every breath is mandatory and the breath 
sequence is continuous mandatory ventilation (CMV). The 
ventilator adjusts the inspiratory pressure between breaths to 
achieve an average tidal volume equal to the preset value using 
an adaptive targeting scheme. Thus, the mode is classified as 
pressure control continuous mandatory ventilation with adap-
tive targeting (PC-CMVa).

On the other hand, the taxonomy also can unmask the com-
plexity in an apparently simple mode. The mode called Volume 
Control (Maquet SERVO-i) allows setting of tidal volume and 
inspiratory time. Setting both volume and inspiratory time is 
equivalent to setting mean inspiratory flow (flow = volume/
time), hence the control variable is volume. Every breath is 
normally time cycled and hence mandatory, so our initial 
thought is that the breath sequence is CMV. The tricky part is 
the targeting scheme. The operator’s manual states that “if a 
pressure drop of 3 cm H2O is detected during inspiration, the 
ventilator (switches) to Pressure Support with a resulting 
increase in inspiratory flow.” This indicates dual targeting as 
described in maxim 9. Noting that the breath may switch to 
Pressure Support alerts us that the breath sequence is not what 
it first seemed to be. A breath may be patient triggered with a 
patient inspiratory effort, and if the effort is large enough and 
long enough, inspiration is flow cycled, not time cycled. Flow 
cycling (at a certain percentage of peak inspiratory pressure) is 
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TABLE 45-3 

Example of Pocket Card Comparing Mode 
Names from Two Common ICU Ventilators

Covidien PB 840 Mode Tag

A/C	Volume	Control VC-CMVs
SIMV	Volume	Control	with	Pressure	Support VC-IMVs,	s
SIMV	Volume	Control	with	Tube	Compensation VC-IMVs,	r
A/C	Pressure	Control PC-CMVs
A/C	Volume	Control	Plus PC-CMVa
SIMV-Pressure	Control	with	Pressure	Support PC-IMVs,	s
SIMV-Pressure	Control	with	Tube	Compensation PC-IMVs,	r
Bilevel	with	Pressure	Support PC-IMVs,	s
Bilevel	with	Tube	Compensation PC-IMVs,	r
SIMV	Volume	Control	Plus	with	Pressure	Support PC-IMVa,	s
SIMV	Volume	Control	Plus	with	Tube	

Compensation
PC-IMVa,	r

Spont	Pressure	Support PC-CSVs
Spont	Tube	Compensation PC-CSVr
Spont	Proportional	Assist PC-CSVr
Spont	Volume	Support PC-CSVa

Maquet Servo-1 Mode Tag

Volume	Control VC-IMVd,	d
SIMV	(Volume	Control) VC-IMVd,	d
Automode	(Volume	Control	to	Volume	Support) VC-IMVd,	a
Pressure	Control PC-CMVs
Pressure	Regulated	Volume	Control PC-CMVa
SIMV	(Pressure	Control) PC-IMVs,	s
Bi-Vent PC-IMVs,	s
Automode	(Pressure	Control	to	Pressure	Support) PC-IMVs,	s
SIMV	Pressure	Regulated	Volume	Control PC-IMVa,	s
Automode	(Pressure	Regulated	Volume	Control	

to	Volume	Support)
PC-IMVa,	a

Spontaneous/CPAP PC-CSVs
Pressure	Support PC-CSVs
Neurally	Adjusted	Ventilatory	Assist PC-CSVr
Volume	Support PC-CSVa

S,	Set-point;	d,	dual;	r,	servo;	a,	adaptive.

and hemodynamics while avoiding harm in the form of atelec-
trauma and volutrauma. Comfort means optimizing synchrony 
between the patient and the ventilator. Liberation means getting 
the patient off the ventilator in the shortest time with the fewest 
adverse events.

These goals can be further refined into specific objectives 
and clinical aims that may then be applied to individual patients. 
Goals, objectives, and aims are the product of a clinical assess-
ment. After identifying the patient’s need, the clinician simply 
matches those needs to the technological capabilities of the 
available modes of ventilation.31

TYPES OF VENTILATORS

Conventional Versus  
High-Frequency Ventilators

Ventilators may be divided into categories according to type  
and the setting in which the ventilator will be used. The two 
categories ventilators may be divided into are conventional and 

MINI CLINI
Calculate the Expiratory Time  
Setting from the Frequency  
and Inspiratory Time

PROBLEM:  You are assigned to the neonatal intensive care 
unit (NICU) and have successfully intubated a newborn term 
infant diagnosed with respiratory distress syndrome. You are 
manually ventilating the infant with a flow-inflating bag at a 
frequency of 25 breaths per minute. An inline manometer indi-
cates the PIP is approximately 24 cm H2O and the PEEP is 4 cm 
H2O. The infant’s vital signs (heart rate, respiratory rate, and 
blood pressure) are within normal limits and Spo2 is 95%. The 
pressure and frequency you are using manually will serve as  
the initial ventilator settings on an infant ventilator. With this 
particular ventilator, however, setting the inspiratory and  
expiratory times determines the frequency. The attending phy-
sician has requested an inspiratory time (TI) of 0.3 seconds. 
Calculate the expiratory time (TE) necessary to give the desired 
frequency.
Discussion:  Step 1: Compute the total cycle time (TCT) 

using the frequency (f):

TCT
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Step 2: Compute the expiratory time:

T TCT T secondsE I= = =- -2 4 0 3 2 1. . .

Step 3: Check the digital display to verify the set frequency 
remains at 25/minute.

nonconventional. Conventional ventilators produce breathing 
patterns that are at or near physiologic normal values for the 
intended population (e.g., adult, pediatric, and infant). There 
are also manufacturing limits on the maximum breath rate a 
conventional ventilator may deliver. The Food and Drug 
Administration places a maximum breath rate limit of 150 
breaths per minute for conventional ventilators. Tidal volumes 
that are either operator set or delivered to the patient as a result 
of a preset pressure through a conventional ventilator are suf-
ficient or large enough to clear anatomic dead space. Con-
versely, high-frequency ventilators typically produce respiratory 
frequencies or breathing rates that are much higher than physi-
ologically possible and tidal volumes that are less than anatomic 
dead space.

Conventional Ventilators
Conventional ventilators may be used with a variety of inter-
faces in the critical care setting. Options are available on  
this type of ventilator for use with an artificial airway (endotra-
cheal or tracheostomy tube) or noninvasively with a variety of 
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internal battery. The SERVO-i, for example has a plug-in battery 
module. This ventilator can provide at least 3 hours of uninter-
rupted power supply when six rechargeable 12-volt batteries are 
used in the module. Uninterrupted ventilatory assistance may 
then be provided not only in the critical care setting, but during 
interhospital transport. Minimizing circuit disconnections can 
enhance safety by reducing the risks for derecruitment, hemo-
dynamic instability, and factors contributing to nosocomial 
infections. The aforementioned features provide a platform 
through which clinicians may optimize the patient–ventilator 
interaction.

High-Frequency Ventilators
The availability of sophisticated devices such as jet ventilators 
and high-frequency oscillators facilitates ventilatory manage-
ment of infants, children, and adults in the PC-IMV mode who 
fail to maintain adequate oxygenation and acid-base balance 
with conventional ventilatory support. High-frequency jet ven-
tilators, such as the Bunnell Life Pulse (Bunnell Inc., Salt Lake 
City, UT), deliver short bursts, or jet pulses, of mixed gas 
through a special adaptor for endotracheal tubes or a specially 
designed endotracheal tube. High-frequency jet ventilators 
require a high pressure source (20 to 50 psig) to function. This 
type of ventilator consists of a system for regulating inlet pres-
sure (psig), a cycling mechanism, and a device such as an air-
oxygen blender for controlling FIO2. The small volumes of gas 
are delivered at rapid rates (4 to 250 times the normal respira-
tory rate). The benefits of rescue and elective use of high-
frequency jet ventilation (HFJV) as a treatment for acute lung 
disease and adult respiratory distress syndrome are unclear. 
However, the literature supports its effectiveness in maintaining 
alveolar ventilation and reducing morbidity during surgical 
repair of tracheal and airway anomalies.

High-frequency oscillation (HFO) also allows very small 
tidal volumes to be delivered at rapid frequencies (180 to 1200 
cycles per second). High-frequency oscillators utilize a piston 
or diaphragm to produce the airflow oscillations. Tidal volume 
is dependent on the force and distance the piston moves from 
baseline. A special endotracheal tube is not required to imple-
ment this form of PC-IMV. The SensorMedics 3100A and 3100 
B high-frequency oscillators (CareFusion, San Diego, CA) are 
approved and commercially available for use in neonatal/
pediatric (<35 kg) and pediatric/adult populations (>35 kg), 
respectively.

Classification of Ventilators by Use

Ventilators may also be categorized by the setting in which they 
are used, specifically critical care, subacute, home care and long-
term care, and transport. Their designs match the needs of the 
population as well as the unique characteristics of the setting in 
which they are used. Ventilator manufacturers have paid par-
ticular attention to economic constraints health care facilities 
are facing. Innovations in ventilator design have broadened 
their use across settings. An example of this is the use of ventila-
tors for different patient ages. Although ventilators will not be 
subcategorized as adult or pediatric in this chapter, is it crucial 

interfaces (e.g., nasal, oronasal, or full face masks). The avail-
ability of the noninvasive option eliminates the need for a 
standalone noninvasive ventilator. However, standalone nonin-
vasive ventilators do have applications and are also used in the 
critical care setting. Detail will be given to this type of ventilator 
in the latter portion of this chapter. Ventilators used in the criti-
cal care environment have the capability to assess and monitor 
complex ventilator–patient interactions. Work of breathing and 
the intricacies of breath delivery may be examined by evaluating 
numerically or graphically displayed data. Many ventilators also 
apportion automatic adjustments to breath delivery in response 
to changes in lung mechanics and parameters preset by the 
operator. In addition to universal patient population applica-
tions, some critical care ventilators are manufactured with an 

MINI CLINI
Calculate Inspiratory Hold Time Given 
Set Inspiratory Time, Tidal Volume,  
and Flow

PROBLEM:  You are performing a ventilator check on an ICU 
patient with a blunt chest trauma. The ventilator is set to 
deliver volume control SIMV. The physician wants the 
minimum mean airway pressure for the given level of ventila-
tion to preserve the patient’s already low cardiac output. She 
asks you to make sure the night shift therapist removed the 
inspiratory hold. Determine from the ventilator settings alone 
whether there is an inspiratory hold, and if so, make the appro-
priate changes to eliminate it.
Ventilator settings are:
Tidal volume: 500 ml = 0.5 L
Inspiratory flow: 60 L/min = 1 L/sec
Inspiratory time: 0.8 second
Frequency: 10 breaths per minute
Discussion:  Step 1: Calculate the inspiratory flow time (TIF) 

using appropriate unit conversions:
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L

mL
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Step 2: Compare the set inspiratory time (0.8 second) with the 
flow time resulting from the tidal volume and flow settings 
(0.5 second). Inspiratory time lasts longer than inspiratory 
flow. Because inspiration is time cycled, this means that 
there is an inspiratory hold of duration equal to 0.8 − 0.5 = 
0.3 second.

Step 3: You could eliminate the inspiratory hold either by 
decreasing the inspiratory flow or decreasing the inspira-
tory time. Your goal is to minimize the mean inspiratory 
pressure. You choose to decrease inspiratory time for two 
reasons: (1) it decreases the I : E ratio and may allow more 
time for spontaneous breaths to occur, thus lowering mean 
intrathoracic pressure; (2) decreasing inspiratory flow may 
make tidal volume delivery slower than the patient demands, 
thus decreasing patient–ventilator synchrony.
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able to support the ventilatory needs of the patient and provide 
supplemental oxygen in a venue where compressed gas resources 
are limited, power supply interruptions may occur, and patient 
mobility needs must be met. The interface on this type of ven-
tilator is much simpler than those found on ventilators used in 
critical or subacute care. The availability of a low-pressure input 
port is an essential feature that allows supplemental oxygen to 
be delivered by stationary and portable devices commonly used 
in the home, such as oxygen concentrators, small high-pressure 
tanks, and portable liquid oxygen reservoirs. Machine dimen-
sions are also an important consideration, and this type of 
ventilator is generally compact in nature. The option to lock 
operator-set parameters minimizes the occurrence of inadver-
tent setting changes and concomitant alterations in alveolar 
ventilation and acid-base balance.

Ventilators used in home care and extended care facilities 
require not only an internal battery for brief power interrup-
tions, but connections for an external battery when the power 
supply is interrupted for extended periods of time due to 
natural disasters, man-made occurrences, and participation in 
academic, employment, or recreational activities. The Carina 
home ventilator (Dräger Medical) is an example of a home 
ventilator that can provide invasive or noninvasive ventilation. 
Although the ventilator’s primary power source is 100-V or 
240-V AC, the internal battery provides patients with approxi-
mately 2 hours of power. There is also an external battery pack 
that offers an additional 10-hour power supply when fully 
charged.

Transport Ventilators
Transport ventilators share attributes common to ventilators 
used in the home and critical care environments. It is necessary 
for this ventilator type to be lightweight, compact, durable, 
maintained on a reliable power supply, and have low com-
pressed gas consumption. The ventilator interface should be 
easy to navigate, allowing the clinician to set or change param-
eters prior to or during movement to and from a prescribed 
destination. Operator-set and monitored data should be visible 
under optimal conditions or conditions of low ambient light. 
These characteristics enhance patient safety and minimize the 
potential for complications or adverse effects to occur during 
air or ground transport. Monitoring is also an important con-
sideration. Clinical practice guidelines recommend the level of 
monitoring during patient transport be analogous with that 
provided to the patient during stationary care. Modern trans-
port ventilators provide the ability to display scalar waveforms 
and numerical data. The BioMed Crossvent 4+ (BioMed 
Devices, Inc. Guilford, Conn.) is an example of a ventilator that 
can be used to transport critically ill patients of any age, from 
infant to adult. This particular ventilator may be configured 
with a blender, to allow for the delivery of a range of oxygen 
concentrations from 21% to 100% or with an air-entrainment 
unit that delivers either 50% or 100% oxygen without the need 
for an external air supply source. Pressure-controlled and 
volume-controlled ventilation may be provided in the CMV, 
IMV, or CSV mode. Tidal volumes may be adjusted from 5 to 

for the practitioner to be aware of the factors such as minimal 
tidal volume limits, trigger sensitivity, response time, and avail-
ability of leak compensation when selecting a ventilator for use 
with the pediatric population.

Critical Care Ventilators
Critical care ventilators provide clinicians with sophisticated 
methods for breath delivery. This class of ventilators also pro-
vides advanced monitoring capabilities and tools that enable 
clinicians to readily assess the patient–ventilator interaction. 
Calculations of lung mechanics parameters including auto-
PEEP, static and dynamic compliance, inspiratory/expiratory 
resistance, rapid shallow breathing index, time constant, and 
work of breathing are integrated into ventilators used in this 
environment. Integrated physiologic noninvasive and invasive 
assessment tools, such as esophageal pressure monitoring and 
end-tidal CO2 monitoring are also commercially available. The 
availability of these features equips bedside caregivers with the 
tools needed to assess patient–ventilator interaction and match 
ventilator capability with physiologic need.

Subacute Care Ventilators
Generally, mechanically ventilated patients in this setting have 
a stable cardiopulmonary status. Their condition is such that 
the care provided in this setting does not depend heavily on 
high-technology monitoring or complex diagnostic procedures. 
Rather, the focus is on coordinated services aimed at managing 
complex medical conditions, liberation from ventilatory sup-
port, and rehabilitation services. Ventilators used in this care 
venue have less sophisticated monitoring systems and mode 
options. Subacute care may be rendered in freestanding facili-
ties or within a specialized unit within a hospital. As a result, 
the design of ventilators used in this environment bridge the 
gap between those designed specifically for critical care and 
those designed for home care and extended skilled care. As one 
example of this category of ventilators, The Savina (Dräger 
Medical, Telford, PA) offers some features of critical care venti-
lators, such as graphic display of pressure, volume, and flow 
waveforms, and the availability of a noninvasive ventilation 
mode of operation. The availability of a low-pressure oxygen 
option enables oxygen delivery independent of a central gas 
supply. An oxygen concentrator can be used to supply oxygen 
to the patient breathing circuit. This is analogous to oxygen 
delivery methods used by ventilators in the home care and long-
term care environment.

Home Care Ventilators
Patients with chronic respiratory failure from primary pulmo-
nary disease, trauma, or neuromuscular disease may require 
ventilatory assistance to augment or replace spontaneous 
breathing and maintain life. Ventilators designed for use in the 
home or at long-term care institutions facilitate the transition 
of patients from the acute and subacute care environment to 
one focusing on enhancing the individual’s quality of life, and 
provision of services to sustain or improve physical and physi-
ologic function in a cost-efficient manner. Ventilators must be 
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2500 mL and flow delivered at rates up to 120 L/minute. The 
internal battery offers 6 hours of uninterrupted power when 
fully charged. This unit is small (28 cm × 25.4 cm × 14 cm) and 
weighs less than 5 kg. The unit’s main display screen is color 
and backlit for enhanced visibility.

Noninvasive Ventilators
Noninvasive ventilation is used across the continuum of care—
from critical care to home care—with individuals of any age. 
As previously mentioned, a noninvasive ventilation feature may 
be incorporated in critical care ventilators (e.g., SERVO-i and 
Puritan Bennett 840), subacute ventilators (Savina), and home 
care ventilators (Carina). However, standalone noninvasive ven-
tilators exist and are extensively used in a variety of settings 
from the hospital to home. In the acute and critical care setting, 
noninvasive ventilators have been used to reduce complications 
associated with diagnostic procedures, such as bronchoscopy, as 
well as in the treatment of acute respiratory insufficiency, respi-
ratory failure and prevention of postextubation failure. This 
technology has also been associated with positive outcomes in 
the outpatient setting. The literature reports the use of nonin-
vasive ventilation to restore and maintain adequate alveolar 
ventilation with individuals compromised by neuromuscular 
disorders, congestive heart failure, chronic obstructive lung 
disease, and sleep-disordered breathing.

There are features common to home and hospital-grade 
units that enhance patient comfort and promote adherence to 
therapy. Ramp time allows the clinician to program a delay in 
the initiation of a delivered inspiratory pressure. Ramp time is 
usually adjustable (e.g., 0 to 45 minutes), during which the 
patient breathes at a preset or operator-set expiratory pressure 
(e.g., 4 cm H2O). Likewise, rise time can be altered to reduce 
pressure overshoot and enhance breath delivery. The ability  
to detect and quantify interface leak, estimated tidal volume, 
and minute ventilation delivery are additional helpful tools. 
Hospital-grade units have the capability to display patient data 
in graphic and numeric form. Clinicians are able to view pres-
sure, flow, and scalar waveforms, for example, on the BiPAP 
Vision (Respironics Inc., Murrysville, PA). As with critical care 
ventilators, careful analysis of waveforms may assist clinicians 
in the identification and correction of patient–ventilator 
synchrony.

SUMMARY CHECKLIST

◗	Ventilators	can	be	described	in	terms	of	their	input	power	
requirements	(e.g.,	electrical	or	pneumatic)	and	how	the	
input	power	is	transformed	into	desired	outputs	of	
pressure,	volume,	and	flow.

◗	A	key	feature	of	a	ventilator	is	the	variety	of	modes	of	
ventilation	it	offers.

◗	A	mode	of	ventilation	is	a	predetermined	pattern	of	
interaction	with	the	patient.	Modes	are	given	many	
confusing	names	but	they	can	be	understood	using	a	
simple	classification	system.

◗	Mode	classification	is	based	on	identifying	3	main	
components:	the	primary	control	variable,	the	breath	

sequence,	and	the	targeting	schemes	used	for	mandatory	
and	spontaneous	breaths.

◗	Pressure	control	means	that	pressure	delivery	is	
predetermined	by	a	targeting	scheme	such	that	inspiratory	
pressure	is	either	proportional	to	patient	effort	or	has	a	
particular	waveform	regardless	of	respiratory	system	
mechanics.	Volume	control	means	that	inspiratory	flow	
and	volume	delivery	are	predetermined	by	a	targeting	
scheme	to	have	particular	waveforms	independent	of	
respiratory	system	mechanics.

◗	A	spontaneous	breath	is	one	for	which	the	timing	and	size	
of	the	breath	is	determined	by	the	patient	(i.e.,	inspiration	
is	patient	triggered	and	patient	cycled).	A	mandatory	
breath	is	one	for	which	the	patient	cannot	determine	the	
timing	and/or	size	of	the	breath	(i.e.,	inspiration	is	machine	
triggered	and/or	machine	cycled).

◗	Spontaneous	breaths	may	be	assisted	(meaning	that	the	
ventilator	provides	some	portion	of	the	work	of	breathing)	
or	unassisted.	Mandatory	breaths	are	generally	assisted.

◗	The	breath	sequence	of	a	mode	is	the	pattern	of	
mandatory	versus	spontaneous	breaths.	Continuous	
spontaneous	ventilation	(CSV)	means	that	all	breaths	
delivered	by	the	ventilator	are	spontaneous.	Intermittent	
mandatory	ventilation	(IMV)	means	that	spontaneous	
breaths	can	occur	between	mandatory	breaths.	
Continuous	mandatory	ventilation	means	that	spontaneous	
breaths	cannot	occur	between	mandatory	breaths.

◗	The	targeting	scheme	is	a	description	of	the	relation	
between	operator	settings	and	ventilator	outputs	for	a	
mode.	Currently,	all	modes	can	be	classified	as	having	
one	of	six	targeting	schemes	(set-point,	dual,	servo,	
adaptive,	optimal,	and	intelligent).

◗	Ventilators	can	also	be	categorized	by	the	settings	in	
which	they	are	used.	Examples	include:	critical	care,	
subacute	care,	home	care,	transport,	and	noninvasive	
ventilators.
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Physiology of Ventilatory 
Support

ROBERT M. KACMAREK

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Discuss	the	pressures	and	pressure	gradients	that	affect	gas	delivery	during	spontaneous	breathing,	negative	

pressure	ventilation	(NPV),	and	positive	pressure	ventilation	(PPV).
◆	 Identify	the	effects	of	mechanical	ventilation	on	oxygenation,	ventilation,	and	lung	mechanics.
◆	 Describe	the	currently	available	modes	of	mechanical	ventilation.
◆	 Discuss	the	indications	and	physiologic	effect	of	positive	end	expiratory	pressure	(PEEP).
◆	 Describe	the	cardiovascular	effects	of	PPV	and	NPV.
◆	 Describe	the	effects	of	PPV	on	intracranial	pressure,	renal	function,	liver	and	splanchnic	perfusion,	

gastrointestinal	function,	and	central	nervous	system.
◆	 Identify	and	list	the	complications	and	hazards	of	providing	mechanical	ventilatory	support.
◆	 Discuss	how	to	minimize	adverse	effects	of	mechanical	ventilation.

CHAPTER OUTLINE

Pressure and Pressure Gradients
Airway,	Alveolar,	and	Intrathoracic	Pressure,	

Volume,	and	Flow	During	Spontaneous	
Ventilation

Airway,	Alveolar,	and	Intrathoracic	Pressure,	
Volume,	and	Flow	During	Negative	Pressure	
Mechanical	Ventilation

Airway,	Alveolar,	and	Intrathoracic	Pressure,	
Volume,	and	Flow	During	Positive	Pressure	
Mechanical	Ventilation

Effects of Mechanical Ventilation on Ventilation
Minute	Ventilation
Increased	Alveolar	Ventilation
Ventilation/Perfusion	Ratio
Alveolar	and	Arterial	Carbon	Dioxide
Acid-Base	Balance

Effects of Mechanical Ventilation on Oxygenation
Inspired	Oxygen
Alveolar	Oxygen	and	Alveolar	Air	Equation
Arterial	Oxygenation	and	Oxygen	Content
Decreased	Shunt
Increased	Tissue	Oxygen	Delivery

Effects of Positive Pressure Mechanical Ventilation 
on Lung Mechanics
Time	Constants
Increased	Pressure

Mean Airway Pressure
Effect of Peak Airway Pressure on Lung 

Recruitment
Increased	Lung	Volume:	Tidal	Volume
Increased	Functional	Residual	Capacity
Pressure-Volume	Curve	and	Lung	Recruitment	in	

Acute	Respiratory	Distress	Syndrome
Increased	Dead	Space
Decreased	Work	of	Breathing

Minimizing Adverse Pulmonary Effects of Positive 
Pressure Mechanical Ventilation
Decreasing	Pressure
Positive	End	Expiratory	Pressure	or	Continuous	

Positive	Airway	Pressure
Effects	of	Ventilatory	Pattern
Trigger	Site	and	Work	of	Breathing

Physiologic Effects of Ventilatory Modes
Volume-Controlled	Ventilation	Versus	Pressure-

Controlled	Ventilation
Continuous	Mandatory	Ventilation
Volume-Controlled Continuous Mandatory 

Ventilation
Pressure-Controlled Continuous Mandatory 

Ventilation
Pressure-Controlled Inverse Ratio Ventilation
Intermittent	Mandatory	Ventilation
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KEY TERMS

aerophagia
autoregulation
atelectrauma
barotrauma
biotrauma
mean	airway	pressure

passive
patient-ventilator	asynchrony
time	constant
transairway	pressure
transalveolar	pressure
trans–chest	wall	pressure

transdiaphragmatic	pressure
transpulmonary	pressure
transrespiratory	pressure
transthoracic	pressure
volutrauma

Volume-Controlled Intermittent Mandatory 
Ventilation

Pressure-Controlled Intermittent Mandatory 
Ventilation

Airway Pressure Release Ventilation
Continuous	Spontaneous	Ventilation
Continuous Positive Airway Pressure
Pressure Support Ventilation
Proportional Assist Ventilation
Neurally Adjusted Ventilatory Assist
Automatic Tube Compensation
Adaptive Modes and Dual Control
Patient	Positioning	to	Optimize	Oxygenation	and	

Ventilation
Cardiovascular Effects of Positive Pressure 

Mechanical Ventilation
Thoracic	Pump	and	Venous	Return	During	

Spontaneous	and	Mechanical	Ventilation
Compensation	in	Healthy	Persons
Pulmonary	Vascular	Pressure,	Blood	Flow,	and	

Pulmonary	Vascular	Resistance
Right	and	Left	Ventricular	Function
Effect	on	Left	Ventricular	Dysfunction
Endocardial	Blood	Flow
Cardiac	Output,	Cardiac	Index,	and	Systemic	Blood	

Pressure
Minimizing Cardiovascular Effects of Positive 

Pressure Mechanical Ventilation
Mean	Pleural	Pressure

Decreasing	Mean	Airway	Pressure
Fluid	Management	and	Cardiac	Output
Pharmacologic	Maintenance	of	Cardiac	Output	and	

Blood	Pressure
Effects of Positive Pressure Mechanical Ventilation 

on Other Body Systems
Increased	Intracranial	Pressure
Treatment of a Patient With a Closed Head Injury
Effect	on	Renal	Function
Decreased	Liver	and	Splanchnic	Perfusion
Decreased	Gastrointestinal	Function
Effect	on	Central	Nervous	System
Sedatives, Hypnotics, and Neuromuscular Blocking 

Agents
Complications of Mechanical Ventilation

Negative	Pressure	Ventilation
Pulmonary
Cardiovascular
Positive	Pressure	Ventilation:	Artificial	Airway	

Complications
Complications	Related	to	Pressure
Complications	Related	to	Volume
Auto–Positive	End	Expiratory	Pressure
Oxygen	Toxicity
Ventilator-Associated	(Nosocomial)	Pneumonia
Prevention of Ventilator-Associated Pneumonia
Ventilator	Malfunction
Operator	Error

M echanical ventilation can be beneficial or detrimen-
tal depending on how it is applied and modified as 
the patient’s condition changes. Respiratory thera-

pists (RTs) must be able to anticipate the physiologic effects of 
mechanical ventilation and respond appropriately when com-
plications arise. This chapter familiarizes the reader with (1) the 
physiologic effects of mechanical ventilation on lung and car-
diovascular function and other body systems, (2) the basic 
approaches to providing mechanical ventilation, and (3) the 
complications and hazards of mechanical ventilation. A solid 
understanding of the normal physiology of breathing is essen-
tial for all RTs, especially when working with patients receiving 
mechanical ventilation. RTs must understand intrathoracic 
pressure changes associated with spontaneous, negative pres-
sure, and positive pressure breathing. Intrathoracic pressure 
changes are necessary for ventilation to occur; however, large 
changes in these pressures may also induce physiologic changes 
in other systems.

PRESSURE AND PRESSURE 
GRADIENTS

For gas to flow through the airway, a pressure gradient must 
exist. The airways begin at the mouth and end at the alveoli, so 
mouth pressure (pressure at the airway opening [Pawo]) and alve-
olar pressure (Palv) are important in describing gas flow, as are 
intrapleural pressure (Ppl) and body surface pressure or atmo-
spheric pressure (Pbs). In addition, intraabdominal pressure (Pab) 
affects the impact of Ppl change on diaphragm movement. Ppl is 
the pressure in the pleural space, the virtual space between the 
visceral and parietal pleurae, and is usually negative in relation 
to Palv. Figure 46-1 shows a graphic model of the respiratory 
system with these pressures identified as points in space. The 
respiratory system is everything that exists between the airway 
opening and the body surface. The associated pressure differ-
ence is transrespiratory pressure (PTR), defined as Pawo − Pbs. 
The components of transrespiratory pressure correspond to the 
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controlled by the autonomic nervous system. Not until our 
breathing is stressed do we consider the effort to breathe or  
the energy expended. At end-exhalation, intrapleural pressure 
is slightly negative. Alveolar, mouth, and body surface pres-
sures are zero. The diaphragm contracts in response to stimu-
lation of the phrenic nerve via the respiratory center in the 
medulla of the brain. When the diaphragm contracts, it 
descends into the abdominal cavity, decreasing intrapleural 
pressure. When intrapleural pressure becomes more negative, 
alveolar pressure becomes negative as well. The effects of spon-
taneous breathing on the pressure gradients are shown in Table 
46-1. Under normal circumstances, a decrease in intrapleural 
pressure results in decreased alveolar pressure, increased trans-
airway pressure, and inspiration of the tidal volume (VT) 
(Figure 46-2).

At end-inspiration, alveolar pressure returns to zero when 
the muscles of inspiration stop contracting. Lung recoil causes 
a sudden increase in alveolar pressure in relation to pressure at 
the mouth, reversing the transairway pressure gradient, and air 

components of the graphic model. The airways are represented 
by transairway pressure (PTA), defined as Pawo − Palv. The lungs 
are represented by the transalveolar pressure: (PL = Palv − Ppl). 
However, clinically what can be measured is transpulmonary 
pressure: (PTP = Pawo − Ppl). The chest wall is represented by 
trans–chest wall pressure: (PTCW = Ppl − Pbs). If the lungs and 
chest wall are lumped together, they can be represented by 
transthoracic pressure: (PTT = Palv − Pbs).

Another pressure gradient not defined in Figure 46-1 that 
also affects gas movement is the transdiaphragmatic pressure 
(Pdi). This pressure gradient is the difference between intraab-
dominal pressure and pleural pressure and affects diaphrag-
matic movement: (Ppl − Pab).

Airway, Alveolar, and Intrathoracic 
Pressure, Volume, and Flow During 
Spontaneous Ventilation

Spontaneous breathing is normally an autonomic phenome-
non. In other words, we do not think about breathing; it is 

TABLE 46-1 

Changes in Airway Pressure Gradients during Spontaneous, Negative, and Positive Pressure Ventilation

Pressure (cm H2O) Ventilation Type Transpulmonary Pressure Transthoracic Pressure Transairway Pressure Transrespiratory Pressure

Spontaneous
Inspiration Small	increase	(+) Increase	(+) Increase	(+) Constant	(−)
Expiration Small	increase	(−) Increase	(−) Increase	(−) Constant	(+)

Negative (NPV)
Inspiration Small	increase	(+) Increase	(+) Increase	(+) Constant	(−)
Expiration Small	increase	(−) Increase	(−) Increase	(−) Constant	(+)

Positive (PPV)
Inspiration Small	increase	(+) Increase	(+) Increase	(+) Increase	(+)
Expiration Decrease	(−) Decrease	(−) Decrease	(−) Decrease	(−)

PTR PTR

PTA
PTA

Pawo Pawo

Pawo

Pawo

Pawo

Pawo

PTT

PTPPTT

PL

PL
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Palv

Palv
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Palv
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Ppl

Ppl

Pbs Pbs

Pbs

Ppl

Ppl

Ppl Pbs
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PTCW PTCW
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- Mouth or airway opening pressure

- Body surface pressure
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- Pleural pressure

Transrespiratory pressure - 
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Transalveolar pressure - 
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Transthoracic pressure - 

=

=

=
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FIGURE 46-1	 Pressures	and	pressure	gradients	in	the	lung.	Airflow	is	a	function	of	the	transairway	pressure	(Pta),	which	is	the	pressure	
gradient	between	the	airway	(Pawo)	and	the	alveoli	(Palv).	Transalveolar	pressure	(PL)	maintains	alveolar	inflation,	and	transpulmonary	pressure	
(Ptp)	is	the	pressure	needed	to	expand	the	lungs	and	chest	wall.	
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(transairway pressure) and the pressure needed to inflate the 
alveoli (transalveolar pressure):

Transpulmonary pressure P Pta alv= +

Airway, Alveolar, and Intrathoracic 
Pressure, Volume, and Flow During 
Negative Pressure Mechanical 
Ventilation (NPV)

Mechanical NPV is similar to spontaneous breathing. NPV 
decreases pleural pressure (Ppl) during inspiration by exposing 
the chest to subatmospheric pressure. Negative pressure at the 
body surface (Pbs) is transmitted first to the pleural space and 
then to the alveoli (Palv). Because the airway opening remains 
exposed to atmospheric pressure during NPV, a transairway 
pressure gradient is created. Gas flows from the relatively high 
pressure at the airway opening (zero) to the relatively low pres-
sure in the alveoli (negative). As with spontaneous breathing, 
alveolar expansion during NPV is determined by the magnitude 
of the transpulmonary pressure gradient. During expiration in 

flows out of the lungs. Normally, there is a short end expiratory 
pause before the next inspiration.

VT and flow during spontaneous ventilation may be described 
by the equation of motion.1,2 The equation of motion describes 
the relationship between muscle pressure (analogous to pleural 
pressure in spontaneous breathing), compliance, resistance, 
flow, and volume as follows:

P Volume Compliance Resistance Flowmusc = + ×( )

where Pmusc is muscle pressure (Ptp), volume is tidal volume, 
compliance is lung-thorax compliance, resistance is airway 
resistance, and flow is gas flow through the airway. When the 
equation is rearranged, volume inhaled during spontaneous 
ventilation is proportional to muscle pressure and lung-thorax 
compliance and inversely related to the product of airway resis-
tance and flow:

Volume P Resistance Flow Compliancemusc= × +[ ( )]

Ventilation (owing to transpulmonary pressure) is the sum 
of the pressure needed to move gas through the airways 

FIGURE 46-2	 Changes	in	pressure,	volume,	and	flow	during	a	single	spontaneous	breath.	(Modified	from	Martin	L:	Pulmonary	physiology	
in	clinical	practice:	the	essentials	for	patient	care	and	evaluation,	St	Louis,	1987,	Mosby.)
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Physiologic complications associated with NPV are uncom-
mon because NPV simulates normal spontaneous breathing. 
The most common problems with NPV are related to interfer-
ence with caring for the patient caused by the device surround-
ing the chest (the iron lung or chest cuirass). Supplemental 
oxygen (O2) cannot be provided to the patient through the 
negative pressure ventilator. Depending on patient need, low-
flow or high-flow O2 delivery devices must be used to provide 
O2 therapy. Immediate access to patients requiring routine or 
emergent medical care may be difficult in systems that enclose 
the entire thorax and lower body, such as the iron lung and 
Porta-Lung (Respironics Inc, Murrysville, PA) (see Chapter 49). 
These systems may impede venous return by creating a negative 
pressure in the abdomen and lower half of the body, which may 
lead to hypotension, a phenomenon known as “tank shock.” 
The risk of glottis closure and the development of obstructive 
sleep apnea have been reported in association with NPV of 
patients with chronic obstructive pulmonary disease (COPD) 
and neuromuscular dysfunction.

both spontaneous breathing and NPV, the lungs and chest wall 
passively recoil to their resting end expiratory levels. As this 
recoil occurs, pleural pressure becomes less negative, and alveo-
lar pressure increases above atmospheric pressure (Figure 46-3). 
This increase in alveolar pressure reverses the transairway pres-
sure gradient. As Palv becomes greater than Pawo, gas flows from 
the alveoli to the airway opening. The effects of NPV on the 
pressure gradients are shown in Table 46-1.

Volume and flow during NPV also are described by the equa-
tion of motion except transairway pressure developed by the 
ventilator fully or partially replaces the patient’s respiratory 
muscle pressure as follows:

P P Volume Compliance Resistance Flowmusc vent+ = + ×( )

In this equation, Pvent is the pressure the ventilator develops to 
overcome the patient’s lung-thorax compliance and airway 
resistance to deliver the VT. In this case, Pvent is negative but is 
the driving force behind decreasing the intrapleural pressure 
and increasing the transairway and transpulmonary pressures.

FIGURE 46-3	 Changes	in	pressure,	volume,	and	flow	during	a	single	mechanical	negative	pressure	breath.	The	box	surrounding	the	
lungs	represents	the	enclosure	formed	by	the	negative	pressure	ventilator.	Prs,	Pressure	of	the	respiratory	system.	(Modified	from	Martin	L:	
Pulmonary	physiology	in	clinical	practice:	the	essentials	for	patient	care	and	evaluation,	St	Louis,	1987,	Mosby.)
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These changes in pleural pressure during PPV can lead to sig-
nificant physiologic changes (see later section). Pressure gradi-
ents during PPV are similar to pressure gradients during 
spontaneous breathing and NPV except that they are created by 
a positive pressure at the airway opening instead of a negative 
pressure in the pleural space (see Table 46-1). All pressure gra-
dients change in the same direction as during NPV and spon-
taneous breathing except the transrespiratory pressure, which 
changes in the opposite direction.

Similar to spontaneous breathing, the recoil force of the 
lungs and chest wall, stored as potential energy during the posi-
tive pressure breath, causes passive exhalation. As gas flows from 
the alveoli to the airway opening, alveolar pressure decreases to 
atmospheric level, while pleural pressure is restored to its 
normal subatmospheric level (see Figure 46-4).

Volume and flow during PPV are also described by the equa-
tion of motion. The magnitude of Pvent not only depends on the 
patient’s lung mechanics but also on the Pmusc of the patient. If 
the patient makes no effort, Pvent is responsible for all volume 
and flow. During volume-controlled ventilation, as muscle 

Airway, Alveolar, and Intrathoracic 
Pressure, Volume, and Flow During 
Positive Pressure Mechanical 
Ventilation (PPV)

PPV causes air to flow into the lungs because of an increase in 
airway pressure, not a decrease in pleural pressure as occurs 
during spontaneous breathing and NPV (Figure 46-4). However, 
similar to spontaneous breathing and NPV, PPV causes an 
increase in Ptp, which allows gas to flow into the lungs. Gas flows 
into the lungs because pressure at the airway opening (Pawo) is 
positive, and alveolar pressure (Palv) is initially zero or less posi-
tive. Alveolar pressure rapidly increases during the inspiratory 
phase of PPV. The increased alveolar pressure expands the 
airways and alveoli. Because alveolar pressure is greater than 
pleural pressure (Ppl) during PPV, positive pressure is trans-
mitted from the alveoli to the pleural space, causing pleural 
pressure to increase during inspiration. Depending on the com-
pliance and resistance of the lungs, pleural pressure may mark-
edly exceed atmospheric pressure during a portion of inspiration. 

FIGURE 46-4	 Changes	in	pressure,	volume,	and	flow	during	a	single	decelerating	flow,	positive	pressure	breath.	Arrows	into	and	out	of	
the	trachea	represent	airflow.	(Modified	from	Martin	L:	Pulmonary	physiology	in	clinical	practice:	the	essentials	for	patient	care	and	
evaluation,	St	Louis,	1987,	Mosby.)
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needed in either case. It is more useful to look at this equation 
solved for PaCO2 because changes in PaCO2 usually correlate 
with the need for mechanical ventilation:

PaCO VCO VA2 2 0 863= ×( . )� �

If �VA decreases or �VCO2 increases, PaCO2 increases, and 
hypercapnic respiratory failure follows; mechanical ventilation 
may be indicated in this setting. Because mechanical ventilation 
increases ventilation, PaCO2 can be decreased to the desired 
level depending on the total ventilatory rate.

MINI CLINI
Alveolar, Transpulmonary, and 
Transalveolar Pressures

PROBLEM:  Mr. Jones is 58 years old, 5 feet 8 inches tall, and 
weighs 410 lb and is being ventilated because of ARDS. His 
current ventilator settings are pressure control mode, peak 
pressure 35 cm H2O, PEEP 20 cm H2O, FiO2 0.50, respiratory 
rate 30 breaths/min, and VT 400 ml. At the end of expiration 
gas flow returns to zero about 100 msec before the end of the 
breath. What are the alveolar, transpulmonary, and transalveo-
lar pressures for Mr. Jones?

Solution:  Because there is a short end inspiratory pause, it is 
reasonable to assume that the peak airway pressure in pressure 
control is equal to the average peak alveolar pressure. The 
average is used because alveolar units have different time con-
stants and as a result different peak pressure, but when there is 
end inspiratory equilibration of pressure, the resulting value is 
the average pressure across all lung units. To be more confident 
of this value, an additional end inspiratory pause can be added 
for a single breath to determine better the end inspiratory 
pause pressure or plateau pressure.

To determine the transpulmonary pressure (Pawo − Ppl) and 
transalveolar pressure (Palv − Ppl), an estimate of pleural pres-
sure must be made. The ideal method is to measure the esopha-
geal pressure. Although not exactly equal to the pleural pressure, 
it accurately reflects changes in pleural pressure. Some authors 
have also recommended evaluation of bladder pressure, which 
changes in the same manner as esophageal pressure. The 
reading from the esophageal catheter at the time an end inspi-
ratory pause was applied was 10 cm H2O. The transpulmonary 
pressure and transalveolar pressure are the same: 35 − 10 cm 
H2O or 25 cm H2O. This is because Mr. Jones was ventilated in 
pressure control, and there was a short end inspiratory pause, 
so both peak and plateau pressures were equal. However, if he 
was ventilated in volume ventilation and the peak airway pres-
sure was 45 cm H2O, while the plateau pressure remained 
35 cm H2O when an end inspiratory pause was added, the 
transalveolar pressure and transpulmonary pressure would still 
be the same: 35 − 10 cm H2O or 25 cm H2O.

Mr. Jones is receiving lung protective ventilation because his 
transalveolar pressure is only 25 cm H2O. The high airway pres-
sures are needed because of his stiff chest wall, which mini-
mizes the transmission of pressure across the lung, reducing 
lung stretch.

	

RULE OF THUMB

Ideally,	the	tranpulmonary	pressure	should	be	as		
low	as	possible	during	mechanical	ventilation.	A	
transpulmonary	pressure	less	than	about	28	cm	H2O	
minimizes	the	development	of	ventilator-induced	lung	
injury.	If	the	plateau	pressure	is	kept	less	than	28	cm	
H2O,	the	transalveolar	pressure	can	never	exceed	
this	level	during	controlled	ventilation.

effort increases, Pvent decreases, and VT remains constant. During 
pressure-controlled ventilation, as Pmusc increases, VT increases, 
and Pvent remains unchanged.

EFFECTS OF MECHANICAL 
VENTILATION ON VENTILATION

Minute Ventilation

The primary indication for mechanical ventilation is hypercap-
nic respiratory failure, also known as ventilatory failure. For 
patients with acute ventilatory failure, the goal of mechanical 
ventilation is improving alveolar ventilation to compensate for 
the patient’s inability to maintain normal PaCO2. PaCO2 is 
inversely related to alveolar ventilation, which is related to 
minute ventilation. Minute ventilation ( �VE) is the product of 
tidal volume (VT) and ventilatory rate (f):

�V V fT= ×

Use of a mechanical ventilator usually implies a change in 
VT, ventilatory rate, or both from preintubation values. A 
normal spontaneous VT is approximately 5 to 7 ml/kg. The cur-
rently accepted VT for mechanical ventilation in acute respira-
tory failure is 4 to 8 ml/kg predicted body weight (PBW). These 
volumes are based on predicted body weight. The mechanical 
ventilator rate depends on the patient’s status. For postoperative 
ventilation, a rate of 12 to 20 breaths/min may be adequate. 
Conditions that necessitate a higher initial rate include acute 
respiratory distress syndrome (ARDS), pulmonary fibrosis, 
acutely increased intracranial pressure (ICP) (with caution; see 
later), and metabolic acidosis. Conditions that may necessitate 
a lower rate include acute asthma exacerbation, to allow an 
increased expiratory time to minimize air trapping. When an 
appropriate VT is established, the set rate is adjusted to achieve 
desired PaCO2. Mechanical ventilation increases minute venti-
lation by increasing VT, ventilator rate, or both.

Increased Alveolar Ventilation

Alveolar ventilation ( �VA) is inversely related to PaCO2 as defined 
by the following relationship:

� �V VCO PaCOA = ×( . )2 20 863

where �VCO2 is carbon dioxide (CO2) production.2

As alveolar ventilation decreases, PaCO2 increases. As CO2 
production increases, alveolar ventilation must increase to 
maintain the same PaCO2. Mechanical ventilation may be 
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perfusion ( � �V Q) ratio, effectively increasing physiologic dead 
space. The increase in P(A − a)O2 often observed with PPV is 
caused by areas of low � �V Q ratio.

PPV decreases the � �V Q ratio in the bases and dependent 
lung zones mainly as a result of ventilation being primarily 
distributed to nondependent lung zones. The � �V Q  ratio may 
also increase in nondependent lung zones because of the effect 
of PPV on perfusion. PPV can compress the pulmonary capil-
laries. This compression increases pulmonary vascular resis-
tance and decreases perfusion. Minimal blood flow perfuses the 
areas with the greatest VT and contributes to a further increase 
in dead space. Conversely, blood intended for these areas is 
diverted to regions with lower vascular resistance—generally 
more dependent lung regions. Pulmonary blood flow during 
PPV tends to perfuse the least well-ventilated lung regions. This 
perfusion decreases the � �V Q ratio in those areas and increases 
the P(A − a)O2.

Alveolar and Arterial Carbon Dioxide

Normal alveolar carbon dioxide tension (PACO2) is 40 mm Hg, 
whereas mixed venous blood typically has a PvCO2  of 
45 mm Hg. Under normal circumstances, CO2 moves out of the 
blood at the pulmonary capillary interface; the result is a PaCO2 
of 40 mm Hg. In the event of a decrease in alveolar ventilation 
or an increase in CO2 production, PaCO2 increases. Mechanical 
ventilation can increase minute volume and alveolar ventilation 
and reduce PACO2 and PaCO2. With an increase in VD/VT, 
PaCO2 increases if there is no change in minute volume; this 
may occur when alveolar blood flow is decreased by acute pul-
monary embolism, an excessive level of positive end expiratory 
pressure (PEEP), or advanced dead space–producing disease 
such as emphysema or pulmonary embolism.

When excessive PEEP is used, blood flow is diverted from 
ventilated alveoli to hypoventilated alveoli; the result is an 
increased � �V Q ratio. In emphysema, formation of bullae is 
coincident with the destruction of pulmonary capillaries; the 
result is large areas of poorly perfused but ventilated alveoli. 
Pulmonary emboli may completely occlude pulmonary vessels; 
the result is lack of perfusion to alveoli distal to the blockage.

Acid-Base Balance

Respiratory acidemia, defined by a PaCO2 greater than 
45 mm Hg and a pH less than 7.35, occurs when minute ven-
tilation and alveolar ventilation per minute ( �VA) are inadequate 
to meet the needs of the body. Respiratory acidemia can occur 
when the VT is low, even though an accompanying mandatory 
rate is high.

Volume delivery also decreases if high airway pressures 
develop secondary to volume loss as a result of ventilator circuit 
tubing compliance (compressible volume loss). Ventilator cir-
cuits may have compliance of 1 to 3 ml/cm H2O, which effec-
tively reduces VT:

Volume lost Tubing compliance Peak pressure PEEP= × −( )

Tubing compliance was a concern with older ventilators; 
however, most intensive care unit (ICU) ventilators in use at the 

Ventilation/ Perfusion Ratio

Spontaneous ventilation results in gas distribution mainly to 
the dependent and peripheral zones of the lungs. Controlled 
PPV tends to reverse this normal pattern of gas distribution, 
and most of the delivered volume is directed to nondependent 
lung zones (Figure 46-5). This phenomenon is caused partly by 
the inactivity of the diaphragm and chest wall during controlled 
PPV. Although these structures actively facilitate gas movement 
during spontaneous breathing, inactivity of these structures 
during controlled PPV impedes ventilation to dependent lung 
zones. An increase in ventilation to the nondependent zones of 
the lung, where there is less perfusion, increases the ventilation/

FIGURE 46-5	 Effect	of	spontaneous	ventilation	and	PPV	on	gas	
distribution	in	a	supine	subject.	A,	During	spontaneous	ventilation,	
diaphragmatic	action	distributes	most	ventilation	to	the	dependent	
zones	of	the	lungs,	where	perfusion	is	greatest.	The	result	is	a	
nearly	normal	 � �V Q	ratio.	Partly	because	of	diaphragmatic	inactivity,	
PPV	reverses	this	normal	pattern	of	gas	distribution,	and	most	
delivered	volume	is	directed	to	the	upper	lung	zones.	B,	An	
increase	in	ventilation	to	the	upper	lung	zones,	where	there	is	less	
perfusion,	increases	the	 � �V Q	ratio,	effectively	increasing	physiologic	
dead	space.	At	the	same	time,	higher	alveolar	pressure	in	the	
better	ventilated	upper	lung	zones	diverts	blood	flow	away	from	
these	areas	to	the	areas	receiving	the	least	ventilation.	The	result	is	
areas	of	low	 � �V Q	ratio	and	impaired	oxygenation.	(Modified	from	
Kirby	RR:	Clinical	application	of	ventilatory	support,	New	York,	
1990,	Churchill	Livingstone.)

Anterior

Anterior

A

B

Ventilation

Perfusion



1024 SECTION VI • Acute and Critical Care

determined and managed. Common causes of metabolic alka-
losis include hypochloremia or hypokalemia secondary to  
gastrointestinal loss, diuretics, or steroid administration. See 
Chapter 14 for details on acid-base balance.

EFFECTS OF MECHANICAL 
VENTILATION ON OXYGENATION

Inspired Oxygen

Mechanical ventilators usually deliver an increased fractional 
inspired oxygen (FiO2) ranging from room air (0.21) to 100% 
O2 (1.0). As a result, the alveolar partial pressure of oxygen 
(PAO2) and arterial partial pressure of oxygen (PaO2) may be 
restored to normal with appropriate management. The effec-
tiveness of increased FiO2 in the management of hypoxemia 
depends on the cause of hypoxemia. Hypoxemia caused by a 
decrease in the � �V Q ratio or hypoventilation is more responsive 
to increased FiO2 than hypoxemia caused by a diffusion defect 
or shunt. Hypoxemia caused by hypoventilation responds well 
to an increase in FiO2, but alveolar ventilation can be restored 
only by improved ventilation. Hypoxemia caused by diffusion 
defect and shunt generally respond better to an increase in 
PEEP than to an increase in FiO2. The fact that PaO2 responds 
well to increased FiO2 generally indicates that a low � �V Q ratio 
is the cause of hypoxemia. If the patient is receiving mechanical 
ventilation and has adequate alveolar ventilation, failure of the 
PaO2 to respond to increased FiO2 likely means that hypoxemia 
is due to a diffusion defect or shunt.

Alveolar Oxygen and Alveolar  
Air Equation

Increasing FiO2 increases PAO2, according to the alveolar air 
equation:2

P O FiO P P CO FiO FiO RA B a2 2 2 2 247 1= + −− − ×[ ( )] [ ( )]

where PAO2 is the partial pressure of oxygen in the alveoli; FiO2 
is the fractional inspired oxygen; PB is the barometric pressure 
in mm Hg; 47 is the partial pressure of water vapor in the alveoli 
in mm Hg at 37° C; PaCO2 is the partial pressure of carbon 
dioxide in arterial blood in mm Hg; and R is the respiratory 
exchange ratio ( � �VCO VO2 2), normally 0.8.

When FiO2 is increased, PAO2 increases as well, if there is no 
change in PaCO2 or the respiratory exchange ratio. PaCO2 may 
change with a change in alveolar ventilation or metabolic rate. 
O2 consumption and CO2 production increase with an increase 
in metabolic rate, such as with fever or overfeeding. If metabolic 
rate and alveolar ventilation are constant, an increase in FiO2 
results in a proportional increase in PAO2.

Arterial Oxygenation and  
Oxygen Content

Mechanical ventilation at FiO2 of 0.21 may restore arterial oxy-
genation if the only cause of hypoxemia was hypoventilation. 
Hypoventilation may be the sole cause with central nervous 
system depression, apnea, and neuromuscular disease. With 

present time allow the user to compensate for compressible 
volume loss as a result of tubing compliance. When activated, 
the volume set is the volume delivered to the patient. This issue 
is discussed in more detail later in the chapter.

An increase in VD/VT ratio can cause a reduction in alveolar 
ventilation, even though minute ventilation may be normal or 
increased. These problems emphasize the importance of proper 
selection of VT and mandatory rate. When respiratory acidemia 
exists, the patient may become restless and anxious, resulting in 
patient-ventilator asynchrony (see Chapter 47). A communi-
cative patient may complain of dyspnea. If these symptoms are 
observed, especially when PaCO2 is increased, minute ventila-
tion generally should be increased.

Respiratory alkalemia occurs if the minute ventilation is too 
high. It is recognized when PaCO2 is less than 35 mm Hg and 
pH is greater than 7.45. A patient who is dyspneic, anxious, or 
in pain may develop this condition; the usual manifestations are 
an increased ventilatory rate or patient-ventilator asynchrony 
or both. The ventilator can cause respiratory alkalemia second-
ary to an inappropriately high VT or rate. Regardless, the result 
is excessive minute and alveolar ventilation. This condition 
requires that the RT adjust the ventilator appropriately and 
address the patient’s pain or anxiety to avoid the systemic effects 
of a prolonged alkalosis.

Metabolic acidemia in a patient receiving mechanical venti-
lation is recognized by a normal PaCO2, with a decreased pH 
(<7.35), decreased bicarbonate level (<22 mEq/L), and increased 
base excess (<−2 mEq/L). With metabolic acidemia, the patient 
tries to compensate by increasing minute ventilation to blow off 
CO2 in an effort to increase the pH. The resulting increase in 
work of breathing (WOB) may lead to ventilatory muscle 
fatigue and continued respiratory failure. The best therapy for 
metabolic acidosis is to manage the underlying cause while 
supporting the patient’s ventilation as needed. Many patients 
cannot be liberated from mechanical ventilation until the 
underlying acidosis is controlled.

Bicarbonate has been used as therapy for metabolic acidosis. 
If it is administered, bicarbonate quickly combines with hydro-
gen ions and dissociates to form CO2 and water, a reaction that 
may increase WOB. Generally, bicarbonate administration is 
not recommended until acidosis is severe (pH <7.2). When 
necessary, bicarbonate is administered according to the follow-
ing formula:2

NaHCO required Body weight kg Base deficit]3
1

4 2− = ×[ ( )

A temporary measure to compensate partially for metabolic 
acidosis is to increase minute ventilation during therapy to 
control the acidosis with the goal of a pH greater than 7.20.

Metabolic alkalemia is defined as a normal PaCO2 with an 
elevated pH (>7.45) and an increased bicarbonate level 
(>26 mEq/L) and base excess (>+2 mEq/L). With metabolic 
alkalemia, in an effort to compensate for the increased pH, the 
patient tries to decrease minute ventilation. If weaning is 
attempted when the patient has a metabolic alkalemia, the 
patient may continue to hypoventilate, and weaning may fail. 
As with metabolic acidemia, the underlying cause should be 
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MINI CLINI
Oxygen Delivery

PROBLEM:  Oxygen delivery (DO2) depends on PaO2, hemo-
globin concentration, and cardiac output. The formula for  
DO2 is:

DO CaO Cardiac output L min2 2 10= × ×( )

where CaO2 is the arterial oxygen content, and 10 is the conver-
sion factor between deciliters and milliliters. Normal DO2 is 
990 ml/min. DO2 is normal when the hemoglobin concentra-
tion is 15 g/dl, cardiac output is 5.0 L/min, and PaO2 is 
100 mm Hg:

DO g Hb ml O g Hb SaO
100 mm Hg L

2 2 215 1 34 0 97
0 003 5 0

= × × +
× ×

[ . . ( )
. ] ( . mmin

CaO L min ml min
)

. ( ) ( )
×

= × × =
10

19 8 5 10 9902

When the practitioner calculates DO2 and determines it to 
be low, the component of the formula that is low denotes the 
problem and the therapeutic target. If CaO2 is low because of 
a low hemoglobin concentration, increasing the hemoglobin 
concentration with blood transfusion is indicated. If CaO2 is 
low because of low PaO2 or SaO2, increasing PaO2 and SaO2 
with O2 or PEEP is indicated. If cardiac output is low, the cause 
(decreased preload, increased afterload, decreased contractility, 
or bradycardia) is determined, and appropriate therapy is initi-
ated. Frequently, a decrease in CaO2 results in an increase in the 
cardiac output to compensate for decreased DO2.

Example:  Given PaO2 of 65 mm Hg, hemoglobin concentra-
tion of 10 g/dl, SaO2 of 91%, and cardiac output of 4.8 L/min, 
what increase in cardiac output is necessary to maintain DO2 
of 900 ml/min?

DO at given values is2 1 34 10 0 97
0 003 65 4 8 10 63

[( . . )
( . )] .

× × +
× × × = 33 ml min

An increase in cardiac output to 6.8 L/min results in DO2 
that is close to normal: [(1.34 × 10 × 0.97) + (0.003 × 65)] × 
6.8 × 10 = 897 ml/min. However, an increase in cardiac output 
to 6.8 L/min increases myocardial work. Because the cause of 
decreased DO2 in this patient is hypoxemia and anemia, the 
goal of therapy should be to increase PaO2. This strategy allows 
cardiac output and work to return to normal while adequate 
DO2 is maintained. Increasing the hemoglobin concentration 
is normally not performed by transfusion unless the hemoglo-
bin concentration is less than 8 to 10 g/dl because of the adverse 
effects associated with transfusions.

other causes of hypoxemia, an increase in FiO2 is needed to 
increase arterial O2 content.

O2 content is directly related to arterial oxygenation and 
hemoglobin concentration, defined by the equation for arterial 
oxygen content (CaO2):2

CaO vol Hb SaO PaO ml O mm Hg2 2 2 21 34 0 003( %) ( . ) ( . )= × × + ×

where 1.34 is a constant for the amount of O2 carried by each 
fully saturated gram of hemoglobin (1.34 ml O2/1 g hemoglo-
bin), Hb is the hemoglobin concentration in g/dl, SaO2 is the 
oxygen saturation of hemoglobin, and 0.003 is the amount of 
O2 carried in the plasma in ml/mm Hg PaO2. Under circum-
stances of normal diffusion, FiO2, and hemoglobin concentra-
tion, the arterial content is normal at approximately 19.8 ml 
O2/100 ml blood. As defined by this equation, CaO2 decreases 
if hemoglobin concentration, arterial saturation, or PaO2 
decreases.

Decreased Shunt

Mechanical ventilation alone does not decrease shunt. Other-
wise, it would be much easier to restore PaO2 in patients with 
ARDS. Administration of PEEP with mechanical ventilation or 
to a spontaneously breathing patient in the form of continuous 
positive airway pressure (CPAP) helps to maintain open alveoli 
and stabilize small, collapsed, or fluid-filled alveoli. The results 
are an increase in alveolar surface area for diffusion and 
improvement in � �V Q matching and arterial oxygenation.

PEEP or CPAP should be used judiciously (see later in  
this chapter and Chapter 48). High pressure can overdistend 
alveoli and redistribute pulmonary blood flow to capillaries 
surrounding poorly ventilated alveoli, resulting in increased 
shunt.

Increased Tissue Oxygen Delivery

When a mechanical ventilator is used to improve arterial oxy-
genation by increasing FiO2 or PEEP, CaO2 increases. However, 
the increase in CaO2 represents only part of tissue O2 delivery 
because O2 delivery is defined by CaO2 and cardiac output, as 
follows:2

DO tissue oxygen delivery in ml min

CaO ml O ml blood

2

2 2 100

( )

(

=
)) ( )× ×Cardiac output L min 10

where 10 is a constant for converting deciliters to milliliters.
Normal tissue O2 delivery is approximately 990 ml/min 

because the normal CaO2 is approximately 20 vol%, and the 
normal cardiac output is approximately 5 L/min. When PaO2, 
CaO2, and cardiac output are adequate, so is tissue O2 delivery. 
When PEEP is needed to improve PaO2, it must be used cau-
tiously because PEEP increases intrathoracic pressure. When 
intrathoracic pressure is increased, pleural pressure around the 
heart also increases, and the increase can affect the mechanical 
activity of the heart and impede venous return and decrease 
cardiac output. As discussed in Chapter 48, careful titration of 
PEEP must include monitoring the cardiovascular status of the 
patient. Optimal PEEP provides adequate arterial oxygenation 
and tissue O2 delivery.

EFFECTS OF POSITIVE PRESSURE 
MECHANICAL VENTILATION ON 
LUNG MECHANICS

Time Constants

The time necessary for passive inflation and deflation of the 
lung or each alveolus is determined by the product of compli-
ance and resistance. This product is the time constant of the 
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necessary to overcome airway resistance and lung and chest wall 
compliance. PIP is also known as peak pressure or peak airway 
pressure.

Plateau pressure (Pplat) is the pressure observed during a 
period of inflation hold or end inspiratory pause. To obtain a 
plateau pressure, the RT initiates an inspiratory pause time of 
0.5 to 2.0 seconds. During inspiration, the peak pressure is 
reached and then immediately followed by the inspiratory 
pause. During the pause, pressure decreases to a pressure pla-
teau. When a valid plateau pressure value is obtained, the inspi-
ratory pause time is returned to zero. Plateau pressure represents 
the average peak alveolar pressure (Palv). In volume-controlled 
ventilation, plateau pressure is always lower than peak pressure 
because the peak pressure is the sum of the alveolar pressure 
and the pressure needed to overcome airway resistance. When 
flow is delivered by a square waveform, the difference between 
plateau pressure and peak pressure is the pressure necessary to 
overcome airway resistance. If the VT is divided by the difference 
between the plateau pressure and PEEP, the quotient is the 
quasistatic lung-thorax compliance:3

C V P PEEPstatic T plat= −( )

This value is referred to as the lung-thorax compliance because 
the compliance of the lungs and the compliance of the rib cage 
are being calculated as a unit. The lung compliance cannot be 
determined without the use of an esophageal balloon.3 Ideally, 
the volume lost owing to tubing compliance should be sub-
tracted from the VT if the ventilator has not compensated for it, 
making the equation:3

C Adjusted V P total PEEPstatic T plat= − )

In addition, the total PEEP should be subtracted from the Pplat. 
That is the total of applied PEEP plus any auto-PEEP present. 
The reason for this is that the baseline pressure prior to the start 
of inspiration is the total PEEP, not the applied PEEP.3

It may be more useful to follow trends in lung compliance, 
rather than making judgments on only one calculation. A 
downward trend in compliance means that the lungs or chest 
wall is stiffer, as in ARDS.

Airway resistance (Raw) during volume ventilation is esti-
mated by the difference between PIP and Pplat divided by the 
inspiratory flow ( �VI) in L/sec, provided that the flow is constant 
(square waveform):3

R PIP P Vaw plat I= −( ) �

During mechanical ventilation, the plateau pressure should 
be less than 28 cm H2O.4,5 At levels greater than 28 cm H2O, 
alveolar damage from overdistention is likely. This form of 
ventilator-induced lung injury (VILI) is referred to as volu-
trauma (see later). This trauma can result in air leakage 
from alveoli, the release of inflammatory mediators, and mul-
tisystem organ failure (MSOF). When the plateau pressure 
approaches 28 cm H2O during either volume or pressure 
ventilation, the pressure limit or the VT should be decreased. 
This approach to ventilation is referred to as lung protective 
ventilation.3-5

lung or alveolar unit. The compliance of a “normal” lung is 
0.1 L/cm H2O, and resistance of a normal lung is 2.5 cm H2O/L/
sec. The time constant for a normal lung is 0.25 second (1.0 L/
cm H2O × 0.25 cm H2O/L/sec). For patients with normal lungs, 
95% of the alveoli are inflated within three time constants (i.e., 
within 0.25 second). In four time constants (1.0 second), 98% 
of alveoli are inflated, and in five time constants (1.25 second), 
99.3% of alveoli are inflated. The same numbers apply for 
exhalation.

The two major factors that affect alveolar time constants are 
changes in compliance and changes in resistance. If compliance 
or resistance decreases, the time constant for a given lung unit 
decreases, and the lung fills and empties faster. If compliance or 
resistance increases, the time constant increases, and it takes 
more time to fill and empty the lung.

There are clinical implications for patients with disorders 
consistent with abnormal time constants. A longer inspiratory 
time may be needed for patients with asthma because airway 
resistance is increased. Attempting to ventilate these patients 
with a normal inspiratory time may result in inadequate volume 
to affected lung units because the airways are obstructed, and 
volume is likely to travel to airways with the lowest resistance. 
Inspiratory time in severe asthma needs to be set between about 
1.0 second to 1.5 seconds to ensure adequate gas delivery. The 
primary limiting factor is that the airways are also obstructed 
during exhalation. The expiratory time must also be longer to 
allow as complete an exhalation as possible.

Asthma is very different from COPD, in which the inspira-
tory time constant is normal, but the expiratory time constant 
is long. In general, asthma requires very slow respiratory rates 
with longer than normal inspiratory and expiratory times to 
account for the altered time constants during both inspiration 
and expiration. Patients with COPD generally tolerate a more 
rapid rate because only the expiratory time constant is length-
ened. In both of these situations, air trapping is very common 
because of the long time constants. In patients with COPD, 
inspiratory times are generally short (about 0.7 to 0.9 second). 
In patients with ARDS or acute lung injury (ALI), time con-
stants are very short, and as a result inspiratory times can also 
be very short. Most patients with ARDS require an inspiratory 
time of only 0.5 to 0.8 second. Expiratory time constants are 
also short—hence the ability to ventilate these patients rapidly 
with small VT. Respiratory rates greater than 30 breaths/min are 
frequently well tolerated by patients with ARDS. The major 
concern with patients with ARDS and their short time constants 
is that any disruption of the airway rapidly results in loss of lung 
volume. Atelectasis occurs with disconnections from the venti-
lator of only 1 or 2 seconds. As a result, all patients with ARDS 
should be suctioned only with inline suction catheters, and any 
circuit disconnection should be avoided. Ventilator manage-
ment in the care of patients with COPD, asthma, and ARDS is 
described in detail in Chapter 48.

Increased Pressure

Peak inspiratory pressure (PIP) is the highest pressure produced 
during the inspiratory phase. It is the sum of the pressures 
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Effect of Peak Airway Pressure on  
Lung Recruitment
As peak airway pressure increases, previously collapsed, small, 
or fluid-filled alveoli are recruited, that is, reopened.6 This 
reopening of alveoli increases alveolar surface area and restores 
functional residual capacity (FRC). At the alveolar level, the 
surface area available for diffusion is increased. As a result, PaO2 
increases, consistent with Fick’s law. The use of extrinsic PEEP 
maintains the airways and recruited open alveoli. Extrinsic 
PEEP is controlled directly by the PEEP control on the ventila-
tor, and the RT always knows how much extrinsic PEEP is 
present. Several factors, including inverse ratio ventilation 
(IRV), may add intrinsic PEEP or auto-PEEP by starting the 
next breath before the previous exhalation has ended. The 
amount of intrinsic PEEP added by IRV can be measured by 
implementing an end expiratory pause, which stops the next 
breath from being delivered. During this end expiratory pause, 
alveolar and mouth pressures equilibrate, and the total PEEP is 
now presented by the ventilator. The amount of auto-PEEP 
present is the difference between the total PEEP and the extrin-
sic PEEP:

Intrinsic PEEP auto-PEEP Total PEEP Extrinsic PEEP( ) = −

Increased Lung Volume: Tidal Volume

The volume delivered during pressure-controlled modes varies 
with changes in set pressure, patient effort, and lung mechanics. 
For all pressure-targeted modes, the volume delivered at a given 
pressure decreases as compliance decreases. An increase in  
resistance, active exhalation, or muscle tensing by the patient 
during inspiration also decreases delivered volume in pressure 
ventilation.

If pressure serves as the limit variable instead of the cycle 
variable, changes in airway resistance during pressure-limited 
ventilation may or may not affect delivered volume. In this case, 
the key factor is the time available for pressure equilibration. 
Volume can remain constant even if airway resistance increases, 
as long as there is sufficient time for alveolar and airway 

Mean Airway Pressure
Mean airway pressure is the average pressure across the total 
cycle time (TCT). The mean airway pressure (PAW) can be cal-
culated manually if the flow is constant, as follows:3

P PIP PEEP Inspiratory time TCT PEEPAW = − × +1
2 ( ) ( )

Mean airway pressure is computed by the ventilator as the inte-
gral of the pressure signal over the total cycle time (as a rolling 
average), so the RT can record the ventilator computed value, 
rather than manually calculating it. Because expiratory (base-
line) pressure is lower than inspiratory pressure, the mean pres-
sure is between peak and end expiratory pressure. The variables 
affecting mean pleural and mean airway pressure are summa-
rized in Box 46-1. For a given minute volume, partial ventilatory 
support modes such as synchronized intermittent mandatory 
ventilation (SIMV) result in lower mean airway and pleural 
pressures than continuous mandatory ventilation (CMV) 
modes. For a specific mandatory breath, as peak pressure 
increases, so does mean pressure. Likewise, long inspiratory 
times increase mean pressure. Prolonging expiratory time has 
the opposite effect on mean airway pressure. Generally, the 
harmful cardiovascular effects of PPV are more likely to occur 
when PAW or inspiratory-to-expiratory (I : E) ratio increases 
(e.g., >1 : 1).

The pressure waveform of a mandatory breath affects mean 
pressure. In Figure 46-6, for a given inspiratory time, the con-
stant pressure pattern (curve A) results in the greatest area 
under the airway pressure curve and the highest mean airway 
pressure. A constant pressure pattern is normally produced by 
a pressure targeted breath that provides decreasing (descending 
ramp) flow. The effect of PEEP on mean airway pressure is 
simple: Every 1 cm H2O of applied PEEP increases the mean 
airway pressure 1 cm H2O.

FIGURE 46-6	 Pressure	patterns	resulting	from	a	descending	
ramp	flow	waveform	(A),	a	sine	wave	flow	waveform	(B),	and	a	
constant	flow	waveform	(C).	Because	waveform	A	has	the	highest	
pressure	for	the	longest	inspiratory	time,	it	also	has	the	greatest	
mean	airway	pressure.	

P

A B C

 Box 46-1 Factors That Increase Mean 
Airway Pressure

•	 Absence	of	spontaneous	ventilation
•	 Increasing	positive	pressure
•	 Increasing	duration	of	inspiration
•	 Decreasing	duration	of	expiration
•	 Nature	of	inspiratory	waveform
•	 Increasing	level	of	PEEP
•	 Decreasing	compliance,	increasing	airways	resistance

	

RULE OF THUMB

When	measuring	lung	mechanics,	airway	resistance	
and	compliance	always	use	the	same	ventilator	settings	
to	make	comparisons	from	one	point	in	time	to	another	
much	easier.	In	adults,	settings	are	volume	ventilation,	
VT	500	ml,	square	wave	flow,	and	peak	flow	set	at	
60	L/min.
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is no practical way of measuring FRC in all patients, so other 
methods of determining an increase in FRC are used, such as 
improving PaO2 at a constant FiO2, increasing PaO2/FiO2 ratio, 
decreasing shunt fraction, or decreasing FiO2 while maintaining 
PaO2. The management of PEEP is described in more detail in 
Chapter 48.

Pressure-Volume Curve and Lung 
Recruitment in Acute Respiratory 
Distress Syndrome

Figure 46-7 depicts the pressure-volume (P-V) relationship of 
the lung-thorax in an idealized patient with ARDS.8 On the 
inflation P-V curve, there are two points of inflection: the lower 
inflection point referred to as Pflex or lower corner pressure, and 
an upper inflection point, also referred to as upper corner pres-
sure. These two points represent defined changes in compliance. 
The lower inflection point represents an abrupt increase in 
lung-thorax compliance as collapsed or atelectatic lung begins 
to be recruited.9 The upper deflection point represent the point 
where the rate of lung recruitment decreases and overinflation 
begins.9 It is most important to realize from this graph that the 
lung is recruited by pressure and that the higher the peak airway 
pressure, the greater the potential for lung to be recruited. The 
maximum pressure needed to recruit a given patient’s lung is 
unknown; however, pressures up to 50 cm H2O most likely are 
safe with most patients when applied for short (1 to 3 minutes) 

pressures to equilibrate. However, if insufficient time is available 
for pressure equilibration, delivered volume decreases as airway 
resistance increases. The length of time needed for pressure 
equilibration is usually at least three times greater than the time 
constant for the respiratory system. In pressure modes, 
ventilator-delivered flow varies with patient effort and lung 
mechanics; this tends to avoid patient-ventilator asynchrony.7

Increased Functional  
Residual Capacity

FRC is not known to change significantly with the application 
of PPV alone because passive exhalation allows the end expira-
tory pressure to return to atmospheric pressure with each 
breath. If an increase in FRC is to be achieved, end expiratory 
pressure must be increased. This increase is commonly achieved 
with PEEP or CPAP. PEEP or CPAP does not recruit collapsed 
lung units but prevents lung units that have been opened from 
collapsing at end expiration. Peak airway pressure recruits lung 
volume. The magnitude of the increase in FRC sustained by 
PEEP or CPAP is proportional to the lung-thorax compliance. 
With acute restriction, as PEEP is increased, lung compliance 
improves. Initially, the FRC gain as PEEP is added is small. 
However, as FRC and compliance increase, additional incre-
ments of PEEP tend to result in larger increases in FRC up to 
the point at which overdistention occurs. At that point, as PEEP 
is increased, increases in FRC decline, as does compliance. There 

FIGURE 46-7	 P-V	curve	of	the	lung-thorax	indicating	the	inflation	and	deflation	limbs.	Arrows	indicate	direction	of	flow.	PCL,	Lower	corner	
pressure	or	Pflex	or	lower	inflection	point;	PCU,	upper	corner	pressure	or	upper	inflection	point;	PMC,	point	of	maximum	compliance	change.	
(Modified	from	Godon	S,	Fujino	Y,	Hromi	JM,	et	al:	Optimal	mean	airway	pressure	during	high	frequency	oscillation.	Anesthesiology	94:862-
868,	2001.)
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mental PEEP trial.12,13,15 This trial is performed by changing the 
mode from PC-CMV to volume-controlled continuous manda-
tory ventilation (VC-CMV), VT 4 to 6 ml/kg, inspiratory time 
1.0 second or less, PEEP 20 to 25 cm H2O, and rate set at the 
maximum that does not cause auto-PEEP.8 After stabilization 
(3 to 5 minutes), dynamic compliance is measured.8 PEEP is 
then decreased 2 cm H2O, the patient is stabilized (3 to 5 
minutes), and measurement of dynamic compliance is repeated; 
this is continued until the PEEP level at which the compliance 
decreases is identified. Generally, compliance at 20 to 25 cm 
H2O PEEP is low, and it increases as PEEP is decreased; compli-
ance then decreases as PEEP is decreased further. Open lung 
PEEP is the PEEP associated with the highest compliance. Set 
PEEP is open lung PEEP plus 2 cm H2O.

After open lung PEEP is identified, the lung is again recruited 
because during the decremental PEEP trial derecruitment 
occurred. After recruitment, PEEP is set at the identified level, 
ventilation is adjusted using a lung protective VT (4 to 8 ml/kg), 
and rate is adjusted to normalize PCO2. After all is set, FiO2 is 
decreased to the level that maintains PaO2 in the range of 55 to 
70 mm Hg. Repeat RMs may be needed if the patient did not 
respond to the initial RM or if the patient is disconnected from 

periods.10-12 If these pressures were applied for longer periods, 
lung injury would most likely result.

The deflation limb of the P-V curve is similar in shape to the 
inflation limb but is separated from the inflation limb. This 
hysteresis (separation) is a result of surfactant and surface 
tension interactions. Basically, less pressure is required to keep 
the lung open on the deflation limb of the P-V curve than on 
the inflation limb; this is obvious on examination of the volume 
maintained in the lung at Pflex, or 20 cm H2O. On the inflation 
limb, lung volume increases about 200 ml at 20 cm H2O, but on 
the deflation limb, lung volume increases about 550 ml. The 
goal of an open lung approach to ventilation that has been 
proposed by many authors is to open the lung and then to 
ventilate the patient on the deflation limb of the P-V 
curve.10-12

Figure 46-7 is an idealized P-V curve; actual patient P-V 
curves in ARDS are not as well defined. In 10% to 20% of 
patients with ARDS, Pflex cannot be identified on the inflation 
P-V curve. As a result, despite two positive randomized con-
trolled trials using Pflex to set PEEP,13,14 the use of P-V curves 
clinically has not become common practice; a second reason for 
this is the difficulty of measuring the P-V curve. However, many 
newer ICU ventilators are including algorithms that allow P-V 
curves to be performed by the ventilator with the ventilator 
identifying Pflex. This option may increase the use of the P-V 
curve for the management of patients with ARDS.

The approach to setting PEEP that assures ventilation on the 
deflation limb of the P-V curve and the minimal PEEP to 
sustain the benefit of lung recruitment is a decremental PEEP 
trial immediately after a lung recruitment maneuver (RM).12,13,15 
Many different approaches to performing lung RMs have been 
published, but the approach that is considered the safest and 
most efficacious is the use of pressure-controlled continuous 
mandatory ventilation (PV-CMV).12,13,15 To perform a lung RM 
with PC-CMV, high enough PEEP must be set to avoid dere-
cruitment after each inspiration. Essentially, a minimum of 
20 cm H2O PEEP is required during the RM. Peak pressure is 
usually started at 35 to 40 cm H2O, and if the patient tolerates 
the pressure hemodynamically, it may be increased to 50 cm 
H2O, ensuring a driving pressure of no more than 15 cm H2O 
(Box 46-2). Inspiratory time is increased to about 1.5 to 2.0 
seconds, and respiratory rate is decreased to about 15 to 20 
breaths/min. The maneuver is applied for 1 to 3 minutes. 
During the RM, the patient must be sedated to apnea to avoid 
fighting the ventilator.

Before any RM, the patient must be hemodynamically stable. 
RMs should not be performed in patients with existing baro-
trauma or with a high likelihood of developing barotrauma 
(blebs or bullae) or in patients who are hemodynamically 
unstable. In addition, RMs are most effective and result in the 
least adverse reaction if performed early in the course of ARDS. 
During and after the RM, the patient must be carefully moni-
tored for hemodynamic and oxygenation instability and the 
development of barotrauma.

After an RM, the best way to identify the minimum effective 
PEEP level that maintains the lung open is to perform a decre-

 Box 46-2 Performance of Recruitment 
Maneuver and Decremental 
Positive End Expiratory  
Pressure Trial

Pressure	control	ventilation	settings	are:
PEEP	20-30	cm	H2O
Peak	inspiratory	pressure	35-50	cm	H2O
Driving	pressure	no	greater	than	15	cm	H2O
Inspiratory	time	1-2	sec
Rate	about	15-20	breaths/min
Time	1-3	min

After	completing	RM,	set	PEEP	at	20	or	25	cm	H2O,	ventilate	
with	VC,	VT	4	to	6	ml/kg	ideal	body	weight,	increase	rate,	
avoid	auto-PEEP.

Measure	dynamic	compliance	after	3	to	5	minutes	of	
stabilization.

Decrease	PEEP	2	cm	H2O.
Measure	dynamic	compliance	after	3	to	5	minutes	of	

stabilization.
Repeat	until	maximum	compliance	is	determined.
Optimal	PEEP	=	maximum	compliance	PEEP	+	2	cm	H2O.
Repeat	RM	and	set	PEEP	at	the	identified	settings;	adjust	

ventilation.
After	PEEP	and	ventilation	are	set	and	stabilized,	decrease	FiO2	

until	PO2	is	in	target	range.
If	response	is	poor	and	the	patient	tolerates	the	procedure	well,	

repeat	RM	with	PEEP	25	cm	H2O	and	peak	pressure	40	cm	
H2O	after	a	period	of	stabilization.

If	response	is	still	poor	and	the	patient	tolerates	the	procedure	
well,	repeat	RM	with	PEEP	30	cm	H2O	and	peak	pressure	
45	cm	H2O.

If	response	is	still	poor	and	the	patient	tolerates	the	procedure	
well,	repeat	RM	with	PEEP	35	cm	H2O	and	peak	pressure	
50	cm	H2O.

Do	not	exceed	50	cm	H2O	peak	airway	pressure	during	RM.
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variable, breath sequence, and targeting scheme. The breath 
sequence may be thought of as being on a continuum from 
assuming very little to assuming all WOB. As the breath sequence 
is changed from continuous spontaneous ventilation (CSV) to 
CMV, the ventilator assumes more WOB. An example of this 
transition would be from CPAP to pressure support to CMV. In 
CPAP, a continuous spontaneous mode of ventilation, the 
patient assumes all WOB. The ventilator merely provides posi-
tive pressure throughout the patient’s breathing cycle. The ven-
tilator assumes more WOB during CMV. Pressure support is 
also an example of CSV. During pressure support ventilation 
(PSV), the patient determines breath timing (length of inspira-
tion and expiration) and frequency. Depending on the set inspi-
ratory pressure, the clinician may program the ventilator to 
provide a minimal to a maximal amount of WOB. In instances 
where the patient has no spontaneous efforts, all breaths during 
CMV are time triggered, and all work performed is WOBvent. 
Although it may be advantageous for the ventilator to assume 
all WOB for a while, extended periods of passive ventilation 
may cause diaphragmatic atrophy, which may unnecessarily 
prolong the need for mechanical ventilation and delay weaning. 
At initiation of patient-triggered pressure or volume modes, 
WOBpt resumes.

During assisted ventilation, pressure-targeted modes are 
generally more capable of meeting patient ventilatory demands 
and minimizing WOBpt.

19 As pressure level is increased, ventila-
tory muscles are unloaded, VT increases for a given amount of 
patient effort, and WOBpt decreases. Most clinicians increase 
pressure level until the breathing pattern approaches normal—
that is, until the spontaneous ventilatory rate is 15 to 25 breaths/
min and the spontaneous VT is normal (5 to 8 ml/kg).

Measuring WOB is technically difficult. It is often accom-
plished by esophageal balloon monitoring, in which a balloon 
is placed in the distal third of the esophagus, and a pneumota-
chometer is attached to the airway (see Chapter 51). WOB is the 
integral of the esophageal pressure and VT. Normal WOB is 0.6 
to 0.9 J/L.20

MINIMIZING ADVERSE PULMONARY 
EFFECTS OF POSITIVE PRESSURE 
MECHANICAL VENTILATION

Decreasing Pressure

The main objective of mechanical ventilation is to provide a 
minute ventilation appropriate to achieve adequate alveolar 
ventilation and supplemental O2 and PEEP to provide adequate 
arterial oxygenation.

Peak pressure is the result of the pressure required to over-
come system resistance and compliance. Although there is no 
absolute maximum pressure, most practitioners try to avoid 
peak pressures greater than 40 cm H2O. As the peak pressure 
approaches 40 cm H2O, it is important to consider the causes. 
Factors that increase airway resistance include airway edema, 
bronchospasm, and secretions. The RT can manage or avoid 
these problems by ensuring adequate humidity, bronchial 

the ventilator and derecruitment occurs. A successful RM is one 
that allows the FiO2 to be reduced to less than 0.5.

The use of RM has been documented in many case series; 
however, no data have been published indicating that outcome 
is improved as a result of RMs and decremental PEEP settings. 
Research is ongoing.

	

RULE OF THUMB

A	lung	RM	is	most	likely	to	be	successful	if	it	is	
performed	early	in	the	course	of	ARDS.	Ideally,	if	
indicated,	a	lung	RM	should	be	performed	once	the	
patient	is	fully	stabilized	after	intubation	and	initiation		
of	mechanical	ventilation.	The	longer	the	patient	is	
mechanically	ventilated,	the	less	likely	it	is	that	the	RM	
would	be	successful.

Increased Dead Space

The dead space fraction is increased with the institution of 
mechanical ventilation owing to inspiratory mechanical bron-
chodilation and the preferential ventilation of more apical, non-
dependent alveoli, the reduction of blood flow away from 
ventilated alveoli, and the continued perfusion of basilar or 
dependent alveoli (see Figure 46-5). This increase is concurrent 
with a decrease in � �V Q ratio.

Decreased Work of Breathing

Although improper ventilator management can increase WOB 
(poor patient-ventilator interaction, see Chapter 47 for details), 
one of the primary objectives of mechanical ventilation is to 
decrease WOB. PPV can significantly reduce WOB in patients 
with actual or impending respiratory muscle fatigue. RTs fre-
quently see patients relax as the ventilator assumes a major 
portion of their WOB. To lessen WOB, ventilation must be suf-
ficient to meet the patient’s needs. Otherwise, a spontaneously 
breathing patient tends to resist the ventilator, and an asynchro-
nous breathing pattern develops. Inappropriately applied PPV 
can result in alveolar hypoventilation and consequently a con-
siderable increase in the patient’s WOB.

Mode, trigger setting, and inspiratory flow have an effect on 
WOB. WOB consists of two components: (1) ventilator work 
(WOBvent) occurring as the ventilator forces gas into the lungs 
and (2) patient work (WOBpt) as the inspiratory muscles draw 
gas into the lungs. The magnitude of WOBpt depends on com-
pliance, resistance, and ventilatory drive and on ventilator vari-
ables, such as trigger sensitivity, peak flow, cycling coordination, 
and VT.

16,17

Regardless whether flow or pressure triggering is selected, 
either should always be set as sensitive as possible without 
causing autotriggering. The less sensitive the setting, the greater 
the patient effort. In older generation ventilators, flow trigger-
ing was shown to require less effort than pressure triggering.18 
However, with the newest generation of ICU ventilators, both 
are equally effective.

As described in Chapter 45, a mode of ventilation is a ven-
tilatory pattern that can be described by identifying the control 
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refractory hypoxemia. As a rule, refractory hypoxemia exists 
when PaO2 cannot be maintained at greater than 50 to 
60 mm Hg with FiO2 0.50 or greater. PEEP improves oxygen-
ation in these patients by maintaining alveoli open, restoring 
FRC, and decreasing physiologic shunting. The improved alveo-
lar volume provided by PEEP allows a lower FiO2. Other values 
such as lung compliance, shunt fraction, and PaO2/FiO2 ratio 
also may improve when PEEP is appropriately applied. PEEP 
may be indicated in the care of patients with COPD who have 
dynamic hyperinflation (auto-PEEP).22,23 (See discussion later 
in this chapter.)

Beneficial and harmful effects are associated with the use of 
PEEP (Table 46-2). Detrimental effects of inappropriately high 
levels of PEEP include decreased cardiac output, increased pul-
monary vascular resistance, and increased dead space. When 
one or more of these problems occur, PEEP is decreased to the 
previous level or to a value between the current level and the 
previous level. If cardiac output decreases and an increase in 
PEEP is necessary to maintain oxygenation, intravenous fluid, 
inotropic cardiac drugs, or both are administered to restore 
cardiac output.

PEEP is contraindicated in the presence of a tension pneu-
mothorax. PEEP should be applied cautiously in patients with 
severe unilateral lung disease because PEEP would overinflate 
the lung with higher compliance. The result is lung overdisten-
tion and compression of adjacent pulmonary capillaries.  
Independent lung ventilation can be used to apply separate 
inspiratory and baseline pressures to the right and the left lung 
when severe unilateral lung disease is present.24 PEEP is contra-
indicated in the care of patients with increased ICP only if the 
application of PEEP increases ICP further.

hygiene (suctioning, airway care), and administration of bron-
chodilators and antiinflammatory drugs. Factors that increase 
the pressure needed to inflate the lung and overcome compli-
ance include alveolar and interstitial edema, atelectasis, fibrosis, 
and chest wall restriction.

Plateau pressure reflects mean maximum alveolar pressure. 
Plateau pressures of 28 cm H2O or greater have an increased 
likelihood of causing lung injury.3,4,5 If plateau pressure 
approaches 28 cm H2O during volume ventilation, the VT 
should be decreased so that the plateau pressure is less than 
28 cm H2O, or with pressure ventilation, target pressure should 
be set less than 28 cm H2O.4,21

Mean airway pressure is decreased by decreasing inspiratory 
time, VT, respiratory rate, PEEP, or PIP. Increased mean airway 
pressure reduces venous return and may reduce cardiac output.

Positive End Expiratory Pressure or 
Continuous Positive Airway Pressure

PEEP is the application of positive pressure at end-exhalation. 
PEEP is used primarily to improve oxygenation in patients with 

TABLE 46-2 

Physiologic Effects of Positive End  
Expiratory Pressure

Beneficial Effects of Appropriate 
PEEP

Detrimental Effects of 
Inappropriate PEEP

Restored	FRC,	avoids	
derecruitment

Increased	pulmonary	vascular	
resistance

Decreased	shunt	fraction Potential	decrease	in	venous	
return	and	cardiac	output

Increased	lung	compliance Decreased	renal	and	portal	
blood	flow

Decreased	WOB Increased	ICP
Increased	PaO2	for	a	given	FiO2 Increased	dead	space

	

RULE OF THUMB

Refractory	hypoxemia	exists	when	PaO2	cannot	be	
maintained	at	greater	than	50	to	60	mm	Hg	with	FiO2	
0.50	or	greater.	This	situation	is	an	indication	for	PPV	
with	PEEP	or	CPAP	because	an	increased	end	
expiratory	pressure	with	either	of	these	modalities	
improves	oxygenation	by	decreasing	physiologic	
shunting.

MINI CLINI
Overcoming an Increase in the Work 
of Breathing

PROBLEM:  A patient’s WOB is minimal during mechanical 
ventilation with an appropriate VT and rate. As the ventilator 
support is gradually discontinued and the patient is expected 
to take over more of WOB, airway resistance associated with 
breathing through an endotracheal tube may become clinically 
important. The RT must be able to recognize this problem 
readily and know how to correct it.

A patient has received mechanical ventilation in volume-
controlled CMV mode for the past week. The patient’s condi-
tion is now clinically stable, and ventilation is provided by PSV. 
As the PSV pressure level is reduced to 8 cm H2O, the patient 
begins using accessory muscles to breathe, the spontaneous 
respiratory rate increases to 30 breaths/min, and the patient 
reports shortness of breath. Blood gas values are acceptable, 
and no abnormal lung sounds are present. What is the problem, 
and what should the RT do?

Solution:  The patient may be experiencing excessive WOB 
because of airway resistance associated with the endotracheal 
tube; a small sized tube or partial obstruction of the tube with 
secretions may be the problem. Other possibilities that should 
be considered include deterioration in the patient’s cardiopul-
monary status, but the normal blood gas values and lung 
sounds suggest the problem is not the lungs. Passing a suction 
catheter through the tube may help to identify the problem. If 
the catheter does not pass easily, the tube may be partially 
obstructed. Two options exist: change the tube or extubate the 
patient. Because the tube would need to be removed regardless 
of the choice, a trial extubation should be considered. Because 
this patient is at risk immediately after extubation, noninvasive 
ventilation should be started. If the patient cannot tolerate 
extubation, an appropriate-sized endotracheal tube can be 
reinserted.
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ing seems to improve with each new generation of mechanical 
ventilator.

PHYSIOLOGIC EFFECTS OF 
VENTILATORY MODES

Volume-Controlled Ventilation Versus 
Pressure-Controlled Ventilation

Figure 45-5 illustrates the important variables for volume ven-
tilation modes. The figure shows that the primary variable to 
be controlled is the patient’s minute ventilation. A particular 
ventilator may allow the operator to set minute ventilation 
directly. More frequently, minute ventilation is adjusted by 
means of a set VT and frequency. VT is a function of the set 
inspiratory flow and the set inspiratory time. Inspiratory time 
is affected by the set frequency and, if applicable, the set I : E 
ratio. The mathematical relationships among all these variables 
are shown in Table 46-3.

With pressure-controlled ventilation, the goal is also to 
maintain adequate minute ventilation. However (as the equa-
tion of motion shows), when pressure is controlled, VT and 
minute ventilation are determined not only by the ventilator’s 
pressure settings but also by the elastance and resistance of the 
patient’s respiratory system. Minute ventilation and hence gas 
exchange are less stable in pressure-controlled modes than in 
volume-controlled modes. Figure 45-6 shows the important 
variables for pressure-controlled ventilation. VT is not operator 
set on the ventilator. It is the result of the set inspiratory pres-
sure, the patient’s lung mechanics, and the inspiratory time. On 
most ventilators, the speed with which inspiratory pressure is 
achieved (i.e., the pressure rise time) is adjustable. That adjust-
ment affects the shape of the pressure waveform and the mean 
airway pressure.

Continuous Mandatory Ventilation

CMV (also referred to as assist/control) is a mode of ventilation 
in which total ventilatory support is provided by the mechani-
cal ventilator. All breaths are mandatory and delivered by the 
ventilator at a preset volume or pressure, breath rate, and 
inspiratory time. If the patient has spontaneous respiratory 
efforts, the ventilator delivers a patient-triggered breath. If 
patient efforts are absent, the ventilator delivers time-triggered 
breaths. The clinician needs to set an appropriate trigger  
level and flow rate for the patient in this mode of ventilation. 
There is a potential for the ventilator to autotrigger when the 
trigger level is set too sensitive. As a result, hyperventilation, air 
trapping, and patient anxiety often ensue. However, if the 
trigger level is not sensitive enough, the ventilator does not 
respond to the patient’s inspiratory efforts, which results in 
increased WOB.

Occasionally, all attempts to optimize patient comfort, 
reduce WOB, and achieve the goals of this mode of ventilation 
are futile. In cases in which this mode is poorly tolerated and 
spontaneous triggering is counterproductive to the goals set for 
a particular patient, sedation or paralysis or both may be 

Effects of Ventilatory Pattern

The most commonly used inspiratory flow patterns are con-
stant or square and descending ramp during volume-controlled 
ventilation and exponential decay during pressure-controlled 
ventilation. In mechanical and computer models, a descending 
ramp (volume-controlled ventilation) flow pattern improves 
gas distribution to lung units with long-time constants. The 
literature often refers to the descending ramp as a decelerating 
flow pattern. Similar findings in humans have been reported. 
Compared with a square flow waveform, a descending ramp has 
been shown to reduce peak pressure, inspiratory work, VD/VT, 
and P(A − a)O2 without affecting hemodynamic values.25 Com-
pared with volume-controlled ventilation with a square flow 
waveform, pressure-controlled ventilation with an exponential 
decay flow waveform may result in a higher PaO2, lower 
PaCO2, and lower PIPs. However, mean airway pressure is 
higher with pressure-controlled ventilation compared with 
volume-controlled ventilation because pressure increases to the 
set inspiratory pressure and remains constant throughout inspi-
ration. During pressure-controlled ventilation, flow is respon-
sive to patient demand. The ventilator delivers flow to the 
patient in proportion to patient need. Flow is also greater at  
the onset of inspiration, resulting in VT delivery at a time when 
the lungs are most compliant, the beginning of the breath. As a 
breath ends, flow is least, and the volume delivered is small. The 
result is a lower peak airway pressure for any given VT.

In most spontaneously breathing persons, lower inspiratory 
flows improve gas distribution. However, during PPV, low 
inspiratory flow may lead to lengthy inspiratory times and air 
trapping if expiratory time is too short. High ventilator inspira-
tory flow allows more time for exhalation and reduces the inci-
dence of air trapping. Avoidance of air trapping improves gas 
exchange and reduces WOB in patients with high ventilatory 
demands.17,26

An inflation hold also affects gas exchange. By momentarily 
maintaining lung volume under conditions of no flow, an infla-
tion hold allows additional time for gas redistribution between 
lung units with different time constants. In both animal and 
human studies, increasing the length of an inflation hold 
decreases the VD/VT, PaCO2, and inert gas washout time. Adding 
an inflation hold effectively increases total inspiratory time, 
shortening the time available for exhalation and predisposes 
patients with airway obstruction to auto-PEEP. In practice, an 
inflation hold should be used only to obtain Pplat values. Because 
the technique prevents the onset of exhalation, asynchrony 
occurs if the patient is actively breathing.

Trigger Site and Work of Breathing

Studies have examined the effects of sensing a patient’s inspira-
tory effort at the tip of the endotracheal tube rather than in the 
ventilator circuit, as is done with all ventilators. Triggering and 
managing gas delivery by measurement of pressure at the tip of 
the endotracheal tube decreases patient effort and improves 
synchrony; however, no practical system has been designed.27 In 
addition, the efficiency of ventilator flow and pressure trigger-
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TABLE 46-3 

Equations Relating the Important Parameters for Volume-Controlled and Pressure-Controlled Ventilation

Mode Parameter Symbol Equation

Volume-controlled Tidal	volume	(L) VT V V fT E= ÷�
V V TT I I= ÷�

Mean	inspiratory	flow	(L/min) �V1
�V V TI T I= × ÷60

�
�

v
v TCT

T
E

1
1

= ×

Pressure-controlled Tidal	volume	(L) VT VT	=	ΔP	×	C	×	(1	−	e−t/τ)

Instantaneous	inspiratory	flow	(L/min) �v1 �v
P

R
e t

1 = 





−∆ τ

Pressure	gradient	(cm	H2O) ΔP ΔP	=	PIP	−	PEEP
Both	modes Exhaled	minute	ventilation	(L/min) �VE

�V V fE T= ×
Total	cycle	time	or	ventilatory	period	(sec) TCT TCT	=	TI	+	TE	=	60	÷	f

I	:	E	ratio I	:	E I E T T
T
T

E
E

: := =1
1

Time	constant	(sec) τ τ	=	R	×	C

Resistance	(cm	H2O/L/sec) R R
P
V

= ∆
∆ �

Compliance	(L/cm	H2O) C C
V
P

= ∆
∆

Elastance E E
C

= 1

Mean	airway	pressure	(cm	H2O) Paw P
TCT

P dtaw aw

t

t TCT

= 



 =

=

∫
1

0
Primary	variables Pressure	(cm	H2O) P

Volume	(L) V
Flow	(cm	H2O/L/sec) �V
Time	(sec) τ
Inspiratory	time	(sec) TI

Expiratory	time	(sec) TE

Frequency	(breaths/min) f
Base	of	natural	logarithm	(≈2.72) e

required. These agents may be used to minimize patient effort 
and normalize WOB.

Volume-Controlled Continuous  
Mandatory Ventilation
Volume-controlled continuous mandatory ventilation (VC-
CMV) is indicated when a precise minute ventilation or blood 
gas parameter, such as PaCO2, is therapeutically essential to 
the care of patients.26 Theoretically, volume control (with 
a constant inspiratory flow) (Figure 46-8) results in a more  
even distribution of ventilation (compared with pressure 
control) among lung units with different time constants where 
the units have equal resistances but unequal compliances (e.g., 
ARDS).27

During VC-CMV, volume is guaranteed, but airway pressure 
varies depending on changes in the patient’s lung mechanics. A 
reduction in lung compliance or an increase in resistance causes 
higher peak airway pressures. Care should also be taken when 
setting the inspiratory flow. Avoid setting a flow that fails to 
match patient needs or exceeds patient demand. An insufficient 
flow rate would result in an imposed increase in the patient’s 

WOB and a concomitant increase in O2 consumption. The 
inspiratory phase may be prematurely shortened if the set inspi-
ratory flow exceeds patient demands. Meticulous patient moni-
toring and use of VC-CMV allow the clinician to achieve precise 
and predictable physiologic results.

Example.  Perhaps the most common application of 
VC-CMV is its use to ventilate patients in the immediate post-
operative period. Patients are often sedated to minimize their 
response to noxious stimuli and ventilator asynchrony. VC-CMV 
can achieve fairly precise regulation of gas exchange.

Pressure-Controlled Continuous  
Mandatory Ventilation
Similar to VC-CMV, pressure-controlled continuous manda-
tory ventilation (CMV) can be used as a basic mode of ventila-
tory support. The primary difference between volume-controlled 
and pressure-controlled ventilation is the control variable with 
which the clinician is most concerned.28,29 Theoretically, pres-
sure control (with a constant inspiratory pressure) (Figure 
46-9) results in a more even distribution of ventilation (com-
pared with volume control) among lung units with different 
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mean airway pressure than VC-CMV with a rectangular flow 
waveform, allowing more time for oxygenation to occur.31 In 
PC-CMV, however, inspiratory flow is not a parameter set by 
the clinician. It is variable and dependent on patient effort and 
lung mechanics, improving patient comfort and patient-
ventilator synchrony. However, as lung mechanics or patient 
effort or both change, volume delivery (VT and minute ventila-
tion) changes.

time constants when units have equal compliances but unequal 
resistances (e.g., status asthmaticus).27 The instability of VT 
caused by airway leaks can be minimized by using pressure-
controlled rather than volume-controlled ventilation. Increased 
VT stability may lead to better gas exchange and lower risk of 
pulmonary volutrauma.30

Use of a rectangular pressure waveform opens alveoli earlier 
in the inspiratory phase during PC-CMV and results in a higher 

FIGURE 46-8	 VC-CMV.	Top,	VT;	middle,	flow;	bottom,	airway	pressure	waveform.	

FIGURE 46-9	 PC-CMV.	Top,	VT;	middle,	flow;	bottom,	airway	pressure	waveform.	
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PC-IRV is defined as pressure-controlled ventilation with an  
I : E ratio greater than 1 : 1 (Figure 46-10). Although some 
studies have shown improvement in oxygenation with PC-IRV 
versus CMV with PEEP, others have shown concurrent decreases 
in cardiac output.28,35 Generally, if applied PEEP in normal ratio 
ventilation is equal to total PEEP (applied and intrinsic PEEP) 
in PC-IRV, the oxygenation benefits are equivalent without the 
marked depression in cardiac output.

Intermittent Mandatory Ventilation

As a partial support mode, IMV allows or requires the patient 
to sustain some WOB. The level of mechanical support needed 
depends on the specific physiologic process causing the need 
for mechanical ventilation, presence or degree of ventilatory 
muscle weakness, and presence and severity of lung disease. In 
this mode, mandatory breaths are delivered at a set rate. Between 
the mandatory breaths, the patient can breathe spontaneously 
at his or her own VT and rate (Figure 46-11). Breaths can occur 
separately (e.g., IMV); breaths can be superimposed on each 
other (e.g., spontaneous breaths superimposed on mandatory 
breaths, as in bilevel positive airway pressure [bilevel PAP] or 
airway pressure release ventilation [APRV]); or mandatory 
breaths can be superimposed on spontaneous breaths, as in 
high-frequency ventilation administered during spontaneous 
breathing. Spontaneous breaths may be assisted (e.g., PSV) 
(Figure 46-12) or unassisted (e.g., PEEP or CPAP).

When the mandatory breath is patient-triggered, modern-
day ventilators deliver the mandatory breath in synchrony  
with the patient’s inspiratory effort. If no spontaneous efforts 
occur, the ventilator delivers a time-triggered breath. Because 

Because VT is not directly controlled, the pressure gradient 
(PIP − PEEP) is the primary parameter used to alter the breath 
size and CO2 tensions. Typically, PIP is adjusted to provide the 
patient with a VT within the desired range.32 As with VC-CMV, 
the mandatory breath rate set by the clinician depends on the 
presence of ventilatory muscle activity and the severity of lung 
disease. When higher mandatory breath rates are needed (>30 
breaths/min), it is essential for the clinician to provide a suffi-
cient expiratory time and prevent air trapping.

As long as lung mechanics and patient effort remain con-
stant, the volume and peak flow delivered to the patient remain 
unchanged.33 When a decrease in patient effort, decrease in 
compliance, or increase in resistance occurs, less volume is 
delivered for the preset pressure for each breath. Conversely, 
improvements in patient effort and mechanics can dramatically 
increase the volume delivery to the patient in this mode. Close 
VT monitoring is required to avoid ventilator-induced hyper-
ventilation or hypoventilation.

The patient’s cardiac index and O2 consumption should be 
closely monitored as well. Higher mean airway pressures may 
impair cardiac output. In addition, PC-CMV with IRV can lead 
to the development of auto-PEEP, which can impair venous 
return, compromise O2 delivery to the tissues, and result in 
marked air trapping.34

Pressure-Controlled Inverse  
Ratio Ventilation
PC-CMV may be used to accomplish pressure-controlled 
inverse ratio ventilation (PC-IRV), by increasing the inspiratory 
time directly or by increasing the I : E ratio to the desired value. 

FIGURE 46-10	 PC-IRV.	The	flow	waveform	for	any	breath	does	not	return	to	baseline	before	the	next	breath,	resulting	in	auto-PEEP	and	
an	increase	in	mean	airway	pressure.	Top,	VT;	middle,	flow;	bottom,	airway	pressure	waveform.	
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spontaneous breaths decrease pleural pressure, ventilatory 
support with IMV usually results in a lower mean intrathoracic 
pressure than CMV, which can result in a higher cardiac 
output.36

When used to wean a patient from mechanical ventilation, 
the intent of IMV is to provide respiratory muscle rest during 
the mandatory breaths and exercise during spontaneous breaths. 
However, studies have shown that IMV weaning prolongs the 
duration of mechanical ventilation compared with PSV and 
spontaneous breathing trials.37,38

MINI CLINI
Determining Appropriate  
Ventilator Rate

PROBLEM:  A 36-year-old woman with traumatic brain 
injury was intubated in the emergency department with a 
7-mm endotracheal tube and transferred to the RT in the neu-
rointensive care unit. She is paralyzed and sedated. Her current 
ventilator settings are as follows:
Mode: VC-CMV
VT: 405 ml
Frequency: 15 breaths/min
FiO2: 0.5

The pulse oximeter displays 97%, and end-tidal CO2 
monitor is reading 49. The patient’s weight is estimated at 
45 kg. End-tidal CO2 is stable and 4 mm Hg higher than 
PaCO2. The clinical goal is to minimize ICP. Because intracra-
nial blood flow is inversely proportional to PaCO2, ventilation 
should be increased to maintain PaCO2 at about 35 to 
40 mm Hg. The RT needs to make appropriate ventilator 
changes to achieve the target PaCO2.

Discussion:  The current VT is already large at 8 ml/kg. The 
increase in ventilation must be achieved by increasing fre-
quency. Because the patient is paralyzed, the ventilation level is 
controlled by the set frequency, and PaCO2 is predictable. The 
new frequency required is calculated using the following 
equation:

Required frequency Current frequency
Current PaCO Desired 

= ×
2 PPaCO

Required frequency  breaths/min
mm Hg 35 mm Hg
b

2

15
49
21

= ×

= rreaths min

MINI CLINI
Using Pressure-Controlled Ventilation

PROBLEM:  The RT is caring for a 20-year-old patient with 
ARDS. The patient has no respiratory effort. Current ventilator 
settings are as follows:
Mode: VC-CMV
VT: 400 ml
Frequency: 25 breaths/min
PEEP: 14 cm H2O
FiO2: 1
PIPs monitored on the ventilator: 40 to 50 cm H2O
Mean airway pressure: 22 to 24 cm H2O
Plateau pressure: 30 cm H2O

An arterial blood gas is obtained, which reveals pH 7.28, 
PCO2 41 mm Hg, and PO2 50 mm Hg. The physician would 
like to employ pressure-controlled ventilation. What are the 
appropriate initial settings in PC-CMV mode to maintain the 
current minute ventilation?

Solution:  Initial ventilator setting would be as follows:
Ventilator frequency, PEEP, and FiO2: the same
Frequency: 25 breaths/min
PEEP: 14 cm H2O
FiO2: 1

To keep the minute ventilation constant, the RT needs to set 
the PIP high enough to deliver the same VT as in volume 
control (400 ml).
1. Calculate the patient’s respiratory system compliance:

Compliance V Plateau pressure PEEP
ml cm H O cm H O

T= −
= −
=

400 30 142 2

225 2ml cm H O

2. Calculate the pressure limit in PC-CMV mode to achieve 
the target VT. Because the pressure limit is measured relative 
to PEEP on this ventilator, the equation is:

Ventilating pressure V Compliance
ml ml cm H O

cm H O

T=
=
=

400 25
16

2

2

PIP Ventilating pressure PC setting cm H O
PEEP cm H

= +( )
(

16
14

2

2OO or cm H O) 30 2

A shortcut is to realize that the required pressure limit is the 
plateau pressure on VC-CMV. The PIP (relative to atmospheric 
pressure) is 30 cm H2O.

Volume-Controlled Intermittent  
Mandatory Ventilation
Volume-controlled intermittent mandatory ventilation (VC-
IMV) has been advocated for patients with relatively normal 
lung function recovering from sedation or rapidly reversing 
respiratory failure.39 However, the use of IMV has greatly 
decreased over the years in favor of VC-CMV, PC-CMV, and 
PSV, and there are no specific situations in adults where IMV 
would be the optimal mode.

Example.  VC-IMV has been usually selected for patients 
with neuromuscular disorders, such as Guillain-Barré syn-
drome. Typically, normal lung function and an intact ventila-
tory drive characterize these patients. As the disease progresses, 
ascending muscle weakness eventually affects the patient’s ven-
tilatory muscles. Mechanical ventilation is considered when it 
is difficult for the patient to sustain VT and minute ventilation. 
The degree of support depends on the patient’s inherent muscle 
strength. Large VT (6 to 8 ml/kg) and high peak flow (>80 L/
min) may be needed to alleviate dyspnea and maximize patient 
comfort.40 As respiratory muscle function improves, mandatory 
breath support can be reduced.
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oxygenation problems but also because traditionally it had been 
difficult to control VT at such small values.42

Liberation from this mode involves the gradual reduction of 
the PIP and the mandatory breath rate. As lung compliance 
improves, adjustments in PIP are necessary to prevent overdis-
tention of the lung. Adjustments in PIP and set mandatory 
breath rate are critical to prevent hyperventilation.

Pressure-Controlled Intermittent  
Mandatory Ventilation
Pressure-controlled intermittent mandatory ventilation (PC-
IMV) is indicated when preservation of the patient’s spontane-
ous efforts is important and patient-ventilatory synchrony is a 
concern.41 PC-IMV has been traditionally associated with 
mechanical ventilation of infants not only because of their 

FIGURE 46-11	 VC-SIMV	+	CPAP.	Top,	VT;	middle,	flow;	bottom,	airway	pressure	waveform.	

FIGURE 46-12	 VC-SIMV	+	PSV.	The	addition	of	PSV	to	the	spontaneous	breaths	increases	spontaneous	VT.	Top,	VT;	middle,	flow;	
bottom,	airway	pressure	waveform.	
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spontaneous breathing throughout the periods of inspiratory 
and expiratory positive pressure.44

APRV also provides ventilation and oxygenation without 
adversely affecting hemodynamic values because of the periodic 
reductions in intrathoracic pressure during the spontaneous 
breaths. In addition, peak airway pressure during APRV may be 
less than with VC-IRV for comparable oxygenation and ventila-
tion.45 APRV compared with conventional volume-controlled 
or pressure-controlled SIMV showed that with APRV there was 
a decrease in peak airway pressures, improved hemodynamics, 
and a decreased need for vasopressor and intropic support.46 
However, the cost of these potential benefits is patient effort; 
WOB is markedly increased and transpulmonary pressure is 
excessive, potentially inducing lung injury during APRV.44 
There are no data to indicate a better outcome with APRV than 
with other approaches to ventilatory support when a similar 
approach to managing oxygenation is used. Specific indications 
for APRV are unclear.

Continuous Spontaneous Ventilation

Spontaneous breath modes include modes in which all breaths 
are initiated and ended by the patient. The level of support these 
modes of ventilation provide determines the amount of WOB 
the patient ultimately assumes. CPAP, PSV,47 automatic tube 
compensation (ATC), proportional assist ventilation (PAV), and 
neurally assisted ventilatory assist (NAVA) are continuous spon-
taneous breath modes.48

Continuous Positive Airway Pressure
CPAP is spontaneous breathing at an elevated baseline pressure 
(Figure 46-14). Breaths are patient-triggered and cycled.49,50 VT 

Example.  Perhaps the most familiar scenario is the applica-
tion of PC-IMV in premature infants with respiratory distress 
syndrome. Initially, because of a noncompliant lung, compliant 
chest wall, and poor respiratory effort, the infant may require a 
relatively high mandatory breath rate to achieve acceptable VT 
and acid-base balance. Mandatory breath rates are set to provide 
adequate minute ventilation.

With PC-IMV, the infant can breathe spontaneously between 
or during the mandatory breaths, at his or her own rate and VT. 
Liberation from this mode of partial support ventilation 
involves the gradual reduction of the PIP and mandatory breath 
rate. As the infant’s lung compliance improves and spontaneous 
ventilatory efforts become more effective, lower PIPs and man-
datory breath rates are needed to deliver adequate minute 
ventilation.

Airway Pressure Release Ventilation
A mode related to both PC-IRV and PC-IMV is APRV, in which 
the patient breathes spontaneously throughout periods of high 
and low applied CPAP (Figure 46-13).43 APRV intermittently 
decreases or “releases” the airway pressure from an upper pres-
sure (Phigh) or CPAP level to a lower pressure (Plow) or CPAP 
level. The pressure release usually lasts about 0.2 to 1.5 seconds 
depending on whether or not air trapping is desired. In Figure 
46-13, inspiratory time is longer than expiratory time, and 
spontaneous breaths are superimposed on this mandatory 
pattern of pressurization and release. Spontaneous breaths are 
supplemented by PSV. This is a feature of APRV available on 
some ventilators, where APRV is referred to as bilevel ventila-
tion. In APRV, the I : E ratio is usually greater than 1 : 1, which 
is similar to PC-IRV, but APRV offers the advantage of allowing 

FIGURE 46-13	 APRV.	In	APRV,	the	patient	is	able	to	breathe	spontaneously	throughout	the	total	cycle	time.	Top,	VT;	middle,	flow;	
bottom,	airway	pressure	waveform.	
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termination criteria, the minimal flow resulting in cycling  
to exhalation (see Chapter 47). Ventilator graphics are often 
helpful when adjusting these parameters and optimizing 
patient-ventilator synchrony.

Regardless of the level of support provided, the patient has 
primary control over the breath rate and inspiratory time and 
flow rate delivered during this mode of assisted ventilation. The 
VT resulting from a PSV breath depends on the preset pressure 
level, patient effort, and mechanical forces opposing ventilation 
(lung–chest wall compliance and airway resistance). Of all of 
the classic modes of ventilation, PSV exerts the least control 
over the patient’s ventilatory pattern and as a result should 
improve patient-ventilator synchrony. Since the first descrip-
tion of PSV in 1982, it has been used either to overcome the 
imposed resistance associated with the artificial airway or to 
provide ventilatory support with minimal control.55 PSV is 
useful in any patient with an intact ventilatory drive and a stable 
ventilatory demand.

Bilevel PAP (BiPAP; Respironics, Inc, Murrysville, PA) is 
simply PSV with PEEP applied noninvasively.56 With bilevel 
PAP, inspiratory positive airway pressure (or PSV) and expira-
tory positive airway pressure (PEEP) are set. The duration of 
inspiratory positive airway pressure and expiratory positive 
airway pressure can be independently adjusted to set the I : E 
ratio. Although it was originally developed to enhance the capa-
bilities of home CPAP systems used for management of obstruc-
tive sleep apnea, bilevel PAP has been successfully used in the 
home and the hospital for noninvasive ventilatory support of 
patients with acute and chronic respiratory failure.57

Example.  An example of the use of PC-CSV is noninvasive 
PSV and PEEP in the management of a patient with COPD in 
an acute exacerbation. As described in detail in Chapter 49, PSV 

depends on patient effort and lung mechanics. CPAP increases 
alveolar pressure and maintains alveoli open. In contrast to 
NPV and PPV, airway pressure with CPAP is theoretically con-
stant (baseline pressure ±2 cm H2O) throughout the respiratory 
cycle. Because airway pressure does not change, CPAP does not 
provide ventilation. For gas to move into the lungs during 
CPAP, the patient must create a spontaneous transairway pres-
sure gradient. Although NPV and PPV produce the pressure 
gradients needed for gas flow into the lungs, CPAP maintains 
alveoli at greater inflation volume, restoring FRC. An important 
physiologic feature of CPAP is that as alveoli are maintained 
open, FiO2 needed to maintain adequate PaO2 may decrease. 
Oxygenation becomes more efficient at any given FiO2, as mea-
sured by PaO2/FiO2 ratio and shunt fraction. The potential side 
effects associated with PPV also exist for CPAP but usually to a 
lesser degree.

Pressure Support Ventilation
PSV is a form of PC-CSV that assists the patient’s inspiratory 
efforts (Figure 46-15). At very low levels of support, this mode 
unloads WOB the ventilator circuitry imposes on the respira-
tory muscles.51 If the level of support is maximized, the ventila-
tor may assume all WOB.52 The result of high levels of support 
is a reduction in the respiratory rate, reduction in respiratory 
muscle activity and fatigue, reduction in O2 consumption, and 
improvement or stabilization of spontaneous VT.

53,54 However, 
the positive attributes of this mode of ventilation can be negated 
if ventilator parameters are not properly set. The ventilator 
must be able to detect spontaneous patient effort. It is critical 
for the clinician to adjust the trigger sensitivity correctly. Of 
equal importance is the clinician-set rise time, the time required 
for the ventilator to reach the inspiratory pressure limit, and 

FIGURE 46-14	 CPAP.	Top,	VT	scalar;	middle,	flow	scalar;	bottom,	airway	pressure	scalar.	
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does not force any control variable except the unloading of E 
and R in a proportional manner. See Chapter 45 for details on 
operation of PAV.

Numerous studies have evaluated the effect of PAV during 
noninvasive PPV.58-62 Most of these comparisons were between 
PAV and PSV,58,62 and in almost all of these comparisons the 
patients evaluated had chronic respiratory failure and were in 
an acute exacerbation. Patients managed with PAV had a lower 
refusal rate, had a more rapid reduction in respiratory rate, and 
developed fewer complications.60,61 In these studies, gas exchange 
and respiratory pattern did not differ between PSV and PAV, 
but the patients ventilated with PAV were more comfortable. 
PAV has also been shown to be essentially equivalent to PSV in 
stable patients with chronic ventilatory failure59 and in patients 
with acute cardiogenic pulmonary edema.62

PAV has been most widely studied during invasive mechani-
cal ventilation.63-65 As with the evaluation of PAV in other set-
tings, most of the comparisons focused on the physiologic 
response observed when PSV is changed to PAV. Generally, 
during invasive ventilation, the change from PSV to PAV results 
in lower VT, more rapid respiratory rate, lower peak airway 
pressure, and lower mean airway pressure without significant 
changes in gas exchange or hemodynamics.66-68 In a randomized 
comparison of PAV versus PSV each for a 48-hour period in a 
series of critically ill patients,65 the percentage of patients’ failing 
the transition to PAV or PSV differed, 11% failing PAV versus 
22% failing PSV. In addition, the proportion of patients devel-
oping asynchrony was greater with PSV versus PAV. The current 
data on PAV indicates it can sustain the same patients as PSV—
patients who can breathe spontaneously and manage their ven-
tilator drive normally.

has been shown in this setting to decrease the frequency of 
intubation, length of mechanical ventilation, development of 
ventilator-associated pneumonia, and patient mortality.

Proportional Assist Ventilation
PAV is based on both the mechanics of the total respiratory 
system and the resistive properties of the artificial airway; that 
is, the ventilator delivers a pressure assist in proportion to the 
patient’s desired VT (volume assist) and to the patient’s instan-
taneous inspired flow (flow assist). The response of these two 
aspects of ventilatory assistance is automatically adjusted to 
meet changes in the patient’s ongoing ventilatory demand. This 
algorithm is based on the law of motion as it applies to the 
respiratory system:

P P Volume E Flow Rmusc appl+ = × + ×( ) ( )

where Pmusc is pressure generated by the respiratory muscles, 
Pappl is pressure applied by the ventilator, and E and R are 
elastic and resistance properties of the respiratory system. 
Assuming that E and R are linear during inspiration, the 
instantaneous flow and volume to be delivered are propor-
tional to the resistive and elastic WOB. The ventilator continu-
ously measures the instantaneous flow and volume and 
periodically measures the E and R. Using this information, the 
ventilator software adjusts gas delivery by estimating Pmusc and 
assisting Pmusc in a proportional manner, the percent set by the 
clinician. The patient is the determinant of the ventilatory 
pattern. Patients are given the freedom to select a ventilatory 
pattern that is rapid and shallow or slow and deep. If the 
patient desires a small VT, a low level of pressure is applied, and 
if a large VT is desired, a high pressure is applied. The ventilator 

FIGURE 46-15	 PSV.	Top,	VT;	middle,	flow;	bottom,	airway	pressure	waveform.	
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indication that spontaneous ventilation can be maintained 
without ventilatory support and the patient should be consid-
ered for extubation. Although in theory the use of ATC to wean 
patients appears ideal, no data to date have indicated that ATC 
weans patients faster than spontaneous breathing trials.

Adaptive Modes and Dual Control
The first adaptive control/dual control mode was described by 
Amato and colleagues.76 Their major finding was that the ven-
tilatory workload imposed on the inspiratory muscles during 
volume-assured PSV was significantly reduced by the use of 
dual control. In this mode, pressure support is combined with 
volume control. However, this benefit was due to the fact that 
inspiration started out in pressure support and stayed there 
unless the VT target was not met. The improvement was mostly 
a result of the improved synchrony between the patient and the 
machine. These investigators did not show a specific benefit of 
the actual dual nature of the mode (i.e., switching from pressure 
support to volume control), and no evidence has been pub-
lished in the literature since then supporting this mode. Anec-
dotal reports indicate that it is difficult to adjust pressure, 
volume, and flow settings to make the mode work properly, in 
particular, if the mechanical properties of the patient’s respira-
tory system are changing rapidly.

Pressure-regulated volume control (PRVC), or PC-CMV, and 
volume support (VS), or PC-CSV, are examples of adaptive 
control/dual control modes. PRVC is based on pressure-
controlled ventilation, and VS is based on PSV. In both modes, 
the ventilator attempts to maintain a target VT by adjusting the 
pressure level based on the previous breath. When a clinician 
places a patient in PRVC, a target VT, breath rate, and maximum 
(i.e., alarm) pressure limit are clinician set, whereas for a 
patient placed in VS, a target VT and maximum (i.e., alarm) 
pressure limit are clinician set. In both modes, once the patient 
is connected to the ventilator, the patient-ventilator interaction 
that occurs in the first few breaths is critical. Initially, the ven-
tilator calculates total system compliance. On the succeeding 
three or four breaths, the ventilator monitors the peak airway 
pressures and expiratory VT. The ventilator determines the 
pressure level necessary to deliver the clinician-set “target” VT, 
for the given total system compliance. (“Target” is used because 
the ventilator aims to deliver it, over the course of several 
breaths, but may not hit the mark if the maximum pressure 
limit is set too low.)

The patient-ventilator interaction is monitored on a breath-
by-breath basis. If the patient’s lung compliance improves (or 
patient effort increases), the ventilator delivers subsequent 
mandatory breaths at a lower pressure level to maintain the 
target VT. This adjustment by the ventilator reduces the risk of 
alveolar overdistention and volutrauma. Conversely, the ventila-
tor responds to worsening pulmonary compliance (or decreas-
ing patient effort) by increasing the pressure limit until the VT 
is achieved. The ventilator makes pressure level changes in small 
increments, 1 to 3 cm H2O per breath, and does not exceed the 
maximum pressure limit set by the clinician. These automatic 
ventilator responses to changes in a patient’s lung mechanics 

Neurally Adjusted Ventilatory Assist
From a conceptual perspective, NAVA is essentially the same as 
PAV except that PAV responds to changes in airway pressure and 
flow, whereas NAVA responds to changes in diaphragmatic 
EMG activity. However, for NAVA to function properly, a spe-
cially designed nasogastric catheter with a 10-cm length of 
EMG electrodes must be in place. Both PAV and NAVA respond 
to patient effort providing ventilatory support in a proportional 
manner. The clinician does not set pressure, volume, flow, or 
time in either mode. The only parameter set is the proportion 
of effort unloaded by the ventilator; in NAVA, this is set as the 
number of cm H2O applied per microvolt of diaphragmatic 
EMG activity.

NAVA responds similarly to PAV, when compared to pressure 
support—NAVA results in low airway pressures, smaller tidal 
volumes, more rapid rates, and increased patient-ventilator syn-
chrony.69,70 PEEP titration also affects baseline diaphragmatic 
EMG activity. As PEEP is increased EMG activity decreases. 
Minimal EMG activity seems to correspond to optimal PEEP 
level.71

NAVA application in neonates results in similar outcomes as 
observed in adults.72,73 After the change to NAVA, VT tends to 
decrease, respiratory rate to increase, and peak diaphragmatic 
EMG activity to decrease. In addition, despite the open ventilat-
ing system (uncuffed artificial airway), triggering and cycling 
were still primarily neurally activated.72,73

The most important advantage of PAV and NAVA over tra-
ditional modes of ventilation is improved synchrony. The spe-
cific indications for PAV and NAVA are not fully established; 
however, both can be reasonably used in any patient with an 
intact ventilatory drive. The primary indication would be a 
patient with a significant level of asynchrony.

Automatic Tube Compensation
ATC is similar to the flow assist aspect of PAV but considers 
only the resistance of the endotracheal tube.74 ATC is an adjunct 
that automatically adjusts the airway pressure to compensate 
for endotracheal tube resistance to gas flow by maintaining 
tracheal pressure constant at the baseline level.74 The goal is to 
eliminate WOB imposed by the endotracheal tube. In ATC, the 
RT inputs into the ventilator the type and size of artificial 
airway (endotracheal tube or tracheostomy tube) and the 
percent compensation desired (10% to 100%). The ventilator 
continuously measures flow and calculates the amount of pres-
sure needed to overcome the resistance of the airway (pressure 
= resistance × flow). As a result, the greater the inspiratory 
demand, the greater the pressure applied. Pressure varies 
throughout the breath.

ATC may be applied during inspiration (positive airway 
pressure) or during both inspiration and expiration (negative 
airway pressure). However, expiratory ATC may result in early 
airway closure and increased air trapping. ATC has been referred 
to as electronic extubation, meaning that if the airway pressure 
is low during inspiration (5 to 7 cm H2O), it is simply overcom-
ing the resistance of the endotracheal tube with a normal inspi-
ratory effort.75 Consequently, many clinicians consider this an 
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tion allows specific algorithms to be selected based on patient 
diagnosis: ARDS, COPD, brain injury, or healthy lung. This 
mode is the most sophisticated of the closed loop control modes 
available on ICU ventilators at the present time. However, addi-
tional study is needed to determine fully the type of patient in 
whom ASV is most useful. Current data would indicate ASV 
works very well in patients under controlled approaches to ven-
tilatory support, but additional data in spontaneously venti-
lated patients are needed before it can be recommended in these 
patients.

minimize the risk of ventilator-induced hyperventilation or 
hypoventilation. The desired outcome is a stable or consistent 
minute ventilation and enhanced patient comfort. However, the 
major problem with these modes is that the ventilator cannot 
distinguish between the patient improving and heightened 
levels of ventilator demand. If patient demand results in a larger 
VT, the ventilator ventilates less.77

In most ventilators, pressure can be decreased all the way to 
the PEEP level. This situation can lead to ventilatory failure.77 
Both RPVC and VS should be used very cautiously in all patients 
with a normal or increased ventilatory demand. Randomized 
comparison between these modes and other, more traditional, 
modes failed to show any outcome benefit.78,79

Example.  PRVC or VS has been used in infants with 
respiratory distress syndrome.80 Rapidly changing pulmonary 
mechanics from surfactant administration are associated with 
complications such as pulmonary air leaks, intraventricular 
hemorrhage, and bronchopulmonary dysplasia. These adaptive 
modes respond to changes in a patient’s lung mechanics and 
may reduce the incidence of these common complications.

Adaptive support ventilation (ASV), or PC-IMV, is an example 
of optimal control in adaptive ventilation. Adaptive support 
ventilation is a pressure-targeted mode that optimizes the rela-
tionship between VT and respiratory frequency based on lung 
mechanics as predicted by Otis.81 ASV uses a pressure ventila-
tion format establishing a ventilatory pattern that minimizes 
WOB and auto-PEEP, while limiting peak airway pressure. In 
this regard, ASV is similar to PC-CMV and PRVC in its gas 
delivery format. It differs from PC-CMV and PRVC by its addi-
tional algorithmic control of the ventilatory pattern.82 ASV 
automatically determines the VT and respiratory rate that best 
maintains the peak pressure below the target level.83 The clini-
cian inputs the patient’s ideal body weight, high pressure limit, 
PEEP, FiO2, inspiratory rise time, flow cycle percentage, and 
percentage of predicted minute volume desired. The ventilator 
periodically measures dynamic compliance and the respiratory 
time constant and determines the desired mandatory rate. Ideal 
body weight is used by the ventilator to calculate the minute 
volume, which is divided by the rate for determination of VT.

84 
The newest adaption to ASV is referred to as Intellivent. With 
this adaption the ventilator operates the same as with ASV but 
in addition has the ARDSnet PEEP/FIO2 tables programmed 
into the ventilator algorithm. Thus, as the patient’s SpO2 changes 
PEEP and FIO2 are adjusted as dictated by the ARDSnet 
protocols.

When ASV is compared to VC-IMV, ASV decreases inspira-
tory load and improves patient-ventilator synchrony.85 Others 
have shown that ASV resulted in a shorter duration of intuba-
tion than VC-IMV in postoperative cardiac patients with no 
complications.86 More recently, Belliato and colleagues87 com-
paring PC-IMV (optimal) to ASV showed that the ventilator 
was able to differentiate between patient types and select appro-
priate settings.88 Using a lung model, Sulemanji and coworkers89 
determined that ASV could provide better lung protection than 
a fixed VT of 6 ml/kg ideal body weight. ASV control has been 
adapted to respond to end-tidal CO2 levels.89 This new adapta-

	

RULE OF THUMB

Most	patients	requiring	ventilatory	support	can	be	
effectively	ventilated	with	volume	assist/control,	
pressure	assist/control,	and	PSV	modes.

Patient Positioning to Optimize 
Oxygenation and Ventilation

Patients receiving mechanical ventilation are turned frequently, 
usually at least every 2 hours, unless turning is contraindicated. 
Kinetic beds continually rotate patients and are designed to help 
prevent atelectasis, hypoxemia, secretion retention, and pres-
sure sores. When patients are kept immobile, pooling of secre-
tions in dependent lung zones can promote nosocomial 
pneumonia, and shrinking of dependent alveoli leads to 
decreases in ventilation and hypoxemia. However, the use of 
rotating kinetic beds is controversial in the prevention of noso-
comial pneumonia.90 No data are available to indicate that these 
very expensive beds improve patient outcome.

Patients with unilateral lung disease benefit from being 
placed in positions that promote matching of ventilation and 
perfusion. In unilateral lung disease, only one lung is affected 
by atelectasis, consolidation, or pneumonia. If the affected lung 
is placed in the dependent position, blood flow follows. The 
resultant poor � �V Q ratio in the affected lung contributes to 
venous admixture and hypoxemia. However, if the patient is 
rotated so that the good lung is in the dependent position, these 
relationships are reversed. With the good lung down, blood 
flows to well-ventilated alveoli, and � �V Q matching and arterial 
blood gas values improve. An added benefit of this maneuver is 
that the affected lung is placed in a postural drainage position, 
which promotes gravity drainage of retained secretions so that 
they can be removed.

A similar phenomenon has been described in ARDS. In a 
supine patient with ARDS, alveoli in the bases and posterior 
segments become atelectatic. Shunt increases, and the patient 
requires a high FiO2 and PEEP for adequate oxygenation. If the 
patient is rotated into the prone position, several mechanisms 
have been proposed to improve oxygenation.91 Blood flow is 
redistributed to areas that are better ventilated. This redistribu-
tion improves � �V Q relationships. Prone positioning removes 
the weight of the heart from its position over the lungs while 
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CARDIOVASCULAR EFFECTS OF 
POSITIVE PRESSURE MECHANICAL 
VENTILATION

Thoracic Pump and Venous Return 
During Spontaneous and  
Mechanical Ventilation

The lungs and heart have a close functional relationship, and 
impaired performance of one affects the other. For this reason, 
the RT must fully understand what happens to cardiovascular 
function when a patient receives ventilatory support.

Early studies of the effect of PPV on the cardiovascular 
system showed an early, small, and transient increase in cardiac 
output that was followed almost immediately by a marked 
reduction in left ventricular outflow. Generally, the reduced 
cardiac output in these cases was directly related to the amount 
of pressure applied. More specifically, the decrease in left ven-
tricular output corresponded to the increase in pleural pressure 
that occurred with PPV. Figure 46-16 compares the effects of 
spontaneous inspiration with the effect observed during PPV. 
Negative pleural pressure during spontaneous inspiration nor-
mally enhances venous return, increases right atrial filling, and 
improves pulmonary blood flow (see Figure 46-16, A). In com-
bination, these factors increase left atrial and left ventricular 
filling and left ventricular stroke volume.

However, during PPV, pleural pressure can become positive 
(see Figure 43-16, B). Positive pleural pressure compresses the 
intrathoracic veins and increases central venous and right atrial 
filling pressures. As these pressures increase, venous return to 
the heart is impeded, and right ventricular preload and stroke 
volume decrease, as does pulmonary blood flow. Blood already 

the patient is supine. Pleural pressure in the now nondependent 
collapsed lung becomes more negative, improving alveolar 
recruitment. In addition, the stomach no longer lies over the 
dependent basilar posterior segments of the lower lobes.

A number of studies have demonstrated some benefit of 
prone positioning.92-95 However, several persons are needed to 
“flip” the patient while ensuring monitoring lines and catheters 
are not disrupted and the patient is not inadvertently extubated. 
Wound dehiscence, facial or upper chest wall necrosis despite 
extensive padding, cardiac arrest immediately after movement 
to the prone position, dependent edema of the face, and corneal 
abrasion have been reported.93 A recent meta-analysis of exist-
ing randomized controlled trials indicated no outcome benefit 
from prone positioning in patients with ARDS.94 However, this 
meta-analysis also found that patients with PaO2/FiO2 less than 
100 mm Hg were the group most likely to benefit from prone 
positioning. A recent randomized controlled trail showed the 
same results.95 Considering the complications associated with 
prone positioning, only patients with very severe hypoxemia 
(PaO2/FiO2 <100 mm Hg) should be placed prone.

FIGURE 46-16	 Relationship	between	pleural	pressure	and	cardiac	output	in	spontaneous	(A)	and	positive	pressure	(B)	breathing.	LA,	
Left	atrium;	LV,	left	ventricle;	RA,	right	atrium;	RV,	right	ventricle.	
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RULE OF THUMB

Patients	who	have	unilateral	or	dependent	consolidation	
or	atelectasis	and	severe	hypoxemia	may	benefit	from	
positioning	with	the	affected	lung	or	segments	in	the	
nondependent	position	to	promote	improvement	in	
� �V Q	relationships.	Prone	positioning	is	indicated	only	
if	the	PaO2/FiO2	is	less	than	100	mm	Hg.	When	
positioning	the	patient,	great	care	should	be	taken	to	
avoid	the	hazards	associated	with	prone	positioning.
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changes is proportional to lung compliance. As lung compliance 
decreases, the stiffer lungs can retain the increased pressure 
imposed by PEEP. In other words, the increased pressure in the 
lung is not transmitted to the vasculature to impede right ven-
tricular output. An increase in intrapleural pressure secondary 
to an increase in lung pressure impedes venous return and 
decreases cardiac output further.

Right and Left Ventricular Function

Under conditions of a normal cardiovascular system with 
normal ventilation values, there are no significant changes in 
right or left ventricular function. Otherwise, mechanical venti-
lation would be difficult to manage, and the mortality and 
morbidity among patients receiving ventilation would be much 
higher. Right or left ventricular dysfunction appears to occur if 
the patient is hypovolemic, is receiving an excessive VT, or is 
receiving more than optimum PEEP. The common factor is 
excessive alveolar pressure, enough to overcome or impede pul-
monary blood flow or venous return.

Effect on Left Ventricular Dysfunction

PPV can improve cardiac output in some patients. In patients 
with left ventricular failure, application of PPV can increase 
both the left ventricular ejection fraction and the cardiac output. 
These improvements occur because PPV decreases left ven-
tricular afterload in these patients. Afterload is an important 
factor in determining cardiac output, as is the resistance of the 
systemic vasculature. When afterload increases, cardiac output 
decreases (heart failure). When afterload is decreased by PPV 
or pharmacologic therapy, cardiac output may increase. This 
phenomenon explains why the cardiovascular status of some 
patients deteriorates when PPV is discontinued or treatment is 
changed from full to partial ventilatory support.

Endocardial Blood Flow

Blood flow in the coronary arteries depends on the gradient 
between the systemic diastolic pressure and the left ventricular 
end-diastolic pressure (represented by the pulmonary capillary 
wedge pressure). Any factor that decreases systemic diastolic 
pressure or increases wedge pressure decreases endocardial per-
fusion pressure. The factors of PPV that may decrease the sys-
temic diastolic pressure are high mean airway pressure owing 
to a high PEEP, large VT, or long inspiratory time. Factors that 
may increase the wedge pressure include excessive PEEP and left 
ventricular failure.

Cardiac Output, Cardiac Index, and 
Systemic Blood Pressure

When the cardiovascular system is normal with normal ventila-
tion values, there are no significant changes in cardiac output, 
cardiac index, or systemic blood pressure. Cardiac output can 
be affected by a decrease in stroke volume with PPV, but this 
decrease is compensated by an increase in heart rate. Because 
the cardiac index is the quotient of cardiac output and body 
surface area (cardiac index = cardiac output in liters per minute/
body surface area in square meters), a change in cardiac output 

in the pulmonary circulation is initially displaced into the left 
side of the heart and causes a transient increase in filling pres-
sure and output. This initial effect lasts for only a few heart-
beats. If positive pressure is continued, flow both to and from 
the left side of the heart decreases.

The high impedance encountered by blood returning to the 
right heart causes venous pooling, mainly in the capacitance 
vessels of abdominal viscera. This process effectively removes a 
large volume of blood from the circulation, which can further 
impair left ventricular output. These interactions are magnified 
when pleural pressure is increased further or circulating blood 
volume is low.96 The venous impedance caused by PPV is not 
limited to blood flow coming from the abdomen. An increase 
in central venous pressure can restrict return flow from the 
brain. Impedance to venous return from the brain can increase 
ICP and reduce cerebral perfusion pressure (CPP). In combina-
tion with a decrease in left ventricular output, an increase in 
ICP during PPV can significantly impair cerebral perfusion and 
possibly result in cerebral ischemia and cerebral hypoxia.

In healthy individuals, the effects of PPV on cerebral blood 
flow (CBF) are minimized by autoregulatory mechanisms that 
maintain cranial perfusion pressures within a narrow range. 
However, patients with preexisting cerebrovascular problems 
and patients who already have an elevation in ICP may be at 
risk of decreased cerebral perfusion with PPV. Examples include 
neurosurgical patients and patients with head injuries, intracra-
nial tumors, or cerebral edema from any cause. ICP monitoring 
may be necessary in the care of these patients.

Compensation in Healthy Persons

A decrease in cardiac output or blood pressure is rare among 
individuals with a normal cardiopulmonary system who are 
receiving mechanical ventilation. Compensatory mechanisms 
used to counter the decrease in stroke volume include increased 
heart rate, increase in systemic vascular and peripheral venous 
resistance, and shunting of blood away from the kidneys and 
lower extremities, which results in a consistent blood pressure. 
Because these compensatory mechanisms function by reflexes, 
the reflexes must be intact. Factors that block or blunt these 
vascular reflexes include sympathetic blockade, spinal anesthe-
sia, spinal cord transection, and polyneuritis.

Pulmonary Vascular Pressure,  
Blood Flow, and Pulmonary  
Vascular Resistance

In patients with a normal cardiopulmonary system who are 
receiving mechanical ventilation, there is no significant increase 
in pulmonary vascular pressure or pulmonary vascular resis-
tance and no decrease in pulmonary blood flow. However, when 
alveoli are distended by increased VT or high PEEP, pulmonary 
blood flow is impeded because the alveoli press against the 
pulmonary capillaries. The pressure increases right ventricular 
afterload and volume and decreases right ventricular output. 
The ventricular septum may be shifted to the left, but this effect 
is more consistent with a high PEEP. This condition decreases 
left ventricular filling and output. The magnitude of these 
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used with minimal cardiovascular effects on patients with low 
lung compliance (e.g., ARDS).

When the compliance of the chest wall is reduced, expansion 
of the thorax is limited, and more alveolar pressure is transmit-
ted to the pleural space. Patients who have normal lungs but 
have thoracic restriction, as caused by kyphoscoliosis and spon-
dylitis, are more subject to the cardiovascular effects of positive 
pressure than individuals with normal chest wall compliance. A 
similar effect can occur in patients with normal thoracic com-
pliance who actively oppose a mandatory breath by contracting 
the expiratory muscles (as might occur in patient-ventilator 
asynchrony). Contraction of the expiratory muscles effectively 
decreases thoracic compliance and causes more alveolar pres-
sure to be transmitted to the pleural space.

If resistance to airflow is high, less of the pressure generated 
at the airway reaches the alveoli. The high peak airway pressure 
common in patients with obstructive disorders is not reflected 
in high pleural pressure.

The effects of moderate increases in pleural pressure on 
cardiac output in healthy persons are minimal. In healthy 
persons, as left ventricular stroke volume decreases, compensa-
tory responses increase both the cardiac rate and the tone of the 
venous capacitance vessels. These normal responses ensure 
adequate blood flow and perfusion pressure. However, if the 
patient already is hypovolemic or has lost peripheral venomotor 
tone, cardiovascular compensation may be impossible. In these 
cases, even a small increase in pleural pressure may result in a 
marked decrease in cardiac output.

Decreasing Mean Airway Pressure

Mean airway pressure is affected by respiratory rate, VT, inspira-
tory time, inspiratory pause, expiratory time, I : E ratio, peak 
pressure, baseline pressure (PEEP or CPAP), and inspiratory 
flow waveform. If a decrease in mean airway pressure is neces-
sary, altering any factor that contributes to mean airway pres-
sure has an effect. If the PaO2 is high, one of the most effective 
changes is a decrease in PEEP because it has a 1 : 1 relationship 
with mean airway pressure. If a decrease in PEEP is indicated, 
the RT must ensure that desaturation does not occur when the 
decrease has been accomplished. If the patient is being hyper-
ventilated, a decrease in mandatory rate or VT also decreases 
mean airway pressure.

The best way to determine the magnitude of the change is 
to use the mean airway pressure monitor on the ventilator. The 
peak pressure usually decreases with a decrease in VT. In 
pressure-controlled modes, the peak pressure may be decreased 
directly. The plateau pressure is a reflection of mean peak alve-
olar pressure. In volume-controlled ventilation, a decrease in 
VT decreases plateau pressure. In pressure-controlled ventila-
tion, the pressure setting may be reduced to limit plateau pres-
sure. Efforts that increase lung compliance, such as PEEP or 
administration of diuretics to decrease interstitial edema, also 
may affect plateau pressure. Inspiratory time, expiratory time, 
and I : E ratio affect mean airway pressure. As inspiratory time 
lengthens or expiratory time decreases, mean airway pressure 
increases.

would be reflected in the cardiac index. Systemic arterial pres-
sure remains stable because of reflex compensation, which 
increases systemic vascular resistance. Cardiac output, cardiac 
index, and arterial pressure decrease only when mean airway 
pressure is high and intrapleural pressure increases precipi-
tously. Hypotension owing to PPV alone is rare because clini-
cians do all that is necessary to prevent it, including adequate 
fluid administration, proper management of mean airway pres-
sure and PEEP, and use of vasoconstricting drugs. Most cases 
of hypotension during mechanical ventilation are caused by 
sepsis and the accompanying vascular collapse.

	

RULE OF THUMB

Patients	most	likely	to	experience	hemodynamic	effects	
of	mechanical	ventilation	are	patients	with	a	normal	or	
increased	lung	compliance	associated	with	decreased	
chest	wall	compliance.	In	this	setting,	there	is	little	lung	
stretch	but	maximum	transmission	of	ventilating	
pressure	to	the	intrathoracic	space.

MINIMIZING CARDIOVASCULAR 
EFFECTS OF POSITIVE PRESSURE 
MECHANICAL VENTILATION

The effect of PPV on the circulatory system depends primarily 
on two major factors: mean pleural pressure and cardiovascular 
status.

Mean Pleural Pressure

Pleural pressure is the pressure in the virtual pleural space. At 
the bedside, pleural pressure usually is measured indirectly as 
the esophageal pressure through an esophageal balloon con-
nected to a pressure transducer. Because the esophagus is close 
to the pleurae, separated by only the flexible esophageal wall, 
change in esophageal pressure reflects change in pleural pres-
sure but may not equal actual pleural pressure. An alternative 
to measuring pleural pressure is measuring mean airway pres-
sure. Mean airway pressure is linearly related to mean pleural 
pressure and can be used clinically for monitoring of pressure 
changes.97

The effect of PEEP on pleural pressure is complex and 
depends on the patient’s lungs and thoracic mechanics. Some 
of the pressure generated by a ventilator reaches the alveoli, 
where it is transmitted across the alveolar walls to the pleural 
space. How much of this alveolar pressure is transmitted to the 
pleural space depends on lung and thoracic mechanics.

Generally, for a given alveolar pressure, the more compliant 
the lung, the greater is the increase in pleural pressure. A patient 
with a disease causing a loss of elastic tissue, such as emphy-
sema, is more subject to the cardiovascular effects of positive 
pressure than a person with normal lungs. In contrast, a lung 
with low compliance transmits less pressure to the pleural 
space; this explains, in part, why high levels of PEEP often are 
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ation (DO2 = CaO2 × cardiac output) should be determined. If 
tissue O2 delivery decreases because of a decrease in cardiac 
output, but CaO2 increases, fluid administration may be indi-
cated to restore cardiac output by increasing preload.

Pharmacologic Maintenance of 
Cardiac Output and Blood Pressure

First-line therapy for decreased cardiac output and blood pres-
sure is fluid administration, unless the patient has congestive 
heart failure. In heart failure, inotropic therapy is indicated for 
decreased myocardial contractility, and vasodilators and diuret-
ics are used to control hypertension, which decreases afterload. 
Diuretics are used to control fluid overload and to decrease 
preload to the distended heart. These factors in combination 
may return the heart to a more optimal portion of the Frank-
Starling curve and improve stroke volume.

EFFECTS OF POSITIVE PRESSURE 
MECHANICAL VENTILATION ON 
OTHER BODY SYSTEMS

Increased Intracranial Pressure (ICP)

Perfusion of the brain is quantified by the cerebral perfusion 
pressure (CPP). The CPP is the difference between mean arte-
rial pressure (MAP) and ICP. CPP may decrease in any case in 
which MAP decreases or ICP increases. If CPP decreases, cere-
bral blood flow (CBF) decreases. The result is cerebral ischemia 
and a decrease in cerebral O2 metabolism. The cerebral circula-
tion has the ability to maintain CBF even when CPP changes, a 
process called cerebral autoregulation. Cerebral autoregulation 
is a function of cerebral vascular resistance. If CPP decreases, 
cerebral vascular resistance decreases to maintain CPP. Cerebral 
autoregulation functions as long as CPP is in the range of 60 to 
150 mm Hg and is limited by the ability of the cerebral arteri-
oles to constrict and dilate. Under normal conditions, cerebral 
O2 delivery and CPP exceed the metabolic needs of the brain 
for O2 and glucose.

Normal MAP is 93 mm Hg if arterial pressure is 
120/80 mm Hg. Normal ICP is less than 10 mm Hg, so normal 
CPP is about 80 to 85 mm Hg. CPP decreases when MAP 
decreases or ICP increases. Conditions leading to a decrease in 
MAP are shock, high PEEP, and high mean airway pressure. 
Increases in ICP are caused by traumatic brain injury (TBI), 
cerebral hemorrhage, cerebrovascular accident (stroke), and 
tumors. A CPP greater than 60 mm Hg maintains CBF and 
cerebral O2 metabolism.

CO2 is a potent cerebral vasodilator and an important regu-
lator of the cerebral arteriolar diameter. As PaCO2 decreases 
from 40 mm Hg, systemic pH increases. CO2 concurrently dif-
fuses across the blood-brain barrier. The result is an increased 
cerebrospinal fluid (CSF) pH. Although PaCO2 is monitored in 
patients with TBI, the CSF pH modulates cerebral vascular 
resistance in an effort to decrease the ICP. When mechanical 
hyperventilation is used, cerebral vascular resistance increases, 
and the result is decreased ICP; this is why hyperventilation has 

Fluid Management and Cardiac Output

The relationship between cardiac output and preload (end-
diastolic volume) is described by the Frank-Starling phenom-
enon, which states, “in the normal heart, the diastolic volume 
(preload) is the principal force that governs the strength of 
ventricular contraction.”98 As preload (stretch) increases, so 
does force and presumably stroke volume. Stroke volume con-
tinues to increase with preload until the heart is distended by 
excess preload, after which stroke volume decreases. Another 
cause of a decrease in stroke volume is the decrease in ventricu-
lar contractility that occurs when afterload increases as the 
result of hypertension. With hypertension comes dilation and 
distention of the ventricles, which make the heart structurally 
abnormal. In an abnormal heart, it takes much less preload  
to put the heart into failure. Failure in this case is defined  
as decreased stroke volume despite increased preload  
(Figure 46-17).

When a patient receives PPV, there is risk of a decrease in 
venous return (preload) because of the increase in intrapleural 
pressure. Stroke volume may decrease, but the decrease is com-
pensated for by a reflex increase in heart rate and vasomotor 
tone. Because of these compensatory mechanisms, most patients 
with a normal cardiopulmonary status who receive mechanical 
ventilation do not need additional fluid to maintain cardiac 
output. However, certain conditions can increase the risk of 
relative or actual hypovolemia, and the increase can decrease 
stroke volume, even if normal reflex compensation is present. 
These conditions include hypovolemic shock (owing to trauma 
and blood loss), sepsis (in which the normal reflex compensa-
tion is not present), and high PEEP and high mean airway 
pressure. In these conditions, fluid or blood administration may 
be necessary to maintain cardiac output and end-organ perfu-
sion. In some patients who receive PPV with PEEP, an increase 
in PEEP can decrease cardiac output as discussed earlier. In this 
case, the outcome of PEEP in terms of improved tissue oxygen-

FIGURE 46-17	 Effects	of	preload,	afterload,	contractility,	and	
heart	rate	on	cardiac	output	function	curve.	(Modified	from	Green	
JF:	Fundamental	cardiovascular	and	pulmonary	physiology,	ed	2,	
Philadelphia,	1987,	Lea	&	Febiger.)
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reduced hematocrit, which is also consistent with hypervolemia 
secondary to water retention. These early observations are 
attributed to the direct and indirect effects of PPV on renal 
function.

In terms of direct effect, PPV can reduce urinary output 30% 
to 50%. This reduced urinary output during PPV is associated 
with a simultaneous reduction in renal blood flow, glomerular 
filtration rate, and sodium and potassium excretion.

Decreases in MAP to less than 75 mm Hg reduce renal blood 
flow, glomerular filtration rate, and urinary output. However, 
MAP this low seldom is caused by PPV alone, and kidney auto-
regulatory mechanisms generally can keep renal perfusion pres-
sure within normal limits over a wide range of arterial pressures. 
Because restoring cardiac output to normal does not entirely 
restore urinary output compromised by PPV, other mecha-
nisms must be involved. Impaired renal function during PPV is 
better associated with a decrease in intravascular volume.

The indirect effect of PPV on renal function may be most 
important. PPV has a marked effect on the water-retaining and 
sodium-retaining hormonal systems. Specifically, long-term 
PPV increases plasma renin activity, plasma aldosterone level, 
and level of vasopressin (urinary antidiuretic hormone). In 
addition, PPV decreases atrial natriuretic hormone levels 
(Figure 46-18).

Decreased right atrial transmural pressure is primarily 
responsible for the decrease in atrial natriuretic hormone, 
which leads to sodium retention. Similarly, vasopressin secre-
tion may be enhanced by stimulation of the left atrial stretch 
receptors, which innervate the posterior pituitary gland. 
Increased secretion of vasopressin (antidiuretic hormone) and 
activation of the renin-angiotensin-aldosterone system lead to 
a decrease in urine output.

Decreased Liver and  
Splanchnic Perfusion

The effects of PPV on the liver and intestine are related to its 
effects on the cardiovascular system. Hepatic dysfunction with 
PPV can occur in patients with otherwise normal livers and 
manifests as an increase in serum bilirubin level. These effects 
appear to be directly related to the reduction in hepatic blood 
flow that occurs with PPV. Regardless of cause, these effects  
are aggravated by PEEP but can be reversed when cardiac 
output is returned to pre-PEEP levels with intravascular volume 
infusions.

Decreased Gastrointestinal Function

An increase in splanchnic resistance can contribute to gastric 
mucosal ischemia and helps explain the high incidence of gas-
trointestinal bleeding and stress ulceration in patients receiving 
long-term PPV. Stress ulcers (erosions of the gastric mucosa) 
are common among patients with life-threatening illness. 
Impaired blood flow inhibits the ability of the gastric mucosa 
to replace itself normally every 2 or 3 days. Stress ulcers are 
caused by impaired blood flow, not gastric acidity. Gastroduo-
denal motility also is severely impaired in mechanically venti-
lated patients.101 These factors may result in translocation of 

been used in the management of TBI and acute increased ICP. 
However, in the presence of an already decreased CPP, CBF may 
decrease to the point at which cerebral ischemia is likely; this is 
the problem with immediate hyperventilation of a patient with 
TBI. In addition, prolonged hyperventilation allows renal excre-
tion of bicarbonate, which allows the CSF pH to return to 
normal and negates any positive effect of hyperventilation on 
ICP. The effect of hyperventilation on the reduction of ICP lasts 
1 hour. If hyperventilation is withdrawn and arterial pH and 
PaCO2 return to normal values, the CSF pH decreases. Subse-
quent CSF acidosis leads to cerebral vasodilation and a rebound 
increase in CBF and ICP that exceeds the values before hyper-
ventilation. For these reasons, hyperventilation must be used 
cautiously in the treatment of patients with TBI.99

Treatment of a Patient With a  
Closed Head Injury
Guidelines for the management of severe TBI were developed 
by neurosurgeons in the Joint Section on Neurotrauma and 
Critical Care.100 The recommendation is as follows: “The use of 
prophylactic hyperventilation (PaCO2 < 35 mm Hg) during the 
first 24 hours after TBI should be avoided because it can com-
promise cerebral perfusion during a time when CBF is reduced. 
Hyperventilation therapy may be necessary for brief periods 
when there is acute neurologic deterioration or for longer 
periods if there is intracranial hypertension refractory to seda-
tion, paralysis, CSF drainage, and osmotic diuretics.” The Joint 
Section further noted that “in the absence of increased  
ICP, chronic, prolonged hyperventilation therapy (PaCO2 < 
35 mm Hg) should be avoided after TBI.” These findings have 
resulted in several recommendations regarding the care of 
patients with TBI, as follows:
1. Patients with TBI may have transient, short periods of 

increased ICP, called plateau waves. Plateau waves may be 
caused by suctioning, repositioning, or other noxious stimuli. 
During a plateau wave, acute hyperventilation can control 
ICP until the pressure returns to baseline, at which time 
ventilation is resumed at the previous rate.

2. Hyperventilation should be avoided after TBI other methods 
can be employed to decrease elevated ICP. These methods 
include ventriculostomy for drainage of CSF, craniotomy for 
removal of mass lesions, osmotic diuretics, sedation, placing 
the patient in the semi-Fowler position, and paralysis. CPP 
should be maintained at greater than 70 mm Hg.

3. Intubation should be attempted only after the patient  
has been sedated, to prevent the associated increase in  
ICP. Exhaled partial pressure of end-tidal carbon dioxide 
(PETCO2) should be monitored to maintain a constant 
PaCO2 after arterial blood gas values are determined to find 
the correlation between PaCO2 and PETCO2.

4. ICP should be maintained at <20 mm Hg.100

Effect on Renal Function

Some patients receiving long-term PPV retain salt and water. In 
critically ill patients, water retention usually is evident when 
rapid weight gain occurs. In addition, such patients may have a 
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hemorrhage, and less than 1% to 2% necessitates blood 
transfusion.

Because patients receiving mechanical ventilation often have 
an artificial airway or are obtunded, a nutritional deficit may 
exist. Even in a normal metabolic state, intravenous solutions 
of saline and dextrose provide only a fraction of the required 
calories and micronutrients. Patients in the ICU often are 
hypermetabolic and need two to three times the normal calo-
ries. See Chapter 23 for details on nutritional support.

Effect on Central Nervous System

Patients in the ICU are placed into an artificial environment 
over which they have little control. From the start, the patient 
loses autonomy. When mechanical ventilation is introduced, the 
patient is sedated and possibly paralyzed and may not return to 
a normal, awake level of consciousness until discharged from 
the ICU. Instead, the patient is kept somnolent (easily aroused 
and aware) or is stuporous (arousable with difficulty and 
impaired awareness) or comatose (arousable but unaware).98 
The presence of an artificial airway makes communication  

bacteria from the intestine to the blood and nosocomial septi-
cemia. Mechanical ventilation for more than 48 hours and most 
other conditions necessitating ICU admission are considered 
indications for stress ulcer prophylaxis. Optimal prophylaxis for 
stress ulcers is restoration of mesenteric blood flow. Pharmaco-
logic approaches include administration of a cytoprotective 
agent (sucralfate) and an acid suppression agent (cimetidine or 
ranitidine).98

Gastric distention can be caused by aerophagia secondary 
to an artificial airway cuff leak or by the use of mask ventilation 
(pressure >20 to 25 cm H2O). The RT can prevent this compli-
cation by taking great care to ensure that the cuff is properly 
inflated. If patients being ventilated noninvasively are swallow-
ing air, an artificial airway may be considered. In the case of 
aerophagia and gastric distention, a nasogastric tube may be 
inserted to evacuate the air.

Bleeding from erosion through the surface vessels of the 
gastric mucosa is one consequence of stress ulceration. The 
incidence of bleeding from stress ulcers is almost 100%, but 
only approximately 5% of bleeding is clinically apparent 

FIGURE 46-18	 Cardiac,	renal,	hepatic,	and	splanchnic	effects	associated	with	increased	intrathoracic	pressure	caused	by	PPV.	RAAS,	
Renin-angiotensin-aldosterone	system;	↑,	increased;	↓,	decreased.	(Modified	from	Florete	OG,	Gammage	GW:	Complications	of	ventilatory	
support.	In	Kirby	RR,	Banner	MI,	Downs	JB,	editors:	Clinical	applications	of	ventilatory	support,	New	York,	1990,	Churchill	Livingstone.)
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rely on a tight seal between the cuirass and thorax. Poncho-type 
ventilators must remain free of leaks or tears. When there is a 
leak at any of these points, transairway pressure decreases, and 
the result is a decrease in minute ventilation.

Hyperventilation can occur if the pressure is more negative 
than is necessary. The results are increased transairway pressure, 
increased VT, and increased minute ventilation.

Cardiovascular
Abdominal blood pooling can occur in patients receiving NPV 
in an iron lung. The negative pressure exerted on the thorax 
also is exerted on the more compliant abdominal wall. When 
the pressure in the iron lung becomes negative, the abdominal 
wall is pulled outward and with it the viscera and associated 
blood supply. Venous return to the heart, cardiac output, and 
systemic blood pressure decrease; the result is a condition called 
“tank shock.”

Positive Pressure Ventilation: Artificial 
Airway Complications

Chapter 36 describes complications related to artificial airways.

Complications Related to Pressure

Ventilator-associated lung injury is the term used to define lung 
injury in humans owing to mechanical ventilation. These are 
complications resulting from high pressure, infection, and 
patient-ventilator asynchrony. High ventilation pressure has 
long been associated with barotrauma. Barotrauma is catego-
rized as pneumothorax, pneumomediastinum, pneumopericar-
dium, and subcutaneous emphysema (Figure 46-19). All of 
these complications are descriptions of extraalveolar air. High 
ventilatory pressure can cause gas to escape through ruptured 
alveoli. The eventual location of the escaping gas defines  
the type of barotrauma. If gas escapes through ruptured alveoli 
into the pleural space, pneumothorax occurs. Gas escaping 
along perivascular sheaths to the mediastinum produces  
pneumomediastinum. Further dissection from the mediasti-
num to tissue planes in the neck and chest wall results in sub-
cutaneous emphysema and potentially pneumomediastinum 
and pneumoperitoneum.

Pneumothorax is identified by observation of a decrease in 
chest movement, hyperresonance on percussion, possible devia-
tion of the trachea away from the affected side, and decreased 
or absent breath sounds over the affected side. In nonintubated 
patients, there may also be a decrease in vocal fremitus over  
the affected side. A line separating lung tissue from air is 
observed on the chest radiograph, although the line sometimes 
is difficult to see in a small (<20%) pneumothorax. Respiratory 
distress increases with increasing pneumothorax, as does 
hypoxemia. Normally, in spontaneously breathing patients, 
intrapulmonary and pleural pressures are equal in pneumotho-
rax. PPV can cause intrapleural pressures to increase (tension 
pneumothorax).

Tension pneumothorax is life-threatening, because it tends 
to develop very rapidly in patients who are mechanically  
ventilated and shifts the mediastinum, heart, and great  

difficult. Caregivers should make a paper tablet and pen, com-
munication board, or communication cards available to patients 
who are aware enough to write or use them.

Sedatives, Hypnotics, and Neuromuscular 
Blocking Agents
Sedation is necessary for the management of the nearly inevi-
table agitation, fear, and anxiety associated with the ICU envi-
ronment, pain, invasive and noninvasive procedures, and loss 
of normal sleep pattern. The Society of Critical Care Medicine 
has published guidelines for sedation and analgesia in the care 
of critically ill patients.102

The level of sedation is monitored with the Modified Ramsay 
Sedation Scale (Box 46-3). Sedation is titrated to achieve a level 
of 2 to 3 on the Ramsay scale. This way the patient is responsive, 
yet not restless or agitated and not paralyzed or comatose.

According to the Society of Critical Care Medicine, facilita-
tion of mechanical ventilation in severe ARDS is the most 
common reason for prolonged neuromuscular blockade. Neu-
romuscular blocking agents are used with mechanical ventila-
tion to improve gas exchange, to avoid ICP spikes, to avoid 
hemodynamic instability, and to prevent bodily injury. Because 
they paralyze but do not sedate, neuromuscular blocking agents 
always are used in conjunction with appropriate sedative or 
analgesic agents (see earlier). In the absence of a sedative, a 
patient under the influence of a neuromuscular blocking agent 
is paralyzed and fully aware of the surroundings. During neu-
romuscular blockade, patients should be assessed for the degree 
of blockade that is being sustained.102 The patient is observed 
for ventilatory effort, and train-of-four stimulation is per-
formed. Neuromuscular blockade should be allowed to dissi-
pate daily so that clinical evaluation, assessment of concomitant 
sedation and analgesia, and evaluation of the need for contin-
ued paralysis can be conducted.

COMPLICATIONS OF  
MECHANICAL VENTILATION

Negative Pressure Ventilation

Pulmonary
Hypoventilation during NPV can be caused by a decrease in the 
transairway pressure owing to inadequate negative pressure or 
leaks in the ventilator or patient-ventilator interface. Iron lung 
negative pressure ventilators rely on a tight seal at the patient’s 
neck and at all access ports in the tank. Chest cuirass ventilators 

 Box 46-3 Modified Ramsay Sedation Scale

1.	 Agitated,	anxious,	restless
2.	 Calm,	cooperative,	oriented,	tranquil
3.	 Responds	to	verbal	commands
4.	 Brisk	response	to	light	touch
5.	 Unable	to	be	assessed	(paralyzed)
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called the open lung technique and is described in detail in 
Chapter 48.

Factors that predispose a patient to VILI include underlying 
lung disease (injured lungs are more susceptible to VILI),  
systemic inflammation, surfactant dysfunction, aspiration,  
pulmonary edema, extremes of age, and heterogeneous lung 
ventilation. An important factor is the uneven distribution of 
ventilation, especially in ARDS. Because ARDS is a heteroge-
neous disorder, there are areas of both low and normal compli-
ance. A given pressure in an area of low compliance may allow 
lung units to open and close with each breath, causing atelec-
trauma. The same pressure in an area of normal compliance 
may cause overdistention and stretch injury. Pulmonary edema 
is a prominent feature of VILI, owing to an increase in alveolar-
capillary membrane permeability. Microvascular damage is 
characterized by separation of capillary endothelial cells, dis-
ruption of alveolar epithelium, and destruction of alveolar type 
I cells.

VILI occurs via two mechanisms, as shown in Figure 46-20.106 
One mechanism is the physical disruption of tissues and cells 
(biophysical injury). Physical disruption of the tissues occurs as 
air ruptures across the alveolar epithelial surface and tracks 
along the bronchovascular sheath. Air tracks into the intersti-
tium causing pulmonary interstitial emphysema, into the 
pleural space causing pneumothorax, and into the pericardium 
causing pneumopericardium. The pulmonary capillary epithe-
lium also fails in response to high-volume ventilation, resulting 
in hemorrhage and edema. Another factor in biophysical injury 
is the interdependence of adjacent alveoli and terminal bronchi. 
When the lung is unevenly expanded, alveolar collapse  
increases the traction forces between alveoli. This recruitment-
derecruitment develops pressures up to 140 cm H2O across 
lung units, resulting in air-filled cavities and pseudocysts. 
Finally, injurious ventilation causes surfactant to become dys-
functional or deficient or both.

vessels; the results are a decrease in cardiac output and hypo-
tension. Tension pneumothorax is a medical emergency; it is 
relieved by insertion of a large-bore needle into the pleural 
space through the anterior second or third interspace  
above the rib. This maneuver is followed by chest tube inser-
tion. While waiting for needle decompression, the patient may 
be ventilated with 100% O2 at a low VT and airway pressure. 
Pneumomediastinum and pneumoperitoneum are identified 
on a chest radiograph by the presence of air in these 
locations.

Complications Related to Volume

Ventilator-induced lung injury (VILI) has been defined as the 
application of pressure, positive or negative, to the lungs causing 
damage. The damage has been described as an increase in per-
meability of the alveolar-capillary membrane, pulmonary 
edema, cell wounding and necrosis, and diffuse alveolar damage 
as the result of using an inappropriate ventilation strategy. 
Several more recent reviews summarize understanding of the 
mechanisms, effects, and means to prevent VILI.103-105

It has been shown that overdistention, as opposed to volume 
or pressure per se, is an important determinant of lung damage. 
Animals ventilated with large VT (>30 ml/kg) develop severe 
injury—hence the term volutrauma. The degree of alveolar 
distention is determined by the transpulmonary pressure 
(plateau pressure minus the pleural pressure), which must be 
approximated by the esophageal pressure. As plateau pressure 
increases, so does transpulmonary pressure, increasing the like-
lihood of lung damage. Lung damage may also occur when 
ventilating at low VT, if alveoli are allowed to deflate and rein-
flate repeatedly with each breath. This injury is called atelec-
trauma. These two factors have led to the recommendation that 
lungs should be opened (“recruited”) and kept open by an 
appropriate PEEP level and ventilated to a plateau pressure of 
no more than 28 cm H2O by decreasing VT. This technique is 

FIGURE 46-19	 Pulmonary	barotrauma.	A,	Ruptured	alveoli	are	indicated	in	framed	alveoli	at	bottom.	Air	dissects	from	alveoli	along	
vascular	sheaths	to	the	hilum	and	then	to	the	pleural	space.	B,	Pneumothorax.	Origin	of	air	in	lung	tissue	and	its	pathway	to	inflate	the	
pleural	space	are	indicated.	The	heart	shifts	to	the	left	because	of	high	pressure	in	the	right	side	of	the	chest.	C,	Course	of	air	from	the	lung	
to	pericardial	space.	The	distended	pericardial	space	causes	cardiac	tamponade.	(Modified	from	Korones	SB:	High-risk	newborn	infants,		
ed	4,	St	Louis,	1986,	Mosby.)

Interstitial emphysema Pneumothorax PneumopericardiumA B C
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as outcome variables. The consensus is that a low VT strategy, 
with PEEP adequate to keep lungs open to avoid atelectrauma, 
results in a significantly better outcome. In studies in which 
inflammatory mediators were also measured, high VT groups 
had a higher level of inflammatory mediators.107,108 VILI is 
related to both mechanical and chemical factors. On one hand, 
overstretch directly injures the alveolar epithelium and capillary 
endothelium. On the other hand, through mechanotransduc-
tion, cells release many inflammatory mediators into the blood, 
leading to MSOF.

Auto–Positive End Expiratory Pressure

Air trapping occurs with incomplete emptying of lung units. 
Lung units prone to air trapping are units with long-time con-
stants (i.e., with high resistance or high compliance). Air trap-
ping during PPV is often referred to as dynamic hyperinflation, 
auto-PEEP, occult PEEP, or intrinsic PEEP. This problem associ-
ated with air trapping cannot be determined by simple observa-
tion of airway pressure. Auto-PEEP often goes unrecognized.

Figure 46-21, A, shows the generation of auto-PEEP. As long 
as airway resistance is normal and expiratory time is sufficiently 
long, distal airway pressure and lung volume return to baseline 
during PPV breaths. Alone or in combination, three factors 
account for the development of auto-PEEP. First, by effectively 
increasing the time constant of the lung, high expiratory resis-
tance prolongs exhalation to the point at which air trapping 
begins (see Figure 46-21, B). Second, any increase in the minute 
ventilation increases the likelihood of auto-PEEP. Third, any 

The second mechanism is the release of inflammatory medi-
ators (biochemical injury). When the lungs are abnormally 
stretched, this is detected by cells and converted into biochemi-
cal signals, a process called mechanotransduction. These bio-
chemical signals cause the release of cytokines, complement, 
prostanoids, leukotrienes, reactive O2 species, and proteases. 
The release of these substances has been called biotrauma. 
These mediators go on to the terminal organs and cause tissue 
inflammation, impairment of O2 delivery, and bacteremia (see 
29), leading to multisystem organ failure (MSOF). As men-
tioned earlier in the chapter, hyperinflation during mechanical 
ven tilation causes bacteria to “spill over” from the gut into the 
bloodstream, a process called translocation. In this manner, 
translocation contributes to MSOF, as bacteria migrate into the 
blood and then to terminal organs. Other factors contributing 
to MSOF are an increase in circulating cell death (apoptotic) 
factors, suppression of the peripheral immune response, and 
individual genetic variability.

Alveolar distention occurs when the lungs are stiff and the 
chest wall is normal or when one or both lungs are ventilated 
with a high plateau pressure. Plateau pressure ideally should be 
maintained at less than 28 cm H2O in all patients. However, in 
patients with a stiff chest wall (marked obesity, fluid overload, 
increased abdominal pressure), higher plateau pressure can be 
tolerated without injury because of the reduction in transpul-
monary pressure caused by the stiff chest wall.

Human studies have compared high and low VT ventilation, 
using ICU mortality, ventilator-free days, and overall mortality 

FIGURE 46-20	 Mechanisms	by	which	mechanical	ventilation	
might	contribute	to	MSOF.	(From	Mason	RJ,	Broaddus	VC,	Murray	
JF,	et	al:	Murray	and	Nadel’s	textbook	of	respiratory	medicine,	ed	
4,	Philadelphia,	2005,	Saunders.)

Mechanical ventilation
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• ↑ Alveolar-capillary permeability
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• ↓ Organ perfusion
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FIGURE 46-21	 Causes	of	auto-PEEP.	A,	When	airway	
resistance	is	normal	and	expiratory	time	is	long	enough,	distal	
airway	pressure	and	lung	volume	return	to	normal	after	a	positive	
pressure	breath.	B,	High	expiratory	resistance	prolongs	exhalation	
to	the	point	at	which	air-trapping	begins	and	causes	auto-PEEP.		
C,	Shortening	the	expiratory	time	aggravates	the	problem	and	
worsens	auto-PEEP.	(Modified	from	Benson	MS,	Pierson	DJ:	
Auto-PEEP	during	mechanical	ventilation	of	adults.	Respir	Care	
33:557,	1988.)
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Ventilator-Associated  
(Nosocomial) Pneumonia

Pneumonia is the second most common nosocomial infection, 
primarily affecting infants and young children, adults older 
than 65 years, patients with severe underlying disease, immu-
nosuppressed patients, patients who have depressed sensorium, 
patients with cardiopulmonary disease, and patients who have 
had thoracoabdominal surgery. RTs should be prepared to 
prevent this threat to respiratory patients, who are 6 to 21 times 
more susceptible to the development of nosocomial pneumonia 
than the general population. A review by Craven109 stated that 
health care costs related to each case of nosocomial pneumonia 
are about $40,000. Most of these cases of pneumonia are caused 
by aspiration of bacteria that have colonized the upper gastro-
intestinal tract or oropharynx. Intubation greatly increases the 
risk of nosocomial pneumonia because the lower airway is left 
exposed, and normal protective mechanisms are bypassed. This 
type of pneumonia has been known for years as ventilator-
associated pneumonia. This name has been challenged because 
it is not the ventilator, but rather the microaspiration of micro-
organisms in oral or gastrointestinal secretions, that causes the 
infection. Secretions that sit on the top of the endotracheal or 
tracheostomy tube cuff are aspirated via the small folds in the 
cuff. Most cases of pneumonia are polymicrobial, consisting of 
gram-negative organisms. However, methicillin-resistant Staph-
ylococcus aureus has been common in the past 10 years. The 
endotracheal or tracheostomy tube is a site of bacterial growth, 
and these bacteria become encased in what is referred to as a 
biofilm. The use of a silver-coated endotracheal tube,110 use of 
endotracheal tubes with alternative cuff designs,111 use of sub-
glottic suction airways,112 proper cuff care,113 the use of devices 
to remove biofilm from the inside of the ETT,114 and avoidance 
of lavaging when suctioning all reduce the risk of aspiration. 
See Chapter 36 for details. Another source of infection is the 
endotracheal tube lumen.

Prevention of Ventilator- 
Associated Pneumonia
In addition to standard precautions, specific infection control 
procedures apply to the use of endotracheal tubes and ventila-
tors. These ventilator bundles for prevention of ventilator-
associated pneumonia include the following:113

• Perform appropriate hand hygiene. Hands should be disin-
fected with a sanitizer (e.g., Cal-Stat hand sanitizer) before 
entering any patient’s room regardless of the reason and 
when leaving the patient’s room regardless of the activities 
that occurred in the room.

• Perform gentle suctioning (presumably to help prevent 
coughing, aspiration, and sloughing of biofilm).

• Place the patient in a semirecumbent position (30- to 
45-degree head elevation).

• Do not routinely change ventilator circuits.
• Drain and discard inspiratory tube condensate away from 

the patient, or prevent its formation by using heated wire 
circuits or heat and moisture exchangers.

shortening of the expiratory time (see Figure 46-21, C) aggra-
vates the problem and increases both distal airway pressure and 
lung volume (auto-PEEP). By increasing FRC and alveolar pres-
sure, auto-PEEP increases WOB and impedes venous return, the 
result being a decrease in cardiac output. Auto-PEEP also can 
increase pulmonary vascular resistance.

Patients at greatest risk for auto-PEEP are patients with high 
airway resistance who are being supported by modes that limit 
expiratory time. High-risk patient groups include patients with 
obstructive disease, any disease producing increased secretions, 
and any disease that increases lung compliance. High-risk ven-
tilatory support techniques include any method that increases 
the I : E ratio, especially CMV at a high rate or in the assist-
control mode, and approaches that purposefully shorten expi-
ratory time, such as IRV or the use of low inspiratory flow. In 
addition, auto-PEEP can develop in patients with normal lung 
mechanics if minute volume is high and expiratory time short.

Auto-PEEP increases WOB. This increase in WOB is due to 
two factors. First, hyperinflation caused by auto-PEEP stretches 
the lung, and the stretching impairs the contractile action of the 
diaphragm. Second, the high alveolar pressure caused by auto-
PEEP must be overcome before any airway pressure change can 
occur. This situation effectively reduces machine sensitivity and 
increases response time. Increased effort is required by the 
patient before the ventilator recognizes the flow or pressure 
change and triggers to inspiration. The effect of auto-PEEP on 
WOB can be minimized by applied PEEP. However, applied 
PEEP is effective only if auto-PEEP is a result of dynamic airway 
obstruction. Essentially, PEEP should be applied in increments 
of 1 to 2 cm H2O until every patient inspiratory effort is capable 
of triggering the ventilator.

Oxygen Toxicity

O2 toxicity causes lung tissue damage and an increase in the 
permeability of the alveolar-capillary membrane. As suggested 
in Chapter 41, factors associated with the development of O2 
toxicity include elevated FiO2, long duration of exposure, and 
patient susceptibility. FiO2 of 0.6 or more for longer than 24 to 
48 hours is associated with the development of O2 toxicity. In 
the presence of a high concentration of O2, O2 free radicals are 
produced. These radicals are the hydroxyl (OH−), perhydroxyl 
(HO2), and superoxide (O2

−) radicals. Free radicals normally 
are rapidly detoxified by the enzyme superoxide dismutase, 
which is produced by alveolar type II cells. With higher FiO2, 
the presence of free radicals is greater, and type II cells are less 
likely to produce superoxide dismutase. The presence of free 
radicals increases the permeability of the alveolar-capillary 
membrane. The combination of direct injury by free radicals 
and decreased surfactant production leads to exudation of 
fluid into the alveoli and a subsequent decrease in compliance. 
Every effort should be made to decrease FiO2 whenever it 
exceeds 0.6. The decrease usually is accomplished with applica-
tion of PEEP or CPAP. However, the evidence supporting the 
development of O2 toxicity in critically ill patients is poor, and 
oxygenation should never be sacrificed for the purpose of 
avoiding O2 toxicity.
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disconnection, patient teaching to refrain from attempting to 
disconnect the ventilator or pulling on or biting the tube or 
sedation or restraint may be necessary. Failures related to the 
ventilator include electrical failure, microprocessor failure, 
exhalation valve failure, internal volume leakage, gas supply 
failure, and any failure that could result in an increase or 
decrease in minute ventilation or FiO2. Ventilators have alarms 
that alert the RT to these dysfunctions.

Patient safety is always the primary concern when a malfunc-
tion is detected. For this reason, a manual resuscitator always 
should be placed near the bedside. If the reason for the patient’s 
distress is clear, such as disconnection at the endotracheal tube, 
the connection is reestablished, and patient comfort and venti-
lation are ensured. If the reason is not obvious, the patient is 
ventilated with a manual ventilator while the cause of the  
malfunction is investigated. The steps for managing sudden 
distress in a patient receiving ventilatory support are listed in 
Table 46-4.

FIGURE 46-22	 Volume-time	waveform	illustrating	a	leak	in	the	
ventilator	circuit.	Note	the	abrupt	end	of	expiration	before	the	
tracing	reaches	the	baseline.	
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RULE OF THUMB

Always	have	a	manual	ventilator	(bag-valve-mask	
device	[Ambu	bag])	at	the	bedside	of	a	patient	receiving	
mechanical	ventilation.	Ensure	that	the	manual	
ventilator	is	connected	to	an	O2	source.	If	the	patient	is	
receiving	PEEP,	ensure	that	the	manual	ventilator	is	
equipped	with	a	PEEP	valve	that	provides	PEEP	
equivalent	of	that	being	administered	to	the	patient	with	
the	ventilator.	Keep	the	patient	connection	of	the	
manual	ventilator	clean	and	covered	and	the	valve	free	
of	secretions.

• Use a metered dose inhaler rather than a nebulizer for medi-
cation administration. If a small volume nebulizer is used, it 
should be replaced after each treatment (i.e., one nebulizer 
= one treatment). However, the new vibrating disc nebulizers 
are as protective as meter dose inhalers.

• Interrupt sedatives daily to evaluate patient readiness to 
wean from the ventilator—this is effective in decreasing the 
length of intubation and mechanical ventilation.

• Assess daily the ability of the patient to perform a spontane-
ous breathing trial.

• Use noninvasive ventilation whenever possible to avoid 
intubation.

• Perform regular oral hygiene at least every 4 hours.
Early tracheostomy has been evaluated as a possible preven-

tive measure, but several studies and meta-analyses showed no 
advantage of tracheostomy in preventing ventilator-associated 
pneumonia.109 Other measures that may decrease the likelihood 
of nosocomial infection include the use of closed suction 
systems (although the benefit remains unproved); use of dis-
posable resuscitation bags; and high-level disinfection of venti-
lators, O2 analyzers, and other equipment between patients.

Ventilator Malfunction

Ventilator malfunction can be categorized as a failure in the 
patient circuit or a failure in the ventilator. Failures in the 
patient circuit include failures related to the endotracheal tube: 
cuff rupture, main stem intubation, laryngeal intubation, 
esophageal intubation, soft tissue erosion because the cuff pres-
sure is too high, and disconnection from the circuit (Figure 
46-22). Failures in the tubing circuit include leaks anywhere 
there is a tubing connection; a leak at the site of a nebulizer or 
metered dose inhaler; humidifier malfunctions that include 
failure to fill the reservoir, overheating, or mechanical failure; 
and exhalation valve failure. These failures are recognized by the 
ventilator as changes in respiratory rate, airway pressure, or VT 
outside the limits set on the alarms.

Airway and ventilator malfunctions can be avoided with 
proper care of the endotracheal tube (taping the tube snugly), 
ensuring equal breath sounds, checking to ensure the tubing is 
patent and free of leaks, and ensuring that all connections are 
firmly made. If patient activity is the cause of ventilator 

Operator Error

The provision of mechanical ventilation is highly complex, the 
equipment used is very sophisticated, and the potential options 
to be applied to a given patient increase each year. As a result, 
clinician error is an ongoing concern. To minimize the possibil-
ity of error, a clinician should never make an adjustment to a 
mechanical ventilator unless he or she has been properly trained 
to operate the ventilator and the clinician’s skills at using the 
machine have been assessed by an independent evaluator. It is 
essential for the operator to document ventilator settings in a 
consistent manner and to understand the terminology used 
when documenting the ventilator-patient interaction in a paper 
chart or electronic medical record. Appropriate operation of the 
mechanical ventilator should be assessed on a regular basis 
based on the severity and criticality of the patient’s clinical 
presentation. To minimize errors, any adjustment should be 
checked to ensure that the appropriate change was actually 
made and that the patient responded as expected. A clinician 
should never leave the bedside of a patient until the clinician is 
assured that the patient is being ventilated as ordered and that 
the ventilator is responding as expected. Patient safety should 
always be the primary concern of all RTs.
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TABLE 46-4 

Causes of Sudden Respiratory Distress and Remedies in a Patient Receiving Ventilatory Support

Cause Remedy

Patient Related
Artificial	airway	problems Assessment	of	cuff,	airway	position	(see	Chapter	36)
Pneumothorax Chest	tube	insertion
Bronchospasm Bronchodilator	therapy
Secretions Suctioning,	tracheobronchial	hygiene
Pulmonary	edema Therapy	directed	at	cause	of	pulmonary	edema
Auto-PEEP Decreased	minute	volume,	tracheobronchial	hygiene,	decrease	in	I	:	E
Abnormal	respiratory	drive Therapy	directed	at	cause,	possible	sedation	or	paralysis
Alteration	in	body	posture Repositioning	of	patient
Abdominal	distention Therapy	directed	at	cause,	insertion	of	nasogastric	tube
Anxiety Reassurance,	anxiolytics,	assessment	of	minute	ventilation
Patient-ventilator	asynchrony Assessment	of	flow	and	sensitivity,	auto-PEEP,	change	of	mode	to	accommodate	patient’s	pattern	of	

ventilation

Ventilator Related
System	leak Assessment	of	connections	in	the	ventilator	circuit
Circuit	malfunction Assessment	of	circuit	with	test	lung,	replace	if	necessary
Inadequate	FiO2 Assessment	of	SpO2,	assessment	of	FiO2	with	analyzer,	increase	in	FiO2,	or	replacement	of	blender	or	

ventilator	if	malfunction	is	found
Inadequate	ventilatory	support Review	of	therapeutic	strategy	for	the	patient	(see	Chapter	48)
Improper	flow-trigger	setting Adjust	trigger	and	flow	to	patient	demand

SUMMARY CHECKLIST

◗	Response	to	an	increase	in	FiO2	helps	determine	the	
cause	of	hypoxemia.

◗	Hypoxemia	responsive	to	an	increase	in	FiO2	is	likely	
caused	by	a	low	 � �V Q	ratio.

◗	Hypoxemia	unresponsive	to	increased	FiO2	is	likely	caused	
by	a	diffusion	defect	or	shunt.

◗	Alveolar	ventilation	and	CO2	production	determine	PaCO2.
◗	Mechanical	ventilation	should	increase	alveolar	ventilation	

and	may	decrease	CO2	production	when	WOB	is	relieved.	
These	factors	decrease	PaCO2.

◗	Mechanical	ventilation	with	positive	pressure	increases	
dead	space	and	increases	 � �V Q	ratio.

◗	 Inspiratory	or	expiratory	time	can	be	manipulated	to	
improve	oxygenation	and	alveolar	emptying	in	disorders	
that	affect	alveolar	time	constants.

◗	Physiologic	benefits	of	PPV	include	improved	oxygenation	
and	ventilation,	alveolar	expansion,	decreased	WOB	and	
cardiac	work,	and	improved	O2	delivery.

◗	No	outcome	differences	have	been	identified	among	the	
various	modes	of	ventilation	except	that	SIMV	prolongs	
the	weaning	process.	However,	modes	of	ventilation	that	
allow	the	patient	control	over	the	process	of	gas	delivery	
have	been	shown	to	improve	patient-ventilator	synchrony.

◗	No	single	flow	pattern	has	been	shown	to	be	the	most	
physiologically	beneficial.	However,	research	results	
indicate	better	oxygenation,	ventilation,	and	patient-
ventilator	synchrony	with	the	decelerating	flow	compared	
with	the	square	wave	flow	pattern.

◗	A	decelerating	flow	waveform	tends	to	have	a	lower	peak	
and	a	higher	mean	airway	pressure,	whereas	a	square	
wave	tends	to	have	a	higher	peak	and	a	lower	mean	
airway	pressure.

◗	Flow	triggering	appears	to	decrease	WOB	compared	with	
pressure	triggering	on	older	generation	ventilators.

◗	PEEP	is	used	to	restore	FRC	in	acute	restrictive	disease	
and	to	splint	the	airways	in	obstructive	disease.

◗	WOB	is	decreased	by	the	appropriate	application	of	
mode,	trigger	variable,	and	flow.

◗	PPV	is	detrimental	to	the	 � �V Q	ratio	primarily	by	shifting	
ventilation	to	areas	that	are	less	perfused.	PPV	can	cause	
hyperventilation,	tissue	damage,	and	barotraumas	if	not	
carefully	managed.

◗	PPV	can	decrease	venous	return	and	cardiac	output,	
especially	when	it	increases	intrapleural	and	mean	airway	
pressures.

◗	PPV	can	cause	renal,	hepatic,	and	gastrointestinal	
malfunction	primarily	owing	to	decreased	perfusion	of	the	
capillary	tissue	beds.

◗	Elevation	of	the	head,	osmotic	diuretics,	and	CSF	drainage	
are	effective	means	of	decreasing	ICP	in	TBI.	Acute	
hyperventilation	should	be	used	only	temporarily	until	
other,	more	effective	means	can	be	employed.

◗	Ventilator	bundles	should	always	be	adhered	to	during	
mechanical	ventilation	to	minimize	the	development	of	
ventilator-associated	pneumonia.

◗	Patient	safety	and	error-free	patient	care	are	the	first	
priority	when	caring	for	any	patient.
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Patient-Ventilator Interactions

ROBERT M. KACMAREK

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Discuss	the	reasons	why	appropriate	patient-ventilator	interactions	are	critical	to	ensuring	safe	and	effective	

mechanical	ventilation.
◆	 Discuss	those	clinical	issues	that	can	result	in	poor	patient-ventilator	interaction.
◆	 Discuss	and	define	the	different	types	of	asynchronies	commonly	observed	during	mechanical	ventilation.
◆	 Discuss	the	control	variables	that	affect	appropriate	patient-ventilator	interaction	and	identify	the	modes	of	

ventilation	that	are	most	likely	to	result	in	asynchrony.
◆	 Discuss	the	steps	that	should	be	taken	to	determine	the	cause	of	asynchrony	before	sedation	is	ordered.
◆	 Discuss	what	should	be	done	to	modify	or	eliminate	flow	asynchrony.
◆	 Discuss	what	should	be	done	to	modify	double	triggering.
◆	 Discuss	what	should	be	done	to	modify	missed	triggering.
◆	 Discuss	what	should	be	done	to	modify	delayed	triggering.
◆	 Discuss	what	should	done	to	modify	autotriggering.
◆	 Discuss	the	setting	of	rise	time	during	pressure-targeted	ventilation.
◆	 Discuss	the	setting	of	expiratory	cycling	criteria	during	pressure	support	ventilation.
◆	 Discuss	the	reasons	why	proportional	assist	ventilation	(PAV)	and	neurally	adjusted	ventilatory	assist	(NAVA)	

modes	are	most	likely	to	result	in	the	least	asynchrony.

CHAPTER OUTLINE

Effects of Poor Patient-Ventilator Interaction on 
Outcome

Causes of Poor Patient-Ventilator Interactions
Change	in	Clinical	Status
Artificial	Airways
Pneumothorax
Airway	Emergencies
The	Mechanical	Ventilator

Variables Controlled During Mechanical Ventilation
Types of Asynchrony
Causes of Asynchrony

Flow Asynchrony
Volume	Ventilation
Pressure	Ventilation

Trigger Asynchrony
Auto-PEEP/Missed	Triggering
Trigger	Delay
Autotriggering
Double	triggering
Reverse	Triggering

Cycle Asynchrony
Mode Asynchrony

KEY TERMS

atrophy
autotriggering
cycle	asynchrony
diaphragmatic	dysfunction
double	triggering
fatigue
endobronchial	intubation
expiratory	cycling	criteria

innominate	artery	rupture
missed	triggering
mode	asynchrony
neurally	adjusted	ventilatory	assist	

(NAVA)
patient-ventilator	asynchrony
proportional	assist	ventilation	(PAV)
reverse	triggering

rise	time
tension	pneumothorax
tracheal	malasia
tracheal	stenosis
tracheoesophageal	fistula
trigger	asynchrony
trigger	delay
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EFFECTS OF POOR  
PATIENT-VENTILATOR INTERACTION 
ON OUTCOME

Regardless of the cause of the poor patient interaction, the 
result is negative for the patient. At minimum, hemodynamics, 
ventilatory pattern, and gas exchange are adversely affected. 
Patients may become hypotensive, hypertensive, tachycardic, or 
bradycardic. Their ventilatory pattern may markedly change to 
a rapid shallow pattern or they may attempt to inhale large tidal 
volumes at a slow rate when their ventilatory drive is affected 
by pharmacologic agents. Normally, poor patient-ventilator 
interaction results in hypoxemia as a result of poor matching 
of ventilation and perfusion or increased true shunt. Both 
hypercarbia and hypocarbia may result, based on the stimulus. 
Those who experience hypoxemia will frequently respond with 
hyperventilation. However, if hemodynamic compromise is 
present hypocarbia is normally the result.2

Most causes of poor patient-ventilator interaction are of 
rather short duration because the continuation of the cause 
frequently has significant negative short-term effects. For 
example, a tension pneumothorax during mechanical ventila-
tion must be corrected quickly or the result is cardiac arrest. 
Obstruction of the airway, even if partial, normally results in 
marked changes in airway pressure or tidal volumes that rapidly 
alert clinicians of a problem. Bronchospasm or pulmonary 
edema are usually rapidly recognized by the changes in clinical 
presentation and alterations in patient response to the ventila-
tor. Patient-ventilatory asynchrony is a more subtle problem 
that can be difficult to identify and can persist for the entire 
time that the patient is mechanically ventilated. Identification 
of asynchrony requires careful patient and ventilator waveform 
assessment and sometimes requires a lengthy observation of 
waveforms. Although asynchrony is more subtle than other 
causes of poor patient-ventilator interaction its effects in the 
long term can be very serious. Recent data indicate that asyn-
chrony occurs in all patients receiving assisted patient-triggered 
ventilation, is most significant during the morning when clini-
cian-patient interaction is greatest, is present even during 
periods of sedation, and varies from mild to very severe.7 What 
is most important to remember is that asynchrony has been 
associated with increased length of mechanical ventilation, ICU 
and hospital length of stay, the need for trachestomy, and ICU 
and hospital mortality.7,8,9 At this time it cannot be said that 
asynchrony causes an increase in mortality but that patients 
who have high levels of asynchrony have greater ICU and hos-
pital mortality than patients who have a low level of asynchrony. 
As a result, careful review of ventilator settings should occur 
during every patient-ventilator assessment and adjustments 
should be made to minimize the level of asynchrony.

I n general, it is relatively easy to set and adjust controlled 
mechanical ventilation because the patient does not 
actively interact with the mechanical ventilator. Controlled 

mechanical ventilation is entirely a result of the adjustments 
made by the managing clinician. This is not true during assisted 
patient-triggered ventilation or partial ventilatory support. In 
this setting the patient and the ventilator must intimately inter-
act, the ventilator must be set to meet the ventilatory demand 
of the patient, and the patient must be capable of adjusting to 
the settings of the ventilator. In most modes of mechanical 
ventilation the patient must follow the lead of the ventilator—
that is, adjust to the way the ventilator is set and breathe with 
a ventilatory pattern that is consistent with the parameters 
defined by the mode of ventilation applied and the specific set-
tings.1 When this interaction is not good, patient-ventilator 
asynchrony occurs or the patient is characterized as “fighting 
the ventilator.” However, it must be noted that there are many 
other clinical/technical issues that can result in poor patient-
ventilator interaction. In this chapter all aspects of patient-
ventilator interaction will be discussed with a focus on what 
should be done to improve the interaction. It is important to 
remember that sedation of the patient is ALWAYS the last inter-
vention to be used to improve patient-ventilator interaction. 
Careful assessment of the patient, the airway, and the ventilator 
should be made and necessary adjustments carried out before 
the decision that sedation is necessary to improve the patient-
ventilator interaction.2

	

RULE OF THUMB

Asynchrony	has	been	associated	with	increased	length	
of	mechanical	ventilation,	ICU	and	hospital	length	of	stay,	
the	need	for	trachestomy,	and	ICU	and	hospital	mortality.

	

RULE OF THUMB

Appropriate	patient-ventilator	interaction	during	
patient-triggered	assisted	ventilation	requires	intimate	
coordination	between	the	demands	of	the	patient’s	
respiratory	center	and	the	settings	of	the	mechanical	
ventilator.

Patient-ventilator interaction refers to patient comfort, work 
of breathing (WOB), and synchrony during ventilator-assisted 
breaths. Generally, ventilatory support should be initially 
adjusted to minimize the WOB and to allow the ventilatory 
muscles to rest.3,4 Diaphragmatic dysfunction often accompa-
nies ventilatory failure, and a sustained increase in workload 
can lead to structural injury to the ventilatory muscles.5 When 
the ventilatory muscles become fatigued, at least 24 hours is 
required for recovery.6 Complete rest of the diaphragm, as in 
controlled ventilation, may lead to diaphragmatic decondition-
ing, weakness, and atrophy in 48 hours.6 In the presence of 
spontaneous breathing, inappropriate ventilator settings may 
increase patient work and fatigue further.2 However, careful 
selection of ventilator settings can reduce the workload to a 
normal range without resulting in deconditioning and atrophy 
of the respiratory muscles.2
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Change in Clinical Status

One of the primary causes of poor patient interaction with  
the mechanical ventilator is a change in the patient’s clinical 
status.2 Excessive secretions, bronchospasm, and agitation are 
the most common and regularly seen causes of poor patient-
ventilator interaction, and these issues should be assessed at 
every patient-ventilator assessment. In addition, fever, hypox-
emia, and hemodynamic compromise are also regular causes of 
poor patient-ventilator interaction (Table 47-1). When these 
issues are present the cause should be identified and rapidly 
corrected. In addition, artificial airway problems, pneumotho-
rax, pulmonary edema, pulmonary embolism, dynamic hyper-
inflation, alterations of body position, drug administration,  
and abdominal distension can all cause poor patient-ventilator 
interaction.2

Artificial Airways

Artificial airway problems are a common cause of sudden respi-
ratory distress. As outlined in Chapter 36, a number of prob-
lems can suddenly occur with artificial airways. Of primary 
concern is the development of biofilm on the internal surface 
of the endotracheal tube, as illustrated in Figure 47-1. Biofilm 
develops on all endotracheal tubes but the extent of the devel-
opment is based on the clinical presentation of the patient.10 
Patients who are aspirating oral secretions around the endotra-
cheal tube or who have excessive lower airway secretion produc-
tion can easily develop obstructions that occupy more than 50% 
of the lumen of the endotracheal tube, which can rapidly prog-
ress to complete occlusion if proper humidification is not pro-
vided.11 If the lumen of the endotracheal tube is nearly totally 
obstructed, airway resistance markedly increases, resulting in an 

MINI CLINI
Management of Emergency  
Airway Issues

PROBLEM:  Mr. Smith is a 36-year-old motor vehicle accident 
victim presenting with massive head and chest trauma. He is 
immediately intubated in the emergency department and 
mechanically ventilated in the volume control mode. He has 
received sedation and paralysis and is ventilated with the fol-
lowing settings. Tidal volume 500 ml (6 ml/kg PBW), rate 22/
min, peak flow 40 liters/min, inspiratory time 0.66 sec. He has 
10 cm H2O PEEP and an FIO2 of 60%. At these settings his SpO2 
is 95%, pulse is 78/min, and arterial blood pressure is 110/70. 
His peak airway pressure is 24 cm H2O and his plateau pressure 
is 18 cm H2O. He has received a total of 4 liters of fluid.

As you are standing at the bedside you observe a breath-by-
breath increase in his peak airway pressure and the high-
pressure alarm sounds at 50 cm H2O. His SpO2 has decreased 
to 88% and appears to be decreasing breath by breath. His pulse 
is 140/min and blood pressure is 80/50. You observe that his 
trachea is deviated to the left, and on auscultation note an 
absence of breath sounds on the left. His percussion note is 
hyperresonant on the left side and on palpitation you note a 
rise only of the right chest. What should you do?

Solution:  Clearly some dramatic change in your ability to 
ventilate the patient has rapidly occurred. This presentation is 
most likely the result of an airway obstruction, a mainstem 
intubation, or a tension pneumothorax. Immediately discon-
nect the patient from the ventilator and suction the endotra-
cheal tube. This will eliminate obstruction of the airway and 
the ventilator as the problem. It is most likely not a mainstem 
intubation because most mainstem intubations are into the 
right mainstem bronchus and the fact that breath sounds are 
absent on the right eliminates this. In addition, his presentation 
is more consistent with a tension pneumothorax; rapid deterio-
ration, hyperresonant on the affected side, deviated trachea way 
from the affected side, and an increase in peak airway pressure 
with each breath.

Immediate decompression of the chest with a 19-gauge 
needle is indicated, followed by insertion of a chest tube. 
Decompression is done by sliding the needle over the third rib 
at the mid-nipple line. Blood vessels and nerves run along the 
lower border of the ribs, not the upper border. During these 
procedures very gentle ventilation with a manual ventilator 
should occur with 100% oxygen and a rapid shallow pattern 
minimizing pressure to avoid extending the pneumothorax.

CAUSES OF POOR  
PATIENT-VENTILATOR INTERACTIONS

The primary causes of poor patient-ventilator interaction are 
listed in Table 47-1. It is important to note that most of these 
issues also result in sudden respiratory distress. Except for asyn-
chrony, the causes listed in Table 47-1 can occur in patients 
under both controlled and assisted ventilated.

TABLE 47-1 

Causes of Poor Patient-Ventilation Interaction

Patient-related Causes
Abnormal	respiratory	drive
Abdominal	distension
Alteration	in	body	posture
Artificial	airway	problems
Agitation
Bronchospasm
Drug-induced	problems
Dynamic	hyperinflation
Fever
Hemodynamic	compromise
Hypoxemia
Pneumothorax
Pulmonary	edema
Pulmonary	embolism
Secretions

Ventilator-related Causes
Circuit	malfunction
Inadequate	FIO2

Inadequate	ventilator	support
System	leak
Patient-ventilator	asynchrony
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the cuff to partially occlude the tip of the artificial airway. This 
can occur with both endotracheal and tracheostomy tubes. It is 
usually identified based on difficulty passing a suction catheter 
past the tip of the airway, which is resolved by deflating the cuff. 
If cuff herniation is present, the airway requires replacement. 
Cuffs can rupture, resulting in an inability to effectively venti-
late with large oral/nasal leaks and the inability of the cuff to 
hold pressure. Again, the airway requires replacement.

Kinking of the endotracheal tube is also a potential problem. 
This usually occurs in a patient with a well-secured endotra-
cheal tube that the patient is actively trying to move out of their 
airway by biting and “tonguing” the tube. This causes the tube 
to move toward the oral pharynx, but because it is well secured 
it kinks. The result is increased airway resistance. Inability to 
pass a suction catheter more than a short distance into the 
airway and visualization of the tube in the mouth and pharynx 
identifies this problem. Repositioning of the tube is indicated. 
Differentiation of tube kinking from tube obstruction can be 
difficult but biofilm and secretion obstruction usually occur in 
the lower third of the airway and kinking the middle to the first 
third of the airway.

Long-term artificial airway placement can also result in the 
development of tracheal stenosis, tracheal malasia, tracheo-
esophageal fistula, and innominate artery rupture. Of these, 

increase in peak airway pressure during volume ventilation and 
a decrease in tidal volume in pressure ventilation. This is an 
airway emergency requiring immediate action. Either the endo-
tracheal tube needs to be changed or the secretion must be 
removed. A number of devices are currently on the market 
designed to remove secretions form the lumen of the artificial 
airway (Figure 47-2). These mucus shaver devices can prevent 
the need to change the airway and dramatically improve 
ventilation.12,13

Another common problem with endotracheal tubes is move-
ment of the airway into the oral pharynx or movement into the 
right mainstem bronchus. Both of these can be life threatening, 
although movement into the oral pharynx, essentially extuba-
tion, is the most life threatening. In some situations the airway 
can be moved back into the trachea, but in others reintubation 
is necessary. If movement of the airway occurs, adequate  
ventilation is generally impossible. Airway pressures and tidal 
volumes rapidly decrease and there is frequently gas leakage 
from the mouth and nose. Thus it is important to determine 
the location of the endotracheal tube at each patient-ventilator 
assessment. The tube should be positioned about 23 cm from 
the teeth (incisors) in men and 21 cm in women. In addition, 
following intubation the location of the tip of the tube in rela-
tion to the carina must be evaluated. In adults the tip of the 
tube should be 3 to 5 cm above the carina and its length at the 
teeth should be noted and regularly reassessed to ensure proper 
placement. A right mainstem intubation presents with sudden 
increases in airway pressure and absent breath sound on the 
right side of the chest. Depending on the patient’s status, hypox-
emia, hypercarbia, and hemodynamic compromise may be 
present. Careful movement of the tube to the proper position 
at the teeth corrects this problem but following adjustment a 
chest x-ray should always be performed to assure proper posi-
tion. Flexion and extension of the head and neck always results 
in movement of the tip of the endotracheal tube. Extension of 
the head and neck moves the tip closer to the carina and flexion 
moves the tip closer to the pharynx. This movement on average 
is 1 to 3 cm in either direction.

Other potential problems with artificial airways include cuff 
herniation, the unequal expansion of the cuff causing part of 

FIGURE 47-1	 Picture	of	an	endotracheal	tube	with	biofilm/
secretions	partially	occluding	greater	than	 1

2	of	the	airway.	(From:	
Mietto	C,	Foley	K,	Salerno	L,	et	al:	Removal	of	endotracheal	tube	
obstruction	with	a	secretion	clearance	device.	Respir	Care	59:	
e122–e126,	2014.)	

FIGURE 47-2	 A,	Picture	of	a	mucus	shaver	device.	This	device	
is	designed	to	remove	biofilm/secretions	from	the	inside	of	an	
artificial	airway.	B,	Shows	the	dilated	tip	of	the	mucus	shaver	
inflated	to	remove	secretion.	

A

B



1062 SECTION VI • Acute and Critical Care

steps that should be taken to identify the cause of the problem. 
Removing the patient from the ventilator and manually venti-
lating (ambuing) with rapid shallow breaths will eliminate the 
ventilator as the cause of the concern. Rapid suctioning of the 
airway will determine if airway obstruction is the problem. If 
obstruction is not the problem, then endobronchial intubation 
or a tension pneumothorax is the cause. If assessment of the 
patient is consistent with a tension pneumothorax and the tube 
is at the correct length at the teeth, the problem is almost always 
a tension pneumothorax. Severe hemodynamic compromise 
and continued increasing of airway pressure are not normally 
seen in a right mainstem intubation.

The Mechanical Ventilator

A potential but infrequent cause of poor patient-ventilator 
interaction is malfunction of the mechanical ventilator. Poor 
responsiveness and ventilator circuit issues can be a problem, 
but with the newest generation of mechanical ventilators these 
technical malfunctions are rarely the cause of poor patient-
ventilator interaction. However, the ventilator settings should 
be checked to ensure that an appropriate tidal volume, respira-
tory rate, and FIO2 are being delivered.

innominate artery rupture is the most devastating. It requires 
surgical intervention and can be fatal. It is difficult to identify 
the problem until the rupture actually occurs. However, in some 
patients the tracheostomy tube will start to pulsate with eroding 
of the tracheal wall toward the innominate artery, allowing the 
pulse to be counted from the pulsation.

Pneumothorax

Another life-threatening situation during mechanical ventila-
tion is the development of a pneumothorax, which in most 
circumstances is a tension pneumothorax. That is, with every 
positive pressure breath more gas moves into the pleural space 
but is unable to exit the space. As a result the pressure in the 
pleural space continues to increase, causing lung collapse and 
eventually causing complete cardiovascular collapse and cardiac 
arrest. Treatment is decompression of the pleural space and the 
placement of a chest tube. Initially, a 19-gauge needle can be 
inserted to relieve the pressure. The needle is inserted at the 
mid-nipple line, sliding over the top of the third rib or the 
highest point of the thoracic cage, allowing the gas to exit and 
relieving the tension.

A tension pneumothorax typically develops very rapidly. 
Airway pressure increases with each breath in volume ventila-
tion, whereas tidal volume decreases with each breath in pres-
sure ventilation. The change is more dramatic in volume 
ventilation than in pressure ventilation because the pressure in 
the pleural space can increase only to the peak pressure set by 
the clinician in pressure ventilation, whereas in volume ventila-
tion pressure can increase to the pressure limit setting, which 
may be set very high. As pressure increases, the affected side’s 
lung collapses and begins to compress the unaffected side. In 
severe cases the mediastium and trachea are shifted away from 
the side with the pneumothorax. Patients rapidly become 
hemodynamically unstable. Breath sounds are absent on the 
side of the pneumothorax, the percussion note is hyperreson-
nent on the affected side, and palpitation of the chest generally 
shows a rise and fall only of the side of the chest opposite the 
pneumothorax.

	

RULE OF THUMB

A	tension	pneumothorax	causes	increasing	airway	
pressure	with	each	breath	in	volume	ventilation	and	
decreasing	tidal	volume	with	each	breath	in	pressure	
ventilation.	As	pressure	in	the	pleural	space	increases,	
lung	collapse	occurs.

 Box 47-1 Management of Sudden 
Respiratory Distress

1.	 Remove	the	patient	from	the	ventilator.
2.	 Initiate	manual	ventilation	using	a	self-inflating	bag	delivering	

100%	oxygen.
3.	 Perform	a	rapid	physical	examination	and	assess	monitored	

indices.
4.	 Check	patency	of	the	airway	(pass	a	suction	catheter).
5.	 If	death	is	imminent,	consider	and	treat	the	most	likely	

causes	(e.g.,	pneumothorax,	airway	obstruction).
6.	 After	the	patient	is	stabilized,	undertake	more	detailed	

assessment	and	management.
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The	percentage	of	breaths	on	average	that	are	
asynchrous	is	about	3%	but	at	some	period	of	time	in	
many	patients	over	50%	of	the	breaths	may	be	
asynchronous!

VARIABLES CONTROLLED DURING 
MECHANICAL VENTILATION

During spontaneous ventilation the individual has complete 
control over the process of gas movement into and out of the 
lungs. In health, normal breathing is a process that generally 
goes unnoticed; we breathe without conscious thought of 
breathing and without any effort. As we know from the equa-
tion of motion (discussed in detail in Chapter 46), all of the 

Airway Emergencies

A rapid deterioration in the patient’s clinical status associated 
with increased airway pressure and decreased tidal volume  
associated with progressive hemodynamic compromise and 
deteriorating gas exchange should always alert clinicians to the 
possibility of three problems: tension pneumothorax, airway 
obstruction, and right mainstem intubation. Box 47-1 lists the 
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MINI CLINI
Assist/Control Volume Ventilation Square Wave

PROBLEM:  Mrs. Jones, a 68-year-old with COPD, presented in 
the emergency department in an acute exacerbation. She was 
initially managed with noninvasive pressure support at 8 cm H2O 
and 8 of PEEP. However, after 24 hrs she was intubated and 
mechanically ventilated in volume assist/control (A/C). She was 
started at a tidal volume of 300 ml (5 ml/kg PBW) with an 

inspiratory time of about 1.0 sec and a peak square wave flow of 
20 L/min. Her PEEP level is set at 8 cm H2O and FIO2 at 50%. Her 
SpO2 is 90%, pulse 120/min, blood pressure 150/100, and respira-
tory rate 30/min. You study her airway pressure and flow wave-
forms and observe the following:
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Solution:  The shape of the airway pressure versus time curve 
would indicate that there is marked flow asynchrony. The airway 
pressure during triggering is below baseline for a considerable 
period of time and the rise in the airway pressure curve is concave 
and does not reach peak pressure until more than halfway through 

the inspiratory time. To try to correct this, peak flow should be 
increased to 50 l/min and the inspiratory time decreased to 
0.6 sec. When this is done the following airway pressure and flow 
waveforms are obtained. These much more closely resemble the 
ideal waveforms during controlled ventilation.

work of breathing is provided by the individual in spontaneous 
breathing. During controlled ventilation the patient has abso-
lutely no control over the process of ventilation. The ventilator 
moves gas into and out of the lungs based on how the clinician 
decides to set the mechanical ventilator. Thus, from the patient’s 
perspective no active work is performed and no concern exists 
for coordination between what the respiratory center desires 
versus how the clinician sets the ventilator. Of course to achieve 
controlled ventilation the patient must be pharmacologically 
medicated to apnea. Assisted mechanical ventilation is very  
different from either spontaneous breathing or controlled  

ventilation. In this case the patient and the ventilator must 
intimately interact. Ideally the ventilator is set to meet the neu-
rologic output from the respiratory center and there is no com-
petition between the respiratory center and the ventilator. 
However, this is rarely achieved in critically ill patients. The 
percentage of breaths on average that are asynchrous is about 
3% but at some time in many patients over 50% of the breaths 
are asynchronous.7

Generally, the more control exerted by the ventilator the 
greater the likelihood that the patient will be asynchronous. 
Remember that with the classic modes of ventilation the 
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TYPES OF ASYNCHRONY

Table 47-3 lists the types of asynchrony and the subcategories 
of trigger asynchrony. Flow asynchrony occurs when the flow 
from the ventilator does not match the flow demand of the 
patient.19-21 This can occur in any mode of ventilation but most 
commonly occurs in volume ventilation because the clinician 
sets the tidal volume, peak flow, flow waveform, and inspiratory 
time. Thus, the patient’s respiratory center must demand exactly 
the same gas delivery each and every breath or there will be flow 
asynchrony.

There are several forms of trigger asynchrony and each can 
occur in any mode of ventilation. The most common form of 
trigger asynchrony is trigger delay, in which the length of time 
between the beginning of neuro-inspiration and activation of 

ventilator leads and the patient must follow. Specifically, if the 
clinician sets the inspiratory time at 1.0 sec or the tidal volume 
at 400 ml this is what the patient must accommodate to. This 
accommodation is difficult and as a result asynchrony occurs. 
Depending on the mode of ventilation, the ventilator can 
control one or more of the following gas delivery variables: 
pressure, flow, volume or time (Table 47-2). The more variables 
controlled the greater the likelihood of asynchrony. Volume 
ventilation is the most controlling mode of ventilation because 
the ventilator in some way controls volume, flow, and time. The 
only variable the patient can control is pressure. As a result, the 
likelihood of asynchrony is greater with volume A/C than any 
other mode of ventilation. With pressure A/C the ventilator 
only controls pressure and time; less control means less likeli-
hood of asynchrony. In pressure support only the pressure is 
controlled; thus, of all the classic modes of ventilation the mode 
that is least likely (if set properly) to cause asynchrony is  
pressure support. However, as is well documented in the  
literature,14-17 proportional assist ventilation (PAV) and neu-
rally adjusted ventilatory assist (NAVA) are the modes of ven-
tilation that are least likely to cause asynchrony because they do 
not exert any control over the patient. These modes do not 
control pressure, flow, volume or time. What they do is provide 
a proportional assist based on patient demand (see Chapters 45 
and 46). They do not require the patient to conform to the set-
tings of the clinician, but instead they require the ventilator to 
follow the output of the respiratory center, and as a result the 
patient’s respiratory center controls the ventilatory pattern—
thus, less asynchrony.

Figure 47-3, modified from the original figure of Magdy 
Younes, depicts the response of different modes of ventilation 
to patient demand.18 As noted, when patient demand (effort) 
increases in volume ventilation the ventilator provides less 
support, and an inverse relationship between patient effort  
and ventilator pressure is established. In pressure ventilation, 
when patient demand increases the ventilator support remains 
unchanged. However, in PAV and NAVA as patient effort 
increases ventilatory support increases, and as patient effort 
decreases ventilatory support decreases. Control is by the 
patient’s respiratory center, creating greater synchrony than any 
other approaches to ventilatory support.

TABLE 47-2 

Variables Controlled During Mechanical Ventilation 
Possible Variables Controlled: Pressure, Flow, 
Volume, and Time

Volume	A/C Volume
Flow
Time

Pressure	A/C Pressure
Time

Pressure	Support Pressure
PAV	and	NAVA None

FIGURE 47-3	 Relationship	between	ventilator	pressure	and	
patient	effort	during	various	forms	of	ventilatory	support.	During	
volume	ventilation,	there	is	always	an	indirect	relationship	between	
ventilator	pressure	and	patient	effort;	the	greater	the	patient	effort,	
the	less	the	ventilator	pressure,	and	the	greater	the	potential	
asynchrony.	With	pressure	ventilation,	airway	pressure	theoretically	
does	not	change	as	patient	effort	increases;	there	is	equal	ventilator	
work	regardless	of	patient	effort.	During	PAV	and	NAVA,	ventilator	
pressure	and	patient	effort	are	directly	related.	That	is,	as	patient	
effort	increases,	ventilatory	pressure	increases.	With	PAV	and	
NAVA,	all	the	clinician	sets	is	the	distribution	of	effort	between	
ventilator	and	patient.	(Modified	from	Younes	M:	Proportional	assist	
ventilation,	a	new	approach	to	ventilatory	support.	Theory.	Am	Rev	
Respir	Dis	145:114–117,	1992.)
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The	ventilator	can	control	one	or	more	of	the	following	
gas	delivery	variables:	pressure,	flow,	volume,	or	time.	
The	more	of	these	variables	controlled	by	the	ventilator,	
the	greater	the	likelihood	of	asynchrony.
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ventilation it is most likely that mode asynchrony occurs with 
volume A/C, followed by pressure A/C, and then pressure 
support. It is least likely to occur with PAV and NAVA.

CAUSES OF ASYNCHRONY

Table 47-4 summarizes the major causes of asynchrony. Across 
all modes of ventilation, inappropriately set sensitivity, inap-
propriate selection of PEEP, and the presence of auto-PEEP 
result in asynchrony. The one exception to this is NAVA; because 
NAVA is controlled by the diaphragmatic EMG signal the pres-
ence of auto-PEEP does not affect the function of this mode.35 
All other modes are triggered by airway pressure, flow or volume 
and are dramatically affected by auto-PEEP. In volume ventila-
tion, poor matching of the ventilator settings to the patient’s 
ventilatory drive results in asynchrony. Specifically, inadequate 
peak flow and inadequate or excessive inspiratory time result in 
asynchrony. In pressure A/C or pressure support ventilation 
asynchrony is caused by inappropriately set rise time, inappro-
priately set inspiratory time (pressure A/C) or termination cri-
teria (pressure support), and inadequate or excessive tidal 
volume. Finally, selection of an inappropriate mode can cause 
asynchrony (see Chapters 46 and 48).

TABLE 47-4 

Causes of Asynchrony

Inappropriately Set Sensitivity
Inappropriately	set	PEEP
Auto-PEEP
Volume	A/C Inadequate	peak	flow

Inappropriate	inspiratory	time
Inadequate	or	excessive	tidal	volume

Pressure	A/C	or	
Pressure	Support

Inappropriate	rise	time
Inappropriate	inspiratory	time	or	

inappropriate	inspiratory	termination	
criterion

Inadequate	or	excessive	driving	pressure

Inappropriate Mode of Ventilation

TABLE 47-3 

Types of Asynchrony

Flow	asynchrony Inadequate	flow	at	
onset	and	during	
inspiration	to	meet	
patient	demand

Trigger	asynchrony Poor	coordination	of	
patient’s	initiation	of	
inspiration	and	
ventilator	response

Trigger	delay
Double	trigger
Missed	trigger
Auto	trigger
Reverse	triggering

Cycling	asynchrony Poor	coordination	of	
patient’s	desire	to	
exhale	and	ventilator	
response

Inappropriately	short	
inspiratory	time

Inappropriately	long	
inspiratory	time

Mode	Asynchrony Inappropriate	mode

the ventilator is excessive.22 Under normal circumstances, 
trigger delay should not exceed 100 milliseconds to avoid 
patient perception of the delay and an increase in ventilatory 
drive.23-25 Another common form of trigger asynchrony is 
missed triggering, in which the patient is unable to trigger the 
ventilator with each inspiratory effort. Frequently a pattern of 
missed triggering and triggering is established.26 That is, for 
every 2 or 3 inspiratory efforts the ventilator is only triggered 
once.27 Double triggering is usually a result of the patient’s 
ventilatory center desiring a larger breath or a longer inspira-
tory time than is set on the ventilator.28 This causes the patient 
to continue inspiration when the ventilator transitions into the 
expiratory phase, resulting in the ventilator triggering a second 
time. The biggest problem with double triggering is that there 
is no exhalation after the first breath, so that the actual delivered 
tidal volume may be up to double what is set on the ventilator. 
Double triggering is most common with volume A/C because 
of the precise setting of the tidal volume. Autotriggering is a 
much less frequent form of trigger asynchrony. It is the seem-
ingly automatic triggering of the ventilator without any patient 
inspiratory effort.29

The most recently described from of trigger asynchrony  
is reverse triggering. With reverse triggering a controlled 
mechanical breath results in stimulation of the respiratory 
center, which then triggers the subsequent breath.30,31 This form 
of asynchrony occurs only during controlled ventilation. Most 
of the other forms of asynchrony occur only during assisted 
ventilation.

Cycle asynchrony occurs when the ventilator ends the breath 
at a time different from when the patient’s respiratory center 
wants to end the breath.32,33,34 It is more common in pressure-
targeted than in volume-targeted ventilation, but it can occur 
in all modes of ventilation. Cycle asynchrony is described in two 
forms: asynchrony that results in an inappropriately long inspi-
ratory time and asynchrony that results in an inappropriately 
short inspiratory time.

Mode asynchrony is the selection of a mode of ventilation 
that simply is highly unlikely to meet a patient’s inspiratory 
demand. As should be obvious from Table 47-2, during assisted 

	

RULE OF THUMB

Asynchrony	is	a	result	of	inappropriate	matching	of	the	
ventilator’s	settings	and	the	patient’s	ventilatory	
demand	or	the	presence	of	auto-PEEP.

FLOW ASYNCHRONY

Volume Ventilation

Flow asynchrony can occur in any mode of ventilation but is 
more common in volume A/C because a precise flow pattern 
and peak flow is set, resulting in the selected tidal volume being 
delivered in a precise inspiratory time. This is not physiologic; 
with normal spontaneous breathing there is a large variability 
in the ventilatory pattern from breath to breath.
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MINI CLINI
Assist/Control Pressure Targeted Ventilation

PROBLEM:  Mr. Garcia is a 72-year-old patient with severe 
COPD who has been intubated and mechanically ventilated for 
the last 3 days. The ventilator is set with a PEEP of 5 cm H2O, 
FIO2 of 0.4, and volume A/C tidal volume of 480 ml (6.5 ml/kg 

PBW). The ventilator respiratory rate is 18/min. The patient’s 
pulse is 105/min, blood pressure 130/90, and SpO2 92%. When 
you look at the ventilator you notice the following airway pressure 
and flow waveforms:
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In addition, when you palpate the patient’s diaphragm you 
note that the diaphragm is contracting at a rate of 36 times per 
minute with the ventilator only responding at a rate of 18 times 
per minute.

Solution:  The expiratory flow does not return to baseline before 
the patient attempts to inspire. As a result, Mr. Garcia has auto-
PEEP. The level must be fairly high since he is mistriggering at a 
ratio of two breaths to one ventilator-triggered breath. To correct 
this, either Mr. Garcia’s tidal volume should be decreased or 

applied PEEP should be increased. Since his tidal volume is at  
6.5 Ml/kg PBW it is unlikely that a further change will affect the 
level of auto-PEEP. Because he has dynamic airway obstruction 
from his severe COPD, adding PEEP to balance the auto-PEEP 
across the dynamic airway obstruction should decrease the pres-
sure gradient to trigger the ventilator. PEEP should be increased 
in 1 to 2 cm H2O steps until Mr. Garcia can trigger the ventilator 
with every inspiratory effort. At an applied PEEP level of 12 cm 
H2O the mistriggering disappeared.

If a patient is spontaneously triggering the ventilator, peak 
flow delivery during volume ventilation should match the 
patient’s inspiratory flow demand.19-21 Most adult patients with 
moderate to strong ventilatory demands require a peak flow of 
60 L/min or greater. As shown by Marini and colleagues,19,20 if 
the peak flow does not meet the patient’s inspiratory demand, 
the WOB performed by the patient increases (see Figure 47-4). 
In this setting, the efficiency of the work may be greater than 
during spontaneous breathing, but the overall patient work may 
be similar.19,20 In volume ventilation, there is always an indirect 
relationship between the work provided by the ventilator and 

the patient’s WOB (Figure 47-3). The more work the patient 
does, the less work the ventilator performs for the patient. If the 
patient is triggering the positive pressure breaths, the WOB is 
shared between the patient and the ventilator. For this reason, 
patients initially receiving assisted ventilation show altered gas 
delivery patterns after they are sedated to apnea. With the tran-
sition to controlled ventilation, the peak airway pressure usually 
increases during volume ventilation.36 Because the patient no 
longer performs a portion of the WOB, the work performed by 
the ventilator must increase. The opposite is also true in volume 
ventilation when the patient’s ventilatory demand is high—the 
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patient with a moderate to high ventilatory demand rarely 
desires an inspiratory time greater than 1 second.36 Many adults 
with moderate or high ventilatory demands desire an inspira-
tory time between 0.6 second and 0.9 second.37 Carefully match-
ing the ventilator’s inspiratory time with the patient’s inspiratory 
time generally markedly improves patient-ventilator synchrony.

In general, the airway pressure waveform during volume A/C 
ventilation should be similar to the airway pressure waveform 
during controlled ventilation (Figure 47-4). The greater the 
actual waveform differs from the ideal, the greater the patient 
WOB and the greater the asynchrony.19,20 If the ventilator cannot 
be set to meet patient demand and all other potential causes of 
asynchrony have been ruled out, the patient will require seda-
tion or a change in the mode of ventilation. In general, the 
mode should be changed before the patient is markedly sedated.

patient can be doing a disproportionate amount of work if the 
ventilator is not set to meet the patient’s inspiratory demand.

Most ventilators during volume A/C can deliver gas flow in 
a decelerating or square wave flow pattern. If the patient is trig-
gering inspiration, we recommend a decelerating flow pattern, 
especially when a small VT is being delivered.36,37 A decelerating 
flow pattern allows a high peak flow to be delivered but also 
ensures that the inspiratory time can be adequately set. In 
patients who are sedated and who are not triggering the ventila-
tor, the choice of flow waveform is unimportant, and the setting 
of peak flow depends on the inspiratory time and VT desired by 
the clinician.

If a patient is triggering every breath, the set inspiratory time 
should equal the patient’s neuro-inspiratory time.38 As illus-
trated in Figure 47-5, when the ventilator’s inspiratory time is 
decreased to equal the patient’s desired inspiratory time and 
peak flow is increased to match the patient’s demand, the 
patient’s WOB and effort correspondingly decrease (Box 47-2). 
This improvement in asynchrony can be performed without 
changing the tidal volume, as illustrated in Figure 47-5. A 

FIGURE 47-4	 Plot	of	an	ideal	pressure-time	waveform	during	
volume-targeted	ventilation	(top).	Plot	of	actual	pressure-time	curve	
(dotted line)	is	superimposed	on	the	ideal	curve	(bottom).	The	
scooped-out	actual	pressure	waveform	is	evident.	Green area	
reflects	the	work	performed	by	the	patient	during	assisted	volume-
targeted	ventilation.	This	type	of	actual	pressure	waveform	is	
indicative	of	inadequate	peak	inspiratory	flow	or	too	lengthy	an	
inspiratory	time.	The	peak	flow	should	be	increased,	normally	to	
between	60	L/min	and	90	L/min	to	minimize	patient	effort	during	
volume-limited	ventilation.	(Modified	from	Marini	JJ,	Rodriguez	M,	
Lamb	V:	The	inspiratory	workload	of	patient-initiated	mechanical	
ventilation.	Am	Rev	Respir	Dis	134:902,	1986.)
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Flow	asynchrony	can	occur	in	any	mode	of	ventilation	
but	is	more	common	in	volume	A/C	since	a	precise	
flow	pattern	and	peak	flow	is	set,	resulting	in	the	
selected	tidal	volume	being	delivered	in	a	precise	
inspiratory	time.

 Box 47-2 Flow Asynchrony: 
Volume Ventilation

To	correct	flow	asynchrony:
•	 Change	to	decelerating	flow
•	 Increase	peak	flow	(>60	L/min)
•	 Match	ventilator’s	inspiratory	time	to	patient’s	inspiratory	

time
•	 Ensure	that	the	airway	pressure	waveform	is	as	similiar	as	

possible	to	the	ideal	airway	pressure	waveform	during	
controlled	volume	ventilation

Pressure Ventilation

Flow asynchrony occurs in pressure ventilation but it is less 
likely than in volume ventilation if the ventilator is set properly. 
All newer generation critical care ventilators include an inspira-
tory pressure rise time or pressure slope control. This control 
functions only with pressure-limited breaths (PSV, PCV, PRVC, 
volume support, airway pressure release ventilation, pressure 
SIMV). The purpose of this control is to adjust the rate at which 
flow increases from baseline to peak38-40 (Figure 47-6). Gener-
ally, rise time should be set at a value that ensures adequate 
inspiratory gas flow (meeting or exceeding patient demand) 
without an excessive “overshoot” of the pressure at the begin-
ning of inspiration. A slow or low rise time increases the patient’s 
WOB38-40 (Figure 47-7). If the rise time is inadequate to meet 
the patient’s demand a concavity during the initial part of inspi-
ration is noted, similar to what occurs in volume A/C with 
inadequate flow.41 As in volume ventilation, the rise time should 
be set to ensure the actual airway pressure waveform matches 
the ideal airway pressure waveform (Box 47-3).
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TRIGGER ASYNCHRONY

As noted in Table 47-3, there are numerous types of trigger 
asynchrony and of these missed triggering is a common cause 
of asynchrony. However, the single most important variable 
affecting trigger asynchrony is the presence of auto-PEEP.

Auto-PEEP/Missed Triggering

As illustrated in Figure 47-8, auto-PEEP is a result of air trapped 
in the lung at the end of exhalation.42 This is most commonly 
caused by dynamic airway obstruction43 but it is also caused by 
the delivery of excessive minute ventilation/tidal volume.44 In 
dynamic airway obstruction because of airways disease the 
structural integrity of the airways is compromised. A loss of 
smooth muscle causes the airway diameter to change from 
inspiration to expiration. During expiration the elastic recoil of 
the lung and thorax causes these damaged airways to at least 
partially collapse and in some cases totally collapse, trapping 
gas behind the obstruction or limiting flow to the point that at 

FIGURE 47-5	 Airway	pressure	(Paw),	flow,	volume,	raw	(Raw)	electromyographic	activity	of	the	diaphragm	(Edi),	integrated	Edi,	and	muscular	
work	of	the	diaphragm	(Pmus)	in	volume	ventilation	during	varying	inspiratory	flow	and	inspiratory	time	settings	(columns	A, B, C, D, E).	As	
peak	flow	is	increased	and	inspiratory	time	is	decreased	(left	to	right),	indices	of	patient	effort	and	work	are	decreased.	Ideal	settings	of	flow	
and	inspiratory	time	generally	can	be	identified	by	observing	the	airway	pressure	curve	during	volume	ventilation.	The	closer	the	airway	
pressure	curve	is	to	the	ideal	curve	(D	and	E),	the	less	the	patient’s	work.	(From	Fernandez	R,	Mendez	M,	Younes	M:	Effect	of	ventilator	
flow	rate	on	respiratory	timing	in	normal	humans.	Am	J	Respir	Crit	Care	Med	159:710–719,	1999.)
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 Box 47-3 Flow Asynchrony: 
Pressure Ventilation

To	correct	flow	asynchrony:
•	 Adjust	rise	time	until	the	initial	airway	pressure	rises	rapidly	

without	any	concavity	but	does	not	exceed	the	set	pressure	
at	the	beginning	of	inspiration

•	 If	inadequate	flow:	initial	concavity	in	airway	pressure,	
increase	rise	time

•	 If	excessive	flow:	initial	airway	pressure	exceeds	the	set	
level,	decrease	rise	time
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Flow	asynchrony	can	be	greatly	improved	in	volume	
ventilation	by	increasing	peak	flow	and	decreasing	
inspiratory	time.	In	pressure	ventilation	flow	asynchrony	
can	be	corrected	by	adjusting	rise	time.
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end-exhalation there is gas in the lung periphery under pressure 
or the presence of auto-PEEP.42,43 The presence of auto-PEEP is 
not uniform. In some lung units no auto-PEEP is present, and 
in others there are varying levels of auto-PEEP. When auto-
PEEP is measured it is the average level of auto-PEEP that is 
determined.

Auto-PEEP can develop in any patient who is mechanically 
ventilated if the minute ventilation/tidal volume is excessive and 
cannot be passively exhaled in the expiratory time defined by 
the respiratory center.44 Auto-PEEP essentially has the same 
effect as applied PEEP but only in the lung units where auto-
PEEP develops. In reference to asynchrony, auto-PEEP is the 
primary reason why missed triggering occurs. Essentially the 
patient cannot decompress the auto-PEEP with every inspira-
tory effort, and missed triggering occurs. In COPD patients 
auto-PEEP can be greater than 15 cm H2O and frequently 
shows a pattern of 1 triggered breath to 1, 2, or 3 missed trig-
gered breaths27 (Figure 47-9).

FIGURE 47-6	 The	effect	of	different	rise	time	settings	is	
illustrated.	When	rise	time	is	adjusted	the	slope	of	the	flow	
acceleration	from	zero	to	peak	flow	is	altered.	A	slow	rise	time	
indicates	that	peak	flow	will	not	be	achieved	until	sometime	after	
the	midpoint	of	the	breath.	A	high	rise	time	indicates	that	peak		
flow	will	be	obtained	early	in	the	breath.	A	medium	rise	time	is	
somewhere	in	between.	The	actual	setting	variation	is	manufacturer	
dependent.	
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FIGURE 47-7	 Effect	of	changing	rise	time	during	pressure-
targeted	breaths	for	a	patient	who	prefers	a	moderate	flow.		
A,	Flow	exceeds	patient	demand,	and	a	pressure	spike	and	short	
inspiratory	time	result.	B,	As	flow	is	decreased,	inspiratory	time	
lengthens,	and	the	pressure	spike	disappears.	Machine	output	
matches	patient	demand.	C,	When	flow	is	reduced	further,	patient	
demand	exceeds	machine	flow;	the	result	is	deformation	of	the	
pressure	waveform	and	a	decrease	in	inspiratory	time.	(Modified	
from	Branson	RD,	Campbell	RS,	Davis	K,	et	al:	Altering	flow	rate	
during	maximum	pressure	support	ventilation	[PSVmax]:	effect	on	
cardiorespiratory	function.	Respir	Care	35:1056–1069,	1990.)
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FIGURE 47-8	 A,	Shows	two	alveoli	with	different	auto-PEEP	
levels	and	no	end	expiratory	pause.	B,	Shows	the	same	alveoli	with	
an	end	expiratory	pause.	Note	that	in	A	the	end	expiratory	pressure	
is	zero	since	the	system	is	open	at	end	exhalation,	while	in	B	the	
average	auto-PEEP	level	(10	cm	H2O)	is	indicated	on	the	
manometer	because	of	the	end	expiratory	pause.	
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FIGURE 47-9	 Airway	pressure	and	flow	waveforms	during	VA/C	
and	pressure	support	(PS)	ventilation	in	which	frequent	missed	
triggers	are	observed.	(Modified	from	Leung	P,	Jubran	A,	Tobin	MJ:	
Comparison	of	assisted	ventilator	modes	on	triggering,	patient	
effort,	and	dyspnea.	Am	J	Respir	Crit	Care	Med	155:1387,	1997.)
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The	primary	cause	of	missed	triggering	is	auto-PEEP.

FIGURE 47-10	 Airway	flow,	pressure,	and	volume	in	a	patient	with	severe	airflow	obstruction	and	auto-PEEP.	There	is	a	rapid	decrease	
in	expiratory	flow	at	the	onset	of	exhalation	because	of	the	obstruction	(arrow A),	and	there	is	a	lack	of	return	of	flow	to	baseline	at	the	end	
of	the	breath	(arrow B).	This	type	of	expiratory	flow	pattern,	regardless	of	the	expiratory	time,	indicates	auto-PEEP.	The	amount	of	auto-
PEEP	cannot	be	determined	from	this	example,	but	anytime	end	expiratory	flow	is	greater	than	zero,	auto-PEEP	is	present.	
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Applied PEEP has been advocated in the presence of auto-
PEEP when the cause of the auto-PEEP is dynamic airways 
obstruction.34 In this setting applied PEEP in the presence of 
auto-PEEP is indicated only if the patient has difficulty trigger-
ing the ventilator. Because the patient is spontaneously breath-
ing, the measurement of auto-PEEP (end expiratory pause) is 

very difficult; the patient frequently forces exhalation, negating 
the measurement. The presence of auto-PEEP is generally indi-
cated by the expiratory flow waveform (Figure 47-10) and the 
fact that there are missed triggered breaths. That is, the patient 
inspires but is unable to trigger the ventilator. In this case, PEEP 
is slowly applied in increments of 1 to 2 cm H2O, rechecking 
the patient and ventilator response rate with each adjustment. 
When the patient is able to trigger the ventilator with each 
inspiratory effort, the PEEP level is set properly.29 The exact 
auto-PEEP level may never be known in these patients; however, 
this is unimportant. What is important is that each patient 
effort triggers the ventilator. The literature indicates that if the 
amount of PEEP applied does not exceed approximately 80% 
of the measured auto-PEEP, the patient’s lung mechanics are 
not affected by the application of PEEP.45 Auto-PEEP should be 
rechecked to ensure intrinsic PEEP does not increase as PEEP 
is applied. Box 47-4 summarizes methods for minimizing the 
effects of auto-PEEP. An absolute contraindication to applied 
PEEP is an uncontrolled tension pneumothorax. However, 
PEEP should be cautiously applied in any patient with severe 
intrinsic lung disease, hypotension, and elevated intracranial 
pressure. During controlled ventilation, increasing PEEP simply 
because of the presence of auto-PEEP is not indicated.

	

RULE OF THUMB

In	the	presence	of	dynamic	airways	obstruction	the	
application	of	PEEP	offsets	the	effect	of	auto-PEEP	on	
missed	triggering.
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Excessive	minute	ventilation/tidal	volume	in	patients	
without	dynamic	airways	obstruction	results	in	auto-
PEEP.	Decreasing	tidal	volume	to	the	4	to	6	ml/kg	
PBW	range	generally	eliminates	the	auto-PEEP.

 Box 47-4 Techniques for Minimizing Effects 
of Auto-PEEP

•	 Decrease	airflow	obstruction
•	 Secretion	management
•	 Aggressive	bronchodilation
•	 Larger	sized	endotracheal	tubes
•	 Modify	ventilatory	pattern
•	 Decrease	inspiratory	time
•	 Increase	inspiratory	flow	(on	ventilators	with	inspiratory	peak	

flow	control)
•	 Decrease	percentage	inspiratory	time	(on	ventilators	with	%Ti	

control)
•	 Decrease	VT
•	 Increase	expiratory	time
•	 Decrease	rate
•	 Use	low-compressible	volume	circuit
•	 Apply	PEEP	or	CPAP	to	balance	auto-PEEP

Outside of auto-PEEP the only other factor that can result 
in missed triggering is inappropriately set sensitivity. In general, 
sensitivity should be set as sensitive as possible without causing 
autotriggering. Should flow or pressure sensitivity be used? 
With older generation ICU ventilators pressure sensitivity was 
less effective than flow sensitivity.46,47 But in today’s generation 
of ICU ventilators both function equivalently.25 When both 
are set appropriately neither should be the cause of missed 
triggering.

MINI CLINI
Volume Targeted A/C Ventilation

PROBLEM:  Mr. King is 54-year-old with acute pancreatitis who 
has developed ARDS. He is currently being ventilated in volume 
A/C mode with a tidal volume of 6 ml/kg PBW (400 ml). His 
respiratory rate is 26/min, inspiratory time is 0.5 sec. Gas is being 
delivered in a square wave flow pattern with a peak flow of  

48 liters/min. The patient is tachycardic, pulse rate 118/min, 
blood pressure 138/98, and SpO2 92%. Visual assessment of the 
patient’s ventilatory pattern indicates he is using his accessory 
muscles with every breath. You observe the following waveform 
on the ventilator:
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Solution:  Assessment of the pressure and flow waveforms indi-
cate that there is frequent double triggering. You have a number 
of choices on how to eliminate the double triggering: sedation, 
increasing the tidal volume to 8 ml/kg PBW, increasing the inspi-
ratory time while changing the waveform to decelerating flow, 
changing to pressure support, or performing a number these 
changes. Changing to pressure support at a pressure level that 
maintains the tidal volume <8 ml/kg PBW may be the best option 
if the patient can maintain his ventilatory pattern. This would 

allow the patient to determine his tidal volume needs on a breath-
by-breath basis. The tidal volume can simply be increased; this 
may work in some patients but in others the constant tidal volume 
may still be a problem. Inspiratory time can be increased with the 
waveform changed to decelerating flow and the tidal volume 
increased to 8 ml/kg PBW. This may also be a very viable option. 
Sedation is always the last choice and may not eliminate the 
double triggering until the patient is sedated to total apnea.

In patients without intrinsic lung disease who develop auto-
PEEP, dynamic airways obstruction is not present. Auto-PEEP 
is a result of excessive minute ventilation/tidal volume. Usually 
returning the tidal volume to the recommended 4 to 8 ml/kg 
PBW level eliminates the auto-PEEP and as a result the missed 
triggering.44

Trigger Delay

Trigger delay is caused by an inappropriately set sensitivity and 
auto-PEEP insufficient to cause mistriggering.25,39 Normally the 
trigger delay should be minimal, less than 100 milliseconds. 
When it exceeds 150 milliseconds the cause should be deter-
mined. Adjusting the sensitivity, setting the tidal volume 
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 Box 47-6 Autotriggering

Caused	by:
•	 Circuit	leaks
•	 Water	in	circuit
•	 Inappropriately	set	sensitivity
•	 Hyperdynamic	cardiac	contractions
Corrected	by:
•	 New	ventilator	circuit
•	 Removal	of	water	from	the	circuit
•	 Appropriate	setting	of	sensitivity

 Box 47-5 Correcting Trigger Delay

Trigger	delay	is	caused	by:
•	 Auto-PEEP
•	 Poor	sensitivity	setting
•	 Ventilator	malfunction

Correct	by:
•	 Minimizing	auto-PEEP

•	 Apply	PEEP
•	 Decrease	minute	volume/tidal	volume
•	 Appropriately	set	sensitivity
•	 Replace	ventilator

appropriately, and/or applying PEEP should correct delayed 
triggering unless there is a true malfunction of the ventilator 
(Box 47-5).

Autotriggering

Setting the sensitivity control to be overly sensitive will cause 
autotriggering. In addition, autotriggering can be caused by the 
movement of water accumulated in the ventilator circuit. The 
back and forth movement of fluid in the circuit can cause trig-
gering of the ventilator. Leaks in the ventilator circuit are the 
most likely cause of autotriggering. The most easily missed 
cause of autotriggering is in the post–cardiac surgical patient 
who is in a hyperdynamic state.29 The forceful contraction of 
the heart can trigger the ventilator. Careful assessment of dia-
phragmatic contraction and readjustment of the sensitivity 
setting are indicated (Box 47-6).

FIGURE 47-11	 Double	triggering	in	VA/C	ventilation.	(Modified	from	Pohlman	MC,	McCallister	KE,	Schweickert	WD,	et	al:	Excessive	tidal	
volume	from	breath	stacking	during	lung-protective	ventilation	for	acute	lung	injury.	Crit	Care	Med	36:3019–3023,	2008.)
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Double Triggering

Double triggering most commonly occurs in volume A/C when 
the tidal volume delivered is less than the patient demands or 
the inspiratory time set on the ventilator is less than the neuro-
inspiratory time.28 Double triggering is a problem because, as 
demonstrated in Figure 47-11, in most cases of double trigger-
ing there is no exhalation between the two breaths. Thus, the 
tidal volume during the double triggered breath is twice the set 
tidal volume. A patient with a lung protective tidal volume of 
6 ml/kg PBW would periodically be receiving a tidal volume of 
12 ml/kg PBW, which is clearly not a lung protective tidal 
volume.48,49 Double triggering can usually be corrected by 
increasing the tidal volume (but not greater than 8 ml/kg  
PBW), increasing the inspiratory time, or changing from 
volume A/C to pressure A/C or pressure support.48,49 If none of 
these changes eliminate the double triggering, sedation is indi-
cated (Box 47-7).
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Double	triggering	is	most	commonly	observed	in	
volume	ventilation	when	the	set	tidal	volume	and	
inspiratory	time	are	less	than	the	patient’s	demand.	
Increasing	tidal	volume	or	inspiratory	time,	or	changing	
to	pressure-targeted	ventilation	can	correct	double	
triggering.

 Box 47-7 Double Triggering

Caused	by:
•	 Inadequate	tidal	volume
•	 Short	inspiratory	time
•	 Inappropriate	mode	of	ventilation
Corrected	by:
•	 Increased	tidal	volume	(≤8	ml/kg	PBW)
•	 Increased	inspiratory	time	to	match	patient’s	inspiratory	time
•	 Mode	changed	to	pressure	support

Reverse Triggering

Reverse triggering is a form of double triggering that occurs 
during controlled ventilation. It has primarily been described 
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FIGURE 47-12	 These	waveforms	illustrate	reverse	triggering.	
Note	that	the	volume	targeted	breaths	are	all	machine	triggered,		
no	patient	effort.	However,	within	each	machine	breath	there	is	a	
patient	inspiratory	effort.	Reverse	triggering	is	the	stimulation	of	a	
patient	effort	following	a	machine-controlled	breath.	
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MINI CLINI
Pressure Support Ventilation

PROBLEM:  Mrs. Gonzalez is a 68-year-old female with COPD 
presenting with an acute exacerbation. She has failed noninva-
sive ventilation and has been intubated and invasively venti-
lated in the pressure support mode. Her pressure support level 
is 12 cm H2O with 8 cm H2O PEEP delivering an average tidal 
volume of 6.5 ml/kg PBW (350 ml). FIO2 is 0.5 and respiratory 
rate is 28/min. She appears to be working hard to interact with 
the ventilator; she is using her accessory muscles to breath. Her 
SpO2 is 90% and her blood gases are PO2 59 mmHg, PCO2 
55 mmHg, with a pH of 7.34. You note the following pressure 
and flow waveforms on the ventilator.
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Solution:  The patient and the ventilator are not ending inspi-
ration at the same time. The patient is choosing to begin exha-
lation during the pressure support breath. This is shown on the 
airway pressure waveform as an increase in the airway pressure 
at the end of the pressure support breath. In addition, upon 
palpation of the diaphragm you note that Mrs. Gonzalez is 
contracting her abdominal muscles during the inspiratory 
phase of the ventilator, trying to force exhalation. To correct 
this, the expiratory cycling criterion must be properly set. It is 
currently set at 25% of peak flow but needs to be set at a much 
higher percentage. You should slowly increase the expiratory 
cycling criterion until the airway pressure waveform does not 
show a spike in airway pressure at the end of the breath. To do 
this, slowly increase the expiratory cycling criterion in 5% 
increments, observing the effect on the airway pressure curve. 
The lowest percentage that eliminates the pressure spike is the 
correct setting. When set properly, the patient’s respiratory rate 
should decrease and contraction of her abdominal muscles 
during inspiration should end.

in patients with ARDS in which a controlled mechanical breath 
stimulates the respiratory center via stretch receptors to attempt 
a spontaneous breath.30,31 The reverse trigger can occur in any 
mode of ventilation and can occur within the controlled breath 
or during the subsequent expiratory phase (Figure 47-12). Little 
is known about why reverse triggering develops or its effects on 
the patient, except that it can cause double triggering and the 
periodic delivery of excessive tidal volumes. If reverse triggering 
occurs, alteration of tidal volume or inspiratory time should be 
attempted. Since the patient is already sedated, sedation is not 
the solution. More research is needed to determine the potential 
harm of reverse triggering, its causes, and treatment.

CYCLE ASYNCHRONY

Cycle asynchrony is a result of a difference between the inspira-
tory time of the patient and the inspiratory time of the ventila-
tor.34 Thus, cycle asynchrony can result in excessively long 
inspiratory times (Figure 47-13) or excessively short inspiratory 
times (Figure 47-14). Theoretically, cycle asynchrony can occur 
in any mode of ventilation but is by far most commonly seen 
in pressure ventilation.33 If the ventilator’s inspiratory time is 
excessive compared to the patient’s inspiratory time, a spike in 
pressure above the set level is commonly observed at the end of 
the pressure-targeted breath (Figure 47-13). If the ventilator 
inspiratory time is too short, a double trigger will occur every 
breath (Figure 47-14).

During pressure support cycle asynchrony can be corrected 
by adjusting the variable that terminates inspiration or the expi-
ratory cycling criteria.36,37 Normally, pressure support is termi-
nated when the peak flow decreases to a predetermined level. 
Historically, this level was 25% of peak flow.39 However, not all 
patients choose to terminate inspiration at this 25% setting 
(Figure 47-15). Patients with marked respiratory distress and 
patients with chronic pulmonary disease choose to end inspira-
tion at high terminal flows.33 In our experience, these patients 
require a termination criterion set at 50% or higher. Figure 
47-16 depicts the problem encountered by patients if the ter-
mination criterion is set at a lower percentage than that at which 
the patient chooses to end inspiration; specifically, the patient’s 

neuro-inspiratory time is shorter than the ventilator’s inspira-
tory time.33 When this happens, the patient activates accessory 
muscles of expiration to force the ventilator into exhalation. In 
Figure 47-16 abdominal muscles are activated midway through 
the ventilator inspiratory phase; that is, the patient starts to 
exhale in the middle of the ventilator’s inspiratory phase. The 
clinician can identify that this is happening by an increase in 
the set pressure at the end of inspiration. This increase indicates 
that the breath is terminated by the pressure support secondary 
termination criterion, an increase in airway pressure above the 
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FIGURE 47-13	 Cycling	asynchrony	in	pressure	ventilation	is	
illustrated.	In	this	figure	the	patient’s	inspiratory	time	is	longer		
than	the	ventilator’s	inspiratory	time.	A	indicates	the	end	of	the	
ventilator’s	inspiratory	time,	and	B	indicates	the	end	of	the	patient’s	
inspiratory	time.	To	correct	this	the	ventilator’s	inspiratory	time	must	
be	increased	to	equal	the	patient’s	inspiratory	time.	In	pressure	
support	this	is	done	by	decreasing	the	percent	cycle	sensitivity	and	
in	pressure	control	breath	by	directly	increasing	the	set	inspiratory	
time.	
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FIGURE 47-14	 Cycling	asynchrony	in	pressure	ventilation	is	
illustrated.	In	this	figure	the	patient’s	inspiratory	time	is	shorter	than	
the	ventilator’s	inspiratory	time.	A	indicates	the	end	of	the	patient’s	
inspiratory	time,	and	B	indicates	the	end	of	the	ventilator’s	
inspiratory	time.	To	correct	this	the	ventilator’s	inspiratory	time	must	
be	decreased	to	equal	the	patient’s	inspiratory	time.	In	pressure	
support	this	is	done	by	increasing	the	percent	cycle	sensitivity	and	
in	pressure	control	breath	by	directly	decreasing	the	set	inspiratory	
time.	
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FIGURE 47-15	 Function	of	cycling	(termination)	sensitivity	
(criterion).	In	all	three	breaths	the	peak	flow	is	100	liters/min.	
However,	the	first	breath	has	the	shortest	inspiratory	time,	cycling	
criterion	60%	(60%	of	peak	flow).	The	middle	breath	has	a	longer	
inspiratory	time,	cycling	criterion	40%	(40%	of	peak	flow).	The	last	
breath	has	the	longest	inspiratory	time,	cycling	criterion	20%	(20%	
of	peak	flow).	
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FIGURE 47-16	 Airway	flow,	airway	pressure,	and	abdominal	
muscle	electromyographic	(EMG)	activity	during	pressure	support	
ventilation	with	an	inappropriately	set	termination	criterion.	Dotted 
line	indicates	the	point	where	the	patient	initiates	expiration.	
However,	the	ventilator	does	not	cycle	to	exhalation	until	the	spike	
in	airway	pressure	(circle).	In	this	case,	inspiration	is	cycled	to	
exhalation	by	the	ventilator’s	secondary	cycling	mechanism	by		
an	increase	in	airway	pressure.	Termination	criterion	should	be	
increased	until	the	spike	in	airway	pressure	is	eliminated	and	the	
time	at	which	the	patient	terminates	the	breath	is	equal	to	the	time	
the	ventilator	terminates	the	breath.	(From	Parthasarathy	S,	Jubran	
A,	Tobin	MJ:	Cycling	of	inspiratory	and	expiratory	muscle	groups	
with	the	ventilator	in	airflow	limitation.	Am	J	Respir	Crit	Care	Med	
158:1471–1478,	1998.)
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set level. This level is ventilator-specific.39 If the breath is ended 
by a spike in pressure, the termination criterion needs to be 
increased slowly until there is a smooth decrease in pressure. If 
the ventilator does not have the ability to adjust the termination 
criterion, the problem can be corrected by switching to PA/C. 
PA/C essentially operates during assisted breaths the same as 
PSV except that inspiration terminates at a set time.33 If there 
is a spike in pressure at the end of a PA/C breath, the inspiratory 
time setting needs to be decreased until the spike disappears. In 
all other pressure modes inspiratory time or termination crite-
ria can be adjusted to ensure patient and ventilator end the 
breath at the same time.

In patients with relatively healthy lungs if the termination 
criterion is set too high or inspiratory time too short, double 
triggering can occur every breath.50,51 These are primarily post-
operative patients or overdose patients (Figure 47-14). In these 
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desires rather than dictating to the patient the required ventila-
tory pattern.14-17 However, for clinicians to accept these modes 
of ventilation they must be willing to accept the resultant ven-
tilatory pattern. Most patient’s respiratory centers when expe-
riencing respiratory distress/failure select a ventilatory pattern 
resulting in rapid shallow breathing, that is, tidal volumes in  
the 4 to 6 ml/kg PBW and respiratory rate >25/min. In spite of 
this pattern both PAV and NAVA have been shown to reduce 
asynchrony.14-17

The mode of ventilation that can be the most problematic is 
SIMV. This is because of the variation in ventilatory load 
between mechanical and spontaneous breaths (see Chapters 46 
and 48 for details). As the percentage of the total spontaneous 
breaths increase, the work of breathing also increases, not only 
in the spontaneous breaths increase but also in the mechanical 
breaths.52,53 Essentially, the respiratory center cannot distinguish 
between mechanical and spontaneous breaths once around 
50% of the breaths are spontaneous, resulting in the same level 
of patient work exerted during both spontaneous and mechani-
cal breaths.52,53 This is a major reason why SIMV has been 
shown to be the mode least effective in weaning patients from 
ventilatory support.54,55

patients the termination criterion is decreased until the double 
trigger is eliminated. As opposed to the patient with high ven-
tilatory demand who requires a termination criteria of >50%, 
these patients frequently require the termination criteria be set 
at only 10% to 15%. In this setting, termination criterion is 
slowly decreased followed by careful assessment until the double 
triggering is gone. In pressure A/C and pressure SIMV where 
inspiratory time is set, inspiratory time is slowly increased until 
the double triggering is eliminated (Box 47-8).

	

RULE OF THUMB

Cycle	asynchrony	occurs	most	commonly	in	pressure	
ventilation	when	the	patient’s	neuro-inspiratory	time	
and	the	ventilator’s	inspiratory	time	are	not	equal.

 Box 47-8 Cycle Asynchrony

Caused	by:
•	 Pressure	A/C	or	SIMV

•	 Ventilator	inspiratory	time	to	short
•	 Ventilator	inspiratory	time	to	long

•	 Pressure	support
•	 Expiratory	cycling	criteria	percentage	too	high
•	 Expiratory	time	criteria	percentage	too	low

Corrected	by:
•	 If	ventilator	inspiratory	time	too	long

•	 Decrease	ventilator	inspiratory	time	in	pressure	A/C	or	
SIMV	to	eliminate	the	pressure	spike	at	the	end	of	the	
breath

•	 Increase	expiratory	cycling	criteria	percentage	so	that	the	
breath	ends	sooner,	eliminating	the	pressure	spike	at	the	
end	of	the	breath

•	 If	ventilator	inspiratory	time	too	short
•	 Increase	ventilator	inspiratory	time	in	pressure	A/C	or	

SIMV	to	eliminate	the	double	tigger	at	the	end	of	the	
breath

•	 Decrease	expiratory	cycling	criteria	percentage	so	that	
the	breath	ends	sooner,	eliminating	the	double	tigger	at	
the	end	of	the	breath

MODE ASYNCHRONY

Mode asynchrony implies that an inappropriate mode of ven-
tilation has been selected for a given patient. There are many 
biases regarding mode of ventilation and little data to support 
any relationship between mode and patient outcome. See Chap-
ters 45, 46, and 48 for detailed discussion regarding modes of 
ventilation. However, it is increasingly clear that asynchrony is 
highest in volume ventilation because of its control over the 
variables associated with ventilation. Of all the classic modes of 
ventilation, pressure support is the least confining and should 
result in little asynchrony. PAV and NAVA, however, can be 
expected to result in the least asynchrony because those modes 
do not control any gas delivery variable and follow the patient’s 

SUMMARY CHECKLIST

◗	Patient-ventilator	interaction	is	not	a	problem	during	
controlled	ventilation	because	the	patient	is	not	interacting	
with	the	ventilator,	but	is	always	a	major	issue	during	
patient-triggered	ventilation.

◗	Poor	patient-ventilator	interaction	has	been	associated	
with	increased	length	of	mechanical	ventilation,	length	of	
ICU	stay,	need	for	a	tracheotomy,	and	mortality.

◗	A	change	in	patient	status	is	commonly	the	reason	for	the	
development	of	poor	patient-ventilator	interaction.

◗	Artificial	airway	issues	can	cause	marked	changes	in	
patient-ventilator	interaction.

◗	The	development	of	a	pneumothorax	or	tension	
pneumothorax	is	a	major	cause	of	markedly	deteriorating	
patient-ventilator	interaction.

◗	Whenever	there	is	an	acute	severe	change	in	the	ability	to	
provide	ventilatory	support	the	three	most	probable	
causes	are	tension	pneumothorax,	airway	obstruction,	and	
right	mainstem	bronchus	intubation.

◗	Malfunction	of	the	mechanical	ventilator	can	be	a	cause	of	
poor	patient-ventilator	interaction	but	it	is	a	high	unlikely	
cause	with	today’s	mechanical	ventilators.

◗	The	four	variables	that	can	be	controlled	during	classic	
modes	of	mechanical	ventilation	are	pressure,	flow,	
volume,	and	time.

◗	The	less	control	exerted	by	the	mechanical	ventilator	on	
the	patient’s	ventilatory	pattern,	the	less	likely	it	is	that	the	
patient	will	develop	patient-ventilator	asynchrony.

◗	The	general	types	of	asynchrony	are	flow	asynchrony,	
trigger	asynchrony,	cycle	asynchrony,	and	mode	
asynchrony.

◗	Asynchrony	can	be	caused	by	inappropriately	set	
sensitivity,	PEEP,	flow,	tidal	volume,	and	inspiratory	time.
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30. Simon PM, Zurob AS, Wies WM, et al: Entrainment of respiration in 
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1320, 2007.

35. Sinderby C, Navalesi P, Beck J, et al: Neural control of mechanical ventila-
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36. Hess DR, Kacmarek RM: Essentials of mechanical ventilation, ed 3, New 
York, 2013, McGraw-Hill.
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◗	Flow	asynchrony	is	a	result	of	the	flow	provided	by	the	
ventilator	being	inadequate	to	match	the	patient’s	
inspiratory	demand.

◗	Trigger	asynchrony	can	manifest	as	missed	triggering,	
delayed	triggering,	autotriggering,	double	triggering,	and	
reverse	triggering.

◗	Missed	triggering	and	delayed	triggering	are	normally	a	
result	of	auto-PEEP.

◗	Autotriggering	is	normally	a	result	of	circuit	leaks	or	fluid	
moving	back	and	forth	in	the	ventilator	circuit,	but	can	also	
be	caused	by	hyperdynamic	contractions	of	the	
myocardium.

◗	Flow	asynchrony	is	a	result	of	the	ventilator	providing	less	
flow	then	the	patient’s	respiratory	center	requires.

◗	Mode	asynchrony	occurs	when	the	selected	mode	of	
ventilation	does	not	match	the	patient’s	ventilatory	
demands.

◗	Volume	ventilation	can	be	expected	to	cause	the	most	
asynchrony	because	it	controls	volume,	flow,	and	time.

◗	Pressure	support	should	result	in	the	least	asynchrony	of	
the	commonly	used	modes	of	ventilation.

◗	PAV	and	NAVA	cause	the	least	asynchrony	because	they	
do	not	force	a	ventilatory	pattern	but	follow	the	ventilatory	
pattern	selected	by	the	patient.
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C H A P T E R   48 

Initiating and Adjusting 
Invasive Ventilatory Support

ROBERT M. KACMAREK

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Discuss	the	goals	of	ventilatory	support.
◆	 Describe	how	to	choose	an	appropriate	ventilator	to	begin	ventilatory	support.
◆	 Explain	how	to	select	an	appropriate	mode	of	ventilation	given	a	patient’s	specific	condition	and	ventilatory	

requirements.
◆	 Choose	appropriate	initial	ventilator	settings,	based	on	patient	assessment.
◆	 Describe	how	to	assess	a	patient	after	initiation	of	ventilation.
◆	 Discuss	how	to	adjust	ventilatory	support	based	on	oxygenation	and	ventilation	status.
◆	 Discuss	how	to	ventilate	using	the	concept	of	lung	protective	ventilation.
◆	 Explain	how	to	adjust	the	ventilator	on	the	basis	of	the	patient’s	response.

CHAPTER OUTLINE

Goals of Mechanical Ventilation
Ventilator Initiation

Noninvasive	Ventilation
Establishment	of	the	Airway
Pressure-Controlled	Versus	Volume-Controlled	

Ventilation
Full	Ventilatory	Support	Versus	Partial	Ventilatory	

Support
Choice	of	a	Ventilator

Initial Ventilator Settings
Choice	of	Mode
Assist/Control Ventilation (Patient-Triggered or 

Time-Triggered Continuous Mandatory 
Ventilation)

Controlled Ventilation (Time-Triggered Continuous 
Mandatory Ventilation)

Synchronized Intermittent Mandatory Ventilation
Pressure Support Ventilation
High-Frequency Oscillatory Ventilation
Initial Choice of Mode
Tidal	Volume	and	Rate
Trigger	Sensitivity
Inspiratory	Flow,	Time,	and	Inspiratory-to-Expiratory	

Ratio	for	Volume	Ventilation
Flow Waveform
Inspiratory Pause

Oxygen	Percentage	(Fractional	Inspired	Oxygen)
Positive	End	Expiratory	Pressure	and	Continuous	

Positive	Airway	Pressure
Open	Lung	Strategy,	Recruitment	Maneuvers,	and	

Positive	End	Expiratory	Pressure
Pressure Rise Time or Slope
Limits	and	Alarms
Humidification
Periodic	Sighs

Adjusting Ventilatory Support
Patient-Ventilator	Interaction

Oxygenation
Oxygen	Concentration
Positive	End	Expiratory	Pressure	and	Continuous	

Positive	Airway	Pressure
Minimum Positive End Expiratory Pressure
Optimal or Best Positive End Expiratory Pressure 

Based on Oxygen Delivery
Compliance-Titrated Positive End Expiratory 

Pressure
Positive End Expiratory Pressure Titrated With 

Pressure-Volume Curves as Part of a Lung 
Protective Strategy

Positive End Expiratory Pressure and Lung 
Recruitment Maneuvers

Positive End Expiratory Pressure Tables
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Other	Techniques	for	Improving	Oxygenation
Bronchial Hygiene
Prone Positioning

Ventilation
Adjusting	Tidal	Volume	and	Rate
Apnea (Controlled Ventilation)
Control of PaCO2 in Synchronized Intermittent 

Mandatory Ventilation Mode

Assist/Control Mode Volume Ventilation and PaCO2

Pressure	Support	Ventilation	and	PaCO2

Pressure-Controlled	Ventilation	and	PaCO2

PaCO2	When	Using	Lung	Protective	Strategies	for	
Acute	Lung	Injury	and	Acute	Respiratory	
Distress	Syndrome

Open Lung Approach
Other Lung Protective Strategies

KEY TERMS

assist/control	volume	ventilation
controlled	ventilation
full	ventilatory	support
high-frequency	oscillatory	

ventilation	(HFOV)
lung	protective	ventilatory	strategy
neurally	adjusted	ventilatory	assist	

(NAVA)

partial	ventilatory	support
plateau	pressure	(Pplat)
pressure-controlled	ventilation	

(PCV)
pressure-regulated	volume	control	

(PRVC)
pressure	support	ventilation	(PSV)
proportional	assist	ventilation	(PAV)

synchronized	intermittent	
mandatory	ventilation	(SIMV)

transpulmonary	pressure
volume-controlled	ventilation
volume	support

M echanical ventilation entails the use of sophisticated 
life-support technology aimed at maintaining tissue 
oxygenation and removal of carbon dioxide (CO2). 

At its most basic level, mechanical ventilation supports or 
replaces the normal ventilatory pump, moving air into and out 
of the lungs. The primary function of a mechanical ventilator 
is simply to ventilate. The main indication for mechanical ven-
tilation is inadequate or absent spontaneous breathing.

Mechanical ventilation is not without risk, and the complica-
tions and hazards can be life-threatening. The decision to initi-
ate mechanical ventilatory support is a serious one that requires 
sound clinical judgment and a clear understanding of the 
various approaches to ventilatory support. This chapter reviews 
and describes the initial set-up of the ventilator. After ventilator 
initiation, adjustments in ventilatory support are made on the 
basis of the patient’s response. Techniques for patient stabiliza-
tion; methods for optimizing oxygenation, ventilation, and 
acid-base balance; and methods for minimizing harmful side 
effects are described.

GOALS OF MECHANICAL 
VENTILATION

The goals of mechanical ventilatory support are to maintain 
adequate alveolar ventilation and oxygen (O2) delivery, restore 
acid-base balance, and reduce the work of breathing (WOB) 
with minimum harmful side effects and complications.1 
Mechanical ventilation also may reduce increased myocardial 
work secondary to hypoxemia and an increased WOB.1 Other 
physiologic objectives of mechanical ventilatory support include 
increasing or maintaining lung volume with positive end expi-
ratory pressure (PEEP) and continuous positive airway pressure 
(CPAP) for promotion, improvement, or maintenance of lung 
recruitment.1

A lung protective ventilatory strategy is an approach to 
mechanical ventilation that includes the use of small tidal 

volume (VT) and appropriate levels of PEEP.2 This approach 
was first described in patients with acute lung injury (ALI) or 
the acute respiratory distress syndrome (ARDS). However, the 
concept of lung protection should be applied to all patients 
requiring ventilatory support for acute respiratory failure. Lung 
injury is primarily caused by an elevated transpulmonary  
pressure during positive pressure ventilation.3 Transpulmo-
nary pressure is the difference between alveolar pressure 
and pleural pressure. A safe transpulmonary pressure during 
mechanical ventilation is not firmly established, but most clini-
cians would agree that the lower the transpulmonary pressure, 
the less likely the development of ventilator-induced lung 
injury.4 On a theoretical basis, Chiumello et al. arguing from 
the perspective of stress and strain applied to the lungs during 
ventilatory support, identify 27 cm H2O as the maximum trans-
pulmonary pressure without increasing the risk of significant 
lung injury.4 Thus, most recommend that plateau pressure 
should be maintained ≤28 cm H2O. See Chapter 51 for a dis-
cussion of esophageal and transpulmonary pressure measure-
ments. High transpulmonary pressures are associated with 
alveolar overdistention and lung injury.3

Plateau pressure (Pplat), the end inspiratory equilibration 
pressure, measures the mean peak alveolar pressure and is the 
best bedside clinical reflection of transpulmonary pressure.2,4,5 
Although Pplat is not an accurate measurement of transpulmo-
nary pressure, the transpulmonary pressure during controlled 
ventilation never exceeds the Pplat.

4 Pplat provides an excellent 
bedside assessment of the level of potentially dangerous venti-
lating pressure. Limiting Pplat reduces the likelihood of 
ventilator-induced lung injury. Generally, the lower the Pplat, the 
better the patient outcome.2,5 Ideally, Pplat should be less than 
28 cm H2O.5 However, a Pplat greater than 28 cm H2O may be 
applied in patients with a decreased thoracic compliance 
without resulting in overdistention5 because a decrease in chest 
wall compliance (obesity, massive fluid resuscitation, abdomi-
nal distention, elevated bladder pressure) increases the pleural 
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presence of closed head injury or cerebral edema (by reducing 
PaCO2 to 25 to 30 mm Hg for a short period and promoting 
cerebral vasoconstriction), to prevent or reverse atelectasis, and 
to stabilize the chest wall in the case of a massive flail or chest 
wall resection. Table 48-1 lists the most common causes of acute 
respiratory failure leading to ventilatory support in the United 
States and Canada. Hazards of mechanical ventilation include 
decreased venous return and cardiac output, patient-ventilatory 
asynchrony, and ventilatory muscle dysfunction owing to inap-
propriate ventilator settings, ventilator-associated pneumonia, 
and ventilator-induced lung injury.1 Box 48-1 lists the goals of 
ventilatory support, and Box 48-2 lists specific objectives of 
mechanical ventilation.

FIGURE 48-1	 Typical	progression	of	acute	respiratory	failure.	
Initially,	there	is	a	decline	in	arterial	O2	tension	and	saturation.	When	
PaO2	decreases	to	approximately	60	mm	Hg	(A),	the	patient	begins	
to	breathe	more,	PaCO2	decreases,	and	pH	increases.	Early	in	
the	progression,	arterial	blood	gas	results	show	acute	alveolar	
hyperventilation	(uncompensated	respiratory	alkalosis)	secondary		
to	hypoxemia.	As	the	patient’s	condition	worsens,	increases	in	
ventilatory	workload	typically	lead	to	the	adoption	of	a	rapid,	
shallow	breathing	pattern;	although	minute	ventilation	may	remain	
high,	effective	ventilation	decreases,	PaCO2	begins	to	increase,	and	
pH	begins	to	decrease	(B).	At	point	C,	arterial	blood	gas	results	
may	show	normal	PaCO2	and	pH	with	moderate	to	severe	
hypoxemia.	If	mechanical	ventilation	is	not	initiated,	the	patient’s	
condition	may	progress	to	acute	ventilatory	failure,	severe	
hypoxemia,	and	corresponding	severe	respiratory	acidosis	(D).	
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40

80

A B C D

60
40
20

7.5
7.4
7.3
7.2

TABLE 48-1 

Most Common Causes of Acute Respiratory 
Failure Requiring Mechanical Ventilation in the 
United States and Canada

Condition Rank Percentage

Postoperative	respiratory	failure 1 17
Sepsis 1 17
Other 2 16
Heart	failure 3 13
Pneumonia 3 13
Trauma 3 13
ARDS 4 9
Aspiration 5 3

Modified	from	Esteban	A,	Anzueto	A,	Alia	I,	et	al:	How	is	mechanical	
ventilation	employed	in	the	intensive	care	unit?	An	international	utilization	
review.	Am	J	Respir	Crit	Care	Med	161:1450,	2000.

 Box 48-1 Physiologic Goals of 
Ventilatory Support

•	 Support	or	manipulate	gas	exchange
•	 Maintain	alveolar	ventilation	(PaCO2	and	pH)
•	 Maintain	arterial	oxygenation	(PaO2,	SaO2,	SpO2,	CaO2,	and	

DO2)
•	 Increase	end	expiratory	lung	volume,	functional	residual	

capacity	(FRC)
•	 Reduce	or	manipulate	WOB
•	 Minimize	cardiovascular	impairment
•	 Ensure	patient-ventilatory	synchrony
•	 Avoid	ventilator-induced	lung	injury

pressure, decreasing the transpulmonary pressure. Generally, 
the lowest possible Pplat is maintained by selecting a VT of 4 to 
8 ml/kg of ideal body weight (IBW). The higher the Pplat, the 
smaller the VT should be. Generally, VT greater than 10 ml/kg 
IBW is never indicated in critically ill patients.

Lung injury can also be caused by repetitive opening and 
closing of unstable lung units.6 The application of an appropri-
ate level of PEEP ensures that unstable lung units are main-
tained in the open position reducing the likelihood of additional 
lung injury.

Driving pressure, the difference between the peak airway 
pressure and PEEP has been recently linked to mortality. It has 
recently been demonstrated that driving pressures greater than 
15 cm H2O increase mortality.8 Thus, the keys to lung protec-
tion are:
1. Transpulmonary pressure ≤27 cm H2O; this usually corre-

sponds to a plateau pressure of ≤28 cm H2O unless there is 
a decrease in chest wall compliance.

2. A driving pressure of <15 cm H2O.
3. A tidal volume of 4 to 8 ml/kg of IBW.
4. A PEEP set to avoid derecruitment during exhalation.

Specific clinical objectives of mechanical ventilation include 
reversal of hypoxemia, hypercapnia, and associated respiratory 
acidosis and prevention or reversal of ventilatory muscle dys-
function. The general trajectory of pH, PCO2, and PO2 during 
the progression of acute respiratory failure is depicted in Figure 
48-1. Mechanical ventilation may be used to allow sedation or 
paralysis for certain procedures, to decrease myocardial and 
ventilatory muscle O2 consumption to maximize O2 delivery 
to the tissues, to decrease intracranial pressure acutely in the 

 Box 48-2 Specific Clinical Objectives of 
Ventilatory Support

•	 To	reverse	hypoxemia
•	 To	reverse	acute	respiratory	acidosis
•	 To	prevent	or	reverse	atelectasis
•	 To	reverse	ventilatory	muscle	dysfunction
•	 To	decrease	systemic	or	myocardial	O2	consumption
•	 To	maintain	or	improve	cardiac	output
•	 To	reduce	intracranial	pressure
•	 To	stabilize	the	chest
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release ventilation. In addition, the clinician can select the 
patient-controlled modes PAV or NAVA. However, most patients 
are initially ventilated with pressure or volume forms of ventila-
tion. The operational capabilities of these modes are described 
in detail in Chapter 45, and the indications, benefits, and con-
cerns regarding these modes are discussed in Chapter 46.

Full Ventilatory Support Versus Partial 
Ventilatory Support

Full ventilatory support can be defined as the application of 
mechanical support such that all or most of the energy neces-
sary for effective alveolar ventilation is provided by the ventila-
tor.9 When a ventilator is set to deliver full ventilatory support, 
the patient is either passive or simply triggers the breath to initi-
ate inspiration allowing the ventilator to perform most of the 
work of breathing. However, it is very difficult to set the ventila-
tor to assume all of the work of breathing without significantly 
sedating the patient. In most patient-triggered approaches to 
ventilatory support, patient-ventilatory synchrony is a major 
issue, and very careful titration of the ventilator settings is nec-
essary to ensure synchrony and minimize patient WOB. See 
Chapter 47 for details on patient-ventilatory synchrony.

Partial ventilatory support implies that only a percentage 
of the WOB is provided by the ventilator.9 Normally, when 
partial ventilatory support is indicated, SIMV, PSV, volume 
support, PAV, and NAVA are the modes of choice. However, as 

VENTILATOR INITIATION

When the decision to begin mechanical ventilatory support is 
made, one must choose the mode of ventilation, select an 
appropriate device, and establish the initial ventilator settings. 
In the selection of initial ventilator settings, the goal is to  
optimize the patient’s oxygenation, ventilation, and acid-base 
balance, while avoiding harmful side effects. This goal is achieved 
by choosing an appropriate mode of ventilation, fractional 
inspired oxygen (FiO2), VT (volume ventilation) or pressure 
level (pressure ventilation), rate, peak flow and flow waveform, 
inspiratory time, and PEEP level. Appropriate trigger sensitivity, 
pressure limit, alarms, backup ventilation, and humidification 
must be selected. After initial ventilator setup, adjustments 
must be made on the basis of the patient’s response and the 
patient-specific clinical objectives of ventilatory support. Most 
patients who need mechanical ventilatory support receive  
invasive positive pressure ventilation; however, an increasing 
number of patients are being ventilated noninvasively (see 
Chapter 49). Next, the clinician must choose the mode of  
ventilation (e.g., volume assist/control [VA/C], pressure assist/
control [PA/C], pressure support ventilation [PSV], pressure-
regulated volume control [PRVC], volume support, adaptive 
support ventilation, proportional assist ventilation [PAV], 
or neurally adjusted ventilatory assist [NAVA]) and initial 
ventilator settings (e.g., rate, VT or pressure level, FiO2, PEEP). 
Finally, the clinician must choose appropriate alarm and apnea 
settings. Box 48-3 summarizes key decisions that must be made 
as a part of initial ventilator setup.

Noninvasive Ventilation

Although more than 75% to 80% of all patients receiving ven-
tilatory assistance receive it invasively, the use of noninvasive 
ventilation should be considered in select patients requiring 
ventilatory assistance. Noninvasive ventilation is preferred in 
some patients because the outcomes are better. Chapter 49 pro-
vides details on all aspects on noninvasive ventilation.

Establishment of the Airway

Conventional mechanical ventilatory support requires the 
establishment of an artificial airway. Initially, nearly 100% of 
patients receiving positive pressure ventilation are intubated, 
and of these, 99% have oral endotracheal tubes, and only about 
1% are intubated nasally.7 Approximately 5% to 10% of patients 
receiving mechanical ventilation have a tracheotomy performed 
at some point.7 Airway management is described in detail in 
Chapter 36.

Pressure-Controlled Versus  
Volume-Controlled Ventilation

The next decision to be made regarding initiation of mechanical 
ventilation is whether to use a primarily pressure-targeted or 
volume-targeted mode of ventilation. Volume-targeted ventila-
tion essentially includes VA/C and synchronized intermittent 
mandatory ventilation (SIMV). Pressure ventilation includes 
PA/C, SIMV, PRVC, volume support, and airway pressure 

 Box 48-3 Initial Ventilator Setup

Initial	ventilator	setup	includes	the	following	key	decisions:
•	 Noninvasive	vs.	invasive	ventilation
•	 Type	and	method	of	establishment	of	an	airway
•	 Partial	vs.	full	ventilatory	support
•	 Choice	of	ventilator
•	 Mode	of	ventilation
•	 Assist/control	ventilation	(volume	vs.	pressure)	vs.	SIMV	(with	

or	without	pressure	support)
•	 Pressure	support
•	 Other	newer	modes	and	adjuncts	to	ventilation

Next,	the	clinician	must	consider	key	ventilatory	values:
•	 Trigger	method	(pressure	or	flow	trigger)	and	sensitivity
•	 VT	(volume	ventilation)	or	pressure	level	(pressure	support	

and	PA/C)
•	 Rate
•	 Inspiratory	flow,	inspiratory	time,	expiratory	time,	or	I	:	E	ratio
•	 Inspiratory	flow	waveform
•	 FiO2

•	 PEEP
Last,	the	clinician	must	choose	appropriate	alarm	and	

backup	values:
•	 Low-pressure,	low	PEEP	alarms
•	 High-pressure	limit	and	alarm
•	 Volume	alarms	(low	VT/high	VT,	high	and	low	minute	

ventilation)
•	 High	rate	and	low	rate	alarms
•	 Apnea	alarm	and	apnea	ventilation	values
•	 High/low	O2	alarm
•	 High/low	temperature	alarm
•	 I	:	E	ratio	limit	and	alarm



1082 SECTION VI • Acute and Critical Care

MINI CLINI
Selecting Initial Ventilator Settings

PROBLEM:  A 52-year-old man, 5 ft 10 in (178 cm) tall and 
weighing 200 lb (91 kg), is being returned from the operating 
room after coronary artery bypass surgery. He is being manually 
(bag-tube) ventilated with supplemental O2 by the anesthesiolo-
gist en route to the ICU. He is apneic at this time. The patient has 
no history of lung disease and has never smoked cigarettes. Heart 
rate and blood pressure are stable, and SpO2 during manual ven-
tilation is 99%. What initial mode, VT, rate, and FiO2 should the 
RT select when starting ventilatory support for this patient?

Solution:  The patient is apneic at this time but is likely to 
resume spontaneous breathing as the anesthetic wears off and 
sedation is reduced. Because the patient is expected to resume 
breathing spontaneously, volume ventilation or pressure ventila-
tion in assist/control or SIMV is appropriate.

Initial VT and rate should be selected to provide full ventilatory 
support. Generally, initial VT of approximately 6 to 8 ml/kg IBW 
or pressure control setting to establish this VT with a rate of 12 to 
20 breaths/min provides an adequate starting minute ventilation 
for most adult patients. The formulas for estimating IBW are:

IBW in kilograms men H( ) [ ( )] .= + −106 6 60 2 2

IBW in kilograms women H( ) [ ( )] .= + −105 5 60 2 2

where H is height in inches.
For this patient:

IBW kg= + − =[ ( )] . .106 6 70 60 2 2 75 5

On the basis of IBW of 75.5 kg, initial VT can be set at about 
450 ml. Initial inspiratory flow should be set at 60 L/min with a 

decreasing ramp flow waveform to achieve an inspiratory time of 
approximately 0.8 second. Initially, rate can be set at 12/min. 
Because the patient has a normal respiratory system and it is usual 
to return from the operating room with a below-normal body 
temperature, a low initial control rate is indicated. Trigger sensi-
tivity (assist/control or SIMV) should be set so that minimal 
patient effort triggers the ventilator without autocycling.

Initial FiO2 should be set at 1.0, but because of the patient’s 
history and the presence of normal lung function, it is expected 
that it will be reduced rapidly as the patient recovers. Initial PEEP 
is set at 5 cm H2O. If the SIMV mode is chosen, PSV should be 
started at 10 cm H2O and adjusted as needed when the patient 
resumes spontaneous breathing.

In summary, appropriate initial ventilator settings for this 
patient are:
Mode: Assist/control (volume or pressure) or SIMV (volume or 

pressure) with PSV
VT: 6 ml/kg, 450 ml
fmach: 12 breaths/min
PSV: 10 cm H2O (SIMV mode only)
FiO2: 1.0 followed by immediate assessment and SpO2 observa-

tion with titration downward as indicated
Inspiratory flow and time: 60 L/min, decreasing ramp, inspiratory 

time approximately 0.8 second
Pressure limit: Adjust to 10 to 15 cm H2O above PIP after patient 

connection
Humidification: Heated humidifier to achieve temperature >35° C 

at the airway or an appropriate HME

with full ventilatory support, care in setting the ventilator is 
critical to ensure that patient-ventilator synchrony is maxi-
mized. Partial ventilatory support strategies minimize the loss 
of ventilatory muscle function, require less sedation, assist in 
recruiting and stabilizing alveolar units, and generally move 
patients closer to ventilator discontinuance than full ventilatory 
support approaches.

Choice of a Ventilator

After the decision is made to initiate mechanical ventilator 
support, the clinician must select an appropriate ventilator. This 
decision should be guided by considering the features, modes 
available, pressure and flow capabilities, alarms and monitoring 
systems included, and reliability. However, the most important 
feature is the clinician’s familiarity with the equipment. Only a 
ventilator with which the clinician is totally familiar with every 
feature should ever be used.

INITIAL VENTILATOR SETTINGS

Initial ventilator settings are chosen based on the patient’s clini-
cal presentation and the need to provide full or partial ventila-
tor support.

Choice of Mode

Most modern critical care ventilators include VA/C, PA/C, 
SIMV, and PSV and many of the newer modes of ventilation. 
However, some modes of ventilation are found only on a  
specific type of ventilator, such as PAV PB 840 and PB 980 
(Covidien-Nellcor, Boulder, Colorado), adaptive support venti-
lation and Intellivent Hamilton ventilators (Hamilton Medical, 
Bonaduz, Switzerland), NAVA Servo-i ventilator (Maquet,  
Inc, Wayne, New Jersey), and SmartCare Draeger ventilators 
(Draeger Medical, Inc, Telford, Pennsylvania).

Assist/Control Ventilation (Patient-Triggered 
or Time-Triggered Continuous  
Mandatory Ventilation)
Assist/control ventilation can be delivered in either pressure-
targeted or volume-targeted ventilation. Suggested initial set-
tings for assist/control volume ventilation in the care of adults 
are listed in Box 48-4. Advantages of assist/control volume ven-
tilation include the assurance that a minimum safe level of 
ventilation is achieved, yet the patient can still set his or her own 
breathing rate. In the event of sedation or apnea, a minimum 
safe level of ventilation is guaranteed by the selection of an 
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provide adequate ventilatory support for all indications for ven-
tilatory support.6,13

Controlled Ventilation (Time-Triggered 
Continuous Mandatory Ventilation)
Controlled ventilation, pressure or volume, is achieved using 
the assist/control mode when the patient is apneic because of a 
medical condition, anesthesia, or use of sedative drugs and 
paralytic agents. Ventilators in use today do not prevent a 
patient with sufficient effort from triggering the ventilator,  
a situation always to be avoided. Controlled ventilation can  
be achieved only with pharmacologic agents. Advantages of 
controlled ventilation include eliminating WOB and complete 
control over the patient’s ventilatory pattern. In cases in which 
WOB is high, controlled ventilation may allow for ventilatory 
muscle rest, reduce O2 consumption of the ventilatory muscles, 
and “free up” O2 for delivery to the tissues.9

Controlled ventilation is a common initial approach in situ-
ations of severe acute respiratory failure, especially if the 
primary problem is hypoxemia. Figure 48-2 depicts the effects 
of inspiratory time on VT during controlled ventilation. Disad-
vantages of controlled ventilation include the need for sedatives 
and perhaps paralytic drugs. All patients given paralytic drugs 
must be sedated adequately because paralysis does not alter the 
patients’ perception of their surroundings. All patients’ senses 
are active; none are affected by paralysis; only voluntary muscles 
are paralyzed. In addition, in the care of apneic patients, ventila-
tor malfunction or disconnection can lead to death.

Synchronized Intermittent  
Mandatory Ventilation
Synchronized intermittent mandatory ventilation (SIMV) 
may be used as a means of providing partial or full ventilatory 
support.9 With SIMV, the machine breath may be volume or 
pressure targeted; in adults, it is typically a volume-targeted 

appropriate backup rate, usually approximately 4 to 6 breaths/
min less than the patient’s assist rate but not less than the rate 
necessary to provide a minimum safe level of ventilation (e.g., 
a backup rate of at least 12 to 14 breaths/min).9

Because assist/control ventilation usually provides full ven-
tilatory support, it may result in less WOB than partial support 
modes. However, less WOB should not be assumed just because 
the patient is in assist/control ventilation. Trigger work may be 
significant if inappropriate sensitivity settings are selected. In 
addition, when a breath is triggered, inspiratory muscle activity 
persists.10,11 If the inspiratory flow rate during volume ventila-
tion does not meet or exceed the patient’s inspiratory demand, 
or inspiratory time is too lengthy, the patient’s WOB may be 
greater or equaling the work of a spontaneous unassisted 
breath.10,11 In pressure ventilation, lengthy inspiratory times, 
inadequate rise time, and improperly set pressure levels can also 
cause asynchrony (see Chapter 47).

If properly applied and tolerated by the patient, assist/control 
ventilation may provide ventilatory muscle rest that allows the 
ventilatory muscles to recover from ventilatory muscle dysfunc-
tion. Disadvantages of assist/control mode include an increase 
in WOB if not applied properly.9,12 Assist control also may be 
poorly tolerated by awake, nonsedated patients. The patient 
may fight the ventilator, or asynchronous patient-to-ventilator 
breathing patterns may develop. Because flow is based on 
patient demand in pressure-targeted ventilation, synchrony is 
generally better achieved during PA/C than with VA/C ventila-
tion. Advantages and disadvantages of pressure-controlled 
ventilation (PCV) are described in Box 48-5.

Assist/control volume ventilation is the most common ven-
tilator mode used throughout the world as the primary initial 
mode of ventilatory support.7,13 Regardless of the indication for 
ventilatory support or underlying disease, this mode is able 
when properly adjusted and the patient is properly managed to 

 Box 48-5 Advantages and Disadvantages of 
Pressure-Controlled Ventilation

ADVANTAGES
•	 Variable	flow	results	in	square	pressure	waveform	and	

improves	gas	distribution
•	 Ensures	that	Pplat	cannot	exceed	set	pressure	control	level
•	 All	alveoli	are	placed	under	the	same	sustained	inspiratory	

pressure,	which	decreases	hyperinflation	of	more	compliant	
alveoli	compared	with	volume	ventilation	square	wave	flow

•	 Sustained	inspiratory	pressure	may	result	in	more	alveolar	
recruitment

•	 Improved	gas	distribution	allows	for	lower	VT

•	 Lower	PIP	is	achieved	compared	with	that	achieved	with	
volume	ventilation	with	a	square	flow	waveform

DISADVANTAGES
•	 Higher	mean	airway	pressure	can	decrease	venous	return	

and	decrease	cardiac	output	if	preload	is	inadequate
•	 VT	varies	depending	on	lung	compliance,	resistance,	and	

patient	effort
•	 If	VT	or	minute	ventilation	alarms	are	not	set	properly,	

alveolar	hypoventilation	and	acidosis	may	not	be	detected

 Box 48-4 Typical Values for Ventilator 
Initiation for Adults Receiving 
Volume or Pressure  
Assist/Control Ventilation

•	 Trigger	sensitivity:	−0.5	to	−1.5	cm	H2O	or	1	to	2	L/min	set	
to	minimize	trigger	work	without	autocycling

•	 VT:	Volume	ventilation	6	to	8	ml/kg	IBW;	pressure	ventilation,	
pressure	level	to	achieve	6	to	8	ml/kg	IBW

•	 Rate:	Backup	rate	of	≥12	to	14	breaths/min	if	providing	
assisted	ventilation

•	 Inspiratory	flow:	Volume	ventilation	60	to	80	L/min	to	achieve	
inspiratory	time	of	approximately	<1	second	and	I	:	E	ratio	of	
≤1	:	2;	inspiratory	flow	≥80	L/min	may	be	required	to	meet	or	
exceed	the	patient’s	spontaneous	inspiratory	flow	demand

•	 Flow	waveform	volume	ventilation:	Decreasing	ramp
•	 Inspiratory	time	pressure	ventilation:	<1.0	second
•	 PEEP:	5	cm	H2O
•	 Pressure	limit:	Start	at	30	to	40	cm	H2O	depending	on	

approach	(volume	40	cm	H2O,	pressure	30	cm	H2O)	and	
adjust	after	patient	connection	to	10	to	15	cm	H2O	above	PIP

•	 Humidification:	Begin	with	heated	humidifier	to	provide	
temperature	35°	C	at	the	airway	connection	or	appropriate	
HME
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where PSV is the pressure support level needed to overcome 
WOBI, PIP is the peak inspiratory pressure during a volume-
control machine breath, Pplat is the plateau pressure after an 
inspiratory pause (usually >1 second), �VI is the patient’s spon-
taneous peak inspiratory flow (L/sec), and �V ventilator is the 
ventilator peak inspiratory flow rate (L/sec) with a square wave 
inspiratory flow waveform. An example of the calculations for 
PSV needed to overcome WOBI is presented in Box 48-6.

PSV can and is increasingly being used as a primary mode 
of ventilation. PSV is essentially the only mode of ventilation 
used during noninvasive ventilation. It is also an acceptable 
mode of ventilation for any patients capable of triggering ven-
tilatory support who have an intact ventilatory drive. Many 
clinicians use this mode in the initial phases of ventilatory 
support and following the most acute phase of ventilatory 
failure. The actual PSV level needed is based on the desired VT. 
PSV is adjusted to ensure the desired VT is delivered, and rise 
time and termination criteria are set to avoid asynchrony. Few 
clinicians at the present time attempt to calculate PSV level 
based on the previously listed formula.

High-Frequency Oscillatory Ventilation
High-frequency oscillatory ventilation (HFOV) is the primary 
approach to high-frequency ventilation used in adults. Respi-
ratory rates range from about 3 Hz (180/min) to about 8 Hz 

FIGURE 48-2	 Flow	versus	time	waveform	during	PCV.	Curve 
A	shows	a	flow	pattern	during	controlled	ventilation	in	which	
inspiratory	time	is	inadequate	to	ensure	maximum	VT	has	been	
delivered.	During	inspiration,	flow	does	not	decrease	to	zero	before	
exhalation	occurs,	so	the	preset	pressure	has	not	equilibrated	to	
that	in	the	lung.	Curve B	shows	an	increase	in	inspiratory	time	from	
curve A.	Inspiratory	flow	reaches	zero	maximizing	VT	delivery	and	
allows	the	preset	pressure	to	equilibrate	in	the	lungs.	Exhaled	VT	is	
greater	for	curve B	than	for	curve A	despite	the	pressure	setting	
not	changing.	

E

A B

Flow (L/min)
80 L/min

E

TABLE 48-2 

Advantages and Disadvantages of Synchronized 
Intermittent Mandatory Ventilation

Advantages Disadvantages

Lower	mean	airway	pressure	
may	result	than	is	achieved	
with	assist/control	ventilation

SIMV	with	PSV	may	increase	
mean	airway	pressure

Ventilatory	muscle	activity,	
strength,	and	coordination	
are	maintained

Ventilatory	muscle	fatigue	may	
occur

Level	of	support	to	maintain	
adequate	levels	of	alveolar	
ventilation	is	easy	to	titrate

Acute	hypoventilation	may	occur,	
especially	with	lower	machine	
rates	(<8-10	breaths/min)

Weaning	protocols	are	easy	
to	apply

Weaning	is	prolonged

Spontaneous	breathing,	
which	is	physiologic,	is	
incorporated

Addition	of	pressure	support	often	
is	required	to	overcome	WOBI

Patients	tend	not	to	
hyperventilate	and	may	not	
fight	the	ventilator,	as	they	
may	do	with	assist	mode

Patients	may	have	difficulty	
adjusting	to	the	ventilator;	breath	
stacking	is	possible	with	
intermittent	mandatory	ventilation

Sedation	or	paralysis	is	not	
required,	as	it	is	in	control	
mode

Patients	may	experience	or	
continue	a	rapid,	shallow	
breathing	pattern	or	continue	to	
make	spontaneous	breathing	
efforts	during	delivery	of	a	
“machine	breath”

Full	or	partial	ventilatory	
support	and	level	of	support	
can	be	titrated	according	to	
patient’s	need

Patient’s	workload	increases	
considerably	when	SIMV	rate	
decreases	to	approximately	50%	
of	full	ventilatory	support	value

breath. SIMV often is combined with pressure support to over-
come the imposed work of breathing (WOBI) during spontane-
ous breathing owing to the artificial airway. SIMV allows the 
clinician to vary the amount of support provided from minimal 
to full ventilatory support. Disadvantages of SIMV include pos-
sible development of respiratory muscle dysfunction, especially 
in patients with rapid, shallow spontaneous breathing patterns; 
acute hypoventilation with use of low rates if patients do not 
continue to do their share of breathing; and an increase in WOB 
secondary to lack of ventilatory support during spontaneous 
breaths unless pressure support is applied.9 SIMV also delays 
weaning compared with spontaneous breathing trials or pres-
sure support.14,15 The advantages and disadvantages of assist/
control and SIMV modes are summarized in Table 48-2. Outside 
of the United States, SIMV is an infrequently used mode of 
ventilation because of the above-mentioned problems.

Pressure Support Ventilation
Pressure support ventilation (PSV) assumes minimal control 
over the patient’s ventilatory pattern. Specifically, only the level 
of pressure applied is controlled by the ventilator, and all other 
aspects of gas delivery are controlled by the patient. However, 
PSV is very similar to PA/C. The primary difference is that in 
PSV flow terminates the breath, whereas in PA/C time termi-
nates the breath. Other than this, PA/C has a backup rate, and 
with pressure support an apnea mode of ventilation is set.16 PSV 
can reduce work of breathing and may improve patient-
ventilator synchrony by placing more control with the patient.17 
Many clinicians use PSV simply to overcome WOB imposed by 
the artificial airway.17 The PSV level needed to overcome WOBI 
may be estimated as follows:

PSV
PIP P V spontaneous

V ventilator
plat I=

− ×( ) �
�
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Tidal Volume and Rate

VT and machine rate should be chosen concurrently because 
these are the two major determinants of minute ventilation. 
Normal spontaneous VT for unstressed adults is on average 
6.3 ml/kg IBW (approximately 5 to 7 ml/kg IBW) with a respi-
ratory rate of 12 to 18 breaths/min establishing a minute ven-
tilation of approximately 100 ml/kg IBW per minute.23 In the 
past, the Radford nomogram was used to estimate VT and rate 
on the basis of estimated body weight (Figure 48-3). In modern 
practice, acceptable VT for mechanical ventilation usually ranges 
from 4 to 8 ml/kg IBW,1,5 VT larger than 8 ml/kg IBW is harmful 
in patients with ALI/ARDS2,24,25 and is mostly harmful to any 
patient in acute respiratory failure regardless of the cause of the 
failure.

Generally, regardless of mode, an initial VT of 6 to 8 ml/kg 
IBW with a rate of 12 to 16 breaths/min is suggested for patients 
without acute restrictive disease.5,26 After initiation of ventila-
tion, the Pplat can be assessed, and VT can be adjusted downward, 
as needed, for maintenance of a Pplat less than 28 cm H2O and 
driving pressure less than 15 cm H2O. A smaller initial VT (4 to 
6 ml/kg IBW) is appropriate for patients with ALI/ARDS2,23,24 
and a high Pplat and is usually necessary in patients with severe 
acute asthma. Table 48-3 lists VT values for men and women 
according to calculated IBW.

(480/min), and very small VT, often approaching anatomic 
dead space, is delivered.18 Gas transport during HFOV is due 
to conventional bulk flow, longitudinal (Taylor) dispersion, 
pendelluft, asymmetric velocity profiles, cardiogenic mixing, or 
enhanced molecular diffusion.18 Although high-frequency ven-
tilation has been shown to be safe and effective in maintaining 
oxygenation and ventilation in various patients,18-20 HFOV has 
not been shown to be superior to conventional ventilation. In 
fact, two recent randomized controlled trials indicate that HFO 
in adults may negatively affect outcome.21,22 In one of these 
trials those ventilated with HFO had a higher mortality than 
patients managed with conventional ventilation.21 The primary 
setting where HFOV has been used is in the treatment of ARDS.

Initial Choice of Mode
Most patients who need mechanical ventilation in the acute care 
setting initially are managed with volume or pressure ventila-
tion in the assist/control mode or with PSV.7,13 SIMV may also 
be used, but it has no advantage over these modes, and it has 
considerable disadvantages. However, there is no evidence sug-
gesting any of the modes are more beneficial in terms of patient 
outcomes except that weaning is delayed with SIMV.14,15 Con-
sequently, the choice of initial ventilator mode is primarily one 
of clinician preference and patient tolerance. Once the patient 
is stabilized on a ventilator mode, decisions can be made regard-
ing the use of other, newer modes of ventilation, such as PRVC, 
volume support, adaptive support ventilation, PAV, or NAVA.

	

RULE OF THUMB

For	most	patients,	begin	mechanical	ventilatory		
support	with	VA/C,	PA/C,	or	PSV.	When	the	patient		
is	stabilized,	other	modes	of	ventilation	can	be	
considered.

 Box 48-6 Calculation of Pressure Support 
Ventilation Level Needed to 
Overcome Imposed Work  
of Breathing and during 
Synchronized Intermittent 
Mandatory Ventilation

•	 Machine	delivered	VT	during	VA/C:	450	ml
•	 Machine	inspiratory	flow	rate:	50	L/min	(1	L/sec)
•	 Flow	pattern:	Square	wave
•	 PIP:	25	cm	H2O
•	 Pplat:	23	cm	H2O
•	 Patient’s	spontaneous	inspiratory	flow	rate:	30	L/min	

(0.5	L/sec)
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RULE OF THUMB

When	starting	ventilatory	support	for	most	adult	
patients,	use	an	initial	VT	of	6	to	8	ml/kg	(IBW)	and	a	
respiratory	rate	of	12	to	16	breaths/min.

VT times rate (f) determines minute ventilation ( �VE). As 
a rule, for adult patients, the resultant minute ventilation  
should be approximately 100 ml/kg IBW per minute.9 A 70-kg 
adult (IBW) would have a minute ventilation of approximately 
7000 ml/min. Patients with elevated CO2 production ( �VCO2) 
or increased physiologic dead space (VDphys) need a larger min-
ute ventilation to maintain acceptable PaCO2. Minute volume 
should be increased by increasing the rate, not the VT.

In SIMV, the total minute ventilation is composed of spon-
taneous tidal volume (VTsp), spontaneous rate (fsp), machine 
tidal volume (VTmach), and machine rate (fmach). For SIMV, total 
minute ventilation ( �VE TOT) is described as follows:

� � �V V machine V spontaneousE TOT E E= +

and

�V V f V fE Tmach mach Tsp-average sp= × + ×( ) ( )

For PA/C or PSV, the delivered VT depends on the pressure 
limit, the inspiratory time, and the patient’s lung mechanics. 
Generally, the pressure limit is increased or decreased to achieve 
a target VT while a Pplat of less than 28 cm H2O and a driving 
pressure less than 15 cm H2O is maintained. A good initial pres-
sure setting is to start at 10 cm H2O (above baseline pressure) 
and observe the resulting VT. Pressure is increased or decreased 
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ing. With flow triggering, the trigger should be set at 1 to 2 L/
min, and with pressure triggering, the range is generally −0.5 to 
−1.5 cm H2O. However, because of pin holes in disposable ven-
tilator circuits, the sensitivity may need to be adjusted to 3 or 
4 L/min or −2 cm H2O to avoid autotriggering. The increased 
use of ventilator graphics packages has led to the recognition 
that patients’ inspiratory efforts often are insufficient to trigger 
the ventilator.9 Factors that can prolong ventilator response 
time include large VT, low trigger sensitivity, auto-PEEP, high 
bias circuit flow, and abdominal paradox (Box 48-8) (see 
Chapter 47).

Many ventilators offer the option of a pressure or a flow 
trigger. With older generation intensive care unit (ICU)  
ventilators, flow triggering offered slightly lower trigger work 
than pressure triggering,27-29 although the gain in terms of the 
patient’s total WOB was slight. Newer ventilators with fast 
pressure-triggering capabilities are as sensitive as flow-triggered 

to achieve the desired volume. As with VA/C, minute ventilation 
with PA/C is simply rate multiplied by V V f VT E T( )� = × . Recom-
mended initial VT and frequency for various patient types are 
described in Table 48-4.

Patients with ALI/ARDS may need lower VT to avoid further 
lung injury and a higher rate to maintain effective alveolar 
ventilation while Pplat is maintained less than 28 cm H2O and 
driving pressure less than 15 cm H2O. Results of multicenter 
studies suggest VT of 4 to 8 ml/kg IBW for patients with 
ARDS.2,23,24 Machine rates of 25 to 35 breaths/min may be 
needed in patients with ALI/ARDS to maintain adequate minute 
ventilation. Box 48-7 summarizes the ARDS Clinical Network 
guidelines for initial ventilator setup.2

Trigger Sensitivity

Trigger sensitivity should be set at the most sensitive level avoid-
ing autotriggering to minimize trigger work and missed trigger-

FIGURE 48-3	 Radford	nomogram.	Although	first	published	in	1955,	normal	resting	VT	can	still	be	accurately	predicted	using	this	
nomogram.	(Modified	from	Radford	EP	Jr:	Ventilation	standards	for	use	in	artificial	respiration.	J	Appl	Physiol	7:451–460,	1955.)

Estimated body
weight

Corrections of predicted basal tidal volumes.

For patients not in coma: add 10%
Fever: add 5% for each °F above 99 (rectal)

Dead space: add equipment dead space

Altitude: add 5% for each 2000 feet above sea level

Intubation: subtract volume equal to one-half body weight in pounds
subtract 1 cc/kg of body weight

add 8% for each 1000 meters above sea level

add 9% for each °C above 37 (rectal)
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of 1 : 2 or lower is a good starting point. This value corresponds 
to an initial peak flow setting of approximately 60 L/min (range 
40 to 80 L/min) and a down ramp or square flow waveform. 
Higher flow (≤100 L/min) may improve gas exchange in patients 
with chronic obstructive pulmonary disease (COPD).10

Inspiratory flow rate should be adjusted to ensure that the 
flow provided meets or exceeds the patient’s spontaneous inspi-
ratory flow1 (see Chapter 47). A less sensitive trigger level and 
lower ventilator inspiratory flow tend to increase the patient’s 
WOB. Common ventilator configurations and related controls 
that determine inspiratory flow, time, and I : E ratio are described 
in Figure 48-4.

For ventilators with VT, peak flow, and rate controls, inspira-
tory time is determined by VT, peak flow, and flow pattern. To 

devices.30,31 However, no triggering mechanism can reduce 
the WOB that is a result of auto-PEEP. Auto-PEEP must be 
addressed by other means (see Chapter 47). Flow-trigger set-
tings vary by ventilator. Generally, for flow triggering, the trigger 
flow should be set 1 to 2 L/min below baseline or bias flow.

Inspiratory Flow, Time, and  
Inspiratory-to-Expiratory Ratio  
for Volume Ventilation

Most modern critical care ventilators allow the clinician to 
select peak flow, VT, and rate or inspiratory time (or percentage 
inspiratory time, VT, and rate). For most adults, an initial inspi-
ratory time of approximately 0.8 second (range 0.6 to 1.0 
second) with a resultant inspiratory-to-expiratory (I : E) ratio 

TABLE 48-3 

Tidal Volume Based on Ideal Body Weight*

Height (in) Height (ft) Weight (lb) Weight (kg) 6 ml/kg 8 ml/kg 10 ml/kg 12 ml/kg

Men
58 4′10″ 94 43 260 340 430 520
59 4′11″ 100 45 270 360 450 540
60 5′0″ 106 48 290 380 480 580
61 5′1″ 112 51 310 410 510 610
62 5′2″ 118 54 320 430 540 650
63 5′3″ 124 56 340 450 560 670
64 5′4″ 130 59 350 470 590 710
65 5′5″ 136 62 370 500 620 740
66 5′6″ 142 65 390 520 650 780
67 5′7″ 148 67 400 540 670 800
68 5′8″ 154 70 420 560 700 840
69 5′9″ 160 73 440 580 730 880
70 5′10″ 166 75 450 600 750 900
71 5′11″ 172 78 470 620 780 940
72 6′0″ 178 81 490 650 810 970
73 6′1″ 184 84 500 670 840 1010
74 6′2″ 190 86 520 690 860 1030
75 6′3″ 196 89 530 700 890 1070
76 6′4″ 202 92 550 740 920 1100
77 6′5″ 208 95 570 760 950 1140

Women
55 4′7″ 80 36 220 290 360 430
56 4′8″ 85 39 230 310 390 470
57 4′9″ 90 41 250 330 410 500
58 4′10″ 95 43 260 340 430 520
59 4′11″ 100 45 270 360 450 540
60 5′0″ 105 48 290 380 480 580
61 5′1″ 110 50 300 400 500 600
62 5′2″ 115 52 310 416 520 620
63 5′3″ 120 55 330 440 550 660
64 5′4″ 125 57 340 460 570 680
65 5′5″ 130 59 350 470 590 710
66 5′6″ 135 61 370 490 610 730
67 5′7″ 140 64 380 510 640 770
68 5′8″ 145 66 400 530 660 790
69 5′9″ 150 68 410 540 680 820
70 5′10″ 155 70 420 560 700 840
71 5′11″ 160 73 440 580 730 876
72 6′0″ 165 75 450 600 750 900

*Ideal	body	weight	(lb):	Men,	106	+	[6(H	−	60)];	women,	105	+	[5(H	−	60)],	where	H	is	height	in	inches.
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TABLE 48-4 

Suggested Initial Tidal Volume and Frequency for 
Mechanical Ventilation Based on Disease State  
or Condition

Patient Type Tidal Volume 
(ml/kg)

Frequency 
(breaths/min)

Adults
Normal	lungs 6-8 12-16
Neuromuscular	disease,	

postoperative	period,	or	with	
normal	pulmonary	mechanics	in	
which	maintaining	lung	volume	is	
a	concern

6-8 12-16

Acute	restrictive	disease,	ALI/ARDS 4-8* 20-35
Obstructive	lung	disease	(COPD) 6-8 10-12†

Acute	severe	asthma	exacerbation 4-6 10-12

Children
Age	8-16	yr 6-8 20-30
Age	0-8	yr 6-8 25-35

*For	ALI/ARDS,	maintain	Pplat	at	<28	cm	H2O.	VT	begins	at	8	ml/kg	and	is	
gradually	reduced	to	6	ml/kg.	VT	of	4	ml/kg	may	be	required	in	the	care	of	
these	patients	to	avoid	ventilator-induced	lung	injury.
†For	patients	with	obstructive	disease,	ensure	a	short	inspiratory	time	and	
long	expiratory	time	to	avoid	air	trapping	and	minimize	auto-PEEP.	Lower		
VT	and	rate	may	be	necessary	in	acute	asthma	to	avoid	further	lung	
overinflation.

 Box 48-7 Initial Ventilator Setup and 
Management of Oxygenation, 
Plateau Pressure, and pH

1.	 Calculate	predicted	(ideal)	body	weight	as	follows:
•	 Men:	Weight	in	kilograms	=	50	+	2.3	(height	in	inches	

−	60)
•	 Women:	Weight	in	kilograms	=	45.5	+	2.3	(height	in	

inches	−	60)
2.	 Select	assist/control	mode.
3.	 Set	VT	to	8	ml/kg	of	predicted	body	weight.
4.	 Reduce	VT	by	1	ml/kg	at	intervals	of	≤2	hours	until	VT	is	

6	ml/kg.
5.	 Set	initial	rate	to	achieve	baseline	minute	ventilation	( �VE).	

Rate	only	limited	by	the	development	of	auto-PEEP.
6.	 Adjust	VT	and	rate	to	achieve	pH	of	7.30	to	7.45	while	

maintaining	Pplat	of	≤28	cm	H2O.
7.	 Set	inspiratory	flow	rate	above	patient	demand	(may	be	

>80	L/min).
8.	 For	oxygenation	to	achieve	PaO2	of	55	to	80	mm	Hg	or	

SpO2	88%	to	95%,	use	the	following	incremental	FiO2/
PEEP	combinations.	Higher	PEEP	options	(lower	row)	
decrease	FiO2	and	may	be	preferred	in	patients	with	high	
FiO2	who	can	tolerate	higher	PEEP	(stable	blood	pressure,	
no	barotrauma).	Survival	is	similar	with	both	PEEP	
approaches.

FiO2 0.3 0.4 0.4 0.5 0.5 0.6 0.7 0.7
Low	

PEEP
5 5 8 8 10 10 10 12

High	
PEEP

12-14 14 16 16 18-20 20 20 20

FiO2 0.7 0.8 0.9 0.9 0.9 1.0 1.0 1.0
Low	

PEEP
14 14 14 16 18 20 22 24

High	
PEEP

20 20-22 22 22 22 22 22 24

9.	 Check	Pplat,	SpO2,	respiratory	rate,	VT,	and	pH	(if	available)	at	
least	every	4	hours	and	after	each	change	in	PEEP	or	VT:

•	 If	Pplat	is	>28	cm	H2O,	decrease	VT	by	1-ml/kg	steps	
(minimum	4	ml/kg)

•	 If	Pplat	is	<25	cm	H2O	and	VT	is	<6	ml/kg,	increase	VT	by	
1-ml/kg	steps	until	Pplat	is	>25	cm	H2O	or	VT	is	6	ml/kg

•	 If	Pplat	is	<20	and	breath	stacking	occurs,	VT	may	be	
increased	in	1-ml/kg	increments	(maximum	8	ml/kg)

10.	 The	pH	goal	is	7.30	to	7.45.
For	acidosis	management	(pH	<	7.30):
•	 If	pH	is	7.15	to	7.30,	increase	the	rate	until	pH	is	>7.30	

or	PaCO2	is	<25	mm	Hg;	if	rate	is	35	and	PaCO2	is	
<25	mm	Hg,	NaHCO3	may	be	given

•	 If	pH	is	<7.15,	increase	rate	to	35;	if	pH	remains	<7.15	
and	NaHCO3	is	considered,	VT	may	be	increased	in	
1-ml/kg	steps	until	pH	is	>7.15	(Pplat	target	may	be	
exceeded)

For	alkalosis	management	(pH	>	7.45),	decrease	ventilator	
rate,	if	possible.

Adapted	from	National	Institutes	of	Health	(NIH)	National	Heart	Lung	and	
Blood	Institute	(NHLBI)	ARDS	Clinical	Network	Mechanical	Ventilation	
Protocol	Summary	(Mechanical	Ventilation	Protocol	Summary,	revised	25	
January	2005).

 Box 48-8 Factors That Can Prolong 
Ventilator Response Time

•	 Low	trigger	sensitivity
•	 Large	VT	(causing	air	trapping)
•	 Abdomen–rib	cage	paradox
•	 Auto-PEEP	(dynamic	hyperinflation)
•	 High	tubing	compliance
•	 High	circuit	dead	space
•	 High	bias	flow	in	the	circuit
•	 Mechanical	malfunction

decrease inspiratory time, one may increase peak flow, decrease 
VT, or change from a down ramp to a square wave flow pattern. 
Expiratory time and I : E ratio are determined by inspiratory 
time and rate. To increase expiratory time (and decrease I : E 
ratio), one may decrease the inspiratory time as described 
earlier or increase the expiratory time by decreasing the rate.1

For ventilators with VT (or minute ventilation), percentage 
inspiratory time, and rate controls, the inspiratory time and VT 
determine the inspiratory flow rate. On these ventilators, one 
can directly increase or decrease the percentage inspiratory 
time. At the same rate, as inspiratory time (or percentage inspi-
ratory time) decreases, expiratory time and inspiratory flow 
rate increase, and I : E ratio decreases. An increase in VT at the 
same percentage inspiratory time and rate also increases inspi-
ratory flow rate with no change in I : E ratio. Box 48-9 shows 
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FIGURE 48-4	 Relationship	between	VT,	inspiratory	flow,	inspiratory	time,	expiratory	time,	and	I	:	E	ratio	in	various	ventilator	systems.	
A,	Effects	of	VT,	flow,	and	respiratory	rate	on	inspiratory	time,	expiratory	time,	and	I	:	E	ratio.	Some	ventilators	provide	VT,	inspiratory	flow,	
and	rate	control	in	volume	control	(VC)	and	SIMV	modes.	B,	Effects	of	volume,	inspiratory	time,	and	rate	on	inspiratory	flow,	expiratory	time,	
and	I	:	E	ratio.	Other	ventilators	provide	controls	for	inspiratory	time	(or	percentage	inspiratory	time),	VT	(or	minute	ventilation),	and	rate	in	the	
VC	and	SIMV	modes.	In	the	VC	mode	(controlled	ventilation),	ventilators	with	a	percentage	inspiratory	time	control	maintain	a	constant	I	:	E	
ratio	with	changes	in	respiratory	rate.	In	the	SIMV	mode,	changes	in	SIMV	rate	alter	I	:	E	ratio	on	these	machines.	

A. Tidal volume, peak flow, and rate determine inpiratory time, expiratory time, and I:E
     ratio.

↑  tidal volume →  ↑ inspiratory flow rate → no change in inspiratory time,
    expiratory time, or I:E ratio

↓  tidal volume →  ↓ inspiratory flow rate → no change in inspiratory time,
    expiratory time, or I:E ratio

↑  rate →  ↓ expiratory time → I:E ratio constant or ↑*

↑ inspiratory % time →  ↓ expiratory time

↓  rate →  ↑ expiratory time → I:E ratio constant or ↓*

↓ inspiratory % time →  ↑ expiratory time

↑  tidal volume →  ↑ inspiratory time →  ↓ expiratory time→  ↑ I:E ratio

↓  tidal volume →  ↓ inspiratory time →  ↑ expiratory time →  ↓ I:E ratio

↑ peak flow →  ↓ inspiratory time →  ↑ expiratory time →  ↓ I:E ratio

↑ rate →  ↓ expiratory time →  ↑ I:E ratio

↓ rate →  ↑ expiratory time →  ↓ I:E ratio

↓ peak flow →  ↑ inspiratory time →  ↓ expiratory time →  ↑ I:E ratio

tidal volume

inspiratory (peak) flow

respiratory rate

inspiratory time

expiratory time

I:E
ratio

B.  Tidal volume, % inspiratory time, and rate determine inspiratory
     flow rate, expiratory time, and I:E ratio.

*In the VC-CMV mode, ventilators with a percent inspiratory time control will maintain
a constant I:E ratio with changes in rate. For the Servo 900C, 300, 300A, and Hamilton
Veolar, changes in SIMV rate will alter I:E ratio in the SIMV mode, as described.

rate

tidal volume

inspiratory % time

expiratory time
and I:E ratio

inspiratory
flow rate

to    or    →  ↑ inspiratory time →  ↓ expiratory time →  ↑ I:E ratio

or     to           →  ↓ inspiratory time →  ↑ expiratory time →  ↓ I:E ratio
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 Box 48-9 Calculation of Inspiratory Flow 
Rate from Percentage  
Inspiratory Time

The	effect	of	percentage	inspiratory	time	on	inspiratory	flow	rate	
can	be	estimated	as	follows:

Inspiratory flow rate
Set minute ventilation

Percentage ins
=

ppiratory time × 0 01.

For	example,	a	patient	being	treated	with	a	Servo	ventilator	
may	have	the	following	ventilator	settings:
•	 Set	minute	ventilation	=	12	L/min
•	 Set	CMV	rate	=	20	breaths/min
•	 Resulting	VT	=	12	L/20	breaths/min	=	0.6	L	or	600	ml
•	 Set	time	inspiratory	percentage	=	25%
•	 Set	pause	time	percentage	=	0%

Inspiratory flow rate
L min L min

L min=
×

= =12
25 0 01

12
0 25

48
% . .

CMV,	Continuous	mechanical	ventilation.

the calculation of inspiratory flow rate based on percentage 
inspiratory time settings. To alter I : E ratio on these ventilators, 
one simply adjusts inspiratory percent time. Decreasing rate at 
the same inspiratory percent time setting does not affect I : E 
ratio, and both inspiratory time and expiratory time increase 
owing to a longer respiratory cycle. Changing the inspiratory 
flow waveform on these ventilators has no effect on inspiratory 
time, expiratory time, or I : E ratio; however, flow waveform 
changes affect peak and mean airway pressure.

Flow Waveform
Flow waveform options on mechanical ventilators vary from a 
preset square wave to seven adjustable waveforms on older ven-
tilators. Common choices available on current generation ven-
tilators for waveform are square or down ramp (decreasing  
or “decelerating” waveform). Pressure support and pressure-
controlled modes also deliver decreasing flow waveforms, but 
the decrease is patient-specific and not programmed into the 
gas delivery. The literature on clinical application of specific 
waveforms is mixed.32 However, as one moves from an increas-
ing (“accelerating”) flow waveform to a square wave to a 
decreasing flow waveform, while holding inspiratory time con-
stant, there tends to be a predictable decrease in peak airway 
pressure and a corresponding increase in mean airway pres-
sure.32 Increases in mean airway pressure may improve oxygen-
ation, while further impeding venous return to the heart.32 At 
least as far as inspiratory flow patterns are concerned, what is 
good for the lungs may be bad for the heart. We suggest a 
decreasing, or down ramp, flow waveform when the goal is 
optimization of the distribution of inspired air and improve-
ment in oxygenation. A square waveform may be useful in 
reducing mean airway pressure in patients with severe hypoten-
sion or cardiovascular instability. Figure 48-5 compares the 
effect of ventilator flow waveforms on peak and mean airway 
pressure. Box 48-10 describes guidelines for selecting flow 
waveform during volume ventilation.

 Box 48-10 Guidelines for Selecting Inspiratory 
Flow Waveforms During  
Volume Ventilation

CONSTANT FLOW WAVEFORM
•	 Alternative	terms:	Square	wave,	rectangular	wave,	constant	

flow	generator
•	 Advantages:	High	flow	provided	with	a	reduced	inspiratory	

time	and	improved	I	:	E	ratio;	may	decrease	mean	airway	
pressure,	which	may	be	helpful	in	terms	of	venous	return	
and	cardiac	output	in	compromised	patients

•	 Disadvantages:	Increased	PIP	may	lead	to	excessive	
pressure;	lower	mean	airway	pressure	may	affect	
oxygenation

DECREASING FLOW WAVEFORM
•	 Alternative	terms:	Down	ramp,	decelerating	flow,	descending	

ramp
•	 Advantages:	Lower	PIP	and	higher	mean	airway	pressure;	

this	flow	waveform	may	improve	gas	distribution,	
oxygenation,	and	patient-ventilator	synchrony

•	 Disadvantages:	Increased	mean	airway	pressure	may	
impede	venous	return	and	cardiac	output	in	compromised	
patients;	in	ventilators	that	have	a	peak	flow	control,	the	
down	ramp	increases	inspiratory	time	and	I	:	E	ratio	and	
decreases	expiratory	time

During PCV or PSV, a decreasing flow waveform is delivered. 
The initial peak flow typically is reached rapidly. Flow decreases 
throughout inspiration until the breath is terminated. With 
PSV, inspiration ends when the flow decreases to a preset value, 
typically adjustable from 5% to 85% of the peak flow in some 
newer ventilators. With PCV, flow continues to decrease until 
the inspiratory time has elapsed. In the PCV mode, increasing 
inspiratory time tends to increase VT until zero flow is reached 
at end inspiration. Further increases in inspiratory time do not 
increase VT, although distribution of inspired air may improve, 
and mean airway pressure does increase.

Inspiratory Pause
In addition to inspiratory time or flow, most ventilators have 
an option for setting an inspiratory pause or hold in the volume-
control mode. A brief inspiratory pause (up to 10%) has been 
recommended in the past for improving the distribution of the 
inspired air and PaO2.

33 Use of an inspiratory pause has been 
suggested for administration of bronchodilators to improve 
medication delivery. However, in COPD patients, an inspiratory 
pause did not result in significant improvement in bronchodila-
tor effectiveness.9 If a brief inspiratory pause is used, I : E ratio 
and mean airway pressure increase. An inspiratory pause of 0.5 
to 2 seconds applied for a single breath is used for measurement 
of Pplat and in estimation of airway resistance (Raw):

Raw PIP P Inspiratory flow Lplat= − ( sec)

where PIP is peak inspiratory pressure. An inspiratory pause 
should never be set in a spontaneously breathing patient except 
for a single breath in attempts to measure Pplat because it 
increases the level of asynchrony causing the patient to fight the 
pause and to try to exhale during the pause.



 Initiating and Adjusting Invasive Ventilatory Support • CHAPTER 48 1091

FIGURE 48-5	 Effect	of	ventilator	flow	waveform	on	peak	and	mean	airway	pressure	with	changing	lung	mechanics.	Generally,	flow	
waveforms	that	tend	to	increase	mean	airway	pressure	also	decrease	peak	pressure	(PIP)	and	vice	versa.	Consequently,	if	increasing	mean	
airway	pressure	is	the	goal,	decelerating	(down	ramp)	flow	waveforms	may	be	helpful.	However,	in	the	care	of	patients	with	cardiovascular	
compromise,	in	whom	reducing	mean	airway	pressure	may	be	helpful,	a	square	wave	may	be	valuable.	Accelerating	flow	waveforms	are	no	
longer	available	on	newer	critical	care	ventilators.	(Modified	from	Rau	JL,	Shelledy	DC:	The	effect	of	varying	inspiratory	flow	waveforms	on	
peak	and	mean	airway	pressures	with	a	time-cycled	volume	ventilator:	a	bench	study.	Respir	Care	36:347,	1991.)

Increasing Mean Airway Pressure (PAW)

Normal or decreased compliance and normal resistance

Flow

Flow

Flow

Flow

Increased resistance

Normal or decreased compliance and normal resistance

Increased resistance

Increasing Peak Pressure (PIP) →

→

An inspiratory pause can also be used to ensure a full inspi-
ration before a chest radiograph is obtained, and this step may 
improve the quality of the resulting radiograph.34 Use of an 
extended inspiratory pause should be limited because of the 
resultant increase in mean airway pressure and risk of impeding 
venous return and cardiac output, especially in patients who are 
hypovolemic or hypotensive or whose condition is hemody-
namically unstable.

	

RULE OF THUMB

An	end	inspiratory	pause	should	be	used	only	to	
estimate	the	end	inspiratory	Pplat.	It	should	never	be	
applied	continuously	to	a	patient	actively	triggering	the	
ventilator.
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can be balanced with the application of PEEP or CPAP. Whether 
the application of physiologic PEEP has important benefits in 
terms of patient outcome is unknown.

PEEP has been advocated in the presence of auto-PEEP,  
in particular, in the care of patients with obstructive lung 
disease.35Applied PEEP in the presence of auto-PEEP is indi-
cated only if the patient has difficulty triggering the ventilator. 
During controlled ventilation, increasing PEEP in the presence 
of auto-PEEP is usually not indicated. See Chapter 47 for  
auto-PEEP details. An absolute contraindication to PEEP is an 
uncontrolled tension pneumothorax. However, PEEP should be 
cautiously applied in any patient with severe intrinsic lung 
disease, hypotension, and elevated intracranial pressure.

Open Lung Strategy, Recruitment 
Maneuvers, and Positive End 
Expiratory Pressure

In the care of patients with ARDS, it is usually necessary to initi-
ate PEEP at 10 to 15 cm H2O.24,25,36,37 However, many clinicians 
use the ARDS Clinical Network PEEP/FiO2 tables to set PEEP 
initially during the establishment of ventilatory support (see 
Box 48-7). When patients are stabilized, the use of an open lung 
ventilation strategy in early-stage ARDS has been recom-
mended.1,5 Such a strategy incorporates VT of 4 to 8 ml/kg IBW 
with either pressure-targeted or volume-targeted ventilation 
and a PEEP level set after a lung recruitment maneuver using a 
decremental PEEP trial.1,5,38 The lung recruitment maneuver 
is intended to open collapsed lung units, and the setting of 
PEEP using a decremental PEEP trial is intended to apply PEEP 
based on the patient’s lung mechanics to keep the lung units 
recruited open.

Although all patients with ARDS require PEEP, not all 
patients with ARDS respond to low-level PEEP, and patients 
with pulmonary (vs. nonpulmonary) causes of ARDS, such as 
pneumonia, may be less likely to respond to low to moderate 
levels of PEEP.12 Nonpulmonary causes of ARDS (e.g., extratho-
racic trauma, intraabdominal sepsis) seem to respond well to 
PEEP.12 In practice, some authors have suggested that higher 
levels of PEEP (>15 cm H2O) be reserved for patients with a 
high percentage of recruitable lung.39 High levels of PEEP have 
been shown to improve outcomes in ARDS in patients with the 
most severe forms of ARDS (PaO2/FiO2 < 150 mm Hg).40,41 (See 
later section on the performance of recruitment maneuvers and 
the setting of PEEP by decremental trial.)

Pressure Rise Time or Slope
Most newer critical care ventilators include an inspiratory  
pressure rise time or pressure slope. This control functions  
only with pressure-limited breaths (PSV, PCV, PRVC, volume 
support, airway pressure release ventilation, pressure SIMV). 
The purpose of this control is to adjust the rate at which flow 
increases from baseline to peak.42-44 See Chapter 47 for details.

Limits and Alarms

Ventilator alarms and limits warn of ventilator malfunction and 
changes in patient status. Ventilator malfunction alarms include 

Oxygen Percentage (Fractional 
Inspired Oxygen)

FiO2 selected on initiation of mechanical ventilation varies with 
the patient’s condition. If little is known about the patient or if 
the patient’s condition appears to be grave, 100% O2 is the 
preferred starting point. Examples of disease states or condi-
tions that typically warrant initial FiO2 of 1 include acute pul-
monary edema, ARDS, near drowning, cardiac arrest, severe 
trauma, suspected aspiration, severe pneumonia, carbon mon-
oxide poisoning, and any disease state or condition resulting in 
a large right-to-left shunt. After initiation of mechanical venti-
lation with FiO2 of 1, the FiO2 should be reduced as soon as is 
practical to avoid O2 toxicity and absorption atelectasis. In most 
patients, FiO2 should always be adjusted to ensure PaO2 of 
60 mm Hg or greater or oxygen saturation by pulse oximeter 
(SpO2) of 90% or greater.

Patients who have undergone previous blood gas measure-
ment or oximetry who are doing well clinically and patients 
with disease states or conditions that normally respond to low 
to moderate concentrations of O2 may begin ventilation with a 
lower O2 concentration (50% to 70% O2). These typically are 
patients with normal ventilation/perfusion ( � �V/Q) or a � �V/Q 
imbalance without shunt ( � �V/Q <1 but >0). Patients who often 
do well with low to moderate concentrations of O2 include 
patients with acute exacerbation of COPD, emphysema, chronic 
bronchitis, drug overdose without aspiration, or neuromuscular 
disease and postoperative patients with normal lungs. For 
example, a patient with an acute exacerbation of COPD who 
needs mechanical ventilatory support may have had PaO2 of 
50 mm Hg with a nasal cannula at 4 L/min before intubation 
and mechanical ventilation. This patient would probably do 
well with FiO2 of about 0.50 when adequate ventilation is 
restored. The patient can begin with 50% O2 and be immedi-
ately assessed for assurance of adequate SpO2. FiO2 can be 
adjusted according to the patient’s response.

Positive End Expiratory Pressure and 
Continuous Positive Airway Pressure

PEEP and CPAP are effective techniques for improving and 
maintaining lung volume and improving oxygenation for 
patients with acute restrictive disease such as pneumonia, pul-
monary edema, and ARDS.1,9 PEEP and CPAP should be cau-
tiously applied in the treatment of patients with an already 
elevated FRC, such as patients with COPD or acute asthma, 
except at levels that are applied to offset auto-PEEP and air 
trapping.9 Generally, the indication for PEEP or CPAP is inad-
equate arterial O2 with moderate to high concentrations of O2 
caused by unstable lung units that are collapsed. PaO2 less than 
50 to 60 mm Hg with FiO2 greater than 0.40 is a good general 
starting place for considering use of PEEP or CPAP.

In terms of ventilator initiation, initial PEEP or CPAP levels 
usually are 5 cm H2O even in the absence of unstable lung units 
or auto-PEEP. Most experts advocate for the use of 5 cm H2O 
“physiologic” PEEP for all patients who have an artificial airway 
in place. Intubation results in small reductions in FRC,1,9 which 
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of HMEs should be avoided in the care of patients with secre-
tion problems and patients with low body temperature (<32° C), 
high spontaneous minute ventilation (>10 L/min), or air leaks 
in which exhaled VT is less than 70% of delivered VT.

45 Heated 
humidifiers may be used to deliver 100% body humidity at 
37° C. Current clinical practice guidelines suggest an inspired 
gas temperature of 35° C ± 2° C.45 We prefer an optimal humid-
ity approach and use of a heated humidifier to deliver gas in the 
range of 35° C to 37° C at the airway in most intubated patients 
and at a temperature consistent with patient comfort during 
noninvasive ventilation. However, in patients without primary 
pulmonary dysfunction and short-term ventilation, HMEs are 
very useful; generally, these are postoperative patients after elec-
tive surgery, patients in the emergency department, and patients 
recovering from an overdose.

Periodic Sighs

Constant, monotonous tidal ventilation at a small volume 
(<7 ml/kg) may result in progressive atelectasis.9,46 Periodic 
deep breaths or sighs taken every 6 to 10 minutes reverse this 
trend.9,46 During the 1960s and 1970s, it was common to venti-
late patients with a smaller VT (5 to 7 ml/kg) and no PEEP. As 
a result, an intermittent sigh function was incorporated into 
most volume ventilators. Sighs were programmed at 11

2 to 2 
times the set VT at an interval of every 6 to 10 minutes. Some-
times multiple sighs were included at a preset interval of up to 
10 times per hour. Because of the use of PEEP, sighs are no 
longer routinely included. PEEP prevents the formation of atel-
ectasis in a patient on ventilation with constant small VT. This 
is the primary reason why 5 cm H2O of PEEP is routinely used 
on patients, including patients with healthy lungs. General 
guidelines for the initial ventilator settings for most adult 
patients are described in Box 48-11.

ADJUSTING VENTILATORY SUPPORT

After ventilator initiation, the patient should be carefully 
assessed and the ventilator adjusted so that patient-ventilator 
synchrony is ensured; WOB is minimized; and oxygenation, 
ventilation, and acid-base balance are optimized while harmful 
cardiovascular effects are minimized. Initial patient evaluation 
should include physical assessment, assessment of ventilator 
settings, cardiovascular assessment, oximetry, and measure-
ment of arterial blood gases (Box 48-12).

Physical assessment should include general appearance, level 
of consciousness, signs of anxiety or dyspnea, color, extremities 
(temperature, edema, capillary refill), heart rate and blood pres-
sure, respiratory rate and pattern, inspection of the neck for 
jugular venous distention, and chest examination. Cyanosis is 
associated with hypoxemia. Use of accessory muscles, tachy-
pnea, retractions, or paradoxical abdomen movement may indi-
cate increased WOB. Unilateral or unequal lung expansion is 
associated with bronchial intubation, pneumothorax, and other 
unilateral disorders.

Breath sounds should be assessed for good aeration, and 
absent, diminished, or abnormal breath sounds should be 

TABLE 48-5 

Alarm and Backup Ventilation Setting of Initial 
Ventilatory Setup (Adults)

Low	pressure 5-10	cm	H2O	below	PIP
Low	PEEP/CPAP 3-5	cm	H2O	below	PEEP
High	pressure	limit 50	cm	H2O,	which	is	adjusted	to	

10-15	cm	H2O	above	PIP
Low	exhaled	VT 100	ml	or	50%	below	set	VT

Low	exhaled	minute	
ventilation

2-5	L/min	or	50%	below	minimum	
SIMV	or	assist/control	backup	minute	
ventilation

High	minute	ventilation 50%	above	baseline	minute	ventilation
O2	percentage	(FiO2) 5%	above	and	below	set	O2	percentage
Temperature 2°	C	above	and	below	set	temperature,	

high	temperature	not	to	exceed	37°	C
Apnea	delay 20	sec
Apnea	values VT	and	rate	set	to	achieve	full	ventilatory	

support	(VT	8-10	ml/kg;	rate	10-12	
breaths/min)	with	100%	O2

power or gas supply loss and electronic or pneumatic malfunc-
tion. These alarms usually are preset by the manufacturer.

Patient status alarms usually are set by the respiratory thera-
pist (RT). These include maximum inspiratory pressure, low-
pressure and low-PEEP alarms, high-volume and low-volume 
and rate alarms, O2 and humidification alarms, and apnea 
alarms. After initiation of ventilation, alarms and limits are 
readjusted as needed. Alarms usually are set so that they warn 
the clinician of important changes or problems. Without proper 
setting, these alarms can become a nuisance by falsely signaling 
problems that are not real.9

In volume ventilation, a pressure limit should be set. Gener-
ally, before the patient is connected to the ventilator, the limit 
should be set at 40 cm H2O to avoid overpressuring the system 
when the patient is connected. After the patient is connected to 
the ventilator, the peak and plateau pressures should be assessed. 
If Pplat is greater than 30 cm H2O, consideration should be given 
to decreasing the set VT. If Pplat is less than 30 cm H2O, the high 
pressure limit can be adjusted to 10 to 15 cm H2O above PIP. 
One can decrease peak pressure by decreasing the peak flow 
rate, increasing the inspiratory time, changing the inspiratory 
flow waveform from a square to a down ramp, or decreasing the 
delivered VT. For spontaneously breathing patients, inspiratory 
flow and time must meet or exceed the patient’s inspiratory 
demand to ensure one does not increase the patient’s WOB 
further (see Chapter 47 for details). Preset or adjustable alarms 
common to most ventilators include pressure (high-low), 
volume (high-low VT, minute ventilation), apnea, O2 percent-
age, and temperature. Suggested initial settings for these alarms 
and backup ventilator settings are presented in Table 48-5.

Humidification

Humidification is required during both invasive and noninva-
sive mechanical ventilation. A heated humidifier or a heat  
and moisture exchanger (HME) should provide a minimum of 
30 mg/L of water with a temperature of 30° C or greater.45 Use 
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MINI CLINI
Humidification of the Airways During 
Mechanical Ventilation

PROBLEM:  A mechanically ventilated patient is in the 
medical ICU recovering from acute respiratory failure second-
ary to aspiration pneumonia. The patient currently needs 
airway suctioning every 30 to 60 minutes according to the RT 
and staff nurse caring for the patient. Both caregivers note that 
the secretions are thick and copious. Current ventilator settings 
are as follows:
Mode: Assist/control volume ventilation
VT: 500 ml (6.8 ml/kg IBW)
Preset rate: 16 breaths/min
Total rate: 26 breaths/min
FiO2: 0.50
PIP: 31 cm H2O
VE: 13 L/min

The RT is asked to place an HME on the ventilator circuit 
at the “wye.” Is this an appropriate action?

Solution:  Humidification can be provided with either a heated 
humidifier or an HME. Although useful in some instances, 
placement of an HME would be contraindicated in this case 
for several reasons. Adequate humidification for a patient with 
an artificial airway is critical in preventing inspissation of 
airway secretions, injury to and destruction of the airway epi-
thelium, and atelectasis.

The patient information in this clinical scenario points to 
several potential problems with use of an HME, the most 
obvious one being copious, thick airway secretions. The HME 
may not provide sufficient water vapor and heat output, and 
secretions could be retained. The airway secretions could be 
coughed into the HME, causing increased resistance to flow 
and possible obstruction. Because the patient has high ventila-
tory requirements, as evidenced by an elevated exhaled minute 
ventilation, it is important that the humidification system be 
able to maintain adequate heat and moisture output when 
demands dictate.

Other situations in which an HME should not be used are 
administration of aerosol treatments through the ventilator 
tubing circuit, high minute ventilation (>10 L/min), and body 
temperature less than 32° C. Box 48-12 Initial Assessment of 

Ventilatory Support

•	 Inspection,	palpation,	and	auscultation
•	 Assessment	of	position	of	artificial	airway	and	cuff	inflation
•	 Assessment	of	pulse,	blood	pressure,	oximetry,	and	

electrocardiogram
•	 Inspection	of	patient-ventilator	system	breathing	circuit,	

humidifier,	ventilator	settings,	and	findings
•	 Analysis	of	arterial	blood	gas	values
•	 Inspection	of	chest	radiograph

 Box 48-11 General Guidelines for Initial 
Ventilator Settings for  
Adult Patients

MODE
•	 Assist/control	volume	or	pressure	targeted
•	 Pressure	support
•	 SIMV	with	or	without	pressure	support	volume	or	pressure	

targeted

TIDAL VOLUME
•	 4	to	8	ml/kg	IBW
•	 Avoid	overdistention
•	 Maintain	Pplat	<28	cm	H2O
•	 For	COPD,	VT	6	to	8	ml/kg	IBW	in	assist/control	or	pressure	

support	mode	with	adequate	expiratory	time	for	reducing	air	
trapping	is	suggested

•	 For	ARDS,	begin	at	6	to	8	ml/kg	IBW;	adjust	as	indicated	to	
maintain	Pplat	<28	cm	H2O

•	 For	acute	asthma,	VT	4	to	6	ml/kg	IBW	is	indicated	to	
maintain	Pplat	<28	cm	H2O

RATE
•	 18	(asthma)	to	40	breaths/min
•	 Minimize	auto-PEEP
•	 Set	initial	rate	and	VT	to	maintain	baseline	minute	ventilation	

(approximately	100	ml/kg	IBW	for	most	healthy	adults)

PEEP
•	 5	cm	H2O	in	most	patients	ventilated	without	acute	lung	

injury
•	 10	cm	H2O	in	patients	with	mild	ARDS
•	 15	to	20	cm	H2O	in	most	patients	with	moderate	to	severe	

ARDS
•	 5	cm	H2O	in	patients	with	COPD/asthma,	adjust	as	

indicated	to	offset	effect	of	auto-PEEP	on	ventilator	
triggering

•	 Trigger	sensitivity	−0.5	to	−1.5	cm	H2O	or	flow	trigger	1	to	2	
LPM;	minimize	trigger	work	without	autocycle

•	 Inspiratory	flow	and	time	60	to	100	L/min
•	 Inspiratory	time	0.6	to	1.0	second;	inspiratory	flow	must	

meet	or	exceed	patient’s	spontaneous	inspiratory	flow	
demand

•	 Resultant	I	:	E	ratio	should	be	≤1	:	2

documented. Palpation should be performed as appropriate for 
tracheal position, chest wall motion, and presence of subcuta-
neous air. Percussion of the chest should be performed for 
assessment of resonance, dullness, or hyperresonance. Key find-
ings at initial assessment of a patient undergoing ventilation are 
described in Table 48-6.

Ventilator settings that should be assessed after initiation of 
mechanical ventilation include peak, plateau, and mean airway 
pressures; exhaled volumes (spontaneous and machine VT, 
minute ventilation); respiratory rate (spontaneous and machine 
rate); baseline pressures (PEEP, CPAP, auto-PEEP); trigger 
effort; O2 concentration; inspiratory time; flow; I : E ratio; 
humidification; airway temperature and airway cuff pressure. 
In addition, patient-ventilator interaction should be assessed to 
ensure that a spontaneously breathing patient is able to trigger 
a breath easily and that inspiratory flow and time are such that 
WOB is minimized. When using pressure ventilation, the patient 
should also be evaluated to ensure ease of cycling to expiration. 
Factors that may affect patient-ventilator interaction are dis-
cussed in detail in Chapter 47.
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assessed, including central venous pressure, pulmonary arterial 
pressure, wedge pressure, and cardiac output.

Continuous monitoring with pulse oximetry is recom-
mended for patients receiving mechanical ventilatory support 
in the ICU, and arterial blood gases should be measured 30 to 
60 minutes after initiation of mechanical ventilation. A chest 
radiograph should be obtained to verify proper endotracheal 
tube placement and to evaluate the chest. After the initial assess-
ment, the method and level of ventilatory support are adjusted 
to optimize oxygenation, ventilation, WOB, acid-base balance, 
and cardiovascular status. The ventilatory adjustments for each 
of these areas are discussed next.

Patient-Ventilator Interaction

Patient-ventilator interaction refers to patient comfort, WOB, 
and synchrony during ventilator-assisted breaths. Generally, 
ventilatory support should be initially adjusted to minimize the 
WOB and to allow the ventilatory muscles to rest.47 See Chapter 
47 for a detailed discussion.

The artificial airway should be assessed for proper place-
ment, patency, and cuff inflation. Size, position, and depth of 
the endotracheal tube and cuff pressure, including volume used 
to inflate the cuff, should be recorded. An extra endotracheal 
tube or tracheostomy tube of the correct size should be placed 
at the patient’s bedside, and the equipment needed to replace 
the airway must be available and easily accessible. A clean, func-
tioning manual resuscitator with O2 supply and suction equip-
ment including an appropriate supply of suction catheters, 
sterile water or saline solution, and sterile gloves also must be 
placed near the bedside. Patients requiring high levels of PEEP 
(>5 cm H2O) should have PEEP valves attached to the manual 
ventilator.

Cardiovascular assessment should include observation of 
heart rate, blood pressure, and electrocardiogram for the pres-
ence of arrhythmias. Tachycardia, ST segment elevation, and 
frequent premature ventricular contractions may indicate myo-
cardial ischemia. If the patient has a central venous line or 
pulmonary arterial catheter, hemodynamic variables may be 

TABLE 48-6 

Assessment of Ventilatory Support

Ancillary	equipment	in	room Crash	cart	(patient’s	condition	unstable);	cardiac	monitor;	chest	tubes	(pneumothorax,	chest	drainage,	
thoracic	surgery);	aortic	balloon	pump	(heart	failure);	cooling	blanket	(fever);	other

General	appearance Resting	quietly,	calm,	relaxed	(no	distress);	restless,	anxious,	distressed	(pain,	anxiety,	inadequate	
oxygenation	or	ventilation)

Level	of	consciousness Alert,	awake,	and	oriented	to	person,	place,	and	time	(good	mental	status,	neurologic	function);	confused	
(neurologic	problems,	hypoxia,	low	cardiac	output,	drugs);	sleepy	(tired,	sedatives,	narcotics);	lethargic	
(exhaustion,	impaired	CNS	status,	sedation);	somnolent	(CNS	impairment,	sedation);	coma	(CNS	
malfunction,	heavy	sedation,	severe	hypoxia)

Extremities Cyanosis	(hypoxemia);	pale,	cold,	and	clammy	(poor	cardiac	output,	low	blood	pressure,	shock);	edema	
(fluid	overload)

Respiratory	rate	and	pattern Normal	(good	cardiopulmonary	status);	tachypnea	(pain,	anxiety,	hypoxemia,	acidosis,	CNS	problems);	
bradypnea	or	apnea	(severe	hypoxia,	CNS	problems,	heavy	sedation,	paralysis)

Head,	eyes,	ears,	nose,	
and	throat

Cyanotic	lips	and	gums	(hypoxemia);	pupils	dilated	(drugs,	severe	hypoxia,	low	cardiac	output,	cardiac	
arrest);	pupils	dilated	and	fixed	(brain	death);	pupils	contracted	(drugs,	light);	response	to	light	(good	if	
responsive)

Neck Accessory	muscle	use	(increased	WOB,	respiratory	distress);	jugular	vein	distention	(right-sided	heart	
failure,	positive	pressure	impeding	venous	return)

Chest	inspection Right-left	chest	wall	synchrony	(normal);	right-left	chest	wall	asynchrony	(right	main	stem	intubation,	
pneumothorax,	large	unilateral	pleural	effusion,	flail	on	one	side);	chest-diaphragm	synchrony	(normal);	
chest-diaphragm	asynchrony—abdominal	paradox	(increased	WOB,	diaphragmatic	fatigue)

Chest	auscultation Good	bilateral	breath	sounds	(normal);	decreased	breath	sounds	unilaterally	(right	main	stem	intubation,	
pneumothorax,	unilateral	lung	disease);	bilaterally	decreased	or	absent	breath	sounds	(inadequate	or	
decreased	ventilation,	large	leak,	ventilator	malfunction	or	disconnect,	misplaced	endotracheal	tube);	air	
leak	around	cuff	(underinflation,	cuff	malfunction);	wheezing	(bronchospasm,	tumor,	narrowing	of	airway);	
bibasilar	crackles	in	patients	with	congestive	heart	failure	(pulmonary	edema);	rhonchi,	coarse	crackles	
(secretions	in	the	larger	airways);	bronchial	breath	sounds	(consolidation	or	microatelectasis)

Palpation Subcutaneous	air	(pneumothorax,	pneumomediastinum);	tracheal	shift	(tension	pneumothorax,	large	area	
of	atelectasis);	right-left	chest	motion	symmetry	(normal);	right-left	asymmetric	breathing	(unilateral	
disease,	pneumothorax,	bronchial	intubation)

Percussion Resonant	over	lung	tissue	(normal);	dull	(pleural	effusion,	lobar	infiltrates,	consolidation,	atelectasis);	
hyperresonant	(pneumothorax,	overinflation—COPD,	asthma	exacerbation)

Vital	signs Normal	heart	rate	and	rhythm	(normal);	tachycardia	(hypoxemia,	pain,	anxiety,	distress);	hypertension	
(anxiety,	cardiovascular	disease,	head	trauma);	bradycardia	(severe	hypoxia,	severe	hypercapnia,	cardiac	
disease);	hypotension	(blood	loss,	shock,	gram-negative	sepsis,	heart	failure)

CNS,	Central	nervous	system.
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Initial Desired

PaO FiO PaO FiO2 1 2 2 2 21 2( ) ( )( ) ( )=

Instead of a formula, a nomogram can be used to predict a 
patient’s required FiO2 (Figure 48-6). In either case, it is sug-
gested that O2 levels be titrated down from 100% to minimal 
FiO2 required in decrements not to exceed 20%; titration is fol-
lowed by oximetry or measurement of blood gases. When titrat-
ing FiO2 downward, the clinician should wait at least 20 minutes 
between changes in FiO2 to allow O2 levels to stabilize. Patients 
with obstructive disease need a longer period for equilibration 
after a change in FiO2.

When minimal FiO2 is identified, further reduction in FiO2 
should be in steps of 5% to 10% followed by pulse oximetry 
measurements. Box 48-13 lists a conservative method of titrat-
ing O2 concentration down from an initial FiO2 of 1 on the basis 
of PaO2.

OXYGENATION

Oxygen Concentration

Initiation of treatment for most patients in the acute care setting 
is with 100% O2, unless detailed information identifying precise 
FiO2 needed is available. FiO2 is titrated to achieve PaO2 of 60 
to 80 mm Hg with SaO2 or SpO2 90% or greater. Estimate of O2 
needs can be derived as follows:

FiO
PaO desired

PaO PAO ratio
PaCO

P PB H O
2

2

2 2
2 1 25

1

2

= + ×





×
−

.

where FiO2 required is the FiO2 needed to achieve a desired 
PaO2, PaO2/PAO2 is the initial PaO2 divided by the initial alveo-
lar partial pressure of oxygen (PAO2), PaCO2 is the initial PaCO2, 
PB is barometric pressure, and PH O2  is water vapor pressure. A 
simpler but less accurate calculation is the following:

FIGURE 48-6	 Nomogram	for	computing	PaO2/PAO2	ratio	and	predicting	FiO2	required	for	desired	PaO2.	To	use	the	nomogram,	first	
align	the	patient’s	current	PaCO2	and	FiO2	(left two columns)	with	a	straight	edge.	This	line	intersects	the	vertical	line	corresponding	to	the	
patient’s	PAO2	(third column).	Draw	a	horizontal	line	from	this	point	to	the	vertical	line	corresponding	to	the	patient’s	PaO2.	The	diagonal	line	
at	this	point	(or	one	interpolated	from	the	nearest	diagonal	lines	bracketing	it)	is	the	PaO2/PAO2	ratio.	PaCO2	of	40	mm	Hg	and	FiO2	of	50%	
give	PAO2	of	about	310	mm	Hg.	If	PaO2	is	50	mm	Hg,	PaO2/PAO2	is	about	0.15.	To	predict	FiO2	required	for	PaO2	of	70	mm	Hg,	follow	the	
diagonal	line	representing	0.15	up	to	where	it	intersects	the	vertical	line	representing	PaO2	=	70	mm	Hg.	From	this	point,	draw	a	horizontal	
line	to	the	left	intersecting	the	PAO2	column	at	about	450	mm	Hg.	Connect	this	point	to	the	present	PaCO2	(40	mm	Hg)	and	note	that	the	
line	passes	through	the	required	FiO2	of	about	70%.	(From	Chatburn	RL,	Lough	MD:	Handbook	of	respiratory	care,	Chicago,	1990,	Year	
Book	Medical	Publishers.)
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(and SpO2) with FiO2 less than 0.6. Generally, the PEEP level 
needed to achieve PaO2 of at least 60 mm Hg (SpO2 ≥90%) with 
FiO2 of 0.40 to 0.50 or less is the minimum PEEP. With this 
approach, the least PEEP or CPAP level needed to achieve this 
therapeutic end point is applied.1

Optimal or Best Positive End Expiratory 
Pressure Based on Oxygen Delivery
Optimal or best PEEP may be defined as the PEEP that maxi-
mizes oxygen delivery (DO2). Oxygen delivery is calculated as 
cardiac output ( �QT) multiplied by oxygen content (CaO2):

DO Q CaOT2 2= ×�

For the optimal PEEP level, PEEP is increased in increments 
of 2 cm H2O. Blood pressure, mixed venous O2 levels (partial 
pressure of oxygen in mixed venous blood [PvO2], mixed 
venous oxygen saturation [SvO2], arteriovenous oxygen content 
difference [C a v O( )− 2]) cardiac output, and cardiac index are 
assessed. PEEP is increased incrementally until there is a decline 
in O2 delivery, at which point the best or optimal PEEP has been 
exceeded. PEEP is adjusted down to the previous level that 
represents the “best” PEEP. Table 48-7 shows an example of a 
PEEP study for determining optimal PEEP based on O2 delivery. 
In Table 48-7, as PEEP is increased from 8 cm H2O to 10 cm 
H2O to 12 cm H2O, PvO2, SvO2, and O2 delivery increase with 

Once the desired PaO2 and saturation are reached, monitor-
ing should be continued. Generally, O2 levels are titrated up and 
down as needed with adjustments in FiO2 of 0.05 to 0.10 to 
maintain PaO2 of 60 to 80 mm Hg with SpO2 of 90% to 95%. 
Titration is followed by pulse oximetry. SpO2 of 88% to 90% 
may be acceptable for patients who need FiO2 of 0.60 or more.

FIGURE 48-7	 Curves	represent	the	physiologic	factors	that	
change	during	the	application	of	PEEP	and	CPAP.	As	PEEP	level		
is	increased,	PaO2,	FRC,	and	static	compliance	(Cs)	normally	
increase.	Cardiac	output	(CO)	(shaded area)	can	increase	slightly,	
stay	the	same,	or	decrease.	Optimum	PEEP	level	can	be	expected	
to	occur	when	PaO2,	FRC,	and	Cs	are	high.	CO	should	be	
maintained	near	normal	so	that	O2	transport	to	the	tissues	remains	
high.	(Modified	from	Pilbeam	SP:	Mechanical	ventilation:	
physiological	and	clinical	applications,	ed	3,	St	Louis,	1998,	
Mosby.)
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RULE OF THUMB

If	a	patient’s	oxygenation	status	is	unknown,	or	if		
the	patient’s	condition	is	unstable	or	critical,	begin	
ventilatory	support	with	FiO2	of	1	until	PaO2,	SaO2,	or	
SpO2	can	be	assessed.

 Box 48-13 Titrating Fractional Inspired 
Oxygen Down from an Initial 
Starting Point of 1.0 According  
to Initial PaO2 and Pulse 
Oximetry Findings

Initial PaO2 on 
FiO2 1.0 (mm Hg)

FiO2

Step 1 Step 2 Step 3 Step 4 Step 5

>300 0.80 0.60 0.50 0.40 0.35*
200-300 0.80 0.60 0.50 0.40* —
150-199 0.80 0.60* — — —
100-149 0.80* — — — —

Decrease	FiO2	to	the	target	value	in	steps,	and	perform	
pulse	oximetry	or	arterial	blood	gas	measurements.	Patients	
should	continue	to	receive	a	given	FiO2	long	enough	to	ensure	
equilibration	and	acceptable	SpO2	before	further	reductions	are	
made	in	FiO2.	This	procedure	takes	20	minutes	per	FiO2	change	
for	most	patients	and	up	to	30	minutes	for	patients	with	
obstructive	disease.	It	usually	is	safe	to	continue	to	decrease	
FiO2	as	long	as	SpO2	is	greater	than	95%	(which	should	
correspond	to	a	PaO2	>	90	mm	Hg)	for	most	patients.	When	
SpO2	is	less	than	95%,	increase	or	decrease	FiO2	in	steps	of	
0.05	per	change.

*Target	FiO2	based	on	initial	PaO2.

Positive End Expiratory Pressure and 
Continuous Positive Airway Pressure

Various approaches to adjusting PEEP or CPAP have been sug-
gested over the years, including minimum PEEP, optimal or best 
PEEP, use of PEEP tables, PEEP titrated by compliance or pres-
sure-volume curves, and decremental PEEP trials. With acute 
restrictive disease, as PEEP or CPAP levels are increased, PaO2, 
SpO2, and static compliance tend to improve until the point at 
which lung overinflation occurs.47,48 As mean airway pressure 
increases, venous return decreases. The result may be a decrease 
in cardiac output. Figure 48-7 shows the physiologic factors that 
change during application of PEEP or CPAP. Several approaches 
to adjusting PEEP or CPAP are described later.

Minimum Positive End Expiratory Pressure
Minimum PEEP can be defined as the minimal PEEP needed 
to maintain recruited lung open and achieve adequate PaO2 
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MINI CLINI
Adjustment of Oxygen Concentration 
Down from 100%

PROBLEM:  At 9:00 am, mechanical ventilation is initiated 
with the following settings for a 70-kg (IBW) patient:
Mode: VA/C with the patient actively triggering the ventilator
VT: 420 ml/ 6.0 ml/kg /IBW
Rate: 20 to 26 breaths/min
FiO2: 1
PEEP: 5 cm H2O

An arterial blood gas is obtained 20 minutes after ventilator 
initiation:
FiO2: 1
PaO2: 225 mm Hg
pH: 7.42
PaCO2: 40 mm Hg
HCO3: 24 mEq/L
Base excess: +1 mEq/L

Calculated alveolar PAO2 and PaO2/PAO2 ratios are:

PAO FiO PB P PaCOH O2 2 22 1 25 663= − − × =( ) .

PaO PAO2 2 225 663 0 34= = .

What FiO2 is needed to achieve a target PaO2 of 80 mm Hg?

Solution:  The following equation and normal barometric 
pressure (PB = 760), lead to the calculation:

FiO required
PaO desired

PaO PAO ratio
PaCO

PB
2

2

2 2
2 1 25

1
= + ×





×.
−−

= + ×



 ×

−
=

PH O2

80

0 34
40 1 25

1

760 47
0 40

.
. .

An alternative calculation would be:

Initial Desired

PaO FiO PaO FiO2 2 2 2=
225 1 80 2= FiO desired

FiO desired2 80 1 225 80 225 0 36= × = =( ) .

What should the clinician do now?
The target O2 concentration to achieve a PaO2 in the range 

of 60 to 80 mm Hg (with 80 mm Hg as the specific target for 
the purpose of this calculation) would be approximately 40%. 
However, it is suggested that for adjusting down from 100% 
after initial ventilator setup, changes in FiO2 be limited to 0.20 
in the range of FiO2 1 to 0.50 and 0.10 to 0.05 below FiO2 of 
0.50. Each change in FiO2 should be followed by oximetry and 
patient assessment.

In this example, the FiO2 can be decreased in a stepwise 
manner, as follows:

Time FiO2 SpO2 (%)

9:30 am 1 99
9:45 am 0.80 99
10:00 am 0.60 98
10:15 am 0.50 97
10:30 am 0.45 97
10:45 am 0.40 95

Arterial blood gas on FiO2 of 0.40 reveals a PaO2 of 
80 mm Hg.

MINI CLINI
Adjusting Fractional Inspired Oxygen

PROBLEM:  A 65-kg (IBW) patient in the ICU is receiving 
mechanical ventilation in the VA/C mode. The patient’s arterial 
blood gas values and related ventilator settings are:
Mode: VA/C the patient is not breathing spontaneously
FiO2: 0.40
PaO2: 50 mm Hg
VT: 450 ml (7ml/Kg IBW)
pH: 7.4
Rate: 22 breaths/min
PaCO2: 40 mm Hg
PEEP: 10 cm H2O
HCO3: 24 mEq/L
Base excess: +1 mEq/L

What FiO2 would be required to increase this patient’s 
PaO2 to 60 mm Hg?

Solution:  First, calculate the patient’s current PAO2 and 
PaO2/PAO2 ratio:

PAO FiO PB P PaCO

m

H O2 2 22 0 8

0 40 760 47 40 0 8

285 50 235

= − −
= − −
= − =

( ) .

. ( ) .

mm Hg

PaO PAO2 2 50 235 0 21= = .

Next, calculate the FiO2 needed to achieve the desired PaO2 
of 60 mm Hg:

FiO required
PaO desired PaCO

PaO PAO ratio P PB H O
2

2 2

2 2

1 25 1

2

= + × ×
−

.





= + × ×
−







= × =

60 40 1 25 1

0 21760 47

335 7 1

713
0 47

( . )

.

.
.

For this patient, if the FiO2 is increased from 0.40 to 0.50, 
the PaO2 should increase from 50 to 60 mm Hg. An alternative 
calculation, based on PaO2/FiO2 ratio, would be:

Actual Desired

PaO FiO PaO FiO2 2 2 2=

Solving for FiO2, this becomes:

FiO required PaO desired FiO actual PaO actual2 2 2 2

60 0 40 50

= ×
= ×

( )

( . )) .= 0 48

To increase this patient’s PaO2 to greater than 60 mm Hg 
would require increasing FiO2 to approximately 0.50. Although 
FiO2 of 0.50 or less is acceptable, as an alternative, the RT may 
consider increasing PEEP to 12 cm H2O and then perform a 
clinical assessment, including evaluation of the effect of the 
increase on blood pressure, compliance, and arterial blood 
gases.
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TABLE 48-7 

Example of an Incremental Positive End Expiratory Pressure Study Including Ventilation, Oxygenation, and 
Hemodynamic Data*

Value PEEP = 8 PEEP = 10 PEEP = 12 PEEP = 14 PEEP = 16

Time	(min) 0 20 40 60 80
VT	(L) 0.6 0.6 0.6 0.6 0.6
f	(breaths/min) 16 16 16 16 16
FiO2	(%) 80 80 80 80 80
PEEP	(cm	H2O) 0 5 10 15 20
I	:	E	ratio 1	:	2.7 1	:	2.7 1	:	2.7 1	:	2.7 1	:	2.7
Ppeak	(cm	H2O) 30 32 35 42 50
Pplat	(cm	H2O) 25 27 29 36 43
Cs	(ml/cm	H2O) 24 27 32 29 26
PaCO2	(mm	Hg) 43 42 43 42 44
pH 7.38 7.37 7.39 7.35 7.32
PaO2	(mm	Hg) 52 66 87 90 97
SaO2	(%) 86 92 96 97 98
PvO2

	(mm	Hg) 32 35 37 37 36
SvO2	(mm	Hg) 61 66 71 69 64
Blood	pressure	(mm	Hg) 131/78 133/82 130/79 125/74 110/69
Cardiac	output	(L/min) 5.9 5.7 5.9 5.4 4.8
DO2	(ml/min) 989 1022 1105 1021 917

*When	first	reviewing	a	PEEP	study,	observe	changes	in	the	following:	(1)	airway	pressure,	(2)	blood	pressure,	(3)	arterial	oxygen	(PaO2,	SaO2)	and	mixed	
venous	oxygenation	(PvO2,	SvO2),	and	(4)	oxygen	transport	(DO2).	With	increases	in	PEEP,	PaO2	and	saturation	improve;	airway	pressure	increases;	
compliance	improves	and	then	decreases	at	higher	levels	of	PEEP;	and	oxygen	transport	(DO2)	improves	and	then	declines.	Optimum	PEEP	for	this	patient	is	
12	cm	H2O	because	it	provides	the	best	arterial	oxygenation	(PaO2,	SaO2)	without	a	decline	in	cardiac	output.

no decline in cardiac output ( �QT) or blood pressure. However, 
when PEEP is increased to 14 cm H2O, SvO2, O2 delivery, �QT, 
and blood pressure decline, indicating that optimal PEEP for 
this patient has been exceeded. The best PEEP for this patient 
would be 12 cm H2O. Before determining PEEP using this 
approach, it is critical that the patient’s hemodynamic status  
is stabilized. Patients with a compromised hemodynamic  
status generally do not tolerate PEEP titration without further 
compromise.

Compliance-Titrated Positive End  
Expiratory Pressure
With the compliance-titrated technique, PEEP is increased in 
increments of 2 cm H2O, and the patient’s estimated static com-
pliance (Cs) is measured:

Cs
Volume delivered ml

P P PEEP CPAPplat baseline

=
−

( )

( )

where total PEEP equals the sum of applied PEEP plus 
auto-PEEP.

Best PEEP has been exceeded at the point where an increase 
in PEEP is followed by a decrease in compliance. PEEP is 
reduced to the previous level, and this is optimal PEEP based 
on compliance.48 For the example shown in Table 48-7, the best 
PEEP based on compliance would be 12 cm H2O. Regional lung 
overdistention and declines in cardiac output can occur at levels 
less than compliance-titrated best PEEP, and consequently 
hemodynamic status should be optimized before any PEEP 
trial.

Positive End Expiratory Pressure Titrated 
With Pressure-Volume Curves as Part of a 
Lung Protective Strategy
A lung protective strategy that has been shown to improve 
outcome in ARDS includes use of a low VT (4 to 8 ml/kg) and 
PEEP set 2 cm H2O above the lower inflection point (Pflex) on 
a pressure-volume curve.24,25 This strategy requires the use of 
static pressure-volume curves or slow-flow pressure-volume 
curves to determine best PEEP. To obtain a static pressure-
volume curve, the RT passively inflates the patient’s lungs with 
varying volumes in increasing increments of 50 to 100 ml. At 
each end point, static pressure is obtained by means of applica-
tion of an end inspiratory pause, and the resultant pressure-
volume curve is plotted (Figure 48-8). Upper and lower 
inflection points typically can be determined. The lower inflec-
tion point is thought to be the point at which alveolar recruit-
ment begins. The upper inflection point indicates lung 
overdistention. PEEP is set at approximately 2 cm H2O above 
the lower inflection point (Pflex). Determining PEEP level using 
the Pflex value may be done after a lung recruitment maneuver 
(see later). VT is adjusted to ensure that the upper inflection 
point is not exceeded during inspiration.

Calculating the static pressure-volume curve is technically 
difficult and time-consuming.12 An alternative is to use the 
slow-flow pressure-volume curve. A slow-flow curve (≤6 L/
min) may also identify the lower inflection point for the pur-
poses of setting PEEP (Figure 48-9). However, in either case, 
some patients do not have a lower inflection point. In about 
25% of patients, the Pflex cannot be identified from the 
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an I : E of 1 : 1 to 1 : 2 at a rate of 15 to 20 per minute. All recruit-
ment maneuvers are performed with 100% O2. If this initial 
approach to lung recruitment does not open the lung, PEEP can 
be set higher in increments of 5 cm H2O, and the recruitment 
repeated after the patient has totally stabilized from the previ-
ous maneuver (>30 minutes). The maximum safe peak pressure 
during a recruitment maneuver is 50 cm H2O. Peak pressures 
greater than 50 cm H2O increase the likelihood of barotraumas 
during the maneuver.52,53

The best method of establishing optimal PEEP after recruit-
ment is a decremental PEEP trial.49,51,53,56 It is best to perform 
the trial in volume ventilation because the easiest bedside 
method of identifying the optimal PEEP is to determine the best 
compliance PEEP. The best oxygenation PEEP can also be deter-
mined. It takes only about 1 to 2 minutes for the compliance to 
stabilize when PEEP is changed, but at least 20 minutes is 
required for PaO2 to stabilize after a PEEP adjustment.

To perform the trial, PEEP should begin at 20 to 25 cm H2O 
but always at PEEP higher than expected necessary to maintain 
the lung open. VT during the decremental PEEP trial is usually 
set at 4 to 6 ml/kg IBW depending on Pplat. Inspiratory time is 
set at 0.6 to 0.8 second, and rate is at the highest level that does 
not result in auto-PEEP. First, the compliance is recorded at 
these settings after stabilization. Then the PEEP is decreased 
2 cm H2O, and the compliance again is allowed to stabilize. The 
process is continued until the best compliance PEEP can be 
identified. Generally, compliance is low at the starting PEEP (20 
to 25 cm H2O) because of overdistention. As PEEP is decreased, 
compliance improves until it peaks and then starts to decrease 

pressure-volume curve.25 In addition, observer variability in 
identifying the lower inflection point can be significant.50

Positive End Expiratory Pressure and Lung 
Recruitment Maneuvers
Various lung recruitment maneuvers have been suggested for 
improving � �V/Q and reducing shunting in patients with ARDS. 
These maneuvers include several variations that incorporate 
CPAP25,51,52 or the use of PCV with high PEEP levels.49,53 Regard-
less of approach, before any lung recruitment maneuver is  
performed, the patient must be hemodynamically stable and 
sedated to apnea. Neuromuscular paralysis is unnecessary, but 
the patient must be accepting of passive ventilation at high 
pressures. Hemodynamic stability is crucial because of the  
high intrathoracic pressures established during all recruitment 
maneuvers, although the few data that are available indicate that 
pressure control recruitment maneuvers are better tolerated 
than CPAP recruitment maneuvers.54,55 The original recruit-
ment techniques applied 40 to 45 cm H2O CPAP for 30 to 40 
seconds.25,51,52 For recruitment maneuvers to be successful, they 
should be performed as early as possible after the patient is 
stabilized on the ventilator.51-53 The longer the length of 
mechanical ventilation before the recruitment maneuver, the 
greater the likelihood that the maneuver will fail. See Box 48-14 
for details on the performance of lung recruitment maneuvers 
and decremental PEEP trials.

The most widely accepted approach to recruiting the lung is 
the use of PCV. With this approach, PEEP is set higher than 
levels needed to maintain the recruited lung open, usually 
between 20 cm H2O and 25 cm H2O; a pressure control level 
15 cm H2O above this is then set. Ventilation is provided with 

FIGURE 48-8	 Static	pressure-volume	curve	of	a	patient	with	
ARDS.	Volume	is	increased	in	increments	of	approximately	100	ml,	
inspiratory	Pplat	is	measured,	and	a	pressure-volume	curve	is	
plotted.	Straight	lines	(A, B,	and	C)	are	drawn	tangent	to	the	curve,	
and	the	lower	inflection	point	(LIP)	and	the	upper	inflection	point	
(UIP)	are	identified.	PEEP	is	adjusted	to	approximately	2	cm	H2O	
above	the	LIP.	
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 Box 48-14 Performing a Lung Recruitment 
Maneuver and Decremental 
Positive End Expiratory  
Pressure Trial

•	 General	approach:	PCV
•	 PEEP:	20	to	25	cm	H2O
•	 Pressure	control	setting:	15	cm	H2O
•	 Inspiratory	time:	1	to	2	seconds
•	 Rate:	15	to	20/min
•	 Duration	2	to	3	min

Immediately	followed	by	a	decremental	PEEP	trial
•	 Mode:	Volume	control
•	 PEEP:	20	to	25	cm	H2O
•	 VT:	4	to	6	ml/kg	IBW
•	 Rate:	Highest	rate	avoiding	auto-PEEP
•	 Ventilate	until	dynamic	compliance	stabilizes	1	to	2	minutes
•	 Record	compliance
•	 Decrease	PEEP	by	2	cm	H2O
•	 Ventilate	until	dynamic	compliance	stabilizes	1	to	2	minutes
•	 Decrease	PEEP	by	2	cm	H2O
•	 Ventilate	until	dynamic	compliance	stabilizes	1	to	2	minutes
•	 Continue	this	until	PEEP	level	that	results	in	the	best	

compliance	is	identified
•	 Repeat	the	recruitment	maneuver
•	 Set	PEEP	at	best	compliance	PEEP	plus	2	to	3	cm	H2O

Before	performing	a	recruitment	maneuver,	ensure	that	the	
patient	is	hemodynamically	stable	and	sedated	to	apnea.
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the decremental PEEP trial. After this second recruitment, PEEP 
is set at the optimal level determined during the decremental 
trial.

A recruitment maneuver should be stopped if there is a 
decrease in SpO2 to less than 85%, a significant change in heart 

because of derecruitment and atelectasis.49 The best compliance 
PEEP is increased by 2 to 3 cm H2O because the best compli-
ance PEEP underestimates the best oxygenation PEEP by 2 to 
3 cm H2O.49 After identifying the optimal PEEP level, the lung 
must be recruited again because derecruitment occurred during 

FIGURE 48-9	 A,	Pressure-volume	curves	generated	by	a	ventilator	graphics	package	with	the	flow	set	at	60	L/min,	30	L/min,	and	
15	L/min.	As	flow	is	decreased,	the	curve	shifts	to	the	left	and	more	closely	approximates	a	static	pressure-volume	curve.	Flow	of	less	than	
6	L/min	is	recommended	for	identifying	the	lower	inflection	point	(LIP)	from	a	slow-flow	pressure-volume	curve.	B,	Slow-flow	pressure-
volume	curve	with	use	of	a	set	rate	of	5	breaths/min,	I	:	E	ratio	of	1.5	:	1,	and	VT	of	500	ml.	LIP	is	approximately	8	cm	H2O.	The	respiratory	
cycle	time	is	12	seconds	(cycle	time	=	60/f	=	60/5	=	12	seconds).	An	I	:	E	ratio	of	1.5	:	1	results	in	an	inspiratory	time	of	4.8	seconds.	
Inspiratory	flow	is	VT/Ti	=	0.5	L/4.8	sec	=	0.104	L/sec,	or	approximately	6	L/min.	
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rate (>140 beats/min or <60 beats/min), a significant change 
in mean arterial blood pressure (<60 mm Hg or a decrease 
>20 mm Hg from baseline), the development of cardiac 
arrhythmia, or any indication that barotraumas occurred.51 
More recent meta-analyses indicate that the use of high PEEP 
benefits patients with moderate to severe ARDS but does not 
benefit patients with mild ARDS.40,41

Positive End Expiratory Pressure Tables
The ARDS Clinical Network study used an FiO2-PEEP table to 
adjust PEEP levels.2 Using this approach, PEEP and FiO2 are 
alternately adjusted to obtain PaO2 of 60 to 80 mm Hg or SpO2 
90% or greater (see Box 48-7). The table offers higher and lower 
PEEP options. For the lower PEEP option, PEEP is set at 5 to 
10 cm H2O with FiO2 of 0.30 to 0.70; the higher PEEP option 
sets PEEP at 12 to 20 cm H2O in the same FiO2 range. The 
higher PEEP option should be reserved for patients who may 
benefit from higher PEEP in terms of lung recruitment and who 
have a stable blood pressure and no barotrauma. Of all the 
approaches to setting PEEP, this is the approach least based on 
the physiology of the patient. It is a reasonable approach to 
establish initial PEEP, but it is generally a poor choice for further 
adjustment of PEEP.

Other Techniques for  
Improving Oxygenation

The primary techniques for optimizing oxygenation in patients 
receiving mechanical ventilatory support are adjusting FiO2 and 
PEEP. Other techniques that may be helpful in improving arte-
rial O2 levels include optimizing the patient’s hemodynamic 
status, providing good bronchial hygiene, prone positioning, 
and extracorporeal membrane oxygenation (ECMO). Some cli-
nicians have also used techniques to prolong inspiratory time 
and reverse the I : E ratio. However, approaches focused on 
increasing inspiratory time have not been shown to be better 
than properly set PEEP and are associated with marked hemo-
dynamic compromise.

Bronchial Hygiene
In many patients, turning, sitting up, and getting out of bed into 
a chair can be helpful in improving oxygenation. Upright posi-
tioning (30 to 45 degrees) seems to be beneficial for ventilated 
patients, and supine positioning may increase the risk of pneu-
monia, especially in patients receiving enteral feeding or with a 
decreased level of consciousness.57 Elevation of the head of the 
bed greater than 30 degrees has been recommended in all ven-
tilated patients to reduce the incidence of ventilator-associated 
pneumonia. Special rotational beds can be used to optimize 
PaO2 in selected patients. Postural drainage, adequate humidi-
fication, and bronchodilator therapy all may improve oxygen-
ation and should be considered in the care of ventilated patients 
when not specifically contraindicated.

Prone Positioning
Prone positioning may be an effective technique for improving 
oxygenation in some patients with ARDS.58-61 Prone positioning 

MINI CLINI
Use of Positive End Expiratory Pressure

PROBLEM:  A 30-year-old, 80-kg (IBW) man is in the critical 
care unit because of blunt trauma to the chest after a motor 
vehicle accident. The patient’s initial mechanical ventilatory 
support settings are as follows:
Mode: = Assist/control volume ventilation, VT: 500 ml (6 ml/

kg IBW)
Rate: 20 breaths/min
FiO2: 0.70
PIP: 35 cm H2O
Pplat: 30 cm H2O
PEEP: 0

Arterial blood gas analysis yielded the following results:
pH: 7.38
PaO2: 48 mm Hg
PaCO2: 36 mm Hg
SaO2: 81%

The RT considers a recommendation that PEEP be insti-
tuted. What are the goals of this type of adjunctive therapy, and 
what are some of the potential adverse effects of PEEP of which 
the RT should be aware?

Solution:  The general goals of PEEP are to stabilize and 
maintain open alveolar units to achieve adequate oxygenation 
and to avoid potentially unsafe levels of FiO2 and inflation 
pressure. Improvement is most commonly assessed with PaO2 
or SpO2, compliance and measurement of blood pressure and 
cardiac output.

At least 5 cm H2O PEEP should be used in all acutely ven-
tilated patients unless the patient is too hemodynamically 
unstable to tolerate the use of PEEP. When PaO2 does not 
respond to a high FiO2, the condition is referred to as refractory 
hypoxemia. An appropriate initial PEEP for this patient would 
be 10 cm H2O because of the patient PaO2/FiO2 ratio of 69, 
severe ARDS, and arterial blood gases, Pplat, and blood pressure, 
should be assessed. As the level of PEEP is increased, the RT 
must be alert for signs of decreased cardiac output. Measure-
ment of effective compliance and Pplat is also indicated. In all 
cases, the lowest PEEP level that provides acceptable oxygen-
ation should be selected.

may improve PaO2, decrease shunt fraction, and reduce mortal-
ity in patients with severe ARDS when it is initiated early and 
applied for most of the day.62 Although improvement in PaO2 
may be dramatic and sustained (up to 12 hours), not all patients 
benefit from prone positioning. The procedure is not without 
risk. Care must be taken to ensure that endotracheal tubes, 
intravenous lines, and catheters are not blocked or dislodged. 
The patient may also have skin breakdown at specific pressure 
points (face, sternum, hips, knees), and facial or eyelid edema 
may occur, although the latter is primarily a cosmetic concern 
that resolves quickly when the patient returns to a supine or 
sitting position.63 The most serious complication is corneal 
abrasion necessitating corneal transplantation.63,64 Prone posi-
tioning is labor-intensive, often requiring two nurses, an RT, 
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The relationship between arterial PaCO2, alveolar ventilation 
( �VA), and CO2 production ( �VCO2) is described as follows:

PaCO VCO VA2 20 863= ( . )( )� �

Arterial PaCO2 is considered the best index of effective ven-
tilation. Increases in �VA or decreases in �VCO2 result in a decrease 
in PaCO2, whereas increases in �VCO2 or decreases in �VA  result 
in an increase in PaCO2. If there is no change in �VCO2, the 
following relationships can be used to estimate the effect of 
changes in �VA  on PaCO2:

Initial Desired

PaCO V PaCO VA A2 1 1 2 2 2( ) ( ) ( ) ( )× = ×� �

The foregoing predictive equation can be used during 
mechanical ventilation with the following modifications:

PaCO V V f PaCO V V fT Dphys T DSphys2 1 1 1 1 2 2 2 2( ) ( ) ( ) ( ) ( ) ( ) ( ) (( ) ( )− = − 22)

For changes in rate alone, if there is no change in �VCO2 or 
VDphys, this becomes:

Initial Desired

PaCO f PaCO f2 1 1 2 2 2( ) ( ) ( ) ( )× = ×

For changes in VT alone, this becomes:

Initial Desired

PaCO V PaCO VT T2 1 1 2 2 2( ) ( ) ( ) ( )× = ×

A major goal of mechanical ventilatory support is optimiza-
tion of the patient’s ventilation and PaCO2; however, this does 
not mean normalization of PaCO2. Acceptable arterial pH and 
alveolar PCO2 are assessed by Pplat. For many patients, the level 
of ventilatory support is adjusted to achieve a PaCO2 of 35 to 
45 mm Hg with a pH of 7.35 to 7.45. In the care of patients 
with acute exacerbation of COPD and accompanying chronic 
ventilatory failure, the clinician may target ventilatory support 
to achieve the patient’s “normal” PaCO2 and pH. For patients 
with COPD and chronic hypercapnia, the target PaCO2 may be 
50 to 60 mm Hg with a pH of 7.30 to 7.35. In patients with 
severe ARDS, a PaCO2 of 70 mm Hg with an acidic pH may 
have to be accepted to protect the lung from ventilator-induced 
lung injury. The sicker the patient, the more likely the clinician 
is to accept oxygenation and acid-base values that greatly deviate 
from normal. Regardless of the patient’s condition, optimizing 
pH is more important than targeting a specific PaCO2 value.1,9 
Box 48-16 presents an example of the effect of change in �VA 
on PaCO2.

and a physician to “flip” the patient. Numerous early random-
ized controlled trials have evaluated the impact of prone  
positioning on survival in ARDS58-61; however, none of the 
trials have shown improved outcome. A more recent meta-
analysis indicated improved survival in patients with the most 
severe lung injury—patients with PaO2/FiO2 ratio less than 
100 mm Hg.62 A recent randomized control trial verified the 
meta-analysis finding.65 As a result, prone positioning should 
be reserved for severe ARDS (PaO2/FiO2 < 100 mmHg) and 
after lung recruitment and appropriate PEEP titration has been 
preformed. Similar to all lung protective approaches to ventila-
tory support, prone positioning should be used early in the 
course of ARDS if it is to be beneficial.

The mechanism of action of prone positioning is unclear. In 
ARDS, dorsal lung injury tends to increase shunt and decrease 
� �V/Q, resulting in hypoxemia. Supine positioning tends to 

increase regional pressure in the dependent, or dorsal, portions 
of the lungs. Prone positioning may improve � �V/Q  and reduce 
shunting by removing the pressure of the heart on the dorsal 
regions, causing regional dorsal traction, which may promote 
lung opening. The recommended technique for prone position-
ing is outlined in Box 48-15.

VENTILATION

Alveolar ventilation is determined by respiratory rate, VT, and 
dead space and is described by the following equation:

�V V V fA T Dphys= −( )

where �VA is alveolar ventilation, VT is tidal volume, VDphys is 
physiologic dead space, and f is respiratory frequency or rate. 

 Box 48-15 Prone Positioning

Preparation	for	prone	positioning	includes	the	following:
•	 Adequate	sedation	of	patient
•	 Clear	assignment	of	responsibilities	between	team	members
•	 Moving	the	patient	to	one	side	of	the	bed
•	 Checking	all	lines	for	length
•	 Checking	the	security	of	the	endotracheal	tube
•	 Endotracheal	suctioning
•	 Preoxygenation	with	100%	O2

•	 Checking	all	vital	signs
The	turn	includes:

•	 Tipping	the	patient	to	the	side
•	 Securing	electrocardiogram	leads
•	 Turning	the	patient	prone
•	 Turning	the	patient’s	head	toward	the	ventilator

Care	after	the	turn	includes:
•	 Checking	artificial	airway
•	 Checking	all	lines
•	 Checking	ventilator	pressure	and	volume
•	 Monitoring	vital	signs
•	 Repositioning	and	recalibrating	pressure	transducers
•	 The	patient	needs	supports	(pillows)	for	each	side	of	chest	

and	forehead	so	that	the	endotracheal	tube	and	head	are	
not	compromised.

 Box 48-16 Example of the Effect of Change 
in �VA on PaCO2

If	a	patient	has	an	initial	PaCO2	of	50	mm	Hg	with	a	
corresponding	alveolar	ventilation	( �VA)	of	4	L/min,	what	level	of	
alveolar	ventilation	is	required	to	decrease	the	PaCO2	to	
40	mm	Hg	(if	there	is	no	change	in	 �V COA 2)?

If	the	patient’s	 �VA	is	increased	from	4	L/min	to	5	L/min,	the	
PaCO2	should	decrease	from	50	mm	Hg	to	40	mm	Hg.
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mode with VT of 600 ml (7.5 ml/kg) and resultant PaCO2 of 
30 mm Hg, the change in VT to achieve a PaO2 of 40 mm Hg 
would be calculated as follows:

Initial Desired

PaCO V PaCO VT T2 1 1 2 2 2( ) ( ) ( ) ( )× = ×
30 600 40 2× = × VT( )

V mlT( ) ( )2 30 600 40 450= × =

For this patient, a decrease in VT from 600 ml to 450 ml 
results in an increase in PaCO2 from 30 mm Hg to 40 mm Hg. 
This is directly altered in volume ventilation by changing the 
tidal volume or indirectly by decreasing the pressure control 
level in pressure ventilation. Several warnings should be kept in 
mind for changes in VT. First, VT should be within the preferred 
range for a given patient condition. In the example, new VT 
(450 ml) represents 5.6 ml/kg IBW, which is an acceptable 
value. VT should be small enough to avoid lung injury and 
maintain Pplat at less than 28 cm H2O. Second, in this equation, 
�VCO2 and VDphys are assumed to be constant because changes 
in �VCO2 or VDphys affect PaCO2. Activity, agitation, fever, and 
overfeeding may increase �VCO2, whereas sedation, paralysis, or 
sleep may decrease �VCO2. VDphys changes with changes in airway 
pressure, and increases in ventilator VT may result in increased 
dead space. Development of pulmonary emboli or hemody-
namic instability may abruptly increase VDphys.

Mechanical Dead Space. Mechanical dead space is defined 
as the volume of gas rebreathed as the result of a mechanical 
device. Large-bore tubing attached between the patient “wye” 
and the patient connection serves as mechanical dead space, 
and 6 inches (15 cm) of large-bore tubing represents a volume 
of approximately 50 to 70 ml.

For ventilation of tracheostomy patients, 6 inches (15 cm) 
of mechanical dead space often is used to keep the weight of 
the “wye” connection and tubing off of the tracheostomy tube 
and to give additional flexibility to the circuit for patient move-
ment. Mechanical dead space usually is not used for endotra-
cheally intubated patients, and the addition of mechanical dead 
space can serve as a cause for an increase in PaCO2. Mechanical 
dead space is a primary concern in patients with severe ARDS 
in whom VT is 4 to 6 ml/kg IBW, and as a result PaCO2 is ele-
vated. The simple removal of mechanical dead space in these 
patients in some cases can markedly improve CO2 elimination. 
HME filters are another major cause of mechanical dead space. 
Depending on the brand, 80 ml of dead space can be added by 
these devices.

In healthy persons, VDphys and anatomic dead space are 
approximately the same and can be estimated at approximately 
1 ml/lb or 2.2 ml/kg IBW. Although healthy persons have a dead 
space-to-tidal volume (VD/VT) ratio of approximately 0.20 to 
0.40, a VD/VT ratio greater than 0.50 is common among venti-
lated patients.

Control of PaCO2 in Synchronized 
Intermittent Mandatory Ventilation Mode
In the SIMV mode, machine breaths are interspersed with 
spontaneous breathing, and the spontaneous breaths may be 

Adjusting Tidal Volume and Rate

VT and rate may be adjusted for a desired level of ventilation as 
assessed by PaCO2. VT usually is based on specific patient con-
siderations but ideally should never result in Pplat greater than 
28 cm H2O. Respiratory rate is adjusted to achieve the desired 
PaCO2. Normal resting VT of healthy individuals is 6.3 ml/kg 
IBW. In most critically ill patients, VT should be in the range of 
4 to 8 ml/kg IBW. In patients with improving respiratory func-
tion ready for extubation, VT of 9 to 10 ml/kg IBW may be 
acceptable; however, VT greater than 10 ml/kg IBW should 
never be selected for a critically ill patient.

Apnea (Controlled Ventilation)
In an apneic patient, precise control of PaCO2 usually can be 
achieved with pressure or volume ventilation because the ven-
tilator rate and VT are determined directly or indirectly by the 
clinician.

Rate. In the care of apneic patients, the clinician has com-
plete control over the patient’s rate, and changes in ventilator 
rate can be used precisely to alter PaCO2. For rate changes alone 
(VT held constant):

Initial Desired

PaCO f PaCO f2 1 1 2 2 2( ) ( ) ( ) ( )× = ×

For example, if a patient’s initial rate was 18 breaths/min and 
resultant PaCO2 was 50 mm Hg, the rate change needed to 
decrease the patient’s PaCO2 to 40 mm Hg could be calculated 
as follows:

Initial Desired

PaCO f PaCO f2 1 1 2 2 2( ) ( ) ( ) ( )× = ×
50 18 40 2× = × f( )

f breaths min( ) ( )2 50 18 40 23= × =

For this patient, an increase in machine rate from 18 to  
23 breaths/min would decrease PaCO2 from 50 mm Hg to 
40 mm Hg. Two warnings must be kept in mind in the use of 
this predictive equation. First, it is assumed that �VCO2 is con-
stant. If there is an increase or decrease in �VCO2, the resultant 
PaCO2 would be different from the predicted value. Common 
causes of increased �VCO2 in the ICU include pain, agitation, 
anxiety, fever, overfeeding, increased activity, and fighting the 
ventilator. Decreases in �VCO2 may be caused by decreased 
activity, sedation, paralysis, anesthesia, or sleep. Second, the 
equation is based on the assumption that the patient is apneic. 
Patients who are triggering the ventilator in the assist/control 
mode determine their own PaCO2 on the basis of the assist rate. 
Patients in the SIMV mode who are spontaneously breathing 
may simply increase or decrease their level of spontaneous 
breathing and make PaCO2 prediction difficult. In addition, the 
primary factor that limits the selection of rate is the develop-
ment of auto-PEEP. If auto-PEEP develops, plateau pressure 
increases in volume ventilation and tidal volume decreases in 
pressure ventilation.

Tidal Volume. Changes in VT can be used to alter PaCO2. 
For a patient 80 kg IBW receiving ventilation in the control 
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appropriate VT and PSV level are selected, the primary method 
for adjusting PaCO2 is to increase or decrease SIMV rate.

After ventilator initiation, two different approaches may be 
taken. For full ventilatory support, an initial SIMV rate and VT 
are selected to provide 100% of the patient’s ventilatory require-
ments; for most adults, this means starting with VT of 6 to 8 ml/
kg IBW with SIMV rate of 15 to 20 breaths/min. Generally, a 
minute ventilation of approximately 100 ml/kg IBW is achieved 
with these initial settings. Arterial blood gas values are obtained 
20 to 30 minutes after initiation of mechanical ventilation, and 
SIMV rate is titrated up or down in increments of 2 breaths/
min until desired PaCO2 is achieved. Monitoring is continued, 
and adjustments are made by increasing or decreasing SIMV 
rate to maintain full ventilatory support until the patient’s con-
dition improves and ventilator discontinuation is considered.

Partial ventilatory support in the SIMV mode requires a dif-
ferent initial approach. Ventilation begins with VT and machine 
rate sufficient to provide full ventilatory support, and arterial 
blood gases are measured. If PaCO2 is adequate, the patient is 
immediately challenged with a decrease in SIMV rate of 2 
breaths/min. This procedure is followed by patient assessment 
and measurement of arterial blood gases, as indicated. If the 
resultant assessment values remain adequate, the patient con-
tinues to be challenged with decreases in SIMV rate until PaCO2 
increases. At that point, the patient’s ventilatory capacity has 
been exceeded, and SIMV rate is returned to the previous value. 
Box 48-17 provides an example of titration of the SIMV rate 
for partial ventilatory support after ventilator initiation in a 
spontaneously breathing patient.

Assist/Control Mode Volume Ventilation  
and PaCO2

Ventilator initiation in the VA/C mode begins with selection of 
initial VT and backup control rate to ensure a safe minimum 
level of ventilation. In PA/C, a pressure control level sufficient 
to establish desired VT is selected along with a backup as in 
VA/C. The patient is allowed to trigger the machine as often as 
desired above this backup rate, and the resultant assist rate is 
determined by the patient’s ventilatory drive. If the respiratory 
drive is intact, patients tend to trigger the ventilator at an appro-
priate rate to achieve adequate PaCO2 and pH. By allowing 
patients to set their own rates, the level of ventilation increases 
or decreases on the basis of the patient’s physiologic needs. 
Should the patient become apneic owing to sedation or sleep, a 
minimum backup control rate is provided.

Because the patient determines the level of ventilation, 
PaCO2 levels are regulated by the patient. However, problems 
arise when the patient triggers the ventilator at an inappropri-
ately rapid rate. Pain, anxiety, hypoxemia, secretions in the 
airway, and metabolic acidosis may contribute to an excessive 
trigger rate. The result can be an inappropriate I : E ratio and an 
inadequate expiratory time. These abnormal values may increase 
mean airway pressure, reduce venous return, and result in auto-
PEEP and overinflation and associated missed triggering of  
the ventilator, especially in patients with obstructive disease. 
Patients may fight the ventilator, resulting in high inspiratory 

MINI CLINI
Adjusting PaCO2 During 
Volume Ventilation

PROBLEM:  A 22-year-old man, 5 ft 10 in (178 cm) tall, being 
treated for a drug overdose is being ventilated with the follow-
ing settings:
Mode: VA/C
FiO2: 0.40
VT: 600 ml
Rate: 15 breaths/min
PIP: 20 cm H2O
Pplat: 13 cm H2O
PEEP: 5 cm H2O

The patient’s lungs are clear to auscultation, and there is  
no evidence of aspiration. Arterial blood gas values obtained 
15 minutes ago were:
PaO2: 80 mm Hg
PaCO2: 30 mm Hg
SaO2: 95%
HCO3: 24 mEq/L
pH: 7.52
Base excess: +2 mEq/L

The physician asks the RT to normalize this patient’s oxy-
genation and ventilatory status. What should the RT do?

Solution:  At this time, the patient is making no spontaneous 
breathing efforts. The patients’ oxygenation status is fine, and 
no adjustments are needed. In the absence of spontaneous 
breathing in the VA/C mode, PaCO2 can be adjusted by chang-
ing machine rate (f) or VT. Because the VT is large (600 ml), the 
correct adjustment would be to decrease the VT.

For prediction of the needed change in VT to increase PaCO2 
to 40 mm Hg, the following calculation could be performed:

Actual Desired

V PaCO V PaCOT T( ) ( ) ( ) ( )1 2 1 2 2 2× = ×
V Desired V PaCO PaCOT T( ) ( ) ( ) ( )( )2 1 2 1 2 2= ×

V Desired mlT( ) ( )2 600 30 40 458= × =

If VT is decreased to 450 ml, PaCO2 and pH should 
normalize.

PSV. PaCO2 can be decreased by increasing VT, increasing PSV 
for spontaneous breaths, or increasing the machine rate. Levels 
of PaCO2 may be increased by reducing the machine rate, 
decreasing VT, or decreasing the level of PSV for spontaneous 
breaths. As with apneic (control) ventilation, an appropriate VT 
should be selected on the basis of the patient’s condition and 
with the goal of keeping Pplat less than 28 cm H2O with VT 
ideally 4 to 8 ml/kg IBW depending on the patient’s pulmonary 
status. PSV level in the SIMV mode should be adjusted to over-
come WOBI; the usual range is 5 to 15 cm H2O, although higher 
levels may be needed by patients with high resistance. PSV 
should be adjusted to ensure that during spontaneous breath-
ing, WOB is not excessive. Accessory muscle use or suprasternal, 
intercostal, or substernal retractions during spontaneous 
breathing indicate the need to increase the PSV level. When 
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interruption using a sedation protocol may reduce the duration 
of mechanical ventilation.66,67 A last resort is pharmacologic 
controlled ventilation.12 In the presence of a metabolic acidosis, 
a sudden change from assisted ventilation at a rapid rate with 
the associated hyperventilation to controlled ventilation at a 
slower rate can result in severe acidosis, which can be life-
threatening. Other problems with controlled ventilation include 
patient safety, ventilatory muscle atrophy, and prolonged muscle 
weakness if paralytic agents are used for a prolonged period.

Pressure Support Ventilation  
and PaCO2

PSV is normally set at the level needed to establish a normal VT 
of 4 to 8 ml/kg IBW. To increase or decrease VT, the clinician 
simply increases or decreases the PSV level and observes the 
resultant VT on the ventilator exhaled volume monitoring 
screen. Because PSV is an assist mode, the patient is allowed to 
trigger the ventilator as desired. The result should be an ade-
quate PaCO2 and pH. In patients with an unstable ventilatory 
drive or periods of apnea, PSV should be avoided.

Pressure-Controlled Ventilation  
and PaCO2

Management of ventilation and PaCO2 during PCV is similar 
to PSV; the only difference between these two modes in a spon-
taneously breathing patient is the method of breath termina-
tion. With PSV, the breath is terminated as a result of the 
patient’s inspiratory flow decreasing to the termination cycling 
flow, whereas in PA/C, the breath is terminated when the inspi-
ratory time is reached. No other real differences in these modes 
exist in a spontaneously breathing patient.

To increase or decrease PaCO2 in the PCV mode, the RT can 
simply increase or decrease the pressure limit while observing 
the exhaled VT on the ventilator display monitor until desired 
VT is obtained. The most important problem with the use of VT 
to adjust PaCO2 in the PCV mode is that the peak pressure 
should not be increased greater than 28 cm H2O to avoid 
ventilator-induced lung injury.

In a patient receiving PCV, a change in the rate affects PaCO2 
in the same manner as in volume-controlled ventilation. If VT 
remains constant, an increase in rate decreases PaCO2 and vice 
versa. However, in the PCV mode, percent inspiratory time 
(%Ti) and I : E ratio may be fixed. If %Ti is constant, and respi-
ratory rate is increased, actual inspiratory time decreases, and 
VT also may decrease. Decreases in rate (%Ti and pressure limit 
constant) may result in an increase in delivered VT. The follow-
ing example shows this principle.

A patient receiving ventilation in the PCV mode has a pres-
sure control setting of 15 cm H2O, PEEP of 5 cm H2O, %Ti of 
50%, I : E ratio of 1 : 1, and rate of 20 breaths/min. In this 
example, respiratory cycle time can be calculated as follows:

Respiratory cycle f seconds= = =60 60 20 3

Inspiratory time (Ti) would be:

T T Respiratory cycle secondsi i= × = × =% . .0 50 3 1 5

pressure. In the event that a patient receiving ventilation in the 
assist/control mode is triggering the ventilator at an inappro-
priately high rate, the first step the RT should take is to identify 
the cause of the increased rate. Patient anxiety may be dimin-
ished with simple reassurance and encouragement to relax and 
“let the machine breathe for you.” Hypoxemia should be 
managed with appropriate O2 therapy and PEEP, if indicated. 
Secretions should be removed by suctioning, and bronchial 
hygiene techniques should be applied. The cause of metabolic 
acidosis should be identified and managed, if possible.

In some patients, appropriate sedation improves the ventila-
tory rate. Patients who begin fighting the ventilator after a  
previous period of calm may have a new and potentially life-
threatening complication. If a patient begins fighting the ven-
tilator, a careful assessment should be made to identify the 
problem. Often, careful attention to the ventilator trigger sen-
sitivity, flow rate, volume, and pressure is helpful, and admin-
istration of analgesic and sedative agents may be needed.12 If 
sedation is required, the use of intermittent sedation with daily 

 Box 48-17 Partial Ventilatory Support With 
Synchronized Intermittent 
Mandatory Ventilation

Mechanical	ventilation	is	initiated	in	the	SIMV	mode	for	a	70-kg,	
spontaneously	breathing	38-year-old	man.	Before	initiation	of	
ventilation,	the	patient’s	spontaneous	rate	was	30	breaths/min	
with	a	spontaneous	VT	of	200	ml.	Initial	ventilator	settings	are:

VT:	500	ml
SIMV	rate:	14	breaths/min
FiO2:	0.40
PSV:	+8	cm	H2O
PIP:	24	cm	H2O
Pplat:	18	cm	H2O
PEEP:	8	cm	H2O
Arterial	blood	gases	are	obtained	in	20	minutes,	with	the	

following	results:
PaO2:	88	mm	Hg
SaO2:	97%
pH:	7.38
PaCO2:	40	mm	Hg
HCO3:	24	mEq/L
Base	excess:	+1	mEq/L
The	decision	is	made	to	provide	partial	ventilatory	support	for	

this	patient,	and	the	SIMV	rate	is	titrated	as	follows:

Time VT (ml) SIMV Rate Total Rate PaCO2 (mm Hg)

9:00	AM 600 14 20 40
9:30	AM 600 12 15 38
10:00	AM 600 10 18 38
10:30	AM 600 8 24 46
11:00	AM 600 10 18 42

The	patient’s	condition	should	now	be	stabilized	at	a	rate	of	
10	breaths/min	with	titration	of	SIMV	to	the	patient’s	needs	with	
observation	and	measurement	of	arterial	blood	gases.	When	the	
rate	is	decreased	to	8	breaths/min,	PaCO2	begins	to	increase.	
The	rate	is	increased	to	the	previous	setting	of	10	breaths/min.	
Titrating	the	level	of	SIMV	support	to	the	patient’s	needs	is	not	
the	same	as	weaning	the	patient.	After	improvement	in	the	
patient’s	condition,	weaning	may	be	tried	(see	Chapter	52)	with	
a	daily	spontaneous	breathing	trial.
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PaCO2 When Using Lung Protective 
Strategies for Acute Lung Injury and 
Acute Respiratory Distress Syndrome

Ventilation strategies for lung protection include low VT, rapid 
respiratory rates, and permissive hypercapnia if necessary to 
avoid overdistention (Pplat > 28 cm H2O).

Open Lung Approach
The use of a high PEEP, low VT lung protective strategy using 
VT of 4 to 8 ml/kg and PEEP set after a lung recruitment maneu-
ver and decremental PEEP as discussed previously may improve 
mortality in patients with persistent ARDS.24,25 Because VT is 
reduced, respiratory rate should be increased incrementally up 
to 35 to 40 breaths/min. The limitation on rate is the develop-
ment of auto-PEEP; if auto-PEEP does not develop, the rate can 
be increased. The primary concern in patients with severe 
ARDS is acidosis. However, most patients without severe sepsis, 
cardiovascular dysfunction, or renal failure can tolerate severe 
acidosis. The ARDS Clinical Network defined the limit for aci-
dosis as pH less than 7.15.2 PaCO2, although important, should 
be allowed to increase before accepting VT that results in Pplat 
greater than 28 mm Hg. The need to allow PaCO2 to increase 
to avoid inducing lung injury is referred to as permissive hyper-
capnia. However, the goal is not to allow the PaCO2 to increase 
but to avoid Pplat that may induce lung injury. With this approach 
in severe ARDS, VT is frequently 4 to 5 ml/kg IBW, and PaCO2 
is greater than 60 mm Hg. Table 48-9 compares the effect of 
acute changes in PaCO2 on pH.

A pressure of 25 cm H2O applied for 1.5 seconds might achieve 
VT of 400 ml for this patient.

If the rate were increased to 30 breaths/min, what would 
happen to respiratory cycle time, inspiratory time, and deliv-
ered VT? Respiratory cycle and inspiratory time are calculated 
for a rate of 30 breaths/min as follows:

Respiratory cycle f seconds= = =60 60 30 2

T T Respiratory cycle secondi i= × = × =% .0 50 2 1

At a constant pressure control setting of 15 cm H2O, a 
decrease in inspiratory time from 1.5 seconds to 1 second may 
reduce delivered VT. An increase in respiratory rate may reduce 
delivered VT and increase (rather than decrease) PaCO2.

When using PCV, the RT should observe the effect of inspi-
ratory time and pressure limit on the patient’s flow and volume 
curves as displayed by a ventilator graphics monitoring package. 
Generally, as inspiratory time increases at a given pressure, 
volume also increases until an inspiratory plateau or hold is 
reached. This point can be identified by observing the inspira-
tory flow curve. If the inspiratory flow curve decreases to zero 
and holds that value for a time before exhalation begins, an 
inspiratory plateau is present (Figure 48-10). Further increases 
in inspiratory time do not result in additional VT. Conversely, if 
an inspiratory plateau or hold is present, a decrease in inspira-
tory time does not decrease VT (at the same pressure limit) until 
the inspiratory plateau is no longer present (see Figure 48-10). 
Table 48-8 summarizes methods of altering PaCO2 during VCV 
and PCV.

FIGURE 48-10	 Effect	of	inspiratory	time	and	inspiratory	plateau	
on	delivered	VT	in	the	PCV	mode.	Initially,	as	inspiratory	time	is	
increased,	VT	increases.	When	an	inspiratory	plateau	(A)	is	
achieved,	a	further	increase	in	inspiratory	time	does	not	result	in	
increased	VT.	The	same	effect	occurs	as	inspiratory	time	is	
decreased.	Initially,	with	small	decreases	in	inspiratory	time,	there	
would	be	no	change	in	VT	as	long	as	an	end	inspiratory	plateau	
was	maintained.	When	the	inspiratory	time	is	less	than	that	needed	
for	an	inspiratory	plateau,	further	decreases	in	inspiratory	time	result	
in	a	decrease	in	VT	at	the	same	pressure.	
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TABLE 48-8 

Changing Ventilation and PaCO2

Mode 
Increase

Ventilation (↓ PaCO2) Decrease Ventilation 
(↑ PaCO2)

Volume-Controlled Ventilation
VC-CMV	

control
↑	VT;	↑	f;	remove	VDmach ↓	VT;	↓	f

VC-CMV	
assist	
control

↑	VT;	↑	f	(to	greater	than	
assist	rate);	remove	VDmach

↓	VT;	↓	f	(may	
require	sedation,	
control	mode)

SIMV ↑	VT;	↑	f;	add/increase	PSV;	
remove	VDmatch

↓	VT;	↓	f;	reduce	
PSV

Pressure-Controlled Ventilation
PCV* ↑	ΔP;	↑	f	(maintaining	same	

Ti);	remove	VDmatch

↓	ΔP;	↓	f	(maintaining	
same	Ti)

PSV ↑	ΔP;	remove	VDmatch ↓	ΔP
Bilevel	PAP ↑	IPAP	(↑	ΔP);	remove	VDmatch ↓	IPAP	(↓	ΔP)
APRV ↑	ΔP ↓	ΔP

↑	release	frequency ↓	release	frequency

Note:	In	assist	(patient-triggered)	mode,	the	patient	may	simply	alter	the	
trigger	rate	after	a	ventilator	change,	and	it	becomes	difficult	to	predict	the	
results	of	a	ventilator	change	on	PaCO2	in	the	assist	mode.
APRV,	Airway	pressure	release	ventilation;	IPAP,	inspiratory	positive	airway	
pressure.
*In	PCV,	if	%Ti	is	preset,	an	increase	in	respiratory	rate	results	in	a	decrease	
in	inspiratory	time	and	may	reduce	VT.	If	%Ti	is	set	at	50%	in	PCV	mode,	
an	increase	in	rate	from	15	to	20	breaths/min	causes	inspiratory	time	to	
decrease	from	2	seconds	(50%	of	4	seconds)	to	1.5	seconds	(50%	of		
3	seconds).	If	the	pressure	limit	is	not	changed,	VT	is	likely	to	decrease.
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MINI CLINI
Adjusting Ventilation in PA/C Mode

PROBLEM:  A 70-kg (IBW) patient with ARDS is receiving 
PCV in the control mode with the following ventilator 
settings:
Pressure: 15 cm H2O
Rate: 25 breaths/min
Inspiratory time: 0.8
FiO2: 0.60
PEEP: 12 cm H2O
VT (exhaled): 425 ml

Arterial blood gas values with these ventilator settings are 
as follows:
PaO2: 60 mm Hg
SaO2: 90%
pH: 7.30
PaCO2: 50 mm Hg
HCO3: 23 mEq/L
Base excess: −2 mEq/L

The physician requests that the respiratory rate be increased 
to 18 breaths/min to decrease the patient’s PaCO2 to 40 mm Hg 
and normalize the pH. What should the RT do?

Solution:  This patient has a PaO2/FiO2 ratio of 100 (60/0.60), 
which is consistent with the diagnosis of ARDS. Special con-
siderations for the ventilatory management of ARDS include 
maintaining Pplat less than 28 cm H2O. VT is started at 8 ml/kg 
IBW and gradually reduced to 6 ml/kg IBW to achieve this goal 
and minimize ventilator-induced lung injury. Respiratory rate 
may be increased to maintain PaCO2 and pH closer to normal, 
as long as volume and Pplat are acceptable. PaCO2 may be 
allowed to increase if necessary to maintain Pplat less than 28 cm 
H2O as long as pH is acceptable for the patient (usually >7.25). 
Oxygenation problems are managed initially with PEEP to 
achieve PaO2 of 60 mm Hg or more with acceptable FiO2. If 
PEEP fails to improve PaO2, lung recruitment maneuvers and 
prone positioning may be used.

For this patient, the VT is acceptable at approximately 6 ml/
kg (70 kg × 6 ml/kg = 420 ml), and Pplat is 27 cm H2O. PaCO2 
(50 mm Hg) and pH (7.30) are acceptable, and PEEP of 12 cm 
H2O may be appropriate for a patient with ARDS. To decrease 
PaCO2, the rate could be increased as follows:

Initial Desired

f PaCO f PaCO( ) ( ) ( )1 2 1 2 2× = ×
25 50 402× = ×f( )

f Desired( ) ( ) .2 25 50 40 31 25= × =

If VT is maintained at 425 ml, a rate of 30 to 32 breaths/min 
should bring PaCO2 and pH into normal range. However, if 
respiratory rate is increased, air trapping and auto-PEEP may 
develop. If auto-PEEP develops, VT is likely to decrease. In pres-
sure ventilation, an auto-PEEP increase is equal to an equiva-
lent decrease in pressure control level, decreasing VT. Rate 
should be increased cautiously, constantly evaluating the 
impact of the rate increase on VT. More importantly, there is 
no reason to try to normalize PaCO2 in this patient. PaCO2 of 
50 mm Hg with pH of 7.30 is acceptable.

TABLE 48-9 

Effect of Acute Changes in PaCO2 on pH

PaCO2 pH

80 7.16
70 7.22
60 7.28
50 7.34
40 7.40
35 7.45
30 7.50
25 7.55
20 7.60

From	Malley	WJ:	Clinical	blood	gases:	assessment	and	intervention,	ed	2,	
Philadelphia,	2005,	Saunders.

When applying this approach, PEEP is set after it is deter-
mined by a lung recruitment maneuver and a decremental 
PEEP trial. VT or pressure level is adjusted ensuring that Pplat or 
pressure control setting is less than 28 cm H2O. Because VT is 
small, inspiratory times can be short (frequently 0.6 to 0.8 
second). The respiratory rate is set to achieve CO2 elimination 
with its limit the development of auto-PEEP. Initially, FiO2 is 
set to 1.0 but then titrated downward until PaO2 is greater than 
55 mm Hg. Generally, PEEP is sustained at the set level until 
FiO2 is less than 0.5, and when PEEP is decreased, it should be 
decreased in increments of 2 cm H2O no more frequently than 
about every 6 to 8 hours. If PaO2 decreases when PEEP is 
decreased, the correct decision is to reestablish PEEP level, not 
increase FiO2, because if this occurs, the lung is derecruited, and 
lung volume needs to be reestablished.

When to repeat a recruitment maneuver is a difficult ques-
tion to answer, and data are insufficient at this time to provide 
an answer. However, if the PaO2 does not decrease after the lung 
recruitment maneuver, there is no reason to perform an addi-
tional recruitment maneuver. Suctioning may cause derecruit-
ment and hypoxemia, and ventilator discontinuation always 
results in derecruitment. If either of these situations occurs, the 
lung needs to be recruited again, but PEEP is reestablished at 
the previous PEEP level because the hypoxemia was not a result 
of deterioration in lung function. A recruitment maneuver and 
decremental PEEP trial should be repeated only if the patient’s 
lung function deteriorates.

In all patients with severe ARDS, mechanical dead space 
should be eliminated, in-line suction catheters should be in 
place, and airway suctioning should be performed only to the 
level of the main stem bronchus. In addition, ideally the ventila-
tor circuit should not be disconnected.

Other Lung Protective Strategies
Alternative techniques for facilitating CO2 removal during lung 
protective ventilation in patients with ARDS include extracor-
poreal CO2 removal (ECMO, see Chapter 50) reduction of CO2 
production by control of fever, avoidance of overfeeding, and 
neuromuscular paralysis. Patients with severe ARDS (PaO2 < 
150 mm Hg), should receive neuromuscular paralysis for the 
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first 12 to 48 hours to allow for stabilization and titration of 
therapy. This has been shown to improve mortality in these 
patients.68 Other authors have advocated the use of HFOV.69-71 
However, recent data in adults indicate that the use HFOV in 
ARDS patients results in poorer outcome then the continued 
use of conventional ventilation.21,22 As a result, HFOV cannot 
be recommended in the management of ARDS.

SUMMARY CHECKLIST

◗	Pplat	should	ideally	be	maintained	at	less	than	28	cm	H2O	
in	all	patients	to	prevent	ventilator-induced	lung	injury.

◗	PEEP	is	used	primarily	to	maintain	lung	volume	resulting	in	
improved	oxygenation	and	lower	FiO2	in	patients	with	
severe	oxygenation	problems	and	refractory	hypoxemia.

◗	 Initially,	all	acutely	ill	patients	should	be	ventilated	with	VT	
of	4	to	8	ml/kg	IBW	with	a	respiratory	rate	to	maintain	
adequate	CO2	removal.

◗	Patients	with	ARDS	may	begin	mechanical	ventilation	with	
VT	of	8	ml/kg	but	may	need	volume	adjusted	to	less	than	
6	ml/kg	IBW	to	maintain	Pplat	less	than	28	cm	H2O.

◗	Lung	protective	strategies	in	the	management	of	ARDS	
include	use	of	lower	VT	(6	ml/kg),	maintaining	Pplat	less	
than	28	cm	H2O,	permissive	hypercapnia,	and	PEEP	set	
above	the	lower	inflection	point	on	the	static	pressure-
volume	curve.

◗	An	open	lung	approach	to	mechanical	ventilation	
includes	the	application	of	lung	recruitment	maneuvers,	
decremental	PEEP	trial,	choosing	VT	that	maintains	Pplat	
less	than	28	cm	H2O,	and	accepting	permissive	
hypercapnia.

◗	 Inspiratory	flow	for	most	adult	patients	should	be	initially	
set	at	approximately	60	L/min	or	greater	to	achieve	an	
inspiratory	time	of	approximately	0.6	to	1	second.

◗	Patient	ventilator	synchrony	is	a	major	problem	in	patients	
during	patient-triggered	ventilation.

◗	 In	all	modes	of	pressure	ventilation,	the	pressure	level	
should	be	set	to	ensure	that	VT	of	4	to	8	ml/kg	IBW	is	
delivered.

◗	When	in	doubt,	initial	FiO2	should	be	set	at	1.0.
◗	Auto-PEEP	is	a	problem	in	patients	with	obstructive	lung	

disease	(COPD,	asthma).
◗	 In	spontaneously	breathing	patients	with	COPD	and	

auto-PEEP,	applied	PEEP	should	be	added	to	ensure	that	
all	patient	efforts	result	in	triggering	of	the	ventilator.

◗	An	appropriate	goal	of	PEEP	would	be	to	achieve	PaO2	60	
to	80	mm	Hg	with	FiO2	less	than	0.50.

◗	Alternative	lung	protective	strategies	in	patients	with	ARDS	
include	prone	positioning	and	ECMO.

◗	Careful	attention	to	acid-base	homeostasis	and	the	effect	
of	PaCO2	on	pH	is	an	essential	part	of	ventilator	
management.
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Noninvasive Ventilation

PURRIS F. WILLIAMS

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 List	the	goals	and	benefits	of	noninvasive	ventilation	(NIV).
◆	 Discuss	indications	for	NIV	and	the	relative	strength	of	the	supporting	evidence	for	each	indication.
◆	 List	the	selection	and	exclusion	criteria	for	successful	NIV.
◆	 List	the	factors	that	predict	successful	NIV.
◆	 Identify	the	types	of	patient	interfaces	available	for	NIV	and	how	to	choose	an	appropriate	interface	for	a	

patient.
◆	 Discuss	the	types	of	mechanical	ventilators	and	ventilation	modes	used	to	provide	NIV.
◆	 Describe	the	role	of	the	respiratory	therapist	during	the	initial	application	of	NIV.
◆	 Describe	the	ongoing	ventilator	management	of	NIV	in	the	acute	care	setting.
◆	 List	potential	complications	associated	with	NIV,	and	suggest	possible	solutions.

CHAPTER OUTLINE

History and Development of Noninvasive 
Ventilation

Indications for Noninvasive Ventilation
Goals	and	Benefits	of	Using	Noninvasive	Ventilation
Acute	Care	Indications
Hypercapnic Respiratory Failure
Asthma
Facilitation of Weaning in Chronic Obstructive 

Pulmonary Disease
Hypoxemic Respiratory Failure
Acute Cardiogenic Pulmonary Edema
Pneumonia
Acute Lung Injury and Acute Respiratory Distress 

Syndrome
Respiratory Failure in Immunosuppressed Patients
Palliative Care and Do-Not-Intubate Orders
Postoperative Respiratory Failure
Prevention of Reintubation in High-Risk Patients
Postextubation Respiratory Failure
Long-Term	Care	Indications
Nocturnal Hypoventilation
Restrictive Thoracic Diseases
Amyotrophic Lateral Sclerosis
Chronic Obstructive Pulmonary Disease in Patients 

Needing Long-Term Care
Obesity-Hypoventilation Syndrome

Selecting Appropriate Patients for Noninvasive 
Ventilation

Acute	Care	Setting
Long-Term	Care	Setting
Exclusion Criteria for Noninvasive Ventilation in a 

Long-Term Care Setting
Equipment Used for Noninvasive Ventilation

Patient	Interfaces
Nasal and Oronasal Masks
Nasal Pillows
Other Interfaces
Types	of	Mechanical	Ventilators	and	Modes	of	

Ventilation
Noninvasive Ventilators
Critical Care Ventilators
Portable Home Care or Transport Ventilators
Heated	Humidifiers

Management of Noninvasive Ventilation
Initial	Application	of	Noninvasive	Ventilation
Clinical	Assessment	Criteria	to	Identify	Success	or	

Failure	of	Noninvasive	Ventilation
Adjusting	Noninvasive	Ventilator	Settings
Aerosolized	Medication	Delivery
Safe	Delivery	of	Noninvasive	Ventilation
Monitoring During Noninvasive Ventilation
Patient Location
Weaning	from	Noninvasive	Ventilation

Complications of Noninvasive Ventilation
Time and Costs Associated With Noninvasive 

Ventilation
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contents and diaphragm move down, facilitating inspiration.2 
Because this device requires gravity to be effective, the patient 
must be sitting at an angle of at least 30 degrees.3 Some abdomi-
nal mass is necessary for the pneumobelt to be effective. It does 
not work well in thin patients. Some patients with neuromus-
cular or neurologic disease and long-term dependence on a 
ventilator prefer the pneumobelt during daytime hours when 
they are out of bed and in a chair.4

The rocking bed (Figure 49-2) periodically rocks from the 
Trendelenburg position to reverse Trendelenburg position, 
using gravity to produce exhalation and inspiration. Rocking 
beds were used in the 1950s to wean patients from negative 
pressure ventilators and to provide long-term ventilatory 
support to patients following recovery from polio.2 The main 
problem associated with the rocking bed is motion sickness. It 
can prevent patients from tolerating the device despite adequate 
ventilation.

Negative pressure ventilators were widely used from the late 
1920s through the 1960s during the polio epidemic.2 A negative 
pressure ventilator generates negative pressure within a 
chamber that surrounds the thorax. When pressure in the 
chamber decreases, the chest wall expands and intraalveolar 
pressure becomes negative, causing air to flow into the lung 

N oninvasive ventilation (NIV) is a means of delivering 
ventilatory support without using an invasive artifi-
cial airway, such as an endotracheal or tracheostomy 

tube. NIV can be provided by applying either negative or posi-
tive pressure to the airways. Almost any type of mechanical 
ventilator can be used to deliver NIV, and many noninvasive 
patient interfaces are available. However, at the present time, 
NIV is almost always delivered with a positive pressure ventila-
tor designed specifically for noninvasive use or an ICU ventila-
tor in conjunction with an oronasal or nasal mask. NIV is 
generally understood to include both noninvasive positive 
pressure ventilation (NPPV) and the noninvasive application 
of continuous positive airway pressure (CPAP).

Interest in NIV has increased in recent years with the publi-
cation of findings from clinical trials using NIV in the manage-
ment of respiratory failure. At the same time, technologically 
advanced noninvasive ventilators were introduced. Most inten-
sive care unit (ICU) ventilators now include a specific noninva-
sive mode of ventilation. Improvements in the design of patient 
interfaces have made them more comfortable so that patients 
can tolerate NIV for longer periods. The net effect of these 
developments is that clinicians are using NIV more often than 
ever before in both acute and long-term care settings.1 This 
chapter reviews the evidence supporting the use of NIV to 
manage various disease processes and makes recommendations 
on the types of patients and specific techniques for its successful 
application.

HISTORY AND DEVELOPMENT OF 
NONINVASIVE VENTILATION

Some early devices used for NIV relied on the intermittent 
application of abdominal pressure and the force of gravity to 
accomplish inspiration and expiration. These devices are most 
effective when used for patients with neuromuscular or neuro-
logic disease in the absence of primary pulmonary disease. They 
are capable of generating tidal volume (VT) in the range of 4 to 
6 ml/kg predicted body weight (PBW) in appropriately selected 
patients.

First described in the 1930s, the pneumobelt consists of 
a rubber bladder that is strapped around the abdomen and 
connected to a positive pressure ventilator (Figure 49-1).2 The 
pneumobelt is properly positioned above the pelvic arch and 
below the umbilicus. When inflated, the rubber bladder com-
presses the abdomen, pushes the diaphragm upward, and assists 
exhalation. On deflation of the rubber bladder, the abdominal 

FIGURE 49-1	 Pneumobelt,	an	intermittent	abdominal	pressure	
device.	(From	Albert	RK,	Spiro	SG,	Jett	JR:	Clinical	respiratory	
medicine,	ed	2,	Philadelphia,	2004,	Mosby.)
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rocking	bed
Trendelenburg	position
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during inspiration. When the negative pressure is released, 
elastic recoil causes the lungs and chest wall to return to their 
normal size, resulting in passive exhalation. The first electrically 
powered negative pressure ventilator, known as the iron lung 
(Figure 49-3), surrounded the entire body from the neck down. 
Other designs were developed during that time, including the 
chest cuirass, which enclosed only the chest, the Porta-Lung, 
and the poncho wrap.2 Effective negative pressure ventilation 
can be challenging to achieve if the device has air leaks or does 
not fit properly. Negative pressure ventilators that enclose the 
body limit caregiver access to the patient. In addition, collapse 
of the upper airway can occur during inspiration when exces-
sive negative pressure is applied. With the development of posi-
tive pressure ventilators and the expanded use of NPPV, interest 
in negative pressure ventilation has greatly diminished.2 Nega-
tive pressure ventilators are seldom seen in hospitals but some 

FIGURE 49-2	 A,	Rocking	bed.	B,	Time-lapsed	photography	of	
the	rocking	bed	in	motion.	

FIGURE 49-3	 Various	devices	used	for	negative	pressure	
ventilation.	A,	Emerson	iron	lung.	B,	Chest	cuirass.	C,	Poncho	
wrap.	D,	Porta-Lung.	(A-C,	From	Albert	RK,	Spiro	SG,	Jett	JR:	
Clinical	respiratory	medicine,	ed	2,	Philadelphia,	2004,	Mosby;	
D,	courtesy	Phillips	Respironics,	Murrysville,	PA.)

A

B

C

D



1114 SECTION VI • Acute and Critical Care

Acute Care Indications

Hypercapnic Respiratory Failure
Chronic Obstructive Pulmonary Disease. NIV should be 

considered the standard of care for treatment of hypercapnic 
respiratory failure secondary to COPD exacerbation and should 
be available as first-line therapy in all institutions treating 
patients with COPD. The use of NIV in the management of 
COPD exacerbation is strongly supported by the evidence in 
numerous randomized, controlled trials.10-16 Systematic review 
and meta-analyses of the data from fourteen studies concluded 
that patients with COPD and ARF require intubation less often 
when they receive NIV. Other benefits of NIV use in this group 

continue to be used in the home by patients with chronic respi-
ratory failure from neuromuscular diseases, such as polio.

The first reported use of NPPV was in 1780, when Chaussier 
used a bag and face mask during resuscitation.1 However, wide-
spread clinical use of NPPV did not begin until much later, with 
the introduction of intermittent positive pressure breathing in 
1947.1,2 Intermittent positive pressure breathing was primarily 
used to deliver aerosolized medications. The use of intermittent 
positive pressure breathing declined significantly in the mid-
1980s2 when the results of a randomized, controlled trial involv-
ing the treatment of patients with chronic obstructive pulmonary 
disease (COPD) showed no benefit compared to aerosol medi-
cation delivery with a small volume nebulizer.5 Around this 
time, nasal mask CPAP was suggested as a therapy for obstruc-
tive sleep apnea.6 Nasal masks also were used nocturnally in 
conjunction with positive pressure ventilators to provide rest 
for the respiratory muscles in patients with neuromuscular dis-
orders.7 In 1989, NPPV was used successfully to support 8 of 10 
patients with acute respiratory failure (ARF).8 Those positive 
findings renewed the interest in NIV that continues today. NIV 
has been used to treat a wide variety of clinical conditions in 
numerous trials during the past 20 years. The next section pro-
vides background and discussion focusing on the most relevant 
studies. Study findings are evaluated, and evidence-based rec-
ommendations for NIV are provided for each indication.

INDICATIONS FOR NONINVASIVE 
VENTILATION

Goals and Benefits of Using 
Noninvasive Ventilation

The hallmark of ARF is impaired gas exchange. The standard 
treatment to improve gas exchange in severe ARF is endotra-
cheal intubation and mechanical ventilation. The primary goal 
of NIV is to improve gas exchange without endotracheal intu-
bation. Significant complications associated with intubation 
can be prevented if NIV is applied successfully. The potential 
benefits of using NIV in the acute care setting include improv-
ing survival, decreasing the length of mechanical ventilation, 
decreasing the length of hospitalization, and decreasing the 
incidence of ventilator-associated pneumonia. In the long-
term care setting, major goals are improving the patient’s 
quality of life and relieving symptoms of hypoventilation. The 
goals of NIV in acute and long-term care settings are listed in 
Box 49-1.

The primary indication for NIV is hypercapnic respiratory 
failure secondary to COPD exacerbation. Hypercapnic ARF is 
characterized by inadequate alveolar ventilation, elevated arte-
rial PCO2 and decreased arterial pH. Hypoxemia may be present, 
but is easily treated by increasing the inspired oxygen concen-
tration. Although patients with acute hypercapnic respiratory 
failure are the most likely to benefit from the use of NIV, it is 
also indicated for selected patients with hypoxemic respiratory 
failure or with respiratory failure resulting from numerous 
other conditions (Box 49-2).2,9

 Box 49-2 Acute and Chronic Disease 
Processes for Which Noninvasive 
Ventilation May Be Indicated

ACUTE CONDITIONS
•	 Hypercapnic	respiratory	failure
•	 COPD	exacerbation
•	 Asthma
•	 Facilitation	of	extubation,	especially	in	COPD
•	 Hypoxemic	respiratory	failure	but	cautiously
•	 Acute	cardiogenic	pulmonary	edema
•	 Respiratory	failure	in	immunocompromised	patients
•	 End-of-life	care	and	DNI	orders
•	 Postoperative	respiratory	failure
•	 Prevention	of	reintubation	in	high-risk	patients
•	 Postextubation	respiratory	failure

CHRONIC CONDITIONS
•	 Nocturnal	hypoventilation
•	 Restrictive	thoracic	disease
•	 ALS
•	 COPD
•	 OHS

 Box 49-1 Goals of Noninvasive Ventilation

ACUTE CARE SETTING
•	 Improve	gas	exchange
•	 Avoid	intubation
•	 Decrease	mortality
•	 Decrease	length	of	time	on	ventilator
•	 Decrease	length	of	hospitalization
•	 Decrease	incidence	of	ventilator-associated	pneumonia
•	 Relieve	symptoms	of	respiratory	distress
•	 Improve	patient-ventilator	synchrony
•	 Maximize	patient	comfort

LONG-TERM CARE SETTING
•	 Relieve	or	improve	symptoms
•	 Enhance	quality	of	life
•	 Avoid	hospitalization
•	 Increase	survival
•	 Improve	mobility

Modified	from	Mehta	S,	Hill	NS:	Noninvasive	ventilation.	Am	J	Respir	Crit	
Care	Med	163:540,	2001.
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Hypoxemic Respiratory Failure
Hypoxemic respiratory failure, defined by a PaO2/fractional 
inspired oxygen (FiO2) ratio less than 300, can result from 
several distinct causes. Clinical trials of NIV to manage acute 
hypoxemic respiratory failure have yielded conflicting results. 
The efficacy of NIV largely depends on the etiology of the 
hypoxemia. Further study is needed to determine clearly the 
types of patients who would benefit from NIV.

Acute Cardiogenic Pulmonary Edema
In 1991, mask CPAP was shown to improve hypoxemia and 
reduce the need for intubation in patients with severe cardio-
genic pulmonary edema.25 Similar findings in other random-
ized controlled trials provide strong evidence that both CPAP25-27 
and NPPV28-30 improve outcomes in these patients compared 
with simple oxygen (O2) therapy.31-35 Mask CPAP of 8 to 12 cm 
H2O and 100% O2 is first-line therapy to treat hypoxemia asso-
ciated with severe cardiogenic pulmonary edema. NPPV should 
be reserved for patients with both hypercapnia and hypoxemia. 
Extra caution is recommended for patients who present with 
cardiac ischemia, hemodynamic instability, arrhythmias, or 
depressed mental status. Patients with these risk factors should 
be intubated and invasively ventilated.31

	

RULE OF THUMB

A	trial	extubation	directly	to	NIV	should	be	considered	
for	patients	with	COPD	and	hypercapnic	ARF	who	are	
likely	to	receive	a	tracheostomy	for	failure	to	wean.

	

RULE OF THUMB

All	patients	with	an	acute	COPD	exacerbation	should	
be	evaluated	for	NIV	as	an	alternative	to	intubation	and	
invasive	mechanical	ventilation.	NIV	is	the	standard	of	
care	in	these	patients.

of patients include lower risk of mortality, fewer complications 
and reduced length of hospital stay.10-13

Early intervention with NIV should be considered before 
severe respiratory acidosis develops. However, NIV can be used 
successfully and safely in much sicker patients. Successful appli-
cation of NIV has occurred in patients with hypercapnic coma 
and in awake, noncomatose patients. Severe hypercapnea and 
decreased level of consciousness should not be considered abso-
lute contraindications to a cautious trial of NIV in selected 
patients.

Asthma
The evidence for NIV use in the management of ARF caused 
by severe asthma is inconclusive. Meduri and colleagues17 
reported positive results in an uncontrolled study using NIV to 
treat 17 patients in status asthmaticus. Other studies have 
reported using NIV successfully to manage ARF in patients with 
asthma18-21 but no randomized, controlled trials have been per-
formed. The role of NIV in this patient population remains 
controversial because of weak supportive evidence. Routine 
management with NIV is not recommended in asthmatic 
patients with ARF. If patients with severe asthma receive a trial 
of NIV, they must be monitored closely. Significant improve-
ment in the symptoms of respiratory failure should be evident 
within 1 to 2 hours, and if improvement is not evident, intuba-
tion should proceed without delay.

Facilitation of Weaning in Chronic 
Obstructive Pulmonary Disease
Several randomized controlled studies have reported success 
using NIV to facilitate weaning from mechanical ventilation in 
patients with COPD who failed at least one spontaneous breath-
ing trial (SBT).15,22,23,24 In addition, NIV was associated with 
more successful weaning and lower mortality after 60 days. 
There is reasonable evidence that difficult-to-wean patients 
with COPD who were intubated for ARF and subsequently 
failed SBTs should be considered for an elective trial extubation 
directly to NIV. Ideally, the patients selected should have used 
NIV previously and should meet none of the NIV exclusion 
criteria. The failure of NIV to prevent intubation does not pre-
clude its successful use at a later time.

	

RULE OF THUMB

CPAP	of	8	to	12	cm	H2O	with	100%	O2	should	be	
considered	first-line	therapy	in	acute	pulmonary	edema.	
NPPV	should	be	used	only	when	hypercapnia	is	
present.

Pneumonia
NIV has been used in the management of severe community-
acquired pneumonia, but with mixed results. Similar to other 
applications of NIV for hypoxemic respiratory failure, care 
should always be exercised and clinicians should always error 
on the conservative side. That is, if the patient’s status does not 
improve within a few hours of application, invasive ventilation 
should be initiated. Additional studies are needed. The current 
recommendation for the use of NIV in pneumonia is to limit 
its routine use to patients who also have COPD.36

Acute Lung Injury and Acute Respiratory 
Distress Syndrome
Several studies have reported failure rates greater than 50% 
when NIV is used to treat acute lung injury (ALI) and acute 
respiratory distress syndrome (ARDS).37-40 Patients with risk 
factors such as hemodynamic instability, metabolic acidosis, or 
profound hypoxemia are more likely to fail NIV.38 Survey data 
from centers in the United States and Europe with extensive 
experience using NIV indicate that more than 60% of patients 
with hypoxemic respiratory failure required intubation, with 
greater than 60% mortality.40 More recently, positive findings 
were reported in a prospective multicenter survey that used NIV 
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comfort. If the patient is not more comfortable with NIV, it 
should be discontinued.

The primary controversy over the use of NIV in patients 
with DNI orders involves patient consent. NIV can be beneficial 
in the care of patients with DNI orders if a patient understands 
that NIV is a form of life support and that its goal is either to 
reverse an acute disease process or to provide comfort at the 
end of life.54 Clinicians should take the time to explain NIV and 
its goals as part of the discussion with the patient and family 
about wishes for life-sustaining treatment.

Postoperative Respiratory Failure
A number of investigators have used NIV in the postoperative 
period.55-57 In these studies NIV was beneficial in the postopera-
tive management of obese patients post gastroplasty, or follow-
ing other major abdominal surgery and thoracic surgery. 

MINI CLINIC
Noninvasive Ventilation to Treat 
Hypoxemic Acute Respiratory Failure

PROBLEM:  A patient with acute hypoxemic respiratory 
failure is receiving NIV via nasal mask with a noninvasive ven-
tilator. The ventilator is delivering PSV with peak inspiratory 
pressure set at 12 cm H2O and end expiratory pressure set at 
5 cm H2O. O2 at 6 L/min is flowing into the nasal mask. After 
40 minutes on NIV, the patient continues to have signs of 
respiratory distress (dyspnea, tachypnea with respiratory rate 
30, heart rate 120 beats/min, SpO2 88%, and cyanosis). The 
patient is having difficulty keeping his mouth closed, and there 
is a large air leak as a result. An arterial blood gas was drawn, 
and PaO2 is 50 mm Hg.

Solutions
1. Change the interface to a full-face mask to prevent the air 

leak and provide more effective ventilator support. A chin 
strap could be tried but is not likely to be successful.  
Dyspneic patients tend to breathe through their mouths 
preferentially.

2. Change to a ventilator that can provide precise, high FiO2; 
displays graphics; calculates exhaled volumes; and has 
alarms. Bleeding in O2 to the mask or circuit provides only 
low, inconsistent FiO2. Additional information from wave-
forms and calculated values can help provide better assess-
ments and interventions. For a patient this sick, alarms are 
an important consideration.

3. Increase PEEP to 8 to 10 to maintain alveoli open and 
improve severe hypoxemia; 5 cm H2O is probably inade-
quate in this situation.

4. If these interventions do not result in significant improve-
ment in oxygenation within 30 to 45 minutes, the patient 
should be electively intubated and ventilated. Delaying 
intubation is associated with greater risk of death during 
intubation. Such delays can result if clinicians do not  
recognize an unsuccessful NIV trial in the setting of 
hypoxemia.

as the first-line intervention in selected patients with ALI/
ARDS.41 Results showed that 54% avoided intubation with 
improved outcome. Failure was predicted if PaO2/FiO2 ratio was 
less than 175 after the first hour of NIV. Three randomized 
controlled trials in patients with ALI/ARDS found that NIV 
decreased intubation rate and mortality, resulting in improved 
outcome.40,42,43 However, a meta-analysis of these trials indi-
cated that NIV did not decrease mortality despite a reduction 
in intubation rate,42 and this analysis was consistent with other 
reports.42

Another randomized controlled trial44 in patients with 
hypoxemic respiratory failure but no hypercapnia showed that 
mask CPAP significantly improved PaO2/FiO2 ratio within the 
first hour but failed to reduce the intubation rate, length of ICU 
stay, or hospital mortality. In this study, many patients who 
failed CPAP sustained cardiac arrest during intubation.44 It is 
thought that clinicians delayed intubation because they did not 
readily accept the failure of NIV to correct hypoxemia in these 
patients. The evidence to date does not support routine NIV 
use in patients with ALI/ARDS, but randomized controlled 
trials focusing exclusively on ALI/ARDS are needed.9 The data 
suggest that a closely monitored trial of NIV in carefully selected 
patients may be appropriate. If NIV does not markedly improve 
hypoxemia within 1 to 2 hours, patients should be intubated.

Respiratory Failure in  
Immunosuppressed Patients
The risk of developing nosocomial infections, including 
ventilator-associated pneumonia, is decreased when NIV is used 
compared with intubation and invasive mechanical ventilation. 
Randomized controlled trials involving immunosuppressed 
patients and patients awaiting solid organ transplantation45-50 
who developed hypoxemic respiratory failure found decreased 
intubation rates and mortality with NIV compared with stan-
dard therapy. NIV in patients with AIDS and Pneumocystis 
carinii pneumonia showed similar results.49 Despite the small 
numbers of patients in these single-center trials, NIV is accepted 
as first-line therapy in immunosuppressed patients because it 
avoids the risk of infection50-52 associated with intubation in a 
setting where an infection can have devastating consequences.

Palliative Care and Do-Not-Intubate Orders
The use of NIV in patients with do-not-intubate (DNI) orders 
and end-stage disease remains controversial. Patients with DNI 
orders may receive NIV either for supportive treatment of a 
nonterminal, reversible event or for palliative care. There is 
evidence that NIV in patients with end-stage disease provides 
an effective method of support with some relief from associated 
symptoms.53 Two more recent case series52,53 support the use of 
NIV in the management of ARF in patients with DNI orders. 
Schettino and colleagues52 and Levy and coworkers53 showed 
that more than 65% of patients with COPD or cardiogenic 
pulmonary edema and DNI status were successfully managed 
with NIV. Palliative care focuses on relieving the symptoms  
and stress from serious diseases. The goals of NIV in this setting 
are to minimize feelings of dyspnea and improve the patient’s 
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Long-Term Care Indications

Nocturnal Hypoventilation
Nocturnal hypoventilation is common with neuromuscular 
diseases, severe kyphoscoliosis, COPD, obesity, and central and 
obstructive sleep apnea.62 Patients with these disorders are able 
to breathe spontaneously without assistance but typically have 
symptoms related to hypoventilation and sleep-disordered 
breathing. These symptoms may include excessive sleepiness 
during daytime hours; fatigue; morning headaches; and cogni-
tive dysfunction, such as difficulty concentrating.63

Normally, the onset of sleep is characterized by a slight 
increase in PaCO2 followed by a further increase in hypercapnia 
during rapid eye movement (REM) sleep. It is thought that the 
increased work of breathing associated with obesity and COPD 
or the muscle weakness caused by neuromuscular diseases 
results in greater levels of hypercapnia. Some of these patients 
are hyporesponsive to carbon dioxide (CO2), which contributes 
to even more CO2 retention. In response, the kidneys attempt 
to compensate by retaining bicarbonate, reducing respiratory 
drive further. This vicious cycle progressively worsens, leading 
to pulmonary hypertension, cor pulmonale, CO2 narcosis, and 
eventually death.64,65 There is strong evidence that the cycle can 
be stopped if breathing is assisted by NIV for 4 hours per night 
for 1 to 3 months.66,67 One study suggested that NIV use during 
the daytime hours promotes similar improvement in gas 
exchange during periods of unassisted ventilation as seen when 
NIV is used at night.68

Three mechanisms have been proposed to explain the posi-
tive effects of NIV on nocturnal hypoventilation. First, it was 
thought that NIV rests fatigued respiratory muscles, improving 
their performance during the day.69,70 Common sense supports 
this hypothesis, but few studies have been able to show signifi-
cant or sustained improvement in muscle strength after using 
NIV.71 Second, NIV reduces PaCO2 and may reset the central 
ventilatory controller to a lower baseline PaCO2. Current evi-
dence suggests that NIV is effective because it prevents noctur-
nal hypoventilation and preserves ventilatory response to 
increases in CO2 in patients with COPD or restrictive thoracic 
diseases.65,68-71 Third, the improvements in lung compliance, 
lung volume, and dead space that result from NIV may be 
beneficial.66

Restrictive Thoracic Diseases
Restrictive thoracic diseases successfully managed with NIV 
include postpolio syndrome, neuromuscular diseases, chest wall 
deformities, spinal cord injuries, and severe kyphoscoliosis.66 
Patients with severe kyphoscoliosis showed improved nighttime 
and daytime gas exchange, fewer symptoms of hypoventilation, 
and increased spontaneous VT and FVC after using NIV.68-71 A 
study of eight patients with Pompe disease found that NIV cor-
rected arterial blood gas abnormalities and resolved cor pulmo-
nale 3 to 6 months after starting NIV.72 Disease progression was 
not slowed by NIV. Diaphragmatic weakness is characteristic of 
this disease, in contrast to most other neuromuscular diseases.72 
In patients with Duchenne muscular dystrophy, a rapidly 

Although the results of these studies are encouraging, addi-
tional randomized trials are needed to identify specific postop-
erative populations that would benefit from NPPV or CPAP. At 
the present time, there is insufficient evidence to support 
routine postoperative use of NIV.

Prevention of Reintubation in  
High-Risk Patients
Reintubation has been associated with increased mortality, 
longer hospital stay, and a greater need for long-term care than 
in patients who are initially successfully extubated. In recent 
studies, Nava and colleagues58 and Ferrer and coworkers59 ran-
domly assigned patients at risk for reintubation to NIV or stan-
dard care; both studies showed lower reintubation rates with 
NIV. Patients with hypercapnia gained the most benefit from 
NIV. Risk factors associated with extubation failure included  
a diagnosis of COPD or congestive heart failure, age older  
than 65 years, ineffective cough and excessive secretions, upper 
airway obstruction, history of one or more weaning failures, 
one or more comorbid conditions, and Acute Physiology and 
Chronic Health Evaluation (APACHE) II score greater than 12 
on the day of extubation.

Sufficient evidence exists to support selective application of 
NIV to avoid reintubation and its associated negative impact on 
outcome. NIV should be started after extubation of patients 
with multiple risk factors, especially patients with COPD, con-
gestive heart failure, or hypercapnia. These patients should be 
monitored closely and reintubated promptly if NIV does not 
prevent respiratory distress.

Postextubation Respiratory Failure
The use of NIV to manage postextubation hypoxemic respira-
tory failure requires a cautious approach. Two randomized con-
trolled trials60,61 indicated no benefit or worse outcome when 
NIV was used to manage hypoxemic ARF. Keenan and associ-
ates60 compared NIV and standard therapy in patients who 
developed hypoxemic respiratory failure during the first 2 days 
after extubation and observed a 70% reintubation rate in both 
groups. Esteban and colleagues61 randomly assigned patients to 
standard therapy or NIV at the first sign of postextubation 
respiratory distress. Both groups had a 50% reintubation rate, 
but the group managed with NIV had higher mortality. This 
finding was attributed to the delay in reintubation that occurred 
in the NIV group. Relatively few patients with COPD were 
included in these two studies. The use of NIV to treat postex-
tubation ARF generally should be reserved for patients with 
COPD and hypercapnic respiratory failure or patients with con-
gestive heart failure. If hypoxemia does not significantly improve 
with NIV, these patients should be reintubated without delay.

	

RULE OF THUMB

Before	using	NIV	in	the	management	of	ARF,	be	sure	
the	process	causing	respiratory	failure	is	reversible,	
selection	criteria	are	met,	and	exclusion	criteria	are	
absent.
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of Neurology recommended considering NIV for all patients 
with ALS and respiratory failure.78 NIV is typically started 
when pulmonary function declines significantly (FVC < 50%). 
Although the evidence supporting early NIV initiation is weak, 
starting NIV at the first sign of nocturnal hypoventilation may 
be considered to improve compliance with NIV.

progressive neuromuscular disorder, nocturnal NIV failed to 
slow progression of the disease and was associated with a higher 
mortality.73

The current recommendation for patients with restrictive 
thoracic disorders is to initiate NIV when patients develop 
symptoms of nocturnal hypoventilation. There is little evidence 
to support prophylactic NIV in patients with most restrictive 
thoracic diseases.

Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s 
disease, is a neurodegenerative disease that affects motor 
neurons, resulting in progressive skeletal muscle weakness and 
paralysis. Mean survival time is 3 to 5 years after diagnosis. All 
patients with ALS eventually need full ventilatory support to 
survive. NIV is probably effective in prolonging the lives of 
patients with ALS.74

In a randomized controlled trial, Bourke and associates75 
found that patients with ALS who used NIV gained a median 
survival benefit of 205 days but only in the absence of bulbar 
dysfunction. Evidence suggests that using NIV slows the rate of 
lung function decline as indicated by FVC measurement.75,76 
Lung function decline occurs more slowly and survival benefit 
increases when NIV is used for more than 4 hours per day.76 
Several factors influencing compliance with NIV of patients 
with ALS have been identified. Early intervention77 and orthop-
nea78 correlated with better tolerance of NIV, whereas bulbar 
involvement75,79 and the presence of cognitive or executive dys-
function80 negatively affected compliance with NIV.

In contrast to other restrictive thoracic diseases, there may 
be a survival benefit when NIV is initiated earlier in the course 
of ALS. In one study, patients experiencing more than 15 epi-
sodes of nocturnal O2 desaturation per hour were started on 
NIV.81 This “early” intervention resulted in survival lasting 11 
months longer and suggested that NIV may also provide some 
benefit in patients with bulbar involvement.81 More studies are 
needed to assess the effects of early NIV initiation.

Clinicians in the acute care setting have conflicting feelings 
about initiating NIV in patients with ALS, expressing concerns 
about the patients’ quality of life and eventual dependence on 
NIV. Four studies found that NIV had a positive effect on 
patients’ quality of life.78,81,82,83 Positive changes associated with 
NIV included relief from dyspnea, increased energy and vitality, 
better concentration, less physical fatigue, and fewer symptoms 
of hypoventilation.34 There was no difference in the perceived 
quality of life of patients using NIV compared with patients 
who received invasive mechanical ventilation through a trache-
ostomy.83 However, invasive ventilation through a tracheostomy 
tube may have a negative effect on caregivers’ quality of life. 
Most patients were comfortable with their decisions involving 
assisted ventilation with 94% of patients receiving NIV and 
81% of patients with a tracheostomy indicating that they would 
choose ventilation again.83

There is good evidence that using NIV lengthens survival 
and slows the decline of lung function of patients with ALS. In 
its evidence-based Practice Parameters, the American Academy 

	

RULE OF THUMB

NIV	should	be	considered	for	management	of	
respiratory	failure	in	patients	with	ALS	because	it	
probably	slows	the	rate	of	decline	of	lung	function	and	
lengthens	survival.

	

RULE OF THUMB

Patients	with	restrictive	thoracic	disorders	should	have	
symptoms	of	nocturnal	hypoventilation	before	NIV	is	
considered.

Chronic Obstructive Pulmonary Disease in 
Patients Needing Long-Term Care
There are two proposed hypotheses to explain how patients 
with severe COPD benefit from the use of NIV.66 First, positive 
inspiratory pressure improves gas exchange and may unload the 
respiratory muscles, allowing them to recover, gain strength, 
and reduce fatigue resulting in improved quality of life. Second, 
NIV should decrease the symptoms of nocturnal hypoventila-
tion and sleep-disordered breathing, improving sleep quality 
and daytime gas exchange.66

The use of NIV in the management of stable COPD is con-
troversial. Struik and colleagues conducted a systematic review 
of 7 randomized controlled studies of NIV used by patients 
with stable COPD.84 They found no significant improvement 
in PaCO2 and PaO2; pulmonary function measurements, exer-
cise tolerance, or perceived quality of life after 3 or 12 months 
on NIV use. The authors did note that lower PaCO2 was asso-
ciated with high IPAP setting (18 cm H2O), compliance with 
therapy (5 hours of NIV per night), and higher baseline PaCO2 
(55 mm Hg). At the present time, there is not enough evi-
dence to support routine treatment with NIV in patients with 
stable COPD.85,86

Obesity-Hypoventilation Syndrome
Obesity-hypoventilation syndrome (OHS) is defined as chronic 
daytime hypoventilation (PaCO2 >45 mm Hg) associated with 
obesity (body mass index >30 kg/m2) when no other known 
cause for hypoventilation is present. Approximately 0.5% of 
women and 1% of men in the general population are estimated 
to have OHS.87 Evidence suggests that OHS is a common yet 
underdiagnosed condition in extremely obese patients.88 Obese 
patients consume many health care resources before a diagnosis 
of OHS is made,89 which is a cause for concern as obesity 
becomes more prevalent in the United States. In a study of 
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hospitalized obese patients, Nowbar and colleagues90 found that 
hypercapnia with no other reason for hypoventilation was 
present in approximately one-third of patients with body mass 
index greater than 35 kg/m2 and almost one-half of patients 
with body mass index greater than 50 kg/m2.

Several studies showed improved daytime gas exchange  
and relief of symptoms associated with nocturnal hypoventila-
tion within 1 to 4 months of initiation of NIV.91-93 A random-
ized trial of CPAP versus NPPV in patients with OHS without 
severe nocturnal desaturations found that both modes were 
equally effective in decreasing daytime PaCO2.

93 At the present 
time, nocturnal NPPV is recommended for OHS when  
nasal CPAP and other first-line therapies fail to alleviate the 
hypoventilation.66,94

MINI CLINI
Preventing a High-Risk Patient from 
Requiring Reintubation

PROBLEM:  A 74-year-old man was intubated for hypercap-
nic respiratory failure 3 days ago. Past medical history is sig-
nificant for hypertension, coronary artery disease, COPD, and 
former cigarette smoker ×35 years (quit 10 years ago). He 
is currently on low-level PSV (PSV 8, PEEP 5 cm H2O, FiO2 
0.3). Vital signs are heart rate 80 beats/min, blood pressure 
130/70 mm Hg, respiratory rate 16 breaths/min, and SpO2 
95%. Endotracheal suctioning has been performed every 2 to 
3 hours for moderate to large amounts of yellow secretions. 
Ipratropium MDI, 2 puffs every 6 hours, is ordered. He was 
placed on a spontaneous breathing trial this morning and 
passed; however, his ability to clear secretions is a concern. 
After much discussion among the patient care team, the deci-
sion was made not to extubate as planned.

Solutions
1. Extubate and immediately start NIV. Evidence supports 

using NIV to prevent reintubation in high-risk patients. 
Patients with hypercapnia are most likely to benefit. Other 
factors associated with high risk of extubation failure are 
age older than 65, COPD, and excessive secretions.

2. Continue aerosolized bronchodilators by delivering the 
MDI to a collapsible holding chamber added to the NIV 
circuit. Place the chamber between the exhalation port and 
the mask. Coordinate MDI actuation as closely as possible 
to the patient’s own inspiration. Shake the MDI canister 
between each actuation to mix the propellant and the drug. 
These three points are important to deliver maximum med-
ication to the patient.

SELECTING APPROPRIATE PATIENTS 
FOR NONINVASIVE VENTILATION

Acute Care Setting

The success or failure of NIV depends to a large degree on the 
clinician’s clinical judgment in choosing appropriate patients. 
The primary selection criterion is the need for ventilatory assis-

tance resulting from ARF. Patients who are unable to ventilate 
adequately on their own typically show signs and symptoms of 
respiratory distress, including use of accessory muscles, para-
doxical breathing, tachypnea, and dyspnea.2,9 In addition, 
patients in ARF are unable to maintain normal gas exchange 
and usually develop respiratory acidosis or severe hypoxemia 
(Box 49-3).2,9

NIV exclusion criteria include apnea, hemodynamic or 
cardiac instability, lack of cooperation by the patient, condi-
tions that preclude use of a noninvasive interface, copious 
amounts of secretions, and high risk of aspiration (Box 49-4).2,9 
Decreased level of consciousness should not be considered an 
exclusion criterion for NIV in patients with COPD.95,96 If the 
selection criteria are met and there are no contraindications, 
NIV should be considered.

It is important to consider the cause of ARF because the 
efficacy of NIV varies depending on the underlying condition 
being treated. In the acute care setting, most evidence supports 
the use of NIV in patients with COPD exacerbations or acute 
cardiogenic pulmonary edema. There is less evidence support-
ing NIV for the other indications discussed earlier; however, it 
is being used more frequently for patients with DNI orders, to 
facilitate extubation of high-risk patients, and as a means of 
preventing extubation failure and reintubation. Several studies 
identified potential predictors of success during NIV (Box 
49-5). Early initiation of NIV is encouraged in patients with 

 Box 49-4 Exclusion Criteria for Noninvasive 
Ventilation in Patients With Acute 
Respiratory Failure

•	 Apnea
•	 Inability	to	protect	airway/high	aspiration	risk
•	 Hemodynamic	or	cardiac	instability
•	 Lack	of	patient	cooperation
•	 Inability	to	use	a	noninvasive	interface	because	of	facial	

burns,	trauma,	or	abnormal	anatomy
•	 Excessive	amounts	of	secretions

Modified	from	Mehta	S,	Hill	NS:	Noninvasive	ventilation.	Am	J	Respir	Crit	
Care	Med	163:540,	2001.

 Box 49-3 Noninvasive Ventilation Selection 
Criteria for Patients With Acute 
Respiratory Failure

Two	or	more	of	the	following	should	be	present:
•	 Use	of	accessory	muscles
•	 Paradoxical	breathing
•	 Respiratory	rate	≥25	breaths/min
•	 Moderate	to	severe	dyspnea	(increased	dyspnea	in	COPD	

patients)
•	 PaCO2	>45	mm	Hg	with	pH	<7.35
•	 PaO2/FIO2	ratio	<200

Modified	from	Mehta	S,	Hill	NS:	Noninvasive	ventilation.	Am	J	Respir	Crit	
Care	Med	163:540,	2001.
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capnic respiratory failure in a 12-month period. Nocturnal 
desaturation is defined by a pulse oximeter reading of less than 
89% for 5 minutes with administration of at least 2 L/min  
of O2.

62

In long-term care settings, a follow-up examination is sug-
gested 1 month or so after starting NIV to help the patient 
acclimate to the device. A 2-month follow-up is recommended 
to determine compliance with NIV and to assess benefit.66

Exclusion Criteria for Noninvasive 
Ventilation in a Long-Term Care Setting
Relative contraindications for the use of NIV for restrictive 
thoracic disease, nocturnal hypoventilation, and chronic COPD 
include an unsupportive family, copious amounts of secretions, 
uncooperative behavior on the part of the patient, high risk of 
aspiration, and any anatomic abnormality that interferes with 
gas delivery.2

EQUIPMENT USED FOR  
NONINVASIVE VENTILATION

Many factors, including the choice of patient interface, ventila-
tor, mode of ventilation, and initial ventilator settings, play a 
role in determining whether NIV will be successful in a given 
patient. This section discusses the equipment and modes of 
ventilation used in the application of NIV.

Patient Interfaces

Various devices are available to provide a noninvasive interface 
between the patient and the ventilator. When selecting an inter-
face, clinicians should evaluate the fit and air leak associated 
with the interface. These factors have a major impact on the 
efficacy of NIV. Patient comfort is also an important consider-
ation because it influences patient compliance with therapy, 
particularly in the long-term care setting. Other considerations 
include volume of dead space and position of the exhalation 
port in the interface and whether the interface functions prop-
erly with the type of ventilator to be used. The most common 
noninvasive patient interfaces used in the acute care setting  
are full-face or oronasal masks followed by nasal masks. An 
oronasal mask is usually the best choice when NIV is used to 
treat ARF.

Nasal and Oronasal Masks
Nasal and oronasal masks are typically manufactured in two 
parts. The body of these devices is made of clear, hard plastic. 
Surrounding the outer edge of the mask body is either a soft 
plastic or silicone lip or a cushion filled with hydrogel, silicone 
gel, or air. The best design has a soft inner lip that forms a seal 
with the patient’s face. When a higher positive pressure is 
applied, the mask fits more closely to the face. The opposite 
effect occurs when resuscitation masks are used for positive 
pressure ventilation. Higher airway pressures tend to force this 
type of mask away from the face, increasing the air leak.

NIV masks incorporate straps and headgear to maintain and 
stabilize the mask’s position on the face (Figure 49-4). It is 

 Box 49-5 Predictors of Noninvasive 
Ventilation Success in the  
Acute Care Setting

•	 Minimal	air	leak
•	 Low	severity	of	illness
•	 Respiratory	acidosis	(PaCO2	>45	mm	Hg	but	<92	mm	Hg)
•	 pH	<7.35	but	>7.22
•	 Improvement	in	gas	exchange	within	1	to	2	hours	of	

initiation
•	 Improvement	in	respiratory	rate	and	heart	rate

Modified	from	Mehta	S,	Hill	NS:	Noninvasive	ventilation.	Am	J	Respir	Crit	
Care	Med	163:540,	2001.

ARF because severe hypercapnia and acidosis are predictors of 
NIV failure.97 Significant improvements in PaCO2 and pH after 
30 to 120 minutes of NIV are predictive of success.98-100 In some 
cases, clinical judgment precludes an NIV trial based on the 
severity of the respiratory failure or the presence of comorbid 
conditions that increase the likelihood of failure to respond to 
NIV. However, in many situations, a reasonable plan would be 
a trial of NIV for 1 to 2 hours, with periodic reassessment and 
plans to intubate if the patient’s condition does not significantly 
improve. Successful application of NIV includes short-term 
goals of improving gas exchange and preventing endotracheal 
intubation and long-term goals of improved outcome, decreased 
length of stay, and decreased mortality.

Long-Term Care Setting

The current recommended selection guidelines for NIV in 
restrictive thoracic disease may be separated into two parts. 
First, patients should have symptoms of chronic hypoventila-
tion and lack of sleep quality. Second, patients should meet one 
of the following measurable parameters: PaCO2 45 mm Hg or 
greater, nocturnal O2 saturation less than 88% for 5 minutes, 
maximal inspiratory pressure less than 60 cm H2O, or FVC less 
than 50% of predicted.66 Although a decline in pulmonary 
function has been associated with CO2 retention, more evidence 
is needed to support the use of a declining maximal inspiratory 
pressure or FVC as an indication for NIV.2

Recommendations for use of NIV in the management  
of nocturnal hypoventilation caused by disorders other than 
restrictive lung disease and COPD include documentation of a 
disorder that causes hypoventilation and failure of the disorder 
to respond to first-line therapy. First-line therapy includes 
weight loss, O2 therapy, respiratory stimulants, and CPAP. NIV 
is recommended as the initial therapy for moderate to severe 
cases of nocturnal hypoventilation.66

Patients with COPD and signs and symptoms of chronic 
hypoventilation and poor quality of sleep should receive optimal 
medical treatment before NIV is recommended.66 If symptoms 
remain despite optimal management, the presence of one of the 
following selection criteria indicates the need for NPPV: PaCO2 
55 mm Hg or greater or PaCO2 50 to 54 mm Hg with recurrent 
hospitalizations or nocturnal desaturation.66 Recurrent hospi-
talization is defined as two or more hospitalizations for hyper-
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These include foam wedges used as spacers and adjustable 
mechanical controls that prevent the apex of the mask from 
being pulled too close to the face. Some masks have foam pads 
that rest on the forehead to help maintain proper mask posi-
tioning. An easy way to check for excessive tightness is to insert 
two fingers between the straps and the patient’s face. If the 
straps are too tight it is not easy to do this, and they should be 
loosened slightly. A strategy for minimizing the risk of pressure 
ulcer formation is to alternate the use of two or more masks 
with different points of facial contact.

A key factor in patient tolerance and NIV efficacy is the 
choice of an appropriately sized mask. Most masks include 
sizing templates that can be used before removing the mask 
from its packaging (Figure 49-5). Nasal masks should be sized 
so that the cushion starts one-third of the way down from the 
top of the bridge of the nose and fits closely along the lateral 
aspects of the nose and rests above the upper lip, just under  
the nose. Oronasal masks fit similarly except the bottom of the 
mask rests in the depression above the chin and just below the 
lower lip. Mask sizes range from extra small to large, but for 
many individuals, a small or medium-small mask is a good fit. 
Ill-fitting masks can allow air leaks into the eyes, leading to poor 
tolerance. Small leaks around the mouth are generally less prob-
lematic because most ventilators used for NIV are designed to 
function with a baseline leak.

Nasal masks are more prone to air leaks than full-face masks, 
especially for patients who are mouth breathers. Chin straps are 

important to avoid tightening the straps more than necessary. 
A perfect seal between the mask and the face is not required 
because ventilators used for NIV are designed to function prop-
erly in the presence of small air leaks. Pulling the straps exces-
sively tight is likely to result in pressure-related damage to the 
skin on the bridge of the nose or sometimes on the cheeks. 
Clinicians must be vigilant for early signs of skin damage and 
take steps to minimize damage and prevent development of 
pressure ulcers. An area of reddened skin that persists after 
removal of the mask is usually the first sign of pressure-related 
skin damage. A liquid skin barrier and a hydrocolloid patch may 
be applied to protect the reddened area.

To address the problem of skin breakdown, most masks 
incorporate some means of minimizing pressure on the skin. 

FIGURE 49-4	 A,	Nasal	mask	that	incorporates	adjustable	
forehead	support	to	minimize	pressure	on	the	bridge	of	the	nose.	
B,	Nasal	mask	designed	for	small	size	and	minimal	facial	contact.	
(A,	Courtesy	ResMed	Corp,	San	Diego,	CA.	B,	Courtesy	of	Phillips	
Respironics,	Murrysville,	PA.)

A

B

FIGURE 49-5	 A,	Templates	help	clinicians	select	an	
appropriately	sized	mask.	B,	Oronasal	masks	should	rest	on	the	
bridge	of	the	nose	between	the	eyes	and	in	the	indentation	between	
the	chin	and	the	lower	lip.	(Courtesy	ResMed	Corp.	San	Diego,	CA.)

A

B
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only the end of the nose. Another is the hybrid mask (Figure 
49-7), which covers the mouth with a small mask and seals the 
nares with nasal pillows connected to the top. This interface 
allows ventilation with fewer leaks, similar to an oronasal mask 
that does not have contact with the skin on the bridge of the 
nose. Besides the advantage of decreased risk of tissue damage, 
this design allows patients to wear glasses during NIV.

Other Interfaces
The total face mask surrounds the entire face (Figure 49-8) 
without applying pressure to the bridge of the nose. For this 
reason, it is often a good choice for patients with severe skin 
breakdown. A soft, flexible layer around the edge of the mask 
forms a seal and prevents leaking when the mask is pressurized. 
The total face mask comes in one size, which allows quick 
application in the emergency department or critical care unit. 
Because it does not obstruct the patient’s vision, this mask may 
help patients who feel claustrophobic when wearing other 
masks.

The helmet is an interface that is unavailable in the United 
States at the present time (Figure 49-9). This interface sur-
rounds the entire head like a plastic bubble. The only point 
where the patient experiences stress is in the axillary area where 
the two straps holding the helmet in place cross. Numerous 
recent studies have evaluated the effectiveness of the helmet 
during CPAP and NPPV.101-105 Results indicated that the helmet 

available that provide tension to help keep the mouth closed, 
but in practice, they seldom work well. Oronasal masks are less 
prone to mouth leaks because both the mouth and the nose are 
covered. Disadvantages associated with oronasal masks include 
increases in dead space, risk of aspiration, and feelings of claus-
trophobia. Nasal masks may be better tolerated by patients with 
claustrophobia. Oronasal masks interfere with patients’ ability 
to communicate, eat, drink, and expectorate secretions without 
removing the mask.

In the past few years, new types of patient interfaces have 
been introduced in various designs, sizes, and shapes that are 
intended to promote more comfort and better tolerance. The 
respiratory therapist (RT) should be aware of all available 
designs to choose a relatively comfortable, well-tolerated, cor-
rectly fitted interface through which the needed level of ventila-
tory support can be delivered.

Nasal Pillows
Nasal pillows (Figure 49-6) are round, soft cushions that fit 
directly into the nares. Specially designed headgear holds the 
prongs in place. This interface is used most often during nasal 
CPAP by patients with chronic disease who do not tolerate a 
nasal mask. Nasal pillows are often a good option for patients 
with skin necrosis on the bridge of the nose or to deliver noc-
turnal CPAP to patients who prefer to sleep on their side. A 
newer design is the wedge-shaped mini-nasal mask that covers 

FIGURE 49-6	 Nasal	pillows	are	available	in	several	designs	and	
various	sizes.	(Courtesy	ResMed	Corp,	San	Diego,	CA.)

FIGURE 49-7	 The	hybrid	mask	covers	the	mouth	and	
incorporates	nasal	pillows	into	the	mask.	(Courtesy	InnoMed	
Technologies,	Coconut	Creek,	FL.)
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Face masks are specifically designed for use with either ICU 
or noninvasive ventilators (Figure 49-10). Face masks for non-
invasive ventilators have entrainment valves that prevent 
asphyxia if the ventilator fails or the tubing becomes discon-
nected. Full-face masks designed for ICU ventilators do not 
have this feature. In addition, noninvasive ventilators using a 
single-limb circuit require a leak port either in the tubing or in 
the mask itself (Figure 49-11). Masks with leak ports should be 
used only with noninvasive ventilators because the leak inter-
feres with the function of ICU ventilators.

Few data are available in the literature to help guide the 
choice of an interface for NIV. One study compared 30 minutes 
of full-face mask, nasal mask, and nasal pillows applied in 
random order to hypercapnic patients.106 The investigators 
reported that the full-face mask and nasal pillows improved 
ventilation more than the nasal mask but that the nasal mask 
was better tolerated.106 Use of a full-face mask also was associ-
ated with a significant increase in VT compared with the nasal 
mask.106 Similar findings were reported in a more recent study 
of 90 patients with hypercapnic ARF randomly assigned to 
full-face mask or nasal mask.107 Both studies support the belief 
that full-face masks may be more effective for patients in the 
acute care setting.106,107 There is no perfect NIV interface that 
meets the needs of every patient. Success is more likely if the 
interface can be tolerated for long periods and only a small air 
leak is present. A full-face mask is the interface of choice for 
patients requiring NIV for ARF. For patients who cannot toler-
ate a full-face mask, a nasal mask should be tried before accept-
ing failure.

FIGURE 49-8	 The	Total	Face	Mask.	(Courtesy	Phillips	
Respironics,	Murrysville,	PA.)

FIGURE 49-9	 The	helmet	is	used	in	Europe	to	provide	
continuous	high-flow	CPAP.	(Courtesy	Intersurgical	Nederland,	B.V.)

is more effective for CPAP than NPPV.104 However, CPAP must 
be applied with a high continuous flow to prevent CO2 from 
accumulating inside the helmet.105 If CPAP is provided by a 
ventilator, the patient is likely to rebreathe CO2 because of the 
large capacitance of the helmet.105 During NIV with the helmet, 
CO2 is not eliminated as effectively compared with full-face 
masks, and triggering and cycling the ventilator can be adversely 
affected.104

	

RULE OF THUMB

Use	a	full-face	mask	for	patients	in	ARF.	If	the	patient	is	
unable	to	tolerate	a	full-face	mask,	try	a	nasal	mask	
before	accepting	NIV	failure.

Types of Mechanical Ventilators and 
Modes of Ventilation

Three types of ventilators are used for NIV: noninvasive ventila-
tors, critical care ventilators, and portable home care ventila-
tors. This section describes the characteristics and function of 
the three types of ventilators.

Noninvasive Ventilators
Most noninvasive ventilators are electrically powered, blower-
driven, and microprocessor-controlled (Figure 49-12). These 
devices deliver a continuous but variable flow of gas to the 
patient through a single-limb circuit without an exhalation 
valve. To function properly, noninvasive ventilators must have 
a continuous air leak through one or more small ports either in 
the ventilator circuit or in the patient interface. The ports also 
provide the outlet through which the patient’s exhaled gas is 
vented from the circuit. The main advantage of noninvasive 
ventilators over other types of ventilators is the ability to trigger 



1124 SECTION VI • Acute and Critical Care

FIGURE 49-10	 A,	Oronasal	mask	designed	for	use	with	a	critical	care	ventilator.	B,	Oronasal	mask	with	anti-suffocation	valve	intended	
for	use	with	a	noninvasive	ventilator.	(A,	Courtesy	Phillips	Respironics,	Murrysville,	PA,	B,	Pulmodyne,	Indianapolis,	IN.)

A B

FIGURE 49-11	 A	leak	port	is	required	with	noninvasive	
ventilators	to	ensure	proper	function,	either	as	shown,	in	the	
ventilator	circuit,	or	in	the	nasal	or	oronasal	mask.	Occlusion	of	the	
leak	port	will	result	in	ventilator	malfunction.	(Courtesy	Phillips	
Pulmodyne,	Indianapolis,	IN.)

MINI CLINI
Problems With Triggering During 
Noninvasive Ventilation

PROBLEM:  A patient with COPD is receiving NIV with a 
noninvasive ventilator using a full-face mask. The ventilator 
settings are as follows: PSV mode, peak pressure 14 cm H2O, 
PEEP 4 cm H2O, backup rate 10 breaths/min. Arterial 
blood gas was obtained after 30 minutes on NIV. PaCO2 was 
75 mm Hg, essentially unchanged since NIV was initiated. The 
RT notices that the ventilator is not triggering with every 
patient effort, and his respiratory distress has not improved. 
What should the RT do?

Solutions
1. The problems of failure to trigger and ineffective ventilation 

could be caused by a large air leak. Determine if an air leak 
is present. If so, reposition, refit, or select a better fitting 
mask; adjust strap tension; and consider adding a forehead 
spacer to minimize the leak.

2. These two problems could be related to intrinsic PEEP. 
Carefully observe the patient and ventilator graphics, if 
available, for missed trigger attempts. The ventilator should 
trigger with every inspiratory effort by the patient. Try 
increasing PEEP slowly from 4 cm H2O to 6 cm H2O or 
8 cm H2O. If the applied PEEP from the ventilator is set to 
minimize the difference between end expiratory pressure 
and the patient’s intrinsic PEEP, the ability to trigger should 
improve. In some ventilators, increasing or decreasing PEEP 
in pressure-targeted ventilation modes does not also affect 
the peak pressure. In this case, increasing PEEP could result 
in a decrease in the ventilating pressure and VT. Check the 
peak pressure to determine if the ventilating pressure has 
changed, and increase the peak pressure by the same amount 
as PEEP is increased. Effective ventilation is usually achieved 
if the exhaled VT is about 4 to 6 ml/kg.
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and cycle appropriately when small to moderate air leaks are 
present.

The microprocessor controls gas delivery to the patient. 
Although flow and pressure are measured internally, the design 
of these ventilators maintains a low resistance between the 
patient and the ventilator at all times. Key factors are the absence 
of valves in the ventilator circuit, smooth internal lumen tubing 
for the circuit, and use of only low-resistance heated humidi-
fiers. As a result, noninvasive ventilators are sensitive to changes 
in flow and pressure and can respond quickly to patient 
demands. Noninvasive ventilators used in the acute care setting 
for patients who would otherwise need intubation should meet 
a few safety requirements, including minimal CO2 rebreathing 
and alarms for circuit disconnection, loss of power, and battery 
failure if a battery is present. An internal battery allows safe 
patient transport without interruption of NIV. Low baseline 
pressure settings have been associated with significant rebreath-
ing of CO2 in single-limb circuits.108,109, A setting of at least 3 to 
5 cm H2O PEEP generates adequate flow to flush exhaled gas 
from the ventilator circuit and prevent rebreathing of CO2.

108 

FIGURE 49-12	 Examples	of	noninvasive	ventilators	with	monitoring	and	alarm	capabilities.	(Courtesy	Phillips	Respironics,	Murrysville,	PA.)
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For this reason, the expiratory pressure can be set no lower than 
4 cm H2O on many noninvasive ventilators. Masks used with 
noninvasive ventilators typically include an antiasphyxia valve 
that opens automatically in the event of power loss or circuit 
disconnection.

Ideally, noninvasive ventilators should have an internal 
blending device, capable of providing FiO2 ranging from 0.21 
to about 1. Simply adding an additional flow of O2 into the 
ventilator circuit or mask results in maximum FiO2 of about 
0.5,110 which is prone to wide fluctuations from variations in 
patient inspiratory flow rates, patient effort, and leaks. Other 
capabilities such as graphics monitoring; and display calculated 
volumes that estimate leak, VT, and minute ventilation are 
useful when adjusting NIV settings to enhance patient-ventilator 
synchrony.

Modes available on noninvasive ventilators usually include 
CPAP, spontaneous (pressure support), and timed (pressure 
assist/control). Depending on the ventilator used, the ventilat-
ing pressure is referred to as inspiratory positive airway pres-
sure (IPAP), equal to peak airway pressure, or pressure support, 
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flow cycling but provides an additional limit for inspiration in 
the presence of a large leak.

To deliver NIV, ICU ventilators can be set in PSV mode, 
which is a patient-triggered, pressure-limited, flow-cycled 
mode. During inspiration, a high gas flow is delivered until the 
preset pressure limit is achieved. At that point, the flow begins 
to decrease until a predetermined level of flow is reached, 
cycling the breath to exhalation. Depending on the specific 
ventilator used, this flow level can be a fixed flow rate (e.g., 5 L/
min) or a percentage of the peak flow (e.g., 25%). The flow-
cycling mechanism of PSV can cause problems during NIV. In 
the presence of a large air leak, the flow may not decrease to the 
level necessary to cycle the breath to expiration. In this case, the 
patient may have to exhale actively, using abdominal muscles to 
increase airway pressure to cycle the ventilator to exhalation 
using secondary criteria.111,112 This action increases work of 
breathing and can lead to failure of NIV.

Active exhalation can be recognized on the ventilator graph-
ics by a spike in airway pressure at the end of the breath (Figure 
49-15). There are two ways to correct this problem so  
that the patient can exhale passively again. First, inspiration  
can be time-cycled instead of flow-cycled by decreasing the 
maximum inspiratory time setting. Time-cycled (instead of 
flow-cycled), pressure-limited ventilation markedly improves 
patient-ventilator synchrony and patient comfort and compli-
ance with therapy in the presence of air leaks.113

which is the change in pressure above PEEP. In either case,  
this type of breath is usually pressure-limited and flow-cycled  
or time-cycled (Figure 49-13). With pressure support and  
spontaneous modes, inspiration is patient-triggered. With pres-
sure assist/control or spontaneous-timed modes, inspiration is 
either patient-triggered or time-triggered.

Critical Care Ventilators
Critical care ventilators with noninvasive modes that compen-
sate for leaks can be used to deliver NIV effectively but there is 
wide variability in their performance (Figure 49-14). These ven-
tilators are equipped with internal air-oxygen blenders, graph-
ics, and alarms, and are capable of delivering high inspiratory 
flow rates that meet patient demand. They generally use dual-
limb circuits that prevent rebreathing of exhaled CO2.

The main problem with using older critical care ventilators 
to provide NIV is their inability to compensate for leaks. Air 
leaks around the mask can cause problems including auto-
triggering and failure to cycle. State-of-the-art critical care ven-
tilators now have ventilation modes designed for noninvasive 
application. With a few models, the NIV mode activates only 
new alarms (low pressure) and deactivates low VT and minute 
volume alarms. However, most models incorporate some level 
of leak compensation during triggering, cycling, or both. A 
common feature of NIV modes is the ability to set a maximum 
inspiratory time during PSV. This setting does not deactivate 

FIGURE 49-13	 The	effects	of	changing	noninvasive	ventilator	settings	(IPAP	and	EPAP).	A,	Spontaneous	breathing	on	CPAP	of	5	cm	
H2O.	B,	Adding	IPAP	of	10	cm	H2O	results	in	higher	VT.	C,	Increasing	IPAP	to	15	cm	H2O	delivers	even	higher	VT.	D,	Increasing	the	baseline	
EPAP	without	a	corresponding	increase	in	IPAP	results	in	lower	VT	because	the	difference	between	IPAP	and	EPAP	is	less.	(Copyright	©	
2015	Covidien.	All	rights	reserved.	Used	with	the	permission	of	Covidien.)
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FIGURE 49-14	 Examples	of	critical	care	ventilators	that	can	be	used	to	provide	noninvasive	ventilation.	(Courtesy	Medtronic,	Boulder,	CO.)

A B

FIGURE 49-15	 Active	exhalation	is	recognized	by	the	spike	on	
the	pressure	waveform	at	the	end	of	inspiration.	The	patient	uses	
abdominal	muscles	to	increase	airway	pressure	and	cycle	the	
ventilator	into	exhalation.	
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Active exhalation The second option is to adjust the termination criterion114 
by changing the percentage of the peak inspiratory flow that 
terminates the breath. Most current generation ICU ventilators 
allow adjustment of the termination criterion setting over a 
wide range (Figure 49-16). To prevent active exhalation, the 
percentage is simply increased until the spike disappears from 
the pressure waveform. Proper adjustment of the termination 
criterion can markedly improve patient-ventilator synchrony 
during NIV.

PSV is the ventilation mode commonly used for NIV. Most 
RTs are familiar with using pressure-targeted ventilation for 
NIV on ventilators designed specifically for noninvasive appli-
cation. The current recommendation by an international con-
sensus conference on NIV in ARF is as follows: “Choice of mode 
should be based on local expertise and familiarity, tailored to 
the etiology and severity of the pathophysiological process 
responsible for ARF.”115 If a critical care ventilator is used for 
NIV, pressure ventilation makes sense because leak compensa-
tion is provided, triggering and cycling can be adjusted to suit 
patient needs, and minute ventilation and end expiratory pres-
sures are preserved. Volume-controlled modes are not recom-
mended for NIV. Inability to compensate for the decrease in 
minute ventilation and loss of pressure caused by large leaks are 
major problems when volume targeted modes are used for NIV. 



1128 SECTION VI • Acute and Critical Care

FIGURE 49-16	 Effects	of	changing	the	termination	criteria	during	PSV.	Changing	to	a	setting	that	ends	inspiration	at	a	higher	percentage	
of	peak	flow	results	in	shorter	inspiratory	time	and	lower	tidal	volume.	This	change	is	sometimes	needed	to	improve	patient-ventilator	
synchrony.	
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FIGURE 49-17	 Two	examples	of	new	generation	portable	ventilators	that	can	be	used	in	acute	care,	home	care,	or	transport	settings.	
(A,	Courtesy	Covidien,	courtesy	Phillips	Respironics,	Murrysville,	PA.)
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In the long-term care setting, volume ventilation is sometimes 
used for patients with neuromuscular weakness.3 Volume ven-
tilation may allow a patient to stack breaths, increasing lung 
volume to near inspiratory capacity and resulting in improved 
cough peak flow. High cough peak flow should enhance secre-
tion clearance. In patients with limited muscle strength, 
pressure-controlled ventilation does not allow breath stacking 
because inspiratory pressure is held constant, in contrast to 
volume ventilation, in which delivered VT is constant. However, 
there is no proven advantage of one mode versus another in the 
long-term care setting.2 Enhanced secretion clearance is easily 
provided using a mechanical cough-assist device.

Portable Home Care or  
Transport Ventilators
Most portable home care ventilators (Figure 49-17) are electri-
cally powered and microprocessor-controlled. These devices 
can operate from alternating current (AC) or, if equipped with 
internal or external batteries, direct current (DC) power sources. 
The batteries usually can provide power for several hours. Bat-
teries add a measure of safety in areas where AC power outages 
occur regularly. They also allow the patient to be more mobile, 
which may improve their quality of life. These ventilators use a 
single-limb or double-limb ventilator circuit with an exhalation 
valve that prevents rebreathing of CO2. Updated technology has 
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when applying the mask for the first time. Holding the mask 
allows it to be removed quickly if the patient begins to panic or 
wishes to communicate. A strategy of starting with low pres-
sures can help patients adjust to NIV more readily. Ventilating 
pressures should be set as low as possible initially, especially if 
the patient is unfamiliar with the sensation of positive pressure 
ventilation. Then the ventilating pressures can be adjusted in 
small increments over 1 to 2 minutes until exhaled VT is 4 to 
6 mL/kg predicted body weight or respiratory distress improves. 
During this time, the RT should assess the patient frequently, 
adjusting the ventilator settings to synchronize breath delivery 
with the patient’s breathing pattern and providing instructions 
and coaching as needed. The mask should not be strapped on 
until the patient is comfortable with the application of NIV and 
the RT has adjusted pressures to provide proper ventilation.

The specific airway pressures needed to support the patient 
during NIV are best determined by bedside assessment of the 
patient’s response and tolerance. They cannot be determined 
with accuracy before NIV is started. However, most patients 
require PEEP levels of 5 to 8 cm H2O and ventilating pressure 
of 8 to 12 cm H2O. Peak airway pressures greater than 20 cm 
H2O are rarely needed. To avoid gastric distention, ventilating 
pressure should be less than the normal esophageal opening 
pressures of 20 to 25 cm H2O.120 If the patient has a nasogastric 
tube in place, the probability of gastric distention increases 
dramatically, as does the probability of NIV failure.

Final adjustment of the ventilator should deliver a VT of 
about 4 to 6 ml/kg ideal body weight with a respiratory rate less 
than 30 breaths/min. The goal of NIV is not to deliver a large 
VT but rather to maintain normal ventilatory patterns with 
acceptable gas exchange and decrease the work of breathing. 
FiO2 should be titrated to PaO2 of at least 60 mm Hg or SpO2 
88% to 95%.

improved the performance characteristics of these ventilators 
to a level comparable to critical care ventilators with the added 
advantages of small size, light weight, and battery power that 
allow portability. Most newer models incorporate an NIV mode 
with the ability to compensate for leaks. Some models with 
adjustable bias flow settings improve the ability of the ventilator 
to sense patient triggering. Similar to critical care ventilators, 
additional features, such as variable termination criteria and 
maximum inspiratory time, are available on some of these 
devices to enhance breath termination in PSV.

Portable home care ventilators are currently recommended 
for patients who need continuous ventilatory support or high 
ventilating pressures, such as patients with severe chest wall 
deformities or obesity or for patients who want greater mobil-
ity.2 For acute care, these ventilators could easily be used to initi-
ate NIV in nontraditional locations and allow transport to an 
emergency department or ICU without the need to interrupt 
ventilation.

Heated Humidifiers

An increase in nasal resistance and congestion has been reported 
with CPAP in patients with mouth leaks.116 The addition of 
heated humidity relieves nasal resistance and congestion. Cold 
passover humidification does not provide relief.117,118 The use of 
heated humidity during nasal CPAP in patients with sleep 
apnea and nasal symptoms (sneezing, nasal draining, nasal and 
oral dryness, and nasal obstruction) has significantly improved 
patients’ compliance with this therapy.119 It seems likely that the 
same effect would occur in NPPV. To avoid the negative effect 
on patient compliance caused by this common complaint and 
the accumulation of dried retained secretions in the back of the 
oral pharynx, humidified gas, heated to a temperature that is 
comfortable to the patient (usually about 30° C), should be the 
standard when using NIV.

	

RULE OF THUMB

Heated	humidity	(about	30°	C)	should	always	be	
provided	with	NIV	to	avoid	nasal	symptoms,	to	avoid	
the	accumulation	of	secretions	in	the	back	of	the	oral	
pharynx,	and	to	enhance	patient	tolerance.

MANAGEMENT OF NONINVASIVE 
VENTILATION

Initial Application of Noninvasive 
Ventilation

Starting NIV requires the selection of a ventilator and an inter-
face and a significant time commitment from the RT. The 
patient should be seated in a chair or bed at an angle of 30 
degrees or greater (Box 49-6).2 The RT should always explain 
the procedure and answer any questions about NIV before 
placing the mask on the patient. Clinicians should recognize 
that dyspnea can cause feelings of anxiety and fear. For this 
reason, the RT or the patient should hold the mask in place 

 Box 49-6 Initiation of Noninvasive Ventilation

1.	 Choose	a	location	with	appropriate	monitoring	based	on	
the	severity	of	the	patient’s	condition.

2.	 Position	the	patient	with	the	head	of	the	bed	elevated	≥30	
degrees.

3.	 Select	a	ventilator	and	an	appropriately	sized	interface.
4.	 Turn	on	the	ventilator	and	humidifier,	and	connect	the	

interface.
5.	 Set	initial	settings	at	a	low	level	of	support:	PEEP	0	to	4	cm	

H2O,	ventilatory	pressure	2	to	4	cm	H2O.
6.	 Hold	the	mask	on	the	patient’s	face	or	have	the	patient	

hold	the	mask	until	he	or	she	is	comfortable	with	the	
sensation	of	NIV.

7.	 Adjust	FiO2	or	bleed	in	O2	flow	to	keep	SpO2	>90%.
8.	 After	the	patient	becomes	comfortable	with	the	initial	

settings,	increase	inspiratory	pressure	until	VT	is	about	4	to	
6	ml/kg	predicted	body	weight	or	signs	of	respiratory	
distress	improve.	Increase	PEEP	to	reduce	asynchrony	from	
air	trapping	or	to	improve	oxygenation.

9.	 Check	for	air	leaks,	especially	around	the	eyes;	adjust	mask	
as	needed.

10.	 Reassess	frequently	for	tolerance	and	efficacy	of	NIV	(at	
least	every	30	minutes)	for	the	first	1	to	2	hours.
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TABLE 49-1 

Expected Results of Changing Noninvasive 
Ventilator Settings

Setting Adjustment Anticipated Result

IPAP ↑ ↑	VT,	↑	minute	ventilation,	↓	PaCO2

↓ ↓	VT,	↓	minute	ventilation,	↑	PaCO2

EPAP ↑ ↑	FRC,	↑	PaO2,	↓	VT

If	intrinsic	PEEP	is	present,	fewer	
missed	trigger	attempts	and	
improved	patient-ventilator	
synchrony

↓ ↓	FRC,	↓	PaO2,	↑	VT,	↓	PaCO2

Possible	rebreathing	of	CO2	if	
EPAP	<4	cm	H2O

FiO2 ↑ ↑	PaO2;	if	bleeding	O2	into	circuit,	
maximum	expected	FiO2	is	
approximately	0.5;	increasing	O2	
flow	>15	L/min	may	adversely	
affect	triggering

↓ ↓	PaO2

Rate	control* ↑ ↑	minute	volume	in	timed	modes,	
↓	PaCO2

↓ ↓	minute	volume	in	timed	modes,	
↑	PaCO2

FRC,	Functional	residual	capacity.
*Rate	control	is	generally	set	at	8	to	10	as	a	backup	rate	and	not	changed	
in	spontaneous/timed	mode.

	

RULE OF THUMB

Most	patients	with	ARF	can	be	stabilized	with	an	
expiratory	pressure	setting	of	5	to	8	cm	H2O	and	
ventilating	pressure	of	8	to	12	cm	H2O.	Avoid	using	
peak	pressures	greater	than	20	cm	H2O.

Clinical Assessment Criteria to  
Identify Success or Failure of 
Noninvasive Ventilation

Careful monitoring and frequent reassessment are very impor-
tant during the first 1 to 2 hours of NIV. Successful application 
of NIV is easy to recognize—gas exchange improves, PaCO2 
decreases, pH normalizes, and PaO2 and SpO2 increase. Along 
with improvement of these measured values, the patient’s  
clinical presentation improves; respiratory rate decreases, VT 
increases, accessory muscle use decreases or is eliminated, and 
pulse rate and blood pressure normalize. If clinical status and 
gas exchange have not improved after 1 to 2 hours of NIV, 
intubation should be considered. This is especially true if the 
indication for NIV was hypoxemic respiratory failure. Evidence 
suggests an increased risk of cardiac arrest in patients with 
hypoxemic respiratory failure who do not improve after a trial 
of NIV for 1 to 2 hours.46

Adjusting Noninvasive  
Ventilator Settings

Ventilator settings may need to be adjusted after the patient 
stabilizes and acclimates or when arterial blood gas analysis 
reveals gas exchange problems. Hypercapnia is addressed first 
by minimizing air leaks and if necessary, by increasing the ven-
tilating pressure. The result is an increase in the delivered VT 
and minute ventilation and a decrease in PaCO2. NIV is typi-
cally delivered in a spontaneous mode, where all breaths are 
patient-triggered and none are mandatory, so adjusting the ven-
tilator frequency is not an option. For patients with chronic 
hypercapnia, ventilation should be adjusted to maintain an 
acceptable pH. No attempt should be made to normalize the 
PaCO2 in such patients.

Increasing PEEP increases the patient’s functional residual 
capacity, mean airway pressure, and PaO2. Higher PEEP should 
also improve trigger synchrony in the setting of air trapping. 
Decreasing PEEP theoretically should cause the opposite effects. 
In clinical practice, decreasing PEEP may not affect PaO2 as the 
disease process resolves and alveolar stability improves.

If the assist/control mode is used for NIV, the rate should be 
set at a level below the patient’s spontaneous rate, allowing the 
patient to trigger the ventilator as needed. Setting the rate in 
this manner provides a backup rate for safety if apnea occurs 
and avoids overventilating the patient. If the patient’s disease 
process limits the ability to trigger or breathe spontaneously,  
as in some neuromuscular disorders, the set rate has a direct 
relationship to minute ventilation and an inverse relationship 
to PaCO2. These relationships may not always be the case 

in clinical practice and in a spontaneously breathing patient. 
Table 49-1 summarizes ventilator adjustments during NIV.

Aerosolized Medication Delivery

For patients on intermittent NIV, aerosol medications are often 
administered while the patient is off the ventilator. Removal of 
assisted ventilation from patients in ARF makes little sense and 
is unnecessary. Aerosol therapy can be delivered in the usual 
manner through an ICU ventilator used for NIV. With a non-
invasive ventilator, positioning the nebulizer between the exha-
lation port and mask maximizes drug delivery.121 If the 
exhalation port is located in the mask or any other position 
distal to the nebulizer, much of the drug is lost via the exhala-
tion port during both inspiration and expiration. A metered 
dose inhaler (MDI) can be administered by placing an adapter 
or collapsible holding chamber in the same position in the 
circuit. Drug delivery should improve because the MDI is actu-
ated only during inspiration. However, dosing can safely be 
doubled and should be adjusted based on patient response to 
compensate for loss through leaks in the system and other 
inefficiencies.

Safe Delivery of  
Noninvasive Ventilation

Monitoring During Noninvasive Ventilation
In acute care or long-term care applications, clinicians must  
not lose sight of the goals of NIV.2 The RT should confirm 
ventilator function and assess the patient on a regular basis for 
leaks, accessory muscle use, ventilator synchrony, comfort, and 
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changes in vital signs and gas exchange. In the acute care setting, 
respiratory rate, heart rate, and gas exchange should improve 
within 1 to 2 hours after initiation of NIV. If there is no improve-
ment after 1 to 2 hrs on optimal settings, intubation should be 
considered. At a minimum, SpO2 must be continuously moni-
tored. In the acute care setting, continuous monitoring of heart 
rate and blood pressure is the safest practice. A current consen-
sus statement recommends a higher level of monitoring for 
patients with acute hypoxemia, worsening condition, involve-
ment of nonrespiratory organ systems, or persistent acidosis.122 
If the patient cannot sustain ventilation independent of NIV for 
at least 1 hour, the same level of monitoring as any intubated 
patient should occur.

In the long-term care setting, improvement in gas exchange 
may require weeks to several months depending on daily use 
and compliance with the prescribed therapy.2 Clinicians pro-
viding follow-up treatment in the long-term care setting  
should determine usage with the elapsed time indicator on the 
ventilator. The patient should be assessed for complications, 
symptoms of hypoventilation and poor sleep quality, patient-
ventilator synchrony, and other factors that affect compliance.

MINI CLINI
Improving Patient-Ventilator Synchrony 
During Noninvasive Ventilation

PROBLEM:  An oncology patient with DNI orders is receiving 
NIV from a critical care ventilator with a full-face mask. The 
ventilator is set in the PSV mode. Peak inspiratory pressure is 
15 cm H2O, PEEP is 5 cm H2O, and flow trigger is 2 L/min. The 
patient has a nasogastric tube in place that is causing a large 
leak. The ventilator is self-triggering and fails to cycle into 
expiration when the patient exhales. The patient is dyspneic 
and appears uncomfortable.

Solutions  Large leaks can cause patient-ventilator asyn-
chrony with ventilators that do not have leak compensation. 
Triggering and cycling are affected because the ventilator is no 
longer sensitive to changes in flow or pressure changes gener-
ated by the patient.
1. Repositioning the mask and placing a flat piece of gauze or 

hydrocolloid dressing between the mask and the nasogastric 
tube and another between the nasogastric tube and the 
patient’s face may help reduce the leak.

2. Change to a critical care ventilator with a noninvasive mode 
or a noninvasive ventilator designed for ICU use.

3. If switching ventilators is not feasible, and a large leak is still 
present, adjusting the termination criterion to a higher 
setting can shorten inspiratory time, allowing breath termi-
nation to occur at a higher percentage of the peak flow.

4. If termination criteria are not adjustable, change to pressure 
assist/control mode. Observe the ventilator graphics to 
determine the patient’s desired inspiratory time, and set the 
inspiratory time on the ventilator accordingly. Typically, 
critically ill patients should have inspiratory times of about 
0.7 to 1 second (in some cases, 0.5 second).

Patient Location
NIV can be initiated in any acute care location, including the 
emergency department, ICU, or general care floor.54 After NIV 
is initiated, patients should be transferred to an ICU or other 
inpatient location with continuous monitoring capabilities, 
skilled staff, and access to endotracheal intubation if needed.2,54 
Hypercapnic patients with COPD and a pH of 7.30 or greater 
and patients who can sustain ventilation without NIV for at 
least 1 hour can be managed safely on a general care floor.54 It 
is important that staff members be adequately trained before 
caring for patients on NIV. Another consensus conference rec-
ommendation calls for one-to-one monitoring of NIV patients 
for the first few hours by a trained, experienced RT, nurse, or 
physician.54

Weaning from Noninvasive Ventilation

At the present time, there is no standard approach to weaning 
from NIV. One weaning strategy is to decrease high levels of 
inspiratory and baseline pressure gradually to minimal settings 
as the acute disease process resolves. The length of time off the 
ventilator can be increased gradually as tolerated. Another 
approach is to continue NIV until there is a need to remove the 
mask. Patients often request to remove the mask after several 
continuous hours of NIV. The patient’s ability to ventilate ade-
quately is reassessed after 5 to 30 minutes based on tolerance 
and NIV is either discontinued or restarted.

COMPLICATIONS OF NONINVASIVE 
VENTILATION

The reported failure rate of NIV ranges from 7% to 70%.2 Seri-
ous complications such as aspiration or pneumothorax occur 
less than 5% of the time. The undesired side effects of NIV are 
less serious, although more common. These side effects can be 
grouped into categories related to the noninvasive interface and 
to gas flow and airway pressures. Table 49-2 lists the complica-
tions, frequency of occurrence, and suggested remedies.

Air leaks can cause several problems of various levels of 
concern, ranging from eye irritation and dry mouth to inability 
to trigger inspiration. Small air leaks should be expected during 
NIV. Large air leaks should be addressed immediately before 
they lead to patient-ventilator asynchrony or worsening gas 
exchange.3 Air leaks often can be avoided by selecting an appro-
priately sized mask. If excessive airflow is leaking through the 
mouth, changing to a full-face mask should be helpful. If the 
problem persists, one can reposition the mask, add a forehead 
spacer, and readjust strap tension. Sometimes, ventilator set-
tings must be adjusted if ventilation is adversely affected by the 
leak. Using a ventilator with leak compensation should resolve 
problems with leaks.

Mask-related side effects are the most common problems. 
Mask discomfort may be reported by up to 50%2 of patients 
receiving NIV, and excessive discomfort decreases patient toler-
ance for NIV. Switching to a correctly sized mask or loosening 
the straps slightly is often all that it takes to resolve this issue. 
Skin damage is a problem that is only going to get worse if not 
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TABLE 49-2 

Side Effects and Complications of  
Noninvasive Ventilation

Incidence* Possible Solutions

Interface-Related Side Effects
Discomfort Common Loosen	straps

Refit,	reposition,	or	change	interface
Erythema Common Apply	skin	barrier	or	hydrocolloid	

dressing	or	both
Loosen	straps,	adjust	forehead	

support,	or	add	spacer
Alternate	the	use	of	2	masks

Claustrophobia Infrequent Change	interface
Consider	anxiolytic

Pressure	ulcer Infrequent Apply	hydrocolloid	dressing
Change	interface

Skin	rash Infrequent Apply	topical	steroid	or	antibiotic

Air Pressure–Related or Flow-Related Side Effects
Nasal	

congestion
Common Administer	inhaled	corticosteroid	or	

decongestant
Nasal	dryness Common Avoid	by	using	heated	

humidification	with	NIV
Administer	saline	nasal	spray

Sinus	or	ear	
pain

Common Decrease	ventilating	pressure

Eye	irritation Common Refit,	reposition,	or	change	interface
Gastric	

distention
Infrequent Administer	simethicone

Lower	pressures

Serious Complications
Aspiration Rare Avoid	through	careful	patient	

selection
Stop	NIV,	if	status	will	allow

Pneumothorax Rare Decrease	ventilating	pressure
Place	chest	tube,	if	tension	

pneumothorax
Hypotension Rare Decrease	inflation	pressure

From	Mehta	S,	Hill	NS:	Noninvasive	ventilation.	Am	J	Respir	Crit	Care	Med	
163:540,	2001.
*Common—occurs	in	30%	to	50%	of	patients;	infrequent—occurs	in	
approximately	5%	to	20%	of	patients;	rare—occurs	in	<5%	of	patients.

addressed immediately for patients who need to continue using 
NIV. RTs should keep a watchful eye on reddened areas, usually 
on the bridge of the nose. A liquid skin barrier should be applied 
to protect the area. Applying “artificial skin” or a hydrocolloid 
dressing or patch is a good idea to provide further protection. 
These patches should also be used if a pressure ulcer forms. 
Taking steps to minimize pressure such as loosening the straps 
and adding a forehead spacer are important. Other strategies to 
reduce the risk of pressure ulcers include alternating use of two 
or more different masks and removing the mask every 4 to 6 
hours for a few minutes if the patient can tolerate being off the 
ventilator without increased respiratory distress.

Complications related to air pressure and flow include nasal 
congestion, upper airway dryness, sinus and ear pain, eye irrita-
tion, and gastric insufflation.2 Usually, nasal congestion and 
upper airway dryness can be prevented by using heated humid-
ity whenever NIV is initiated. Decongestants and saline spray 
are sometimes needed to relieve symptoms of congestion. Sinus 

and ear pain may be related to high inspiratory pressure; use of 
the lowest effective inspiratory pressure may prevent or alleviate 
this problem.

Clinically significant gastric insufflation is a rare occurrence 
in patients using NIV.2 Use of the lowest effective pressure may 
prevent gastric insufflation. Routine use of a nasogastric tube is 
not recommended. A nasogastric tube increases the risk of 
gastric insufflation, adversely affects mask fit, and usually causes 
a large air leak, increasing the likelihood of NIV failure.

Most major complications can be avoided with careful 
patient selection and use of the lowest inspiratory pressure that 
improves the patient’s gas exchange and relieves symptoms. 
NIV should be avoided if the patient is a high aspiration risk or 
is hemodynamically unstable. The risk of aspiration increases 
if inspiratory pressures greater than 20 cm H2O are used. In 
general, the head of the bed should be maintained at 30 degrees 
to reduce the risk of aspiration during NIV.

TIME AND COSTS ASSOCIATED WITH 
NONINVASIVE VENTILATION

The cost-effectiveness of NIV is linked to appropriate patient 
selection, familiarity of staff members with NIV, and the success 
or failure of NIV in preventing endotracheal intubation.122,123 
Staff time is one of the most valuable and expensive resources 
in hospitals. Time required by nurses and physicians during the 
first 48 hours of NIV is similar to the time required for invasive 
mechanical ventilation, but the time required by RTs for NIV is 
considerably greater than for invasive mechanical ventilation.124 
However, another study showed that the time required by RTs 
was significantly greater for the first 8 hours but significantly 
lower during the next 8 hours.122 The increased time require-
ment associated with starting NIV is due to mask fitting, gradual 
upward adjustment of ventilator settings, and remaining at the 
bedside to provide coaching and encouragement to patients as 
they acclimate to NIV. After the patient begins to improve, the 
time required to maintain NIV should decrease to a level similar 
to invasive ventilation.

SUMMARY CHECKLIST

◗	NIV	is	the	application	of	positive	pressure	ventilation	or	
CPAP	with	a	mask	or	other	noninvasive	interface	to	
improve	gas	exchange	or	decrease	the	work	of	breathing.

◗	The	use	of	NIV	to	manage	ARF	has	improved	patient	
outcomes.

◗	Evidence	supports	NIV	as	the	standard	of	care	for	
managing	patients	with	COPD	exacerbations	and	acute	
cardiogenic	pulmonary	edema.	There	is	less	evidence	
supporting	other	indications	for	NIV.

◗	NIV	may	be	justified	in	the	management	of	ARF	if	selection	
criteria	(see	Box	45-2)	are	present,	exclusion	criteria	(see	
Box	45-3)	are	absent,	and	the	disease	process	is	
reversible.

◗	Acute	cardiogenic	pulmonary	edema	should	be	managed	
initially	with	CPAP	of	8	to	12	cm	H2O.	NPPV	should	be	
considered	only	if	hypercapnia	is	present.
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support ventilation delivered before and after extubation in patients not 
capable of totally spontaneous autonomous breathing. Am J Respir Crit 
Care Med 164:638–641, 2001.

25. Bersten AD, Holt AW, Vedig AE, et al: Treatment of severe cardiogenic 
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face mask. N Engl J Med 325:1825–1830, 1991.

26. Lin M, Yang YF, Chiang HT, et al: Reappraisal of continuous positive airway 
pressure therapy in acute cardiogenic pulmonary edema. Chest 107:1379–
1386, 1995.

27. Kelly CA, Newby DE, McDonagh TA, et al: Randomised controlled trial of 
continuous positive airway pressure and standard oxygen therapy in acute 
pulmonary oedema. Eur Heart J 23:1379–1386, 2002.

28. Masip J, Betbese AJ, Paez J, et al: Noninvasive pressure support ventila-
tion versus conventional oxygen therapy in acute cardiogenic pulmonary 
oedema: a randomised trial. Lancet 356:2126–2132, 2000.

29. Levitt MA: A prospective, randomized trial of BiPAP in severe acute conges-
tive heart failure. J Emerg Med 21:363–369, 2001.

30. Nava S, Carbone G, DiBattista N, et al: Noninvasive ventilation in car-
diogenic pulmonary edema. Am J Respir Crit Care Med 168:1432–1437, 
2003.

31. Bellone A, Monari A, Cortellaro F, et al: Myocardial infarction rate in acute 
pulmonary edema: noninvasive pressure support ventilation versus con-
tinuous positive airway pressure. Crit Care Med 32:1860–1865, 2004.

32. Bellone A, Vettorello M, Monari A, et al: Noninvasive pressure support 
ventilation versus continuous positive airway pressure in acute hypercapnic 
pulmonary edema. Intensive Care Med 31:807–811, 2005.

33. Park M, Lorenzi-Filho G, Feltrim MI, et al: Oxygen therapy, continuous 
positive airway pressure, or noninvasive bilevel positive pressure ventilation 
in the treatment of acute cardiogenic pulmonary edema. Arq Bras Cardiol 
76:221–230, 2001.

34. Crane SD, Elliott MW, Gilligan P, et al: Randomised controlled comparison 
of continuous positive airways pressure, bilevel noninvasive ventilation, 
and standard treatment in emergency department patients with acute car-
diogenic pulmonary oedema. Emerg Med J 21:155–161, 2004.

◗	NIV	is	beneficial	in	the	management	of	patients	extubated	
but	at	risk	of	reintubation	and	patients	with	DNI	orders.

◗	Patients	with	ALS	should	receive	NIV	because	it	probably	
prolongs	their	lives.

◗	Caution	should	be	used	in	applying	NIV	to	patients	with	
acute	hypoxemic	respiratory	failure.

◗	NIV	is	most	successful	in	the	acute	care	setting	when	air	
leaks	are	minimal,	the	patient’s	severity	of	illness	is	
moderate,	respiratory	acidosis	is	present,	and	
improvement	in	gas	exchange	and	vital	signs	occurs	within	
1	to	2	hours	after	NIV	initiation.

◗	When	NIV	is	used	for	hypoxemic	ARF,	intubation	and	
invasive	ventilation	should	be	initiated	if	gas	exchange	and	
patient	presentation	does	not	improve	within	1	to	2	hrs	of	
NIV.

◗	NIV	is	typically	administered	in	the	PSV	mode	with	PEEP.
◗	Airway	pressure	during	NIV	should	be	kept	as	low	as	

possible	to	achieve	therapeutic	goals	(ideally	<20	cm	H2O).
◗	Although	any	ventilator	can	be	used	for	NIV,	ventilators	

designed	to	compensate	for	leaks	can	be	expected	to	
perform	best.

◗	Heated	humidity	(about	30°	C)	should	always	be	provided	
with	NIV.

◗	Aerosolized	drugs	can	be	administered	without	interrupting	
NIV.

◗	The	initiation	of	NIV	requires	significant	staff	time,	but	after	
patients	stabilize,	the	time	required	to	maintain	NIV	is	
similar	to	invasive	ventilation.
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Extracorporeal Life 
Support (ECLS)

CLORINDA SUAREZ AND PATRICIA ENGLISH

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	two	primary	goals	of	extracorporeal	membrane	oxygenation	(ECMO).
◆	 List	indications	for	initiating	ECMO.
◆	 Differentiate	between	venovenous	(VV),	venoarterial	(VA),	and	arteriovenous	(AV)	ECMO.
◆	 Discuss	ECMO	physiology.
◆	 Identify	components	of	a	typical	ECMO	circuit	and	their	functions.
◆	 List	risks	and	complications	of	ECMO.
◆	 Discuss	when	and	how	to	wean	off	of	ECMO.
◆	 Describe	the	respiratory	therapist	role	as	an	ECMO	specialist.
◆	 Describe	safety	system	incorporated	in	or	added	to	ECMO	systems.
◆	 Identify	typical	sites	for	cannula	placement	for	VA	support.
◆	 Identify	typical	sites	for	cannula	placement	in	VV	support.
◆	 Describe	the	reasons	ECMO	patients	need	to	be	anticoagulated.
◆	 Describe	how	anticoagulation	is	typically	monitored	during	ECMO.
◆	 Discuss	the	significance	of	ventilator	support	and	management	during	ECMO.

CHAPTER OUTLINE
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Patients Receiving ECMO
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Equipment
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Cannulas
Types of Support

Venoarterial	ECMO
Venovenous	ECMO
Arteriovenous	ECMO

Initiation of Support
Maintenance of an ECMO Run
Transporting a Patient on ECMO
Risks and Complications
Blood Products During ECMO
Weaning and Decannulation

KEY TERMS

activated	clotting	time
afterload
arteriovenous	(AV)
extracorporeal	life	support	(ECLS)
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cardiac	output
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decannulation
membrane	pressures
oxygen	content
oxygen	delivery
preload
pump	flow

recirculation
sweep	flow
tamponade
venoarterial	(VA)
venous	reservoir
venovenous	(VV)
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INTERNATIONAL REGISTRY

With the development of an international ECLS registry in the 
late 1980s, centers providing ECMO began submitting data on 
the patients supported in centers from around the world. Since 
that time patient information, including patient age, diagnosis, 
type of support, complications, and outcomes have been com-
piled by the registry. Table 50-1 shows a summary of patients 
entered into the registry and their outcomes.1

PATIENTS RECEIVING ECMO

Newborns

In the 1980s ECMO support was almost exclusively used for 
newborns with respiratory failure.2 The primary conditions of 
patients placed on ECMO were meconium aspiration syn-
drome, respiratory distress syndrome, sepsis, congenital dia-
phragmatic hernia, and primary pulmonary hypertension.2 
Many of these patients also had pulmonary hypertension  

E xtracorporeal life support (ECLS) encompasses several 
forms of mechanical support, all of which involve cir-
culating blood from a patient to outside the body, 

through a mechanical gas exchanger, and returning it back to 
the patient. The most common form of ECLS is extracorporeal 
membrane oxygenation (ECMO). There are three general types 
of ECMO support, venoarterial (VA), venovenous (VV), and 
the emerging arteriovenous (AV) support. Distinctions between 
the three types will be outlined later in this chapter.

ECMO is typically considered only in conditions when 
maximum conventional support has not been successful in 
delivering oxygen, removing CO2 or providing adequate cardiac 
function. ECMO itself does not heal or fix the condition but 
rather is life-saving support for the most severe forms of acute 
heart and/or lung failure. Patients can be placed on ECMO for 
either cardiac or respiratory support, though at times both 
cardiac and respiratory support are indicated. ECMO will allow 
the heart and/or lungs to rest and help avoid the damage that 
can result from high levels of conventional treatments. The 
primary goals of ECMO are to provide adequate oxygen deliv-
ery and remove carbon dioxide while the lungs and/or heart 
recover, or in some cases until the lungs or heart can be 
transplanted.

TABLE 50-1 

Number of Patients Reported to the ECLS 
Registry With Survival Rates in Each Category

Total Patients Survived ECLS Survived to Dc or Transfer

Neonatal
Respiratory 27,728 23,358 84% 20,592 74%
Cardiac 5810 3600 62% 2389 41%
ECPR 1112 712 64% 449 40%

Pediatric
Respiratory 6569 4327 66% 3760 57%
Cardiac 7314 4825 66% 3679 50%
ECPR 2370 1313 55% 976 41%

Adult
Respiratory 7008 4587 65% 4026 57%
Cardiac 5603 3129 56% 2294 41%
ECPR 1657 639 39% 471 28%
Total 65,171 46,490 71% 38,636 59%

ECLS	Registry	Report,	International	Summary,	January,	2015.

 Box 50-1 ELSO Guidelines for Training of 
ECMO Specialists

•	 Introduction	to	ECMO
•	 Physiology	of	the	diseases	supported	with	ECMO
•	 Pre-ECMO	procedures
•	 Criteria	and	contraindications	for	ECMO
•	 Physiology	of	coagulation
•	 ECMO	equipment
•	 Physiology	of	VA	and	VV	ECMO
•	 Daily	patient	and	circuit	management
•	 Emergencies	and	complications	during	ECMO
•	 Management	of	complex	ECMO	cases
•	 Weaning	from	ECMO
•	 Decannulation	procedures
•	 Post-ECMO	complications

	

RULE OF THUMB

ECMO	is	an	option	for	the	management	of	severe	
respiratory	failure	or	cardiogenic	shock	refractory	to	
conventional	treatments	for	patients	with	reversible	
conditions	or	those	eligible	for	transplantation.

THE RESPIRATORY THERAPIST AS 
ECMO SPECIALIST

ECMO is provided to patients with life-threatening conditions. 
These situations require intense monitoring by clinicians with 
good critical thinking skills, strong knowledge of cardiopulmo-
nary physiology, and technical adeptness. Clinicians who 
perform this role are referred to as ECMO specialists. Respira-
tory therapists (RTs) are often viewed as ideal professionals  
for this role due to their primary training. RTs have a strong 
science background, a thorough understanding of cardiopul-
monary physiology, and the ability to handle and manage 
highly technical equipment. In many ECMO centers RTs play a 
significant role in the ECMO program. They assist in the ini-
tiation of ECMO, provide hour-to-hour management of the 
ECMO support, and provide ECMO education for the many 
clinical services involved in the care of ECMO patients. Expe-
rienced RTs with good critical thinking skills receive additional 
training to take on the role of ECMO specialist. The specific 
role of a specialist varies among ECMO institutions but  
the essential education most often provided for this role  
follows the Extracorporeal Life Support Organization (ELSO) 
(see Box 50-1).
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contraindications typically include acute ICH or stroke, me-
chanical ventilation >7 days, paralytics and steroids >48 hours, 
in hospital CPR >60 minutes, severe aortic insufficiency, end 
stage liver disease, BMI >40, contraindication to anticoagula-
tion or refusal to receive blood products.3 Relative contraindica-
tions are age >70 years old, active cancer, multiple suicide 
attempts, chronic kidney disease, and multiorgan system failure 
>3 organs.3

PHYSIOLOGY

To understand ECMO physiology it is essential to understand 
normal cardiopulmonary physiology. During normal circula-
tion blood is pumped from the right side of the heart to the 
lungs where oxygen and carbon dioxide are exchanged. From 
the lungs, blood is returned to the left side of the heart. The left 
heart then pumps oxygenated blood to the major organs and 
tissues. The amount of oxygen contained in blood leaving the 
heart is the arterial oxygen content. The absolute amount of 
blood pumped from the heart is cardiac output. Oxygen 
content times cardiac output equals the amount of oxygen 
delivered to the tissues.

Oxygen content is rarely measured directly at the bedside but 
it is critical in managing severely ill patients. Oxygen is carried 
in the blood in two forms: dissolved in plasma and in red blood 
cells bound to hemoglobin (as a percentage of the maximum 
saturation). These two components make up the total oxygen 
content in the blood. The amount of oxygen dissolved in plasma 
is a very minor portion of the total oxygen content. The dis-
solved portion is represented by the PO2 (mm Hg) × 0.003. The 
majority of oxygen is bound to hemoglobin and is represented 
by the equation Hb × % SaO2 × 1.34. Total oxygen content is 
calculated using the following equation

O Content P Hg SaO2 202 003 1 34[( ) (. . )]× + × ×

Therefore with inadequate levels of hemoglobin, oxygen content 
is significantly diminished.

To understand the importance of hemoglobin, consider the 
following: A patient with a PO2 of 40 mmHg, with a typical 
oxygen saturation of 70% and a normal hemoglobin level 
(15 gms) has more oxygen than a patient with a PO2 of 100 
(saturation 100%) and a low hemoglobin level (8 gms). See 
Chapter 12 for more complete details on oxygen content and 
oxygen delivery.

secondary to their primary condition. Improving oxygen deliv-
ery using ECMO support can greatly reduce pulmonary hyper-
tension. ECMO often was the best option to improve oxygen 
delivery while the heart and lungs healed from the primary 
insult. According to the ECLS registry more than 27,000 new-
borns have received ECMO for respiratory failure with survival 
rates to hospital discharge from 51% to 94% depending on the 
specific diagnosis.1 Criteria for ECMO in newborns with respi-
ratory failure are well established and are outlined in Box 50-2.3 
Contraindications for offering ECMO in the newborn popula-
tion fall into two categories: absolute and relative. Absolute 
contraindications include lethal congenital anomalies, severe 
irreversible brain damage, and Grade lll or higher intracranial 
hemorrhage (ICH).4 Relative contraindications include birth 
weight <1.6 kg, gestational age <34 weeks, irreversible organ 
damage (unless a transplant candidate), mechanical ventilation 
with 100% oxygen for >13 days, and some coagulopathies.4 The 
data collected over 25 years have been instrumental in establish-
ing guidelines for newborn ECMO.

Development of less risky and less invasive therapies such as 
surfactants, nitric oxide, and improved ventilator strategies have 
decreased the number of newborns considered for ECMO.5 
ECMO support for newborn respiratory failure over the last few 
years has decreased significantly to only approximately 800 
cases per year worldwide.1

Pediatric and Adult Patients

Although the number of newborns receiving ECMO continues 
to decline, ECMO cases in pediatric and adult patients are on 
the rise. This trend is likely due to improved strategies in ECMO 
management and advances in technology which has led to 
better equipment for long-term support. During the past five 
years the number of centers developing ECMO programs has 
increased greatly. Many new centers are providing ECMO pri-
marily to pediatric and adult patients, with the largest increases 
in two categories: ECMO for cardiac support and ECMO as a 
bridge for lung transplant.6 Unfortunately, guidelines for initi-
ating ECMO support in pediatric and adult patients are less 
clear than the well-established guidelines for newborns. Criteria 
are generally associated with the type of support needed and 
are not always the same from center to center.7 Box 50-3 pro-
vides an example of general indications for adult VA and VV 
ECMO. Contraindications for pediatric and adult patients gen-
erally fall into the absolute and relative categories. Absolute 

 Box 50-3 Indications for ECMO 
in Adult Patients

•	 Acute	hypoxic	or	hypercarbic	respiratory	failure
•	 Sat	<88	on	FiO2	1.0	with	PEEP	15	cm	H2O
•	 With	plateau	pressure	>30	and	trail	of	INO	or	

epoprostenol
•	 Respiratory	acidosis	with	pH	≤7.20

•	 Normal	RV/LV	function
•	 Murray	Score	>3

 Box 50-2 Indications for ECMO in Newborns

•	 Birth	weight	>2	kg
•	 Gestational	age	≥34	weeks
•	 Maximum	conventional	ventilation
•	 Failure	of	optimal	medical	support	including	INO
•	 Lung	disease	considered	reversible
•	 Absence	of	uncontrolled	bleeding
•	 No	uncorrectable	cardiac	anomalies
•	 No	other	lethal	anomalies
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in patients who have limited IV access. These ports can also be 
an option for access when continuous veno venous hemofiltra-
tion (CVVH) is required. Blood is drained from the patient into 
the circuit by either a centrifugal or roller pump. From the 
pump it goes through an artificial lung, referred to as an oxy-
genator, where oxygen is added and CO2 removed (Figure 50-1).

In some systems a venous reservoir, referred to as a bladder, 
is placed before the pump to help with assessing available blood 
volume. The bladder is then connected to a pressure monitor 
which can be set to keep the pump from rotating too quickly 
and exerting an excessive negative pressure on the cannulated 
vessel (Figure 50-2). Newer systems that combine pressure 
monitors and servo regulation are more efficient and are elimi-
nating the need for bladders. Bladders are most often used with 
roller pumps and are not typically needed with centrifugal 
pumps.

The ECMO system is powered by the blood pump. The 
pump function is to draw blood in, either from a venous reser-
voir (the bladder) or directly from the venous circulation, pump 
it through the oxygenator, and then back into the patient. The 
two types of pumps frequently used are the centrifugal (or 
vortex) pump and the roller (or occlusive) pump.

The centrifugal pump is made up of polycarbonate cones 
attached to a magnetic disk that is attached to a controller 
(Figure 50-3). The cones spin at an adjustable rate when 

MINI CLINI

PROBLEM:  The patient has a cardiac output of 5 L/min and 
is on 4 L/min of VA ECMO support. Eighty percent of the 
patient’s cardiac output is therefore oxygenated by the artificial 
oxygenator and is 100% saturated. The patient has essentially 
no lung function. His SvO2 is 65% with a PO2 of 35 mm Hg. 
Twenty percent of the patient’s cardiac output goes through the 
nonfunctional native lungs where no oxygen is added.

What is the patient’s SaO2 when blood from the ECMO-
supported cardiac output and the native cardiac output mix?

Discussion:  The combined saturation can be calculated by 
multiplying the % saturation of each portion of the cardiac 
output. This patient’s combined saturation can be determined 
by multiplying the 80% (4 of 5 L/min) of the cardiac output 
that becomes 100% saturated by the ECMO oxygenator (0.8 x 
1), and then multiplying the 20% (1 of 5 L/min) of the output 
that returns to the native lungs 65% saturated, (0.2 x 0.65) and 
adding the results of each

( ) ( ). . . .0 8 1 0 2 0 65 0 93× + × =

The mixed saturation of this patient would be 93%. To 
achieve a higher saturation a larger portion of the cardiac 
output could be pumped through the oxygenator and saturated 
to 100%. The portion of cardiac output that would remain 
through the native lungs would decrease. With a smaller 
portion of blood saturated to only 65% the combined satura-
tion would increase.

MINI CLINI

PROBLEM:  Hemoglobin level in a patient who is bleeding has 
dropped from 15 to 10 g/dl. His PO2 remains unchanged at 
90 mm Hg. How much would his O2 content change?

Calculate the change in O2 content.

( ) ( )]. .PO Hg SaO2 2003 1 34× × × ×

The O2 content with a hemoglobin of 15 is 20.37.
The O2 content with a hemoglobin of 10 is 13.67.

Discussion:  This clearly demonstrates the importance of 
hemoglobin in providing adequate oxygen content. Delivery of 
oxygen is dependent on the oxygen content and the cardiac 
output. When oxygen content is low, the body will normally 
respond by increasing the cardiac output. Total delivered 
oxygen can be calculated using the following equation:

O Delivery PO Hg SaO HR SV DO2 2 2 2003 1 34[( ) ( )] ( ). .× + × × × × =

When cardiac function is impaired the ability to increase 
cardiac output is altered and will result in inadequate amounts 
of oxygen delivered to the tissues. When this happens, anaerobic 
metabolism occurs and lactic acid is produced. Alternatively, 
carbon dioxide is produced from systemic metabolism. With 
normal adequate lung function and normal blood flow through 
the lungs appropriate amounts of carbon dioxide are excreted 
and spontaneous ventilation keeps PCO2 within acceptable 
ranges. When altered states of metabolism increase CO2 pro-
duction it is imperative that the lungs are able to remove more 
CO2. In diseased lungs or conditions that alter blood flow to the 
lungs, higher levels of CO2 remain in the blood. When maximum 
conventional support fails to provide adequate delivery of 
oxygen to the tissue or inadequate removal of carbon dioxide 
occurs, a patient who has no absolute contraindications can be 
considered for ECMO.

EQUIPMENT

ECMO systems are intended to temporarily support the cardiac 
and pulmonary function of the patient who cannot maintain 
adequate tissue oxygen delivery. Basically, ECMO has the task 
of pumping the blood, delivering oxygen to the blood, and 
removing CO2. The circuit consists of polyvinylchloride (PVC) 
tubing segments that have different inner diameters depending 
on the patient’s size: 1

4-inch for a neonate to 3
8-inch for 

pediatric/adult sized patients. Some circuits contain a heparin-
based coating to reduce the response of blood to nonendothelial 
surfaces and to decrease the risk of clot formation. The circuit 
is generally custom designed using the shortest amount of 
tubing necessary to allow less resistance to flow and to decrease 
circuit volume. This is of particular importance for the newborn 
population because larger circuit volumes result in hemodilu-
tion and require additional transfusion of blood products. Infu-
sion ports can be added along the tubing for infusing medications 
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FIGURE 50-1	 Illustration	of	the	blood	pathway	of	an	ECMO	
circuit.	Blood	drains	through	the	circuit	to	a	blood	pump	which	
pushes	it	through	an	artificial	lung	oxygenating	the	blood	and	
removing	CO2	before	returning	the	blood	to	the	body.	

Oxygenater

Neck

Central

Femoral

Arterial return

Venous drainage

Basic ECMO circuit

FIGURE 50-2	 Venous	bladder	reservoir;	some	circuits	
incorporate	a	bladder	which	acts	as	a	reservoir	and	helps	to	assess	
blood	volume	available	for	the	pump.	

FIGURE 50-3	 The	centrifugal	pump	is	made	up	of	
polycarbonate	cones,	attached	to	a	magnetic	disk	that	is	
attached	to	a	controller.	The	cones	will	spin	at	an	adjustable		
rate	when	attached	to	the	controller	and	produce	forward	flow	
by	imparting	kinetic	energy	to	the	fluid	(blood)	in	a	rotating		
pump	head.	

A
B

C
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set to stop or slow the pump when there is inadequate blood 
volume. Without appropriate controls set the pump will con-
tinue to spin and cause cavitation, the formation of gas bubbles 
in the blood, causing significant risk of air embolization to the 
patient. Roller pumps work well for infants on relatively low 
flows because they are not affected by afterload and will provide 
a consistent pump flow.

Blood moves from the system pump to an oxygenator which 
functions as the lung of the ECMO system. The oxygenator 
contains hollow fibers for blood and gas to pass through. Gas 
flow referred to as the sweep flow is provided by a blender 
flowing in the opposite direction of blood flow (Figure 50-5). 
The blender is adjusted to ensure the hemoglobin of the blood 
leaving the oxygenator is 100% saturated with a PO2 >250 mm 
Hg. As poorly saturated venous blood with very low partial 
pressure of oxygen is pumped into the oxygenator it traverses 
through fibers that are aligned with other fibers containing gas 
with a high partial pressure of oxygen. Oxygen diffuses from 
the fibers with a high concentration of oxygen to the blood with 
a lower concentration. There is no CO2 in the sweep flow. 
Therefore the carbon dioxide in the blood diffuses into the 

FIGURE 50-4	 The	roller	pump	contains	two	rollers	positioned	
opposite	each	other.	Blood	is	displaced	by	the	appropriate	
compression	of	the	rollers	on	the	ECMO	circuit,	called	the	
occlusion.	

FIGURE 50-5	 An	oxygen	flowmeter	is	connected	to	the	circuit	
blender.	Sweep	flow	is	delivered	into	the	artificial	lung	delivering	up	
to	100%	oxygen.	A	second	flowmeter	allows	for	analysis	of	the	
actual	percent	of	oxygen	delivered.	

attached to the controller and produce forward flow by impart-
ing kinetic energy to the fluid (blood) in a rotating pump head. 
The pump flow provided is therefore dependent on both the 
patient’s preload (the volume in the right side of the heart) and 
afterload (the resistance against the pump outlet from the left 
side of the heart). Because the centrifugal pump is not occlusive 
(like the roller pump), pump flow will vary despite a set rate 
per minute (RPM). A decrease in preload or increase in after-
load can cause a decreased pump flow. Centrifugal pumps have 
the advantage of not being affected by gravity for drainage. 
However, pump flow can change drastically at a set RPM with 
changes in preload and afterload. Therefore a mechanism for 
monitoring pump flow changes is essential. Centrifugal pumps 
can operate at a wide range of RPMs—often as high as 5000—
but higher RPMs can result in significant hemolysis.

The roller pump functions by occluding a segment of the 
circuit tubing called the raceway. Blood is drained by gravity 
from a venous cannula into the venous reservoir, and then 
pulled into the pump at a given RPM (Figure 50-4). The pump 
contains two rollers positioned opposite each other. Blood is 
displaced by the appropriate compression of the rollers on the 
tubing. This compression setting is called the occlusion setting 
and must be precisely set to produce an accurate flow. Blood is 
pumped forward under positive pressure. The pump flow is 
reliant on the diameter of the raceway tubing, the roller occlu-
sion, and the set RPM. The pump will continue to spin despite 
a low blood volume state if not appropriately monitored. Servo 
regulation is commonly used as a safety mechanism to prevent 
excessive negative pressure on the right atrium in the presence 
of inadequate volume. This situation can result from hypovo-
lemia, insufficient height of the patient (poor gravity-assisted 
flow), or a kink in the cannula or circuit tubing. The ECMO 
specialist must be vigilant that servo regulation is appropriately 
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A pressure monitor can also be placed on the drainage line 
to detect excessive siphon on the system. Alarms and servo 
regulation can be used in association with these pressure moni-
tors to create safer systems. Pressure monitoring is either inte-
grated into the ECMO system or additional pressure transducers 
can be added.

As noted earlier, blood flow is regulated by dialing in a set 
RPM which results in flow. The flow is monitored using ultra-
sonic devices that are either incorporated into the system or 

TABLE 50-2 

Examples of Oxygenator Specifications

Oxygenator Prime 
Volume

Maximum 
Sweep

Minimum 
Blood Flow

Maximum 
Blood Flow

Quadrox	iD	Adult 250	cc 15	lpm 500	cc/min 7	lpm
Quadrox	iD	

Pediatric
81	cc 5.6	lmp 200	cc/m 2.8	lpm

FIGURE 50-6	 Blood	warmer/cooler,	a	device	that	will	warm	or	
cool	the	blood,	circulates	sterile	water	(A)	and	sends	the	heated	
or	cooled	fluid	through	hoses	attached	to	the	artificial	lung	and	
surrounds	the	fibers	containing	the	blood	to	warm	or	cool	it		
(B)	(right	figure).	

A

B
	

RULE OF THUMB

The	ratio	of	sweep	flow	to	pump	flow	is	often	1	:	1.	
When	using	4	L/min	pump	flow,	typically	the	sweep	
flow	would	be	initiated	at	4	L/min.	The	oxygenator	
functions	to	provide	gas	exchange	much	like	native	
lungs	perform	gas	exchange—oxygen	diffuses	into	the	
blood	from	a	gas	source	with	a	higher	partial	pressure	
and	carbon	dioxide	diffuses	out	of	the	blood	into	a	gas	
source	with	a	lower	partial	pressure.

sweep fibers and is flushed out of the oxygenator. The higher 
the sweep flow is set, the more CO2 is eliminated. There is a 
range of effective sweep flows along with maximum blood flow 
for the different sizes of oxygenators (Table 50-2). From the 
oxygenator, fully saturated blood with the desired carbon 
dioxide level is pumped back to the patient either to a vein (VV 
support) or to an artery (VA support). The pump speed (RPM) 
is adjusted to allow the appropriate amount of the patient’s 
blood volume to be oxygenated while the sweep flow rate is 
adjusted to maintain the desired CO2 level.

Additional equipment used with ECMO support includes a 
thermoregulation device referred to as the heater/cooler (Figure 
50-6). As blood leaves the patient and circulates through the 
ECMO circuit, a considerable decrease in blood temperature 
can occur as the tubing that blood flows through is exposed to 
ambient temperature. Gas flow through the oxygenator is also 
cool, resulting in evaporative losses. Therefore, especially in 
neonates, active warming is required to maintain a normal  
body temperature. Temperature adjusted sterile water circulates 
around the fibers containing blood and allows appropriate tem-
perature control of the blood returning to the patient. These 
devices have the potential to maintain hypothermic states when 
appropriate. Recent evidence has demonstrated that mild 
decreases in core temperature may have a salvaging effect on 
the brain8 and can be easily achieved during ECMO support.

Pressure monitoring is a standard part of the circuit. Circuit 
pressures are measured before and after the oxygenator and 
indicate the absolute pressure in the circuit along with changes 
in resistance across the oxygenator (Figure 50-7). The change 
in resistance most often indicates development of clots within 
the oxygenator. Changes in pressures can alert the ECMO spe-
cialist to identify emerging situations such as kinks, clots, and 
in VA support, changes in hemodynamics.

	

RULE OF THUMB

Monitor	pre	and	post	oxygenator	pressures	frequently.	
Changes	will	alert	clinicians	to	clots	in	the	oxygenator.	
Increases	in	pre	membrane pressure	only	=	increased	
resistance	within	the	oxygenator.	Increases	in	pre	AND	
post	membrane	pressures	=	increased	resistance	
AFTER	the	oxygenator.
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FIGURE 50-7	 Oxygenator/pressure	monitoring.	Pressure	
transducers	are	attached	to	ports	before	and	after	the	artificial	lung	
with	reading	displayed	on	the	bedside	monitor.	“SP5”	indicates	the	
pressure	before	the	oxygenator	and	“SP6”	indicates	the	pressure	
after	the	oxygenator.	The	difference	between	the	two	pressures		
is	an	indication	of	the	resistance	to	blood	flow	through	the	
oxygenator.	Increases	in	pressure	difference	usually	are	a	result		
of	clot	formation.	

FIGURE 50-8	 Example	of	inline	oxygen	saturation	monitoring	
that	can	be	used	to	trend	the	saturation	of	blood	draining	into	the	
ECMO	circuit.	

FIGURE 50-9	 Two	types	of	point	of	care	activated	clotting	time	
(ACT)	devices	with	their	cartridges.	

added to the circuit. Many systems will display a calculated flow 
but the accuracy of that flow is dependent on many factors. 
Flow is measured to assure appropriate occlusion when using 
roller pumps and to check variations in flow common with 
centrifugal pumps. Audible alarms are usually set to alert the 
ECMO specialist of changes in pump flow.

Air (bubble) detectors can be useful in identifying the pres-
ence of air in the ECMO circuit. They can be used on either the 
arterial or venous side of the circuit and detect inadvertent air 
passing through the system. These devices can function to stop 
support when air is detected or sound an alert. False alarms can 
be problematic because support to the patient is stopped and 
will often produce significant instability for the patient until 
support is resumed. The ECMO specialist must be able to 
immediately distinguish true presence of air bubbles from  
false alarms rapidly and take the appropriate action for either 
situation.

Additional blood parameter monitoring can be incorporated 
into an ECMO system by insertion of an indwelling optical 
cable. These devices help to trend continuous values such as 
venous saturations, arterial saturations, hemoglobin, hemato-
crit, and temperature (Figure 50-8). They are generally consid-
ered optional and the use of each varies from institution to 
institution.

Unlike some of the optional parameters monitored during 
ECMO support, monitoring of anticoagulation parameters on 
a routine basis is essential. The activated clotting time (ACT) 
is most often used as the primary test for anticoagulation at the 
bedside. The ACT is a low cost point of care test that gives a 
quick assessment of anticoagulation. There are several types of 

devices using a small volume of blood that can determine the 
number of seconds it takes for blood to clot (Figure 50-9). It is 
most often used in conjunction with other parameters to assess 
the patient’s overall state of anticoagulation.

ANTICOAGULATION MANAGEMENT

Anticoagulation of the ECMO patient is a vital part of an 
ECMO run starting at cannulation. The blood’s natural reac-
tion is to activate coagulation when exposed to the nonbiologic 
surfaces of the cannulas and circuit. Therefore, anticoagulation 
is essential prior to cannula insertion and throughout the 
ECMO course. Heparin, the most commonly used anticoagu-
lant, is easily reversed and widely available. It is prepared from 
bovine lung or porcine intestines and can be monitored at  
the bedside. Heparin inhibits the conversion of prothrombin  
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reflect the overall anticoagulation status of the patient, but are 
not specific for heparin effects versus clotting deficiencies. The 
two values may be used together to better assess appropriate 
heparin and blood product needs. A number of studies in ECLS 
patients have shown a superior correlation of the anti Xa assay 
to heparin dose.11 The presence of antithrombin III (AT III) in 
blood is also essential to achieve the desired levels of anticoagu-
lation. AT III levels may be increased by infusing fresh frozen 
plasma (FFP), a blood product that contains AT III, or using 
recombinant AT concentrate, a concentrated form of AT III that 
is more effective than FFP. However, AT concentrate is signifi-
cantly more costly, therefore the cost-benefit ratio is often con-
sidered. Thermoelastogram (TEG) is an emerging method of 
assessing anticoagulation.10 A small sample of blood is taken 
from a patient and rotated gently in a specific fashion to imitate 
sluggish venous flow and activate coagulation. TEG provides 
comprehensive whole blood hemostasis testing that can help 
assess bleeding and thrombotic risks, and also monitor anti-
thrombotic therapies. Some more common coagulation values 
assessed during an ECMO run include prothrombin time (PT) 
and activated partial thromboplastin time (aPTT). The aPTT 
may not be as accurate at assessing anticoagulation during 
ECMO in newborns and small children when heparin is used 
as the anticoagulant.12 However, it can be a better assessment of 
anticoagulation when direct thrombin inhibitors are used to 
anticoagulate ECMO patients who have a sensitivity to heparin.13 
Patients with sensitivity to heparin, identified by heparin-
induced thrombocytopenia, may be managed on ECMO 
through the use of direct thrombin inhibitors, such as lipirudin 
and bivalrudin. When using these forms of direct thrombin 
inhibitors the accuracy of ACTs is less dependable. Despite dili-
gence with maintaining appropriate levels of anticoagulation, 
clot formation within the circuit remains a major complication 
during ECMO.1

to thrombin and activates antithrombin III (ATIII). It does  
not break up clots, but rather decreases the risk of their occur-
rence. A bolus of heparin is administered just prior to cannula-
tion. ACT levels are assessed shortly after to ensure the desired 
levels of anticoagulation have been achieved. The bolus dose 
can vary based on the patient’s baseline state of coagulation. 
Once the patient is on ECMO, periodic ACTs help assess the 
trend in coagulation and assist in fine-tuning the heparin main-
tenance doses. The ACT can be affected by many factors includ-
ing anemia, hypofibrinogenemia, hypothermia, hemodilution, 
thrombocytopenia, qualitative platelet abnormality, and other 
coagulation factor deficiencies. Reports in the literature9 and 
the anticoagulation guidelines recently published from ELSO10 
suggest that using more than one parameter may be helpful in 
the assessment of anticoagulation during long-term support. 
Monitoring of additional parameters on a routine basis and 
implementing a guideline in response to the combined results 
may be useful in assessing the overall coagulation/anticoagulation 
status of patients requiring long-term extracorporeal support. 
An example of an anticoagulation protocol can be seen in  
Table 50-3.

TABLE 50-3 

Example of Anticoagulation Protocol

Laboratory Test Frequency Goals Normal

ACT Q1	until	results	in	desired	range	×2	hrs,	
then	Q4	while	on	heparin

As	ordered,	typically	160-200	(as	low	as	140	in	
bleeding	patients,	200-240	at	pump	flows	<2	L/min

90-120	sec

ATIII Pre-ECMO	baseline
Monday,	Wednesday,	and	Friday	at	8	AM

Level	maintained	>40% 40-100%

anti-Xa Q	24	hrs	at	8	AM Target	levels	of	0.3-0.7	IU/mL N/A
aPTT Q	24	hrs 50-80	seconds 22-35	sec
PT Q	24	hrs Normal 11-14
Fibrinogen Q	24	hrs Keep	in	normal	range	(250-300	mg/dL) 250-300
Platelets Q	6	hrs >60,000/µL 150-400/µL

MINI CLINI

PROBLEM:  Patient is being maintained on a heparin infusion 
to achieve the prescribed ACT range of 180-200 seconds. Over 
the past 2 hours, chest tube output has increased significantly, 
resulting in a decrease in hemoglobin, necessitating multiple 
blood transfusions.

Discussion:  The ECMO specialist recommends lowering the 
desired ACT range in order to decrease the amount of bleeding. 
This can be achieved by lowering the hourly heparin infusion 
rate and repeating the ACT to assess the change. Vigilance in 
assessing the circuit for evidence of increased clot formation in 
the circuit is essential.

Heparin levels (anti Xa) may more accurately assess heparin-
induced anticoagulation and are less affected by abnormal 
physiologic states than are ACT values. ACT levels may better 	

RULE OF THUMB

Patients	receiving	ECMO	support	require	significant	
levels	of	anticoagulation	making	bleeding	a	risk	and	
common	complication	incurring	during	ECMO.
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CANNULAS

Cannulas are inserted to provide direct access to the patient. 
Cannula size is crucial to the amount of support an ECMO 
system can provide. The smaller the internal diameter of a 
cannula, the higher the resistance of the flow. When placing 
venous cannulas, the largest possible cannula should be placed 
to ensure adequate flows. Cannulas are sized by their outer 
diameter, in French units. All cannulas are tested for their 
pressure/flow relationship and an M number determined. The 
M number represents a resistive factor that can be used to 
approximate the expected flow at a specific pressure difference. 
Cannula characteristics vary in internal size, length, port  
placement, size, and number (Table 50-4). This information  
is important to know during the cannula selection process.  
Selection of the appropriate cannulas is dependent on the 
intended insertion sites, age/size of the patient, and the type and 
amount of support needed. They are designed to be placed 
through a surgical cut-down, via sternotomy or by percutane-
ous insertion.

TABLE 50-4 

Flow Characteristics of Some Cannulas

Manufacturer Size 
(Fr)

Length 
(cm)

M# Flow @ 100 cm 
H20

Venous Cannulas (Single Lumen)
Biomedicus 12 25 3.55 1.5

14 25 3.35 2
17 50 3.4 1.9
19 50 3.15 2.6
23 50 2.65 5

DLP 21 53 3.05 3
28 65 2.5 5.5

RMI 20 52 3 3
28 52 2.3 8

Venous Cannulas (Double Lumen)
Origen 12 6 3.9V	4.7A 0.9

15 8 3.5V	4.3A 1.6
18 15 3.4V	3.8A 1.9

Jostra 15 3.6V	4.6A 1.4
Coviden 14 10 3.5V	5.1A 1.6
Avalon 19 20 3.3V	3.8A

23 29 3.1V	3.4A 2.6
31 29 2.5V	2.8A 6

Arterial Cannulas
Biomedicus 8 25 4.4 0.5

10 25 4 0.9
15 37 3.3 2.2
17 37 3.05 3
19 37 2.8 3.8

DLP 8 23 4.5 0.4
14 23 3.3 2.2
16 23 3 3
17 17 2.95 3.2

RMI 18 15 3 3
20 25 3 3
20 15 2.8 3.8
22 25 3.1 2.9

FIGURE 50-10	 Double-lumen,	single-vessel	cannulas	used	for	
VV	ECMO.	A,	Ports	on	one	side	of	the	cannula	sit	in	the	right	
atrium	are	used	to	drain	blood	into	the	circuit.	B,	The	end	return	
port	is	where	blood	is	returned	back	into	the	RT	Atrium	and	
directed	toward	the	tricuspid	valve.	

A

B

There are two types of venous cannulas: single and double 
lumen. Venous cannulas have several ports to allow for maximal 
drainage. Many are wire reinforced to decrease the potential for 
kinking. Some are coated to avoid an antiinflammatory response 
and decrease the risk of clot formation. Two types of double-
lumen cannulas (DLC) are available for VV support (Figure 
50-10). Newborn DLCs are inserted into a single vein and allow 
drainage of desaturated blood and return of oxygenated blood 
through the same vessel. They have multiple side ports to drain 
blood. The drainage lumen is typically larger than the return 
lumen, which allows for better drainage of venous blood. The 
return lumen has a single outlet and blood is pumped through 
the cannula by the positive pressure created from the pump’s 
rotation.

The BiCaval DLC is another approach to VV support. It 
needs to be inserted under fluoroscopy or echocardiography 
guidance (Figure 50-11) because appropriate positioning is 
crucial and can be difficult without imaging. The drainage  
ports are positioned in both the superior and inferior vena cava 
with the return lumen positioned at the entry of the right 
atrium. These double-lumen cannulas are a single cannula  
with two lumens, the drainage lumen and the return lumen. 
Recirculation is expected when using a double-lumen cannula. 
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FIGURE 50-11	 The	BiCaval	double-lumen	cannula	is	inserted	under	fluoroscopy	or	echocardiography	guidance.	Drainage	ports,	seen	on	
the	right,	are	located	in	both	the	superior	and	inferior	vena	cava.	The	return	lumen,	seen	on	the	left,	is	positioned	in	the	right	atrium	across	
from	the	tricuspid	valve.	

A B

C D

Recirculation occurs when oxygenated blood from the return 
lumen is siphoned back into the drainage side of the cannula. 
This is apparent when both drainage and return lines appear 
similar in color, with the patient showing signs of oxygen desat-
uration. Position is critical in a double-lumen cannula to avoid 
recirculation. Careful monitoring of the cannula is essential. 
Excessive recirculation will occur if the cannula is rotated out 
of optimal position, resulting in inadequate support.

Arterial cannulas typically have a single outlet. They are 
often wire reinforced and coated. Ideal arterial cannulas should 
be as short as possible and have thin walls. The size inserted is 
based on the internal diameter of the artery selected for can-
nulation. The narrow diameter of the arterial cannula creates 
the highest amount of resistance in the ECMO circuit. It is the 
conduit that allows for the return of oxygenated blood back to 
the patient’s circulation (Figure 50-12).

FIGURE 50-12	 Arterial	cannula	with	a	single	end	port.	

TYPES OF SUPPORT

There are two primary types of ECMO support: VA and VV. VA 
support is partial cardiopulmonary bypass, providing both 
cardiac and pulmonary support. The degree of bypass depends 
on the underlying condition. VV does not bypass the cardio-
pulmonary circulation, thus only provides pulmonary support. 
A third, emerging type is AV ECMO, which is also referred to 
as pumpless ECMO. AV ECMO is primarily for CO2 removal at 
low pump flows and requires the patient’s own hemodynamics 
to pump blood through the oxygenator. This type of support is 
most effective at achieving adequate ventilation when native 
lung function is significantly impeded.7

Venoarterial ECMO

In VA ECMO a portion of the patient’s blood volume is drained 
from the venous circulation to the ECMO circuit where  
gas exchange occurs (Figure 50-13). Fully saturated blood  
is returned through a cannula in the arterial circulation, which 
results in hemodynamic support. In VA ECMO a minimum of 
two cannulas are placed, with at least one in an artery and one 
in a vein. The cannulas can be placed via a surgical cut-down, 
through a sternotomy or percutaneously. The diameter, length, 
and position of the cannula will determine the potential flow 
that can be achieved. The typical artery accessed in the newborn 
would be the right common carotid artery. In larger patients 
placement can be in a left or right femoral artery, axillary artery 
or placed transthoracicly, directly into the aorta. When the 
femoral artery is cannulated, it is prudent to place a small reper-
fusion line to supplement blood flow to the lower leg and 
decrease the risk of limb ischemia (Figure 50-14). In some 
patients only a portion of their cardiac output is pumped 
through the ECMO circuit while some blood flow continues 
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of VA ECMO are that it allows the heart to rest and reduces 
cardiac oxygen consumption while providing adequate systemic 
organ perfusion with oxygenated blood. There is no chance of 
recirculation and less ventilator support is needed. VA ECMO 
is best indicated for cardiogenic shock, as a bridge to a ventricu-
lar assist device or heart transplantation. A disadvantage of VA 
ECMO is the need to cannulate an artery which will require 
repair or ligation when support is no longer needed. See Box 
50-4 for differences in VA and VV support.

Venovenous ECMO

As in VA ECMO, VV support involves a portion of the patient’s 
blood volume being drained from the venous circulation to the 
ECMO circuit where gas exchange occurs. However, blood is 
returned back to the venous circulation either through the same 
cannula via the return lumen or via a separate cannula into 
another vein (Figure 50-15). The typical cannulation site for the 
newborn is in the right internal jugular vein. In larger patients, 
common sites are the right and left femoral veins, right internal 
jugular vein, pulmonary artery, or right atrium. Pulmonary 
artery and right atrium cannulations involve cannula placement 
via hemisternotomy or open chest surgery. Unlike VA ECMO, 
blood is returned to the venous circulation, therefore providing 
no direct cardiac support. Oxygenated blood that is lower in 

FIGURE 50-13	 VA	ECMO	with	drainage	from	the	right	femoral	
vein	and	right	atrium	with	blood	being	returned	to	the	left	femoral	
artery.	

FIGURE 50-14	 A	secondary	blood	return	line	(reperfusion	line)	is	
placed	in	this	femoral	artery	cannula	to	supplement	blood	flow	to	
the	lower	limb	and	prevent	limb	ischemia.	

FIGURE 50-15	 Common	cannula	used	for	VV	ECMO	support	in	
newborns.	Babies	are	often	cannulated	with	a	double-lumen	
cannula	through	the	right	internal	jugular	for	VV	ECMO.	

 Box 50-4 Characteristics of VA and 
VV Support

VENOARTERIAL ECMO
•	 Typically	used	for	patients	with	cardiovascular	failure
•	 Partial	cardiopulmonary	bypass
•	 Decreases	preload
•	 Increases	afterload
•	 Effects	hemodynamics

VENOVENOUS ECMO
•	 Typically	used	for	patients	in	respiratory	failure
•	 Can	be	done	with	multiple	cannnulas	or	a	DLC
•	 Provides	no	hemodynamic	support
•	 RV	function	may	improve	with	increased	SVO2

through the native circulation. The blood from the ECMO 
circuit returns to the patient, bypassing the heart and lungs, and 
mixes with the native circulation. The total oxygen content 
depends on the proportions of blood through the two circula-
tions. Similarly, the measured PCO2 in the patient’s arterial 
circulation will be a result of the combined relatively low PCO2 
returned from the ECMO circuit and the PCO2 in the blood 
coming through the native circulation. The primary advantages 
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CO2 returns to the venous circulation and mixes with the 
remaining cardiac output. The total oxygen content and mea-
sured CO2 is a result of this mix and can be affected by the 
patient’s mechanical ventilation settings or spontaneous minute 
ventilation. Two distinct advantages of VV ECMO are lower risk 
of cerebral air embolism and no need to ligate or repair an 
artery. VV ECMO is often indicated for patients with acute 
respiratory failure due to viral or bacterial pneumonias.14 VV is 
emerging as a bridge to lung transplant.15 ECMO in the pre–
lung transplant patient allows for improved gas exchange and 
decreases the risk of complications from high levels of mechani-
cal ventilation. It can also prevent further deconditioning. The 
patient on VV ECMO can be extubated, awake, and ambulated 
while waiting for available lungs.16

Arteriovenous ECMO

AV ECMO is a more recent type of support. Unlike VA or VV 
support, AV support is low flow ECMO that provides gas 
exchange and relies on the patient’s cardiac function to generate 
pump flow. It is a more compact system with shorter segments 
of circuit tubing that is attached to the oxygenator and blood  
is circulated via arterial blood pressure (Figure 50-16). The 
patients most likely to benefit from this type of support are 
COPD and pre–lung transplant patients.7 In addition, ongoing 
clinical trials are determining if AV ECMO is useful in the 
management of patients with severe ARDS who require high 
airway pressure to adequately ventilate.17 This form of ECMO 
requires that the patient has adequate cardiac function.

FIGURE 50-16	 Arteriovenous	ECMO	without	a	pump;	blood	flow	is	maintained	by	the	patient’s	“normally”	functioning	heart.	
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RULE OF THUMB

VA	ECMO	is	primarily	used	to	support	patients	with	
cardiac	failure.	VV	ECMO	is	used	primarily	to	support	
patients	with	respiratory	failure.

INITIATION OF SUPPORT

ECMO is frequently initiated in the ICU. Specific circumstances 
may dictate ECMO being initiated in the operating room, 
cardiac catherization lab, emergency room or many other loca-
tions in the hospital. A formal activation guideline should be 
established so that access to the ECMO team and equipment 
can be rapidly deployed.

Cannulas are inserted in the appropriate vessels and then 
attached to an ECMO circuit. The circuit is assembled using 
sterile technique, de-aired, and crystalloid primed. Newborn 
circuits are often primed with blood to decrease the hemodilu-
tion effect that can be encountered with a crystalloid primed 
circuit. The circuit is attached to the cannulas and ECMO 
support commences. Pump flows are adjusted according to the 
type of support the patient is receiving and vary based on the 
underlying diagnosis. Patients needing cardiac support (VA) 
will often need a large portion of their cardiac output supported 
while patients on VV support may be maintained on a relatively 
lower amount of pump flow. As the pump flow increases, a 
larger portion of the patient’s desaturated blood flows through 
the oxygenator and returns to the patient fully saturated. Box 
50-5 shows sample target pump flows for different age groups. 
Once pump flow is at the desired level, alarms should be set 
appropriately to alert the ECMO specialist of any acute changes 

 Box 50-5 Target Pump Flows for 
Age Groups

•	 Infants:	120-150	cc/kg/min
•	 Children:	100-120	cc/kg/min
•	 Adults:	70-80	cc/kg/min
•	 Attempt	to	reach	maximal	flow	early	in	run	to	determine	

buffer



 Extracorporeal Life Support (ECLS) • CHAPTER 50 1149

through the entire system and back to the return cannula, are 
essential. Specialists must be mindful of the many risks and 
potential complications associated with extracorporeal support. 
Diligence with frequent inspections and evaluation of compo-
nents as well as ensuring the proper backup equipment should 
be part of the daily task of an ECMO specialist.

Certain categories of ECMO patients may require proce-
dures unique to their condition. Open chest cardiac patients 
might need to travel to the OR for a chest washout or explora-
tions to stop bleeding and, depending on the urgency, some 
surgical procedures may have to be done at the bedside. Bedside 
echocardiograms are done to assess any changes in cardiac 
function and sometimes to rule out tamponade. Cardiac cath-
erization lab visits may also be necessary for procedures required 
during the ECMO run. Bronchoscopies and bronchial lavages 
are a little more common in patients being supported for respi-
ratory failure. As with any ICU run there is a potential need to 
travel to CT scan or interventional radiology for diagnostic 
testing.

TRANSPORTING A PATIENT ON ECMO

Most ECMO systems are designed for intrahospital transport. 
However, detailed guidelines should be followed when prepar-
ing for transport. These should include a fully charged battery, 
adequate gas supply, transport ventilator, cardiac monitors, and 
defibrillator. A travel kit is advisable that includes connectors, 
clamps, additional medications, IV fluid, and other items that 
might be needed on route or at the destination. Provisions for 
temperature control may be necessary because the blood 
warmer/cooler may not be supported during the transport. 
Travelling on ECMO carries significant risks, and team work  
is essential to successful travel. Roles should be established  
prior to moving. It is wise to minimize the time of the transport 
by clearing hallways in advance and gaining easy access to  
elevators. During the transport, constant assessment of the 
patient along with battery charge level, gas supply, and close 
monitoring of the circuit should be practiced. When the desti-
nation is reached, close attention to detail should be made and 
reestablishment of piped gas and AC power obtained as soon 
as possible. Intrahospital transport includes elective patient 
ambulation in the ICU.

Preparing a patient to ambulate on ECMO takes collabora-
tion among all services involved (Box 50-8). An agreement must 
be made on destination and maximum duration of time out of 
the patient’s room. Roles of all providers should be clear. All 
necessary equipment should be identified and checked for func-
tion prior to beginning ambulation. There should be specific 
reasons to abort the exercise such as tachycardia, desaturation, 
patient fatigue or concerns for equipment or patient safety.

RISKS AND COMPLICATIONS

ECMO poses significant risks. The complications can be classi-
fied as mechanical as a result of equipment failure or patient 
from clinical issues. Box 50-9 outlines ECMO complications.1 

in pump support. Sweep flow is attached to the oxygenator and 
adjusted based on guidelines to achieve target CO2.

	

RULE OF THUMB

The	ratio	of	sweep	flow	to	pump	flow	is	often	1	:	1.	
When	using	4	L/min	pump	flow,	typically	the	sweep	
flow	would	be	initiated	at	4	L/min.

Consideration of adjustments in ventilator support is neces-
sary to avoid hyper- and hypoventilation. Patients’ ventilator 
settings can gradually be weaned to “rest settings” as the sweep 
flow is increased. Rest settings are intended to minimize lung 
trauma while avoiding atelectasis. Typically the FiO2 from the 
ventilator can be reduced to 0.4 to 0.6. The goal for some long-
term patients (i.e., pre–lung transplant) is often extubation to 
allow for activities of daily living to be maintained in conjunc-
tion with physical therapy and ambulation while on ECMO 
support. Circuit temperature is adjusted to maintain patients at 
the intended body temperature. A chest x-ray is done to assess 
cannula placement. Serial blood gases and chemistries are 
obtained to ensure patient lab values are within acceptable 
ranges. Pump flow, sweep flow, and medications can be adjusted 
as needed. Blood products are transfused to maintain desired 
parameters. Baseline anticoagulation levels are obtained and a 
heparin infusion initiated at the dose necessary to achieve ade-
quate anticoagulation. Sedation levels are adjusted to the appro-
priate level that will allow intermittent or continuous assessment 
of neurologic status. Levels of analgesia are provided as needed 
or as pain scores indicate. Emergency preparedness is an essen-
tial component of an ECMO start. Procedures to handle any 
complications during initiations should be developed for every 
ECMO center. Backup circuit components should be in a nearby 
location along with an alternative means to support the patient 
in the event of pump hardware failure.

MAINTENANCE OF AN ECMO RUN

ECMO runs can be expected to last from a few days to as long 
as several months. An established flow sheet to document key 
variables should record the trends in specific parameters. Moni-
toring the changes in these parameters allows the ECMO spe-
cialist to better assess a patient’s progress, identify goals on a 
daily basis, and coordinate the best approach during the patient’s 
course on ECMO (Box 50-6). Daily, the patient will receive a 
CXR to reaffirm cannula position and lung status. Periodic 
arterial blood gases are obtained as well as ACTs and other labs 
run at appropriate intervals to ensure values are maintained 
within desired range. Interdisciplinary team rounds occur at the 
bedside daily. Every discipline should be encouraged to contrib-
ute their perspective and together a well-defined strategy is 
formed. It is at these rounds that clear patient goals can be 
identified and a plan of care is established for the day. In addi-
tion to patient trends, documentation should also be main-
tained on various aspects of the active ECMO system (Box 
50-7). Frequent circuit assessments, from the drainage cannula 
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 Box 50-6 ECMO Flow Sheet for Monitoring Trends in Flows, Pressures, Hemodynamics, and 
Pertinent Lab Values

Date

Time

Heart	rate	(beats/minute)

Arterial	pressure	Sys/dia	(mm	Hg)

Mean	arterial	pressure	(mm	Hg)

PA	pressure	Sys/dia	(mm	Hg)

Mean	PA	pressure	(mm	Hg)

Central	venous	pressure	(mm	Hg)

Respiratory	rate	(breaths/min)

FiO2 / flow

SPO2	(%)

SVO2	(%)

PO2	/	Hb

PCO2	/	pH

ECLS	flow	L/minin

RPM

Sweep	flow	L/minin

Sweep	blender	%O2

Color	change

Oxygenator	press	Pre/post	(mm	Hg)

Pre/post	pressure	differential	(mm	Hg)

Venous	drain	pressure	(mm	Hg)

Water	bath	temp	(°C)	set/measured

Heparin	infusion	(units/hr)

Activated	clotting	time	(ACT)	sec

Initials

ACT	Range	______________ MAP	_______ SPO2	______ □Alarms	appropriate,	check	Q	shift	+initial	_______

Cannulation Date/Time Date Current Oxygenator Initiated ECLS Type: _____ VA _____ VV

List	cannula	type,	size,	and	site:

Signature: Signature:

Signature: Signature:

 Box 50-7 Safety Shift Checklist to Verify Availability of Appropriate Alarms and Backup Equipment

ROTAFLOW SHIFT CHECK LIST (COMPLETE DURING THE FIRST HOUR OF EACH SHIFT)

Date Time Mode Cream	tube	
on	Rotaflow

External	drive	
ready	for	use

Back	up	equipment	
available

Change	
out	kit

ACT	cartridges	
exp	date?

Dash	alarms	
appropriate	H/L

Initials Comments

ECMO specialists are clinicians specifically trained in all aspects 
of ECMO. It is essential that the ECMO specialist have a thor-
ough understanding of ECMO physiology and ECMO patient 
management. These individuals must have critical thinking 
skills and be technically adept at assessing all components of 

the ECMO circuit. Monitoring and frequent inspection of the 
circuit and evaluating circuit functions are among the primary 
roles of the ECMO specialist. The risk of the many complica-
tions inherent in providing ECMO support diminishes with 
diligence on the part of the specialist.
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FIGURE 50-17	 Oxygenator	with	significant	clot	accumluation.	

 Box 50-9 Common Complications

MECHANICAL COMPLICATIONS
•	 Pump	failure
•	 Tubing	rupture
•	 Cannula	problems
•	 Oxygenator	failure

PHYSIOLOGIC COMPLICATIONS
•	 Seizures
•	 Hemolysis
•	 Renal	failure
•	 Bleeding;	intracranial,	surgical	site
•	 Neurologic	complications
•	 Arrhythmias
•	 Pneumothorax

 Box 50-8 Guidelines for Ambulating With 
Patients on VV ECMO 
(Central-Peripheral)

I.	 Patient	Assessment:
a.	 Patient	is	able	to	participate	in	care
b.	 Patient	is	able	to	be	safely	directed
c.	 Demonstrates	stability	on	ECMO

1.	 Consider	the	following	parameters
2.	 Discuss	with	medical	team	if	falls	outside	criteria

II.	 Prepare	for	Ambulation:

Hematologic ECMO General 
Considerations

No	sign	of	bleeding	
over	12	hrs

Plts	>	50
Hgb	≥	8-9
ACT	at	goal

Stability	of	flow,	speed	
&	sweep	for	6hrs

Cannulas:	sites	have	
been	stable—no	
migration	or	bleeding

Airway	clearance
Afebrile
Tolerated	HOB	

up,	dangling,	
OOB	to	chair

a.	 Obtain	MD	order	for	ambulation	after	assessment	by	RN,	
PT,	RT

b.	 Ensure	ECMO	cannulas,	airway	and	all	other	lines	are	
secured

c.	 Equipment	checklist:
1.	 Full	O2	tank
2.	 Clamps
3.	 Portable	SpO2	monitor
4.	 Wheelchair/recliner
5.	 ECMO	emergency	equipment
6.	 Assess	battery	life	for	all	equipment

d.	 Contingency	plan:
1.	 Identify	red	plug	outlets
2.	 Identify	location	of	backup	circuit

e.	 Team	discussion	prior	to	take	off	to	include	destination	&	
roles*
•	 RN:	IVs,	tubing,	chest	tubes
•	 RT:	ECMO	pump/cannula	(circuit),	monitor	flow/

speed,	airway
•	 PT:	manages	patient	mobility
•	 A	minimum	of	3	staff	must	be	present	during	

ambulation
•	 *Each	discipline	to	monitor	hemodynamic	parameters	

and	alert	team	members	if	significant	changes	noted
f.	 Ensure	hallways	are	clear	of	obstruction
g.	 Limit	ambulation	to	within	the	ICU

III.	 Ambulate
IV.	Documentation	per	each	discipline’s	standards

The most common mechanical complication during ECMO 
is clot formation.1 Clot can occur anywhere in the circuit but 
more frequently occurs in the oxygenator, at connectors, in the 
circuit bladder or any place with relatively low flow. Clots can 
result in increased resistance and may impede flow, limiting 
support of the patient. Clot formation within the fibers of the 
oxygenator will reduce gas exchange and if significant may 
require the oxygenator to be replaced (Figure 50-17). Inadver-
tent decannulation and pump failure are other significant com-
plications that can cause circuit interruption and require 
immediate attention. These conditions might result in the need 
for an entire circuit to be replaced. Replacement of oxygenators 
or circuits requires the patient to be briefly removed from 
support. Practitioners trained in this procedure need to main-
tain competency to efficiently change out the oxygenator or 
circuit in the least amount of time to minimize patient decom-
pensation from interruption of support. Proper coordination 
with the team caring for the patient is essential during this loss 
of support.

Air in the circuit is a major risk during ECMO. Despite the 
ECMO system being a closed system, air emboli can occur when 
air is entrained into the system. This can occur inadvertently 
through cavitation—air being pulled out of a solution due to 
increased negative pressure—if venous return is inadequate. It 
can occur from drainage ports of a cannula migrating out of a 
vessel or from access lines, such as through the CVVH port, 
infusion lines or other monitoring lines. The presence of air in 
the circuit, if not redirected or withdrawn, may enter the 
patient’s circulation. In VA ECMO this is particularly life threat-
ening because air will not be filtered through the pulmonary 
circulation as it is in VV ECMO. As with most mechanical 
complications, prevention is vital.
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For the patient who requires VA ECMO for both cardiac and 
pulmonary support, there is the option to convert to VV ECMO 
if the heart function recovers before adequate lung function is 
achieved. The patient can be supported on VV ECMO until 
there is further evidence of lung improvement. Patients on VV 
ECMO must demonstrate improvement in their pulmonary 
status before weaning can be considered. This includes an 
increase in lung compliance, improved aeration on CXR, and 
the ability for effective gas exchange on conventional ventilator 
settings that are not likely to produce lung injury. A test to 
evaluate the native lung’s ability to oxygenate can be achieved 
while maintaining the same ECMO support and obtaining an 
arterial blood gas with the ventilator FiO2 at 1.0. A daily assess-
ment using this “100% gas” can demonstrate the improvement 
in oxygenation. Early stages of support will not reveal much 
change, but as the lungs improve significant increases in the 
PaO2 will be obvious. The process of weaning off of VV ECMO 
involves maintaining pump flow and weaning sweep flow to 
assess the native lung’s ability to remove CO2. Adjustments in 
ventilator support to accommodate the decrease in sweep flow 
should be made at this time. Once there is an improvement in 
ventilation evidenced by reasonable levels of PCO2 on moderate 
ventilator settings with an improvement in the 100% oxygen 
gas, the sweep flow can be removed. The pump flow continues 
while a period of assessment off of ECMO occurs to determine 
if the patient is ready for decannulation. The decannulation 
approach will be determined by the cannulation sites. Percuta-
neously inserted cannulas may be simply withdrawn at the 
bedside if vascular repair is not anticipated. If surgical repair or 
reconstruction of the vessel is needed or if the patient is cen-
trally cannulated, decannulation typically will take place in the 
operating room. Post-decannulation anticoagulation is most 
often discontinued or adjusted to desired levels.

Bleeding is a common risk of ECMO due to anticoagulation 
and the multiple surgical sites where bleeding can easily occur. 
Bleeding in the chest can lead to the complication of cardiac 
tamponade, an emergency needing immediate intervention, 
without which the patient will not likely survive. Cannula 
placement in the awake and active patient on ECMO can also 
contribute to the occurrence of tamponade. Loss of pump flow, 
hemodynamic changes with a narrowing of pulse pressure, 
arrhythmias, and decreases in hemoglobin and hematocrit 
levels are symptomatic of tamponade. Bleeding from any source 
resulting in low pump flow not only causes risks to the patient 
but to the circuit as well. Lower flows result in higher potential 
for clot formation in a circuit. The drop in hemoglobin is also 
a major concern because the oxygen carrying capacity is greatly 
reduced. Bleeding can occur from any surgical site, including 
cannula sites, chest tubes, or IVs. Bleeding becomes a risk with 
any venopuncture, NG or OG tube placement, rectal tube 
placement, suctioning, or anything that might cause mild 
trauma to the tissues. Internally, intracranial hemorrhage, GI 
and pulmonary bleeding are also bleeding risks associated  
with ECMO.

BLOOD PRODUCTS DURING ECMO

The most common blood product used during an ECMO run 
is packed red blood cells (PRBCs). PRBCs are transfused to 
maintain adequate levels of hemoglobin to ensure adequate 
oxygen carrying capacity. Typically hemoglobin is maintained 
at approximately 8 to 10 g/dl. Platelets, fresh frozen plasma, and 
cryoprecipitate are often used to target specific clotting factors. 
Protocols identify when transfusion of each individual product 
is indicated. Albumin may also be used intermittently through-
out the run for volume expansion.

WEANING AND DECANNULATION

Daily assessments for the possibility of weaning should be made 
first by considering why the patient was initially placed on 
ECMO and whether or not the problem has been resolved. 
Other questions to consider are if additional issues have been 
identified that either indicate the necessity to continue support 
or identify the need to discontinue support. Throughout the 
run the team must consider if the risks of ECMO outweigh the 
benefits. The process of weaning off of ECMO is different in VA 
support than in VV support. During VA weaning, the function 
of the heart must be assessed as increased blood flow is redi-
rected to the native circulation. This evaluation is often accom-
plished via cardiac ultrasound while pump flow is decreased. At 
the same time, hemodynamic stability, RV, LV function, and the 
degree of pulmonary hypertension should be evaluated. Venti-
lator support may need to be adjusted as pump flows are 
decreased, particularly ventilator FiO2 to supplement the 
decrease in pump flow. At this time, the risk of clots developing 
in the circuit at the low flow states is present. Therefore, the 
duration of the wean should be limited to no more than an hour 
with close attention to anticoagulation.

MINI CLINI

PROBLEM:  A patient is cannulated for VV ECMO due to acute 
lung injury secondary to H1N1 flu. The patient initially 
required a pump flow of 4 L/min and sweep of 10 L/min to 
achieve the desired gas exchange. After 5 days on resting venti-
lator settings, an improvement in both CXR and lung compli-
ance is noted. Additionally, PaO2 with the ventilator FiO2 at 1.0 
is markedly improved: on day 1 it had been 50 mm Hg and 
after 5 days is now 220 mm Hg. What changes should be made 
to assess the patient’s readiness to wean off of VV support?

Discussion:  Gradual decreases in sweep flow will allow assess-
ment of the patient’s native lung ability to effectively ventilate. 
Simultaneously, ventilator adjustments should be made to 
support the transition when ECMO is discontinued. The 
patient is ready to be decannulated when gas exchange can be 
maintained without sweep flow and ventilator settings that will 
not induce any further lung injury (i.e., plateau pressures less 
than 30 and FiO2 less than 0.6).



 Extracorporeal Life Support (ECLS) • CHAPTER 50 1153

References

1. ECLS Registry Report International Summary: Extracorporeal Life Support 
Organization; Ann Arbor, MI. Available at: <www.elso.org/Registry/
Statistics.aspx>, Accessed January 2015.

2. ELSO Guidelines for all Extracorporeal Life Support Cases: Neonatal Respira-
tory Failure v 1.3, Ann Arbor, MI. Available at: <www.elsonet.org/Resource/
guidelines.aspx>, December 2013.

3. ELSO Guidelines for Neonatal Respiratory Failure v1.3, Ann Arbor, MI. 
Available at: <www.elso.org/Resource/guidelines.aspx>.

4. ECMO: Extracorporeal cardiopulmonary support in critical care, ed 4, Ann 
Arbor, MI, 2012, Extracorporeal Life Support Organization.

5. Hintz SR, Suttner DM, Sheehan AM, et al: Decreased use of neonatal extra-
corporeal membrane oxygenation (ECMO): how new treatment modalities 
have affected ECMO utilization. Pediatrics 106:1339–1343, 2000.

6. Abrams D, Brody D: Emerging indications for ECMO in adults with respi-
ratory failure. Ann Am Thorac Soc 10:371–377, 2013.

7. Martinez G, Vuylsteke A: Extracorporeal membrane oxygenation in adults. 
Cont Edu Anaesth Crit Care Pain 12:57–61, 2012.

8. Turner DA, Cheifetz IM: Extracorporeal membrane oxygenation for adult 
respiratory failure. Respir Care 58(June):1038–1052, 2013.

9. Esper SA, Levy J, Waters J, et al: ECMO in the adult: a review of anticoagula-
tion monitoring and transfusion. Anesth Analg 118:731–743, 2014.

10. ELSO Anticoagulation Guidelines 2014. Extracorporeal Life Support Organi-
zation. Available at: <elso.net/resources/guidelines>, Oct. 1, 2014.

11. Liveris A, Bello RA, Friedmann P, et al: Antifactor Xa assay is a superior 
correlate of heparin dose than activated partial thromboplastin time or 
activated clotting time in pediatric extracorporeal membrane oxygen. 
Pediatr Crit Care Med 15:e72–e79, 2014.

12. Betit P: Are contraindications to extracorporeal membrane oxygenation 
slowly vanishing? Respir Care 56:1054–1055, 2011.

13. Randucci M, Ballotta A, Kandil H, et al: Bivalirudin-based versus conven-
tional heparin anticoagulation for postcardiotomy extracorporeal mem-
brane oxygenation. Crit Care 15:R275, 2011.

14. Olsson KM, Simon A, Strueber M, et al: Extracorporeal membrane oxygen-
ation in nonintubated patients as bridge to lung transplantation. Am J 
Transplant 10:2173–2178, 2013.

15. Hayanga AJ, Aboagye J, Esper S, et al: Extracorporeal membrane oxygen-
ation as a bridge to lung transplantation in the United States: an evolving 
strategy in the management of rapidly advancing pulmonary disease.  
J Thorac Cardiovasc Surg 149:291–296, 2015.

16. Garcia JP, Kon ZN, Evans C, et al: Ambulatory veno-venous extracorporeal 
membrane oxygenation: innovation and pitfalls. J Thorac Cardiovasc Surg 
142:755–761, 2011.

17. Liu C, Lin Y, Du B, et al: Extracorporeal membrane oxygenation as a 
support for emergency bronchial reconstruction in a traumatic patient with 
severe hypoxaemia. Interact Cardiovasc Thorac Surg 19:699–701, 2014.

	

RULE OF THUMB

Weaning	from	VA	support	is	accomplished	by	turning	
down	the	pump	flow	and	assessing	hemodynamics.	
Weaning	from	VV	support	is	accomplished	by	turning	
down	the	sweep	flow	and	assessing	gas	exchange.

SUMMARY CHECKLIST

◗	ECMO	is	an	option	for	newborn,	pediatric,	and	adult	
patients	with	severe	cardiac	or	respiratory	failure	who	
meet	the	criteria	outlined	in	Boxes	50-2	and	50-3	and	
who	otherwise	have	no	absolute	contraindications.

◗	The	primary	goals	of	ECMO	are	to	deliver	adequate	
amounts	of	oxygen,	remove	carbon	dioxide,	and	in	cases	
of	VA	ECMO,	provide	hemodynamic	support.	ECMO	
physiology	mimics	native	cardiopulmonary	physiology	in	
that	it	allows	oxygen	to	diffuse	into	the	blood	and	carbon	
dioxide	to	be	removed.	This	is	accomplished	through	a	
circuit	that	contains	a	pump	and	an	artificial	oxygenator.

◗	The	patient	is	cannulated	with	either	a	double-lumen	
cannula	or	multiple	single-lumen	cannulas.

◗	During	VV	support	cannulas	are	usually	placed	in	the	right	
internal	jugular	vein,	right	atrium,	left	or	right	femoral	veins.	
In	VA	support,	the	venous	cannulas	are	placed	in	the	
same	locations	as	with	VV	support	with	the	arterial	
cannula	inserted	into	the	aorta	or	either	femoral	artery.

◗	Blood	is	either	drained	or	siphoned	into	the	pump,	which	
propels	it	forward	into	an	oxygenator.	The	oxygenator	
provides	gas	exchange	before	returning	the	blood	to	the	
patient	containing	hemoglobin	that	is	fully	saturated	and	
has	the	desired	carbon	dioxide	level.

◗	A	blood	warmer/cooler	keeps	the	blood	at	the	desired	
temperature	and	additional	monitors	provide	clinicians	with	
valuable	information	regarding	circuit	pressures,	flows,	and	
additional	lab	values.	Several	of	the	monitors	can	be	set	to	
sound	audible	alarms	when	the	values	of	certain	
parameters	are	outside	of	the	acceptable	range.

◗	The	circuit	and	cannulas	are	made	of	materials	foreign	to	
blood.	These	surfaces	will	cause	the	normal	activation	of	
blood	clotting	reactions.	Anticoagulation	is	necessary	to	
decrease	the	risk	of	clots	in	the	circuit,	cannulas,	and	
most	importantly	in	the	patient.

◗	Bedside	coagulation	testing	is	typically	performed	at	
regular	intervals	to	keep	a	close	watch	on	the	level	of	
anticoagulation,	along	with	frequent	inspection	for	clot	
development	in	any	of	the	circuit	components.

◗	A	major	advantage	of	ECMO	is	that	ventilator	support	can	
be	decreased	once	ECMO	is	initiated,	thus	reducing	the	
potential	of	ventilator-induced	lung	injury.	At	times	the	
ventilator	can	even	be	discontinued,	reducing	the	potential	

of	ventilator-associated	pneumonia	and	allowing	the	
patient	to	more	actively	participate	in	activities	of	daily	
living.	This	is	of	particular	importance	in	the	pretransplant	
patient.

◗	As	technology	advances	and	proper	candidate	selection	is	
achieved,	ECMO	is	certain	to	be	more	frequently	utilized	in	
ICU	management	of	the	critically	ill	patient.

http://www.elso.org/Registry/Statistics.aspx
http://www.elso.org/Registry/Statistics.aspx
http://www.elsonet.org/Resource/guidelines.aspx
http://www.elsonet.org/Resource/guidelines.aspx
http://www.elso.org/Resource/guidelines.aspx
http://elso.net/resources/guidelines
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C H A P T E R   51 

Monitoring the Patient in the 
Intensive Care Unit

THOMAS PIRAINO

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Discuss	the	principles	of	monitoring	the	respiratory	system,	cardiovascular	system,	neurologic	status,	renal	

function,	liver	function,	and	nutritional	status	of	patients	in	intensive	care.
◆	 Identify	the	risks	and	benefits	of	intensive	care	unit	(ICU)	monitoring	techniques.
◆	 Explain	why	the	caregiver	is	the	most	important	monitor	in	the	ICU.
◆	 Describe	how	to	evaluate	measures	of	patient	oxygenation	in	the	ICU.
◆	 Explain	why	PaCO2	is	the	best	index	of	ventilation	for	critically	ill	patients.
◆	 Describe	the	approach	used	to	evaluate	changes	in	respiratory	rate,	tidal	volume,	minute	ventilation,	PaCO2,	

and	end-tidal	PCO2	values	for	monitoring	purposes.
◆	 Identify	monitoring	techniques	used	in	the	ICU	to	evaluate	lung	and	chest	wall	mechanics	and	work	of	

breathing.
◆	 Describe	the	importance	of	measuring	transpulmonary	pressure	in	select	patients.
◆	 Discuss	the	importance	of	monitoring	peak	and	plateau	pressures	in	patients	receiving	mechanical	ventilatory	

support.
◆	 Identify	monitoring	techniques	that	have	become	available	more	recently,	such	as	lung	stress	and	strain,	

functional	residual	capacity,	stress	index,	electrical	impedance	tomography,	and	acoustic	respiratory	
monitoring.

◆	 Describe	the	approach	used	to	interpret	the	results	of	ventilator	graphics	monitoring.
◆	 Describe	the	cardiovascular	monitoring	techniques	used	in	the	care	of	critically	ill	patients	and	how	to	interpret	

the	results	of	hemodynamic	monitoring.
◆	 Discuss	the	importance	of	monitoring	neurologic	status	in	the	ICU	and	the	variables	that	should	be	monitored.
◆	 Discuss	evaluation	of	renal	function,	liver	function,	and	nutritional	status	in	the	ICU.
◆	 List	and	discuss	the	use	of	composite	and	global	scores	to	measure	patient	status	in	the	ICU,	such	as	the	

APACHE	severity	of	illness	scoring	system.
◆	 Discuss	monitoring	and	troubleshooting	of	the	patient-ventilator	system	in	the	ICU.

CHAPTER OUTLINE

Principles of Monitoring
Pathophysiology and Monitoring
Respiratory Monitoring

Monitoring	Oxygenation
Arterial Pulse Oximetry
Oxygen Consumption
Alveolar-Arterial Oxygen Tension Difference
PaO2/FiO2 Ratio
Oxygenation Index
Quantification of Shunt
Monitoring	Ventilation
Capnography
Dead Space

Monitoring of Inspired and Exhaled Gas Volumes
Inspired Versus Expired Tidal Volume
Monitoring	Lung	and	Chest	Wall	Mechanics
Respiratory System Compliance
Chest Wall Compliance
Transpulmonary Pressure
Resistance
Peak and Plateau Pressures
Lung Stress and Strain
Stress Index
Driving Pressure
Auto–Positive End Expiratory Pressure
Mean Airway Pressure
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KEY TERMS

acoustic	respiratory	monitoring	
(ARM)

afterload
alveolar	and	arterial	oxygen	tension	

difference	(P(A	−	a)O2)
APACHE	scoring	system
artifacts
bladder	pressure
capnography
capnometry
cardiac	output
contractility
dead	space/tidal	volume	(VD/VT)	

ratio
driving	pressure

electrical	impedance	tomography	
(EIT)

esophageal	balloon
factitious	events
Fick	equations
frequency/tidal	volume	(f/VT)	ratio
Glasgow	Coma	Scale	(GCS)
Harris-Benedict	equation
lung	ultrasonography
lung	stress	and	strain
maximal	inspiratory	pressure		

(MIP)
maximum	voluntary	ventilation	

(MVV)
mean	airway	pressure	(MAP)

Murray	lung	injury	score
oxygen	consumption	( �VO2)
PaO2/FiO2	ratio
physiologic	shunt	( � �Q Q/S T)
preload
pressure-time	product	(PTP)
respiratory	inductive	

plethysmography
stress	index
Swan-Ganz	catheter
systematic	errors
tissue	oxygen	sensing
transpulmonary	pressure
venous	admixture
vital	capacity	(VC)

W hen patients are admitted to the intensive care unit 
(ICU) it is generally for the purpose of providing 
interventions that require continuous or periodic 

monitoring of physiologic parameters. Patients may require 
medications, fluid resuscitation to treat severe hypotension, or 
require noninvasive or invasive ventilatory support for respira-
tory failure. The monitoring of these patients is essential to 
assess the effectiveness of treatment in the ICU and to mini-
mize, limit, or prevent adverse events.

Although diagnostic procedures such as radiographic imag-
ing can be used to monitor the progression of disease over time, 
this chapter will focus on the periodic and/or continuous moni-
toring of the respiratory system, cardiovascular system, neuro-
logic function, renal function, liver function, and nutritional 
status of patients in the ICU.

PRINCIPLES OF MONITORING

Monitoring options in the ICU always carry the risk of provid-
ing incorrect values, or having their values misinterpreted. 
Other risks of monitoring depend on the level of invasiveness. 
Noninvasive monitoring is monitoring that may or may not 
come in contact with the body, whereas invasive monitoring 
involves placement of the monitoring device/probe within the 
body. The best monitoring options provide detailed, easily 
interpreted data, obtained noninvasively. A monitoring tool 
that is highly invasive and carries a certain level of risk with use 
must provide a high level of valuable and required information 
to make the benefit of using it outweigh the risk.

New advancements in technology aim to make monitoring 
less invasive and at the same time provide the most clinically 

Monitoring	Breathing	Effort	and	Patterns
Work of Breathing
Oxygen Cost of Breathing
Assessing Ventilatory Drive
Rapid Shallow Breathing Index
Respiratory Inductive Plethysmography
Monitoring	Strength	and	Muscle	Endurance
Endurance: Maximum Voluntary Ventilation
Lung Mapping
Electrical Impedance Tomography (EIT)
Acoustic Respiratory Monitoring (ARM)
Lung Ultrasonography
Monitoring	Patient-Ventilator	System
Graphics Monitoring
Monitoring	During	Lung	Protective	Ventilation

Cardiac and Cardiovascular Monitoring
Electrocardiography
Arterial	Blood	Pressure	Monitoring
Central	Venous	Pressure–Right	Atrial	Pressure	

Monitoring
Pulmonary	Artery	Pressure	Monitoring
Preload
Contractility
Afterload
Cardiac Output

Neurologic Monitoring
History
Neurologic	Examination
Mental Status
Pupillary Response
Eye Movements
Corneal Responses
Gag Reflex
Respiratory Rate and Pattern
Motor Evaluation
Sensory Evaluation
Intracranial	Pressure	Monitoring
Glasgow	Coma	Scale	Score

Monitoring Renal Function
Monitoring Liver Function
Nutritional Monitoring

Assessment	of	Nutritional	Status
Functional	Assessment
Metabolic	Assessment
Estimating	Nutritional	Requirements

Global Monitoring Indices
Acute	Physiology	and	Chronic	Health	Evaluation	

(APACHE)
Troubleshooting
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numbers rather than the underlying pathophysiology. For 
example, when a patient is mechanically ventilated and the 
SpO2 level drops you may improve the SpO2 by increasing FiO2, 
but adjusting the positive end expiratory pressure (PEEP) may 
be more appropriate if the SpO2 drop was secondary to a change 
in lung mechanics. Treating the patient rather than the number 
requires the clinician to consider the underlying cause rather 
than implement a quick fix.

RESPIRATORY MONITORING

The function of the lungs is the uptake of oxygen and the 
removal of carbon dioxide. The arterial blood gas (ABG) gives 
valuable information regarding the effectiveness of the exchange 
(discussed in Chapter 19). Although ABGs can be drawn at the 
bedside, they usually require processing outside of the patient’s 
room, either at a point-of-care machine or by the hospital labo-
ratory. The most common bedside monitoring surrogates for 
O2 uptake and CO2 clearance are the SpO2 (oxygen saturation) 
and respiratory rate (minute ventilation when the patient is 
mechanically ventilated). Both monitoring options have bene-
fits, but with considerable limitations.

Monitoring Oxygenation

Tissue oxygenation depends on FiO2, inspired partial pressure 
of oxygen (PiO2), alveolar oxygen tension (PAO2), arterial oxy-
genation (PaO2, SaO2, oxygen content of arterial blood [CaO2]), 
oxygen delivery, tissue perfusion, and O2 uptake.

Arterial Pulse Oximetry
Pulse oximetry uses a color spectrum measurement of pulsing 
arterial blood for continuous assessment of arterial oxygenation 
(SpO2). ABG analysis has been the accepted method of detect-
ing hypoxemia in critically ill patients, but obtaining arterial 
blood can be painful and cause complications, and ABG analy-
sis does not provide immediate or continuous data. For these 
reasons, SpO2 has become the standard for a continuous, non-
invasive assessment of SaO2. However, SpO2 does not measure 
PaCO2, and patients breathing an elevated FiO2 can retain CO2 
(increased PaCO2), although SpO2 values are acceptable. Venti-
latory failure may go unnoticed unless ABGs are measured.

SpO2 measurements are based on spectrophotometric prin-
ciples, which are based on the law of Beer-Lambert. Lightweight 

relevant data. The data provided should be accurate (reflect the 
true value) and precise (not vary widely when repeated). Many 
devices may require zeroing or calibration to minimize system-
atic errors.

Monitoring techniques utilized in the ICU also need to be 
validated and continually evaluated for their usefulness in 
guiding therapy and practice. When monitoring results of 
blood test values, interpretation may seem as simple as deter-
mining whether the values are within normal range. However, 
these acceptable ranges may change when new research becomes 
available, and generally require an understanding of the patient’s 
“global status” to truly understand their relevance. When moni-
toring involves images, graphs, or waveforms, the data must  
be easily distinguishable from artifacts, factitious events, or 
normal variation, and still require an understanding of the 
overall status of the patient to understand their significance. 
Generally, the interpretation of monitored values requires skill 
and training to understand when something is considered 
abnormal and requires intervention. Interpretation also requires 
the use of multiple monitoring tools to help piece together 
more complicated conditions.

The best monitor in the ICU is the caregiver who under-
stands how to use and interpret the various monitoring tools 
and techniques available to them. Caregivers may be the best 
monitors, but they cannot stand at the bedside continuously. 
Also, monitoring devices allow us to “see” the unseen. Values 
such as cardiac rhythms (ECG), respiratory system compliance, 
or alveolar ventilation would not be known using basic physical 
examination. Monitoring devices may require alarms to alert 
caregivers when values are outside of acceptable ranges for the 
patient. However, the skilled caregiver must understand the 
most appropriate setting for these alarms, and also be able to 
distinguish false alarms from those requiring immediate action. 
Devices also may prioritize alarms into low, medium, and high 
priority and alert clinicians with different sounds and visuals to 
assist with recognition in an environment filled with a variety 
of noise.

As monitoring devices become more advanced there is an 
increased risk of the clinicians ignoring the importance of phys-
ical assessment. Observing a monitor while ignoring the patient 
does not take into consideration the global status of the patient. 
We must combine the “seen” with the “unseen” to truly under-
stand the patient (Box 51-1).

	

RULE OF THUMB

The	caregiver	must	understand	and	interpret	the	
information	provided	through	monitoring.	The	key	to	
proper	interpretation	of	information	is	understanding	
how	it	applies	to	the	global	status	of	the	individual	
patient.

 Box 51-1 Monitors and Monitoring Data

•	 Monitored	values	can	exhibit	physiologic	and	instrument	
variability.

•	 Monitoring	devices	can	be	noninvasive	or	invasive.
•	 Alarm	systems	should	be	set	to	alert	caregivers	properly	yet	

avoid	false	alarms.
•	 Monitors	can	run	continuously	and	measure	what	caregivers	

cannot	see.
•	 The	best	monitors	are	caregivers	who	can	assess	and	make	

decisions	based	on	understanding	the	global	status	of	the	
patient.

PATHOPHYSIOLOGY AND 
MONITORING

The problem often faced at the bedside when presented with 
monitoring data is that clinicians may begin treating the 
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numerous toxins and drugs, including topical benzocaine,  
can elevate methemoglobin and produce falsely elevated SpO2 
values.

Oxygen Consumption
Oxygen consumption ( �VO2 ) is the volume of O2 consumed by 
the body in milliliters per minute. Normal resting �VO2 is 
approximately 250 ml/min, and �VO2 increases with activity, 
stress, and temperature. The acquisition of O2 from the lungs 
into the circulatory system is described by the Fick equations:

� � � �VO Q CaO CvO Q VO (CaO CvOT T2 2 2 2 2 2= − = −( ) )or

in which �QT is cardiac output (CO), and CaO2 and CVO� 2 are 
arterial and mixed venous oxygen contents. If the values for �QT, 
CaO2, and CVO� 2 are normal, this becomes:

� �VO in ml min Q CaO CvO

ml min ml ml ml ml

T2 2 2

5000 20 100 15 100

= −
= −

( )

( )( ))

( )( )=
=

5000 5 100

250

ml min ml ml

ml min

Simply stated, deoxygenated venous blood is converted to oxy-
genated arterial blood when O2 in the alveoli diffuses into mixed 
venous blood flowing by at the pace of CO.

An alternative calculation for �VO2 that does not require an 
arterial or mixed venous blood sample or measurement of 
cardiac output (CO) is:

� � �VO FiO V F O VI E E2 2 2= −[( )( )] [( )( )]

where FiO2 and FEO2 are the mean inspired and expired frac-
tional concentrations of oxygen, and �V1 and �VE are the inspired 

MINI CLINI
Trusting the Pulse Oximeter

PROBLEM:  A 32-week-gestation newborn is intubated and 
receiving CPAP therapy. The patient appears to be in mild to 
moderate respiratory distress, yet SpO2 is 98%. Hurricane spray 
(20% benzocaine) had been used to reduce the irritation of  
the endotracheal tube. Analysis of ABG values reveals PaO2 
325 mm Hg, and the cooximeter shows a methemoglobin value 
of 38%.

Solution:  The most common problems with the fidelity of 
pulse oximeter readings are motion artifacts, interference by 
external light sources, or malposition of the sensor. Each of 
these problems can be easily and quickly assessed. In this case, 
the clinical symptoms did not correlate with an acceptable 
SpO2 value. Because adequate O2 delivery is the ultimate goal, 
CO and O2-carrying ability must be considered as causes of the 
respiratory distress. The high methemoglobin value necessi-
tates immediate therapy with methylene blue dye. Although the 
pulse oximeter has provided an excellent, safe means of moni-
toring blood oxygenation, there must be a wary vigilance about 
trusting the values.

 Box 51-2 Values Affecting Pulse Oximetry

•	 Motion	artifact
•	 Environmental	light	(e.g.,	sunlight,	fluorescence)
•	 Anemia
•	 Deeply	pigmented	skin
•	 Carboxyhemoglobin,	methemoglobin
•	 Nail	polish
•	 Blood-borne	dyes

	

RULE OF THUMB

There	are	two	very	important	problems	with	relying	on	
SpO2	to	monitor	adequate	respiratory	function:	(1)	SpO2	
values	reflect	oxygenation,	not	ventilation;	and	(2)	SpO2	
measurement	is	susceptible	to	numerous	factors	that	
can	produce	false	values.

probes direct filtered light of specific wavelengths (usually two) 
through a digit, the bridge of the nose, or an earlobe or reflected 
from a forehead sensor. The relative absorption of these spec-
trophotometric beams after passing through the tissue (which 
differs for O2 saturated and desaturated blood) is converted 
into the appropriate saturation value with processor-stored 
algorithms.

Tissue O2 sensors designed to measure SaO2 of muscle or 
the brain were developed more recently.1 Brain oxygenation is 
crucial, and deep muscle tissue in compartment syndromes can 
become deoxygenated. This tissue oxygen sensing technique 
involves positioning of an emitter and detector (of usually four 
wavelengths) on the skin surface over the tissue or organ of 
interest. Light from the emitter reflects from tissue at a depth 
of one-third the distance between the emitter and detector. The 
light received by the detector is read, and algorithms determine 
tissue oxygenation, not SpO2.

Although SpO2 has been universally adopted, it does have 
limitations (Box 51-2).2,3 Motion artifact is an important 
problem, resulting in inaccurate readings and false alarms. 
Motion artifacts are common because of shivering, seizure 
activity, pressure on the sensor, or transport of the patient. The 
choice of probe site may also affect accuracy. Finger probes 
appear to be more accurate than forehead, nose, or earlobe 
probes during low perfusion states. Intense daylight and fluo-
rescent, incandescent, xenon, and infrared light sources have 
caused errors in SpO2 readings. Anemia and deeply pigmented 
skin can affect the accuracy of SpO2; however, the effect of 
anemia is not clinically significant until the hemoglobin level is 
markedly reduced. Carboxyhemoglobin and methemoglobin 
can produce falsely high SpO2 values, and some colors of nail 
polish, particularly blue, green, and black, interfere with light 
transmission and absorbency, as do some blood-borne dyes, 
such as indocyanine green and methylene blue, which tend to 
produce falsely low SpO2 values. Although rare, exposure to 
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calculated, astute experienced clinicians consciously or subcon-
sciously can estimate P(A − a)O2 from a blood gas value.

PaO2/FiO2 Ratio
The PaO2/FiO2 ratio has become important for the determina-
tion of the extent of acute respiratory distress syndrome (ARDS) 
in multicenter collaborative studies.4,5 A normal PaO2/FiO2 
ratio while breathing room air is about 400 to 500 mm Hg. The 
PaO2/FiO2 ratio provides an index for the effect of O2 on PaO2 
when a range of FiO2 settings may be prescribed. The index 
allows comparisons of severity between patients or if FiO2 is 
changed in the same patient. The PaO2/FiO2 ratio is easy to 
calculate and a reliable index of gas exchange. The level of 
applied mean airway pressure (MAP), which is strongly affected 
by PEEP, must also be considered as an independent factor that 
influences the PaO2/FiO2 ratio. This is done by calculating the 
oxygenation index (OI). Evidence suggests that the OI seems to 
have an independent effect on mortality when considering the 
use of rescue strategies in neonates.6 In addition, a change in 
the FiO2 can also affect the PaO2/FiO2 ratio. Some recommend 
that in ARDS the PaO2/FiO2 ratio should be determined at a 
specific FiO2 and PEEP level.

and expired minute ventilations. If �V1 equals �VE (normally �V1 is 
slightly greater than �VE, but the difference is small), this becomes:

� �VO FiO F O VE E2 2 2= −( )

If the values for minute ventilation and inspired and expired 
gas concentrations are normal, this becomes:

�VO L min L min
or approximately ml mi

2 0 21 0 168 6 0 252
250

= − =( . . )( ) . ,
nn

A normal resting �VO2 of 250 ml/min represents approxi-
mately 25% of normal O2 delivery (1000 ml/min). The blood 
carries a large reservoir of O2 that can diffuse into deoxygenated 
tissues under high O2 demand conditions.
�VO2 may be useful in determining nutritional requirements 

and adequacy of O2 delivery and may occasionally help deter-
mine the cause of a high ventilation requirement. If there is a 
stable tissue demand for O2, measurements of �VO2 may be 
used to follow the hemodynamic response to therapeutic 
interventions.

Alveolar-Arterial Oxygen Tension Difference
The alveolar and arterial oxygen tension difference (P(A − a)
O2) is a useful measurement of the efficiency of gas exchange. 
A healthy person breathing room air has P(A − a)O2 of approxi-
mately 5 to 15 mm Hg. This value increases with age to approx-
imately 10 to 20 mm Hg in elderly adults. P(A − a)O2 also 
increases normally with an increase in FiO2. A healthy person 
has P(A − a)O2 of 5 to 15 mm Hg while breathing room air; 
however, P(A − a)O2 increases to 100 to 150 mm Hg when the 
person is breathing 100% O2.

Most importantly, an abnormal increase in P(A − a)O2 
is associated with gas-exchange problems. If PaO2 is 80 mm Hg 
while the patient is breathing 100% O2, a significant gas-
exchange problem is present even though oxygenation seems 
acceptable.

If PaO2 is 80 mm Hg, PaCO2 is 40 mm, FiO2 is 1, and baro-
metric pressure (PB) is 760 mm Hg, then:

PAO PiO PaCO2 2 2 1 25= − ( )( . )
PiO PB P FiOH O2 22 713= − =[( )( )]

PAO mm Hg2 760 47 1 40 1 25 663= − − =[( )( )] ( )( . )
P A a O PAO PaO( )− = − = −2 2 2 663 80

P A a O mm Hg( )− =2 583

where PH2O is water vapor pressure. P(A − a)O2 is markedly 
elevated considering that normal (A − a)O2 is 100 to 150 mm Hg 
while the patient is breathing 100% O2. (A − a)O2 also can be 
used to give a rough estimate of percentage shunt, where:

Shunt
P A a O on O

≅
−[ ]( ) %2 2100

20

In this example, percentage shunt would be approximately 29%: 
P(A − a)O2/20 = 583/20 = 29.2%.

P(A − a)O2 takes into account PaCO2 and eliminates 
hypoventilation and hypercapnia from consideration as the sole 
cause of hypoxemia. Although P(A − a)O2 is infrequently 

	

RULE OF THUMB

The	Berlin	definition	of	ARDS	includes:
•	 Bilateral	infiltrates	on	chest	radiograph
•	 Absence	of	left	ventricular	failure
•	 PaO2/FiO2	200	to	300	mm	Hg	for	mild	ARDS	

(previously	considered	acute	lung	injury	or	ALI)
•	 PaO2/FiO2	100	to	200	mm	Hg	for	moderate	ARDS
•	 PaO2/FiO2	less	than	100	mm	Hg	for	severe	ARDS

Oxygenation Index
Calculation of oxygenation index (OI) by the following equa-
tion provides an index that accounts for FiO2 and MAP:

OI
FiO MAP

PaO
=

∗2

2

Quantification of Shunt

The most accurate and reliable measure of oxygenation efficiency 
is direct computation of the physiologic shunt ( � �Q Q/S T). The 
physiologic shunt is computed as follows:

� �Q Q CcO CaO (CcO CvOS T = − −( ) )2 2 2 2

Where CcO2 is the oxygen content of alveolar capillary blood, 
CaO2 is the oxygen content of arterial blood, and CVO� 2 is the 
oxygen content of mixed venous blood, all expressed in millili-
ters of O2 per 100 ml of blood. When the patient is breathing 
100% O2, � �Q Q/S T can be estimated as follows:

� �Q Q P A a O P A a O
CaO CvO

S T = − −
+ −
[( ( ) )][ . ] [( ( ) )][ . ]

[ ]
2 2

2 2

0 003 0 003

For measurement of physiologic shunt, both an arterial and 
a mixed venous blood sample must be obtained. A true mixed 
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venous blood sample can be obtained only from the distal 
sample port of an indwelling pulmonary arterial catheter. The 
total O2 content of the arterial, mixed venous blood, and pul-
monary capillary blood (CaO2, CVO� 2, CcO2) is calculated in the 
same manner as any O2 content calculations:

O content Hb SO PO2 2 21 34 0 003= +( . )( )( ) ( . )( )

where Hb is the hemoglobin concentration, SO2 is the oxygen 
saturation, and PO2 is the partial pressure of oxygen. If the 
patient is breathing 100% O2, the capillary saturation is 100%, 
the PCO2 (capillary PO2) being the calculated PAO2 value. 
Samples should be obtained and analyzed quickly to avoid error 
from continued metabolism. Similar to P(A − a)O2, � �Q Q/S T is 
influenced by � �V/Q mismatching and by fluctuations in mixed 
venous oxygen saturation (SvO2) and FiO2. A “shunt” calcula-
tion when FiO2 is less than 1.0 is defined as venous admixture. 
If venous admixture is elevated but all alveoli are patent, venous 
admixture decreases toward the normal value (<5%) as FiO2 is 
increased. Conversely, if increased venous admixture is caused 
by a true shunt such as an intracardiac defect or atelectasis, 
there would be no change in venous admixture as FiO2 is 
increased.

Murray Lung Injury Score
ARDS is a syndrome of severe lung injury that was originally 
described by Ashbaugh and Petty in 1970.7 Evaluating and treat-
ing a patient with ARDS is a primary challenge for the ICU 
clinician. To monitor the severity of this disease, Murray and 
colleagues8 developed a lung injury score that is often calculated 
in studies of ARDS. The Murray lung injury score quantifies 
the injury level using the following four factors: chest radio-
graphic findings, PaO2/FiO2 ratio, positive end expiratory pres-
sure (PEEP) setting, and compliance. The Murray lung injury 
score is an example of a composite score that allows quantifica-
tion of lung status according to different aspects of the injury—
gas exchange, radiographic findings, and mechanics. This score 
is used as an index of the effectiveness of therapy or for inter-
study comparisons. The method for calculating the Murray 
lung injury score is shown in Box 51-3. Other measures of lung 
injury are listed in Box 51-4.

Monitoring Ventilation

Similar to oxygenation, the adequacy and efficiency of ventila-
tion is routinely evaluated in the ICU (Box 51-5). Monitoring 
of patients receiving mechanical ventilatory support in the ICU 
includes measurement of the patient’s tidal volume (VT), respi-
ratory rate (f), and minute ventilation ( �VE) where:

�V f VE T= ∗( ) ( )

However, effective ventilation depends on alveolar ventilation 
( �VA), as follows:

�V V V fA T Dphys= −( )( )

where VDphys is physiologic dead space, and:

� �V VCO PaCOA = ∗( . )0 863 2 2

 Box 51-5 Monitoring the Adequacy 
of Ventilation

•	 Respiratory	volume	and	rate	(VT,	f,	 �VE)
•	 PaCO2

•	 VD/VT

•	 Capnometry	(not	for	routine	use	but	in	special	situations,	
such	as	ensuring	tracheal	intubation	and	cardiac	blood	flow	
in	resuscitation	efforts)

 Box 51-4 Measures of Decreased Blood 
Oxygenation or Lung Injury

↓	SpO2

↓	PaO2

↑	P(A	−	a)O2	−	(PAO2	−	PaO2)
↓	P/F	ratio	−	(PaO2/FiO2)
↑	Shunt/venous	admixture
↑	Murray	lung	injury	score

 Box 51-3 Murray Lung Injury Score

Component Value

1.	 Chest	Radiograph
No	alveolar	consolidation 0
Alveolar	consolidation	confined	to	1	quadrant 1
Alveolar	consolidation	confined	to	2	quadrants 2
Alveolar	consolidation	confined	to	3	quadrants 3
Alveolar	consolidation	in	all	4	quadrants 4
2.	 Hypoxemia	Score
PaO2/FiO2	>	300 0
PaO2/FiO2	225-299 1
PaO2/FiO2	175-224 2
PaO2/FiO2	100-174 3
PaO2/FiO2	<	100 4
3.	 PEEP	Score	(When	Ventilated)
PEEP	≤5	cm	H2O 0
PEEP	6-8	cm	H2O 1
PEEP	9-11	cm	H2O 2
PEEP	12-14	cm	H2O 3
PEEP	>	15	cm	H2O 4
4.	 Respiratory	System	Compliance	Score	(When	Available)
Compliance	≥80	ml/cm	H2O 0
Compliance	60-79	ml/cm	H2O 1
Compliance	40-59	ml/cm	H2O 2
Compliance	20-39	ml/cm	H2O 3
Compliance	≤19	ml/cm	H2O 4

The	final	value	is	obtained	by	dividing	the	aggregate	sum	by	
the	number	of	components	used.

SCORE
No	lung	injury—0
Mild	to	moderate	lung	injury—0.1-2.5
Severe	lung	injury	(ARDS)	—>2.5
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Patients for whom capnometry may be a useful monitoring 
tool include patients with normal lungs but an unstable ventila-
tory drive who are breathing spontaneously or receiving low-
level ventilatory support. In these patients, capnometry readings 
should initially be validated by comparison with PaCO2. 
Changes in PETCO2 can be used to alert the clinician to potential 
changes in patient ventilation. Thereafter, periodic reevaluation 
should be performed as the patient’s clinical state changes. Cap-
nometry has been extremely useful in emergency situations, 
such as verification of endotracheal intubation and assessment 
of blood flow during or after cardiac arrest. Small in-line CO2 
monitors that employ colorimetry are now routinely used to 
verify endotracheal intubation.11

Although PETCO2 and PaCO2 values tend to correlate at a 
single point in time, correlation between changes in PETCO2 and 
changes in PaCO2 tend to be weaker.12 Decreases in ventilation 
are reflected by increases in PETCO2 and PaCO2. However, with 
very small VT, PaCO2 increases, whereas PETCO2 may decrease. 
Although the appropriate role of capnometry in critical care 
may be unclear, integration of capnometry into modern venti-
lators is reasonable because the primary role of the ventilator is 
CO2 elimination. As a guide for clinicians, the American Asso-
ciation for Respiratory Care (AARC) has created clinical prac-
tice guidelines for the use of capnometry in ventilated patients.13 
Box 51-6 lists common causes of changes in monitored PETCO2 
values.

Volumetric CO2 monitoring holds promise in the continu-
ous monitoring of ventilation efficiency. VCO2 can be continu-
ously monitored in a patient being weaned from mechanical 
ventilation as an indicator of adequate or improving ventilatory 
efficiency.14 The volumetric capnogram has been examined as 
a potential tool for detecting a pulmonary embolism,15 tracking 
the efficiency of mechanical ventilation,15 and calculating dead 
space.17 The relationship between VCO2 and dead space also 
makes it a valuable tool in PEEP optimization.

FIGURE 51-1	 Time-based	capnograph.	Phase I,	Anatomic	dead	
space;	phase II,	transition	from	anatomic	dead	space	to	alveolar	
plateau;	phase III,	the	alveolar	plateau.	
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where �VCO2 is CO2 production in milliliters per minute, and 
0.863 is a conversion factor. With a normal PaCO2 and �VCO2, 
this becomes:

�V ml min mm Hg L minA = ∗ =( . ) .0 863 200 40 4 3

Ventilation is adequate if PaCO2 is associated with a normal 
arterial pH. For healthy persons, PaCO2 is between 35 mm Hg 
and 45 mm Hg, resulting in an arterial pH of 7.35 to 7.45. An 
elevated PaCO2 with normal pH is common in patients with 
chronic obstructive pulmonary disease (COPD). It is generally 
accepted that pH becomes the goal during mechanical ventila-
tion of the critically ill patient rather than PaCO2. However, it 
is important to consider the acceptance of a lower pH level (7.25 
to 7.35) when approaching the safe upper limits of mechanical 
ventilation that can occur in patients with ARDS.

Capnography
Capnometry is the measurement of CO2 at the airway opening 
during the ventilatory cycle. Capnography refers to plotting 
CO2 concentration against time or against exhaled volume. The 
normal CO2 waveform is displayed in Figure 51-1. The height 
of the capnogram (the peak value) indicates the end-tidal CO2 
value. PETCO2 normally is 1 to 5 mm Hg less than PaCO2, rang-
ing between 35 mm Hg and 43 mm Hg. Because PETCO2 in 
healthy persons closely approximates PaCO2, this measure is a 
potentially useful noninvasive index of the adequacy of ventila-
tion.9 Abnormal waveform contours can indicate changes in the 
distribution of ventilation and perfusion, or airway obstruction. 
These changes typically are an irregular increase in CO2 level 
and a lower than normal end-tidal CO2 level. Positive pressure 
ventilation (especially with PEEP), pulmonary embolism, car-
diac arrest, and pulmonary hypoperfusion also may cause an 
increase in PaCO2 to PETCO2 difference [P(a − ET)CO2].10 Exer-
cise and a large VT can reverse the P(a − ET)CO2 difference, and 
PETCO2 can exceed PaCO2 temporarily.

 Box 51-6 Causes of Increased and 
Decreased End-Tidal Carbon 
Dioxide Values

INCREASED PETCO2

•	 Decreased	effective	ventilation	(↓	VT,	↓	 �VE,	↓	 �VA,	↑	PaCO2)
•	 Increased	CO2	production	( �VCO2)	(agitation,	stress,	shivering,	

fighting	the	ventilator,	pain,	anxiety,	recovery	from	sedation	
or	paralysis)

DECREASED PETCO2

•	 Increased	effective	ventilation	(↑	VT,	↑	 �VE,	↑	 �VA,	↓	PaCO2)
•	 Marked	decrease	in	effective	ventilation	(↓↓ �VT	approaching	

dead	space	volume;	rapid	shallow	breathing)
•	 Decreased	CO2	production	( �VCO2)	(sedation,	sleep,	cooling)
•	 Decrease	in	lung	perfusion	(pulmonary	embolus,	

decreased	CO)

ABSENT PETCO2

•	 Apnea
•	 Cardiac	arrest
•	 Ventilator	disconnect	or	malfunction
•	 Airway	obstruction
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of ventilatory effort is being expended to move dead space 
gases.

Inspired Versus Expired Tidal Volume
Normal inspired VT and expired VT should be nearly the same. 
However, in the presence of an air leak, inspired VT may be 
larger than expired VT, and measurement of delivered VT versus 
exhaled VT may be useful in detecting and quantifying the size 
of a leak—a situation that may require immediate attention.

Monitoring Lung and Chest  
Wall Mechanics

Ventilation of the lungs involves overcoming the flow-resistive, 
inertial, and elastic properties of the respiratory system. In a 
ventilated patient, change in airway pressure during ventilation 
is used to determine the compliance of the total respiratory 
system. Pressure changes measured by an esophageal balloon 
reflect compliance of the chest wall. The difference between the 
compliance of the respiratory system and chest wall is the lung 
compliance (lung compliance can also be measured in the pas-
sively ventilated patient using the change in transpulmonary 
pressure).

One method to assess the compliance of the respiratory 
system and its relation to lung volume is through the use of a 
P-V curve. There is normally a difference in the P-V relationship 
during inflation and deflation. However, a large difference 
between inflation and deflation, called hysteresis, typically 
implies lung units have been recruited after a threshold level of 
pressure was applied.

To measure a static P-V curve of a ventilated patient from 
resting (at functional residual capacity [FRC]) to total lung 
capacity, a calibrated syringe, referred to as a supersyringe 
ranging from 1.5 to 3 L, was used until more recently to inject 
50- to 100-ml increments into the lungs while airway pressure 
was recorded. A P-V curve can be measured more easily by  
the continuous delivery of a low flow of gas into the lung  
(<5 L/min) with the simultaneous recording of system pressure 
change. Current ICU ventilators allow the determination of an 
inflation P-V curve using this approach. The P-V curve is 
plotted as part of the ventilator graphics package with cursors 
available to identify specific points on the curve. Patients should 
be sedated during the maneuver mostly because the flow deliv-
ered would be insufficient to satisfy patient demand. Also, the 
amount of pressure or volume applied during the maneuver 
would likely cause discomfort.

The inflation P-V curve often, but not always, reveals two 
points at which the slope of the curve changes. The lower point 
at which the slope changes is called the lower inflection point. As 
depicted in Figure 51-2 , a lower inflection point may occur over 
the lower range of volumes, indicating a pressure above which 
total respiratory system compliance is improved owing to the 
beginning of alveolar recruitment or the peripheralization of 
secretions.16 A recommended strategy is to set PEEP slightly 
above the lower inflection point with the goal of maintaining 
recruitment and stabilization of dependent alveoli that may 
otherwise sustain injury from repetitive opening, closing, and 

Dead Space
The dead space/tidal volume (VD/VT) ratio is a measure of 
the efficiency of gas exchange. This ratio is an estimate of the 
proportion of ventilation participating in diffusion of CO2. VD/
VT can be calculated from the Enghoff modification of the Bohr 
equation as follows:

V V PaCO P CO PaCOD T E= −( )2 2 2

Where PECO2 is the CO2 concentration in mixed expired gas. A 
rapid response capnometry or exhaled flow analysis provides a 
volumetric CO2 method for attaining PECO2 values.7 Research 
has shown that using the fraction of VCO2 to exhaled minute 
ventilation (VE) can be used to estimate PECO2 using the fol-
lowing equation (assuming PB is 760 mm Hg)17:

P CO VCO VE E2 2760 47= − ×( )

When PECO2 is determined, a specimen of arterial blood 
should be drawn for ABG analysis. When the gas and blood 
samples are analyzed, the preceding formula can be used to 
calculate VD/VT.

In healthy persons who are sitting, the VD/VT ratio is 0.20 to 
0.40. This value varies little with age, position, exercise, VT, or 
breath holding. In the setting of critical illness, however, the VD/
VT ratio commonly exceeds 0.6. Frequently, the VD/VT ratio is 
increased in patients with congestive heart failure, pulmonary 
embolism, ARDS, or pulmonary hypertension and in patients 
undergoing mechanical ventilation. The VD/VT ratio has been 
used to evaluate patients being considered for weaning from 
mechanical ventilation. A VD/VT ratio greater than 0.60 gener-
ally requires continuation of ventilatory support. Increased VD/
VT in the early phase of ARDS has been associated with an 
increased risk of death.8,10

Monitoring of Inspired and Exhaled  
Gas Volumes
Although the best index of effective ventilation is measurement 
of PaCO2, measurement of inspired and expired gas volumes 
is an important aspect of monitoring patients receiving 
mechanical ventilatory support. For patients receiving con-
trolled mechanical ventilation, minute ventilation ( �VE), respira-
tory rate (f), and VT are assessed by:

� �V V f V average V fE T T E= =( )( ) and

With an adequate VT, increases in minute ventilation tend 
to increase alveolar ventilation and decrease PaCO2, whereas 
decreases in minute ventilation tend to have the opposite 
effect. However, in the presence of rapid shallow breathing 
with normal or elevated minute ventilation, a decrease in 
effective ventilation can result in an increase in PaCO2. This 
effect is caused by ineffective shallow tidal breaths that are 
at or below dead space volume. Spontaneous respiratory rate 
often is a sensitive indicator of the need for mechanical ven-
tilation. Rates greater than 20 breaths/min may indicate distress, 
and a rate greater than 30 breaths/min with a spontaneous 
VT of less than 300 ml often indicates the need for mechani-
cal ventilatory support in adults because a large proportion 
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effective compliance. Acute changes, such as atelectasis, pulmo-
nary edema, ARDS, and lung compression caused by tension 
pneumothorax cause a rapid decrease in compliance. Compli-
ance is often less than 25 to 30 ml/cm H2O in patients with 
ARDS. Common causes of changes in respiratory system com-
pliance are listed in Box 51-7. Several ventilators report breath-
to-breath compliance and resistance values dynamically without 
the use of pause maneuvers. Monitoring these estimates can 
indicate impedance problems, and are useful for trending 
during ventilator setting titration (such as PEEP), but absolute 
values should be verified by static maneuver calculations.

Chest Wall Compliance
In a significant proportion of patients, chest wall compliance 
can influence the P-V relationship during ventilation. Poor 
respiratory system compliance may be largely due to external 
pathologies of the chest wall. Normal chest wall compliance 
accounts for approximately 20% of the respiratory compliance, 
but can commonly reach 50% or greater in critically ill patients. 
Chest wall abnormalities (including the abdomen) may cause 
an increase in pleural pressure both at rest and during positive 
pressure ventilation. Direct measurement of pleural pressure at 
the bedside is highly invasive, and this is why esophageal 
balloon pressure measurement are used as a surrogate (Box 
51-8). Chest wall compliance (CCW) by definition using esopha-
geal pressure is as follows:

C P P VCW esinsp esexp= − ∆

where Pesinp is the esophageal pressure at end inspiration and 
Pesexp is the esophageal pressure at end exhalation.

reopening during tidal ventilation. The other pressure change 
in the slope, called an upper deflection point, may be seen at a 
higher volume, indicating where compliance decreases owing  
to alveolar overdistention or a slowing of lung recruitment. 
Although the risk of alveolar overdistention is generally reduced 
if the end inspiratory plateau pressure (Pplat) is less than 30 cm 
H2O in patients with ARDS.18 More recently, attention has been 
focused on the deflation area of the curve and what is called the 
critical closing pressure, the area of the deflation curve where 
there is significant loss in compliance.19 The rationale for this is 
that when there is a significant amount of recruitment (showing 
as hysteresis), the amount of pressure required to maintain an 
open lung may be lower than during the inflation curve. The 
deflation area of the curve will be further discussed later in this 
chapter.

Respiratory System Compliance
Respiratory system compliance should be routinely monitored 
in all ventilated patients. To attain an accurate assessment of 
compliance (static compliance), two maneuvers must be per-
formed: an end inspiratory hold, and an end expiratory hold. 
An end inspiratory hold maneuver in a passive, ventilated 
patient allows equilibration of pressure across the lung and an 
estimation of peak alveolar pressure or the end inspiratory Pplat. 
An end expiratory hold is required to assess the total PEEP 
(PEEP−T) when auto-PEEP is present. Compliance (C) is cal-
culated as follows:

C V P= ∆ ∆

Where VT (corrected for tubing compliance) is ΔV and ΔP is 
Pplat − PEEPT.

Normal compliance ranges from 60 to 100 ml/cm H2O. Dis-
eases of the lung parenchyma, such as pneumonia, pulmonary 
edema, and any chronic disease causing fibrosis, cause decreased 

FIGURE 51-2	 P-V	curves	generated	by	a	normal	lung	(preinjury)	
and	after	oleic	acid	injury	(postinjury).	In	the	preinjury	curve,	the	
linear	relationship	between	pressure	and	volume	with	minimal	
hysteresis	is	evident.	The	postinjury	curve	displays	marked	
hysteresis	and	two	changes	in	compliance	on	the	inspiratory	limb:		
a	lower	inflection	point	(LIP)	and	upper	inflection	point	(UIP).	
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 Box 51-7 Common Causes of Changes in 
Compliance and Resistance in 
Mechanically Ventilated Patients

DECREASED COMPLIANCE
↓	Lung	compliance	(atelectasis,	pneumonia,	pulmonary	edema,	

ARDS,	pneumothorax,	fibrosis,	bronchial	intubation)
↓	Thoracic	compliance	(obesity,	ascites,	chest	wall	deformity)

INCREASED COMPLIANCE
↑	Lung	compliance	(improvement	in	any	of	the	above-listed	

conditions,	pulmonary	emphysema)
↑	Thoracic	compliance	(improvement	in	any	of	the	above-listed	

conditions;	flail	chest;	position	change—sitting	patient	up)

INCREASED RESISTANCE
Small	endotracheal	tube,	secretions	plugging	endotracheal	tube,	

biting	on	endotracheal	tube
↑	Bronchospasm,	mucosal	edema
↑	Secretions
↑	Airway	obstruction
High	gas	flow	rate	(or	↑	gas	flow)

DECREASED RESISTANCE
↓	Improvement	in	any	of	the	above-listed	conditions
↓	Bronchodilator	administration
↓	Suctioning	and	airway	care
↓	Use	of	lower	inspiratory	gas	flow	rate
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Where Pairway is the airway pressure and Pes is the esophageal 
pressure. Two variations are used in clinical practice, one for 
end-exhalation and one for end-inspiration. These variations 
are as follows:

P P PtpPEEP esexp PEEP− =
P P Ptpplat esinsp plat− =

where the first equation is the transpulmonary pressure at end-
exhalation and the second equation is the transpulmonary pres-
sure at end-inspiration. Lung compliance (CL) can be derived 
from these measurements as follows:

C Ptp Ptp VL plat PEEP= − ∆

End inspiratory Ptp can be monitored to evaluate global 
lung stress and the potential for overdistention—usually allow-
ing some liberty in accepting higher Pplat to deliver adequate 
ventilation in patients with elevated pleural pressures (stiff 
chest walls). Current practice is to limit this end-inspiratory Ptp 
to less than 20 cm H2O of pressure. For patients with a large 
degree of lung inhomogeneity any attempt to maintain an even 
lower end-inspiratory Ptp should be taken. The monitoring of 
end-expiratory Ptp has been used more recently as a rationale 
for setting PEEP.21 A negative Ptp probably indicates lung 
closure (dependent lobe) during expiration that can result in 
lung opening and closing during the ventilatory cycle. Adequate 
or “optimal” PEEP when measuring Ptp is the PEEP level that 
avoids a negative PtpPEEP. (See Chapter 48 for details.)

Resistance
Depending on the driving pressure measured, various resis-
tances can be calculated, including airway, pulmonary, chest 
wall, and total respiratory system resistance. An airway resis-
tance (Raw) can be determined dynamically from simultaneous 
measurements of airflow and the pressure difference between 
the airway opening (Pao) and the alveoli (Palv) by Raw = (Pao − 
Palv)/flow. Because resistance changes throughout inspiration 
and expiration, and expiratory resistance generally is greater 
than inspiratory resistance, instantaneous measures of resis-
tance are not performed clinically. Inspiratory resistance can be 
calculated simply during constant flow, volume ventilation. 
This allows monitoring of airway status over time or after the 
effects of bronchodilator therapy and is determined by dividing 
the pressure change by the flow rate:

Raw P F P P flowpeak plat= = −∆ ∆ ( )

where Ppeak is peak airway pressure and Pplat is plateau pressure. 
Automated methods of measuring expiratory resistance have 
been integrated into some ventilators.

In ventilated patients, a significant component of the total 
flow resistance is from endotracheal tubes.22 In healthy persons, 
flow is relatively laminar during tidal ventilation and becomes 
turbulent only with increasing ventilatory demands. The flow 
resistance offered by the endotracheal tube increases markedly 
with increasing flow and varies with the size of the tube. Normal 
airway resistance is approximately 1 to 2 cm H2O/L per second; 

 Box 51-9 Common Causes of Elevated 
Pleural Pressure in ICU Patients

•	 Obesity
•	 Intraabdominal	hypertension
•	 Massive	fluid	resuscitation

 Box 51-8 Esophageal Pressure Monitoring

Esophageal	pressure	is	used	clinically	as	a	surrogate	for	pleural	
pressure.	The	measurements	are	used	to	determine	chest	wall	
and	lung	compliance,	measure	work	of	breathing,	determine	the	
appropriateness	of	PEEP,	and	calculate	lung	stress.	A	thin	
esophageal	catheter	(approximately	2-mm	diameter)	is	simple		
to	insert,	and	poses	little	risk	of	esophageal	perforation.	
Appropriate	placement	is	achieved	by	first	passing	it	into		
the	stomach,	then	inflating	the	10-cm	long	balloon	with	
approximately	0.5	to	1.0	ml	of	air.	The	catheter	is	carefully	
withdrawn	until	the	final	position	of	the	balloon	is	within	the	
lower	third	of	the	esophagus,	as	verified	by	the	presence	of	
cardiac	oscillations	within	the	pressure	tracing.	In	adults	this	is	
approximately	35	to	40	cm	from	the	teeth	when	inserted	orally.	
Proper	placement	can	also	be	confirmed	by	occluding	the	
airway	(done	with	an	expiratory	hold	on	the	ventilator)	and	
measuring	the	simultaneous	deflections	in	pressure	at	the	
airway	opening	and	esophageal	pressure	either	during	
spontaneous	efforts	or	by	a	gentle	push	on	the	chest	or	
abdomen.	The	change	in	pressure	in	the	airway	during	
occlusion	should	be	the	same	as	the	pressure	change	that	
occurs	in	the	esophageal	pressure.

Poor chest wall compliance (high chest wall elastance) may 
buffer the lung-damaging effect of elevated airway pressure  
by reducing end-inspiratory transpulmonary pressure (Ptp). 
Higher airway pressures may be required to ventilate these 
patients, but without the same risk of barotrauma as in patients 
with low pleural pressure or normal chest wall compliance. One 
of the most common causes of poor chest wall compliance is 
intraabdominal hypertension. Regular monitoring of bladder 
pressure can be useful at confirming issues of poor chest wall 
compliance in the absence of esophageal pressure monitoring. 
Some causes of elevated pleural pressure (resulting in poor 
chest wall compliance) are listed in Box 51-9.

Transpulmonary Pressure
Airway pressure as measured by the ventilator does not take into 
consideration the pleural pressure or chest wall compliance of 
the patient. True distending pressure of the lung (the pressure 
that stretches the lung) is the transpulmonary pressure. The 
appropriateness and safety of the airway pressures delivered  
by the ventilator, both at end-exhalation (PEEP) and end-
inspiration (Pplat), depends on the resulting trasnspulmonary 
pressure.20

The estimation of transpulmonary pressure is commonly 
done through the use of esophageal pressure monitoring using 
the simple equation:

P P Ptpairway es− =
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placement of an esophageal catheter. To measure strain, auto-
mated FRC determinations have become available on some 
modern ventilators.25 Stress can also occur at lower pressures if 
lung units are opening and closing during the ventilator cycle.

Stress Index
Another index involving the dynamic measurement of stress 
has been reported.26 The stress index is a value derived from 
the airway pressure-time curve during constant flow delivery of 
a tidal breath. During constant flow (when resistance is con-
stant), the slope of the pressure-time tracing is analyzed to 
evaluate the elastic properties of the lungs. The index is calcu-
lated by performing a curve fit of the slope of the pressure-time 
tracing, where pressure = a * timeb + c. Ideally, a slope (b) of 1 
indicates normal filling during lung expansion, whereas a slope 
greater than 1 indicates overdistention, and a slope less than 1 
indicates lung recruitment (Figure 51-3). This measure can be 
calculated for each delivered tidal breath, although an accep-
tance criterion should be used to exclude analysis of artifacts 
and factitious breaths. Although the index may not determine 
a threshold for excessive stress or strain, it may be a useful 
indicator of lung response to positive pressure. If the chest wall 
contributes variably to airway pressure, the calculated index can 
be altered and deceptive.27

Driving Pressure
Driving pressure is a measure of the pressure difference between 
Pplat and total PEEP (PEEP plus auto-PEEP). The swing in pres-
sure from end-expiration to end-inspiration may be an inde-
pendent stress factor on the lungs. Consider driving pressure as 
the amount of energy applied to the lung, the higher the energy 
applied to the lung, the greater the potential for lung injury. In 
general, the driving pressure should be kept less than or equal 
to 15 cm H2O.

Auto–Positive End Expiratory Pressure 
(Intrinsic Positive End Expiratory Pressure)
PEEP is the pressure maintained in the airway by the ventilator 
at end-exhalation. An alveolar pressure that exists above the 
applied or extrinsic PEEP level at end-exhalation is termed 
intrinsic PEEP or auto-PEEP. At the bedside, total PEEP is 
the sum of extrinsic PEEP and intrinsic PEEP. Intrinsic or  
auto-PEEP is sometimes misunderstood when one considers 
“trapped” air versus breath-stacking that can occur when a 
patient is being passively ventilated with insufficient time to 
exhale. Intrinsic or auto-PEEP is often the result of small airway 
collapse and can also occur when excessive tidal volume is deliv-
ered to a patient with a high ventilatory demand, causing 
dynamic hyperinflation when the patient has difficulty exhaling 
all of the excess volume.

Numerous factors, both internal and external to the patient, 
contribute to the development of auto-PEEP. Expiratory muscle 
activity can increase auto-PEEP and may interfere with attempts 
at assessment of auto-PEEP based solely on dynamic hyperin-
flation. Patients receiving mechanical ventilation for obstructive 
airways disease have a large degree of inhomogeneity in the 

however, intubated patients receiving mechanical ventilatory 
support typically have an airway resistance of 5 to 10 cm H2O/L 
per second or more. Automated tube compensation modes have 
been added to mechanical ventilators to deliver flow that 
accounts for the added resistance of the endotracheal tube. 
Common causes of changes in airway resistance in mechani-
cally ventilated patients are listed in Box 51-7.

Peak and Plateau Pressures
The maximum value of airway pressure at the airway opening 
during a ventilatory cycle is routinely monitored in the ICU. 
Peak airway pressure greater than 50 to 60 cm H2O is generally 
discouraged because high values of peak pressure carry increased 
risk of barotrauma and hypotension.23 During volume-targeted 
modes of ventilation, an increase in peak pressure results from 
increased resistive pressure or increased elastic pressure from 
decreased lung or chest wall compliance. During pressure-
targeted modes of ventilation, increased resistive pressure or 
increased elastic pressure results in a decrease in delivered tidal 
volume rather than the increase in peak or plateau pressure. 
Measurement of end inspiratory Pplat helps to differentiate 
between the resistive and elastic components. The Pplat level 
should be monitored for all ventilated patients. Pplat ideally 
should not exceed 28 cm H2O because elevated Pplat increases 
the likelihood of developing ventilator-induced lung injury. 
However, the limit for Pplat depends on the resulting lung stress 
and strain.

Lung Stress and Strain
During mechanical ventilation, the lungs are exposed to posi-
tive pressure that exerts more stress and strain on the lungs than 
experienced during spontaneous ventilation. This lung stress 
and strain may cause injury or extend existing lung injury 
along the injury/normal tissue border. When positive pressure 
becomes injurious, it is referred to as ventilator-induced lung 
injury. However, the concepts of stress and strain as applied to 
the lungs are not clearly defined. The physical definition of 
stress is a force per unit area. Strain is the deformation of a 
structure compared with its overall size. Hooke’s law associates 
the two factors by the following relationship: stress = k * strain.

Working definitions for stress and strain applied to the lungs 
have been studied.24 Stress (Ptpplat) is defined as follows:20

Ptp Ptp E Vtplat PEEP L= + ×

which can be simplified to:

Ptp Ptp Ptpplat PEEP= + ∆

Driving pressure, as previously discussed, may be an alterna-
tive measure of stress. However, when chest wall compliance is 
poor it may be difficult to determine the potential for injury 
without measuring lung stress. Strain has been defined as VT 
(the deformation) divided by FRC (the resting size of the lungs). 
These definitions have been associated as stress = 13.5 * strain, 
predicting that a stress of 27 cm H2O (Ptp of 27 cm H2O) and 
a strain of 2 (VT of twice the FRC) approach the limits of 
safe ventilation.24 The measurement of lung stress requires 
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End Expiratory Hold by the Ventilator. Either automated 
or manual, end expiratory hold by the ventilator closes the 
expiratory valve at end-exhalation. The hold period must 
extend until the end expiratory pressure is stabilized or the 
value is an underestimate of auto-PEEP.

An esophageal balloon is used to measure the deflection in 
the pleural space required to trigger the ventilator. The change 
in esophageal pressure from baseline to the pressure initiating 
flow at the airway is equal to the total PEEP that must be over-
come to trigger a breath.

Matching Auto–Positive End Expiratory Pressure With 
Positive End Expiratory Pressure. PEEP can be applied to a 
level (this is possible in some patients) that results in flow at end-
exhalation being closer to zero. The concept involves stenting of 
the airways by PEEP to allow lung emptying and a better equili-
bration of end expiratory alveolar pressure with end expiratory 
ventilatory circuit pressure minimizing the pressure needed to 
decompress the alveoli and trigger the ventilator.29 This maneu-
ver is essentially performed by slowly increasing applied PEEP 
until every patient effort triggers a ventilator breath.

Mean Airway Pressure
MAP represents the average airway pressure over the total ven-
tilatory cycle. Correct measurement of this value requires con-
tinuous sampling of airway pressure at the airway opening—this 
is an automated feature of modern ventilators. MAP is related 
to mean lung volume, which correlates with oxygenation if 
perfusion is adequate. When MAP is increased, arterial O2 levels 
often improve, but venous return and subsequently arterial 
pressure can be adversely affected.

emptying of lung units, and auto-PEEP can develop even at 
relatively low minute ventilation. Auto-PEEP is common in 
mechanically ventilated patients receiving high minute ventila-
tion and occurs in patients with ARDS.28 An increase in 
mean alveolar pressure owing to auto-PEEP may exacerbate  
the hemodynamic effects of positive pressure ventilation and 
increase the likelihood of barotrauma in a manner similar to 
the application of PEEP. In addition, the presence of auto-PEEP 
makes it more difficult for the patient to trigger a ventilator-
assisted breath.

Finally, if unrecognized, auto-PEEP leads to erroneous cal-
culation of static lung compliance by underestimation of total 
PEEP. Decreasing minute volume can reduce or eliminate auto-
PEEP; however, minimal auto-PEEP can be benign. In addition, 
increasing expiratory time allows more time for airways to 
empty normally, decreasing auto-PEEP. The use of extrinsic 
PEEP, when set appropriately, can partially overcome the trigger 
sensitivity problem seen with auto-PEEP and may provide a 
“stent” to allow more complete lung emptying and a decrease 
in patient effort.29

Methods for Determining Auto–Positive End Expiratory 
Pressure. Dynamically, auto-PEEP varies throughout the lungs; 
however, all measurements of auto-PEEP reflect an average  
auto-PEEP level throughout the lungs. Assessment of auto-PEEP 
involves first its detection and then a measurement. Auto-PEEP 
is suspected if flow continues at end-expiration as seen on venti-
lator graphics monitoring. In this case, auto-PEEP must be pres-
ent unless there is active contraction of the expiratory muscles 
producing end expiratory flow. The following methods are used 
to estimate auto-PEEP level.

FIGURE 51-3	 Conceptional	illustration	of	the	dynamic	pressure-time	(p-t)	curve.	Left,	Convex	curve	indicating	recruitment	during	the	
breath.	Center,	Linear	relationship	between	pressure	and	time	indicating	no	recruitment	or	overdistention.	Right,	Concave	curve	indicating	
overdistention.	(From	Formenti	P,	Graf	J,	Santos	A,	et	al:	Non-pulmonary	factors	strongly	influence	the	stress	index.	Intensive	Care	Med	
37:594–600,	2011.)
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Pressure-Time Product. The pressure-time product 
(PTP) is the area encompassed by the esophageal pressure-
time tracing during inspiration as shown in Figure 51-4. 
PTP is simpler to measure than WOB because it does not 
require simultaneous measurement of volume. PTP values 
parallel changes in effort and the O2 cost of breathing because 
PTP includes a measure of the “isometric” component of 
muscle contraction.31 This index includes work and effort 
components that may indicate endurance during a weaning 
trial.

Oxygen Cost of Breathing
The amount of O2 consumed by the ventilatory muscles ( �VQ R2 ) 
is an estimate of respiratory effort at its most basic level. �VQ R2  
can be estimated by measurement of O2 consumption during 
active breathing compared with the patient being fully sup-
ported in the control mode:

� � �VO R VO  active breathing VO apnea2 2 2= −

Normal �VQ R2  is approximately 2% to 5% of total O2 con-
sumption; however, �VQ R2  can be 30% of total O2 consumption 
during hyperventilation owing to severe dyspnea. Theoretically, 
�VQ R2  accounts for all factors that tax the respiratory muscles—
that is, the external workload and the efficiency of the conver-
sion between cellular energy and useful work. �VQ R2  is difficult 
to measure if the patient’s condition is unstable. Other measures 
of respiratory muscle function are sought to assess the cost of 
breathing.

In an effort to increase oxygenation while monitoring arte-
rial pressure, the clinician can manage MAP by several means, 
including VT, frequency, inspiratory-to-expiratory (I : E) ratio, 
and PEEP. The management of MAP relates to a concern for 
improving oxygenation balanced against its detrimental influ-
ence on venous return to the chest. Normally, expiratory resis-
tance is greater than (twice) inspiratory resistance, and mean 
alveolar pressure normally is greater than MAP. For patients 
with COPD and elevated expiratory resistance, high mean alve-
olar volume can be significant during mechanical ventilation. 
For patients with ARDS, airway resistance is more typically low, 
so MAP and mean alveolar pressures may be similar.

There is an understandable caution while increasing MAP, 
usually by increasing PEEP, yet two ventilator modes apply 
dramatic increases in MAP—high-frequency oscillation and 
airway pressure release ventilation. The marked improvements 
in oxygenation seen with these modes can be attributed to 
high MAP. In the case of high-frequency oscillation, the lungs 
are never allowed to derecruit between breaths. Airway pressure 
release ventilation is more complicated because the lung 
deflates to varying unknown alveolar volumes on exhalation. 
In the use of either mode, end expiratory alveolar lung volume 
status cannot be easily determined, but oxygenation is often 
improved.

Monitoring Breathing Effort  
and Patterns

Work of Breathing
Work of breathing (WOB) is often increased in critically ill 
patients. Commercially available systems are available for mea-
suring WOB in ventilated patients. For computation of WOB, 
changes in Ptp must be measured. The procedure requires an 
assessment of pleural pressure, which is normally estimated by 
esophageal pressure after placement of an esophageal balloon 
catheter. The measurement is estimated from the esophageal 
pressure-versus-volume curve (Figure 51-4).

For healthy persons, average total WOB ranges from 0.030 
to 0.050 kg/m/L (0.3 to 0.6 J/L).30 Patients with severe obstruc-
tive or restrictive lung disease “work” at levels two to three times 
this normal value at rest, with marked increases in work at 
higher minute ventilation. How much work a patient can toler-
ate before the ventilatory muscles fatigue is unclear. Maintain-
ing adequate spontaneous ventilation is impossible in many 
patients when the workload exceeds 0.15 kg/m/L (1.5 J/L).

Monitoring WOB may be valuable in certain situations, such 
as weaning. Clinicians are expected to assess a patient’s WOB 
continually and to take appropriate action if WOB becomes 
excessive. Because a direct measurement of WOB requires 
esophageal manometry, simpler indicators are sought. Moni-
toring the patient’s spontaneous breathing rate, VT, and 
frequency/tidal volume (f/VT) ratio provides useful surrogates 
for WOB during ventilator weaning trials. Assessment of the 
patient’s overall clinical presentation also is useful in assessing 
the WOB. Increased WOB is associated with a rapid shallow 
breathing pattern, rapid pulse rate, hypertension, and use of 
accessory muscles of ventilation.

FIGURE 51-4	 WOB	(A)	and	PTP	(B)	from	the	same	
spontaneous	breath	of	a	patient	receiving	ventilatory	support.	
Dashed lines	represent	a	tracing	of	passive	inflation	by	a	ventilator-
supported	breath.	Areas	of	work	and	PTP	are	not	directly	
comparable	because	WOB	units	(P-V)	and	PTP	units	(pressure-
time)	differ.	The	area	of	effort	in	the	total	PTP	area	occurs	before	
(and	in	addition	to)	the	work	measurement.	
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at the bedside with a simple respirometer connected to the 
patient’s airway. Because VC is effort-dependent, accurate mea-
surements can be obtained only when the patient is conscious 
and cooperative. Because of an expected variability in bedside 
VC, three measurements should be obtained, and the best result 
should be reported. Healthy persons are able to generate a VC 
of approximately 70 ml/kg. A VC less than 10 to 15 ml/kg indi-
cates considerable muscle weakness, which indicates an inability 
to breathe spontaneously.

MIP is a more specific measure than VC. MIP provides infor-
mation based solely on maximum output of the inspiratory 
muscles. A maximum stimulus is provided by total occlusion of 
the airway. In contrast to the VC maneuver, the MIP maneuver 
can be performed on unconscious or uncooperative patients. 
Measurement of MIP at the bedside requires an aneroid 
manometer with a maximum value indicator. In an effort to 
make the measurements more reliable, Marini and colleagues34 
described a modified technique in which a one-way valve is 
attached to the airway to ensure that inspiratory effort is made 
at a low lung volume. Maintaining an occlusion for 20 seconds, 
the values with the one-way valve in place were approximately 
one-third more negative than values without an occlusion 
(Figure 51-5).

Endurance: Maximum Voluntary Ventilation
Respiratory muscle fatigue (lack of endurance) may be a 
cause of respiratory failure. Maximum voluntary ventilation 
(MVV) is a measure used to assess respiratory muscle reserve, 
endurance, or fatigue. VC is measured to assess the patient’s 
coordinated muscle function from a single breath; MVV is 
measured to determine the ability of a patient to sustain 
ventilation over time. Similar to the VC maneuver, the MVV 
procedure can be performed with a respirometer attached 
to the patient’s airway as the patient is encouraged to breathe 
as deeply and as fast as possible over a predefined time 
interval (10 or 15 seconds). The value is extrapolated to a 
full minute.

Assessing Ventilatory Drive
Until more recently, little attention was paid to measurement of 
respiratory drive during critical illness. During machine-assisted 
breathing, ventilatory drive can play an important role in deter-
mining the energy expenditure of the patient. One study showed 
that patients not being weaned from mechanical ventilation 
often have an elevated drive to breathe and a limited ability to 
respond to increases in ventilatory load (e.g., increased PaCO2).32

A measure that has been used to index drive is P0.1. P0.1 is the 
pressure recorded 100 msec after initiation of an inspiratory 
effort against an occluded airway. P0.1 is influenced by muscle 
strength and lung volume but does not depend on respiratory 
mechanics. Elevated P0.1 (>6 cm H2O) indicates a continuing 
need for mechanical ventilation.

In a sophisticated, commercially available system, a direct 
measure of the neural drive to breathe from the phrenic nerve 
can be measured by a catheter positioned within the esophagus. 
This signal is integrated into a feedback circuit in a modern 
ventilator. As a mode within the ventilator, flow delivery is 
coordinated and augmented in response to the neural drive to 
breathe; this is known as neurally adjusted ventilatory assist. (See 
Chapters 45 and 46 for details.)

Rapid Shallow Breathing Index
When muscular strength is limited, patients tend to meet 
minute ventilation ( �VE) requirements by increasing frequency 
(f) while decreasing VT. Although smaller breaths require less 
effort, rapid shallow breathing increases dead space ventilation 
causing a need for higher minute ventilation to eliminate  
CO2. A very high and continuously increasing frequency (>30 
breaths/min) is a sign of ventilatory muscle decompensation 
and, potentially, impending fatigue.

Considerable attention has been focused on the rapid shallow 
breathing index (f/VT ratio), a simple bedside index that indi-
cates whether mechanically ventilated patients can breathe 
without mechanical assistance.29 The f/VT ratio is easy to 
measure and is independent of the patient’s effort and coopera-
tion. Discontinuation of ventilator support is likely to prove 
successful if the f/VT ratio is less than 105 breaths/min per L 
within the first minute of a brief trial of fully spontaneous 
breathing.33

Respiratory Inductive Plethysmography
Respiratory inductive plethysmography is a noninvasive 
means of monitoring frequency, VT, fractional duration of 
inspiration (Ti/Ttot), and respiratory muscle coordination. With 
this technique, loose elastic bands encircle the chest and 
abdomen. Band expansion and contraction during ventilation 
(spontaneous or supported) provides a volume-time plot that 
can also reflect short-term shifts in actual lung volume.

Monitoring Strength and  
Muscle Endurance

Two values commonly used for bedside assessment of respira-
tory muscle strength are vital capacity (VC) and maximal 
inspiratory pressure (MIP). A VC maneuver can be performed 

FIGURE 51-5	 Measurement	of	MIP	during	25	seconds	of	airway	
occlusion.	Method I	is	occlusion	by	sealing	the	airway	to	allow	no	
movement	of	air.	Method II	occludes	inspiratory	flow	but	allows	
expiratory	flow	through	a	unidirectional	valve.	

Method I

Method II
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changes in pathology (see Chapter 21). However, thorough 
imaging studies frequently require transportation of the patient 
to a radiology suite, and transport presents risks to the patient.36 
Also, the imaging is often static, not dynamically obtained 
throughout the ventilator cycle.

Mapping techniques that can actively locate regions of inter-
est have been developed more recently. Two techniques are 
available that allow mapping of the lungs during ventilation: 
electrical impedance tomography (EIT) and acoustic respira-
tory monitoring (ARM). Each technique produces a two-
dimensional video or graphic representation of ventilation 
distribution throughout the lung and allows a regional assess-
ment of the extent of injury. With EIT and ARM, there is an 
opportunity to perform at the bedside a real-time evaluation of 
the effects of PEEP, recruitment maneuvers, or other changes in 
ventilatory support (Figure 51-6).

Electrical Impedance Tomography (EIT)
EIT requires placement of electrodes around the chest 
(minimum of 16 electrodes). Recent designs utilize an expand-
able rubber belt (of various sizes) that has built-in electrodes. 
The belt is connected to a cable which is then connected to the 
EIT device. Impedance is measured between the electrodes 
rapidly and in a circular motion, capturing images that are 
reconstructed into a real-time graphic on the screen. Ventilation 
is displayed on the screen and various regions can be isolated 

Normal MVV values for adults range from 120 to 180 L/min. 
Values less than twice the spontaneous minute ventilation are 
associated with difficulty in maintaining spontaneous ventila-
tion without mechanical assistance.35

Lung Mapping
The extent of gas-exchange abnormalities is revealed by ABG 
values and SpO2, but the location or source of the disorder 
remains unknown. The source, but not the extent or type of the 
pathologic process, can be assessed by auscultation. Localiza-
tion of the disorder within the lungs is more precisely evaluated 
by static images obtained by radiographic techniques, such as 
chest x-ray or computed tomography (CT). These assessments 
are key to directing therapeutic approaches and for tracking 

	

RULE OF THUMB

To	wean	from	mechanical	ventilation,	the	patient	must	
have	adequate	gas	exchange,	respiratory	muscle	
strength	and	endurance,	and	WOB	that	is	not	
excessive.	The	original	cause	of	respiratory	failure	must	
be	partially,	if	not	completely,	resolved.	Although	
numerous	values	have	been	studied	to	indicate	the	
probability	of	successful	weaning,	a	frequency-to-VT	
ratio	less	than	105	has	been	the	best	index	of	ability	to	
wean.

FIGURE 51-6	 Mapping	of	ventilation	by	EIT.	Bottom,	Mapping	of	ventilation	by	acoustic	respiratory	monitoring.	

Peak-inspiratory frame Synchronized waveforms Sound energy distribution

VRI energy graph

Airway pressure

Airway flow

Upper

Middle

Lower

TOTAL 

Right

18%

22%

5%

45%

Left

25%

25%

5%

55%

R L

71 71



 Monitoring the Patient in the Intensive Care Unit • CHAPTER 51 1169

Lung Ultrasonography
Ultrasound technology is not as helpful for imaging the lungs 
because air-filled lung tissue is not penetrated by ultrasound. 
However, pathologic processes outside the lungs can be seen by 
ultrasound, such as pleural fluids, air, or lesions. Pneumotho-
rax, empyema, and pleural effusions are most frequently located 
by lung ultrasonography; their extent can be defined and 
treated with the use of ultrasound. As a diagnostic tool, lung 
ultrasonography is relatively inexpensive, can be performed in 
15 minutes, and does not emit ionizing radiation. There is 
potential for ultrasonography to evaluate the lung expansion 
effects on atelectatic lung tissue using recruitment maneuvers.

Monitoring Patient-Ventilator System

Monitoring of a patient during mechanical ventilatory support 
should include a physical examination (inspection, palpation, 
percussion, auscultation), assessment of oxygenation and ven-
tilation, and assessment of ventilatory load and capacity. Table 
51-1 lists key physiologic monitoring data and acceptable values 

for close monitoring of changes during normal ventilation 
cycles or during adjustment of ventilator parameters. The 
ability to regionally monitor areas within the lung is of most 
use with patients presenting with heterogeneous lung disease. 
Visualizing the effects of ventilator setting adjustment on the 
various regions of the lung can help balance ventilation and 
minimize overdistension.37 Modern EIT devices have the ability 
to trend lung distribution over time, as well as trend changes in 
end expiratory lung impedance (EELI). Changes in EELI would 
represent changes in end expiratory lung volume (EELV), an 
important trend when titrating PEEP.

Acoustic Respiratory Monitoring (ARM)
ARM involves placement of a series of stethoscopes around the 
chest. The sounds during ventilation are localized, and, simi-
larly, a map of sounds (ventilation) is reconstructed. Specific 
characteristics of crackles from interstitial pulmonary fibrosis 
compared with congestive heart failure have been differentiated 
by ARM.38

TABLE 51-1 

Physiologic Monitoring Data (Respiratory Values)

Function Assessed Description of Value Symbol/Formula Acceptable Value

Oxygenation

Lung Exchange (External)
	 Adequacy Arterial	oxygen	pressure PaO2 60-100	mm	Hg

Arterial	oxygen	saturation SaO2 ≥90%
Oxygen	saturation	by	pulse	oximeter SpO2 ≥90%
Transcutaneous	oxygen	partial	pressure PtcO2 60-100	mm	Hg

	 Efficiency Alveolar	to	arterial	oxygen	tension	gradient P(A	−	a)O2 <350	mm	Hg	(100%	O2)
Arterial	to	alveolar PaO2/PAO2 >0.6
Respiratory	index P(A	−	a)O2/PaO2 <5
P/F	ratio PaO2/FiO2 >300
Percentage	shunt � �Q /QS T <15%-20%

Time	exchange	(internal) Mixed	venous	oxygen	content CvO2 >10.0	ml/dl
Mixed	venous	oxygen	partial	pressure PvO2 >30	mm	Hg
Mixed	venous	oxygen	saturation SvO2 >65%
Arterial-venous	oxygen	content	difference C a vO( )− 2 <7	ml/dl

Ventilation
Adequacy Minute	ventilation �VE 5-10	L/min

Arterial	carbon	dioxide PaCO2 35-45	mm	Hg	(normal	pH)
Transcutaneous	carbon	dioxide	partial	pressure PtcCO2 35-45	mm	Hg	(normal	pH)
End-tidal	carbon	dioxide	partial	pressure PETCO2 35-43	mm	Hg	(4.6%-5.6%)

Efficiency Dead	space/tidal	volume	ratio VD/VT <0.6
Minute	ventilation	vs.	carbon	dioxide	partial	pressure �VE	vs.	PaCO2

�VE	<10	L/min	with	normal	PaCO2

Ventilatory Load
Total	impedance Dynamic	compliance (VT	−	VC)/(PIP	−	PEEP) 35-50	ml/cm	H2O
Compliance Effective	compliance

C
V V

P PEEP
eff

T C

plat

= −
−

( ) 60-100	ml/cm	H2O

WOB Work	=	kg	×	m/L	or	J/L Work	=	P	×	V <0.15	kg	×	m/L	<1.5	J/L

Ventilatory Capacity
Drive Occlusion	pressure P0.1 <6	cm	H2O

Mean	inspiratory	flow VT/Ti Not	established
Strength Vital	capacity VC >10-15	mL/kg

Maximal	inspiratory	pressure MIP;	PImax <−20	to	−30	cm	H2O
Endurance Maximum	voluntary	ventilation MVV >20	L/min	or	2	×	 �VE

Ratio	of	minute	ventilation	to	MVV �V /MVVE <1	:	2
Pressure-time	index (Pdi/Pmax)*TI/Ttot <0.15
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for patients receiving mechanical ventilation. Monitoring of 
all aspects of the patient-ventilator system is an important 
responsibility that must be clearly delineated within the ICU. 
Monitoring a ventilated patient is the primary responsibility 
of the RT. Important areas of this responsibility include the 
following:
• Assessing the integrity of the airway and circuitry, including 

secretion clearance
• Maintaining the prescribed settings and assessing their 

appropriateness
• Ensuring acceptable gas-exchange values
• Monitoring of respiratory system mechanics

• Evaluating the comfort and synchrony of breathing of the 
patient

• Setting of alarms
• Caring for any other safety issues, such as risk of 

extubation
A system of ensuring and documenting all aspects of safe 

and appropriate care must be in place. This system usually 
includes a manual or, more frequently, an electronic recording 
of all important settings, alarms, and ABG values at regular 
intervals. This monitoring process has been called patient-
ventilator assessments. An example of a recording form used for 
this purpose is shown in Figure 51-7. Increasingly, electronic 

A
FIGURE 51-7	 Ventilator	flow	sheet.	
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electronic monitoring of the patient-ventilator system will con-
tinue to be customized to the local setting.

Graphics Monitoring
Monitoring of graphic tracings generated during mechanical 
ventilation has become widely available and accepted in the 
ICU. A visual display of pressure, flow, and volume tracings is 
available on all modern ventilators. Graphic displays are pos-
sible through the development of improvements in sensing 
technology, integrated circuitry, and graphic-user interface. 
Ventilators measure inspiratory and expiratory flow and circuit 
pressure with pneumotachometers and transducers. The volume 
displays are generated through calculation of an integral of  
the flow tracings. All three values (flow, pressure, and volume) 

transfer of ventilator settings and monitored data is being 
added to the electronic medical record. The responsibility of the 
RT is much greater than the task of recording values. This 
responsibility is care of a critically ill, vulnerable patient with 
respiratory failure who is being supported with a lifesaving 
machine. The procedure for performing a patient-ventilator 
system assessment is outlined in Table 51-2. Although the 
importance of monitoring the patient-ventilator system has 
increased, the necessity of entry and transcription of numbers 
into an assessment sheet is decreasing. The era of electronic 
transfer of monitored data directly to the patients’ charts will 
soon become the standard. All modern ventilators have the 
capacity for data transfer, but until standardized transfer pro-
tocols, charting formats, and archiving methods are established, 

B
FIGURE 51-7, cont’d
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TABLE 51-2 

Performing a Patient-Ventilator System Assessment

Step Key Points

Gather	correct	equipment	and	supplies Respirometer,	O2	analyzer,	stethoscope,	and	watch	with	second	indicator	are	
needed.	Note:	Most	modern	ventilators	incorporate	volume-measuring	devices	into	
the	system

Additional	auxiliary	equipment	may	include	pulse	oximeter,	cuff	pressure	manometer,	
suction	and	airway	equipment,	and	sterile	distilled	water

Review	patient	record Note	patient’s	admitting	diagnosis	or	problem	list,	physician	orders,	medications,	
vital	signs,	history	and	physical	examination	findings,	progress	notes,	results	of	
laboratory	studies,	chest	radiograph,	blood	gases,	and	respiratory	care	notes

Enter	patient	area;	wash	hands	and	put	on	gloves Inattention	to	proper	handwashing	and	poor	aseptic	technique	are	associated	with	
nosocomial	infection

Identify	the	patient Wristbands	sometimes	may	be	attached	to	the	patient’s	leg	or	to	the	foot	of	the	bed
If	there	is	no	attached	name	band,	check	with	the	patient’s	nurse

Explain	what	you	are	doing Communication	with	the	patient	is	important;	even	patients	who	appear	unaware	of	
their	surroundings	may	be	able	to	hear	and	understand

Use	broad	terms,	such	as	“I’m	here	to	assess	your	breathing”
Observe	overall	situation	and	note	general	patient	

condition,	including	level	of	consciousness,	
condition	of	extremities,	presence	of	pallor,	skin	
color,	capillary	refill,	airway	patency,	circuit	
connection	and	patency,	and	ECG	findings

Note	general	appearance,	sensorium,	color,	and	level	of	activity
Note	equipment	in	use,	including	ventilator,	circuit,	airway	type,	humidification,	

manual	resuscitation	bag,	and	related	equipment	and	supplies
Ensure	that	the	patient’s	condition	appears	stable	and	that	ventilation	is	adequate

Drain	tubing	and	service	humidifier,	if	needed This	procedure	should	be	done	before	the	actual	ventilator	check,	if	possible
Attend	to	patient’s	airway,	if	necessary Suctioning	and	other	airway	manipulation	should	be	done	before	actual	ventilator	

check,	if	possible;	after	suctioning,	note	volume	and	character	of	secretions
Note	endotracheal	or	tracheostomy	tube	stability	and	position;	measure	tube	cuff	

pressure	and	volume	to	inflate
If	ventilator	check	is	performed	first	and	the	patient	circuit	or	airway	is	disrupted,	

errors	may	not	be	caught,	and	one	of	the	purposes	of	ventilator	monitoring,	patient	
safety,	is	defeated

Inspect	chest	and	note	accessory	muscle	use,	
retractions,	jugular	vein	engorgement,	bilateral	
symmetric	chest	wall	movement,	symmetric	
diaphragm–chest	wall	movement,	respiratory	rate	
and	rhythm,	and	chest	wall	stability	(flail)

Be	alert	for	signs	of	respiratory	distress,	increased	WOB	or	patient-ventilatory	
asynchrony

Observe	patient	effort	to	ensure	adequate	trigger	sensitivity	and	inspiratory	flow	rate

Auscultate	chest Always	move	stethoscope	from	side	to	side	to	compare	right	and	left	sides	of	chest
Note	adventitious	breath	sounds	(crackles,	rhonchi,	wheezing,	bronchovesicular	

breath	sounds)
Note	diminished	or	absent	breath	sounds;	if	breath	sounds	are	absent,	attempt	to	

ascertain	cause	immediately
Water	in	the	tubing,	use	of	chest	tubes,	or	PEEP	may	result	in	adventitious	sounds

Percuss	chest	for	dullness,	resonance,	or	
hyperresonance

Dullness	may	be	caused	by	pleural	effusion,	atelectasis,	or	consolidation
Resonance	is	the	percussion	note	found	over	normal	lung	tissue
Hyperresonance	is	associated	with	excess	air	in	the	chest	(pneumothorax,	

pulmonary	hyperinflation)
Note	location	of	trachea Tracheal	shift	is	associated	with	severe	atelectasis	and	tension	pneumothorax
Note	peak	pressure,	static	or	plateau	pressure	

(Pplat),	baseline	pressure	(PEEP/CPAP),	pressure	
support	level,	MAP,	and	presence	of	auto-PEEP

Sudden	increase	in	peak	airway	pressure	is	associated	with	pneumothorax,	
secretions	in	the	airway,	bronchospasm,	fighting	the	ventilator,	biting	the	
endotracheal	tube,	occlusion	of	the	airway,	and	bronchial	intubation

Sudden	decrease	in	peak	airway	pressure	is	associated	with	reversal	of	any	of	the	
above-mentioned	conditions,	a	leak	in	the	system,	or	patient	disconnection

MAP	may	be	useful	in	predicting	a	decrease	in	CO	or	barotraumas;	the	lowest	
possible	MAP	needed	to	achieve	adequate	ventilation	and	oxygenation	should	be	
used

Pplat	>28	cm	H2O	is	associated	with	the	development	of	ventilator-induced	lung	
injury;	if	Pplat	is	≥28	cm	H2O,	consider	reducing	delivered	VT

Record	exhaled	volume	(ml/kg	predicted	body	
weight)	and	respiratory	frequency

Ensure	ventilator	compensates	for	compressible	volume
If	volume	is	measured	at	the	exhalation	valve,	volume	loss	caused	by	tubing	

compliance	may	be	calculated	and	subtracted	from	the	measured	volume
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Step Key Points

If	intermittent	mandatory	ventilation	(IMV)/SIMV	
system	is	in	use,	calculate	delivered	volume	per	
machine	breath,	spontaneous	volume	between	
machine	breaths,	machine	rate,	total	rate,	patient	
spontaneous	rate,	and	minute	ventilation

For	IMV/SIMV:

V
V V

f f
ISP

Etot Emech

tot mach

= −
−

� �

For	assist/control:

Average V
V
f

T
Etot

tot

=
�

If	a	ventilator	graphics	package	is	in	use,	observe	
pressure-time,	flow-time,	volume-time,	and	P-V	
curves

Mode	of	ventilation,	patient	trigger,	adequacy	of	machine	inspiratory	flow,	and	
patient-ventilator	synchrony	can	be	evaluated	with	a	ventilator	graphics	package

Slow	flow	P-V	curve	can	be	used	to	assess	lower	and	upper	inflection	points
Overdistention	can	be	elevated	with	use	of	dynamic	P-V	curve
Flow-volume	curve	may	be	helpful	in	assessing	effect	of	bronchodilator

Note	delivered	FiO2 FiO2	should	be	analyzed
Record	other	ventilatory	values Ventilatory	values	include	inspiratory	flow,	inspiratory	time,	I	:	E	ratio,	inspiratory	and	

expiratory	positive	airway	pressures	(IPAP	and	EPAP),	sigh	volume	and	rate,	airway	
temperature,	compliance	and	resistance,	and	alarm	settings

Many	departments	chart	endotracheal	tube	size,	tube	length,	cuff	pressure	or	
volume,	use	of	minimal	occluding	volume	or	minimal	leak,	ventilator	day,	circuit	
change,	and	other	therapy

Record	blood	gas	values	and	related	data,	as	
appropriate

These	data	may	include	pH,	PaO2,	PaCO2,	SaO2,	hemoglobin	level,	HCO3
−	level,	

IPAP,	base	excess,	and	CaO2

Blood	gas	data	should	be	recorded	in	such	a	way	that	the	corresponding	FiO2,	
PEEP,	VT,	frequency,	mode,	and	other	ventilator	settings	on	which	the	sample	was	
obtained	are	noted

Record	results	of	other	physiologic	monitoring	of	
cardiopulmonary	system,	as	appropriate

These	values	may	include	SpO2,	PETCO2,	PtcCO2,	PtcO2,	 � �Q Q/S T,	and	VD/VT

Record	hemodynamic	data,	as	appropriate These	values	may	include	heart	rate,	blood	pressure,	CVP,	PAP,	PCWP,	 �QT,	cardiac	
index,	SvO� 2,	PvO� 2,	CaO2	−	CvO2,	pulmonary	vascular	resistance,	and	systemic	
vascular	resistance

Record	weaning	values	as	appropriate These	values	may	include	spontaneous	frequency,	VT,	f/VT	ratio,	 �vE	VC,	and	
inspiratory	force	(MIP)

Return	all	alarm	systems	to	optimal	condition.	
Complete	charting	using	appropriate	
departmental	forms	or	computer	entry	systems

Alarms	include	low	pressure,	high	pressure,	disconnection,	and	volume
Apnea	values	should	be	reviewed.	Apnea	values	usually	are	set	to	deliver	an	

adequate	VT,	fmach,	and	FiO2	(100%)	in	the	event	of	apnea	development

TABLE 51-2 

Performing a Patient-Ventilator System Assessment—cont’d

can be displayed and plotted against time or each other  
(Figure 51-8).

pressure, presence of secretions, and general pattern and de-
pendability of supported ventilation (Figure 51-9). The poten-
tial for expanded use of ventilator graphics awaits further 
investigation of the clinical importance of the graphic displays. 
For more details, see Chapter 47.

	

RULE OF THUMB

Modern	mechanical	ventilators	routinely	display	tracings	
of	flow,	pressure,	and	volume	versus	time.	Ventilator	
graphics	monitoring	is	a	convenient	visual	method	for	
monitoring	patient-ventilator	interaction.	The	graphic	
patterns	allow	rapid	determination	of	mode	of	
ventilation,	breathing	pattern,	auto-PEEP,	excessive	
pressure,	secretions	in	the	airway,	synchrony,	and	
triggering	efforts.

Ventilator manufacturers have developed the graphic dis-
plays that allow astute clinicians to base decisions on many 
more factors than gas-exchange values (Box 51-10). However, 
the study and verification of features observed in ventilator 
graphics have not developed at the pace of the technology. 
Ventilator graphics show many important patient-ventilator 
interactions, such as presence of auto-PEEP, elevated airway 

 Box 51-10 Purposes of Graphics Monitoring

•	 Confirm	mode	functions
•	 Detect	inadequate	flow	in	volume	ventilation
•	 Detect	too	lengthy	an	inspiratory	time
•	 Set	appropriate	rise	time	and	termination	criteria	in	pressure	

ventilation
•	 Detect	auto-PEEP
•	 Determine	patient-ventilator	synchrony
•	 Assess	and	adjust	trigger	levels
•	 Measure	WOB
•	 Adjust	VT	and	minimize	overdistention
•	 Assess	effect	of	administration	of	bronchodilators
•	 Detect	equipment	malfunction
•	 Determine	appropriate	PEEP	level
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FIGURE 51-8	 Ventilator	graphics:	flow,	pressure,	and	volume	tracings.	A,	Spontaneous	breathing	at	an	elevated	baseline	pressure	
(continuous	positive	airway	pressure	[CPAP]).	Flow,	pressure,	and	volume	curves	show	spontaneous	breathing	with	a	CPAP	level	of	
approximately	5	cm	H2O.	The	flow	curve	is	sinusoidal,	the	pressure	curve	fluctuates	approximately	1	to	3	cm	H2O	around	the	baseline	
pressure,	and	the	volume	delivered	varies.	These	are	typical	observations	during	spontaneous	breathing.	B,	Volume	ventilation	in	the	assist/
control	mode.	Some	breaths	are	time	triggered,	and	others	are	patient	triggered.	There	is	a	square	wave	flow	pattern,	and	volume	is	
constant,	breath	to	breath.	C,	Pressure	support	breaths	(pressure	support	ventilation).	The	patient	trigger	for	each	breath	is	evident.	Flow	is	
decelerating,	and	the	pressure	waveform	approaches	a	square	wave.	
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Monitoring During Lung  
Protective Ventilation

A lung protective ventilation strategy that reduces the risk of 
pressure injury to the lungs has evolved from numerous animal 
studies and several key clinical studies.39 Meticulous monitoring 
of the status of patients with ARDS or patients at risk of ARDS 
is necessary to avoid ventilator-induced lung injury. Three prin-
ciples have been confirmed: (1) reduce the risk of high-pressure 
exposure by limiting Pplat to less than 28 cm H2O, (2) reduce VT 

ventilation to 4 to 8 ml/kg, and (3) maintain adequate end 
expiratory lung volume with PEEP to avoid opening/closing 
injury. The AARC created a clinical practice guideline on 
patient-ventilator system assessment; excerpts from this guide-
line appear in Clinical Practice Guideline 51-1.

Other considerations have received attention in monitoring 
patients with ARDS. Although P-V curves have been automated 
in ventilator algorithms, the clinical significance of curves 
determined from PEEP of 0 cm H2O is questionable. However, 
current recommendations are to maintain ventilation on the 



 Monitoring the Patient in the Intensive Care Unit • CHAPTER 51 1175

upper portion of the deflation limb of the P-V curve to avoid 
alveolar derecruitment even though this position with the P-V 
hysteresis curve of a patient may be difficult to determine. A 
primary concern is to achieve adequate oxygenation in patients 
with lung injury, but this target can be deceptive if the price of 
adequate oxygenation is pressure injury to the lungs. An accept-
able practice in ventilating these patients is permissive hyper-
capnia or pressure-protective ventilation that allows PaCO2 to 
drift upward. This strategy is a higher frequency–lower VT 
approach with the predictable effect of decreasing pH (by 
increasing PaCO2) that requires careful monitoring.

As previously discussed, poor chest wall or abdominal  
compliance must also be considered during lung protective  
ventilation. This concern can be significant in obese patients. 
Essentially, the stiffer the chest wall or abdomen, the greater is 
the Pplat that can be established without inducing lung injury. 
Meta-analysis of higher versus lower PEEP suggests the use of 
higher levels of PEEP with patients suffering from moderate to 
severe ARDS, and high levels of PEEP should be used cautiously 
when treating mild ARDS.40 Setting PEEP levels greater than 
15 cm H2O is often necessary in patients with moderate to 
severe ARDS to maintain oxygenation.19 Elevated PEEP places 
greater importance on monitoring cardiovascular performance 
and development of barotrauma.

CARDIAC AND CARDIOVASCULAR 
MONITORING

The cardiovascular system is routinely monitored in the critical 
care setting because patient survival depends on reliable, 
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D,	SIMV	with	an	elevated	baseline	(PEEP).	Spontaneous	breathing	and	machine	mandatory	breaths	are	

interspersed.	Spontaneous	volume	varies,	but	the	SIMV	breaths	are	constant	at	600	ml.	The	square	wave	flow	pattern	for	mandatory	
breaths	and	the	sinusoidal	flow	during	spontaneous	breathing	are	evident.	The	baseline	pressure	(PEEP)	is	elevated	at	approximately	5	cm	
H2O.	E,	SIMV	with	pressure	support.	Mandatory	breaths	have	a	square	flow	waveform	with	a	constant	volume	of	600	ml.	The	pressure	
support	breaths	have	a	decelerating	flow	waveform	and	a	pressure	pattern	approaching	a	square	wave.	In	this	example,	there	is	also	an	
elevated	baseline	of	approximately	+5	cm	H2O	(PEEP).	

FIGURE 51-8, cont’d

MINI CLINI
Ventilator Graphics

PROBLEM:  The ventilator graphic display of a patient with 
COPD receiving mechanical ventilation is showing two distinct 
features: (1) a pressure-time tracing with spikes and dips that 
is generally irregular and (2) a flow-time tracing that does not 
reach zero flow at end expiration.

Solution:  Graphic displays of pressure and flow allow rapid 
identification of the presence of secretions, auto-PEEP, and 
asynchrony. The irregular tracing implies the presence of 
airway secretions. Auscultation of the lungs should be per-
formed to assess the need for endotracheal suctioning. Without 
an active expiratory effort, the existence of flow at end expira-
tion confirms the presence of auto-PEEP. Auto-PEEP can be 
detected in many COPD patients receiving mechanical ventila-
tion. However, intervention to reduce or eliminate auto-PEEP 
may be unnecessary. Auto-PEEP should be estimated regularly. 
More important, the effects of auto-PEEP on the ability to 
trigger the ventilator or on cardiovascular dynamics (caused by 
reduced venous return) should be monitored. For reduction or 
elimination of auto-PEEP, adjusting the ventilator settings or 
bronchodilator therapy may be required. If the patient is unable 
to trigger every breath because of the auto-PEEP, apply PEEP 
in steps of 1 to 2 cm H2O until the patient is able to trigger the 
ventilator with every inspiratory effort.
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FIGURE 51-9	 Patient-ventilator	interactions	easily	identified	from	
tracings	of	continuous	monitoring	of	pressure,	volume,	and	flow.		
A,	Auto-PEEP.	Flow	and	pressure	tracings	during	ventilator-
supported	breaths	and	during	end	expiratory	occlusion.	The	airway	
pressure	during	the	end	expiratory	occlusion	is	an	auto-PEEP	
estimate.	B,	Overdistention.	The	upper	concavity	of	the	airway	
pressure-time	tracing	is	indicative	of	overdistention.	This	example	
also	shows	alveolar	pressure	and	its	corresponding	overdistention.	
C,	Patient	effort.	This	is	an	example	of	mechanically	ventilated	
passive	inflation	pressure	and	the	airway	pressure-time	tracing	
deformation	caused	by	effort	by	the	patient.	D,	Presence	of	
secretions.	P-V	tracing	of	a	ventilator-supported	breath	displays	the	
presence	of	secretions.	The	inspiratory	and	expiratory	limbs	are	
irregular	(not	smooth)	when	secretions	are	present.	An	irregular	
airflow-time	tracing	also	can	indicate	the	presence	of	secretions.	
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competent cardiac and cardiovascular performance. There is 
little question about the importance of monitoring ECG, a 
noninvasive, continuous assessment of the performance of  
the conduction system of the heart. In the care of acutely ill 
patients, there may be clear justification for continuous moni-
toring of arterial blood pressure. More controversial has been 
the assessment of left ventricular function by right heart cath-
eterization with measurement of pulmonary capillary wedge 
pressure (PCWP) and continuous monitoring of pulmonary 
artery pressure (PAP) (Figure 51-10). Table 51-3 summarizes 
cardiovascular monitoring criteria with normal ranges and 
abnormal values.

Electrocardiography

The conduction system of the heart is monitored in the ICU 
with a purpose different from that of the standard 12-lead ECG 
examination (see Chapter 18). The standard 12-lead ECG can 
be used to analyze disturbances in the conductive pathway that 
allow location and extent of injury or the source of arrhythmia. 
The ECG in the ICU is used primarily to detect and manage 
arrhythmias such as tachycardia, bradycardia, atrioventricular 
dissociation, ventricular tachycardia, atrial flutter, premature 
ventricular contractions, and ventricular fibrillation. For this 
purpose, there is a need for only three electrodes: right arm (or 
shoulder or right upper chest), left arm (or shoulder or left 
upper chest), and left lower chest. The deflections usually rep-
resent lead II of a standard 12-lead ECG. The direction or 
amplitude of the waves is of lesser concern than the rhythms 
being displayed.

When any arrhythmia is detected, therapy or intervention 
should be considered. The source of the arrhythmia often 
necessitates management of the underlying cause, such as O2 
therapy for hypoxia or changes or addition to infusion therapy 
for fluid and electrolyte disturbances. In the ICU, certain inter-
ventions may be necessary and must be immediately available. 
A defibrillator must be available when ventricular fibrillation is 
detected.

Arterial Blood Pressure Monitoring

Arterial blood pressure is a crucial measurement for assessing 
the integrity of cardiovascular tone and the probability that O2 
delivery is dependable. Regulation of cardiovascular tone is 
under the influence of the autonomic nervous system, but there 
are other factors that affect blood pressure, such as fluid status 
or the effects of medications. Major concerns include the ade-
quacy of O2 delivery during hypotension and the risks of hyper-
tension, such as increased hydrostatic pressure or stroke. 
Continuous monitoring of the actual blood pressure is per-
formed by placement of a catheter usually in the femoral or 
radial artery. Because fluid is not compressible, the catheter and 
connecting tubing are filled with saline solution so that the 
arterial pressure is transmitted to a transducer that allows 
display of the arterial pressure tracing (Figure 51-11). The 
transducer must be properly zeroed and calibrated to reflect the 
true values of the deflections. The arterial line also provides 
access for obtaining arterial blood for ABG analysis.
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51-1  Patient-Ventilator System Assessment

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
A	patient-ventilator	system	assessment	must	be	performed	on	
a	scheduled	basis,	which	is	institution-specific,	for	any	patient	
requiring	mechanical	ventilation	for	life	support.	An	
assessment	also	should	be	performed	in	the	following	
circumstances:
•	 Before	obtaining	blood	samples	for	analysis	of	blood	gases	

and	pH
•	 Before	obtaining	hemodynamic	or	bedside	pulmonary	

function	data
•	 After	any	change	in	ventilator	settings
•	 As	soon	as	possible	after	an	acute	deterioration	of	the	

patient’s	condition
•	 Any	time	ventilator	performance	is	questionable

■ CONTRAINDICATIONS
There	are	no	absolute	contraindications	to	performance	of	a	
patient-ventilator	system	assessment.

■ ASSESSMENT OF NEED
Because	of	the	complexity	of	mechanical	ventilators	and	the	
numerous	factors	that	can	adversely	affect	patient-ventilator	
interaction,	routine	assessments	of	patient-ventilator	system	
performance	are	mandatory.

■ ASSESSMENT OF OUTCOME
Routine	patient-ventilator	system	assessments	should	prevent	
untoward	incidents;	warn	of	impending	events;	and	ensure	
that	proper	ventilator	settings,	according	to	the	physician’s	
orders,	are	maintained.

■ FREQUENCY
A	patient-ventilator	system	assessment	should	be	performed	
at	regularly	scheduled	intervals	and	in	the	following	
circumstances:
•	 After	any	change	in	ventilator	settings
•	 Before	obtaining	any	blood	gas	samples
•	 Before	obtaining	hemodynamic	or	pulmonary	function	data
•	 As	soon	as	possible	after	an	acute	deterioration	of	the	

patient’s	condition,	in	particular,	when	this	occurs	after	a	
violation	of	the	ventilator	alarm	threshold

■ INFECTION CONTROL ISSUES
•	 Condensation	from	the	patient	circuit	should	be	considered	

infectious	waste	and	disposed	of	according	to	hospital	
policy.

•	 Universal	precautions	should	be	observed.

FIGURE 51-10	 Preload	contractility	and	afterload.	

Preload
The "tank" of fluid
feeding the heart

Contractility
The strength and rate
of cardiac contractions

Afterload
The resistance of the vessel

to flow from the heart

Central Venous Pressure–Right Atrial 
Pressure Monitoring

Right atrial pressure or CVP is monitored in the ICU by place-
ment of a central venous catheter. Right atrial pressure normally 
is the lowest of all the heart chamber pressures, ranging from 2 
to 6 mm Hg. Mean right atrial pressure is the same as CVP. CVP 

is a measure of right atrial preload. Atrial preload is determined 
by the balance between the capacity of the cardiovascular 
system, its circulating volume, and the amount of venous return 
to the heart (see Chapter 10). Right atrial pressure also is a 
reflection of right ventricular preload under normal circum-
stances. As a result, abnormally low right atrial pressure suggests 
inadequate filling of the right ventricle and is common in 
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TABLE 51-3 

Cardiovascular Monitoring Criteria

Criterion Normal Value (Range) Abnormal Value

Heart	rate	(HR) 80	beats/min	(60-100	beats/min) >100	beats/min	(tachycardia)
<60	beats/min	(bradycardia)

Arterial	blood	pressure	(ABP) 120/80	mm	Hg	(90-140/60-90	mm	Hg) <140/90	mm	Hg	(hypertension)
<90/60	mm	Hg	(hypotension)

Mean	arterial	blood	pressure	(MAP) 90	mm	Hg	(80-100	mm	Hg) <80	mm	Hg	(hypotension)
>100	mm	Hg	(hypertension)

ECG Normal	heart	rate	and	rhythm PR	interval	>0.2	sec	(tachycardia,	bradycardia,	heart	
block	[first,	second,	or	third	degree],	premature	
ventricular	contractions,	premature	atrial	
contractions,	atrial	fibrillation,	atrial	flutter,	elevated	
ST	segment,	inverted	T	wave,	ventricular	
tachycardia,	ventricular	fibrillation,	asystole)

Central	venous	pressure	(CVP) 2-6	mm	Hg >6	mm	Hg	(fluid	overload,	right	ventricular	failure,	
pulmonary	hypertension,	valvular	stenosis,	
pulmonary	embolus,	cardiac	tamponade,	
pneumothorax,	positive	pressure	ventilation,	PEEP,	
left	ventricular	failure)

<2	mm	Hg	(hypovolemia,	blood	loss,	shock,	
peripheral	vasodilation,	cardiovascular	collapse)

Pulmonary	artery	pressure	(PAP) 25/10	mm	Hg	(20-35/5-15	mm	Hg) >35/15	mm	Hg	(pulmonary	hypertension,	left	
ventricular	failure,	fluid	overload)

<20/5	mm	Hg	(pulmonary	hypotension,	hypovolemia,	
cardiovascular	collapse)

Mean	pulmonary	artery	pressure	(PAP) 15	mm	Hg	(10-20	mm	Hg) >20	mm	Hg	(same	as	↑	PAP)
<10	mm	Hg	(same	as	↓	PAP)

Pulmonary	capillary	wedge	pressure	
(PCWP)

5-10	mm	Hg	(<18	mm	Hg) >18	mm	Hg	(left	ventricular	failure,	fluid	overload)
>20	mm	Hg	(interstitial	edema)
>25	mm	Hg	(alveolar	filling)
>30	mm	Hg	(frank	pulmonary	edema)
<5	mm	Hg	(hypovolemia,	shock,	cardiovascular	

collapse)
Cardiac	output	( �QT	or	CO) 5	L/min	(4-8	L/min) >8	L/min	(elevated)	(see	Cardiac	index)

<4	L/min	(decreased)	(see	Cardiac	index)
Cardiac	index	(CI) 2.5-4	L/min	per	m2 >4	L/min	per	m2	(elevated	owing	to	stress,	septic	

shock,	fever,	hypervolemia,	or	drugs	[dobutamine,	
dopamine,	epinephrine,	isoproterenol,	and	digitalis])

<2.5	L/min	per	m2	(left	ventricular	failure,	myocardial	
infarction,	pulmonary	embolus,	high	levels	of	
positive	pressure	ventilation,	PEEP,	pneumothorax,	
blood	loss,	hypovolemia)

Systemic	vascular	resistance	(SVR) 900-1400	dynes-sec/cm5	
(11.25-17.5	mm	Hg/L	per	min)

>1400	dynes-sec/cm5	(increased	owing	to	
vasoconstrictors	[dopamine,	norepinephrine,	and	
epinephrine],	hypovolemia,	late	septic	shock)

<900	dynes-sec/cm5	(decreased	owing	to	
vasodilators	[nitroglycerin,	nitroprusside,	and	
morphine]	or	early	septic	shock)

Pulmonary	vascular	resistance	(PVR) 110-250	dynes-sec/cm5	
(1.38-3.13	mm	Hg/L	per	min)

>250	dynes-sec/cm5	(hypoxemia,	↓	pH,	PaCO2,	
vasopressors,	emboli,	emphysema,	interstitial	
fibrosis,	pneumothorax)

<110	dynes-sec/cm5	(pulmonary	vasodilators,	nitric	
oxide,	O2,	calcium	blockers)

CI	=	 �QT	/Body	surface	area.
SVR	=	[(MAP	−	CVP)/CO]	×	80	=	dynes-sec/cm5.
PVR	=	[(PAP	−	PCWP)/CO]	−	80	=	dynes-sec/cm5.
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FIGURE 51-11	 Arterial	pressure	wave	form	systolic	pressure,	
diastolic	pressure,	MAP,	and	pulse	pressure.	
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 Box 51-11 Causes of Increased Right Atrial 
and Central Venous Pressure

•	 Right	ventricular	failure	(myocardial	infarction,	
cardiomyopathy)

•	 Pulmonary	valvular	stenosis
•	 Tricuspid	stenosis	and	regurgitation
•	 Pulmonary	hypertension
•	 Pulmonary	embolism
•	 Volume	overload
•	 Compression	around	the	heart,	constrictive	pericarditis,	

cardiac	tamponade
•	 Increased	large	vessel	tone	throughout	the	body,	resulting	in	

venoconstriction
•	 Arteriolar	vasodilation,	which	increases	blood	supply	to	the	

venous	system
•	 Increased	intrathoracic	pressure	(positive	pressure	breath	or	

pneumothorax)
•	 Placement	of	transducer	below	the	patient’s	right	atrial	level
•	 Infusion	of	solution,	especially	with	pressure	infusion	pumps,	

into	CVP	line
•	 Left-sided	heart	failure

FIGURE 51-12	 Quadruple-channel	pulmonary	artery	catheter.	The	distalmost	channel	(distal	injection	port)	is	for	measurement	of	PAP.	
Blood	can	be	aspirated	from	this	channel	for	mixed	venous	O2	measurements.	A	second	channel	(balloon	inflation	valve)	is	used	to	inflate	or	
deflate	the	distal	balloon.	A	third	channel	(proximal	injection	port),	which	exits	30	cm	from	the	catheter	tip,	is	used	for	CVP	(right	atrial	
pressure)	monitoring	and	fluid	infusion.	The	fourth	channel	(extra	injection	port),	which	is	not	present	on	all	catheters,	can	be	used	for	
continuous	infusion	of	hyperalimentation	fluid.	
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hypovolemia. Causes of abnormal right atrial pressure or CVP 
are summarized in Box 51-11.

Pulmonary Artery Pressure Monitoring

Placement of a right heart/pulmonary artery catheter (Swan-
Ganz catheter) is invasive and is associated with risk of pneu-
mothorax, hemothorax, and arrhythmias. Placement of the 
balloon-tipped 7.5F catheter (Figure 51-12) must be performed 
aseptically by an experienced clinician. The catheter is guided 
into the pulmonary artery while the clinician visualizes wave-
forms with a fluid-filled system identical to the arterial pressure 
monitoring system (Figure 51-13).

Placement of a Swan-Ganz catheter allows determination of 
CVP, PAP, and PCWP. Data gathered with a Swan-Ganz catheter 
can be used to calculate thermodilution CO, pulmonary and 
arterial vascular resistance, and other associated indices (see 
Table 51-3). PAP monitoring may be helpful in the presence of 
shock (cardiogenic, hypovolemic, septic), left ventricular failure, 

myocardial infarction, pulmonary vascular disease, pulmonary 
edema, and ARDS. The reading and interpretation of Swan-
Ganz catheter tracings can be inconsistent. There has been con-
siderable controversy because of the risk-benefit ratio of the 
procedure.41 The use of a pulmonary artery catheter in patients 
without primary cardiovascular disease has decreased markedly 
in more recent years.

Preload
Preload is defined as the pressure that stretches the ventricular 
walls at the onset of ventricular contraction. Preload can be 
approximated by measurement of PCWP. PCWP is an estimate 
of left atrial pressure, which reflects left ventricular end-diastolic 
pressure. During left-sided heart failure, preload increases; the 
increase is reflected in elevated PCWP. Symptoms of congestive 
heart failure usually can be controlled with diuretic therapy.
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usually is equated with increased blood pressure, the cause is 
better understood as the muscle tension required by the left 
ventricle to generate blood flow. Table 51-4 lists common con-
ditions and associated alterations in hemodynamic variables. 
Table 51-5 summarizes steps to take in troubleshooting changes 
in monitored cardiovascular values and vital signs, including 
possible causes and appropriate corrective action.

Cardiac Output
Cardiac performance is affected by preload, contractility, and 
afterload and is evaluated by the measurement of CO. The effect 

Contractility
Contractility is the forcefulness of the heart muscle contracting 
under a constant load. Numerous pharmacologic agents are 
used to cause a modest increase in ejection fraction (contractil-
ity) and are associated with improvement in symptoms in 
patients with congestive heart failure.

Afterload
Afterload usually is defined as the load against which the ven-
tricles must contract. An increase in systemic vascular resistance 
increases left ventricular afterload. Although increased afterload 

FIGURE 51-13	 A,	Position	of	pulmonary	arterial	catheter	in	the	heart.	B,	As	monitored	by	pressure	tracings.	PA,	Pressure	tracing	from	
pulmonary	artery;	PAWP,	pulmonary	artery	wedge	pressure	tracing;	RA,	pressure	tracing	from	right	atrium;	RV,	pressure	tracing	from	right	
ventricle.	
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TABLE 51-4 

Common Alterations in Hemodynamic Variables

VARIABLE

Condition Infiltrate on Chest 
Radiograph

BP Cardiac 
Output

CVP PAP PCWP PvO2  and 
SvO2

C a vO( )-- 2

Shock
	 Hypovolemic — ↓ ↓ ↓ Variable ↓ ↓ ↑
	 Septic None,	one,	or	

both	sides
↓ ↑ ↓ N	or	↓ N	or	↓ N	or	↑ N	or	↑

	 Cardiogenic One	or	both	sides ↓ ↓ ↓↑ ↑↑ ↑↑ ↓ ↑
Left Ventricular Failure
	 Mild One	or	both	sides N	or	↓ ↓ N ↑ ↑↑ ↓ ↑
	 Severe One	or	both	sides ↓ ↓ N	or	↑ ↑↑ ↑↑ ↓ ↑
Hypervolemic—fluid	

overload
One	or	both	sides N	or	↑ N	or	↑ N	or	↑ ↑ ↑ N	or	↑ N	or	↓

Pulmonary	embolus None N Variable ↑ ↑↑ N	or	↓ Variable Variable
ARDS Both	sides Variable Variable Variable Variable N	or	↓ Variable Variable
Mechanical	

ventilation/PEEP
Variable N	or	↓ N	or	↓ N	or	↑ N	or	↓ ↑ N	or	↓ N	or	↑

Pulmonary	
hypertension

None N	or	↓ N	or	↓ ↑↑ ↑↑ N Variable Variable

BP,	Blood	pressure;	N,	normal	or	little	or	no	change.
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TABLE 51-5 

Troubleshooting Changes in Vital Signs

Clue Possible Problem Advice

Hypotension Hypovolemia,	pump	failure Evaluate	fluid	balance	and	possible	need	for	
intravenous	fluids	or	inotropic	agents

Hypertension Anxiety;	response	to	decreased	PaO2,	
decreased	PaCO2	or	pain

Reassure,	alleviate	fear,	check	patient-
ventilatory	system;	if	not	easily	correctable,	
obtain	and	evaluate	ABGs

Alteration	of	blood	pressure	
with	breathing

Decreased	venous	return	(caused	by	
changes	in	intrathoracic	pressure)

If	systolic/diastolic	pressures	are	less	than	
adequate	perfusion	levels,	evaluate	fluid	
balance;	consider	intravenous	fluids

New	arrhythmias,	
tachycardia,	bradycardia

Anxiety Reassure,	alleviate	fear
Decreased	PaO2,	decreased	PaCO2,	

increased	PaCO2

Check	patient-ventilator	system;	if	not	quickly	
correctable,	obtain	and	evaluate	ABGs

Large	swings	in	CVP	or	
PCWP

Decreased	venous	return Evaluate	other	hemodynamic	values	for	
adequacy	of	perfusion

Decreased	urinary	output Decreased	CO Evaluate	other	hemodynamic	values	for	
adequacy	of	perfusionHypovolemia

Fever Infection Control	infection;	review	preventive	measures
Atelectasis Check	patient-ventilator	system	for	secretions,	

plugs,	slippage	of	tube	into	right	main	stem	
bronchus

Overheated	humidifier Check	humidifier	heater	temperature
Weight	gain Fluid	retention Evaluate	hemodynamic	values	for	adequacy	of	

perfusion;	consider	diuresis
Changes	in	respiratory	rate Altered	settings Check	patient-ventilator	settings

Change	in	metabolic	needs Evaluate	metabolic	rate
Anxiety Reassure,	alleviate	fear
Sleep Normal;	metabolic	rate	is	decreased

Use	of	accessory	muscles	
or	paradoxical	breathing

Increased	WOB Increase	support	level;	check	and	change	
inspiratory	flow

Patient-ventilator	asynchrony Provide	pressure	support	ventilation
Increase	sensitivity

Auto-PEEP Eliminate	auto-PEEP

of cardiac pathology, medications, or mechanical ventilation on 
CO can be critical monitoring information. An accurate assess-
ment of CO presents a challenge to the clinician. The physical 
examination (see Chapter 16) can reveal signs and symptoms 
of impaired cardiac performance, but a composite number pro-
vided by CO can provide more direct insight into problem and 
treatment options.

CO as determined by thermodilution via the use of a Swan-
Ganz catheter was the primary method of CO assessment for 
three decades. The invasiveness of this method and inaccura-
cies in reading and interpretation led to a decrease in use of 
the Swan-Ganz catheter. Other methods of CO determination 
have become available based on algorithms that analyze the 
arterial pressure waveform and a Fick principle rebreathing 
method. The waveform analysis methods can be “calibrated” 
by lithium dilution or by thermodilution. Each technique has 
been studied and found to be accurate in relatively stable 
patients.42-44

NEUROLOGIC MONITORING

Monitoring of the nervous system is most frequently over-
looked in the ICU for several reasons. The first and most 

important reason is lack of knowledge of proper assessment of 
the nervous system of a ventilated, restrained, and often sedated 
patient in the ICU. Neurologic dysfunction is difficult to recog-
nize in a sedated patient. Proper clinical assessment of the 
nervous system emphasizes neurologic history and examination 
(Box 51-12).

History

Obtaining a history from a critically ill patient, in particular, a 
patient with altered state of consciousness, can be difficult. 
However, attempting to obtain a history by speaking with the 
patient or family members can provide extremely useful infor-
mation in the ICU.

Medical conditions with neurologic symptoms can be 
revealed through history and appropriate clinical tests. A history 
of an evolving focal deficit occurring over days to weeks before 
loss of consciousness suggests abscess, tumor, or subdural 
hematoma, whereas a progression to coma over minutes to 
hours favors a metabolic cause. Problems such as hypothyroid-
ism, renal failure, cirrhosis, or psychiatric illness suggest greater 
likelihood of a metabolic cause. Uncontrolled hypertension can 
induce metabolic (e.g., hypertensive encephalopathy) or struc-
tural (e.g., intracerebral hemorrhage) coma.
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before oculocephalic maneuvers are performed. If rotation of 
the head (oculocephalic) and vestibular stimulation (calorics) 
produce no change in eye position, the pons is nonfunctional. 
If only the eye ipsilateral to the stimulus abducts, a lesion of the 
medial longitudinal fasciculus should be suspected.

Corneal Responses
The corneal reflex is used to test the afferent fifth and the effer-
ent seventh cranial nerves. This test is performed by lightly 
touching the cornea with a cotton swab; the patient should 
blink both eyes in response. The presence of this response 
implies an intact ipsilateral fifth cranial nerve, intact central 
pons, and intact bilateral seventh cranial nerve. Testing must be 
performed bilaterally to evaluate both afferent components of 
the fifth cranial nerve.

Gag Reflex
The gag reflex is tested by using a tongue blade to stimulate one 
side of the posterior pharynx of an intubated patient. Each side 
should be tested separately. A normal response is bilateral 
movement of the posterior pharyngeal muscles and implies 
intact ninth and tenth cranial nerves. The ability to cough on 
suctioning can be tested in an intubated patient and implies an 
intact tenth cranial nerve. This test should not be attempted on 
nonintubated patients in the ICU because of the risk of 
aspiration.

Respiratory Rate and Pattern
The brainstem is the primary site of the central control of res-
piration. This control occurs at a subconscious level and results 
in rhythmic contraction and relaxation of the respiratory 
muscles. The most common abnormal respiratory pattern seen 
in patients with neurologic disorders is Cheyne-Stokes respira-
tion, which consists of phases of hyperpnea that regularly alter-
nate with episodes of apnea. Breathing waxes in a smooth 
crescendo and when a peak is reached wanes in an equally 
smooth decrescendo. Cheyne-Stokes respiration usually has an 
intracranial cause, although it can be caused by hypoxemia and 
cardiac failure. Ataxic breathing is a marker of severe brainstem 
dysfunction. Despite the nonspecificity of most breathing pat-
terns, the respiratory pattern can provide valuable clues to the 
cause of coma.

Motor Evaluation
A thorough motor evaluation should be performed for all 
patients. The systematic approach described earlier is key to 
localization of the site of a pathologic process. The symmetry 
and pattern of the motor response to noxious stimuli and asso-
ciated neurologic symptoms should be documented for all 
patients.

Sensory Evaluation
The assessment of light touch, pinprick, and temperature sensa-
tion can be achieved by applying a cotton swab, a clean pin, and 
a cold or warm object to various parts of the upper and lower 
extremities. Symmetry of responses between sides and between 

Neurologic Examination

The neurologic examination of a patient in the ICU should 
address several key issues. In addition to determination of level 
of consciousness, the primary goal is to determine the presence 
of focal neurologic signs so that the clinician can localize the 
lesion anatomically and generate a differential diagnosis and 
treatment plan.

Mental Status
The mental status examination should determine whether the 
patient has an altered state of consciousness. Terms such as 
lethargy, confusion, and disorientation lack precise definitions. A 
brief description of the applied stimulus and arousal pattern is 
preferred. The mental status examination in the ICU varies if 
the patient is intubated and cannot vocalize responses or speak. 
The earliest sign of abnormal mental status often is the patient’s 
inability to follow a conversation or complex commands. Subtle 
changes in mental status often are the earliest signs of central 
nervous system dysfunction.

Pupillary Response
Pupil size, congruency, and response to light and accommoda-
tion should be described. Pupillary light reflexes provide infor-
mation regarding the status of the brain and of the sympathetic 
and parasympathetic nervous systems. Pupillary function is 
controlled by the midbrain. If pupillary function is normal, the 
cause of coma is either metabolic or a structural lesion located 
above the midbrain. Small “pinpoint” pupils usually result from 
pontine hemorrhage or from ingestion of narcotics or organo-
phosphates. Pupillary responses almost always remain intact in 
metabolic causes of coma. Dilated and fixed (unresponsive to 
light) pupils are seen in patients who have been given atropine. 
Midposition and fixed pupils often indicate severe cerebral 
damage.

Eye Movements
Abnormalities of extraocular movement have prognostic im-
portance in the ICU. Normal movement of the eyes requires an 
intact pontomedullary-midbrain connection. The resting posi-
tion of the gaze, the presence of nystagmus, and the response 
to head movements and cold tympanic membrane stimulation 
should be identified. Cervical spine stability must be ensured 

 Box 51-12 Neurologic Monitoring

One	of	the	most	important,	and	frequently	overlooked,	areas	of	
monitoring	is	the	neurologic	examination,	which	includes	the	
following:
•	 History
•	 Assessment	of	mental	status
•	 Pupillary	response
•	 Eye	movement	assessment
•	 Corneal	response
•	 Gag	reflex
•	 Respiratory	rate	and	pattern
•	 General	motor	and	sensory	evaluations
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9 to 13 on the GCS signify a significant insult with depressed 
level of consciousness. Patients with head injury and GCS scores 
of 8 and less need monitoring of ICP.

MONITORING RENAL FUNCTION

The kidney is the main filter of waste products and the principal 
regulator of the volume and electrolyte composition of body 
fluid. Because the kidney is the primary excreter of nitrogenous 
waste, plasma concentrations of blood urea nitrogen (BUN) 
and creatinine are used to track renal function. As a general 
guideline, the BUN level increases 10 to 15 mg/dl per day, and 
the creatinine level increases 1 to 2.5 mg/dl per day after abrupt 
renal failure. The serum potassium level usually increases 
0.5 mEq/L per day, and bicarbonate (HCO3

−) level decreases 
approximately 1 mEq/L per day. Under the catabolic stress of 
burns, trauma, rhabdomyolysis (an acute and sometimes fatal 
disease in which products of skeletal muscle destruction produce 
acute renal failure), sepsis, or starvation, the rates of change in 
these values can double. In contrast to BUN, daily production 
of creatinine is relatively constant. An increasing creatinine level 
indicates that the rate of production exceeds clearance by means 
of glomerular filtration. A stable elevation in creatinine level 
implies a new steady state has been achieved at a decreased 
glomerular filtration rate. Until the creatinine level stabilizes, 
the severity of acute renal dysfunction cannot be assessed reli-
ably. The most common method of estimating glomerular  
filtration rate (renal function) is measurement of plasma cre-
atinine and creatinine clearance rate. Although calculation of 
creatinine clearance is more accurate, the procedure entails 
24-hour urine collection. The most important factor is whether 
glomerular filtration rate is changing or stable, and plasma 
creatinine level is tracked for most patients.

Urine volume usually reflects kidney perfusion. Polyuria and 
oliguria refer to a daily urine output of more than 3 L and less 
than 0.4 L in average-sized adults. Anuria is present when urine 
output is less than 50 ml/day. Polyuria should not be confused 
with urinary frequency, in which multiple small voidings occur, 
but total output is less than 3 L/day.

MONITORING LIVER FUNCTION

Adequate liver function is essential for survival of critically ill 
patients. The liver must detoxify wastes from metabolism and 
digestion and process poisons. Elevated results of liver function 
tests reflect the occurrence of liver parenchymal damage. 
Hepatic dysfunction may precipitate or worsen ARDS.45 Routine 
indications for liver function testing in the treatment of criti-
cally ill patients include abdominal pain, jaundice, unexplained 
fever, nausea, malaise, failure to thrive, weight loss, and leuko-
cytosis. Additional indications are facilitation of acuity scoring 
and definition of the contribution of the liver to multisystem 
organ failure.

Batteries of biochemical studies are routine in the evaluation 
of critically ill patients, but they reflect liver function minimally. 
Acute liver disease can develop in critically ill patients receiving 

upper and lower extremities should be documented and is valu-
able in localizing the site of a pathologic process.

Intracranial Pressure Monitoring

There are three primary reasons to measure intracranial pres-
sure (ICP): (1) to monitor patients at risk of life-threatening 
intracranial hypertension, (2) to monitor for evidence of infec-
tion, and (3) to assess the effects of therapy aimed at reducing 
ICP. Mean ICP of a supine patient is normally 10 to 15 mm Hg, 
and the ICP waveform normally undulates gently in time  
with the cardiac cycle. Fluctuations of the ICP waveform 
(>10 mm Hg) suggest a position near the critical inflection 
point of the cranial P-V curve. Elevations in ICP to 15 to 
20 mm Hg compress the capillary bed and compromise micro-
circulation. At ICP levels of 30 to 35 mm Hg, venous drainage 
is impeded, and edema develops in uninjured tissue. Even when 
autoregulatory mechanisms are intact, cerebral perfusion can-
not be maintained if ICP increases to within 40 to 50 mm Hg 
of the mean arterial pressure. When ICP approximates mean 
arterial pressure, perfusion stops, and the brain dies.

Two categories of ICP monitoring techniques are available 
at the present time. Fluid-filled systems have external transduc-
ers, such as an intraventricular catheter and subarachnoid bolts. 
Solid-state systems have miniature pressure transducers that 
can be inserted in the lateral ventricle, brain parenchyma, or 
subarachnoid or epidural space.

Glasgow Coma Scale Score

The most widely used scoring system for acute neurologic dis-
orders is the Glasgow Coma Scale (GCS) (Table 51-6). The GCS 
score is used to test best motor response, best verbal response, 
and opening of the eyes. The scale goes from 3 to 15 and can 
be used for rapid triage. Patients with head injury and GCS 
scores of 13 to 15 often are admitted to a non-ICU observa-
tional unit unless neurologic examination or a CT scan reveals 
a lesion or abnormality that warrants ICU admission. Scores of 

TABLE 51-6 

Glasgow Coma Scale

Eyes Open Spontaneous 4
To	verbal	command 3
To	pain 2
No	response 1

Best	motor	
response

To	verbal	
command

Obeys 6

To	painful	
stimulus

Localized	pain 5
Flexion—withdrawal 4
Flexion—decorticate 3
Flexion—decerebrate 2
No	response 1

Best	verbal	
response

Oriented,	converses 5
Disoriented,	converses 4
Inappropriate	words 3
Incomprehensible	sounds 2
No	response 1

Total 3-15
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nutritional status. An estimation of muscle mass and fat stores 
can be obtained from anthropometric measurements such as 
arm circumference.

The function of the cardiovascular, respiratory, and gastro-
intestinal systems should be evaluated both for evidence of 
malnutrition-related dysfunction and because functional defi-
cits may affect the ability of the patient to tolerate nutritional 
supplementation. The large fluid volumes associated with par-
enteral nutrition may not be tolerated in the setting of impaired 
cardiovascular function, and a distended abdomen makes toler-
ance of enteral supplementation less likely.

Metabolic Assessment

Serum albumin concentration is the most frequently used labo-
ratory measure of nutritional status; a value less than 2.2 g/dl 
generally reflects severe malnutrition. Although albumin level 
is popular as an indicator of nutritional status, the reliability of 
albumin as a marker of visceral protein status is compromised 
by its long half-life of 14 to 20 days, making it less responsive 
to acute changes in nutritional status. Serum albumin concen-
tration increases rapidly in response to exogenously adminis-
tered albumin and is altered regardless of nutritional status in 
conditions such as dehydration, sepsis, trauma, and liver disease.

Serum chemistry values are important in determining the 
specifics of nutritional support but do not directly reflect nutri-
tional status. Sodium, potassium, chloride, total CO2, BUN, 
glucose, prothrombin time, partial thromboplastin time, iron, 
magnesium, calcium, and phosphate should be measured at 
admission and rechecked periodically.

Estimating Nutritional Requirements

The first step in calculating the nutritional prescription is to 
estimate the energy or caloric needs of the patient. Determining 
energy needs requires calculating basal energy expenditure 
(BEE). The BEE is the amount of energy required to perform 
metabolic functions at rest and is influenced by body size and 
illness. The BEE classically is estimated with the Harris-Benedict 
equation, as follows:47

Men BEE Weight Height Age: ( . )( ) ( )( ) ( . )( )= + + −66 13 7 5 6 8

Women BEE Weight Height Age: ( . )( ) ( . )( ) ( . )( )= + + −65 9 6 1 8 4 7

where weight is expressed in kilograms; height, in centimeters; 
and age, in years.

The weight in these equations should be the usual or actual 
weight of a patient without significant weight loss, current 
weight for a patient with marked weight loss, and ideal  
body weight for an obese patient. The use of this measurement 
in the care of a critically ill patient has traditionally involved 
multiplication by a stress factor of 0.5 to 2.5. The use of the 
stress factor may result in overfeeding and may predispose the 
patient to fatty degeneration of the liver (steatosis), hyperglyce-
mia, electrolyte imbalances, respiratory embarrassment owing 
to increased CO2 production, and macrophage dysfunction. Use 
of the baseline Harris-Benedict equation without the stress 
factor in determining the BEE of critically ill patients yields an 
average estimate of 25 kcal/kg body weight.

total parenteral nutrition.46 Liver disease may manifest as in-
creased liver size and tenderness. When abnormal results of liver 
function tests have been obtained, it is essential to determine 
the cause. Elevations in levels of canalicular enzymes and bili-
rubin necessitate a search for mechanical obstruction and ap-
propriate radiographic investigations. Elevations of transaminase 
levels are unusual in cholestatic processes, unless there is a su-
perimposed ischemic event—a confounding factor in many 
critically ill patients. Elevated levels of aspartate aminotransfer-
ase and alanine aminotransferase suggest hepatic inflammation. 
Ischemia, viral hepatitis, and autoimmune hepatitis should be 
considered in the differential diagnosis.

NUTRITIONAL MONITORING

Assessment and monitoring of nutrition are required in the care 
of some critically ill patients because nutritional disorders are 
frequent and important determinants of outcome. Nutritional 
support is commonly needed by patients who have been criti-
cally ill for an extended period and patients with increased 
metabolic demands and limited nutritional reserve.

Assessment of Nutritional Status

Early detection of malnutrition in critically ill patients, whether 
preexisting or a result of acute illness, enables prompt and 
aggressive intervention with supplemental nutrition. No single 
measurement or assessment tool can adequately characterize 
nutritional status, and the diagnosis of malnutrition is subjec-
tive. However, both functional and biochemical factors should 
be examined to identify whether a patient is at increased risk of 
malnutrition and its complications.

Functional Assessment

The functional nutritional assessment consists of the medical 
history, physical examination, and appraisal of muscle and or-
gan function. Identification of preexisting malnutrition should 
be attempted by careful attention to the history of present ill-
ness, the relevant medical and surgical history, medications, 
social habits, and a dietary history. Obtaining this information 
from a critically ill patient frequently is impossible, but the 
patient’s family may be able to provide data on recent dietary 
habits and weight loss. Historical data should be used to esti-
mate the nutritional consequences of the current hospitaliza-
tion. Prehospitalization weight should be documented, and any 
weight changes since hospitalization should be documented 
and evaluated in the context of diuresis or fluid supplementa-
tion. Critically ill patients frequently have volume overload, 
which makes changes in dry weight difficult to assess.

The physical examination findings may suggest the presence 
of nutritional and metabolic deficiencies. Temporal muscle 
wasting, sunken supraclavicular fossae, and decreased adipose 
stores are easily recognized signs of starvation. Careful inspec-
tion of the hair, skin, eyes, mouth, and extremities can reveal 
protein-calorie malnutrition or vitamin and mineral deficien-
cies. An assessment of muscle mass and function can provide 
information about a patient’s protein reserves and overall 
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Global monitoring has a definite role in research. Global 
indices are valuable in the study of the effectiveness of new 
medications or therapy and the establishment of guidelines for 
care. When control and experimental (new treatment) groups 
are compared in a randomized, controlled trial, the severity 
scores of the groups must be similar, or differences in baseline 
condition may account for differences in results. As a tracking 
tool, scoring has significant value; the increasing severity of 
causes of ICU admissions can be followed over time with sever-
ity of illness scoring. The consequences of changes in services 
or policies or interhospital comparisons can be crudely tracked 
with the use of expected mortality calculations from APACHE 
scores. Some institutions calculate severity of illness scores for 
all patients.

Acute Physiology and Chronic Health 
Evaluation (APACHE)

The APACHE scoring system was developed in 1981 to monitor 
severity of illness in clinical studies.48 Studies have referenced a 
risk of mortality estimate as calculated from APACHE scoring, 
and the studies can be compared with similar studies in which 
the APACHE scoring system is used. The APACHE II scoring 
system assigns points to physiologic variables on the basis of 
whether the values are high abnormal, low abnormal, or normal. 
Variables rated include temperature, mean arterial pressure, 
heart rate, respiratory rate, PaO2 [or P(A – a)O2], pH, sodium 
level, potassium level, creatinine level, hematocrit, white blood 
cell count, and GCS score. Assigned points are added to derive 
a total APACHE score. There is an imprecision to estimating a 
risk of mortality. To emphasize the importance of the neuro-
logic examination, the scoring system is weighted toward the 
importance of the GCS score. Refinements of APACHE are 
ongoing, although the APACHE II system continues to be used 
more often than other systems.49

TROUBLESHOOTING

Identification and correction of patient-related and ventilator-
related problems during mechanical ventilatory support are 
primary responsibilities of the RT. Under ideal circumstances, 
potential problems are identified before they occur, or before 
they can cause harm to the patient. Potential problems with the 
patient include anxiety, agitation, altered mental status, fighting 
the ventilator, hypoxemia, hypoventilation, and development of 
metabolic acidosis. The patient may experience acute changes 
in respiratory rate, heart rate, blood pressure, and CO.

Other common patient-related problems include excessive 
secretions, bronchospasm, and other causes of decreased com-
pliance or increased resistance. Recognition of signs of pneu-
mothorax, pneumomediastinum or subcutaneous emphysema, 
airway malfunction or leaks, and chest tube leaks should lead 
to prompt attention to the problem.

Problems associated with the ventilator include leaks or  
malfunctions in the system, inappropriate ventilator settings 
(including trigger sensitivity and inspiratory flow rate), 

GLOBAL MONITORING INDICES

Organizing the flood of information made available by moni-
toring instruments is a skill and responsibility of critical care 
practitioners. In the ICU, the immediate concern is the welfare 
of the patient. Decisions frequently are based on prognosis with 
respect to the appropriate tests, treatments, and medications 
prescribed. Guiding these decisions is the weighing of risks and 
benefits to the patient and the responsible use of resources. 
Although the physician makes such decisions with all current 
information, specific data on the probability of survival can be 
estimated. In the past 30 years, prognostic indices have been 
derived from large clinical data sets that provide an indication 
of the seriousness of the patient’s condition. These indices 
(Acute Physiology and Chronic Health Evaluation [APACHE I, 
II, III, and IV], Acute Physiology Score, Therapeutic Interven-
tion Scoring System, and Burns Weaning Assessment Program) 
are determinations of scores from numerous monitored values 
obtained from isolated observations of the patient’s condition, 
usually during the first 24 hours after hospital admission. A 
score may be assigned for that patient at that time, and risk of 
mortality can be calculated (Box 51-13).

The value of severity of illness scoring for individual patients 
is limited, and the accuracy and usefulness of physiology scoring 
often are questioned. Imposing a scoring system to judge intent 
to treat places too much emphasis on the validity of the system. 
Scoring systems have not been clearly associated with important 
outcomes such as length of stay or time on mechanical ventila-
tion. At the present time, as a bedside tool in the care of an 
individual patient, scoring systems have limited value. A specific 
condition may “score” a 17% risk of death, but a patient has two 
possible outcomes: life (0%) and death (100%). The decision to 
withdraw or limit care would rarely be based on a “score” 
because many other factors are involved in such a decision. 
Inaccuracies in predicting mortality are frequently reported. 
Discrepancies are probably due to patient mix differences, hos-
pital factors, admission policies, data collection methods, and 
differences in quality of care. At the present time, the global 
indices have limited use in care of individual patients.

 Box 51-13 Global Monitoring Indices

Indices	(scores)	have	been	developed	that	take	into	account	
several	monitored	values.

These	scoring	systems	provide	an	estimate	of	illness	acuity	
level	and	an	estimate	of	the	risk	of	mortality.

For	clinical	studies,	scoring	systems	are	required	to	ensure	
that	the	control	and	experimental	groups	are	similar.

Scoring	systems	can	be	useful	as	a	longitudinal	monitor	of	
acuity	or	a	means	of	evaluating	the	effect	of	changes	in	
services.

At	this	time,	scoring	systems	have	little	value	in	the	care	of	
individual	patients.	The	most	commonly	used	acuity	of	illness	
scoring	system	is	APACHE	II.
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development of auto-PEEP, and improper humidification. Box 
51-14 lists causes of sudden respiratory distress in patients re-
ceiving mechanical ventilatory support. Box 51-15 lists steps for 
managing sudden respiratory distress. Table 51-7 summarizes 
troubleshooting of the patient-ventilator system.

If medical and mechanical problems have been excluded and 
the patient continues to fight the ventilator or exhibit high levels 
of agitation or distress, sedation should be considered. Agents 
commonly used for sedation in the ICU include benzodiaze-
pines (lorazepam, midazolam), opiates (fentanyl, morphine), 
haloperidol, and propofol.

Pharmacologic paralysis should be considered only when no 
other alternatives are effective. The one exception to this guide-
line is the patient presenting with severe ARDS (PaO2/FiO2 
<100 mm Hg). In order to gain control of the patient’s physi-
ologic status it is now recommended to paralysis these patients 
for up to 48 hours. The use of neuromuscular blocking agents 
can mask other patient problems, and ventilator malfunction 

 Box 51-14 Causes of Sudden Respiratory 
Distress in a Patient Receiving 
Ventilatory Support

PATIENT-RELATED CAUSES
•	 Artificial	airway	problems
•	 Movement	of	endotracheal	tube
•	 Cuff	herniation
•	 Cuff	leak
•	 Kinking	of	endotracheal	tube
•	 Foreign	body
•	 Transesophageal	fistula
•	 Innominate	artery	rupture
•	 Malpositioned	nasogastric	tube
•	 Secretions
•	 Bronchospasm
•	 Pneumothorax
•	 Pulmonary	edema
•	 Pulmonary	embolism
•	 Acute	hypoxemia
•	 Blood	in	endotracheal	tube
•	 Dynamic	hyperinflation
•	 Abnormal	respiratory	drive
•	 Alteration	in	body	posture
•	 Drug-induced	problems
•	 Abdominal	distention
•	 Agitation

VENTILATOR-RELATED CAUSES
•	 Ventilator	malfunction
•	 Circuit	malfunction
•	 Leaks	or	disconnects
•	 Condensate
•	 In-line	nebulizers
•	 Inadequate	ventilatory	support
•	 Patient-ventilator	asynchrony

From	Tobin	MJ,	Alex	CJ,	Fahey	PJ:	Fighting	the	ventilator.	In	Tobin	MJ,	
editor:	Principles	and	practice	of	mechanical	ventilation,	New	York,	
2006,	McGraw-Hill.

 Box 51-15 Steps for Managing Sudden 
Distress in a Patient Receiving 
Ventilatory Support

1.	 Remove	the	patient	from	the	ventilator.
2.	 Initiate	manual	ventilation	with	100%	O2.
3.	 Patient	improvement	indicates	that	the	ventilator	is	the	cause	

of	distress.
4.	 Lack	of	improvement	indicates	the	problem	is	within	the	

patient.
5.	 If	death	appears	imminent,	consider	and	manage	the	most	

likely	causes,	check	for	airway	obstruction	(by	passing	a	
suction	catheter),	a	dislodged	endotracheal	tube,	or	a	
pneumothorax.

6.	 If	death	is	not	imminent,	wait	until	the	patient’s	condition	is	
stable	before	attempting	a	more	detailed	assessment	
including	a	chest	radiograph.

Modified	from	Tobin	MJ,	Alex	CJ,	Fahey	PJ:	Fighting	the	ventilator.	In	
Tobin	MJ,	editor:	Principles	and	practice	of	mechanical	ventilation,	New	
York,	2006,	McGraw-Hill.

 Box 51-16 Pharmacologic Agents Used to 
Produce Sedation or Paralysis

I.	 Benzodiazepine	tranquilizing	agents
A.	 Diazepam	(Valium)
B.	 Lorazepam	(Ativan)
C.	 Midazolam	(Versed)

II.	 Sedative	hypnotics	and	miscellaneous	agents
A.	 Sodium	thiopental	(Pentothal)
B.	 Etomidate	(Amidate)
C.	 Haloperidol	(Haldol)
D.	 Propofol	(Diprivan)
E.	 Dexmedetomidine	(Precedex)

III.	 Narcotic	analgesics
A.	 Morphine
B.	 Fentanyl	(Sublimaze)

IV.	Neuromuscular	blocking	agents
A.	 Nondepolarizing	(competitive)

1.	 Steroidal	agents
Pancuronium	(Pavulon)
Pipecuronium	(Arduan)
Rocuronium	(Zemuron)
Vecuronium	(Norcuron)

2.	 Benzylisoquinolinium	esters
Atracurium	(Tracrium)
Cisatracurium	(Nimbex)
Doxacurium	(Nuromax)
Metocurine	(Metubine)
Mivacurium	(Mivacron)
Tubocurarine	(Tubarine)

B.	 Depolarizing
1.	 Succinylcholine	(Anectine,	Quelicin)
2.	 Decamethonium	(Syncurine)

or disconnection in the care of a paralyzed patient can be cata-
strophic. In addition, some patients receiving neuromuscular 
blocking agents in the ICU may experience prolonged neuropa-
thy. Pharmacologic agents used to produce sedation or paralysis 
in the ICU are listed in Box 51-16.
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TABLE 51-7 

Troubleshooting the Patient-Ventilator System

Clue to Problem Possible Cause Corrective Action

Decreased	minute		
ventilation	or	VT

Leak	around	endotracheal	or	chest	tube Check	all	connections	for	leaks
Decreased	patient-triggered	respiratory	rate Evaluate	patient

Check	sensitivity
Measure	auto-PEEP
Increase	set	rate
Change	mode

Decreased	lung	compliance Evaluate	patient
Airway	secretions Clear	airway	of	secretions
Altered	settings Check	patient-ventilator	system
Malfunctioning	volume	monitor Check	with	external	respirometer

Increased	minute	ventilation	
or	VT

Increased	patient-triggered	respiratory	rate Check	respiratory	rate
Check	sensitivity
Change	mode

Altered	settings Check	patient-ventilator	system
Hypoxia Evaluate	patient

Consider	ABG	and	SpO2	values
Increased	lung	compliance Decrease	pressure

Decrease	inspiratory	time
Malfunctioning	volume	monitor Check	with	external	respirometer

Change	in	respiratory	rate Altered	setting Check	patient-ventilator	system
Increased	metabolic	demand Evaluate	patient
Hypoxia Evaluate	patient

Consider	ABG	and	SpO2	values
Sudden	increase	in	peak	

airway	pressure
Coughing Alleviate	uncontrolled	coughing
Airway	secretions	or	plugs Clear	airway	secretions
Ventilator	tubing	kinked	or	filled	with	water Check	for	kinks	and	water
Changes	in	patient	position Consider	repositioning	patient
Endotracheal	tube	in	right	main	stem	bronchus Verify	position
Patient-ventilator	asynchrony Correct	asynchrony

Check	for	adequate	peak	flow
Verify	with	waveforms

Bronchospasm Identify	cause	and	treat
Pneumothorax Insert	chest	tubes

Gradual	increase	in	peak	
airway	pressure

Diffuse,	reactive,	or	obstructive	process Evaluate	for	problems,	such	as	atelectasis,	
increasing	lung	water,	bronchospasm

Sudden	decrease	in	peak	
airway	pressure

Volume	loss	from	leaks	in	the	system Check	patient-ventilator	systems	for	leaks
Verify	with	waveforms
Check	for	active	inspirations
Evaluate	patient

FiO2	drift O2	analyzer	error Calibrate	analyzer
Change	O2	sensor

Blender	piping	failure Correct	failure
O2	source	failure Correct	failure
O2	reservoir	leak Check	ventilator	reservoir

I	:	E	ratio	too	high	or	too	low Altered	inspiratory	flow Check	flow	setting	and	correct
Alteration	in	other	settings	that	control	I	:	E	

ratio
Check	settings	and	correct

Alteration	in	sensitivity	setting Check	setting	and	correct
Airway	secretions	(pressure	ventilator) Clear	airway	of	secretions
Subtle	leaks Measure	minute	ventilation

Inspired	gas	temperature		
too	high

Addition	of	cool	water	to	humidifier Wait
Altered	settings Correct	temperature	control	setting
Adding	cool	gas	by	small-volume	nebulizer	

treatment
Turn	off	heater	during	treatment

Thermostat	failure Replace	heater
Changes	in	PEEP Change	in	VT Adjust	PEEP	level

Change	in	compliance Adjust	PEEP	level
Altered	settings Check	settings	and	correct

Changes	in	static	pressure Changes	in	lung	compliance Evaluate	patient	and	correct	if	possible
Changes	in	ventilator	setting Changes	in	these	settings	resulting	from	

deliberate	or	accidental	adjustment	of	dials	
or	knobs

Determine	whether	current	settings	are	the	
intended	ones

Modified	from	Martz	K,	Joiner	JW,	Shepherd	RM:	Management	of	the	patient-ventilator	system:	a	team	approach,	ed	2,	St.	Louis,	1994,	Mosby.
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SUMMARY CHECKLIST

◗	Caregivers	must	be	experienced	at	filtering	the	noise	from	
the	changes	in	monitored	variables	that	require	attention.	
Caregivers	need	to	recognize	false	alarms.	They	also	need	
to	discriminate	real	pathophysiologic	changes	from	normal	
physiologic	variations	and	from	variations	inherent	in	the	
data.

◗	Because	only	caregivers	can	make	choices	about	altering	
care,	caregivers	continue	to	be	the	most	important	
monitors.

◗	Monitoring	of	the	respiratory	system	includes	assessment	
of	ventilation,	gas	exchange,	and	respiratory	system	
mechanics	and	function.

◗	Ventilation	is	monitored	by	measurement	of	VT,	respiratory	
rate,	and	minute	ventilation	and	by	assessment	of	dead	
space	and	alveolar	ventilation.

◗	Gas	exchange	is	routinely	monitored	with	ABG	analysis	and	
pulse	oximetry.	Derived	values	such	as	VD/VT,	P(A	−	a)O2	
difference,	PaO2/FiO2	ratio,	shunt,	and	lung	injury	score	can	
clarify	the	nature	and	severity	of	gas-exchange	abnormality.	
Arterial	PaCO2	is	the	best	index	of	alveolar	ventilation.

◗	Respiratory	system	mechanics	are	routinely	monitored	by	
tracking	peak	pressure,	Pplat,	auto-PEEP,	compliance,	and	
resistance.

◗	When	mechanically	ventilating	any	patient,	ideally,	the	tidal	
volume	should	be	4	to	8	ml/kg	PBW	and	the	plateau	
pressure	should	be	less	than	28	cm	H2O.

◗	Monitoring	of	transpulmonary	pressure	is	becoming	
increasingly	important	in	the	management	of	patients	with	
decreased	chest	wall	compliance	and	patients	with	severe	
ARDS	requiring	high	PEEP	levels.

◗	Factors	such	as	WOB,	f/VT,	VC,	MIP,	and	MVV	can	be	
extremely	helpful	in	assessing	the	need	to	increase	
ventilatory	support	or	in	assessing	the	potential	for	
weaning.

◗	Advanced	monitoring	techniques	include	EIT,	ARM,	lung	
stress	and	strain,	stress	index,	and	esophageal	pressure	
monitoring.

◗	The	most	important	responsibility	of	the	RT	in	the	ICU	is	
monitoring	of	the	patient-ventilator	system.

◗	Monitoring	of	the	patient-ventilator	system	includes	overall	
assurance	of	the	integrity	and	safety	of	the	system.	
Monitoring	requires	complete	knowledge	of	the	ventilator	
settings;	all	aspects	of	ventilator	function;	the	circuitry;	
airway	status;	gas	exchange;	ventilator	graphics;	lung	
mechanics;	alarms;	and	the	overall	care,	safety,	and	
comfort	of	the	patient.

◗	Acute	changes	in	cardiac	performance,	cardiovascular	
status,	or	impulse	conduction	(ECG)	can	be	life-
threatening;	some	form	of	monitoring	of	the	heart,	vascular	
system,	and	ECG	is	necessary	in	the	care	of	nearly	all	
patients	in	the	ICU.

◗	Hemodynamic	monitoring	requires	the	use	of	invasive	
pulmonary	arterial,	central	venous,	and	arterial	catheters.	
Values	obtained	with	these	monitoring	lines	must	be	
carefully	interpreted	by	experienced	caregivers.	All	ICU	
patients	should	receive	ECG	monitoring.

◗	Monitoring	of	changes	in	neurologic	status	is	extremely	
important	and	is	more	often	overlooked	than	monitoring	of	
other	organ	systems.

◗	The	neurologic	examination	includes	assessment	of	mental	
status,	pupillary	response,	eye	movements,	corneal	
response,	gag	reflex,	and	respiratory	rate	and	pattern	and	
a	general	motor	and	sensory	evaluation.	ICP	monitoring	
may	be	needed	to	detect	or	manage	elevated	ICP.

◗	Global	index	monitoring	is	calculation	of	an	illness	level	
score	that	is	an	estimate	of	the	risk	of	mortality	from	
numerous	monitoring	values.	Illness	scores	are	not	used	in	
the	care	plan	for	an	individual	patient,	but	scoring	systems	
are	widely	used	in	clinical	studies.	The	APACHE	II	system	
is	among	the	most	popular	of	these	estimates.

◗	Troubleshooting	the	patient-ventilator	system	is	aimed	at	
identifying	and	correcting	problems	before	they	harm	the	
patient.
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Discontinuing Ventilatory 
Support

ROBERT M. KACMAREK

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Discuss	the	relationship	between	ventilatory	demand	and	ventilatory	capacity	as	well	as	their	relationship	with	

ventilator	discontinuance.
◆	 List	the	factors	associated	with	ventilator	dependence.
◆	 Explain	how	to	evaluate	a	patient	before	attempting	ventilator	discontinuation	or	weaning.
◆	 List	acceptable	values	for	specific	weaning	indices	used	to	predict	a	patient’s	readiness	for	discontinuation	of	

ventilatory	support.
◆	 Describe	factors	that	should	be	optimized	before	an	attempt	is	made	at	ventilator	discontinuation	or	weaning.
◆	 Describe	techniques	used	in	ventilator	weaning,	including	daily	spontaneous	breathing	trials,	synchronized	

intermittent	mandatory	ventilation,	pressure	support	ventilation,	and	other	newer	methods.
◆	 Contrast	the	advantages	and	disadvantages	associated	with	various	weaning	methods	and	techniques.
◆	 Describe	how	to	assess	a	patient	for	extubation.
◆	 List	the	primary	reasons	why	patients	fail	a	ventilator	discontinuance	trial.
◆	 Explain	why	some	patients	cannot	be	successfully	weaned	from	ventilatory	support.

CHAPTER OUTLINE

Reasons for Ventilator Dependence
Ventilatory	Workload	and	Demand
Ventilatory	Capacity
Global	Criteria	for	Discontinuing	Ventilatory	Support

Patient Evaluation
The	Most	Important	Criterion
Weaning	Indices
Ventilation
Oxygenation
Acid-Base	Balance
Metabolic	Factors
Renal	Function	and	Electrolytes
Cardiovascular	Function
Psychologic	Factors	and	Central	Nervous	System	

Assessment
Integrated	Indices
Evaluation	of	the	Airway

Preparing the Patient
Optimizing	the	Patient’s	Medical	Condition
Patients’	Psychologic	and	Communication		

Needs

Caregiver Preparation
Methods

Rapid	Ventilator	Discontinuation
Patients	Who	Need	Progressive	Weaning	of	

Ventilatory	Support
Spontaneous	Breathing	Trials
Continuous	Positive	Airway	Pressure
Synchronized	Intermittent	Mandatory	Ventilation
Pressure	Support	Ventilation
Synchronized	Intermittent	Mandatory	Ventilation	

With	Pressure	Support	Ventilation
Spontaneous	Awaking	Trials

Newer Techniques for Facilitating Ventilator 
Discontinuance
Mandatory	Minute	Volume	Ventilation
Adaptive	Support	Ventilation/Intellivent
Computer-Based	Weaning
Automatic	Tube	Compensation
Volume	Support
Proportional	Assist	Ventilation	and	Neurally	Adjusted	

Ventilatory	Assist
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2. Synchronized intermittent mandatory ventilation (SIMV)
3. Pressure support ventilation (PSV)

Other techniques that may facilitate ventilator discontinua-
tion include the use of volume-support ventilation (VSV); 
adaptive support ventilation (ASV)/Intellivent; automatic 
tube compensation (ATC); proportional assist ventilation 
(PAV), which is also known as proportional pressure support 
(PPS); neurally adjusted ventilatory assist (NAVA); and con-
tinuous positive airway pressure (CPAP). However, little data 
exist that support the use of any of these techniques except for 
CPAP, which seems potentially beneficial during the ventilator 
discontinuation process.

Techniques for predicting when patients are ready for venti-
lator discontinuation and weaning have been studied exten-
sively.4 Many weaning indices designed to predict successful 
ventilatory discontinuation have been proposed. Despite this, 
there are no universally applicable indices for predicting success. 
Of all of the methods studied, SBTs and PSV have been shown 
to be the most effective methods for ventilator discontinuation 
and weaning. Evidence-based reviews recommend the use of at 
least daily SBTs.1 Protocols for ventilator discontinuation 
administered by an interdisciplinary team of respiratory thera-
pists, nurses, and physicians can be highly effective, and have 
been recommended.1,4,5-9 Regardless of the method used, success 
is unlikely unless the precipitating problems that caused the 
ventilator dependency have been resolved.1,4,9 After these prob-
lems are resolved, an organized plan or protocol should be 
followed, and variations should be based on each patient’s 
response.1,4,5

Some patients cannot be successfully removed from mechan-
ical ventilatory support. This group of ventilator-dependent 
patients poses clinical, economic, and ethical concerns.10,11

The term weaning has been used as a general term to refer 
to the process of discontinuing ventilatory support, regardless 
of the time frame or method involved. The term has also been 
used to refer to reductions in fractional inspired oxygen con-
centration (FiO2), PEEP, and CPAP. Alternatively, the term 

T he purpose of mechanical ventilation is to support the 
patient until the disease state or condition that caused 
the need for support is alleviated or resolved. Ventila-

tory support can sustain life, but it cannot cure disease. Further, 
many complications and hazards are associated with mechani-
cal ventilation. Consequently, ventilatory support should be 
withdrawn as soon as the patient is able to adequately resume 
spontaneous breathing.1 All patients who are mechanically ven-
tilated should be evaluated on a daily basis, beginning with the 
day of intubation, for their ability to wean from ventilatory 
support.2,3 Frequently this evaluation is very quick, but it should 
be performed daily regardless of the patient’s status.

After the problem or condition that caused the need for 
mechanical ventilation is resolved, most patients can be quickly 
and easily removed from ventilatory support. For example, for 
most patients who need mechanical ventilation as a result of 
drug overdose or severe asthma, for those who are recovering 
from postoperative anesthesia, and for those who have received 
ventilation for 72 hours or less, one may simply discontinue 
ventilation when the precipitating condition has resolved.1,4 
However, some patients require mechanical ventilation for 
longer periods. The term ventilator dependent is usually reserved 
for patients who need ventilatory support for lengthy periods 
(i.e., 2 weeks or more) or who have not responded to attempts 
at ventilator discontinuation. For these patients, a more pro-
longed ventilator discontinuation process is required.1

Ventilator discontinuation should be carefully timed. Prema-
ture removal from the ventilator may severely stress the cardio-
pulmonary system and delay the patient’s recovery.4 Premature 
discontinuation also exposes the patient to the hazards of rein-
tubation. However, delays in discontinuing ventilation expose 
the patient to an increased risk of complications, including 
nosocomial pneumonia, myocardial infarction, and death.4

There are three basic methods for discontinuing ventilatory 
support1:
1. Spontaneous breathing trials (SBTs) alternating with 

mechanical ventilation

KEY TERMS

adaptive	support	ventilation	(ASV)
airway	occlusion	pressure
automatic	tube	compensation	

(ATC)
continuous	positive	airway	pressure	

(CPAP)

Intellivent
mandatory	minute	volume	

ventilation	(MMV)
pressure	support	ventilation	(PSV)
prolonged	mechanical	ventilation	

(PMV)

rapid,	shallow	breathing	index	(f/VT)
spontaneous	awaking	trial	(SAT)
spontaneous	breathing	trial	(SBT)
synchronized	intermittent	

mandatory	ventilation	(SIMV)

Noninvasive	Ventilation
Role	of	Mobility
Respiratory-Therapist–Driven	Protocols

Selecting an Approach
Monitoring the Patient During Weaning

Ventilatory	Status
Oxygenation
Cardiovascular	Status

Extubation
Artificial	Airways	and	Weaning

Ventilator Discontinuance Failure
Prolonged Mechanical Ventilation
Chronically Ventilator-Dependent Patients
Terminal Weaning
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Compliance is determined by the elastic nature of the lung–
thorax system. Resistance is largely related to the nature of the 
conducting airways. Common causes of decreased lung compli-
ance include atelectasis, pneumonia, pulmonary edema, acute 
lung injury, and acute respiratory distress syndrome. Thoracic 
compliance may be reduced because of obesity, ascites, or 
abdominal distention. Airway resistance increases with bron-
chospasm, excessive secretions, and mucosal edema.

Mechanical factors that can increase the work of breathing 
include artificial airways (i.e., endotracheal and tracheotomy 
tubes), partial obstruction of the airway, ventilator circuits, 
demand flow systems, auto-PEEP, and inappropriate ventilator 
flow and sensitivity settings. Factors that may increase ventila-
tory workload are summarized in Box 52-1.

Ventilatory Capacity

Ventilatory capacity is determined by CNS drive, ventilatory 
muscle strength, and ventilatory muscle endurance. Most 
patients who are being withdrawn from ventilatory support 
have a normal or an increased drive to breathe. Patients with 
neuromuscular disorders and those who are receiving sedatives, 
narcotics, or neuromuscular blocking agents may have a reduced 
drive to breathe or impaired neuromuscular transmission. 
Patients with metabolic alkalosis, hypothyroidism, and sleep 
deprivation also may have reduced ventilatory drive. Box 52-2 
summarizes the factors that may reduce ventilatory drive.

Muscle strength is influenced by age, sex, muscle bulk, and 
overall health. Malnutrition, starvation, and electrolyte imbal-
ances (especially involving calcium, magnesium, potassium, 
and phosphate) can lead to ventilatory muscle weakness. Criti-
cal illness myopathy, critical illness polyneuropathy, and the 

ventilator discontinuation has been used to refer to the process 
of disconnecting a patient from mechanical ventilatory support. 
For the purposes of this chapter, the term weaning is defined as 
a gradual reduction in the level of ventilatory support, whereas 
discontinuing ventilatory support refers to the overall process 
of removing the patient from the ventilator, regardless of  
the method used. In general, patients who are being considered 
for removal from ventilatory support fall into one of five 
categories:
1. Those for whom removal is quick and routine, which is 

normally the vast majority of ventilated patients
2. Those who need a more systematic approach to discontinu-

ing ventilatory support, which is normally about 15% to 
20% of ventilated patients

3. Those who require days to weeks to wean from ventila-
tory support, which is usually less than 5% of ventilated 
patients

4. Those ventilator-dependent or “unweanable” patients, who 
compose less than 1% of patients who require ventilatory 
support

5. Those who have no chance for survival in whom the ventila-
tor is discontinued while comfort measures are provided, 
normally referred to as terminal weaning.12

REASONS FOR VENTILATOR 
DEPENDENCE

Patients may require mechanical ventilation because of apnea, 
acute or impending ventilatory failure, or severe oxygenation 
problems that necessitate high levels of PEEP or CPAP. Regard-
less of the reason for initiating mechanical ventilation, patients 
remain dependent on the ventilator because of respiratory, car-
diovascular, neurologic, or psychologic factors.1

Ventilatory Workload and Demand

Patients who need mechanical ventilation often have a ventila-
tory workload and demand that exceeds their ventilatory capac-
ity. This is the most common cause of ventilator dependence.1,4 
The term ventilatory workload refers to the amount of work that 
the respiratory muscles are asked to perform to provide an 
appropriate level of ventilation. A patient’s total ventilatory 
workload is primarily determined by the following: (1) the level 
of ventilation needed, (2) the compliance of the lungs and 
thorax, (3) the resistance to gas flow through the airways, and 
(4) any imposed work of breathing (WOBI) due to ventilatory 
system mechanical factors.1,4

The level of ventilation required is determined by the follow-
ing: (1) the metabolic rate; (2) the central nervous system 
(CNS) drive; and (3) the ventilatory dead space. Common 
causes of an increased demand for ventilation include increased 
carbon dioxide production (i.e., fever, shivering, agitation, 
trauma, or sepsis) and increased dead space (i.e., pulmonary 
emboli or chronic obstructive pulmonary disease [COPD]). 
Other common causes of increased ventilatory demand include 
metabolic acidosis, severe hypoxemia, pain, and anxiety.

Box 52-1 Factors That May Increase 
Ventilatory Workload

INCREASED VENTILATORY DEMAND: INCREASED 
LEVEL OF VENTILATION REQUIRED
•	 Increased	CNS	drive:	hypoxia,	acidosis,	pain,	fear,	anxiety,	

and	stimulation	of	J	receptors	(e.g.,	pulmonary	edema)
•	 Increased	metabolic	rate:	increased	carbon	dioxide	

production,	fever,	shivering,	agitation,	trauma,	infection,		
and	sepsis

•	 Increased	dead	space:	COPD	and	pulmonary	embolus

DECREASED COMPLIANCE
•	 Decreased	lung	compliance:	atelectasis,	pneumonia,	fibrosis,	

pulmonary	edema,	and	acute	respiratory	distress	syndrome
•	 Decreased	thoracic	compliance:	obesity,	ascites,	abdominal	

distention,	and	pregnancy

INCREASED RESISTANCE
•	 Increased	airway	resistance:	bronchospasm,	mucosal	

edema,	and	secretions
•	 Artificial	airways:	endotracheal	tubes,	tracheostomy	tubes,	

and	partial	obstruction	of	the	artificial	airway	or	the	patients	
airway

•	 Other	mechanical	factors:	ventilator	circuits,	demand	flow	
systems,	and	inappropriate	ventilator	flow	or	sensitivity	
settings
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1. Ventilatory workload versus ventilatory capacity
2. Oxygenation status
3. Cardiovascular function
4. Psychologic factors
Simply put, when ventilatory workload or demand exceeds  
ventilatory capacity, successful ventilator discontinuation is 
unlikely. Excessive ventilatory workload may lead to ventilatory 
muscle fatigue. When the ventilatory muscles fatigue, they must 
be rested for at least 24 hours to recover.14 Ventilatory workload 
increases with decreased compliance, increased airway resis-
tance, or an increased requirement for ventilation. Ventilatory 
capacity can be reduced by ventilatory muscle fatigue and by a 
loss of muscle strength and endurance.

Other factors that may contribute to ventilator dependence 
include inadequate arterial oxygenation, poor tissue oxygen 
delivery, myocardial ischemia, arrhythmias, low cardiac output, 
and cardiovascular instability. Neurologic problems that may 
contribute to ventilator dependence include decreased central 
drive to breathe and impaired peripheral nerve transmission. 
Psychologic issues that may contribute to ventilatory depen-
dence include the fear of removal of the life-support system, 
anxiety, stress, depression, and sleep deprivation. Box 52-3  
summarizes the major factors that contribute to ventilator 
dependence.

PATIENT EVALUATION

Careful patient assessment is required to determine which 
patients are ready to be removed from ventilatory support 
quickly, which patients may need a prolonged ventilator discon-
tinuation phase, and which patients are not yet ready for the 
discontinuation of ventilatory support.

An important factor to consider as part of this assessment is 
the length of time that the patient has been receiving mechani-
cal ventilation. In general, those who receive support for 72 
hours or less often can be removed quickly from the ventila-
tor.15,16 Those who need a longer period of support may need a 
more prolonged approach. Current guidelines recommend that 
patients who need mechanical ventilation for more than 48 to 
72 hours be carefully assessed to determine all of the possible 
causes of ventilator dependence.1,4 These include the respira-
tory, cardiovascular, neurologic, and psychologic causes of  
ventilator dependence that are listed in Box 52-3. This recom-
mendation is especially important for the care of patients who 
have had unsuccessful attempts at the discontinuation of ven-
tilation.1,4 Factors associated with readiness for the discontinu-
ation of ventilatory support are summarized in Box 52-4.

The Most Important Criterion

The single most important criterion to consider when evaluat-
ing a patient for ventilator discontinuation or weaning is 
whether there has been significant alleviation or reversal of the 
disease state or condition that necessitated use of the ventilator 
in the first place.1,4,9 The clinician should determine whether 
the patient’s condition is improving, whether the initial reason 
for providing ventilatory support is improved or resolved, and 

prolonged use of neuromuscular blocking agents are major 
causes of the development of ventilatory muscle weakness in 
the intensive care unit (ICU).13 Controlled ventilation for pro-
longed periods can result in ventilatory muscle discoordination 
and atrophy. Ventilatory muscle endurance is a function of 
energy supply versus demand. Energy supply is related to nutri-
tion, perfusion, and cell use, whereas demand is related to the 
amount of work performed and is a function of minute ventila-
tion, compliance, and resistance. Figure 52-1 summarizes the 
relationship between ventilatory demands and capabilities.

Global Criteria for Discontinuing 
Ventilatory Support

Success with the discontinuation of ventilatory support is 
related to the patient’s condition in four main areas1,2,3,4:

FIGURE 52-1	 Ventilatory	failure	and	the	need	for	ventilatory	
support	depend	on	the	balance	between	ventilatory	muscle	
demands	(i.e.,	loads)	and	ventilatory	muscle	capabilities.		
CLT,	Lung–thorax	compliance;	RAW,	airway	resistance,	 �V,	minute	
alveolar	ventilation;	 �V,	minute	dead	space	ventilation.	(Modified	from	
MacIntyre	NR:	Respiratory	factors	in	weaning	from	mechanical	
ventilatory	support.	Respir	Care	40:244–259,	1995.)
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 Box 52-2 Factors That May Reduce 
Ventilatory Drive

•	 Decreased	PaCO2	(respiratory	alkalosis)
•	 Metabolic	alkalosis
•	 Pain	(visceral)
•	 Electrolyte	imbalance
•	 Pharmacologic	depressants	(narcotics,	sedatives)
•	 Fatigue
•	 Decreased	metabolic	rate
•	 Increased	PaCO2	associated	with	chronic	carbon	dioxide	

retention
•	 Neurologic	or	neuromuscular	disease
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whether the patient’s clinical condition is stable. The following 
specific questions for patient evaluation have been suggested1:
1. Is there evidence of improvement or reversal of the disease 

state or condition that caused the need for mechanical 
ventilation?

2. Is the patient’s oxygenation status adequate? Specific criteria 
may include the following: PaO2 of 60 mm Hg or more, 
FiO2 of less than 0.40 to 0.50, PEEP of less than 5 to 8 cm 
H2O; PaO2/FiO2 of 150 to 200 or more; and pH of 7.25 
or more.

3. Is the patient medically and hemodynamically stable? Spe-
cific criteria may include the absence of acute myocardial 
ischemia or marked hypotension. Patients should have ade-
quate blood pressure without vasopressor therapy or with 
only low-dose vasopressor therapy (i.e., less than 5 µg/kg/
min of dopamine or dobutamine).

4. Can the patient breathe spontaneously? The patient must 
be able to breathe spontaneously and have a sufficient 
drive to breathe if ventilator discontinuation is being 
considered.
If the patient’s condition is improving, if the alleviation or 

reversal of the precipitating disease state or condition has 
occurred, if the patient is capable of spontaneous breathing, and 
if the oxygenation status and hemodynamic values are stable, 
then ventilator discontinuation should be attempted.1

Weaning Indices

Mechanical ventilation is hazardous, and unnecessary delays 
in ventilator discontinuation increase the associated complica-
tion rate. Unfortunately, premature ventilator discontinuation 
may also cause serious problems, including difficulty with 
reestablishing the artificial airway and serious compromise 
of the patient’s clinical status. Clinical judgment has been 
found to be a poor guide to determining whether a patient 
is ready for ventilator discontinuation, and more specific 
indicators have been sought. Specific indicators or weaning 
indices that clearly show whether a patient is ready to have 
the ventilator removed and help to avoid inappropriate ven-
tilator discontinuation have been sought. Unfortunately, none 
of the current weaning indices are capable of predicting 
readiness for ventilator discontinuance with a high level of 
accuracy.1,4

Traditional discontinuation indices include the PaO2/FiO2 
ratio, the alveolar-to-arterial partial pressure of oxygen differ-
ence [P(A − a)O2], the maximum inspiratory pressure (MIP), 
the vital capacity (VC), the spontaneous minute ventilation 
(VEsp), and the maximum voluntary ventilation (MVV).3,17 
Newer indices include the rapid, shallow breathing index 
(f/VT), airway occlusion pressure (P0.1), and measures of 
WOB.1,4 Although all of these values can be useful, there are 
enormous discrepancies in the literature regarding their accu-
racy with regard to the prediction of “weanability.”1,4 With 
respect to the more traditional discontinuation indices, vital 
capacity and MIP can be highly variable, whereas minute ven-
tilation, respiratory rate (f), and f/VT tend to be more reliable.1,4 
However, these measures may not correlate well with 

 Box 52-3 Factors That Contribute to 
Ventilator Dependence

RESPIRATORY FACTORS
•	 Ventilatory	workload	exceeds	ventilatory	capacity
•	 Decreased	compliance:	lung	or	chest	wall
•	 Increased	resistance:	artificial	airways,	bronchospasm,	

mucosal	edema,	secretions,	and	mechanical	demand	flow	
systems

•	 Increased	dead	space:	pulmonary	embolus	and	COPD
•	 Ventilatory	muscle	weakness	or	fatigue
•	 Oxygenation	problems

•	 ↓	 � �V Q/
•	 Increased	shunt
•	 ↓	DO2

•	 ↓	Oxygen	extraction	ratio

NONRESPIRATORY FACTORS
•	 Cardiovascular	factors
•	 Myocardial	ischemia
•	 Heart	failure
•	 Hemodynamic	instability,	hypotension,	and	arrhythmias
•	 Neurologic	factors
•	 Decreased	or	increased	central	drive	to	breathe
•	 Decreased	peripheral	nerve	transmission
•	 Psychologic	factors
•	 Fear	and	anxiety
•	 Stress
•	 Confusion	or	altered	mental	status
•	 Depression
•	 Poor	nutrition
•	 Multiple-system	organ	failure
•	 Equipment	shortcomings

Data	from	MacIntyre	N:	Respiratory	factors	in	weaning	from	mechanical	
ventilatory	support.	Respir	Care	40:244,	1995;	Slutsky	AS:	Mechanical	
ventilation.	American	College	of	Chest	Physicians’	Consensus	
Conference.	Chest	104:1833–1859,	1993;	Pierson	DJ:	Nonrespiratory	
aspects	of	weaning	from	mechanical	ventilation.	Respir	Care	40:263–
270,	1995;	MacIntyre	NR,	Cook	DJ,	Ely	EW	Jr,	et	al;	American	College	
of	Chest	Physicians;	American	Association	for	Respiratory	Care;	
American	College	of	Critical	Care	Medicine:	Evidence-based	guidelines	
for	weaning	and	discontinuing	ventilatory	support:	a	collective	task	force	
facilitated	by	the	American	College	of	Chest	Physicians;	the	American	
Association	for	Respiratory	Care;	and	the	American	College	of	Critical	
Care	Medicine.	Chest	120(6	Suppl):375S–395S,	2001.

 Box 52-4 Factors Associated With 
Readiness for the Discontinuation 
of Ventilatory Support

•	 Reversal	or	partial	reversal	of	reason	for	instituting	
mechanical	ventilation

•	 Good	baseline	functional	status
•	 Ventilatory	capacity	that	is	capable	of	meeting	ventilatory	

workload
•	 Good	oxygenation	status
•	 Good	cardiovascular	performance
•	 Good	functional	status	of	other	organs	and	systems
•	 Short	duration	of	the	critical	illness
•	 Short	duration	of	mechanical	ventilation
•	 No	psychologic	factors	affecting	current	status

Modified	from	Pierson	DJ:	Nonrespiratory	aspects	of	weaning	from	
mechanical	ventilation.	Respir	Care	40:263–270,	1995.
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that the patient’s condition is unstable and that the patient has 
a poor prognosis for ventilator removal.21

P0.1 is the inspiratory pressure that is measured 100 millisec-
onds after airway occlusion.1,4 The P0.1 is effort independent, 
and it correlates well with central respiratory drive. Ventilator-
dependent patients with COPD who have a P0.1 of more than 
6 cm H2O tend to be difficult to wean.1,4

The f/VT is the ratio of spontaneous breathing frequency 
(breaths/min) to tidal volume (liters), and it has been found to 

discontinuation success among all patients and especially 
among those receiving long-term ventilatory support, the 
elderly, and those with major pulmonary abnormalities.1,4,18

A comprehensive evidence-based review identified a possible 
role for 66 specific measurements as predictors of weaning 
success.4 Of these, eight values were found to be the most useful 
for the prediction of successful ventilator discontinuation.1,4 
Useful predictive measures included spontaneous respiratory 
rate, spontaneous tidal volume, f/VT, minute ventilation, MIP, 
P0.1, P0.1/MIP, and a combined index called the CROP score that 
included compliance, respiratory rate, oxygenation, and MIP.1,4 
Unfortunately, these measures all have limitations and relatively 
high false-positive predictions in specific settings.

It is doubtful that a single index will be found that can be 
used for consistent discrimination between discontinuation 
success and failure. Moreover, none of these traditional indica-
tors alone has proved useful for the prediction of improvements 
in patient outcome or in the selection of a particular discon-
tinuation method.5 The likely explanation for this failure to 
identify any consistently powerful discontinuation predictor is 
that patients’ conditions vary greatly and, for research purposes, 
clinicians already fully consider information from predictors 
when choosing patients for trials of the reduction or discon-
tinuation of ventilatory support.5,18

Notwithstanding these limitations, the measurement of  
discontinuation indices in the difficult-to-wean patient may 
provide guidance with regard to the reasons that patients fail 
discontinuation trials. Many find it useful to trend these data 
on a daily basis for those patients who require lengthy weaning 
times.10,15 Specific values for respiratory indices that are used to 
predict the successful discontinuation of ventilatory support are 
found in Table 52-1.

Ventilation

Increased thoracic cage movement during spontaneous breath-
ing and asynchronous chest-wall-to-diaphragm movement are 
related to an increased workload that may lead to ventilatory 
muscle fatigue and failure. Tachypnea (i.e., more than 30 to 35 
breaths/min in adults) is a sensitive marker of respiratory dis-
tress, but it can prolong intubation if it is used as an exclusive 
criterion. Irregular spontaneous breathing or periods of apnea 
indicate that the patient is at risk for weaning failure. Asynchro-
nous and rapid, shallow breathing patterns—although not 
definitive—suggest respiratory decompensation.18 However, 
decreased ventilatory variability over time (rate, VT, minute ven-
tilation) has been clearly shown to identify patients who will 
failure an SBT.19,20

The evaluation of patients for the presence of palpable 
scalene muscle use during inspiration, an irregular ventilatory 
pattern, palpable abdominal muscle tensing during expiration, 
and the inability to alter the ventilatory pattern on command 
can be helpful for the assessment of the potential for prolonged 
spontaneous ventilation. Patients with none of these signs have 
a very high probability of successful ventilator discontinuance. 
Patients with one or two of these signs usually need continued 
support. The presence of three or more of these signs can mean 

TABLE 52-1 

Indices That Are Used to Predict the Success of 
Weaning and Ventilator Discontinuation

Measurement Criterion

Oxygenation
FiO2 ≤0.40	to	0.50
PEEP	(cm	H2O) ≤5	to	8
PaO2	(mm	Hg) ≥60
SaO2	(%) ≥90
SvO2	(%) ≥60
PaO2/PAO2	ratio ≥0.35
PaO2/FiO2	ratio >150	to	200
P(A-a)O2	(mm	Hg) <350
� �Q Qs T	(%	shunt) <15%	to	20%
No	lactic	acidosis,	adequate	 � �Q Qs T,	blood	

pressure

Ventilation
PaCO2	(mm	Hg) <50
pH ≥7.35
Ventilatory Mechanics
Respiratory	rate	(f)	(breaths/min) 12	to	30
Tidal	volume	(VT)	(ml/kg) >5
Vital	capacity	(VC)	(ml/kg) >10	to	15
Static	compliance	(ml/cm	H2O) >25
f/VT <105

Respiratory Muscle Strength
Maximum	inspiratory	force	(MIF)	(cm	H2O) <−20	to	−30
Ventilatory Drive (Demand)
Minute	ventilation	( �VE)	for
	 Normal	PCO2	(L/min) <10
	 VDS/VT <0.55	to	0.60
	 P0.1	(cm	H2O) <6
	 P0.1/MIP <0.30

Work of Breathing
Spontaneous	work	of	breathing <1.6	kg⋅m/min	

(<0.14	kg⋅m/L)
Pressure-time	index <0.15	to	0.18
Ventilatory Reserve
Maximum	voluntary	ventilation	(MVV)	(L/min) >20;	more	than	

twice	the	 �VE

Data	from	MacIntyre	NR,	Cook	DJ,	Ely	EW,	et	al:	Evidence-based	guidelines	
for	weaning	and	discontinuing	ventilator	support:	a	collective	task	force	
facilitated	by	the	American	College	of	Chest	Physicians,	the	American	
Association	for	Respiratory	Care,	and	the	American	College	of	Critical	Care	
Medicine.	Chest	120:375S-395S,	2001;	AHRQ	publication	no.	01-E010,	
Rockville,	MD,	2000,	Agency	for	Healthcare	Research	and	Quality;	American	
College	of	Chest	Physicians:	Chest	104:1833,	1993;	Burns	SM	et	al:	Am	J	
Crit	Care	4:4,	1995;	Sharar	S:	Resp	Care	40:239,	1995;	Bassili	HR,	Deitel	
M:	JPEN	J	Parenter	Enteral	Nutr	5:161,	1981.
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WOB would seem to be an excellent way to gauge spontane-
ous ventilatory workload. Successful weaning has been found 
to be less likely among patients with spontaneous WOB levels 
of more than 1.6 kg/m/min (16 J/min) or 0.14 kg/m/L (1.4 
J/L).1,4 However, WOB may not be predictive of weaning success 
for specific patients.1,4 This may be because WOB does not take 
into account ventilatory muscle capacity or fatigue. Conse-
quently, WOB may be less accurate than other conventional 
discontinuation indices, and it is very difficult to measure at the 
bedside.

Oxygen cost of breathing (OCB) is the difference between 
oxygen consumption during spontaneous breathing and oxy-
gen consumption during apnea (i.e., during full ventilatory 
support), which is determined as follows:

OCB VO VO controlled ventilationsp= − ( )2 2

After the OCB has been estimated, the relative proportion of 
oxygen consumed by the respiratory muscles as compared with 
the body as a whole can be calculated as follows:

%VO Resp OCB VO sp2 2 100( ) = ( ) ×

Both OCB and %VO2 have been correlated with the number 
of days required to wean patients. Patients with an OCB of 15% 
or less of the total VO2 may be more likely to achieve discon-
tinuation success.1,4

Pressure–time product (i.e., the area under the inspiratory 
pressure–time curve) and pressure–time index (PTI) may be the 
best measures of ventilatory workload of patients who are 
receiving mechanical support.1 The PTI can be calculated as 
follows:

PTI Mean inspiratory pressure MIP T Ti tot= ×( )

where MIP is maximum inspiratory pressure, Ti is the inspira-
tory time in seconds, and Ttot is the total respiratory cycle. The 
Ttot can be calculated by dividing 60 by the respiratory rate (f) 
(i.e., 60/f). A PTI of more than 0.15 to 0.18 has been associated 
with diaphragmatic fatigue, and a PTI of more than 0.15 cannot 
be sustained indefinitely.1,4 There is currently no well accepted 
and reliable way to measure ventilatory muscle fatigue in 
patients who are receiving mechanical ventilation.

Oxygenation

Poor oxygenation status is associated with weaning failure. 
Arterial blood gas (ABG) analysis, pulse oximetry, and continu-
ous mixed venous oximetry have been used to monitor and 
assess the oxygenation status of patients before and during a 
discontinuation trial. In general, a PaO2 of more than 60 mm 
Hg (or of more than 55 mm Hg for patients with COPD with 
carbon dioxide retention) with an FiO2 of less than 0.40 to 0.50 
and a PEEP of 5 to 8 cm H2O or less should be adequate for 
ventilator discontinuation. The PaO2/FiO2 ratio should be 
150 to 200 mm Hg or more. With these values, a normal  
hemoglobin level, a normal oxygen saturation (SaO2), and 
adequate cardiac output and tissue perfusion are assumed.  
Specific indices used to assess oxygenation status are found in 
Table 52-1.

be a good predictor of discontinuation success for many patients 
who need mechanical ventilation.1,4,18 The f/VT has less predic-
tive ability for patients who need ventilatory support for longer 
than 8 days, and it may be less useful for predicting discontinu-
ation success among elderly patients.1,4 Despite these limita-
tions, an f/VT of less than 105 can be an accurate and early 
predictor of weaning outcome, and an f/VT of 80 is associated 
with an almost 95% probability of successful discontinuation.18 
The ratio must be calculated during 1 minute of unsupported 
spontaneous breathing, and the addition of pressure support 
during measurement significantly reduces the predictive value 
of the ratio.18

MINI CLINI
Calculating and Interpreting the Rapid, 
Shallow Breathing Index

PROBLEM: You measure the following spontaneous breath-
ing values for two patients who are being considered for 
weaning from mechanical ventilation:

Patient Rate (f) (breaths/min) VT (L)

A 32 0.28
B 28 0.42

For which patient is successful weaning least likely?

Solution: First, compute the rapid, shallow breathing index 
for each patient as follows:

Patient Rate (f) (breaths/min) VT (L) f/VT

A 32 0.28 114
B 28 0.42 67

Patient A clearly exceeds the threshold criterion of 105 
breaths/min per liter, whereas patient B falls well below this 
criterion. All else being equal, patient A is least likely to be suc-
cessfully weaned.

	

RULE OF THUMB

Adult	patients	with	spontaneous	respiratory	rates	in	
excess	of	35	breaths/min	and	tidal	volumes	of	less	
than	5	ml/kg	PBW	are	difficult	to	wean.

The P0.1/MIP ratio has been found to be a good early predic-
tor of discontinuation success,1,4 and it may be more useful than 
the MIP by itself. The f/VT also has been found to be a better 
predictor of discontinuation success than the MIP alone.1,4 
However, even with f/VT of less than 105, as many as 20% of 
patients have false-positive results (i.e., they cannot be discon-
tinued from ventilation despite a favorable index) as a result  
of unpredictable factors such as congestive heart failure,  
aspiration, other comorbidities or the development of a new 
pulmonary lesion. In addition, some patients can be success-
fully discontinued from ventilatory support despite poor f/VT 
values (>105).
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Cardiac output and index measurements as well as central 
venous pressure measurements may be helpful for the evalua-
tion of cardiovascular function. Left ventricular dysfunction, 
myocardial ischemia, and cardiovascular instability are associ-
ated with decreased discontinuation success.1,4 Table 52-2 pro-
vides criteria for confirming cardiovascular stability.

Psychologic Factors and Central 
Nervous System Assessment

Adequate CNS function is needed to ensure stable ventilatory 
drive, adequate secretion clearance (i.e., coughing and deep 
breathing), and the protection of the airway (i.e., gag reflex and 
swallow). In addition, the level of consciousness, dyspnea, 
anxiety, depression, and motivation can affect discontinuation 
success.1,4

The patient ideally is awake and alert, free of seizures, and 
able to follow instructions. Patients should have an intact 
central drive to breathe and peripheral nerve function. Brain-
stem strokes, electrolyte disturbances, sedation, neuromuscular 
blocking agents, and narcotic drugs can impair the central neu-
rologic control of ventilation. Mental status is a good predictor 
of discontinuation success, and patients who are not alert are 
at risk for upper airway obstruction, aspiration, and secretion 
retention. Obtunded patients should, at a minimum, have an 
adequate gag reflex and cough. Decreased levels of conscious-
ness are associated with aspiration after extubation. The level 
of consciousness is affected by the use of narcotic, sedative, and 
analgesic drugs. Drugs with CNS depressant effects should be 
discontinued, if possible, before the withdrawal of ventilatory 
support and extubation. Protocols to reduce sedation and the 
daily cessation of sedative drugs may reduce weaning time7,22,23 
(see the section on Spontaneous Awaking Trials). Neuromuscu-
lar blocking agents to allow for controlled ventilation should 
only be administered when absolutely necessary to insure 

Acid-Base Balance

Ideally the patient should have a normal acid-base balance (i.e., 
a pH of 7.35 to 7.45), and abnormalities in acid-base status have 
been corrected, if possible, before weaning. Patients with meta-
bolic acidosis often have an increased ventilatory drive that can 
make weaning difficult. Patients who have metabolic alkalosis 
or those who have been mechanically hyperventilated for several 
days may have a reduced ventilatory drive. In these cases, a 
gradual method of discontinuing ventilatory support may be 
necessary.

Metabolic Factors

Metabolic factors primarily affect discontinuation in those 
patients who require long-term ventilatory support. Although 
nutritional factors are important for all patients, they are 
unlikely to affect discontinuation in those who only require 
short-term ventilatory support. Nutrition should be adequate 
to maintain respiratory muscle mass and contractile force. 
Feeding should be adjusted according to individual patient 
needs; most patients need 1.5 to 2.0 times their resting energy 
expenditure. In addition, protein intake should be between  
1 and 1.5 g/kg per day. Excessive carbohydrate feeding can 
increase carbon dioxide production and may precipitate acute 
hypercapnic respiratory failure. Parenteral nutrition solutions 
that contain amino acid formulations (e.g., arginine/lysine) 
can cause metabolic acidosis and thus increase ventilatory 
demand. Metabolic rate can increase as a result of fever or 
sepsis. Increased WOB, shivering, seizures, and agitation can 
also increase oxygen demand and should be evaluated (see 
Chapter 23).

Renal Function and Electrolytes

Adequate renal function is required to maintain acid-base 
homeostasis, electrolyte concentrations, and fluid balance. The 
patient ideally should have an adequate urine output (i.e., more 
than 1000 ml/day), and there should be no inappropriate weight 
gain or edema.

Renal insufficiency can lead to metabolic acidosis, which 
increases respiratory drive. Electrolyte disorders can impair 
ventilatory muscle function. Key electrolytes should be normal 
(see Chapter 17 for details). Fluid overload can lead to conges-
tive heart failure and pulmonary edema, which may impair 
pulmonary gas exchange.

Cardiovascular Function

Adequate cardiovascular function is needed to provide suffi-
cient oxygen delivery to the tissues. Cardiac rate and rhythm 
and blood pressure should be evaluated. Tachycardia (i.e., a 
heart rate of more than 100 beats/min) and bradycardia (i.e., a 
heart rate of less than 60 beats/min) should be controlled. The 
presence of arrhythmias, hypotension (i.e., a blood pressure of 
less than 90/60 mm Hg), and severe hypertension (i.e., a blood 
pressure of more than 180/110 mm Hg) should be evaluated 
carefully before the discontinuation of ventilatory support is 
considered.

TABLE 52-2 

Criteria for Confirming Cardiovascular Stability

Criterion Normal Value Values That May Be 
Inconsistent With 
Weaning

Heart	rate	(beats/min) 60	to	100 <60,	>120
Blood	pressure		

(mm	Hg)
90/60	to	150/90 <90/60,	>180/110

�Qt	(L/min) 4	to	8 <4,	>8
Cardiac	index	(L/

min−1⋅m2)
2.5	to	4 <2.1

Cardiac	rhythm No	major	
arrhythmias	
present

Tachycardia,	
bradycardia,	multiple	
premature	ventricular	
contractions,	heart	
block

Hemoglobin	(g/dl) 12	to	15 Anemia,	<8
Hematocrit 40%	to	50% <35%
No	angina	present
No	lactic	acidosis
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Program is a 26-item assessment that combines 12 general and 
14 respiratory factors into a single score.1,4 Although integrated 
indices appear promising, none of these indices has emerged as 
superior for use in diverse patient populations. Despite the 
success of these integrated indices in very specific settings, the 
best approach to determining if a patient can be successfully 
discontinued from ventilatory support is the patient’s perfor-
mance on a spontaneous breathing trial. All patients should be 
assessed daily, and their ability to breathe spontaneously should 
be the primary variable to determine if the ventilator can be 
discontinued.

MINI CLINI
Assessment of Readiness for a 
Spontaneous Breathing Trial

PROBLEM: A 64-year-old man who underwent a lung resec-
tion and who has a long history of COPD is now 24 hours 
postoperative, and he is being evaluated for readiness for an 
SBT. The data currently available for this patient include the 
following:
• Ventilator settings:

• Mode pressure support 10 cm H2O
• Average VT 450 ml (6.5 ml/kg ideal body weight)

• Respiratory rate of 28 breaths/min
• FiO2 of 0.40
• PEEP of 5 cm H2O

The patient is alert and cooperative.
The patient is not receiving any vasoactive drugs, and he is 

only receiving intermittent sedatives and narcotics.
Should this patient be placed on an SBT?

Solution: By 24 hours, the patient should have initially recov-
ered from the effects of the surgical procedure. The patient’s 
ventilator settings are offering minimal support. Because the 
patient is alert and able to breathe spontaneously and because 
he requires only intermittent sedatives or narcotics, it is very 
appropriate to perform an SBT on this patient at this time.

patient-ventilator interaction and for the shortest period 
possible.24

Psychologic factors may be among the most important non-
respiratory contributing factors that lead to ventilator depen-
dence.1,4 Fear, anxiety, pain, and stress should be minimized, 
and frequent communication among the staff, the patient, and 
the patient’s family can be helpful. Box 52-5 summarizes non-
respiratory factors that affect discontinuation success.

Integrated Indices

Many factors are associated with discontinuation success. Inte-
grated indices improve prediction by combining several mea-
sures of ability to breathe without ventilatory support. Current 
examples of integrated indices include the CROP score, the 
Adverse Factor/Ventilator Score, the weaning index, and the 
Burns Weaning Assessment Program.1,4 The CROP score com-
bines measures of ventilatory load, respiratory muscle strength, 
and gas exchange.

The Adverse Factor/Ventilator Score combines ratings of 15 
adverse factors, including hemodynamic values, infection, 
nutrition, and neurologic/psychiatric state, with ratings of six 
ventilator factors, including FiO2, compliance, minute ventila-
tion, and rate.1,4 The weaning index combines measures of ven-
tilatory strength, endurance, and efficiency of gas exchange. A 
weaning index of less than 4 suggests successful discontinuation 
from mechanical ventilation. The Burns Weaning Assessment 

 Box 52-5 Nonrespiratory Factors That 
Affect Weaning

•	 Acid-base	status
•	 Metabolic	alkalosis:	decreased	ventilatory	drive
•	 Metabolic	acidosis:	increased	ventilatory	demand
•	 Mineral	and	electrolyte	balance
•	 Hypophosphatemia:	ventilatory	muscle	weakness
•	 Hypomagnesemia:	ventilatory	muscle	weakness
•	 Hypokalemia:	ventilatory	muscle	weakness
•	 Hypothyroidism:	decreased	ventilatory	drive	and	impaired	

muscle	function
•	 Stability	of	other	organs	and	systems
•	 Cardiac:	excessive	preload	(e.g.,	overall	volume	overload,	

increased	preload	on	discontinuation	of	positive	pressure	
ventilation)	and	impaired	contractility

•	 Renal:	renal	insufficiency	and	metabolic	acidosis
•	 Hepatic:	encephalopathy	and	protein	synthesis
•	 Gastrointestinal:	stress-related	hemorrhage	and	ability	to	

take	enteral	nutrition
•	 Neurologic:	level	of	consciousness,	ability	to	protect	the	

airway,	and	clear	secretions
•	 Effects	of	drugs:	narcotics,	benzodiazepines,	other	sedatives	

and	hypnotics,	muscle	relaxants,	and	aminoglycosides
•	 Nutritional	status
•	 Ventilatory	muscle	function
•	 Ventilatory	drive
•	 Immune	defense	system
•	 Psychologic	and	motivational	factors

Modified	from	Pierson	DJ:	Nonrespiratory	aspects	of	weaning	from	
mechanical	ventilation.	Respir	Care	40:289,	1995.

Evaluation of the Airway

The ability to maintain a patent natural airway and the likeli-
hood of aspiration should be evaluated as a part of the process 
of discontinuing ventilatory support. It is important for the 
clinician to separate the decision to discontinue ventilatory 
support from the decision to extubate. The clinician must also 
be aware that most weaning indices do not evaluate airway 
patency or protection (see the section on Extubation). The 
inability to protect or maintain the natural airway is a clear 
contraindication to extubation. Some patients who can be suc-
cessfully removed from a ventilator should not be extubated. 
Although controversial, evaluating if gas moves freely around 
the ETT with the cuff deflated may identify an increased likeli-
hood of postextubation airway obstruction. If auscultation of 
the lateral neck does not identify gas flow around the EET, 
extubation should be delayed until airway edema is properly 
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treated with steroids. Tracheotomy may be considered for 
patients who need artificial airways for an extended period.

Tracheotomy may improve patient comfort, allow for more 
effective suctioning, decrease airway resistance, enhance mobil-
ity, and allow the patient to eat and speak. Some patients also 
need high levels of sedation to tolerate the endotracheal tube. 
Consequently, tracheotomy should be considered for the care 
of patients who are likely to benefit and for those who need 
prolonged mechanical ventilatory support. See Chapter 36 for 
details about airway management and extubation.

Other patients with good airway patency and protection may 
be unable to maintain spontaneous breathing for prolonged 
periods without assistance.29 These patients may be candidates 
for noninvasive ventilation (NIV) after extubation; see Chapter 
49 for details.25,26

PREPARING THE PATIENT

Optimizing the Patient’s  
Medical Condition

Before the removal of ventilatory support is attempted, the 
patient’s oxygenation status, ventilation, cardiovascular status, 
and overall medical condition should be optimized. Disease-
imposed ventilatory load is minimized with the management 
of infection, bronchospasm, and airway edema. Bronchodilator 
therapy should be maximized and the appropriate use of anti-
inflammatory agents considered. Techniques to facilitate secre-
tion clearance (e.g., suctioning, adequate humidification, 
bronchial hygiene techniques), good nutrition, and optimal 
positioning should be used. The patient should be rested and 
not fatigued or sleep deprived, which can be common in the 
ICU. The patient should be allowed to sleep at night while 
maintained on a level of ventilatory support that ensures ven-
tilatory muscle rest.27 Intrinsic PEEP during mechanical ventila-
tion may increase trigger work, and small amounts of PEEP or 
CPAP can help to overcome this problem.1,2 Box 52-6 lists 
factors that should be optimized before ventilatory support is 
discontinued.

Patients’ Psychologic and 
Communication Needs

As many as 47% of patients who spend more than 5 days in an 
ICU may experience psychologic disturbances.27 The cause may 
be the stress of critical illness, the interruption of nighttime 
sleep, or the use of sedatives, tranquilizers, hypnotics, narcotics, 
and other drugs that affect the CNS.27 The patient’s environ-
ment should be optimized, anxiety and depression should be 
evaluated, and communication should be maximized.

Environmental considerations that may improve the patient’s 
sense of well-being and outlook include reducing extraneous 
noise and providing clocks, calendars, pictures, a radio, a televi-
sion, and, if possible, a room with windows. Daily mobility 
should be considered, including getting the patient up in a chair 
or placing the patient in the hall in a chair. Patients whose 
condition has been stable can sometimes even be helped to walk 

 Box 52-6 Factors That Should Be Optimized 
Before the Discontinuation of 
Ventilatory Support Is Attempted

•	 Oxygenation
•	 PaO2	and	SaO2

•	 Anemia,	if	present
•	 Atelectasis,	pneumonia,	and	acute	pulmonary	disease
•	 Ventilation
•	 Humidification
•	 Secretion	clearance	(e.g.,	bronchial	hygiene,	suctioning)
•	 Bronchodilator	therapy
•	 Respiratory	alkalosis
•	 Imposed	WOB
•	 Respiratory	muscle	fatigue	or	atrophy
•	 Acid-base	balance	and	electrolytes
•	 Metabolic	acidosis	(e.g.,	lactic	acidosis,	ketoacidosis)
•	 Metabolic	alkalosis	(e.g.,	decreased	serum	potassium	or	

chloride	ions,	nasogastric	tube,	vomiting)
•	 Low	phosphate	level
•	 Low	magnesium	level
•	 Cardiac	and	cardiovascular	status
•	 Blood	pressure	and	cardiac	output
•	 Arrhythmias,	if	present
•	 Myocardial	ischemia
•	 Left	ventricular	function
•	 Renal	factors
•	 Kidney	function
•	 Fluid	balance
•	 Fever,	infection,	or	sepsis
•	 Pain	(i.e.,	minimize	without	oversedation)
•	 Sleep	deprivation
•	 Drugs	(narcotics,	sedatives,	tranquilizers,	hypnotics,	

aminoglycosides,	and	neuromuscular	blocking	agents	can	
depress	or	block	the	ventilatory	drive)

•	 Psychologic	status
•	 Level	of	consciousness	(e.g.,	delirium,	coma)
•	 Agitation
•	 Motivation
•	 Fear	and	anxiety
•	 Psychologic	dependence	on	the	ventilator
•	 Depression
•	 ICU	psychosis
•	 Hypothyroidism
•	 Nutritional	factors
•	 Overfeeding	(i.e.,	increased	carbon	dioxide	production)
•	 Malnutrition	or	protein	loss
•	 Consider	a	high-fat,	low-carbohydrate	diet	to	minimize	the	

production	of	carbon	dioxide
•	 Gastrointestinal	bleeding	or	obstruction
•	 Abdominal	distention	or	ascites
•	 Time	of	day	(avoid	evenings,	nights,	and	shift	changes)
•	 Adequate	staffing
•	 Interruptions	and	disruptions
•	 Technical	factors

Modified	from	Hess	DR,	Kacmarek	RM:	Essentials	of	mechanical	
ventilation,	ed	2,	New	York,	2003,	McGraw	Hill;	Kacmarek	RM,	Mack	
CW,	Dimus	S:	Essentials	of	respiratory	care,	ed	4,	St.	Louis,	2005,	
Mosby;	and	Tobin	MJ:	Principles	and	practice	of	mechanical	ventilation,	
ed	2,	McGraw	Hill,	2006,	New	York.
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the endotracheal tube can then be removed if there is no reason 
to maintain an artificial airway.

Today, most SBTs are performed with the patient attached to 
a ventilator that is set on zero PSV and zero CPAP. This allows 
for a stable FiO2 and ongoing monitoring. Others have recom-
mended treating the patient with a low level of PSV (i.e., 5 to 
7 cm H2O) to overcome the resistance caused by the ventilator 
circuit, the demand flow system, and the artificial airway.1,4 
Others may prefer simply using CPAP (i.e., 5 to 7 cm H2O). 
These methods have the advantage of allowing the clinician to 
maintain ventilator alarm settings that can provide a margin of 

with the use of an E cylinder for oxygen, a transport ventilator 
or ICU ventilator with appropriate battery support, and two or 
more health care workers for support.

A method for the patient to communicate with staff and 
visitors should be devised, if possible. Writing tablets, picture 
boards, and alphabet boards have been used effectively by 
patients to communicate with staff and visitors.

Anxiety and agitation should be minimized, and communi-
cation and encouragement may be helpful. The patient should 
be told what is planned and be given some control over the  
situation. Patients should be asked to participate and help  
in the weaning process. Depression or a lack of motivation may 
increase weaning time. If depression is present, assessment and 
treatment by an appropriate health care provider should be 
considered.

CAREGIVER PREPARATION

Just like careful patient preparation, caregiver preparation 
should occur before the onset on an SBT, the respiratory thera-
pist needs to be properly prepared to perform the SBT. The 
orders should be checked and equipment should be gathered. 
Specifically, oxygen therapy, NIV, and reintubation equipment 
should be gathered and readied for use. The patient should be 
carefully assessed, the ventilator alarms properly set, and the 
patient emotionally prepared for the SBT. Patients should be 
aware that the SBT is a trial and that they may fail the trial. The 
patient should NOT consider a failed trial as a step backwards 
but as a part of a process to become independent of the ventila-
tor and should know that a number of SBTs are commonly 
necessary before the ventilator is discontinued.

METHODS

There are three basic methods of discontinuing ventilatory 
support1,4:
1. Spontaneous breathing trials (via the mechanical ventilator 

or with a T-piece) alternating with mechanical ventilatory 
support

2. SIMV
3. PSV
Box 52-7 summarizes evidence-based criteria and related con-
clusions regarding methods for ventilator discontinuation.

Rapid Ventilator Discontinuation

When the precipitating disease state or condition that necessi-
tates support has been significantly alleviated or reversed, most 
patients can be rapidly removed from mechanical ventilation.1,4 
These patients typically have acceptable blood gas levels with 
mechanical ventilation, adequate myocardial function, and no 
underlying cardiovascular, pulmonary, neurologic, or neuro-
muscular disorders. After a careful evaluation, patients in stable 
condition who have been treated with a ventilator for less than 
72 hours and who have a good spontaneous respiratory rate and 
minute ventilation may undergo an SBT on the ventilator or 
with a T-piece for 30 to 120 minutes.1,4,28 If the patient does well, 

 Box 52-7 Agency for Healthcare Research 
and Quality Summary of Evidence 
for Criteria for Weaning from 
Mechanical Ventilation

•	 Differences	in	clinicians’	intuitive	thresholds	for	the	reduction	
or	discontinuation	of	ventilatory	support	have	a	far	greater	
impact	on	the	failure	of	SBTs	and	on	reintubation	than	do	
modes	of	discontinuation.	When	clinicians	set	a	high	
threshold,	many	patients	who	could	tolerate	weaning	remain	
on	mechanical	support	longer	than	is	necessary.

•	 There	may	be	an	interaction	between	the	threshold	and	the	
mode	of	discontinuation;	in	other	words,	one	mode	may	be	
superior	when	the	threshold	is	high,	whereas	another	may	
be	superior	when	the	threshold	is	low.

•	 Research	to	date	suggests	that	the	best	answer	to	the	
question	of	when	to	start	discontinuation	trials	is	to	develop	
a	protocol	that	can	be	implemented	by	nurses	and	
respiratory	therapists	that	begins	testing	for	the	opportunity	
to	reduce	support	immediately	after	intubation	and	reduces	
support	at	every	opportunity.

•	 For	stepwise	reductions	in	mechanical	support,	pressure	
support	mode	or	multiple	daily	spontaneous	breathing	trials	
are	superior	to	SIMV.

•	 For	trials	of	unassisted	breathing,	low	levels	of	pressure	
support	may	be	beneficial	in	select	patients.

•	 There	may	be	substantial	benefits	to	the	use	of	noninvasive	
positive	pressure	ventilation	immediately	following	
discontinuation	and	extubation.

•	 After	cardiac	surgery,	early	extubation	is	achieved	with	a	
variety	of	interventions	and	ICU	protocols.

•	 Although	steroids	can	reduce	postextubation	stridor	in	
children,	the	impact	of	steroids	on	reintubation	in	children	
and	adults	remains	uncertain.

•	 Most	theoretically	plausible	predictors	of	discontinuation	and	
extubation	success	have	no	predictive	power.	Those	with	
some	predictive	power	include	the	rapid,	shallow	breathing	
index,	which	has	been	most	intensively	studied,	the	P0.1/MIP	
ratio,	and	the	CROP	index.	However,	these	are	relatively	
weak	predictors	of	discontinuation	success.

•	 Tests	are	rarely	useful	for	increasing	the	probability	of	
discontinuation	success;	on	occasion,	the	results	can	lead	
to	moderate	increases	in	the	probability	of	success.

•	 In	general,	discontinuation	predictors	are	probably	found	to	
perform	poorly	because	physicians	have	already	considered	
the	results	when	they	select	patients	for	studies.

Modified	from	the	Agency	for	Healthcare	Research	and	Quality:	Evidence	
report/technology	assessment	Number	23	(AHRQ	Publication	No.	
01-E010),	Rockville,	Md,	2000,	Agency	for	Healthcare	Research	and	
Quality.
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Advantages of SBTs include the early and frequent testing of 
the patient’s ability to breathe spontaneously without support. 
The use of SBTs several times per day has become unpopular, 
because it requires a great deal of time on the part of ICU staff, 
and a single daily SBT seems to be just as effective for most 
patients.1,4 PSV and CPAP are sometimes used during the SBT, 
and patients who tolerate spontaneous breathing with a low 
level of PSV (i.e., 7 cm H2O or less) should be able to tolerate 
extubation.29 Current recommendations suggest a single daily 
trial of spontaneous breathing may be preferable to other 
methods of weaning.1,4 Results of randomized, controlled 
studies have shown SBTs to be faster than SIMV and at least as 
effective as PSV.5,28,30 Furthermore, performing an SBT one time 
per day is as effective as performing SBTs several times per day, 
and 30-minute trials are as effective as 120-minute trials.1,4

A collective task force representing the American College of 
Chest Physicians, the American Association for Respiratory 
Care, and the American College of Critical Care Medicine pub-
lished evidence-based guidelines for weaning and discontinuing 
ventilatory support.1 These guidelines were based in part 
on a comprehensive review of the evidence collected under  
the direction of the U.S. Agency for Health Care Policy and 
Research.4

The task force made 12 specific recommendations (Box 
52-9). These include the regular use of formal and carefully 
monitored SBTs to guide clinical decision making regarding the 
discontinuation of ventilatory support.1 Specifically, the task 
force recommended that, for the care of patients who need 
mechanical ventilation for more than 24 hours, a search for all 
possible causes of ventilatory dependence should be conducted 
and an attempt should be made to reverse or optimize each 
condition. Spontaneously breathing patients with evidence of 
reversal of the underlying condition that necessitated the ven-
tilatory support, adequate oxygenation, and hemodynamic sta-
bility should be assessed with an SBT. Table 52-3 lists criteria to 
be used when determining whether patients who are receiving 
high levels of ventilatory support can be considered for SBTs.

A daily screen that includes the assessment of oxygenation, 
PEEP, and the use of vasopressors and sedatives should be con-
ducted. A PaO2/FiO2 ratio of more than 150 to 200, a PEEP 
value of less than 5 to 8 cm H2O, and a lack of a continuous 
infusion of vasopressors or sedatives (i.e., less than 5 mg/kg/
min of dopamine) were good predictors of successful extuba-
tion and survival.31

The formal SBT may be performed in combination with low 
levels of PSV (i.e., 5 to 7 cm H2O), CPAP (i.e., 5 cm H2O or 
less), or automatic tube compensation applied to just offset the 
imposed WOB caused by the endotracheal tube.1 During the 
SBT, the patient is carefully observed for breathing comfort, 
anxiety, agitation, dyspnea, or diaphoresis. Respiratory rate, 
heart rate, blood pressure, and SpO2 are monitored. The SBT 
is terminated if signs of distress are observed, including the 
following:
• Agitation, anxiety, diaphoresis, or a change in mental status
• A sustained respiratory rate of more than 35 breaths/min
• A sustained SpO2 of less than 90%

safety in the event of apnea or severe hypoventilation. Low 
levels of CPAP may be useful for maintaining lung volumes and 
overcoming intrinsic PEEP. Some experts recommend PSV in 
combination with PEEP or CPAP.2 However, the most widely 
accepted guidelines recommend a simple spontaneous breath-
ing trial for the first SBT using the ventilator at zero CPAP and 
zero PEEP or a T-piece.1,4

Patients Who Need Progressive 
Weaning of Ventilatory Support

Patients who have been receiving mechanical ventilation for 
more than 72 hours and those with marginal oxygenation, ven-
tilatory, cardiovascular, or medical statuses may need a more 
prolonged period for ventilator discontinuation.1,4 The most 
common method for accomplishing this is SBTs interspersed 
with continued ventilatory support.

Spontaneous Breathing Trials

The oldest discontinuation method is an SBT via either the 
ventilator or T-piece, which allows for spontaneous breathing 
several times per day interspersed with periods of mechanical 
ventilatory support. For gradual weaning, initial SBTs may last 
only 5 to 10 minutes. Full ventilatory support is resumed for a 
1- to 4-hour rest period in the assist/control or pressure-support 
mode. The time off of the ventilator is gradually increased until 
the patient is able to stay off of the ventilator for an extended 
period. SBTs can progress rapidly to ventilator removal.

When weaning is very difficult, the process can last days or 
even weeks. When a T-piece is used instead of the ventilator, the 
patient must be more carefully monitored, because none of the 
ventilator alarms are active during the SBT. If distress occurs, 
mechanical ventilation is resumed. In no case should the patient 
be overstressed during the SBT, because exhaustion can delay 
weaning.2,8 An example of an SBT is presented in Box 52-8.

 Box 52-8 Steps for Spontaneous 
Breathing Trials

1.	 Prepare	the	patient	psychologically.
2.	 Set	the	ventilator	at	zero	PSV	and	zero	CPAP.
3.	 Maintain	the	FiO2	at	the	baseline	FiO2	that	the	patient	is	

receiving.
4.	 Monitor	the	patient’s	appearance,	pulse,	oxygen	saturation	

measured	by	pulse	oximeter,	and	blood	pressure;	observe	
the	cardiac	monitor	for	arrhythmia.	Use	the	ventilator	to	
monitor	respiratory	rate,	tidal	volume,	and	minute	ventilation.

5.	 If	the	patient	tolerates	the	SBT	for	30	to	120	minutes,	
consider	extubation.

6.	 If	the	patient	does	not	tolerate	the	SBT	for	at	least	30	
minutes,	reestablish	the	ventilator	settings,	and	allow	the	
patient	to	rest	for	at	least	a	few	hours	before	reattempting	
another	SBT.

7.	 If	repeated	SBTs	over	multiple	days	are	needed,	individualize	
the	patient’s	schedule,	depending	on	his	or	her	condition.	In	
general,	the	weaning	schedule	should	be	stopped	during	the	
night	so	that	the	patient	can	rest	and	sleep.
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 Box 52-9 Evidence-Based Guidelines for Weaning and Discontinuing Ventilatory Support

Recommendation 1:	For	patients	who	need	mechanical	
ventilation	for	more	than	24	hours,	a	search	for	all	of	the	
causes	that	may	be	contributing	to	ventilatory	dependence	
should	be	undertaken.	This	is	particularly	true	for	the	patient	
who	has	failed	attempts	at	withdrawing	the	mechanical	
ventilator.	Reversing	all	possible	ventilatory	and	nonventilatory	
issues	should	be	an	integral	part	of	the	ventilatory	
discontinuation	process.

Recommendation 2:	Patients	who	are	receiving	mechanical	
ventilation	for	respiratory	failure	should	undergo	a	formal	
assessment	of	discontinuation	potential	if	the	following	criteria	
are	satisfied:
1.	 Evidence	for	some	reversal	of	the	underlying	cause	for	

respiratory	failure;
2.	 Adequate	oxygenation	(e.g.,	PaO2/FiO2	ratio	of	more	than	

150	to	200;	requiring	PEEP	of	no	more	than	5	to	8	cm	
H2O;	FiO2	of	no	more	than	0.4	to	0.5)	and	pH	of	more	
than	7.25;

3.	 Hemodynamic	stability	as	defined	by	the	absence	of	active	
myocardial	ischemia	and	the	absence	of	clinically	significant	
hypotension	(i.e.,	a	condition	that	necessitates	no	
vasopressor	therapy	or	therapy	with	only	low-dose	
vasopressors	such	as	dopamine	or	dobutamine	[less	than	
5	µg/kg/min]);	and

4.	 The	capability	to	initiate	an	inspiratory	effort.	The	decision	
to	use	these	criteria	must	be	individualized.	Some	patients	
who	are	not	satisfying	all	of	these	criteria	(e.g.,	patients	
with	chronic	hypoxemia	values	of	less	than	the	thresholds	
cited)	may	be	ready	for	attempts	at	the	discontinuation	of	
mechanical	ventilation.

Recommendation 3:	Formal	discontinuation	assessments	for	
patients	who	are	receiving	mechanical	ventilation	for	
respiratory	failure	should	be	performed	during	spontaneous	
breathing	rather	than	while	the	patient	is	still	receiving	
substantial	ventilatory	support.	An	initial	brief	period	of	
spontaneous	breathing	can	be	used	to	assess	the	capability	of	
continuing	onto	a	formal	SBT.	The	criteria	with	which	to	
assess	patient	tolerance	during	SBTs	are	the	respiratory	
pattern,	the	adequacy	of	gas	exchange,	hemodynamic	
stability,	and	subjective	comfort.	The	tolerance	of	SBTs	that	
last	30	to	120	minutes	should	prompt	consideration	for	
permanent	ventilatory	discontinuation.

Recommendation 4:	The	removal	of	the	artificial	airway	from	a	
patient	who	has	successfully	been	discontinued	from	
ventilatory	support	should	be	based	on	assessments	of	airway	
patency	and	the	ability	of	the	patient	to	protect	the	airway.

Recommendation 5:	Patients	who	are	receiving	mechanical	
ventilation	for	respiratory	failure	who	fail	an	SBT	should	have	
the	cause	of	the	failed	SBT	determined.	After	any	reversible	
causes	of	failure	are	corrected	and	if	the	patient	still	meets	the	
criteria	listed	in	Table	52-3,	subsequent	SBTs	should	be	
performed	every	24	hours.

Recommendation 6:	Patients	who	are	receiving	mechanical	
ventilation	for	respiratory	failure	who	fail	an	SBT	should	receive	
a	stable,	nonfatiguing,	and	comfortable	form	of	ventilatory	
support.

Recommendation 7:	Anesthesia	and	sedation	strategies	and	
ventilatory	management	that	are	aimed	at	early	extubation	
should	be	used	for	postsurgical	patients.

Recommendation 8:	Weaning	and	discontinuation	protocols	that	
are	designed	for	nonphysician	health	care	professionals	should	
be	developed	and	implemented	by	ICUs.	Protocols	that	are	
aimed	at	optimizing	sedation	should	also	be	developed	and	
implemented.

Recommendation 9:	Tracheotomy	should	be	considered	after	
an	initial	period	of	stabilization	on	the	ventilator	when	it	
becomes	apparent	that	the	patient	needs	prolonged	ventilatory	
assistance.	Tracheotomy	should	then	be	performed	when	the	
patient	appears	to	be	likely	to	gain	one	or	more	of	the	benefits	
ascribed	to	the	procedure.	Patients	who	may	derive	particular	
benefit	from	early	tracheotomy	include	the	following:
•	 Those	who	need	high	levels	of	sedation	to	tolerate	

translaryngeal	tubes;
•	 Those	with	marginal	respiratory	mechanics	(often	

manifested	as	tachypnea)	in	whom	a	tracheostomy	tube	
with	lower	resistance	may	reduce	the	risk	of	muscle	
overload;

•	 Those	who	may	derive	psychological	benefit	from	the	
ability	to	eat	orally,	communicate	by	articulated	speech,	
and	experience	enhanced	mobility;	and

•	 Those	in	whom	enhanced	mobility	may	assist	with	physical	
therapy	efforts.

Recommendation 10:	Unless	there	is	evidence	for	clearly	
irreversible	disease	(e.g.,	high	spinal	cord	injury,	advanced	
amyotrophic	lateral	sclerosis),	a	patient	who	requires	
prolonged	mechanical	ventilatory	support	for	respiratory	failure	
should	not	be	considered	permanently	ventilator	dependent	
until	3	months	of	weaning	attempts	have	failed.

Recommendation 11:	Critical	care	practitioners	should	
familiarize	themselves	with	facilities	in	their	communities	or	
units	in	hospitals	that	are	staffed	with	individuals	that	specialize	
in	managing	patients	who	have	prolonged	dependence	on	
mechanical	ventilation.	Such	familiarization	should	include	
reviewing	published	peer-reviewed	data	from	those	units,	if	
available.	When	they	are	medically	stable	for	transfer,	patients	
who	have	failed	ventilatory	discontinuation	attempts	in	the		
ICU	should	be	transferred	to	those	facilities	that	have	
demonstrated	success	and	safety	with	accomplishing	
ventilator	discontinuation.

Recommendation 12:	Weaning	strategies	in	the	patient	who	
requires	prolonged	mechanical	ventilation	should	be	slow	
paced	and	should	include	gradually	lengthening	self-breathing	
trials.

Modified	from	MacIntyre	NR,	Cook	DJ,	Ely	EW,	Jr,	et	al;	American	College	of	Chest	Physicians;	American	Association	for	Respiratory	Care;	American	
College	of	Critical	Care	Medicine:	Evidence-based	guidelines	for	weaning	and	discontinuing	ventilatory	support:	a	collective	task	force	facilitated	by	the	
American	College	of	Chest	Physicians;	the	American	Association	for	Respiratory	Care;	and	the	American	College	of	Critical	Care	Medicine.	Chest	120		
(6	Suppl):375S–395S,	2001.
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Synchronized Intermittent  
Mandatory Ventilation

SIMV can be used to provide full or partial ventilatory support. 
Weaning from SIMV involves the gradual reduction of the 
machine rate on the basis of the results of ABG analysis and 
patient assessment. Early claims that SIMV allowed for faster 
weaning times8 have not been substantiated by subsequent 
studies.28,29,30

• A more than 20% increase or decrease in heart rate or a heart 
rate of more than 120 to 140 beats/min

• A systolic blood pressure of more than 180 mm Hg or of less 
than 90 mm Hg
Patients with unsuccessful results of an SBT are returned to 

full ventilatory support for 24 hours to allow the ventilatory 
muscles to recover. During this period, the causes of failure are 
identified and corrected, if possible, and the patient is then 
reevaluated. If the criteria listed in Table 52-3 continue to be 
met, SBTs are repeated every 24 hours.3 Patients who tolerate 
the formal SBT for 30 to 120 minutes remain off of the ventila-
tor, and extubation is considered. Box 52-10 is a sample proto-
col for an SBT for the discontinuation of ventilatory support.

Continuous Positive Airway Pressure

CPAP is used during an SBT in many facilities. CPAP has the 
advantages of maintaining the lung volume during the weaning 
phase and thus of improving the patient’s oxygenation status. 
Minimal levels of CPAP may be useful for reducing WOB  
and compensating for auto-PEEP, particularly in patients with 
obstructive lung disease.1,4 CPAP is usually provided through 
the use of the CPAP mode that is available on most mechanical 
ventilators. By using the ventilator in the CPAP mode, the clini-
cian can take advantage of the alarm systems that are available. 
In fact, most institutions use the CPAP mode with zero CPAP 
level to take advantage of the ventilator alarms during weaning. 
This always provides an improved margin of safety as compared 
with the use of a T-piece and should be the standard approach 
to an SBT.

TABLE 52-3 

Criteria Used to Determine Whether Patients Who 
Are Receiving Ventilatory Support Can Be 
Considered for Spontaneous Breathing Trials

Criteria Description

Objective	
measurements

Adequate	oxygenation	(e.g.,	PO2	of	≥60	mm	
Hg	with	an	FiO2	of	≤0.40	to	0.50;	PEEP	of	
≤5	to	8	cm	H2O;	PO2/FiO2	ratio	of	≥150	to	
200)

Stable	cardiovascular	system	(e.g.,	heart	rate	
≤100	beats/min;	stable	blood	pressure;	no	
[or	minimal]	pressors)

Afebrile	(i.e.,	temperature	about	37°	C)
No	significant	respiratory	acidosis
Adequate	hemoglobin	(e.g.,	≥8	to	10	g/dl)
Adequate	mentation	(e.g.,	arousable,	Glasgow	

coma	score	of	≥13,	no	continuous	sedative	
infusions)

Stable	metabolic	status	(e.g.,	acceptable	
electrolyte	levels)

Subjective	
clinical	
assessments

Resolution	of	acute	phase	of	disease;	
physician	believes	discontinuation	is	
possible;	adequate	cough

Modified	from	MacIntyre	NR,	Cook	DJ,	Ely	EW,	et	al:	Evidence-based	
guidelines	for	weaning	and	discontinuing	ventilator	support:	a	collective	task	
force	facilitated	by	the	American	College	of	Chest	Physicians,	the	American	
Association	for	Respiratory	Care,	and	the	American	College	of	Critical	Care	
Medicine.	Chest	120:375S–395S,	2001.

 Box 52-10 Weaning Protocol for a 
Spontaneous Breathing Trial

1.	 Verify	that	the	patient	is	a	candidate	for	ventilator	
discontinuation.
a.	 Is	there	evidence	of	the	reversal	or	alleviation	of	the	

disease	state	or	condition	that	required	mechanical	
ventilatory	support?

b.	 Is	the	patient	able	to	breathe	spontaneously?
c.	 Has	the	patient’s	medical	condition	been	optimized	(i.e.,	

afebrile,	adequate	hemoglobin,	and	acceptable	electrolyte	
levels)?

d.	 Are	oxygenation,	ventilation,	and	blood	gas	values	
adequate?
•	 PaO2	of	at	least	60	mm	Hg	with	FiO2	of	no	more	than	

0.40	to	0.50	with	PEEP/CPAP	of	no	more	than	5	to	
8	cm	H2O

•	 PaO2/FiO2	ratio	of	150	to	200	mm	Hg	or	more
•	 pH	of	7.25	or	more

e.	 Is	the	patient	awake	and	alert,	free	of	seizures,	and	able	
to	follow	instructions?

f.	 Is	there	evidence	of	hemodynamic	stability?	Are	
vasopressors	only	administered	intermittently?

2.	 Prepare	the	patient	for	the	SBT.
a.	 Be	sure	that	adequate	personnel	are	present.
b.	 Ensure	that	there	are	no	other	ongoing	procedures	or	

other	major	activities.
c.	 Eliminate	or	minimize	respiratory	depressants	(e.g.,	

sedatives,	narcotics).
d.	 Suction	the	airway,	as	needed.
e.	 Sit	the	patient	up	in	bed,	if	possible.

3.	 Set	the	ventilator	at	zero	CPAP	and	zero	pressure	support.
4.	 Continuously	monitor	the	patient.
5.	 If	any	of	the	following	occurs	and	are	sustained,	return	the	

patient	to	mechanical	ventilatory	support:
a.	 Respiratory	rate	of	at	least	35	breaths/min
b.	 Oxygen	saturation	measured	by	pulse	oximeter	of	less	

than	90%
c.	 20%	increase	or	decrease	in	heart	rate	or	heart	rate	of	

more	than120	beats/min
d.	 Systolic	blood	pressure	of	more	than	180	mm	Hg	or	of	

less	than	90	mm	Hg
e.	 Agitation,	diaphoresis,	or	anxiety

6.	 Continue	the	trial	for	at	least	30	minutes	but	not	more	than		
2	hours.	If	no	signs	of	intolerance	develop	(see	step	5),	
consider	extubation.

Modified	from	MacIntyre	NR,	Cook	DJ,	Ely	EW,	Jr,	et	al;	American	
College	of	Chest	Physicians;	American	Association	for	Respiratory	Care;	
American	College	of	Critical	Care	Medicine:	Evidence-based	guidelines	
for	weaning	and	discontinuing	ventilatory	support:	a	collective	task	force	
facilitated	by	the	American	College	of	Chest	Physicians;	the	American	
Association	for	Respiratory	Care;	and	the	American	College	of	Critical	
Care	Medicine.	Chest	120(6	Suppl):375S–395S,	2001.
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Synchronized Intermittent  
Mandatory Ventilation With  
Pressure Support Ventilation

With SIMV, the addition of pressure support can overcome the 
WOB imposed during “spontaneous” breaths because of the 
presence of endotracheal and tracheostomy tubes, demand flow 
systems, and ventilator circuits. In this setting, pressure support 
is set to achieve the desired tidal volume during the spontane-
ous breaths (i.e., 4 to 8 ml/kg of the ideal body weight).

Although it is clear that the addition of PSV during SIMV 
can reduce or eliminate imposed work caused by mechanical 
factors, it has not been shown how this affects weaning. In one 
study, SIMV with PSV increased tidal volume and reduced 
respiratory rate but did not significantly reduce weaning time 
or success as compared with SIMV alone.34 On the basis of all 
of the weaning trials, it can be concluded that this approach to 
weaning can only increase the length of ventilatory support. 
Current guidelines recommend the use of SBT to rapidly wean 
patients from ventilatory support.1,4

Patients who are receiving ventilation in the SIMV mode 
uncouple their breathing efforts from the support provided 
by the machine.1,4 They continue to make spontaneous breath-
ing efforts during the delivery of a “mandatory breath.” Evi-
dence also suggests that, once the machine cycling rate is 
reduced to approximately 50% of the full ventilatory support 
value, the patient breathes approximately as hard per cycle as 
when ventilatory support is completely withdrawn.32,33 This 
additional work can be overcome with the use of pressure 
support (i.e., 5 to 10 cm H2O). However, the addition of pres-
sure support further complicates the weaning process. For 
initial ventilator setup, the SIMV rate and the tidal volume 
usually are set at values that are equivalent to those used 
during volume control-continuous mandatory ventilation (VC-
CMV) or pressure control-continuous mandatory ventilation 
(PC-CMV). When the patient’s condition has been stabilized, 
one of two approaches can be used. Some clinicians prefer 
to continue at these settings until the patient’s precipitating 
disease state or condition has improved considerably. At that 
point, the rate is reduced in a stepwise manner until complete 
spontaneous breathing can be achieved. Other clinicians prefer 
to immediately reduce the level of mechanical ventilation to 
an SIMV rate of 4 to 8 per minute, thereby forcing the patient 
to perform additional WOB. From the beginning, attempts 
are made to reduce the SIMV rate, and the patient is chal-
lenged to provide a portion of the required ventilation. Unfor-
tunately, research indicates that SIMV prolongs ventilatory 
support and that it is the least effective method of weaning 
from ventilatory support as compared with either SBT  
or PSV.1,4,28,29,30

Pressure Support Ventilation

PSV is a mode of ventilatory support that allows the patient 
to have significant control over the process of ventilatory 
support. The only gas-delivery variable directly controlled by 
the ventilator is peak airway pressure; see Chapters 45 and 48 
for details.

For initial ventilator setup in the PSV mode, the beginning 
pressure level can be adjusted to deliver an appropriate tidal 
volume, which is usually approximately 4 to 8 ml/kg of the ideal 
body weight based on the patient’s condition and the desired 
tidal volume. PSV is then gradually reduced to a minimal value 
that only compensates for the WOB imposed by the artificial 
airway.28,29,30 Generally this is about 5 to 8 cm H2O. After this 
reduction is accomplished, extubation can be performed 
directly from the low level pressure support, or an SBT may be 
conducted for 30 to 120 minutes.1,4

PSV allows the clinician to manipulate the level of patient 
work, but the benefit of this to weaning is questionable.1,4 In 
general, patients who can spontaneously breathe comfortably 
at 5 to 8 cm H2O of PSV can be extubated without problems. 
However, if upper airway edema is present, WOB after extuba-
tion may be about the same as that caused by the endotracheal 
tube. In these cases, low levels of pressure support may give a 
false impression about the patient’s ability to tolerate extuba-
tion1,4 (Box 52-11).

 Box 52-11 Protocol for Pressure 
Support Weaning

1.	 Verify	that	the	patient	is	a	candidate	for	ventilator	
discontinuation:
•	 Evidence	of	alleviation	or	reversal	of	the	disease	state	or	

condition	that	necessitated	ventilatory	support
•	 Stable,	spontaneous	breathing	pattern	without	irregular	

breathing	or	periods	of	apnea
•	 Optimization	of	the	patient’s	medical	condition
•	 Adequate	oxygenation,	ventilation,	and	acid-base	

balance
2.	 Begin	with	a	PSV	level	that	achieves	a	tidal	volume	of	4	to	

8	ml/kg	of	the	ideal	body	weight.	A	PSV	of	more	than	20	cm	
H2O	rarely	is	needed.	The	need	for	a	high	level	of	PSV	
indicates	that	the	patient	may	not	be	ready	for	ventilator	
discontinuation.

3.	 Reduce	the	PSV	2	to	4	cm	H2O	as	tolerated,	ideally	at	least	
twice	daily,	and	reassess	the	patient	for	signs	of	intolerance:
•	 Rate	of	at	least	25	to	30	breaths/min
•	 20%	or	greater	increase	in	heart	rate	or	a	heart	rate	of	

more	than	120	beats/min
•	 20%	or	greater	increase	in	systolic	blood	pressure	or	

systolic	blood	pressure	of	more	than	180	mm	Hg	or	of	
less	than	90	mm	Hg

•	 Agitation,	anxiety,	and	diaphoresis
4.	 If	the	patient	does	not	tolerate	a	reduction	in	PSV,	return	to	

the	previous	value,	and	reassess.
5.	 Continue	to	reduce	PSV	as	tolerated	at	least	twice	per	day	

and	more	frequently	if	the	patient	does	not	have	signs	of	
distress.

6.	 Consider	extubation	when	the	patient	is	able	to	tolerate	a	
PSV	of	5	to	8	cm	H2O	for	2	hours	with	no	apparent	distress.

Modified	from	Esteban	A,	Frutos	F,	Tobin	M,	et	al:	A	comparison	of	four	
methods	of	weaning	patients	from	mechanical	ventilation.	Spanish	Lung	
Failure	Collaborative	Group,	N	Engl	J	Med	332:345-350,	1995;	and	
Brochard	L,	Rauss	A,	Benito	S,	et	al:	Comparison	of	three	methods	of	
gradual	withdrawal	from	ventilatory	support	during	weaning	from	
mechanical	ventilation.	Am	J	Respir	Crit	Care	Med	150:896–903,	1994.
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total minute volume is set, and the patient may elect to inspire 
all of the minute volume, part of the minute volume, or none 
of the minute volume spontaneously. The ventilator would 
automatically provide a clinician-set remainder of the minute 
volume. It was originally assumed that, as the patient’s status 
improved, he or she would assume a greater and greater per-
centage of the set minute volume, eventually inspiring it all 
spontaneously. However, this did not occur; patients generally 
settled into a ventilator pattern where the overall WOB was 
shared between the patient and the ventilator, and the patient 
never assumed a greater percentage of the work.39 There is no 
data to support the use of MMV over SBT or PSV to wean 
patients from ventilatory support.

Adaptive Support Ventilation/Intellivent

ASV is a newer mode of ventilation that maintains a minimum 
minute ventilation with an optimal breathing pattern (tidal 
volume and rate) that is based on the work of Otis;40,41 see 
Chapters 45 and 48 for details. ASV automatically adjusts inspi-
ratory pressure and ventilator breath rate to achieve the target 
minute volume set. As the patient’s status improves, the target 
minute volume is reduced, and the level of pressure required 
each breath diminishes. When a minimal level is reached, the 
patient is considered weaned from ventilatory support and 
ready for extubation.

Preliminary studies of ASV for the care of patients who are 
recovering from cardiac surgery show a reduction in the dura-
tion of mechanical ventilation as compared with an SIMV 
weaning protocol.41,42 Additional data about ASV indicates that 
it works very well for patients who are under controlled ventila-
tion,43 but data from large heterogeneous groups of patients will 
be necessary to determine if ASV truly improves the speed of 
ventilator discontinuation.

A recent upgrade of ASV is referred to as Intellivent.44 
With this modification the ventilator becomes a total closed 
loop controller of not only ventilation but also oxygenation. 
Incorporated into the management algorithm are the ARDSnet 
PEEP/FIO2 tables. Thus, all aspects of gas delivery are con-
trolled. As with ASV, Intellivent works well on patients under 
control ventilation and those requiring simple postoperative 
ventilation, and has shown the ability to wean patients from 
ventilatory support.45 However, no comparison to SBT is 
currently available. Intellivent use in the complex patient 
spontaneously triggering the ventilator is still controversial. 
However, one can expect this type of closed loop control 
of ventilation will begin to appear on other mechanical 
ventilators.

Computer-Based Weaning

Current versions of MMV and ASV/Intellivent are examples of 
computer-controlled mechanical ventilation. Several more 
complex systems have been developed, including Ventilation 
Manager, VQ-attending, ESTER, Continuous Respiratory Eval-
uator (CORE), KUSIVAR, and WEAN-PRO.46 The desire to 
develop computer-based weaning protocols is based on two 
factors. First, weaning is a time-consuming and labor-intensive 

Spontaneous Awaking Trials

Concern regarding the use of sedation in critically ill patients 
has increased markedly during the last few years. This concern 
has focused on the issue of delirium.35 The indiscriminate use 
of sedatives in the ICU is considered inappropriate patient 
management. In general, sedatives should always be considered 
last when trying to handle an agitated patient (Chapter 47). 
Something has caused the patient’s agitation, and it should be 
addressed and corrected, if possible, before sedation is admin-
istered. In addition, it is becoming clearer that the use of exces-
sive sedation lengthens the time of mechanical ventilation. The 
use of spontaneous awaking trials (SAT) along with daily SBT 
results in the faster weaning of patients from ventilatory support 
as well as a decrease in mortality.36 The decrease in mortality 
is attributed to patients being exposed for a shorter time to  
the complications of mechanical ventilation. Throughout the 
course of mechanical ventilation, sedation should be kept to the 
bare minimum necessary; patient sedation should be periodi-
cally carefully assessed before additional sedation is given.36,37 
In general, one of the currently available systems to rate the level 
of sedation should be in use on all mechanically ventilated 
patients (Riker/Sedation Agitation Scale (SAS), Ramsay Seda-
tion Scale, or Richmond Agitation Scale (RASS).

NEWER TECHNIQUES FOR 
FACILITATING VENTILATOR 
DISCONTINUANCE

Mandatory Minute Volume Ventilation

Mandatory minute volume ventilation (MMV) was described 
and introduced in 1977.38 With this mode of ventilation, the 

MINI CLINI
Setting Pressure Support Levels

PROBLEM: An intubated patient is receiving mechanical 
ventilation in the SIMV mode with the following settings:
• VT = 400 ml
• Rate = 12 breaths/min
• Peak inspiratory pressure = 40 cm H2O
• Plateau pressure (Pplat) = 20 cm H2O
• Ventilator inspiratory flow ( �V) = 60 L/min (1 L/s)

The patient is breathing spontaneously with a spontaneous 
rate of 12 breaths/min and a spontaneous peak inspiratory flow 
of 30 L/min (0.5 L/s). Find the level of PSV that is needed to 
overcome the imposed WOB.

Solution: PSV PIP P V Vplat mach Imax= −[ ]( ) ×� �

PSV 4 cm H O 2 cm H O L/s L/s

1 cm H O

= −[ ]( ) ×
=

0 0 1 0 5

0

2 2

2

.

The calculated PSV level to overcome the imposed WOB for 
this patient is 10 cm.
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Volume Support

VC is a newer mode of ventilation that combines pressure 
support and volume ventilation by allowing the level of pressure 
support to be automatically adjusted to maintain a target tidal 
volume. In the VC mode, inspiration is initiated by the patient. 
During the inspiratory phase, the pressure level is regulated to 
a value that is based on the previous breath’s pressure-volume 
relationship as compared with a target tidal volume. The 
pressure-support level is automatically adjusted in a stepwise 
manner by up to ±3 cm H2O from one breath to the next to 
maintain the target tidal volume.

A major problem with VC is the excessive reduction of 
airway pressure in the presence of high ventilatory demand, 
thereby increasing patient effort.50 With most ventilators offer-
ing this mode, no lower limit to ventilating airway pressure is 
set, and inspiratory airway pressure can decrease all the way to 
the PEEP level. Volume support may offer a sort of automatic 
weaning from pressure support. As the patient’s spontaneous 
tidal volume improves, the level of pressure support is auto-
matically reduced. However, clinical trials indicate no benefit to 
the use of VC to wean patients.51

Proportional Assist Ventilation and Neurally 
Adjusted Ventilatory Assist
Proportional assist ventilation (PAV) and neurally adjusted ven-
tilatory assist (NAVA) are two of the newest modes of ventila-
tory support.52 These modes differ from all other modes of 
ventilation since they do NOT force a ventilatory pattern. 
Instead they follow the ventilatory pattern desired by the patient. 

process. If computer control can expedite or simplify this 
process, considerable time and money can be saved. Second, 
because most weaning decisions are based on objective  
data, computer-based weaning protocols are relatively easy to 
develop.46

The most successful computerized application for weaning 
is the Smart Care approach.47,48 The system adjusts pressure 
support on the basis of the patient’s tidal volume, respiratory 
rate, and end-tidal carbon dioxide level. When the pressure 
support has been decreased to a predefined level, the ventilator 
automatically begins an SBT. If the patient fails the SBT, which 
is determined by changes in the patient’s respiratory rate, tidal 
volume, and end-tidal carbon dioxide level, then the ventilator 
automatically reassumes ventilatory support. If the patient 
passes the SBT, the ventilator also returns to baseline ventila-
tory support but notifies the clinician that the patient is ready 
for ventilator discontinuation. Two randomized comparisons 
of SmartCare to clinician-controlled SBT have demonstrated 
that patients wean faster and both the total number of days 
that patients are maintained in the ICU and the need for 
postextubation NIV are reduced with SmartCare.47,48 One criti-
cism of this study was that the clinician-applied SBTs were not 
always performed consistently. However, this is clinical reality—
in the ICU there is always good intention to do an SBT but 
emergencies, new admissions, and other distractions prevent 
clinicians from always performing the SBT in a timely manner. 
With SmartCare, if the patient meets criteria the SBT is per-
formed regardless of the activity in the ICU. It should be noted 
that at least at the time of this revision the FDA only allows 
Smart Care in the United States to notify clinicians of the 
readiness for an SBT and the patient’s status during the SBT. 
The clinician must adjust the ventilator into and out of the 
SBT. In the rest of the world this is performed automatically 
be the ventilator. It can be expected that automated weaning 
systems will increasingly have a place in the care of critically 
ill patients.

Automatic Tube Compensation

Automatic tube compensation (ATC) is an option on newer 
mechanical ventilators that compensates for the flow-dependent 
pressure decrease across the endotracheal tube during both 
inspiration and expiration; see Chapters 45 and 48 for details. 
ATC reduces WOB and may improve patient comfort.49 Because 
it compensates for the imposed WOB caused by the artificial 
airway, ATC has been referred to as electronic extubation. 
Patients who are able to breathe adequately with the addition 
of ATC at low peak airway pressure (i.e., less than 8 cm H2O) 
should tolerate extubation. ATC is similar to pressure support 
in that an inspiratory pressure is used to compensate for 
imposed WOB; however, ATC varies the pressure, depending 
on the size of the endotracheal tube and the patient’s inspira-
tory flow rate. Alternatively, PSV delivers a preset inspiratory 
pressure that may overcompensate or undercompensate 
imposed WOB at any given point in time. However, no data 
are available to indicate that ATC weans patients faster than 
SBTs or PSV.

MINI CLINI
Response to a Spontaneous  
Breathing Trial

PROBLEM: A 70-year-old woman with a long history of con-
gestive heart failure has been mechanically ventilated for 6 days. 
She has failed three previous SBTs, but today, at the end of a 
45-minute SBT, her clinical presentation was as follows:
• Respiratory rate of 24 breaths/min
• Tidal volume of 300 ml (6 ml/kg ideal body weight)
• Pulse of 98 beats/min
• Blood pressure of 138/86 mm Hg

The patient did not appear to be short of breath, and she 
did not demonstrate excessive use of her accessory muscles of 
ventilation to breathe during the trial.

Should this patient’s ventilatory support be discontinued?

Solution: On the basis of the given data, this patient passed 
her SBT and should be discontinued from ventilatory support 
and extubated if there is no reason for her to remain intubated. 
However, because of her age, history of congestive heart failure, 
and multiple failures of SBT, she should ideally be placed on 
NIV immediately after she is extubated and slowly transitioned 
to independent spontaneous breathing over the next 12 to 48 
hours. See the following discussion below and Chapter 49.
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is developed and followed precisely, care is generally better than 
with individual physician orders. The reason for this is that 
protocols empower the clinician at the bedside to advance care 
when the patient meets specific criteria without waiting for the 
physician to come and write an order. In many community 
hospitals, the wait for the physician could be an hour or a whole 
shift or more. Thus, with protocols, care proceeds rapidly on 
the agreed-upon course. In addition, the individual bias of the 
caregiver does not affect the manner in which care is provided. 
Thus, the approach does not change from day to day depending 
on which physician is at the bedside. An example of a respiratory-
therapist–directed ventilatory discontinuance protocol is pre-
sented in Box 52-12.

SELECTING AN APPROACH

Current evidence suggests that, for ventilator discontinuance 
and progressive weaning from mechanical support, it may be 
best to avoid SIMV.1,4 It has also been suggested, regardless of 
approach used, that protocols administered by respiratory ther-
apists and other health care workers be developed.3,6,10 These 
protocols should be designed to begin testing for the opportu-
nity to reduce support very soon after intubation and to reduce 
the level of ventilatory support at every opportunity.1,66 The 
approach to weaning that seems to wean patients most rapidly 
is the SBT. This should be the approach that is used to identify 
readiness for ventilator discontinuance in the vast majority of 
patients.1 In addition, NIV should be considered as part of the 
total ventilator discontinuance process.65

One area that requires additional research is the role of ven-
tilatory muscle conditioning in patients who require long-term 

As a result, patient-ventilatory synchrony is greater with these 
modes than with any of the other ventilatory modes.53,54,55 
Unfortunately, there are no data regarding the use of these 
modes to facilitate ventilator discontinuation. At this time, 
regardless of how these modes improve patient-ventilator inter-
action, the decision to discontinue ventilatory support should 
be made based on performance of an SBT. Future research 
should be able to define if these modes have a greater role in 
discontinuation process.

Noninvasive Ventilation

A number of groups have studied the use of NIV as an adjunct 
to ventilator discontinuance. Essentially, NIV has been used in 
this setting in three different manners:
1. Transitioning patients with COPD who failed SBTs from 

invasive ventilation to spontaneous breathing56-58

2. Supporting patients who passed SBTs but who were consid-
ered to be at high risk for failing the extubation25-26,59

3. Supporting patients who developed hypoxemic respiratory 
failure after extubation60,61

The literature strongly supports the first two indications but 
does not support the third application. Refer to Chapter 49 for 
details regarding the application of NIV during weaning and 
the use of NIV in general.

Role of Mobility

If you do not move it, you lose it! This has become increasingly 
clear when it comes to patients in the process of weaning from 
ventilatory support. Mobilization of the mechanically venti-
lated patient should begin as soon as the patient is stabilized, 
requires minimal sedation, and is capable of interacting with 
the ventilator.62,63 Mobilization may begin simply by sitting the 
mechanically ventilated patient at the side of the bed. However, 
in many cases it may mean that the patient is walked in the 
hallway while receiving ventilatory support. Of course this 
requires the cooperation of respiratory therapy, nursing, and 
physical therapy, and the use of equipment that facilitates mobi-
lization: transport ventilator, portable suction, and walker/chair 
that maintains support of the patient but also allows the patient 
to sit and rest. Mobilization is increasingly important the longer 
the patient requires ventilatory support.

Respiratory-Therapist–Driven Protocols

A number of randomized, controlled clinical trials have dem-
onstrated that patients are weaned faster with the use of proto-
cols than with individual physician orders.64-67 In all of these 
studies, the therapists, nurses, and physicians who normally 
manage patients in the unit developed the protocol. In addition, 
in the individual physician order group, the physicians who 
wrote the protocol also wrote the individual weaning orders. In 
all of these trials, patients who were randomized to the protocol 
group weaned faster and with fewer complications then the 
patients randomized to the individual physician group.64-67

What these results do not mean is that therapists wean 
patients better than physicians. However, what they do mean is 
that, when an evidence-based approach to patient management 

 Box 52-12 Respiratory-Therapist–Directed 
Weaning Protocol

•	 The	physician’s	written	order	identifies	the	patient	as	being	
eligible	for	the	respiratory-therapist–directed	weaning	
protocol.

•	 The	timing	of	weaning	initiation	is	defined	as	part	of	the	
protocol.

•	 All	patients	must	undergo	continuous	oxyhemoglobin	
saturation	monitoring	by	pulse	oximetry.

•	 When	the	patient	meets	weaning	criteria,	the	ventilator	is	set	
to	zero	CPAP	and	zero	PEEP.

•	 The	SBT	continues	for	a	minimum	of	30	minutes	to	a	
maximum	of	120	minutes	if	none	of	the	following	weaning	
failure	conditions	are	present:
•	 SaO2	of	less	than	90%	or	diaphoresis
•	 Spontaneous	respiratory	rate	of	at	least	35	breaths/min	

that	is	sustained	for	at	least	5	minutes
•	 Agitation	or	a	decreased	level	of	consciousness
•	 A	heart	rate	increase	of	at	least	20%
•	 A	blood	pressure	change	of	at	least	20%
•	 A	cardiac	output	reduction	of	at	least	30%	or	ventricular	

arrhythmia
•	 Results	of	the	SBT	are	discussed	with	the	unit	physician
•	 If	the	SBT	is	well	tolerated	and	there	is	no	reason	not	to	

extubate	the	patient,	the	patient	is	extubated.
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ventilatory support. Endurance conditioning of the ventilatory 
muscles can be achieved by the continuous repetition of low 
levels of ventilatory work. Strength conditioning can be achieved 
by maximal ventilatory effort for short periods. In theory,  
PSV would allow for improving ventilatory muscle endurance, 
whereas intermittent SBTs would favor the development of 
muscle strength. Inspiratory resistive training to improve ven-
tilatory muscle strength has been tried as an adjunct to weaning 
for the care of patients undergoing long-term ventilation.13 
Unfortunately, the role of ventilatory muscle rest and load  
in the care of difficult-to-wean patients has not been 
established.13

In summary, a single daily SBT that lasts from 30 minutes to 
2 hours has been recommended as the primary approach to 
weaning.1,4 If the trial is successful, extubation is considered. If 
the trial is unsuccessful, a period of rest is provided before 
another trial is attempted.1 There are advantages and disadvan-
tages to each of the methods used to conduct ventilator weaning. 
Table 52-4 compares SBT, SIMV, and PSV as weaning tech-
niques. The best approach currently supported by the literature 
is an SBT, but it may alternatively be the approach with which 
a given clinician is most familiar. It should be based on knowl-
edge of the patient’s condition, a sound rationale, and good 
clinical experience. The method chosen should include careful 
patient assessment, and the patient’s condition should be  
optimized before weaning. For the vast majority of patients,  
a protocolized approach to ventilator discontinuance is most 
efficient.

MONITORING THE PATIENT  
DURING WEANING

Ventilatory Status

Respiratory rate and pattern are easy to monitor and may be 
the most reliable indicators of patient progress during weaning.1,4 
Weaning may proceed as quickly as the patient’s respiratory rate 
and subjective tolerance allow. However, in no case should 
patients be pushed beyond their physiologic limits; to do so may 
result in diaphragmatic dysfunction and further delay the 
weaning process. If the patient is allowed to fatigue during a 
weaning trial, it will require at least 24 hours for the muscles to 
recover.68,69 Dyspnea should be monitored during weaning and 
may be quantified with a visual analog scale or a modified Borg 
scale70 (Table 52-5). The onset or worsening of discomfort, 
respiratory distress, fatigue, sweating, signs of increased WOB 
(e.g., accessory muscle use, abdominal paradox), deterioration 
in vital signs, or changes in mental status (e.g., agitation, anxiety, 
somnolence, coma) may be signs of intolerance of a weaning 
trial.1

The single best index of ventilation remains the measure-
ment of PaCO2. However, the assessment of a patient’s tolerance 
of an SBT should be based on clinical presentation rather than 
PaCO2. A patient with a PaCO2 of 40 mm Hg but a clinical 
presentation defined by a rapid, shallow breathing pattern with 
abdominal paradox, tachycardia, and hypertension has not 

TABLE 52-4 

Comparison of Available Weaning Methods

Method Advantages Disadvantages

SBT Tests	patient’s	spontaneous	
breathing	ability

Allows	periods	of	work	and	
rest

Weans	faster	than	SIMV
A	single	daily	SBT	may	be	

as	effective	as	multiple	
trials

May	be	performed	with	
5	cm	H2O	CPAP,	5	cm	
H2O	PSV,	or	both

More	staff	time
Abrupt	transition	may	

be	difficult	for	some	
patients

May	overstress	the	
patient	if	not	
monitored	carefully

Requires	careful	
supervision

SIMV Less	staff	time
Gradual	transition
Easy	to	use
Minimum	minute	ventilation	

guaranteed
Sophisticated	alarm	systems	

may	be	used
May	be	used	in	combination	

with	PSV	or	CPAP

Patient-ventilator	
asynchrony

Prolongs	weaning
May	worsen	fatigue

PSV Less	staff	time
Gradual	transition
Prevents	fatigue
Maintains	activity	of	

diaphragm
Increased	patient	comfort
Weans	faster	than	SIMV
Overcomes	resistive	WOB	

caused	by	the	following:
Endotracheal	and	

tracheostomy	tubes
Ventilator	circuits
Demand	flow	systems
Patient	can	control	cycle	

length,	rate,	and	
inspiratory	flow

Every	breath	is	supported

Large	changes	in	
minute	ventilation	
can	occur

Increased	mean	
airway	pressure	as	
compared	with	SBT

Tidal	volume	not	
guaranteed;	low	tidal	
volumes	possible

May	prolong	weaning

TABLE 52-5 

Modified Borg Scale for Dyspnea

Grade Degree of Dyspnea

0 None
0.5 Very,	very	slight	(just	noticeable)
1 Very	slight
2 Slight
3 Moderate
4 Somewhat	severe
5 Severe
6 Very	severe
7
8
9 Very,	very	severe	(almost	maximal)

10 Maximal

Modified	from	Mahler	DA:	Dyspnea,	Mt.	Kisco,	NY,	1990,	Futura.
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though the curvature of the tracheotomy tube is greater.1 It 
appears that the performance of a tracheotomy improves airway 
resistance and reduces the load of the ventilatory muscles. It 
may be the ability to avoid secretions/biofilm buildup on the 
inside of the trachestomy tube that makes the difference.

Weaning and extubation should be separate decisions. 
Weaning indices are not predictive of the adequacy of airway 
patency or the need for the protection of the airway. The rein-
tubation rate among patients with prolonged postoperative 
ventilation as a result of respiratory failure can range from 5% 
to 20%.1,4

Patients who have been successfully extubated generally have 
the following characteristics: (1) the resolution of the disease 
state or condition; (2) hemodynamic stability; (3) the absence 
of sepsis; (4) adequate oxygenation status with a decreased FiO2 
and decreased PEEP or CPAP; and (5) adequate ventilatory 
status and PaCO2. The decision to extubate should be based on 
the assessment of upper airway patency and protection. No one 
indicator is 100% sensitive and specific with regard to the pre-
diction of successful extubation. Practical guidelines for extuba-
tion are presented in Box 52-13. Regardless of the weaning 
technique used, an SBT is recommended before extubation to 
ensure that the patient can sustain spontaneous unsupported 
ventilation.1

passed an SBT. The results of capnography should not be used 
to guide the weaning of patients. End-tidal PCO2 values can be 
highly misleading as an estimate of effective ventilation in sick 
patients.71 Gastric pH has been used as a predictor of patient 
status, and gastrointestinal acidosis may be an early sign of 
weaning failure.72

Oxygenation

During the SBT, FiO2 should be the same as during ventilatory 
support or 10% higher. Continuous pulse oximetric (SpO2) 
monitoring can provide a sensitive indicator of oxygenation 
status during weaning.1 Arterial blood gas analysis for PaO2 and 
SaO2 and the calculation of the oxygen content of the arterial 
blood (CaO2) may be performed after the patient has been 
considered a weaning failure to determine the extent of the 
failure. Success, however, can be based on the SpO2 only. SpO2 
monitoring during the SBT is generally the standard of care.

Cardiovascular Status

Pulse, blood pressure, and cardiac rhythm should be monitored, 
and arrhythmias should be assessed to determine whether 
weaning should be continued. Tachycardia, bradycardia, and 
abnormalities in blood pressure should be promptly evaluated 
and the patient returned to ventilatory support or a higher level 
of support, if indicated. Silent myocardial ischemia may occur 
frequently in some postoperative patients during weaning.73 
Table 52-6 summarizes changes that may occur during the 
withdrawal of ventilatory support.

EXTUBATION

Artificial Airways and Weaning

The effect on a patient of a properly sized artificial airway on 
WOB is controversial.74 However, many endotracheal tubes are 
partially obstructed and as a result impose a significant increase 
in WOB. Removing the endotracheal tube may markedly 
improve the patient’s clinical status. There is little difference in 
the airway resistance of healthy adults with low minute ventila-
tion (i.e., <8 L/min) breathing through endotracheal tubes with 
an internal diameter (ID) of 7, 8, or 9 mm.75 However, in criti-
cally ill patients decreases in ID and increases in minute ventila-
tion increase WOB. Adults have a critical increase in workload 
when the tube has an ID of less than 7 mm.75 It is thought that 
the added work due to the presence of an artificial airway may 
contribute to ventilator dependency among patients with bor-
derline pulmonary function or ventilatory muscle weakness.76

Biofilm buildup on the inside of the endotracheal tube can 
cause dramatic increases in airway resistance, especially among 
infants and children.77,78 Taking care to provide adequate 
humidification and careful suctioning can help to avoid this 
problem.

Tracheotomy may substantially reduce the WOB of patients 
who need mechanical ventilatory support. The short length of 
tracheotomy tubes results in an overall decrease in resistance as 
compared with the resistance of an endotracheal tube, even 

TABLE 52-6 

Changes During the Withdrawal of  
Ventilatory Support

Expected Change Deleterious Change

Respiratory
Respiratory	rate	minimally	

increased
Respiratory	rate	of	≥35	breaths/

min
Stable	 �V Large	increase	or	decrease	in	 �VE

SpO2	≥90% Decrease	in	SpO2	to	≤90%
5	to	10	mm	Hg	swing	in	PaO2 PaO2	of	<60	mm	Hg
5	to	10	mm	Hg	swing	in	

PaCO2

An	increase	of	>10	mm	Hg	
in	PaCO2

pH	of	>7.30	and	<7.50 pH	of	<7.30
Minimal	use	of	accessory	

muscles
Increased	use	of	accessory	

muscles
No	paradoxical	breathing Paradoxical	breathing

Diaphoresis
Dyspnea

Cardiovascular
Heart	rate	increased	by	15	to	

20	beats/min
Persistent	tachycardia	of	≥120	

to	140	beats/min
Blood	pressure	increased	10	

to	15	mm	Hg
Hypotension	(blood	pressure	of	
<90/60	mm	Hg)

Hypertension	(systolic	blood	
pressure	of	>180	mm	Hg)

Increased	cardiac	index Decreased	cardiac	index
Increased	stroke	volume Decreased	stroke	volume

Angina
New	arrhythmias

Other
Mental	status	good	(i.e.,	

awake,	alert,	responsive)
Anxiety,	agitation,	somnolence,	

coma
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After extubation, glottic edema can result in partial airway 
obstruction, which can cause mild to severe stridor. Postextuba-
tion stridor occurs in 2% to 16% of patients in the ICU and 
should be viewed with concern.81 Severe edema after extubation 
can lead to complete airway obstruction. Children, patients 
with epiglottitis or angioedema (i.e., dermal, subcutaneous, or 
submucosal edema of the face or larynx), and patients who have 
sustained smoke inhalation are at greater risk. Postextubation 
edema occurs in as many as 47% of children with trauma inju-
ries or burns.1,4 See Chapter 36 for detailed information about 
airway management and postextubation care.

VENTILATOR DISCONTINUANCE 
FAILURE

As many as 25% of patients who have been removed from ven-
tilatory support experience respiratory distress that is severe 
enough to necessitate the reinstitution of mechanical ventila-
tion. In patients who are unlikely to be successfully weaned, 
rapid, shallow breathing begins almost immediately after the 
ventilator is disconnected. As spontaneous breathing continues, 
respiratory mechanics worsen in these patients for reasons that 
are not clearly understood. Approximately half of patients who 
have poor results after the discontinuation of ventilation expe-
rience marked hypercapnia as a result of rapid, shallow breath-
ing. An unsuccessful SBT also causes considerable cardiovascular 
stress. Myocardial ischemia may occur frequently among 
ventilator-dependent patients, and it has been associated with 
weaning failure.82 Critical illness polyneuropathy has been cited 
as a frequent cause of neuromuscular weaning failure among 
critically ill patients.83 Unsuspected neuromuscular disease may 
be an important factor in ventilator dependency.

Inability to wean can sometimes be attributed to psychologic 
dependence, poor oxygenation status, or cardiovascular insta-
bility (i.e., congestive heart failure or ischemia).1,4 However, the 
most common cause of the inability to wean is an imbalance 
between ventilatory capability and ventilatory demand. Inabil-
ity to wean is usually caused by a concurrent pathologic process 
that necessitates treatment. Common causes of weaning failure 
are summarized in Box 52-14.

PROLONGED MECHANICAL 
VENTILATION

Prolonged mechanical ventilation (PMV) may be required for 
3% to 7% of patients who are receiving mechanical ventila-
tion.1,4 Patients who require a lengthy course of ventilatory 
support after the acute phase of their disease has resolved may 
be suffering from some of the items listed in Table 52-7. Any 
patient who is repeatedly failing SBTs should undergo a com-
plete review of all systems to determine if something has been 
overlooked that may add to the patient’s workload, thereby 
preventing them from weaning. In many patients, their pulmo-
nary mechanics have not been optimized and thus they are 

Some patients may be successfully extubated even if extuba-
tion criteria are not met. If the patient is at risk, trained person-
nel who are able to perform reintubation must be immediately 
available before extubation is attempted. At a minimum, those 
who perform the extubation must be prepared to provide an 
airway and ventilatory support in the event that problems 
develop immediately after extubation. Extubation should be 
postponed when myocardial ischemia is present, when the 
patient has upper gastrointestinal hemorrhage, or when a pro-
cedure that necessitates reintubation is impending. If difficult 
reintubation is anticipated, trained personnel should be imme-
diately available.

Many patients report hoarseness and sore throat after extu-
bation, and patients should be advised that these symptoms 
may occur. Other common problems after extubation include 
airway obstruction, increased risk of aspiration, and difficulty 
with secretion clearance. Patients with neurologic or neuromus-
cular disorders and those with excessive secretions are at 
increased risk after extubation. The compression of the airway 
as a result of a traumatic or postoperative hematoma of the 
neck, infectious masses or abscesses, and malignant tumors or 
compression after major head or neck surgery can lead to upper 
airway obstruction after extubation. The cuff leak test may 
detect airway obstruction before extubation; however, results of 
studies addressing this are controversial.79,80 An air leak of less 
than 11% to 12% or 110 to 130 ml has been shown to be predic-
tive of stridor.79,80 Box 52-13 provides a protocolized guide for 
extubation.

 Box 52-13 Practical Guidelines for Extubation

•	 There	is	no	immediate	need	for	mechanical	ventilation	or	
intubation.

•	 The	medical	course	does	not	suggest	impending	respiratory	
failure	or	other	indications	for	mechanical	ventilation.

•	 Procedures	that	require	intubation	and	general	anesthesia	
are	not	immediately	planned.

•	 There	is	adequate	oxygenation	and	ventilation	with	
spontaneous	ventilation.

•	 The	patient’s	FiO2	requirement	can	be	achieved	with	a	mask	
or	a	nasal	cannula.

•	 The	patient	no	longer	needs	mechanical	ventilatory	
assistance.

•	 Weaning	is	successful.
•	 There	is	a	minimal	risk	of	upper	airway	obstruction.
•	 The	patient	has	minimal	edema	or	mass	encroachment	of	

the	oropharynx	and	upper	airway.
•	 There	is	adequate	airway	protection	and	a	minimal	risk	of	

aspiration.
•	 The	level	of	consciousness	and	neuromuscular	function	

ensures	a	gag	reflex	and	an	adequate	cough.
•	 Gastric	contents	are	minimized	by	the	discontinuation	of	

tube	feedings	for	4	to	6	hours	before	extubation.
•	 A	positive	gag	reflex	is	present.
•	 There	is	adequate	clearance	of	pulmonary	secretions.
•	 The	level	of	consciousness	and	muscular	strength	allow	for	

an	effective	cough.
•	 Secretion	volume	and	thickness	are	not	worsening.
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CHRONICALLY VENTILATOR-
DEPENDENT PATIENTS

Chronically ventilator-dependent patients (i.e., less than 1% of 
those requiring ventilatory support) present ethical, economic, 
and practical problems.84 From an economic point of view, the 
long-term care of ventilator-dependent patients in an ICU is 
prohibitively expensive. Often these patients are transferred to 
subacute or long-term care facilities, where they can be cared 
for in an environment that is less intrusive and more like home 
(see Chapter 56).84 For cases in which the family has adequate 
resources, the patient may be cared for in the home. Regional 
weaning centers have been developed and have reported success 
with weaning most patients who are undergoing long-term 
mechanical ventilation.1,84 Current guidelines suggest that, 
unless there is clear evidence of an irreversible cause of ventila-
tor dependency (e.g., a high spinal cord injury, amyotrophic 
lateral sclerosis), patients should not be considered perma-
nently ventilator dependent until 3 months of weaning attempts 
have failed. If the patient is unweanable, the goal should be to 
restore the patient to the highest level of independent function 
possible. For example, portable wheelchair-mounted ventilators 
have been effective for providing a surprising level of mobility 
and independence to persons who are quadriplegic. Table 52-7 
describes the management of common problems among 
difficult-to-wean patients. Box 52-15 lists the goals for weaning 
of patients who are receiving long-term ventilation.

TERMINAL WEANING

The term terminal weaning has been used to refer to the discon-
tinuation of mechanical ventilatory support in the face of a 
catastrophic and irreversible illness.85 The decision to proceed 
with disconnecting the ventilator when such an act is likely to 
cause the death of a patient is fraught with ethical, emotional, 
and practical problems. The decision should be made by the 
family in consultation with the patient’s physician and in accor-
dance with established ethical and legal guidelines.85 Determi-
nants of the decision to withdraw ventilation include the 
patient’s desire to not continue with life support, the predic-
tions of a low chance of survival in the ICU (i.e., less than 10%), 
the likelihood that future cognitive function would be severely 
impaired, and the continuous need for inotropes or vasopres-
sors to maintain blood pressure.85 After the decision has been 

unable to assume the workload required of spontaneous breath-
ing. In others, underlying cardiac disease may not have been 
properly treated. Always a concern is the patient’s acid-base 
status. If a patient had baseline compensated respiratory acido-
sis, then he or she will not be able to wean if the compensation 
has been eliminated. Every time these patients are trialed on an 
SBT, their carbon dioxide levels will rise, and they will develop 
respiratory failure. If this is the problem, the baseline acid-base 
status must be slowly reestablished if these patients are to wean. 
In other patients, sedation, opiates, nutritional status, electro-
lytes, and other underlying issues many be the concern. The 
more carefully all systems are reviewed, the greater the likeli-
hood that the problem will be identified and the patient weaned 
from ventilatory support.

MINI CLINI
Patient Who Requires  
Long-Term Weaning

PROBLEM: A 68-year-old man with a history of COPD was 
hospitalized after a motor vehicle accident. Over the course of 
the next 2 weeks, the patient became septic and developed acute 
respiratory distress syndrome. For the last week, the patient has 
met the criteria for an SBT, but he has failed every attempt. 
How should this patient’s ventilator care progress from this 
point forward?

Solution: This patient should be classified as a difficult-to-
wean patient who would benefit from a program that has been 
designed specifically for patients who are failing to wean. This 
program should systematically evaluate all systems to deter-
mine the cause of weaning failure and include the assistance of 
other health care providers, specifically physical therapy, occu-
pational therapy, and speech and language pathology; he may 
also benefit from the efforts of social services. Ideally, this 
should take place in a unit that has been specifically designed 
for the difficult-to-wean patient.

 Box 52-14 Common Causes of 
Weaning Failure

•	 Poor	respiratory	mechanics	or	wheezing
•	 Untreated	cardiac	disease
•	 Electrolyte	imbalances
•	 Anxiety
•	 Secretions
•	 Aspiration
•	 Alkalosis
•	 Neuromuscular	weakness
•	 Sepsis
•	 Excessive	sedation
•	 Inadequate	nutrition
•	 Opiates
•	 Obesity
•	 Thyroid	disease

 Box 52-15 Goals for Weaning After 
Long-Term Mechanical Ventilation

•	 Reduce	the	amount	of	support.
•	 Decrease	the	invasiveness	of	any	support.
•	 Increase	independence	from	mechanical	devices.
•	 Preserve	function.
•	 Maintain	medical	stability.

From	Pierson	DJ:	Nonrespiratory	aspects	of	weaning	from	mechanical	
ventilation.	Respir	Care	40:289,	1995.
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TABLE 52-7 

Management of Problems Among Difficult-to-Wean Patients

Problem Management Strategy

Anemia Transfuse	when	hemoglobin	level	is	≤10	g/dl	and	hematocrit	level	is	≤30%	if	these	are	thought	
to	be	factors	in	decreased	tissue	oxygenation.

Increased	WOB 1.	Tube	related
a.	Apply	pressure	support	or	ATC.
b.	Change	the	size	of	the	small	endotracheal	tube.
c.	Deflate	the	cuff	if	all	breathing	is	spontaneous	and	the	risk	of	aspiration	is	minimal.
d.	Consider	tracheotomy.

2.	Secretion	related	(see	later)
3.	Bronchospasm	related

a.	Administer	bronchodilators.
•	 β2-agonists
•	 Anticholinergics
•	 Steroids

b.	Apply	CPAP	to	reduce	auto-PEEP.
c.	Manage	the	cause.

4.	Ventilator	related
a.	Assure	synchrony	for	machine	breaths.
b.	Eliminate	auto-PEEP.
c.	Use	flow-by	or	flow-trigger	ventilation	with	or	without	pressure	support.

Secretions,	atelectasis,	or	plugging 1.	Systemically	hydrate.
2.	Provide	adequate	humidity	(i.e.,	humidifier	temperature	35°	C	to	37°	C	at	airway	

connection).
3.	Maximally	bronchodilate	when	necessary.
4.	Suction.

Dyspnea 1.	Use	positioning	(i.e.,	out	of	bed,	dangling,	and	leaning	forward).
2.	Reassure	and	communicate	with	the	patient.
3.	Increase	endurance,	alternate	weaning	with	rest	to	promote	endurance.
4.	Provide	distraction.

Malposition 1.	Position	the	patient	to	maximize	diaphragmatic	excursion	and	to	improve	lung	volume	and	
gas	exchange	(i.e.,	sitting	or	dangling).

2.	Use	a	rocking	chair.
3.	Follow	 �VE,	VT,	rate,	values	for	optimum	positioning.

Respiratory	muscle	fatigue 1.	Direct	management	at	the	cause.
2.	Ensure	adequate	oxygen	transport	and	cardiac	output.
3.	Nourish	the	patient.
4.	Replace	depleted	electrolytes.
5.	Decrease	the	WOB.

a.	Administer	supplemental	oxygen.
b.	Clear	secretions.
c.	Decrease	airway	resistance.

Hemodynamic	and	fluid	problems 1.	Administer	volume	replacement	and	drugs	to	increase	contractility,	increase	or	decrease	
preload,	and	decrease	afterload.

2.	Delay	weaning	until	the	patient’s	cardiovascular	status	is	stable.
3.	Use	techniques	and	the	mode	of	ventilation	to	decrease	the	mean	airway	pressure.

Infection 1.	Identify	potential	sites	of	infection.
2.	Remove	lines	early,	or	replace	them	periodically.
3.	Control	infection.
4.	Nourish	the	patient.

Metabolic	problems 1.	Control	the	cause	and	postpone	weaning	if	the	patient	has	acidosis.
2.	Keep	the	carbon	dioxide	level	at	baseline	if	the	patient	has	COPD,	or	allow	progressive	renal	

compensation	during	long-term	weaning.
3.	Provide	moderate	carbohydrate	loading	with	total	parenteral	nutrition.

Low	magnesium	level 4.	Give	supplements.
High	magnesium	level 5.	Provide	dialysis	or	calcium	chloride.
Low	calcium	level 6.	Control	the	cause	before	weaning.
Low	phosphate	level 7.	Replace	phosphate	before	weaning.
Nutrition 1.	Assess	weight,	albumin,	and	total	lymphocyte	count	at	admission.

2.	Label	the	degree	of	malnutrition,	and	calculate	protein	needs.
3.	Nourish	the	patient.
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made, the process is generally one of ventilator disconnection 
rather than weaning. The method of terminal weaning should 
be as humane and as comfortable as possible and should not be 
done in a way that further burdens the family.86

Problem Management Strategy

Exercise 1.	Provide	exercise	therapy	to	increase	muscle	function,	prevent	contracture,	and	maintain	
joint	integrity	(i.e.,	passive-to-active	range	of	motion	and	sitting	to	walking).

2.	Increase	strength	during	activities	of	daily	living.
3.	Secure	a	physiotherapy	consultation.
4.	Consider	the	use	of	an	exercise	bicycle.
5.	Encourage	wheelchair	rides	or	walks	with	a	portable	ventilator.
6.	Provide	breathing	retraining.

Psychologic	problems 1.	Secure	early	psychiatric	consultation.
2.	Allow	for	patient	control.
3.	Demonstrate	staff	accountability	and	honesty.
4.	Provide	a	communication	method.
5.	Decrease	environmental	stress.
6.	Teach	relaxation	methods.
7.	Provide	mental	stimulation.
8.	Provide	recreation.
9.	Provide	rewards	for	reaching	short-term	goals.

10.	Encourage	self-care.
11.	Allow	other	patients	to	visit.
12.	Provide	flexible	visiting	hours
13.	Take	the	patient	out	of	the	ICU	environment.

Sleep	disturbances 1.	Provide	a	quiet	environment	(i.e.,	dim	lights),	reposition	the	patient,	give	a	back	rub,	and	
administer	sedation.

2.	Provide	for	uninterrupted	sleep.
3.	Avoid	weaning	at	night.
4.	Provide	relaxation	method	(e.g.,	hypnosis,	biofeedback,	progressive	muscle	relaxation).
5.	Prescribe	short-acting	sedative	hypnotics.

Pain 1.	Administer	minimal	analgesia.

Modified	from	Norton	LC,	Neureuter	A:	Weaning	the	long-term	ventilator-dependent	patient:	common	problems	and	management.	Crit	Care	Nurse	9:42–52,	
1989.

TABLE 52-7 

Management of Problems Among Difficult-to-Wean Patients—cont’d

SUMMARY CHECKLIST

◗	The	most	common	cause	of	ventilator	dependence	is	a	
ventilatory	workload	that	exceeds	the	patient’s	ventilatory	
capabilities.

◗	Other	common	causes	of	ventilator	dependence	include	
oxygenation	problems,	cardiovascular	instability,	and	
psychologic	factors.

◗	The	most	important	criterion	for	determining	whether	a	
patient	is	ready	for	ventilator	discontinuation	or	weaning	is	a	
significant	improvement	or	reversal	of	the	disease	state	or	
condition	that	caused	the	patient	to	need	ventilatory	support.

◗	Factors	that	should	be	optimized	before	weaning	include	
oxygenation,	ventilation,	acid-base	balance	and	electrolyte	
levels,	cardiovascular	status,	kidney	function	and	fluid	
balance,	sleep	deprivation,	psychologic	status,	nutrition,	
and	overall	medical	condition.

◗	Weaning	techniques	include	spontaneous	breathing	trials,	
PSV,	and	SIMV.

◗	Spontaneous	breathing	trials	and	PSV	result	in	faster	
discontinuation	of	ventilatory	support	as	compared	with	
SIMV.

◗	The	ideal	approach	to	weaning	the	vast	majority	of	patients	
is	a	therapist-driven	protocol	that	makes	use	of	an	SBT.

◗	The	monitoring	of	the	patient	during	weaning	should	include	
SpO2,	respiratory	rate	and	pattern,	dyspnea,	cardiac	rate	
and	rhythm,	and	blood	pressure	assessments.

◗	The	use	of	daily	SATs	or	the	maintenance	of	minimal	
sedation	not	only	improves	the	speed	of	weaning	but	has	
also	been	shown	to	improve	mortality.

◗	Before	extubation,	patients	should	be	assessed	for	the	
ability	to	maintain	and	protect	their	airway	and	for	the	
presence	of	upper	airway	edema.

◗	Common	causes	of	weaning	failure	include	an	excessive	
ventilatory	workload	in	the	presence	of	ventilatory	muscle	
weakness	or	fatigue,	oxygenation	problems,	cardiovascular	
instability,	the	inability	to	clear	secretions,	poor	mental	
status,	and	the	presence	of	an	underlying	concurrent	
pathologic	condition	that	necessitates	treatment.

◗	The	goals	of	the	weaning	of	long-term	ventilator-
dependent	patients	include	reducing	the	amount	of	
support,	reducing	the	invasiveness	of	support,	and	
increasing	the	patient’s	level	of	independent	function.

◗	Only	<1.0%	of	patients	that	require	mechanical	ventilation	
end	up	long-term	ventilator-dependent	patients.

◗	The	decision	to	terminally	wean	a	patient	should	be	made	by	
the	family	in	consultation	with	the	patient’s	medical	team	and	
in	accordance	with	established	ethical	and	legal	guidelines.
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Neonatal and Pediatric 
Respiratory Care

DANIEL W. CHIPMAN

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	the	correct	approach	to	assessment	of	the	fetus	and	newborn	infant.
◆	 Discuss	the	use	of	oxygen	therapy,	bronchial	hygiene	therapy,	aerosol	drug	therapy,	airway	management,	

and	resuscitation	approaches	in	the	care	of	infants	and	children.
◆	 List	the	components	of	an	Apgar	Score.
◆	 Identify	the	different	SPO2	target	ranges	for	preterm	and	full	term	infants	and	those	with	primary	pulmonary	

hypertension.
◆	 Describe	the	correct	approach	to	assessment	of	the	pediatric	patient.
◆	 Discuss	the	use	of	high	flow	nasal	cannulas	in	infants	and	children.
◆	 Discuss	the	use	of	continuous	positive	airway	pressure	and	the	basics	of	mechanical	ventilation	including	

high-frequency	ventilation	in	the	care	of	infants	and	children.
◆	 Discuss	the	use	of	noninvasive	ventilation	in	infants	and	children.
◆	 List	clinical	situations	where	nitric	oxide	is	used,	and	discuss	its	basic	application.
◆	 Explain	the	correct	approach	to	ventilator	management	for	a	patient	in	status	asthmaticus.
◆	 Discuss	the	use	of	heliox	for	a	patient	with	asthma.
◆	 Discuss	the	steps	to	ventilator	discontinuance	for	infants	and	children	including	a	safety	screen	and	

assessment	of	ability	to	breathe	spontaneously.

CHAPTER OUTLINE

Assessment of the Newborn
Maternal	Factors
Fetal	Assessment
Fetal Blood Gas Analysis
Evaluation	of	the	Newborn
Apgar Score
Assessment of Gestational Age
Respiratory	Assessment	of	the	Infant
Physical Assessment
Surfactant
Blood Gas and Pulse Oximetry Analysis
Respiratory	Assessment	of	the	Pediatric	Patient

Respiratory Care
Oxygen	Therapy
Goals and Indications
Methods of Administration
Secretion	Clearance	Techniques
Methods
Monitoring
Humidity	and	Aerosol	Therapy

Humidity Therapy
Aerosol Drug Therapy
Airway	Management
Intubation
Suctioning Intubated Pediatric Patients

Continuous Positive Airway Pressure
Methods	of	Administration
High-Flow	Nasal	Cannula

Mechanical Ventilation
Basic	Principles
Goals	of	Mechanical	Ventilation
Modes	of	Ventilation	and	Breath	Delivery	Types
Ventilator	Settings	and	Parameters
Peak Inspiratory Pressure
Positive End Expiratory Pressure
Tidal Volume
Ventilator Rate
Inspiratory Time
Oxygen Concentration
Mean Airway Pressure
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Ultrasonography uses high-frequency sound waves to obtain an 
image of the infant in utero. This image allows the physician to 
view the position of the fetus and placenta, measure fetal 
growth, identify possible anatomic anomalies, and assess the 
amniotic fluid qualitatively.

Amniocentesis involves direct sampling and quantitative 
assessment of amniotic fluid. Amniotic fluid may be inspected 
for meconium (fetal bowel contents) or blood. In addition, 
sloughed fetal cells can be analyzed for genetic normality. Lung 
maturation can be assessed with amniocentesis. The lecithin-
to-sphingomyelin ratio (L : S ratio) involves measurement of 
two phospholipids, lecithin and sphingomyelin, synthesized by 
the fetus in utero. As shown in Figure 53-1, the L : S ratio 
increases with increasing gestational age. At approximately 34 
to 35 weeks’ gestation, this ratio abruptly increases to greater 

C aring for infants and children is one of the most chal-
lenging and rewarding aspects of respiratory care. 
Competent clinical practice in this area requires knowl-

edge of the many pathophysiologic differences among infants, 
children, and adults. Understanding the unique pathophysiol-
ogy involved in neonatal and pediatric respiratory disorders 
(see Chapter 34) can assist the respiratory therapist (RT) in 
providing quality care to infants and children. A thorough 
understanding of how the respiratory system develops in the 
fetus is the first step toward acquiring the specialized knowledge 
needed to practice neonatal respiratory care (see Chapter 9). 
This chapter begins with an overview of neonatal and pediatric 
patient assessment and then describes respiratory care modali-
ties used to treat these patients.

ASSESSMENT OF THE NEWBORN

Assessment of the newborn begins before birth with assessment 
of the maternal history, the maternal condition, and the status 
of the fetus.

Maternal Factors

Maternal risk factors include many medical, physical, and social 
conditions. Maternal health and individual physiology, preg-
nancy complications, and maternal behaviors affect the health 
of the fetus. Any condition that causes an interference with 
placental blood flow or the transfer of oxygen (O2) to the fetus 
can result in an adverse outcome. The clinician must be pre-
pared for the possibility of resuscitation at delivery. This pos-
sibility is best anticipated by identifying risk factors that relate 
to neonatal compromise. Table 53-1 lists maternal risks and 
related outcomes of which the team preparing to receive the 
infant should be aware when the infant is delivered.

Fetal Assessment

Fetal assessment is performed with ultrasonography, amniocen-
tesis, fetal heart rate monitoring, and fetal blood gas analysis. 

TABLE 53-1 

Maternal Condition and Neonatal Outcomes

Maternal Condition Fetal or Neonatal Outcome

Previous	pregnancy	
complication

Same	outcome	as	previous	fetus

Diabetes	mellitus LGA,	congenital	malformations,	RDS,	
hypoglycemia

Pregnancy-induced	
hypertension

Prematurity,	SGA	(preeclampsia)

Maternal	age	<17	years Low	birth	weight,	prematurity
Maternal	age	>35	years Prematurity,	chromosomal	defects
Placenta	previa Prematurity,	bleeding,	SGA
Abruptio	placentae Fetal	asphyxia,	bleeding
Alcohol	consumption SGA,	CNS	dysfunction,	mental	

retardation,	facial	dysmorphology
Smoking SGA,	prematurity,	mental	retardation,	

SIDS
Drug	use Placental	abruption,	IUGR,	prematurity,	

CNS	abnormalities,	withdrawal	
disorders

IUGR,	Intrauterine	growth	restriction;	RDS,	respiratory	distress	syndrome;	
SIDS,	sudden	infant	death	syndrome.

KEY TERMS

Apgar	score
appropriate	for	gestational	age	

(AGA)
continuous	positive	airway	pressure	

(CPAP)
extremely	low	birth	weight	(ELBW)

grunting,	flaring,	and	retracting
high-frequency	ventilation	(HFV)
inhaled	nitric	oxide	(INO)
large	for	gestational	age	(LGA)
meconium
patent	ductus	arteriosus	(PDA)

primary	pulmonary	hypertension	of	
the	newborn	(PPHN)

retinopathy	of	prematurity	(ROP)
small	for	gestational	age	(SGA)
surfactant
very	low	birth	weight	(VLBW)

Noninvasive	Ventilation
Monitoring	Mechanical	Ventilation
Physical Examination
Patient-Ventilator Interaction
Additional Monitoring
Patient-Ventilator Periodic Assessment
Weaning	from	Mechanical	Ventilation
High-Frequency	Ventilation

Cardiovascular Effects
Weaning from High-Frequency Ventilation
Complications	of	Mechanical	Ventilation

Specialty Gases
Inhaled	Nitric	Oxide
Heliox

Neonatal and Pediatric Transport
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cates impaired maternal-placental blood flow, or uteroplacental 
insufficiency. With variable decelerations, there is no clear rela-
tionship between contractions and heart rate. This pattern is 
the most common of the three and probably related to umbili-
cal cord compression. Short periods of cord compression are 
generally benign, but prolonged periods of compression result 
in impaired umbilical blood flow and can lead to fetal distress. 
Fetal heart rate variability is the beat-to-beat variation in rate 
that occurs because of normal sympathetic or parasympathetic 
influences. A completely monotonous heart rate tracing may be 
indicative of fetal asphyxia. Fetal heart rate reactivity is the 
ability of the fetal heart rate to increase in response to move-
ment or external stimuli. A healthy fetus has two accelerations 
within a 20-minute period.

In utero, the fetus receives its blood supply from the placenta. 
Only a small portion of the blood that enters the fetal right 
heart flows through the lungs. This is a result of fetal pulmonary 
blood vessels being constricted with a high resistance to blood 
flow. There are two openings in the fetal heart through which 
most fetal blood flows. These normal anatomic shunts in the 
fetus are called patent foramen ovale and patent ductus arteriosus 
(PDA). Blood flows through these openings and into the umbil-
ical vessels before returning to the mother. Pressure in the 
umbilical vessels is low. During the transition from fetal life to 
newborn life, the umbilical cord is clamped, and the infant’s 
systemic blood pressure is increased. The infant begins to 
breathe, and O2 enters the infant’s blood. Oxygenated blood 

than 2 : 1. An L : S ratio greater than 2 : 1 indicates stable sur
factant production and mature lungs.1 Phosphatidylglycerol 
is another lipid found in the amniotic fluid that is used to  
assess fetal lung maturity. Phosphatidylglycerol first appears at 
approximately 35 to 36 weeks’ gestation. If phosphatidylglycerol 
is more than 1% of the total phospholipids, the risk of respira-
tory distress syndrome is less than 1%.2 Fetal heart rate moni-
toring includes the measurement of fetal heart rate and uterine 
contractions during labor. Examination of fetal heart rate 
changes related to uterine contractions identifies a fetus in dis-
tress. Fetal well-being is obtained by examining the variability 
and reactivity of the fetal heart rate. A normal fetal heart rate 
ranges from 120 to 160 beats/min. Fetal tachycardia can be a 
sign of fetal hypoxemia or could be related to other factors, such 
as prematurity or maternal fever. Temporary declines in fetal 
heart rate are called decelerations and can be mild (<15 beats/
min), moderate (15 to 45 beats/min), or severe (>45 beats/min). 
Decelerations are classified by their occurrence in the uterine 
contraction cycle.

Figure 53-2 illustrates the three common patterns of early 
decelerations, late decelerations, and variable decelerations. 
Early decelerations occur when the fetal heart rate decreases in 
the beginning of a contraction. This type of deceleration is 
benign and in most cases is caused by a vagal response related 
to compression of the fetal head in the birth canal. A late decel-
eration occurs when the heart rate decreases 10 to 30 seconds 
after the onset of contractions. A late deceleration pattern indi-

FIGURE 53-1	 Lecithin	(red line)	and	sphingomyelin	(blue line)	concentrations	plotted	against	gestational	age.	L	:	S	ratio	rises	to	1.2	at	28	
weeks	and	to	2	or	more	at	35	weeks,	indicating	maturation	of	the	fetal	lung.	(Modified	from	Gluck	L,	et	al:	Am	J	Obstet	Gynecol	109:440,	
1971.)
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Fetal Blood Gas Analysis
When other factors indicate potential problems during labor 
and delivery, fetal blood pH can be used to determine severity. 
Normally, fetal blood is obtained from a capillary sample taken 
from the presenting body part, usually the scalp. Normal fetal 
capillary pH ranges from 7.35 to 7.25, with the lower values 
occurring late in labor. A pH less than 7.20 may indicate that the 
fetus is experiencing asphyxia. There is no direct correlation 
between fetal scalp and arterial blood pH; scalp pH should be 
used only to assist in interpreting clinical signs of fetal distress.

Evaluation of the Newborn

All newborns should be assessed immediately on delivery. Most 
newborns (>90%) do not need intervention when transitioning 

entering the pulmonary vessels causes the vessels to dilate and 
decreases pulmonary resistance. With higher systemic resis-
tance and lower pulmonary resistance, less blood flows through 
the anatomic openings, and these openings begin to close. Evi-
dence of normal transitional circulation is noted as the infant’s 
skin turns from a bluish hue to pink over the first several 
minutes of life.

FIGURE 53-2	 Fetal	heart	rate	patterns.	(Modified	from	Avery	GB,	editor:	Neonatology:	pathophysiology	and	management	of	the	
newborn,	ed	2,	Philadelphia,	1981,	JB	Lippincott.)

Uniform shape

Early onset

Late onset Late onset

Early onset Early onset

Early deceleration (HC)

Uniform shape

Late deceleration (UPI)

Variable shape

Variable deceleration (CC)

Variable onset Variable onset

1 min.

Head compression

Uteroplacental insufficiency

Umbilical cord compression

180

FHR
100

180

FHR
100

180

FHR
100

50
UC

0

50
UC

0

50
UC

0

Compression
of vessels

Umbilical
cord

	

RULE OF THUMB

Infants	presenting	with	a	monotonous	heart	rate	or	a	
fetal	scalp	pH	less	than	7.2	may	be	experiencing	
asphyxia.
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to the infant, begin resuscitation efforts using room air, and 
assess carefully the amount of O2 needed.3 Effective PPV usually 
results in rapid improvement of heart rate. Initial ventilating 
pressures of 30 to 40 cm H2O may be necessary to achieve 
noticeable chest movement, particularly in a preterm newborn 
with surfactant deficiency. Continuous assessment of the lowest 
pressure needed to observe the chest rise is essential throughout 
the resuscitation. After application of PPV for 30 seconds, the 
heart rate is reassessed. If the heart rate is less than 60 beats/
min, chest compressions are begun, and PPV is maintained. If 
the heart rate remains less than 60 beats/min after adequate 
ventilation with 100% O2 and chest compressions for 30 
seconds, appropriate medications are given. As soon as the heart 
rate is noted to be greater than 100 beats/min, compressions are 
discontinued. If spontaneous breathing is present, PPV may  
be gradually reduced and then discontinued. If spontaneous 
breathing remains inadequate or if heart rate remains less than 
100 beats/min, assisted ventilation is continued via bag-mask 
or endotracheal tube. Figure 53-3 outlines a newborn resuscita-
tion algorithm and includes the targeted saturation levels for 
the first 10 minutes of life.

from intrauterine to extrauterine life. The two categories of 
newborns most likely to need intervention are infants born with 
evidence of meconium in their airway and premature infants. 
The need for intervention is determined by assessing for the 
presence of meconium, breathing or crying, muscle tone, color, 
and gestational age.

Meconium is the medical term for the infant’s first stool. It 
is a sticky green-black substance that if inhaled by the infant 
can cause significant respiratory problems. It is more likely to 
be present in a term or postterm newborn than one born pre-
maturely. Term infants delivered without evidence of meco-
nium who are crying or breathing and have good tone should 
not routinely be separated from the mother. They should be 
dried, covered, and given to the mother and observed for 
breathing, activity, and color. If meconium is present and the 
infant is vigorous, pharyngeal suctioning with a bulb suction is 
appropriate. Simultaneously the infant should be dried and 
placed under a warmer and assessed for signs of respiratory 
distress.

If meconium is present in a nonvigorous infant, stimulation 
should be avoided. Immediate endotracheal intubation before 
beginning positive pressure ventilation (PPV) is indicated as a 
means to clear meconium from the airway. The endotracheal 
tube should be attached to a meconium aspirator, and a suction 
device should be regulated for −70 to −100 mm Hg. As soon as 
the endotracheal tube is inserted, suction should be applied to 
the tube, and then the endotracheal tube is withdrawn. Reintu-
bation and repeat suctioning may be necessary if meconium is 
still visible in the airway. Frequent assessment of the heart rate 
is indicated during this process, and if the heart rate is less  
than 100 beats per minute, bag-mask ventilation should be 
performed.

Preterm infants frequently need intervention. The more 
preterm the infant, the more likely the infant will need some 
level of resuscitation. If an infant is preterm, is not breathing, 
is not vigorous, or does not have good tone, resuscitation efforts 
should be initiated. Efforts are directed at warming the infant 
because cold stress may increase O2 consumption and impair 
all subsequent resuscitation efforts.

After the infant is dried and warmed, the infant is positioned 
supine, with the head in a neutral position or slightly extended. 
A bulb syringe or 8F to 10F suction catheter may be used for 
secretion removal; however, in the absence of blood or meco-
nium, catheter suctioning should be limited because aggressive 
pharyngeal suctioning may cause laryngospasm or bradycardia. 
Suction pressure should not exceed −100 mm Hg. Once the 
infant is suctioned, dried, and warmed, if apnea or inadequate 
respirations are present, tactile stimulation may be used to 
encourage spontaneous breathing. Many infants respond to 
stimulation and need no further resuscitative efforts. If after 30 
seconds the infant has a heart rate of less than 100 beats/min 
or is apneic, bag-mask ventilation at a rate of 40 to 60 beats/
min should be initiated.

The most important and effective action in neonatal resus-
citation is effective ventilation. Recommendations from the 
American Academy of Pediatrics are to attach a pulse oximeter 

	

RULE OF THUMB

The	most	important	and	effective	action	in	neonatal	
resuscitation	is	to	ventilate.

Apgar Score
An Apgar score is assigned at 1 minute and 5 minutes of life. 
The Apgar score is an objective scoring system used to evaluate 
a newborn rapidly. As shown in Table 53-2, the score has five 
components: heart rate, respiratory effort, muscle tone, reflex 
irritability, and skin color. Each component is rated according 
to standard definitions, resulting in a composite assessment 
score. Generally, infants scoring 7 or higher at 1 minute are 
responding normally. An infant with a score of 7 may require 
supportive care, such as O2 or stimulation to breathe. Infants 

TABLE 53-2 

Apgar Scoring System for Newborn Assessment

SCORE

Sign 0 1 2

Heart	rate Absent <100/min >100/min
Respirations Absent Slow,	irregular Good,	crying
Muscle	tone Limp Some	flexion Active	motion
Reflex	irritability	

(catheter	in	
nares,	tactile	
stimulation)

No	response Grimace Cough,	
sneeze,		
cry

Color Blue	or	pale Pink	body	with	
completely	blue	
extremities

Pink

From	Koff	PB,	Eitzman	DV,	Neu	J:	Neonatal	and	pediatric	respiratory	care,	
ed	2,	St	Louis,	1993,	Mosby.
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FIGURE 53-3	 Neonatal	resuscitation	algorithm.	Neonatal	Resuscitation:	2010.	American	Heart	Association	Guidelines	for	
Cardiopulmonary	Resuscitation	and	Emergency	Cardiovascular	Care.	©	2010	American	Heart	Association,	Inc.	
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with a 1-minute Apgar score of 6 or lower may require more 
aggressive support.

Assessment of Gestational Age
Gestational age assessment and assessment of relationship of 
weight to gestational age are performed shortly after delivery. 
Determination of gestational age involves assessment of mul-
tiple physical characteristics and neurologic signs. Two common 
systems are used to determine gestational age: the Dubowitz 
scales and the Ballard scales. The Dubowitz scales involve assess-
ment of 11 physical and 10 neurologic signs.4 Physical criteria 
include assessment of skin texture, skin color, and genitalia. 
Neurologic criteria include posture and arm and leg recoil. The 

Ballard scales are a simplified version of the Dubowitz scales 
and include six physical and six neurologic signs as illustrated 
in Figure 53-4. Soon after delivery, the newborn is stabilized and 
weighed, followed by determination of gestational age. Infants 
born between 38 weeks and 42 weeks are considered term gesta-
tion. Infants born before 38 weeks are preterm. Infants born 
after 42 weeks are postterm.

All newborns weighing less than 2500 g are considered low 
birth weight. Newborns weighing less than 1500 g are consid-
ered very low birth weight (VLBW) Newborns weighing less 
than 1000 g are considered extremely low birth weight (ELBW) 
A newborn with a weight that is either too large or too small or 
who has been born preterm or postterm has a higher risk of 
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FIGURE 53-4	 The	Ballard	gestational	age	assessment.	(Modified	from	Ballard	JL,	et	al:	J	Pediatr	95:769,	1979.)

Neuromuscular maturity

Physical maturity

Posture

Square
window
(wrist)

Arm
recoil

Popliteal
angle

Scarf
sign

Heel to
ear

>90˚ 90˚ 60˚ 45˚ 30˚ 0˚

180˚ 140˚to180˚ 110˚ to 140˚ 90˚to 110˚ <90˚

180˚ 160˚ 140˚ 120˚ 100˚ 90˚ <90˚

Maturity rating

Skin

Lanugo

Breast

Eye
and
ear

Plantar
surface

Genitalia,
male

Genitalia,
female

Superficial
peeling or
rash; few

visible vessels

Sticky, friable,
transparent

>50 mm;
no crease

Faint, red
marks

Flat areola;
no bud

Majora large;
minora small

Barely
perceptible

Creases over
entire sole

Scrotum flat,
smooth

Testes down;
good rugae

Superficial
peeling or
rash; few

visible vessels

Slightly
curved pinna;

soft, slow
recoil

Prominent
clitoris;

enlarging
minora

Major and
minora
equally 

prominent

Cracking;
pale areas;
rare visible

vessels

Parchment-like;
deep cracking;

no visible
vessels

Leathery,
cracked,
wrinkled

Gelatinous,
red,

translucent

Heel-toe 40 to
50 mm: –1;
<40mm: –2

Anterior
transverse
crease only

Creases over
anterior

two-thirds

Stippled
areola; 1- to 
2-mm bud

Raised
areola; 3- to 
4-mm bud

Thick cartilage;
ear stiff

Well curved
pinna; soft but

ready recoil

Formed and
firm; instant

recoil

Lids open;
pinna flat,

stays folded

Scrotum
empty; faint

rugae

Testes in
upper canal;
rare rugae

Testes
descending;
few rugae

Testes
pendulous;
deep rugae

Full areola;
5- to 10-mm

bud

Prominent
clitoris; small
labia minora

Lids fused,
loosely: –1;
tightly: –2

Clitoris
prominent;
labia flat

Majora cover
clitoris and

minora

None

Imperceptible

Sparse Abundant Thinning Bald areas Mostly bald

–1 0 1 2 3 4 5

–1 0 1 2 3 4 5

–10
20

Score
Weeks

–5
22

0
24

5
26

10
28

15
30

20
32

25
34

30
36

35
38

40
40

45
42

50
44



 Neonatal and Pediatric Respiratory Care • CHAPTER 53 1223

risk. Compared with term infants, the lungs of these infants are 
not yet fully prepared for gas exchange. In addition, their diges-
tive tracts cannot normally absorb fat, and their immune 
systems are not yet capable of warding off infection. Small, 
preterm infants also have a very large surface area-to-body 
weight ratio; this increases heat loss and impairs thermoregula-
tion. Finally, the vasculature of these small infants is underde-
veloped, increasing the likelihood of hemorrhage (especially in 
the ventricles of the brain).

morbidity and mortality. As shown in Figure 53-5, by plotting 
the infant’s gestational age against weight, the newborn’s rela-
tive developmental status can be classified. Infants whose weight 
falls between the 10th and 90th percentiles are appropriate for 
gestational age (AGA) Infants whose weight is above the 90th 
percentile are large for gestational age (LGA) Infants whose 
weight is below the 10th percentile are small for gestational 
age (SGA).

FIGURE 53-5	 Colorado	intrauterine	growth	chart.	(Modified	from	Avery	GB,	editor:	Neonatology:	pathophysiology	and	management	of	
the	newborn,	ed	4,	Philadelphia,	1994,	JB	Lippincott.)

	

RULE OF THUMB

Infants	born	before	38	weeks’	gestation	are	considered	
preterm.

	

RULE OF THUMB

Infants	weighing	less	than	2500	g	are	normally	
considered	low	birth	weight	neonates.	Infants	weighing	
less	than	1500	g	are	considered	VLBW	neonates,	and	
neonates	weighing	less	than	1000	g	are	considered	
ELBW	neonates.

By classifying infants into one of the combined categories, 
such as “preterm, AGA,” the clinician can help identify infants 
at highest risk and predict the nature of the risks involved and 
the likely mortality rate. Small, preterm infants are at highest 

Respiratory Assessment of the Infant

Not all respiratory problems occur at birth; many respiratory 
disorders develop after birth and may develop slowly or sud-
denly. RTs are commonly called on to help assess and treat 
infants who develop respiratory distress after birth.
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Physical Assessment
Physical assessment of the infant begins with measurement  
of vital signs. A normal newborn respiratory rate is 40 to 60 
breaths/min. The lower the gestational age, the higher the 
normal respiratory rate will be. A 28-week gestational age infant 
may normally breathe 60 times a minute, whereas the rate more 
typical of a term newborn is 40 breaths/min. Tachypnea (>60 
breaths/min) can occur because of hypoxemia, acidosis, anxiety, 
or pain. Respiratory rates less than 40 breaths/min should be 
interpreted with previous trends of the newborn’s respiratory 
rate. A baseline respiratory rate of 36 breaths/min in a term 
newborn is within normal limits; however, a respiratory rate of 
36 breaths/min in a preterm newborn previously breathing at 
70 breaths/min may indicate compromise. Causes of slow respi-
ratory rates include medications, hypothermia, or neurologic 
impairment.

Normal infant heart rates rang from 100 to 160 beats/min. 
Heart rate can be assessed by auscultation of the apical pulse, 
normally located at the fifth intercostal space, midclavicular 
line. Alternatively, the brachial and femoral pulses may be used. 
Weak pulses indicate hypotension, shock, or vasoconstriction. 
Bounding peripheral pulses occur with major left-to-right 
shunting through a patent ductus arteriosus (PDA).5 A strong 
brachial pulse in the presence of a weak femoral pulse suggests 
either PDA or coarctation of the aorta. Table 53-3 lists normal 
ranges of blood pressure for neonates of different sizes. TABLE 53-3 

Normal Neonatal Blood Pressures

Weight (g) Systolic (mm Hg) Diastolic (mm Hg)

750 35-45 14-34
1000 39-59 16-36
1500 40-61 19-39
3000 51-72 27-46

From	Whitaker	K:	Comprehensive	perinatal	and	pediatric	respiratory	care,		
ed	3,	Albany,	NY,	2001,	Delmar.
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The	normal	respiratory	rate	for	a	full-term	infant	is	40	to	
60	breaths/min.

and the ease of sound transmission through the infant chest. 
Thorough observation of the infant greatly enhances the assess-
ment data obtained. Infants in respiratory distress typically 
exhibit one or more key physical signs: nasal flaring, cyanosis, 
expiratory grunting, tachypnea, retractions, and paradoxical 
breathing. Nasal flaring is seen as dilation of the ala nasi on 
inspiration. The extent of flaring varies according to facial 
structure of the infant. Nasal flaring coincides with an increase 
in the work of breathing. In concept, nasal flaring decreases the 
resistance to airflow. It also may help stabilize the upper airway 
by minimizing negative pharyngeal pressure during inspira-
tion.6 Cyanosis may be absent in infants with anemia, even 
when arterial partial pressure of oxygen (PaO2) levels are 
decreased. In addition, infants with elevated fetal hemoglobin 
levels may not become cyanotic until PaO2 decreases to less than 
30 mm Hg. Hyperbilirubinemia, common among newborns, 
may mask cyanosis. Grunting occurs when infants exhale 
against a partially closed glottis. By increasing airway pressure 
during expiration, grunting helps prevent airway closure and 
alveolar collapse. Grunting is most common in infants with 
respiratory distress syndrome, but it is also seen in other respi-
ratory disorders associated with alveolar collapse. Figure 53-6 
illustrates the Silverman score, which is a system of grading 
severity of lung disease.

Chest examination in an infant is more difficult to perform 
and interpret than in an adult because of the small chest size 
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FIGURE 53-6	 Silverman	score—a	system	for	grading	severity	of	underlying	lung	disease.	(Modified	from	Silverman	WA,	Anderson	DH:	
Pediatrics	17:1,	1956.)
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Retractions refer to the drawing in of chest wall skin between 
bony structures. Retractions can occur in the suprasternal, sub-
sternal, and intercostal regions. Retractions indicate an increase 
in the work of breathing, especially because of decreased pul-
monary compliance. Paradoxical breathing in infants differs 
from paradoxical breathing normally seen in adults. Instead of 
drawing the abdomen in during inspiration, an infant with 
paradoxical breathing tends to draw in the chest wall. This 
inward movement of the chest wall may range in severity. As 
with retractions, paradoxical breathing indicates an increase in 
ventilatory work. Applying continuous positive airway pressure 
(CPAP) to a newborn exhibiting signs of respiratory distress 
including grunting, flaring, and retracting may help to increase 
lung volume by preventing alveolar collapse and improve gas 
exchange. The benefits of CPAP in children are discussed in 
more detail later.

Surfactant
Surfactant production begins around the 24th week of gestation 
and continues through gestation. Surfactant contributes to the 
stability of the alveolar sacs by reducing the surface tension of 
the fluids that coat the alveoli. Surfactant deficiency places an 
infant at increased risk for respiratory distress. By about 34 
weeks’ gestation, most infants have produced enough surfactant 
to keep the alveoli from collapsing. There are two specific 
approaches to preventing and treating surfactant deficiency. 
Surfactant deficiency is due to lung immaturity. When a pre-
mature delivery is anticipated, steroids are given to the mother 
to help promote lung maturation. In addition, infants born 
before 35 weeks’ gestation, especially infants born very prema-
turely (<30 weeks), should be assessed clinically for the need to 
receive exogenous surfactant. The need for surfactant is deter-
mined by assessing the infant’s lung volume on chest x-ray, 
evaluating the inspired O2 concentration to maintain O2 satura-
tions greater than approximately 88%, and clinically assessing 
the infant’s work of breathing.

Recent evidence supports early surfactant replacement, 
immediately following delivery, for infants less than 27 weeks’ 
gestation. Infants 27 to 30 weeks’ gestation should be placed  
on CPAP and evaluated clinically for the need to receive 
surfactant.7-9

Surfactant administration has also been shown to be useful 
in conditions in which surfactant structure and/or function has 
been altered. These conditions include meconium aspiration, 
neonatal pneumonia, pulmonary hemorrhage, and primary 
surfactant deficiency. Administration of surfactant requires 
intubation. It is essential to ensure the endotracheal tube is 
properly positioned, approximately 0.5 to 1 cm above the 
carina, before delivering surfactant. The dose depends on the 
specific brand of surfactant being administered. Close moni-
toring of the infant’s vital signs, O2 saturation, and compliance 
is necessary during and after surfactant administration. Soon 
after surfactant is delivered, the infant’s compliance should 
begin to increase resulting in improved gas exchange. Ventilat-
ing pressures and fractional concentration of inspired oxygen 
(FiO2) need to be decreased to avoid lung injury and excessive 

partial pressure of O2. The ventilating pressure should be 
decreased to the level that maintains a tidal volume (VT) of 5 
to 7 ml/kg. FiO2 should be decreased to maintain an oxygen 
saturation level (SpO2) of approximately 89% to 94% in pre-
term infants and to the lowest FiO2 possible to maintain SpO2 
>92% in term or postterm infants. Those with primary pulmo-
nary hypertension should have SpO2 >95% (see Clinical Prac-
tice Guideline 53-1).

Blood Gas and Pulse Oximetry Analysis
Blood gas analysis is helpful in assessing respiratory distress in 
an infant. Many noninvasive techniques, such as transcutaneous 
partial pressure of oxygen (PtcO2), transcutaneous partial pres-
sure of carbon dioxide (PtcCO2), end-tidal carbon dioxide 
(CO2), and pulse oximetry (SpO2), are used to obtain compa-
rable data, although blood gas analysis is more precise when 
results are critical. An infant blood gas sample can be obtained 
from an artery or capillary. Chapter 19 summarizes the advan-
tages, disadvantages, and complications of these sampling 
methods. Care must be taken in assessing the results of capillary 
sampling. Capillary blood gases provide only information 
regarding ventilation and acid-base status, and accuracy is 
highly dependent on technique.10 Normal values for infant 
blood gases are listed in Table 53-4.

Monitoring O2 saturation using a pulse oximeter is a stan-
dard of care for sick newborns. Saturation probes must be care-
fully placed on the newborn; the most common sites are the 
wrist, the medial surface of the palm, or the foot. Sufficient 
cardiac output and skin blood flow are essential to provide an 
accurate saturation value. The pulse rate indicated on the oxim-
eter should correlate with the infant’s actual pulse before any 
conclusions regarding saturation can be drawn. Intracardiac 
shunting and intrapulmonary shunting are causes of decreased 
saturation in sick infants. When interpreting saturation levels 
in a newborn, it is important to consider where the saturation 
is being monitored. Saturation probes placed on the right hand 
assess preductal saturations. Probes placed on other extremities 
indicate postductal saturation levels. Infants at risk for pulmo-
nary hypertension should have saturation probes placed to 
monitor preductal and postductal saturations. A large differ-
ence (>5%) between the two readings should prompt the clini-
cian to consider pulmonary hypertension as a potential concern. 
Conditions that prevent the closing of the ductus arteriosus  
and foramen ovale result in decreased saturation. Many con-
genital heart defects result in significant intracardiac shunting. 
Interpreting adequate saturation for a newborn requires knowl-
edge of any cardiac defect along with the infant’s pulmonary 
condition.

Respiratory Assessment of the 
Pediatric Patient

Normal breathing in children is evidenced by quiet inspiration 
and passive expiration at an age-appropriate rate. Respiratory 
rates are rapid in neonates and decrease in toddlers and older 
children. Table 53-5 lists normal respiratory rates. The initial 
assessment of a pediatric patient starts with evaluating airway 
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TABLE 53-4 

Age-Related Values Commonly Reported for Normal Blood Gases

Normal Preterm Infants 
(at 1-5 Hours)

Normal Term Infants 
(at 5 Hours)

Normal Preterm Infants 
(at 5 Days)

Children, Adolescents, 
and Adults

pH	(range) 7.33	(7.29-7.37) 7.34	(7.31-7.37) 7.38	(7.34-7.42) 7.40	(7.35-7.45)
PCO2	(range) 47	(39-56) 35	(32-39) 36	(32-41) 40	(35-45)
PO2	(range) 60	(52-68) 74	(62-86) 76	(62-92) 95	(85-100)
HCO3

−	range 25	(22-23) 19	(18-21) 21	(19-23) 24	(22-26)
BE	range −4	(−5	to	−2.2) −5	9	(−6	to	−2) −3	(−5.8	to	−1.2) 0	(−2	to	+2)

Modified	from	Orzalesi	MM,	Mendicini	M,	Bucci	G,	et	al:	Arterial	oxygen	studies	in	premature	newborns	with	and	without	mild	respiratory	disorders.	Arch	Dis	
Child	42:174,	1967.	From	Koff	PB,	Eitzman	DV,	Neu	J:	Neonatal	and	pediatric	respiratory	care,	ed	2,	St	Louis,	1993,	Mosby.
BE,	Base	excess;	HCO3

−,	bicarbonate.

53-1	 Surfactant	Replacement	Therapy

AARC Clinical Practice Guideline (Excerpts)

■ INDICATIONS
•	 Prophylactic	surfactant	administration	is	indicated	in	(1)	

infants	at	high	risk	of	developing	respiratory	distress	
syndrome	(RDS)	because	of	short	gestation	(<32	weeks)	or	
low	birth	weight	(<1300	g)	and	(2)	infants	with	known	
surfactant	deficiency

•	 Rescue	therapy	is	indicated	in	preterm	or	full-term	infants	
who	(1)	require	intubation	and	mechanical	ventilation	
secondary	to	increased	work	of	breathing	and	O2	
requirements	and	(2)	have	clinical	evidence	of	RDS

■ CONTRAINDICATIONS
Relative	contraindications	to	surfactant	administration	are	the	
following:
•	 Presence	of	congenital	anomalies	incompatible	with	life	

beyond	the	neonatal	period
•	 Respiratory	distress	in	infants	with	laboratory	evidence	of	

lung	maturity

■ HAZARDS AND COMPLICATIONS
•	 Procedural	complications	resulting	from	the	administration	

of	surfactant
•	 Plugging	of	endotracheal	tube	by	surfactant
•	 Administration	of	surfactant	to	only	one	lung
•	 Hemoglobin	desaturation	or	need	for	extra	O2

•	 Drug	dosing	errors
•	 Bradycardia	secondary	to	hypoxia
•	 Tachycardia	secondary	to	agitation,	with	reflux	of	

surfactant	into	endotracheal	tube
•	 Pharyngeal	deposition	of	surfactant

•	 Physiologic	complications	of	surfactant	replacement		
therapy
•	 Apnea
•	 Increased	necessity	for	treatment	for	PDA
•	 Pulmonary	hemorrhage
•	 Marginal	increase	in	ROP
•	 Mucous	plugs
•	 Barotrauma	with	increased	lung	compliance

■ ASSESSMENT OF NEED
Determine	that	valid	indications	are	present:
•	 Assess	lung	immaturity	before	prophylactic	administration	

of	surfactant	(see	Contraindications)
•	 Establish	the	diagnosis	of	RDS	in	the	presence	of	short	

gestation	or	low	birth	weight

■ ASSESSMENT OF OUTCOME
•	 Reduction	of	FiO2	requirement	or	work	of	breathing	or	both
•	 Improvement	in	lung	volumes	and	lung	fields	as	indicated	

by	chest	radiograph
•	 Improvement	in	pulmonary	mechanics	(e.g.,	compliance,	

airway	resistance,	VT,	VE,	FRC,	transpulmonary	pressure)
•	 Reduction	in	ventilator	requirements	(PIP,	PEEP,	Paw)
•	 Improvement	in	ratio	of	arterial	to	alveolar	PO2	(a/A	PO2),	

oxygenation	index

■ MONITORING
The	following	should	be	monitored	as	part	of	surfactant	
replacement	therapy:
•	 Variables	to	be	monitored	during	surfactant	administration

•	 Proper	placement	of	delivery	device
•	 Position	of	patient	(i.e.,	head	direction)
•	 FiO2	and	ventilator	settings
•	 Chest	wall	movement
•	 Reflux	of	surfactant	into	endotracheal	tube
•	 O2	saturation	by	pulse	oximetry
•	 Heart	and	respiratory	rate,	chest	expansion,	skin	color,	

and	vigor
•	 Variables	to	be	monitored	after	surfactant	administration

•	 Arterial	blood	gases
•	 Pulmonary	mechanics	and	volumes
•	 Chest	radiography
•	 Breath	sounds
•	 Ventilator	PIP,	PEEP,	Paw,	FiO2

•	 Blood	pressure
•	 Heart	and	respiratory	rate,	chest	expansion,	skin	color,	

and	vigor

For complete guideline, see American Association for Respiratory Care: Clinical practice guideline: surfactant replacement therapy. Respir Care 39:824, 1994.
VE, Minute ventilation.
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patency. Normal heart rates are higher in younger children and 
decrease with age. In assessing a pediatric patient, establishing 
if the airway is patent or has any obstructive component is 
essential. Signs that suggest upper airway obstruction include 
increased inspiratory effort with retractions or inspiratory 
efforts with no airway or breath sounds.

The clinician observes for movement of the chest or 
abdomen. The clinician listens for breath sounds focusing  
on both inspiratory sounds and expiratory sounds. Chest or  
abdominal movement without breath sounds may indicate  
total airway obstruction, and basic life-support maneuvers are 
indicated. High-pitched sounds heard on inspiration (stridor) 
are often indicative of upper airway conditions, whereas ex-
piratory noises are more often associated with lower airway 
obstruction.

Causes of stridor in children can be infections, such as croup; 
foreign body aspiration, particularly in a small child; congenital 
or acquired airway abnormalities; allergic reactions; or edema 
after a procedure. Inhaled epinephrine via nebulizer and intra-
venous steroids are commonly used to treat stridor. Common 
causes of lower airway obstruction are bronchiolitis and asthma. 
When wheezing is noted, inhaled bronchodilators are indicated. 
If the patient is able to use a metered dose inhaler (MDI), 
repeated inhalations can act quickly to improve aeration. When 
the patient is unable to use the MDI appropriately or when 
severe symptoms are present, delivering a bronchodilator with 
a nebulizer can bring relief. More than one nebulizer treatment 
often is necessary to relieve airway inflammation. A common 
approach is to deliver three consecutive treatments. If the 
patient continues to be symptomatic, continuous bronchodila-
tor therapy may be delivered with a nebulizer attached to an 
infusion pump set to administer a bronchodilator continuously. 
Tachycardia secondary to the beta-1 effect of inhaled broncho-
dilators may occur. Frequent reassessment of any patient receiv-
ing continuous bronchodilator therapy is essential. Heliox, an 
inhaled mixture of helium and O2 (described in the section on 
specialty gases), has been shown to be beneficial in cases of 
some airways conditions in children.

As noted in the section describing newborn assessment, use 
of accessory muscles, grunting, flaring, and retracting all can be 
signs of respiratory distress. Head bobbing, noted by chin up 
and neck extended during inspiration with chin falling during 
expiration, and seesaw respirations, indicated by the chest 
retracting and the abdomen expanding during inspiration, are 
signs of impending respiratory failure. Assessing the child’s level 
of alertness is essential. Levels of alertness range from fully 
awake, agitated, minimally responsive, to unresponsive. A child’s 
ability to protect his or her airway should be questioned in a 
minimally responsive or unresponsive child.

RESPIRATORY CARE

Respiratory care of infants and children incorporates ap-
proaches taken from adult practice. Important physiologic and 
age-related differences between adults and children require 
variations in the provision of respiratory care. This section  

TABLE 53-5 

Normal Respiratory and Heart Rates by Age

Age Breaths/Minute Heart Rates

Infants	(<1	yr) 30-60 90-120
Toddler	(1-3	yr) 24-40 80-100
Preschooler	(4-5	yr) 22-34 70-90
School	age	(6-12	yr) 18-30 70-90
Adolescent	(13-18	yr) 16-22 60-80

MINI CLINI
Neonatal Ventilation

PROBLEM:	 A 1.8-kg, 28-week newborn is transported from 
the delivery room to the neonatal ICU. The patient was apneic 
and bradycardic at birth and failed to respond to initial stimu-
lation and resuscitation. He was intubated with a 3.0 uncuffed 
endotracheal tube. His heart rate increased to 120 and he has 
been manually ventilated with a T-piece resuscitator at a PIP 
of 25 cm H2O and PEEP of 5 cm H2O during transport. When 
the neonate is admitted to the neonatal ICU, the RT is asked to 
recommend appropriate ventilator settings.

Solution:
• Mode—A/C pressure ventilation
• PIP—20 cm H2O
• PEEP—5 cm H2O
• Set respiratory rate—40 breaths/min
• Inspiratory time—0.3 sec
• FiO2—0.4

Because the patient was manually ventilated during trans-
port, it is unclear what VT has been delivered. Initial PIP of 
20 cm H2O and PEEP of 5 cm H2O are safe and common set-
tings. Immediate observation of the chest would allow the RT 
to evaluate chest expansion and adjust PIP as required. Over 
the next several minutes if VT monitoring is available, targeting 
VT of 6 to 8 ml/kg would guide subsequent settings.

Set respiratory rate of 40 breaths/min is at the lower end of 
the normal range for this patient; however, use of the A/C mode 
with a time-cycled, pressure-limited breath and appropriately 
set trigger sensitivity would allow the patient to establish a 
more comfortable respiratory rate. Adjustment of the inspira-
tory time may also be necessary to increase patient comfort and 
improve patient-ventilator synchrony. Further adjustments 
may be guided by PaCO2. Because this patient was born pre-
maturely, rapid assessment of SpO2 is essential, and FiO2 should 
be adjusted to maintain SpO2 between 88% and 92%.

This patient should receive surfactant replacement therapy. 
The clinician may consider volume-targeted, pressure-limited 
ventilation (e.g., pressure-regulated volume control, volume 
guarantee) during and immediately after surfactant delivery. 
This modality may help prevent lung overdistention until com-
pliance has stabilized.11,12
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positioned on the upper right extremity represents preductal 
saturations and is indicative of the saturation of blood being 
delivered to the brain. O2 saturation measured on other extrem-
ities is considered postductal and represents saturation to other 
parts of the body.

Newborns with certain cardiac anomalies are dependent  
on their intracardiac shunt through the ductus arteriosus to 
survive. An increased saturation in newborns promotes con-
striction of the ductus arteriosus. Although this constriction is 
normally a positive response, it may cause premature closure of 
the ductus arteriosus in infants with ductal-dependent congeni-
tal heart defects. An infant born with hypoplastic left heart 
syndrome, a defect in which the left-sided heart structures are 
poorly developed, relies on the patency of the ductus arteriosus 
for systemic blood supply. In addition, hyperoxia can increase 
aortic pressures and systemic vascular resistance, decreasing the 
cardiac index and O2 transport in children with acyanotic con-
genital heart disease. The emphasis for O2 therapy for all new-
borns should be to provide only as much O2 as indicated by the 
infant’s condition. O2 therapy should be administered using a 
written care plan with specified clinical outcomes (e.g., titrate 
flow/FiO2 to maintain SpO2 88% to 92%, notify physician if 
FiO2 is >0.40).

Methods of Administration
The effectiveness of O2 devices depends on the performance 
characteristics of the device (delivered FiO2, flow rate, relative 
humidity), the interface of the device, and the tolerance of the 
patient for using the device. Children are often frightened and 
combative, making it impractical to use some O2 administration 
devices. Selection of an O2 device must be based on the degree 
of hypoxemia and the emotional and physical needs of the child 
and family. O2 can be administered to infants and children by 
mask, cannula, high-flow nasal cannula, or oxyhood. Table 53-6 
compares the advantages and disadvantages of standard O2 
delivery methods.

focuses on neonatal and pediatric O2 therapy, bronchial hy-
giene, humidity and aerosol therapy, airway management, and 
resuscitation.

Oxygen Therapy

Goals and Indications
O2 should be administered as any other drug, using the lowest 
dose necessary to achieve the intended goal. The goal of O2 
therapy is to provide adequate tissue oxygenation. However, O2 
therapy is most frequently adjusted according to O2 saturation 
levels. A clear understanding of the limitation of O2 saturation 
is needed to interpret the saturation reading and make appro-
priate decisions. Infants and children receiving O2 therapy have 
variable O2 saturation target ranges depending on age and 
underlying condition.

Lower saturation levels are targeted in infants less than 32 
weeks’ gestation. There is evidence that exposure to supplemen-
tal O2 in a premature infant is a risk factor for the development 
of retinopathy of prematurity (ROP) ROP is caused by an 
abnormal vascularization of the retina, which in the most severe 
cases leads to retinal detachment. Preterm neonates weighing 
less than 1500 g are most susceptible. Hyperoxia is not the only 
factor associated with ROP, but close monitoring and adjusting 
of O2 therapy to avoid hyperoxia is crucial to decrease the risk 
of ROP. A specific saturation goal of 88% to 94% should be 
established for this age group, and O2 should be adjusted to 
maintain the intended target. Avoiding very high or very low 
saturation levels is critical. Adjusting the delivered O2 concen-
tration by small increments avoids large swings in saturation 
levels.13-17

In a term infant with primary pulmonary hypertension of 
the newborn (PPHN) a higher targeted saturation level is 
desired to avoid further pulmonary constriction associated with 
hypoxemia. The position of the saturation probe needs to be 
considered when interpreting saturation. Intracardiac shunting 
can occur in the presence of PPHN. One saturation probe 

TABLE 53-6 

Oxygen Delivery Devices

Device Age FDO2 Advantages Disadvantages

Air	entrainment	
mask

≥3	yr High	flow;	0.24-1 Precise	FiO2;	good	for	
transport;	ease	of	
application

Low	relative	humidity;	pressure	necrosis	to	face;	
difficult	to	fit	and	maintain	on	active	child,	not	
recommended	for	infants;	risk	of	aspiration

Nasal	cannula Premature	
infants	to	
adult

Low	flow;	25	ml/min-	
6.0	L/min

Tolerated	well	by	all	ages Inaccurate	FiO2;	low	relative	humidity;	excessive	
flows	may	cause	inadvertent	CPAP	in	infants;	
precise	FiO2	may	be	achieved	with	O2	blender

Incubator Newborns	
≤28	days

<0.40	FiO2,	combine	
use	with	cannula	or	
hood	for	precise	FiO2

Low	FiO2	for	stable	infants;	
neutral	thermal	environment	
for	premature	infants

Varying	FiO2;	long	stabilization	time;	limits	
access	to	child	for	patient	care

Oxyhood Premature	
infants	to	
≤6	mo

0.21-1	FiO2	with	O2	
blender	maintained	
at	30°	C	to	34°	C

Warmed	and	humidified	gas	
at	stable	FiO2	during	
routine	patient	care

Overheating	may	cause	apnea	and	dehydration;	
underheating	may	cause	O2	consumption;	
inadequate	flow	causes	CO2	buildup;	noise	
produced	by	humidification	device	may	cause	
hearing	loss

FDO2,	Delivered	oxygen	concentration.
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ance. The use of mechanical insufflation-exsufflation in chil-
dren with neuromuscular disease can be helpful in clearing 
secretions. Adjunctive therapy devices such as positive expira-
tory pressure, flutter, or intermittent percussive ventilation 
therapy have been effective in secretion clearance in patients 
with cystic fibrosis.20

Monitoring
Given the instability of most critically ill infants and children, 
a thorough initial assessment and ongoing patient evaluation 
during and after treatment are mandatory. Traditional assess-
ment of vital signs, blood pressure, color, and breath sounds 
before, during, and after treatment should be supplemented 
with pulse oximetry monitoring if hypoxemia is suspected.

Humidity and Aerosol Therapy

Key differences in humidity and aerosol therapy in infants and 
children include assessment of patient response to therapy, age-
related physiologic changes, and equipment application.

Secretion Clearance Techniques

Secretion clearance techniques that can be applied to infants 
and children include chest physiotherapy, positive expiratory 
pressure therapy, autogenic drainage, flutter therapy, and me-
chanical insufflation-exsufflation.18,19 Secretion clearance tech-
niques are considered when accumulated secretions impair 
pulmonary function and an infiltrate is visible on a chest radio-
graph. Secretion retention is common in children who have 
pneumonia, bronchopulmonary dysplasia, cystic fibrosis, bron-
chiectasis, and some neuromuscular diseases. Figure 53-7 shows 
postural drainage and percussion positions for infants and 
children.

Methods
Infants and young children cannot cough on command. For 
this reason, secretions often must be removed by suctioning. 
For older children with excessive secretions, directed deep 
breathing and coughing may help improve pulmonary clear-

FIGURE 53-7	 Postural	drainage	and	percussion	positions	for	infant	and	child.	Angles	of	drainage	for	infant	are	not	as	obtuse	as	those	
for	child.	A,	Posterior	segments	of	right	and	left	upper	lobes	are	drained	with	patient	in	upright	position	at	30-degree	angle	forward.	Percuss	
over	upper	posterior	thorax.	B,	Apical	segments	of	right	and	left	upper	lobes	are	drained	with	patient	in	upright	position,	leaning	forward	30	
degrees.	Percuss	over	area	between	clavicle	and	tip	of	scapula	on	each	side.	C,	Anterior	segments	of	right	and	left	upper	lobes	are	drained	
with	patient	in	flat,	supine	position.	Percuss	anterior	side	of	chest	directly	under	clavicles	to	around	nipple	area	(shaded).	Avoid	direct	
pressure	on	sternum.	D,	Right	and	left	lateral	basal	segments	of	lower	lobes	are	drained	at	30	degrees	Trendelenburg.	Patient	lies	on	
appropriate	side,	rotated	30	degrees	forward.	Percuss	over	uppermost	portions	of	lower	ribs.	E,	Right	and	left	anterior	basal	segments	of	
lower	lobes	are	drained	at	30	degrees	Trendelenburg.	Patient	lies	on	appropriate	side	with	a	20-degree	turn	backward.	Percuss	above	
anterior	lower	margin	of	ribs.	F,	Right	and	left	superior	segments	of	lower	lobes	are	drained	at	15	degrees	Trendelenburg,	with	patient	in	
prone	position.	Percuss	below	scapula	in	midback	area.	

A B C

D E F
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Humidity Therapy
In children with an intact upper airway, O2 therapy devices, 
such as low-flow nasal cannulas, do not routinely need to be 
humidified. However, any time the upper airway is bypassed by 
intubation, supplemental humidification must be provided 
using a heated humidifier. Humidification of inspired gases for 
infants and children receiving mechanical ventilation is com-
monly provided by a servo-controlled humidifier. Ideal features 
for these systems include the following: (1) low internal volume 
and constant water level to minimize compressed volume loss; 
(2) closed, continuous feed water supply to avoid contamina-
tion; (3) distal airway temperature sensor and high/low alarms. 
Common problems with humidifier systems include condensa-
tion in the tubing, inadequate humidification, and hazards 
associated with the heating coil.21,22 Using heated wire circuits 
can also reduce condensation in the circuit. Frequent evaluation 
of the humidification system is necessary to increase the poten-
tial of adequate humidity delivered to the airway. Inadequate 
humidification occurs in nonheated circuits when the humidi-
fier temperature probe is placed too far upstream from the 
airway connector. Variable humidification problems occur 
when ventilator circuits pass through an environment and then 
into a warmed enclosure, such as an incubator or radiant 
warmer.

Aerosol Drug Therapy
Drug action in infants and children differs significantly from 
drug action in adults because of differences in physiology, 
which may include immature enzyme systems, immature recep-
tors, and variable gastrointestinal absorption. Dosing may be 
imprecise, and systemic effects may be hard to predict. Table 
53-7 lists aerosolized medications commonly used in children.

Small volume nebulizers (SVNs), vibrating mesh nebulizers, 
MDIs, and dry powder inhalers (DPIs) can be used to deliver 
aerosolized drugs via mouthpiece or face mask to infants and 
children.23 Continuous aerosol drug therapy is also used for 
patients unresponsive to intermittent SVN treatments. Aerosol 
drug administration to intubated infants and children is chal-
lenging because of the decreased deposition from baffling of 
small endotracheal tubes in these patients, which prevents 
approximately 90% of the drug from entering the lungs, regard-
less of delivery system. In addition, careful adjustments must be 
made to the ventilator so that nebulizer flows do not alter deliv-
ered VT and inspiratory pressure and interfere with triggering 
efforts.24 Newer vibrating mesh type nebulizers provide a more 
stable particle size and do not add additional flow to the breath-
ing circuit. As a result, there is no change in the delivered tidal 
volume and patient triggering is not affected.

Airway Management

Airway management methods in infants and children are 
unique because of the anatomic differences between neonates 
and adults. Specifically, equipment and technique must be tai-
lored to each child according to his or her size, weight, and 
postpartum age. Masks, resuscitation bags, oral airways, suction 
catheters, laryngoscope blades, and endotracheal tubes in a 

wide selection of infant and child sizes are needed to account 
for variations in patient age and weight. Table 53-8 provides 
recommendations regarding endotracheal tube and suction 
catheter sizes for infants and children.

Intubation
Endotracheal intubation is a generally safe method of airway 
management in infants and children, even when used for 
extended periods.25,26 Complications and hazards associated 
with intubation in these age groups are listed in Box 53-1. The 
infant’s age or weight can be used to estimate proper endotra-
cheal tube size and depth of insertion. If the tube is too small 
in diameter, a leak may result, decreasing delivered minute ven-
tilation. Small endotracheal tubes have high resistance, increas-
ing the spontaneous work of breathing for the child. An 
inappropriately large endotracheal tube can cause mucosal and 
laryngeal damage that is evident after extubation, resulting in 
upper airway obstruction.27

Most neonatal and pediatric endotracheal tubes are uncuffed. 
The narrowest point of the airway in an infant and small child 
is the cricoid cartilage. When an appropriately sized uncuffed 
tube is positioned in the airway, the fit of the tube in the airway 
“seals” the airway enough so that adequate ventilation can 
usually be maintained. Cuffed endotracheal tubes are an option 
if a large leak persists around the tube and stable ventilation 
cannot be maintained. Similar to adults when a cuffed tube is 
used, careful attention to the pressure of the cuff on the tracheal 
wall is essential. Because the tongue is large and the epiglottis 
is anatomically high in infants and small children, practitioners 
generally find the Miller (straight) laryngoscope blade best for 
intubation. Infant endotracheal tubes are small and can be 
easily kinked or obstructed. In addition, slight changes in the 
position of the endotracheal tube in movement can result in 
bronchial intubation.28

Once a tube is inserted, immediate securing of the tube to 
the infant’s face and ongoing evaluation of the security of the 
tube are essential. Proper head positioning and avoidance of 
cumbersome connecting apparatus help reduce the potential of 
accidental extubation. Estimates of the distance the tube should 
be inserted into the airway based on patient weight are provided 
in Table 53-9. Further confirmation of correct tube position 
should be evaluated with a chest x-ray. Noting the infant’s head 
position when the chest x-ray is obtained is helpful in assessing 
appropriate tube position in the airway. Slight changes in head 

 Box 53-1 Complications and Hazards of 
Endotracheal Intubation in Infants 
and Children

•	 Palatal	grooving	(neonates)
•	 Incisal	enamel	hypoplasia	(neonates)
•	 Accidental	extubation
•	 Tube	blockage
•	 Tracheal	stenosis
•	 Esophageal	perforation
•	 Tracheal	perforation
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TABLE 53-7 

Commonly Used Aerosolized Medications

Medication Name Dosage Form Usual Child Dose Comments

Bronchodilators
Beta-2 Agonists
Albuterol	(Proventil,	

Ventolin)
MDI	(90	mcg/puff) 1-2	puffs	MDI	q	15	min	to	q	6	hr	

±	PRN
May	be	used	15	min	before	exercise	to	

prevent	exercise-induced	bronchospasm;	
should	be	used	as	a	rescue	medicationNebs	(0.5%,	5	mg/ml) 0.01-0.05	ml/kg/dose	(maximum	

1	ml/dose)	neb	q	15	min	to		
q	6	hr	±	PRN

Rotohaler	(200	mcg	
caps)

1-2	caps	inhaled	q	15	min	to		
q	6	hr	±	PRN

Levalbuterol	(Xopenex) Nebs	(0.63	mg/3	ml,	
1.25	mg/3	ml)

0.32-1.25	mg	neb	q	6-8	hr	±	
PRN

May	still	cause	extrapulmonary	side	effects	
including	tachycardia	and	hypokalemia

Salmeterol	(Serevent) MDI	(21	mcg/puff) 2	puffs	inhalation	q	12	hr Not	to	be	used	as	a	rescue	medication;	
long-acting	beta-2	agonist;	QTC	
prolongation	has	occurred	in	overdose

DPI-Diskus		
(50	mcg/inhalation)

1	inhalation	q	12	hr

Anticholinergic
Ipratropium	(Atrovent) MDI	(18	mcg/puff) 2	puffs	inhalation	q	4-6	hr	±	PRN MDI	is	contraindicated	in	patients	with	peanut	

allergy;	for	neonates,	use	25	mcg/kg/dose	
neb	tid;	may	cause	mydriasis	if	aerosolized	
drug	gets	into	the	eye

Nebs	(0.02%) 0.25-0.5	mg	neb	q	4-6	hr	±	PRN

Antiinflammatory Agents
Corticosteroids
Beclomethasone	

(Beclovent,	Vanceril)
MDI	(42	mcg/puff) 1-2	puffs	inhalation	qid	or	2-4	

puffs	inhalation	bid
Start	at	lower	end	of	dosing	range	if	patient	

not	previously	on	steroids;	titrate	to	lowest	
dose	that	is	effective;	always	rinse	mouth	
after	each	treatment

MDI	double	strength	
(84	mcg/puff)

2	puffs	inhalation	bid

Budesonide	(Pulmicort) DPI-Turbuhaler	
(200	mcg/inhalation)

1-2	puffs	inhalation	bid May	take	several	weeks	to	see	benefit;	not	to	
be	used	as	a	rescue	medication

Nebs-Respules	
(0.25	mg/2	ml,	
0.5	mg/2	ml)

0.25-0.5	mg	neb	bid	or	
0.5-1	mg	neb	qd

Flunisolide	(Aerobid,	
Aerobid-M)

MDI	(250	mcg/puff) 2-3	puffs	inhalation	bid

Fluticasone	(Flovent) MDI	(44	mcg/puff,	
110	mcg/puff,	
220	mcg/puff)

2	puffs	inhalation	bid	(maximum	
880	mcg/day)

Rotadisk	(50	mcg/blister) 50-100	mcg	inhalation	bid
Triamcinolone	(Azmacort) MDI	(100	mcg/puff) 1-2	puffs	inhal	qid

Mast Cell Stabilizers
Cromolyn	(Intal) MDI	(800	mcg/puff) 2	puffs	inhalation	qid May	take	several	weeks	to	see	benefit;	not	to	

be	used	as	a	rescue	medicationNebs	(20	mg/2	ml) 20	mg	neb	qid
Nedocromil	(Tilade) MDI	(1.75	mg/puff) 2	puffs	inhalation	qid

Mucolytics
N-acetylcysteine	

(Mucomyst)
Nebs	(20%,	200	mg/ml) 3-5	ml	neb	qid Consider	pretreatment	with	albuterol	15	min	

before	N-acetylcysteine	secondary	to	
bronchospasm

Dornase	alfa	(Pulmozyme) Nebs	(2.5	mg/2.5	ml) 2.5	mg	neb	qid-bid May	cause	hemoptysis

Antiinfectives
Pentamidine	(Pentam) Nebs	(300	mg) 8	mg/kg/dose	(maximum	

300	mg/dose)	neb	q	month
Used	for	PCP	prophylaxis

Ribavirin	(Virazole) Powder	(6	g	vial) 2	g	over	2	hr	neb	q	8	hr	×	3-7	
days	or	6	g	over	12-18	hr	neb	
q	24	hr	×	3-7	days

Used	for	RSV	treatment;	mutagenic,	
teratogenic

Tobramycin	(TOBI) Nebs	(300	mg/5	ml) 300	mg	neb	q	12	hr Used	for	pseudomonal	infection	of	the	lungs

Neb,	Nebulizer;	PCP, Pneumocystis jiroveci	pneumonia;	RSV,	respiratory	syncytial	virus.
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procedures or when endotracheal intubation cannot be accom-
plished and an airway needs to be established. Table 53-10 out-
lines appropriate sizes and maximum cuff volumes of LMAs for 
varying weights.

Suctioning Intubated Pediatric Patients
The goal of suctioning is to remove secretions from large 
airways and stimulate a cough. Although suctioning can be 
beneficial, significant risks are associated with the procedure, 
including lung derecruitment, hypoxia, hypertension, increased 
intracranial pressure, tracheal trauma, and infection. Absolute 
and relative indications for suctioning are listed in Box 53-2.

Additional considerations include the use of closed suction 
catheters for all mechanically ventilated patients. The closed 
suctioning technique helps to minimize derecruitment, which 
is more likely to occur during ventilator disconnections. An 
increase in O2 concentration after suctioning may be necessary 
but should be evaluated for each patient. To reduce the risk  
of tracheal trauma, suction catheters should not be inserted 
further than 1 cm beyond the tip of the endotracheal tube or 
tracheostomy tube. Routine instillation of normal saline is not 
recommended. Increasing ventilator support to regain volume 
lost during the procedure may be necessary but should be 
assessed each time the patient is suctioned. Because of the risks 
associated with suctioning, the procedure should be performed 
only when a clinical indication exists, not on a fixed interval.

Suctioning.  Nasopharyngeal and tracheal suctioning helps 
minimize aspiration, prevents endotracheal tube occlusion, and 
reduces airway resistance in infants and children.2,30 Suctioning 

position can result in the tube position sitting too high or too 
low in the airway. In very small infants, slight flexion of the head 
can move the tube into the right main stem bronchus.

Breath sounds may be of limited value in infants and small 
children for evaluation of tube position. Portable end-tidal CO2 
monitoring devices may be used to help assess tracheal versus 
esophageal intubation, although they should be used only as 
additional assessment tools with recognition of their limita-
tions. Factors associated with accidental extubation of infants 
include tension on the tube from the ventilator circuit, patient 
agitation, suctioning, head turning, chest physiotherapy, too 
short a tube distance between lip and adapter, moving the 
patient during procedures, and inadequately taped endotra-
cheal tube.23,29 Recently, infant-sized endotracheal tube holders 
have become available.

Laryngeal mask airways (LMAs) are available as an alterna-
tive to intubation. LMAs are typically used in children when a 
short-term airway is indicated, such as during some surgical 

TABLE 53-8 

Endotracheal Tube and Suction Catheter Sizes for 
Infants and Children

Age or Weight Endotracheal 
Tube ID 
(mm)

Oral Tube 
Length 
(cm)

Nasal Tube 
Length 
(cm)

Suction 
Catheter 
(F)

Newborn
<1000	g 2.5 9-11 11-12 6
1000-2000	g 3 9-11 11-12 6
2000-3000	g 3.5 10-12 12-14 6
>3000	g 4 11-12 13-14 8

Children
6	mo 3-4 11-12 12-14 6-8
18	mo 3.5-4.5 11-13 13-15 8
2	yr 4-5 12-14 14-16 8-10
3-5	yr 4.5-5.5 12-15 14-17 8-10
6	yr 5.5-6 14-16 16-18 10
8	yr 6-6.5 15-17 17-19 10-12
12	yr 6-7 17-19 19-21 10-12
16	yr 6.5-7.5 19-21 21-23 10-12

Estimating	formula	for	tube	internal	diameter	(ID)	in	mm:
Tube	ID	=	(Age	+	16)/4
Tube	ID	=	Height	(cm)/20
Estimating	formula	for	tube	length	in	cm:
Oral:	12	+	(Age/2)
Nasal:	15	+	(Age/2)

TABLE 53-9 

Approximate Distance from Infant’s Lip to End of 
Inserted Oral Endotracheal Tube

Weight (kg) Mark at Lip (cm)

<1 6.5
1 7
2 8
3 9
4 10

TABLE 53-10 

Appropriate Sizes and Maximum Cuff Volumes of 
Laryngeal Mask Airways for Varying Weights

LMA Size Patient Weight (kg) Maximum Cuff Volume

1 1-5 4
1.5 5-10 7
2 10-20 10
2.5 20-30 14
3 30-40 20

 Box 53-2 Indications for Suctioning

ABSOLUTE INDICATIONS
•	 Secretions	visible	in	endotracheal	tube
•	 Aspiration	of	gastrointestinal	or	oropharyngeal	contents
•	 Inadvertent	water	aspiration	from	ventilator	circuit

RELATIVE INDICATIONS
•	 Rhonchi	noted	during	auscultation	raising	suspicion	of	

retained	secretions
•	 Change	in	compliance	(↓	VT	at	same	peak	pressure	or	

↑	pressure	for	same	VT)
•	 ↑	Work	of	breathing
•	 ↓	SpO2	with	same	or	↑	FiO2



 Neonatal and Pediatric Respiratory Care • CHAPTER 53 1233

when PaO2 is less than 50 mm Hg while the infant is breathing 
an FiO2 of 0.60 or greater, provided that the PaCO2 is less than 
or equal to 50 mm Hg and the pH is greater than 7.25. The 
indications for CPAP are described in Box 53-4.

Methods of Administration

The application of CPAP is most commonly accomplished non-
invasively. In preterm and term neonates, short nasal prongs or 
oronasal masks are preferred over nasopharyngeal tubes which 
were traditionally used. Continued improvement of interface 
devices has led to more consistent CPAP delivery, better patient 
comfort, and reduced incidence of pressure ulcers (Figure 
53-8). These interfaces include nasal masks, soft, pliable nasal 
CPAP cannulas, and the RAM cannula, all of which provide a 
comfortable interface without applying excessive pressure to 
maintain an effective seal. The American Association for Respi-
ratory Care (AARC) has published Clinical Practice Guideline: 
Application of CPAP to Neonates via Nasal Prongs, Nasopha-
ryngeal Tube, or Nasal Mask. Excerpts from this guideline 
appear in Clinical Practice Guideline 53-2.

For larger children, nasal masks, oronasal masks, nasal 
pillows, and other interfaces similar to interfaces used in adults 
may be used. In all patients, it is important to assess the patient-
device interface at regular intervals to allow prevention or early 
detection and intervention in the event of pressure ulcers.

CPAP may be delivered using a mechanical ventilator in the 
CPAP mode, a CPAP driver, or continuous flow system with an 
underwater seal, also referred to as bubble CPAP. Mechanical 
ventilators provide better patient monitoring and may be con-
nected to a central alarm system. CPAP drivers have the capabil-
ity of adjusting flow to maintain set CPAP in the presence of a 
leak and/or increased patient inspiratory demand, and typically 
have some type of built in disconnect alarm. The continuous 
flow bubble CPAP systems are the simplest and least expensive 

is a hazardous procedure, and complications can occur. Box 
53-3 lists the common complications and hazards associated 
with tracheal suctioning of infants and children. Tracheal suc-
tioning of preterm infants and neonates should be performed 
only when clinical signs indicate a need.25,31,32

Oral and pharyngeal suctioning of infants can be done with 
a bulb syringe. A DeLee trap or a mechanical vacuum source 
with catheter may be used for nasopharyngeal and nasotracheal 
suctioning of neonates. Equipment for suctioning larger infants 
and children is similar to the equipment used with adults with 
modifications in vacuum pressure and catheter size. Recom-
mended suction pressures for neonates range from approxi-
mately −60 to −80 mm Hg. With large infants and children, 
pressures in the range of −80 to −100 mm Hg are generally safe 
and effective. Catheter sizes are chosen according to the age of 
the patient and the size of the tracheal airway (see Table 53-8). 
Other techniques for averting hypoxemia include use of endo-
tracheal tube adapters that allow preoxygenation and suction-
ing without disconnection of the ventilator and use of closed 
tracheal suction systems.27,33,34

CONTINUOUS POSITIVE  
AIRWAY PRESSURE

Spontaneous breathing can be supported with continuous 
positive airway pressure (CPAP) a breathing mode that main-
tains a constant pressure above baseline throughout inspiration 
and expiration. Newborn infants have increased chest wall com-
pliance along with decreased lung compliance, which makes 
them prone to developing atelectasis. CPAP maintains inspira-
tory and expiratory pressures above ambient, which improves 
functional residual capacity (FRC) and static lung compliance.35 
It is essential that the patient is able to maintain adequate 
minute volume while breathing spontaneously because ventila-
tory support is not provided.

CPAP is indicated when arterial oxygenation is inadequate 
despite elevated FiO2. This condition is usually accompanied by 
certain signs of respiratory distress. CPAP is commonly used 

 Box 53-4 Indications for Continuous Positive 
Airway Pressure in Children

RESPIRATORY DISTRESS
•	 Tachypnea
•	 Retractions	or	accessory	muscle	use
•	 Grunting
•	 Nasal	flaring
•	 Head	bobbing

ABNORMAL BREATHING PATTERNS
•	 Apnea	of	prematurity
•	 Obstructive	sleep	apnea

LUNG DISEASE
•	 Decreased	lung	volumes	on	chest	radiograph
•	 Pneumonia
•	 Tracheomalacia
•	 Pulmonary	edema
•	 PaO2	<50	mm	Hg	with	FiO2	≥0.60

OTHER
•	 Postextubation	failure

 Box 53-3 Complications and Hazards of 
Tracheal Suctioning in Infants and 
Small Children

•	 Infection
•	 Lung	derecruitment
•	 Accidental	extubation
•	 Atelectasis
•	 Blood	pressure	instability
•	 Increased	intracranial	pressure
•	 Cerebral	vasodilation	or	increased	blood	volume
•	 Arterial	hypoxemia
•	 Cerebral	hypoxemia
•	 Hypercapnia
•	 Bradycardia
•	 Pneumothorax
•	 Mucosal	damage
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High-Flow Nasal Cannula

Supplemental O2 administration by nasal cannula is the most 
comfortable and simplest means of providing O2 for infants 
and children. Evidence in preterm and term neonates indicates 
that using a nasal cannula at flow rates of 2 to 8 L/min may  
be as effective as and is easier to apply than a nasal CPAP 
system.36-39

Specially designed humidification systems have been devel-
oped and allow the use of nasal cannulas at flow rates of 2 to 
30 L/min.38 These devices maximize humidification and mini-
mize condensation accumulating in the small-diameter supply 
tubing. The gas should always be conditioned (warmed and 
humidified) for approximately 5 to 10 minutes before it is con-
nected to the patient. High-flow nasal cannula systems have 
been used successfully in neonates for the same indications that 
CPAP has been used. Instead of titrating levels of CPAP, the flow 
rate is incrementally adjusted. However, the amount of positive 
pressure that the high-flow nasal cannula potentially produces 
cannot be measured, and inadvertent high levels may occur, 
particularly if the nasal cannula fits snugly in the nares.33,40-42 To 
prevent inadvertent high levels of CPAP from developing, the 
nasal prongs should not occupy more than 50% of the patient’s 
nares.

High-flow nasal cannula systems have the potential for  
maximizing supplemental O2 administration because the O2 

of all the devices, but generally lack the ability to automatically 
adjust flow and do not have an integrated alarm system in the 
event of a patient disconnect. All are equally effective as long as 
the interface is appropriately sized and fitted to the patient. The 
choice of one device over another is often based on equipment 
availability or user or institutional bias.

CPAP levels are selected based on clinical observation. Initial 
CPAP levels are usually 5 to 7 cm H2O and are adjusted in incre-
ments of 1 to 2 cm H2O. The patient’s SpO2, respiratory rate, 
work of breathing, breath sounds, and blood pressure are moni-
tored. The appropriate CPAP level is achieved when the respira-
tory rate decreases to near-normal ranges, signs of respiratory 
distress are lessened, and SpO2 increases while O2 requirements 
are reduced. Arterial and capillary blood gas analysis may 
provide additional information in determining the effectiveness 
of CPAP, and chest radiographs are obtained to determine the 
degree of lung inflation.

Weaning and eventually discontinuing CPAP is considered 
when oxygenation is adequate at FiO2 less than 0.30 to 0.40, 
there is a sustained reduction in work of breathing, and chest 
radiograph and clinical assessment indicate resolution of the 
underlying disorder. The use of CPAP for prolonged periods in 
preterm infants helps reduce the work of breathing and prevent 
intubation. Long-term and intermittent use of CPAP is indi-
cated in children with obstructive airway problems, chronic 
lung disease, and neuromuscular disorders.

FIGURE 53-8	 Patient	interfaces	for	CPAP	or	NPPV.	
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53-2	 Application	of	Continuous	Positive	Airway	Pressure	to	
Neonates	via	Nasal	Prongs,	Nasopharyngeal	Tube,	or	Nasal	Mask

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 Abnormalities	on	physical	examination—tachypnea,	

substernal	and	suprasternal	retractions,	grunting,	and	nasal	
flaring;	the	presence	of	pale	or	cyanotic	skin	color;	agitation

•	 Inadequate	oxygenation	(PaO2	<50	mm	Hg	with	FiO2	≤0.60,	
provided	that	VE	is	adequate	as	indicated	by	PaCO2	
≤50	mm	Hg	and	pH	≥7.25)

•	 Presence	of	poorly	expanded	or	infiltrated	lung	fields	on	
chest	radiograph

•	 Presence	of	a	condition	thought	to	be	responsive	to	CPAP,	
including:
•	 Respiratory	distress	syndrome
•	 Recent	extubation
•	 Pulmonary	edema
•	 Transient	tachypnea	of	the	newborn
•	 Atelectasis
•	 Apnea	of	prematurity
•	 Tracheomalacia	or	other	similar	abnormality	of	the	lower	

airways

■ CONTRAINDICATIONS
•	 Although	nasal	CPAP	has	been	used	in	bronchiolitis,	this	

application	may	be	contraindicated
•	 Need	for	intubation	or	mechanical	ventilation	or	both	as	

evidenced	by	the	presence	of:
•	 Upper	airway	abnormalities	that	contraindicate	nasal	

CPAP	(e.g.,	choanal	atresia,	tracheoesophageal	fistula)
•	 Severe	cardiovascular	instability	and	impending	arrest
•	 Unstable	respiratory	drive	with	frequent	apneic	episodes	

resulting	in	desaturation	or	bradycardia	or	both
•	 Ventilatory	failure	as	indicated	by	the	inability	to	maintain	

PaCO2	<60	mm	Hg	and	pH	>7.25
•	 Application	of	nasal	CPAP	to	patients	with	untreated	

congenital	diaphragmatic	hernia	may	lead	to	gastric	
distention	and	further	compromise	of	thoracic	organs

■ HAZARDS AND COMPLICATIONS
Hazards	and	complications	associated	with	equipment	include	
the	following:
•	 Obstruction	of	nasal	prongs	from	mucous	plugging	or	

kinking	may	interfere	with	delivery	of	CPAP	and	result	in	a	
decrease	in	FiO2	through	entrainment	of	room	air	via	
opposite	naris	or	mouth.

•	 Inactivation	of	airway	pressure	alarms
•	 High	resistance	through	nasal	appliances	can	maintain	

pressure	in	the	system	even	after	decannulation;	this	can	
result	in	failure	of	low	airway	pressure	or	disconnect	
alarms	to	respond

•	 Complete	obstruction	of	nasal	prongs	and	
nasopharyngeal	tubes	results	in	continued	pressurization	

of	CPAP	system	without	activation	of	low	or	high	airway	
pressure	alarms

•	 Activation	of	a	manual	breath	(commonly	available	on	infant	
ventilators)	may	cause	gastric	insufflation	and	patient	
discomfort,	particularly	if	the	peak	pressure	is	set	
inappropriately	high
Hazards	and	complications	associated	with	the	patient’s	

clinical	condition	include	the	following:
•	 Lung	overdistention	causing	barotrauma,	 � �V/Q	mismatch,	

hypercapnia,	including	work	of	breathing
•	 Impedance	of	pulmonary	blood	flow	(increased		

pulmonary	vascular	resistance,	decreased	cardiac		
output)

•	 Gastric	insufflation	and	abdominal	distention	potentially	
leading	to	aspiration

•	 Nasal	irritation	with	septal	distortion
•	 Skin	irritation	and	pressure	necrosis
•	 Nasal	mucosal	damage	owing	to	inadequate	humidification

■ ASSESSMENT OF OUTCOME
CPAP	is	initiated	at	levels	of	4	to	5	cm	H2O	and	may	
be	gradually	increased	up	to	10	cm	H2O	to	provide	the	
following:
•	 Stabilization	of	FiO2	requirement	≤0.60	with	PaO2	levels	

>50	mm	Hg	or	the	presence	of	clinically	acceptable	
noninvasive	monitoring	of	O2	(PtcO2),	while	maintaining	an	
adequate	VE	as	indicated	by	PaCO2	of	≤50	to	60	mm	Hg	
and	pH	≥7.25

•	 Reduced	work	of	breathing	as	indicated	by	decreased	
respiratory	rate,	retractions,	grunting,	nasal	flaring

•	 Improvement	in	lung	volumes	and	appearance	of	lung	as	
indicated	by	chest	radiograph

•	 Improvement	in	patient	comfort	as	assessed	by	bedside	
caregiver

■ MONITORING
Patient-ventilator	system	assessments	should	be	performed	at	
least	every	2	to	4	hours	and	should	include	documentation	of	
ventilator	settings	and	patient	assessments:
•	 O2	and	CO2	monitoring,	including	periodic	sampling	of	

ABG	values	and	continuous	noninvasive	monitoring	(e.g.,	
transcutaneous	O2	and	CO2	monitoring,	pulse	oximetry)

•	 Continuous	monitoring	of	electrocardiogram	and	respiratory	
rate

•	 Continuous	monitoring	of	proximal	airway	pressure,	PEEP,	
and	Paw

•	 Continuous	monitoring	of	FiO2

•	 Periodic	physical	assessment	of	breath	sounds	and	signs	
of	increased	work	of	breathing

•	 Periodic	evaluation	of	chest	radiographs

*For complete guideline, see American Association for Respiratory Care: Clinical practice guideline: application of continuous positive airway pressure to neonates 
via nasal prongs, nasopharyngeal tune, nasal mask: 2004 revision and update. Respir Care 49:1100, 2004.
VE, Minute ventilation.
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required for filling and emptying, thus longer inspiratory and 
expiratory times are needed.

Goals of Mechanical Ventilation

The basic goals of mechanical ventilation are to improve O2 
delivery to meet metabolic demand and eliminate CO2, while 
reducing the work of breathing. The basic aim of assisted ven-
tilation is to meet the goals while minimizing the associated 
deleterious effects. One approach to mechanical ventilation 
begins with the selection of an appropriate breath type, either 
pressure-controlled or volume-controlled, and a mode that best 
meets the physiologic needs of the patient’s condition.47 Box 
53-5 lists the indications for mechanical ventilation in infants 
and children.

Modes of Ventilation and Breath 
Delivery Types

Historically, the most common mode of ventilation used in 
neonates and children was intermittent mandatory ventilation. 
Because early infant ventilators were unable to respond to the 
small triggering efforts of these patients, mandatory timed 
breaths were superimposed over a continuous flow of gas. These 
asynchronous, mandatory breaths provided most of the ventila-
tion, while the patient was allowed to breathe spontaneously 
from the continuous gas source. Eventually, technologic im-
provements resulted in triggering devices that provided syn-
chronization of the mandatory breaths with patient effort 
(synchronized intermittent mandatory ventilation [SIMV])  
followed by the ability to provide assist/control (A/C) and pres-
sure support ventilation (PSV). Despite evidence that SIMV is 
more likely to result in patient-ventilator asynchrony,48,49 most 

concentration delivered to the patient should approximate the 
set FiO2. This approximation occurs because the anatomic res-
ervoir of the upper airway is continuously flushed, greatly 
reducing the entrainment of room air. High-flow nasal cannula 
systems may be beneficial in stabilizing acute respiratory failure 
caused by hypoxemia, which may reduce the need for noninva-
sive or invasive assisted ventilation, such as in the case of a 
pulmonary exacerbation in a patient with bronchiolitis, cystic 
fibrosis or congestive heart failure.

 Box 53-5 Indications for Mechanical 
Ventilation

APNEA
Respiratory Failure
•	 PaO2	<50	mm	Hg
•	 PaCO2	>65	mm	Hg

Pulmonary Disease
•	 Respiratory	distress	syndrome
•	 PPHN
•	 Meconium	aspiration	syndrome
•	 Pneumonia
•	 ARDS

NEUROLOGIC AND NEUROMUSCULAR
•	 Asphyxia
•	 Head	trauma
•	 Spinal	muscle	atrophy
•	 Muscular	dystrophy

CONGENITAL ABNORMALITIES
•	 Congenital	diaphragmatic	hernia
•	 Congenital	heart	disease

POSTSURGERY
•	 Thoracic	surgery

	

RULE OF THUMB

When	using	a	high-flow	nasal	cannula,	the	nasal	prong	
should	not	occupy	greater	than	50%	of	the	opening	to	
patient’s	nares.

MECHANICAL VENTILATION

Early attempts to provide assisted ventilation to infants and 
children were largely derived from the experiences gained in 
adults, including the type of ventilators used and the associated 
techniques. Recognition of the physiologic differences of neo-
nates and children led to further advances in ventilator design 
and modes and a wider range of capabilities. Although the 
classic “infant ventilator” is still used in some centers, modern 
microprocessor ventilators offer an ever-evolving array of 
options capable of supporting the full range of patient sizes and 
physiologic conditions.43 Respiratory therapists caring for 
infants and children need to be familiar with their physiologic 
differences to select and modify the appropriate ventilatory 
strategy.44-46

Basic Principles

Conventional mechanical ventilation is the delivery of a bulk 
flow of humidified gas into and out of the lungs. The removal 
of CO2, typically measured by PCO2, is directly related to alveo-
lar ventilation (frequency × VT). Gas moves from the ventilator 
across an artificial airway in response to a change in pressure or 
pressure gradient. The magnitude of pressure required to move 
a particular amount of volume is derived from the compliance 
of the pulmonary system and the resistance of the airways.

Compliance is a measure of the distensibility of the lungs and 
is expressed as the volume change per unit of pressure change 
(C = ΔV/ΔP). Resistance is the tendency for airflow across the 
tracheobronchial tree to be impeded at a particular pressure per 
unit of gas flow (R = ΔP/flow). The product of compliance and 
resistance is the respiratory time constant, or the measure of 
time necessary for the equilibration of a change in airway pres-
sure (TC = C × R). A patient with stiff or noncompliant lungs, 
such as a preterm infant with surfactant deficiency, has short 
time constants, meaning less time is required for equilibration, 
and filling and emptying of lungs occur faster, requiring shorter 
inspiratory and expiratory times. A patient with a disease char-
acterized by impaired airflow or high resistance, such as a child 
with asthma, has longer time constants, in which more time is 
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In many cases, appropriate setting of the inspiratory rise time 
(the speed in which gas flow is delivered controlling how rapidly 
set airway pressure is achieved) improves patient-ventilator 
synchrony. Most current-generation ventilators are capable of 
providing volume-targeted, pressure-limited ventilation, often 
referred to as pressure-regulated volume control or volume guar-
antee. In this dual mode of ventilation, the inspiratory VT is 
compared with a preset target VT, and the inspiratory pressure 
on the next breath is adjusted up or down in an attempt to meet 
the target volume. True volume-controlled breaths are rarely 
used for ventilating neonatal patients. (See Chapter 45 for 
details.)

neonatal and pediatric patients are managed by using one of 
these three modes or a combination (i.e., SIMV + PSV). The 
most common triggering device for infant ventilators is a pneu-
motachygraph placed in the ventilator circuit, often proximal 
to the airway, which in many cases also serves as a monitoring 
device. The pneumotachygraph allows for the integration of a 
flow signal, which can be displayed as inhaled and exhaled VT 
and minute ventilation. Figure 53-9 displays graphic represen-
tations of A/C, SIMV, and PSV. Another mode of ventilation 
increasingly used in neonates and small children is called neu-
rologically adjusted ventilatory assist (NAVA) in which the ven-
tilator responds to electrical activity of the diaphragm (Eadi). 
This requires use of a special gastric tube with electrodes that 
sense Eadi. In this highly responsive mode ventilation is pro-
vided by adjusting the amount of airway pressure applied per 
1 microvolt change in Eadi.

In almost all cases of neonatal ventilation, the mechanical 
breaths delivered during SIMV and A/C are time-cycled, 
pressure-limited breaths.50 Inspiration is initiated by patient 
effort or as a result of the set respiratory rate (whichever comes 
first). Based on the available flow—continuous, demand, or 
both—the set inspiratory pressure is reached early in the inspi-
ratory phase and maintained throughout the remainder of the 
inspiratory time, after which the ventilator cycles to expiration. 

FIGURE 53-9	 Airway	graphics.	A,	Patient	is	apneic.	Regardless	of	SIMV	or	A/C	mode	all	breaths	are	mandatory	at	set	rate.	B,	A/C	
mode.	Total	respiratory	rate	is	determined	by	patient’s	spontaneous	rate.	C,	SIMV	mode.	Mechanical	breaths	are	delivered	at	a	set	rate.	
Patient	is	allowed	to	breathe	spontaneously	in	between	mandatory	breaths.	D,	PSV	mode.	There	are	no	set	mandatory	breaths.	All	breaths	
are	pressure	supported	at	patient’s	spontaneous	rate.	
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RULE OF THUMB

When	ventilating	neonates,	choose	time-cycled,	
pressure-limited	mechanical	breaths.

Pediatric patients may be ventilated with either volume-
controlled or pressure-controlled breaths. The choice may be 
based on health care team or institutional preference, prior 
experience, and equipment availability or may be evidence-
based for specific diseases (e.g., asthma).
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does little to prevent the development of auto-PEEP and fre-
quently markedly decreases the level of ventilation.

In the presence of an elevated PaCO2 and decreased pH, a 
higher FiO2 is required to maintain SpO2 greater than 90% 
owing to shifting of the oxyhemoglobin dissociation curve. FiO2 
should be set initially at 1.0 and titrated to maintain SpO2 
within acceptable range.

Ventilator Settings and Parameters

After the mode of ventilation is selected, the respiratory thera-
pist begins to adjust the various settings associated with the 
mode, while keeping in mind the goals of ventilation and the 
patient’s weight, underlying problem, and reason for mechani-
cal ventilation. The RT often can get a sense of the patient’s 
compliance by manually ventilating the patient and observing 
the pressure needed to make the chest rise.

Peak Inspiratory Pressure
For time-cycled, pressure-limited breaths, the peak inspiratory 
pressure (PIP) is set according to predetermined criteria (e.g., 
20 to 25 cm H2O) or by observing the pressure required to 
move the chest during manual ventilation with a flow inflating 
bag or T-piece resuscitator. The delivered VT is monitored, and 
adjustments may be made. Increasing the PIP normally results 
in an increase in VT, whereas a decrease in PIP results in 
decreased VT. In the absence of VT monitoring, PIP may be 
adjusted based on subjective assessment of chest movement and 
auscultation of breath sounds. Efforts should be made to main-
tain the lowest possible PIP that delivers the target VT because 
PIP greater than 28 cm H2O in time-cycled, pressuresimited 
(pressure controlled) breaths has been shown to increase the 
likelihood of ventilator-induced lung injury.
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Always	strive	to	maintain	PIP	less	than	or	equal	to	
28	cm	H2O.

MINI CLINI
Pediatric Ventilation

PROBLEM:	 A 12-year-old girl with asthma is admitted to the 
emergency department. She was intubated in the field by para-
medics and is currently ventilated with a transport ventilator 
at the following settings:
• Mode—SIMV
• VT—10 ml/kg
• PIP—90 cm H2O
• PEEP—0 cm H2O
• Set respiratory rate—16 breaths/min
• Total respiratory rate—20 breaths/min
• Inspiratory time—0.25 sec
• FiO2—1.0

The paramedics inform the RT that since the patient has 
been placed on the mechanical ventilator, PIP has steadily 
increased, blood pressure has begun to decrease, and breaths 
sounds consisting of bilateral inspiratory and expiratory 
wheezes have become increasingly diminished. What should 
the RT recommend?

Solution:	 The ventilator circuit should be immediately discon-
nected from the endotracheal tube allowing the patient to 
exhale fully. This patient should be fully sedated and possibly 
paralyzed to allow the RT to set and control ventilation. The 
ventilator settings should be set as follows:
• Mode—A/C
• Breath delivery type—volume controlled
• VT—4 to 6 ml/kg
• Plateau pressure—maintain at ≤30 cm H2O
• Respiratory rate—set at whatever rate allows ventilation 

without an increase in auto-PEEP or increased plateau 
pressure or both

• Inspiratory time—1.0 sec
• PEEP—5 cm H2O
• FiO2—1.0

Patients with severe status asthmaticus are among the most 
challenging patients to ventilate. The pulmonary time constants 
are increased such that it is equally difficult to inflate the lungs 
as it is for the patient to exhale. The inspiratory flow rate must 
be controlled by the clinician by means of volume-controlled 
ventilation, and sufficient time must be provided to allow the 
lungs to inflate. Expiratory time must be sufficient to allow 
exhalation, preventing the accumulation of trapped gas or auto-
PEEP. The result is a decrease in minute ventilation, which leads 
to permissive hypercapnia as a lung protective strategy. PaCO2 
should be allowed to increase as long as the pH is greater than 
or equal to 7.10.

The inspiratory time must be increased (up to 1 second for 
this patient and longer in older teenagers) to allow inspiratory 
gas flow to the patient. Although this increase in inspiratory 
time may seem counterintuitive in a patient with prolonged 
expiratory time constants, it is necessary to deliver gas on inspi-
ration. Decreasing the inspiratory time to less than 1 second 

Positive End Expiratory Pressure
Positive end expiratory pressure (PEEP), referred to as the  
baseline pressure, is used to prevent alveolar collapse at end-
expiration. PEEP results in improved oxygenation for a given 
O2 concentration. If the PEEP is set too low, alveolar collapse 
may occur, resulting in decreased FRC, altered ventilation/
perfusion ( � �V/Q matching), and hypoxemia. If the PEEP is set 
too high, overdistention may occur, increasing the likelihood of 
lung injury. Typically, PEEP is set between 5 cm H2O and 
6 cm H2O, although higher levels may be used if necessary. 
PEEP is set in conjunction with PIP, and the difference between 
the two is often referred to as the delta P or driving pressure. As 
the delta P is increased, either by increasing PIP or decreasing 
PEEP, the VT will most likely increase as well (unless overdisten-
tion occurs). Conversely, decreasing the delta P results in lower 
VT. Ideally the delta pressure or driving pressure should not be 
greater than 15 cm H2O.
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Ventilator Rate
The ventilator rate is the set number of breaths delivered in 1 
minute. During A/C ventilation, the set respiratory rate is the 
minimum number of breaths the patient will receive and is 
increased if the patient triggers the ventilator at a respiratory 
rate faster than that which is set. The actual or total respiratory 
rate multiplied by VT determines the minute ventilation, which 
is directly related to alveolar ventilation and PCO2. Because VT 
is usually set according to the patient’s ideal or calculated body 
weight, adjusting minute ventilation is most often accomplished 
by changing the respiratory rate. The clinician must be aware 
of the total respiratory rate when making changes to adjust 

Tidal Volume
When selecting VT, the clinician must consider a volume that 
provides adequate lung inflation without overstretching the 
alveoli. Setting VT that is too high most likely would result in 
lung injury. VT of 6 to 8 ml/kg is generally considered safe in 
most patients. However, in some patients with extremely low 
lung compliance, such as patients with severe acute respiratory 
distress syndrome (ARDS), it may be necessary to reduce VT to 
4 to 5 ml/kg.

If the clinician chooses to deliver volume-controlled breaths, 
VT is set as a control variable. Every mechanical breath delivers 
an identical VT at either a preset inspiratory time or a preset 
flow rate. Set VT, inspiratory time, and flow all are interrelated. 
If VT is set at 300 ml, and flow rate is 30 L/min (0.5 L/sec), the 
inspiratory time is 0.6 second. See formulas in Box 53-6.

When ventilating patients with pressure-controlled breaths, 
VT is not set, but it should be monitored. The clinician must 
compare the monitored VT with a predetermined target and 
adjust the delta P to meet that target.

Regardless of whether the clinician chooses volume- 
controlled or pressure-controlled breaths, he or she must rec-
ognize that some of the VT is compressed in the circuit and not 
delivered to the patient; this is referred to as compressible volume 
loss. Most current-generation ventilators automatically com-
pensate for compressible volume loss and adjust the delivered 
and displayed (monitored) VT accordingly. With older ventila-
tors and current, less sophisticated ventilators, such as those 
used for transport, during volume-controlled breaths, the clini-
cian must calculate the compressible volume loss and increase 
the set VT to deliver the desired volume to the patient. During 
both volume-controlled and pressure-controlled breaths, the 
calculated compressible volume loss must be subtracted from 
the ventilator displayed exhaled VT. See Box 53-7 for calculation 
of compressible volume loss.

MINI CLINI
Pediatric Ventilation

PROBLEM:	 A 10-year-old boy with a complex medical 
history including history of trisomy 21, intractable infantile 
spasms, seizure disorder, and developmental delay (nonverbal), 
is admitted with increased difficulty breathing. His tempera-
ture on admission is 101° F, and a chest x-ray shows a left lower 
lobe infiltrate consistent with pneumonia. His home regimen 
includes nocturnal NIV via nasal mask with an inspiratory 
pressure of 8 cm H2O, 3 cm PEEP, and 2 L/min of O2 added to 
the breathing circuit. On admission, the patient complains of 
shortness of breath. His respiratory rate is 40 breaths/min, and 
SpO2 is 88% on a nonrebreathing mask. What should the RT 
suggest?

Solution:
• NIV—consider beginning NIV via oronasal mask
• PIP—10 to 12 cm H2O
• PEEP—3 to 5 cm H2O
• Set respiratory rate—12 breaths/min
• FiO2—1.0

Although this patient receives NIV for nocturnal support 
when stable, he currently has an acute infection superimposed 
on chronic restrictive lung disease. Beginning NIV now may 
provide sufficient support to prevent intubation during this 
acute condition. Initial PIP of 10 to 12 cm H2O titrated to 
patient comfort may provide additional support, increasing VT 
and allowing respiratory rate to return to baseline. Choosing 
an oronasal mask may prove to be a more efficient interface 
than the patient’s usual nasal mask at this time. The set respira-
tory rate of 12 breaths/min is intended to be a backup rate 
because this patient is spontaneously breathing and should be 
allowed to establish his own breathing pattern. FiO2 should be 
adjusted to maintain an acceptable SpO2.

	

RULE OF THUMB

Large	VT	(>8	ml/kg)	is	likely	to	overstretch	the	lung,	
resulting	in	acute	lung	injury,	and	should	be	avoided.	
Patients	with	severe	ARDS	may	require	even	lower	VT	
(4	to	5	ml/kg).	In	addition,	PIP	and/or	plateau	pressure	
should	be	maintained	<28	cm	H2O	and	delta	P	
≤15	cm	H2O.

 Box 53-7 Determining Effective or Corrected 
Tidal Volume

Effective V Delivered V Compressible volumeT T= −
Compressible volume Compressible factor PIP PEEP= × −( )

Example:	A	12-year-old	child	weighing	28	kg	requires	
assisted	ventilation.	VT	is	set	at	240	ml,	PIP	is	25	cm	H2O,	and	
PEEP	is	5	cm	H2O.	The	compressible	factor	for	the	ventilator	is	
2	ml/cm	H2O.

Compressible volume ml cm H O cm H O

ml

= × −
=

( ) ( )2 25 5

40
2 2

Effective V ml ml mlT = − =240 40 200
Effective V kg ml kg ml kgT = ÷ =200 28 7 1.

 Box 53-6 Interrelationship of Tidal Volume, 
Flow, and Time

V Flow in L Inspiratory timeT = ×sec
Inspiratory time V Flow rateT=
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often associated with improved oxygenation but is not without 
hazards. Increasing PEEP would result in increased Paw  and 
potentially increased oxygenation. However, if the PEEP is set 
too high, the alveoli may become overinflated resulting in wors-
ening � �V/Q matching, and lung injury may occur.

Noninvasive Ventilation

Noninvasive ventilation (NIV), also known as noninvasive posi-
tive pressure ventilation, has become more popular recently in 
neonatal patients. In the past, use of NIV was limited by the 
lack of available interfaces; however, these are becoming more 
readily available. Figure 53-8 shows various interfaces that may 
be used for NIV (or CPAP) in neonates. NIV for neonates has 
been used successfully for premature infants in the delivery 
room and as an accepted mode of ventilation in the NICU 
where it has been used to prevent initial intubation or second-
arily to prevent reintubation in the setting of extubation failure. 
NIV has also been used as a primary mode of ventilation for 
patients with acute respiratory failure.51-53 However, there is 
scant evidence to support the use of NIV over CPAP or as a 
method of reducing the incidence of bronchopulmonary dys-
plasia. Patient triggering may be problematic given the large 
leaks that may occur with most patient interfaces, even with 
some current ventilators’ “Noninvasive Modes,” which generally 
include various forms of sophisticated leak compensation. 
However, there is ample evidence to support the use of both 
synchronized and nonsynchronized NIV in the NICU.54,55

Outside the NICU, NIV has been used extensively in patients 
of all ages, including pediatric patients.56-59 Indications may 
include short-term support of hypoxemic respiratory failure, 
such as that seen with pulmonary edema associated with left-
sided heart failure; prevention of intubation; postextubation 
support; and long-term support of patients with neuromuscu-
lar disease. Some limitation of available interfaces persists, par-
ticularly in smaller patients; however, most patients can be fitted 
without too much difficulty. As with CPAP and other noninva-
sive interface devices, care must be taken to prevent or minimize 
patient injury owing to iatrogenic pressure ulcers from a tight 
or poorly fitted device.

NIV may be provided with simple, single-limb devices such 
as bilevel positive airway pressure generators, or sophisticated 
ICU ventilators. Care must be taken whenever a single-limb 
circuit is employed to provide sufficient PEEP in the system to 
prevent rebreathing of gases (see Chapter 51).

Monitoring Mechanical Ventilation

The RT should develop a systematic approach to monitoring 
the effects of mechanical ventilation. Components of a ventila-
tor assessment should include an evaluation of the artificial 
airway, physical examination, assessment of patient-ventilator 
interaction,60 analysis of laboratory and radiographic data, 
adjunct ventilator monitoring, and a systematic ventilator safety 
assessment including alarm function and assessment of humid-
ification. Alarms should be connected to a central monitoring 
system to alert clinicians away from the bedside of a change the 
patient’s condition.

minute ventilation. If the set respiratory rate is 16, but the total 
respiratory rate is 22 because of patient triggering, decreasing 
the set rate to 12 or increasing the set rate to 18 would have no 
effect on minute ventilation.

Inspiratory Time
The inspiratory time is often defined as the time required to 
deliver VT; however, this may be misleading. As described earlier, 
with volume-controlled breaths, the inspiratory time is deter-
mined by VT and inspiratory flow rate and is the time required 
to deliver the preset VT at the preset flow rate. However, with 
pressure-controlled breaths, the inspiratory time is set by the 
clinician and may be shorter, longer, or equal to the time re-
quired to deliver the breath. In the case of increased airway 
resistance, such as a patient with asthma, if the inspiratory time 
is not set long enough, flow delivery to the patient may not 
decelerate to zero by the end of the set inspiratory time. Under 
these circumstances, increasing inspiratory time would result  
in an increase in delivered VT. Conversely, under the same con-
ditions, shortening the inspiratory time would result in a de-
crease in delivered VT. In the case of decreased compliance, as 
in pneumonia, increasing inspiratory time beyond the time 
necessary to allow full flow deceleration would result in an in-
spiratory pause or breath-hold, which may not be tolerated by 
the patient.

	

RULE OF THUMB

O2	is	considered	a	drug	and	should	be	used	
appropriately.	High	O2	concentrations	are	potentially	
injurious	and	may	cause	O2	toxicity	in	the	immature	
lung	and	retinal	damage	in	preterm	infants.

	

RULE OF THUMB

Inspiratory	time	is	usually	set	between	0.2	second	and	
0.4	second	for	neonates	and	up	to	1.0	second	in	
teenagers.	With	patients	who	are	awake	and	have	
spontaneous	breathing	efforts,	inspiratory	time	must	be	
set	at	a	level	that	matches	patient	demand	to	avoid	
patient-ventilator	asynchrony.

Oxygen Concentration
The O2 concentration or FiO2 is kept as low as possible to avoid 
the risk of O2 toxicity. Although the precise mechanisms are not 
understood, the best approach is to maintain the lowest FiO2 
possible. The immature lung is particularly susceptible to O2 
toxicity, which can result in the development of bronchopul-
monary dysplasia. In a preterm infant, FiO2 is titrated to a 
narrow SpO2 range (e.g., 88% to 94%) so that retinal damage 
(ROP), which is caused by elevated PO2, does not develop.17

Mean Airway Pressure
Mean airway pressure (Paw) is the average airway pressure 
during a 1-minute period. It is affected by changes in PIP, PEEP, 
inspiratory time, and respiratory rate. An increase in Paw  is 
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respiratory rate may have a higher set rate. Initial FiO2 is usually 
reflective of the amount currently being delivered with hand 
ventilation but quickly titrated to maintain normal SpO2. FiO2 
of 0.40 after surgery would not be unusual in the child. In addi-
tion, plateau pressure should not be greater than 28 cm H2O 
and the delta P should not be higher than 15 cm H2O.

Physical Examination
Examination of the patient can yield quick and useful informa-
tion. The chest is examined for adequacy of chest rise, the pres-
ence of asymmetric movement and deformities, and signs of 
increased work of breathing such as retractions. Breath sounds 
are helpful in gauging the degree of air entry, verifying bilateral 
aeration, and identifying airflow problems and areas of dimin-
ished aeration. Skin appearance can also give the clinician a 
sense of the patient’s perfusion—an indirect measure of cardiac 
output. A mottled appearance, poor capillary refill, and pale or 
gray color indicate poor perfusion.

Patient-Ventilator Interaction
The patient-ventilator interaction is the assessment used to 
determine the ease with which the patient can trigger and inter-
act with the ventilator throughout the complete ventilatory 
cycle. This assessment is made by simultaneously observing the 
trigger indicator, waveforms, and the patient. Refinements in 
the trigger threshold may need to be made if there is a leak 
present or the work to trigger or initiate a breath is too great. 
Most ventilators may be flow triggered or pressure triggered. 
There is little difference between the two as long as they are set 
correctly. The trigger sensitivity should be set as sensitive as 
possible without auto-triggering. The manner in which the 
breath is terminated is also assessed. Pressure-supported breaths 
are flow cycled based on the patient’s spontaneous inspiratory 
time and flow demand. Mechanical breaths are time cycled. 
Theoretically, flow-cycled, pressure-supported breaths should 
be more comfortable and promote improved patient-ventilator 
synchrony because the patient has more control over the breath 
than with mechanical breaths. Together, patient synchrony and 
comfort are determined. Patient-ventilator asynchrony occurs 
when the patient’s efforts to breathe are unmatched with the 
preselected ventilator support. Airway graphics are also helpful 
in identifying nuances and refining ventilator settings.61 Airway 
graphics routinely displayed are scalar waveforms of flow, 
airway pressure, and volume. Additionally, each of these param-
eters can be plotted against the others. Pressure-volume and 
flow-volume loops can be particularly helpful in assessing alter-
ations in work of breathing, overdistention of the lung, and 
compliance. See Chapter 47 for more detail on patient-ventilator 
interaction.

Additional Monitoring
The use of noninvasive monitors, particularly measurements of 
end-tidal CO2 and SpO2, has become routine. Periodic blood 
gas analysis is a useful tool to quantify acid-base status and to 
refine ventilator settings further. Other laboratory data, such as 
electrolytes and hematologic information, are also assessed. 

A flow sheet is used to prompt the user and guide the clini-
cian through the process of assessing the patient, while serving 
as documentation of the ventilator settings and outputs. In the 
past, these flow sheets were paper and were maintained as part 
of the patient’s medical record. Currently, most flow sheets are 
integrated into an electronic medical record that is readily avail-
able to the entire patient care team. Although many elements 
of the patient-ventilator assessment may be automatically 
entered via an electronic interface and require validation only 
by the clinician, some data must still be entered by hand. As 
standardization improves and these systems become more 
sophisticated and interchangeable, all of the data, including 
ventilator information, laboratory values, and radiographic and 
other imaging data, should automatically download, eliminat-
ing transcription errors, providing a more comprehensive 
assessment, and allowing the clinician to focus on the patient 
and patient-ventilator interaction.

MINI CLINI
Pediatric Mechanical Ventilation

PROBLEM:	 A 14-month-old child, who weighs 13 kg and has 
a history of chronic lung disease (bronchopulmonary dyspla-
sia), requires mechanical ventilation after surgery for correc-
tion of gastric reflux. The surgeon requests that the RT select 
ventilator parameters and develop a weaning plan for this child. 
The child has an uncuffed 4.5 oral endotracheal tube in place. 
SpO2 is 100% with manual ventilation and 100% O2. Sedation 
is prescribed to keep the child comfortable but allow spontane-
ous breathing.

This child needs a ventilatory strategy that takes into 
account his age, disease process, amount of sedation, and 
current ventilation needs. What would be the appropriate 
choices for his initial ventilator management in terms of mode, 
VT, set rate, FiO2, and PEEP level?

Solution:
• Mode—Pressure A/C
• Pressure level set to ensure VT 6 to 8 ml/kg or 100 to 130 ml
• Respiratory rate—20 to 30 breaths/minute
• FiO2—1.0 then titrated to an acceptable SpO2

• PEEP—5 cm H2O

If this child had previously been mechanically ventilated, 
reviewing the presurgery settings may be helpful in deciding a 
ventilator plan. If not, a rationale for the suggested parameters 
follows.

By using the Pressure A/C mode, patient-ventilator syn-
chrony can be more easily achieved; this reduces the need for 
sedation later, after the pain of surgery has dissipated. The 
initial VT is based on current recommendations. The ventilator 
rate is determined by the normal respiratory rate for the age of 
the child, the desired PCO2 level, and the number of assisted or 
triggered breaths the child is having. Because this child has 
chronic lung disease, a higher PCO2 may be optimal at this time. 
A younger child with a higher PCO2 and with a decreased 
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Periodic chest radiographs are obtained to identify suspected 
problems and to assess the progress of lung disease.

Patient-Ventilator Periodic Assessment
A systematic patient-ventilator assessment should be conducted 
periodically.61 Prescribed ventilator settings are confirmed and 
documented along with verification of ventilator outputs. Mea-
surements of mandatory and spontaneous VT values are made 
and expressed per the patient’s weight to determine if targets 
are being achieved. Alarms must be set and tested and should 
minimally detect loss of pressure, high pressure, and patient 
disconnection. Additional alarms should alert the clinician to 
changes in tidal volume, minute ventilation, respiratory rate, 
and PEEP.

The humidification system is evaluated including airway 
temperature and the presence of condensation in the ventilator 
circuit. Some visible condensation or “rain-out” is important 
because a completely dry circuit may be a sign of inadequate 
humidification, which results in thickened secretions and pos-
sible airway obstruction.

 Box 53-9 Pediatric/Neonatal Ventilator 
Discontinuance Protocol

STEP 1
Safety Screen (lack of the following)
•	 Brain	death,	ICP	>15	mm	Hg,	suspected	high	ICP,	or	

difficult	to	control	ICP
•	 Neuromuscular	blockade
•	 Significant	hemoptysis	(significant	amounts	of	blood	from	

endotracheal	tube	or	tracheostomy)
•	 Hemodynamic	instability
•	 Unstable	airway
•	 FiO2	>0.6
•	 PEEP	≥8	cm	H2O
•	 Lack	of	ICU	team	consensus
•	 Extracorporeal	life	support
•	 Chronic	disease	requiring	ventilation

Issues to Address Before Extubation
•	 Fluid	overload
•	 Secretions
•	 Neurologic	impairment
•	 Medication	requirement	precludes	safe	extubation
•	 NPO	time	insufficient
•	 Unstable,	unsafe,	swollen	airway
•	 Imminent	procedure
•	 Psychosocial	factors	(e.g.,	unclear	code	status,	assent)
•	 Imminent	return	to	home	hospital

STEP 2
If	none	of	the	above	conditions	exist,	the	pediatric	ICU	team	
discusses	the	feasibility	of	extubation.

Consider the Following
•	 Stage	of	ventilation

I—initial	or	acute	stage	(escalation)
II—ventilator	management	stage	(plateau)
III—discontinuance	stage	(deescalation)

•	 Immediate	extubation	(may	include	reversal	of	sedation)
•	 Spontaneous	breathing	trial	(may	include	some	level	of	

pressure	support)
•	 Reduction	of	ventilator	settings

If Spontaneous Breathing Trial Is Performed, Stop 
Trial At Any Point for the Following
•	 Tachypnea,	bradypnea,	apnea	(age	appropriate)
•	 Excessive	use	of	accessory	muscles,	nasal	flaring	present,	

subjective	dyspnea	(consider	baseline)
•	 Significant,	unresolved	change	in	agitation	or	anxiety
•	 Significant	tachycardia	or	bradycardia
•	 Hemodynamic	changes
•	 Unacceptable	decrease	in	SpO2

STEP 3
Critical	care	team	discusses	extubation	plan.

ICP,	Intracranial	pressure;	NPO,	nothing	per	mouth.

 Box 53-8 Considerations for Extubation

•	 Spontaneous	respiratory	rate	appropriate	for	age	and	weight
•	 Presence	of	apnea	or	periodic	breathing
•	 FiO2	requirement	≤0.4
•	 Ability	to	protect	airway
•	 Normal	work	of	breathing
•	 Acceptable	amount	and	consistency	of	respiratory	secretions
•	 Normal	vital	signs
•	 Minimal	sedation	needs
•	 SpO2	>90%
•	 Spontaneous	VT	>4-5	ml/kg

	

RULE OF THUMB

Routine	monitoring	of	ventilated	patients	is	essential	
and	should	include	an	assessment	of	the	patient’s	
physiologic	status	including	vital	signs	and	a	systematic	
assessment	of	the	patient-ventilator	interaction.

Weaning from Mechanical Ventilation

Weaning or, more appropriately, liberation from mechanical 
ventilation is a topic that that has become more standardized 
over the past several years in pediatric patients.62-64 Clear guide-
lines for “assessment of readiness to extubate” and “spontane-
ous breathing trials” have become standard practice.65 However, 
some controversy remains and this assessment has not yet 
become standard practice in neonatal patients even though 
there is considerable literature available to guide clinicians in 
this area.66-68 Considerable variation in practice exists among 
institutions and even among clinicians within institutions. Nev-
ertheless, these patients should be assessed daily to determine 
their readiness for liberation from mechanical ventilation. 
Some general considerations for extubation are presented  
in Box 53-8. Once it is agreed that a patient may be ready  

for extubation, a systematic coordinated approach should be 
undertaken. This includes a safety screen followed by some 
agreed-upon evaluation of the patient’s ability to breathe spon-
taneously without ventilatory assistance. Box 53-9. If a sponta-
neous breathing trial is attempted, it should be coordinated 
with a reduction in the level of sedation, often referred to as a 
spontaneous awakening trial. However, in some cases this may 
not be feasible as a reduction in sedation may result in the 
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airways and eventually the trachea where they may be more 
easily removed.

Cardiovascular Effects
The cardiovascular effects of HFV vary with the strategy 
employed. Using the high lung volume strategy, lung volume is 
recruited, and Paw can be slowly reduced while maintaining 
alveolar ventilation. This strategy limits the adverse side effects 
of PPV on cardiovascular performance and may result in 
increased systemic blood flow. However, if Paw  greater than 
that used during conventional ventilation is required during 
HFV, cardiovascular compromise may occur. Increases in intra-
vascular volume and use of vasoactive drugs help support mean 
arterial blood pressure, cardiac output, and O2 delivery. Increases 
in central venous pressure or decreases in mean arterial pressure 
indicate decreases in systemic blood flow as a result of overdis-
tention of the lung and inappropriately high Paw  after adequate 
intravascular volume has been established.

Weaning from High-Frequency Ventilation
When FiO2 is equal to or less than 0.6, Paw  is weaned slowly. 
When Paw is less than 15 to 18 cm H2O, the patient may be 
trialed off or transitioned to conventional ventilation. Alterna-
tively, the patient may be extubated directly from HFV once the 
mean airway pressure and FIO2 have been reduced to 8 to 
9 cm H2O and 0.3 respectively.

Complications of Mechanical 
Ventilation

Box 53-10 summarizes the most common complications associ-
ated with mechanical ventilation in newborns and other pedi-
atric patients.

SPECIALTY GASES

Inhaled Nitric Oxide

Inhaled nitric oxide (INO) is a selective pulmonary vasodilator 
used to treat newborns who require mechanical ventilation for 
hypoxic respiratory failure.78,79 INO improves oxygenation and 
reduces the need for extracorporeal membrane oxygenation 
(ECMO). See Chapter 50 for details. The approved indications 
for INO are listed in Box 53-11. INO also has been studied in 
preterm infants with the aim to reduce the incidence of chronic 
lung disease. These clinical investigations showed a modest 
improvement in pulmonary outcomes, but other problems 
associated with prematurity, such as intracranial hemorrhage, 
were unchanged. At the present time, INO is not routinely used 
in the management of respiratory failure associated with 
prematurity.

INO is administered in conjunction with mechanical venti-
lation via a specially designed delivery and monitoring system 
that provides precision drug dosing and safety features (Figure 
53-10). The recommended INO dose is 20 parts per million 
(ppm) with an optimal response achieved when lung inflation 
is maximized.80,81 When a response has been achieved and 

patient pulling the endotracheal tube (and intravenous lines, 
etc.) and unplanned extubation may occur. Whenever a patient 
is extubated, either planned or unplanned, there should be 
appropriate supplies, equipment, and personnel immediately 
available to reintubate if necessary. (See Chapter 52 for details 
on weaning.)

High-Frequency Ventilation

Highfrequency ventilation (HFV) is a form of invasive 
mechanical ventilation that uses small VT values (less than dead 
space) at rapid frequencies, up to 900 breaths/min (15 Hz). The 
primary goal of HFV is to provide adequate ventilation and 
oxygenation, while limiting the incidence of lung injury. HFV 
has been used as a primary mode of ventilation as well as a 
rescue therapy for patients determined to be failing conven-
tional mechanical ventilation. Although early studies showed a 
beneficial effect on gas exchange compared with conventional 
ventilation, there has been no demonstrated improvement in 
outcome compared with current lung protective strategies.69-75 
In fact, recent studies have shown a trend toward increased 
mortality in patients treated with high-frequency ventila-
tion.76,77 Despite the lack of evidence supporting its use, HFV 
remains a controversial mode of ventilation for pediatric and 
neonatal patients but should be used only by clinicians expert 
in its clinical application and knowledgeable about its physio-
logic effects.

There are three basic types of HFV: high-frequency oscilla-
tory ventilation, high-frequency jet ventilation, and high-
frequency percussive ventilation. High-frequency oscillatory 
ventilation is the most common form of HFV. Oxygenation is 
achieved by inflating the patient’s lungs to a high resting level, 
or FRC, by establishing a high mean airway pressure, similar 
to CPAP, at levels typically ranging from 16 to 30 cm H2O. 
This “recruitment” improves the � �V/Q ratio by opening previ-
ously collapsed alveoli. Ventilation is provided by the to-and-
fro movement of a large piston in the ventilator circuit that 
results in high-frequency oscillations in the patient’s airways. 
Gas exchange results from a combination of six mechanisms: 
bulk flow of gas, longitudinal dispersion, pendelluft, asym-
metric velocity profiles, cardiogenic mixing, and molecular 
diffusion.

Gas exchange during high-frequency jet ventilation is 
believed to occur via two mechanisms—convection and diffu-
sion. Fresh gas is injected into the endotracheal tube at a high 
velocity and travels down the mid-portion of the airways, 
reducing dead space. Bidirectional flow occurs as gas simultane-
ously travels up the outer lumen of the airways. Diffusion 
occurs in the lower airways as cross-sectional area increases and 
velocity decreases, similar to conventional ventilation.

During high-frequency percussive ventilation, a series of 
small, rapid breaths accompanied by air trapping are delivered 
that result in a steady increase in airway pressure, similar to a 
conventional breath. This is followed by a release phase to allow 
exhalation. The rapid “percussive” breaths are maintained 
through the entire breathing cycle, which facilitates gas exchange 
and simultaneously promotes movement of secretions to larger 
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sustained, the INO dose is gradually reduced, typically by 50% 
each step, to a final dose of 1 ppm, at which point the drug is 
discontinued. During withdrawal of INO, FiO2 is increased to 
minimize any recurrence of pulmonary hypertension.82

During INO therapy, concentrations of nitric oxide and O2 
are continuously monitored. The combined exposure of nitric 
oxide and O2 leads to the formation of nitrogen dioxide, which 
is potentially toxic and is continuously monitored. INO doses 
typically used are considered to be very low and have a good 
safety profile. A metabolite of INO is the formation of methe-
moglobin as the nitric oxide molecule is bound to hemoglobin. 
During INO administration, the patient’s ability to metabolize 
methemoglobin is assessed by periodically monitoring methe-
moglobin levels.83

INO should be available in any hospital that has a level III 
intensive care nursery. INO should be an integral part of any 
high-risk transport team, and it is important that non-ECMO 
centers have a plan for treatment failure that takes into account 
the distance to an ECMO center.84 INO therapy has also been 
used for diagnosing and treating certain congenital heart dis-
eases; although used in the management of ARDS, it has no 
effect on outcome and the oxygenation benefit is normally lost 
within 48 hrs.85 The AARC has published a clinical practice 
guideline on INO therapy. Excerpts from this guideline appear 
in Clinical Practice Guideline 53-3.86

Heliox

Heliox is a gas mixture of O2 and helium. Typical concentration 
of a tank of heliox is 80%/20% or 70%/30% (helium/oxygen). 
Helium is less dense than air. Inhaling a less-dense gas can 
reduce the pressure needed to overcome airway resistance and 
results in decreased work of breathing. In patients with a high 
O2 requirement, helium is less effective. Heliox has been used 
in conjunction with other therapies in the treatment of partial 
large airway obstruction and asthma where airway resistance is 
high. It may be used to deliver bronchodilators but due to its 
lower density is not as efficient as air or oxygen so a higher  
flow rate should be employed. Heliox may serve as a temporiz-
ing measure while steroids are administered to reduce airway 
swelling. When high O2 concentrations are necessary, heliox is 
not likely to be effective as the amount of inspired helium is 
diminished. Signs of decreased work of breathing, decreased  
use of accessory muscles, improved aeration, and decreased 
respiratory rate after initiating heliox are indications of its 
effectiveness.

NEONATAL AND PEDIATRIC 
TRANSPORT

Treatment of a critically ill infant or child is usually provided at 
a tertiary care facility. Many of these facilities have established 
transport teams that go to the referring facility, initiate ICU-
type support, and transport the patient back to the tertiary care 
center. The composition of transport teams varies from one 
institution to another; however, typical team members include 
some combination of registered nurse, RT, paramedic, nurse 

FIGURE 53-10	 Nitric	oxide	delivery	system	(Ikaria	INOmax	DSir	
Operator’s	Manual,	Ikaria,	Inc.	2010).	

 Box 53-11 Indications for Inhaled Nitric Oxide

Term	and	near-term	neonates	(>34	weeks’	gestation)	with	
PPHN
Gradient	between	preductal	and	postductal	SpO2

Echocardiographic	evidence
Congenital	diaphragmatic	hernia
Oxygenation	index	(OI)	>25

OI	=	(Paw	×	FiO2/PaO2)

 Box 53-10 Complications of Mechanical 
Ventilation in Infants and Children

•	 Ventilator-induced	injuries
•	 Air	leak	syndromes
•	 Pneumothorax
•	 Pneumomediastinum
•	 Pneumopericardium
•	 Pneumoperitoneum
•	 Pulmonary	interstitial	emphysema
•	 Subcutaneous	emphysema
•	 Parenchymal	lung	damage
•	 Bronchopulmonary	dysplasia
•	 Cardiovascular	complications
•	 Decreased	venous	return
•	 Decreased	cardiac	output
•	 Increased	pulmonary	vascular	resistance
•	 Increased	intracranial	pressure
•	 Increased	incidence	of	intraventricular	hemorrhage
•	 O2-induced	injuries
•	 O2	toxicity
•	 ROP
•	 Airway	complications
•	 Accidental	extubation
•	 Atelectasis
•	 Inadequate	humidification
•	 Endobronchial	intubation
•	 Equipment	contamination
•	 Postintubation	stridor
•	 Endotracheal	tube	plugging	or	kinking
•	 Tracheal	lesions
•	 Infection
•	 Ventilator-associated	pneumonia
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53-3	 Inhaled	Nitric	Oxide	Therapy

AARC Clinical Practice Guideline (Excerpts)*

1.	 A	trial	of	INO	is	recommended	in	newborns	(>34	weeks’	
gestation,	14	days	of	age)	with	PaO2	100	mm	Hg	
on	FiO2	1.0	or	an	oxygenation	index	>25,	or	both.	
(Grade	1A)

2.	 It	is	recommended	that	INO	therapy	be	instituted	early	in	
the	disease	course,	which	potentially	reduces	the	length	
of	mechanical	ventilation,	O2	requirement,	and	stay	within	
the	ICU.	(Grade	1A)

3.	 INO	should	not	be	used	routinely	in	newborns	with	
congenital	diaphragmatic	hernia.	(Grade	1A)

4.	 INO	therapy	should	not	be	used	routinely	in	newborns	
with	cardiac	anomalies	dependent	on	right-to-left	shunts,	
congestive	heart	failure,	and	lethal	congenital	anomalies.	
(Grade	2C)

5.	 There	are	insufficient	data	to	support	the	routine	use	of	
INO	therapy	in	postoperative	management	of	hypoxic	
term	or	near-term	infants	with	congenital	heart	disease.	
(Grade	2C)

6.	 The	recommended	starting	dose	for	INO	is	20	ppm.	
(Grade	1A)

7.	 Response	to	a	short	trial	(30-60	minutes)	of	INO	should	
be	judged	by	an	improvement	in	PaO2	or	oxygenation	
index;	if	there	is	no	response,	INO	should	be	
discontinued.	(Grade	1A)

8.	 For	a	newborn	with	parenchymal	lung	disease,	optimal	
alveolar	recruitment	should	be	established	before	initiation	
of	INO	therapy.	(Grade	1A)

9.	 For	newborns	with	a	response	to	INO	therapy,	the	dose	
should	be	weaned	to	the	lowest	dose	that	maintains	that	
response.	(Grade	1A)

10.	 It	is	recommended	that	INO	should	not	be	discontinued	
until	there	is	an	appreciable	clinical	improvement,	that		
the	INO	dose	should	be	weaned	to	1	ppm	before	an	
attempt	is	made	to	discontinue,	and	that	FiO2	should	
be	increased	before	discontinuation	of	INO	therapy.	
(Grade	1A)

11.	 INO	delivery	systems	approved	by	the	U.S.	Food	and	
Drug	Administration	should	be	used	to	ensure	consistent	
and	safe	gas	delivery	during	therapy.	(Grade	1C)

12.	 During	conventional	mechanical	ventilation,	the	INO	gas	
injector	module	should	be	placed	on	the	dry	side	of	the	
humidifier.	(Grade	2C)

13.	 During	conventional	ventilation,	the	sampling	port	should	
be	placed	in	the	inspiratory	limb	of	the	ventilator,	
downstream	from	the	site	of	injection,	no	greater	than	
15	cm	proximal	to	the	patient	connection/interface.	
(Grade	2C)

14.	 FiO2	should	be	measured	downstream	from	the	injection	
of	INO	into	the	circuit.	(Grade	2C)

15.	 The	patient-ventilator	system	should	be	continuously	
monitored	for	changes	in	ventilation	parameters,	with	
adjustments	to	maintain	desired	settings	during	INO	
therapy.	(Grade	2C)

16.	 The	lowest	effective	doses	of	INO	and	O2	should	be	used	
to	avoid	excessive	exposure	to	nitric	oxide,	nitrogen	
dioxide	(NO2),	and	methemoglobinemia.	(Grade	2C)

17.	 The	INO	delivery	system	should	be	properly	purged	
before	use	to	minimize	inadvertent	exposure	to	NO2.	
(Grade	2C)

18.	 The	high	NO2	alarm	should	be	set	at	2	ppm	on	the	
delivery	system	to	prevent	toxic	gas	exposure	to	the	
lungs.	(Grade	2C)

19.	 Methemoglobin	should	be	monitored	approximately	8	
hours	and	24	hours	after	therapy	initiation	and	daily	
thereafter.	(Grade	2C)

20.	 The	INO	dose	should	be	weaned	or	discontinued	if	
methemoglobin	increases	to	>5%.	(Grade	2C)

21.	 It	is	suggested	that	continuous	pulse	oximetry	and	
hemodynamic	monitoring	be	used	to	assess	patient	
response	to	INO	therapy.	(Grade	2C)

22.	 Scavenging	of	exhaled	and	unused	gases	during	INO	
therapy	is	not	necessary.	(Grade	2C)

*For complete guideline, see DiBlasi RM, Myers TR, Hess DR: Evidence based clinical practice guideline: inhaled nitric oxide for neonates with acute hypoxic 
respiratory failure. Respir Care 55:1741, 2010.

practitioner, and physician. Regardless of the composition of 
the team, there are some characteristics that all transport teams 
should have in common.87 All members should have exquisite 
assessment and critical thinking skills. They should be techni-
cally adept and have good communication skills. Each team 
develops minimum criteria that a team member must possess. 
Many teams cross-train multiple disciplines to perform certain 
technical tasks. Establishing proficiency and maintaining profi-
ciency with all skills is a must for team members.

The team essentially functions as an extension of the ICU. 
To do this, much of the same equipment used in the ICU is 
taken to the referring hospital. Establishing responsibility for 

assessing function and maintaining appropriate inventory is 
essential. Many centers use elaborate checklists to be certain not 
to be without necessary equipment, disposables, or medica-
tions. Teams generally prepare for the worst. Many times when 
the team arrives at the referring facility, the patient’s condition 
is not the same as when the initial call for help was made. Being 
prepared for the worst helps in stabilizing the patient for trans-
port. The American Academy of Pediatrics has guidelines for all 
ages and common conditions requiring transport to a tertiary 
facility. Box 53-12 lists the basic equipment and supplies needed 
to provide respiratory care during neonatal and pediatric 
transport.
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RULE OF THUMB

A	high-risk	transport	team	must	be	prepared	to	provide	
the	same	level	of	care	and	highly	trained	personnel	as	
would	be	available	in	the	ICUs	they	are	transporting	
patients	to	and	from.

 Box 53-12 Equipment and Supplies Needed 
to Provide Respiratory Care During 
Neonatal and Pediatric Transport

EQUIPMENT
•	 Adequate	supply	of	O2	and	compressed	air
•	 Air-O2	blender
•	 Mechanical	ventilator	with	circuit
•	 Manual	resuscitator	capable	of	giving	100%	O2	with	PEEP
•	 Noninvasive	O2	monitor	(SpO2	or	PtcO2)
•	 O2	analyzer
•	 Airway	pressure	monitor	(electronic	or	mechanical)
•	 Electrocardiograph	monitor
•	 Portable	suction	apparatus
•	 Laryngoscope	handle
•	 Laryngoscope	blades	(sizes	newborn	to	adult)
•	 Extra	laryngoscope	bulbs	and	batteries
•	 Stethoscope

SUPPLIES
•	 Resuscitation	masks	(sizes	0,	1,	2,	3,	4)
•	 Feeding	tubes	(sizes	6F,	8F,	and	10F)
•	 Disposable	O2	hood
•	 O2	connecting	tubing
•	 Disposable	hand-held	nebulizer	with	tubing	(for	

bronchodilators)
•	 Cloth	adhesive	tape	for	taping	endotracheal	tubes
•	 Tincture	of	benzoin	for	taping	endotracheal	tubes
•	 Pulse	oximeter	probes	(at	least	two,	in	case	one	fails)
•	 Endotracheal	tubes	(sizes	2.5-7)
•	 Stylet
•	 Forceps
•	 Suction	apparatus

SUMMARY CHECKLIST

◗	Neonatal	and	pediatric	care	is	one	of	the	most	
sophisticated	specialty	areas	in	the	field	of	respiratory	
care.	Competent	practice	in	this	area	requires	a	firm	
understanding	of	the	many	anatomic	and	physiologic	
differences	between	infants,	children,	and	adults.

◗	A	critical	component	in	the	respiratory	management	of	
infants	and	children	is	thorough	clinical	assessment.	
Because	of	the	significant	anatomic	and	physiologic	
differences	between	adults	and	infants,	many	of	the	
assessment	techniques	useful	with	adults	do	not	apply	to	
infants.

◗	General	assessment	of	the	infant	begins	before	birth	and	
involves	the	maternal	history	and	the	fetal	and	newborn	
status.	As	a	child	grows	and	develops,	more	of	the	
assessment	methods	used	with	adults	become	applicable.

◗	Respiratory	care	plan	development	is	based	on	accurate	
patient	information,	detailed	knowledge	of	the	disease	
process,	and	current	treatment	guidelines	and	
recommendations.

◗	Respiratory	care	modalities	provided	to	pediatric	and	
neonatal	patients	enclude:	O2,	aerosol	and	humidity,	
airway	care,	and	mechanical	ventilation.

◗	CPAP	is	commonly	used	to	overcome	atelectasis	and	
oxygenation	problems.

◗	Using	high-flow	nasal	cannulas	has	become	common	
practice;	however,	care	must	be	taken	to	prevent	the	
delivery	of	higher	than	expected	levels	of	CPAP.

◗	Noninvasive	ventilation	has	become	an	acceptable	choice	
of	ventilation.

◗	 Improved	design	of	nasal	masks	and	nasal	prongs	should	
help	prevent	the	development	of	pressure	ulcers	during	
CPAP	and	noninvasive	ventilation.

◗	For	mechanically	ventilated	patients,	plateau	pressure	or	
PIP	during	pressure-targeted	ventilation	should	not	exceed	
28	cm	H2O	and	delta	P	should	not	exceed	15	cm	H2O.

◗	VT	should	be	maintained	between	4	ml/kg	and	8	ml/kg.
◗	Compressible	volume	loss	may	account	for	a	significant	

portion	of	the	small	VT	used	for	infants	and	small	children.
◗	 Infants	and	children	can	be	effectively	managed	with	

conventional	ventilation.	The	use	of	HFV	has	become	
increasingly	controversial.	Mechanically	ventilated	infants	
and	children	should	be	assessed	daily	for	readiness	for	
liberation	from	mechanical	ventilation.

◗	Nitric	oxide	is	now	considered	standard	therapy	for	the	
management	of	term	infants	who	present	with	PPHN	and	
should	be	available	in	all	level	III	neonatal	ICUs.

◗	Surfactant	replacement	has	become	the	standard	of	care	
for	preterm	(gestation	<32	weeks)	or	low	birth	weight	
infants	(<1300	g)	and	infants	with	known	surfactant	
deficiency.

◗	Highly	specialized	transport	teams	are	available	to	
transport	newborn	and	pediatric	patients	to	tertiary	care	
facilities.
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CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Write	learning	objectives	in	the	cognitive,	affective,	and	psychomotor	domains.
◆	 Compare	and	contrast	how	adults	and	children	learn.
◆	 Describe	the	methods	that	are	used	to	evaluate	patient	education.
◆	 Explain	the	importance	of	health	education.
◆	 Identify	the	settings	that	are	appropriate	for	the	implementation	of	health	promotion	activities.
◆	 Describe	the	respiratory	therapist’s	role	in	a	disease	management	program.

CHAPTER OUTLINE

Patient Education
Cultural	Diversity	and	Health	Literacy
Performance	Objectives
Learning	Domains
Cognitive Domain
Psychomotor Domain
Affective Domain
Teaching	Tips
Teaching	Children	As	Compared	With	Teaching	

Adults

Evaluation	of	Patient	Education
Health Education
Health Promotion and Disease Prevention
Disease Management

Implications	for	the	Respiratory	Therapist
Health Care Institutions
Work Site
Home
Community
Educational Institutions

KEY TERMS

affective	domain
cognitive	domain
disease	management

health	education
health	promotion

psychomotor	domain
health	literacy

E ffective health education is invaluable to the health care 
of society. Respiratory therapists (RTs) educate patients 
by providing information about disease processes, med-

ications, and treatment procedures. They teach patients how to 
perform diagnostic tests like basic spirometry, and they educate 
patients about health promotion issues such as tobacco cessa-
tion. RTs educate patients in all age groups, including geriatric, 
adult, adolescent, and pediatric patients. In certain situations, 
RTs educate the parents or the spouse of the patient in the 

home-care setting. RTs are also frequently called on to provide 
educational programs to patients with pulmonary diseases such 
as COPD, asthma and cystic fibrosis.

For these reasons, this chapter reviews important issues 
related to patient education, disease management, and health 
promotion.

The top three causes of death in the United States are heart 
disease, cancer, and chronic lower respiratory system disease, 
and the most deadly is chronic obstructive lung disease (i.e., 



 Patient Education and Health Promotion • CHAPTER 54 1251

to follow the educational programs and instructions provided. 
Reading and comprehension may not always go hand in hand. 
Patients often will not voluntarily admit that they do not under-
stand to avoid embarrassment. Therefore, to determine whether 
or not a patient understands, it is important to look for the 
following clues that indicate reading or writing is a concern and 
to be sensitive to prevent any feelings of shame.
• Patient repeatedly is noncompliant
• Patient uses the excuse of being too busy, tired, or sick to 

maintain attention when given instruction
• Claims that the patient did not feel like reading the informa-

tion, gave the information to a family member, or lost or 
forgot their glasses

• Insistence on taking the information home to read
• Demonstrates nervousness and stress, confused about the 

materials
• Talks about something else and not on topic
• Returns documents that are not complete or illegible

Respiratory therapy patient educators must assess readiness 
to learn from the patient’s point of view to ensure patient com-
pliance. Patients must believe the change in behavior is possible 
and beneficial before they will make a behavior change.

Performance Objectives

Initially it is helpful for the RT to develop learning objectives 
that are appropriate for the specific patient education topic to 
be addressed. These learning objectives will help to clarify the 
teaching strategies that are needed for patient education ses-
sions. Objectives should be stated in measurable terms so that 
the RT and the patient can recognize when the objective has 
been accomplished. Clear objectives describe what is to be 
accomplished and how evaluation will occur.

The format for writing an objective is as follows:
1. Begin with the phrase, “At the end of the lesson, the patient 

will.…”
2. Write the action verb (e.g., “list,” “describe,” 

“demonstrate”).
3. Write a condition, if needed (e.g., with or without the use of 

notes).
4. Write a standard, if needed (e.g., how fast, how accurate).

For example: At the end of the session, the patient will be 
given a metered-dose inhaler and spacer and be able to demon-
strate the correct technique for using it without error.

Action verb: “demonstrate” (from the psychomotor domain; 
the relevant domains are discussed later in this chapter)

Condition: “given a metered-dose inhaler and spacer”
Standard: “without error ”

Learning Domains

Learning occurs in three domains: cognitive, psychomotor, 
and affective. Some learning sessions will involve only one 
domain, whereas others may involve all three. The cognitive 
domain is very important, because it will address the knowledge 
that a patient needs regarding his or her illness and how to 
manage it. The psychomotor domain addresses the skills that 
the patient will need to acquire to perform specific treatment 

bronchitis and emphysema).1 Public education about risk 
factors is the key to the prevention of these diseases and prob-
ably has the greatest potential for making an impact on health 
care in this country. Therefore, the emphasis in health care 
should be on health promotion and disease prevention. RTs will 
need to play a greater role in health promotion and prevention 
in the future.

PATIENT EDUCATION

If we think of patient care as customer service—which it indeed 
is—then we cannot ignore education as a crucial component of 
that service. Whether we buy a car or a television set, we expect 
the salesperson to educate us about the essential aspects of our 
purchase. We also expect this information to be provided in 
writing. Likewise, education is an essential component of 
patient care. For patients to assume or resume control of their 
health, they must be educated. Because they rely on the health 
care practitioner to provide this education, every respiratory 
care education program should include instruction regarding 
patient education.

Cultural Diversity and Health Literacy

Culture refers to patterns of beliefs and behaviors shared by 
members of a population. Patients use their culture in the way 
they view health and the need for health care interventions. 
Successful respiratory therapy patient teaching must include 
patient cultural values that are appreciated and respected to 
better understand the patient’s behaviors.

Some cultures do not recognize illness when symptoms are 
not present, such as with a chronic illness. Therefore, the 
ongoing need for care is a challenge when teaching patients 
whose symptoms have subsided. This occurs with asthma 
disease management. When asthma is under control the patient 
may not have symptoms and therefore the patient may stop 
taking his or her medication. There is risk associated with 
patients misunderstanding therapy or medications. This is not 
related to patients’ ability to read; it is about patients’ culture 
and their ability to comprehend information well enough to 
follow the instructions to take a medication, know when to 
reorder a medication, and how to complete a therapy necessary 
for lung disease.

Health literacy is the degree to which individuals have the 
capacity to obtain, process, and understand basic health infor-
mation and services needed to make appropriate health deci-
sions.2 Health care information such as medication instruction 
is complex and often requires critical thinking skills. Health 
literacy encompasses educational, social, and cultural factors 
that influence an individual.

Respiratory therapists must understand where the patient is 
coming from in regards to the patient’s beliefs, values, and cul-
tural norms to influence the education provided. Low health 
literacy affects patient safety and the ability for the patient to 
participate in care, and results in poor health outcomes.

Respiratory patients will not be able to be self-directed and 
navigate the health care system if they do not have the ability 
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TABLE 54-1 

Verbs for the Cognitive Domain

Purpose Example Verbs

Knowledge Cite,	define,	read,	identify,	list,	label,	name,	
outline,	recognize,	select,	state

Comprehension Convert,	describe,	defend,	explain,	illustrate,	
interpret,	give	examples	of,	predict,	
paraphrase,	summarize,	translate

Application Apply,	compute,	construct,	demonstrate,	
change,	calculate,	use,	estimate,	modify,	
present,	prepare,	solve,	proceed,	relate,	utilize

Analysis Analyze,	associate,	compare,	contrast,	
determine,	diagram,	differentiate,	discriminate,	
distinguish,	outline,	illustrate,	separate

Synthesis Categorize,	combine,	compile,	compose,	
create,	design,	develop,	devise,	integrate,	
modify,	organize,	plan,	propose,	rearrange,	
reorganize,	revise,	rewrite,	translate,	write

Evaluation Appraise,	assess,	compare,	conclude,	contrast,	
critique,	discriminate,	make	a	decision,	
support,	evaluate,	judge,	weigh

Modified	from	French	D,	Olrech	N,	Hale	C,	et	al:	Blended	learning:	an	
ongoing	process	for	Internet	integration,	Victoria,	Canada,	2003,	Trafford	
Publishing.

MINI CLINI
Developing Learning Objectives  
for the Use of an Albuterol  
Metered-Dose Inhaler

PROBLEM:  Your 31-year-old patient is newly diagnosed with 
asthma, and she is being discharged tomorrow. She requires 
instruction regarding how to properly use her controller medi-
cation, Advair diskus, and the reliever medication albuterol 
metered-dose inhaler. Develop learning objectives for her, and 
address each learning domain.

Solution:  Use a variety of learning objectives, including the 
following:

Cognitive domain: Describe the action of albuterol on the 
bronchial smooth muscle; recognize when it is necessary 
to seek medical attention.

Affective domain: Agree that it is important not to skip a 
dose; verbalize willingness to use the Advair diskus daily; 
feel satisfaction by controlling the disease.

Psychomotor domain: Demonstrate the ability to assemble 
the metered-dose inhaler and spacer; inhale slowly and 
deeply with an inspiratory hold.

TABLE 54-2 

Verbs for the Psychomotor Domain

Purpose Example Verbs

Perception:	prepares	and	
recognizes	sensory	cues	
to	want	to	respond

Detect,	distinguish,	differentiate,	
identify,	isolate,	relate,	recognize,	
observe,	perceive,	see,	watch

Ready	to	act	and	respond Begin,	explain,	move,	react,	show,	
state,	establish	a	body	position,	
place,	posture,	assume	a	stance,		
sit,	stand,	position

Guided	response:	imitate	
and	practice;	rough	
sequencing	of	events

Copy,	duplicate,	imitate,	manipulate,	
operate,	try,	practice,	dismantle

Efficiency:	smooth	
sequencing	of	events

Assemble,	calibrate,	construct,	
display,	fasten,	fix,	grind,	manipulate,	
measure,	mix,	sketch,	demonstrate,	
execute,	increase	speed,	improve,	
make,	show	dexterity,	pace,	produce

Perform	alone:	modifies,	
responds	as	needed

Act	habitually,	advance	confidently,	
control,	excel,	guide,	manage,	
master,	organize,	perform	quickly	
and	more	accurately

Creates	a	new	or	original	
model

Adapt,	alter,	rearrange,	reorganize,	
revise

Modified	from	French	D,	Olrech	N,	Hale	C,	et	al:	Blended	learning:	an	
ongoing	process	for	Internet	integration,	Victoria,	Canada,	2003,	Trafford	
Publishing.

	

RULE OF THUMB

People	learn	by	doing.	Get	the	learner	involved.

modalities (e.g., the use of metered-dose inhalers). The affective 
domain involves teaching patients about the necessary attitudes 
and motivations for successfully living with their diseases.

Cognitive Domain
The cognitive domain is probably the easiest to translate into 
learning objectives because it involves the facts and concepts 
that the RT wants the patient to know and apply by the end of 
the education session. Objectives for the cognitive domain 
might include the following:
1. List the indications for oxygen therapy.
2. Discuss the importance of using the prescribed liter flow.
3. Explain the relationship between oxygen and combustion.

Any factual information that you expect the patient to 
understand and apply falls under the cognitive domain. Action 
verbs for the cognitive domain are included in Table 54-1.3

Psychomotor Domain
Repetition and active involvement are important when teaching 
a psychomotor skill. RTs who teach new skills to patients need 
to provide plenty of opportunity for the patient to practice the 
activity. Simple demonstration of the skill to the patient is not 
enough. To confirm performance in the psychomotor domain, 
have your patients provide a return demonstration. Be sure to 
provide help and encouragement as needed. Be patient; not 
everyone develops skills at the same rate.

Examples of action verbs for the psychomotor domain are 
included in Table 54-2.3
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TABLE 54-3 

Verbs for the Affective Domain

Purpose Example Verbs

Receive:	becoming	
aware	of

Accept,	acknowledge,	alert,	choose,	give,	
attend,	notice,	perceive,	tolerate,	select

Respond:	interested	
in	or	doing	
something	about	
something

Agree,	assist	with,	aid,	answer,	assist,	
comply,	conform,	communicate,	
consent,	label,	obey,	cooperate,	follow,	
read,	report,	visit,	volunteer,	study

Value:	concerned	
about,	developing	
an	attitude

Adopt,	assume,	behave,	choose,	
demonstrate,	commit,	desire,	initiate,	
join,	exhibit,	express,	prefer,	seek,	share

Organize:	arranging	
systematically,	
confirming

Adapt,	adjust,	arrange,	classify,	
conceptualize,	group,	rank,	validate,	
verify,	strengthen,	substantiate,	
corroborate,	confirm

Characterize:	
internalizing		
a	set	of	values,	
championing

Demonstrate	a	change	in	lifestyle,	
discriminate,	defend,	influence,	invite,	
listen,	preach,	qualify,	question,	serve,	
act	upon,	advocate,	devote,	expose,	
justify,	support

Modified	from	French	D,	Olrech	N,	Hale	C,	et	al:	Blended	learning:	an	
ongoing	process	for	Internet	integration,	Victoria,	Canada,	2003,	Trafford	
Publishing.

Affective Domain
The patient’s attitudes and motivations influence his or her 
ability to learn. It is important to remember that, with patient 
education, timing is everything. Patients who have recently 
been given a poor prognosis or who are in pain are not in an 
optimal position to learn. Maslow suggested a hierarchy of 
needs, and he identified physiologic needs as the most basic  
of human needs, followed by safety, love, esteem, and self-
actualization.4 Lower-level needs must first be satisfied before 
moving on to higher-level needs. For example, if a patient is 
dyspneic or in pain, he or she will probably not be receptive  
to learning the steps that are involved in cleaning a small-
volume nebulizer. It is important for RTs to assess a patient’s 
readiness to learn by talking with the patient and his or her 
family and by listening to the patient’s concerns. It is impor-
tant to develop a relationship of trust and to be empathetic 
with the patient.

The RT should begin with easy-to-master facts and skills. 
After the patient conquers these, motivation should increase, 
and the patient will have a feeling of accomplishment. Motiva-
tion is also enhanced by presenting material clearly with the use 
of a variety of teaching methods and by relating the facts and 
skills to practical applications. Getting patients to see how these 
skills will benefit them is the key to motivation. Communicat-
ing to the patient that there is something that he or she can do 
to maintain or improve his or her health and sense of well-being 
is important.

Objectives in the affective domain—using the oxygen therapy 
example mentioned earlier—might include the following:
1. Express genuine concern for yourself by using your oxygen 

therapy correctly.
2. Commit to learn by being an active participant in the 

program.
Affective domain action verbs are included in Table 54-3.3

Teaching Tips

Following is a list of time-honored suggestions for improving 
patient education:
• Address the patient’s immediate concerns first.
• Create an optimal learning environment. Teach in a quiet 

and relaxed setting.
• Have patients use as many of their senses as possible during 

their learning session. Whenever possible, include hearing, 
seeing, smelling, speaking, touching, and doing.

• Keep sessions short. If the material is complex, break it down 
into brief segments.

• Repeat, repeat, repeat!
• Provide many opportunities for the patient to practice psy-

chomotor skills.
• Be prepared.
• Be organized. People learn more quickly when they are pre-

sented with information that is well organized.
• Demonstrate enthusiasm for what you are doing. The learner 

can always sense your level of motivation.
• Evaluate in a nonthreatening manner, and provide helpful 

feedback. Use evaluation as a learning tool.

Teaching Children as Compared With 
Teaching Adults

Teaching children is often very different than teaching adults. 
Children are more motivated by external factors (e.g., prizes) as 
compared with adults, who tend to have internal motivating 
factors. This suggests that adults will learn quicker if they can 
easily see the intrinsic value of knowing more about their 
illness. Alternatively, children may need a more obvious reward 
system in place before learning can take place. Adults, however, 
are more independent, and they do not like being dependent 
on others. This suggests that adults should be more involved in 
setting program goals and that they will readily learn skills that 
make them more independent. Other important issues related 
to differences between children and adult learners are listed  
in Box 54-1, and allocated time for teaching is given by age in 
Box 54-2.5

Evaluation of Patient Education

The critical question that remains when all of the patient educa-
tion sessions are complete is, “Has the patient learned?” Evalu-
ation is the process that answers that question. The method 
used to evaluate learning is determined by the measurable 
learning objectives (i.e., cognitive, affective, or psychomotor). 
Cognitive objectives are often evaluated with the use of a written 
examination. Objectives in the affective and psychomotor 
domains are evaluated with the use of performance checklists.

Informal evaluation should occur during the educational 
process. The RT can ask simple questions along the way to 
identify whether the patient has comprehended the informa-
tion. If the patient provides an answer that is not correct, the 
RT should view this as an opportunity to repeat previous 
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local, state, national, and international levels that provide health 
education and care for those who would otherwise have none.

Health education is a process of planned learning that is 
designed to enable individuals to make informed decisions and 
to take responsible actions regarding their health. The primary 
goal of health education is behavior change, and it is designed 
to promote, maintain, and improve both individual and com-
munity health. Health education covers the continuum between 
health and disease and between prevention and treatment.

Health promotion helps people change their lifestyles in a 
variety of settings, from the home or school to the workplace 
or the health care agency or institution. To be effective, health 
education must be combined with strategies for health promo-
tion; the two are strongly linked. The American Association for 
Respiratory Care has created a statement for health promotion 
and disease prevention (Box 54-3).7

Although individuals must ultimately assume responsibility 
for their own health, promoting healthy behaviors through edu-
cation is an important part of being an RT. In this capacity, the 
RT should serve as a role model for the public. Unless health 
care professionals model healthy behaviors, successful health 
outcomes cannot be expected from the public. To this end, the 
American Association for Respiratory Care has created a role-
model statement to encourage RTs to set a positive example for 
the public (Box 54-4).7

Providing a good example is not enough to ensure successful 
health education programming. For the desired outcomes to be 
achieved, certain conditions must first be met. The components 
are remarkably similar to patient education requirements. The 
essential components of effective health education are as 
follows:
1. Program participants must be actively engaged in the learn-

ing process.

MINI CLINI
Metered-Dose Inhaler Instruction for a 
Pediatric Patient

PROBLEM:  How would you change the approach to the 
metered-dose inhaler situation described in the previous Mini 
Clini if your patient was a 7-year-old boy with asthma?

Solution:  Although the learning objectives may remain the 
same, the methods may be different. You may compare the slow, 
deep inspiration to getting ready to blow out the candles on a 
birthday cake. You may use swimming under water as an image 
to encourage breath holding. Use simple diagrams to show how 
the medication will act on the patient’s lungs. If he likes sports, 
tell him about athletes who compete well despite having asthma 
(you may also use this illustration to stress the importance of 
controlling asthma). An abundance of resource materials are 
available for children with asthma; make use of them. Many 
local, state, and national lung associations (www.ala.org) offer 
such learning aids as age-appropriate books, coloring books, 
and puppets to make the learning process more fun for 
children.

 Box 54-2 Attention Spans for Different Ages

•	 Toddlers:	about	2	to	3	minutes
•	 School-aged	children:	about	10	to	15	minutes
•	 Adolescents	and	adults:	about	20	to	30	minutes

	

RULE OF THUMB

Evaluation	results	reflect	the	quality	of	instruction	as	
much	as	the	degree	of	learning.

 Box 54-1 Learning Differences Between 
Children and Adults

CHILD
•	 Motivated	by	external	factors	like	grades
•	 Directed	by	others
•	 Learning	is	a	big	part	of	his	or	her	life
•	 Trusts	teacher
•	 Has	limited	experience
•	 Learns	for	the	future
•	 Learns	quickly
•	 Tends	to	learn	in	accordance	with	his	or	her	developmental	

stage
•	 Has	no	problem	with	a	slow	pace	of	learning
•	 Subject	oriented

ADULT
•	 Motivated	internally
•	 Is	self-directed
•	 Learning	is	only	one	part	of	his	or	her	life
•	 Questions	the	teacher
•	 Has	rich	life	experiences
•	 Learns	for	the	present
•	 May	learn	more	slowly
•	 Varies	with	regard	to	learning	ability
•	 Dislikes	a	slow	pace	of	learning
•	 Problem	oriented

discussions or to present the material with a new approach. The 
RT must never convey disappointment or frustration when 
patients are having trouble learning new material.

HEALTH EDUCATION

Health education may have been the earliest form of organized 
health promotion in the United States. Health programs in 
schools is a result of Lemuel Shattuck’s report in 1850 to the 
Sanitary Commission of Massachusetts, which described the 
value of schools helping to contain communicable diseases. 
However, it was not until 1875 that health education became 
widespread. During that year, the Women’s Christian Temper-
ance Union lobbied for alcohol education in the schools. As a 
result of these efforts, 38 states passed legislation to require this 
education, which later turned into tobacco, alcohol, and drug 
education. From that time, health education has been enhanced 
and expanded in schools. There are public health agencies at the 

http://www.ala.org
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54-1  AARC Clinical Practice Guideline (Excerpts)*

Providing Patient and Caregiver Training

American	Association	for	Respiratory	Care	Clinical	Practice	
Guideline	(Excerpts)*	updated	June	of	2010.	
www.rcjournal.com/cpgs/pdf/06.10.0765.pdf.

■ INDICATIONS
Patients	who	need	to	increase	knowledge	and	understanding	
of	health	status	and	therapy;	improve	skills	needed	for	safe	
and	effective	health	care;	and	develop	a	positive	attitude,	
strong	motivation,	and	increased	compliance.	Patients	need	
to	know	the	answers	to	“Ask	Me	3”:	What	is	my	main	
problem?	What	do	I	need	to	do?	Why	is	it	important	for	me	
to	do	this?

■ CONTRAINDICATIONS
None.

■ COMPLICATIONS
Omission	of	essential	steps	concerning	care,	presentation	of	
inconsistent	information,	or	failure	to	validate	the	learning	
process	can	lead	to	unfavorable	results.	Lack	of	cultural	
competence,	and	information	appropriate	in	the	language	
other	than	English	will	result	in	less	than	desirable	outcomes.	
Lack	of	trust.

■ LIMITATIONS
•	 For	the	patient:	Lack	of	motivation;	impairment	(physical,	

mental,	or	emotional);	inability	to	understand	instruction;	
illiteracy;	language	barriers;	religious	and/or	cultural	beliefs	
that	are	at	odds	with	the	material	presented.	Lack	of	health	
literacy,	despite	educational	completed	and	conflicts	of	
religious	and/or	cultural	practices.

•	 For	the	RT:	Lack	of	a	positive	attitude	or	flexibility;	limited	
knowledge	of	skill	being	taught;	inadequate	assessment	of	
patient’s	readiness	to	learn;	cultural	or	religious	practices	

that	may	affect	learning;	inability	to	personalize	the	material;	
insufficient	time;	inadequate	communication	skills,	and	
inadequate	knowledge	of	cultural	or	religious	practice.

•	 For	the	system:	Hospital	stay	too	brief;	lack	of	
interdisciplinary	communication	and/or	cooperation;	
inconsistent	information	presented;	lack	of	an	interpreter.

•	 Other	factors:	Lack	of	support	system	for	the	patient;	
reimbursement	issues;	interruptions,	distractions,	or	noise;	
inadequate	lighting,	heat,	or	space;	poorly	chosen	
resources	including	inappropriate	reading	level	and	
vocabulary.

■ ASSESSMENT OF NEED
Determine	the	knowledge	gap	between	what	the	patient	
knows	and	what	he	or	she	needs	to	know.	Apply	this	to	
cognitive,	psychomotor,	and	affective	domains.

■ ASSESSMENT OF OUTCOME
Evaluate	knowledge	gained,	skills	mastered,	patient	should	
return	demonstration	without	assistance,	reassess	patient	
outlook,	attitude	and	life	style	changes.

■ RESOURCES
Access	trained	interpreters,	ensure	the	written	materials	are	
readable	at	a	fifth	or	sixth	grade	level,	materials	should	be	
available	in	a	variety	of	formats	(audio	and	visual),	use	
demonstration	models,	reevaluate	the	skills.

■ MONITORING
The	monitoring	of	the	training	processes	should	include	
awareness	of	the	patient’s	verbal	and	nonverbal	responses,	
including	eye	contact,	listening	skills,	and	participation	in	
discussion.

*For the complete guideline, see the American Association for Respiratory Care: AARC Clinical Practice Guidelines. Providing patient and caregiver training 
2010. Respir Care 55(6):765–769, 2010.

2. Activities must incorporate the values and beliefs of the 
learner. Familial, cultural, societal, and economic factors 
must be considered.

3. The role of the health educator is to facilitate behavioral 
change. Thus, the learning process should be approached 
together by both the learner and the educator.

4. The process of predisposing an individual toward improved 
health as well as enabling and reinforcing health attitudes 
requires effort, which will only reap results over time.

5. The health care educator must be willing to listen nonjudg-
mentally to the concerns of the learners. Empathy and 
understanding are necessary to foster a trusting relationship.

6. The level of the learners’ self-esteem and self-concept may 
either enhance or inhibit their ability to make decisions 
about their own health. The health care educator should be 
willing to provide emotional support as necessary.

7. The health care educator’s personal characteristics have a 
direct impact on the outcome of the educational program. 
Generally, successful outcomes occur as a result of a confi-
dent and professional approach.
For RTs to assist patients, caregivers, or the public with 

regard to the development of healthier lifestyles, greater empha-
sis must be placed on health promotion and disease prevention 
strategies.

HEALTH PROMOTION AND  
DISEASE PREVENTION

In 2012, the United States spent $2.8 trillion, or $8,915 per 
person, on health care.9 The top three causes of death in 
the United States are heart disease, cancer, and chronic obstruc-
tive pulmonary disease (COPD). All three lead to chronic 

http://www.rcjournal.com/cpgs/pdf/06.10.0765.pdf
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54-2  AARC Clinical Practice Guideline (Excerpts)*

Training of the Health Care Professional (HCP) for the Role of Patient 
and Caregiver Educator

American	Association	for	Respiratory	Care	Clinical	Practice	
Guideline	(Excerpts)*

■ INDICATIONS
•	 HCPs	who	must	educate	patients	and	caregivers	about	

knowledge,	skills,	and	motivation	necessary	to	effectively	
participate	in	health	care.

•	 Evidence	that	HCPs	lack	the	knowledge	about	educational	
principles	and	practices	needed	to:
•	 Assess	educational	needs
•	 Prepare	educational	objectives	tailored	to	individuals	or	

groups
•	 Accomplish	learning	objectives
•	 Prepare	educational	materials
•	 Supervise	practice	of	skills
•	 Give	feedback	and	assess	outcomes
•	 Modify	educational	efforts	according	to	individual	or	

group	response

■ CONTRAINDICATIONS
None.

■ COMPLICATIONS
Inadequate	training	of	the	HCP	may	cause	harm	to	the	
patient	or	inhibit	the	patient’s	ability	to	participate	in	the	
management	of	his	or	her	own	health.

■ LIMITATIONS
•	 Of	the	HCP:	Lack	of	educational	preparation;	unreceptive	

or	inept;	lack	of	interdisciplinary	cooperation;	inability	to	
modify	learning	objectives	based	on	age,	culture,	or	
religion;	inability	to	communicate	effectively

•	 Of	the	system:	Inadequate	time,	space,	or	financial	
resources;	insufficient	faculty	for	training	program;	
inconsistent	information	provided	to	the	HCP

•	 Of	the	patient	or	caregiver:	Negative	attitude;	lack	of	basic	
education;	presence	of	a	language	barrier	or	perception	of	
cultural	conflict

■ ASSESSMENT OF NEED
HCPs	who	provide	education	should	be	periodically	assessed	
for	adequate	knowledge	and	skills	by	observation	in	a	patient	
education	setting	and	by	a	specialist.

■ ASSESSMENT OF OUTCOME
Evaluate	verbally	and	in	writing;	observe	HCP	in	teaching	
setting;	evaluate	whether	goals	set	concerning	knowledge,	
skills,	compliance,	and	attitude	have	been	met;	evaluate	
long-term	through	institutional	quality	improvement	indicators.

■ MONITORING
HCP	training	should	include	evidence	of	classes	and	
in-service	training;	availability	of	written	and	audiovisual	
resources;	and	evaluation	of	training	effectiveness.

*For complete guideline, see Training the health care professional for the role of patient and caregiver educator. Respir Care 41(7):654–657, 1996; or www 
.rcjournal.com/cpgs/thcpcpg.html.

conditions and might be preventable by avoiding tobacco use, 
poor diet, and physical inactivity.

Current medical practice is designed to respond to the acute 
problems of patients; its focus is on diagnosing and treating the 
presenting symptoms rather than focusing on the prevention of 
disease by identifying risk factors and providing methods for 
behavioral changes. Only focusing on the acute or episodic 
health problems creates a discrepancy when using this model 
of care to care for chronic conditions that may be prevented or 
managed. Preventative health care is very different from chronic 
care.

With this in mind, a quote from Rufus Howe is appropriate: 
“What a rare privilege it is to be in a position to improve the 
lives of others.”

A patient with asthma goes to the emergency department 
and is treated effectively and efficiently. The patient received 
good quality care, and, in many people’s minds, the patient was 
“fixed.” However, asthma is manageable to the point that the 
patient should not have to be in the emergency department. 
There are excellent national guidelines (www.NAEPP.org) that 
outline how to manage asthma, and there are medications that 

control asthma and keep the patient out of this situation. 
Usually the reason for the emergency visit is that the patient’s 
asthma is not in control; this may occur because the patient is 
not using inhaled steroids, because he or she has a poor under-
standing of the disease and how to manage it, because the 
national guidelines are not being used, or because of a combina-
tion of all of these issues. Either way, this chronic disease can 
be self-managed by a patient with the proper multidisciplinary 
education and follow up.

However, the public health model attempts to reduce disease 
in the nation as a whole through mass education campaigns. 
Examples include education about the hazards of drinking and 
driving, tobacco use (both smokeless and smoking) education, 
and food labeling to indicate fat and cholesterol content. This 
is known as health promotion and disease prevention.10 By par-
ticipating in public education programs, RTs have the potential 
to affect the health of individuals and of the population as  
a whole.

Recent efforts such as Healthy People 2020 have attempted 
to place the focus on the health of the population rather than 
on that of the individual.11 The four broad goals of the Healthy 

http://www.rcjournal.com/cpgs/thcpcpg.html
http://www.rcjournal.com/cpgs/thcpcpg.html
http://www.NAEPP.org


 Patient Education and Health Promotion • CHAPTER 54 1257

RTs can take an active role in the development of educational 
materials to assist both the public and other health professionals 
with regard to health promotion activities. Many medical man-
ufacturers have also developed asthma education kits of various 
types that include peak flow meters, spacers, and educational 
materials. These kits are generally developed with input from 
the medical community and in particular from RTs. An example 
of an asthma program is given in Table 54-4.12 Respiratory care 
educational programs need to be diligent when incorporating 
health promotion and disease prevention activities into all 
learning domains as part of their curricula.

Another specific area of health promotion that receives 
much attention in both hospital and public health settings is 
nicotine intervention. Hospitalized patients are more motivated 
to try to quit smoking for two reasons: the illness that resulted 
in the patient being in the hospital may have been made worse 
due to tobacco use, and hospitals have smoke-free environ-
ments. Therefore, RTs should use this opportunity to promote 
nicotine treatments.

Nicotine intervention is a progressive, comprehensive 
program that incorporates a series of steps from risk identifica-
tion to maintenance support. Smoking is the leading cause of 
preventable disease and death in the US. January 11, 2014 

People 2020 program are as follows: (1) to promote quality of 
life, healthy development, and healthy behaviors across all life 
stages; (2) to achieve health equity, eliminate disparities, and 
improve the health of all groups; (3) to attain high-quality, 
longer lives free of preventable disease, disability, injury, and 
premature death; and (4) to create social and physical environ-
ments that promote good heatlh for all.11 These goals encom-
pass the essential elements of health promotion and disease 
prevention, which are the prevention of premature death, 
disease, and disability as well as the improvement of the quality 
of life.

The recognition that allied health professionals such as RTs 
play vital roles in these activities prompted professional orga-
nizations to develop policy statements about health promotion 
and disease prevention. The American Association for Respira-
tory Care policy statement appears in Box 54-5.6

 Box 54-4 American Association for 
Respiratory Care Role  
Model Statement

•	 As	health	care	professionals	engaged	in	the	performance	of	
cardiopulmonary	care,	RTs	must	strive	to	maintain	the	
highest	personal	and	professional	standards.

•	 In	addition	to	upholding	the	code	of	ethics,	the	RT	shall	
serve	as	a	leader	and	advocate	of	public	health.

•	 The	RT	shall	participate	in	activities	leading	to	awareness	of	
the	causes	and	prevention	of	pulmonary	disease	and	the	
problems	associated	with	the	cardiopulmonary	system.	The	
RT	shall	support	the	development	and	promotion	of	
pulmonary	disease	awareness	programs,	to	include	smoking	
cessation	programs,	pulmonary	function	screenings,	air	
pollution	monitoring,	allergy	warnings,	and	other	public	
education	programs.

•	 The	RT	shall	support	research	to	improve	health	and	prevent	
disease.

•	 The	RT	shall	provide	leadership	in	determining	health	
promotion	and	disease	prevention	activities	for	students,	
faculty,	practitioners,	patients,	and	the	general	public.

•	 The	RT	shall	serve	as	a	physical	example	of	cardiopulmonary	
health	by	abstaining	from	tobacco	use	and	shall	make	a	
special	personal	effort	to	eliminate	smoking	and	the	use	of	
other	tobacco	products	from	the	home	and	work	
environment.

•	 The	RT	shall	strive	to	be	a	model	for	all	members	of	the	
health	care	team	by	demonstrating	responsibility	and	
cooperating	with	other	health	care	professionals	to	meet	the	
health	needs	of	the	public.

Effective	3/90.
Revised	3/00.
From	the	American	Association	for	Respiratory	Care:	Position	statement	
(website):	www.aarc.org/resources/position_statements/rms.html.

 Box 54-3 American Association for 
Respiratory Care Health Promotion 
and Disease Prevention Statement

HEALTH PROMOTION AND DISEASE PREVENTION
•	 The	AARC	acknowledges	that	respiratory	therapists	in	both	

the	civilian	and	uniformed/military	services	are	integral	
members	of	the	health	care	team,	in	hospitals,	home	health	
care	settings,	pulmonary	laboratories,	rehabilitation	programs	
and	all	other	environments	(including	ICUs	and	critical	care	
transport)	where	respiratory	care	is	practiced.

•	 The	AARC	recognizes	that	education	and	training	of	the	
respiratory	therapist	is	the	best	method	by	which	to	instill	the	
ability	to	improve	the	patient’s	quality	and	longevity	of	life,	
and	that	such	information	should	be	included	in	their	formal	
education	and	training	in	CoARC	accredited	programs.

•	 The	AARC	recognizes	the	respiratory	therapist’s	
responsibility	to	participate	in	pulmonary	disease	teaching,	
smoking	cessation	programs,	pulmonary	function	studies	for	
the	public,	air	pollution	alerts,	allergy	warnings,	and	sulfite	
warnings	in	restaurants,	as	well	as	research	in	those	and	
other	areas	where	efforts	could	promote	improved	health	
and	disease	prevention.	Furthermore,	the	respiratory	
therapist	is	in	a	unique	position	to	provide	leadership	in	
determining	health	promotion	and	disease	prevention	
activities	for	students,	faculty,	practitioners,	patients,	and	the	
general	public	in	both	civilian	and	uniformed	service	
environments.

•	 The	AARC	recognizes	the	need	to	1)	provide	and	promote	
consumer	education	related	to	the	prevention	and	control	of	
pulmonary	disease;	2)	establish	a	strong	working	relationship	
with	other	health	agencies,	educational	institutions,	Federal	
and	state	government,	businesses,	military	and	other	
community	organizations;	and	3)	monitor	such	activities.	
Furthermore,	the	AARC	supports	efforts	to	develop	personal	
and	professional	wellness	models	and	action	plans	that	will	
inspire	and	encourage	all	respiratory	therapists	to	cooperate	
on	health	promotion	and	cardiorespiratory	disease	
prevention.

Effective	1985.
Revised	2000.
Revised	2005.
From	the	American	Association	for	Respiratory	Care:	Position	statement	
(website):	www.aarc.org/resources/position_statements/rms.html.

http://www.aarc.org/resources/position_statements/rms.html
http://www.aarc.org/resources/position_statements/rms.html
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National, state, and local agencies such as the American 
Cancer Society, the American Lung Association, and the Ameri-
can Heart Association offer educational materials and behav-
ioral counseling. The educational materials that these agencies 
offer are available via mail, telephone, and the Internet. In 2004, 
the U.S. Department of Health and Human Services established 
a nationwide toll-free number (800-QUIT-NOW [800-784-
8669]) to serve as an access point for smokers who are seeking 
assistance with quitting. Components of the Office of Surgeon 
General’s tobacco cessation program are included in Tables 54-5 
and 54-6.15

DISEASE MANAGEMENT

The most recent data show that more than 145 million people—
which is approximately half of all Americans—live with chronic 
disease.16 Half of those with chronic illness have more than one 
chronic condition or comorbidity. The prevalence of chronic 
disease has increased due to tobacco use, physical inactivity, 
poor nutrition choices, obesity, and the aging of the population 
during the same time the cost of care has markedly risen. These 
chronic diseases are extremely expensive and lead to unneces-
sary admissions and readmissions (recidivism). Chronic care 
models have been used since the 1990s. A chronic care model 
is patient centered; it encourages multidisciplinary focus on 
self-management and continuous quality control. Wagner orig-
inally presented the chronic care model that is illustrated in 
Figure 54-1.17

Wagner explains the model as follows: “Patients and families 
who struggle with chronic illness require planned, regular inter-
actions with their caregivers, with a focus on function and 
prevention of exacerbations. This interaction includes system-
atic assessments, attention to treatment guidelines, and behav-
iorally sophisticated support for the patient’s role as a self 
manager. These interactions must be linked through time by 
clinically relevant information and continuing follow-up.”17

As with disease management, which is a method of apply-
ing the best health care practices to a population with a 
chronic illness one person at a time,10 the goals of this type of 
program include improving the health of the person, improv-
ing patient satisfaction, reducing mortality, improving quality 
of life, and eliminating unnecessary medical treatment to 
reduce the cost of health care.10 There is no one definition of 
disease management. However, the Care Continuum Alliance 
defines disease management as a coordinated system of inter-
ventions for people who have conditions that require signifi-
cant self-care.18 Disease management is measured by its impact 
on costs, clinical outcomes, and quality of life. The programs 
have similar components, including a coordinated compre-
hensive interdisciplinary care team with a process for measur-
ing improvement. Health insurance companies, pharmaceutical 
companies, and the federal government all pay for disease 
management programs.10 Most programs have the following 
attributes:
• The provision of interdisciplinary comprehensive care (i.e., 

health promotion, prevention, and acute care involving 

marked the fiftieth anniversary of the first Surgeon General 
Report on smoking and health that linked smoking with lung 
cancer and heart disease and the thirty-second Surgeon General 
Report,“The Health Consequences of Smoking— 50 years of 
progress: A report of the Surgeon General,” which presents new 
data on the consequences of smoking.13 The Affordable Care 
Act’s (ACA) Public Health and Prevention Fund expanded 
access to smoking cessation services through most insurance 
companies to include Medicaid. The ACA supports community-
based programs and public education campaigns promoting 
prevention and helping people to quit; 1.6 million smokers have 
made an attempt to quit.13 Safe and effective tobacco treatment 
enhances the success for quitting. Nicotine replacement thera-
pies (NRT) such as nicotine gum, lozenges, or patches are avail-
able over the counter. NRT combined with behavioral therapy 
is more effective for tobacco cessation. Varenicline tartrate 
(Chantix) and bupropirion (Zyban) do not contain nicotine. 
They are both available by prescription only.14 Chantix interacts 
at the sites in the brain that are influenced by nicotine.

 Box 54-5 Health Promotion and 
Disease Prevention

•	 The	AARC	submits	this	paper	to	identify	and	illustrate	the	
involvement	of	the	RT	in	the	promotion	of	health	and	
prevention	of	disease	and	supports	these	activities.	The	
AARC	realizes	that	RTs	are	integral	members	of	the	health	
care	team,	in	hospitals,	home	health	care	settings,	
pulmonary	laboratories,	rehabilitation	programs,	and	all	other	
environments	where	respiratory	care	is	practiced.

•	 The	AARC	recognizes	that	education	and	training	of	the	RT	
is	the	best	method	by	which	to	instill	the	ability	to	improve	
the	patient’s	quality	and	longevity	of	life,	and	that	such	
information	should	be	included	in	their	formal	education	and	
training.

•	 The	AARC	recognizes	the	RT	responsibility	to	participate	in	
pulmonary	disease	teaching,	smoking	cessation	programs,	
pulmonary	function	studies	for	the	public,	air	pollution	alerts,	
allergy	warnings,	and	sulfite	warnings	in	restaurants,	as	well	
as	research	in	those	and	other	areas	where	efforts	could	
promote	improved	health	and	disease	prevention.	
Furthermore,	the	RT	is	in	a	unique	position	to	provide	
leadership	in	determining	health	promotion	and	disease	
prevention	activities	for	students,	faculty,	practitioners,	
patients,	and	the	general	public.

•	 The	AARC	recognizes	the	need	to	provide	and	promote	
consumer	education	related	to	the	prevention	and	control	of	
pulmonary	disease	and	to	establish	a	strong	working	
relationship	with	other	health	agencies,	educational	
institutions,	federal	and	state	government,	businesses	and	
other	community	organizations	and	to	monitor	such.	
Furthermore,	the	AARC	supports	efforts	to	develop	personal	
and	professional	wellness	models	and	action	plans	that	will	
inspire	and	encourage	all	RT	to	cooperate	on	health	
promotion	and	disease	prevention.

Effective	7/85.
Revised	3/00.
From	the	American	Association	for	Respiratory	Care:	Position	statement	
(website):	www.aarc.org/resources/position_statements/hpdp.html.

http://www.aarc.org/resources/position_statements/hpdp.html
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TABLE 54-4 

Components of an Asthma Disease Management Program

Component	1:	Assessment	
and	monitoring

Assessment:
•	 Detailed	patient	history
•	 Thorough	physical	examination
•	 Spirometry	to	document	the	reversibility	of	airflow	obstruction
Monitoring:
Periodic	assessment	and	ongoing	monitoring	of	asthma	to	determine	if	goals	are	being	met
•	 Minimal	or	no	chronic	and	troublesome	symptoms,	day	or	night
•	 Normal	or	near-normal	pulmonary	function
•	 No	limitations	on	activities
•	 Minimal	or	no	recurrent	exacerbations	of	asthma
•	 Optimal	medications	with	minimal	or	no	adverse	side	effects
•	 Satisfaction	with	asthma	care

Component	2:	Control	of	the	
factors	that	contribute	to	
asthma

Identify	the	allergens	and	irritants
•	 House	dust	mites,	cockroach	feces,	molds,	and	animal	dander
•	 Tobacco	smoke,	emissions	from	wood-burning	stoves,	strong	odors	and	sprays	such	as	perfume	and	

hairspray
•	 Nitrogen	dioxide	and	sulfur	dioxide
•	 Rhinitis	and	sinusitis
•	 Gastroesophageal	reflux	disease
•	 Viral	respiratory	infections
•	 Aspirin
•	 Sulfites
Reduce	exposure	to	the	allergens	and	irritants,	and	provide	medications	or	immunotherapy

Component	3:	Pharmacologic	
therapy:	managing	asthma	
for	the	long	term

Classify	the	asthma	severity	into	one	of	the	four	levels	on	the	basis	of	the	severity	of	recurrent	symptoms	
and	lung	function

Prescribe	medications	for	the	level	of	asthma
•	 All	patients	with	asthma	need	a	quick-relief	medication	(i.e.,	short-acting	β2-agonists)
•	 Those	with	persistent	asthma	need	daily	long-term	control	medications	to	achieve	control	(e.g.,	an	

inhaled	corticosteroid)
•	 Start	treatment	in	a	stepwise	approach	(i.e.,	begin	at	a	higher	level	to	achieve	rapid	control;	when	

control	is	achieved	and	sustained,	cautiously	step	down	treatment)
Component	4:	Patient	

education	for	a	partnership	
in	asthma	care

Patient	education	begins	at	the	time	of	diagnosis.
•	 Provide	basic	facts	about	asthma
•	 Identify	the	roles	of	the	medications
•	 Skills:	correct	use	of	the	medication	delivery	devices,	the	peak	flow	meter,	and	the	symptom	diary
•	 Discuss	environmental	control	measures
•	 Discuss	when	and	how	to	take	rescue	actions
Education	techniques
•	 Basic	facts	about	asthma

•	 Describe	the	contrast	between	asthmatic	and	normal	airways
•	 Describe	what	happens	to	the	airways	during	an	asthma	attack

•	 Describe	the	roles	of	the	medications
•	 How	the	medications	work
•	 Long-term	control:	medications	that	prevent	symptoms,	often	by	reducing	inflammation
•	 Quick	relief:	short-acting	bronchodilators	relax	muscles	around	the	airways

Stress	the	importance	of	long-term	control	medications,	and	emphasize	that	the	patient	should	not	expect	
quick	relief

•	 Skills
•	 Inhaler	use	(patient	demonstration)
•	 Spacer	and	holding	chamber	use
•	 Symptom	monitoring,	peak	flow	monitoring,	and	recognizing	early	signs	of	deterioration

•	 Environmental	control	measures
•	 Identifying	and	avoiding	environmental	precipitants	or	exposures
•	 When	and	how	to	take	rescue	actions

•	 Responding	to	changes	in	asthma	severity	(i.e.,	daily	self-management	plan	and	action	plan)
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TABLE 54-5 

The “5 As” Model for Treating Tobacco Use and Dependence as a Chronic Disease

Ask	about	tobacco	
use

Identify	and	document	the	tobacco	use	status	of	every	patient	at	every	visit
•	 Expand	the	vital	signs	to	include	tobacco	use

Advise	to	quit Strongly	urge	all	tobacco	users	to	quit
Advice	should	be	clear,	strong,	and	personalized

Assess	every	tobacco	
user’s	willingness	to	
make	a	quit	attempt

Ask	every	tobacco	user	if	he	or	she	is	willing	to	make	a	quit	attempt:	“Are	you	willing	to	give	quitting	a	try?”
•	 If	the	patient	is	willing,	provide	assistance
•	 If	the	patient	is	unwilling,	provide	a	motivational	intervention
•	 If	the	patient	is	a	member	of	a	special	population	(e.g.,	pregnant,	adolescent,	minority),	consider	providing	him	

or	her	with	additional	information
Assist	by	providing	

counseling	and	
medication

•	 Set	a	quit	date	that	is	ideally	within	2	weeks
•	 Tell	family	and	friends	about	quitting
•	 Anticipate	challenges,	including	nicotine	withdrawal	symptoms
•	 Remove	tobacco	products	from	the	environment
Recommend	the	use	of	approved	medications,	except	when	they	are	contraindicated	or	if	the	patient	is	a	

member	of	a	specific	population	(e.g.,	pregnant	women,	smokeless	tobacco	users,	adolescents)
•	 Explain	how	the	medications	work	to	increase	success	with	quitting	and	to	reduce	withdrawal	symptoms
The	medications	approved	for	this	purposed	by	the	U.S.	Food	and	Drug	Administration	include	the	following:
•	 Bupropion	SR
•	 Nicotine	gum
•	 Nicotine	inhaler
•	 Nicotine	lozenge
•	 Nicotine	nasal	spray
•	 Nicotine	patch
•	 Varenicline
Provide	practical	counseling	(i.e.,	problem	solving,	skills	training):
•	 Abstinence:	striving	for	total	abstinence	is	essential	(i.e.,	“not	one	puff	after	the	quit	date”)
•	 Anticipate	triggers	and	challenges:	determine	how	the	patient	will	successfully	overcome	these	(i.e.,	avoid	the	

triggers)
•	 Alcohol	should	be	avoided	because	it	is	associated	with	relapse	(however,	reducing	alcohol	intake	could	

precipitate	withdrawal	in	alcohol-dependent	persons)
•	 Other	smokers	in	the	home:	quitting	is	more	difficult	when	there	is	another	smoker	in	the	home;	patients	

should	encourage	all	to	quit	with	them	or	to	not	smoke	in	their	presence
Provide	intratreatment	social	support
•	 Provide	a	supportive	clinical	environment	while	encouraging	the	patient	in	his	or	her	quit	attempt	(i.e.,	“My	

office	staff	and	I	are	here	to	assist	you”)
Help	the	patient	to	obtain	extra	social	support	during	treatment
•	 Help	the	patient	to	develop	social	support	in	his	or	her	environment	outside	of	the	treatment	by	asking	the	

patient’s	spouse	or	partner,	friends,	and	coworkers	to	support	the	quit	attempt
Provide	supplementary	materials,	including	information	about	quit	lines
•	 Sources:	Federal	agencies,	nonprofit	agencies,	national	quit	line	network	(1-800-QUIT-NOW),	and	local/state/

tribal	health	departments	and	quit	lines
•	 Type:	culturally,	racially,	educationally,	and	age	appropriate	for	the	patient
•	 Location:	readily	available
Recommend	counseling	(there	are	three	types):
Practical	counseling	(i.e.,	problem	solving,	skills	training)
•	 Recognize	danger	situations
•	 Develop	coping	skills
•	 Provide	basic	information
Supportive	treatment	counseling
•	 Encourage	the	patient	to	quit
•	 Communicate	caring	and	concern
•	 Encourage	the	patient	to	talk	about	quitting

Arrange	for	follow-up	
contacts,	either	in	
person	or	via	the	
telephone

Timing:	Follow-up	contact	should	begin	soon	after	the	quit	date,	preferably	during	the	first	week;	a	second	follow	
up	is	recommended	within	the	first	month,	and	follow	up	should	be	scheduled	as	indicated

•	 Actions	to	take	during	the	follow-up	contacts:	for	all	patients,	identify	problems	that	have	been	encountered,	
and	anticipate	challenges

Assess	the	medication	use	and	any	associated	problems:
•	 Remind	the	patient	of	the	support	offered	by	quit	lines
•	 Address	tobacco	use	at	the	next	clinical	visit
•	 When	patients	have	been	abstinent,	congratulate	them	on	their	success
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TABLE 54-6 

Components of a Tobacco Education Program for Those Who Are Unwilling to Quit Enhancing Motivation 
to Quit Tobacco: The “5 Rs”

Relevance Encourage	the	patient	to	indicate	why	quitting	is	personally	relevant	and	to	be	as	specific	as	possible.	Motivational	
information	has	the	greatest	impact	if	it	is	relevant	to	a	patient’s	disease	status	or	risk,	to	a	family	or	social	situation	
(e.g.,	having	children	in	the	home),	or	to	health	concerns,	age,	gender,	and	other	important	patient	characteristics	
(e.g.,	prior	quitting	experience,	personal	barriers	to	cessation).

Risk Ask	the	patient	to	identify	potential	negative	consequences	of	tobacco	use	and	suggest	those	that	seem	to	be	the	
most	relevant	to	the	patient.	Emphasize	that	smoking	low-tar	or	low-nicotine	cigarettes	or	using	other	forms	of	
tobacco	(e.g.,	smokeless	tobacco,	cigars,	pipes)	will	not	eliminate	these	risks.	Examples	of	risks	include	the	following:

•	 Acute	risks:	shortness	of	breath,	exacerbation	of	asthma,	harm	to	a	pregnancy,	impotence,	infertility
•	 Long-term	risks:	heart	attack,	stroke,	lung	and	other	cancers,	chronic	obstructive	pulmonary	disease,	disability,	need	

for	extended	care
•	 Environmental	risks:	increased	risk	of	lung	cancer	and	heart	disease	in	spouse,	increased	rates	of	smoking	among	

children	of	tobacco	users,	sudden	infant	death	syndrome,	respiratory	infections	in	the	children	of	smokers
Rewards Ask	the	patient	to	identify	the	potential	benefits	of	stopping	tobacco	use:

•	 Improved	health
•	 Food	will	taste	better
•	 Save	money
•	 Feel	better
•	 Home,	car,	clothing,	and	breath	will	smell	better
•	 Can	stop	worrying	about	quitting
•	 Set	an	example	for	children
•	 Have	healthier	babies	and	children
•	 Reduce	wrinkling	and	aging	of	skin

Roadblocks Ask	the	patient	to	identify	barriers	to	quitting:
•	 Withdrawal	symptoms
•	 Fear	of	failure
•	 Weight	gain
•	 Lack	of	support
•	 Depression
•	 Enjoyment	of	tobacco

Repetition Repeat	the	motivational	intervention	information	every	time	that	an	unmotivated	patient	is	seen.

FIGURE 54-1	 Illustration	of	a	chronic	care	model	that	is	focused	on	productive	interactions	and	improved	patient	outcomes.	(Modified	
from	Wagner	E:	System	changes	and	interventions:	delivery	system	design.	Improving	chronic	illness	care,	Orlando,	Fl,	2001,	Institute	for	
Healthcare	Improvement	National	Forum.)
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interdisciplinary or multidisciplinary teams—physician, RT, 
nurse, PT, OT, pharmacist, and other health team members)

• A population-identification process (for a specific disease or 
condition)

• The use of evidence-based guidelines, protocols, and 
pathways

• Collaborative and coordinated components of care
• Active patient self-management and education (e.g., empow-

erment, behavior modification)
• Quality improvement methods to include outcomes mea-

surement and evaluation
• The use of information technology to create a routine 

reporting and feedback loop
If you were interested in creating a disease management 

program, you would want to make sure to include these com-
ponents. There are many disease management programs offered 
to patients with chronic diseases such as COPD, asthma, amyo-
trophic lateral sclerosis, and cystic fibrosis. RTs are ideal to 
create, coordinate, and participate as members of a disease 
management program. The patients whom RTs care for have 
chronic diseases, and these individuals need to be taught about 
the health risks associated with the disease, the prophylactic 
measures used to maintain quality health, and disease-specific 
respiratory therapy. For example, in a disease management 
program for a patient with COPD, RTs would provide one-on-
one counseling for tobacco cessation education (if the patient 
continued to use these products); discuss pulmonary rehabilita-
tion that included exercise as well as strength and endurance 
training; and recognize and manage an acute situation and 
appropriate medication management. The RT would work with 
the patient to establish personal goals, including changing the 
person’s behaviors and reducing the risks associated with the 
chronic disease. Outcomes would be measured to include health 
care utilization or hospital admissions, dyspnea scores, medica-
tion use, missed work or school days, quality of life surveys, and 
number of ER visits.

Implications for the  
Respiratory Therapist

Because the RT can practice as both an individual counselor 
and a public health advocate, depending on the setting or cir-
cumstances, it is useful to examine the most likely settings in 
which the RT’s health promotion and disease prevention knowl-
edge can be put to good use.

Health Care Institutions
Health care institutions in which RTs provide both health edu-
cation and promotion include inpatient facilities (e.g., hospi-
tals, skilled nursing facilities) and ambulatory care centers (e.g., 
physicians’ offices, clinics, health insurance organizations). RTs 
may practice in outpatient or long-term acute care settings as 
well as in corporate wellness programs for staff and patients 
that are aimed at improving cardiopulmonary health through 
disease management education that includes nutrition, medica-
tion management, and exercise (e.g., pulmonary rehabilitation, 
asthma management education programs).

Work Site
Healthier workers are absent from work less often; they are also 
more satisfied with their jobs and more productive. This all 
translates into a more cost-effective workplace. RTs may find 
themselves involved in work-site wellness by participating in the 
following: (1) performing pulmonary function or blood pres-
sure screenings; (2) developing and implementing stress man-
agement or nicotine intervention programs; and (3) consulting 
on policies related to smoking and occupational or environ-
mental exposure to foreign dusts (e.g., silica, asbestos) or 
noxious fumes (e.g., smog).

Home
Home health care continues to be a rapidly growing segment 
of the health care industry. It has been proved repeatedly to be 
more cost-effective than hospital care. RTs can perform a wide 
variety of services in the patient’s home, including oxygen 
therapy and mechanical ventilation on either a temporary or 
long-term basis. Generally the focus is on prevention (i.e., pre-
venting further decline). Patient education is of primary impor-
tance in the home so that the patient may become as self-reliant 
as possible (see Chapters 55 and 56).

Community
Most of the health promotion activities described earlier pertain 
to the individual. At the community level, the focus is on the 
group. Community health promotion activities provided by the 
RT may include the following: pulmonary function screening at 
health fairs, smoking cessation programs, family asthma man-
agement education programs, and COPD (i.e., better breathing) 
support groups. RTs, who are certified in basic cardiac life-
support instruction, may also volunteer to perform certification 
in this practice for various groups.

Educational Institutions
Because many unhealthy behaviors begin during early child-
hood or adolescence, elementary, middle, and secondary schools 
are excellent places to begin health education activities. Educa-
tion about smoking is one example.

Cigarette smoking is a primary risk factor that is associated 
with many of today’s leading causes of death. Because most 
smoking begins during late childhood or early adolescence, 
schools provide the best setting in which to educate children 
about the dangers of tobacco. RTs are trained to provide these 
educational experiences. It is never too early to begin sending 
the antismoking message.

SUMMARY CHECKLIST

◗	Patient	education	and	general	approaches	to	health	
promotion	are	key	issues	in	health	care	today.

◗	 Incorporating	health	literacy	and	cultural	beliefs	into	patient	
education	programs	affects	patient	compliance.

◗	Educators	should	use	learning	objectives	to	direct	
teaching	strategies	toward	individuals	or	large	groups	of	
patients.
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◗	Learning	objectives	call	for	the	use	of	an	action	verb	to	
define	the	performance	that	is	expected	of	the	patient	at	
the	end	of	instruction.

◗	Learning	occurs	in	three	domains:	cognitive	(knowledge),	
psychomotor	(skills),	and	affective	(attitudes).

◗	Patients	tend	to	learn	by	doing.	Passive	participation	
usually	does	not	cause	a	change	in	behavior.

◗	Evaluate	the	cognitive	domain	objectives	with	written	tests.	
Evaluate	psychomotor	and	affective	domain	objectives	
with	a	skills	checklist.

◗	The	clinician	should	evaluate	his	or	her	teaching	in	an	
effort	to	improve.

◗	The	RT	can	have	an	impact	on	several	areas	of	health	
education	and	health	promotion,	including	tobacco	
cessation	programs,	asthma	education	programs,	
pulmonary	rehabilitation	and	community	health	screenings.

◗	RTs	can	be	key	players	in	disease	management	programs	
because	of	their	understanding	of	the	manifestations	of	
the	chronic	cardiopulmonary	diseases	and	their	abilities	to	
teach	patients	self-management	with	the	use	of	the	patient	
education	tools	discussed	in	this	chapter.
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Cardiopulmonary Rehabilitation

KENNETH A. WYKA

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 State	the	definition	and	general	goals	of	pulmonary	rehabilitation	programs.
◆	 Explain	the	rationale	for	exercise	conditioning	and	psychosocial	support	of	patients	with	chronic	pulmonary	

disease.
◆	 Describe	how	to	evaluate	and	select	patients	for	pulmonary	rehabilitation.
◆	 Describe	pulmonary	rehabilitation	program	design	including	format	and	content.
◆	 List	the	educational	content	to	be	addressed	in	a	pulmonary	rehabilitation	program.
◆	 Describe	the	implementation	of	a	pulmonary	rehabilitation	program,	including	staffing,	facilities,	scheduling,	

class	size,	equipment,	costs,	and	reimbursement.
◆	 Discuss	the	outcome	measures	that	can	be	used	to	evaluate	pulmonary	rehabilitation	programs.
◆	 Identify	the	potential	hazards	associated	with	pulmonary	rehabilitation.
◆	 Compare	the	focus	of	pulmonary	rehabilitation	to	that	of	cardiac	rehabilitation.

CHAPTER OUTLINE

Definitions and Goals
Historical Perspective
Scientific Basis

Physical	Reconditioning
Psychosocial	Support

Structure of a Pulmonary Rehabilitation Program
Program	Goals	and	Objectives
Patient	Evaluation	and	Selection
Patient Evaluation
Patient Selection
Program	Design
Format
Content
Physical Reconditioning

Educational Component
Psychosocial and Behavioral Components
Program	Implementation
Staffing
Facilities
Scheduling
Class Size
Equipment
Cost,	Fees,	and	Reimbursement
Program	Results
Potential	Hazards

Cardiac Rehabilitation
Conclusion

KEY TERMS

6-	or	12-minute	walk
aerobic	exercises
cardiopulmonary	exercise	

evaluation	(CPX)
comprehensive	outpatient	

rehabilitative	facilities	(CORFs)

Karvonen’s	formula
onset	of	blood	lactate	accumulation	

(OBLA)
Patient	Protection	and	Affordable	

Care	Act	(PPACA)
progressive	resistance

psychosocial	support	needs
pulmonary	rehabilitation
reconditioning
target	heart	rate
ventilatory	threshold
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rest. Patients became homebound, then room-bound and even-
tually bed-bound. Improved avenues of therapy and rehabilita-
tion were needed.

In 1962, Pierce and associates published results confirming 
Barach’s insight into the value of reconditioning. They observed 
that patients with COPD who participated in physical recondi-
tioning exhibited lower pulse rates, respiratory rates, minute 
volumes, and carbon dioxide (CO2) production during exercise. 
However, they also found that these benefits occurred without 
significant changes in pulmonary function.6 Soon thereafter, 
Paez and associates showed that reconditioning could improve 
both the efficiency of motion and O2 consumption in patients 
with COPD.7 Subsequently, Christie showed that the benefits of 
reconditioning could be achieved on an outpatient basis with 
minimal supervision.8 Since Christie’s work in 1968, other 
investigators have continued to research the benefits of pulmo-
nary rehabilitation.

The available evidence at the present time consistently  
indicates that pulmonary rehabilitation benefits patients with 
chronic obstructive and restrictive pulmonary diseases.9-12 
When combined with smoking cessation, optimization of  
blood gas results (arterial pO2, pCO2, and pH), and proper 
medication use, pulmonary rehabilitation offers the best treat-
ment option for patients with symptomatic pulmonary disease. 
Programs for pulmonary rehabilitation must be founded on the 
sound application of current knowledge in the clinical and 
social sciences. In fall 2006, the American College of Chest 
Physicians (ACCP) and the American Association of Cardiovas-
cular and Pulmonary Rehabilitation (AACVPR) released their 
evidence-based guidelines relating to pulmonary rehabilitation 
aimed at improving the way pulmonary rehabilitation pro-
grams are designed, implemented, and evaluated through 
patient outcomes.13

SCIENTIFIC BASIS

Rehabilitation must focus on the patient as a whole and not 
solely on the underlying disease. For this reason, effective pul-
monary rehabilitation programs combine knowledge from both 
the clinical and the social sciences. Knowledge from the clinical 
sciences can help quantify the degree of physiologic impairment 
and establish outcome expectations for reconditioning. Appli-
cation of the social sciences is helpful in determining the psy-
chological, social, and vocational impact of the disability on the 
patient and family and in establishing ways to improve the 
patient’s quality of life.

Physical Reconditioning

At rest, an individual maintains homeostasis by balancing exter-
nal, internal, and cellular respiration. Physical activity, such  
as aerobic exercises, increases energy demands. To maintain 
homeostasis during exercise, the cardiorespiratory system must 
keep pace. Figure 55-1 shows how the body responds to exercise. 
Ventilation and circulation increase to supply tissues and cells 
with additional O2 and to eliminate the higher levels of CO2 
produced by metabolism.

S teady improvements in acute care have resulted in 
improved patient survival and increasing numbers of 
individuals with chronic disorders. These chronic disor-

ders are associated with a wide spectrum of physiologic, psy-
chologic, and social disabilities. Foremost among these disorders 
is chronic obstructive pulmonary disease (COPD), which is 
now the third leading cause of death in the United States.1

Although differences in diagnoses can have an impact on 
treatment outcomes and survival, patients with chronic pulmo-
nary disorders have much in common. All of these patients have 
difficulty coping with the physiologic limitations of their dis-
eases and these physiologic limitations result in many psycho-
social problems. The end result often is an unsatisfactory quality 
of life. The high incidence of repeated hospitalizations and the 
progressive disability of these patients require well-organized 
programs of rehabilitative care. With the passage in 2010 of the 
Patient Protection and Affordable Care Act (PPACA), the 
reduction of early hospital readmissions for various chronic 
diseases, including COPD, is a major concern and focus of 
health care today. This chapter provides foundational knowl-
edge regarding the goals, methods, and issues involved in pro-
viding planned programs of rehabilitation for individuals with 
chronic pulmonary disorders.

DEFINITIONS AND GOALS

The Council on Rehabilitation defines rehabilitation as “the 
restoration of the individual to the fullest medical, mental, 
emotional, social, and vocational potential of which he or she 
is capable.”2 The overall goal is to maximize functional ability 
and to minimize the impact the disability has on the individual, 
the family, and the community. Pulmonary rehabilitation is 
the “art of medical practice wherein an individually tailored, 
multidisciplinary program is formulated, which through accu-
rate diagnosis, therapy, emotional support and education stabi-
lizes or reverses both the physio- and psychopathology of 
pulmonary diseases and attempts to return the patient to the 
highest possible functional capacity allowed by his or her pul-
monary handicap and overall life situation.”3

The general goals of pulmonary rehabilitation are to control 
and alleviate symptoms, restore functional capabilities as much 
as possible, and improve quality of life.4 Pulmonary rehabilita-
tion does not reverse or stop progression of the disease, but it 
can improve a patient’s overall quality of life.

HISTORICAL PERSPECTIVE

Pulmonary rehabilitation is not a new concept. In 1952, Barach 
and colleagues recommended reconditioning programs for 
patients with chronic lung disease to help improve their ability 
to walk without dyspnea.5 Decades passed before clinicians paid 
any attention to this concept. Instead of having their patients 
participate in reconditioning programs, most physicians simply 
prescribed oxygen (O2) therapy and bed rest. The result was a 
vicious cycle of skeletal muscle deterioration, progressive weak-
ness and fatigue, and increasing levels of dyspnea including at 
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Patients with COPD who lack adequate pulmonary function 
have severe limitations to their exercise capabilities. Their high 
rate of CO2 production during exercise results in respiratory 
acidosis and a shortness of breath out of proportion to the level 
of activity. In addition, as ventilation increases, the rate of O2 
consumption in a patient with COPD increases significantly as 
depicted in Figure 55-3. Together, these factors limit patient 
tolerance for any significant increase in physical activity.

Pulmonary rehabilitation must include efforts to recondi-
tion patients physically and increase their exercise tolerance. 
Reconditioning involves strengthening essential muscle groups, 
improving overall O2 utilization and enhancing the body’s car-
diovascular response to physical activity as noted in Box 55-1.

Psychosocial Support

If the overall goal of pulmonary rehabilitation is to improve the 
quality of patients’ lives, physical reconditioning alone is insuf-
ficient. Psychosocial indicators generally are good predictors of 
morbidity in patients with COPD. Studies show that the relative 
success of reconditioning plays less of a role in determining 
whether patients complete a program than meeting their psy-
chosocial support needs.14

There is a well-established relationship between physical, 
mental, and social well-being in humans. However, emotional 
states such as anxiety and stress can aggravate an existing physi-
cal problem. Likewise, physical manifestations of disease, such 
as recurrent dyspnea, can increase an individual’s stress level.

The progressive nature of COPD can negatively affect the 
patient’s overall outlook on his or her disease and reduce moti-
vation to adapt to its consequences. The best medical care  

As depicted in Figure 55-2, O2 consumption and CO2 pro-
duction also increase in linear fashion as exercise intensity 
increases. If the body cannot deliver sufficient O2 to meet the 
demands of energy metabolism, blood lactate levels increase 
above normal. In exercise physiology, this point is called the 
onset of blood lactate accumulation (OBLA). As this excess 
lactic acid is buffered, CO2 levels increase and the stimulus to 
breathe increases. The result is an abrupt upswing in both  
CO2 and �VE (referred to as the ventilatory threshold). Beyond 
this point, metabolism becomes anaerobic, the efficiency of 
energy production decreases, lactic acid accumulates and fatigue 
sets in.

FIGURE 55-1	 The	body’s	response	to	increased	levels	of	activity	
such	as	exercise.	
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RULE OF THUMB

A	good	estimate	of	a	patient’s	maximum	voluntary	
ventilation	(MVV)	is	derived	by	multiplying	the	FEV1	
(forced	expiratory	volume	in	1	second)	by	a	factor	of	
35.	To	estimate	the	MVV	of	a	patient	with	FEV1	of	
1.5	L,	multiply	1.5	L	by	35:

MVV FEV= ×1 35
MVV L L= × =1 5 35 52 5. . min

 Box 55-1 Benefits from Exercise 
Reconditioning

ACCEPTED BENEFITS
Increased	physical	endurance
Increased	maximum	O2	consumption
Increased	activity	levels	with:

Decreased	ventilation
Decreased	 �VO2

Decreased	heart	rate
Increased	ventilatory	threshold
Improved	blood	lipids

POTENTIAL BENEFITS
Increased	sense	of	well-being
Improved	secretion	clearance
Increased	hypoxic	drive
Improved	cardiac	function

UNPROVEN BENEFITS
Prolonged	survival
Improved	pulmonary	function	test	results
Decreased	pulmonary	artery	pressure
Improved	blood	gases
Change	in	muscle	O2	extraction
Change	in	step	desaturation

Data	from	references	15	and	16.
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available can be negated and a patient can experience a progres-
sively downhill course because of an unfavorable mental state. 
Patients with COPD often have a tendency to develop severe 
anxiety, hostility, and stress as a direct consequence of their 
disability.15 Because patients are fearful of economic loss and 
death, they can develop hostility toward the disease and often 
toward the people around them. In terms of social function, the 
physiologic impairment of chronic lung disease combined with 
other variables can severely restrict a patient’s ability to perform 
routine tasks requiring physical exertion. Moreover, patients’ 
potential loss of confidence in their ability to care for them-
selves reduces feelings of dignity and self-worth.

Figure 55-4 presents elements of how chronic lung disease 
and other variables can have an impact on a patient’s quality of 
life. It is here that the link between the physical reconditioning 
and psychosocial support components of rehabilitation becomes 
most evident. By reducing exercise intolerance and enhancing 
the body’s cardiovascular response to physical activity, patients 
can develop a more independent and active lifestyle. For some 
patients, simply being able to walk to the market or play with 
their grandchildren can contribute to a greater feeling of social 
importance. For others, physical conditioning may allow a 
return to near-normal levels of activity, including vocational 
pursuits.

FIGURE 55-2	 Minute	ventilation,	blood	lactate,	CO2	production,	and	O2	consumption	during	graded	exercise	to	maximum.	The	dashed	
line	represents	the	linear	extrapolation	between	 �VE	and	 �VO2	during	submaximal	exercise.	Point	A	represents	OBLA.	At	the	same	time,	 �VE	
and	 �VCO2	“break”	from	their	extrapolated	rate	of	increase	and	abruptly	rise	(point	B).	This	is	referred	to	as	the	ventilatory	threshold.	
(Modified	from	McArdle	WD,	Katch	FI,	Katch	VL:	Exercise	physiology:	energy,	nutrition	and	human	performance,	ed	6,	Baltimore,	2007,	
Williams	&	Wilkins.)
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FIGURE 55-3	 Changes	in	O2	consumption	with	increasing	
ventilation	in	a	normal	subject	and	in	a	patient	with	emphysema.	
BTPS,	Body	temperature,	body	pressure	saturated;	STPD,	volume	
of	dry	gas	at	0°	C	and	760	mm	Hg	atmospheric	pressure.	
(Modified	from	Cherniack	RM,	Cherniack	L,	Naimark	A:	Respiration	
in	health	and	disease,	ed	3,	Philadelphia,	1984,	Saunders.)
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FIGURE 55-4	 Model	describing	the	relationship	between	physical	and	psychological	dysfunction	in	patients	with	chronic	lung	disease.	
(Modified	from	McSweeney	AJ,	Grant	I,	Heaton	RK,	et	al:	Life	quality	of	patients	with	chronic	obstructive	pulmonary	disease.	Arch	Intern	
Med	142:473,	1982.)
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Many patients disabled with pulmonary disease are in their 
economically productive years and are anxious to return  
to economic self-sufficiency. For these patients, occupational 
retraining and job placement are key ingredients in a good 
rehabilitation program. An occupational therapist can play a 
vital role here and should be included, if possible, as a member 
of the interdisciplinary rehabilitation team and in the pulmo-
nary rehabilitation program. The pulmonary rehabilitation 
program should be based on the individual needs and expecta-
tions of each patient. Evaluation and placement of the rehabili-
tation patient may require the skills of vocational counselors 
and occupational therapists along with the cooperation of busi-
ness and industry.

STRUCTURE OF A PULMONARY 
REHABILITATION PROGRAM

Program Goals and Objectives

Pulmonary rehabilitation programs vary in their design and 
implementation but generally share common goals. Examples 
of these common goals are listed in Box 55-2. These general 
goals assist planners in formulating more specific program 
objectives. When determining objectives, both patients and 
members of the rehabilitation team should have input. These 
objectives should always be stated in measurable terms because 
this helps facilitate the determination of both patient outcomes 
and the therapeutic success and value of pulmonary rehabilita-
tion. Depending on the specific needs of the participants, 
program objectives can include the following:
• Development of diaphragmatic breathing skills
• Development of stress management and relaxation 

techniques

 Box 55-2 Common Goals for Pulmonary 
Rehabilitation Programs

•	 Control	of	respiratory	infections
•	 Basic	airway	management
•	 Improvement	in	ventilation	and	cardiac	status
•	 Improvement	in	ambulation	and	other	types	of	physical	

activity
•	 Reduction	in	overall	medical	costs
•	 Reduction	in	hospitalizations
•	 Psychosocial	support
•	 Occupational	retraining	and	placement	(when	and	where	

possible)
•	 Family	education,	counseling,	and	support
•	 Patient	education,	counseling,	and	support
•	 Control	of	respiratory	infections

• Involvement in a daily physical exercise regimen to condition 
both skeletal and respiratory-related muscles

• Adherence to proper hygiene, diet, and nutrition
• Smoking cessation (if applicable)
• Proper use of medications, O2, and breathing equipment (if 

applicable)
• Application of airway clearance techniques (when 

indicated)
• Focus on group support
• Provisions for individual and family counseling

When program objectives are specifically defined and struc-
tured in a measurable way, strategies can be tailored to ensure 
the maximum results and benefit. Demonstration of program 
effectiveness also becomes easier and more acceptable by  
the medical community. However, benefits realized by partici-
pating patients are not always easy to identify and may be 
controversial.
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emia or desaturation or both18 and pulmonary rehabilitation. 
Excerpts from these guidelines appear in Clinical Practice 
Guidelines 55-1 and 55-2.19

The exercise evaluation procedure involves serial or continu-
ous measurements of several physiologic parameters during 
various graded levels of exercise on either an ergometer or a 
treadmill as described in Box 55-3. To allow for steady-state 
equilibration, these graded levels are usually spaced at 3-minute 
intervals. Work levels are increased progressively until either  
(1) the patient cannot tolerate a higher level or (2) an abnormal 
or hazardous response occurs.

Blood gas and arterial saturation measures are obtained at 
rest and at peak exercise. Samples from single arterial punctures 
are as good as samples drawn from indwelling catheters. If the 
peak exercise puncture is unsuccessful, a sample drawn within 
10 to 15 seconds of test termination usually suffices. Owing to 
inherent problems, pulse oximetry has a limited but nonetheless 
important role in exercise evaluation. The best use of pulse 
oximetry is as a monitor to warn clinicians of gross desaturation 
events during testing. In addition, the pulse oximeter can be 
used to assess the patient’s response to supplemental O2 during 
exercise.

Relative contraindications to exercise testing include the 
following:
• Inability or unwillingness of patient to perform the test
• Severe pulmonary hypertension or cor pulmonale
• Known electrolyte disturbances (hypokalemia, hypomagne-

semia)
• Resting diastolic blood pressure greater than 110 mm Hg or 

resting systolic blood pressure greater than 200 mm Hg
• Neuromuscular, musculoskeletal, or rheumatoid disorders 

exacerbated by exercise
• Uncontrolled metabolic disease (e.g., diabetes)
• SaO2 or SpO2 less than 85% with the subject breathing 

room air
• Untreated or unstable asthma
• Angina with exercise

Exercise evaluation also can help differentiate among patients 
with primary respiratory or cardiac limitations to increased 

Patient Evaluation and Selection

Before beginning a pulmonary rehabilitation program, clini-
cians need to define and establish criteria for entry or selection. 
They need to be aware of any comorbidity a patient may have 
along with the effects exercise may have on blood chemistry and 
a patient’s overall physical status. Patient selection requires 
comprehensive evaluation and testing.16

Patient Evaluation
Pulmonary rehabilitation programs must have a qualified 
medical director, usually a pulmonologist, to provide overall 
medical direction of the program and to screen prospective 
patients.17 Patient evaluation begins with a complete patient 
history—medical, psychological, vocational, and social. A well-
designed patient questionnaire and interview form assist with 
this step. The patient history should be followed by a complete 
physical examination (see Chapter 16). A recent chest film, 
resting electrocardiogram (ECG), complete blood count, serum 
electrolytes, and urinalysis provide additional information on 
the patient’s current medical status (see Chapter 17).

To determine the patient’s cardiopulmonary status and  
exercise capacity, both pulmonary function testing and a car-
diopulmonary exercise evaluation may be performed. Pul-
monary function testing includes assessment of pulmonary 
ventilation, lung volume determinations, diffusing capacity 
(DLCO), and spirometry before and after bronchodilator use 
(see Chapter 20).

The cardiopulmonary exercise evaluation (CPX) serves 
two key purposes in pulmonary rehabilitation. First, it quanti-
fies the patient’s initial exercise capacity. This quantification 
provides the basis for the exercise prescription (including 
setting a target heart rate) and yields the baseline data for 
assessing a patient’s progress over time. In addition, the evalu-
ation helps determine the degree of hypoxemia or desaturation 
that can occur with exercise; this provides the objective basis for 
titrating O2 therapy during the exercise program. To guide prac-
titioners in implementing exercise evaluation, the American 
Association for Respiratory Care (AARC) has published clinical 
practice guidelines on exercise testing for evaluation of hypox-

 Box 55-3 Common Physiologic 
Parameters Measured During 
Exercise Evaluation

•	 Blood	pressure
•	 Heart	rate
•	 ECG
•	 Respiratory	rate
•	 Arterial	blood	gases/O2	saturation
•	 Maximum	ventilation	( �VEmax)
•	 O2	consumption	(either	absolute	 �VO2	or	METS)
•	 CO2	production	( � �VE/VCO2)
•	 Respiratory	quotient	(RQ)
•	 O2	pulse	( �VO2:heart	rate)

METS,	Metabolic	equivalents	of	O2	consumption.

 

Modified Borg Dyspnea Scale  
(With Dyspnea Descriptors)

10 Maximal	(worst	possible	you	can	imagine)
9 Very,	very	severe
8 Very,	very	severe
7 Very	severe
6 Very	severe
5 Severe
4 Somewhat	severe
3 Moderate
2 Slight
1 Very	slight
0.5 Very,	very	slight	(just	noticeable)
0 None	at	all
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55-1	 Exercise	Testing	for	Evaluation	of	Hypoxemia,	
Desaturation,	or	Both

AARC Clinical Practice Guidelines (Excerpts)*

■ INDICATIONS
•	 The	need	to	assess	and	quantify	arterial	oxyhemoglobin	

(HbO2)	levels	during	exercise	in	patients	with	suspected	
desaturation

•	 The	need	to	quantify	the	response	to	therapeutic	
intervention

•	 The	need	to	titrate	the	optimum	level	of	O2	therapy	during	
activity

•	 The	need	for	preoperative	assessment	for	lung	resection	or	
transplant

•	 The	need	to	assess	the	degree	of	impairment	for	disability	
evaluation

■ CONTRAINDICATIONS
Absolute	contraindications	include	the	following:
•	 Acute	ECG	changes	indicating	myocardial	ischemia	or	

serious	cardiac	dysrhythmias
•	 Unstable	angina
•	 Acute	pericarditis
•	 Aneurysm	of	the	heart	or	aorta
•	 Uncontrolled	systemic	hypertension
•	 Recent	(within	prior	4	weeks)	myocardial	infarction	or	

myocarditis
•	 Second-degree	or	third-degree	heart	block
•	 Recent	systemic	or	pulmonary	embolus
•	 Acute	thrombophlebitis	or	deep	venous	thrombosis

Relative	contraindications	to	exercise	testing	include	the	
following:
•	 Inability	or	unwillingness	of	patient	to	perform	the	test
•	 Severe	pulmonary	hypertension	or	cor	pulmonale
•	 Known	electrolyte	disturbances	(hypokalemia,	

hypomagnesemia)
•	 Resting	diastolic	blood	pressure	>110	mm	Hg	or	resting	

systolic	blood	pressure	>200	mm	Hg
•	 Neuromuscular,	musculoskeletal,	or	rheumatoid	disorders	

exacerbated	by	exercise
•	 Uncontrolled	metabolic	disease	(e.g.,	diabetes)
•	 SaO2	or	SpO2	<85%	with	the	subject	breathing	

room	air
•	 Untreated	or	unstable	asthma

■ PRECAUTIONS AND POSSIBLE 
COMPLICATIONS
Indications	for	ending	testing	include	the	following:
•	 ECG	abnormalities	(e.g.,	dangerous	dysrhythmias,	

ventricular	tachycardia,	ST-T	wave	changes)
•	 Severe	desaturation	(SaO2	<80%	or	SpO2	<83%	or	10%	fall	

from	baseline	values)
•	 Angina
•	 Hypotensive	responses
•	 Decrease	of	>20	mm	Hg	in	systolic	pressure,	occurring	

after	the	normal	exercise	increase
•	 Decrease	in	systolic	blood	pressure	below	preexercise	level
•	 Lightheadedness
•	 Request	from	patient	to	terminate	test

Abnormal	responses	that	may	require	discontinuation	of	
exercise	include	(1)	increase	in	systolic	blood	pressure	to	
>250	mm	Hg	or	diastolic	pressure	to	>120	mm	Hg,	(2)	
increase	in	systolic	pressure	of	>20	mm	Hg	from	resting	level,	
(3)	mental	confusion	or	headache,	(4)	cyanosis,	(5)	nausea	or	
vomiting,	(6)	muscle	cramping.

■ ASSESSMENT OF NEED
Indications	for	exercise	testing	to	evaluate	hypoxemia	or	
desaturation	or	both	include	the	following:
•	 History	and	physical	examination	indicators	suggesting	

hypoxemia	or	desaturation	or	both
•	 The	presence	of	abnormal	diagnostic	test	results	(e.g.,	

DLCO,	FEV1,	arterial	blood	gases)
•	 The	need	to	titrate	or	adjust	a	therapy

■ MONITORING
The	following	should	be	monitored	during	testing:
•	 Physical	assessment	(chest	pain,	leg	cramps,	color,	

perceived	exertion,	dyspnea)
•	 Respiratory	rate
•	 SpO2

•	 Cooperation	and	effort	level
•	 Borg	or	Modified	Borg	Dyspnea	Scale
•	 Blood	gas	sampling	site	and	technique
•	 Heart	rate,	rhythm,	and	ST-T	wave	changes
•	 Blood	pressure

*For the complete guidelines, see American Association for Respiratory Care: AARC clinical practice guideline: exercise testing for evaluation of hypoxemia and/or 
desaturation. Respir Care 46:514, 2001.
Refer to the Modified Borg Dyspnea Scale (immediately following).

work capacity. Table 55-1 summarizes these key similarities and 
differences. Besides helping to differentiate between the under-
lying cause of exercise intolerance, test results can assist in 
placing patients in the appropriate type of rehabilitation 
program.

To minimize patient risk during exercise evaluation, certain 
safety measures are implemented. First, the patient should 
undergo a physical examination just before the test, including 

a resting ECG. Second, a qualified physician should be present 
throughout the entire test. Third, emergency resuscitation 
equipment (cardiac crash cart with monitor, defibrillator, O2, 
cardiac drugs, suction equipment, and airway equipment) must 
be readily available. Fourth, staff conducting and assisting with 
the procedure should be certified in basic and advanced life-
support techniques. Last, the test should be terminated promptly 
whenever indicated.



 Cardiopulmonary Rehabilitation • CHAPTER 55 1271

55-2	 Pulmonary	Rehabilitation

AARC Clinical Practice Guideline (Excerpts)*

■ SETTINGS
Pulmonary	rehabilitation	(PR)	may	take	place	in	any	of	the	
following	sites:
•	 Inpatient	setting,	including	medical	center,	skilled	nursing	

facility,	or	rehabilitation	hospital
•	 Outpatient	setting,	including	outpatient	hospital-based	

clinic,	CORF,	physician’s	office,	alternative	or	extended	care	
facility,	or	patient’s	home

■ INDICATIONS
Indications	for	PR	include	any	of	the	following:
•	 Dyspnea	during	rest	or	exertion
•	 Hypoxemia	or	hypercapnia
•	 Reduced	exercise	tolerance
•	 Unexpected	deterioration	or	worsening	of	symptoms	

against	a	background	of	chronic	dyspnea	and	reduced	but	
stable	exercise	tolerance

•	 Need	for	surgical	intervention
•	 Chronic	respiratory	failure
•	 Ventilator	dependence
•	 Increasing	need	for	acute	care	intervention	(i.e.,	emergency	

department	visits,	hospitalizations,	or	unscheduled	
physician	office	visits)

■ CONTRAINDICATIONS
Contraindications	for	PR	include	any	of	the	following:
•	 Ischemic	cardiac	disease
•	 Acute	cor	pulmonale
•	 Severe	pulmonary	hypertension
•	 Significant	hepatic	dysfunction
•	 Metastatic	cancer
•	 Renal	failure
•	 Severe	cognitive	deficit
•	 Psychiatric	disease	affecting	memory	and	compliance
•	 Substance	abuse	without	the	desire	to	cease	use	of	

substance
•	 Physical	limitations,	such	as	poor	eyesight,	impaired	

hearing,	speech	impediment,	or	orthopedic	impairment,	

that	may	require	modification	of	the	PR	setting	but	should	
not	interfere	with	participation	in	the	program

■ HAZARDS AND COMPLICATIONS
Hazards	and	complications	are	primarily	related	to	the	
exercise	portion	of	the	program.	During	exercise,	the	
cardiovascular	and	ventilatory	systems	must	be	able	to	
respond	to	increased	demands.	Also,	exercise	can	lead	to	
muscle	or	ligament	injuries.

■ ASSESSMENT OF NEED
Patients	should	be	under	the	care	of	a	physician	for	the	
pulmonary	condition	requiring	PR.	Appropriate	members	of	
the	PR	team	participate	in	patient	assessment.	The	initial	
evaluation	should	include	medical	history;	diagnostic	tests;	
assessment	of	current	symptoms;	physical	assessment;	
determination	of	psychological,	social,	and	vocational	needs;	
assessment	of	nutritional	status;	assessment	of	exercise	
tolerance;	determination	of	educational	needs;	and	
assessment	of	the	patient’s	ability	to	carry	out	activities	of	
daily	living.

■ MONITORING
Patients	should	be	monitored	at	baseline	and	at	appropriate	
intervals	to	ensure	validity	of	results	and	appropriateness	of	
intervention.	Monitoring	should	include	the	following:
•	 Patient’s	response	to	progressive	and	general	

reconditioning	exercises	in	conjunction	with	breathing	
techniques

•	 Patient’s	O2	requirements	at	rest	and	with	exercise
•	 Knowledge	and	skills	acquisition
•	 Patient’s	subjective	comments
•	 Progress	in	achieving	goals
•	 Patient	appearance
•	 Vital	signs
•	 Cardiac	telemetry	(if	needed)
•	 Perceived	exertion	and	dyspnea	(use	of	Borg	or	Modified	

Borg	Dyspnea	Scale)

*For the complete guidelines, see American Association for Respiratory Care: AARC clinical practice guideline: pulmonary rehabilitation. Respir Care 47:617, 
2002.

With regard to test preparation, patients should fast 8 hours 
before the procedure. If the purpose of the test is to formulate 
an exercise prescription, the patient can take his or her regular 
medications. The patient should wear comfortable, loose-fitting 
clothing and footwear with adequate traction for treadmill or 
ergometer activity. The mouthpiece or face mask used during 
the test should be sized properly and fit comfortably with no 
leaks. Test conditions should be as standardized as possible to 
allow for comparison of results before and after rehabilitation 
periodically from year to year as the patient is treated and 
followed.

Patient Selection
Patients most likely to benefit from participation in pulmonary 
rehabilitation are patients with persistent symptoms caused by 
COPD who have low maximum O2 uptakes at baseline. Pulmo-
nary rehabilitation should be a part of the discharge planning 
process when a patient is released from the hospital after an 
exacerbation of the existing chronic respiratory condition. The 
feasibility of rehabilitation should be reviewed with the patient, 
physician, and respiratory therapist (RT). Other indications for 
pulmonary rehabilitation are listed in Box 55-4. Regardless of 
underlying conditions, patients also should be ex-smokers. Any 



1272 SECTION VII • Patient Education and Long-Term Care

vital capacity [FVC]) of less than 60% (refer to the Global 
Initiative on Obstructive Lung Disease [GOLD] standards 
for COPD severity)

• Patients in whom there is significant restrictive lung disease 
with a total lung capacity (TLC) of less than 80% of pre-
dicted and single breath carbon monoxide diffusing capacity 
(DLCO) of less than 80% of predicted

• Patients with pulmonary vascular disease in whom single 
breath DLCO is less than 80% of predicted or in whom exer-
cise is limited to less than 75% of maximum predicted O2 
consumption (predicted �VO max2 )
Groups or classes for pulmonary rehabilitation should be 

kept homogeneous. Placing individuals in a program who are 
at different stages of cardiopulmonary disability can be very 
defeating. Individuals with mild to moderate impairment may 
become discouraged on how severe lung disease can become, 
and individuals with severe impairment may feel they cannot 
keep up with or maintain the level of activity exhibited by 
others with less severe impairment.

Program Design

A good design helps achieve specific programming objectives 
with the selected group of participating patients. Key design 
considerations involve both format and content, with emphasis 
on patient reconditioning and education.

Format
Programs can use either an open-ended or a closed design, with 
or without planned follow-up sessions. With an open-ended 
format, patients enter the program and progress through it until 
they achieve certain predetermined objectives. There is no set 
time frame. Depending on his or her condition, needs, motiva-
tion, and performance, an individual patient can complete an 
open-ended program over weeks or months. This format is 
good for self-directed patients or patients with scheduling dif-
ficulties. It also may be the best format for patients requiring 
individual attention. The major drawback of the open-ended 
format is the lack of group support and involvement. In addi-
tion, insurance reimbursement may be a factor when the 
program is open-ended.

The more traditional closed design uses a set time period to 
cover program content. These programs usually run 6 to 16 
weeks, with classes meeting one to three times a week. However, 
insurance coverage may dictate how many sessions make up the 
program. Medicare covers 36 initial sessions with possible cov-
erage of another 36 sessions if the patient qualifies and would 
benefit from the additional rehabilitation sessions. Class ses-
sions usually last up to 2 hours. Presentations are more formal 
and group support involvement is encouraged. A major draw-
back to this format is that the schedule determines program 
completion, rather than the objectives. However, most pro-
grams allow patients to reenroll if the anticipated improve-
ments are not achieved.

Regardless of the format used, long-term improvements 
cannot be expected without planned follow-up.21 Follow-up 
must be ongoing and available to all patients who complete the 

TABLE 55-1 

Exercise Parameters Distinguishing Cardiac and 
Ventilatory (Chronic Obstructive Pulmonary 
Disease) Limitations

Parameter* Cardiac† COPD†

Maximum	 �VO2 ↓ ↓
Maximum	HR N	or	↓ ↓
O2	pulse ↓ N
Maximum	 �Q ↓ ↓
� �Q/VO2 ↓ N
PaO2 N ↓
PaCO2 ↓ ↑
� �VE/VCO2 ↑ ↑
VT ↓ N

Modified	from	Lane	EE,	Walker	JF:	Clinical	arterial	blood	gas	analysis,		
St	Louis,	1987,	Mosby.
*HR,	Heart	rate;	 �Q,	cardiac	output;	 � �VE VCO/ 2,	ratio	of	minute	ventilation	to	
CO2	production;	 �VO2,	oxygen	consumption;	VT,	ventilatory	threshold.
†N,	Normal;	↑,	increased;	↓,	decreased.

 Box 55-4 Indications and Contraindications 
for Pulmonary Rehabilitation

INDICATIONS
Symptomatic	patients	with	COPD—usually	GOLD	stage	III	

(severe)	and	stage	IV	(very	severe),	but	stage	II	(moderate)	
may	also	be	considered

Patients	with	bronchial	asthma	and	associated	bronchitis	
(asthmatic	bronchitis)

Patients	with	combined	obstructive	and	restrictive	ventilatory	
defects

Patients	with	chronic	mucociliary	clearance	problems
Patients	with	exercise	limitations	because	of	severe	dyspnea

CONTRAINDICATIONS
Cardiovascular	instability	requiring	cardiac	monitoring	(consider	

cardiac	rehabilitation)
Malignant	neoplasms	involving	the	respiratory	system
Severe	arthritis	or	neuromuscular	abnormalities	(a	relative	

contraindication—refer	to	physical	therapy	for	case-by-case	
review)

patients who smoke should enroll in a smoking cessation 
program before starting pulmonary rehabilitation. Patients are 
excluded from pulmonary rehabilitation activities if (1) con-
current problems limit or preclude participation in exercise or 
(2) their condition is complicated by malignant neoplasms, 
such as lung cancer (see Box 55-4).

Objectively, candidates considered for inclusion in a pulmo-
nary rehabilitation program generally fall into one of the fol-
lowing groups20:
• Patients in whom there is a respiratory limitation to exercise 

resulting in termination at a level less than 75% of the pre-
dicted maximum O2 consumption ( �VO max2 )

• Patients in whom there is significant irreversible airway 
obstruction with a forced expiratory volume in 1 second 
(FEV1) of less than 2 L or an FEV1% (ratio of FEV1 to forced 
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Typically, the exercise prescription includes the following 
four related components:24,25

1. Lower extremity (leg) aerobic exercises
2. Timed walking (6- or 12-minute walk)
3. Upper extremity (arm) aerobic exercises
4. Ventilatory muscle training

To ensure success with physical reconditioning, patients 
must actively participate both at the rehabilitation facility and 
at home. While exercising at the facility, patients should be 
monitored by pulse oximetry. Blood pressure measurements 
may also be made, but these are usually done at the start and 
end of each session unless a patient’s condition dictates other-
wise. In addition, exercise sessions should be upbeat. Lively 

program. Frequently, this essential element of the process is 
difficult, especially when it is not covered by most insurance 
plans, but program coordinators must ensure that it is routinely 
scheduled. Follow-up or reinforcement could be open-ended 
(available during regular rehabilitation sessions and offering 
open attendance) or could be scheduled weekly, monthly, 
bimonthly, or quarterly. The important thing is to have some 
type of follow-up available.22,23

Content
The content of the rehabilitation program usually combines 
physical reconditioning with education activities. Table 55-2 
outlines a sample session incorporating these two complemen-
tary components. Programs providing reconditioning or educa-
tion alone are unlikely to be effective.

As shown in Table 55-2, the ideal rehabilitation session 
should last about 2 hours. Group size, available equipment, and 
group interaction dictate session length. Patients should arrive 
10 to 15 minutes before a scheduled session to allow for infor-
mal group interaction and support. Classes should begin on 
time and conclude promptly as scheduled. Educational presen-
tations should be brief and to the point. The use of audiovisuals 
or demonstrations should enhance understanding. To facilitate 
patient comprehension, the language should be simple and 
unnecessary technical terms or concepts should be avoided. 
Handouts that enhance certain points made during a presenta-
tion are both useful and desirable. A folder or notebook in 
which program activities may be recorded and handout materi-
als kept should be maintained by each patient.

Physical Reconditioning
The physical reconditioning component of the pulmonary 
rehabilitation program consists primarily of an exercise pre-
scription with target heart rate based on the results of the 
patient’s initial exercise evaluation. For most patients, an initial 
target heart rate is set using Karvonen’s formula, or estimated 
as 20 beats/min greater than resting rate. Because of the severity 
of ventilatory impairment, some patients begin exercise recon-
ditioning without a prescribed target heart rate.

TABLE 55-2 

Sample Pulmonary Rehabilitation Session

Component Focus Time Frame

Educational Welcome	(group	interaction) 5	min
Review	of	program	diaries	

(activities	of	past	week)
20	min

Presentation	of	educational	topic 20	min
Questions,	answers,	and	group	

discussion
15	min

Physical	
reconditioning

Physical	activity	and	
reconditioning

45	min

Individual	goal	setting	and	
session	summary

15	min

Total	session 120	min	(2	hr)

	

RULE OF THUMB

To	set	a	target	heart	rate	for	patient	exercise,	use	
Karvonen’s	formula:

Target heart rate MHR RHR RHR= − × − +[( ) ( % %)]50 70

where	MHR	is	maximum	heart	rate	at	limit	of	exercise	
tolerance	and	RHR	is	resting	heart	rate.

A	good	target	exercise	heart	rate	for	a	patient	with	
COPD	with	MHR	of	150	beats/min	and	RHR	of	90	
beats/min	would	be	[(150	−	90)	×	0.60]	+	90	=	126	
beats/min.

MINI CLINI
Patient Selection for Pulmonary 
Rehabilitation

PROBLEM:	 A patient is being evaluated for possible inclu-
sion in a pulmonary rehabilitation program. The patient 
undergoes a complete history and physical examination and 
pulmonary function testing, arterial blood gas analysis, and 
exercise evaluation. During the exercise test, the patient devel-
ops severe hypertension and premature ventricular contrac-
tions. The physician recommends that the patient be admitted 
to pulmonary rehabilitation and prescribes a modified exercise 
routine. The RT performing the test disagrees. How should the 
RT proceed?

Solution:	 The RT should contact the department medical 
director for intervention. Although this patient could possibly 
be admitted to pulmonary rehabilitation, there is a high risk 
that some type of adverse response might occur during the 
exercise component of the program. The best direction would 
be to treat the cardiac manifestations first. After identifying the 
causes of the exercise-induced hypertension and arrhythmia, 
these problems can be properly treated. When the patient’s 
cardiac manifestations are under control, the patient may be 
admitted to pulmonary rehabilitation and safely participate in 
and complete the program. Any underlying condition should 
be treated and managed first before pulmonary rehabilitation 
begins.
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available for this purpose; however, simple calisthenics using 
either a broomstick or free weights (by prescription and with 
training) are a satisfactory alternative. Upper body endurance 
generally is more limited, with many patients capable of only 2 
to 3 minutes of daily activity to start. This limitation usually is 
related to the fact that patients may revert to using accessory 
muscles for breathing while doing the upper body exercise. 
Patients need to breathe diaphragmatically and perform the 
exercises at the same time. Arm exercises should get progres-
sively longer, up to 20 minutes if possible. Upper body condi-
tioning helps patients perform numerous useful activities at 
home and can increase overall physical endurance. As with 
other activity, patients should record daily results in their logs 
or manuals.

Although controversy exists, ventilatory muscle training 
probably can enhance the benefits of these more traditional 
exercises.27 Ventilatory muscle training is based on the concept 
of progressive resistance. By imposing progressively greater 
loads on the inspiratory muscles (mainly the diaphragm) over 
time, the patient’s strength and endurance should increase. 
These improvements should increase the patient’s exercise 
tolerance.

Figure 55-6 shows a typical inspiratory resistance breathing 
device. The device is an adjustable flow resistor with a one-way 
breathing valve. The inspiratory load is created by forcing the 
patient to inhale through a restricted orifice. Varying the size of 
this orifice varies the inspiratory load, as do changes in the 

music helps to maintain a positive atmosphere. Clinicians must 
remember that these patients are ill and require a nurturing 
attitude from team members, family, and the group itself.

To ensure compliance with the program, a daily log or diary 
sheet is completed. Figure 55-5 depicts a sample log sheet that 
makes up a section of the patient manual. These log or diary 
forms are reviewed each time the patient attends a session. 
Based on this information, further individualized recondition-
ing goals are set.

Lower extremity exercises may include either walking or 
bicycling. Patients can walk on a stationary treadmill (with set 
goals for distance or time and grade) or on a flat, smooth sur-
face. Patients can bicycle on an exercise cycle. With the treadmill 
or stationary bicycle, patients are required to cover a certain 
distance or duration every day that they are in the program. 
Commonly, the duration is set to 30 minutes daily, with patients 
encouraged to increase both their distance and equipment ten-
sion or resistance as tolerated. Patients with significant ortho-
pedic disabilities can participate in aerobic aquatic exercises.

Walking also improves overall conditioning; this usually 
takes the form of a 6- or 12-minute walk performed once a day, 
depending on the patient’s condition and tolerance. These walk 
exercises are a convenient way for patients to carry out a well-
defined amount of activity with increasing vigor and results 
over a number of weeks. During the 6 or 12 minutes, patients 
should walk on flat ground for as far as possible. If dyspnea 
occurs, they should stop and rest, with the rest time included 
as part of the time interval. After resting briefly, they should try 
to continue walking at a comfortable pace. The objective is to 
walk as far as possible during the allotted time. Landmarks such 
as telephone poles, city blocks, or actual distance measures can 
be used to quantify progress. Under adverse weather conditions, 
walking can be done indoors in shopping malls, stores, or long 
hallways. Patients should record their progress in their manuals 
or diaries.

Aerobic upper extremity exercises improve rehabilitation 
outcomes for patients whose regular activities involve lifting or 
raising the arms.24,26 Arm ergometers or rowing machines are 

FIGURE 55-5	 Sample	log	or	diary	form	on	which	a	patient	in	a	pulmonary	rehabilitation	program	records	daily	physical	reconditioning	
activities	and	exercises.	

Patient Log Week # _______

Day Flow Resistive Device 6-min or 12-min Walk Exercycle Other Activity Remarks
Setting ____________
Duration ___________

Distance _____
Duration _____
Distance _____
Duration _____
Distance _____
Duration _____
Distance _____
Duration _____
Distance _____
Duration _____
Distance _____
Duration _____
Distance _____
Duration _____

Type _______
Duration ____
Type _______
Duration ____
Type _______
Duration ____
Type _______
Duration ____
Type _______
Duration ____
Type _______
Duration ____
Type _______
Duration ____

Distance __________
No. of stops _______ _
Distance __________
No. of stops _______ _
Distance __________
No. of stops _______ _
Distance __________
No. of stops _______ _
Distance __________
No. of stops _______ _
Distance __________
No. of stops _______ _
Distance __________
No. of stops _______ _

Setting ____________
Duration ___________
Setting ____________
Duration ___________
Setting ____________
Duration ___________
Setting ____________
Duration ___________
Setting ____________
Duration ___________
Setting ____________
Duration ___________

FIGURE 55-6	 Flow-resistive	breathing	device.	
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depending on the program schedule, but in terms of relative 
importance, the ones listed in Table 55-4 generally have the 
highest priority.

These topics should be presented in an orderly, coherent 
fashion using supplementary audiovisual tools and demonstra-
tions, where appropriate. Team members should allocate suffi-
cient time both for the class sessions themselves and for setup 
and breakdown of equipment.

The program facilitator or leader must ensure that sessions 
begin on time and encourage maximum participation by each 
patient. If available, health care professionals such as dietitians, 
occupational therapists, physical therapists, and psychologists 
should be invited to present their respective topics and discuss 
the subject matter with the group. However, this may add to the 
overall operating costs of the pulmonary rehabilitation program. 
In addition to technical knowledge, session leaders must possess 
group facilitation skills and be able to motivate patients to 
participate both in class and at home and to adhere to program 
guidelines. This task is not an easy one, but it can be accom-
plished with patience and persistence. The desired end result is 
to help patients lead more productive lives with decreased 
hospitalizations.

Respiratory Structure, Function, and Pathology, Includ-
ing a Discussion of Dyspnea. This presentation lays the 
groundwork for the program and gives each patient some basic 

TABLE 55-3 

Normal Maximum Inspiratory Pressure by  
Age and Sex

Age Group (yr) PIMAX FROM RESIDUAL VOLUME 
(CM H2O), MEAN ± SD

Male Female

9-18 96	±	35 90	±	25
19-50 127	±	28 91	±	25
51-70 112	±	20 77	±	18
>70 76	±	27 66	±	18

From	Rochester	DF,	Hyatt	RE:	Respiratory	muscle	failure,	Med	Clin	North	
Am	67:573,	1983.

TABLE 55-4 

Typical Educational Topic Schedule for a 12-Week 
Pulmonary Rehabilitation Program

Session 
(Week)

Topic(s) Recommended 
Facilitator(s)

1 Introduction	and	welcome;	
program	orientation

Program	administrator	
or	rehabilitation	team

2 Respiratory	structure,	function,	
and	pathology

Physician	or	RT

3 Breathing	control	methods PT	or	RT
4 Relaxation	and	stress	

management
Clinical	psychologist

5 Proper	exercise	techniques	
and	personal	routines

PT	or	RT

6 Methods	to	aid	secretion	
clearance	(bronchial	hygiene)

PT	or	RT

7 Home	oxygen	and	aerosol	
therapy

RT

8 Medications—their	use	and	
abuse

Pharmacist,	physician,	
or	nurse	practitioner

9 Medications—use	of	MDIs	and	
spacers

RT

10 Dietary	guidelines	and	good	
nutrition

Dietitian	or	nutritionist

11 Recreation	and	vocational	
counseling

Occupational	therapist

Activities	of	daily	living
12 Follow-up	planning	and	

program	evaluation
Rehabilitation	team

Graduation

MDIs,	Metered	dose	inhalers;	PT,	physical	therapist;	RT,	respiratory	
therapist.

patient’s inspiratory flow. During expiration, gas flows unim-
peded out the one-way exhalation valve. Other types of devices 
are also available. One model replaces the variable size orifice 
with an adjustable spring-loaded valve. This valve ensures a 
constant load regardless of how quickly or slowly the patient 
breathes.

Because variations in breathing strategy during ventilatory 
muscle training can affect outcomes, proper patient evaluation, 
training and follow-up are required. The RT initially measures 
the patient’s maximum inspiratory pressure (PImax) using a cali-
brated pressure manometer. The RT next compares the patient’s 
maximum with established norms as noted in Table 55-3. This 
preliminary measure of inspiratory pressure helps to establish 
initial loads and provides the basis for the subsequent monitor-
ing of patient progress.

Before beginning ventilatory muscle training, the patient 
should assume a position that relaxes the abdominal muscles, 
such as the position used for cough training. If using a flow 
resistive device, the RT begins at the maximum orifice setting, 
while measuring the inspiratory pressure generated through 
monitoring using the O2 adapter (a second adapter may be 
needed if the patient is receiving supplemental O2). The RT 
encourages the patient to breathe slowly through the device, at 
a rate no greater than 10 to 12 breaths/min. If the patient’s 
inspiratory pressure is less than 30% of the measured PImax, the 
next smaller orifice is selected, with this procedure repeated 
until the 30% effort is consistently achieved.

At this point, the RT instructs the patient to exercise with 
the device in one or two regular daily sessions lasting 10 to 15 
minutes. As the level of resistance becomes more tolerable over 
time, the patient should progressively increase session duration 
up to 30 minutes. A self-maintained log of treatment times can 
help motivate the patient and assist the RT in subsequent prog-
ress monitoring.

Educational Component
The educational portion of the program covers topics that are 
both useful and necessary to the patient. Table 55-4 lists exam-
ples of topics covered during a 12-week rehabilitation program. 
Recommendations regarding the best facilitators for each 
session are included. Naturally, other topics can be included 
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activities and, according to ability, return to work. This topic is 
often presented at the end of the program when patients have 
increased their physical endurance and are preparing for a more 
active and productive lifestyle. The class may brainstorm ideas 
for recreational or physical activities, from which members can 
generate action plans.

Psychosocial and Behavioral Components
Psychological and emotional stress is a common problem for 
patients with moderate to severe chronic lung disease. Pulmo-
nary rehabilitation programs can bring in experts to implement 
psychosocial and behavioral therapies that provide patients 
with the opportunity to learn coping strategies. This compo-
nent is most useful for patients with anxiety or depression  
or both.

Program Implementation

In 1987, the AARC and the AACVPR jointly conducted the first 
national survey of pulmonary rehabilitation programs. This 
National Pulmonary Rehabilitation Survey was published in 
1988 and showed the variation existing in rehabilitation 
program structure, content, staffing, and cost throughout the 
United States.28 In 2006, the ACCP, in conjunction with the 
AACVPR, released new evidence-based guidelines pertaining to 
the design and implementation of pulmonary rehabilitation 
programs.13

Staffing
Pulmonary rehabilitation is a multidisciplinary endeavor. Team 
care is enhanced by involving various health care professionals 
in the planning, implementation, and evaluation components 
of the program as illustrated in Figure 55-7. It is recommended 
that any staff conducting pulmonary rehabilitation program 
sessions be certified in basic life support or advanced cardiac 
life support through the American Heart Association. In addi-
tion to professional involvement, family members are needed 
to provide feedback and ensure that instructions and the exer-
cise prescription are carried out at home.

Facilities
Location and quality of facilities can directly affect patient 
attendance. Patients are less likely to attend programs that  
are inaccessible to public transportation, have poor parking 
arrangements, or are physically difficult to reach. The facility 
must be wheelchair accessible. For elderly patients who do not 
drive, arrangements can be made with community organiza-
tions to provide transportation to and from the program. 
Ideally, the facility should provide two separate rooms for the 
program—one room for educational activities and one room 
for physical reconditioning. Rooms should be spacious and 
comfortable with adequate lighting, ventilation, and tempera-
ture control. Chairs should be comfortable with good back 
support. Restroom facilities need to be readily accessible. A 
room for individual counseling is helpful, but any private office 
would suffice. It is also preferable to have pulmonary function 
testing and blood gas analysis capabilities on site. If this space 

information about the cardiorespiratory system and related dis-
orders. The causes of shortness of breath are presented.

Breathing Control Methods. This presentation serves as 
the cornerstone for the physical reconditioning effort. Patients 
must learn how to control their breathing efforts to ensure 
maximum result (ventilation) at a minimum of effort (energy 
expenditure). Diaphragmatic breathing with pursed lips helps 
to accomplish this, but this technique requires daily practice on 
the part of the patient and continued reinforcement throughout 
the entire program by the group facilitator.

Methods of Relaxation and Stress Management. Patients 
must learn to avoid aggravation and upsetting circumstances 
and to adopt a more relaxed attitude about their particular life 
circumstances. This attitude can help to reduce unnecessary O2 
use, conserve energy, and avoid undesirable cardiovascular and 
nervous responses to stress.

Exercise Techniques and Personal Routines. The ratio-
nale for and value of exercise should be discussed with sugges-
tions for the adoption of personal exercise routines after the 
rehabilitation program is over.

Secretion Clearance and Bronchial Hygiene Techniques. 
This topic is especially helpful to patients who have secretion 
clearance problems associated with chronic bronchitis and 
bronchiectasis. Family members and friends may be invited to 
attend this session to acquire basic skills with these procedures.

Home Oxygen and Aerosol Therapy. An RT with home 
care experience should provide this session. The focus should 
be on the care and use of home care equipment and self-
administration of therapy. Patients who have not yet been pre-
scribed this type of therapeutic regimen may have questions or 
fears and be unreceptive to the concept. Presenting the modali-
ties available and having patients discuss their positive experi-
ences with respiratory home care personnel can help alleviate 
the fears and anxieties of others.

Medications. This is another topic about which patients 
have numerous questions and concerns. Content should em-
phasize proper use of medications, along with possible abuses 
and adverse effects. Participants’ current prescriptions should 
dictate which specific drugs to cover. Common categories 
include beta-adrenergic agents, anticholinergic agents, steroids, 
diuretics, and methylxanthines. The session leader should dem-
onstrate proper use of metered dose inhalers including spacers 
or holding chambers, dry powder inhalers and hand-held nebu-
lizers. Sufficient time should be provided for questions and 
answers. Two sessions should be allotted for this topic.

Dietary Guidelines. This subject focuses on weight man-
agement and good nutrition as it relates to cardiopulmonary 
health. Emphasis should be on the importance of a sound high-
protein, low-carbohydrate diet. The facilitator also should cover 
proper eating habits, methods of gaining and losing weight, 
foods to avoid, ways to increase appetite, adequate hydration, 
and daily menu planning. This session can stimulate patients to 
eat better and supply their bodies with the necessary fuel for 
increased energy production.

Recreational and Vocational Counseling. This session 
should motivate participants to participate in recreational 
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These factors help sustain motivation, reducing the likelihood 
of participant attrition.

Naturally, economic concerns surface when class size is con-
sidered. Although program quality must be the first priority, 
program viability realistically depends on the number of par-
ticipants. Programs generally should be conducted with a class 
size that is comfortable with regard to space and staffing and 
that is economically feasible. Such an approach helps ensure 
that programs produce meaningful patient outcomes.

Equipment
Both the instruction and the reconditioning component of the 
program require equipment. To meet the educational needs of 
the program, a whiteboard or flipchart, computer with a Pow-
erPoint projector screen, overhead projector, and/or CD player 
are needed. A DVD player with monitor may also be helpful, 
especially if individualized instruction or commercially avail-
able programs are used. Also, videos and formal learning pack-
ages dealing with the educational topics covered during the 
rehabilitation program should be available for group and indi-
vidualized presentation. These can be purchased from outside 
sources or designed and developed in-house.

For physical reconditioning, stationary bicycles, treadmills, 
rowing machines, upper extremity ergometers, weights, pulse 
oximeters, and inspiratory resistance breathing devices consti-
tute the minimum equipment requirements. The quantity  
of equipment needed depends on class size, scheduling, and 

is used by other departments for other functions, proper sched-
uling of rehabilitation sessions needs to be considered.

Scheduling
Another aspect of program implementation involves timely 
scheduling of the rehabilitation sessions. Most sessions are 
scheduled one to three times per week for 1 to 2 hours, with 
programs running 8 to 16 weeks. The length of the program 
often depends on insurance coverage and expected reimburse-
ment for sessions attended. Class times need to be scheduled 
when the largest number of patients can attend. Traffic patterns, 
bus schedules, and availability of rides are concerns that need 
to be addressed. Sessions can be conducted in the morning, 
afternoon, or evening and on weekends if necessary. Proper 
scheduling helps to encourage participation and removes 
potential stumbling blocks, which could undermine the reha-
bilitation process.

Class Size
Class size is another issue that must be addressed. Theoretically, 
class size for a rehabilitation program could range from 1 to 15 
participants, depending on available space, equipment, staff, 
and patient condition/needs. However, to foster group identity, 
interaction, and support, small group discussions are encour-
aged. The ideal class size should range from 3 to 10 participants. 
Keeping the class size manageable facilitates vital group interac-
tion processes and allows for more individualized attention. 

FIGURE 55-7	 Multidisciplinary	nature	of	pulmonary	rehabilitation.	
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• Developing a system of charges and mechanism for patient 
payment
By considering all of the factors needed for effective imple-

mentation of pulmonary rehabilitation, programs have lower 
patient attrition and a greater chance for overall success. As 
programs are conducted, regular evaluations must be made by 
both patients and staff. Needed changes should be implemented 
on an ongoing basis. Only in this manner can one expect con-
tinued refinement of the process and improvement in patient 
outcomes.

Cost, Fees, and Reimbursement

Rehabilitation programs usually project their fees based on the 
average cost per participant. According to regional labor and 
material prices, costs vary throughout the United States. Several 
factors must be considered when projecting program costs as 
noted in Box 55-5. The larger the class size and the more par-
ticipants involved in the overall program, the lower the cost 
would be per patient. The aim should be to offer and conduct 
the highest quality program possible at a reasonable cost that 
meets any existing budgetary constraints.

When determining patient charges, consideration must also 
be given to the type and amount of funding that has been 
received to offset program expenses and available insurance 
reimbursement. Preprogram and postprogram testing and eval-
uations naturally generate revenues but should not be included 
in the formulation of program charges. However, payments for 
pulmonary function testing, exercise testing, arterial blood gas 
analysis, and other evaluations may help to keep a pulmonary 
rehabilitation program financially viable.

Charges for an entire program or for each session must be 
structured in a way that does not deter patient attendance. 
Many patients with a chronic pulmonary disease are on a fixed 
income and have other living and medical expenses. A happy 
medium between a patient’s ability to pay and program expenses 
must be identified. Funding from local charitable organizations, 
foundations, or agencies such as the American Lung Association 
and the COPD Foundation can help ease the financial burden. 
The most comprehensive and effective program available can 
have no impact if patients are unwilling or unable to attend and 
participate because of financial limitations.

available space. Sufficient equipment should be on hand to keep 
all patients exercising and to monitor their activity. Emergency 
O2 and bronchodilator medications should also be maintained 
in the rehabilitation area. Equipment guidelines for a class of 6 
to 10 participants include the following: five stationary bicycles, 
two treadmills, two rowing machines, two upper extremity 
ergometers, five pulse oximeters for monitoring heart rate and 
O2 saturation, one emergency O2 cylinder (E), and bronchodila-
tor medications. In addition, each patient should be supplied 
with an inspiratory resistance breathing device.

Because equipment can be expensive, care must be taken in 
its selection and purchase. Devices and appliances should be 
durable, easy and safe to use, simple to maintain, and not overly 
expensive. Initially, basic items are purchased. As a program 
develops and expands, equipment resources can be enhanced. 
Other program needs include the following:
• Maintaining individual patient manuals, including daily log 

forms or activity diaries
• Providing light refreshments for program participants
• Developing a communication network to announce sched-

ule changes because of emergencies or cancellation of class 
sessions because of illness or weather

• Identifying available durable medical equipment provid-
ers for participants in need of specialized home care 
equipment

MINI CLINI
Facilities Planning for Pulmonary 
Rehabilitation

PROBLEM:	 The RT has been asked to assist in the planning 
process for starting a pulmonary rehabilitation program to 
support a 350-bed, full-service hospital. According to the stra-
tegic plan, the physical location of the rehabilitation center is 
about 3 blocks away from the hospital. The RT has not seen the 
proposed site but was asked to approve a recommendation that 
the facility be used. What factors should the RT take into 
account before making a decision on site selection?

Solution:	 Because the hospital is currently in the planning 
process for starting a pulmonary rehabilitation program and 
has not made a final facility selection, the RT is in a key position 
to assess, among other areas, issues related to the proposed site. 
Patient attendance and participation would be adversely 
affected if the facility is unreachable, such as at the top of a hill. 
If the location is in a high crime or unsafe area with little or 
no security, this too would discourage patients from attending. 
As is true with any program, public transportation that does 
not permit accessibility to the proposed facility would be a 
limiting factor, as would little or no available parking. Numer-
ous other facility considerations outside the actual physical 
location of the rehabilitation center would also need to be 
addressed. The current square footage of available space and 
room for future expansion would need to be evaluated relative 
to anticipated needs, as would whether the facility itself is 
wheelchair accessible with no barriers present.

 Box 55-5 Factors Affecting Pulmonary 
Rehabilitation Program Costs

•	 Marketing	and	program	promotion
•	 Number	of	personnel	involved	in	program	facilitation	and	

administration
•	 Space	and	utility	expenses
•	 Audiovisual,	exercise,	and	monitoring	equipment	(purchase	

and	maintenance)
•	 Production	and	duplication	of	course	materials
•	 Patient	supplies
•	 Office	supplies
•	 Refreshments
•	 Miscellaneous	expenses
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lowing accepted protocol, policies, and provisions specified by 
Medicare. Coverage is for patients with stage II, III, and IV 
COPD (moderate to very severe according to the GOLD stan-
dards). Pulmonary rehabilitation programs must include five 
components which must be documented in the patient’s medical 
record. The five components include the following:
1. Physician-prescribed exercise, including aerobic exercise 

performed during each session
2. Education and training that relate to an individual patient’s 

needs
3. Psychosocial assessment
4. Outcomes assessment
5. Treatment plan that details how these components are used 

for each individual patient31

According to CMS, claims for Medicare patients should be 
submitted to Medicare Part A for any component of pulmonary 
rehabilitation performed during a hospital stay and claims for 
rehabilitation components provided on an outpatient basis 
must be submitted to Medicare Part B. As with other forms  
of therapy covered by CMS, other insurance providers have 
already or will follow Medicare policy for reimbursement of 
pulmonary rehabilitation. This payment mechanism has already 
undergone changes and it is anticipated that Medicare will con-
tinue to change its reimbursement policy for pulmonary reha-
bilitation in the future. It is incumbent on clinicians who 
provide pulmonary rehabilitation to stay abreast of any changes 

Along with health care costs in general, the cost of providing 
pulmonary rehabilitation has increased over the years. Nation-
wide charges for pulmonary rehabilitation vary, depending on 
program length and, most importantly, insurance coverage. 
With most insurance plans reimbursing programs at 80% after 
a deductible, each patient would be responsible for the remain-
ing 20% or copayment. Additional or supplemental medical 
coverage may cover this balance.

Charges for participation in these programs and inpatient 
rehabilitation reimbursement policies vary throughout the 
United States. In 1982, the Centers for Medicare and Medicaid 
Services (CMS), formerly the Health Care Financing Admin-
istration or HCFA, published the final rules for Medicare  
reimbursement guidelines for comprehensive outpatient reha-
bilitative facilities (CORFs). Under Part B of Medicare, the 
scope of services of a CORF includes reimbursement for out-
patient activities and one home visit. Reimbursement requires 
that the CORF meet the conditions of participation established 
in section 933 of Public Law 96-499; this also includes provi-
sions for certification of the program. To establish reimburse-
ment mechanisms, each CORF must present its program 
description and anticipated results to local third-party payers.29 
The AACVPR has also developed guidelines for program design, 
implementation, and recognition.

By following recognized guidelines, Medicare has established 
an allowable charge for pulmonary rehabilitation and reim-
burses 80% of this rate after the patient meets the annual  
prescribed deductible. In the past, inpatient and outpatient  
pulmonary rehabilitation programs obtained reimbursement 
from third-party payers by charging for rehabilitation sessions 
as physical therapy exercises for COPD, reconditioning exercise 
sessions, office visits with therapeutic exercises, serial pulse 
oximetry determinations, or physician office visits. The goal was 
to obtain as much insurance reimbursement as possible, 
decreasing the financial burden on the patient. Box 55-6 lists all 
possible sources of reimbursement.30,31

	

RULE OF THUMB

To	help	ensure	adequate	reimbursement	for	pulmonary	
rehabilitation,	identify	patient	goals	and	objectives;	
formulate	and	implement	an	effective	exercise	
prescription	for	each	patient;	use	diagnostic	codes	
from	the	International	Classification	of	Diseases,	Ninth	
Revision,	Clinical	Modification	(ICD-9-CM);	use	current	
and	proper	CPT	(Current	Procedural	Terminology)	
coding;	and	document,	document,	document.	Please	
note	that	ICD-9-CM	will	be	replaced	by	ICD-10-CM	
beginning	with	FY	2015,	which	changes	disease-related	
coding.

 Box 55-6 Sources of Reimbursement for 
Pulmonary Rehabilitation Programs

Nongovernment	health	insurance	programs—private,	single,	or	
group	health	insurance	plans
Health	maintenance	organizations	(HMOs)
Preferred	provider	organizations	(PPOs)
Medicare	supplement

Federal	and	state	health	insurance	programs
Medicare
Medicaid
Uncompensated	services	(Hill-Burton)
CORF
Veterans	Administration	benefits
Civilian	Health	and	Medical	Programs	of	the	Uniformed	

Services	(CHAMPUS)
Federal	workers	insurance

Ancillary	liability	and	casualty	insurance	programs
Automobile	insurance—related	to	automobile	accidents
Workers’	compensation—related	to	accidents	on	the	job
Business	insurance	coverage—related	to	injuries	sustained	

on	business	premises
Homeowner’s	insurance—related	to	injuries	sustained	on	the	

owner’s	premises
Malpractice	insurance	on	providers	of	health	care
Product	and	service	liability	insurance—related	to	injuries	

caused	by	a	product	or	service
Other	options	of	reimbursement

Senior	care
Rehabilitation	hospitals
Grants

There is now a national coverage policy for pulmonary  
rehabilitation under Medicare, which took effect on January 1, 
2010, as a result of the passage of HR 6331. Programs have to 
obtain reimbursement from their Medicare beneficiaries fol-
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in reimbursement policy and procedure and to make necessary 
adjustments to receive payment.

At the present time, there is provision to reimburse pulmo-
nary rehabilitation programs for two 1-hour rehabilitation ses-
sions per patient per day up to 36 sessions. An additional 36 
sessions over an extended period can be approved by the indi-
vidual Medicare contractor based on patient need for continued 
rehabilitation and physician referral. Documentation of pro-
grams is essential for payment of services rendered. Current 
coding for pulmonary rehabilitation under Medicare Part B 
uses the HCPCS G0424 code. Provision has been made for face-
to-face patient sessions and for group (two or more patients) 
sessions. Individual sessions must be at least 31 minutes in 
length. If two sessions are performed on the same day, services 
may be reported only if the duration of the combined treat-
ments is at least 91 minutes. It is essential that the practitioner 
who conducts pulmonary rehabilitation is familiar with all 
current practices so that therapy provided and billed for com-
plies with current Medicare policy, is properly documented for 
each patient, and is submitted in a timely manner.31-33

MINI CLINI
Obtaining Insurance Payment for 
Pulmonary Rehabilitation

PROBLEM:	 The RT is asked to design and implement a pul-
monary rehabilitation program on an outpatient basis at her 
hospital. After completing the first class that ran for 12 weeks, 
the hospital scheduled another one. However, although  
the institution had been submitting bills on a timely basis  
to numerous insurance providers, including Medicare, no 
payment has been received. What is the problem and how can 
it be corrected?

Solution:	 The insurance companies apparently either have 
denied claims or have not responded to the claims being sub-
mitted. This problem is often associated with improper or inac-
curate claim filing. The RT should work closely with the billing 
department at the hospital to ensure that all information is 
complete for each patient (i.e., correct patient identification 
numbers), that the hospital has the correct addresses to submit 
claims, and that diagnoses and procedures have been properly 
coded. Some insurance companies have their own coding 
schemes and these must be followed accordingly. Managed care 
companies also require preauthorization, which must be 
obtained before entering any patient with a managed care plan 
into pulmonary rehabilitation. Finally, follow-up telephone 
calls are always helpful and should be conducted if payment is 
not received in a timely fashion.

 Box 55-7 Evaluation of Rehabilitation 
Program Outcomes

•	 Changes	in	exercise	tolerance
•	 Before	and	after	6-	or	12-minute	walking	distance
•	 Before	and	after	pulmonary	exercise	stress	test
•	 Review	of	patient	home	exercise	logs
•	 Strength	measurement
•	 Flexibility	and	posture
•	 Performance	on	specific	exercises	(e.g.,	ventilatory	muscle,	

upper	extremity)
•	 Changes	in	symptoms
•	 Dyspnea	measurement	comparison
•	 Frequency	of	cough,	sputum	production,	or	wheezing
•	 Weight	loss	or	gain
•	 Psychological	test	instruments
•	 Other	changes
•	 Activities	of	daily	living	changes
•	 Postprogram	follow-up	questionnaires
•	 Preprogram	and	postprogram	knowledge	tests
•	 Compliance	improvement	with	pulmonary	rehabilitation	

medical	regimen
•	 Frequency	and	duration	of	respiratory	exacerbations
•	 Frequency	and	duration	of	hospitalizations
•	 Frequency	of	emergency	department	visits
•	 Return	to	productive	employment

the program with current patient status and may include physi-
ologic, psychological, and sociologic data. Common outcome 
measures include exercise tolerance, levels of dyspnea at rest 
and with exertion, and quality-of-life surveys.

Results of pulmonary rehabilitation must be communicated 
to the patient, family, referring physician, and home care 
company, if appropriate. Further goals and objectives for con-
tinued improvement may be established to provide the basis for 
follow-up and reinforcement activities. Quality of life for 
patients with chronic lung diseases is an outcome measure that 
many pulmonary rehabilitation programs are documenting.34 
A major predictor for improvement in health-related quality of 
life of a patient with COPD is frequent attendance in a main-
tenance program.3,35

If no improvements in physical or psychosocial measures 
occur within a class or group, program deficiencies are the most 
likely cause. Specifically, insufficient professional training in 
rehabilitation methods, a lack of uniformity in approach, inad-
equate program length, and lack of follow-up are the major 
reasons for unsatisfactory outcomes.

Finally, pulmonary rehabilitation has become recognized as 
a prerequisite for certain patients with emphysema who are able 
to undergo lung volume reduction (LVR) surgery. Physical 
reconditioning and patient education before the procedure help 
to increase the chances for a successful outcome. Pulmonary 
rehabilitation appears to have favorable results with this specific 
patient population because of added patient and practitioner 
commitment and focus. Patients who do not complete the pre-
surgical rehabilitation protocol are at higher risk for postsurgi-
cal complications.36-39

Program Results

Patient and program outcomes must be evaluated at the conclu-
sion of the program and periodically thereafter as described in 
Box 55-7. This evaluation must compare patient status before 
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CARDIAC REHABILITATION

Patients with primary cardiac disease are often referred to 
cardiac rehabilitation programs where the focus is on improv-
ing cardiovascular fitness. Cardiac rehabilitation is defined as 
a comprehensive exercise and educational program designed 
for patients with cardiovascular diseases. Similar to pulmo-
nary rehabilitation, good cardiac rehabilitation programs are 
multidisciplinary in approach and focus. Goals include patient 
education promoting heart-healthy living, physical recondi-
tioning to improve work capacity, weight loss, and a return  
to work.

Enrollment in a cardiac rehabilitation program is based on 
a thorough cardiovascular evaluation and related parameters. 
The goal of a structured cardiac rehabilitation program is to 
assist patients in developing a regular pattern of safe exercise to 
achieve greater cardiovascular performance during activity. 
Most cardiac rehabilitation programs are conducted within a 
hospital facility. Programs are generally divided into monitored 
and maintenance segments, with home options available. Exer-
cise prescriptions are individualized for participating patients 
to maximize outcomes and reduce the likelihood of adverse 
effects.

Pulmonary and cardiac rehabilitation share many similari-
ties and differences. Similarities include the need for patient 
evaluation before program enrollment, patient education, the 
focus on exercises to increase fitness and stamina, and the need 
to monitor patients during exercise and for compliance. Differ-
ences include disease focus, patient age (most cardiac patients 
range in age from late 30s to 60s and 70s, whereas pulmonary 
patients for the most part are ≥50 years), and exercises used 
within the program. Many cardiac patients can walk for up to 
1 hour, whereas this may be virtually impossible for most pul-
monary patients. Breathing exercises to improve ventilation are 
essential to the pulmonary patient but are not that important 
to cardiac patients.

Reimbursement varies between the two types of programs 
with cardiac rehabilitation being more recognized by insurance 
payers, including Medicare. Because cardiac rehabilitation has 
existed longer than pulmonary rehabilitation and because out-
comes tend to have greater validity and acceptance, insurance 
reimbursement has been more readily available. There are four 
phases to cardiac rehabilitation from program introduction to 
the ongoing fitness aspect. Patient reimbursement depends on 
the phase of cardiac rehabilitation the patient is in. This division 
into phases does not currently exist for patients in pulmonary 
rehabilitation.

Finally, respiratory involvement in cardiac rehabilitation is 
significantly less. For the most part, the RT is involved with 
instruction on O2 use and may assist with patient exercise ses-
sions during cardiac rehabilitation. Most often, the cardiologist 
and cardiac nurse specialist are involved with program facilita-
tion and administration. Other health care providers who may 
be involved include a dietitian, physical therapist or occupa-
tional therapist or both, and a psychologist.

MINI CLINI
What to Expect from Pulmonary 
Rehabilitation

PROBLEM:	 The RT is asked to consult on a 63-year-old man 
hospitalized with severe COPD for possible participation in  
an outpatient pulmonary rehabilitation program. During the 
patient interview, the patient tells the RT that if the program 
will not cure him, he sees no reason to participate. How should 
the RT respond to the patient, keeping in mind his expectations 
of what pulmonary rehabilitation should accomplish?

Solution:	 It is crucial for all RTs and other caregivers involved 
in pulmonary rehabilitation to recognize that the focus of any 
program should attempt to treat the patient as a whole and not 
solely the underlying disease. A well-constructed pulmonary 
rehabilitation program should be able both to quantify the 
extent of physiologic impairment and to assist in establishing 
outcome expectations for physical reconditioning. Regardless 
of setting or design, such programs must address the psycho-
logical, social, and vocational impact of the disability on the 
patient and family and seek ways to improve the patient’s 
quality of life. In this case, the RT should describe the benefits 
of pulmonary rehabilitation outside the traditional measures 
of pulmonary function. Although pulmonary rehabilitation 
cannot affect the progressive deterioration in lung function 
that occurs with COPD, both education and exercise may 
improve the patient’s ability to perform activities of daily living 
and exercise tolerance. In addition, effective breathing tech-
niques may lessen the frequency and severity of “panic breath-
ing” episodes.

Potential Hazards

Although most patients with COPD can expect to realize ben-
efits through physical reconditioning and pulmonary rehabili-
tation, certain potential hazards do exist, as follows:
I. Cardiovascular abnormalities

A. Cardiac arrhythmias (can be reduced with supplemental 
O2 during exercise)

B. Systemic hypotension and hypertension
II. Blood gas abnormalities

A. Arterial desaturation
B. Hypercapnia
C. Acidosis

III. Muscular abnormalities
A. Functional or structural injuries
B. Diaphragmatic fatigue and failure
C. Exercise-induced muscle contracture

IV. Miscellaneous
A. Exercise-induced asthma (more common in young 

patients with asthma than in patients with COPD)
B. Hypoglycemia
C. Dehydration

Proper patient selection, education, supervision, and moni-
toring are key factors in reducing possible hazards.
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CONCLUSION

A properly planned and implemented pulmonary rehabilitation 
program can produce positive and measurable patient out-
comes. Goals and objectives of pulmonary rehabilitation should 
be written in these measurable terms and explained to the 
patient in a clear, concise fashion to achieve optimum therapeu-
tic outcomes. The success of pulmonary rehabilitation depends 
on this along with careful application of current clinical knowl-
edge and the use of a multidisciplinary approach throughout 
all phases of program organization, implementation, and evalu-
ation. Within this context, pulmonary rehabilitation will con-
tinue to gain greater acceptance and the role of the RT in 
pulmonary rehabilitation will be increasingly more important.

MINI CLINI
Reacting to Adverse Outcomes

PROBLEM:	 A 73-year-old man with stage III COPD was 
accepted into a pulmonary rehabilitation program. Because of 
the severity of his disease, his preprogram cardiopulmonary 
exercise evaluation was stopped after 5 minutes because of 
excessive dyspnea and oxygen desaturation. He was placed on 
O2 but was unable to complete the study. However, because of 
the desire of the patient’s physician to get him into a program 
of pulmonary rehabilitation and the patient’s desire to partici-
pate, the patient was put on home O2 and admitted to the 
program. While exercising on a treadmill with supplemental 
O2, the patient complained of headache and nausea. The RT 
stopped the exercise session and documented a significant 
increase in the patient’s blood pressure (220/130 mm Hg). How 
should the RT proceed in this case?

Solution:	 The RT should document the elevated blood pres-
sure and notify the physician overseeing the pulmonary reha-
bilitation program and the patient’s prescribing physician (if 
different) immediately. It is likely that the preprogram cardio-
pulmonary exercise test was stopped before the excessive 
increase in blood pressure was noted. While in pulmonary 
rehabilitation, the patient (on supplemental O2) was able to 
exercise to a level greater than that during the exercise test. This 
elevated blood pressure will result in the patient going on some 
type of antihypertensive therapy and being reevaluated during 
another exercise test to determine the extent of his hypertensive 
condition. Depending on the instability of the patient’s hyper-
tension, it is also possible that this patient will be admitted to 
cardiac rehabilitation first before returning to the pulmonary 
rehabilitation program. This case shows the importance of a 
thorough and complete assessment of a patient’s status before 
any admission to pulmonary rehabilitation.

SUMMARY CHECKLIST

◗	Pulmonary	rehabilitation	has	two	major	aims:	(1)	to	control	
and	alleviate	disease	symptoms	and	(2)	to	help	patients	
achieve	optimal	levels	of	activity.
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C H A P T E R   56 

Respiratory Care in 
Alternative Settings

ALBERT J. HEUER

CHAPTER OBJECTIVES

After reading this chapter you will be able to:
◆	 Describe	alternative	care	settings	in	which	respiratory	care	is	often	performed.
◆	 Discuss	more	recent	developments	and	trends	in	respiratory	care	at	alternative	sites.
◆	 Identify	who	regulates	alternative	care	settings.
◆	 List	the	standards	that	apply	to	the	delivery	of	respiratory	care	in	alternative	settings.
◆	 Describe	how	to	help	formulate	an	effective	discharge	plan.
◆	 List	factors	to	evaluate	when	assessing	alternative	care	sites	and	support	services.
◆	 Discuss	how	to	justify,	provide,	evaluate,	and	modify	oxygen	(O2)	therapy	in	alternative	care	settings.
◆	 Explain	how	to	select,	assemble,	monitor,	and	maintain	O2	therapy	equipment	in	alternative	settings.
◆	 Identify	the	special	challenges	that	exist	in	providing	ventilatory	support	outside	an	acute	care	hospital.
◆	 Describe	how	to	instruct	patients	or	caregivers	and	confirm	their	ability	to	provide	care	in	alternative	settings.
◆	 Identify	which	patients	benefit	the	most	from	ventilatory	support	outside	acute	care	hospitals.
◆	 Explain	how	to	select,	assemble,	monitor,	and	maintain	portable	ventilatory	support	and	continuous	positive	

airway	pressure	equipment,	including	applicable	interfaces	or	appliances.
◆	 Describe	proper	documentation	regarding	patient	evaluation	and	progress	in	alternative	settings.
◆	 State	how	to	ensure	safety	and	infection	control	in	alternative	patient	care	settings.

CHAPTER OUTLINE
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Supply	Methods
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Support
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The Patient Protection and Affordable Care Act (ACA) of 
2010 has expanded health care coverage to many uninsured 
Americans, prohibits the exclusion of preexisting conditions, 
and increases the scope of coverage for certain types of preven-
tive care. This law also encourages the formation of Accountable 
Care Organizations (ACOs), which are groups of doctors, hos-
pitals, and health care providers who voluntarily come together 
to deliver coordinated patient care. However, many provisions 
of this law are still being modified and others are just beginning 
to be implemented. Consequently, the exact impact of this bill 
on respiratory care in general, and in alternative settings, is still 
somewhat unclear.6

Even more recently, some states have and continue to review 
and pilot programs to reimburse for certain therapies and edu-
cation done by RTs in alternative settings. Specifically, some 
states’ Medicaid programs are planning to begin reimbursement 
for certain types of education done by RTs for purposes such as 
asthma management. Furthermore, the American Association 
for Respiratory Care (AARC), through its Government Affairs 
initiatives, continues to promote legislation and sponsor efforts 
to expand the recognition of RTs.7

A further development stemming mainly from the aging U.S. 
population is a significant increase in the popularity of another 
form of alternative care site known as assisted living facilities. 
These facilities permit residents, who are generally elderly or 
disabled, to live in their own units either alone or with a com-
panion. These arrangements permit residents to live relatively 
independently with the convenience and safety of routine health 
services nearby. A growing number of home care and other 
alternative sites have RTs providing care to their patients at such 
locations.

Other changes affecting RTs in alternative sites have resulted 
from research study outcomes. Starting in the late 1990s, there 
has been a small but growing body of research indicating that 
patients in alternative settings have better outcomes when 
treated by RTs.8,9 It is hoped that this trend continues and 

A lthough home care remains the most common alterna-
tive site for providing health care, numerous other 
alternative (nonacute) care settings, including sub-

acute facilities, long-term acute care hospitals (LTACHs), 
rehabilitation facilities, and skilled nursing facilities (SNFs), 
provide respiratory care to patients.1 Alternative health care 
settings offer advantages over acute care facilities which include 
lower costs and enhanced patient comfort. In general, caring for 
respiratory patients in alternative sites can reduce patient care 
cost by as much as four- to five-fold.1 However, improper or 
premature discharging of patients to alternative care settings 
and poor care plan implementation can erase these benefits and 
result in short-term readmission.

This chapter summarizes recent policy developments, dis-
cusses aspects of optimal discharge and patient care planning, 
and reviews various therapeutic respiratory modalities in alter-
native care sites. A major alternative site is the sleep laboratory 
where respiratory therapists (RTs) may conduct polysomnog-
raphy, or sleep studies. However, the pathophysiology, diagno-
sis, and treatment of disorders of sleep is covered in Chapter 33.

MORE RECENT DEVELOPMENTS  
AND TRENDS

There have been several developments in the area of respiratory 
care in alternative sites. Such changes range from governmental 
initiatives affecting reimbursement, to enhancements involving 
respiratory equipment used in such settings.

Over the past two decades, an assortment of legislation and 
regulations was enacted that has reduced reimbursement for 
respiratory care in alternative settings. Furthermore, with the 
exceptions described below, reimbursement for RT time spent 
setting up the equipment and assessing and administering pre-
scribed treatment to patients is not generally recognized. This 
has presented challenges to organizations and agencies attempt-
ing to provide quality care in alternative settings.2-5

KEY TERMS

alternative	(nonacute)	care
Centers	for	Medicare	and	Medicaid	

Services	(CMS)
conditions	of	participation
durable	medical	equipment	(DME)	

supplier

inexsufflator
long-term	acute	care	hospitals	

(LTACHs)
molecular	sieve
noninvasive	ventilation	(NIV)
O2-conserving	device

skilled	nursing	facility	(SNF)
transtracheal	oxygen	therapy	

(TTOT)

Other Modes of Respiratory Care in Alternative 
Settings
Bland	Aerosol	Therapy
Aerosol	Drug	Administration
Airway	Care	and	Clearance	Methods
Nasal	Continuous	Positive	Airway	Pressure	Therapy
Equipment
Determining Proper Continuous Positive Airway 

Pressure Level
Use and Maintenance

Problem Solving and Troubleshooting
Apnea	Monitoring

Patient Assessment and Documentation
Institutional	Long-Term	Care
Screening
Treatment Planning and Ongoing Assessment
Discharge Summary
Home	Care

Equipment Disinfection and Maintenance
Palliative Care



1286 SECTION VII • Patient Education and Long-Term Care

requires goal-oriented interdisciplinary team care, with fre-
quent assessment of progress and a time-limited plan  
of care.11

Although most patients receiving subacute care are elderly, 
all age groups can be found at these sites. Pediatric, adolescent, 
and adult patients requiring ventilatory support or extensive 
care, depending on their diagnosis, are also cared for at these 
sites.

Home Care

Currently, most respiratory care in the alternative setting is 
provided in the home. The primary goal of home care is to 
provide quality health care services to patients in their home 
setting, minimizing their dependence on institutional care. In 
regard to respiratory home care, several specific objectives  
are evident.12 Respiratory home care can contribute to the 
following:
• Supporting and maintaining life
• Improving patients’ physical, emotional, and social 

well-being
• Promoting patient and family self-sufficiency
• Ensuring cost-effective delivery of care
• Maximizing patient comfort near the end of life

Most patients for whom respiratory home care is considered 
have chronic respiratory diseases. Applicable categories of dis-
orders include the following:
• COPD
• Cystic fibrosis
• Chronic neuromuscular disorders
• Chronic restrictive conditions
• Carcinomas of the lung

Although not all aspects of respiratory home care have 
proven effective, various studies have shown that carefully 
selected treatment regimens can be of significant benefit to 
patients. These benefits include increased longevity, improved 
quality of life, increased functional performance, and a reduc-
tion in the individual and societal costs associated with 
hospitalization.13,14

STANDARDS

Standards for the delivery of respiratory care in the subacute 
and home settings are derived from several different sources. 
First, the Clinical Practice Guidelines created and published by 
the AARC offer RTs an evidence-based clinical framework for 
performing numerous respiratory procedures, including many 
procedures used in alternative care settings. Several of these 
guidelines are described throughout this chapter. Other stan-
dards are established by federal and state laws and private-sector 
accreditation.

Regulations

Most reimbursement for care in alternative settings is through 
either the federal Medicare program or federal or state Medicaid 
programs. As the largest purchaser of health services, the federal 
government (in connection with state and local governments) 

encourages public agencies and private health care payers to 
recognize the value of RTs in alternative care settings and shape 
policies accordingly.

RELEVANT TERMS AND GOALS

As the elderly population increases and managed care becomes 
the dominant delivery model, more health care services are 
being provided outside the acute care hospital in such settings 
as SNFs, LTACHs, and at home. Rather than representing dis-
tinct entities, these alternative settings are part of an evolving 
continuum of care, are often elements of ACOs, and share the 
common goal of providing appropriate medical services cost-
effectively and at settings suitable to a patient’s condition.

Similar to the acute care setting, alternative care settings 
accomplish this goal through a coordinated team effort among 
many disciplines. The patient care team in alternative settings 
uses various specialized respiratory care services and equip-
ment, including continuous O2 therapy, long-term mechanical 
ventilation, aerosol drug administration, airway care, sleep 
apnea monitoring and treatment, and pulmonary rehabilita-
tion. Each of the major alternative settings, the respiratory 
equipment used within them, and other relevant considerations 
including patient and family education are discussed in subse-
quent sections of this chapter.

Long-Term Subacute Care Hospitals

Advances in technology, research, and clinical specialization 
have permitted more acutely ill patients to be treated outside of 
large-scale, acute care hospitals. Over the past decade, LTACHs 
have become more prevalent. These facilities provide highly 
focused care to patients with complex medical conditions, 
including patients who have been ventilator-dependent and dif-
ficult to wean. Generally, LTACHs employ a highly experienced 
clinical staff, including RTs, to provide integrated interdisciplin-
ary care using the latest equipment and protocols. During the 
20- to 30-day typical length of stay at an LTACH, patients com-
monly experience significant improvement, including success-
ful ventilator weaning and increased functionality.10

Subacute Care

According to the National Association of Subacute/Post Acute 
Care, subacute care is a comprehensive level of inpatient care for 
stable patients who (1) have experienced an acute event result-
ing from injury, illness, or exacerbation of a disease process; (2) 
have a determined course of treatment; and (3) require diag-
nostic or invasive procedures but not those requiring acute 
care.10 Typically, the severity of the patient’s condition requires 
active physician direction with frequent on-site visits, profes-
sional nursing care, significant ancillary services, and an 
outcomes-focused interdisciplinary approach employing a pro-
fessional team.

The goal of acute care is to apply intensive resources to sta-
bilize patients after severe episodic illness, whereas subacute 
care aims to restore the whole patient back to the highest practi-
cal level of function—ideally self-care. This holistic approach 
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plays a major role in setting standards and regulating this  
industry. The federal agency responsible for the overall admin-
istration of Medicare and Medicaid is the Centers for Medicare 
and Medicaid Services (CMS). Created in 1997, CMS oversees 
the framework for providing health coverage to elderly adults, 
disabled adults, and many disadvantaged young children in the 
United States.5,6

As part of this structure, CMS created the Medicare Provider 
Certification Program. This program ensures that institutional 
providers that serve Medicare beneficiaries, including hospitals, 
SNFs, LTACHs, home health agencies, and assisted living facili-
ties, meet minimum health and safety requirements. These 
requirements are called conditions of participation. Current 
conditions of participation emphasize quality indicators, out-
come measures, and cost efficiency designed to improve the 
quality and effectiveness of care provided to beneficiaries.5,6 
Institutions undergo certification surveys by either state survey 
agencies or private accrediting organizations, such as The Joint 
Commission (TJC), which is discussed in more detail in the 
following section.15,16

State survey agencies are partners with the federal govern-
ment and principal agents in performing institutional certifica-
tion. Typically, a state survey agency is either the state department 
of health or state licensing authority for health care facilities. 
The main function of the state survey agency is to ensure that 
facilities providing Medicare or Medicaid services comply with 
state and federal health, safety, and quality standards, as deter-
mined by periodic on-site inspections.

In addition to federal Medicare and Medicaid conditions of 
participation, most states set additional regulations that govern 
licensing of providers of care in alternative settings. Because 
these regulations are different in each state, readers should 
contact their state health department for details.

TABLE 56-1 

Major Differences between Traditional Acute Care Setting and Alternative Settings for Delivery of 
Respiratory Care Services

Area Traditional Setting (Acute Care Hospital) Alternative Settings (Long-Term Acute Care, Subacute 
Care, Home Care)

Diagnostic	resources In-house	laboratory,	x-ray,	ABG	analysis,	PFT Must	rely	on	outside	vendors	to	provide	diagnostic	tests
Equipment	support Extensive;	supported	by	piped-in	O2	and	suctioning Limited	availability;	must	use	portable	O2	and	suctioning	

systems
Travel	requirements None;	remain	in	one	facility Must	travel	between	facilities	or	residences
Level	of	supervision Direct	supervision Respiratory	care	provider	works	independently	with	

minimal	supervision
Patient	assessment Moderate—primarily	provided	by	attending	physician	

or	residents
Heavy—core	responsibility	related	to	care	planning

Documentation	
requirements

Moderate—limited	to	medical	record	keeping Heavy—includes	initial	justification,	ongoing	follow-up,	
and	often	detailed	financial	record	keeping

Work	schedule Specific	hours Varied	work	schedule,	often	including	“on-call”	off	hours	
coverage

Time	constraints More	than	one	shift	to	deliver	therapy Must	complete	all	therapy	during	shift	or	visit
Patient-family	interaction Limited	treatment	time	available;	little	family	interaction One-on-one	therapy;	intensive	family	interaction
Provider	interaction Primarily	attending	physicians	and	patient’s	nurses Continuous	interaction	with	all	members	of	professional	

team

ABG,	Arterial	blood	gas;	PFT,	pulmonary	function	testing.

Private Sector Accreditation

The primary organization responsible for standard setting and 
voluntary accreditation of care providers in alternative settings 
is TJC. To assist hospitals and health care organizations with the 
accreditation process and overall performance improvement, 
TJC develops and publishes standards and National Patient 
Safety Goals for long-term and subacute care, home care, and 
assisted living facilities. The standards and goals relate to the 
delivery of quality patient care and the process and structure 
needed to do so. These categories include patient rights, ethics, 
and assessment and organizational leadership and management 
of information. The patient safety goals target for improvement 
common problem areas for health care organizations, such as 
proper patient identification, medication safety, and infection 
control.15,16

Approximately 90% of all hospitals and other health care 
organizations voluntarily subscribe to TJC accreditation and as 
a result are surveyed at least every 3 years. Insufficient or unsat-
isfactory compliance is flagged and requires formal follow-up 
to ensure correction. In certain circumstances, such unfavorable 
results may translate into a facility or an organization failing to 
maintain TJC accreditation.15,16

TRADITIONAL ACUTE CARE VERSUS 
ALTERNATIVE SETTING CARE

For the RT, working in the alternative care setting is distinctly 
different from working in an acute care hospital. Key differences 
involve resource availability, supervision and work schedules, 
documentation and assessment, and provider-patient interac-
tion (Table 56-1).17 Although some practitioners do not like the 
alternative work settings, many find the greater independence, 
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professional team orientation, creativity, and higher level of 
patient and family interaction quite rewarding.

DISCHARGE PLANNING

Effective discharge planning provides the foundation for quality 
care in the alternative care setting. A properly designed and 
implemented discharge plan guides the multidisciplinary team 
in successfully transferring a respiratory care patient from the 
health care facility to an alternative site of care.18 Effective 
implementation of the discharge plan also ensures the safety 
and efficacy of the patient’s continuing care. In addition, Medi-
care’s Readmission Reduction Program, which is part of the 
ACA, penalizes hospitals that have high short-term readmission 
rates for selected conditions, including COPD and CHF. Hence, 
it has become essential for hospitals and other health care pro-
viders to adopt and evaluate the effectiveness of evidence-based 
discharge protocols. In general, the key elements of such proto-
cols include the following:
• Proper patient screening and evaluation
• Early identification of patients at high risk for short-term 

readmission
• Intensive patient and family education
• Multidisciplinary discharge planning that addresses all major 

potential barriers
• Patient follow-up.4

To guide practitioners in providing quality care, the AARC 
has published Clinical Practice Guideline: Discharge Planning 
for the Respiratory Care Patient.4,19 Excerpts from this guideline 
appear in Clinical Practice Guideline 56-1.

Multidisciplinary Team

Although a physician normally initiates an order to discharge  
a patient to an alternative site, many other health care profes-
sionals are involved in the discharge process. Table 56-2 identi-
fies these key professionals and their major responsibilities.18 
As with pulmonary rehabilitation (see Chapter 55), a team 
approach produces the best patient results. Communication 
and mutual respect for the talents and abilities of each team 
member are two key elements in making patient care in the 
alternative care setting work. Any breakdown in the system may 
delay or adversely affect patient discharge and the patient’s 
physical health and mental well-being.

Site and Support Service Evaluation

The primary factors determining the appropriate site for dis-
charge are the goals and needs of the patient. These goals and 
needs should be met in an optimal and cost-effective manner 
using the resources available at the proposed site. In terms  
of institutional personnel, the staff of the selected facility  
must have all the competencies required to meet the patient’s 
respiratory needs, be able to provide other needed health care 
services (e.g., physical therapy), and provide adequate 24-hour 
coverage.17,19

For a successful discharge to the home, it is essential that the 
ability of caregivers to learn and perform the required care be 

TABLE 56-2 

Members of Patient Care Team in  
Alternative Settings

Discipline Responsibilities

Utilization	review Advises	or	recommends	consideration	of	
patient	discharge.	Documents	patient’s	
in-hospital	care

Discharge	planning	
(social	service	or	
community	or	
public	health)

Brings	all	the	needed	elements	together	and	
ensures	that	a	patient	can	be	discharged	
to	alternative	care	sites.	Makes	contacts	
with	outside	agencies	that	may	assist	with	
patient	care

Physician Writes	order	for	patient	discharge.	Evaluates	
patient’s	condition	and	prescribes	needed	
care.	Establishes	therapeutic	objectives

Respiratory	care Evaluates	patient	and	recommends	
appropriate	respiratory	care.	Provides	care	
and	follow-up

Nursing Writes	and	implements	nursing	care	plan	for	
patient.	Assesses	patient’s	status	and	
provides	necessary	follow-up

Dietary	and	
nutrition

Assesses	patient’s	nutritional	needs	and	
writes	dietary	plan	for	patient.	Makes	
arrangements	for	meals	as	necessary

Physical	and	
occupational	
therapy

Provides	necessary	physical	therapy	and	
recommends	any	additional	modalities	or	
procedures

Psychiatry	or	
psychology

Assesses	patient’s	emotional	status	and	
provides	any	needed	counseling	or	support

DME	supplier	or	
home	care	
company

Provides	needed	equipment	and	supplies	
and	handles	any	emergency	situations	
involving	delivery	or	equipment	operation

evaluated before transfer. Caregivers must clearly demonstrate 
and have documented the competencies required to care for  
the specific patient and, in combination, provide 24-hour 
coverage.17,19

	

RULE OF THUMB

To	help	ensure	a	successful	discharge	and	confirm	that	
a	nonprofessional	caregiver	can	perform	a	particular	
skill,	the	RT	must	go	beyond	demonstration	and	verbal	
confirmation	of	the	caregiver’s	understanding.	The	RT	
must	observe	a	return	demonstration,	whereby	the	
caregiver	properly	performs	the	same	procedural	steps	
the	RT	demonstrated.	In	addition,	providing	the	
caregiver	with	written	information	relating	to	the	
procedural	sets	and	equipment	setup,	maintenance,	
and	basic	troubleshooting	can	help	reinforce	key	areas	
and	ensure	caregiver	mastery	of	the	competency.

Beyond the performance of a particular skill, it is imperative 
for the discharge team to ensure that an adequate number of 
professional and nonprofessional caregivers are part of the  
care plan to provide appropriate patient care coverage; this is 
particularly true when more complicated modes, such as 
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56-1	 Discharge	Planning	for	the	Respiratory	Care	Patient

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
Discharge	planning	is	indicated	for	all	respiratory	care	patients	
being	considered	for	discharge	or	transfer	to	alternative	sites.	
The	plan	should	be	developed	and	implemented	as	early	as	
possible	before	transfer.

■ CONTRAINDICATIONS
There	are	no	contraindications	to	the	development	of	a	
discharge	plan.

■ PRECAUTIONS AND POSSIBLE 
COMPLICATIONS
Undesirable	or	unexpected	outcomes	may	occur	if	the	patient	
is	discharged	before	the	full	implementation	of	the	plan.	
Undesirable	or	unexpected	patient	outcomes	may	also		
occur	because	of	(1)	the	natural	course	of	the	disease	or		
(2)	other	factors	beyond	the	control	of	the	discharge	planning	
process.

■ METHOD
Discharge	planning	and	implementation	should	begin	as	early	
as	possible.	The	complexity	of	the	plan	is	determined	by	the	
patient’s	medical	condition,	needs,	and	goals.	The	steps	in	
the	planning	process	are:
•	 Patient	evaluation

•	 Patient’s	medical	condition
•	 Psychosocial	condition	of	patient	and	family
•	 Respiratory	and	ventilatory	support	required
•	 Desires	for	medical	and	ventilator	care	of	patient	and	

family
•	 Patient’s	physical	and	functional	ability	and	activities	of	

daily	living
•	 Goals	of	care	(patient	and	family,	physician,	health	care	

professionals,	bedside	caregivers)
•	 Site	evaluation	for	continuing	care

•	 Personnel
•	 Physical	environment	(safety	and	suitability)
•	 Equipment	and	supplies
•	 Financial	resources

•	 Development	of	multidisciplinary	plan	of	care	based	on	the	
patient’s	needs	and	goals
•	 Plan	for	integration	into	the	community
•	 Medication	administration
•	 Plan	for	patient	self-care	as	appropriate

•	 Method	for	ongoing	assessment	of	outcomes
•	 Roles	and	responsibilities	of	team	members	for	daily	care	

management
•	 Method	to	assess	growth	and	development	of	pediatric	

patients
•	 Documented	mechanism	for	securing	and	training	

additional	caregivers
•	 Mechanism	for	communication	among	all	members	of	

health	care	team
•	 Alternative	emergency	and	contingency	plan
•	 Follow-up	(e.g.,	medical,	respiratory	care)	plans
•	 Plan	for	use,	maintenance,	and	troubleshooting	of	

equipment
•	 Plan	for	monitoring	and	appropriately	responding	to	

changes	in	patient’s	medical	condition
•	 Time	frame	for	implementation

•	 Education	and	training	with	clear	demonstration	and	
documentation	of	competencies	must	occur	before	
discharge	and	address	key	elements	of	the	plan	of	care

■ ASSESSMENT OF NEED
All	patients	with	a	respiratory	diagnosis	should	be	assessed	
for	a	discharge	plan.

■ ASSESSMENT OF OUTCOME
The	desired	outcome	of	the	discharge	plan	is	determined	by	
the	following:
•	 No	readmission	occurs	because	of	discharge	plan	failure
•	 The	equipment	meets	the	patient’s	needs
•	 All	treatments	and	modalities	are	performed	satisfactorily	by	

caregivers	as	instructed
•	 Caregivers	are	able	to	assess	the	patient,	troubleshoot,	and	

solve	problems	as	they	arise
•	 The	treatment	meets	the	patient’s	needs	and	goals
•	 The	patient	and	family	are	satisfied
•	 The	site	provides	the	necessary	services

■ MONITORING
The	discharge	plan	coordinator	and	the	physician	should	
monitor	the	progress	of	the	discharge	plan.	Each	team	
member	should	participate	in	regularly	scheduled	team	
conferences	to	assess	the	progress	of	the	discharge	plan.	
Modifications	may	be	made	according	to	the	goals	and	needs	
of	the	individual	patient.

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: discharge planning for the respiratory care patient. Respir 
Care Clin N Am 40:1308, 1995.

mechanical ventilation, or multiple therapies are required by 
the patient. Generally, substantial caregiver strain is associated 
with the care of such patients in alternative settings. Proper 
assessment of the capabilities and number of potential caregiv-
ers in light of the therapy needed at home and appropriate 
training of such individuals can help address this concern.

Equipment support and selected clinical services for patients 
receiving respiratory home care are often provided by a durable 

medical equipment (DME) supplier. DME suppliers range in 
size from multimillion-dollar national corporations offering a 
broad range of services to small local companies. Both large and 
small companies usually provide the following services:
• Service 24 hours, 7 days a week
• Third-party insurance processing
• Home instruction and follow-up by an RT
• Most forms of respiratory care
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A variety of equipment is available when a patient with a 
pulmonary disorder is discharged to an alternative setting. The 
most common types of respiratory therapy equipment used in 
alternative settings are discussed in the following sections.

When selecting a DME supplier from the available choices, 
the patient and family members and other members of the 
discharge planning team should consider the company’s accred-
itation status, cost and scope of services, dependability, location, 
personnel, past track record, and availability. Charges should be 
reasonable and competitive, and clinical respiratory services 
should generally be provided by credentialed RTs.17

Finally, the selected site must meet basic safety standards and 
be suitable for managing the patient’s specific condition. It 
should be free of fire, health, and safety hazards; provide ade-
quate heating, cooling, and ventilation; provide adequate elec-
trical service; and provide for patient access and mobility with 
adequate patient space (room to house medical and adaptive 
equipment) and storage facilities. The selected site must be 
capable of operating, maintaining, and supporting all equip-
ment needed by the patient; including both respiratory and 
ancillary equipment and supplies as needed, such as the ventila-
tor, suction, O2, intravenous therapy, nutritional therapy, and 
adaptive equipment.17,19 Box 56-1 lists key factors one should 
assess in planning the discharge of a respiratory care patient to 
the home environment.

MINI CLINI
Assessing the Home Environment

PROBLEM:	 A wheelchair-bound patient with a tracheostomy 
who requires mechanical ventilation is being discharged to the 
home care setting. Inspection of the two-story home reveals 
front and rear elevated porch entrances with all bedrooms 
upstairs. All room floors (except the kitchen and bathrooms) 
are covered with high pile carpeting. The largest bedroom is 12 
ft by 14 ft. The electrical service is rated at 75 amps, and the 
only grounded outlets are in the kitchen and garage. Heating 
is provided by a forced hot-air system; there is a single window 
air conditioner in the patient’s bedroom.

What problems do you see, and what changes would you 
recommend to provide the proper home environment for this 
patient?

Solution:	 Although wheelchair-bound, this patient is still 
mobile. Both the elevated porch entrances and the high pile 
carpeting restrict mobility. A ramp entrance needs to be con-
structed, and the carpeting needs to be removed or covered 
with a flat, hard surface material. Given the size of the patient’s 
upstairs room and the obstacle of the stairwell, it would be best 
to identify a large first-story room for conversion to a bedroom. 
Because the patient is likely to need at least an electrical bed, 
ventilator, and suction machine, the electrical service capacity 
is inadequate and needs upgrading to ensure at least 15 to 20 
amps in the patient area, with 200 amps overall. Appliance, 
counter, sink, and toilet heights need to be assessed for easy 
patient access.

 Box 56-1 Assessing the Home Environment

ACCESSIBILITY
•	 In	and	out	of	house	or	apartment
•	 Accessibility	between	rooms
•	 Doorway	width	and	threshold	heights
•	 Stairways
•	 Wheelchair	mobility
•	 Bathroom
•	 Kitchen
•	 Carpeting

EQUIPMENT
•	 Available	space
•	 Electrical	power	supply
•	 Amperage
•	 Grounded	outlets
•	 Presence	of	hazardous	appliances

ENVIRONMENT
•	 Heating	and	ventilation
•	 Humidity
•	 Lighting
•	 Living	space

MINI CLINI
Minimizing Short-term Readmissions

PROBLEM:	 A COPD patient who was admitted to the hos-
pital for an exacerbation, is now improving and targeted for 
discharge in two days. Due to patient quality-of-life consider-
ations and newer financial penalties for excessive short-term 
readmissions, the patient care team wishes to help minimize 
the likelihood of a short-term (30-day) readmission for this 
individual and similar patients. What are some of the major 
considerations that should be addressed in the discharge plan 
for this patient to help avoid a short-term readmission?

Solution:	 COPD patients, especially those with moderate to 
severe disease, may often be deemed more clinically “fragile” 
and therefore especially prone to short-term readmissions. 
Hence, it is imperative for the multidisciplinary patient care 
team to quickly recognize the predisposition and to carefully 
plan to address the major risks. Education and patient follow-up 
are at the core of most short-term readmission reduction pro-
tocols. In this case, the education should focus on the patho-
physiology of COPD and, more important, the purpose and 
importance of each element of the care plan. Reinforcing 
proper medication use such as bronchodilators and steroids as 
well as safe use of home oxygen are priorities. Phone, computer-
aided or in-person patient follow-up should focus on con-
tinued compliance with the treatment plan, adherence to 
scheduled physician visits, and participation in any prescribed 
pulmonary rehabilitation programs. Barriers such as those 
related to transportation issues and assistance with activities of 
daily living should also be promptly identified and addressed. 
In some instances, transportation to physician visits and pul-
monary rehabilitation sessions, or certified home-health aids, 
can be arranged in advance by the discharge planning team or 
patient follow-up clinicians.
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TABLE 56-3 

Advantages and Disadvantages of Major Alternative Oxygen Supply Systems

System Advantages Disadvantages

Compressed	O2 Good	for	small	volume	user Large	cylinders	are	heavy	and	bulky
No	waste	or	loss High-pressure	safety	hazard
Stores	O2	indefinitely Provides	limited	volume
Widespread	availability Requires	frequent	deliveries
Portability	(small	cylinders) Tight	valves	can	be	a	problem

Liquid	O2	system Provides	large	volumes Must	be	delivered	as	needed
Low-pressure	system	(20-25	psi) Loss	of	O2	because	of	venting	of	system	when	not	

in	use
Portable	units	can	be	refilled	from	reservoir	(up	to	8-hr	

supply	at	2	L/min)
Low	temperature	safety	hazard
Cannot	operate	ventilators	or	other	high-pressure	

devices
Valuable	for	rehabilitation Some	difficulty	in	filling	portable	unit

O2	concentrator No	waste	or	loss Disruption	in	electrical	service	renders	system	
inoperable

Low-pressure	system	(15	psi) Backup	O2	is	needed
Cost-effective	when	continual	supply	of	O2	is	needed Cannot	operate	ventilators	or	other	high-pressure	

devices
FiO2	decreases	with	increasing	flow

Eliminates	need	for	deliveries High	electrical	costs	possible

OXYGEN THERAPY IN  
ALTERNATIVE SETTINGS

O2 therapy is the most common mode of respiratory care in 
alternative care settings. This high use is based on the fact that 
O2 therapy improves both survival and quality of life in selected 
patient groups, especially patients with advanced COPD.20, 21 In 
particular, studies have shown improved nocturnal O2 satura-
tion, reduced pulmonary artery pressure, and lower pulmonary 
vascular resistance with appropriate outpatient O2 therapy.22,23

To guide practitioners in providing quality care, the AARC 
has published a Practice Guideline on Oxygen Therapy in the 
Home or Extended Care Facility.24 Excerpts from the AARC 
guideline, including the indications, contraindications, precau-
tions and possible complications, method, assessment of need, 
assessment of outcome, and monitoring, appear in Clinical 
Practice Guideline 56-2.

Oxygen Therapy Prescription

As indicated in Clinical Practice Guideline 56-2, O2 prescrip-
tions must be based on documented hypoxemia, as determined 
by either arterial blood gas analysis or oximetry. Prescriptions 
for O2 therapy no longer can be based simply on patient diag-
nosis or signs and symptoms. In addition, as-needed O2 therapy 
is no longer acceptable in the alternative care setting.

When the need for O2 therapy is established, the physician 
writes a prescription. A prescription for O2 therapy in the alter-
native care setting must include the following elements:25

• Flow rate in L/min or concentration or both
• Frequency of use in hours per day and minutes per hour (if 

applicable)
• Duration of need

• Diagnosis (severe primary lung disease, secondary condi-
tions related to lung disease and hypoxia, related conditions 
or symptoms that may improve with O2)

• Laboratory evidence (arterial blood gas analysis or oximetry 
under the appropriate testing conditions); home care com-
panies cannot provide this testing

• Additional medical documentation (no acceptable alterna-
tives to home O2 therapy)
For home use, the ordering physician must authorize O2 

therapy using the CMS Certification of Medical Necessity form 
for O2. After the need for long-term therapy is documented, 
repeat arterial blood gas analysis or SpO2 measurements are not 
needed. However, blood O2 levels may still be measured when 
the need arises to assess changes in the patient’s condition.26

Supply Methods

Most alternative care sites do not have bulk O2 storage or deliv-
ery systems. In these settings, O2 normally is supplied from one 
of the following three sources:27 (1) compressed O2 cylinders, 
(2) liquid O2 systems, or (3) O2 concentrators. Table 56-3 sum-
marizes the major advantages and disadvantages of each system.

Compressed Oxygen Cylinders
For practical reasons, the primary use of compressed O2 cylin-
ders in alternative settings is either for ambulation (small cyl-
inders) or as a backup to liquid or concentrator supply systems 
(H/K cylinders). Safety measures for cylinder O2 are the same 
as those discussed in Chapters 40 and 41. For home use, the RT 
should thoroughly review these safety measures with both the 
patient and family members. After instruction, the RT should 
always confirm and document abilities of caregivers to use the 
delivery system safely.
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56-2	 Oxygen	Therapy	in	the	Home	or	Alternative	Site	Health	
Care	Facility

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
•	 Documented	hypoxemia
•	 Adults,	children,	and	infants	>28	days	old:	PaO2	≤55	mm	

Hg	or	SaO2	≤88%	(room	air)
•	 PaO2	56	to	59	mm	Hg	or	SaO2	≤89%	in	association	with	

specific	clinical	conditions	(e.g.,	cor	pulmonale,	congestive	
heart	failure,	or	erythrocythemia	with	hematocrit	>56%)

•	 Patients	who	do	not	qualify	for	O2	therapy	at	rest	may	
qualify	during	ambulation,	sleep,	or	exercise	if	SaO2	
decreases	to	<89%	during	these	specific	activities

■ CONTRAINDICATIONS
No	absolute	contraindications	to	O2	therapy	exist	when	
indications	are	present.

■ PRECAUTIONS AND POSSIBLE 
COMPLICATIONS
•	 In	spontaneously	breathing	hypoxemic	patients	with	COPD,	

O2	therapy	may	increase	PaCO2

•	 Problems	may	occur	if	the	patient	fails	to	comply	with	the	
physician’s	orders	or	receives	inadequate	instruction

•	 Complications	may	result	from	use	of	nasal	cannulas	or	
transtracheal	catheters

•	 Fire	hazard	is	increased	in	the	presence	of	increased	O2	
concentrations

•	 Bacterial	contamination	associated	with	certain	nebulizers	
and	humidifiers	may	occur

•	 Physical	hazards	include	unsecured	cylinders,	ungrounded	
equipment,	and	liquid	O2	burns

•	 Power	or	equipment	failure	can	lead	to	an	inadequate	O2	
supply

■ ASSESSMENT OF NEED
•	 Initial	need	is	determined	by	documented	hypoxemia	at	rest	

or	during	activity	(see	Indications)
•	 Additional	measurements	of	blood	gas	tension	or	saturation	

by	invasive	or	noninvasive	methods	may	be	indicated	
whenever	there	is	a	major	change	in	clinical	status	that	may	
be	cardiopulmonary	related

•	 Blood	gases	should	be	repeated	after	1	to	3	months	to	
determine	the	need	for	long-term	O2	therapy

•	 Once	the	need	for	long-term	O2	therapy	has	been	
documented,	repeated	measures	are	unnecessary	other	

than	to	follow	the	course	of	the	disease,	to	assess	changes	
in	clinical	status,	or	to	facilitate	changes	in	the	O2	
prescription

■ ASSESSMENT OF OUTCOME
Outcome	is	determined	by	clinical	and	physiologic	
assessment	to	establish	adequacy	of	patient	response	to	
therapy.

■ MONITORING
•	 Patient

•	 Initial	and	ongoing	clinical	assessment	of	patient’s	need	
for	O2	therapy	should	be	performed	by	licensed	or	
credentialed	RTs	(RRT	or	CRT)	or	other	professional	
persons	with	equivalent	training	and	documented	ability	
to	perform	the	tasks	as	part	of	a	patient-specific	plan	of	
care/plan	of	service

•	 Care	plans	should	be	developed	at	the	initiation	of	O2	
therapy	based	on	the	needs	of	the	individual	patient	and	
updated	as	necessary

•	 Measurement	of	baseline	O2	tension	or	saturation	is	
essential	before	O2	therapy	is	begun.	Measurements	
should	be	repeated	when	clinically	indicated	or	to	follow	
the	course	of	the	disease,	as	determined	by	the	
attending	physician

•	 Measurements	of	O2	saturation	also	should	be	made	to	
determine	appropriate	O2	flow	for	ambulation,	exercise,	
or	sleep

•	 Equipment
•	 All	O2	delivery	equipment	should	be	checked	at	least	

once	daily	by	the	patient	or	caregiver.	Facets	to	be	
assessed	include	proper	function	of	the	equipment,	
prescribed	flow	rates,	remaining	liquid	or	compressed	
gas	content,	and	backup	supply

•	 O2	equipment	should	be	serviced	and	maintained	in	
accordance	with	the	manufacturer’s	specification	and	
consistent	with	all	federal,	state,	and	local	laws	and	
regulations

•	 In	the	event	there	are	no	manufacturer	specifications	or	
guidance,	O2	equipment	should	be	checked	for	proper	
function	and	performance	by	an	appropriately	trained	or	
credentialed	person	no	less	than	once	per	year

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: oxygen therapy in the home or alternate site health care 
facility. Respir Care 52:1063, 2007.

In addition to the cylinder gas, a pressure-reducing valve 
with flowmeter is needed to deliver O2 at the prescribed flow. 
Standard clinical flowmeters deliver flows up to 15 L/min; how-
ever, flows used in alternative settings are typically in the 0.25 
to 5 L/min range. For this reason, the RT should select a cali-
brated low-flow flowmeter whenever possible (see Chapter 40).

As in the hospital, there is usually no need to humidify nasal 
O2 at flows of 4 L/min or less.24 If humidification is needed, a 
simple unheated bubble humidifier can be used. Because the 
mineral content of tap water may be high (hard water), water 
used in these humidifiers should be distilled. Otherwise, the 
porous diffusing element may become occluded. Although 
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Depending on manufacturer and model, small liquid O2 cyl-
inders hold 45 to 100 lb of liquid O2. To calculate duration of 
flow of a liquid O2 system, one first converts the weight of liquid 
O2 in pounds to the equivalent volume of gaseous O2 in liters. 
At normal liquid cylinder operating pressures, 1 lb of liquid O2 
equals approximately 344 L of gaseous O2. The accompanying 
Mini Clini provides an example of how the clinician can 
compute the duration of flow in a liquid O2 system.

FIGURE 56-1	 Diagram	of	a	personal	liquid	oxygen	supply	
system.	(Modified	from	Lampton	LM:	Home	and	outpatient	oxygen	
therapy.	In	Brashear	RE,	Rhodes	ML,	editors:	Chronic	obstructive	
lung	disease,	St	Louis,	1978,	Mosby.)

Pressure relief

Vaporizer coil

Insulation

Filling coupler

O2 outlet

Liquid O2

Gas O2
TABLE 56-4 

Conversion Chart for Computing Duration of Flow 
for 100-lb (40-L) Liquid Oxygen Reservoir

Gauge	reading 1 2 3 4 4
Weight	(lb) 12.5 25 50 75 100
Liquid	liters 5 10 20 30 40
Gaseous	liters 4303 8606 17,212 25,818 34,424

Duration of Flow (Hours)
Flow (L/min)
1 72 143 287 430 574
2 36 72 143 215 287
3 24 48 96 143 191
4 18 36 72 108 143
5 14 29 57 86 115

MINI CLINI
Computing Duration of Flow of a Liquid 
Oxygen System

PROBLEM:	 A home care patient receives nasal O2 at 2 L/min 
from a 100-lb liquid O2 system. The system gauge indicates that 
the cylinder is half full. Approximately how long will this 
system last until empty?

Solution:
Step 1: Compute the available liquid O2 (in lb)

100 0 5 50× =. lb

Step 2: Compute the available gaseous O2

Weight lb remaining factor( ) ×
50 344 17 200lb L lb L× = ,

Step 3: Divide the available volume of gaseous O2 by the pre-
scribed liter flow

Duration of flow
Volume of gaseous O L

Liter flow L
(min)

( )

( m
= 2

iin)

Duration of flow
L

L
hr

days

(min)
,

min
min .= = =

=

17 200

2
8600 143 3

6

complete blockage is unlikely, occlusion of the diffusing element 
can impair humidification and alter flow.

Liquid Oxygen Systems
Though the higher cost of liquid O2 delivery systems versus 
other systems has greatly reduced its use, such systems offer 
some advantages over others and are therefore still used under 
certain conditions in alternative settings. One of the main 
advantages of liquid O2 systems relates to the fact that 1 cubic 
ft of liquid O2 equals 860 cubic ft of gas and therefore it is pos-
sible to store large quantities in small spaces. As shown in Figure 
56-1, a typical personal liquid O2 system is a miniature version 
of a hospital liquid oxygen system. Similar to its larger counter-
part, this system consists of a reservoir unit similar in design to 
a thermos bottle. The inner container of liquid O2 is suspended 
in an outer container, with a vacuum in between. The liquid O2 
is kept at approximately −300° F. Because of constant vaporiza-
tion, gaseous O2 always exists above the liquid. When the cylin-
der is not in use, this vaporization maintains pressures between 
20 psi and 25 psi. When pressures increase above this level, gas 
vents out the pressure relief valve.

When flow is turned on, gaseous O2 passes through a vapor-
izing coil, where it is warmed by exposure to room temperature. 
It leaves the system through an outlet, where it is metered by a 
flow control valve. These metering devices are usually calibrated 
in 0.5-L/min units and limited to a maximum flow of 5 to  
8 L/min.

To help avoid these computations, many manufacturers 
provide simple conversion charts. Table 56-4 is an example of 
a conversion chart for a typical 100-lb personal liquid O2 system.

Many personal liquid O2 systems also come with smaller 
portable units (Figure 56-2). This system is suitable for an 
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concentrations are between 85% and 93%.27 The output 
of many concentrator models has been limited to 5 L/min. 
However, more recently, models capable of delivering 10 L/min, 
have been introduced. In addition, technologic advances have 
accounted for other enhancements to O2 production and deliv-
ery devices in alternative care settings. One example is portable 
battery-powered concentrators with demand-flow conserving 
capabilities. These units afford patients receiving low-flow O2 
increased mobility and have been approved for use in most 
commercial aircraft.

O2 concentrators are the most cost-efficient supply method 
for patients in alternative care settings who need continuous 
low-flow O2. For home use, a concentrator running 24 hours/
day increases the average monthly electrical bill by only 5% to 
10%. Depending on the season, heat given off by the concentra-
tor’s compressor can also affect energy usage by increasing 
room temperature. Nonetheless, when used with patients 
receiving low-flow O2, concentrators are just as effective in 
increasing blood O2 levels as most other systems.

Problem Solving and Troubleshooting
Technical problems with O2 supply systems in alternative set-
tings are similar to problems encountered in the acute care 
hospital (see Chapter 40). In addition to these technical prob-
lems, situations can arise when patients or caregivers fail to 
follow instructions properly. To avoid communication prob-
lems, verbal instructions should always be reinforced by provid-
ing simple written instructions for subsequent reference. In 
addition, the clinician should always confirm and document the 
ability of caregivers to use the delivery system safely, including 
how to troubleshoot simple problems. The ability of caregivers 
and patients to give an adequate return demonstration on 
proper equipment usage should also be recorded.24

To avoid problems before they occur, the patient or caregiver 
should be instructed to check all O2 delivery equipment at least 
once a day.18 The proper function of all equipment, including 

FIGURE 56-2	 Diagram	of	a	portable	liquid	oxygen	unit.	
(Modified	from	Lampton	LM:	Home	and	outpatient	oxygen	therapy.	
In	Brashear	RE,	Rhodes	ML,	editors:	Chronic	obstructive	lung	
disease,	St	Louis,	1978,	Mosby.)

Filling coupler Flow control

Liquid O2

O2 outletGas

Insulation

Pressure
relief

Vaporizer
coil

 Box 56-2 Steps for Filling a Portable Liquid 
Oxygen Unit from the Reservoir

1.	 Check	the	gauge	on	the	reservoir	unit	to	ensure	there	is	
enough	liquid	O2	in	the	reservoir	to	fill	the	portable	unit.

2.	 Check	the	connectors	on	both	units	to	ensure	that	they	are	
clean	and	dry.	Moisture	on	these	connectors	could	cause	
the	connectors	to	freeze	together.

3.	 Connect	the	portable	unit	to	the	reservoir	according	to	the	
manufacturer’s	instructions,	generally	by	engaging	the	fittings	
on	the	portable	unit	and	reservoir,	then	carefully	twisting	the	
portable	unit	until	it	“seats.”	The	flow-rate	controller	should	
be	turned	off.

4.	 Open	the	portable	unit	vent.	Allow	the	portable	unit	to	fill.	
The	portable	unit	is	filled	when	excess	O2	begins	venting	and	
the	sound	emitted	from	the	unit	changes.	Close	the	vent	
valve.

5.	 Disengage	the	portable	unit	according	to	the	manufacturer’s	
instructions,	generally	by	carefully	twisting	the	portable	tank	
until	it	is	released	from	the	liquid	reservoir.

ambulatory patient who is capable of physical activity. Typical 
portable units weigh 5 to 14 lb and can be refilled directly from 
the stationary reservoir. Most portable units come with a car-
rying case or small cart and can provide 5 to 8 hours of O2 at 
a flow of 2 L/min. Either an adjustable flow restrictor or a 
Bourdon-type gauge is used to meter flow, with a weight gauge 
used to indicate O2 contents. The functional use time of por-
table liquid O2 units can be extended with O2-conserving 
devices, including the demand-flow systems discussed later in 
this chapter.

Because of the extremely low temperature of liquid O2, 
patients and caregivers must be extremely careful when refilling 
these portable systems. Box 56-2 lists the steps needed to fill a 
portable liquid O2 unit from a reservoir.27

Oxygen Concentrators
An O2 concentrator is an electrically powered device that physi-
cally separates the O2 in room air from nitrogen. These systems 
are much more common than either gaseous tanks or liquid 
systems. The most common type of concentrator uses a molec-
ular sieve to extract O2.

27

The molecular sieve concentrator uses a pump to compress 
and deliver filtered room air to one of two sets of sieves (Figure 
56-3). These sieves contain sodium-aluminum silicate pellets 
that absorb nitrogen, carbon dioxide (CO2), and water vapor. 
To remove these unwanted gases from the pellets, an automatic 
pressure swing cycle switches back and forth between the sieve 
sets. One set is pressurized to produce O2, and the other is 
depressurized to purge nitrogen, CO2, and water vapor.

Gas leaving the sieves is stored in a small accumulator. At 
flows of 1 to 2 L/min, the typical molecular sieve concentrator 
provides between 92% and 95% O2. At 5 L/min or greater, O2 
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Delivery Methods

The most common O2 delivery system for long-term care is the 
nasal cannula. Simple O2 masks and air entrainment masks may 
also be used but are much less common. To decrease O2 use and 
costs, numerous O2-conserving devices have been developed, 
including transtracheal O2 catheter, reservoir cannula, and 
demand or pulsed-dose O2 delivery systems.

FIGURE 56-3	 A	molecular	sieve	oxygen	concentrator.	

Oxygen accumulator

Bacteria filter

Molecular sieves

Air pump

	

RULE OF THUMB

O2-conserving	devices	exhibit	performance	comparable	
to	a	nasal	cannula	at	approximately	one-third	to	
one-half	the	flow.	Based	on	this	knowledge,	when	
switching	a	patient	from	a	nasal	cannula	at	2	L/min	to	
an	O2-conserving	device,	the	RT	would	start	out	at	half	
the	original	flow,	in	this	case,	1	L/min.	The	RT	would	
then	assess	the	response	using	a	pulse	oximeter	and	
adjust	the	flow	accordingly.

	

RULE OF THUMB

If	an	O2	concentrator	cannot	supply	at	least	85%	O2	at	
5	L/min,	the	pellet	canisters	are	probably	exhausted	
and	should	be	replaced.

liter flow, connections, and fractional inspired oxygen (FiO2) 
levels, should also be confirmed. If the FiO2 is less than the 
manufacturer’s specification at the given flow, the pellet canis-
ters are probably exhausted and should be replaced.28, 29 Last, 
concentrator air inlet filters must be cleaned weekly. In the 
home setting, providing the patient or caregiver with a simple 
checklist form can help ensure that these important tasks are 
performed regularly.

In contrast to the hospital setting, O2 supply problems in the 
alternative care setting cannot always be addressed immediately. 
For this reason, the clinician must ensure that all such systems 
have an emergency backup supply. This backup supply is  
normally provided by a large H/K gaseous cylinder, or at a 
minimum, an E cylinder. If the primary O2 supply of a home 
care patient is by concentrator, the home care RT should notify 
the electric power company in writing that life-support equip-
ment is in use; in the event of a power outage, many utility 
companies will try to give priority to that location. For patients 
in more remote geographic areas, an emergency gasoline elec-
trical generator is often recommended.

Possible physical hazards to patients and caregivers include 
unsecured cylinders, ungrounded equipment, mishandling  
of liquid (resulting in burns), and fire.24 Careful preliminary 
instruction, followed by ongoing assessment of the environ-
ment, can help minimize these problems. Bacterial contamina-
tion of nebulizer or humidification systems is another potential 
problem.24 Infection control procedures designed to minimize 
bacterial contamination are discussed later in this chapter.

The performance characteristics, advantages, and disadvan-
tages of transtracheal O2 catheters and reservoir cannulas are 
described in detail in Chapter 41. We focus here on the applica-
tion of the transtracheal O2 catheter and the technical aspects 
of demand-flow systems.

Transtracheal Oxygen Therapy
Transtracheal oxygen therapy (TTOT) is O2 delivered via a 
catheter with a small orifice that is inserted through the skin 
and neck tissue into the trachea. Although uncommon, as 
described in Chapter 41, this delivery method offers advantages 
of improved cosmetic appearance and lower flows to achieve 
the same therapeutic effect. However, not all long-term O2 
patients are good candidates for TTOT, and only those who 
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of earlier versions. As a result of these improvements and the 
ability of these devices to increase the duration of flow by two 
or three times, they have now gained wide acceptance.31,33

Selecting a Long-Term Oxygen  
Delivery System
As when selecting hospital-based O2 therapy systems, the “three 
P’s” should always be considered when selecting a long-term O2 
system: purpose, patient, and performance. The goal is always 
to match the performance of the equipment to both the objec-
tives of therapy (purpose) and the patient’s special needs. Patients 
requiring low-flow home O2 and enhanced mobility should be 
considered for a portable concentrator alone, or one with a 
conserving feature or a liquid O2 setup with a pulsed-dose O2-
conserving device.

Problem Solving and Troubleshooting
Most problems with long-term O2 delivery systems are related 
to people. Patients and caregivers often fail to follow instruc-
tions or comply with the prescribed therapeutic or maintenance 
regimen.24 Generally, caregivers should be allowed to operate 
and maintain O2 delivery devices only after they have been 
instructed by credentialed RTs and have demonstrated the 
appropriate level of skill. In no case should the patient or care-
giver be allowed or instructed to alter flow settings. Instead, 

FIGURE 56-4	 Demand-flow	oxygen	delivery.	With	continuous	
flow	(A),	most	oxygen	is	delivered	during	the	first	half	of	inhalation,	
with	the	remainder	wasted.	With	a	coordinated	pulse	(B),	most	
oxygen	is	delivered	during	the	first	25%	of	inspiration,	and	no	waste	
occurs.	(Modified	from	O’Donohue	WJ:	The	future	of	home	oxygen	
therapy.	Respir	Care	33:1125,	1988.)
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 Box 56-3 Self-Care Guidelines for 
Patients With Transtracheal 
Oxygen Catheters

•	 Never	remove	the	catheter	for	more	than	a	few	minutes	to	
avoid	tract	closure.

•	 Always	keep	the	catheter	clean.
•	 If	you	believe	the	catheter	is	not	working	properly	even	after	

cleaning	it	or	if	you	cannot	reinsert	it,	put	on	a	nasal	cannula	
and	call	your	physician.

•	 If	your	humidifier	pop-off	is	sounding,	clear	any	hose	
blockage	and	clean	the	catheter.

•	 Never	remove	or	insert	the	catheter	while	O2	is	flowing.
•	 Do	not	use	antibiotics	or	other	ointments	at	the	site	of	

catheter	insertion.
•	 Try	to	keep	the	O2	hose	under	your	shirt,	blouse,	T-shirt,	or	

pajama	top	and	clipped	to	the	top	of	your	pants,	skirt,	or	
pajama	bottom.

•	 Treat	the	O2	hose	as	your	lifeline	by	avoiding	abuse	or	
damage.

•	 If	the	equipment	becomes	split	or	broken	or	develops	a	
permanent	kink	or	foul	odor,	immediately	discard	and	
replace	it.	Catheters	and	hoses	should	be	routinely	replaced	
every	3	months.

•	 Always	take	catheter	cleaning	supplies,	a	nasal	cannula,	and	
a	spare	catheter	when	traveling.

meet one or more of the following criteria should be con-
sidered: (1) cannot be adequately oxygenated with standard 
approaches, (2) do not comply well when using other devices, 
(3) exhibit complications from nasal cannula use, (4) prefer 
TTOT for cosmetic reasons, and (5) have need for increased 
mobility.30

As with most modalities in alternative care settings, the 
success of TTOT depends mainly on effective patient education 
and ongoing self-care with professional follow-up. Key patient 
responsibilities include routine catheter cleaning and recogniz-
ing and troubleshooting common problems. Box 56-3 describes 
key self-care guidelines for patients with transtracheal O2 
catheters.

Demand-Flow Oxygen Systems
A demand-flow O2 delivery device, also known as a pulsed-dose 
O2-conserving device, uses a flow sensor and valve to synchro-
nize gas delivery with the beginning of inspiration.31 As indi-
cated in Figure 56-4, A, with continuous O2 flow, most of the 
effective O2 delivery occurs during the first half of inspiration. 
All the O2 delivered during the latter half of inspiration and 
throughout most of expiration is wasted. Figure 56-4, B, shows 
the effect of a synchronized pulse of O2 delivered at the begin-
ning of inspiration. Ideally, this O2 pulse should occur during 
the first quarter of inspiration. Under these conditions, a pulsed 
O2 system can produce SaO2 levels equal to levels seen with 
continuous flow, while using 60% less O2.

32

In theory, demand-flow O2 systems provide the greatest 
savings in O2 use for a given level of arterial saturation. Recent 
improvements to demand-flow systems have made them more 
reliable and user-friendly, addressing the major disadvantages 
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instructed always to put on a nasal cannula and to call the physi-
cian if any major problem occurs.

Similarly, there can be problems with the use of demand-
flow or pulsed-dose O2-conserving systems. Although improve-
ments to these devices have significantly increased their use, 
these units tend to add to the weight of portable setups, and 
they can easily be damaged. These and other potential problems 
with demand-flow O2 delivery systems are listed in Box 56-5.33

VENTILATORY SUPPORT IN 
ALTERNATIVE SETTINGS

Providing successful ventilatory support outside the acute care 
hospital requires careful patient selection and good discharge 
planning.34 Key factors include an interdisciplinary team ap-
proach, effective caregiver and family education, thorough  
assessment and preparation of the environment, and careful 
selection of needed equipment and supplies. Properly planned 
ventilatory support delivered in alternative settings can provide 
major benefits for both the patient and family, with substantial 
savings in health care costs.35

 Box 56-5 Potential Problems With Demand-
Flow Oxygen Delivery Systems

•	 The	devices	can	be	cumbersome	and	cosmetically	
unattractive.

•	 The	initial	and	maintenance	costs	of	equipment	can	be	high	
and	not	fully	reimbursed.

•	 Earlier	devices	may	possess	poor	response	times	and	delays	
in	valve	opening	or	closing.

•	 The	devices	tend	to	be	fragile	and	can	be	damaged	easily	if	
they	fall.

•	 Most	units	require	a	battery,	which	needs	to	be	charged	or	
replaced.

•	 The	catheters	and	sensors	may	malfunction	because	of	
sensor	dislodgment	or	plugging	or	changes	in	breathing	
problems.

MINI CLINI
Selecting a Long-Term Oxygen 
Delivery System

PROBLEM:	 The following three patients require long-term 
O2: (1) a stable home care patient with restricted activity 
needing low FiO2; (2) an active home care patient with low FiO2 
needs who desires increased mobility; and (3) a patient in a 
long-term care facility with a tracheostomy who needs moder-
ate levels of O2 and high humidity. Select the best O2 delivery 
system for each patient.

Solution:	 Patient 1: Because most home care patients who 
need O2 are relatively stable, and because FiO2 needs are 
minimal, traditional low-flow therapy by nasal cannula (using 
a concentrator) is the most common and accepted approach. 
When combined with a portable gas cylinder (for backup and 
limited walking), this combination is ideal for patients with 
restricted activity.

Patient 2: For an active patient with low FiO2 needs who 
desires increased mobility, a conserving device used in con-
junction with a portable concentrator (coupled with a home-
based concentrator) is the ideal choice. Given that selected 
models of reservoir cannulas are poorly accepted by some 
patients, the choice of conserving device usually narrows to a 
transtracheal catheter or a demand-flow/pulse-dosed system. 
Patients who meet the criteria for TTOT and can provide 
meticulous self-care should be considered for TTOT. Alterna-
tively, demand-flow/pulsed-dose systems are also a viable 
choice.

Patient 3: Patients with artificial airways in alternative sites 
who need O2 present a special problem. Because of high O2 use 
and infection concerns, an O2-powered air entrainment nebu-
lizer is unsatisfactory. Instead, a compressor-driven humidifier 
with supplemental O2, bled in at low flows from a concentrator 
or liquid system, should be used. In this case, the RT must 
confirm the FiO2 by calibrated analyzer.

 Box 56-4 Complications of Transtracheal 
Oxygen Therapy

•	 Bleeding*
•	 Pneumothorax*
•	 Bronchospasm*
•	 Subcutaneous	emphysema
•	 Catheter	dislodgment	or	lost	tract
•	 Increased	sputum	production
•	 Blockage	by	inspissated	mucus
•	 Infection	or	abscess
•	 Extensive	self-care	and	cleaning	to	avoid	infection	or	

blockage
•	 Tract	tenderness

*Complications	associated	mainly	with	insertion.

when in doubt, they should be taught to switch to the backup 
supply at the same liter flow.

Technical problems are most common with TTOT and 
demand-flow systems. Most problems with TTOT are related to 
initial catheter insertion or ongoing maintenance. Most prob-
lems with demand-flow systems are based on the current limits 
of this technology.

The most common complications of TTOT are listed in Box 
56-4. Although these problems occur infrequently, the clinician 
must be on constant guard for their occurrence. In particular, 
the RT should immediately report any evidence of tract tender-
ness, fever, excessive cough, increased dyspnea, or subcutaneous 
emphysema to the patient’s physician.

To avoid complications or product failure, catheters and 
their tubing should be replaced every 3 months, at which time 
a checkup by the physician is also recommended. The patient 
or caregiver should clean the catheter every day, per the self- 
care guidelines listed within this chapter. Patients should be 
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Based on individual evaluation of patient need, one of the 
following two major support approaches may be considered: 
(1) invasive or (2) noninvasive support. In alternative settings, 
invasive ventilatory support always involves application of  
positive pressure ventilation by tracheotomy. Noninvasive 
approaches include positive pressure and negative pressure ven-
tilation via an intact upper airway or abdominal displacement 
methods.40,41

Standards and Guidelines

Standards and guidelines for ventilatory support outside the 
acute care hospital continue to evolve.38,42 The AARC developed 
a clinical practice guideline on long-term invasive mechanical 
ventilation in the home.43 Excerpts from these guidelines appear 
in Clinical Practice Guideline 56-3.

Special Challenges in Providing Home 
Ventilatory Support

Institutions that provide ventilatory support in alternative set-
tings differ from acute care facilities mainly in their level of 
technology support. The home setting not only lacks this sup-
port but also must depend extensively on nontechnical, non-
professional caregivers. For these reasons, providing ventilatory 
support in the home presents many special challenges.

Prerequisites
For home ventilatory support to be successful, several prereq-
uisites must be met, including the following:44

• Willingness of family to accept responsibility
• Adequacy of family and professional support
• Overall viability of the home care plan
• Stability of patient
• Adequacy of home setting

In regard to the home setting, the same factors listed in Box 
56-1 should be evaluated for patients being considered for 
home ventilatory support.

Patient Selection

Most patients needing ventilatory support outside the acute 
care hospital fall into one of the following three broad 
categories:36

1. Patients unable to maintain adequate ventilation over pro-
longed periods (in particular, noninvasive nocturnal or 
intermittent use)

2. Patients requiring continuous mechanical ventilation for 
long-term survival

3. Patients who are terminally ill with short life expectancies
Table 56-5 provides more detailed profiles of these patient 

groups. In addition to adults, a growing number of ventilator-
assisted children are being managed in alternative settings. The 
same basic principles of discharge planning and patient care  
for adult patients should be followed for ventilator-assisted 
children.37

Regardless of diagnosis, patients being considered for venti-
latory support in alternative settings must be medically and 
psychologically stable. In regard to assessing patient stability, 
Box 56-6 outlines the criteria developed by the American 
College of Chest Physicians (ACCP).38

Settings and Approaches

The most common setting for ventilatory support outside the 
acute care hospital is the home. Additional sites include long-
term care facilities, including specialized long-term units such 
as LTACHs, designed specifically for ventilator patients.38,39

TABLE 56-5 

Profiles of Patient Groups Requiring Ventilatory 
Support in Alternative Settings

Group Description Diseases Involved

Profile 1
Mainly	composed	of	neuromuscular	

and	thoracic	wall	disorders;	
particular	stage	of	disease	process	
allows	patient	certain	periods	of	
spontaneous	breathing	time	during	
day;	generally	requires	only	
nocturnal	mechanical	support

Amyotrophic	lateral	
sclerosis

Multiple	sclerosis
Kyphoscoliosis	and	related	

chest	wall	deformities
Diaphragmatic	paralysis
Myasthenia	gravis

Profile 2
Requires	continuous	mechanical	

ventilatory	support	associated	with	
long-term	survival	rates

High	spinal	cord	injuries
Apneic	encephalopathies
Severe	COPD
Late-stage	muscular	

dystrophy

Profile 3
Usually	returns	home	at	request	of	

patient	and	family;	patient’s	
condition	is	terminal,	life	expectancy	
is	short,	and	patient	and	family	wish	
to	spend	remaining	time	at	home;	
patients	usually	pose	management	
problems	in	the	home	because	of	
their	rapidly	deteriorating	conditions

Lung	cancer
End-stage	COPD
Cystic	fibrosis

 Box 56-6 Criteria to Determine Patient 
Stability for Ventilatory Support in 
Alternative Care Settings

•	 Ability	to	tolerate	mechanical	ventilation
•	 Acceptable	arterial	blood	gas	results	and	other	blood	

chemistry	(e.g.,	complete	blood	count)
•	 Relatively	low	FiO2	needs	(generally	≤40%)
•	 Psychological	stability
•	 Absence	of	life-limiting	comorbidities,	including	cardiac	

dysfunction	and	arrhythmias
•	 PEEP	should	not	exceed	10	cm	H2O
•	 Ability	to	clear	airway	secretions	by	cough,	suction,	or	

cough-assist	device
•	 Tracheostomy	tube,	as	opposed	to	endotracheal	tube,	for	

invasive	ventilation
•	 No	readmissions	expected	for	>1	month
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56-3	 Long-Term	Invasive	Mechanical	Ventilation	in	the	Home

AARC Clinical Practice Guideline (Excerpts)*

■ INDICATIONS
Patients	requiring	invasive	long-term	ventilatory	support	have	
shown:

•	 Inability	to	be	completely	weaned	from	invasive	
ventilatory	support	or

•	 Progression	of	disease	etiology	that	requires	increasing	
ventilatory	support

Conditions	that	meet	these	criteria	may	include	but	are	not	
limited	to:

•	 Ventilatory	muscle	disorders
•	 Alveolar	hypoventilatory	syndrome
•	 Primary	respiratory	disorders
•	 Obstructive	diseases
•	 Restrictive	diseases
•	 Cardiac	disorders	including	congenital	anomalies

■ CONTRAINDICATIONS
Contraindications	to	long-term	home	mechanical	ventilation	
include:
•	 Unstable	condition	that	requires	a	level	of	care	or	resources	

unavailable	in	the	home
•	 FiO2	requirement	>0.40
•	 PEEP	>10	cm	H2O
•	 Need	for	continuous	invasive	monitoring	(adults)
•	 Lack	of	mature	tracheostomy

•	 Patient’s	choice	not	to	receive	home	mechanical	ventilation
•	 Lack	of	an	appropriate	discharge	plan
•	 Unsafe	physical	environment	as	determined	by	the	patient’s	

discharge	planning	team
•	 Presence	of	fire,	health,	or	safety	hazards,	including	

unsanitary	conditions
•	 Inadequate	basic	utilities	(e.g.,	heat,	air	conditioning,	

electricity)
•	 Inadequate	resources	for	care	in	the	home

•	 Financial
•	 Personnel	(e.g.,	inadequate	medical	follow-up,	inability	of	

patient	to	care	for	self,	inadequate	respite	care	for	
caregivers,	inadequate	numbers	of	competent	caregivers)

■ PRECAUTIONS AND POSSIBLE 
COMPLICATIONS
Deterioration	or	acute	change	in	clinical	status	of	patient.	The	
following	may	cause	death	or	require	rehospitalization	for	
acute	treatment:
•	 Medical:	Hypocapnia,	respiratory	alkalosis,	hypercapnia,	

respiratory	acidosis,	hypoxemia,	barotrauma,	seizures,	
hemodynamic	instability,	airway	complications,	respiratory	
infection,	bronchospasm,	exacerbation	of	underlying	
disease,	or	natural	course	of	the	disease

•	 Equipment-related:	Failure	of	the	ventilator,	malfunction	of	
equipment,	inadequate	warming	and	humidification	of	the	
inspired	gases,	inadvertent	changes	in	ventilator	settings,	
accidental	disconnection	from	ventilator,	accidental	
decannulation

•	 Psychosocial:	Depression,	anxiety,	loss	of	resources	
(caregiver	or	financial),	detrimental	change	in	family	
structure	or	coping	capacity

■ ASSESSMENT OF NEED
•	 Determination	that	indications	are	present	and	

contraindications	are	absent

•	 Determination	that	one	or	more	of	the	following	goals	can	
be	met
•	 To	sustain	and	extend	life	and	enhance	quality	of	life
•	 To	reduce	mortality
•	 To	improve	or	sustain	physical	and	psychological	

function	and	enhance	growth	and	development	of	
pediatric	patients

•	 To	provide	cost-effective	care
•	 Determination	that	no	continued	need	exists	for	higher	level	

of	services
•	 Determination	that	frequent	changes	to	the	plan	of	care	

will	not	be	needed

■ ASSESSMENT OF OUTCOME
At	least	the	following	aspects	of	patient	management	and	
condition	should	be	evaluated	periodically	as	long	as	the	
patient	receives	mechanical	ventilation	in	the	home:
•	 Implementation	and	adherence	to	plan	of	care
•	 Quality	of	life
•	 Patient	satisfaction
•	 Resource	satisfaction
•	 Growth	and	development	in	the	pediatric	patient
•	 Change	in	prognosis
•	 Unanticipated	morbidity,	including	need	for	higher	level	site	

of	care
•	 Unanticipated	mortality

■ MONITORING
Frequency	of	monitoring	should	be	determined	by	the	
ongoing	individualized	care	plan	and	be	based	on	the	
patient’s	current	medical	condition.	The	ventilator	settings,	
proper	function	of	equipment,	and	the	patient’s	physical	
condition	should	be	monitored	and	verified	(1)	with	each	
initiation	of	invasive	ventilation	to	the	patient,	including	altering	
the	source	of	ventilation,	as	from	one	ventilator	or	
resuscitation	bag	to	another	ventilator;	(2)	with	each	ventilator	
setting	change;	(3)	after	moving	the	patient;	(4)	on	a	regular	
basis	as	specified	by	individualized	plan	of	care.

All	appropriately	trained	caregivers,	both	professional	and	
appropriately	trained	lay	caregivers,	should	follow	the	care	
plan	and	implement	the	monitoring	that	has	been	prescribed.	
After	being	trained	and	evaluated	on	their	level	of	knowledge	
and	ability	to	respond	to	each	intervention,	lay	caregivers,	
with	documented	competency,	may	operate	equipment,	
perform	routine	maintenance	tasks,	monitor	equipment,	and	
perform	personal	care	required.

After	completing	training	and	demonstrating	competency	
and	if	directed	in	the	plan	of	care,	lay	caregivers	should	
monitor	the	following:
•	 Patient’s	physical	condition

•	 Respiratory	rate
•	 Heart	rate
•	 Color	changes
•	 Chest	excursion
•	 Diaphoresis
•	 Lethargy
•	 Blood	pressure
•	 Body	temperature

Continued
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Planning
Successful home ventilatory support requires extensive plan-
ning, education, and follow-up by all members of the home care 
team. Basic steps in the discharge process for a ventilator-
dependent patient include the following:

1. Family is consulted regarding feasibility.
2. Physician writes appropriate orders.
3. Discharge planner coordinates efforts of team members 

and discharge plan is formulated.
4. Physician and other team members discuss plan with family 

and caregivers.
5. Education and training are initiated and completed.
6. Patient and family are prepared for discharge.
7. Home layout is assessed with necessary changes made.
8. Equipment and supplies are readied.
9. Discharge planner meets with team and makes final 

preparations.
10. Patient is discharged (with trial period, if necessary).
11. Local power company is notified regarding the presence of 

life-support equipment; appropriate backup power (battery 
or compressed gas source) is made available.

12. Ongoing and follow-up care is provided by visiting nurse, 
RT, and other health care professionals (as necessary).

Caregiver Education
To prepare patients, family members, and other caregivers 
properly for home discharge, a comprehensive educational 
program must be undertaken and completed. Essential skills 
that must be taught include the following:34

• Simple patient assessment
• Airway management, including tracheostomy and stoma 

care, cuff care, suctioning, cough-assist, changing artificial 
airways or ties

• Chest physical therapy techniques, including percussion, 
vibration, and coughing

• Medication administration, including oral and aerosol
• Patient movement and ambulation
• Equipment operation and maintenance
• Equipment troubleshooting
• Cleaning and disinfection
• Emergency procedures

Emergency situations that caregivers must be trained to rec-
ognize and deal with properly include the following:
• Ventilator or power failure
• Ventilator circuit problems
• Airway emergencies
• Cardiac arrest

•	 Ventilator	settings	(frequency	should	be	specified	in	the	
plan	of	care)
•	 Peak	pressures
•	 PEEP	level	(if	applicable)
•	 Preset	tidal	volume
•	 Appropriate	humidification	of	inspired	gases
•	 Frequency	of	ventilator	breaths
•	 Temperature	of	inspired	gases	(if	applicable)
•	 Verification	of	FiO2

•	 Heat	and	moisture	exchanger	function
•	 Equipment	function	(frequency	should	be	specified	in	the	

plan	of	care)
•	 Appropriate	configuration	of	circuit
•	 Internal	and	external	battery	power	levels
•	 Alarm	function
•	 Overall	condition	of	all	equipment
•	 Cleanliness	of	filters—according	to	manufacturer’s	

recommendation
•	 Self-inflating	bag-valve-mask—cleanliness	and	function
Health	care	professionals	should	perform	a	thorough,	

comprehensive	assessment	of	the	patient	and	the	patient-
ventilator	system	on	a	regular	basis	as	prescribed	by	the	plan	
of	care.	In	addition,	the	health	care	professional	should	

implement,	monitor,	and	assess	results	of	other	interventions	
as	indicated	by	the	clinical	situation	and	anticipated	in	the	
care	plan.
•	 Pulse	oximetry—should	be	used	to	assess	patients	

requiring	a	change	in	prescribed	FiO2	or	in	patients	with	a	
suspected	change	in	condition;	a	physician’s	order	for	
pulse	oximetry	must	be	obtained	before	testing	is	
performed

•	 End-tidal	CO2—may	be	useful	for	establishing	trends	in	CO2	
levels;	a	physician’s	order	for	end-tidal	CO2	monitoring	
must	be	obtained	before	it	is	performed

•	 Ventilator	settings
•	 Exhaled	tidal	volume
•	 Analysis	of	fraction	of	inspired	O2

Health	care	professionals	are	also	responsible	for	
maintaining	interdisciplinary	communication	concerning	the	
plan	of	care.	Health	care	professionals	should	integrate	the	
respiratory	plan	of	care	into	the	patient’s	total	care	plan.		
The	plan	of	care	should	include:
•	 All	aspects	of	patient’s	respiratory	care
•	 Ongoing	assessment	and	education	of	the	caregivers	

involved

56-3	 Long-Term	Invasive	Mechanical	Ventilation	
in	the	Home—cont’d

AARC Clinical Practice Guideline (Excerpts)*

*For the complete guideline, see American Association for Respiratory Care: Clinical practice guideline: long-term invasive mechanical ventilation in the 
home—2007 revision and update. Respir Care 52:1056, 2007.
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in which NIV may offer clinical benefit, but cessation is not 
life-threatening. These patients generally require only intermit-
tent or nocturnal support. Patients in this category include 
patients with chronic neuromuscular and chest wall diseases, 
such as muscular dystrophy and kyphoscoliosis. The applica-
tion of long-term NIV for patients with obstructive disorders 
such as end-stage COPD or cystic fibrosis is much less 
common.48 Relative contraindications to NIV include severe 
upper airway dysfunction, copious secretions that cannot be 
cleared by spontaneous or assisted cough, and O2 concentration 
requirements exceeding 40%.48

Equipment

Box 56-7 lists the essential equipment and supplies needed for 
ventilator-dependent patients in alternative settings.34,37

Selecting Appropriate Ventilator
The choice of ventilator for a patient in an alternative care 
setting should be based on the patient’s clinical need and the 

All caregivers should successfully complete this educational 
process. Training generally requires a minimum of 1 to 2 weeks, 
over which time several education sessions can take place and 
cover instruction, demonstration, caregiver practice, and evalu-
ation. Caregivers should be strongly encouraged to complete a 
course in basic life support, such as is offered by the American 
Heart Association, before the patient is discharged. Ideally, the 
patient should have a trial period on the actual home ventilator 
before discharge. In the early stages after discharge, patient 
follow-up by an RT likely should occur every day. As patient 
and caregivers become more familiar with the equipment and 
procedures, follow-up visits generally decrease to about once 
per month.45,46

Invasive Versus Noninvasive 
Ventilatory Support

Until recently, invasive positive pressure ventilation by trache-
ostomy was the default standard for long-term mechanical ven-
tilation, especially for patients requiring 24-hour support. 
However, long-term tracheostomy is associated with some 
potential problems, including secretion retention, infection, 
aspiration, and ventilator-associated pneumonia, as well as 
communication difficulties between caregivers and patients. 
Because many long-term care facilities treat a tracheostomy as 
an open wound, patient placement at certain sites is prohib-
ited.47 Last, invasive ventilation by tracheostomy poses signifi-
cant limits on the patient’s quality of life. For these reasons, 
noninvasive support is becoming increasingly popular. Nonin-
vasive ventilatory support involves any method designed to 
augment alveolar ventilation without an endotracheal airway. 
Noninvasive ventilation (NIV) is usually the first choice. Any 
individual requiring mechanical ventilation can be supported 
with NIV if the following conditions are met:47

• The patient is mentally competent, cooperative, and not 
using heavy sedation or narcotics.

• Supplemental O2 therapy is generally minimal (FiO2 ≤40%).
• SaO2 can be maintained at greater than 90% by aggressive 

airway clearance techniques.
• Bulbar muscle function is adequate for swallowing and 

airway protection.
• No history exists of substance abuse or uncontrollable 

seizures.
• Unassisted or manually assisted peak expiratory flows during 

coughing exceed about 3 L/sec.
• No conditions are present that interfere with NIV interfaces 

(e.g., facial trauma, inadequate bite for mouthpiece, presence 
of orogastric or nasogastric tube, or facial hair that can 
hamper an airtight seal).
Patients who can benefit from NIV generally fall into one of 

two categories.48 Patients in the first category have conditions 
in which cessation of ventilation could lead to imminent death. 
This category includes both acutely ill patients (patients with 
asthma, acute exacerbation of COPD, or pulmonary edema) 
and patients requiring long-term, 24-hour support (some 
patients with quadriplegia or patients with certain neuromus-
cular disorders). Patients in the second category have conditions 

 Box 56-7 Essential Equipment and Supplies 
for Ventilator-Dependent Patients 
in Alternative Care Settings

EQUIPMENT
•	 Ventilator(s)
•	 Manual	resuscitator	(bag-valve-mask	unit)
•	 Heated	ventilator	humidifier	with	thermostat	and	heat	and	

moisture	exchanger
•	 Monitoring	or	alarm	devices	(including	remote	where	

necessary)
•	 12-V	battery	and	battery	charger
•	 Air	compressor
•	 O2	source
•	 Power	strip	or	surge	protector
•	 Suction	machine	with	backup	(manual	or	battery)
•	 Stethoscope	and	sphygmomanometer
•	 O2	analyzer
•	 Pulse	oximeter
•	 Hospital	bed	with	table
•	 Patient	lift
•	 Bedside	commode,	urinal,	or	bedpan
•	 Wheelchair

SUPPLIES
•	 O2

•	 O2	delivery	devices,	including	manual	resuscitator
•	 Airway	interface	(masks,	mouthpieces,	tracheostomy	tubes)
•	 Tracheostomy	tube	inner	cannulas
•	 Extra	tracheostomy	tubes	including	a	tube	one	size	smaller
•	 Tracheostomy	care	kits
•	 Ventilator	circuits
•	 Bacterial	filters
•	 Connecting	tubing	(aerosol,	O2,	suction)
•	 Suction	catheters
•	 Disposable	gloves
•	 Distilled	or	sterile	water
•	 Small	volume	nebulizer	or	metered	dose	inhaler	with	

ventilator	adapters,	if	appropriate
•	 Cleaning	and	disinfection	supplies	(10-ml	syringe,	15-	to	

22-mm	tubing	adapters)
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available support resources. In some cases, patient needs may 
dictate that more than one ventilator be provided.43 A second 
backup ventilator should be provided for patients who cannot 
maintain spontaneous ventilation for more than 4 consecutive 
hours, for patients living in an area where a replacement ven-
tilator cannot be secured within about 2 hours, and for pa-
tients whose care plan requires mechanical ventilation during 
mobility.48

Generally, ventilators chosen for care in alternative settings 
must be dependable and easy for caregivers to operate. If mobil-
ity is an essential element of the patient’s care plan, the ventila-
tor system selected should be portable. If the patient is receiving 
continuous ventilatory support in any alternative setting, exter-
nal battery backup is required, and emergency AC power by way 
of a generator is recommended.

If invasive ventilation by tracheostomy is the selected 
approach, the best choice is a positive pressure ventilator. The 
invasive route also requires a humidification system, preferably 
a servo-controlled heated humidifier with alarms. Patients with 
a tracheostomy without retained secretions may use a heat and 
moisture exchanger during transport or to enhance their mobil-
ity.43 For patients with an intact upper airway, a device capable 
of NIV is the first choice, unless contraindicated (Box 56-8  
lists the absolute contraindications against using NIV).49 In 
patients with an intact upper airway for whom NIV is contra-
indicated or unsuccessful, a negative pressure ventilator may be 
considered.

Positive Pressure Ventilators
Table 56-6 lists the essential, recommended, and optional fea-
tures of positive pressure ventilators used in alternative care 
settings. An essential feature is basic to safe and effective opera-
tion in most patient care settings. A recommended feature helps 
provide optimal patient management. An optional feature is 
possibly useful in limited situations but not needed for most 
patients.42,50

As in the acute care setting, the use of volume-cycled versus 
pressure-limited ventilators is debated in alternative settings. 
Although volume-cycled ventilation has been the predominant 
mode of support in these settings, pressure-limited ventilation 
is gaining popularity for use in selected patients.

As shown in Figure 56-5, there are many new positive pres-
sure ventilators designed for use in alternative settings. These 
ventilators can be used on adults or pediatric patients weighing 
at least 5 kg. Some are approximately the size and weight of a 

TABLE 56-6 

Essential, Recommended, and Optional Features 
of a Positive Pressure Ventilator for Use in an 
Alternative Care Setting

Feature Necessity

Positive	pressure	tidal	breaths Essential
Mandatory	rate Essential
Flow	or	inspiratory-to-expiratory	or	inspiratory	

time
Recommended*

Expiratory	pressure	(PEEP) Recommended*
FiO2	to	1 Optional
Patient	spontaneous	breath	(e.g.,	CPAP,	

intermittent	mandatory	ventilation)
Optional

Breath-triggering	mechanism	(flow	or	pressure	
sensors	to	initiate	ventilator	breath)

Recommended*

Flow-timing	interaction	(e.g.,	pressure	support) Optional
Feedback	control	(e.g.,	mandatory	minute	

ventilation)
Optional

*Essential	if	the	patient	has	intact	ventilatory	drive	and	respiratory	muscles	or	
if	the	possibility	of	partial	or	complete	ventilator	independence	is	anticipated.

FIGURE 56-5	 CareFusion	LTV	1200	ventilator.	(Courtesy	
CareFusion,	Inc.,	Yorba	Linda,	CA.)

 Box 56-8 Absolute Contraindications Against 
Using Noninvasive Ventilation

•	 Need	for	immediate	intubation
•	 Hemodynamic	instability
•	 Uncooperative	patient
•	 Facial	burns	or	trauma
•	 Inadequate	airway	protection
•	 Patent	tracheoesophageal	fistula

laptop computer and have many of the capabilities of much 
larger mechanical ventilators used in alternative sites and in 
acute care. These new ventilators offer ventilator-dependent 
patients the advantages of greater mobility and space conserva-
tion. Many of these models also offer pressure support and can 
provide positive end expiratory pressure (PEEP) without having 
to add an adapter to the ventilator circuit.51-53

Many new positive pressure ventilators designed for alterna-
tive care settings (see Figures 56-5 and 56-6) have an internal 
battery, which can provide several hours of use in the event of 
a power failure. For longer periods of use away from AC line 
power, many of these devices can run for 10 to 12 hours using 
an external battery.
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All positive pressure ventilators used in alternative settings 
must have an alarm to indicate loss of power (pneumatic  
or electrical). Portable volume-cycled ventilators should also 
incorporate a high-pressure alarm or cycle override. For patients 
with conditions in which cessation of ventilation would cause 
death, a patient-disconnect alarm (low-pressure or low-exhaled 
volume) must be provided.43,48 In some settings, a remote alarm 
or secondary disconnect alarm, or both, may be needed. A sec-
ondary alarm may be based on chest wall impedance and 
cardiac activity, exhaled volume, end-tidal CO2, or pulse oxim-
etry with alarm capabilities.43 For patients in alternative settings 
who require only intermittent NIV, a loss-of-power alarm is 
generally sufficient.48

Negative Pressure Ventilators
Compared with NIV, negative pressure ventilation is harder to 
apply, more cumbersome, and less well tolerated (because of 
poor breath synchronization). Negative pressure ventilation 
tends to limit patient mobility and can worsen upper airway 
obstruction in susceptible patients. Nonetheless, negative pres-
sure ventilation may be appropriate in patients who are unable 
to use NIV or who have failed NIV trials.41 Negative pressure 
ventilation may also be considered for patients who require 
frequent airway access for suctioning.47,60

FIGURE 56-7	 Respironics	REMstar	SE.	(Used	with	permission	
of	Philips	Respironics,	Murrysville,	PA.)

TABLE 56-7 

Adverse Effects of Noninvasive Ventilation 
Interfaces and Possible Corrective Actions

Interface Adverse Effect Remedy

Nasal	and	
oronasal	
masks

Discomfort Proper	fit,	adjust	strap	
tension,	change	mask	type

Nasal	bridge	
redness,	
pressure	sores,	
conjunctivitis

Reduce	strap	tension,	use	
forehead	spacer,	try	nasal	
pillow,	use	artificial	skin

Acneiform	rash Cortisone	cream,	alternative	
(gel)	mask

Oronasal	
masks

Impede	speech	
and	eating

Permit	periodic	removal	if	
tolerated	by	the	patient

Claustrophobia Choose	clear	masks	with	
minimal	bulk

Aspiration Exclude	patients	unable	to	
protect	airway;	nasogastric	
tubes	for	patient	with	
nausea	and	abdominal	
distention

Mouthpieces/
lip	seals

Interference	with	
swallowing,	
salivary	retention

Coaching,	adaptation

Pressure	on	lips,	
cheeks

Proper	fit,	strap	adjustment

Dental	deformity Orthodontic	consultation
Aerophagia Simethicone,	coaching
Allergic	reactions Change	prosthetic	materials
Nasal	air	leaking Nose	clips
Accidental	

disconnection
Appropriate	alarms	in	

ventilator-dependent	
patients

FIGURE 56-6	 Philips-Respironics	Trilogy	202	ventilator.	(Used	
with	permission	of	Philips	Respironics,	Murrysville,	PA.)

Additionally, time-triggered or patient-triggered, pressure-
limited, flow-cycled devices (pressure support with timed back-
up) have been successfully applied in alternative settings.41,54,55 
Many units are currently available (Figure 56-7) that are specifi-
cally designed to provide this type of support, usually noninva-
sively by nasal or oronasal (full-face) masks.41,56,57

Most positive pressure ventilators can be used to provide 
NIV.48,58 NIV is normally provided by pressure-targeted ventila-
tion regardless of the cause of ventilatory failure. The newest 
generation of these ventilators include alarm capabilities and 
internal battery backup.56

The biggest challenge with NIV is not selecting the right 
ventilator but getting a good, comfortable, minimal leak inter-
face. Interfaces commonly found in alternative care settings 
include oronasal (full-face) masks; nasal masks; nasal “pillows”; 
and simple, flanged, or custom mouthpieces. For long-term use, 
some patients prefer alternating between devices. A patient may 
prefer a simple mouthpiece for easy accessibility during the day, 
with a nasal mask providing support at night.48 Table 56-7 sum-
marizes common problems associated with NIV interfaces and 
how to correct them.41,59
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The original negative pressure ventilator was the iron lung, 
used for patients needing ventilator assistance after poliomyeli-
tis. For practical reasons, the cumbersome iron lung was essen-
tially replaced by the chest cuirass and wrap or “pneumosuit.”

The chest cuirass (a rigid shell) and wrap-type systems 
(nylon fabric surrounding a semicylindrical tentlike support) 
are simply enclosures that allow application of negative pressure 
to the thorax. These devices require a separate electrically 
powered negative pressure generator. An example of a negative 
pressure generator used to power cuirass or wrap-type systems 
is the Philips-Respironics NEV-100 (Phillips-Respironics, Mur-
rysville, PA).60

Evaluation and Follow-Up

Patient parameters to be monitored during positive pressure 
ventilation are essentially the same parameters that are assessed 
in the acute care setting, with an emphasis on simplicity.61 The 
caregiver should assess the patient’s vital signs, lung sounds, and 
sputum production on a daily basis; arterial blood gas analysis 
(by the RT) may be conducted monthly or only when changes 
in the care plan appear to be needed. Likewise, compliance and 
resistance measures are performed only when other evidence 
indicates the need.

Routine follow-up visits by the RT help ensure the success 
of patient management within the home and proper equipment 
maintenance and functioning. The patient’s status should be 
carefully assessed, and appropriate care plan modifications 
should be recommended to the prescribing physician. Follow-up 
visits should occur about monthly, and a report documenting 
the status of the patient and equipment and progress toward 
care plan goals should be completed after each visit and main-
tained as part of the patient record.

OTHER MODES OF RESPIRATORY 
CARE IN ALTERNATIVE SITES

In addition to O2 therapy and ventilatory support, other modes 
of respiratory care are now common in the alternative care 
setting. These may represent the primary therapy or may be 
used to supplement other modes of care. Included for discus-
sion here are bland aerosol therapy, aerosol drug administra-
tion, airway care and clearance methods, nasal CPAP, and apnea 
monitoring.

Bland Aerosol Therapy

The delivery of bland aerosols has been common in alternative 
sites for many years. According to the AARC’s Clinical Practice 
Guideline, bland aerosol therapy includes the delivery of sterile 
water or various concentrations of saline solution in aerosol 
form.62 The aerosol can be produced by either an ultrasonic or 
jet (large volume) nebulizer. If using a jet nebulizer, a 50-psi air 
compressor is also required. Supplemental O2 is provided by 
either a concentrator or liquid supply system.

Depending on the patient’s condition and therapeutic objec-
tives, bland aerosol therapy may be either continuous or inter-
mittent. Though bland aerosol alone may have little effect on 

the properties of mucus or its clearance, it may be useful as an 
adjunct to other airway clearance procedures.62,63

The potential problem is infection from contaminated 
equipment. To reduce the incidence of infection, equipment 
and patient delivery systems must be cleaned and changed regu-
larly, as noted elsewhere in this chapter.

Aerosol Drug Administration

As in the acute care setting, the aerosol route is popular for drug 
administration to respiratory patients in alternative care set-
tings. As described in Chapter 39, drug categories commonly 
administered by the aerosol route include beta-adrenergic 
bronchodilators, anticholinergic agents, and antiinflammatory 
drugs.

Most pulmonary drugs are available in either metered dose 
inhaler or dry powder inhaler form. Alternatively, the caregiver 
can use a small volume nebulizer powered by a low output 
diaphragm compressor.64

Airway Care and Clearance Methods

Patients in alternative care settings with tracheostomies require 
both daily stoma care and tracheobronchial secretion clearance. 
Tracheostomy care can be provided by any trained caregiver, but 
tube changes should generally be performed only by an RT or 
a physician.

In most alternative care settings, tracheobronchial clearance 
is often accomplished by suctioning using a portable electrically 
powered suction pump with collection bottle and connection 
tubing. In accordance with the AARC Clinical Practice Guide-
line for suctioning of the patient at home, some patients may 
be taught to suction themselves. Proper suctioning procedures 
should also be taught to caregivers. Education and training on 
proper suctioning methods may begin before patient discharge 
from the acute care setting, with reinforcement and follow-up 
as needed.65 Because many of these systems measure pressure 
in inches of mercury (in Hg), care must be taken to teach proper 
adjustment according to patient age. Daily maintenance and 
cleaning are required. In an alternative care setting, a single 
suction catheter commonly may be used for up to 24 hours but 
to prevent bacterial growth, catheters are often placed in a dis-
infecting solution between suctioning attempts.

	

RULE OF THUMB

For	portable	suction	units	calibrated	in	inches	of	
mercury	(in	Hg),	the	following	vacuum	ranges	are	
recommended	(adjustment	may	be	needed	based	on	
volume	and	viscosity	of	secretions):

Patient Category Vacuum Setting (in Hg)

Infants 5-7
Children 7-12
Adults 12-15

Numerous methods are available for patients in an alter-
native care setting with an intact upper airway who need  
help with secretion clearance. These methods include both 
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sleep study, titrating different levels of CPAP. Observed changes 
in the apnea-hypopnea index are correlated with the various 
CPAP levels. The prescribed level of CPAP is the lowest pressure 
at which apneic episodes are reduced to an acceptable frequency 
and duration.

More recently, CPAP units that automatically adjust the 
pressures to maintain airway patency are commonly used. 
These self-titrating or auto-CPAP devices generally result in use 
of the lowest effective pressures and better patient compliance, 
while reducing the need for a subsequent sleep study and 
titration.69

Alternatively, CPAP may be titrated against pulse oximetry 
data (Figure 56-9). In this case, the goal is to use the lowest 
CPAP that maintains adequate arterial saturation (SpO2 <90%).

Use and Maintenance
Once proper CPAP level is determined, the patient is fitted for 
a mask and trained in the proper use, cleaning, and mainte-
nance of the equipment. Typical patient instructions for self-
administration of nasal or full-face mask CPAP therapy are 
provided in Box 56-9.

Problem Solving and Troubleshooting
Patient problems associated with nasal or full-face mask CPAP 
therapy include skin irritation, conjunctivitis, epistaxis, and 
nasal discomfort (dryness, burning, and congestion). Skin irri-
tation is usually because of tight mask straps or a dirty patient 
interface. Persistent redness on the face or around the nose is 
the primary sign. Adjusting the straps (while maintaining a 
good mask seal) can help prevent irritation. In addition, the 
patient interface should be cleaned daily to remove dirt and 

patient-independent and caregiver-dependent techniques.66 
Patients can be taught to apply independently coughing, forced 
exhalation, active cycle of breathing, and autogenic drainage 
methods. Caregiver assistance is required with traditional  
postural drainage, percussion and vibration, and directed or 
assisted cough. Additional assistance can be provided by me-
chanical devices such as positive expiratory pressure mask, 
flutter valve, intrapulmonary percussive ventilator, and high-
frequency chest compression vest.

Another airway clearance method involves the use of cough-
assist devices such as the Emerson mechanical inexsufflator, or 
“coughlator.” The inexsufflator uses alternating positive and 
negative pressure to simulate a cough as a form of lung expan-
sion and airway clearance therapy. These devices can be espe-
cially effective with patients receiving NIV. The application of 
secretion clearance devices or techniques by nonprofessional 
caregivers should involve good preliminary instruction and 
ongoing follow-up by the RT working in any alternative site.66 
See Chapter 36 for more in-depth discussion of the inexsuffla-
tor and other secretion clearance devices.

Nasal Continuous Positive Airway 
Pressure Therapy

Nasal CPAP therapy has become an accepted form of home care 
used to treat sleep apnea-hypopnea syndrome. For Medicare 
reimbursement of home nasal CPAP equipment, the diagnosis 
of sleep apnea must be confirmed by polysomnography, also 
known as a sleep study. With proper application and patient 
compliance, CPAP therapy can dramatically lessen or resolve 
the many problems associated with sleep apnea-hypopnea syn-
drome (morning headaches, daytime hypersomnolence, cogni-
tive impairment). The patient’s quality of life can be enhanced, 
and more severe complications, such as systemic and pulmo-
nary hypertension and cor pulmonale, may be reduced.67

Equipment
A typical nasal CPAP apparatus consists of a flow generator 
capable of establishing varying levels of PEEP or CPAP, a circuit, 
and a patient interface (e.g., nasal mask, nasal pillows). One of 
the most common interfaces in alternative settings is the nasal 
mask (Figure 56-8). However, many patients requiring noctur-
nal CPAP do prefer to use a full-face mask instead of a nasal 
mask. Most systems provide manually adjustable pressures in 
the range of 2.5 to 30 cm H2O. Most units have a ramp feature 
that gradually increases the pressure to the prescribed level over 
a time interval to increase comfort and therapy compliance.

Some patients with sleep apnea require NIV. The difference 
in PEEP and peak airway pressure aids the patient’s inspiratory 
effort, improving ventilation. NIV in these patients may also 
reduce the adverse effects associated with nasal CPAP therapy 
and improve patient tolerance.68

Determining Proper Continuous Positive 
Airway Pressure Level
The proper CPAP level for a patient is determined by one of 
several methods. The most common method is to conduct the 

FIGURE 56-8	 An	example	of	a	nasal	mask.	(Mirage	Kidsta	
Mask,	Courtesy	ResMed	Inc,	San	Diego,	CA.)
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FIGURE 56-9	 Illustration	of	CPAP	levels	and	corresponding	
oxygen	saturations	while	patient	was	asleep	and	using	nasal	CPAP.	
(Modified	from	Sleeper	GP,	Strohl	KP,	Armeni	MA:	Nasal	CPAP	for	
at-home	treatment	of	obstructive	sleep	apnea:	a	case	report.	
Respir	Care	Clin	N	Am	30:90,	1985.)
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 Box 56-9 Typical Patient Instructions for 
Self-Administration of Nasal or 
Full-Face Mask Continuous 
Positive Airway Pressure Therapy

EQUIPMENT PREPARATION
1.	 Place	blower	unit	on	a	level	surface	(table	or	nightstand)	

close	to	where	you	sleep.
2.	 Ensure	that	the	air	exhaust	and	inlet	vents	are	not	

obstructed.
3.	 Plug	machine	into	a	standard	grounded	(three-prong)	

electrical	outlet.
4.	 Check	air	inlet	filter	to	ensure	it	is	in	place	and	free	of	dust.
5.	 Connect	one	end	of	the	tubing	to	the	interface	(e.g.,	mask,	

nasal	pillows).
6.	 Attach	interface	to	the	nose	or	face.
7.	 Adjust	headgear	strap	tightness	to	seat	interface	firmly	onto	

the	nose	or	face.
8.	 Turn	on	the	blower	and	verify	a	flow	of	air.
9.	 Ensure	proper	fit	and	adjustment	of	mask	and	headgear.	

Air	should	not	be	leaking	out	around	the	bridge	of	the	nose	
into	the	eyes	or	from	the	mask	to	upper	lip.

10.	 CPAP	therapy	is	now	fully	functional,	but	minor	adjustments	
may	be	needed	as	use	continues.

IN THE MORNING
1.	 Remove	mask	by	slipping	strap	off	back	of	head	(you	may	

leave	the	head	strap	connected	between	cleaning).
2.	 Turn	off	blower.
3.	 Wash	interface	every	morning	with	a	mild	detergent,	then	

rinse	it	with	water.
4.	 Once	dry,	store	interface	in	a	plastic	bag	to	keep	it	clean.

WEEKLY
1.	 Wipe	off	the	blower	unit	with	a	clean,	damp	cloth.
2.	 Wash	the	head	strap	and	circuit	tubing.
3.	 Service	the	filters	according	to	the	instructions	in	your	

patient	manual.

facial oils. Even with proper care, masks and nasal pillows 
should be replaced approximately every 3 to 6 months or sooner 
if leakage or discomfort occurs.

Conjunctivitis probably is the result of mask leakage around 
the bridge of the nose, which is easily corrected by ensuring a 
good seal in this area. Epistaxis and nasal discomfort are associ-
ated with drying of the nasal mucosa—a particular problem in 
cold, dry winter climates. Methods used to overcome excessive 
drying include in-line humidifiers, chin straps (to decrease loss 
of upper airway moisture), and saline nasal sprays.70 Because 
none of these methods have proved satisfactory for all patients, 
selection should be based on individual patient acceptance and 
observed improvement in comfort. However, almost all patients 
receiving nocturnal CPAP therapy benefit from the addition of 
an in-line humidifier.

The most common problem with the CPAP apparatus is an 
inability to reach or maintain the set pressure. This problem is 
usually due to either inadequate flow or, more commonly, 
system leaks. Common causes of leaks include inappropriate 
patient interface (mask vs. nasal pillows) or pressure loss 
through an open mouth. As part of their initial training, patients 
and caregivers should be taught how to recognize and correct 
these common problems. Box 56-10 outlines the procedures 
patients or caregivers can use to troubleshoot inadequate flows 
and system leaks.71

Follow-up with patients soon after they begin CPAP ther-
apy is important to resolve complications promptly. If left 

 Box 56-10 Patient and Caregiver 
Instructions for Troubleshooting 
Continuous Positive Airway 
Pressure Equipment

INADEQUATE FLOW
1.	 Ensure	that	unit	is	plugged	into	a	working	electrical	outlet.
2.	 Confirm	that	unit	is	turned	on.
3.	 Ensure	all	connections	are	tight.
4.	 Confirm	that	airflow	is	coming	from	blower.
5.	 Ensure	that	the	intake/exhaust	vents	are	not	obstructed.
6.	 Check	the	blower	inlet	filter	to	confirm	that	air	can	easily	

enter	unit.	If	the	filter	appears	obstructed,	wash	or	replace	it.
7.	 If	there	is	still	no	flow,	contact	your	home	care	provider.

AIR LEAKS
1.	 Check	interface	fit,	and	readjust	mask	or	headgear	if	

necessary.
2.	 Request	a	chin	strap	to	help	keep	mouth	closed.
3.	 If	problem	is	not	resolved,	contact	the	home	care	provider	

for	adjustments	or	a	different	interface	such	as	nasal	pillows.
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after an infant has a negative pneumocardiogram (sleep study) 
or when recorded memory reveals no events during a pre-
scribed time frame—often 2 to 4 months from the initial 
setup.72

PATIENT ASSESSMENT AND 
DOCUMENTATION

Alternative care sites demand extensive patient assessment and 
documentation. These requirements are based on both strin-
gent reimbursement criteria and the rehabilitation orientation 
characterizing these settings.

Institutional Long-Term Care

In institutions providing long-term care, the assessment and 
documentation process involves four key components: screen-
ing, treatment planning, ongoing assessment, and discharge 
(Figure 56-10).

Screening
On admission to a long-term care facility, all patients with a 
respiratory-related admitting diagnosis should be screened by 
an RT.17 This screening is often accomplished mainly by a 
medical record review. During screening, the RT reviews the 
pertinent respiratory diagnosis, onset and severity of symp-
toms, current radiograph results, pulmonary function tests, 
arterial blood gas values, and other nonrespiratory treatment 
orders (e.g., physical therapy).

FIGURE 56-10	 The	assessment	and	documentation	process	in	
institutional	subacute	or	long-term	care.	
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MINI CLINI
Troubleshooting Nasal Dryness With 
Continuous Positive Airway Pressure

PROBLEM:	 A 43-year-old obese man with documented 
obstructive sleep apnea has been advised by his attending phy-
sician that home CPAP therapy at night is needed. The home 
care RT makes an appointment with the patient to assess his 
tolerance to the CPAP unit. During the visit, the patient notes 
that he has been experiencing nasal discomfort. How can the 
RT assist in problem solving with this specific complaint, and 
what are some of the other potential patient problems associ-
ated with CPAP therapy that the clinician should be alerted to?

Solution:	 CPAP devices use some type of patient interface 
such as a nasal mask or pillows, or full-face mask with support-
ing headgear. Complaints of nasal discomfort are common and 
are most likely due to the effects of dry airflow through the 
CPAP unit blower. However, other factors may aggravate the 
sensation of nasal irritation. Poor systemic hydration could 
worsen nasal mucosal drying. In addition, environmental 
humidity may be a factor. Cold, dry, winter climates can aggra-
vate symptoms, as can dry, forced-air heating systems. In these 
cases, the RT might recommend increasing oral intake of fluids 
(if no restrictions on fluid intake), the installation of a room 
or heating system humidifier or the as-needed use of a saline 
nasal spray. Also, almost all patients receiving nocturnal CPAP 
therapy benefit from the addition of an in-line humidifier.

In addition to the above-mentioned factors, large leaks in 
the system can significantly increase flows and worsen the 
drying effect of these devices. Often such leaks originate from 
a poorly fitting patient interface. Consequently, these problems 
can be remedied by ensuring a proper fit via repositioning the 
interface or switching to one of the many alternative masks or 
nasal pillows available today.

unresolved, these issues often discourage the patient and result 
in decreased compliance and a return of original symptoms.71

Apnea Monitoring

Apnea monitors alert clinicians and caregivers of certain life-
threatening events, most notably recurrent apnea, bradycardia, 
and hypoxemia. At-risk infants are frequently set up on apnea 
monitors while they are in the hospital. After extensive family 
instruction in both equipment use and resuscitation, some  
of these infants may be discharged to the home with this 
equipment.72

Most apnea monitors detect both respirations and heart rate 
and activate audio and visual alarms when preset high or low 
limits are reached. Follow-up visits by the RT are usually fre-
quent at first but occur less often as the family becomes skilled 
with the equipment and monitoring routine. Some models 
record each alarm event and can be useful in monitoring the 
patient’s progress. The “memory” of such monitors can be 
monitored continuously via an Internet connection or via peri-
odic downloading. Apnea monitors are usually discontinued 
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If the review indicates the need for a more in-depth assess-
ment, the RT can recommend a more complete evaluation. On 
receipt of the appropriate orders, the RT interviews the patient 
and conducts a physical assessment, including inspection,  
palpation, auscultation, and percussion. Key clinical findings 
include description of breath sounds; rate, depth, and pattern 
of respirations; heart rate; signs of dyspnea; cough; sputum 
production; level of consciousness; and ability of the resident 
to understand and follow commands. Also noteworthy are the 
resident’s prior respiratory status, use of supplemental O2, pulse 
oximetry, skin turgor, and medications.17,18

Treatment Planning and  
Ongoing Assessment
Based on the information obtained during the initial screening 
process, the RT designs a specific treatment plan. A typical treat-
ment plan includes patient demographics, assessment informa-
tion, short-term and long-term goals reflective of overall 
rehabilitation potential, and measures to be used to achieve 
such goals. A treatment plan for a resident of a long-term care 
facility with moderate to severe COPD would likely reflect the 
treatment goal of correcting hypoxemia through the use of low-
flow O2 and patient monitoring.17,18

After therapy has been initiated, the RT uses several other 
tools to monitor a patient’s progress. In addition to regular 
treatment documentation, the RT should document a regular 
summary on each patient. This summary provides a synopsis 
of progress toward goal attainment, including changes in respi-
ratory status, results of any additional tests, explanation of any 
patient education, and recommendations for additional therapy. 
Additionally, treatment plans and progress summaries become 
part of the resident’s permanent record and are often required 
documentation for third-party reimbursement.17,18

Discharge Summary
When a patient reaches his or her maximum potential, has 
attained all set goals, or is discharged, the RT must complete a 
discharge summary. The discharge summary describes the com-
plete course of respiratory therapy, including its success or 
failure.17-19

Home Care

A home care plan must specify not only the types of care pro-
vided but also a strategy for patient follow-up. The individual 
making the follow-up visits is often the visiting nurse, a physical 
therapist, or an RT. For patients receiving respiratory care at 
home, follow-up by a home care team member should occur 
regularly, particularly for patients on “hi-tech” equipment such 
as ventilators and apnea monitors.12 Some patients may require 
more frequent follow-up, especially patients recently discharged 
or patients requiring ventilatory support. Factors relevant to the 
frequency of home visits include the following:
• Patient’s condition and therapeutic needs (objectives)
• Level of family or caregiver support available
• Type and complexity of home care equipment
• Overall home environment

• Ability of the patient to provide self-care
• Third-party reimbursement for such visits

When a visit is made by the RT, numerous functions must 
be performed, including the following:
• Patient assessment (objective/subjective data and 

pretreatment/posttreatment data)
• Patient’s compliance with prescribed respiratory home care
• Equipment assessment (operation, cleanliness, and need for 

related supplies)
• Identification of any problem areas or patient concerns
• Statement related to patient goals and therapeutic plan

A standard written report, consistent with the care plan, 
should be completed by the visiting RT. Copies are often sent 
to the patient’s physician, the home care referral source, and any 
other member of the patient care team requiring this informa-
tion. The report should become part of the patient’s medical 
record and should be referred to when following the patient’s 
course and overall progress.12,16

EQUIPMENT DISINFECTION  
AND MAINTENANCE

With many patients receiving respiratory care outside the hos-
pital, the danger of infection caused by direct contact with 
caregivers and visitors or indirect contact with contaminated 
articles has grown. To help minimize home-related infection, 
guidelines for disinfecting home respiratory care equipment 
have been established. Accepted infection control techniques 
are based on clinical evidence, such as the evidence outlined in 
several of the AARC Clinical Practice Guidelines that pertain to 
respiratory care provided in alternative settings.24,43,62,65,73

Collectively, these guidelines focus on sources of infection, 
basic principles of infection control, patients at high risk, dis-
infection methods, equipment processing, and care of solutions 
and medications. Procedures focus significantly on surveillance, 
prevention, and control of infection.15,16

In regard to infection control, all guidelines and procedures 
mandate proper hand hygiene techniques by all caregivers—
proper handwashing and use of antiseptic hand lotions. In 
addition, visits to the patient by friends or relatives with respira-
tory infections are discouraged. Relating to medical equipment 
suppliers, the guidelines suggest that all permanent equipment 
(e.g., ventilator circuits, O2 delivery equipment, and aerosol 
systems) be sterilized or receive high-level disinfection before 
being supplied to another patient. Disposable or single-patient 
use equipment must be used by one patient only. It is recom-
mended that all equipment be completely disassembled and 
washed first in water, followed by a soak in warm soapy water 
for several minutes, with equipment scrubbed as needed to 
remove any remaining organic material. Following this step, the 
equipment must be thoroughly rinsed to remove any residual 
soap and drained of excess water. Air drying on a clean surface 
or rack is recommended to minimize recontamination.

Additionally, the broad bactericidal activity exhibited by 
many premanufactured disinfectant solutions makes them  
the first choice. Other disinfection solutions to be considered 
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include a 1 : 50 dilution of 5.25% to 6.15% sodium hypochlorite 
(household bleach) with water for a minimum of 3 minutes.

In regard to using water for humidification or nebulization, 
it is recommended that distilled water be used as a first choice. 
However, boiled water, cooled in a refrigerator and discarded 
after 24 hours, is also generally acceptable. It is recommended 
that manufacturers’ guidelines for the proper handling of spe-
cific medications be strictly followed. Detailed instructions for 
patients and caregivers on how to clean and disinfect selected 
respiratory care equipment are generally available from most 
manufacturers.73-74

PALLIATIVE CARE

This chapter would not be complete without some discussion 
of palliative respiratory care in alternative settings. Although 
the primary goal of home care involves minimizing a patient’s 
dependence on institutional care, an additional goal is to maxi-
mize the comfort and well-being of a terminally ill patient near 
the end of life.

The definition of palliative care by the World Health Orga-
nization involves the control of pain and other symptoms such 
as dyspnea of terminally ill patients and maximizing the psy-
chological, social, and spiritual well-being of family members 
and patients nearing the end of life.75 Many terminally ill 
patients have respiratory dysfunction directly or indirectly 
resulting from their terminal illness. Some of these patients 
choose to experience the remainder of their life at home. 
Hospice is a philosophy of care that helps support the efforts of 
such patients by providing clinician coverage and equipment to 
these patients at home.75

Respiratory modalities, such as O2 therapy and mechanical 
ventilation or aerosol drug administration, can be combined 
with other therapies, such as pain management, to increase 
patients’ comfort and permit them to die at home with their 
family and friends nearby. The RT can help such patients and 
families by providing training on the proper use and mainte-
nance of such equipment. The presence of the RT can also be a 
supportive influence for patients and their families. Although 
such cases can place a psychological strain on the RT, maximiz-
ing the comfort of terminally ill patients can be rewarding, and 
not easily forgotten.

SUMMARY CHECKLIST

◗	An	increasing	number	of	health	services	are	being	
provided	in	alternative	care	settings.

◗	Subacute	care	aims	achieve	the	highest	level	of	patient	
functioning—ideally	self-care.

◗	Standards	for	subacute	and	home	health	care	derive	from	
federal	and	state	laws	and	private-sector	accreditation,	
mainly	TJC.

◗	Acute	and	alternative	care	settings	differ	in	regard	to	
resource	availability,	supervision	and	work	schedules,	
documentation	and	assessment,	and	professional-patient	
interaction.

◗	Effective	discharge	planning	(1)	guides	the	multidisciplinary	
team	in	transferring	patients	to	alternative	sites	of	care	and	
(2)	ensures	the	safety	and	efficacy	of	the	patient’s	
continuing	care.

◗	Alternative	site	caregivers	must	have	all	the	competencies	
required	to	meet	the	patient’s	ventilatory	and	respiratory	
needs	and	provide	adequate	24-hour	coverage.	The	
selected	site	also	must	be	safe	and	suitable	for	the	
patient’s	specific	condition.

◗	O2	prescriptions	for	patients	in	alternative	settings	must	be	
based	on	documented	hypoxemia,	as	determined	by	
either	blood	gas	analysis	or	oximetry.

◗	 In	most	alternative	care	sites,	O2	normally	is	most	often	
supplied	by	concentrators	with	gaseous	cylinders	as	
backup	and	for	portability.

◗	Most	patients	in	alternative	care	settings	needing	O2	use	a	
nasal	cannula;	conserving	devices	such	as	transtracheal	
catheter,	reservoir	cannula,	and	demand-flow	O2	system	
can	decrease	O2	use	and	costs	and	provide	greater	
patient	mobility.

◗	Because	most	problems	with	long-term	O2	therapy	are	
“people”	problems,	caregivers	should	be	allowed	to	
operate	and	maintain	O2	delivery	devices	only	after	they	
have	been	properly	instructed	by	credentialed	RTs.

◗	Key	factors	needed	for	successful	ventilatory	support	
in	alternative	sites	include	(1)	careful	patient	selection,		
(2)	effective	discharge	planning,	(3)	interdisciplinary	team	
approach,	(4)	effective	caregiver	and	family	education,		
(5)	thorough	assessment	and	preparation	of	the	
environment,	and	(6)	careful	selection	of	needed	
equipment	and	supplies.

◗	Patients	being	considered	for	ventilatory	support	in	
alternative	settings	must	be	medically	and	psychologically	
stable.

◗	Most	patients	requiring	mechanical	ventilation	in	alternative	
settings	can	be	supported	with	NIV	if	they	are	alert	and	
cooperative,	can	maintain	acceptable	oxygenation	without	
high	FiO2,	and	have	intact	airway	reflexes	and	adequate	
clearance	mechanisms.

◗	Positive	pressure	ventilators	used	in	alternative	settings	
should	be	electrically	powered,	easy	to	operate,	and	
portable	(run	on	both	AC	and	DC	power).	Loss-of-power	
alarms	are	essential,	high-pressure	alarms	are	needed	on	
volume-cycled	ventilators,	and	patient-disconnect	(low-
pressure)	alarms	should	be	provided.

◗	Negative	pressure	ventilators,	such	as	the	chest	cuirass	
and	“pneumosuit,”	are	a	second-line	choice	for	ventilatory	
support	in	alternative	care	settings.

◗	Patients	with	tracheostomies	in	alternative	care	settings	
require	both	daily	stoma	care	and	secretion	clearance;	
tube	changes	should	be	performed	only	by	a	qualified	
health	professional.

◗	A	typical	nocturnal	CPAP	system	consists	of	a	flow	
generator	or	blower,	PEEP	or	CPAP	valve,	and	nasal	or	
full-face	mask;	some	units	can	increase	pressure	to	the	
prescribed	level	over	time	(ramping);	others	can	autoadjust	
the	CPAP	level	in	response	to	apnea,	hypopnea,	airflow	
limitation,	or	snoring.

◗	The	proper	CPAP	level	can	be	determined	by	
polysomnography,	continuous	monitoring	of	hemoglobin	
saturation,	or	by	an	auto-CPAP	system.
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◗	A	common	problem	with	nocturnal	CPAP	systems	is	an	
inability	to	reach	or	maintain	the	set	pressure,	usually	
because	of	either	inadequate	flow	or	system	leaks.

◗	Proper	caregiver	hand	hygiene,	limiting	visits	by	persons	
with	respiratory	infections,	providing	sterile	or	disposable	
clean	equipment,	and	proper	equipment	processing	are	
the	keys	to	infection	control	in	such	settings.

◗	Providing	palliative	care	to	keep	terminally	ill	patients	as	
comfortable	as	possible	is	an	important	aspect	of	
respiratory	care	in	alternative	sites.
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Glossary

A
AARC  abbreviation  for  the  American Association 

for Respiratory Care, the primary voluntary pro-
fessional  association  for  respiratory  therapists. 
(Chapter 1)

abdominal compartment syndrome  the abdomen 
has become a fixed compartment with increased 
pressure  resulting  in  ischemia  and  organ  dys-
function. (Chapter 16)

abdominal paradox  abnormal  breathing  pattern 
seen as a sinking inward motion of the abdomen 
with each inspiratory effort; a sign of diaphragm 
fatigue. (Chapter 16)

abdominal thrust  external  pressure  forcefully 
exerted on the abdomen, under the diaphragm, 
to  expel  obstructing  objects  from  the  upper 
airway. (Chapter 37)

absolute humidity  actual  mass  or  content  of 
water  in  a  measured  volume  of  air,  usually 
expressed in grams per cubic meter or pounds. 
(Chapter 6)

absorption atelectasis  atelectasis  resulting  from 
the  absorption  of  O2  from  obstructed  or  par-
tially obstructed alveoli with high O2 concentra-
tions. (Chapter 11)

A/C  alternative abbreviation for assist/control ven-
tilation; see assist/control. (Chapter 42)

accessory muscles of breathing  muscles  of  the 
neck,  back,  and  abdomen  that  may  assist  the 
diaphragm and the internal and external inter-
costal  muscles  in  respiration,  especially  in  
some  breathing  disorders  or  during  exercise. 
(Chapter 9)

accountable care organizations (ACOs)  are 
groups  of  doctors,  hospitals,  and  health  care 
providers  who  voluntarily  come  together  to 
deliver coordinated patient care. (Chapter 56)

acid  compound  that  yields  hydrogen  ions  (H+) 
when  dissolved  in  an  aqueous  solution.  
(Chapter 13)

acidemia  state  in  which  arterial  blood  is  more 
acidic than normal (pH < 7.35). (Chapter 14)

acid-fast  of or pertaining to a bacterial stain that 
does not decolorize easily when washed with an 
acid  solution;  also  refers  to  certain  bacteria 
(especially  mycobacteria)  that  retain  red  dyes 
after an acid wash. (Chapter 17)

acid-fast bacterium  type  of  bacteria  that  resists 
decolorizing  by  acid  after  accepting  a  stain. 
(Chapter 17)

acinus  any  small,  saclike  structure,  particularly 
one found in a gland. (Chapter 9)

acoustic respiratory monitoring (ARM)  provides 
imaging  of  ventilation  that  allows  localization  
of  the  injury  and  an  assessment  of  the  extent  
of  injury.  The  technique  produces  a  two- 
dimensional video or graphic representation of 
ventilation; quiet regions without ventilation are 

mitters.  Also  called  a  sympathomimetic drug; 
catecholamine. (Chapter 35)

Advanced Cardiac Life Support (ACLS)  emer-
gency  medical  procedures  beyond  basic  life 
support;  includes  intravenous  fluid  line  estab-
lishment,  defibrillation,  drug  administration, 
control  of  cardiac  arrhythmias,  and  use  of  
ventilation  equipment.  ACLS  usually  requires 
direct  or  indirect  supervision  by  a  physician. 
(Chapter 37)

advanced directive  document  in  which  an  indi-
vidual  specifies  what  medical  care  he  or  she 
desires to receive in the future, should he or she 
no  longer  be  able  to  make  decisions  about 
medical  treatment;  may  be  in  the  form  of  
a  living  will  or  durable  power  of  attorney. 
(Chapters 5, 16)

adventitious lung sounds  abnormal lung sounds. 
(Chapter 16)

aerobic exercise  any physical activity that requires 
increased cardiac output and ventilation to meet 
the  increased  O2  demands  of  the  skeletal 
muscles. (Chapter 55)

aerophagia  swallowing of air. (Chapter 46)
aerosol  suspension of solid or liquid particles in a 

gas. (Chapter 39)
aerosol medications  any  medication  that  is 

delivered  by  aerosol  via  the  respiratory  tract. 
(Chapter 1)

aerosol output  weight or mass of aerosol particles 
produced  by  a  nebulizer  per  unit  time  or 
volume. (Chapter 39)

affective domain  a learning domain addressing the 
area of emotion, mood, or feeling. (Chapter 54)

afterload  load against which an activated muscle 
must try to shorten; greater afterloads result in 
lower velocities. (Chapters 10, 51)

ageing  growing older. (Chapter 39)
agonist  of  or  pertaining  to  a  chemical  substance 

or drug that has affinity for a receptor and exerts 
a  desired  or  expected  effect  (as  opposed  to  an 
antagonist). (Chapter 35)

air bronchograms  lucent  tubular  shadows 
running  through  areas  of  consolidation.  
(Chapter 21)

airway hyperresponsiveness  state of airways that 
causes them to constrict abnormally in response 
to stress or insults (e.g., exercise, inhaled materi-
als such as dust or allergens). (Chapter 25)

airway inflammation  localized  protective  re-
sponse to pathogens occurring within the routes 
for passage of air into and out of the lungs and 
involving  the  release  of  mediators  including 
mast  cells,  eosinophils, macrophages,  epithelial 
cells, and T lymphocytes. (Chapter 25)

airway management  the process of ensuring that 
the  upper  airway  is  free  of  foreign  substances 
and patent to gas flow. (Chapter 1)

not “seen.” With  this  technique  there  is  an op-
portunity at the bedside to perform a real-time 
evaluation of the effects of positive end expira-
tory pressure, recruitment maneuvers, or other 
changes in ventilatory support. (Chapter 51)

activated clotting time  the  amount  of  time  it 
takes blood to form a clot. (Chapter 28)

active cycle of breathing (ACB)  airway clearance 
strategy consisting of repeated cycles of breath-
ing control and thoracic expansion, followed by 
the forced expiratory technique. (Chapter 40)

active transport  movement  of  molecules  across 
membranes in a direction opposite that expected 
because  of  diffusion  or  osmotic  pressure. 
(Chapter 13)

acute chest syndrome  a  syndrome  developed  in 
patients with sickle cell disease. The chief com-
plaints  are  acute  chest  pain,  cough,  and  short-
ness  of  breath  caused  by  the  sickling  of  red 
blood cells. (Chapter 12)

acute exacerbation of COPD  state  of  worsening 
of  chronic  obstructive  pulmonary  disease 
(COPD), often defined by the need to  increase 
medication or to escalate care. (Chapter 25)

acute hypoxemic respiratory failure (AHRF) 
respiratory  compromise  characterized  by  se-
verely decreased oxygenation that develops over 
a relatively short period of time. (Chapter 29)

acute lung injury (ALI)  condition  characterized 
by  alveolar  flooding  caused  by  an  acute  insult 
(e.g.,  sepsis).  Normally  a  rapidly  developing 
bilateral  pulmonary  process  of  noncardiac  
origin  with  a  PaO2  to  FiO2  ratio  greater 
than  200 mm Hg  but  less  than  300 mm Hg. 
(Chapter 29)

acute respiratory distress syndrome (ARDS) 
respiratory disorder characterized by respiratory 
insufficiency  and  hypoxemia;  triggers  include 
gram-negative sepsis, O2 toxicity, trauma, pneu-
monia,  and  systemic  inflammatory  responses. 
(Chapter 29)

adaptive support ventilation (ASV)  mode of ven-
tilation  guided  by  evaluation  of  the  patient’s 
lung mechanics; the ventilator tries to impose a 
ventilatory  pattern  that  results  in  the  least 
amount of patient work. (Chapter 52)

adenocarcinoma  type  of  cancer  characterized  by 
glandular structures. (Chapter 31)

adhesion  band of scar tissue that binds anatomic 
surfaces  that  normally  are  separate  from  each 
other.  Adhesions  most  commonly  form  in  the 
abdomen,  after  abdominal  surgery,  inflamma-
tion, or injury. (Chapter 6)

adrenergic  of  or  pertaining  to  the  sympathetic 
nerve  fibers  of  the  autonomic  nervous  system 
that  use  epinephrine  or  epinephrine-like  sub-
stances  as  neurotransmitters;  any  chemical  or 
drug that mimics the effect of these neurotrans-
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airway obstruction  state  of  abnormally  slowed 
expiration,  characterized  most  commonly  by  a 
decrease in FEV1. (Chapter 25)

airway occlusion pressure  inspiratory  pressure 
generated 100 msec after airway occlusion; P0.1 
is  effort-independent  and  is  thought  to  be  a 
good  measure  of  central  respiratory  drive. 
(Chapter 52)

airway pressure release ventilation (APRV)  form 
of  pressure  ventilation  that  uses  two  levels  of 
continuous positive airway pressure in an inter-
mittent  mandatory  ventilation  breathing  pat-
tern. (Chapter 29)

airway resistance  measure  of  the  impedance  to 
ventilation  caused  by  the  movement  of  gas 
through  the  airways;  abbreviated  as  Raw,  
airway resistance  is computed as  the change  in 
pressure  along  a  tube  divided  by  the  flow. 
(Chapter 11)

airway stents  devices designed for internal splint-
ing of  the airway  lumen  to help  reduce airway 
obstruction from malignant or benign processes 
that  compress  the  airway  from  the  outside. 
(Chapter 22)

alae  the  lateral  surface  of  the  external  nose;  the 
alae  may  flare  out  during  respiratory  distress. 
(Chapter 9)

algorithm  predetermined  group  of  directions  to 
solve  a  problem  in  a  finite  number  of  steps. 
(Chapter 2)

alkalemia  a decreased hydrogen ion concentration 
in the blood; as applied to arterial blood, denotes 
pH greater than 7.45. (Chapter 14)

alveolar-arterial oxygen tension difference 
(P(A − a)O2)  difference  between  the  alveolar 
and arterial PO2, usually about 5 to 10 mm Hg 
when breathing room air. (Chapter 51)

alveolar-capillary membrane  tissue that separates 
air  from blood in the  lung; consists of alveolar 
epithelium, basement membrane, and capillary 
endothelium, along with their associated struc-
tures. (Chapter 9)

alveolar dead space  alveoli that are ventilated but 
are not perfused. The condition may exist when 
pulmonary  circulation  is  obstructed,  as  by  a 
thromboembolus. (Chapters 11, 12)

alveolar shunt  alveolar  units  that  are  closed  to 
ventilation but are still perfused. (Chapter 12)

alveoli  small  outpouching  of  walls  of  alveolar 
space  through  which  gas  exchange  between 
alveolar  air  and  pulmonary  capillary  blood 
occurs. (Chapter 9)

alveolopleural fistula  an  abnormal  communica-
tion  between  the  alveoli  and  the  pleura,  often 
associated with pneumothorax. (Chapter 27)

ambulation  process  of  helping  a  bedridden 
patient begin to sit up, stand, and walk around 
independently. (Chapter 3)

American Association for Respiratory Care 
(AARC)  profenssional  association  of  respira-
tory therapists. (Chapter 1)

American Respiratory Care Foundation (ARCF) 
a nonprofit organization formed for the purpose 
of supporting research, education, and charita-
ble activities in respiratory care. (Chapter 1)

American Society for Testing and Materials 
(ASTM)  nongovernment  agency  that  estab-

lishes performance standards for various equip-
ment and materials. (Chapters 33, 38)

American standard safety system (ASSS)  specifi-
cations adopted in the United States and Canada 
for threaded high-pressure connections between 
compressed gas cylinders and their attachments. 
(Chapter 40)

amniocentesis  process  of  direct  sampling  and 
quantitative  assessment  of  the  amniotic  fluid. 
(Chapter 53)

ampere  basic  unit  of  electrical  energy  current; 
equivalent  to  the  amount  of  electrons  flowing 
when 1 V of electromotive force is applied to a 
circuit with 1 ohm of resistance. (Chapter 3)

amyotrophic lateral sclerosis (ALS)  degenerative 
disease  of  the  motor  neurons  often  character-
ized  by  atrophy  of  the  muscles  of  the  hands, 
forearms,  and  legs  and  eventually  involving 
most of the body, including the muscles of res-
piration. (Chapter 32)

analyte  a  chemical  substance  that  is  being  mea-
sured as in a broad test. (Chapter 19)

analyzer  a  person  or  device  that  evaluates  some 
submitted material (e.g., a machine that measures 
blood chemistry components). (Chapter 19)

anemia  abnormal  condition  characterized  by  a 
reduction  in  the  number  of  circulating  red 
blood cells or the amount of normal hemoglo-
bin available to carry O2. (Chapter 17)

anergy  lack of activity; an immunodeficient con-
dition characterized by a lack of or diminished 
reaction to an antigen or group of antigens. This 
state may be seen in advanced tuberculosis and 
other serious infections, AIDS, and some malig-
nancies. (Chapter 23)

angina  spasmodic,  cramplike  choking  feeling. 
(Chapter 16)

angle of Louis  slightly  oblique  angle  where  the 
manubrium  articulates  with  the  body  of  the 
sternum. (Chapter 9)

anion  a  negative  ion  that  migrates  to  the  anode 
(positive electrode) in an electrolyte solution; a 
negative ion. (Chapter 13)

ankylosing spondylitis  chronic  inflammatory 
disease  of  unknown  origin,  first  affecting  the 
spine  and  adjacent  structures  and  commonly 
leading  to  eventual  fusion  (ankylosis)  of  the 
involved joints. (Chapter 32)

antagonist  in pharmacology, a drug that has affin-
ity  but  produces  no  effect;  an  antagonist  can  
be  competitive  (forms  reversible  bond  with 
receptor) or noncompetitive (forms irreversible 
bond). (Chapter 35)

anterior nares  opening to the nose. (Chapter 9)
anthropometrics  science of measuring the human 

body—height,  weight,  and  size  of  component 
parts,  including  skin  folds—to  study  and 
compare the relative proportions under normal 
and abnormal conditions. Also called anthropo-
metric measurement. (Chapter 23)

antiadrenergic  pertaining  to  blocking  of  the 
effects of impulses transmitted by the adrenergic 
postganglionic fibers of the sympathetic nervous 
system. (Chapter 35)

antibiotic therapy  treatment  of  infections  with 
antimicrobial  agents,  such  as  the  penicillins. 
(Chapter 24)

anticholinergic  of  or  pertaining  to  blockade  of 
acetylcholine receptors that results in the inhibi-
tion  of  transmission  of  parasympathetic  nerve 
impulses. (Chapter 35)

antiseptic  tending  to  inhibit  growth  and  repro-
duction of microorganisms. (Chapter 4)

APACHE scoring system  Acute Physiology and 
Chronic Health Evaluation scoring system; sever-
ity of illness scoring system used with critically 
ill patients. (Chapter 51)

Apgar score  evaluation  of  an  infant’s  physical 
condition,  usually  performed  1  minute  and  5 
minutes  after  birth,  based  on  a  rating  of  five 
factors  that  reflect  the  infant’s  ability  to  adjust 
to extrauterine life. (Chapter 53)

apices  uppermost  portions  of  the  lungs. 
(Chapter 9)

apnea  absence  of  spontaneous  breathing. 
(Chapter 15)

apnea of prematurity  disorder of preterm infants, 
probably of central nervous system origin, char-
acterized  by  frequent  apneic  pauses  lasting 
longer  than  20  seconds  and  often  associated 
with cyanosis, pallor, hypotonia, or bradycardia. 
(Chapter 34)

apneustic breathing  pattern of respirations char-
acterized by a prolonged inspiratory phase fol-
lowed by expiratory apnea. (Chapters 15, 32)

apneustic center  localized  collection  of  neurons 
in  the  pons  located  at  the  level  of  the  
vestibular  area  that  moderates  the  rhythmic 
activity  of  the  medullary  respiratory  centers. 
(Chapter 15)

appropriate for gestational age (AGA)  refers to a 
newborn  whose  size,  growth,  and  maturation 
are  normal  for  gestational  age,  whether  deliv-
ered  prematurely,  at  term,  or  later  than  term. 
(Chapter 53)

ARCF  abbreviation for American Respiratory Care 
Foundation,  a  philanthropic  agency  that  pro-
motes  the  field  of  respiratory  care  through 
grants and awards. (Chapter 1)

argon plasma coagulation  a  medical  endoscopic 
procedure  used  to  stop  bleeding  or  to  remove 
tumor tissue. (Chapter 22)

arterialized blood  blood that resembles the blood 
in arteries (e.g., from the finger or earlobe capil-
laries). (Chapter 19)

arteriovenous anastomosis  communication  be-
tween an artery and a vein, either as a congenital 
anomaly  or  as  a  surgically  produced  link  be-
tween vessels. (Chapter 10)

artifacts  an  aberration  as  a  result  of  interference 
or technical failure. These changes do not repre-
sent  a  normal  or  so-called  physiologic  change. 
(Chapter 51)

asbestosis  restrictive  lung disease caused by pro-
longed  exposure  to  asbestos  fibers;  associated 
with a high incidence of malignant lung tumors 
and pleural abnormalities. (Chapter 26)

assault  any  conduct  that  creates  a  reasonable 
apprehension of being touched in an  injurious 
manner; no actual touching is required to prove 
assault. (Chapter 5)

assist/control (A/C or ACV) volume ventila-
tion  continuous mandatory ventilation (CMV) 
in  which  the  minimum  breathing  rate  is 
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predetermined,  but  the  patient  can  initiate 
mechanical  ventilation  at  an  increased  rate. 
(Chapter 48)

assisted breath  a breath whose delivery is aided by 
a mechanical device. (Chapter 45)

asthma  respiratory  disorder  characterized  by 
recurring  episodes  of  paroxysmal  dyspnea, 
wheezing on expiration or inspiration caused by 
constriction  of  the  bronchi,  coughing,  and 
viscous  mucoid  bronchial  secretions.  The  epi-
sodes may be precipitated by inhalation of aller-
gens or pollutants,  infection,  cold air,  vigorous 
exercise,  or  emotional  stress.  Also  called  bron-
chial asthma. (Chapter 25)

ataxic breathing  type  of  breathing  associated 
with a lesion in the medullary respiratory center 
and  characterized  by  a  series  of  increasing  
and  decreasing  inspirations  and  expirations. 
(Chapter 32)

atelectasis  collapse  of  distal  lung  parenchyma. 
(Chapters 21, 42)

atelectrauma  lung  injury  as  a  result  of  alveolar 
collapse  secondary  to  inappropriate  PEEP  set-
tings. (Chapter 46)

atmospheric pressure absolute (ATA)  measure of 
pressure  used  in  hyperbaric  medicine;  1  ATA 
equals 760 mm Hg or 101.32 kPa. (Chapter 41)

atomizer  device that produces an aerosol suspen-
sion of liquid particles without using baffles to 
control particle size. (Chapter 39)

atrial kick  the  propulsion  of  blood  that  results 
from contraction of the atrium heart chamber. 
(Chapter 18)

atrophy  the  loss  of  muscle  mass  as  a  result  of 
disuse. (Chapter 47)

ATPS  abbreviation  for  ambient temperature, 
ambient pressure, saturated  (with water vapor). 
(Chapter 6)

attending  title  applied  to  the  responsible  most 
senior physician caring for the patient in an aca-
demic medical center. (Chapter 3)

atypical pathogens  select organisms in Legionella 
species, Chlamydophila pneumoniae, and Myco-
plasma pneumoniae  that  cause  pneumonia. 
(Chapter 24)

auditory  pertaining  to  the  sense  of  hearing. 
(Chapter 3)

autogenic drainage (AD)  modification of directed 
coughing,  beginning  with  low  lung  volume 
breathing,  inspiratory  breath  holds,  and  con-
trolled exhalation and progressing to  increased 
inspired  volumes  and  expiratory  flows.  
(Chapter 40)

automatic external defibrillator (AED)  portable 
automatic  device  to  perform  defibrillation  on 
patients outside a hospital. (Chapter 37)

automatic tube compensation (ATC)  mode  of 
ventilation  that  attempts  to  maintain  tracheal 
pressure equal to end expiratory pressure during 
both inspiration and expiration. (Chapter 52)

automaticity  refers to the heart’s ability to gener-
ate its own intrinsic electrical rhythm. (Chapters 
10, 18)

autonomy  quality  of  having  the  ability  or  ten-
dency to function independently. (Chapter 5)

auto-PEEP  pressure  above  atmospheric  remain-
ing  in  the  alveoli  at  end-exhalation  due  to  

air  trapping.  Also  called  intrinsic PEEP. 
(Chapter 44)

autoregulation  automatic control of a mechanical 
or  physiologic  system;  necessitates  both  a 
sensing  mechanism  (to  measure  what  is  regu-
lated)  and  a  feedback  loop  (to  respond  to 
changes). (Chapter 46)

auto-triggering  triggering  of  a  ventilator  by  any 
phenomenon that  is not a result of  the patient 
making an inspiratory effort. Most commonly a 
result of a small circuit leak. (Chapter 47)

Avogadro’s law  law  in  physics  stating  that  equal 
volumes of all gases at a given temperature and 
pressure contain the identical number of mole-
cules. (Chapter 5)

axiology  the study of values (e.g., the way patients 
give priority to a choice). (Chapter 5)

azotemia  buildup  of  excess  nitrogenous  waste 
products  in  the  blood,  usually  secondary  to 
renal failure. (Chapter 23)

B
bactericidal  substances  with  the  ability  to  kill 

microorganisms. (Chapter 4)
bacteriostatic  ability  to  restrain  the  growth  of 

microorganisms. (Chapter 4)
baffle  surface  in  a  nebulizer  designed  specifically 

to  cause  impaction  of  large  aerosol  particles, 
causing either further fragmentation or removal 
from the suspension via condensation back into 
the reservoir. (Chapter 39)

baffling  process of removing large water particles 
from  suspension  in  a  jet  nebulizer  so  that  the 
particles  entering  the patient’s  airways are of a 
uniform therapeutic size. (Chapter 38)

bands  bundle of fibers, as seen in striated muscle 
that  encircles  a  structure  or  binds  one  part  of 
the body to another. (Chapter 17)

baroreceptor  one  of  the  pressure-sensitive  nerve 
endings in the walls of the atria of the heart, the 
vena cava, the aortic arch, and the carotid sinus. 
(Chapter 10)

barotrauma  physical  injury  sustained  as  a  result 
of exposure to ambient pressures above normal, 
most commonly secondary to positive pressure 
ventilation (e.g., pneumothorax, pneumomedi-
astinum). (Chapters 29, 44, 46)

barrel chest  abnormal  increase  in the anteropos-
terior diameter of the chest caused by hyperin-
flation of the lungs. (Chapter 16)

basal metabolic rate (BMR)  amount  of  energy 
used  in  a  unit  of  time  by  a  fasting,  resting 
subject. BMR, determined by the amount of O2 
used, is expressed in calories consumed per hour 
per  square  meter  of  body  surface  area  or  per 
kilogram  of  body  weight.  Also  called  basal 
energy expenditure (BEE). (Chapter 23)

base  compound  that  yields  hydroxyl  ions  [OH−] 
when  dissolved  in  an  aqueous  solution.  
(Chapter 13)

base excess (BE)  difference  between  the  normal 
buffer  base  (NBB)  and  the  actual  buffer  base 
(BB)  in  a  whole-blood  sample,  expressed  in 
mEq/L; a normal BE is +2 mEq/L. (Chapter 14)

basic chemistry panel (BCP) or basic metabolic 
panel  includes  the  predominant  electrolytes 
sodium  (Na+),  potassium  (K+),  chloride  (Cl−), 

and  total  CO2/bicarbonate  (CO2)  and  glucose. 
(Chapter 17)

basic life support (BLS)  cardiopulmonary  resus-
citation designed to reinstitute either circulatory 
or  respiratory  function  without  equipment  or 
drugs. (Chapter 37)

battery (legal)  an  unconsented  touching  of  an 
individual that causes injury. (Chapter 5)

Becker muscular dystrophy  chronic degenerative 
disease of the muscles, characterized by progres-
sive weakness; occurs  in  children 8  to 20 years 
old. (Chapter 32)

benchmarking  establishing  the  relationship 
between an organization’s ability to perform at 
a given level to that of other comparable orga-
nizations. (Chapter 7)

beneficence  principle  that  requires  that  health 
providers go beyond doing no harm and actively 
contribute to the health and well-being of their 
patients. (Chapter 5)

benevolent deception  actions  in  which  the  truth 
is withheld from the patient for his or her own 
good. (Chapter 5)

bias  the  state  of  having  your  opinion  markedly 
affected  by  past  experience  or  knowledge;  an 
oblique or a diagonal line. (Chapter 8)

bibliographic database  a  collection  of  reference 
sources often used in research. (Chapter 8)

bilevel positive airway pressure (bilevel PAP) 
spontaneous breath mode of ventilatory support 
that allows separate regulation of the inspiratory 
and expiratory pressures. (Chapter 33)

Biot respiration  breathing characterized by irreg-
ular  periods  of  apnea  alternating  with  periods 
in which four or five breaths of identical depth 
are taken. (Chapter 15)

biotrauma  inflammation  of  the  lungs  in  re-
sponse  to  inappropriate  mechanical  ventila-
tion  that  promotes  alveolar  overdistention  in 
inspiration  and  derecruitment  on  exhalation. 
(Chapter 46)

bladder pressure  pressure  that  is  established  in 
the bladder. (Chapter 51)

blood-brain barrier  anatomic-physiologic feature 
of  the  brain  thought  to  consist  of  walls  of  
capillaries  in  the  central  nervous  system  and 
surrounding  astrocytic  glial  membranes.  The 
barrier separates the parenchyma of the central 
nervous  system  from  blood.  The  blood-brain 
barrier  prevents  or  slows  the  passage  of  some 
drugs and other chemical compounds, radioac-
tive ions, and disease-causing organisms such as 
viruses from the blood into the central nervous 
system. (Chapter 15)

blunt trauma  nonpenetrating  trauma  that  may 
result in pulmonary contusion. (Chapter 30)

Board of Medical Advisors (BOMA)  the medical 
advisory group for the American Association for 
Respiratory Care. (Chapter 1)

body humidity  absolute humidity in a volume of 
gas  saturated  at  a  body  temperature  of  37°  C; 
equivalent  to  43.8 mg/L  of  water  in  the  air. 
(Chapter 38)

body mass index (BMI)  formula for determining 
obesity, calculated by dividing a person’s weight 
in kilograms by the square of the person’s height 
in meters. (Chapter 23)
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Bohr effect  effect of variations in blood pH on the 
affinity of hemoglobin for O2. (Chapter 12)

Borg dyspnea scale  validated  scale  used  by 
patients  to  quantify  the  severity  of  dyspnea. 
(Chapter 20)

Bourdon gauge  fixed  orifice,  variable  pressure 
flowmeter. (Chapter 40)

BPF  abbreviation  for  bronchopleural fistula. 
(Chapter 27)

brachytherapy  a method to deliver short distance 
radiation  therapy  to  a  tumor  via  a  broncho-
scope. (Chapter 22)

bradycardia  abnormally  decreased  heart  rate. 
(Chapter 16)

bradypnea  abnormal  decrease  in  breathing  rate. 
(Chapter 16)

breach of contract  failure,  without  legal  excuse, 
to  carry  out  the  terms  of  a  legal  agreement. 
(Chapter 5)

breath-actuated nebulizer  aerosol  device  that  is 
responsive to the patient’s inspiratory effort and 
reduces or eliminates aerosol generation during 
exhalation. (Chapter 39)

breath-enhanced nebulizer  nebulizers  that 
entrain  room  air  in  direct  relationship  to  the 
inspiratory flow of the patient. (Chapter 39)

breathing pattern  the ventilation pattern assumed 
by a patient during normal or mechanical ven-
tilation. (Chapter 42)

breathlessness  distressful  sensation  of  uncom-
fortable breathing that may be caused by certain 
heart conditions, strenuous exercise, or anxiety. 
(Chapter 16)

bronchial washings and brushings  material sam-
pled  during  bronchoscopy,  specifically  from 
instilling and withdrawing  saline  into  the  lung 
(washings)  or  inserting  a  brush  into  the  lung. 
(Chapter 22)

bronchiectasis  abnormal  condition  of  the  bron-
chial  tree  characterized  by  irreversible  dilation 
and  destruction  of  the  bronchial  walls.  
(Chapters 25, 40)

bronchiolitis  acute infection of the lower respira-
tory tract causing expiratory wheezing, respira-
tory distress,  inflammation, and obstruction of 
the bronchioles; bronchiolitis  is usually  caused 
by respiratory syncytial virus (RSV) and is most 
common  in  infants  younger  than  2  years  old. 
(Chapter 33)

bronchoalveolar lavage (BAL)  technique used  to 
obtain specimens from the alveolar level of the 
lung.  BAL  is  performed  by  instilling  a  small 
volume (up to 50 mL) of normal saline solution 
deep  into  the  airways  and  then  suctioning  it 
back. (Chapter 22)

bronchodilator  substance,  especially  a drug,  that 
relaxes contractions of the smooth muscle of the 
bronchioles to improve ventilation to the lungs. 
Pharmacologic  bronchodilators  are  prescribed 
to  improve  aeration  in  asthma,  bronchiectasis, 
bronchitis, and emphysema. (Chapter 25)

bronchophony  abnormal voice sounds heard over 
lung consolidation. (Chapter 16)

bronchopleural fistula  any  air  communication 
from the lung to the pleural space. (Chapter 27)

bronchopneumonia  acute  inflammation  of  the 
lungs  and  bronchioles,  characterized  by  chills, 

fever, high pulse and respirator rates, bronchial 
breathing, cough with purulent bloody sputum, 
and chest pain. (Chapter 41)

bronchopulmonary dysplasia (BPD)  chronic  re-
spiratory  disorder  characterized  by  scarring  of 
lung tissue, thickened pulmonary arterial walls, 
and  mismatch  between  lung  ventilation  and 
perfusion.  It  often  occurs  in  infants  who  have 
been dependent on long-term mechanical ven-
tilation. (Chapters 33, 41)

bronchoscopy  process of passing a bronchoscope 
into the airways for diagnostic testing or thera-
peutic purposes. (Chapter 36)

bronchospasm  abnormal  contraction  of  the 
smooth muscle of the bronchi, resulting in acute 
narrowing and obstruction. (Chapter 25)

BTPS  abbreviation for body temperature, ambient 
pressure, saturated  (with  water  vapor). 
(Chapter 6)

buffer base  total blood buffer capable of binding 
hydrogen ions; normal buffer base (NBB) ranges 
from 48 to 52 mEq/L. (Chapter 14)

buffering  the process of  removing H+ or OH−  in 
solution to minimize change in pH. (Chapter 13)

business intelligence (BI)  a  set  of  tools  that 
permit capture,  storage, and  transformation of 
data  into  useful  and  actionable  information. 
(Chapter 7)

C
cachexia  general  ill  health  and  malnutrition 

characterized  by  weakness  and  emaciation. 
(Chapter 16)

cachexic  the state of being of general ill health and 
suffering from malnutrition. (Chapter 23)

calibration media  types of equipment used to test 
and ensure that the output of an analyzer (blood 
gas) is both accurate and linear across the range 
of measured values. (Chapter 19)

cannulation  the process of placing a catheter in an 
artery or vein. (Chapters 19 and 20)

capnography  process of obtaining a tracing of the 
proportion of CO2 in expired air using a capno-
graph. (Chapters 19, 51)

capnometry  measurement of CO2 in a volume of 
gas, usually by methods of  infrared absorption 
or mass spectrometry. (Chapters 19, 51)

capped-rental  items  eligible  for  reimbursement 
under the Medicare prospective payment system 
for  only  a  predetermined  number  of  months, 
after  which  the  equipment  is  deemed  owned  
by  the  patient  and  rental  payments  cease. 
(Chapter 51)

carbon monoxide poisoning  exposure  to carbon 
monoxide  that  allows  the  attachment  of  car-
bon  monoxide  to  hemoglobin,  preventing  the 
attachment of O2 to hemoglobin. (Chapter 30)

carboxyhemoglobin  compound produced by the 
chemical  combination  of  hemoglobin  with 
carbon monoxide. (Chapter 12)

cardiac output  volume  of  blood  pumped  per 
minute by the heart. (Chapters 10, 51)

cardiac tamponade  compression  of  the  heart 
caused by  the collection of blood, fluid, or gas 
under pressure in the pericardium. (Chapter 10)

cardiopulmonary exercise evaluation (CPX) 
exercise-based  assessment  of  a  patient  before 

pulmonary rehabilitation designed to determine 
the patient’s exercise capacity and risk for desat-
uration. (Chapter 55)

cardiopulmonary resuscitation (CPR)  basic 
emergency procedure for life support, consisting 
of  artificial  respiration  and  manual  external 
cardiac massage. (Chapter 37)

cardiopulmonary system  the combination of the 
respiratory and cardiac systems. (Chapter 1)

cardioversion  using  electrical  energy  to  correct 
an  abnormal  heart  rhythm  to  normal.  
(Chapter 37)

carina  bifurcation of the trachea into the right and 
left main stem bronchi. (Chapter 9)

catecholamine  any one of a group of  sympatho-
mimetic  compounds  composed  of  a  catechol 
molecule and the aliphatic portion of an amine. 
(Chapter 35)

cation  positively charged ion. (Chapter 13)
Centers for Medicare and Medicaid Services 

(CMS)  federal  agency  within  the  U.S.  Depart-
ment  of  Health  and  Human  Services  that 
administers the Medicare program and works in 
partnership with state governments to adminis-
ter Medicaid. (Chapter 56)

central cyanosis  abnormal  discoloration  of  the 
skin  distributed  in  central  structures  like  the 
nose and lips. (Chapter 16)

central neurogenic hyperinflation  hyperinflation 
caused by a neurologic progress generally result-
ing in a markedly increased minute ventilation. 
(Chapter 32)

central sleep apnea  absence  of  breathing  as  the 
result  of  medullary  depression  that  inhibits 
respiratory  movement,  which  becomes  more 
pronounced during sleep. (Chapter 33)

cephalization  refers  to  increased  visualization  of 
pulmonary blood vessels on a chest radiograph 
in the nondependent regions of the lung; often 
a sign of left heart failure. (Chapter 21)

channel  passageway or groove that conveys fluid, 
such  as  the  central  channels  that  connect  the 
arterioles with the venules. (Chapter 3)

chemoreceptor  sensory  nerve  cell  activated  by 
changes in the chemical environment surround-
ing it; the chemoreceptors in the carotid artery 
are sensitive to PCO2 in the blood, signaling the 
respiratory  center  in  the  brain  to  increase  or 
decrease ventilation. (Chapters 10, 15)

chemotherapy  treatment  of  infections  and  other 
diseases with chemical agents. (Chapter 32)

chest cuirass  device  to  deliver  negative  pres-
sure  ventilation  that  fits  over  the  thorax. 
(Chapter  45)

chest physical therapy (CPT)  collection of thera-
peutic  techniques  designed  to  aid  clearance  of 
secretions,  improve  ventilation,  and  enhance  
the  conditioning  of  the  respiratory  muscles; 
includes  positioning  techniques,  chest  per-
cussion  and  vibration,  directed  coughing,  and 
various  breathing  and  conditioning  exercises. 
(Chapter 40)

chest radiograph  x-ray image of the chest; a pos-
teroanterior view and a lateral, or side, view are 
routinely obtained. (Chapter 21)

Cheyne-Stokes respiration  abnormal  breathing 
pattern  with  periods  of  progressively  deeper 
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breaths  alternating  with  periods  of  shallow 
breathing and apnea. (Chapters 15, 32)

CHF  abbreviation  for  congestive heart failure;  an 
abnormal  condition  that  reflects  impaired 
cardiac output, caused by myocardial infarction, 
ischemic  heart  disease,  or  cardiomyopathy. 
(Chapters 10, 29)

chlorofluorocarbons (CFCs)  gaseous  chemical 
compounds that were originally used to power 
metered dose inhalers but currently phased out 
of use. (Chapter 39)

cholinergic  of  or  pertaining  to  nerve  fibers  that 
elaborate  acetylcholine  at  the  myoneural  junc-
tions. (Chapter 35)

chronic bronchitis  common  debilitating  pulmo-
nary disease, characterized by greatly  increased 
production  of  mucus  by  the  glands  of  the 
trachea  and  bronchi  that  results  in  a  cough  
with  expectoration  for  at  least  3  months  of  
the  year  for  more  than  2  consecutive  years. 
(Chapter 25)

chronic cough  cough  that  persists,  sometimes 
defined as greater  than 8 weeks (to distinguish 
from  acute  cough  [<3  weeks]  and  subacute 
cough [3-8 weeks]). (Chapter 16)

chyle  cloudy liquid products of digestion taken up 
by  the  small  intestine.  Consisting  mainly  of 
emulsified fats, chyle passes through finger-like 
projections in the small intestine, called lacteals, 
and into the  lymphatic system for transport  to 
the venous circulation at the thoracic duct in the 
neck. (Chapter 27)

chylothorax  pleural fluid collection that is high in 
triglycerides,  usually  from  disruption  of  the  
thoracic duct. (Chapter 27)

cilia  tiny  hairlike  projections  that  line  mucus-
producing structures. Generally they operate in 
a  wavelike  motion  moving  mucous  along  the 
structure. (Chapter 9)

ciliary dyskinetic syndromes  conditions in which 
respiratory tract cilia do not function properly. 
(Chapter 40)

circulatory failure  the  failure  of  the  circulatory 
system  to  maintain  normal  cardiac  output. 
(Chapter 37)

clinical decision support (CDS)  health  informa-
tion technology functionality that builds on the 
foundation  of  an  electronic  health  record  to 
provide  specific  information,  which  is  intelli-
gently  filtered  and  organized,  at  appropriate 
times,  to  enhance  health  and  health  care. 
(Chapter 7)

clinical queries  search  filter  in  PubMed  effec-
tive  in  retrieving  valid  research  studies. 
(Chapter  7)

clinical simulation  the  simulation  of  an  actual 
clinical  scenario  using  actors,  manikins,  and 
paper and pencil. (Chapter 7)

closed buffer system  buffer  system  in  which  all 
components  of  acid-base  reactions  remain  in 
the  system.  Products  accumulate  and  reach 
equilibrium  with  reactants,  and  chemical  
activity  ceases  (no  further  buffering  activity  
can  take  place).  Closed  buffer  systems  in  the 
body  include  nonbicarbonate  buffers,  such  as 
plasma  proteins,  hemoglobin,  and  phosphates. 
(Chapter 14)

closed-loop control  control  circuit  that  receives 
feedback  from  a  measured  variable  that  auto-
matically adjusts a gas delivery variable based on 
the feedback. (Chapter 42)

clubbing  bulbous swelling of the terminal phalan-
ges of the fingers and toes, often associated with 
certain chronic lung diseases. (Chapter 16)

Coanda effect  phenomenon  in  hydrodynamics 
whereby a fluid  in motion may be attracted or 
held to a wall. (Chapter 6)

cognitive domain  area of the mental processes of 
comprehension,  judgment,  memory,  and  rea-
soning. (Chapter 54)

cohesion  attractive  force  between  like  molecules. 
(Chapter 6)

cohorting  grouping  individuals  who  share  a 
common  characteristic,  such  as  the  same  age  
or  the  same  sex  or  a  common  infection.  
(Chapter 4)

cold shock cardiorespiratory reflexes  reflexes 
activated by water temperature less than 25° C. 
A  breathing  pattern  characterized  by  gasping 
followed  by  hyperventilation  and  shallow 
breathing at total lung capacity. (Chapter 30)

collateral circulation  redundant  circulation  in 
an area of tissue or an organ that supplies blood 
to  the  tissue  through  more  than  one  path. 
(Chapter 19)

colloids  substances  that  contains  large molecules 
that attract and hold water; also a dispersion or 
a gel. (Chapter 13)

Committee on Accreditation for Respiratory Care 
(CoARC)  committee that establishes standards 
and overseas approval of educational programs 
in respiratory care. (Chapters 1, 2)

competencies  measurable  or  observable  skills, 
knowledge, behaviors, or abilities  to perform a 
job or task. (Chapters 2, 3)

community-acquired pneumonia  acute  inflam-
mation  of  the  lungs  contracted  from  the  
environment  (as  distinguished  from  noso-
comial,  or  hospital-acquired,  pneumonia). 
(Chapter 24)

compensatory justice  calls  for  the  recovery  of 
damages  that  were  a  result  of  the  action  of 
others. (Chapter 5)

complete blood count  a  determination  of  the 
number of red and white blood cells per cubic 
millimeter  of  blood.  A  complete  blood  count  
is  one  of  the  most  routinely  performed  tests  
in  a  clinical  laboratory  and  one  of  the  most  
valuable  screening  and  diagnostic  techniques. 
(Chapter 17)

compliance  volume  change  per  unit  in  applied 
pressure. (Chapters 11, 20)

Comprehensive outpatient rehabilitation facili-
ties (CORF)  Medicare-approved  facilities  that 
provides a broad scope of ambulatory rehabili-
tation  services  as  defined  in  section  933  of 
Public Law 96-499. (Chapter 55)

compressed volume  volume  of  gas  compressed 
in  the  ventilator  circuit  and  not  delivered  to  
the  patient  during  a  positive  pressure  breath. 
(Chapter 45)

compression atelectasis  collapse  of  a  part  of  the 
lung as a result of an external force compressing 
the lung. (Chapter 41)

computed tomography (CT)  radiographic  tech-
nique  that  produces  a  film  that  represents  a 
detailed  cross  section  of  tissue  structure.  
(Chapters 21, 30)

computerized physician order entry (CPOE)  a 
system  by  which  medical  orders  can  be  elec-
tronically  transmitted  to  the  electronic  health 
record  saving  time  and  reducing  transcription 
errors  resulting  from  illegible  handwriting. 
(Chapter 7)

condensation  change of  state  from gas  to  liquid, 
as with water vapor condensation. (Chapter 6)

conditions of participation  a  certificate awarded 
institutions that meet specific standards of qual-
ity and safety as determined by the Centers for 
Medicare and Medicaid Services. (Chapter 51)

conduction  transfer of heat by the direct interac-
tion  of  atoms  or  molecules  in  a  hot  area  that 
contact  atoms  or  molecules  in  a  cooler  area. 
(Chapter 6)

confidentiality  nondisclosure of certain informa-
tion  except  to  another  authorized  person. 
(Chapter 5)

congestive heart failure (CHF)  abnormal  condi-
tion  that  reflects  impaired  cardiac  pumping; 
caused by myocardial infarction, ischemic heart 
disease,  or  cardiomyopathy  that  results  in  
either pulmonary or systemic edema. (Chapters 
10, 29)

conjugate base  the base associated with the weak 
acid in a buffer system. (Chapter 14)

conjunctivitis  inflammation  of  the  conjunctiva, 
caused by bacterial or viral infection, allergy, or 
environmental factors. (Chapter 45)

connective tissue disease  group of acquired disor-
ders that have in common diffuse immunologic 
and  inflammatory  changes  in  small  blood 
vessels and connective tissue. The cause of most 
of these diseases  is unknown. Also called colla-
gen vascular disease. (Chapter 26)

consequentialism  idea  of  judging  an  act  to  be 
right;  an  ethical  viewpoint  in  which  decisions 
are  based  on  the  assessment  of  consequences. 
(Chapter 5)

conservative fluid management  a  strategy  of 
administering  fluids  that  attempt  to  minimize 
fluid excess over output. (Chapter 29)

contact precautions  safeguards  designed  to 
reduce  the  risk  for  transmission  of  epidemio-
logically important microorganisms by direct or 
indirect contact. (Chapter 4)

continuing respiratory care education  education 
sought  by  respiratory  therapists  after  gradua-
tion. (Chapter 7)

continuous mandatory ventilation (CMV)  sys-
tem  of  mechanical  ventilation  in  which  the 
patient  is allowed to  initiate breathing, but  the 
ventilator delivers a set volume or pressure with 
each  breath.  The  ventilator  also  can  be  pro-
grammed  to  initiate  breathing  if  the  patient’s 
breathing slows beyond a certain point or stops 
altogether. (Chapter 45)

continuous positive airway pressure (CPAP) 
method  of  ventilatory  support  whereby  the 
patient  breathes  spontaneously  without  me-
chanical assistance against threshold resistance, 
with pressure above atmospheric maintained at 
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the airway throughout breathing. (Chapters 33, 
42, 45, 51, 53)

continuous quality improvement (CQI)  aa  pro-
cess-based  data  driven  approach  that  attempts 
to enhance the quality of care and patient safety. 
(Chapter 7)

continuous spontaneous ventilation (CSV) 
method  of  delivering  ventilatory  support  in 
which  the patient determines when a breath  is 
initiated and when it is terminated. (Chapter 45)

contractility  property of muscle tissue to shorten 
in  response  to  a  stimulus,  usually  electrical. 
(Chapters 10, 51)

control system  the system used to determine how 
a mechanical ventilator delivers gas (e.g., target-
ing schemes). (Chapter 45)

control variable  primary variable that the ventila-
tor  controls  to  provide  inspiration:  pressure, 
volume, time, or flow. (Chapter 42)

controlled ventilation  use of an intermittent pos-
itive pressure breathing unit or other respirator 
that  has  an  automatic  cycling  device  that 
replaces spontaneous respiration. (Chapter 48)

convection  heat  transfer  through  the  mixing  of 
fluid  molecules  at  different  temperature  states 
via thermal currents. (Chapter 6)

corticosteroid  any one of the natural or synthetic 
hormones  associated  with  the  adrenal  cortex, 
which influences or controls key processes of the 
body, such as carbohydrate and protein metabo-
lism, electrolyte and water balance, and function 
of  the  cardiovascular  system  and  kidneys. 
(Chapter 26)

costal cartilage  fibrous  tissues  that  connect  the 
ribs to the sternum and to each other anteriorly. 
(Chapter 9)

costophrenic angle  acute  angle  where  the  costal 
pleura meets the diaphragm. (Chapter 9)

cough  forceful expiratory effort designed to expel 
mucus  and  other  foreign  material  from  the 
upper airway. (Chapter 16)

crackles  discontinuous  type  of  adventitious  lung 
sound. (Chapter 16)

cricoid cartilage  ring  of  cartilage  that  forms  the 
lower border of the larynx. (Chapter 9)

critical illness myopathy  a heterogeneous constel-
lation of symptoms commonly occurring in the 
intensive  care  unit  in  which  patients  develop 
flaccid  weakness  of  proximal  muscles.  Risk 
factors  include  corticosteroids,  use  of  paralytic 
agents,  hyperglycemia,  hyperthyroidism,  and 
possibly  a  systemic  inflammatory  response 
without sepsis. (Chapter 32)

critical illness polyneuropathy  the  development 
of  muscle  weakness  and  atrophy,  loss  of  deep 
tendon reflexes, and loss of peripheral sensation 
to  pinprick  and  touch  in  patients  with  severe 
sepsis. (Chapter 32)

critical pressure  pressure exerted by a vapor in an 
evacuated  container  at  its  critical  temperature. 
(Chapter 6)

critical temperature  highest temperature at which 
a  substance  can  exist  as  a  liquid,  regardless  of 
pressure. (Chapter 6)

critical test value  a test result that requires imme-
diate communication of the result with a physi-
cian. (Chapter 17)

cross-training  process  of  providing  health  care 
professionals  with  multiple  skills  in  areas  that 
span disciplines; for example, training a respira-
tory care practitioner to take chest radiographs. 
(Chapter 3)

croup  infectious  disorder  of  the  upper  airway 
occurring  chiefly  in  infants  and  children  that 
normally  results  in  subglottic  swelling  and 
obstruction. (Chapters 33, 41)

CRT  abbreviation for certified respiratory therapist; 
a  respiratory  therapist  who  has  successfully 
completed the technician (entry-level) certifica-
tion examination of the NBRC. (Chapter 1)

cryogenic  related  to  very  low  temperature. 
(Chapter 40)

cryotherapy  treatment  using  the  application  of 
cold temperatures, as  for airway  lesions during 
bronchoscopy. (Chapter 22)

current  a flowing or streaming movement; a flow 
of  electrons  along  a  conductor  in  a  closed 
circuit; an electric current. (Chapter 3)

cuvette  small  transparent  tube  or  container  with 
specific  optical  properties.  The  chemical  com-
position  of  the  container  determines  the  ves-
sel’s  use,  such  as  Pyrex  glass  for  examining 
materials  in  the  visible  spectrum  or  silica  for 
examining  materials  in  the  ultraviolet  range. 
(Chapter 19)

cyanide toxicity  a  result  of  the  inhalation  of  gas 
produced by the burning of nitrogenous mate-
rial. Cyanide combines with cytochrome oxide, 
the  last  receptor  of  the  electron  transport  
chain,  which  prevents  the  utilization  of  O2. 
(Chapter 30)

cyanocobalamin  chemical  that  reduces  the  half-
life of the toxic compound that results from the 
reaction  of  cyanide  with  cytochrome  oxide. 
(Chapter 30)

cyanosis  abnormal  bluish  discoloration  of  the 
skin or mucous membranes. (Chapter 16)

cycle  a complete breath of inspiration and expira-
tion. (Chapter 45)

cytochrome oxidase  the final electron acceptor on 
the  electron  transport  chain  in  the  mitochon-
drion. (Chapter 30)

cycle asynchrony  a  lack  of  coordination  of  the 
ending of a patient’s inspiration with the ending 
of the ventilator inspiration. (Chapter 47)

cycle variable  variable that terminates inspiration 
during mechanical ventilation. (Chapter 42)

cyclic guanosine 3,5-monophosphate (cGMP) 
substance  that  mediates  the  action  of  certain 
hormones in a manner similar to cyclic adenos-
ine monophosphate. (Chapter 41)

cystic fibrosis  autosomal recessive disease charac-
terized  by  pancreatic  insufficiency,  abnormally 
thick  secretions  from  the  exocrine  glands,  and 
increased concentration of sodium and chloride 
in the sweat glands; known in Europe as muco-
viscidosis. (Chapters 25, 34)

D
Dalton’s law  in physics,  law stating  that  the  total 

pressure exerted by a mixture of gases  is  equal 
to the sum of the pressures exerted by the indi-
vidual  gases  if  they  were  present  alone  in  the 
container. (Chapter 6)

DataArc  secure,  password-protected,  web-based 
database management system for documenting 
and reporting clinical educational activities  for 
nursing and allied health professions, including 
respiratory care. (Chapter 7)

dead space  respired gas volume that does not par-
ticipate in gas exchange; may be anatomic, alve-
olar, or mechanical. (Chapter 12)

dead space/tidal volume ratio (VD/VT)  percentage 
of tidal volume that does not participate in gas 
exchange,  usually  approximately  30%  to  35%. 
(Chapter 51)

decannulation  removal of a cannula or tube that 
may have been inserted during a therapeutic or 
surgical procedure. (Chapter 36)

decremental PEEP trial  progressively  decreasing 
the amount of PEEP to assess oxygenation and 
hemodynamic  status  immediately  following  a 
recruitment maneuver. (Chapter 30)

deep breathing/directed cough  movements  used 
to  improve  pulmonary  gas  exchange  or  to  
maintain  respiratory  function,  especially  after 
prolonged  inactivity  or  general  anesthesia.  
(Chapter 42)

deep venous thrombosis (DVT)  blood clot form-
ing  in  the  deep  veins,  usually  of  the  legs.  
(Chapter 28)

defendant  person denying the party against whom 
relief or recovery is sought in an action or suit; 
also, the accused in a criminal case. (Chapter 5)

defibrillation  termination  of  ventricular  fibrilla-
tion  by  delivering  a  direct  electrical  counter-
shock to the patient’s precordium. (Chapter 37)

depolarization  reduction  of  a  membrane  poten-
tial to a less negative value; in cardiac fibers, this 
results  in  the  release  of  calcium  ions  into  the 
myofibrils and activates the contractile process. 
(Chapter 18)

deposition  testimony  of  a  witness  taken  on 
interrogatories,  either  oral  or  in  writing. 
(Chapter 39)

dermatomyositis  condition  characterized  by  in-
flammation  of  the  muscles  and/or  skin.  
(Chapter 32)

dew point  temperature at which water vapor con-
denses back to its liquid form. (Chapter 6)

diagnosis  identifying  the  underlying  cause  for 
signs and symptoms, as in naming a disease the 
patient has. (Chapter 16)

diameter-indexed safety system (DISS)  specifica-
tions  established  to  prevent  accidental  inter-
change of low-pressure (<200 psig) medical gas 
connectors. DISS  is used  in  respiratory  care  to 
connect equipment to a low-pressure gas source. 
(Chapter 40)

diaphoresis  secretion of sweat, especially profuse 
secretion associated with an elevated body tem-
perature,  physical  exertion,  exposure  to  heat, 
and mental or emotional stress. (Chapter 16)

diaphragm  large dome-shaped muscle  that sepa-
rates the thorax from the abdomen; the primary 
muscle of ventilation. (Chapter 9)

diaphragmatic dysfunction  an  inability  of  the 
diaphragm to contract normally. (Chapter 47)

diastolic pressure  baseline  blood  pressure  in 
the  arteries  during  ventricular  relaxation. 
(Chapter 16)
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diffusing capacity of the lung (DL)  number  of 
milliliters of gas that transfer from the lungs to 
the  pulmonary  blood  per  minute  for  each 
1 mm Hg  partial  pressure  difference  between 
the  alveoli  and  pulmonary  capillary  blood. 
(Chapter 20)

diffusing capacity of the lung to alveolar volume 
ratio (DLCO/VA)  index of the diffusing capac-
ity for each 1 L of lung volume and an index of 
the functional alveolar surface area available for 
diffusion. (Chapter 20)

diffusing capacity of the lung-to–effective total 
lung capacity ratio  index  of  the  diffusing 
capacity  normalized  to  the  total  lung  capacity, 
useful  to  distinguish  between  interstitial  lung 
disease  and  extrathoracic  causes  of  restriction. 
(Chapter 20)

diluent  substance, generally a fluid,  that makes a 
solution  or  mixture  less  concentrated,  less 
viscous, or more liquid. (Chapter 13)

dilute solution  a  solution  that  contains  a  small 
amount  of  solute  in  relation  to  solvent.  
(Chapter 13)

dilution equation  an equation used to determine 
the  final  concentration  of  a  solution  in  which 
the  original  volume  multiplied  by  the  original 
concentration are equal to the final volume mul-
tiplied by the final concentration. (Chapter 13)

disease management  an integrated process for the 
care of patients with a particular chronic disease. 
Generally,  a  multidisciplinary  group  of  practi-
tioners providing care, most of which are non-
physicians. (Chapters 3, 54)

disinfection  process of destroying at least the veg-
etative phase of pathogenic microorganisms by 
physical or chemical means. (Chapter 4)

distributive justice  refers  to  proper  allotment  of 
the  benefits  and  burdens  in  a  society,  such  as 
taxes and subsidies. (Chapter 5)

dorsal respiratory groups (DRGs)  groupings  of 
cells in the medulla oblongata that are active in 
controlling inspiration. (Chapter 15)

double effect  the  understanding  that  many  good 
actions  have  both  a  good  and  bad  effect. 
(Chapter 5)

double triggering  the activation of a second ven-
tilator-delivered breath without exhalation after 
the  first  breath.  Normally  occurs  when  tidal 
volume is too small and inspiratory time is too 
short. (Chapter 47)

downstream  relative  reference  to  a  point  more 
distal  from  the  source  in  a  stream  of  flowing 
fluid. (Chapter 40)

driving pressure  the  pressure  that  is  driving 
a  fluid  from  one  point  to  another.  During 
mechanical  ventilation,  this  is  the  differ-
ence  between  plateau  pressure  and  PEEP.  
(Chapter  51)

droplet nuclei  residue of evaporated water drop-
lets;  owing  to  their  small  size  (0.5  to  12 mm), 
droplet nuclei can remain suspended in the air 
for long periods. (Chapter 4)

droplet precautions  safeguards  designed  to 
reduce the risk for droplet transmission of infec-
tious agents. (Chapter 4)

drug signaling  mechanism by which a drug exerts 
its effect on receptors. (Chapter 35)

dry drowning  drowning without water entry into 
the  lungs,  occurs  as  a  result  of  reflex  laryngeal 
spasm. (Chapter 30)

dual-control  mode  of  ventilation  in  which  the 
control  variable  (pressure,  volume,  flow) 
switches during a breath. (Chapter 45)

Duchenne muscular dystrophy (DMD)  abnor-
mal congenital condition characterized by pro-
gressive symmetric wasting of the leg and pelvic 
muscles;  predominantly  affects  males  and 
accounts for 50% of all muscular dystrophy dis-
eases. (Chapter 32)

ductus arteriosus  vascular  channel  in  the  fetus 
that  joins  the pulmonary artery directly  to  the 
descending aorta; it normally closes after birth. 
(Chapters 9, 34)

ductus venosus  vascular  channel  in  the  fetus 
passing through the liver and joining the umbili-
cal vein with the inferior vena cava; before birth, 
it carries highly oxygenated blood from the pla-
centa to the fetal circulation. (Chapter 9)

durable medical equipment (DME) supplier  a 
company  that  provides  medical  equipment  to 
patients in the home. (Chapter 51)

dynamic compression  collapse of airways caused 
by a pressure gradient that occurs with breath-
ing or forced breathing and normally occurs in 
diseased airways. (Chapter 11)

dynamic hyperinflation  increase  in  functional 
residual  capacity  (FRC)  above  the  elastic  
equilibrium  volume  of  the  respiratory  system; 
causes  include  increased  flow  resistance,  short 
inspiratory time, and increased postinspiratory 
muscle  activity;  see  also  auto-PEEP.  (Chapters 
11, 44)

dysoxia  abnormal  metabolic  state  in  which  the 
tissues are unable to use properly the O2 made 
available to them. (Chapter 12)

dyspnea  difficult  or  labored  breathing  as  per-
ceived by the patient. (Chapter 16)

E
ECLS  extracorporeal  lung  support,  the  same 

process as ECMO. (Chapter 29)
ECMO  extracorporeal  membrane  oxygenation  is 

the process whereby blood is removed from the 
body, pumped through a membrane to exchange  
CO2  for  O2,  and  then  returned  to  the  body. 
(Chapter 29)

ectopic beat  impulse  that  originates  in  the 
heart  at  a  site  other  than  the  sinus  node. 
(Chapter 18)

ectopic focus  origination  of  a  heartbeat  from 
some place in the heart other than the sinoatrial 
node. (Chapter 18)

edema  excess  fluid  in  the  interstitial  spaces 
between cells; in the lungs, edema fluid may also 
be  present  in  the  airways  and  alveolar  spaces. 
(Chapter 29)

effective total lung capacity (VA)  single-breath 
technique  distributes  a  gas  mixture  through 
unobstructed  airways  to  an  alveolar  volume. 
(Chapter 20)

egophony  physical  examination  finding  of  in-
creased resonance of voice sounds when auscul-
tating the chest (e.g., due to lung consolidation). 
(Chapter 16)

elastance  tendency of matter to resist a stretching 
force and recoil or return to its original size or 
form after deformation or expansion; the recip-
rocal  of  compliance.  Also  called  elasticity. 
(Chapters 11, 45)

elasticity  ability  of  tissue  to  regain  its  original 
shape  and  size  after  being  stretched,  squeezed, 
or otherwise deformed. Muscle  tissue  is gener-
ally  regarded  as  elastic  because  it  is  able  to 
change size and shape and return to its original 
condition. (Chapter 11)

electrical impedance tomography (EIT)  the 
process  by  which  mapping  of  the  lung  is 
obtained by a series of electrodes placed around 
the chest that sequentially emit low level current. 
The  variability  among  the  impedance  to  the 
current between electrodes is used to map lung 
volume. (Chapter 51)

electrocardiogram (ECG)  an important diagnos-
tic tool used to measure the electrical activity of 
the heart. (Chapter 18)

electrochemical  refers to processes where electri-
cal  changes  drive  chemical  processes.  
(Chapter 19)

electromagnetic navigational bronchoscopy  a 
bronchioscopic  technique  that  facilitates  accu-
rate navigation to sample peripheral pulmonary 
target lesions. (Chapter 22)

electronic health record (EHR)  the  sum  of  all 
medical  records  produced  for  a  patient  during 
the different encounters with various health care 
entities throughout their lifetime, and which are 
available across the continuum of care in all geo-
graphic  locations.  These  data  are  stored  in  an 
electronic system. (Chapter 7)

electronic medical record (EMR)  a  system  for 
which the medical record is stored in a computer 
(rather than on paper records). (Chapter 7)

E-medicine  is  the  term  that  relates  to  the  use  of 
computerized or digital  technology  to enhance 
efficiency  and  effectiveness  of  health  care  in 
general  and  more  specifically  patient  care. 
(Chapter 7, 22)

emitted dose  describes  the  mass  of  drug  leaving 
the  mouthpiece  of  a  nebulizer  or  inhaler  as 
aerosol. (Chapter 39)

emphysema  destructive process of the lung paren-
chyma leading to permanent enlargement of the 
distal air spaces; classified as either centrilobular 
(CLE),  which  mainly  involves  the  respiratory 
bronchioles,  or  panlobular  (PLE),  which  can 
involve  the  entire  terminal  respiratory  unit. 
(Chapter 25)

empyema  pus within the pleural space. A pleural 
fluid Gram stain that shows bacteria. (Chapters 
21, 27)

end-diastolic volume (EDV)  volume  of  blood 
remaining in the ventricles just prior to contrac-
tion. (Chapter 10)

end-systolic volume (ESV)  volume  of  blood  in 
the  ventricles  at  the  end  of  contraction,  or 
systole. (Chapter 10)

endobronchial biopsy  a  sampling  of  an  abnor-
mality  seen within  the bronchus on bronchos-
copy. (Chapter 22)

endobronchial intubation  the purposeful or acci-
dental placement of an endotracheal tube into a 
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main  stem  bronchus,  usually  the  right  main 
stem bronchus. (Chapter 47)

endotracheal tubes  artificial  airways  that  pass 
through  the  oropharynx  or  nasopharynx  into 
the trachea. (Chapter 36)

enterprise software packages  computer  software 
that  is  used  by  a  whole  health  system.  
(Chapter 7)

epiglottis  flat  cartilage  that  extends  from  the 
base  of  the  tongue  backward  and  upward. 
(Chapter 9)

epiglottitis  acute,  often  life-threatening  infection 
of  the  upper  airway,  which  causes  severe 
obstruction  secondary  to  supraglottic  swelling; 
caused  primarily  by  Haemophilus influenzae 
type  B  and  affecting  mainly  children  younger 
than 5 years old. (Chapter 34)

epistaxis  to  bleed  from  the  nose.  (Chapter 
9)

equal pressure point (EPP)  during forced exhala-
tion, the point along an airway where the pres-
sure  inside  its  wall  equals  the  intrapleural 
pressure;  upstream  beyond  this  point,  the 
pleural pressure exceeds the pressure inside the 
airway, tending to promote bronchiolar collapse. 
(Chapter 11)

equilibrium constant  a  constant  determined  by 
the amount of a buffer that dissociates in solu-
tion.  Identifies  the  pH  at  which  the  buffer  is 
most effective. (Chapter 14)

equivalent weight  weight  of  an  element  in  any 
given  unit  (e.g.,  grams)  that  displaces  a  unit 
weight of hydrogen from a compound or com-
bines with or replaces a unit weight of hydrogen. 
(Chapter 13)

erythrocyte  red blood cell. (Chapter 17)
esophageal balloon  a  catheter  with  an  elongated 

balloon placed in the esophagus used to measure 
pressure change that is reflective of pleural pres-
sure change. (Chapter 51)

eustachian tubes  bilateral  tubes  that connect  the 
nasopharynx  to  the  middle  ear  and  mastoid 
sinus. (Chapter 9)

evaporation  change  in  state  of  a  substance  from 
liquid  to  gaseous  form  occurring  below  its 
boiling point. (Chapter 6)

evidence-based medicine (EBM)  is  an  approach 
to  medical  practice  intended  to  optimize  
decision-making  by  emphasizing  the  use  of  
evidence  from  well  designed  research  projects. 
(Chapter 2)

expiratory cycling criteria  the  criteria  employed 
by the ventilator to transition from inspiration 
to  exhalation.  In  pressure  support  ventilation, 
this is usually flow. (Chapter 47)

expiratory positive airway pressure (EPAP)  appli-
cation of positive pressure to the airway during 
exhalation.  Compare  with  inspiratory positive 
airway pressure. (Chapter 45)

expiratory reserve volume (ERV)  total amount of 
gas  that  can  be  exhaled  from  the  lung  after  a 
quiet exhalation. (Chapter 20)

external nares  the  external  opening  of  the  nasal 
passages. (Chapter 9)

external oblique  abdominal  muscle  group  that 
functions as an accessory muscle of ventilation. 
(Chapter 9)

external respiration  part  of  the  respiratory  pro-
cess  that  involves  the  exchange  of  gases  in  the 
alveoli of the lungs. (Chapter 9)

extracorporeal carbon dioxide removal 
(ECCO2R)  procedure whereby blood  is passed 
from  the  patient  through  an  external  mem-
brane, which filters CO2 to support ventilation. 
(Chapter 29)

extracorporeal membrane oxygenation (ECMO) 
procedure  whereby  venous  blood  is  pumped 
outside  the  body  to  a  heart-lung  machine  
for  oxygenation  and  returned  to  the  body.  
(Chapter 29)

extremely low birth weight (ELBW)  a  neonate 
weighting  less  than  1  kilogram  at  birth.  
(Chapter 53)

extubation  process of withdrawing a tube from an 
orifice or cavity of the body. (Chapter 36)

exudate  the fluid that oozes from cells and tissues. 
(Chapters 30, 41)

exudative  relating to the oozing of fluid and other 
materials  from  cells  and  tissues,  usually  as  a 
result of inflammation or injury. (Chapter 41)

exudative pleural effusion  any  pleural  effusion 
high in protein or lactate dehydrogenase, which 
implies inflammation or vascular injury on the 
pleural surface. (Chapter 27)

ex vivo  pertaining  to  outside  of  the  body. 
(Chapter 18)

F
factitious events  values  that are real but “out-of-

range”  and  often  are  temporary,  such  as  the 
elevation  in  airway  pressure  during  a  cough. 
(Chapter 51)

false ribs  of  the  12  pairs  of  ribs  forming  a  large 
part of the thoracic skeleton, the first 7 are called 
true ribs, and the next 5 are called false ribs; the 
first 3 attach to the ribs above, and the last 2 are 
free. (Chapter 9)

fatigue  the inability of a muscle to carry its normal 
load. (Chapter 46)

fasciotomy  a  surgical  procedure  that  cuts  away 
the fascia to relieve tension or pressure. Used to 
treat  burn patients with  severe  scar  formation. 
(Chapter 30)

febrile  to have a fever. (Chapter 16)
feedback  in  communication  theory,  information 

produced by a receiver and perceived by a sender 
that informs the sender of the receiver’s reaction 
to the message. Feedback is a cyclic part of the 
process  of  communication  that  regulates  and 
modifies the content of messages. (Chapter 3)

Fellow of the American Association for Respira-
tory Care (FAARC)  a  person  who  has  been 
recognized for the AARC for sustained and sub-
stantial contributions to the field of respiratory 
care. (Chapter 1)

fenestrated  an opening into a structure; from the 
Latin fenestra, meaning “window.” (Chapter 36)

fetal hemoglobin (HbF)  hemoglobin variant that 
has a greater affinity for O2 than adult hemoglo-
bin; HbF is gradually replaced over the first year 
of life by HbA. (Chapter 12)

fetid  foul-smelling. (Chapter 16)
fever  abnormal  elevation  of  body  temperature 

owing to disease. (Chapter 16)

fever of unknown origin (FUO)  a fever for which 
the  cause  is  not  known  nor  attributable  to 
common causes such as infection. (Chapter 16)

fiberoptic bundles  individual  coated  fibers  (or 
fibers formed into ribbons or bundles) that have 
a  tough  resin  buffer  layer  which  are  used  to 
transmit  light  from  a  light  source  to  view  the 
airways through a bronchoscope. (Chapter 22)

Fick equation  equation  for  computing  cardiac 
output based on knowledge of O2 consumption 
and  the  arterial-venous  O2  content  difference. 
(Chapters 12, 51)

Fick’s first law of diffusion  law  for  determining 
the  rate  of  gaseous  diffusion  across  biologic 
membranes. (Chapter 12)

filling density  ratio between the weight of  liquid 
gas put into a cylinder and the weight of water 
the cylinder could contain if full. (Chapter 40)

fine-particle fraction  particles  that  are  small 
enough  to  reach  the  lower  respiratory  tract. 
(Chapter 39)

fissures  narrow clefts or slits; the lines that divide 
or  separate  the  lobes  of  the  lung  glottis.  
(Chapter 9)

fixed acid  titratable, nonvolatile acid representing 
the by-product of protein catabolism; examples 
include  phosphoric  acid  and  sulfuric  acid. 
(Chapter 14)

flail chest  traumatic  chest  injury  in  which  a 
portion  of  the  rib  cage  becomes  unstable 
because of multiple rib fractures or costochon-
dral separation; typically, the flail region exhibits 
paradoxical movement during inspiration, con-
tributing  to  a  maldistribution  of  ventilation. 
(Chapter 32)

flammable  the  ability  of  a  substance  to  burn  or 
ignite, causing fire or combustion. (Chapter 40)

flange  rim  used  to  strengthen  an  object,  to  help 
guide  it,  and  to  facilitate  its  attachment  to 
another object. (Chapter 33)

flexible bronchoscopy  a  bronchoscopy  that  is 
flexible  in  structure,  allowing  it  to  be  placed 
deep into the respiratory tract. (Chapter 32)

floating ribs  last two rib pairs that are free at their 
ventral extremities. (Chapter 9)

flow asynchrony  asynchrony as a result of the ven-
tilator not providing sufficient flow to meet the 
patient’s  inspiratory  demand.  Most  commonly 
occurs in volume ventilation. (Chapter 47)

flowmeter  device operated by a needle valve that 
controls  and  measures  gas  flow  according  
to  the  principles  of  viscosity  and  density.  
(Chapter 40)

flow resistance  difference in pressure between the 
two  points  along  a  tube,  divided  by  the  actual 
flow. (Chapter 6)

fluid entrainment  use  of  the  Bernoulli  effect  to 
draw  a  second  fluid  into  a  stream  of  flow. 
(Chapter 6)

fluvial or brackish  water sea water used in refer-
ence to drowning. (Chapter 30)

fomite  nonliving  material,  such  as  bed  linens  or 
equipment,  which  may  transmit  pathogenic 
organisms to a person who comes into contact 
with the object. (Chapters 4, 24)

foramen ovale  opening in the septum between the 
right  and  the  left  atria  in  the  fetal  heart.  This 
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opening provides a bypass for blood that would 
otherwise flow to the fetal lungs. After birth, the 
foramen ovale functionally closes. (Chapter 9)

forced expiration technique (FET)  modification 
of the normal cough sequence designed to facili-
tate  clearance  of  bronchial  secretions,  while 
minimizing  the  likelihood  of  bronchiolar  col-
lapse. (Chapter 43)

forced expiratory flow between 200 ml and 
1200 ml (FEF200-1200)  measure  of  average  expi-
ratory flow during the early phase of exhalation; 
specifically,  it  is  a  measure  of  the  flow  rate  for 
the 1000 ml of expired gas immediately follow-
ing  the  first  200 ml  of  expired  gas.  Formerly 
called  maximum expiratory flow rate (MEFR). 
(Chapter 20)

forced expiratory flow between 25% and 75% of 
forced vital capacity (FEF25%-75%)  measure  of 
average expiratory flow during the middle half 
of forced vital capacity. (Chapter 20)

forced expiratory flow between 75% and 85% of 
forced vital capacity (FEF75%-85%)  measure  of 
average expiratory flow during the end of forced 
vital capacity. (Chapter 20)

forced expiratory volume in half of a second 
(FEV0.5)  maximum  volume  of  gas  that  the 
patient can exhale during the first half second of 
a forced vital capacity maneuver. (Chapter 20)

forced expiratory volume in 1 second (FEV1) 
maximum  volume  of  gas  that  the  patient  can 
exhale during the first second of the forced vital 
capacity maneuver. (Chapter 20)

forced expiratory volume in 1 second–to–vital 
capacity ratio (%FEV1/FVC)  percent  of  the 
measured  forced  vital  capacity  that  can  be 
exhaled in 1 second. (Chapter 20)

forced vital capacity (FVC)  maximum volume of 
gas that the subject can exhale as forcefully and 
as quickly as possible. (Chapter 20)

formalism  ethical  viewpoint  that  relies  on  rules 
and principles. (Chapter 5)

fractional distillation  process  of  separating  the 
components  of  a  liquid  mixture  according  to 
their boiling points via the application of heat; 
the primary commercial process used to produce 
O2. (Chapter 40)

Frank-Starling principle  the  more  a  muscle 
fiber  is  stretched,  the  greater  is  the  tension  
the  muscle  fiber  generates  when  contracted. 
(Chapter 10)

frequency/tidal volume ratio (f/VT)  ratio  of  the 
tidal  volume  in  ml  divided  by  the  respiratory 
rate. (Chapter 51)

full ventilatory support  ventilatory  support 
modes  in  which  the  ventilator  provides  all  the 
minute ventilation requirements of the patient. 
(Chapter 48)

functional residual capacity (FRC)  total amount 
of gas left in the lungs after a resting expiration. 
(Chapter 20)

G
gallop rhythm  abnormal heart sound that resem-

bles  the gallop of a horse, most often  indicates 
heart failure. (Chapter 16)

gantry  examination  table  used  for  computed 
tomography (CT) scans. (Chapter 21)

gas absorption atelectasis  collapsing  of  airways 
due to hyperoxygenation and nitrogen washout. 
(Chapter 42)

gasping  the process of breathing periodically with 
a labored forced inspiration. (Chapter 32)

gastric inflation  introduction  of  air  into  the 
stomach and intestines. (Chapter 37)

gastroesophageal reflux disease (GERD)  condi-
tion  characterized  by  abnormal  movement  of 
stomach contents into the esophagus or mouth; 
acid  from  the  stomach  may  be  aspirated  into  
the  lung  and  cause  asthma-like  symptoms. 
(Chapter 34)

geometric standard deviation (GSD)  describes 
the variability of particle size in an aerosol dis-
tribution set at 1 standard deviation above and 
below the median. (Chapter 39)

gladiolus  the body of the sternum. (Chapter 9)
Glasgow Coma Scale (GCS)  scale used to provide 

a score to classify the level of conscious aware-
ness in patients suspected to have an acute brain 
injury. (Chapters 30, 51)

glomerular filtration rate  the  volume  of  water 
filtered  out  of  the  plasma  through  glomerular 
capillary  walls  into  Bowman’s  capsule  in  the 
kidney per unit of time. (Chapter 30)

glottis  variable opening between  the vocal  cords. 
(Chapter 9)

Graham law  law stating that the rate of diffusion of 
a gas through a liquid (or the alveolar-capillary 
membrane) is directly proportional to its solu-
bility  coefficient  and  inversely  proportional  to 
the square root of its density. (Chapter 6)

ground  connection  between  the  electrical  circuit 
and  the  ground,  which  becomes  a  part  of  the 
circuit. (Chapter 3)

grunting, flaring, and retracting (GFR)  the respi-
ratory  pattern  observed  in  infants  in  marked 
respiratory distress. The neonate makes a grunt-
ing sound during breathing with flaring of  the 
nostrils. (Chapter 53)

Guillain-Barré syndrome  idiopathic,  peripheral 
polyneuritis  characterized  by  lower  extremity 
weakness that progresses to the upper extremi-
ties  and  face;  may  lead  to  flaccid  paraplegia  
and  marked  respiratory  muscle  weakness. 
(Chapter 32)

H
Haldane effect  influence  of  hemoglobin  satura-

tion with O2 on CO2 dissociation. (Chapter 12)
Hamburger phenomenon  the  shifting of Cl  ions 

out of the red blood cell as HCO ion is formed 
in  the  cell  by  hydrolysis  (combination  of  CO2 
with H2O). (Chapter 12)

Harris-Benedict equation  equation  used  to  esti-
mate  the  caloric  expenditure  in  normal  indi-
viduals  under  conditions  of  minimal  activity. 
(Chapter 51)

health care–associated infection (HAI)  is  an 
infection  which  develops  from  a  hospital  or 
other health care environment. (Chapter 4)

health care–associated pneumonia (HCAP)  pneu-
monia occurring in any patient hospitalized for 
2 or more days  in  the past 90 days  in an acute 
care  setting  or  who,  in  the  past  30  days,  has 
resided  in  a  long-term  care  or  nursing  facility; 

attended  a  hospital  or  hemodialysis  clinic;  or 
received intravenous antibiotics, chemotherapy, 
or wound care. (Chapter 24)

Health Care Infection Control Practices Advisory 
Committee (HICPAC)  federal  advisory  com-
mittee  composed of 14  external  infection con-
trol experts who provide advice and guidance to 
the U.S. Centers for Disease Control and Preven-
tion  (CDC)  and  the  Secretary  of  the  Depart-
ment of Health and Human Services regarding 
the practice of health care infection control and 
strategies  for  surveillance  and  prevention  and 
control  of  health  care–associated  infections  in 
U.S. health care facilities. (Chapter 4)

health education  process  of  planned  learning 
opportunities designed to enable individuals to 
make  informed  decisions  about  and  act  to 
promote their own health. (Chapter 54)

health informatics  the  systematic  application  of 
information and computer science and technol-
ogy  to  clinical  or  public  health  practice.  
(Chapter 7)

Health Information Technology for Economic and 
Clinical Health Act (HITECH Act)  part  of  a 
national strategy for building a national health 
information  infrastructure  that,  among  other 
things, began providing incentives to hospitals, 
physicians,  and  other  health  service  providers 
who  demonstrate  that  they  are  meaningfully 
using their electronic health records by meeting 
predefined standards. (Chapter 7)

health literacy  is  the degree to which individuals 
can obtain, process and understand basic health 
information  to  make  appropriate  health  deci-
sions and recommendations. (Chapter 54)

health promotion  combination  of  educational, 
organizational,  economic,  and  environmental 
support  necessary  for  behavior  conducive  to 
health;  includes  both  disease  prevention  and 
wellness activities. (Chapter 54)

heart rate (HR)  number of heart beats per unit of 
time,  usually  expressed  as  beats  per  minute 
(beats/min). (Chapter 10)

heat and moisture exchanger (HME)  a  device 
which  recirculates  moisture  from  exhaled  
gas  to  humidify  the  next  inhaled  breath. 
(Chapter 38)

heave  a precordial  impulse  that may be  felt  (pal-
pated)  in  patients  with  cardiac  or  respiratory 
disease. (Chapter 16)

heliox  low-density therapeutic mixture of helium 
with  at  least  20%  O2;  used  in  some  centers  to 
treat large airway obstruction. (Chapter 40)

heliox therapy  used to reduce the work of breath-
ing,  especially  in  patients  with  severe  acute 
asthma or upper airway obstructions, until  the 
primary problem can be resolved. (Chapter 41)

hematemesis  vomiting blood. (Chapter 16)
hematocrit  packed red blood cell volume in rela-

tion to total blood volume, expressed as a per-
centage. (Chapter 17)

hematology  branch  of  medicine  involved  in  the 
study  of  blood  morphology,  physiology,  and 
pathology. (Chapter 17)

hemolysis  rupture of red blood cells. (Chapter 16)
hemoptysis  the  coughing  up  of  blood  from  the 

lungs. (Chapter 16)
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hemothorax  accumulation of blood in the pleural 
cavity. (Chapter 27)

Henderson-Hasselbalch (H-H) equation  the  de-
termination of pH as a measure of acidity (using 
pKa,  the  negative  log  of  the  acid  dissociation 
constant)  in  biological  and  chemical  systems. 
(Chapter 14)

Henry law  in physics, law stating that the solubil-
ity  of  a  gas  in  a  liquid  is  proportional  to  the 
pressure of the gas if the temperature is constant 
and if the gas does not chemically react with the 
liquid. (Chapter 6)

HEPA (high-efficiency particulate air/aerosol) 
filter  filtration  device,  usually  capable  of 
99.99% efficacy on particulate matter down  to 
0.3 mm in size. (Chapter 4)

hepatomegaly  abnormal enlargement of the liver; 
usually a sign of disease. (Chapter 16)

Hering-Breuer inflation reflex  parasympathetic 
inflation  reflex  mediated  via  the  lung’s  stretch 
receptors that appears to influence the duration 
of  the  expiratory  pause  occurring  between 
breaths. (Chapter 15)

heterodisperse  referring  to  an  aerosol  consisting 
of  particles  of  varying  diameters  and  sizes. 
(Chapter 39)

high-flow nasal cannula (HFNC)  a  variation  of 
the standard nasal cannula that can deliver both 
FiO2 and relative humidity greater than 90% by 
using  heated,  humidified  O2  with  flows  up  to 
50 L/min.  These  systems  have  been  shown  to 
successfully treat moderate hypoxemia through 
a combination of a high FiO2, distending posi-
tive  airway  pressure  and  meeting  or  exceeding 
the patient’s minute ventilation. (Chapter 41)

high-flow system  O2 therapy equipment that sup-
plies  inspired  gases  at  a  consistent  preset  O2 
concentration. (Chapter 41)

high-frequency chest wall compression (HFCC) 
mechanical technique for augmenting secretion 
clearance;  small  gas  volumes  are  alternately 
injected  into and withdrawn from a vest by an 
air-pulse  generator  at  a  fast  rate,  creating  an 
oscillatory  motion  against  the  patient’s  thorax. 
(Chapter 43)

high-frequency oscillatory ventilation (HFOV)  is 
a type of mechanical ventilation which utilizes a 
respiratory rate greater than 4 times the normal 
value  and  very  small  tidal  volumes.  (Chapters 
29, 48)

high-frequency ventilation (HFV)  ventilatory 
support  provided  at  rates  significantly  higher 
than  normal  breathing  frequencies.  (Chapters 
44, 53)

hilum  vertical opening on either side of the medi-
astinum through which all the airways and pul-
monary vessels pass. (Chapter 9)

homeostasis  relative  constancy  in  the  internal 
environment of the body, naturally maintained 
by adaptive responses that promote healthy sur-
vival. (Chapter 17)

Hoover sign  inward movement of the lower lateral 
margins of the chest wall with each inspiratory 
effort owing to a low, flat diaphragm as seen in 
emphysema. (Chapter 16)

hospital-acquired or nosocomial infection  infec-
tion  acquired  at  least  72  hours  after  hospital-

ization, often caused by Candida albicans, Esch-
erichia coli, hepatitis viruses, herpes zoster virus, 
Pseudomonas, or Staphylococcus. (Chapter 4)

hospital-acquired pneumonia (HAP)  lower  re-
spiratory tract infection that develops in hospi-
talized  patients  more  than  48  hours  after 
admission  and  excludes  community-acquired 
infections that are incubating at the time of ad-
mission. (Chapter 24)

huff cough  type of forced expiration with an open 
glottis  to  replace  coughing  when  pain  limits 
normal coughing. (Chapter 43)

humidifier  device  that  adds  molecular  water  to 
gas. (Chapter 38)

hydrofluoroalkane (HFA)  the  current  gaseous 
chemical  compound  used  to  power  metered 
dose inhalers. (Chapter 39)

hydrophilic drugs  drugs  with  strongly  polar 
groups  that  readily  interact  with  water.  
(Chapter 30)

hydrophobic  pertaining to the property of repel-
ling  water  molecules,  a  quality  possessed  by 
nonpolar  radicals  or  molecules  that  are  more 
soluble  in  organic  solvents  than  in  water. 
(Chapter 38)

hydropneumothorax  a  pneumothorax  that  is 
partially fluid filled. (Chapter 21)

hydrostatic  relating  to  the  pressure  of  fluids  or 
to  their  properties  when  in  equilibrium. 
(Chapter 27)

hydrostatic pressure  pressure  caused  by  the 
weight  of  fluid;  related  to  the  volume  of  fluid  
in  a  container  and  the  effects  of  gravity.  
(Chapter 13)

hydrostatic pulmonary edema  pulmonary edema 
that  is  caused  by  an  increase  in  hydrostatic 
(water) pressure. (Chapter 29)

hydrothorax  noninflammatory  accumulation  of 
serous  fluid  in  one  or  both  pleural  cavities. 
(Chapter 20)

hygrometer  instrument  that  directly  measures 
relative humidity of the atmosphere or the pro-
portion of water in a specific gas or gas mixture, 
without extracting the moisture. (Chapter 38)

hygroscopic  attracting  or  absorbing  moisture 
from the air. (Chapters 38, 39)

hyperbaric oxygen therapy  therapeutic  applica-
tion  of  O2  at  pressures  greater  than  1  atm  (or 
760 mm Hg).  Also  called  hyperbaric oxygen-
ation. (Chapter 41)

hypercalcemia  greater  than  normal  amounts  of 
calcium in the blood, most often resulting from 
excessive bone resorption and release of calcium, 
as  occurs  in  hyperparathyroidism,  metastatic 
tumors of bone, Paget disease, and osteoporosis. 
(Chapter 15)

hypercapnia  abnormal  presence  of  excess 
amounts of CO2 in the blood (in arterial blood, 
PCO2 > 45 mm Hg). (Chapter 14)

hypercapnic respiratory failure type II  inability 
to  maintain  normal  removal  of  CO2  from  the 
tissues; may be indicated by PaCO2 greater than 
50 mm Hg  in  an  otherwise  healthy  individual. 
See ventilatory failure. (Chapter 44)

hyperglycemia  is  an  abnormally  elevated  blood 
glucose  level  most  often  resulting  from  either 
diabetes or severe sepsis. (Chapter 17)

hyperkalemia  greater  than  normal  amounts  of 
potassium in the blood. (Chapters 13, 17)

hypernatremia  greater  than  normal  concentra-
tion of sodium in the blood, caused by excessive 
loss of water and electrolytes secondary to poly-
uria, diarrhea, excessive sweating, or inadequate 
water intake. (Chapter 17)

hypersensitivity pneumonitis  inflammatory 
form  of  interstitial  pneumonia  that  results 
from  an  immunologic  reaction  in  a  hypersen-
sitive person. The reaction may be provoked by 
various inhaled organic dusts, often containing 
fungal  spores.  The  disease  can  be  prevented  
by  avoiding  contact  with  the  causative  
agents.  Also  called  extrinsic allergic alveolitis. 
(Chapter 26)

hypertension  persistently  high  blood  pressure. 
(Chapter 16)

hypertonic saline  hypertonic  saline  refers  to  a 
greater concentration of salt than what is found 
in  normal  saline  solution  and  is  often  used  to 
mobilize secretions. (Chapter 13)

hyperventilation  ventilation  greater  than  neces-
sary to meet metabolic needs; signified by PCO2 
less  than  35 mm Hg  in  the  arterial  blood. 
(Chapter 11)

hypocapnia  presence  of  lower  than  normal 
amounts of CO2 in the blood (in arterial blood, 
PCO2 < 35 mm Hg). (Chapter 14)

hypoglycemia  less than normal amount of glucose 
in  the blood, usually  caused by administration 
of  too  much  insulin,  excessive  secretion  of 
insulin  by  the  islet  cells  of  the  pancreas,  or 
dietary deficiency (normal blood glucose levels 
range from 70 to 105 mg/dl). (Chapter 17)

hypokalemia  condition  in  which  an  inadequate 
amount  of  potassium,  the  major  intracellular 
cation, is found in the circulating bloodstream. 
(Chapter 17)

hyponatremia  less  than normal concentration of 
sodium  in  the  blood,  caused  by  inadequate 
excretion  of  water  or  by  excessive  water  in  the 
circulating bloodstream. (Chapter 17)

hypopharynx  lower  portion  of  the  upper  airway 
between  the  oropharynx  and  the  larynx. 
(Chapter 9)

hypotension  abnormal  condition  in  which  the 
blood  pressure  is  inadequate  for  normal  
perfusion  and  oxygenation  of  the  tissues. 
(Chapter 16)

hypothermia  abnormal and dangerous condition 
in which the temperature of the body is less than 
32° C, usually caused by prolonged exposure to 
cold. (Chapters 16, 38)

hypothesis  is  a  proposed  explanation  for  a  phe-
nomenon  to  be  proven  or  disproven  through 
well founded research. (Chapter 8)

hypotonic  having  a  tonicity  less  than  normal 
saline (0.9% NaCl). (Chapter 13)

hypoventilation  ventilation  less  than  necessary 
to  meet  metabolic  needs;  signified  by  PCO2 
greater  than  45 mm Hg  in  the  arterial  blood. 
(Chapter 11)

hypovolemia  abnormally  low  circulating  blood 
volume. (Chapter 16)

hypoxemia  abnormal deficiency of O2 in the arte-
rial blood. (Chapter 12)
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hypoxemic respiratory failure  inability  to main-
tain  normal  oxygenation  in  the  arterial  blood. 
(Chapters 44, 45)

hypoxia  abnormal  condition  in  which  the  O2 
available to the body cells is inadequate to meet 
metabolic needs. (Chapter 12)

hysteresis  failure of two associated phenomena to 
coincide, as in the observed difference between 
the  inflation  and  deflation  volume-pressure 
curves of the lung. (Chapter 11)

I
idiopathic pulmonary fibrosis  formation of  scar 

tissue  in  the  connective  tissue  of  the  lungs 
without known cause resulting in severe chronic 
restrictive lung disease. (Chapter 26)

immunocompromised hosts  individuals  who 
have a weakened immune system and are more 
predisposed to infection. (Chapter 4)

imprecision  implying  a  level  of  inaccuracy  in  a 
particular measurement. (Chapter 18)

impulse-conducting system  Purkinje  fibers 
within  the heart muscle  that conduct  impulses 
controlling  the  contractions  of  the  atria  and 
ventricles. (Chapter 18)

incentive spirometry  process  of  encouraging  a 
bedridden  patient  to  take  deep  breaths  to  
avoid  atelectasis;  most  often  done  with  the  
use  of  an  incentive  spirometer  that  provides 
feedback  to  the  patient  when  a  predetermined 
lung  volume  is  reached  during  inspiration. 
(Chapter 42)

inclusion body myositis  inflammatory myopathy 
of unknown cause. (Chapter 32)

indirect calorimetry  measurement of the amount 
of  energy a body consumes  (in kcal) by deter-
mining the consumption of O2 and production 
of CO2. (Chapter 23)

inertial impaction  deposition of particles by col-
lision  with  a  surface;  primary  mechanism  for 
pulmonary deposition of particles greater than 
5 mm in diameter. (Chapter 39)

infiltrate  fluid  that  passes  through  body  tissues 
into a space or virtual space as seen in the lung. 
(Chapter 21)

inhaled mass  the  mass  of  the  particles  inhaled 
from an aerosol. (Chapter 39)

inhaled nitric oxide (INO)  gas  that  is  adminis-
tered  to  decrease  pulmonary  hypertension. 
(Chapter 53)

innominate artery rupture  a  rupture  of  the 
innominate artery usually a result of a tracheos-
tomy  tube  eroding  the  tissue  leading  to  the 
artery  and  eventually  causing  the  artery  to 
rupture. (Chapter 47)

inspiratory capacity (IC)  maximum  amount  of 
air that can be inhaled from the resting end expi-
ratory level or FRC; sum of the tidal volume and 
inspiratory reserve volume. (Chapter 20)

inspiratory-to-expiratory ratio (I/E)  the  rela-
tionship  between  the  time  devolved  to  inhala-
tion versus that related to the exhalation portion 
of the breathing cycle, expressed as a proportion. 
(Chapter 29)

inspiratory positive airway pressure (IPAP)  appli-
cation of positive pressure to the airway during 
inspiration. (Chapter 45)

inspiratory reserve volume (IRV)  maximum 
volume of air that can be inhaled after a normal 
quiet inspiration. (Chapter 20)

inspissated  (of  a  fluid)  thickened  or  hardened 
through  the  absorption  or  evaporation  of  the 
liquid  portion,  as  can  occur  with  respiratory 
secretions  when  the  upper  airway  is  bypassed. 
(Chapters 38, 40)

insufflator-exsufflator  mechanical  device  that 
provides an artificial cough by alternately apply-
ing  positive  pressure  and  negative  pressure  to 
the airway. (Chapter 51)

Intellivent  the  ability  of  a  mechanical  ventilator 
to  utilize  programmed  algorithms  to  either 
make or recommend setting changes, including 
those  related  to  weaning  and  discontinuance. 
(Chapter 52)

intercostal  of or pertaining to the space between 
two ribs.

intercostal muscles  referring to the muscle groups 
between the ribs. (Chapter 9)

intercostal nerves  the nerves serving the intercos-
tal muscles. (Chapter 9)

intermittent mandatory ventilation (IMV)  mode 
of mechanical ventilatory support in which the 
patient  receives  a  preset  number  of  machine 
breaths  per  minute  set  by  time.  The  patient  is 
allowed  to  breathe  spontaneously  as  often  as 
desired in between machine breaths. Depending 
on the base rate, IMV can provide partial or full 
ventilatory support. (Chapter 45)

intermittent positive pressure breathing (IPPB) 
application  of  positive  pressure  breaths  to  a 
patient  for  a  relatively  short  period  (10  to  20 
minutes). (Chapter 42)

internal oblique  abdominal  muscle  group  that 
functions as an accessory muscle of ventilation. 
(Chapter 9)

internal respiration  the exchange of O2 and CO2 
at the tissue level. (Chapter 9)

International Council for Respiratory Care 
(ICRC)  a  diverse  group  of  worldwide  health 
professionals  addressing  issues  affecting  edu-
cational,  medical,  and  professional  trends  
in  the  global  respiratory  care  community. 
(Chapter 1)

International Standards Organization (ISO) 
nongovernment  agency  that  sets  standards  for 
various  technical  equipment  and  procedures. 
(Chapter 38)

interstitial fluid  fluid between cells but outside of 
the vascular spaces. (Chapter 13)

interstitial lung disease (ILD)  respiratory  disor-
der characterized by a dry, unproductive cough 
and  dyspnea  on  exertion.  X-ray  films  usually 
show  fibrotic  infiltrates  in  the  lung  tissue, 
usually in the lower lobes. (Chapters 21, 26)

intrapulmonary percussive ventilation (IPV) 
airway  clearance  technique  that  uses  a  pneu-
matic  device  to  deliver  a  series  of  pressurized 
small  volume  breaths  at  high  rates  (1.6  to 
3.75 Hz)  to  the  respiratory  tract,  usually  via  a 
mouthpiece; usually combined with aerosolized 
bronchodilator therapy. (Chapter 40)

intubation  passage of a tube into a body aperture; 
commonly refers to the insertion of an endotra-
cheal tube within the trachea. (Chapter 36)

intuitionism  an ethical viewpoint that holds that 
there  are  certain  self-evident  truths,  usually 
based  on  moral  maxims  such  as  “treat  others 
fairly.” (Chapter 5)

invasive  characterized by a tendency to spread or 
infiltrate; also refers to the use of diagnostic or 
therapeutic  methods  requiring  access  to  the 
inside of the body. (Chapter 19)

in vivo  (of  a  biologic  reaction)  occurring  in  a 
living organism. (Chapter 18)

ionic  electrovalent;  relating  to  or  containing 
matter in the form of charged atoms or groups 
of atoms. (Chapter 13)

iron lung  full-body  negative  pressure  ventilator. 
(Chapter 45)

isohydric buffering  a buffering process where the 
H ion produced by one buffer system is imme-
diately buffered by another, such as the buffering 
of H ion by hemoglobin when H ion is formed 
by the combination of CO2 and H2O in the red 
blood cell. (Chapter 14)

isothermic saturation boundary (ISB)  point  at 
which  inspired  gas  becomes  fully  saturated  to 
100%  relative  humidity  at  body  temperature. 
(Chapter 38)

isotonic  (of a solution) having the same concen-
tration of solute as another solution and exert-
ing the same amount of osmotic pressure as that 
solution, such as an isotonic saline solution that 
contains an amount of salt equal to that found 
in the extracellular fluid. (Chapter 13)

J
J-receptors  vagal sensory sites  that are  located  in 

the  alveolar  units;  so  named  because  they  are 
found primarily in juxtaposition to the pulmo-
nary capillaries. (Chapter 15)

Joint Commission  private nongovernment agency 
that  establishes  guidelines  for  the  operation  
of  hospitals  and  other  health  care  facilities,  
conducts  accreditation  programs  and  surveys, 
and  encourages  the  attainment  of  high  stan-
dards of institutional medical care in the United 
States;  formerly  Joint Commission on Accredi-
tation  of  Healthcare  Organizations  (JCAHO). 
(Chapter 2)

jugular venous distention  abnormal distention of 
the  jugular  veins,  most  often  caused  by  heart 
failure. (Chapter 16)

justice  principle of fair and equal treatment for all, 
with due reward and honor. (Chapter 5)

K
Karvonen formula  simple  formula  used  to  set  a 

target  heart  rate  for  patients  during  exercise. 
(Chapter 55)

Kerley B lines  thin lines seen near the pleural edge 
on a chest film as a result of  increased pulmo-
nary capillary pressures. (Chapter 21)

key performance indicators  specific  measures 
which  are  used  to  determine  the  level  of  
quality  outcomes  within  a  health  care  setting. 
(Chapter 7)

kinetic energy  energy a body possesses by virtue 
of its motion. (Chapter 6)

Kussmaul respiration  hyperpnea associated with 
diabetic ketoacidosis. (Chapter 16)
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Kussmaul sign  paradoxical  increase  in  venous 
pressure  with  distention  of  the  jugular  veins 
during inspiration, as seen in constrictive peri-
carditis or mediastinal tumor. (Chapter 16)

kwashiorkor  protein-energy  malnutrition  result-
ing from the stress of disease and the resulting 
increase in catabolic rate. (Chapter 23)

kyphoscoliosis  abnormal condition characterized 
by anteroposterior and  lateral  curvature of  the 
spine. (Chapter 32)

l
lactate  anion of lactic acid. (Chapter 17)
Lambert-Eaton syndrome  disorder of neuromus-

cular conduction commonly associated with an 
underlying  malignancy  that  leads  to  muscle 
weakness  frequently  with  sensory  deficits  that 
can often be improved by repetitive muscle con-
traction against pressure. (Chapter 32)

laminar flow  pattern of flow consisting of concen-
tric  layers  of  fluid  flowing  parallel  to  the  tube 
wall at linear velocities that increase toward the 
center. (Chapter 6)

Laplace law  principle  of  physics  that  the  tension 
on  the  wall  of  a  sphere  is  the  product  of  the 
pressure  times  the  radius  of  the  chamber,  and 
the  tension  is  inversely  related  to  the  thickness 
of the wall. (Chapter 6)

large cell carcinoma  type  of  lung  cancer  charac-
terized by large cells. (Chapter 32)

large for gestational age (LGA)  refers to an infant 
whose  fetal  growth  was  accelerated  and  whose 
size  and  weight  at  birth  are  above  the  90th  
percentile  of  appropriate-for-gestational-age 
infants, whether delivered prematurely, at term, 
or later than term. (Chapter 53)

laryngectomy  the surgical removal of  the  larynx. 
(Chapter 36)

laryngopharynx  one  of  the  three  regions  of  the 
throat,  extending  from  the  hyoid  bone  to  the 
esophagus. (Chapter 9)

larynx  organ of the voice that is part of the upper 
air  passage  connecting  the  pharynx  with  the 
trachea.  It  accounts  for  a  large  bump  in  the 
neck  called  the  Adam’s apple  and  is  larger  in 
men  than  in  women,  although  it  remains  the 
same  size  in  boys  and  girls  until  puberty. 
(Chapter 9)

laser photocoagulation  a  means  of  using  a  laser 
with a bronchoscope to stop the bleeding in the 
airway. (Chapter 22)

latent heat of fusion  the amount of heat at a sub-
stance’s melting point required to change 1 gram 
of  the  substance  from  a  solid  to  a  liquid. 
(Chapter 6)

latent heat of vaporization  the amount of heat at 
a substances boiling point required to change 1 
gram  of  the  substance  from  a  liquid  to  a  gas. 
(Chapter 6)

law of continuity  velocity  of  a  fluid  moving 
through  a  tube  varies  inversely  with  the  avail-
able cross-sectional area. (Chapter 6)

law of mass action  states  that  acids  and bases  in 
solution  freely  dissociate  and  reassociate  in  a 
solution at a constant rate relative to the struc-
ture of the acid and the temperature of the solu-
tion. (Chapter 13)

laws of thermodynamics  laws  that  describe  the 
relation between temperature and the kinetics of 
matter changing its state. (Chapter 6)

learning management systems  computerized, 
web-based  platforms  which  are  used  to  
offer  courses  and  other  learning  resources.  
(Chapter 7)

leukocyte  white blood cell. (Chapter 17)
leukocytopenia  abnormal decrease in white blood 

cells.
leukocytosis  abnormal increase in the number of 

circulating white blood cells. (Chapter 17)
leukopenia  a  low  white  blood  cell  count. 

(Chapter 17)
leukotriene  class of biologically active compounds 

that occur naturally  in  leukocytes and produce 
allergic  and  inflammatory  reactions  similar  to 
histamine. They are thought to play a role in the 
development  of  allergic  and  autoallergic  dis-
eases  such  as  asthma,  rheumatoid  arthritis, 
inflammatory  bowel  disease,  and  psoriasis. 
(Chapter 35)

libel  false accusation written, printed, or typewrit-
ten  or  presented  in  a  picture  or  a  sign  that  is 
made with malicious intent to defame the repu-
tation of a person who is living or the memory 
of  a  person  who  is  dead,  resulting  in  public 
embarrassment,  contempt,  ridicule,  or  hatred. 
(Chapter 5)

lipophilic drugs  drugs that can readily dissolve in 
lipid substances. (Chapter 30)

living will  advance  declaration  by  a  patient  that  
indicates agreement between a patient and phy-
sician  to  withhold  heroic  measures  if  the 
patient’s  condition  is  found  to  be  irreversible. 
(Chapter 5)

lobar atelectasis  a collapsing of the airways and or 
alveoli  which  is  limited  to  a  lung  segment. 
(Chapter 42)

lobes  major divisions of the lungs; the right lung 
has three lobes, and the left lung has two lobes. 
(Chapter 9)

long-term subacute care hospitals (LTACHs)  facil-
ities that provide highly focused care to patients 
with complex medical conditions outside of tra-
ditional acute care hospitals, including patients 
who  have  been  ventilator-dependent  and  diffi-
cult to wean. (Chapter 56)

loud P-2  abnormally loud closure of the pulmonic 
valve as part of S2; usually caused by pulmonary 
hypertension. (Chapter 16)

Lou Gehrig disease  popular  name  for  amyo-
trophic  lateral  sclerosis  (ALS),  a  disease  
characterized  by  progressive  muscle  weak-
ness  secondary  to  nerve  deterioration. 
(Chapter  32)

lower respiratory tract infection  any  infectious 
disease  of  the  left  and  right  bronchi  and  the 
alveoli. (Chapter 24)

low-flow system  variable performance O2 therapy 
device  that  delivers  O2  at  a  flow  that  provides 
only  a  portion  of  the  patient’s  inspired  gas 
needs.  Also  called  variable performance system. 
(Chapter 41)

L/T ratio  refers to aerosol, it is the lung availability 
of an aerosol divided by the total system avail-
ability of the aerosol. (Chapter 35)

lung protective ventilation (LPV)  the use of  low 
tidal volumes to help prevent ventilator induced 
lung injury. (Chapter 29)

lung protective ventilatory strategy  approach  to 
mechanical  ventilation  that  attempts  to  avoid 
overdistention of the lung and recruitment and 
derecruitment of unstable lung units with each 
breath. (Chapter 48)

lung strain  is the deformation of a structure com-
pared to its overall size. As applied to the respira-
tory  system  it  is  equal  to  the  tidal  volume. 
(Chapter 51)

lung stress  the  force  applied  per  unit  area.  As 
applied  to  the  respiratory  system  it  is  equal  to 
transpulmonary pressure. (Chapter 51)

lung ultrasonography  the  use  of  ultrasound 
technology  to  view  lung  structures.  (Chapter  
51)

lymphadenopathy  of or pertaining to a disease of 
the lymph nodes; refers also to the visualization 
of  enlarged  lymph  nodes  on  radiographs. 
(Chapter 16)

lymphangioleiomyomatosis (LAM)  lung  abnor-
mality most commonly observed in women and 
characterized  by  abnormal  proliferation  of 
smooth muscle cells in the interstitium, dyspnea, 
abnormal radiographic findings, and commonly 
pneumothorax. (Chapter 26)

lymphatic drainage system  the main conduit for 
the  removal  of  filtered  fluid  and  protein  from 
the lung. (Chapter 27)

M
macroshock  shock  from  an  electrical  current  of 

1 mA or greater that is applied externally to the 
skin. (Chapter 3)

magnetic resonance imaging (MRI)  imaging 
technique using magnetic disturbance of tissue 
to obtain images. (Chapter 30)

Mallampati classification  is  one  of  the  most 
commonly used methods to identify the ability 
to  visualize  the  vocal  cords  and  glottis  and 
therefore  assess  the  degree  of  difficulty  cli-
nicians  may  encounter  during  intubation. 
(Chapter 22)

malpractice  in law, professional negligence that is 
the  proximate  cause  of  injury  or  harm  to  a 
patient,  resulting  from  a  lack  of  professional 
knowledge,  experience,  or  skill  that  can  be 
expected  in  others  in  the  profession  or  from  a 
failure  to exercise  reasonable care or  judgment 
in  the  application  of  professional  knowledge, 
experience, or skill. (Chapter 5)

mandatory breath  ventilatory  support  breath 
either  initiated  or  ended  by  the  machine. 
(Chapter 45)

mandatory minute volume ventilation (MMV) 
variation of the intermittent mandatory ventila-
tion mode of ventilatory  support  in which  the 
ventilator  keeps  the  total  minute  volume  con-
stant. (Chapter 52)

manifold  pipe with many connections; in medical 
gas storage, a collection of gas cylinders  linked 
together  for  purposes  of  bulk  storage  and 
usually including at  least one reserve bank and 
other  safety  systems,  such  as  low-pressure 
alarms. (Chapter 40)
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manubrium  upper  triangular  portion  of  the 
sternum. (Chapter 8)

marasmus  protein-energy malnutrition caused by 
starvation. (Chapter 23)

mass  physical  property  of  matter  that  gives  it 
weight  and  inertia;  aggregate  of  cells  clumped 
together, such as a tumor. (Chapter 32)

mass median aerodynamic diameter (MMAD) 
measure  of  central  tendency  that  describes  the 
particle  diameter  in  micrometers  in  medical 
aerosols  and  pertains  to  cascade  impaction. 
(Chapter 39)

maximum expiratory pressure (MEP)  measure 
of the output of the expiratory muscles against 
a  maximum  stimulus,  measured  in  cm  H2O 
positive pressure. (Chapter 44)

maximum inspiratory pressure (MIP)  measure 
of the output of the inspiratory muscles against 
a  maximum  stimulus,  measured  in  cm  H2O 
negative pressure. Also known as negative inspi-
ratory force (NIF) or maximum inspiratory force 
(MIF). (Chapters 44, 51)

maximum voluntary ventilation (MVV)  maxi-
mum volume of air in L/min that a patient can 
breathe during a 12- to 15-second period. It is a 
very patient-dependent test. Formerly called the 
maximum breathing capacity (MBC). (Chapters 
20, 44, 51)

mean airway pressure  average pressure applied to 
the airway. (Chapters 46, 51)

mechanical insufflation-exsufflation  mechanical 
device that provides an artificial cough by alter-
nately  applying  positive  pressure  and  negative 
pressure  to  the  airway,  also  referred  to  as  an  
in-exsufflator. (Chapter 40)

mechanical ventilator  an artificial device to assist 
a patient to breathe. (Chapter 1)

meconium  material  that collects  in the  intestines 
of a fetus and forms the first stools of a newborn. 
(Chapter 53)

meconium aspiration syndrome  inhalation  of 
meconium by a fetus or newborn; can block the 
air  passages  and  cause  failure  of  the  lungs  to 
expand. (Chapter 34)

mediastinum  portion of the thoracic cavity lying 
in  the  middle  of  the  thorax  (between  the  two 
pleural  cavities);  extends  from  the  vertebral 
column to the sternum and contains the trachea, 
esophagus, heart, and great vessels of the circu-
latory system. (Chapter 9)

melting point  characteristic temperature at which 
the solid and liquid forms of a substance are in 
equilibrium. (Chapter 6)

membrane pressures  the  pressure  across  an 
oxygenator  used  in  an  ECMO  circuit.  
(Chapter 50)

metabolic acidosis  nonrespiratory  processes 
resulting in acidemia. (Chapter 14)

metabolic alkalosis  nonrespiratory  processes 
resulting in alkalemia. (Chapter 14)

methemoglobin  abnormal  form  of  hemoglobin 
in  which  the  iron  component  has  been  oxi-
dized  from  the  ferrous  to  the  ferric  state. 
(Chapter 12)

methemoglobinemia  abnormal  condition  char-
acterized by high levels of methemoglobin in the 
blood  and  reduction  in  O2-carrying  capacity; 

may be caused by nitrite poisoning or ingestion 
of  a  certain  oxidizing  agent  or  a  genetic  
defect  in  the  enzyme  NADH  methemoglobin 
reductase  (an  autosomal  dominant  trait). 
(Chapters 12, 22)

micrognathia  underdevelopment of the jaw, espe-
cially the mandible. (Chapter 31)

microshock  shock  from  a  usually  imperceptible 
electrical  current  (<1 mA)  that  is  allowed  to 
bypass  the  skin  and  follow  a  direct,  low- 
resistance pathway into the body. (Chapter 3)

minute ventilation  total  lung  ventilation  per 
minute, the product of tidal volume and respira-
tion rate. It is measured by expired gas collection 
for a period of 1 to 3 minutes; normal rate is 5 
to 10 L/min. (Chapters 20, 52)

misallocation  process of prescribing diagnostic or 
treatment services when not indicated, consist-
ing  both  of  overordering  and  underordering 
services. (Chapter 2)

missed triggering  the  inability  of  a  patient  to 
trigger the ventilator during a particular inspira-
tory effort. Usually a result of auto-PEEP or too 
large a tidal volume with a rapid respiratory rate. 
(Chapter 47)

mode (ventilatory)  any one of many categories of 
mechanical ventilation that are determined by a 
number  of  characteristics,  including  how  the 
breath is initiated and how the inhalation ceases 
and exhalation starts. (Chapter 45)

mode asynchrony  the  selection  of  a  mode  of 
ventilation  that  does  not  synchronously  
interact  with  the  patient’s  inspiratory  efforts. 
(Chapter 47)

moderate (conscious) sedation  a  form  of  seda-
tion  used  for  certain  procedures  such  a  bron-
choscopy,  whereby  patients  can  respond  to 
verbal  stimuli  and  maintain  protective  airway 
reflexes. (Chapter 22)

modified Allen test  most  common  technique  to 
determine  the  adequacy  of  ulnar  circulation. 
(Chapter 19)

molecular sieve  crystalline  chemical  separation 
device  with  molecular  size  pores  that 
adsorbs  small  but  not  large  molecules. 
(Chapter  51)

monitor  to observe and evaluate a function of the 
body closely and constantly; mechanical device 
that  provides  a  visual  or  audible  signal  or  
a  graphic  record  of  a  particular  function,  
such  as  a  cardiac  monitor  or  a  fetal  monitor. 
(Chapter 19)

monodisperse  referring  to  an  aerosol  in  which 
particles are of uniform size. (Chapter 39)

morbid obesity  a  state  of  having  a  body  mass 
index  (BMI)  of  greater  than  45 kg/m2. 
(Chapter 30)

mucociliary escalator  a  term  used  to  define  the 
process in which the cilia of the airways continu-
ally  move  mucus  from  the  lower  respiratory 
tract to the oral cavity. (Chapter 9)

mucoid  resembling mucus. (Chapter 16)
mucous plugging  the  partial  or  complete 

occlusion  of  the  airway  by  thick  mucus.  
(Chapter 40)

multiple organ dysfunction syndrome (MODS) 
condition  in  which  dysfunction  of  many 

different  organs  occurs,  usually  accompanying 
acute lung injury. (Chapter 29)

murmur  abnormal heart sound created by turbu-
lent blood flow through a narrowed or incom-
petent heart valve. (Chapter 16)

Murray lung injury score  a  score  used  to  define 
the  severity  of  injury  in  patients  with  ARDS. 
(Chapter 51)

muscarinic  stimulating  the  postganglionic  para-
sympathetic receptor; pertaining to the poison-
ous activity of muscarine. (Chapter 35)

muscle fatigue  condition  involving  loss  of  the 
capacity to develop force or velocity of a muscle 
resulting  from  muscle  activity  overload,  which 
is reversible by rest. (Chapter 44)

myasthenia gravis  disorder  of  neuromuscular 
conduction that leads to muscle weakness of the 
skeletal muscles, particularly the muscles of the 
face,  throat,  and  respiratory  system.  Weakness 
and  respiratory  failure  can  occur  rapidly  as 
muscle  strength  decreases  with  repetitive  con-
traction against a load. (Chapter 32)

mydriasis  dilation  of  the  pupil  of  the  eye. 
(Chapter 32)

myopathy  abnormal condition of skeletal muscle 
leading to muscle weakness, wasting, and histo-
logic  changes  in  the  muscle  tissue,  as  seen  in 
muscular dystrophies. (Chapter 32)

myositis  inflammation  of  the  muscle.  (Chapter 
32)

myotonic dystrophy  type of muscular dystrophy. 
(Chapter 32)

N
nanomole  a  quantity  equal  to  10−9  of  a  mole. 

(Chapter 13)
narrow band imaging  an  imaging  technique 

for  used  in  conjunction  with  bronchoscopy, 
where  light  of  specific  blue  and  green  wave-
lengths  is  used  to  enhance  the  detail  of  
certain  aspects  of  the  surface  of  the  mucosa. 
(Chapter 22)

nasal flaring  dilation of  the alar nasi on  inspira-
tion; an early sign of an increase  in ventilatory 
demands and the work of breathing, especially 
in infants. (Chapter 34)

nasopharynx  upper portion of the airway behind 
the nasal and oral cavities. (Chapter 9)

National Board for Respiratory Care (NBRC) 
national  credentialing  agency  for  respiratory 
care  practitioners  and  pulmonary  function  
technologists. (Chapters 1, 2)

nebulizer  device that produces an aerosol suspen-
sion  of  liquid  particles  in  a  gaseous  medium 
using baffling to control particle size. (Chapters 
38, 39)

needle capping device  safety  device  used  to 
prevent  or  minimize  needlestick  injuries  when 
capping a syringe needle (as required after blood 
gas sampling). (Chapter 19)

negative feedback loop  when  the  output  of  a 
system  acts  to  oppose  changes  to  the  input  
of  the  system,  with  the  result  that  the  changes 
are  attenuated  and  output  is  balanced. 
(Chapter 10)

negative inotropism  decrease  in  contractility  of 
the heart. (Chapter 10)
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negative-pressure ventilation  approach  to venti-
lation  in  which  negative  pressure  is  inter-
mittently  applied  to  the  chest  surface  in  
an  effort  to  cause  inflation  of  the  lungs. 
(Chapter 45)

negligence  omission  to do  something  that  a  rea-
sonable  person,  guided  by  ordinary  consider-
ations, would do. (Chapter 5)

neovascularization  formation  of  new  capillary 
beds. (Chapter 41)

neurally adjusted ventilatory assistance (NAVA) 
an approach to ventilation based on the electro-
myelographic (EMG) activity of the diaphragm. 
Airway pressure is increased proportional to the 
change  in EMG activity. No control variable  is 
set. (Chapters 47, 48)

neuropathy  refers to abnormal conditions charac-
terized by inflammation or degeneration of the 
nerves. (Chapter 32)

neutral thermal environment (NTE)  ambient 
environment that prevents or minimizes the loss 
of body heat. (Chapter 41)

neutropenia  abnormal decrease in the number of 
neutrophils in the blood. (Chapters 17, 35)

nitric oxide (NO)  an  inhaled  gas  used  to  reduce 
pulmonary artery pressure and improve arterial 
oxygenation. (Chapter 41)

nocturnal hypoventilation  elevated  PaCO2  and 
accompanying  decline  in  O2  saturation  that 
occurs  in response  to a progressive decrease  in 
minute ventilation occurring during sleep, most 
often in the REM stage. (Chapter 45)

nodule  small  node;  small  nodelike  structure. 
(Chapter 32)

nonflammable  unable  to  support  combustion. 
(Chapter 40)

nonhydrostatic pulmonary edema  pulmonary 
edema  that  is  caused  by  something  other  than 
an increase in blood pressure. (Chapter 29)

noninvasive  pertaining  to  a  diagnostic  or  thera-
peutic technique that does not require the skin 
to be broken or a cavity or organ of the body to 
be  entered,  such  as  obtaining a blood  pressure 
reading by auscultation with a stethoscope and 
sphygmomanometer. (Chapter 19)

noninvasive positive pressure ventilation (NPPV) 
(also  referred  to  as  noninvasive ventilation  or 
NIV)  positive  pressure  ventilation  without  en-
dotracheal  intubation  or  tracheotomy,  usually 
via a form-fitting mask. (Chapters 41, 45)

noninvasive ventilation  mechanical  ventilation 
performed without intubation or tracheostomy, 
usually with mask ventilation. (Chapters 25, 42, 
44, 51)

nonmaleficence  principle  that  obligates  health 
care  providers  to  avoid  harming  patients  and 
actively  to  prevent  harm  where  possible. 
(Chapter 5)

non–small cell carcinoma  major category of his-
tologic  types  of  lung  carcinomas,  including 
adenocarcinoma  of  the  lung,  large  cell  carci-
noma, and squamous cell carcinoma. Treatment 
depends  on  the  stage  of  development  of  the 
cancer  at  the  time  of  initial  presentation.  The 
treatment of choice  for otherwise physically fit 
patients with early stages of disease is resection. 
(Chapter 32)

normal solution  solution that contains the gram-
equivalent weight of a reagent per liter; denoted 
by the symbols N/I or N. (Chapter 13)

normometabolic  the  normal  level  of  metabolic 
function in a healthy individual. (Chapter 23)

nosocomial pneumonia  infectious  inflammatory 
process  of  the  lung  parenchyma  that  is  con-
tracted in the hospital. (Chapter 24)

o
O2-conserving device  an  O2  delivery  system  that 

minimizes the amount of O2 actually delivered 
to  a  patient  while  also  maintaining  the  FiO2. 
(Chapter 51)

obesity hypoventilation  general  syndrome  in-
volving  chronic  hypercapnia  and  hypoxemia, 
sleep  apnea,  and  decreased  respiratory  center 
responsiveness  to CO2. Complications, primar-
ily owing to chronic hypoxemia, include polycy-
themia,  pulmonary  hypertension,  and  cor 
pulmonale. (Chapter 33)

obstructive pulmonary disease  any  respiratory 
disease  characterized  by  decreased  airway  size 
and increased airway secretions. (Chapter 20)

obstructive sleep apnea (OSA)  condition  in 
which  five  or  more  apneic  periods  (lasting  at 
least  10  seconds  each) occur per hour of  sleep 
and  characterized  by  occlusion  of  the  oropha-
ryngeal airway with continued efforts to breathe. 
(Chapter 33)

obturator  device used to block a passage or a canal 
or to fill  in a space, such as the obturator used 
to insert a tracheostomy tube. (Chapter 36)

Occupational Safety and Health Administration 
(OSHA)  a  federal  agency  of  the  United  States 
that  regulates  workplace  safety  and  health. 
(Chapter 4)

occupational interstitial lung disease (ILD)  inter-
stitial  lung  disease  resulting  from  an  occupa-
tional  exposure;  asbestosis  is  a  common 
example. (Chapter 26)

ohm  unit of measurement to report the resistance 
to the flow of electricity. (Chapter 3)

Ondine curse  apnea  caused  by  loss  of  automatic 
control  of  respiration  (derived  from  the  name 
of a fabled water nymph). (Chapter 32)

onset of blood lactate accumulation (OBLA)  point 
at  which  blood  lactate  levels  increase  above 
normal when the body cannot deliver sufficient 
O2 to meet the demands of energy metabolism; 
term used in exercise physiology. (Chapter 55)

open buffer system  the bicarbonate buffer system 
is  an  open  buffer  system  because  H2CO3  can 
be  removed  as  CO2,  is  broken  down  into  H2O 
and  CO2  as  long  as  ventilation  removes  CO2. 
(Chapter 14)

open loop control  system  in  which  there  is  no 
control over the delivered variable. (Chapter 42)

optical fluorescence  the  use  of  fluorescent  dyes 
that are illuminated with light of a specific wave-
length for the measurement of respiratory gases. 
(Chapter 19)

optode  fluorescent  chemosensor  useful  in  mea-
suring  pH  or  gas  tensions  in  arterial  or  mixed 
venous blood. (Chapter 19)

organizing pneumonia (OP)  is  the new term for 
bronchiolitis obliterans organizing pneumonia, 

that generally occurs in the setting of connective 
tissue disease. (Chapter 26)

oropharynx  the portion of  the pharynx which  is 
located most closely to the mouth. (Chapter 9)

orthodeoxia  decrease in PaO2 owing to changes in 
position. (Chapter 16)

orthopnea  labored  breathing  in  the  reclining 
position. (Chapter 16)

oscillation  back-and-forth  motion;  vibration  or 
the effects of mechanical or electrical vibration. 
(Chapter 40)

OSHA  abbreviation  for  the  Occupational  Safety 
and Health Administration, a branch of the U.S. 
Department of Labor responsible for regulations 
pertaining to on-the-job safety. (Chapter 4)

osmolality  is a measure of the concentration of a 
solute in a solution. (Chapter 13)

osmolarity  osmotic  pressure  of  a  solution 
expressed  in  osmoles  or  mOsm/kg  of  the 
solution.

osmotic pressure  force  produced  by  solvent 
particles  across  semipermeable  membranes. 
(Chapter 13)

oxidizing  to  combine  or  cause  to  combine  with 
O2,  to  remove  hydrogen,  or  to  increase  the 
valence of an element through the loss of elec-
trons. (Chapter 40)

oximetry  a  non-invasive  method  for  monitoring 
how  saturated  a  persons  hemoglobin  is  with 
oxygen and other gases. (Chapter 19)

oxygen consumption (VO2)  the  amount  of  O2 
consumed  per  minute;  normal  value  200 ml/
min. (Chapter 51)

oxygen therapy  any  procedure  in  which  O2  is 
administered to a patient to relieve hypoxemia. 
(Chapter 1)

oxyhemoglobin  chemical  combination  resulting 
from the covalent bonding of O2 to the ferrous 
iron pigment in hemoglobin. (Chapter 12)

P
P50  quantifies  variations  in  the  affinity  of  Hb  for 

O2. It  is the partial pressure of O2 at which the 
Hb is 50% saturated, standardized to a pH level 
of 7.40. (Chapter 12)

pack-years  a method of determining the quantity 
of  cigarettes  a  patient  smoked  over  time.  The 
number of packs of cigarettes a person smoked 
divided  by  the  number  of  years  they  smoked. 
(Chapter 16)

palate  bony  plate  that  separates  the  nasal  cavity 
from the oral cavity. (Chapter 9)

Pancoast syndrome  combination of signs associ-
ated with a tumor in the apex of the lung; signs 
include neuritic pain in the arm, atrophy of the 
muscles of  the arm and  the hand,  and Horner 
syndrome  and  are  caused  by  the  damaging 
effects of the tumor on the brachial plexus and 
sympathetic ganglia. (Chapter 32)

PaO2/FiO2 ratio  the  PaO2  divided  by  the  FiO2, 
indicative  of  the  severity  of  lung  injury.  
(Chapter 51)

paradoxical motion  movement  of  the  thoracic 
cavity where the cavity bows out with expiration 
and  collapses  inward  during  a  spontaneous 
breath.  The  movement  is  associated  with  a 
decreased pressure gradient to drive inspiration 
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and  expiration  and  can  result  in  respiratory 
failure. (Chapter 32)

paraneoplastic syndrome  effect of tumors remote 
from the tumor site and often mediated by reac-
tions to tumor products or immune response to 
the tumor. (Chapter 32)

paresthesia  any subjective sensation, experienced 
as  numbness,  tingling,  or  a “pins  and  needles” 
feeling. (Chapter 14)

parietal pleura  thin  membrane  covering  the 
surface of the chest wall, mediastinum, and dia-
phragm  that  is  continuous  with  the  visceral 
pleura around the lung hilum. (Chapters 9, 27)

partial ventilatory support  modes of  ventilatory 
support in which the patient must contribute to 
the  total  minute  volume  with  spontaneous 
breathing. (Chapter 48)

Pascal principle  law stating that a confined liquid 
transmits  pressure  equally  in  all  directions. 
(Chapter 6)

passive (exhalation)  the  release  of  previously 
stored  energy  from  the  elastic  recoil  of  the  
chest  wall  and  lungs  to  facilitate  exhalation. 
(Chapter 46)

patent ductus arteriosus (PDA)  common cardio-
vascular anomaly of infants in which the ductus 
arteriosus  either  fails  to  close  or  reopens  after 
birth. (Chapter 53)

Patient Protection and Affordable Care Act (ACA) 
of 2010  legislation  that  changed  many  aspects 
of the American health care system by expand-
ing  health  care  coverage  to  many  uninsured 
people, prohibiting the exclusion of preexisting 
conditions, creating an exchange for purchasing 
health insurance coverage, increasing the scope 
of coverage for certain types of preventive care 
and many other provisions. (Chapter 56)

patient-ventilator asynchrony  lack  of  coordi-
nated gas delivery between  the patient and  the 
ventilator. (Chapters 46, 47)

peak expiratory flow rate (PEFR)  maximum 
expiratory flow rate in L/sec. (Chapter 20)

pedal edema  swelling  of  the  ankles  usually  sec-
ondary to heart failure. (Chapter 16)

penetrating trauma  chest trauma that is the result 
of bullet, knife, etc. that makes a singular entry 
into  the  chest. Normally pulmonary contusion 
does  not  occur  with  penetrating  trauma. 
(Chapter 30)

percent total body surface area (%TBSA)  that 
percent of the body surface that is affected. Nor-
mally used to identify the extent of body surface 
burns. (Chapter 30)

performance improvement  measuring the results 
of  a  process  and  then  changing  it  to  enhance 
future results. (Chapters 2, 3)

pericardium  fibrous,  serous  sac  that  surrounds 
the  heart  and  roots  of  the  great  vessels.  
(Chapter 10)

peripheral cyanosis  a bluish tinge of the extremi-
ties  often  caused  by  low  arterial  blood  oxygen 
content or poor circulation. (Chapter 16)

periodic breathing  abnormal  pattern  of  respira-
tion,  characterized  by  alternating  periods  of 
apnea and deep, rapid breathing. (Chapter 32)

persistent pulmonary hypertension of the 
newborn (PPHN)  clinical  syndrome  seen  in 

infants  soon  after  birth  and  characterized  by 
abnormally increased pulmonary vascular resis-
tance. (Chapter 33)

pharmacodynamic phase  mechanisms  of  drug 
action  that  cause  effects  on  the  body.  
(Chapter 35)

pharmacokinetic phase  time, course, and disposi-
tion of a drug in the body. (Chapter 35)

pharyngeal airways  devices  that  maintain  the 
patency  of  the  pharyngeal  structure.  
(Chapter 36)

pharynx  the  throat—tubular  structure  approxi-
mately 13 cm long that extends from the base of 
the skull to the esophagus and is situated imme-
diately  in  front  of  the  cervical  vertebrae.  The 
pharynx serves as a passageway for the respira-
tory  and  digestive  tracts  and  changes  shape  to 
allow  the  formation  of  various  vowel  sounds. 
(Chapter 9)

phase variable  signal that is measured and used by 
the ventilator to begin some part (phase) of the 
breathing cycle. (Chapter 42)

phlegm  mucus  from  the  tracheobronchial  tree. 
(Chapter 16)

photoplethysmography  light-emitting  technol-
ogy  used  to  detect  changes  in  blood  flow. 
(Chapter 19)

phrenic nerves  paired  nerves  that  originate  as 
branches of spinal nerves C3-5, pass down along 
the mediastinum, and innervate the diaphragm. 
(Chapter 9)

psychomotor domain  the  skills  associated  with 
the  ability  to  physically  manipulate  an  object. 
(Chapter 54)

physician assistant (PA)  individual  academically 
and  clinically  prepared  to  practice  medicine 
under  the  supervision  of  a  licensed  doctor  of 
medicine  or  osteopathy.  Within  the  physician-
PA  relationship,  PAs  exercise  autonomy  in 
medical decisions and provide a wide range of 
diagnostic  and  therapeutic  services.  Training 
programs  average  25  to  27  months.  National 
certification is available to graduates of approved 
training programs. (Chapter 1)

physiologic dead space  area  in  the  respiratory 
system  that  includes  the  anatomic  dead  space 
together with  the space  in  the alveoli occupied 
by  air  that  does  not  contribute  to  the  O2-CO2 
exchange. (Chapter 11)

physiologic shunt (Qs/QT)  percentage  of  the 
cardiac output  that does not participate  in gas 
exchange in the lung. (Chapter 51)

picture archiving and communication systems 
a  medical  imaging  technology  which  permits 
storage  and  convenient  access  to  images. 
(Chapter 7)

piezoelectric crystal  transducer  capable  of  con-
verting electrical energy into the physical energy 
of high-frequency vibrations. (Chapter 38)

pin-indexed safety system (PISS)  part  of  the 
American standard safety system, these specifi-
cations apply only  to  the valve outlets of small 
cylinders, up to and including size E, that use a 
yoke-type connection. (Chapter 40)

plaintiff  person  who  brings  an  action;  a  person 
who seeks remedial relief for an injury to his or 
her rights. (Chapter 5)

plasma  watery, colorless fluid portion of the blood 
and  lymph  in  which  cellular  elements  are  sus-
pended. (Chapter 12)

plasma colloid osmotic pressure (oncotic pres-
sure)  osmotic  pressure  exerted  by  the  colloid 
suspended in the blood. (Chapter 13)

plateau pressure (Pplat)  pressure  in  the  patient’s 
airway  during  mechanical  ventilation  resulting 
from the application of an end inspiratory hold. 
This  is equal to the average peak alveolar pres-
sure. (Chapter 48)

plate (or platelike) atelectasis  lung  collapse 
that  appears  in  distinct  platelike  structures.  
(Chapter 20)

platypnea  opposite  of  orthopnea;  an  abnormal 
condition characterized by difficult breathing in 
the standing position that is relieved in the lying 
or recumbent position. (Chapter 16)

plethysmograph  device  for  measuring  pressure; 
in  pulmonary  physiology,  a  chamber  in  which 
the  subject  sits  to  measure  lung  pressures  and 
volumes. (Chapter 11)

pleural effusion  abnormal  collection  of  fluid  in 
the pleural space. (Chapters 21, 27)

pleurisy  pain that comes from the pleural surface; 
usually a direct result of viral infections but has 
been generalized to any condition (e.g., pulmo-
nary  embolism)  causing  pleural  pain.  Synony-
mous with pleurodynia. (Chapter 27)

pleurodesis  procedure  of  fusing  the  parietal 
and  visceral  pleura  to  prevent  formation  of  
pleural  fluid  or  recurrence  of  pneumothorax. 
(Chapter 27)

pneumobelt  ventilatory  assist  device  that  applies 
positive  pressure  to  the  abdominal  contents 
during expiration. (Chapter 45)

pneumomediastinum  presence  of  air  or  gas 
in  the  mediastinal  tissues,  which  may  lead  
to  pneumothorax  or  pneumopericardium. 
(Chapter 21)

pneumonia  inflammatory  process  of  the  lung 
parenchyma,  usually  infectious  in  origin. 
(Chapter 24)

pneumotachometer  any device for measuring gas 
flow. (Chapter 11)

pneumotaxic center  center  in  the  upper  part  of 
the  pons  that  rhythmically  inhibits  inspiration 
independently of the vagi. (Chapter 15)

pneumothorax  presence  of  air  or  gas  in  the 
pleural  space of  the  thorax;  if  this air or gas  is 
trapped under pressure, tension pneumothorax 
exists. (Chapters 16, 21, 27)

point-of-care testing  analysis of body fluids at the 
bedside, as opposed to conventional laboratory 
testing. (Chapters 7, 19)

Poiseuille’s law  the  physical  law  which  describes 
the  difference  in  pressure  required  to  produce  
a  given  flow  under  conditions  of  laminar  
flow,  through  a  smooth  tube  of  a  fixed  size. 
(Chapter 6)

polycythemia  abnormal  increase  in  the  number 
of erythrocytes  in  the blood;  termed  secondary 
if  attributable  to  defined  causes  other  than 
direct stimulation of the bone marrow, such as 
occurs in chronic hypoxemia. (Chapter 17)

polymyositis  condition  characterized  by  inflam-
mation of many muscles. (Chapter 32)
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pores of Kohn  small  openings  between  adjacent 
alveoli. (Chapter 9)

portals  a  means  by  which  authorized  users  can 
gain access to computerized medical records and 
health resources. (Chapter 8)

positive end expiratory pressure (PEEP)  applica-
tion and maintenance of pressure above atmo-
spheric at the airway throughout the expiratory 
phase  of  positive  pressure  mechanical  ventila-
tion. (Chapters 29, 44)

positive expiratory pressure (PEP)  airway  clear-
ance  technique  in  which  the  patient  exhales 
against a fixed-orifice flow resistor to help move 
secretions into the larger airways for expectora-
tion  via  coughing  or  swallowing.  (Chapters  
42, 40)

positive inotropism  increase  in  the  contractility 
of muscle tissue. (Chapter 10)

positron emission tomography (PET)  computer-
ized  radiographic  technique  that  uses  radioac-
tive substances to examine the metabolic activity 
of  various  body  structures.  The  patient  either 
inhales  or  is  injected  with  a  metabolically 
important substance such as glucose, carrying a 
radioactive element that emits positively charged 
particles,  or  positrons.  When  the  positrons 
combine  with  electrons  normally  found  in  the 
cells of  the body, gamma rays are emitted. The 
electronic  circuitry  and  computers  of  the  PET 
device  detect  the  gamma  rays  and  construct 
color-coded images that indicate the intensity of 
metabolic  activity  throughout  the  organ 
involved. (Chapter 31)

postural hypotension  sudden decrease in arterial 
blood pressure caused by a change in position; 
most often occurs when a hypovolemic patient 
moves from the reclining position to the upright 
position. (Chapter 16)

potential energy  energy contained in a body as a 
result of its position in space, internal structure, 
and stresses imposed on it. (Chapter 6)

preanalytic error  error that occurs outside of that 
actual testing procedure. (Chapter 19)

precision  the  accuracy  of  an  instrument  during 
the  measurement  of  a  particular  substance. 
(Chapter 19)

preload  pressure stretching the ventricular walls at 
the onset of ventricular contraction.  (Chapters 
10, 51)

premature ventricular contractions  are  abnor-
mal  and  bizarre  ECG  rhythms  that  are  much 
wider than normal. (Chapter 18)

preoperative  of  or  pertaining  to  the  period 
of  time  preceding  a  surgical  procedure.  
(Chapter 39)

pressure controlled ventilation (PCV)  mode  of 
ventilatory support in which mandatory support 
breaths are delivered to the patient at a set inspi-
ratory pressure. (Chapters 44, 45, 48)

pressure gradient  the pressure difference between 
two points in a system. (Chapter 11)

pressure-regulated volume control (PRVC)  pres-
sure  limited  ventilation  in  which  inspiratory 
time and a backup rate are set and a tidal volume 
is targeted. (Chapter 48)

pressure support ventilation (PSV)  mode  of 
ventilatory support designed to augment spon-

taneous  breathing;  patient-triggered,  pressure-
limited,  flow-cycled  ventilation.  (Chapters  
48, 52)

pressure-time product  product of pressure over a 
time  interval,  usually  pleural  pressure  times 
inspiratory time during breathing. (Chapter 51)

primary lobule  the  terminal  bronchiole  and  the 
cluster  of  respiratory  bronchioles  that  it  sup-
plies. (Chapter 9)

primary pulmonary hypertension of the new-
born  form  of  pulmonary  hypertension  that 
occurs  in  the  absence  of  other  heart  or  lung 
diseases and is characterized by diffuse narrow-
ing of the pulmonary arterioles without obvious 
reason. (Chapter 53)

primary spontaneous pneumothorax  pneumo-
thorax  that  occurs  without  underlying  lung 
disease. (Chapter 27)

problem-oriented medical record (POMR) 
method  of  recording  data  about  the  health 
status  of  a  patient  in  a  problem  system.  
(Chapter 3)

process control  a method of quality control which 
uses  detailed  information  about  a  process  to 
optimize outcomes. (Chapter 3)

prodrug  inactive  or  partially  active  drug  that  is 
metabolically changed  in the body to an active 
drug. (Chapter 35)

proficiency testing (PT)  process  of  comparing 
measurements of a known value from different 
sources  to  establish  a  level  of  accuracy.  
(Chapter 19)

progressive resistance  method  of  increasing  the 
strength of a weak or injured muscle by gradu-
ally  increasing  the  resistance against which  the 
muscle  works,  such  as  by  using  graduated 
weights  over  a  period.  Also  called  graduated 
resistance. (Chapter 55)

prolonged mechanical ventilation  a  lengthy 
process  of  mechanical  ventilatory  support.  No 
precise  length  has  been  determined  but  most 
would consider  longer than 3 weeks prolonged 
ventilatory support. (Chapter 52)

prone positioning  when  a  patient  is  placed  in  a 
face  down  position,  often  during  mechanical 
ventilation to help improve ventilation and oxy-
genation. (Chapter 29)

propellant  something  that  propels  or  provides 
thrust,  as  the  propellant  in  a  metered  dose 
inhaler. (Chapter 39)

proportional assist ventilation (PAV)  mode  of 
ventilation  without  any  control  variable  that 
delivers gas in proportion to the patient’s actual 
inspiratory effort. (Chapters 47, 48)

protein-energy malnutrition (PEM)  wasting con-
dition  resulting  from  a  diet  deficient  in  either 
protein or energy (calories) or both. (Chapter 23)

pseudostratified epithelia  of  or  pertaining  to  an 
epithelial cell type that appears to be organized 
in layers but in which each cell actually contacts 
the basement membrane. (Chapter 9)

psig  abbreviation  for  pounds  per  square  inch-
gauge—the  pressure  above  atmospheric  regis-
tered on a meter or gauge. (Chapter 40)

psychomotor domain  area  of  observable  perfor-
mance of skills that require some degree of neu-
romuscular coordination. (Chapter 54)

psychosocial support needs  of  or  pertaining 
to  the  mental,  emotional,  and  social  
aspects  of  human  existence  or  development. 
(Chapter 55)

PubMed  a free, computerized search engine which 
facilitates  access  to  peer-reviewed  articles,  
abstracts and references related to  life  sciences. 
(Chapter 8)

pulmonary arterial hypertension  an  increase 
above  normal  levels  in  blood  pressure  in  the 
pulmonary vasculature. (Chapter 28)

pulmonary contusion  the  internal  pulmonary 
bleeding  and  edema  that  result  from  blunt 
trauma. Generally it is localized to the area adja-
cent to the trauma. (Chapter 30)

pulmonary edema  condition  in  which  excessive 
amounts of plasma enter the pulmonary inter-
stitium  and  alveoli;  usually  accompanied  by 
severe  respiratory  distress,  tachypnea,  and 
hypoxemia. (Chapter 29)

pulmonary embolism (PE)  blockage of a pulmo-
nary artery by  foreign matter. The obstruction 
may be fat, air, tumor tissue, or a thrombus that 
usually arises from a peripheral vein (most fre-
quently arising from the deep veins of the legs). 
Pulmonary embolism is detected by chest x-ray, 
pulmonary  angiography,  and  radioscanning  of 
the lung fields. (Chapter 28)

pulmonary function testing (PFT)  procedure for 
determining  the  capacity  of  the  lungs  to 
exchange O2 and CO2 efficiently. There are two 
general kinds of pulmonary function tests: one 
measures  ventilation,  or  the  ability  of  the 
bellows  action  of  the  chest  and  lungs  to  move 
gas  in  and  out  of  alveoli;  the  other  kind  mea-
sures  the  diffusion  of  gas  across  the  alveolar 
capillary  membrane  and  the  perfusion  of  the 
lungs by blood. (Chapters 1)

pulmonary hypertension (PH)  condition charac-
terized  by  abnormally  high  pulmonary  artery 
pressures (i.e., mean pulmonary artery pressures 
> 22 mm Hg). (Chapter 28)

pulmonary Langerhans cell histiocytosis (PLCH) 
condition characterized by abnormal prolifera-
tion of Langerhans cells, accompanied by inter-
stitial markings on the chest film and dyspnea. 
(Chapter 26)

pulmonary rehabilitation  an organized multidis-
ciplinary  approach  to  improve  the  functional 
status of patients with chronic obstructive pul-
monary  disease,  usually  including  education, 
exercise, aerosolized medication, and O2 therapy. 
(Chapter 55)

pulmonary surfactant  a surface active lipoprotein 
formed  by  Type  II  cells  which  reduces  surface 
tension and facilitates alveolar expansion during 
inhalation. (Chapter 9)

pulseless electrical activity (PEA)  a  serious 
condition  characterized  by  a  disassociation 
between  the  electrical  and  mechanical  activity  
of  the  heart.  In  essence,  the  electrical  ECG 
pattern  on  the  monitor  neither  generates 
mechanical  activity  of  the  heart  nor  a  pulse. 
(Chapter 18)

pulse co-oximetry  a pulse oximetry that is capable 
of  measuring  carboxyhemoglobin  and  methe-
moglobin. (Chapter 19)



1328	 GlossAry

pulse deficit  discrepancy between  the ventricular 
rate auscultated at the apex of the heart and the 
arterial rate of the radial pulse. (Chapter 16)

pulse pressure  difference  between  systolic 
blood  pressure  and  diastolic  blood  pressure. 
(Chapter 16)

pulsus alternans  alternating  between  strong  and 
weak heartbeats. (Chapter 16)

pulsus paradoxus  abnormal  decrease  in  pulse 
pressure  with  each  inspiratory  effort.  
(Chapter 16)

pump flow  the flow of blood pumped through on 
ECMO system in liters per minute. (Chapter 50)

purulent  consisting  of  or  containing  pus. 
(Chapter 16)

Q
quality  the  extent  to  which  a  process,  structure, 

product and/or organization adheres to current 
best-practices,  is  free  of  errors  and  achieves 
intended outcomes. (Chapter 2)

quality assurance  any evaluation of services pro-
vided  and  the  results  achieved  compared  with 
accepted standards. (Chapters 2, 3)

quality control  planned,  systematic  approach  to 
designing, measuring, assessing, and improving 
performance. (Chapter 19)

quality improvement  the  enhancement  of  a 
process, structure, product and/or organization 
to more closely adhere to best-practices, reduce 
errors  and  achieve  intended  outcomes.  
(Chapter 3)

r
radiation  treatment of neoplastic disease by using 

x-rays  or  gamma  rays,  usually  from  a  cobalt 
source,  to  deter  the  proliferation  of  malignant 
cells by decreasing the rate of mitosis or impair-
ing deoxyribonucleic acid synthesis. (Chapter 6)

radiograph  x-ray image. (Chapter 21)
radiolucent  of  or  pertaining  to  a  substance  or 

tissue that readily permits the passage of x-rays 
or  other  radiant  energy.  Compare  with  radi-
opaque. (Chapter 21)

radiopaque  of  or  pertaining  to  a  substance  or 
tissue  that  does  not  readily  permit  the  passage 
of x- rays or other radiant energy. Compare with 
radiolucent. (Chapters 21, 36)

radiotherapy  treatment  with  radiation.  (Chapter 
31)

rales  an  abnormal  breath  sound  also  known  as 
“crackles”  and  which  is discontinuous and can 
be  further  characterized  as  “fine  rales”  associ-
ated  with  congestive  heart  failure  or  “coarse 
rales”  most  often  associated  with  air  moving 
through secretions in the airways. (Chapter 16)

random error  variability  of  a  measurement 
outside of accepted limits that occurs in a non-
reproducible fashion. (Chapter 19)

rapid shallow breathing index (f/VT)  patient’s 
spontaneous respiratory rate (f)  in breaths per 
minute divided by the spontaneous tidal volume 
in  liters. Values greater  than 100 are associated 
with poor weaning outcomes. (Chapter 52)

recirculation  the  movement  of  blood  from  one 
cannula to another in an ECMO circuit. Specifi-
cally  blood  being  infused  in  to  a  patient  by  a 

venous  return  catheter  that  is  immediately 
removed  from  the  patient  by  the  venous  
drainage  catheter  during  venovenous  ECMO. 
(Chapter 50)

reconditioning  physical  activity  to  strengthen 
essential muscle groups, improve overall O2 use, 
and enhance the cardiovascular response of the 
body to physical activity. (Chapter 55)

recruitment maneuvers  a  intermittent  interven-
tion  used  on  mechanically  ventilated  patients 
involving the very brief, but repeated use of high 
ventilation pressures  to  expand previously  col-
lapsed alveoli. (Chapter 30)

rectus abdominis  abdominal  muscle  group  that 
functions as an accessory muscle of ventilation. 
(Chapter 9)

reducing valve  valve  that  reduces  gas  pressure. 
(Chapter 40)

reexpansion pulmonary edema  pulmonary 
edema  that  forms  after  rapid  reexpansion  of  a 
lung that has been compressed with pleural fluid 
or pneumothorax. (Chapter 27)

reference range  the acceptable range for a labora-
tory value measured during calibration or vali-
dation of operation. (Chapter 17)

regulator  device  that  controls  both  pressure  and 
flow. (Chapter 40)

regurgitation  backward flow of blood through an 
incompetent valve of the heart. (Chapter 10)

relative humidity (RH)  amount  of  moisture  in 
the  air  compared  with  the  maximum  the  air 
could  contain  at  the  same  temperature.  
(Chapter 6)

repolarization  process by which the cell is restored 
to its resting potential. (Chapter 18)

research protocol  a documented procedure which 
described  each  step  in  conducting  a  research 
study. (Chapter 8)

reservoir system  O2 delivery system that provides 
a reservoir O2 volume that the patient taps into 
when the patient’s  inspiratory flow exceeds the 
device flow. (Chapter 41)

residual drug volume  medication that remains in 
a small-volume nebulizer after the device is no 
longer producing mist. (Chapter 39)

residual volume (RV)  volume  of  gas  remaining 
in  the  lungs  after  a  complete  exhalation. 
(Chapter 20)

res ipsa loquitur  “the thing speaks for itself ”; rule 
of  evidence  whereby  negligence  of  an  alleged 
wrongdoer  may  be  inferred  from  the  fact  that 
the accident happened. (Chapter 5)

resistance  impedance to flow in a tube or conduit; 
quantified as ratio of the difference in pressure 
between the two points. (Chapter 3)

respirable mass  proportion of aerosolized drug of 
the proper particle size to reach the lower respi-
ratory tract. (Chapters 39, 42)

respiratory acidosis  hypoventilation  resulting  in 
acidemia. (Chapter 14)

respiratory alternans  alternating  between  use  of 
the diaphragm for short periods and use of the 
accessory  muscles  to  breathe;  indicative  of  
end-stage respiratory muscle fatigue. (Chapters 
16, 44)

x respiratory care  health care discipline that spe-
cializes in the promotion of optimal cardiopul-

monary  function  and  health.  Also  called 
respiratory therapy. (Chapter 1)

respiratory care management information sys-
tems  an  information  system  specifically  de-
signed  for  managing  data  regarding  the 
respiratory  care  provided  to  patients.  
(Chapter 7)

respiratory care practitioner  health  professional 
with special training and experience in the treat-
ment and rehabilitation of patients with respira-
tory disorders. The respiratory care practitioner 
typically does not diagnose but must be compe-
tent with patient assessment  in various clinical 
settings. (Chapter 1)

respiratory care protocol  specification of actions 
that allows respiratory care practitioners to ini-
tiate  and  adjust  therapy  independently,  within 
guidelines  previously  established  by  medical 
staff.  Also  called  therapist-driven protocol. 
(Chapter 2)

respiratory distress syndrome (RDS)  condition 
of  respiratory  distress  in  newborns,  usually 
caused  by  inadequate  surfactant  production 
(owing to immaturity). (Chapter 33)

respiratory hygiene  a  state  in which  the  respira-
tory  tract  is  kept  as  free  as  possible  from  con-
tainments such as bacteria and other microbes. 
(Chapter 4)

respiratory inductive plethysmography  device 
that,  by  measuring  the  change  in  the  diameter 
of the chest and abdomen, can estimate inhaled 
and exhaled tidal volume. (Chapter 51)

respiratory therapist (RT)  graduate  of  a 
CAAHEP/CoARC accredited school designed to 
qualify the graduate for the registry examination 
of  the  National  Board  for  Respiratory  Care 
(NBRC). (Chapter 1)

respiratory therapy  any treatment that maintains 
or  improves  the  ventilatory  function  of  the 
respiratory tract. (Chapter 1)

respiratory therapy consult service  program  in 
which  respiratory  care  services  are  determined 
by  respiratory  care practitioners based on pre-
scribed  guidelines  or  algorithms.  Also  called 
evaluate-and-treat program. (Chapter 2)

respondeat superior  “let the master answer”; the 
master is liable in certain cases for the wrongful 
acts of his servant, meaning that a physician may 
be  liable  for  the  wrongful  acts  of  someone 
working under the physician’s supervision. The 
doctrine  is  inapplicable  where  injury  occurs 
while the servant is acting outside the legitimate 
scope of authority. (Chapter 5)

resting energy expenditure (REE)  caloric  needs 
of  the  body  estimated  from  O2  consumption 
and  CO2  production,  usually  expressed  in 
kcal/24 hr. (Chapter 23)

restrictive lung disease  broad  category  of  disor-
ders with widely variable causes but all resulting 
in  a  reduction  in  lung  volumes,  particularly  
the inspiratory and vital capacities; categorized 
according  to  origin—skeletal/thoracic,  neuro-
muscular,  pleural,  interstitial,  and  alveolar. 
(Chapter 20)

retinopathy of prematurity (ROP)  abnormal 
ocular condition that occurs in some premature 
or  low-birth-weight  infants  who  receive  O2. 
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Previously  called  retrolental fibroplasias. 
(Chapters 41, 53)

retractions  sinking  inward  of  the  skin  around 
the  chest  cage  with  each  inspiratory  effort. 
(Chapter 16)

reverse triggering  the stimulation of the respira-
tory center to inspire after the delivery of a con-
trolled  positive  pressure  breath  in  a  sedated 
patient. (Chapter 47)

Reynold’s number  a dimensionless number used 
to determine  if flow is  laminar or  turbulent.  If 
the Reynold’s number is above 2000 flow is tur-
bulent.  It  is  determined  by  multiplying  the 
diameter  of  the  system  by  the  velocity  of  gas 
flow times the density of the gas divided by the 
viscosity of the gas. (Chapter 6)

rhonchi  a discontinuous, abnormal breath sound, 
also known as coarse crackles or rales, caused by 
air  moving  through  airways  which  have  exces-
sive mucous. (Chapter 16)

right-to-left shunt  anatomic  bypass  in  which 
blood flows from the venous to the arterial side 
of  the  circulation,  bypassing  the  lungs;  this 
lowers both the O2 content and PO2 of the arte-
rial blood. (Chapter 12)

rise time  the  time  it  takes  for  the ventilator flow 
to reach its maximum flow. Rise time is a con-
trol  variable  available  in  all  pressure-targeted 
modes.  Functionally  it  changes  the  slope  of  
the  flow  increase  from  baseline  to  maximum. 
(Chapter 47)

rocking bed  bed that rocks back and forth moving 
the abdominal contents up and down facilitat-
ing inspiration and expiration. (Chapter 45)

roentgenogram  an x-ray image. (Chapter 21)
root-cause analysis  is  a  process  by  which  the 

underlying  primary,  secondary,  and  other 
notable causes of a medical error or other safety 
issue  are  identified,  and  then  an  action plan  is 
created and implemented. (Chapters 7, 20)

rule utilitarianism  moral  reasoning  approach 
based  not  on  which  act  has  the  greatest  utility 
but  on  which  rule  would  promote  the greatest 
good if it were generally followed. (Chapter 5)

s
sarcoidosis  chronic  disorder  of  unknown  origin 

characterized  by  the  formation  of  tubercles  of 
nonnecrotizing epithelioid tissue. (Chapter 26)

saturated solution  solution  in  which  the  solvent 
contains the maximum amount of solute it can 
take up. (Chapter 13)

scalenes  referring  to  the  three  muscles  arising 
from  the  cervical  vertebrae,  inserting  into  the 
first and second ribs; accessory muscles of ven-
tilation. (Chapter 9)

scintigraphy  photograph  showing  the  distribu-
tion  and  intensity  of  radioactivity  in  various 
tissues  and  organs  after  administration  of  a 
radiopharmaceutical. (Chapter 36)

screening  preliminary procedure, such as a test or 
examination,  to  detect  the  most  characteristic 
sign  or  signs  of  a  disorder  that  may  require 
further investigation. (Chapter 31)

secondary spontaneous pneumothorax  pneu-
mothorax  that  occurs  because  of  underlying 
lung disease. (Chapter 27)

sedimentation  primary  mechanism  for  deposi-
tion  of  particles  1  to  5 mm  in  diameter  in  the 
central  airways,  when  particles  slow  and  settle 
out of suspension. (Chapter 39)

segments  minor  divisions  of  the  lung;  each 
segment is associated with a major branch of the 
airway. (Chapter 9)

segs  refers  to  segmented  neutrophils  the  mature 
form of circulating neutrophils. (Chapter 17)

sensorium  general  term  referring  to  the  relative 
state  of  a  patient’s  consciousness  or  alertness. 
(Chapter 16)

servo-controlled heating system  in a humidifier, 
heating  unit  that  monitors  the  temperature  of 
gas delivered to the patient, adjusting the power 
to the heater based on the difference between the 
temperature setting and the temperature moni-
tored by a thermistor probe placed downstream 
from  the  humidifier,  at  or  near  the  patient 
airway connection. (Chapter 38)

severe obesity  the  state  of  having  a  body  mass 
index  of  greater  than  40 kg/m2.  (Chapter 
30)

shock  condition in which perfusion to vital organs 
is inadequate to meet metabolic needs; includes 
hypovolemic,  cardiogenic,  septic,  anaphylactic, 
and neurogenic forms. (Chapter 16)

sickle cell hemoglobin  the presence of hemoglo-
bin  S  causing  the  hemoglobin  cell  to  form  a 
sickle shape. (Chapter 12)

signs  the objective manifestation of illness such as 
increased respiratory rate. (Chapter 16)

silicosis  lung disorder caused by continued, long-
term exposure to the dust of an inorganic com-
pound, silicon dioxide, which is found in sands, 
quartzes, and many other stones; chronic silico-
sis  is  marked  by  widespread  fibrotic  nodular 
lesions in both lungs. (Chapter 26)

six or twelve-minute walk (6- or 12-minute)  a test 
which involves walking and an established pro-
tocol  to assess a patient’s  level of physical con-
ditioning. (Chapter 55)

skilled nursing facility (SNF)  institution  or  part 
of an institution that meets criteria for accredi-
tation  established  by  the  sections  of  the  Social 
Security Act that determine the basis for Medic-
aid  and  Medicare  reimbursement  for  skilled 
nursing care. Skilled nursing care includes reha-
bilitation and various medical and nursing pro-
cedures. (Chapter 51)

slander  any  words  spoken  with  malice  that  are 
untrue and prejudicial to the reputation, profes-
sional  practice,  commercial  trade,  office,  or 
business of another person. (Chapter 5)

sleep-disordered breathing  periods  of  an 
absence  of  attempts  to  breathe  during  sleep. 
(Chapter 33)

small cell cancer  malignant, usually bronchogenic 
epithelial  neoplasm  consisting  of  small;  tightly 
packed;  round,  oval,  or  spindle-shaped  epithe-
lial cells that stain darkly and contain neurose-
cretory  granules  and  little  or  no  cytoplasm. 
Many malignant tumors of the lung are of this 
type. Also called oat cell carcinoma or small cell 
carcinoma. (Chapter 31)

SOAP  in  a  problem-oriented  medical  record, 
abbreviation for subjective, objective, assessment, 

and plan, the four parts of a written account of 
the health problem. (Chapter 3)

soft palate  structure composed of mucous mem-
brane,  muscular  fibers,  and  mucous  glands,  
suspended  from  the  posterior  border  of  the  
hard  palate  forming  the  roof  of  the  mouth. 
(Chapter 9)

solitary pulmonary nodule (SPN)  a  pulmonary 
parenchymal  opacity  smaller  than  3 cm  in 
diameter  that  is  totally  surrounded  by  aerated 
lung. (Chapter 21)

solubility coefficient (gas)  volume  of  gas  that 
can  be  dissolved  in  1 ml  of  a  given  liquid  at 
standard  pressure  and  specified  temperature. 
(Chapter 6)

solute  substance  dissolved  in  a  solution. 
(Chapter 13)

solution  mixture of one or more  substances dis-
solved  in  another  substance.  The  molecules  of 
each of the substances disperse homogeneously 
and do not  change chemically. A  solution may 
be a gas, a liquid, or a solid. (Chapter 13)

solvent  any liquid in which another substance can 
be dissolved. (Chapter 13)

specific gravity  ratio of the density of a substance 
to the density of another substance accepted as 
a  standard. The usual  standard  for  liquids  and 
solids  is water. A  liquid or solid with a specific 
gravity of 4 times as dense as water at the same 
temperature. Hydrogen is the usual standard for 
gases. (Chapter 6)

spectrophotometry  measurement  of  color  in  a 
solution  by  determining  the  amount  of  light 
absorbed  in  the  ultraviolet,  infrared,  or  visible 
spectrum,  widely  used  in  clinical  chemistry  to 
calculate  the  concentration  of  substances  in 
solution. (Chapter 19)

splinting  process of immobilizing, restraining, or 
supporting a body part. (Chapter 40)

spontaneous awaking trial  a  trial  of  sedation 
removal  or  reduction  preformed  prior  to  a 
spontaneous breathing trial. (Chapter 47)

spontaneous breath  ventilatory  support  breaths 
initiated and ended by the patient. (Chapter 45)

spontaneous breathing trial (SBT)  trial of spon-
taneous breathing independent of the ventilator. 
(Chapter 47)

sporicidal  destructive to the spore form of bacte-
ria. (Chapter 4)

sputum  mucus from the respiratory tract that has 
passed through the mouth. (Chapter 16)

squamous cell carcinoma  type  of  lung  cancer 
characterized  by  cells  that  appear  platelike. 
(Chapter 31)

staging system  See TNM staging. (Chapter 31)
standard bicarbonate  plasma  concentration  of 

HCO3
− in mEq/L that would exist if PCO2 were 

normal (40 mm Hg). (Chapter 14)
standard precautions  guidelines  recommended 

by the U.S. Centers for Disease Control and Pre-
vention  to  reduce  the  risk  of  transmission  of 
blood-borne  and  other  pathogens  in  hospitals. 
Standard precautions apply to (1) blood; (2) all 
body  fluids,  secretions,  and  excretions,  exclud-
ing  sweat,  regardless  of  whether  they  contain 
blood;  (3)  nonintact  skin;  and  (4)  mucous 
membranes. (Chapter 4)
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Starling equilibrium  the filtration of fluid across 
a  membrane  is  a  result  of  equilibration  of 
osmotic and hydrostatic forces across the mem-
brane. (Chapter 13)

stenosis  narrowing of a valve or vessel. (Chapters 
10, 36)

sterilization  complete destruction of all microor-
ganisms,  usually  by  heat  or  chemical  means. 
(Chapter 4)

sternal angle  the  fused  connection  between  the 
manubrium  and  the  body  of  the  sternum  is 
known  as  the  sternal  angle  or  angle  of  Louis. 
(Chapter 9)

sternocleidomastoid muscles  muscle of the neck 
that  is  attached  to  the  mastoid  process  of  the 
temporal bone and superior nuchal line and by 
separate heads to the sternum and clavicle; ster-
nocleidomastoid  muscles  function  together  to 
flex the head. (Chapter 9)

sternum  elongated  flattened  bone  forming  the 
middle  portion  of  the  anterior  thorax.  
(Chapter 9)

stomata  small holes within the parietal pleura that 
are  the  main  route  for  pleural  fluid  to  exit. 
(Chapter 27)

STPD  conditions of a volume of gas at 0° C and 
760 mm Hg  and  containing  no  water  vapor 
(dry). It should contain a calculable number of 
moles of a particular gas. (Chapter 6)

strain-gauge pressure transducers  a  pressure 
measuring device  that  records pressures by  the 
expansion  and  contraction  of  a  flexible  metal 
diaphragm  connected  to  electrical  wires. 
(Chapter 6)

stress index  an index used to determine if during 
mechanical  controlled  inhalation  there  is  over 
distention  or  recruitment  of  collapse  lung; 
determined  by  the  slope  change  in  the  airway 
pressure curve during volume controlled square 
wave ventilation. (Chapter 51)

strict liability  theory in tort law that can be used 
to  impose  liability without fault, even in situa-
tions  where  injury  occurs  under  conditions  of 
reasonable  care;  the  most  common  cases  of 
strict liability involve the use of dangerous prod-
ucts or techniques. (Chapter 5)

stridor  high-pitched, continuous type of adventi-
tious lung sound heard from the upper airway. 
(Chapter 16)

stroke  condition  characterized  by  the  sudden 
onset of a neurologic deficit. (Chapter 32)

stroke volume  volume  of  blood  ejected  by  the 
left  ventricle  during  each  contraction.  
(Chapter 10)

sub-atmospheric  below  atmospheric;  used  to 
describe pressures below ambient. (Chapter 11)

subcutaneous emphysema  accumulation of air in 
the subcutaneous tissues owing to leakage from 
the lung. (Chapter 16)

suctioning  process  of  mechanically  aspirating 
airway secretions. (Chapter 36)

sudden infant death syndrome (SIDS)  leading 
cause of death in infants less than 1 year old in 
the United States. Commonly called crib death. 
(Chapter 33)

super obesity  the  state  of  having  a  body  mass 
index of greater than 50 kg/m2. (Chapter 30)

supplemental oxygen  O2  delivered  at  concentra-
tions exceeding 21% to increase the amount of 
O2 circulating in the blood. (Chapter 25)

suprasternal  above the sternum. (Chapter 9)
surface tension  tendency of a liquid to minimize 

the area of its surface by contracting. This prop-
erty  causes  liquids  to  rise  in  a  capillary  tube, 
effects  the exchange of gases  in the pulmonary 
alveoli,  and  alters  the  ability  of  various  liquids 
to wet another surface. (Chapters 6, 11)

surfactant  surface-acting  agent  that  forms  a 
monomolecular  layer  over  pulmonary  alveolar 
surfaces. These agents prevent alveolar collapse 
at  lower  lung  volumes  by  reducing  alveolar 
surface tension. (Chapter 53)

surgical resection  the partial removal of an organ 
or tissues by surgical means. (Chapter 31)

surveillance  (bacteriologic)  ongoing  process  de-
signed  to  ensure  that  infection  control  proce-
dures are working; generally involves equipment, 
microbiologic identification, and epidemiologic 
investigation. (Chapter 4)

suspensions  dispersion  of  large  particles  sus-
pended  in  a  fluid  medium;  without  physical 
agitation,  the  particles  eventually  settle  out. 
(Chapter 13)

Swan-Ganz catheter  catheter that is positioned in 
the  pulmonary  artery  to  measure  pressures  in 
the heart and pulmonary circulation and can be 
used  to  determine  the  patient’s  circulatory 
status. (Chapter 51)

sweep flow  the flow of gas in a direction opposite 
the flow of blood through an ECMO oxygenator 
to remove CO2 and add O2. Normally the gas is 
O2  but  on  occasion  small  amounts  of  CO2  are 
added. (Chapter 50)

symptoms  the  sensation or  subjective experience 
of some aspect of an illness, such as breathless-
ness. (Chapter 16)

synchronized cardioversion  countershock  syn-
chronized  with  the  heart’s  electrical  activity. 
(Chapter 37)

synchronous intermittent mandatory ventilation 
(SIMV)  mode  of  ventilatory  support  using 
periodic  assisted  ventilation  with  spontaneous 
breathing  in  between.  Assisted  breaths  are 
responsive to patient demand. (Chapters 48, 52)

syncope  temporary  unconsciousness;  fainting. 
(Chapter 16)

synthesized database  a  set  of  computerized 
records or data which have been reviewed, inter-
preted and categorized in relation to an area of 
research. (Chapter 8)

systematic error  nonrandom statistical error that 
affects  the  mean  of  a  population  of  data  and 
defines the bias between the means of two popu-
lations. (Chapters 19, 51)

systolic pressure  peak  blood  pressure  occurring 
in  the  arteries  during  ventricular  contraction. 
(Chapter 16)

T
tachycardia  abnormally  elevated  heart  rate. 

(Chapter 16)
tachyphylaxis  phenomenon in which the repeated 

administration  of  some  drugs  results  in  a 
marked decrease in effectiveness. (Chapter 35)

tachypnea  abnormal  elevation  of  breathing  rate. 
(Chapter 16)

tamponade (cardiac)  the  accumulation  of  blood 
in  the  pericardial  sac,  increasing  pericardial 
pressure  and  reducing  cardiac  output.  
(Chapter 30)

target heart rate  heart  rate achieved at 65% of a 
patient’s maximum O2 consumption during an 
exercise evaluation, used for aerobic condition-
ing. (Chapter 55)

target variable  a variable that can be reached and 
maintained  at  a  preset  level  before  inspiration 
ends  but  does  not  terminate  inspiration. 
(Chapter 42)

targeting scheme  the approach used by a particu-
lar  mode  to  achieve  the  various  targets  active 
during ventilation. (Chapter 42)

telemedicine  refers  to  the  use  of  electronic  and 
telecommunication  technologies  to  support 
health care at a geographically different location 
from the patient, thus increasing access to spe-
cialty patient care. (Chapter 7)

telemonitoring  monitoring  a  patient’s  clinical 
condition  through  a  computerized  connection 
to a health care facility. (Chapter 7)

tension pneumothorax  air  in  the  pleural  space 
that  exceeds  atmospheric  pressure  causing 
outward  expansion  of  the  ribs,  downward 
depression of the diaphragm, mediastinal shift, 
and hypotension. (Chapters 27, 30, 47)

tension-time index  product  of  contractile  force 
(ratio  of  diaphragmatic  pressure  to  maximum 
diaphragmatic  pressure)  and  contractile  dura-
tion (ratio of inspiratory time to total breathing 
cycle  time) used  to  indicate a  level of  contrac-
tion associated with fatigue. (Chapter 44)

tetralogy of Fallot  congenital  cardiac  anomaly 
that consists of four defects: pulmonic stenosis, 
ventricular  septal  defect,  malposition  of  the 
aorta  so  that  it arises  from the septal defect or 
the right ventricle, and right ventricular hyper-
trophy. (Chapter 33)

therapeutic index  difference  between  the  mini-
mum therapeutic and minimum toxic concen-
trations of a drug. (Chapter 39)

therapist-driven protocol  specification of actions 
that allow respiratory care practitioners to initi-
ate  and  adjust  therapy  independently,  within 
guidelines  previously  established  by  medical 
staff.  Also  called  respiratory care protocol. 
(Chapter 2)

thermal conductivity  measure  of  gas  concentra-
tions  in  a  sample  calculated  by  detecting  the  
rate  at  which  different  gases  conduct  heat. 
(Chapter 6)

thermodynamics  science  of  the  interconversion 
of heat and work. (Chapter 6)

thiosulfate  a  compound  (S2O3
2−)  that  is  an  oxy-

anion of sulfur used in treating carbon monox-
ide poisoning. (Chapter 30)

thoracentesis  surgical  perforation  of  the  chest 
wall and pleural space with a needle for diagnos-
tic or therapeutic purposes or for the removal of 
a specimen for biopsy. (Chapter 27)

thoracic flap or flail chest  two  or  more  ribs 
broken in two or more places creating an unsta-
ble segment of the chest wall. (Chapter 30)
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thoracic gas volume (TGV)  technique  that  mea-
sures lung volume. (Chapter 20)

Thorpe tube  variable  orifice,  constant  pressure 
flowmeter. (Chapter 40)

thrill  fine palpable vibration felt accompanying a 
cardiac or vascular murmur. (Chapter 16)

thrombocytes  smallest cells in the blood; they are 
formed  in  the red bone marrow, and some are 
stored  in  the  spleen.  Platelets  are  disc-shaped, 
contain no hemoglobin, and are essential for the 
coagulation  of  blood  and  in  maintenance  of 
hemostasis. (Chapter 16)

thrombocytopenia  abnormal condition in which 
the number of blood platelets is reduced, usually 
associated  with  neoplastic  diseases  or  an 
immune response to a drug. (Chapter 17)

tidal volume (VT)  volume of air that is inhaled or 
exhaled from the lungs during effortless breath. 
(Chapters 11, 20)

time constant  mathematical  expression  describ-
ing the relative efficacy of  lung unit filling and 
emptying and computed as the product of com-
pliance times resistance (measured in seconds). 
(Chapters 11, 45, 46)

tissue oxygen sensing  the  monitoring  of  the 
O2  saturation  or  PO2  at  the  tissue  level. 
(Chapter 51)

tort  legal wrong committed on a person or prop-
erty independent of contract. (Chapter 5)

total lung capacity (TLC)  total  amount  of  gas 
in  the  lungs  after  a  maximum  inspiration. 
(Chapter 19)

trachea  large  main  intrathoracic  airway. 
(Chapter 9)

tracheal tugging  effect  of  an  aortic  aneurysm  in 
which the trachea is pulled downward with each 
heart contraction. (Chapter 16)

tracheoesophageal fistula  a congenital malforma-
tion  or  an  abnormality  associated  with  disease 
in which there is an abnormal tubelike passage 
between  the  trachea  and  the  esophagus.  
(Chapters 36, 47)

tracheoinnominate fistula  a  fistula  (connection 
between the trachea and the innominate artery). 
(Chapter 36)

tracheal malacia  softening  of  the  tracheal  carti-
lages. (Chapters 36, 47)

tracheal stenosis  a  narrowing  of  the  tracheal 
diameter. (Chapter 47)

tracheostomy  opening through the neck into the 
trachea, through which an indwelling tube may 
be inserted. (Chapter 36)

tracheostomy tubes  artificial  airways  that  are 
surgically  placed  directly  into  the  trachea. 
(Chapter 36)

tracheotomy  procedure  by  which  an  incision  is 
made  into  the  trachea  through  the neck below 
the  larynx  to  gain  access  to  the  lower  airways. 
(Chapter 36)

transairway pressure  difference  between  airway 
pressure and alveolar pressure. (Chapters 11, 46)

transalveolar pressure  difference  between  alveo-
lar  pressure  and  pleural  pressure.  (Chapters  
11, 46)

transbronchial biopsy  a  lung  tissue  specimen 
which  is  obtained  through  a  needle  insertion, 
bronchoscopy or surgery. (Chapter 22, 31)

transbronchial needle aspiration  technique  of 
sampling  lung  tissue  through  a  bronchoscope 
that  involves  passing  a  thin  needle  through  a 
bronchus. (Chapters 22, 31)

trans–chest wall pressure  difference between the 
pleural  space and the body surface. Also called 
transthoracic pressure. (Chapters 11, 46)

transdiaphragmatic pressure (Pdi)  the  pressure 
change  across  the  diaphragm  associated  with 
breathing. (Chapter 46)

transtracheal oxygen therapy (TTOT)  low-flow 
O2  delivered  via  a  catheter  with  a  small  orifice 
that is inserted through the skin and neck tissue 
into  the  trachea  through  the  anterior  tracheal 
wall. (Chapter 56)

transient tachypnea of the newborn (TTN)  the 
periodic increase in respiratory rate that is com-
monly  observed  in  low-birth-weight  infants. 
(Chapter 34)

transposition of the great arteries  congenital 
cardiac condition characterized by an anatomic 
abnormality in which the aorta arises from the 
right ventricle and the pulmonary artery arises 
from the left ventricle. (Chapter 34)

transpulmonary  of or pertaining to the difference 
in  a  parameter  (e.g.,  pressure)  between  the 
alveoli and pleural space. (Chapter 10)

transpulmonary pressure  the difference between 
the  alveolar  pressure  and  intrapleural  pressure 
of the lungs. (Chapters 46, 48, 51)

transpulmonary pressure difference  difference 
between intraalveolar and intrapleural pressure, 
or  the pressure  acting across  the  ling  from  the 
pleural space to the alveoli. (Chapters 11)

transrespiratory  across the respiratory system; of 
or  pertaining  to  the  difference  in  a  parameter 
(e.g., pressure) between the alveoli and the body 
surface.

transrespiratory pressure  the difference between 
the alveolar pressure and pressure on the body 
surface. (Chapter 46)

transrespiratory pressure gradient  pressure  dif-
ferential between the mouth and the alveoli that 
causes  gas  to  flow  in  and  out  of  the  lungs. 
(Chapters 43)

transthoracic  across  the  thorax;  of  or  pertaining 
to the difference in a parameter (e.g., pressure) 
between the pleural space and body surface.

transthoracic needle biopsy  technique of obtain-
ing a biopsy specimen of lung tissue by which a 
needle is passed into the chest, often guided by 
imaging. (Chapter 31)

transthoracic pressure  of or pertaining to the dif-
ference in a parameter (such as pressure) between 
the pleural space and body surface. (Chapter 46)

transthoracic pressure difference (PTT)  difference 
between  the  pleural  space  and  the  body  
surface.  Also  called  trans–chest wall pressure. 
(Chapter 11)

transtracheal oxygen therapy (TTOT)  administra-
tion  of  O2  via  a  low-flow  catheter  inserted 
directly into the trachea. (Chapter 51)

transudate  the  fluid  that  moves  out  of  a  cell  or 
tissue  as  a  result  of  a  concentration/pressure 
gradient. (Chapter 30)

transudative pleural effusion  pleural effusion low 
in  protein  and  lactate  dehydrogenase,  usually 

caused by congestive heart failure, nephrosis, or 
cirrhosis. (Chapter 27)

traumatic brain injury  general  term  referring 
to  any  class  of  either  focal  or  diffuse  lesions  
that  can  result  from  head  trauma;  these  
lesions  include  injury  to  the  nerve  body  
(axon), hypoxic brain damage, swelling, hemor-
rhage,  contusions,  laceration,  and  infection. 
(Chapter 32)

Trendelenburg position  position  in  which  the 
head  is  low  and  the  body  and  legs  are  on  an 
inclined plane. (Chapter 45)

trepopnea  shortness  of  breath  which  is  experi-
enced by a patient while lying on one side or the 
other. (Chapter 16)

trigger  the inspiratory force a patient must gener-
ate to initiate a breath on a mechanical ventila-
tor. (Chapter 45)

trigger asynchrony  a lack of coordination between 
the patient’s inspiratory effort and the response 
of the mechanical ventilator. (Chapter 47)

trigger delay  a  delay  in  ventilator  response  to  a 
patient’s inspiratory effort. (Chapter 47)

trigger variable  variable that  initiates  inspiration 
during mechanical ventilation. (Chapter 45)

tripodding  breathing  technique  most  often  used 
by patients with chronic obstructive pulmonary 
disease  in  which  they  lean  forward  and  place 
their  elbows  on  a  table  or  arms  of  a  chair  to 
support  breathing  with  the  accessory  muscles. 
(Chapter 16)

troponin  protein in the striated cell ultrastructure 
that  modulates  the  interaction  between  actin 
and myosin molecules. It  is believed to be part 
of  the  calcium-binding  complex  of  the  thin 
myofilaments.  The  level  of  blood  troponin  is 
used  to  identify  the  presence  of  a  myocardial 
infarction. (Chapter 17)

troponin I  protein  similar  to  CPK-2;  troponin  I 
levels  peak  12  to  16  hours  after  myocardial 
infarction.  It  is  associated  with  cardiac  muscle 
damage. (Chapter 17)

true ribs  the  first  seven  ribs  on  each  side  of  the 
thorax are called true ribs. (Chapter 9)

tuberculosis  chronic  granulomatous  infection 
caused  by  an  acid-fast  bacillus,  Mycobacterium 
tuberculosis.  It  is  generally  transmitted  by  the 
inhalation or ingestion of infected droplets and 
usually  affects  the  lungs,  although  infection  of 
multiple organ systems occurs. (Chapter 24)

tumor, node, metastasis (TNM) staging  staging 
system  based  on  a  size  of  the  tumor  (T),  the 
presence and position of abnormal lymph nodes 
(N),  and  the presence or absence of metastasis 
(or spread beyond the primary tumor site) (M). 
(Chapter 28)

turbinates  bony  structures  that  extend  from  the 
lateral  walls  of  the  interior  nasal  passages. 
(Chapter 9)

turbulent flow  flow of a fluid that does not occur 
in  a  straight  line;  flow  in  which  molecules 
tumble over each other. (Chapter 6)

12-minute walk  usually  a  part  of  a  pulmonary 
rehabilitation program, performed once per day 
for the duration of the program. The objective 
is  for  the  patient  to  walk  on  a  flat,  smooth 
surface as far as possible during the 12 minutes, 
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stopping as necessary and quantifying the total 
distance covered. (Chapter 55)

type I pneumocyte  cuboidal,  secretory  epithelia 
that  line  the  blind  tubules  of  the  acinus  cells. 
(Chapter 9)

type II pneumocyte  pneumocyte  granular  cells 
that are highly active and form part of the lining 
of the alveoli. These cells secrete surfactant and 
other substances. (Chapter 9)

U
ultrasonic nebulizer (USN)  aerosol  generator  in 

which  an  electrical  signal  is  used  to  produce 
high-frequency  vibrations  in  a  container  of 
fluid.  The  vibrations  break  up  the  fluid  into 
aerosol particles. (Chapter 38)

ultrathin bronchoscopy  a  bronchoscope  which 
has a smaller  than usual diameter and circum-
ference  to  permit  insertion  into  small  airways. 
(Chapter 22)

upper airway stimulation  a newer way of treating 
obstructive sleep apnea which involves implan-
tation of a nerve stimulator  to maintain upper 
airway patency. (Chapter 33)

upstream  relative reference to a point closer to the 
source in a stream of flowing fluid. (Chapter 40)

uvula  small cone-shaped process suspended in the 
mouth from the middle of the posterior border 
of the soft palate. (Chapter 9)

uvulopalatopharyngoplasty (UVPPP)  surgical 
procedure  used  in  treating  severe  obstructive 
sleep  apnea,  which  involves  shortening  of  the 
soft palate and removal of the uvula and tonsils. 
(Chapter 33)

V
VA ECMO  venous  arterial  extracorporeal  mem-

brane oxygenation, the removal of blood from a 
vein that then moves to an O2 and CO2 exchanger 
before returning to the patient via an artery. VA 
ECMO  is  used  to  provide  support  for  both  
the  respiratory  and  cardiovascular  system. 
(Chapter 50)

vagovagal reflexes  reflexes  caused by  stimulation 
of parasympathetic receptors in the airways that 
can  result  in  laryngospasm,  bronchoconstric-
tion, hyperpnea, and bradycardia; often associ-
ated  with  mechanical  stimulation,  as  during 
procedures such as tracheobronchial aspiration, 
intubation, or bronchoscopy. (Chapter 15)

vallecula  the  anatomic  depression  immediately 
beyond the base of the tongue. (Chapter 9)

value-based purchasing (VBP)  system is a system 
of  reimbursement  by  the  government  CMS  to 
hospitals and health care providers  that  is par-
tially based on their ability to meet a predefined 
set of standards. (Chapter 7)

vaporization  process whereby matter in its liquid 
form is changed into its vapor or gaseous form. 
(Chapter 6)

vasoconstriction  narrowing  of  the  blood  vessels. 
(Chapter 10)

vasodilation  widening  or  distention  of  blood 
vessels, particularly arterioles, usually caused by 
nerve  impulses  or  certain  drugs  that  relax 
smooth muscle in the walls of the blood vessels. 
(Chapter 10)

vasopressor  a medication which causes  constric-
tion  of  the  blood  vessels,  generally  used  to 
increase blood pressure. (Chapter 35)

VCV  acronym for volume-controlled ventilation, a 
mode  of  ventilatory  support  in  which  volume 
(or  flow  ×  time)  serves  as  the  cycle  variable. 
(Chapters 3, 27, 45, 48)

venous admixture  mixing  of  venous  blood  with 
arterial blood, resulting in a decrease in the O2 
content  of  the  latter;  occurs  in  anatomic  and 
physiologic shunting. (Chapters 12, 51)

venous reservoir  the  capacity  of  the  venous 
system  to  pool  large  volumes  of  blood.  
(Chapter 10)

venous thromboembolism (VTE)  clot  that 
spreads from one venous bed to another, such as 
from the leg veins to the lung. (Chapter 28)

ventilation  molecular  exchange  of  O2  and  CO2 
within the body’s tissues. (Chapter 11)

ventilation/perfusion ( � �V /Q) ratio  ratio  of  pul-
monary alveolar ventilation to pulmonary capil-
lary perfusion, both measured quantities being 
expressed in the same units. (Chapter 12)

ventilator-associated pneumonia  lower  respira-
tory tract infection that develops more than 48 
to  72  hours  after  endotracheal  intubation. 
(Chapter 24)

ventilator-induced lung injury (VILI)  lung injury 
which  occurs  as  a  result  of  excessive  pressure 
and/or  volume  during  mechanical  ventilation. 
(Chapter 29)

ventilatory threshold  during exercise, the point at 
which  increased  levels  of  lactic  acid  result  in 
increased  CO2  production  and  minute  ventila-
tion; the respiratory quotient equals or exceeds 
1.0,  indicating  that  CO2  production  equals  or 
exceeds O2 consumption; at this point, metabo-
lism  becomes  anaerobic,  decreasing  energy  
production  and  increasing  muscle  fatigue. 
(Chapter 55)

ventral respiratory groups (VRGs)  groupings  of 
cells in the medulla oblongata that are active in 
controlling  both  inspiration  and  expiration. 
(Chapter 15)

ventricular fibrillation (VF)  the most life-threat-
ening  electrocardiographic  arrhythmia  charac-
terized  by  erratic  quivering  of  the  ventricular 
muscle mass. (Chapter 18)

ventricular tachycardia (VT)  a  run  of  three  or 
more premature ventricular contractions that is 
usually  easy  to  recognize  as  a  series  of  wide, 
bizarre QRS complexes  that have no preceding 
P wave. (Chapter 18)

veracity  principle  that  binds  the  health  provider 
and the patient to tell the truth, creating an envi-
ronment of  trust and mutual  sharing of  infor-
mation. (Chapter 5)

very low birth weight (VLBW)  a  newborn  who 
weights  less  than  the 95% percentile of weight 
for newborns. (Chapter 53)

virtue ethics  viewpoint that asks what a virtuous 
person would do in a similar circumstance; it is 
based  on  personal  attributes  of  character  or 
virtue,  rather  than  on  rules  or  consequences. 
(Chapter 5)

virucidal  agent that destroys or inactivates viruses. 
(Chapter 4)

visceral pleura  thin membrane covered by meso-
thelial cells that covers the entire surface of the 
lung,  dipping  into  the  lobar  fissures.  (Chapter  
9, 27)

viscosity  internal  force  that  opposes  flow  of  a 
fluid, either liquids or gases. (Chapter 6)

vital capacity (VC)  total amount of air that can be 
exhaled after a maximum inspiration;  the  sum 
of the inspiratory reserve volume, tidal volume, 
and  expiratory  reserve  volume.  (Chapters  
20, 51)

volatile acid  acid  that  can  be  excreted  in  its 
gaseous form; physiologically, carbonic acid is a 
volatile  acid;  approximately  24,000 mmol/L 
CO2  is  eliminated  from  the  body  daily  via 
normal ventilation. (Chapter 14)

voltage  expression of electromotive force in terms 
of volts. (Chapter 3)

volume-controlled ventilation (CMV)  a mode of 
ventilatory  support  in  which  a  specific  tidal 
volume  is  set  and  delivered  for  each  breath 
under control ventilation conditions. (Chapters 
3, 27, 45, 48)

volume-limited ventilation  same  as  CMV,  the 
primary  control  variable  is  tidal  volume. 
(Chapter 27)

volume-median diameter (VMD)  the  median 
diameter  of  an  aerosol  particle  measured  in 
units of volume. (Chapter 39)

volume support  pressure-limited  ventilation  in 
which tidal volume is targeted. (Chapter 48)

volumetric capnography  a way of measuring the 
volume of exhaled carbon dioxide to assess the 
a patient’s ventilatory status. (Chapter 19)

volutrauma  alveolar  overdistention  and  damage 
caused  by  ventilation  with  high  peak  inflation 
pressures. (Chapters 29, 46)

VV ECMO  venovenous extracorporeal membrane 
oxygenation,  the removal of blood from a vein 
which then moves to an O2 and CO2 exchanger 
before  returning  to  the  patient  via  a  vein.  VV 
ECMO is used to provide support for the respi-
ratory  system  but  not  the  circulatory  system. 
(Chapter 50)

W
water vapor pressure  the  pressure  exerted  by 

water in its gaseous state. (Chapter 6)
wet drowning  drowning  that  is  a  result  of  a 

large  amount  of  water  entering  the  lungs. 
(Chapter 30)

wheezes  high-pitched, continuous type of adven-
titious lung sound. (Chapter 16)

work of breathing (WOB)  amount  of  force 
needed  to  move  a  given  volume  into  the  lung 
with a relaxed chest wall; mathematically, work 
is  the  integral  of  pressure  times  volume. 
(Chapter 44)

X
xiphoid process  pointed  lower  portion  of  the 

sternum. (Chapter 9)

Z
zone valve  on/off  piping  valve  that  controls 

medical gas distribution  to a prespecified zone 
of a building. (Chapter 40)
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A

AAP. see American Academy of Pediatrics 
(AAP)

AARC. see American Association for Respiratory 
Care (AARC)

Abdominal compartment syndrome, 340-341
Abdominal examination, 340-341
Abdominal paradox, 335, 663
Abdominal thrust, 800-802, 801f
Abdominal wall abnormalities, 698, 698b
Absolute hemoglobin deficiency, 266
Absolute humidity, 111
Absolute zero, 104
Absorption atelectasis, 909-910, 909f
Absorption spectrum, 387, 387f
Abstract, how to write, 151, 153f
Accessory muscles, of breathing, 178
Accommodating, conflict resolution, 53
Accounts receivable, 136
Accuracy, definition of, 404
Acid(s)

Brönsted-Lowry, 275
buffering. see Buffering
characteristics of, 275-276
definition of, 275
equilibrium constants of, 286-287
fixed, 286
gram equivalent weight of, 273
with multiple ionizable hydrogens, 275
nonvolatile, 286
with single ionizable hydrogen, 275
strong, 286-287
volatile, 286
weak, 286-287

Acid excretion, 290-294
kidneys, 290-294
lung, 290

Acid-base balance, 285-307, 1023-1024
bicarbonate’s role in, 281-282
definition of, 286
determinants of, 275-277
mechanical ventilation effects on, 1197
normal, 294

Acid-base disturbances, 294-295
compensation for

assessment of, 297
complete, 297
degrees of, 297t
partial, 297

metabolic acidosis. see Metabolic acidosis
metabolic alkalosis. see Metabolic alkalosis
primary metabolic, 294
primary respiratory, 294
respiratory acidosis. see Respiratory acidosis

fibroproliferative phase of, 596-597
gas exchange in, 594
histopathologic findings of, 596-597, 596b, 

597f
host susceptibility for, 597
hydrostatic pressure in, 604b
invasive ventilation for, 984
key features of, 597-598
lung mechanics in, 594
lung protective strategies for, 1107-1109
lung recruitment in, 1028-1030
lung remodeling after, 596-597
mechanical ventilation for, 599-603

airway pressure release ventilation, 608-609
high-frequency ventilation, 609
inspiratory time, 603
inverse-ratio ventilation in, 608
mobility and, 605
mode of, 600-601
noninvasive, 983, 1115-1116
positive end expiratory pressure in, 

601-603, 1092
respiratory rate, 603
setting tidal volume in, 600, 600b
ventilatory rate of, 609-610

nonhydrostatic pulmonary edema as cause of, 
591-593

nutrition for, 605
outcomes of, 597-598
oxygen delivery in, 267
PaCO2 and, 1107-1109
PEEP and, 1092
polymorphonuclear neutrophils associated 

with, 592-593
pressure-volume curve in, 1028-1030, 1028f
pulmonary edema of, 442
rescue ventilation strategies for, 608-610
respiratory therapist’s role in, 610
risk factors for, 595b, 597
severe, 498-499
supportive care for, 599-603, 607b

nonventilatory, 604
therapeutic approach in, 598-610
treatment of

adjunctive strategies, 605-608
beta-2 agonist, 607
corticosteroids, 607
epoprostenol, 606-607
exogenous surfactant administration, 608
extracorporeal carbon dioxide removal, 

609-610
extracorporeal membrane oxygenation, 

609

Note: Page numbers followed by “f” refer to illustrations; page numbers followed by “t” refer to tables; page numbers followed by “b” refer to boxes.

respiratory alkalosis. see Respiratory alkalosis
systematic classification of, 295-297, 296b, 

297t
categorization of pH, 296
metabolic involvement, 297
respiratory involvement, 296-297

Acidemia, 294
Acid-fast testing, 353-354
Acidity, 277
Acidosis, 220, 220b

metabolic. see Metabolic acidosis
respiratory. see Respiratory acidosis

Acinus, 160, 201, 203f
Aclinidium, 530t-531t
Acoustic respiratory monitoring (ARM), 

1168-1169
Acquired immunodeficiency syndrome, 509
Acrocyanosis, 341-342
ACT. see Airway clearance therapy (ACT)
Activated clotting time, 1143, 1143f
Active cycle of breathing technique, 962, 962b
Active transport, 282
Acute care setting, applications in, 130
Acute chest syndrome, 259
Acute hypertensive crisis, 330
Acute hypoxemic respiratory failure (AHRF), 

589
Acute lung injury

description of, 594-595
fibrosis after, 596-597
lung protective strategies for, 1107-1109
lung remodeling in, 596-597
noninvasive ventilation for, 983, 1115-1116
risk factors for, 595b

Acute Physiology and Chronic Health 
Evaluation (APACHE) scoring system, 
1185

Acute respiratory distress syndrome (ARDS), 
588-614

acute lung injury versus, 594-595
appearance of, 443
care of patients with, 599b
causes of, 1054t
chest radiographs of, 591f
clinical features of, 593b
congestive heart failure and, differentiation 

between, 593b
definition of, 594-597, 594t
diagnosis of, 594-597
distinguishing from nonhydrostatic 

pulmonary edema, 595-596
dorsal lung injury in, 1103
epidemiology of, 597-598, 598b
exudative phase of, 596

Acid-base disturbances (Continued) Acute respiratory distress syndrome (ARDS) 
(Continued)
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inhaled vasodilators, 606-607, 606f
mechanical ventilation for. see Acute 

respiratory distress syndrome, 
mechanical ventilation for

neuromuscular blocking paralytic agents, 
606

nitric oxide, 606
prone positioning, 605-606
prostacyclin, 606
strategies in, 599t
treatment strategies in, 599t

Acute respiratory failure
causes of, 1080t
typical progression of, 1080f

Acute-on-chronic respiratory failure, 979-980
Acute-onset respiratory distress, evaluation of, 

342b
Acyanotic heart diseases, 700-701

atrial septal defect, 700
left ventricular outflow obstructions, 

700-701, 701f
patent ductus arteriosus, 700
ventricular septal defect, 700

Adam’s apple, 192
Adaptive support ventilation, 1042, 1205
Adaptive targeting, 1006, 1006t
Adenoids, 191-192
Adenosine, 813t-815t
Adhesion, 108, 108f
Adiabatic compression, 120b
Adjustable reducing valve, high pressure, 

898-899
Administrative law, 92
Adolescents

attention span of, 1254b
respiratory rate in, 1227t

Adrenaline, 721
Adrenergic bronchodilators, 718-722, 719t

adverse effects of, 721-722
assessment of, 722, 723b
death caused by, 722
indications for, 718-719
long acting, 718-719
mode of action, 719, 720f
short-acting, 718
ultra-short-acting, 720

Advance directives, 86, 100
definition of, 327

Advanced cardiovascular life support, 802-818
airway management, 804-806
bag-mask devices for, 806-807, 807f
cardiac function, 808-816
cardiovascular management, 818
description of, 802-803
drug administration route during, 811, 811b
drugs used in, 811b, 813t-815t
electrical therapy, 811-816
electrocardiogram monitoring, 808-811
monitoring during, 816-817
oxygenation support, 803
pharmacologic intervention in, 811
respiratory management, 817

Adventitia, 197, 200
Adventitious lung sounds, 338, 339t
Adverse Factor/Ventilator Score, 1198

Aeration, 73
Aerobic exercises, 1265
Aerophagia, 1048
Aerosol(s)

aging, 846-847
characteristics of, 844-847
definition of, 107, 844
deposition of, 845-846, 846b, 847f, 854f, 869b, 

870f
diffusion of, 845-846
hazards of, 848
inertial impaction of, 845, 845f
particle size of, 844-845, 846f
quantifying delivery of, 847
sedimentation of, 845

Aerosol drug therapy, 843-883
acute care use of, 873-875
airway reactivity caused by, 848
in alternative care settings, 1304
bland. see Bland aerosol therapy
booths for, 880-881, 880f
bronchodilators. see Bronchodilators
in children, 1230, 1231t
definition of, 8
delivery systems for, 848-869, 871f

advantages and disadvantages of, 867, 869t
bronchodilators. see Bronchodilators
in children, 867-868, 868b
dry powder inhalers for. see Dry powder 

inhalers
in infants, 867-868, 868b
during mechanical ventilation, 875t
metered dose inhalers for. see Pressurized 

metered dose inhalers
nebulizers. see Nebulizers
noninvasive ventilation, 1130
selection of, 869

drug concentration, 848
dry powder inhalers for. see Dry powder 

inhalers
environmental contamination control, 

879-881
eye irritation caused by, 848
home, 1276
infection caused by, 848
in mechanically ventilated patients, 875-877, 

876b
meter dose inhalers for. see Pressurized 

metered dose inhalers
nebulizers. see Nebulizers
negative pressure rooms for, 880
noninvasive ventilation for administration of, 

1130
off-label use of, 873-875
personal protective equipment use during, 881
for pulmonary arterial hypertension, 873
pulmonary effects of, 848
secondhand exposure to, 848
stations for, 880-881
systemic effects of, 848

Aerosol generators, 835-837, 879f
in high-flow nasal cannula, 877, 879f
in high-frequency oscillatory ventilation, 

877-879, 878f
in intrapulmonary percussive ventilation, 877
in noninvasive ventilation, 877
placement of, 877-879

Aerosol mask, 921f
Aerosol output, 844
Aerosol transmission, 61-62
Aerosol-generating procedure, 67b
Aerosolized medications, 8

antiinfective, 732-735
pentamidine isethionate, 732-733, 732t

Affective domain, of learning, 1253, 1253t
Afterload, 218, 219b, 219f, 1046f, 1180, 

1180t-1181t
factors affecting, 219t

AGA. see Appropriate for gestational age (AGA)
Aging (aerosols), 846-847
Agonist, 717
Air

characteristic of, 885-886, 885t
density of, 885
drying, 886
oxygen separation from, 885

Air bronchogram, 442, 442b, 442f, 939
Air (bubble) detectors, 1143
Air compressor system, 886, 886f
Air embolism, 930
Air injector, 124f
Air leaks, 1131
Air trapping, 241-242, 414b
Airborne precautions, 67b
Airborne transmission, 61, 61t
Air-entrainment device, computing total flow 

output of, 919b
Air-entrainment mask (AEM), 919-920, 920f, 

1228t
Air-entrainment nebulizers, 920-921

computing minimum flow needs, 921b
increasing fractional inspiration of oxygen 

capabilities, 922b
Air-entrainment systems, 918-923, 919f

troubleshooting of, 921-922
Airflow obstruction, 515

mechanisms of, 517
Airspace disease, 442
Airway(s)

alternative devices for, 780-782
artificial. see Artificial airway
caliber of, 235
cricothyroidotomy, 782, 783f
development of, 160, 163f
diameter of, 235
double-lumen, 780, 782, 782f
dynamic compression of, 236
establishment of, 1081
hyperresponsiveness, 525
laryngeal mask, 780-782, 780f-782f, 780t
maintenance of, 765-774
nasopharyngeal, 744, 749, 749f, 804-805
oropharyngeal, 749, 749f, 804
pharyngeal, 749, 749f, 804
restoration of, 795
suctioning of. see Suctioning
surgical emergency, 782, 783f
tracheal. see Tracheal airways
trauma to, 746, 763-764
upper, postnatal development of, 168-169
wall of, 197-200

Airway clearance
abnormal, 953
cough reflex, 952f

Acute respiratory distress syndrome (ARDS) 
(Continued)
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description of, 952
diseases that affect, 953
impairments in, 953b
normal, 952-953
physiology of, 952-954

Airway clearance therapy (ACT), 951-970
active cycle of breathing technique, 962, 962b
acute conditions requiring, 954
assessing the need for, 954-955, 955b
autogenic drainage, 962
chronic conditions requiring, 954, 954b
coughing, 960-962, 960b
directed cough, 960-961, 960b
forced expiratory technique, 961
goals of, 954
high-frequency chest wall compression, 966, 

966f
high-frequency compression/oscillation, 

966-967
indications for, 954, 954b
intrapulmonary percussive ventilation, 966
mechanical insufflation-exsufflation, 963, 963f
methods of, 955-967
mobilization, 967
need for, 954-955, 955b
physical activity, 967
positive airway pressure adjuncts for, 964-966
secretion retention prevention using, 953
selection of techniques, 967-968, 967b-968b

Airway diseases, 696-697
Airway emergencies, 1062
Airway management, 10, 739-789

advanced cardiovascular life support, 802-818
artificial airway. see Artificial airway
in children, 1230-1233
clinical practice guideline for, 747b-748b
complications of, 758
double-lumen airway, 780, 782, 782f
laryngeal mask airway, 780-782, 780f-782f, 

780t
suctioning. see Suctioning
tracheostomy. see Tracheostomy; 

Tracheostomy tubes
tracheotomy. see Tracheotomy

Airway obstruction
in asthma, 525
causes of, 740
foreign body, 800

treatment for, 801-802
helium and oxygen therapy for, 234b
secretions as cause of, 768

Airway occlusion pressure (P0.1), 1194-1195
Airway pharmacology, 715-738
Airway pressure

in negative pressure mechanical ventilation, 
1019-1020, 1020f

in positive pressure mechanical ventilation, 
1021-1022, 1021f

in spontaneous breathing, 1018-1019
Airway pressure release ventilation (APRV), 

608-609, 1038, 1038f
Airway reactivity, 848
Airway receptors, 717-718, 718t
Airway resistance (Raw), 233

alveoli filling and emptying affected by, 241
calculation of, 233

definition of, 233
distribution of, 234-235, 234t, 235f
factors that affect, 234, 1030-1031
in volume ventilation, 1026

Airway stents, 466, 466f
Alae, 189
Alarm panel

of CareFusionAvea ventilator, 994f
of Dräger Evita XL ventilator, 994f

Alarm settings, 991-994, 994f
Albumin, 477
Albuterol, 530t-531t, 719t, 720b, 872f
Alkalemia, definition of, 294
Alkalinity, 277
Alkalosis

metabolic. see Metabolic alkalosis
respiratory. see Respiratory alkalosis

Alpha fibers, 311
Alpha-1 anti-protease deficiency, emphysema 

caused by, 516-517
Alpha-1 antitrypsin (AAT) deficiency

clinical features of, 518t
computed tomography chest image, 519f
description of, 516
posteroanterior plain chest radiograph, 518f

Alphanumeric values, 990
ALS. see Amyotrophic lateral sclerosis (ALS)
Alternative care settings

aerosol drug therapy in, 1304
airway care and clearance methods, 

1304-1305, 1304b
apnea monitoring in, 1307
bland aerosol therapy in, 1304
compressed oxygen cylinders for, 1291-1293
delivery methods, 1295-1297
demand-flow systems, 1296, 1296f
developments in, 1285-1286
discharge planning for, 1288-1290
equipment disinfection and maintenance in, 

1308-1309
goals of, 1286
home care, 1286, 1308
institutional long-term care, 1307-1308

discharge summary, 1308
screening, 1307-1308
treatment planning and ongoing 

assessment, 1308
long-term acute care hospitals, 1285-1286
long-term delivery system, 1296, 1297b, 

1299b-1300b
minimizing short-term readmissions, 1290b
multidisciplinary team in, 1288, 1288t
nasal continuous positive airway pressure in, 

1305-1307, 1306b
determining proper level, 1305, 1306f
equipment, 1305, 1305f
problem solving, 1305-1307
troubleshooting, 1305-1307, 1306b-1307b
use and maintenance, 1305

oxygen concentrators, 1294, 1295b, 1295f
oxygen therapy in, 1291-1297, 1292b
palliative care, 1116, 1309
patient assessment and documentation, 

1307-1308, 1307f
private sector accreditation of, 1287
problem solving, 1294-1297

regulations, 1286-1287
relevant terms of, 1286
respiratory care in, 1284-1311

other modes of, 1304-1307
site and support service evaluation, 

1288-1290, 1288b
skilled nursing facilities, 1285
standards, 1286-1287
subacute care, 1286
traditional acute care versus, 1287-1288, 1287t
transtracheal oxygen therapy, 1295-1296, 

1296b-1297b
trends in, 1285-1286
troubleshooting of, 1294-1297
ventilatory support in, 1297-1304, 1298b, 

1298t
caregiver education, 1300-1301
equipment, 1301-1304, 1301b
evaluation and follow-up, 1304
invasive versus noninvasive, 1301
negative pressure ventilators, 1303-1304
patient selection for, 1298
planning, 1300
positive pressure ventilators, 1302-1303, 

1302f-1303f, 1302t
prerequisites, 1298
selection of, 1301-1302
settings and approaches, 1298
special challenges in home support, 

1298-1301
standards and guidelines for, 1298

Alveolar air equation, 1024
Alveolar carbon dioxide, 248-249, 1023
Alveolar dead space, 242, 253
Alveolar disease, 441-442, 442b, 442f
Alveolar flooding, 591
Alveolar gas tensions

determinants of, 248-250
partial, changes in, 249-250, 249b-250b, 250f

Alveolar hypoxia, 582-583
Alveolar interstitium, 590
Alveolar oxygen, 1024

tensions, 249
Alveolar pressure, 227t, 1022b

in mechanical ventilation, 1017-1018
in negative pressure mechanical ventilation, 

1019-1020, 1020f
in positive pressure mechanical ventilation, 

1021-1022, 1021f
in spontaneous breathing, 1018-1019

Alveolar sac, 201
Alveolar time constants, 1026
Alveolar ventilation, 243, 244t, 1022, 1103
Alveolar wall, 589f
Alveolar-arterial oxygen tension difference, 1158
Alveolar-capillary membrane, 202
Alveolar-to-arterial PO2 difference, 976
Alveoli, 201-202, 204f-205f

development of, 162, 162b, 163f, 169
filling and emptying of, 241
surface tension forces in, 229

Alveolopleural fistula, 567b
Ambient temperature and pressure dry (ATPD), 

119
Ambrisentan, 582
Ambulation, 42-43

Airway clearance (Continued) Airway resistance (Raw) (Continued) Alternative care settings (Continued)
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American Academy of Pediatrics (AAP)
for diagnosis and management of 

bronchiolitis, 704b
on home apnea monitoring, 702, 702b
for respiratory syncytial virus prophylaxis, 

703b
American Association for Respiratory Care 

(AARC), 10-11, 11b, 141, 142f, 146, 1233
benchmarking system, 134
Clinical Practice Guidelines of, 33, 1235b
directed cough guidelines, 960b
discharge planning guidelines, 1289b
incentive spirometry guidelines, 943
indirect calorimetry guidelines, 481b
intermittent positive airway pressure 

breathing guidelines, 944b
oxygen therapy guidelines, description of, 

906, 907b
positive airway pressure adjuncts guidelines, 

964b
postural drainage guidelines, 957b
role model statement by, 1257b
Statement of Ethics and Professional 

Conduct, 83, 84b
American College of Chest Physicians, 

respiratory care protocols, 23b
American Respiratory Care Foundation 

(ARCF), 12
American Society for Testing and Materials 

(ASTM), 824
American Society of Anesthesiologists (ASA), 

459, 459t
American Standard Safety System, 894-895, 895f
American Thoracic Society (ATS), 404, 404t
Aminophylline, 530t-531t
Amiodarone, 813t-815t
Ammonia, description of, 276, 351
Amniocentesis, 1217-1218
Amperes, 45
Amylase, 351-352
Amyotrophic lateral sclerosis (ALS), 662, 

662b-663b, 1118, 1118b
Analgesia, for acute respiratory distress 

syndrome, 604-605
Analysis of variance (ANOVA), 150-151
Analytes, 378
Analyzer, 370
Anatomic dead space, definition of, 243, 253
Anatomic directions, 171b
Anatomic shunts, 212-213, 974, 1218-1219
Anemia

definition of, 348
oxygen content affected by, 266b

Anergy, 478
Aneroid barometer, 115, 115f
Angina, 326
Angina pectoris, 212, 677b
Angiogenesis, 636
Angle of Louis, 171-172, 172b
Anion gap, 300-301, 301b, 301f, 350-351, 351b
Anions, 270-271, 300-301
Ankylosing spondylitis, 666
Annulus fibrosus cordis, 210-211
ANOVA. see Analysis of variance (ANOVA)
Anterior axillary line, 172f
Anterior cardiophrenic sulcus, 440, 441f
Anthrax, inhalational, 498

Anthropometrics, 475b, 476-477
body composition, 476-477
height, 476
weight, 476

Antiadrenergic receptors, 717
Antibiotics

for community-acquired pneumonia, 
505-508, 506t-507t

lung cancer and, 639b
Anticholinergic receptors, 717
Anticholinergics

asthma treated with, 530t-531t, 532
bronchodilators, 723-725

adverse effects of, 724, 724b
assessment of, 725
beta-agonist bronchodilators and, 723
mode of action for, 723-724, 724f

indications for, 723
Antidiuretic hormone, body water regulation 

by, 278
Anti-immunoglobulin E therapy, 532
Antiinfective agents, aerosolized, 732-735

pentamidine isethionate, 732-733, 732t
Antiinflammatory agents, aerosolized 

medications and, 1231t
Antileukotrienes, 729, 730t-731t
Antiseptic, 63
Antithrombin III (AT III), 1144
Aortic bodies, 312
APACHE scoring system. see Acute Physiology 

and Chronic Health Evaluation (APACHE) 
scoring system

Apgar score, 1220-1221, 1220t
Apnea, 1104

central sleep. see Central sleep apnea (CSA)
description of, 315
mechanical dead space, 1104
obstructive sleep. see Obstructive sleep apnea
partial pressure of carbon dioxide in, 1104
of prematurity, 694-696, 695t

cause of, 695
treatment of, 695-696

rate, 1104
sleep, 193b
in stroke patients, 665t
tidal volume, 1104

Apnea-hypopnea index (AHI), 675
Apneustic breathing, 310, 665t
Apneustic center, 310
Apoptosis, 636
Appropriate for gestational age (AGA), 

1221-1223
Aprons, 64
ARCF. see American Respiratory Care 

Foundation (ARCF)
Archimedes’ principle, 107
ARDS. see Acute respiratory distress syndrome 

(ARDS)
Arformoterol, 719t, 721

asthma treated with, 530t-531t
Argon plasma coagulation, 465
Aristotle, 6
Arm muscle area, 477
Arterial blood

description of, 212-213
partial pressure of oxygen decreases in, 

263-266

Arterial blood gases. see Blood gases
Arterial blood pressure monitoring, 1176, 1179f

normal, 1178t
Arterial cannulas, 1146, 1146f
Arterial carbon dioxide, 1023
Arterial hypoxemia, 312, 906
Arterial oxygen

decreased, peripheral chemoreceptor 
response to, 312-313

mechanical ventilation effects on, 1024-1025
Arterial oxygen content, 1024-1025
Arterial partial pressure of carbon dioxide, 1103
Arterial pulse oximetry, 1156-1157
Arterial puncture, for blood gas sampling, 

371-376, 372b, 372f
Arterial saturation, 1269
Arterial system, 214
Arterialized blood, 377-378
Arterial-to-venous oxygen content difference, 

258
Arteriovenous anastomosis, 214
Arteriovenous differences, 257-258
Arteriovenous extracorporeal membrane 

oxygenation, 1137, 1148, 1148f
Artifacts, 1156
Artificial airway, 1060-1062, 1061f

assessment of, 1095
clinical practice guideline for, 746, 747b-748b
emergencies associated with, 772-774
establishing of, 746-762
evaporative body water loss caused by, 279
indications for, 754b
maintenance of, 765-774
pharyngeal, 749, 749f
routes, 749
securing, 765-774
tracheal. see Tracheal airways
trauma associated with, 763-764
tubes for, 749-752. see also Endotracheal 

tubes
weaning and, 1209-1210

Arytenoid cartilage, 193
ASA. see American Society of Anesthesiologists 

(ASA)
Asbestosis, 546
Asbestos-related pulmonary disease, 547
Ascites, 558
Aspiration

flexible fiberoptic bronchoscopy as cause of, 
783

pneumonia, 496
tracheal intubation, 770-771

Aspirin sensitivity, 534
Assault, 94
Assist/control ventilation, 9, 1082-1083, 1083b. 

see also Continuous mandatory ventilation 
(CMV)

advantages of, 1082-1083
mandatory ventilation, 998
PaCO2 and, 1105-1106
values for ventilator initiation for, 1083b

Assisted breath, 996
Asthma, 525-535, 532b

acute, noninvasive ventilation for, 983
airway hyperresponsiveness in, 525
airway obstruction associated with, 525
anticholinergics for, 530t-531t, 532
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anti-immunoglobulin E therapy for, 532
aspirin sensitivity and, 534
beta-2-adrenergic agonists for, 529-531, 

530t-531t
bronchial thermoplasty for, 532-533
bronchoprovocation for, 526-527
characteristics of, 525
chronic obstructive pulmonary disease versus, 

1026
clinical presentation of, 525-527
corticosteroids for, 529, 530t-531t
cough-variant, 534
definition of, 525
diagnosis of, 525-527
disease management program for, 1259t
early and late responses, 526f
E-medicine applications for, 131
emergency department, 532
environmental control for, 533
etiology of, 525
exercise-induced, 191b, 533-534
gastroesophageal reflux and, 534
hospital management of, 532
immunotherapy for, 533
incidence of, 525
inflammation in, 526f
leukotriene inhibitors for, 529, 530t-531t
management of, 527-528, 528t
methacholine provocation test for, 527
methylxanthines for, 532
nocturnal, 534
noninvasive ventilation for, 983
objective measurement and monitoring of, 

528-529
occupational, 534, 534t
pathogenesis of, 525
patient education about, 533
peak expiratory flow rate (PEFR) in, 525
pediatric, 875t
pharmacotherapy for, 529-532, 530t-531t
during pregnancy, 534-535
respiratory failure and, 532
severity of, 527b, 528t, 533b
sinusitis and, 535
surgery, 535

Asthma paradox, 721-722
Asthmatic response, 525
ASTM. see American Society for Testing and 

Materials (ASTM)
Asynchrony

causes of, 1065, 1065b, 1065t
cycle, 1073-1075, 1073b, 1074f, 1075b
flow, 1064-1067
mode, 1075
trigger, 1064, 1068-1073
types of, 1064-1065, 1065t

Asystole, 812f
Ataxic breathing, 665t
Atelectasis, 444, 558, 652f, 744, 909f

absorption of, 909-910, 909f
cause of, 938
chest radiograph of, 939
compression, 938
description of, 444, 909f
factors associated with, 938
gas absorption, 938

incentive spirometry for, 939-940
intermittent positive airway pressure 

breathing for, 943-945
lobar, 938
postoperative, 938b
risk factors for, 939b
signs of, 938-939, 939b
types of, 938

Atelectrauma, 602, 694, 1050
Atmospheric pressure, 114-115, 114f
Atmospheric pressure absolute, 927
ATPD. see Ambient temperature and pressure 

dry (ATPD)
Atrial fibrillation, 365, 365b, 365f
Atrial flutter, 364-365, 365f
Atrial kick, 223-225
Atrial septal defect, 700
Atrial septostomy, 582
Atrioventricular (AV) node, 357, 358f
Atrioventricular valves, 210-211
Atrophy, 1059
Atropine sulfate, 813t-815t
ATS. see American Thoracic Society (ATS)
Attention span, for different ages, 1254b
Atypical pathogens, 496-497
Auditory communication, 49
Auscultation

blood pressure, 331f
definition of, 336
heart sounds, 340, 341f
lungs, 336-338, 337f

Autogenic drainage, 962
Autogenous infection, 60
Automated bronchoscope reprocessors (ABRs), 

69
Automated calibration, 381-382, 382f
Automated external defibrillators/defibrillation, 

798-799, 798f-799f
American Heart Association 

recommendations for, 798
chest compression in, 799
early defibrillation, 798-799
pad placement for, 799f

Automated ventilator charting, 130, 131f
Automatic tube compensation (ATC), 1038, 

1041, 1206
Automaticity, 213
Autonomy, 85
Auto-PEEP, 982, 1027, 1051-1052, 1068-1071, 

1092, 1164-1165
causes of, 1051f
methods for, 1165
minimizing effects of, techniques for,  

1071b
Autotriggering, 1064-1065, 1072
Avogadro’s constant, 113
Avogadro’s law, 113
Avoiding, conflict resolution, 53
Axiology, 82-83
Azithromycin, 530t-531t
Azotemia, 485-486
Aztreonam, inhaled, 734

B

Bachelor degree programs, 16
Bachmann bundle, 357

Back blows, 802, 802f
Bactericidal, 63
Bacteriostatic method, 63
Baffling, 835
Bagging, 76-77
Bag-mask devices, 74

advanced cardiovascular life support use of, 
806-807, 807f

components of, 807f
design of, 807, 807f
hazards associated with, 807
head-tilt maneuver for, 806, 806f
oxygen therapy using, 926
troubleshooting of, 807
uses of, 807

BAL. see Bronchoalveolar lavage (BAL)
Ballard scale, 1221, 1222f
Ball-valve effect, 692f
Bands, 347, 348b
Baroreceptors, 222
Barotrauma, 440, 600, 947, 980, 1029, 1049, 

1050f
Barrel chest, 518
Basal metabolic rate (BMR), 479
Baseline pressure, 1238
Bases

characteristics of, 275-277
conjugate, 287
definition of, 275
excess, 305-306
hydroxides, 275
nonhydroxide, 275
protein, 276
strong, 286-287
weak, 286-287

Basic chemistry panel (BCP), 349,  
349t-350t

Basic life support (BLS), 791-802
airway restoration, 795, 795f
cardiopulmonary resuscitation. see 

Cardiopulmonary resuscitation
circulation, 791-795
effectiveness evaluations, 799-800
goal of, 791
mouth-to-mouth ventilation, 796, 796f
mouth-to-nose ventilation, 797, 797f
mouth-to-stoma ventilation, 797
pulselessness determinations, 791-792
unresponsiveness, 791
ventilation restoration, 795-797

Bat wing appearance, 443, 445f
Battery, 94
Becker muscular dystrophy, 655-656
Beclomethasone, 530t-531t
Beclomethasone dipropionate, 728t
Bed, moving patient in, 43, 43f-44f
Bedside assessment, 319-344

definition of, 321
interviewing. see Interviewing
of postoperative patient, 321b

Benchmarking, 134
Beneficence, 86
Benevolent deception, 85
Bennett MA-1 ventilator, 8-9, 9f
Beractant, 691, 691t
Berman airway, 804f
Bernoulli principle, 123, 123f

Asthma (Continued) Atelectasis (Continued)
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Best test curve, 405
Beta agonist, 523

adverse effects of, 722b
anticholinergic bronchodilators and, 723
single-isomer, 720-721, 721f

Beta-2 agonists
acute respiratory distress syndrome treated 

with, 607
long acting, 721

Beta-2-adrenergic agonists, asthma treated with, 
529-531, 530t-531t

Beta-adrenergic receptors, 217
Between-breath targets, 1005
Bias errors, 382t
Bibliographic databases, 147-148
Bicarbonate

as buffer, 287-288, 288t
carbon dioxide hydration reaction on, 295, 

295b, 296f
carbon dioxide ionization as, 260-262
description of, 281-282
ion, reabsorption of, 291-292
for metabolic acidosis, 1024
standard, 304-305

BiCaval DLC, 1145-1146, 1146f
Bicuspid valve, 210-211
Bilevel positive airway pressure, obstructive 

sleep apnea treated with, 678-679
Biofilm, 1052

endotracheal tube with, 1061f
BioMed crossvent 4+, 1013-1014
Biot respiration, 315
Bio-variable targeting, 1005, 1006t
Bird Mark 7, 8-9, 9f
Bladder pressure, 1163
Bland aerosol therapy, 834-839

administration of, 835b
airway appliances, 837, 837f
in alternative care settings, 1304
bronchospasm, 839
cross contamination, 839
definition of, 834
enclosures for, 837-838
environmental exposure, 839
equipment for, 835-838
inadequate aerosol output, 839
overhydration, 839
selecting appropriate therapy, 830b, 839-841, 

840f
sputum induction, 838, 838b

BLB mask, 7-8
Bleb, 440
Bleeding, as risk of extracorporeal membrane 

oxygenation, 1152
Blom fenestrated trach tube, 767f
Blood

arterialized, 377-378
capillary, 377-378, 378b
composition of, 108
oxygen content of, 255

Blood flow, 220b
cerebral, 817

carbon dioxide effects on, 316
endocardial, 1044
local regulation of, 217
pulmonary, 606, 1044

Blood gas laboratories, 129

Blood gases, 1269
analysis of, 378, 381f

clinical indications for, 374b
errors, 374-375, 375b, 375t, 382t
external quality control, 382-383
in fetus, 1219
hemoximetry and, 380b
in infant, 1225, 1226t
instrumentation for, 379-380
pH electrode system for, 380f
point-of-care testing, 383-384
procedure for, 380-381, 381b
proficiency testing, 382-383
quality assurance in, 381-383

capillary, 377-378, 378b
interpretation of, 375-376, 375b
monitoring of, 384-387

intensive care unit, 1156
tissue oxygen, 386-387, 387f
transcutaneous, 384-386, 384t, 385b, 

385f-386f
patient temperature versus, 117b
quality control of, 382b
sampling of, 371-378, 372b-373b, 372f

arterial puncture and interpretation for, 
371-376, 372b-373b, 372f

indications for, 372-373
indwelling catheters for, 376-377, 376t, 

377f, 378b
pre-analytic error, 374-375, 375b, 375t

in venous thromboembolic disease, 573
Blood lactate, 1267f
Blood pressure, 330-332

auscultatory measurement of, 331f
in capillaries, 279
determinants of, 216-217, 330
hormonal control mechanisms affecting,  

222t
neonatal, 1224t
pharmacologic maintenance of, 1046

Blood stasis, 571
Blood warmer/cooler, 1142, 1142f
Blood-brain barrier, 312
Blood-gas barrier, 202-206, 206f
BLS. see Basic life support (BLS)
Blunt trauma, 617
BMR. see Basal metabolic rate (BMR)
Board of Medical Advisors, 12
Body composition, 476-477
Body fluids

distribution of, 278, 278t
hydrogen ion regulation in, 286-290

Body humidity, 823
Body mass index (BMI), 476, 476b

obesity and, 620
Body mechanics, 42, 43f
Body plethysmography, 419f
Body surface pressure, 227t
Body temperature, 329

blood gases versus, 117b
oxygen loading and unloading affected by, 

258-259
Body temperature and pressure saturated 

(BTPS), 119
Body water, 278-280

compartmental transport of, 279-280, 280f
composition of, 278

description of, 278
distribution of, 278
excretion of, 278
extracellular, 279
insensible loss of, 278, 278t
intracellular, 278
losses of, 278-279
regulation of, 278-279
replacement of, 279

Bohr effect, 258
Boiling, 110
Boiling point, 110
Bolus feedings, 487
Books, for respiratory care research, 148
Bötzinger complex, 309-310
Bourdon gauge, 900-901, 900f-901f
Boyle, Thomas, 6
Boyle’s law, 118t, 120b, 418-419, 927-928
Brachial artery, 372f
Brachial artery pulse, 791-792
Brachiocephalic vein, 450f
Brachytherapy, 465
Brackish water drowning, 626-627
Bradycardia, 329-330, 498
Bradypnea, 330, 980
Brain disorders, 664-665
Breach of contract, 95
Breaking control methods, 1276
Breath cycle, 1010
Breath delivery, 995, 996f
Breath sequence, 1002-1004, 1004f, 1007, 

1009f
Breath sounds, 1093-1094

bronchial, 338
bronchovesicular, 337, 338t
chest physical therapy effects on, 959
decreased, in airway emergencies, 772
diminished, 338
in infant and children, 1232
normal, 338, 338t
tracheal, 337, 338t
vesicular, 337-338, 338t

Breath-actuated nebulizers, 862, 862f
Breath-actuated pressurized metered dose 

inhalers, 850, 856f
Breath-enhanced nebulizers, 861-862,  

861f
Breathing. see also Respiration; Ventilation

abnormal patterns of, 315
accessory muscles of, 178
apneustic, 310
control of, 694-696, 962

chemical, 311-315
reflex, 310-311

description of, 309
medullary respiratory center, 309-310
oxygen cost of, 238-239, 239b, 239f, 

1166
paradoxical, 1225
pontine respiratory centers, 310
pressure differences during, 227-229
pursed-lip, 332
regulation of, 308-317
rhythm of, 333-334
waveforms for, 229f
work of, 1166, 1166f

Body water (Continued)
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Breathing pattern
abnormal, 333-334, 334t
description of, 333-335
Kussmaul, 334t, 335
lung diseases that affect, 335b

Breathlessness, 323, 795
in obstructive airway disease, 242b

Bronchi, 195-197
development of, 162f

Bronchial breath sounds, 338
Bronchial brushings, 461
Bronchial circulation, 185

pulmonary circulation and, 184f
Bronchial hygiene, 1102
Bronchial injury, 617, 617b
Bronchial provocation testing, 413-414
Bronchial thermoplasty, 532-533
Bronchial washings, 461
Bronchiectasis, 535, 535b, 953
Bronchioles, 197, 198f

terminal, 160
Bronchiolitis, 702-703

clinical manifestations of, 702-703
respiratory syncytial virus (RSV) and,  

702
prophylaxis for, 702, 703b

treatment of, 703, 704b
Bronchiolitis obliterans organizing pneumonia. 

see Organizing pneumonia
Bronchoactive agents, for asthma, 731b
Bronchoalveolar lavage (BAL), 460-461, 460b, 

460f, 505, 591
technique for, 460-461

Bronchodilators
administration of, 221b
adrenergic, 718-722, 719t

adverse effects of, 721-722, 722b
assessment of, 722
indications for, 718-719
long acting, 718-719
mode of action for, 719, 720f
short-acting, 718
ultra-short-acting, 720

aerosolized medications and, 1231t
anticholinergic, 723-725

adverse effects of, 724, 724b
beta-agonist bronchodilators and, 723
indications for, 723
mode of action for, 723-724

assessment-based therapy protocols for, 
869-873, 872f, 873b

case study of, 23b
chronic obstructive pulmonary disease 

treated with, 519-520
dosage computations, 875b
dose-response assessments, 872-873
helium/oxygen therapy and, 934
lymphangioleiomyomatosis treated with,  

548
patient assessment to, 870-873
patient education about, 873
patient response to, 870-873
sample protocol, 869-870

Bronchophony, 340
Bronchopleural fistula, 566, 568b
Bronchopneumonia, 907
Bronchoprovocation, 413-414, 526-527

Bronchopulmonary dysplasia (BPD), 693-694, 
908b

clinical manifestation of, 694, 694f
pathophysiology of, 694
treatment of, 694

Bronchopulmonary segments, of lungs, 197, 
197t, 198f

Bronchoscopes
disinfection of, 69, 70b
sterilization of, 70b

Bronchoscopy, 456, 462b, 783-787
definition of, 783
diagnostic, 459-464
in difficult intubation, 466
electromagnetic navigational, 463-464, 463f
emerging, interventions, 470
equipment for, 786b
flexible, 457-459, 457f, 458b
flexible fiberoptic, 783, 784b-785b, 784f
induced hypoxemia, 467b
methemoglobinemia during, 458b
rigid, 464b, 783
role of respiratory therapist in, 467, 467b
special considerations for, during mechanical 

ventilation, 467-468, 468b
therapeutic, 464-466, 464b
ultrathin, 464

Bronchospasm, 517
refractory, continuous nebulization for, 

873-875, 874f
Bronchovesicular breath sounds, 337, 338t
Brönsted-Lowry acid, 275
Brownian diffusion, 845-846
BTPS. see Body temperature and pressure 

saturated (BTPS)
B-type natriuretic peptide (BNP), 352, 352t
Bubble humidifier, 824-825, 824f
Bubble-diffusion technique, 823
Budesonide, 530t-531t, 728t
Budesonide/formoterol fumarate HFA, 728t
Buffer solution, characteristics of, 287
Buffer systems

bicarbonate, 287-290, 288f, 288t-289t
closed, 287, 287b
nonbicarbonate, 287-288, 288f, 289t, 290
open, 287, 287b
pH of, 288-289
phosphate, 293f
urinary, 292-294, 293f

Buffering
definition of, 276
isohydric, 286

Bulk oxygen, 892-894
Bullous emphysema, 448f
Bullous myringitis, 498
Buoyancy, 107
Burn depth, severity of, 628t
Burns, 627-631, 630b

active humidification for, 630
clinical assessment of, 627-629
endotracheal intubation for, 630
epidemiology of, 627
fiberoptic bronchoscopy, 630
mechanical ventilation for, 630-631, 631b
oxygen therapy for, 630, 630b
pathophysiology of, 629
recognizing hypoxemia in, 631b

respiratory management of, 630-631
specific concerns in, 629-630
survival in, 627b

Business intelligence, 132-133

C

C wave, 225
Cachexia, 327, 484-485
Calcium, 281t, 283
Calfactant, 691, 691t
Calibration media, 381-382
California Respiratory Care Practice Act, 98
Campbell Ventimask, 7-8
Canalicular stage, in respiratory development, 

160, 163f
Canals of Lambert, 202
Cannula, 1145-1146

flow characteristics of, 1145t
nasal, 1228t

description of, 911, 911f
troubleshooting common problems with, 

915t
CAP. see Community-acquired pneumonia 

(CAP)
Capacitance vessels, 214-215
Capillary action, 109, 110f
Capillary blood gas sampling, 377-378, 378b

for neonatal and pediatric patients, 379b
Capillary force vaporizer, 830f
Capillary pressure, 279
Capillary refill, 342
Capillary system, 214, 216f
Capnogram

abnormal, 396-397, 396t, 397f
description of, 396
normal, 396, 396f-397f

Capnography, 1160, 1160b, 1160f
definition of, 393-397
indications for, 394b
instrumentation used in, 394-396
time-based, 1160f

Capnometer, 393, 395b, 395f
Capnometry, 393-397, 394b, 395f, 396b, 756f, 

757b, 1160
Carbaminohemoglobin, 260
Carbogen, 934
Carbohydrate, 486
Carbon dioxide

alveolar, 248-249
arterial blood content of, 263, 263t
central chemoreceptors affected by, 312
cerebral blood flow affected by, 316
characteristics of, 885t, 886
chemical combining of, with protein, 260
diffusion gradient for, 248, 248f
dissolved in physical solution, 260
exercise effects on, 315
hypercapnic respiratory failure caused by 

increased production of, 977-978
increased production of, 977-978
ionization of, as bicarbonate, 260-262
measurements of, 10
oxygen and, 885t, 886, 934
partial pressure of

adjusting during volume ventilation, 1105b
alveolar, 248, 981

Burns (Continued)
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in apnea, 1104
arterial, 245b, 1103
assist/control mode volume ventilation 

and, 1105-1106
changing ventilation and, 1107t
control of, 1104-1105
dead space effects on, 977
effect of change on, 1103b
hypoventilation effects on, 977
lung protective strategies, 1108-1109
pH and, 1108t
pressure support ventilation and, 1106
pressure-controlled ventilation and, 

1106-1107, 1107f
ventilation/perfusion ratio alteration effect 

on, 252f
transport of, 260-263, 261f

mechanisms of, 260-262
venous blood content of, 263, 263t

Carbon dioxide detector, 757f
Carbon dioxide dissociation curve, 262f, 267f
Carbon dioxide hydration reaction, 295, 295b, 

296f
Carbon dioxide production per minute (VCO2), 

calculation of, 481b
Carbon monoxide

diffusing capacity of the lung for, 403, 403t, 
421, 423b, 423t

poisoning caused by, 628-629, 629b, 930, 930b
Carbonates, 276
Carbonic acid, 273
Carbonic anhydrase, 262
Carboxyhemoglobin, 260, 260t, 421-422, 1157
Cardiac arrest

electrical shock as cause of, 795
hyperventilation concerns in, 806b
ventricular fibrillation, 795

Cardiac arrhythmias, 213
Cardiac cycle, events of, 223-225, 223f-224f
Cardiac decompensation, radiographic signs of, 

443b
Cardiac enzyme tests, 352
Cardiac index, 1044-1045, 1178t
Cardiac murmurs, 340
Cardiac muscle cells, 357
Cardiac output, 1046, 1138, 1157-1158, 

1180-1181
afterload effects on, 1046f
definition of, 217
heart rate effects on, 219f
increased afterload effects on, 220b
pharmacologic maintenance of, 1046
pleural pressure and, 1043f
positive pressure mechanical ventilation 

effects on, 1044-1045, 1048f
preload effects on, 1046f
regulation of, 217-220, 219f

Cardiac rehabilitation, 1281, 1282b
Cardiac tamponade, 210
Cardiogenic pulmonary edema, 442, 591

acute, 1115, 1115b
description of, 442
noninvasive ventilation for, 983, 1115

Cardiophrenic sulcus, 440, 441f
Cardiopulmonary events, 166-168, 167f
Cardiopulmonary exercise evaluation, 1269

Cardiopulmonary rehabilitation, 1264-1283
definitions and goals of, 1265
historical perspective of, 1265
physical reconditioning, 1265-1266, 1266b, 

1266f-1267f
psychosocial support, 1266-1268, 1268f
scientific basics, 1265-1268

Cardiopulmonary resuscitation
complications of, 800
contraindications, 800
early defibrillation after, 798
effectiveness evaluations, 799-800
endotracheal intubation for, 805
gastric inflation during, 800, 800b
hazards and complications, 800
health concerns and, 800-801, 801b
neck injuries during, 800
one-rescuer versus two-rescuer, 797-798, 

797b-798b
patient care after, 817
quality control in, 817b
spine injuries during, 800
steps for, 792t
ventilation during, 808b
vomiting during, 800

Cardiopulmonary symptoms, 323-326
chest pain, 326
cough, 325
dyspnea, 323-325
fever, 326
hemoptysis, 326
pedal edema, 326
sputum production, 325-326

Cardiopulmonary system, developmental events 
in, 161t

Cardiovascular system, 209-225
control centers, 220-222, 221f
control of, 217-223

mechanisms, 220-223
functions of, 217
heart. see Heart
high-frequency effects on, 1243
hyperoxia effects on, 928-929
monitoring of, 1175-1181, 1178t
peripheral receptors, 222-223
positive pressure mechanical ventilation 

effects on, 1045-1046
systemic circulation of, 214-215, 215f
vascular system, 214-217

Cardioversion, 815
Care continuum alliance, 1258-1262
CareFusionAvea ventilator, alarm panel of, 994f
Caregiver training, 1255b, 1300-1301
Carina, 183, 196
Carina home ventilator, 1013
Carotid artery pulse, 791
Carotid bodies, 312
Cascade impactors, 844-845
Case report, 30-31
Case series, 30-31
Case study, 39b, 40f
Catamenial pneumothorax, 563
Catecholamine, 720
Cations, 270-271, 300-301
Causation, 93
CBC. see Complete blood count (CBC)
CDS. see Clinical decision support (CDS)

Celsius scale, 105
Centers for Medicare and Medicaid Services, 

1286-1287
Central apnea, 695
Central chemoreceptors, 312, 312f
Central cyanosis, 341-342, 973-974
Central nervous system

mechanical ventilation discontinuation and, 
1197-1198

positive pressure mechanical ventilation 
effects on, 1048-1049

Central neurogenic hyperventilation, 315, 665t
Central sleep apnea (CSA)

definition of, 670-671
electroencephalographic findings, 672f
pathophysiology of, 673

Central vein catheters, 376t
Central venous catheter, 453
Central venous pressure (CVP), 215
Central venous pressure-right atrial pressure 

monitoring, 1177-1179
Centrifugal pump, for extracorporeal 

membrane oxygenation, 1139-1141, 1140f
Cephalization, 442
Cerebral autoregulation, 1046
Cerebral blood flow, 817

carbon dioxide effects on, 316
Cerebral cortex, in stroke patient, 664
Cerebral hypoxia, 316
Cerebral perfusion pressure, 1046
Certification, 20-21
Certified pulmonary function technologists, 21
Certified respiratory therapists, 19
Cervical cord injuries, 663
CF. see Cystic fibrosis (CF)
C-fiber endings, 188
CFTR. see Cystic fibrosis transmembrane 

conductance regulator (CFTR)
cgs temperature system, 105
Charles’ law, 118t
Chemical disinfection, 70, 71t
Chemical sterilization, 70, 71t
Chemoreceptors, 222

central, 312
peripheral, 312-313

Chemotherapy, for lung cancer, 644
Chest, percussion of, 336
Chest compressions

in adults, 793, 793f
in children, 793-794
complications associated with, 800
description of, 792-793
effectiveness evaluations, 799-800
in electrical shock, 795
hand position for, 793f
in infants, 794, 794f
internal trauma caused by, 800
in near drowning, 794-795
in neonates, 794, 794f
providing, 792-794
under special circumstances, 794-795
wraparound technique for, 794f

Chest cuirass, 1112, 1113f
Chest imaging

computed tomography, 434-435
computed tomography angiography, 435, 

436f

Carbon dioxide (Continued)
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magnetic resonance imaging, 435-436
radiograph. see Chest radiograph
ultrasound, 436, 437f

Chest pain, 326
acute, 357b

Chest physical therapy
assessment outcomes after, 959b
description of, 955
documentation of, 959
follow-up, 959
percussion, 959-960, 959f
postural drainage, 955, 956t, 957b, 958f
technique for, 955-957
vibration, 959-960, 959f

Chest physiotherapy, 511
Chest radiograph, 431b, 433f, 436b, 560

acute respiratory distress syndrome, 591f
anatomic structures on, 433-434
atelectasis, 939
chest densities, 429
digital, 429
film, 429
front, 432f
indications for, 430b
interstitial lung disease, 443, 445t, 543b, 

543f
lateral, 432f
midline structures on, 431
overview of, 429-436, 430f
pneumonia, 499-500, 499f-500f, 499t
portable, 431b
posteroanterior, 431b
pulmonary embolism findings, 573
quality of, 430-432
reading of, 429-430
structures visible on, 429
technique for, 430-432, 432b

Chest thoracotomy tubes, 561, 561b, 561f
Chest thrusts, 802, 802f
Chest trauma

considerations in, 619, 619b
description of, 452
pneumothorax caused by, 562-563

Chest tubes
description of, 453
for pneumothorax, 565-566, 566f

Chest wall
anatomic reference lines of, 171, 172f
assessment of, 433
compliance of, 231, 232f, 233b, 1162-1163, 

1163b
development of, 169-171
elastance of, 229
intensive care unit monitoring of, 1161-1166
neuromuscular diseases of, 650-669

Cheyne-Stokes respiration, 315, 665t, 673
CHF. see Congestive heart failure (CHF)
Children. see also Infants; Newborn

aerosol drug therapy in, 1230, 1231t
airway management in, 1230-1233
attention span of, 1254b
cardiopulmonary resuscitation in, 792t
chest compressions in, 793-794
continuous positive airway pressure in, 

1233-1236, 1233b
endotracheal intubation in, 1230, 1232t

inhaled nitric oxide in, 1243-1244, 1244b, 
1244f

intubation in, 1230-1232, 1230b, 1232t
mechanical ventilation in, 1236-1243

breath delivery types, 1236-1238, 1237f
case studies of, 1238b-1239b, 1241b
complications of, 1243, 1244b
goals of, 1236
high-frequency ventilation, 1243
indications for, 1236b
inspiratory time, 1240
mean airway pressure, 1240
monitoring of, 1240-1242
noninvasive, 1240
oxygen concentration, 1240, 1240b
peak inspiratory pressure, 1238
positive end expiratory pressure, 1238
pressure-limited, 1237b
principles in, 1236
tidal volume, 1239
time-cycled, 1237b
ventilation modes, 1236-1238, 1237f
ventilator rate, 1239-1240
ventilator settings and parameters, 

1238-1240
weaning from, 1242-1243

oxygen therapy in, 1228, 1228t
postural drainage in, 1229f
respiratory assessment of, 1225-1227
respiratory disorders in. see Pediatric 

respiratory disorders
respiratory rate in, 1227t
secretion clearance techniques in, 1229
stridor in, 1227
teaching of, 1253

Chi-square (χ2), 150-151
Chlamydophila pneumoniae, 496-497
Chloride, 281, 281t
Chlorofluorocarbons, 850
Cholinergic receptors, 217, 717
Chordae tendineae cordis, 210-211
Chorionic villi, 164
Chronic alveolar hyperventilation, 300
Chronic bronchitis

clinical features of, 518t
definition of, 515

Chronic care model, 1261f
Chronic diseases, E-medicine applications in, 

130-131
Chronic hypercapnia

acute carbon dioxide increase in, central 
chemoreceptor response to, 315

control of breathing in, 313-314
Chronic obstructive pulmonary disease 

(COPD), 515-525, 518b-519b
accessory muscles and, 179b
acute exacerbation of, 519, 521-522, 522b
airflow obstruction in, 517
asthma versus, 1026
bronchodilators for, 519-520
case study of, 681b
causes of, 516b
chronic bronchitis, 515
clinical features of, 518t
clinical signs and symptoms of, 517-518
corticosteroids for, 520-521

definition of, 515
diagnosis of, 314-315, 519
E-medicine applications for, 131
emphysema. see Emphysema
epidemiology of, 515-516
exacerbations of, noninvasive ventilation for, 

983
facilitation of weaning in, 1115, 1115b
fluticasone for, 521
functional status maximization, 522
hypercapnia in, 314
in long-term care, 1118
lung function optimization, 519-522
lung transplantation for, 524
malnutrition in, 485b, 489f
management of, 519, 521f
mechanical ventilation for noninvasive, 983
methylxanthines for, 521
morbidity and mortality, 515-516
noninvasive ventilation for, 983, 1114-1115, 

1115b
nutrition support in, 489, 489b-490b
obstructive sleep apnea and, 673
overview of, 515
oxygen therapy-related hypoventilation in, 

909
pathophysiology of, 516-517
physical examination findings of, 518
progressive nature of, 1266-1267
pulmonary hypertension in, 582-583
pursed-lip breathing secondary to, 332
right-sided heart failure in, 681b
risk factors of, 516-517
salmeterol for, 521
schema of, 515f
severity of, 520b
smoking, as risk factor for, 516
spectrum of, 515
stable, 519-521, 983
survival rate of, 524f

Chronic thromboembolic pulmonary 
hypertension, 579

Chronic ventilatory failure, 979
Chylothorax, 559
Ciclesonide, 727-729, 728t
Ciliary dyskinetic syndrome, 953
Circulation, restoring, 791-795
Circulatory failure, 266
Civil law, 92-95
Civil suits, 95
Clara cells, 200
Clark polarographic analyzer, 370f
Cleaning, of medical equipment, 69-70, 69t
Clinical data, interpretation of, 345-355
Clinical decision support (CDS), 133-134

administrative decision support, 133-134
evidence supporting, 133
mobile applications, 133

Clinical Laboratory Standards Institute, 381
Clinical simulations, 139, 139f
Clinical status, change in, 1060
ClinicalKey, 148
Closed buffer systems, 287, 287b
Closed loop feedback control scheme, for 

ventilator, 1005f

Chest imaging (Continued) Children (Continued) Chronic obstructive pulmonary disease 
(COPD) (Continued)
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Clubbing, 341, 342f, 518b
CMV. see Continuous mandatory ventilation 

(CMV)
CMV+autoflow, 1010
Coagulation disorders, 354
Coagulation studies, 352-353, 353t
Coal workers’ pneumoconiosis, 547
Coanda effect, 123-124, 124f
CoARC. see Committee on Accreditation for 

Respiratory Care (CoARC)
Coarse crackles, 338
Cobb angle, 665-666
Code of ethics, 83-84
Cognitive domain, of learning, 1252, 1252t
Cohesion, 108, 108f
Cold shock cardiac-respiratory reflexes,  

625-626
Colistimethate sodium, 734
Collaborating, conflict resolution, 53
Collagen fibers, 230
Collateral circulation, 371
College of American Pathologists, proficiency 

testing, 382-383
Colloid osmotic pressure, 279
Colloids, 271
Colony-forming units, 505
Committee on Accreditation for Respiratory 

Care (CoARC), 13, 19-20
Communication, 35-58

accuracy of, 49b
auditory of, 49
barriers to, 52
channel of, 49
elements of, 49f
factors that affect, 50, 50f
feedback of, 49, 52
in health care, 49-50, 50b
improvement of skills in, 50-52
listener of, 51-52
patient, 51b
poor, 53
receiver of, 51-52
sender of, 51

Community onset, 60
Community-acquired pneumonia (CAP)

antibiotic therapy for, 505-508, 506t-507t
chest radiograph of, 499-500, 499t
clinical presentation of, 495
diagnostic studies for, 502-505, 503b
flexible bronchoscopy for, 504
mortality in, 500, 501b, 501t
pathogens in, 496t-497t
prevention of, 508-509
risk factors for, 501t
types of, 495

Compensatory justice, 88
Competencies, 41

respiratory therapists, 15b
Competing, conflict resolution, 53
Complete blood count (CBC), 346-348, 347t

red blood cell count, 348
white blood cell count, 347, 347b, 347t

Compliance
calculation of, 231
chest wall, 231, 232f, 233b, 1162-1163, 1163b
definition of, 231-233, 232f, 402-403, 1236
dynamic mechanics, 235

lung, 231-233, 233b, 402-403, 1192
respiratory system, 1162, 1162b
static mechanics, 235

Comprehensive outpatient rehabilitative 
facilities (CORFs), 1279

Compressed oxygen cylinders, 1291-1293
Compressible volume loss, 1239
Compression atelectasis, 938
Compression ultrasonography, for deep vein 

thrombosis, 574, 574f
Compromising, conflict resolution, 53
Computed tomography (CT), 459

chest, 434-435, 435t, 460b
high-resolution, 435
hydrothorax, 438-440
lung cancer evaluations, 639, 641
pleural effusions, 560
technique for, 434-436

Computed tomography angiography (CTA)
chest, 435, 436f
pulmonary embolism evaluations, 574, 

576f-577f
three-dimensional reconstruction use of, 435, 

437f
Computerized physician order entry, 127
Computers

blood gas laboratories, 129
clinical simulations, 139
confidentiality, 138-139
continuing respiratory care education, 141, 

142f
DataArc, 140, 140f
diagnostics, application in, 129-130
education for health care consumers, 132
hemodynamic monitoring, 129
information retrieval use of. see Information 

retrieval
mechanical ventilators use of, 130,  

1205-1206
medical imaging and picture archiving and 

communication systems, uses of, 129
privacy, 138-139
public education, 132
pulmonary function testing, use of, 129
telemedicine, 134-135
telemonitoring, 134-135
therapist-driven protocols, 130
tobacco use and dependence treatment uses 

of, 132, 132f, 132t
weaning use of, 1206

Condensation, 104, 112, 113b
humidifier, 832-833, 832f

Conditions of participation, 1287
Conductance vessels, 214
Conducting airways, definition of, 195
Conducting searches, suggestions for, 148
Conduction, 103-104
Conductivity, 213
Confidentiality, 86-88, 87b
Conflict, 53

personal behavior, 53
resolution of, 53
role, 53
sources of, 53
structural problems, 53

Congenital diaphragmatic hernia, 697-698

Congenital heart disease, 698-700
acyanotic, 700-701
cyanotic, 698-700

Congenital pulmonary adenomatoid 
malformation (CPAM), 697

Congestive heart failure (CHF), 282b, 557
acute respiratory distress syndrome and 

differentiation between, 593b
clinical features of, 593b
description of, 220

Conjugate base, 287
Conjugate pairs, 275
Connective tissue diseases, 559

interstitial lung disease associated with, 
547-548

Consciousness, levels of, 328, 329b
Consequentialism, 88-89
Conservative fluid management, for acute 

respiratory distress syndrome, 604
Contact precautions, 66, 66b
Contact transmission, 61, 61t
Contaminated items, 76-77
Continuing respiratory care education, 141
Continuous drip infusion, 487
Continuous mandatory ventilation (CMV), 

1002-1003, 1010, 1032-1035
patient-triggered, 1082-1083
time-triggered, 1082-1083

Continuous positive airway pressure (CPAP), 
1031, 1038-1039, 1039f, 1092, 1097-1102, 
1112, 1233-1236, 1233b

administration of, 1233-1234, 1234f, 1235b
application of, 1097f
compliance with, 678
continuous-flow system, 948f
equipment, 947, 948f
hypoxemia treated with, 1115
intermittent, 947, 948f
mask for, 1115
mechanical ventilation discontinuation use 

of, 1203
monitoring of, 947-948
nasal, 678f, 1122
obstructive sleep apnea treated with, 677-678, 

678f
problems associated with, 681f
troubleshooting of, 947-948

Continuous quality improvement (CQI), 41, 
136-138

Continuous spontaneous ventilation (CSV), 
1002, 1004, 1030, 1038-1042

venous return during, 1043-1044
Continuous veno venous hemofiltration 

(CVVH), 1139
Contractility, 213, 1046f, 1177f, 1180
Control system, 989
Control variable, 1007, 1008f
Controlled ventilation, 1083
Convection, 104, 821
Convection currents, 104
Conventional ventilators, 1011-1012, 1012b

versus high-frequency ventilators, 
1011-1012

COPD. see Chronic obstructive pulmonary 
disease (COPD)

Copernicus, 6
Cor pulmonale, 326, 332

Compliance (Continued)
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CORFs. see Comprehensive outpatient 
rehabilitative facilities (CORFs)

Corneal responses, in neurologic examination, 
1182

Corniculate cartilage, 193
Coronary arteries, 212, 212f
Coronary circulation, 212, 212f
Coronary perfusion, 213b
Coronary sinus, 212-213
Corticosteroids

acute respiratory distress syndrome treated 
with, 607

asthma treated with, 529, 530t-531t
dermatomyositis treated with, 656-657
inhaled, 727-729

adverse effects of, 727, 729b
assessment of, 729
dosage of, 728t
indications for, 727
mode of action for, 727, 729f
purposes of, 727
special considerations for, 727-729

lymphangioleiomyomatosis treated with, 548
organizing pneumonia treated with, 549-550
polymyositis treated with, 656-657
sarcoidosis treated with, 548

Costal cartilage, 171-172
Costophrenic angle, 181
Cough

chronic, 325b
description of, 325, 960, 960b
ineffective, 325b

Cough reflex, 952f, 953, 953t
Cough-assist device, 963
Cough-inducing procedure, 67b
Cough-variant asthma, 534
Counsel, 99
CPAM. see Congenital pulmonary adenomatoid 

malformation (CPAM)
CPAP. see Continuous positive airway pressure 

(CPAP)
CQI. see Continuous quality improvement 

(CQI)
Crackles, 339, 339t, 939
C-reactive protein (CRP), 477
Creatinine phosphokinase (CPK), 351-352
Creatinine-height index, 477-478
Credentialing

certification, 20-21
definition of, 20
licensure, 20
by National Board for Respiratory Care, 

140-141, 141f
state, 20

Credentials, 19-21, 21t
Crepitus, 336
Cricoid cartilage, 168, 192
Cricothyroid ligament, 192
Cricothyroidotomy, 782, 783f
Criminal law, 92
Critical care ventilators, 1013, 1126-1128, 

1127f-1128f
Critical closing pressure, 1161-1162
Critical illness myopathy, 657
Critical illness polyneuropathy, 662
Critical pressure, 119-120
Critical temperature, 119-120

Critical test value, 346
Cromolyn sodium, 729, 730t
Crossover trials, 32
Cross-training, 42
Croup, 339, 703-704

clinical manifestation of, 703, 703f
treatment of, 704

Cryogenic storage cylinders, 885
Cryoprobe, 465
Cryotherapy, 465
CSA. see Central sleep apnea (CSA)
CSV. see Continuous spontaneous ventilation 

(CSV)
CT. see Computed tomography (CT)
CTA. see Computed tomography angiography 

(CTA)
Cuff leak test, 775, 1210
Cuff pressure, 768

tracheal tube, 764b
Cuffs

airway problems of, 773b
algorithm for, 774f

endotracheal tube, 768-771, 769f
Culture, sputum, 353
Cuneiform cartilage, 193
Current, 45
CVVH. see Continuous veno venous 

hemofiltration (CVVH)
Cyanide, 266

toxicity, 628-629, 629b
Cyanocobalamin, 628-629
Cyanosis, 332, 341-342, 973-974
Cyanotic heart diseases, 698-700, 700b

tetralogy of Fallot, 698-700, 699f
transposition of the great arteries, 700

Cycle asynchrony, 1065, 1073-1075, 1073b, 
1074f, 1075b

Cycle inspiration, 998, 999f
Cycle variables, 998
Cyclic guanosine 3’,5’-monophosphate (cGMP), 

931
Cyclic recruitment, 602
Cylindrical bronchiectasis, 535
CysLT1, 731
Cystic bronchiectasis, 535
Cystic fibrosis (CF), 705

bronchiectasis in, 953
clinical manifestations of, 705-707
diagnosis of, 706
monitoring of, 706
prognosis of, 707
sputum clearance in, 953
sweat chloride levels, 354
treatment of, 706-707

Cystic fibrosis transmembrane conductance 
regulator (CFTR), 705, 705b

Cytochrome oxidase, 630
Cytomegalovirus pneumonia, 496

D

da Vinci, Leonardo, 6
Dalton, John, 7
Dalton’s law, 116-117, 249-250
Data, how to analyze, 150-151, 150b-151b
DataArc, 140, 140f
Database, 147
D-dimer, 352-353, 353t, 573

Dead space, 242, 244f, 245b, 248-249, 1161
alveolar, 243, 253
anatomic. see Anatomic dead space
increased, 1030
mechanical, 1104
partial pressure of carbon dioxide affected by, 

977
physiologic, 243
tidal volume and ratio between, 243-245

Dead space effect, 243
Dead space ventilation, increased, 267
Dead space/tidal volume (VD/VT) ratio, 1161
Decannulation, 774-780, 1151-1152
Decision making, 88-91

comprehensive models of, 91, 91f
ethical model of, 91b
tracheotomy algorithm for, 760f

Deep sulcus sign, 440, 441f
Deep venous thrombosis

blood stasis as risk factor for, 571
clinical features of, 572-573
impedance plethysmography for, 574
lower extremity, 574
management of, 577-578
pathophysiology of, 572
prevalence of, 571
pulmonary embolism secondary to, 571
testing for, 574
thrombolytic therapy for, 578
ultrasonography of, 574, 574f
venography for, 574

Defendant, 92
Defibrillation

advanced cardiovascular life support use of, 
811-815

automated external. see Automated external 
defibrillators/defibrillation

definition of, 815
Deflation reflex, 310-311
Deoxyribonuclease (DNase), 706-707
Depolarization, 357, 357f
Dermatomyositis, 656, 657t
Detergents, 70
Dew point, 112
Dextrocardia, 431
Diagnosis, definition of, 321
Diameter-index safety system, 896-897, 897f
Diaphoresis, 327
Diaphragm, 175, 177f

abdominal wall muscles and, 180f
development of, 169-171
lung auscultation, 336-338
muscle spindles in, 311, 311f
nonfunctional, 335
weakness of, 652t

Diaphragm pacing, 655
Diaphragmatic dysfunction, 1059
Diaphragmatic fatigue, 335
Diaphragmatic paralysis, 661, 661f
Diastolic murmur, 340
Diastolic pressure, 330
Dicrotic notch, 225
Dietary guidelines, 1276
Differential diagnosis, definition of, 321
Diffusing capacity of the lung, 420-423

for carbon monoxide, 403, 403t, 421, 423b, 
423t
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for hemoglobin, 421
interpretation of, 421-423, 423t
lung cancer evaluations, 643
single-breath technique, 421, 421f, 422b

Diffusing capacity ratio of the lung-to-effective 
total lung capacity ratio (DLCO/VA), 423

Diffusion, 114, 248-252, 845-846
barriers to, 250
definition of, 250, 975
Fick’s first law of, 250-251
hypoxemic respiratory failure caused by 

impairment in, 975
impairment in, 975
mechanism of, 250-252
systemic gradients, 252
time limits to, 251-252, 251f
whole-body gradients, 248

Digital clubbing, 518b
Digital images, 429
Diltiazem, 813t-815t
Diluent, 275
Dilute solution, 270f, 271, 274
Dilution equation, 275
Diminished breath sounds, 338
2,3-Diphosphoglycerate, 259
Direct contact transmission, 61
Directed cough, 960-961, 960b

modifications to, 962b
Disaster preparedness, 48
Discharge planning, 1288-1290, 1289b
Discipline, understanding the causes of, 98-99
Disease management, 40, 1258-1262
Disease prevention, 1255-1258, 1257b-1258b
Disinfection, 69t, 70

chemical, 70, 71t
definition of, 70
selection of, 71b
Spaulding approach to, 68-69
sterilization versus, 70

Disposable equipment, 76
Disseminated intravascular coagulation, 352
Dissociation constant, 286
Distributive justice, 88
DLCO/VA. see Diffusing capacity ratio of the 

lung-to-effective total lung capacity ratio 
(DLCO/VA)

DMD. see Duchenne muscular dystrophy 
(DMD)

DNR status. see “Do not resuscitate” (DNR) 
status

“Do not resuscitate” (DNR) status, 327
Documentation, 136
Donnan effect, 279
Do-not-intubate patients, noninvasive 

ventilation in, 1116
Dopamine, 813t-815t
Dornase alfa, 726

indication for, 726
mode of action for, 726, 726f
side effects of, 726

Dorsal respiratory groups, 309, 309f
Dorsalis pedis artery, 372f
Double effect, 85-86
Double triggering, 1064-1065, 1072
Double-lumen airway, 780, 782, 782f
Double-lumen cannulas, 1145

Double-lumen endotracheal tubes, 750, 
750f-751f

Downstream flow resistance
effect of, on air-entrainment device, 923b
problems with, 923

Downstream pressure, 903, 903f
Dräger Evita XL ventilator, alarm panel of, 994f
Drainage lumen, 1145
Driving pressure, 234-235, 1163-1164
Droplet precautions, 66-67, 67b
Droplet transmission, 61, 61t
Drug signaling, 717
Drug-related, interstitial lung disease, 545, 545b, 

546f
“Dry drowning”, 625
Dry powder inhalers, 855-858, 856f

aerosolization of, 855f
design of, 855
doses in, 858t
factors that affect, 856-857
function of, 855
humidity effects on, 856
inspiratory flow rate of, 856, 857f
intrinsic resistance, 856
moisture effects on, 856
patient’s inspiratory flow ability, 856-857
technique for, 857, 857b

Dual targeting, 1005, 1006t
Dubowitz scale, 1221
Duchenne muscular dystrophy (DMD), 

655-656, 1117-1118
Ductus arteriosus, 165-166

patent, 1218-1219, 1224
Ductus venosus, 165-166
Durable medical equipment supplier, 1289
Durable power of attorney for health care, 86
Dynamic hyperinflation, 241-242, 242b, 982
Dynamic lung panel, 991, 993f
Dynein, 199-200
Dysoxia, 266-267, 267f
Dyspnea, 535

assessment of, 324, 324f
case study of, 583b
description of, 323-325
neuromuscular weakness as cause of, 653b
in pulmonary embolism, 572-573

E

Early deceleration, 1218, 1219f
Early inspiratory crackles, 339, 339f
ECG. see Electrocardiogram (ECG)
ECLS. see Extracorporeal Life Support (ECLS)
ECMO. see Extracorporeal membrane 

oxygenation (ECMO)
Economic damages, 94
Ectoderm, 159, 160t
Ectopic beat, 357
Ectopic foci, 365-366
Edema

definition of, 280
glottic, 763, 775
hydrostatic versus nonhydrostatic, 590-593, 

592f
laryngeal, 763
pedal, 326, 342
pitting, 326
pulmonary, 442-443

Edrophonium, 658, 659f
Education

health, 1254-1255
patient, 1249-1263

children, 1253
cultural diversity, 1251
evaluation of, 1253-1254
health literacy, 1251
learning domains, 1251-1253, 1252b, 

1252t-1253t, 1254b
performance objectives, 1251
teaching tips, 1253

Educational institutions, 1262
EDV. see End-diastolic volume (EDV)
EF. see Ejection fraction (EF)
Effective total lung capacity, 421
Effort closure, 194
EGFRs. see Epidermal growth factor receptors 

(EGFRs)
EIT. see Electrical impedance tomography (EIT)
Ejection fraction (EF), 218
Elastance, 227, 996
Elasticity, 230
Elastin, 230
ELBW. see Extremely low birth weight (ELBW)
Electrical energy, of ventilator, 988
Electrical equipment, ground, 47
Electrical impedance tomography (EIT), 

1168-1169
Electrical pacing, 815-816
Electrical safety, 44-47

fundamentals of, 44-45
Electrical shock

chest compressions in, 795
description of, 45
effects of, 47t

Electrical therapy, 811-816
Electrocardiogram (ECG)

acute chest pain, 357b
advanced cardiovascular life support use of, 

808-811
atrial fibrillation findings, 365, 365f
atrial flutter findings, 364-365, 365f
axis evaluation, 361, 361f
description of, 356
first-degree heart block findings, 363-364, 

363f
interpretation of, 356-368
lead wires, 358
leads, 358-359, 359f
measurements using, 360
paper, 360, 360f
premature ventricular contractions findings, 

365-366, 366f
procedural summary, 358-367
pulseless electrical activity, 367, 367b
right-axis deviation on, 362b
second-degree heart block findings, 364, 364f
sinus arrhythmia findings, 363, 363f
sinus bradycardia findings, 362-363, 363f
sinus rhythm on, 362, 362f
sinus tachycardia findings, 362, 362f
supraventricular tachycardia, 808-809, 808f
third-degree heart block findings, 364, 364f
12-lead, 356, 358, 359t
venous thromboembolic disease findings, 573
ventricular fibrillation findings, 366-367, 367f

Diffusing capacity of the lung (Continued)
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ventricular tachycardia findings, 366, 366b, 
366f

waves, 359-360, 359f-360f, 360b
Electrochemical oxygen analyzers, 370, 371b
Electrolyte(s), 280-283

balance of, 348-349
bicarbonate. see Bicarbonate
calcium, 281t, 283
chloride, 281, 281t
magnesium, 281t, 283
phosphorus, 281t, 283
potassium, 281t, 282
sodium, 280-281, 281t

Electrolyte disorders, 354
Electrolyte solution, 270-271, 270f
Electrolyte tests, 348-351

anion gap, 350-351, 351b
basic chemistry panel, 349, 349t-350t
glucose, 349-350
lactate, 351, 351b

Electromagnetic navigational bronchoscopy, 
463-464, 463f-464f

Electronic extubation, 1041, 1206
Electronic health record, 127-129, 128f

computerized physician order entry, 127
core functions of, 127b
enterprise software packages, 127-129, 128t

Electronic journals, for respiratory care 
research, 148

Electronic medical record, 127-129
Electrophysiology

impulse-conducting system, 357-358, 358f
principles of, 357-358, 357f

Embolic stroke, 664
E-medicine in respiratory care, 126-145

applications in health care administration, 
135-139

documentation, workload, staffing, and 
scheduling, 136

financial management, 136
human resources, 138
privacy and confidentiality, 138-139
quality assurance, 136-138
regulatory compliance, 138
web analytics, 138

applications in patient care, 129-132
applications in training and education, 

139-141
clinical education applications, 140
clinical simulations, 139, 139f, 140b
full-scale physiologic clinical simulators, 

140
learning management systems, 141
National Board for Respiratory Care 

credentialing, 140-141, 141f
electronic health record, 127-129
electronic medical record, 127-129
future of, 143
health information, sources of, 135
informatics and clinical decision support, 

132-134
pulmonary patients, helpful website for, 136t
sources, factors to consider, 133b
telemedicine and telemonitoring, 134-135

Emergency airway issues, management of, 
1060b

Emergency cardiovascular life support, 790-819
Emergency care, 97-98
Emitted dose, 844
Emphysema, 236, 236b, 975

alpha-1 anti-protease deficiency as cause of, 
516-517

characteristics of, 335
clinical features of, 518t
definition of, 515
functional residual capacity in, 414b
genetic, 516-517
lung hyperinflation in, 177b
point of maximal impulse in, 340
posteroanterior plain chest radiograph, 518f
protease-antiprotease hypothesis of, 517, 517f
radiographic signs of, 429, 448f
signs of, 446
smoking and, 517f
subcutaneous, 336

Empiric therapy, 495
Empyema, 440, 440f, 507b, 558
End-diastolic volume (EDV), 217-218, 218f
End-inspiration, 228-229
EndNote software, in conducting research, 148
Endobronchial biopsy, 461
Endobronchial intubation, 1062
Endobronchial lesion, thermal ablation of, 465
Endobronchial stents, 466, 466f
Endobronchial tuberculosis, 509-510
Endocardial blood flow, 1044
Endoderm, 159, 160t
Endothelial cells, 202-203
Endothelin receptor antagonists, 582
Endotracheal intubation, 10

advanced cardiovascular life support use of, 
805-806, 805f

cardiopulmonary resuscitation use of, 805
in children, 1230, 1232t
equipment needed for, 753b
trauma associated with, 763-764

Endotracheal suctioning, 740-744
adverse responses of, 744
clinical practice guideline for, 740, 741b
closed, 743b
complications of, 744, 744b
equipment for, 740-744, 742b, 743f
methods of, 742-744, 743b
procedure for, 740-744
suction catheters, 742-743, 742b, 743f

Endotracheal tubes (ETTs), 452b-453b, 749-751, 
749f

assessment of, 755b
with biofilm, 1061f
capnometry and, 757b
communication considerations, 765-767
confirming placement of, 765, 765f
cuffs, 768-771, 769f
definition of, 749
description of, 452, 453f
double-lumen, 782, 782f
extubation of, 775b
insertion of, 756f
neck flexion and extension effects on position 

of, 765f
nosocomial infections caused by, 768
placement of, 196b, 754-757, 757b, 757f

confirming, 758, 758f

removal of, 776b-778b
secretion clearance from, 768
securing of, 758, 758f, 765
size of, 753t
specialized, 749-751, 751f
tracheal stenosis caused by, 763
to tracheotomy, 759-762, 759b

End-systolic volume (ESV), 217-218, 218f
End-tidal carbon dioxide, 1160b
Energy

kinetic, 103, 106, 114
potential, 103
radiant, 104

Energy requirements, 479-483
alternative resting energy expenditure 

measures, 483, 484b
estimation of, 479-480, 480b
factors influencing, 479b
indirect calorimetry estimations of. see 

Indirect calorimetry
Enteral feeding, 486-488, 487t
Enterprise software packages, 127-129, 128t
Enzyme tests, 351-352, 352t

cardiac, 352
liver function tests, 351, 352t
muscle, 351-352
pancreatic tests, 351-352

Epidermal growth factor receptors (EGFRs), 
646

Epiglottis, 754, 755f
of infant, 168
during swallowing, 192-193

Epiglottitis, 704-705
clinical manifestation of, 704-705, 705f
extubation, 705, 705b
treatment of, 705

Epinephrine, 719t, 813t-815t
Epoprostenol, 581, 606-607
Equal pressure point, 236, 236f
Equation of motion for the respiratory system, 

996, 997f
Equipment. see also specific equipment

cleaning of, 69-70
contaminated, 76-77
disinfection of. see Disinfection
disposable, 76
infection risk categories, 69t
maintenance of in-use, 73-74
processing definitions, 69t
processing methods, 76b
pulmonary function, 74, 403-405
respiratory care, 74-76
reusable, 74-76
suction systems, 74

Equivalent weight, 273-274
gram, 273
milligram, 274

Erasistratus, 6
Error, 404
ERV. see Expiratory reserve volume (ERV)
Erythrocytes, 346

2,3-diphosphoglycerate, concentrations in, 
259

fragility of, 259
Esophageal balloon, 1162
Esophageal pressure monitoring, 1163b

Electrocardiogram (ECG) (Continued) Endotracheal tubes (ETTs) (Continued)
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Esophagus, anatomy of, 195f
ESV. see End-systolic volume (ESV)
Ethical dilemmas, 83
Ethical theories and principles, 84-88

autonomy, 85
beneficence, 86
confidentiality, 86-88, 87b
justice, 88
nonmaleficence, 85-86
role duty, 88, 89b-90b
veracity, 85, 86b

Ethical viewpoints, 88-91
consequentialism, 88-89
formalism, 88
intuitionism, 90-91
rule utilitarianism, 89
virtue ethics, 90

Ethics
code of, 83-84
definition of, 82-83
law and, 98
and legal implications of practice, 81-101
philosophical foundations of, 82-83

Ethylene oxide (EtO) gas sterilization, 70
ETTs. see Endotracheal tubes (ETTs)
European Respiratory Society (ERS), 404, 404t
Eustachian tubes, 191-192
Evaporation, 104, 110-113, 110f, 113b

definition of, 821
temperature, influence of, 111

Evidence-based medicine, 30-33
Excitability, 213
Excretion

acid. see Acid excretion
definition of, 290

Exercise
asthma induced by, 533-534
cardiopulmonary, 1276
ventilatory response to, 315

Exertional breathlessness, 542
Exhalation, mechanics of, 235-236, 236f
Exhaled gas volumes, 1161
Expectorants, 727
Expiratory reserve volume (ERV), 414, 420f
Expiratory time, 995-996, 1011b
External respiration, 159
Extracellular water, 278
Extracorporeal carbon dioxide removal, 

609-610
Extracorporeal Life Support (ECLS), 1136-1153

extracorporeal membrane oxygenation 
specialist, 1137, 1137b

international registry in, 1137, 1137t
Extracorporeal membrane oxygenation 

(ECMO), 1137, 1137b
in adult patients, 1138, 1138b
anticoagulation management of, 1143-1144, 

1144b, 1144t
arteriovenous, 1137, 1146, 1148
blood pathway of, 1140f
blood products during, 1152
cannulas for, 1145-1146, 1145f, 1145t
complications of, 1149-1152, 1151b
decannulation of, 1152, 1152b
equipment in, 1139-1143
flow sheet of, 1150b, 1150t
initiation of support in, 1148-1149, 1148b

maintenance of, 1149
in newborns, 1137-1138, 1138b
nitric oxide before, 887
patients receiving, 1137-1138
in pediatric patients, 1138
physiology of, 1138-1139, 1139b
risk of, 1149-1152
safety shift checklist of, 1150b, 1150t
specialist in, 1137
transporting patient on, 1149
type of support in, 1146-1148
venoarterial, 1137, 1146-1147, 1147f
venovenous, 1137, 1147-1148, 1147b, 1147f

guidelines for ambulating on, 1151b
weaning of, 1152, 1153b

Extrafusal fibers, 311
Extrapolated volume, 407, 408f
Extremely low birth weight (ELBW), 1221-1223
Extremities, examination of, 341-343
Extrinsic positive end expiratory pressure, 1027
Extubation, 774-780, 1209-1210

accidental, 773-774
assessment of, 775b
characteristics of, 1209
clinical practice guideline for, 763, 775, 

776b-778b
cuff-leak test, 775
definition of, 774-775
electronic, 1206
endotracheal tubes, 776b-778b
epiglottitis and, 705, 705b
glottic edema after, 1210
guidelines for, 1210b
nasotracheal, 775-779
orotracheal, 775-779
procedures for, 775-780
readiness of patient for, 775

Exudates, 629-630
Exudative fluid, 441-442
Exudative pleural effusions, 558-559

miscellaneous causes of, 559
Eye movements, in neurologic examination, 

1182

F

FAARC. see Fellow of the American Association 
for Respiratory Care (FAARC)

Face masks, 1123, 1123f
Face shields, 63, 64b
Face tent, 921f
Facial expression, 328
Factitious events, 1156
Factor V Leiden, 571
FACTT. see Fluids and Catheters Treatment 

Trial (FACTT)
Factual causation, 93
Fahrenheit scale, 105
False Claims Act, 100
False ribs, 173
Fasciotomy, 628
Fat, 486
Fatigue, 1059

diaphragmatic, 335
with neuromuscular disease, 684b
respiratory muscle, 982, 1212t-1213t

Febrile, 329
Feedback, 49
Feeding tubes, 487
Fellow of the American Association for 

Respiratory Care (FAARC), 12
Femoral artery, 372f
Fenestrated tracheostomy tubes, 779, 779f
Fetal circulation, 165-166, 166f
Fetal hemoglobin (HbF), 165, 165f, 260
Fetal lung fluid, 163
Fetid, 325-326
Fetus. see also Newborn

anatomic shunts in, 1218-1219
assessment of, 1217-1219, 1218f-1219f
blood gas analysis in, 1219
blood supply to, 1218-1219
heart rate monitoring in, 1217-1218, 1219b, 

1219f
intrauterine growth chart, 1223f
newborn life transition from, 1218-1219
surfactant production in, 1225

FEV1. see Forced expiratory volume in 1 second 
(FEV1)

Fever, 326
FFP. see Fresh frozen plasma (FFP)
Fiberoptic bronchoscope, 759
Fiberoptic bundle, 457
Fibrin degradation products, 352-353
Fibrous pericardium, 210
Fick equation, 258, 483, 1157
Fick’s first law of diffusion, 250-251
Fine crackles, 338
Fine late inspiratory crackles, 339, 339b
FiO2. see Fractional inspiration of oxygen (FiO2)
Fire hazards, 47-48, 910
First heart sound, 340
First law of thermodynamics, 103
First-degree heart block, 363-364, 363f
Fishbone diagram, 37f
Fisher exact test, 150-151
Fistula

bronchopleural, 566, 568b
tracheoesophageal, 764
tracheoinnominate artery, 764

Fixed acid, 286
Flail chest, 617-619, 666
Flash sterilization, 72
Fleisch-type pneumotachometer, 403-404
Flexible bronchoscopy, 457-459, 457f, 459b

contraindication for, 458b
high-risk patients for, 470t
hypoxemia during, 470b
indication for, 458b
lung cancer evaluations, 640
minute ventilation requirements during,  

471b
monitoring in, 457-459
physiologic and mechanical alterations 

associated with, in intubated patients, 
468-470, 468t-469t

procedure of, 457-459
respiratory therapist and, 456-473
sedation for, 457-459

Flexible fiberoptic bronchoscopy, description of, 
783, 784b-785b, 784f

Flexible suction catheter, 740, 740f
Floating ribs, 173

Extracorporeal membrane oxygenation 
(ECMO) (Continued)
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Flow
definition of, 120
laminar, 121, 121f-122f, 234
transitional, 121f, 122
turbulent, 121-122, 121f-122f, 234

Flow asynchrony, 1064-1067
pressure ventilation, 1067, 1068b, 1068f-1069f
volume ventilation, 1065-1067, 1066b-1067b, 

1067f
Flow resistance, 120-121
Flow restrictor, 899-900, 900f, 900t
Flow triggering, 998
Flow waveform, 1084f, 1090, 1090b, 1091f
Flowmeters, for medical gas, regulation, 898
Flow-resistive breathing device, 1274-1275, 

1274f
Flow-volume loop, 407, 413f
Fluid dynamics, 120-124

Bernoulli principle, 123, 123f
fluid entrainment, 123

Fluid entrainment, 123
Fluid management, 1046
Fluid velocity, 122-123, 123f
Fluidic logic-controlled ventilators, 989
Fluidics, 123-124
Fluids, precautions for, 76, 77b
Fluids and Catheters Treatment Trial (FACTT), 

604
Flunisolide, 530t-531t
Flunisolide hemihydrate, 728t
Fluticasone, 530t-531t
Fluticasone furoate, 728t
Fluticasone furoate/vilanterol, 728t
Fluticasone propionate, 728t
Fluticasone propionate/salmeterol, 728t
Fluvial drowning, 626-627
Foam cuff, 770, 770f
Fomites, 61
Food and Drug Administration, 22
Food diary, 475
Food frequency questionnaire, 475
Food record, 475
Foramen ovale, 165
Forced expiratory flow between 25% and 75% 

of FVC, 405, 409f
Forced expiratory flow between 75% and 85% 

of FVC, 405
Forced expiratory flow between 200ml and 

1200ml of FVC, 405, 408f
Forced expiratory technique, 961
Forced expiratory volume in 1 second (FEV1), 

10, 404, 407-408, 410b
in interstitial lung disease, 543-544
smoking effects on, 516, 516f

Forced expiratory volume in 1 second-to-vital 
capacity ratio, 408, 424t

Forced vital capacity (FVC), 10, 402, 405-407, 
410b

curves of, 412f-413f
in interstitial lung disease, 543-544
measurement of, 405-407
volume-time graph of, 407f

Force-length relationship, 230f
Foreign body

airway obstruction, 800
removal, evaluation of, 802

Formalism, 88

Formoterol, 530t-531t, 719t
Fossa ovalis cordis, 210
Fox inhalation system, 867
Fractional concentration, 116

of alveolar nitrogen, 418
Fractional distillation, 885
Fractional inspiration of oxygen (FiO2), 1092, 

1097b
adjustment of, 1098b
air-entrainment nebulizers, 921
low-flow oxygen systems, 911-914, 914b, 914t
measurement of, 370-371
mucociliary clearance affected by, 953
nomogram for, 1096, 1096f
providing moderate to high, 922-923, 922b, 

922f
Frank hemoptysis, 326
Frank-Starling law, 214, 218, 219f
FRC. see Functional residual capacity (FRC)
Freezing, 106
Frequency dependence of compliance, 241-242
Frequency/tidal volume (f/VT) ratio, 1166, 

1195-1196
Fresh frozen plasma (FFP), 1144
Full ventilatory support

definition of, 1081
partial ventilatory support versus, 1081-1082

Functional assessment, 1184
Functional residual capacity (FRC), 404, 420f, 

691b, 1028
calculation of, 417
definition of, 228
description of, 420

FVC. see Forced vital capacity (FVC)
f/VT ratio. see Frequency/tidal volume (f/VT) 

ratio

G

Gag reflex, in neurologic examination, 1182
Galen, 6, 10
Gallop rhythm, 340
Galvanic fuel cells, 370
Gamma fibers, 311
Gantry, 434
Gas. see also Medical gases; specific gas

critical points of, 119, 119t
critical temperature of, 119-120
density of, 113-114, 114b
description of, 103, 103f
diffusion of, 114
humidified, warming of, 821-823
kinetic activity of, 113
molar volume of, 113-114
properties of, 113-117
solubility of, in liquids, 117
surface area of, 113

Gas absorption atelectasis, 938
Gas behavior

under changing conditions, 117-120, 118f
correction factors and, 119
of temperature and pressure extremes, 119

Gas exchange
abnormalities of, 263-268, 542
in acute respiratory distress syndrome, 594
analysis and monitoring of, 369-399

blood gases. see Blood gases
description of, 370

fractional inspired oxygen, 370-371
invasive procedures for, 370
noninvasive procedures for, 370

anatomic shunts, 252
in lungs, 401
transport and, 247-268
variations from, 252-254, 254t

Gas laws, 117, 118t
Gas mixing, principles of, 918-926
Gas pressure, 114-115

atmospheric pressure, 114-115, 114f
clinical measurements, 115
partial, 116-117

Gasping, 665t
Gastric feedings, 486
Gastric inflation, 796, 800, 800b
Gastric insufflation, 1132
Gastroduodenal motility, 1047-1048
Gastroesophageal reflux disease (GERD), 702

asthma and, 534
Gastroschisis, 698
Gay-Lussac’s law, 118t
GBS. see Guillain-Barré syndrome (GBS)
GCS. see Glasgow Coma Scale (GCS)
General appearance, 327-328
General internet resources, 148
General sanitation measures, 63
Genetic emphysema, 516-517
Geometric standard deviation, 845
GERD. see Gastroesophageal reflux disease 

(GERD)
Gestational age assessment, 1221-1223,  

1222f
Glasgow Coma Scale (GCS), 616, 616t, 1183, 

1183t
Global monitoring indices, 1185, 1185b
Glomerular filtration rate, 621
Glottis, 168

description of, 754, 755f
Gloves, 63, 64b
Gluconeogenesis, 484
Glucose, 349-350, 486
Gowns, 64, 64b
Grab ‘n Go System, 902f
Graham’s law, 7, 114
Gram equivalent weight, 273
Gram stain, 353
Granular tissue, 779
Granulomas, 548
Graphics monitoring, 1171-1173, 1173b

purpose of, 1173b
Ground, 45, 46f
Ground-glass attenuation, 545f
Guedel airway, 804
Guillain-Barré syndrome (GBS), 660-661, 

660b-661b, 978

H

H1N1, 497-499, 609
Haldane effect, 262
Hamburger phenomenon, 262
Hampton hump, 573
Hand hygiene, 63, 64b, 65f-66f
Hand-bulb atomizers, 865
Handwashing, 65f-66f, 509
Hard palate, 191, 191f

Gas exchange (Continued)
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Harris-Benedict equation, 479b, 1184
HBO. see Hyperbaric oxygen (HBO) therapy
HCP. see Health care professional (HCP)
Head examination, 332
Head injuries

life threatening trauma and, 617, 618f
treatment of, 1047

Head paradoxical reflex, 311
Head-tilt/chin-lift method, 795, 795f
Health care

changes in, 100
importance of research in, 147

Health care institutions, 1262
Health care professional (HCP), training of, for 

patient and caregiver educator, 1256b
Health care-associated infection

definition of, 60
device-related infections as cause of, 68
prevention of, 63

Health care-associated pneumonia
antibiotics for, 505-508
chest radiograph of, 499-500
definition of, 495
diagnostic studies for, 504-505
prevention of, 508-509

Health education, 1254-1255
Health informatics, 132
Health information sources, 135

for consumers, 135
for respiratory therapists and other clinicians, 

135, 135t
Health Information Technology for Economic 

and Clinical Health (HITECH) Act, 
127-128

goal of, 131-132
Health Insurance Portability and Accountability 

Act of 1996 (HIPAA), 96, 97b, 138-139
medical information protection under, 54
Privacy Rule, 96
standards set by, 22
terminology associated with, 22b

Health promotion, 1249-1263, 1257b-1258b
Healthcare Infection Control Practices Advisory 

Committee (HICPAC), 61
Healthy People 2020, 1256-1257
Heart

anatomy of, 209-213, 210f-212f
chambers of, 210, 211f
examination of, 340
muscle cells of, 357
muscle of

microanatomy, 213-214, 214f
properties, 213

Heart block
first-degree, 363-364, 363f
second-degree, 364, 364f
third-degree, 364, 364f

Heart rate, 220b-221b
changes in, 220
coronary perfusion and, 213b
fetal, 1217-1218, 1219f
normal range for, 1178t

Heart sounds
abnormal, 340
auscultation of, 340, 341f

Heart wall, 210
Heat, 104

Heat and moisture exchangers (HMEs), 73, 821, 
834b, 840b, 1093

active, 828, 828b
comparison of, 826t
contraindications, 831
description of, 821
in infants, 828
moisture output of, 827
nosocomial infection prevention using, 

827-828
placement of, 827-828, 827f
types of, 826, 826t, 827f

Heat exchange, 821
Heat transfer, 103
Heated humidifiers, 828, 828b, 1129, 1129b
Heated wire humidifiers, 833, 833f
Heave, 340
Height, 476
Heimlich maneuver, 801-802, 801f
Heliox, 1244. see also Helium/oxygen
Helium, 885t, 886-887, 887b, 933

dilution, 417-418, 417f
Helium/oxygen

administration of, 933
bronchodilator and, 934
characteristics of, 885t
guidelines for, 933-934
hazards associated with, 934
hypoxemia caused by, 934
indications for, 933
low-density benefit of, 933
troubleshooting of, 934

Hematemesis, 326
Hematocrit (Hct), 348, 348b
Hematogenous dissemination, 496
Heme, 254, 255f
Hemidiaphragm, 434f, 661, 661f
Hemodynamic monitoring, 129
Hemoglobin

abnormalities of, 259-260
absolute deficiency of, 266
absorption spectrum of, 387, 387f
buffering effect of, 276
deficiencies, 266, 266f
definition of, 348
for diffusing capacity of the lung, 421
fetal, 165, 165f, 260
oxygen affinity of, 260, 261f
oxygen transport and, 254-255
relative deficiency of, 266
sickle cell, 259

Hemoglobin saturation, 255, 256b
Hemoptysis, 326, 535
Hemothorax, 559
Hemoximetry, 380b, 387-388, 388t
Henderson-Hasselbalch equation, 288-289,  

289b
Henry’s law, 117, 254, 271
Heparin, 1143-1144

venous thromboembolic disease treated with, 
577-578, 577t

Heparinized saline flush solution, 376
Hepatic hydrothorax, 558
Hepatomegaly, 341
Hering-Breuer reflex, 10, 310
Heterodisperse, definition of, 845
HFO. see High-frequency oscillation (HFO)

HFOV. see High-frequency oscillatory 
ventilation (HFOV)

HFV. see High-frequency ventilation (HFV)
HICPAC. see Healthcare Infection Control 

Practices Advisory Committee (HICPAC)
High frequency oscillatory ventilation, acute 

respiratory distress syndrome treated with, 
609

High frequency ventilation (HFV), acute 
respiratory distress syndrome treated with, 
609

High-efficiency particulate air/aerosol (HEPA) 
filters, 73

High-flow nasal cannula, 877, 879f, 1234-1236, 
1236b

High-frequency chest wall compression, 
964-966

High-frequency chest wall oscillation, 966-967, 
967t

High-frequency compression/oscillation, 
966-967

High-frequency jet ventilation, endotracheal 
tube adapter for, 751, 751f

High-frequency jet ventilators, 1012
High-frequency oscillation (HFO), 1012
High-frequency oscillatory ventilation, aerosol 

generators placement in, 877-879, 878f
High-frequency oscillatory ventilation (HFOV), 

1084-1085
High-frequency ventilation (HFV), 1243
High-frequency ventilators, 1012
High-pressure reducing valves, 898-899
Hilum, 169, 181
Hip replacement, respiratory distress after,  

576b
HIPAA. see Health Insurance Portability and 

Accountability Act of 1996
Hippocrates, 6
Histidine, 276, 276f
HITECH Act. see Health Information 

Technology for Economic and Clinical 
Health (HITECH) Act

HMEs. see Heat and moisture exchangers 
(HMEs)

Home care
in alternative care settings, 1308
home environment assessments, 1290b
ventilators for, 1013, 1128-1129, 1128f

Homeostasis, 279, 348
Honeycombing, 443, 543
Hoods, oxygen, 925, 925f
Hooke, 10
Hooke’s law, 230
Hoover sign, 335, 518
Hospital

administrators of, 23
fires in, 47
medical gases central piping system in, 894, 

895f
Hospital-acquired infections

definition of, 60
surveillance for, 77-79

Hospital-acquired pneumonia
antibiotics for, 505-508
chest radiograph of, 499-500
description of, 495
prevention of, 508-509
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Hospital-based program
credentialing. see Credentialing
elements of, 19-26
medical direction for, 19
professionalism, 21-22

HP. see Hypersensitivity pneumonitis (HP)
Huff cough, 961
Huffing, 961
Humid-heat, 828
Humidification, 822b, 822t, 829b

airway, inadequate, 822b
cost-effectiveness of, 840b
heating systems for, 828, 829b
levels of, 829-831
in mechanical ventilation, 831b, 1093, 1094b

Humidifiers, 73
automatic feed systems, 829
bubble, 824-825, 824f, 825t
condensation, 832-833, 832b, 832f
contact time, 824
cross contamination of, 834
definition of, 823
feed systems, 828-829
heat and moisture exchangers. see Heat and 

moisture exchangers (HMEs)
heated, 828, 828b, 833b
heated wire, 833-834, 833f
heating systems for, 828
hydrophobic condenser, 825f, 826
hygroscopic condenser, 826, 826f
membrane-type, 825, 825f, 830
monitoring of, 838b
in neonates, 833, 833f
passover, 823, 824f
principles that govern, 823-824, 823b
problem solving for, 832-834
reservoir systems, 823f, 828-829
surface area effects on, 823-824
temperature effects on, 823
thermal mass effects on, 824
troubleshooting of, 832-834
vaporizer, 825
wick, 824f, 825, 829f

Humidity, 111-113
body, 823
description of, 111-113, 111t

Humidity deficit, 113
Humidity therapy, 821f

heat exchange, 821
indications for, 821-823, 822b
in infants, 1230
inspired gases, 821-823
moisture exchange, 821

“Humors”, 3-6
Hyaline membrane disease. see Respiratory 

distress syndrome
Hyaline membranes, 596
Hydrochloric acid, 273, 286
Hydrocortisone, 530t-531t
Hydrodynamics, 120
Hydrofluoroalkane, 850
Hydrogen

excess excretion of, 292-294, 293f
regulation of, in body fluids, 286-290

Hydrophilic drugs, dosing of, 621
Hydrophobic condenser humidifier, 825f, 826
Hydrophobic membrane, 825

Hydropneumothorax, 438, 439f
Hydrostatic pressure

description of, 279
management of, in acute respiratory distress 

syndrome, 604b
Hydrostatic pulmonary edema, 591

causes of, 591b
Hydrothorax, 438-440, 438f, 453
Hydroxides, 275
Hygrometer, 834
Hygroscopic condenser humidifier, 113f, 826, 

826f
Hygroscopic water absorption, 847
Hyperbaric chamber, 117
Hyperbaric oxygen (HBO) therapy, 927-931

administration of, 929, 929f
air embolism treated with, 930
carbon monoxide poisoning treated with,  

930
chamber for, 929, 929f
complications for, 930-931, 930b
contraindications for, 931
definition of, 927
fire hazards, 931
hazards of, 930-931
hyperoxia treated with, 928
indications for, 930, 930b
physiologic effects of, 927-929, 927b
troubleshooting of, 931

Hyperbaric pressure, 117
Hyperbilirubinemia, 1224
Hypercalcemia, 281t, 283
Hypercapnia

chronic
acute carbon dioxide increase in, central 

chemoreceptor response to, 315
control of breathing in, 313-314

description of, 268
oxygen-associated, 314-315, 314f
permissive, 603

Hypercapnic respiratory failure, 976-979, 1022
acute, 979b-980b, 984b
carbon dioxide production increases as cause, 

977-978
characteristics of, 976
chronic, 979b-980b, 985
description of, 973
insidious exposure that cause, 977
mechanical ventilation for, 980-981
neurologic diseases that cause, 978
noninvasive ventilation for, 1114-1115
respiratory control impairments as cause of, 

978, 979t
respiratory effectors impairments as cause of, 

978-979, 979t
work of breathing and, 978-979, 979t

Hypercarbia, 977
Hyperglycemia, 349
Hyperinflation, 231, 414b
Hyperkalemia, 350t, 354
Hyperlucency, 519
Hypernatremia, 350t, 354
Hyperoxia, 312

hyperbaric oxygen therapy for, 928
retinopathy of prematurity and, 1228

Hyperpnea, 245
Hyperpyrexia, 329

Hypersensitivity pneumonitis (HP), 545-546, 
546t

Hypertension
description of, 330
intraabdominal, 341
of newborn, 700-701
pulmonary. see Pulmonary hypertension

Hyperthermia, 329
Hypertonic saline, 273b
Hypertonic solution, 272, 273b
Hypertympanic sound, 336
Hyperventilation, 245, 292, 292f, 817

anxiety associated with, 324
central neurogenic, 315
as compensatory response, 295
definition of, 294
delayed, at high altitude, 313b
increased intracranial pressure treated with, 

984
mechanical, 316, 316b

Hypoalbuminemia, 350-351, 558
Hypochloremia, 294
Hypoglycemia, 349
Hypokalemia, 350t, 354
Hyponatremia, 281, 281t
Hypopharynx, 192
Hypophosphatemia, 484-485
Hypopnea, 671, 672f
Hypotension, 331
Hypothermia

description of, 329
heated humidification to prevent, 822

Hypothesis, 148-149
Hypothyroidism, 978
Hypotonic solution, 272, 273b
Hypoventilation, 245, 291f, 292

alveolar, 975
definition of, 294
in head trauma patient, 316
nocturnal, 1117
oxygen therapy-related, 909
partial pressure of carbon dioxide affected by, 

977
Hypoventilation syndromes, 673
Hypovolemia, 331
Hypoxemia, 263-266, 263t, 265f, 313b, 560

arterial, 312, 906
in burn patient, 631b
chronic pulmonary vasoconstriction caused 

by, 332
clinical presentation of, 973-974
continuous positive airway pressure for, 1115
correction of, 906
decreasing symptoms of, 906
differentiating the cause of, 976t, 977b
diffusion impairment as cause of, 975
exercise testing for, evaluation of, 1270b
flexible fiberoptic bronchoscopy as cause of, 

787
helium-oxygen mixture as cause of, 934
inspired oxygen decreases as cause of, 975
invasive ventilatory support for, 983-984
laboratory measures for, 906
mild, 376b
obesity and, 623
obstructive sleep apnea as cause of, 674b
oxygen therapy for, 906, 927
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perfusion/diffusion impairment as cause of, 
975

pulmonary vasoconstriction caused by, 906
pulse oximetry for, 389b
refractory, 594
respiratory muscle weakness and, 652
severity of, 595b
shunt as cause of, 974-975
ventilation/perfusion mismatch as cause of, 

572
Hypoxemic respiratory failure

acute, differentiating the causes of, 976b, 976t
alveolar hypoventilation as cause of, 975
causes of, 973, 976t
chronic, 980
description of, 973
diffusion impairment as cause of, 975
mechanical ventilation for, 980-981
noninvasive ventilation for, 1115
perfusion/diffusion impairment as cause of, 

975
shunt as cause of, 974-975
venous admixture as cause of, 975-976
ventilation/perfusion mismatch as cause of, 

973-974
Hypoxia

alveolar, 582-583
comatose state secondary to, 328
description of, 220, 220b
peripheral chemoreceptors affected by, 313
respiratory failure caused by, nitric oxide for, 

887
signs of, 906t

Hypoxia altitude simulation test, 975
Hypoxic drive, 312
Hysteresis, 231, 1161

I

IASLC. see International Association for the 
Study of Lung Cancer (IASLC)

Iatrogenic hyperventilation, 299
Iatrogenic pneumothorax, 563
IC. see Inspiratory capacity (IC)
ICD. see Internal cardioverter defibrillator 

(ICD)
ICRC. see International Council for Respiratory 

Care (ICRC)
Ideal gas behavior, 120b
Ideal gas exchange

anatomic shunts, 252
variations from, 252-254, 254t

Idiopathic pulmonary arterial hypertension 
(IPAH)

calcium channel blockers for, 581
clinical findings of, 579-580
definition of, 579
diagnosis of, 580
epidemiology of, 579-580
laboratory tests for, 580
lung transplantation for, 582
management of, 580-582
pathogenesis of, 579
prostanoids for, 581-582

Idiopathic pulmonary fibrosis (IPF), 443-444, 
543f, 544b, 549

I/E. see Inspiratory-to-expiratory ratio (I/E)

Iloprost, 581-582, 736
Immunoglobulin G (IgG), 659
Immunotherapy, 533
Impedance plethysmography, for deep venous 

thrombosis, 574
Imprecision, 382
Impulse-conducting system, 357-358, 358f
IMV. see Intermittent mandatory ventilation 

(IMV)
Incentive spirometry (IS), 940-943. see also 

Spirometer/spirometry
administration of, 942-943
atelectasis treated with, 939-940
for chest trauma, 619
clinical practice guideline for, 940b
complications of, 941, 941b
contraindications for, 941, 941b
equipment for, 941-942
flow-oriented devices, 942, 942f
follow-up, 943
hazards of, 941, 941b
implementation of, 942-943
indications for, 941, 941b
monitoring of, 943b
outcomes of, 942b
physiologic basis of, 941, 941f
preliminary planning for, 942
purpose of, 940
sustained maximal inspirations, 943
volumetric, 942f

Inclusion body myositis, 656, 657t
Incubators, 925-926, 926f, 1228t
Indacaterol, 530t-531t, 719t
Indirect calorimetry, 480

AARC clinical practice guideline, 481b
clinical situations in, 480b
equipment for, 480-481
error in, 482b
indications, 481b
interpretation and use of results, 482-483
limitations of, 481-482
preparation for, 480b
problems of, 481-482
respiratory quotient, 480-481
technique for, 480-481

Indirect contact transmission, 61
Indwelling catheters, 376-377, 376t, 377f, 378b, 

562, 562b
Inertial impaction, 845, 845f
Infants. see also Children; Newborn

aerosol drug therapy in, 1230, 1231t
airway management in, 1230-1233
with apnea, 695t
blood gas analysis in, 1225, 1226t
cardiopulmonary resuscitation in, 792t
chest compressions in, 794, 794f
chest examination in, 1224
endotracheal intubation in, 1230
foreign body airway obstruction in, 801, 802f
heart rate in, 1224
heat and moisture exchangers in, 828
humidity therapy in, 1230
hypoxic respiratory failure in, nitric oxide for, 

887
inhaled nitric oxide for, 1243-1244, 1244b
intubation in, 1230-1232, 1230b, 1232t
mechanical ventilation in, 1236-1243

breath delivery types, 1236-1238, 1237f
case studies of, 1238b-1239b, 1241b
complications of, 1243, 1244b
goals of, 1236
high-frequency ventilation, 1243
indications for, 1236b
inspiratory time, 1240
mean airway pressure, 1240
monitoring of, 1240-1242
noninvasive, 1240
oxygen concentration, 1240
peak inspiratory pressure, 1238
positive end expiratory pressure, 1238
pressure-limited, 1237b
principles of, 1236
tidal volume, 1239
time-cycled, 1237b
ventilation modes, 1236-1238, 1237f
ventilator settings and parameters, 

1238-1240
weaning from, 1242-1243

mouth-to-mouth ventilation in, 796-797, 
796f

nasal flaring in, 1224
oxygen therapy in, 1228, 1228t
paradoxical breathing in, 1225
physical assessment of, 1224-1225
postural drainage in, 1229f
preterm, 1220-1221, 1223b
pulse oximetry analysis in, 1225
pulselessness assessment in, 791-792
respiratory assessment of, 1223-1225, 1224b, 

1224f, 1224t
respiratory disorders in. see Pediatric 

respiratory disorders
respiratory rate in, 1223-1225, 1227t
upper airway of, 168-169

Infection
aerosol transmission, 61-62
airborne transmission, 61, 61t
autogenous, 60
contact transmission, 61, 61t
droplet transmission, 61, 61t
health care-associated, 60
hospital-acquired. see Hospital-acquired 

infections
modes of transmission, 60-62, 61t
prevention and control, 59-80
principles of, 59-80
spread of, 60-62, 60f, 68b
susceptible hosts, 60
vehicle transmission of, 62

Infection control
in alternative care settings, 1308
nebulizers, 863-864
pulmonary function testing for, 403

Infection prevention
antimicrobial, 63
antiseptic, 63
cough etiquette, 64-65
eliminating pathogens source, 63
gloves, 63, 64b
gowns, aprons, and protective apparel, 64, 

64b
hand hygiene, 63, 64b, 65f-66f
interrupting transmission, 63

Hypoxemia (Continued) Infants (Continued)
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maintaining a healthy workforce, 62
medical devices and bundles, 68
mouth, nose, eye, and face protection, 63-64, 

64b
patient placement for, 64b
personal protective equipment (PPE), 63
protective environment, 68
respiratory protection, 64
safe culture, 62
standard precautions, 63, 64b
strategies, 62-68
transmission-based precautions, 65-67
transport of infected patients, 68, 68b

Infection prevention committee, 77
Infectious agents, sources of, 60
Inferior laryngeal nerve, 193
Inferior vena cava, 212-213
Inferior vena cava filter, 578
Infiltrates, 441-442
Inflammation, biomarkers of, 477, 477b
Inflammatory myopathies, 656, 657t
Inflation reflex, 188
Influenza, 61
Information retrieval, 135
Inhalation, 233
Inhalational Therapy Association (ITA), 10
Inhaled nitric oxide, 1243-1244, 1244b-1245b, 

1244f
acute respiratory distress syndrome treated 

with, 606, 931
administration of, 932-933, 932b, 932f
adverse effects of, 931-932, 932b
chemical by-products of, 931
dosing of, 931
drug interactions, 932
indications for, 931
mode of action, 931
therapeutic benefit of, 931
toxicity of, 931-932
withdrawal of, 933

Inherent rhythmicity, 213
Innominate artery rupture, due to artificial 

airway, 1061-1062
INOmax® DSIR® Plus, 932-933, 932f
Input power, of ventilator, 988
INR. see International normalized ratio (INR)
Inspiratory capacity (IC), 405, 407b, 420f, 941
Inspiratory flow rate, 866-867, 1087, 1089f, 

1090b
Inspiratory flow time, 1012b
Inspiratory pause, 1090-1091, 1091b
Inspiratory positive airway pressure (IPAP), 

1125-1126
Inspiratory ramp signal, 310, 310f
Inspiratory reserve volume (IRV), 414, 420f
Inspiratory rise time, 1237
Inspiratory stridor, 339
Inspiratory time, 995-996, 1011b, 1087-1091, 

1089f, 1240, 1240b
Inspiratory-to-expiratory ratio (I/E), 603, 1027, 

1087-1091, 1089f
Inspired gas volumes, 1161
Inspired oxygen. see also Fractional inspiration 

of oxygen (FiO2)
hypoxemic respiratory failure caused by 

decreases in, 975

mechanical ventilation effects on, 1024
partial pressure of, 117

Inspissated, definition of, 821
Inspissation, 953
Institutional long-term care, 1307-1308

screening, 1307-1308
Insulin resistance, 350
Integrated fluidic logic circuits, 124
Intelligent targeting, 1006, 1006t
Intensive care unit monitoring, 1154-1189, 

1156b
breathing effort and patterns, 1166-1167
cardiac and cardiovascular system, 1175-1181

arterial blood pressure, 1176, 1178t
chest wall mechanics, 1161-1166
lung mapping, 1168, 1168f
lung mechanics, 1161-1166
lung protective ventilation, 1174-1175
lung stress and strain, 1164
lung ultrasonography, 1169
neurologic system, 1181-1183, 1182b

Glasgow Coma Scale, 1183, 1183t
history-taking, 1181
intracranial pressure, 1183
neurologic examination, 1182-1183

nutritional, 1184
oxygen cost of breathing, 1166
oxygenation, 1156-1159
pathophysiology of, 1156
patient-ventilator system, 1169-1173, 1169t, 

1176f, 1177b
principles of, 1155-1156, 1156b
resistance, 1163-1164
respiratory system compliance, 1162
ventilation, 1159-1161
work of breathing, 1166

Intentional tort, 92, 94
Intercalated discs, 214
Intercostal muscles, 175, 178f
Intercostal nerve, 169
Interleukin-8, 593
Intermittent continuous positive airway 

pressure, administration of, 947
Intermittent mandatory ventilation (IMV), 9, 

1002, 1035-1038
pressure-controlled, 1037-1038
synchronized. see Synchronized intermittent 

mandatory ventilation (SIMV)
volume-controlled, 1036, 1037f

Intermittent positive airway pressure breathing, 
1114

administration of, 945-946
atelectasis treated with, 943-945
baseline assessment before, 946
clinical practice guidelines for, 944b
complications of, 945, 945b
contraindications for, 945, 945b
description of, 943
discontinuation of, 946
equipment, 946
follow-up, 946
hazards of, 945, 945b
implementation of, 946
indications for, 943-945
monitoring of, 946b
outcomes of, 945b

physiologic basis of, 943, 943f
preliminary planning for, 945-946
recordkeeping for, 946
respiratory alkalosis caused by, 945

Internal cardioverter defibrillator (ICD), 366
Internal energy of matter, 103
Internal nares, 189
Internal respiration, 159
International Association for the Study of Lung 

Cancer (IASLC), 463f
International Council for Respiratory Care 

(ICRC), 12
International normalized ratio (INR), 352, 353t
International Organization for Standardization 

(ISO), 826-827
Interstitial fluid, 278
Interstitial lung disease, 443-444, 445t, 540-553

associated systemic disease, 547-548
characteristics of, 542-544
clinical deterioration in, 550b
connective tissue disease associated with, 

547-548
definition of, 540
diffusion impairment in, 975
drug-related, 545, 545b, 546f
exercise therapy for, 551
exposure-related disease, 544-547
extrapulmonary findings, 542t
forced expiratory volume in 1 second, 

543-544
forced vital capacity in, 543-544
histologic abnormalities associated with, 

540-542
idiopathic pulmonary fibrosis (IPF), 549
infection avoidance, 551
lymphangioleiomyomatosis, 548
lymphocytic interstitial pneumonia, 550
nonspecific interstitial pneumonia, 549
occupational, 546-547
organization of, 541f
organizing pneumonia, 549-550
oxygen therapy for, 550
physical examination of, 542
physiologic features of, 543-544
polymyositis-associated, 548
pulmonary rehabilitation for, 551
radiation-related, 545, 546f
radiographic features of, 442b, 445f, 542-543
respiratory bronchiolitis-associated, 542, 544f
respiratory therapist role in, 551
sarcoidosis, 548
signs and symptoms of, 542
tobacco-associated, 544-545, 544f, 551b
transplantation for, 551
types of, 544-550
of unknown cause, 548-550
unusual pulmonary findings, 542t
usual interstitial pneumonitis (UIP), 543
vaccinations in, 551

Interstitial space, 590
Interstitium, of lung, 590
Interventricular septum, 210, 211f
Interviewing, 321-327

dyspnea evaluations, 321-327
guidelines for, 322b

Infection prevention (Continued) Inspired oxygen (Continued) Intermittent positive airway pressure breathing 
(Continued)
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principles of, 321-323
purposes of, 321
questions used in, 323b
structure of, 322-323
technique for, 322-323

Intervillous spaces, 164
Intraabdominal hypertension, 341
Intraaortic balloon pump, 453-454
Intracellular water, 278
Intracranial pressure

increased, 744
hyperventilation for, 984
positive pressure mechanical ventilation 

effects on, 1046-1047
monitoring of, 1183

Intrafissural fluid, 439f
Intrapulmonary percussive ventilation, 877, 966, 

966f
Intrathoracic pressure

in negative pressure mechanical ventilation, 
1019-1020, 1020f

in positive pressure mechanical ventilation, 
1021-1022, 1021f

in spontaneous breathing, 1018-1019
Intravenous augmentation therapy, 517, 525
Intrinsic positive end-expiratory pressure, 608, 

978, 1164
Intubation

advantages and disadvantages of, 750t
complications of, 1230b
definition of, 749
endotracheal. see Endotracheal intubation; 

Endotracheal tubes
nasal, 750t
nasotracheal, 758-759, 759f
obesity respiratory management and, 623
oral, 750t
orotracheal, 752-758, 753b, 757b

Intuitionism, 90-91
Inverse-ratio ventilation (IRV), acute 

respiratory distress syndrome treated with, 
608

Ionic solution, 270-271, 270t
Ionization constant, 286
Ions, 270-271
IPAH. see Idiopathic pulmonary arterial 

hypertension (IPAH)
IPAP. see Inspiratory positive airway pressure 

(IPAP)
IPF. see Idiopathic pulmonary fibrosis (IPF)
Ipratropium bromide

asthma treated with, 530t-531t
description of, 723
dosing of, 723t, 725b

Ireton-Jones energy equations (IJEE), 479, 479b
Iron lung, 8, 8f, 1112, 1113f
Irritant receptors, 311
IRV. see Inspiratory reserve volume (IRV)
IS. see Incentive spirometry (IS)
Ischemia, 266, 316
ISO. see International Organization for 

Standardization (ISO)
Isohydric buffering, 286
Isolation methods, 67b
Isoproterenol, 813t-815t
Isothermic saturation boundary, 821

Isotonic solution, 272, 273b
ITA. see Inhalational Therapy Association (ITA)

J

Jackson tracheostomy tube, 752f
Jaw-thrust method, 795, 795f
Jet nebulizers, 858-860
Joule-Thompson effect, 120b, 465, 885
J-receptors, 311
Jugular venous distention (JVD), 332
Jugular venous pressure (JVP), 332
Justice, 88

K

Karnofsky scale, 641
Karvonen’s formula, 1273, 1273b
Kelvin scale, 104-105
Kerley B lines, 442-443, 444f
Kerley lines, 590, 591f
Ketogenesis, 484
Key performance indicators (KPIs), 132-133
Kidneys, 1183

acid excretion by, 290-294
bicarbonate ion, reabsorption of, 291-292
body water regulation by, 278
function of, 291
glomerulus, 291
positive pressure mechanical ventilation 

effects on, 1047, 1048f
Kinetic energy, 103, 106, 114
Kinetic theory, 113
Korotkoff sounds, 331
Kulchitsky cells, 197-198
Kussmaul breathing, 334t, 335
Kussmaul respiration, 302
Kussmaul sign, 332
Kwashiorkor, 476
Kyphoscoliosis, 665-666, 665f

L

Laboratory data, interpretation of, 345-355
Laboratory specimens, handling, 77
Laboratory tests

coagulation studies, 352-353, 353t
complete blood count, 346-348, 347t

red blood cell count, 348
white blood cell count, 347, 347b, 347t

critical test value, 346
data application, 354
electrolytes, 348-351

anion gap, 350-351, 351b
basic chemistry panel, 349, 349t-350t
glucose, 349-350
lactate, 351, 351b

enzyme test, 351-352, 352t
cardiac, 352
liver function test, 351, 352t
muscle, 351-352
pancreatic, 351-352

introduction to, 346
microbiology tests, 353-354
reference range, 346

Lactate, 350t, 351, 351b
Lactate dehydrogenase, 352
Lactated Ringer’s solution, 274t
Lactic acidosis, 351
Lambert-Beer law, 387

Lambert-Eaton syndrome (LES), 660
Lamellated bodies, 202
Lamina propria, 198-199
Laminar flow, 108, 121, 121f-122f, 234
Laminins, 205-206
Laplace’s law, 109, 109f
Large for gestational age (LGA), 1221-1223
Large-volume jet nebulizers, 835-836, 836f
Laryngeal mask airway, 780-782, 780f-782f, 

780t, 1232t
Laryngectomy, 762, 762f

tubes of, 752f
Laryngomalacia, 339
Laryngoscope, 10

insertion of, 754, 754b, 754f-755f
Laryngospasm, 311
Laryngotracheobronchitis. see Croup
Larynx, 192-194, 192f-193f

effort closure, 194
of infant, 168
lesions of, 763
speech production of, 193-194

Laser diffraction, 844-845
Laser photocoagulation, 465
Late deceleration, 1218, 1219f
Latent heat of fusion, 106
Latent heat of vaporization, 110
Law

civil, 92-95
ethics and, 98
public, 92
systems of, 92-96

Law of continuity, 123
Law of electroneutrality, 300-301
Laws of thermodynamics

definition of, 103-105
first, 103

Lawsuits, avoiding, 95-96
Leak port, 1123, 1124f
Leaky connections, 900b
Lean management, 38
Learning domains, 1251-1253, 1252b, 

1252t-1253t, 1254b
Lecithin-to-sphingomyelin ratio (L:S ratio), 162, 

1217-1218, 1218f
Left ventricle, 210

hypertrophy of, 361
Left ventricular outflow obstructions, 700-701, 

701f
Legal systems

Health Insurance Portability and 
Accountability Act of 1996. see Health 
Insurance Portability and Accountability 
Act of 1996 (HIPAA)

laws. see Law
medical supervision, 96-98

Legionella pneumophila, 499-500
Legionellosis, 499-500, 506
LES. see Lambert-Eaton syndrome (LES)
Leukocytes, 346
Leukocytopenia, 347b
Leukocytosis, 346, 346b
Leukopenia, 346
Leukotriene inhibitors, 529, 530t-531t
Leukotriene modifiers, 729, 731f
Levalbuterol, 719t, 720
Levels of consciousness, 328, 329b

Interviewing (Continued)
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Lewis acid, 275
LGA. see Large for gestational age (LGA)
Libel, 94
Liberation, 1010-1011
Licensure, 21

laws and regulations, 97
professional, 98-99
statute, 98

Lidocaine, 813t-815t
Life threatening trauma, 616-620, 616b

clinical assessment in, 616-619
epidemiology of, 616
mechanical ventilation for, 620b
recognizing life-threatening acute respiratory 

complications in, 620b
respiratory management of, 615-633

bedridden patients, 619b
specific pathophysiologic concerns for, 

616-619
Linear interstitial infiltrates, 590, 591f
Linearity, 404
Lipase, 351-352
Lipophilic drugs, dosing of, 621
Liquid gas cylinders, 890, 890f
Liquid oxygen, 891, 1293-1294, 1293b-1294b, 

1293f-1294f, 1293t
Liquids

adhesion of, 108, 108f
cohesion of, 108, 108f
description of, 103, 103f
lung transport of, 589-590
pressure in, 107
properties of, 106-109
solid and, phase changes, 105-106
solubility of gases in, 117
surface tension of, 108-109, 108f, 109t
vapor phase changes and, 109-113
viscosity of, 107-108

Literature, how to review, 147-148
bibliographic databases, 147-148
electronic journals and books, 148
general internet resources, 148
portals, 148
suggestions for conducting searches, 148
synthesized databases, 148

Liters per minute, 122
Liters per second, 122
Liver

function, intensive care unit monitoring of, 
1183-1184

positive pressure mechanical ventilation 
effects on, 1047, 1048f

Liver disease, 558
Liver function tests, 351
Living will, 86
Loaded breathing, 996
Lobar atelectasis, 938
Lobar emphysema, 697
Lobectomy, 641, 645
Lockjaw, 797
Long-term acute care hospitals, 1285-1286
Lou Gehrig disease. see Amyotrophic lateral 

sclerosis (ALS)
Low birth weight newborn, 1221-1223, 1223b
Lower airway, 169
Lower inflection point (LIP), 601-602, 

1161-1162

Lower respiratory injuries, life threatening 
trauma and, 617-619

Lower respiratory tract, 195-206
airway wall, histology of, 197-200, 199f, 201f
alveoli. see Alveoli
blood-gas barrier, 202-206, 206f
bronchi. see Bronchi
lobar and segmental pulmonary anatomy, 

197
respiratory zone airways, 200-201, 202f-203f
trachea. see Trachea

Lower respiratory tract infection (LRTI), 495
Low-molecular-weight heparin (LMWH), 

576-577
Low-pressure gas flowmeters, 899-903
L/S ratio, 162
L/T ratio, 717
Lucinactant, 691, 691t
Lung(s)

acid excretion by, 290
acinus of, 160, 203f
alveoli. see Alveoli
anatomy of, 181-183, 182f
apices of, 181
auscultation of, 336-338, 337f, 338t
bronchi. see Bronchi
bronchopulmonary segments of, 197, 197t, 

198f
compliance, 231-233, 233b
development of, 159-160, 160f

postnatal, 168-171
elastance of, 227
fissures of, 181, 182f
function of, 589-590
gas exchange in, 401
hyperinflation of, 231

in emphysema, 177b
inflation of, forces that oppose, 230-231, 231f
intensive care unit monitoring of, 1161-1166
interstitial space of, 590
interstitium of, 590
liquid transport in, 589-590
lobes of, 181, 182f, 197
lymphatic drainage system of, 590
lymphatic system of, 185-186, 186f
nervous control of, 186, 187f
neural control of, 717-718
recoil of, 229
right, 197b

ventilating, 196b
size differences, 197b
solute transport in, 589-590
stiff, 238
surfactant replacement therapy, 230b
time constant of, 1025-1026

Lung cancer, 634-649
classification of, 636, 637f, 637t
clinical features of, 636-639, 638b
computed tomography of, 639, 641
death caused by, 635-636, 635f
description of, 634
diagnosis of, 639-640, 639b
dietary factors, 636
diffusing capacity of the lung evaluations, 643
epidemiology of, 634-636, 635f, 636b
flexible bronchoscopy, 640
future of, 647

histology of, 637f
incidence of, 634-635
magnetic resonance imaging of, 641
malignancy determinations, 640
metastatic, 638
mortality rates for, 635, 635f
non-small cell carcinoma

description of, 636, 637t
early stage, 645-646
locally, 646
metastatic, 646
regionally advanced, 646
treatment of, 644-646

occupational agents and, 636
palliation of symptoms, 646-647
paraneoplastic syndromes, 638-639, 639b
pathophysiology of, 636
positron emission tomography of, 640, 643f
radiographic features of, 639
respiratory therapist role in, 647
risk factors for, 636, 636b
screening of, 643-644, 645b
small cell carcinoma, description of, 636, 637t
smoking and, 635
staging of, 640-641, 641b, 641t
surgical resection of, 641, 643b, 644f, 645

risk, evaluation of, 647b
symptoms of, 639
TNM staging of, 640, 641t, 642f
tobacco-related products and, 635-636
transthoracic needle biopsy of, 640
treatment of

chemotherapy, 644
non-small cell carcinoma, 644-646
options for, 645b
radiotherapy, 644

Lung diseases
pathophysiologic patterns of, 402f
pulmonary function changes in advanced, 

423t
Lung expansion therapy, 939-948

approach selection for, 948-949, 949f
goal of, 939-940
incentive spirometry. see Incentive spirometry
intermittent positive airway pressure 

breathing. see Intermittent positive 
airway pressure breathing

noninvasive ventilation, 943
positive airway pressure. see Positive airway 

pressure (PAP)
transpulmonary pressure affected by, 939, 

939f
Lung fields, percussion of, 336
Lung injury

acute. see Acute lung injury
Murray lung injury score, 1159, 1159b
ventilator-associated, 1049
ventilator-induced, 1026, 1050

Lung malformations, 697
Lung mapping, 1168, 1168f
Lung parenchyma, 441-449

components of, 441
description of, 441

Lung parenchymal disease, 689-694
alveolar disease, 441-442
interstitial disease, 443, 445f

Lung cancer (Continued)



1354	 Index

meconium aspiration syndrome, 692-693
pulmonary edema, 442-443, 443f
respiratory distress syndrome, 689-691
transient tachypnea of the newborn, 691-692

Lung protective ventilation (LPV), 600, 1026
monitoring during, 1174-1175

Lung protective ventilatory strategy, 1079
Lung recruitment

effect of peak airway pressure on, 1027
obesity respiratory management and, 624, 

625b
Lung recruitment maneuver, positive end 

expiratory pressure and, 1029, 1030b
Lung sounds

adventitious, 338, 339t
mechanism of, 338
significance of, 338

Lung stress and strain, 1164
Lung transplantation, idiopathic pulmonary 

arterial hypertension treated with, 582
Lung ultrasonography, 1169
Lung units, 241
Lung volume, 169-171, 445b, 446f-448f, 447b. 

see also specific volume
assessment of, 444-448
deflation effects on, 231
spirogram of, 963f

Lung volume reduction surgery, 524
Lung volumes and capacities, 414-420, 415f

interpretation, 419-420
measurement of

helium dilution, 417-418, 417f
nitrogen washout for, 418, 418f
plethysmography for, 418-419, 419f

normal values for, 419-420, 420t
with pulmonary disease, 420f
pulmonary function changes, 423t
static, 416b
types of, 418

Lung-thorax compliance, 1026
Lymphadenopathy, 332
Lymphangioleiomyomatosis (LAM), 548
Lymphatic drainage system, of lung, 590
Lymphatic system, 183-188

development of, 169
Lymphocytes, 347
Lymphocytic interstitial pneumonia, 550

M

Machine, vs. patient events, for triggering and 
cycling, 1002, 1003f

Machine cycling, 1002
Machine triggering, 1002
Macronutrients, 479-483, 479b
Macroshock, 45
Magic box, 919, 919f
Magill, 10
Magill forceps, 758-759, 759f
Magnesium, 281t, 283
Magnesium sulfate, 813t-815t
Magnetic resonance imaging (MRI), 48

chest, 435-436
lung cancer evaluations, 641

Magnus, 6
Malignant pleural effusions, 559
Mallampati classification, 459, 459b, 459f

Malnutrition
high risk for, 484b
insufficient energy consumed, 484
micronutrient, 484-485
patients with chronic obstructive pulmonary 

disease, 485b
physical signs of, 478t
protein-energy, 484, 484b

kwashiorkor, 476
marasmus, 476

respiratory consequences, 485, 485b
Malpractice, 94
Managed care, restrictive gatekeeping, 83
Mandatory breaths, 1002, 1009f
Mandatory minute volume ventilation, 9, 1205
Manubrium, 171-172, 172b
Marasmus, 476
Masks

aerosol, 921f
air leaks, 917, 1121-1122, 1131
air-entrainment, 919-920
continuous positive airway pressure, 1115
description of, 805
face, 1123, 1123f
laryngeal mask airway, 780-782, 780f-782f, 

780t
nasal, 1120-1122, 1121f
nonrebreathing, 912t, 915, 916f, 917
oronasal, 1120-1122, 1124f
partial rebreathing, 912t, 915-916, 916f
reservoir, 915-917, 917t
simple, 912t, 915-916, 916f
Venturi, 919-920

Mass flowmeters, 403-404
Mass median aerodynamic diameter, 845
Mast cell stabilizers, 729, 730t
Mast cells, 525
Matter

gas, 103, 103f
internal energy of, 103
liquids, 103, 103f
plasma, 103, 103f
solids, 103, 103f
states of. see States of matter

Maxillofacial surgery, for obstructive sleep 
apnea, 682, 683f

Maximal inspiratory pressure, 1167
Maximal voluntary ventilation, 404, 409-410, 

410f
Maxims, for understanding modes, 995-1007
Maximum expiratory pressure (MEP), 981-982
Maximum inspiratory pressure (MIP), 981-982, 

1194-1195
Maximum voluntary ventilation (MVV), 

981-982, 1167-1168, 1168b
estimation of, 1266b

Mean airway pressure, 1027, 1027b, 1027f, 1045, 
1158, 1165-1166, 1240

Mean arterial pressure, 216
Mean pulmonary artery pressure (PAP), 1178t
Mechanical dead space, 1104
Mechanical hyperventilation, 316, 316b
Mechanical insufflation-exsufflation, 963, 963f
Mechanical insufflator-exsufflator, 768
Mechanical manometer, 115f
Mechanical percussion, and vibration, 960,  

960f

Mechanical ventilation, 8-10
AARC clinical practice guideline, 481b
acute respiratory distress syndrome treated 

with. see Acute respiratory distress 
syndrome, mechanical ventilation for

acute respiratory failure in, 1080t
adaptive modes, 1041-1042
in alternative care setting

caregiver education, 1300-1301
equipment, 1301-1304, 1301b
evaluation and follow-up, 1304
invasive versus noninvasive, 1301
negative pressure ventilators, 1303-1304
patient selection for, 1298
planning, 1300
positive pressure ventilators, 1302-1303, 

1302f-1303f, 1302t
prerequisites, 1298
selection of, 1301-1302
settings and approaches, 1298
special challenges in home support, 

1298-1301
standards and guidelines for, 1298

alveolar ventilation in, 1103
arterial oxygenation affected by, 1024-1025
breath sounds during, 1093-1094
for burns, 630-631, 631b
cardiovascular assessment during, 1095
in children, 1236-1243

breath delivery types, 1236-1238, 1237f
case studies of, 1238b-1239b, 1241b
complications of, 1243, 1244b
goals of, 1236
high-frequency ventilation, 1243
indications for, 1236b
inspiratory time, 1240
mean airway pressure, 1240
monitoring of, 1240-1242
noninvasive, 1240
oxygen concentration, 1240, 1240b
peak inspiratory pressure, 1238
positive end expiratory pressure, 1238
pressure-limited, 1237b
principles in, 1236
tidal volume, 1239
time-cycled, 1237b
ventilation modes, 1236-1238, 1237f
ventilator rate, 1239-1240
ventilator settings and parameters, 

1238-1240
weaning from, 1242-1243

compensation in healthy persons, 1044
complications of, 1049-1053

cardiovascular, 1049
pulmonary, 1049
ventilator malfunction, 1053, 1053f

decreased shunt affected by, 1025
discontinuation of, 625

acid-base balance considerations, 1197
adaptive support ventilation, 1205
airway evaluation before, 1198-1199
approach selection for, 1207-1208
automatic tube compensation for, 1206
cardiovascular function for, 1197, 1197t
caregiver preparation for, 1200
central nervous system assessment, 

1197-1198

Lung parenchymal disease (Continued)
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chronically dependent patients, 1211
continuous positive airway pressure for, 

1203
definition of, 1191-1192
dependence on, 1192-1193, 1194b
failure of, 1210, 1211b, 1212t-1213t
global criteria for, 1193
indices for, 1194-1195, 1195t
integrated indices for, 1198
mandatory minute volume ventilation for, 

1205
metabolic factors that affect, 1197
methods for, 1191, 1200-1205
noninvasive ventilation for, 1207
oxygenation status assessments before, 

1196
patient evaluation before, 1193-1199
preparing the patient, 1199-1200, 1199b
pressure support ventilation, 1204, 1204b, 

1208t
prolonged, 1210-1211, 1212t-1213t
psychologic factors, 1197-1198
purpose of, 1191
rapid ventilator, 1200-1201
readiness for, 1194b
recommendations for, 1201, 1202b
respiratory factors that affect, 1194b
spontaneous breathing trials, 1191, 

1201-1203, 1201b-1202b, 1203t
synchronized intermittent mandatory 

ventilation for, 1203-1204, 1203t
timing of, 1191
volume support for, 1206-1207

dual control, 1041-1042
effects of, 1022-1024
frequency for, 1088t
goals of, 1079-1080, 1080b
hazards of, 1080
humidification during, 831b, 1093, 1094b, 

1230
hypercapnic respiratory failure, 1022
initiation of, 1081-1082
inspired oxygen affected by, 1024
for life threatening trauma, 620b
mechanisms of, 1051f
metabolic acidemia caused by, 1024
for near drowning, 626-627, 627b
negative pressure. see Negative pressure 

mechanical ventilation
nutrition support in, 488-489
for obesity, 623-625, 624b
objectives of, 1080, 1080b
open-circuit indirect calorimetry, 482f
oxygen cost of breathing during, 239b
oxygenation in, 1024-1025, 1096-1103

bronchial hygiene for, 1102
oxygen concentration, 1096-1097, 

1097b-1098b
prone positioning in, 1102-1103, 1103b
techniques for improving, 1102-1103

positive pressure. see Positive pressure 
mechanical ventilation

pressure, 1017-1022, 1018f
decreases in, 1030-1031

pressure gradients, 1017-1022, 1018f, 1018t
pulse oximetry monitoring during, 1095

respiratory distress syndrome treated with, 
690

respiratory failure treated with, 980-981
special consideration for bronchoscopy 

during, 467-468, 468b
tissue oxygen delivery, 1025, 1025b
types of, 1123-1129
variables controlled during, 1062-1064, 

1063b-1064b, 1064f, 1064t
venous return during, 1043-1044
ventilator used in. see Ventilator(s)
ventilatory pattern, 1032
weaning from

Agency for Healthcare Research and 
Quality evidence summary regarding, 
1200b

in children, 1242-1243, 1242b
in chronic obstructive pulmonary disease, 

1115, 1115b
complications of, 360b
terminal, 1211-1213

work of breathing affected by, 1030
Mechanical work of breathing, 238
Mechanotransduction, 1051
Meconium, 692, 1217-1218, 1220
Meconium aspiration syndrome, 692-693, 693b

clinical manifestation of, 693, 693f
pathophysiology of, 692, 692f
treatment of, 693

Meconium ileus, 706
Mediastinal adenopathy, 638b
Mediastinal masses, 449, 452f
Mediastinum, 181, 434f, 449-454, 451f, 451t

anatomy of, 449
anterior, 449, 451f, 451t
catheters, lines, and tubes, 452-454
central venous pressure catheter in, 453
endotracheal tube, 452, 453f
lymphatic obstruction in, 558
middle, 451f, 451t
pneumomediastinum, 452, 452f
posterior, 451t, 452f
pulmonary artery catheter, 453, 454f
tracheostomy tube, 453

Medical director, 19, 19b
Medical errors, 91-92
Medical gases

central piping systems for, 894, 895f
characteristics of, 885-887
contents of, 888
description of, 887
distribution systems, 894-903
duration of, 891b
flammable, 884-885
gas cylinders for, 887-892

color-coding of, 888, 888t
compressed gases, 889
content measurements, 889-890
contents of, 888
filling density for, 889
filling of, 889
flow duration estimations for, 890-891, 

890t-891t, 891b
identification of, 887-888
liquefied gases, 889
manifold system on, 892, 893f

markings on, 887-888, 888f
pressure in, 889
safety of, 891-892
safety relief valves, 888
sizes of, 888, 889f
supply systems for, 892-894
threaded valve outlet, 888, 889f
transport of, 892
use of, 892

indexed safety connector systems, 894-897
American Standard Safety System, 894-895, 

895f
diameter-index safety system, 896-897, 

897f
pin-index safety system, 895-896, 896f, 

896t
quick-connect systems, 897, 897f

liquefied, 889
nonflammable, 884-885
pressure and flow regulation, 898-903

adjustable reducing valve for, 898-899
flowmeters for, 899-903, 900t
high-pressure reducing valves for, 898-899, 

899b
low-pressure gas flowmeters, 899-903
multiple-stage reducing valve, 899
preset reducing valve for, 898, 898f
reducing valves for, 898-899, 898f

storage of, 887-894
zone valves for, 894, 895f

Medical history, 321-327, 328b
Medical record

advance directive information, 327
components of, 54
electronic, 54
general sections found in, 55b

Medical supervision, 96-98
Medicare

conditions of participation, 1287
pulmonary rehabilitation coverage by, 1272

Medicare Provider Certification Program, 1287
Medications, 1276. see also specific medication

administration of, 717
precautions for, 76, 77b

Medullary respiratory center, 309-310
dorsal respiratory groups, 309, 309f
ventral respiratory groups, 309-310, 309f

Melting, 105-106, 106f
Melting point, 105-106
Membrane-type humidifier, 825, 825f
Mental status, in neurologic examination, 1182
Mercury meniscus, 108
Mesoderm, 159, 160t
Meta-analysis, 32
Metabolic acid-base indicators, 304-306

base excess, 305-306
standard bicarbonate, 304-305

Metabolic acidemia, 1024
Metabolic acidosis, 300-302, 302b

anion gap, 300-301, 301f
bicarbonate for, 1024
causes of, 300, 301b
compensation of, 302

fully, 302b
partial, 302b

compensatory response for, 295t

Mechanical ventilation (Continued) Mechanical ventilation (Continued) Medical gases (Continued)
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correction of, 302
definition of, 294
renal insufficiency and, 1197
symptoms of, 302

Metabolic alkalemia, 1024
Metabolic alkalosis, 302-304, 303b

causes of, 303-304, 303b, 303f, 305f-306f
compensation of, 304
compensatory response for, 295t
correction of, 304
definition of, 294

Metabolic assessment, 1184
Metabolic hyperbola, 976f
Metabolic syndrome, 674
Metabolic work, of breathing, 238-239
Metachronal wave, 200, 200f
Metallic stent, properties of, silicone versus, 466t
Metaproterenol, 530t-531t, 719t
Metastases, 640
Metered dose inhalers

description of, 718f
noninvasive ventilation and, 1130
pressurized

accessory devices for, 852-855, 853f
aerosol delivery characteristics, 851
cost, 855
dose counters, 851
factors that affect, 851
holding chambers, 852-853, 854b
nozzle size and cleanliness effects on, 851
priming of, 851
spacers, 852-853
tail-off effect, 851
techniques for, 852
temperature effects on, 851
timing of actuation intervals, 851

Methacholine, positive response to, 413-414
Methacholine dilution, 276b
Methacholine provocation test, 527
Methemoglobin, 259-260, 1157
Methemoglobinemia, 259-260, 458, 459b

during bronchoscopy, 458b
Methicillin-resistant Staphylococcus aureus, 1052
Methylprednisolone, 530t-531t
Methylxanthines, 521, 530t-531t, 532
Microbiology tests, 353-354
Microcirculatory network, components of, 216f
Micronutrient, malnutrition, 484-485
Microprocessors, 130
Microshock, 45
Midaxillary line, 171, 172f
Midclavicular line, 171, 172f
Midspinal line, 171, 172f
Midsternal line, 171, 172f
Mifflin-St. Jeor equation, 479, 479b
Milliequivalent, 274
Milligram equivalent weights, 274
Mini-bronchoalveolar lavage, 461, 505
Minute ventilation, 242-243, 245b, 404, 

999-1000, 1022, 1267f
inadequate, 267

Minute volume, obesity respiratory 
management and, 623-624

Misallocation, 19, 20t
Missed triggering, 1064-1065, 1068-1071
Mitral stenosis, 213b

Mitral valve, 210-211
Mixed acid-base states, 306
Mixed sleep apnea

definition of, 670-671
electroencephalographic findings, 672f

mm Hg, 111
Mobile patient charting (MPC), Clinivision, 

137f
Mobilization, of ICU patient, 948-949
Mode asynchrony, 1065, 1075
Mode of ventilation, 1006t, 1008-1010, 

1009f
breath sequence, 1002-1004, 1004f, 1007, 

1009f
control variable, 1007, 1008f
mandatory breaths, 1002
spontaneous breaths, 1002
targeting schemes, 1005-1006, 1005f

Modified Allen test, 371, 374f
Modified Borg scale, 1208t, 1269b
Modified Ramsay Sedation Scale, 1049, 1049b
Moisture exchange, 821
Molal solution, 274
Molar solution, 274
Molar volume, 113-114
Molecular water, 111
Mometasone, 530t-531t
Mometasone furoate, 728t
Mometasone furoate/formoterol fumarate HFA, 

728t
Monitor, 370
Monitoring system, 386b
Monodisperse, definition of, 845
Montelukast, 529, 530t-531t, 730t, 731
Moodle learning management system, 142f
Morbid obesity, 620
Motion artifacts, 391, 1157
Motor evaluation, in neurologic examination, 

1182
Motor point, 655
Mouth-to-mouth ventilation, 796, 796f
Mouth-to-nose ventilation, 797, 797f
Mouth-to-stoma ventilation, 797
Mucin, 199
Mucociliary clearance, 952, 953b
Mucociliary escalator, 200
Mucoid sputum, 325-326
Mucosa, 197
Mucous plugging, 953
Mucus, 325
Mucus shaving device, 773f, 1061f
Mucus-controlling agents

assessment of, 727
contraindications, 726
dornase alfa, 726
N-acetylcysteine, 725-726, 725t

Multidrug-resistant tuberculosis, 509
Multiple organ dysfunction syndrome (MODS), 

593
Multiple-stage reducing valve, 899
Murmurs, 340
Murray lung injury score, 1159, 1159b
Muscarinic receptors, 723-724
Muscle enzyme tests, 351-352
Muscle spindles, 311
Myasthenia gravis (MG), 658-659, 659f, 978
Myasthenic crisis, 659

Mycobacterium tuberculosis, 353-354. see also 
Tuberculosis

Myocardial infarction (MI), 212
Myocardium, 210
Myofibrils, 214
Myopathic disease, 655-657, 655b, 657b
Myotonia, 656
Myotonic dystrophy, 656
MyPlate, 475

N

N-acetylcysteine (NAC), 530t-531t, 725-726, 
725t

NAEP. see National Asthma Education Program 
(NAEP)

Nanomole, 277
Narrative analyses, 32
Narrow band imaging, 464, 464f
Narrow-complex QRS tachycardia, 809f
Nasal cannula, 1228t

common problems with, 915t
description of, 911, 911f, 912t
high-flow, 923-924, 923f, 1234-1236

indications for, 924b
Nasal catheter, 7-8, 911-914, 911f, 912t
Nasal cavity, 189-190
Nasal flaring, respiratory distress syndrome and, 

690
Nasal masks, 1120-1122, 1121f
Nasal pillows, 1122, 1122f
Nasoenteric tubes, 487
Nasogastric tubes, 487
Nasopharyngeal airway

description of, 749, 749f, 804
suctioning of, 1232-1233

Nasotracheal extubation, 775-779
Nasotracheal intubation, 758-759, 759f
Nasotracheal suctioning, 744-746, 745b, 746f
National Asthma Education Program (NAEP), 

527
National Board for Respiratory Care (NBRC), 

12-13
certification by, 21
credentialing by, 140-141, 141f

National Labor Relations Act, 99-100
NBRC. see National Board for Respiratory Care 

(NBRC)
Near drowning, 625-627, 626b, 794-795

airway clearance therapy for, 626
epidemiology of, 625
mechanical ventilation for, 626-627, 627b
positioning for, 627, 627b
recognizing life-threatening acute respiratory 

complications in, 627b
respiratory management of, 615-633, 626b
specific pathophysiologic concerns in, 

625-626
Near-syncope, 583b
Nebulizers, 73, 73b, 858-867

air-entrainment, 920-921
baffles in, 859
breath-actuated, 862, 862f
breath-enhanced, 861-862, 861f
comparison of, 863t
density, 859-860
design, 858-859
drug formulation, 860

Metabolic acidosis (Continued)
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emptying of, 877b
factors affecting performance, 858-860, 859b
flow of, 859
gas source for, 859
home therapy using, 862b
humidifier use of, 832
humidity, 860
infection control issues for, 863-864
jet, 835-836, 836f, 858-860, 861f, 863f
large volume

jet, 835-836, 836f, 864-865
ultrasonic, 865

liquid delivery using, 866-867
new-generation, 866-867
pneumatic, 858-860
residual drug volume in, 859
small volume, 73, 860-864

with collection bag, 860-861
jet, 859f
in mechanical ventilation, 865f, 876
with reservoir, 860
technique, 863, 864b
ultrasonic, 865-866

smart, 867, 868f
temperature, 860
ultrasonic, 836-837, 836f, 865-866
vibrating mesh, 860f, 866, 866f

during mechanical ventilation, 876-877
Neck

examination of, 332
injuries to

life threatening trauma and, 617, 618f
during resuscitation, 800

Negative chronotropic factors, 220
Negative feedback loop, 222
Negative inotropes, 219-220
Negative inotropism, 219-220
Negative pressure mechanical ventilation, 8, 

1049
airway pressure in, 1019-1020, 1020f
alveolar pressure in, 1019-1020, 1020f
cardiovascular, 1049
intrathoracic pressure in, 1019-1020, 1020f
pulmonary, 1049

Negative pressure ventilators, 1112-1114
alternative care settings use of, 1303-1304

Negligence, 92
elements of, 93b

Negligent tort, 92
Neisseria meningitidis, 61
Neonatal pneumothorax, 563
Neonatal respiratory disorders, 689-701

apnea of prematurity, 694-696, 695t
bronchopulmonary dysplasia, 693-694, 694f
congenital abnormalities affecting respiration, 

696-698
lung parenchymal disease, 689-694
meconium aspiration syndrome, 692-693, 

692f-693f, 693b
persistent pulmonary hypertension of the 

newborn, 696, 696b, 700b
pulmonary vascular disease, 696
respiratory therapist role in, 707
transient tachypnea of the newborn (TTN), 

691-692
Neonatal resuscitation, 701, 1220, 1220b, 1221f

Neonatal transport, 1244-1245
Neostigmine, 717-718
Neovascularization, 929
Nephrotic syndrome, 557-558
Nerve disorders, 660-662, 660b
Nervous system

central. see Central nervous system
development of, 169

Network hypothesis, 309-310
Neurally adjusted ventilatory assist (NAVA), 

1038, 1041, 1063-1064, 1081, 1167
Neuroepithelial bodies, 197-198
Neuromechanical dissociation, 323
Neuromuscular blocking agents

acute respiratory distress syndrome treated 
with, 606

mechanical ventilation uses of, 1049
Neuromuscular control, 698
Neuromuscular diseases, 650-669

amyotrophic lateral sclerosis, 662, 663b
Becker muscular dystrophy, 655-656
brain disorders, 664-665
critical illness myopathy, 657
critical illness polyneuropathy, 662
Duchenne muscular dystrophy, 655-656, 

1117-1118
Guillain-Barré syndrome, 660-661, 660b-661b
inflammatory myopathies, 657t
management of, 654-655
myopathic disease, 655-657, 655b
myotonic dystrophy, 656
nerve disorders, 660-662
noninvasive ventilation for, 983
phrenic nerve damage, 661, 662b
polymyositis, 656-657, 657t
respiratory system locations affected by, 651t
signs and symptoms of, 653, 653b
spinal cord disorders, 662-664

Neuromuscular junction disorders, 658-660, 
658f

Neuromuscular system, 651f
Neuromuscular weakness

assessment of, 654b
care of, 655b

respiratory therapist role in, 666-667
in dyspnea, 653b
of respiratory muscle, 653b

management of, 654-655
of ventilatory muscle, 651-654

Neutral thermal environment (NTE), 925
Neutropenia, 347
Neutrophil elastase, 517
Neutrophilia, 347
Newborn. see also Children; Fetus; Infants

Apgar score, 1220-1221, 1220t
appropriate for gestational age, 1221-1223
assessment of, 1217-1227
blood pressure in, 1224t
breathing circuit configuration in, 834f
cardiac anomalies in, 1228
chest compressions in, 794, 794f
continuous positive airway pressure in, 1235b
double-lumen cannula for, 1145
evaluation of, 1219-1223
extracorporeal membrane oxygenation in, 

1137-1138
indications for, 1138b

extremely low birth weight, 1221-1223
fetal transition to, 1218-1219
gestational age assessments, 1221-1223, 1222f
heated wire humidifiers in, 833, 834f
large for gestational age, 1221-1223
low birth weight, 1221-1223, 1223b
maternal factors that affect, 1217, 1217t
mechanical ventilation discontinuance 

protocol for, 1242b
primary pulmonary hypertension, 1228
respiratory assessment of, 1223-1225
ventilation in, 1227b
very low birth weight, 1221-1223

Nicotine, 635-636
Nitric oxide, 735-736

characteristics of, 885, 885t
definition of, 887, 893f
infant hypoxic respiratory failure treated 

with, 887
inhaled

acute respiratory distress syndrome treated 
with, 606, 931

administration of, 932-933, 932b, 932f
adverse effects of, 931-932, 932b
chemical by-products of, 931
dosing of, 931
drug interactions, 932
indications for, 931, 931b
mode of action, 931
therapeutic benefit of, 931
toxicity of, 931-932
withdrawal of, 933

Nitrogen balance, 478
Nitrogen dioxide, 887
Nitrogen gas, 885t
Nitrogen washout, 418, 418f
Nitrous oxide

anesthetic uses of, 887
characteristics of, 885, 885t
neuropathy caused by long term use of, 887

Nocturnal asthma, 534
Nocturnal hypoventilation, 1117
Nocturnal oxygen therapy trial (NOTT), 523f
Nonacute care settings, applications in, 130-131
Noncardiogenic pulmonary edema, 591-592
Noncritical items, 68-69
Noneconomic damages, 94
Nonhydrostatic pulmonary edema, 591-593, 

592f-593f
Nonhydroxide bases, 275
Noninvasive positive pressure ventilation 

(NPPV), 1112
Noninvasive ventilation (NIV), 623, 623b, 1081, 

1111-1135, 1207, 1234f, 1240
acute cardiogenic pulmonary edema treated 

with, 1115, 1115b
acute care indications for, 1114-1117
in acute care setting, 1119-1120, 1119b-

1120b, 1301, 1302b, 1303t
acute lung injury treated with, 983, 

1115-1116
acute respiratory distress syndrome treated 

with, 983, 1115-1116
aerosolized medication delivery through, 1130
air leaks, 1131
assessment of, 1130

Nebulizers (Continued) Newborn (Continued)
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assist/control mode for, 1130
asthma treated with, 983, 1115
benefits of, 1114
cardiogenic pulmonary edema treated with, 

983
for chest trauma, 619
chronic obstructive pulmonary disease 

exacerbations treated with, 983
complications of, 1131-1132, 1132t
cost associated with, 1132
criteria for, 1119b
critical care ventilators for, 1126-1128, 

1127f-1128f
definition of, 982-983, 1112
description of, 943
development of, 1112-1114, 1112f-1113f
in do-not-intubate patients, 1116
equipment used for, 1120-1129

face masks, 1123, 1123f
heated humidifiers, 1129, 1129b
helmet, 1122-1123, 1123f
hybrid mask, 1122, 1122f
nasal masks, 1120-1122, 1121f
nasal pillows, 1122, 1122f
oronasal masks, 1121f, 1124f
ventilators, 1123-1129, 1125f, 1127f-1128f

exclusion criteria for, 1119b
failure rate of, 1131
gastric insufflation caused by, 1132
goals of, 1114, 1114b
history of, 1112-1114
indications for, 1114-1119, 1114b
initial application of, 1129, 1130b
initiation of, 1129b
intermittent positive airway pressure 

breathing. see Intermittent positive 
airway pressure breathing

location for, 1131
long-term care of

exclusion criteria for, 1120
indications of, 1117-1119
setting, 1120

management of, 1129-1131
monitoring during, 1130-1131
neuromuscular diseases treated with, 983
nocturnal hypoventilation treated with, 1117
obesity-hypoventilation syndrome treated 

with, 983, 1118-1119
palliative care use of, 1116
pneumonia treated with, 1115
reintubation and, 1117, 1119b
respiratory failure treated with, 982-983

acute, 1119b
hypercapnic, 1114-1115
hypoxemic, 1115, 1116b
in immunosuppressed patients, 1116
postextubation, 1117, 1117b
postoperative, 1116-1117

restrictive thoracic diseases treated with, 
1117-1118

safe delivery of, 1130-1131
selection criteria for, 1119b
settings, 1130, 1130t
side effects of, 1132t
success predictors for, 1120b
thoracic cage abnormalities treated with, 983

triggering problems during, 1124b
ventilators used in, 1123-1126, 1125f-1126f
weaning from, 1131

Nonmaleficence, 85-86
Nonpleuritic chest pain, 326
Nonpolar covalent solution, 270-271
Nonrebreathing mask, 912t, 915, 916f
Nonrebreathing reservoir circuit, 917, 917f
Nonrespiratory acidosis, 300-302
Nonrespiratory disturbances, 294
Non-small cell carcinoma

description of, 636, 637t, 645t
early stage, 645-646, 646b
locally, 646
metastatic, 646
regionally advanced, 646
treatment of, 644-646

Nonspecific interstitial pneumonia, 549
Nonsteroidal antiinflammatory antiasthma 

drugs, 729-732, 730b
adverse effects of, 731-732
antileukotrienes, 729, 730t
assessment of, 732
indications for, 729-730
mast cell stabilizers, 729, 730t
mode of action, 730-731, 731f
monoclonal antibodies, 730t

Nonvolatile acids, 286
Norepinephrine, 717
Normal solution, 274
Normometabolic, definition of, 482
Nosocomial infection, 60
Nosocomial pneumonia. see also Health 

care-associated pneumonia; Hospital-
acquired pneumonia

antibiotics for, 505-508
description of, 495
diagnostic technique for, 505b
prevention of, 508t
types of, 498b

Nuclear medicine, 428-429
Nutrient analysis handbook, 475
Nutrient analysis software, 475-476
Nutrition assessment, 474-492

Anthropometrics. see anthropometrics
biochemical indicators, 477, 477b

albumin, 477
biomarkers of inflammation, 477, 477b
C-reactive protein, 477
retinol-binding protein, 477
transthyretin, 477

components of, 475b
energy requirements, 1184
food-related history, 475-476
intensive care unit, 1184
macronutrients, 479-483, 479b
nutrition-focused physical findings, 478
nutrition-related history, 475-476

evaluation of, 475-476
other tests and procedures, 477-478

creatinine-height index, 477-478
immune status, 478
nitrogen balance, 478
protein catabolism, 478

outcomes of, 478
pulmonary function, 478

Nutrition care plan, 475
Nutrition support

asthma, 490
chronic obstructive pulmonary disease, 489
in critically ill patients, 488, 488t
cystic fibrosis, 490
enteral, 486-488, 487t
general aspects of, 484-486
guidelines for initiation of, 486b
initiation of, 486
mechanical ventilation, 488-489
meeting overall energy needs, 484-485
parenteral, 488
respiratory consequences of malnutrition, 

485, 485b
routes of administration, 486-488
substrates, 485-486

carbohydrate, 486
fat, 486
protein, 485-486

systemic inflammatory response syndrome, 
488

O

Obesity, 476, 620-625, 673-674
aerosolized pharmacology for, 623
clinical assessment of, 622
epidemiology of, 620-621, 621b
invasive mechanical ventilation for, 623-625, 

624b
nocturnal angina in, 677b
noninvasive ventilation for, 623

approach to, 623
oxygen therapy for, 623
postoperative noninvasive ventilation, role of, 

625b
respiratory management of, 615-633, 622b
specific pathophysiologic concerns for, 

621-622, 621b
Obesity-hypoventilation syndrome, 622, 622b

definition of, 983
description of, 978
noninvasive ventilation for, 983, 1118-1119

Objective compliance, definition of, 678
OBLA. see Onset of blood lactate accumulation 

(OBLA)
Obligate transmission, 62
Obligations, conflicting, 84b
Observational cohort studies, 31-32
Obstructive hypopnea, 671f, 675
Obstructive lung disease, 514-539

airway resistance in, 402, 985
asthma. see Asthma
bronchiectasis, 535, 535b
characteristics of, 402t
chronic obstructive pulmonary disease. see 

Chronic obstructive pulmonary disease 
(COPD)

description of, 515
invasive ventilation for, 985
respiratory therapist role in, 535-536

Obstructive sleep apnea (OSA), 621b, 622
adverse consequences of, 673b
behavioral interventions for, 676-677
bilevel positive airway pressure therapy for, 

678-679
cardiopulmonary testing for, 675

Noninvasive ventilation (NIV) (Continued) Noninvasive ventilation (NIV) (Continued)
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chronic obstructive pulmonary disease and, 
673

clinical features of, 673-674, 674b
continuous positive airway pressure therapy 

for, 677-678, 678f
definition of, 670
description of, 192
in Duchenne muscular dystrophy, 656
electroencephalographic findings, 671f
excessive daytime sleepiness caused by, 673
goals of, 677b
hypoxemia caused by, 674b
laboratory testing for, 674-676
maxillofacial surgery for, 682, 683f
medications for, 680-682
metabolic syndrome and, 674
obesity and, 673-674
oral appliances for, 680, 682f
pathophysiology of, 672-673
physical examination of, 674
polysomnography for, 676b
positional therapy for, 677
positive pressure therapy for, 677-680, 678f
prevalence of, 670
risk counseling for, 676-677
surgical interventions for, 682, 682b
treatment of, 676-682
upper airway closure associated with, 

672-673
uvulopalatopharyngoplasty for, 682

Occupational asthma, 534, 534t
Occupational interstitial lung disease,  

546-547
Occupational Safety and Health Administration 

(OSHA), 62
Ohms, 45
Olodaterol, 719t
Omalizumab, 532, 730t
Oncotic pressure, 272
Ondine curse, 665t
Onset of blood lactate accumulation (OBLA), 

1266
Open buffer system, 287, 287b
Open lung approach, 1107-1108
Opportunistic transmission, 62
Optical fluorescence tissue, 386-387
Optimal targeting, 1006, 1006t
Optode, 386-387
Oral appliances, for obstructive sleep apnea, 

680, 682f
Oral cavity, 191, 191f
Organic phosphates, 259
Organizing pneumonia, 549-550
Oronasal masks, 1120-1122, 1121f, 1124f
Oropharyngeal airways, description of, 749, 

749f, 804, 804f
Oropharyngeal secretions, 488, 495-496
Oropharynx, 192
Orotracheal extubation, 775-779
Orotracheal intubation

description of, 749
laryngoscope insertion for, 754, 754b, 

754f-755f
procedure for, 752-758, 753b, 755f

Orthodeoxia, 323, 975
Orthopnea, 323

OSA. see Obstructive sleep apnea (OSA)
Oscillation

definition of, 964-966
high-frequency chest wall, 966-967

Osmolality, 272
Osmotic pressure, 272, 272f, 279
Output, definition of, 404
Overlap syndrome, 673
Overweight, 476
Ovid, 148
Oximetry, 387-393, 387f

definition of, 387
hemoximetry, 380b, 387-388, 388f
obstructive sleep apnea evaluations, 675b
pulse. see Pulse oximetry
tissue, 393
venous, 392-393, 393f

Oxygen, 885
anemia effects on content of, 266b
blood content of, 255, 257t
bulk systems, 892-894
characteristics of, 885, 885t
chemical production of, 885
chemically combined, 254-255
combustion affected by, 885
delivery of

blood flow reduction effects on, 266
hypoxemia effects, 263, 263t
impairments in, 263-266

density of, 885
diffusion gradient for, 248, 248f
fractional distillation of, 885
fractional inspiration of. see Fractional 

inspiration of oxygen (FiO2)
hemoglobin affinity for, 260, 261f
home systems, 894
liquid, 885, 893f-894f
loading and unloading

body temperature effect on, 258-259
factors that affect, 258-260
hemoglobin abnormalities effect on, 

259-260
normal, 257-258
organic phosphates effect on, 259
pH effects on, 258

lung injury caused by, 603b
measurements of, 10
partial pressure of

in arterial blood, 256b, 263-266
carotid bodies response to decreased, 312
oxygen toxicity and, 907-908, 908f
ventilation/perfusion ratio alteration effect 

on, 252f
percentage, 1092
physical separation of, from air, 885
production of, 885
in pulmonary embolism, 572
supplemental, 523, 523b, 803. see also Oxygen 

therapy
precautions and hazards of, 906-910

tissue, monitoring of, 386-387, 387f
Oxygen blenders, 924-925, 924b-925b, 924f
Oxygen concentrations. see also Fractional 

inspiration of oxygen (FiO2)
approximate air-to-oxygen ratios for, 920t

Oxygen concentrators, 1294, 1295b, 1295f
Oxygen consumption, 1157-1158, 1267f

Oxygen consumption per minute (VO2), 
calculation of, 481b

Oxygen cost of breathing, 238, 239b, 239f, 1166, 
1196

Oxygen cylinders, 901, 902f
Oxygen dissociation curve, 264f, 267f
Oxygen flowmeter, in extracorporeal membrane 

oxygenation, 1141f
Oxygen free radicals, 908
Oxygen masks, 7-8

in airplanes, 116b
Oxygen saturation, inline, monitoring of, 1143f
Oxygen tents, 7-8, 925, 925f
Oxygen therapy, 7-8, 905-927, 918b

air entrainment mask, 1228t
in alternative care settings, 1291-1297, 1292b
assessing the need for, 906
cardiopulmonary workload minimized with, 

906
case study of, 23b
in children, 1228
clinical objectives of, 906
clinical practice guideline for, 906, 907b
compressed oxygen cylinders, 1291-1293
in critically ill patient, 927
delivery systems for

air-entrainment systems, 918-923, 919f
bag-mask devices, 926
blending system, 924-925, 925b
demand-flow systems, 926
design of, 910-926
enclosures, 912t
high-flow, 910, 910f, 912t, 917-926, 918b
hoods, 925, 925f
incubators, 925-926, 926f
low-flow, 911-914, 912t, 914b, 914t
masks, 912t, 915-917, 916f
modifications to, 927
nasal cannula, 911, 911f, 912t, 915t
nasal catheter, 911-914, 911f, 912t, 914f
nonrebreathing mask, 912t, 915, 916f
nonrebreathing reservoir circuit, 917, 917f
oxygen tents, 925, 925f
partial rebreathing mask, 912t, 915, 916f
performance of, 910-926
pulse-dose systems, 926
reservoir catheter, 912t
reservoir systems of, 910, 915-917
selection of, 926-927, 926b, 927t
simple mask, 912t, 915-916, 916f
transtracheal catheter, 912t, 914, 914f
Venturi mask, 919-920

demand-flow systems, 1296, 1296f, 1297b
flow calculations, 918b
fractional inspiration of oxygen, 918b
goals of, 906, 1228
hazards and precautions of, 906-910

absorption atelectasis, 909-910, 909f
fire, 910
retinopathy of prematurity, 909
ventilation depression, 908-909

home, 1276
hyperbaric. see Hyperbaric oxygen (HBO) 

therapy
hypoxemia treated with, 906, 927
incubator, 1228t
infection prevention and, 74, 74b

Obstructive sleep apnea (OSA) (Continued)
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interstitial lung disease treated with, 550
nasal cannula, 1228t
oxyhood, 1228t
patient considerations for, 926
percentage calculations, 918b
pneumothorax treated with, 565
prescription for, 1291
protocol-based, 927, 928f
purpose of, 926
ratio calculations, 918b
supply methods for, 1291-1295, 1291t
titration of, 23b, 928f
toxicity, 907-908, 908b, 908f, 908t

Oxygen toxicity, 907-908, 908b, 908f, 908t, 1052
Oxygen transport, 254-260, 254f

forms of, 254
hemoglobin and, 254-255

Oxygen-associated hypercapnia, 314-315, 314f
Oxygenation, 1096-1103

arterial, 1024-1025, 1156
decreased, measures of, 1159b
intensive care unit monitoring of, 1156-1159
mechanical ventilation effects on, 1024-1025

weaning, 1196, 1209
patient positioning effects on, 240b, 

1042-1043
prone positioning effects on, 1102-1103, 

1103b
techniques for improving, 1102-1103
tissue, 315b, 1156

Oxygenation index, 1158
Oxygenator, 1141-1142, 1142t

pressure monitoring in, 1142, 1142b, 1143f
with significant clot accumulation, 1151f

Oxyhemoglobin, 254-255
Oxyhemoglobin dissociation curve, 255, 

256f-259f
Oxyhood, 1228t

P

P wave, 359, 359f
P0.1/MIP ratio, 1196
Pacemaker hypothesis, 309-310
Packed red blood cells (PRBCs), 1152
Pack-years, 327
Pain, chest, 326
Palate, 189
Palatine folds, 191
Palliative care, 1116, 1309
Pancoast tumor, 638b, 646
Pancreatic tests, 351-352
PaO2/FiO2 ratio, 1158, 1158b
Paradoxical breathing, 1225
Paradoxical motion, 666
Paradoxical pulse, 330
Parallel-control randomized trial, 29f-30f, 32, 

32f
Paraneoplastic syndromes, 638-639, 639b
Parapneumonic pleural effusions, 503, 558
Parenteral nutrition support, 488
Paresthesia, 300, 324
Parietal pleura, 171, 433, 438, 555
Partial pressure of carbon dioxide (PCO2)

adjusting during volume ventilation, 1105b
alveolar, 248

significance of, 981

in apnea, 1104
arterial, 245b, 1103
assist/control mode volume ventilation and, 

1105-1106
changing ventilation and, 1107t
control of, 1104-1105
dead space effects on, 977
effect of change on, 1103b
hypoventilation effects on, 977
lung protective strategies, 1108-1109
pH and, 1108t
pressure support ventilation and, 1106
pressure-controlled ventilation and, 

1106-1107, 1107f
ventilation/perfusion ratio alteration effect 

on, 252f
Partial pressure of inspired oxygen, 117
Partial pressure of oxygen (PO2)

in arterial blood, 256b, 263-266
carotid bodies response to decreased, 312
oxygen toxicity and, 907, 908f
ventilation/perfusion ratio alteration effect 

on, 252f
Partial rebreathing mask, 912t, 915-916, 916f
Partial thromboplastin time (PTT), 352, 353t
Partial ventilatory support, 1081-1082

full ventilatory support versus, 1081-1082
Pascal’s principle, 107, 107f
Passive smoking, 636
Passive vibrating mesh nebulizers, 866
Passover humidifiers, 823, 824f
Pasteur, 7
Patent ductus arteriosus, 700, 1218-1219, 1224
Patent foramen ovale, 1218-1219
Pathogens, 63
Patient care, E-medicine applications in, 

129-132
diagnostics, 129-130
disease prevention, 131-132
treatment, 130-131

Patient circuit, 994
Patient cycling, 1002
Patient education, 1249-1263

children, 1253
cultural diversity, 1251
evaluation of, 1253-1254
health literacy, 1251
learning domains, 1251-1253, 1252b, 

1252t-1253t, 1254b
performance objectives, 1251
teaching tips, 1253

Patient movement, 42-43
Patient positioning

obstructive sleep apnea managed with, 677
orotracheal intubation, 753f, 753t
oxygenation affected by, 240b
postural drainage, 958f

Patient Protection and Affordable Care Act 
(PPACA), 99, 1265

Patient right, 84-85, 85b, 85f
Patient Self-Determination Act of 1990, 86, 100
Patient training, 1255b
Patient-triggered continuous mandatory 

ventilation, 1082-1083
Patient-ventilator asynchrony, 1024, 1059, 1241

Patient-ventilator interactions, 1058-1077, 
1059b, 1095, 1241

poor
causes of, 1060-1062, 1060t
effects of, 1059, 1059b

Patient-ventilator synchrony, 1131, 1131b
Patient-ventilator system

monitoring of, 1169-1173, 1169t, 1176f, 
1177b

performing of, 1172t-1173t
PCO2. see Partial pressure of carbon dioxide 

(PCO2)
Peak airway pressure, effect on lung 

recruitment, 1027
Peak expiratory flow rate (PEFR), 404, 407f, 409

in asthma, 525
Peak flow monitoring, 870
Peak inspiratory pressure, 1026, 1238, 1238b
Peak pressure, 1164
Pectoral girdle, 173
Pectoralis muscles, 179, 179f
Pedal edema, 326, 342
Pediatric respiratory disorders, 688-713

bronchiolitis, 702-703
croup, 703-704, 703f
cystic fibrosis. see Cystic fibrosis (CF)
epiglottitis, 704-705
gastroesophageal reflux disease, 702
respiratory therapist role in, 707
sudden infant death syndrome, 701-702, 

701b-702b
Pediatric transport, 1244-1245
Peer review organizations, 42
Pendant reservoir cannula, 915, 915f
Penetrating chest injury, 181b
Penetrating trauma, 617
Penn state equation, 479, 479b
Pentamidine isethionate, 732-733, 732t
Percent body humidity, 113
Percent predicted postoperative (PPO) values, 

calculation of, 643, 643b
Percent solution, 274
Percussion, of chest, 336, 959-960, 959f
Percutaneous dilation, tracheotomy, 760, 761b
Performance improvement, 41
Performance objectives, 1251
Performance validation, 381
Perfusion, 266
Peribronchial cuffing, 442-443
Pericardial effusion, 210
Pericardial fluid, 210
Pericarditis, 210
Pericardium, 210
Periodic breathing, 665t, 673
Peripheral chemoreceptors, 312-313
Peripheral cyanosis, 341-342
Peripheral proprioceptors, 311
Peripheral receptors, 222-223
Peripheral vasculature, regulation of, 217
Permissive hypercapnia, 603, 1107
Persistent pulmonary hypertension of the 

newborn (PPHN), 696, 696b, 700b
background of, 696
clinical manifestation of, 696
pathophysiology of, 696
treatment of, 696
types of, 696

Oxygen therapy (Continued) Partial pressure of carbon dioxide (PCO2) 
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Personal protective equipment (PPE), 63
face shields, 63, 64b
gloves, 63, 64b
masks, 63, 64b

Personal space, 322
pH

of buffer systems, 288-289
categorization of, 296
management of, 1088b
normal, 295
oxygen loading and unloading affected by, 

258
partial pressure of carbon dioxide (PaCO2) 

and, 1108t
pH scale, 277, 277b, 277f
Pharmacodynamic phase, 717
Pharmacokinetic phase, 717
Pharmacologic paralysis, 1186, 1186b
Pharmacology

drug administration phase, 717
pharmacodynamic phase, 717
pharmacokinetic phase, 717
principles of, 717-718

Pharyngeal airways, 749, 749f, 804
Pharynx, 191-192
Phase variables, 1007-1008
Philosophy, 82-83
Phlegm, 325-326
Phonation, 193-194
Phosphate buffer system, 293f
Phosphatidylglycerol, 162, 1217-1218
Phosphodiesterase 5 inhibitors, 582
Phospholipids, 162
Phosphoric acid, 273
Phosphorus, 281t, 283
Photoplethysmography, 389
Phrenic nerve

damage to, 660b, 661
description of, 169

Physical examination, 327-343
abdomen, 340-341
cardiac, 340
chest. see Chest
chronic obstructive pulmonary disease 

findings, 518
description of, 321
extremities, 341-343
general appearance, 327-328
head, 332
interstitial lung disease findings, 542
level of consciousness, 328, 329b
neck, 332
obstructive sleep apnea findings, 674
recording format for, 328b
thorax, 332-340
vital signs. see Vital signs

Physical reconditioning, 1265-1266, 1266b, 
1266f-1267f, 1273-1275, 1275t

Physician assistant, 14
Physicians, 23
Physiologic dead space, 253, 267
Physiologic shunt, 253, 265b, 1158
Physiologic solutions, 270t, 272
Picture archiving and communication system 

(PACS), 129
Picture graphics, 990-991
Piezoelectric crystal, 836

Pin-index safety system, 895-896, 896f, 896t
Pirbuterol, 530t-531t
Pitting edema, 326
Placenta, structure and function of, 164-165, 

164f
Plain chest radiograph. see Chest radiograph
Plaintiff, 92
Plan-Do-Study-Act Cycle, 37-38, 37f
Plasma

description of, 103, 103f
protein content of, 278
volume of, 222, 222f

Plasma colloid osmotic pressure, 279
Plasmin, by-products of, 573-574
Plate atelectasis, 444, 446f
Plateau pressure (Pplat), 1026, 1079-1080, 

1164
management of, 1088b

Plateau waves, 1047
Platypnea, 323, 975
Plethysmography/plethysmograph, 233, 

418-419, 419f
Pleura, 438-441

anatomy of, 555f
definition of, 438-441
hydrothorax, 438-440
parietal, 433, 555
pneumothorax, 440-441, 440f
visceral, 433, 438, 439f, 440, 554-555

Pleural air leak, 567b
Pleural cavity, 173b, 180
Pleural diseases, 554-569

effusions. see Pleural effusions
pneumothorax. see Pneumothorax
respiratory therapist’s role in, 568

Pleural effusions, 438-440, 438f, 556-562
atelectasis caused by, 558
causes of, 556b
chest radiograph of, 560
chest thoracotomy tubes for, 561, 561b, 

561f
chylothorax, 559
computed tomography of, 560
congestive heart failure as cause of, 557
connective tissue diseases as cause of, 559
description of, 278, 499-500
diagnostic tests for, 560-562
exudative, 558-559
hemothorax, 559
hypoalbuminemia as cause of, 558
hypoxemia caused by, 560
indwelling catheters for, 562, 562b
liver disease as cause of, 558
malignant, 559
nephrotic syndrome as cause of, 557-558
parapneumonic, 503, 558
physiologic importance of, 559-560
pleuroperitoneal shunt for, 562
postoperative causes of, 559
thoracentesis for, 558, 560-561, 560f
thoracoscopy for, 561
transudative, 556-558, 557f
ultrasonography of, 439f, 560

Pleural fluid, 180-181, 556, 557f
Pleural friction rub, 340
Pleural membranes, 180-181
Pleural pressure, 227t, 228, 240, 1043f, 1045

Pleural space, 180-181, 433, 555-556
Pleurisy

description of, 180
uremic, 559

Pleuritic chest pain, 326
Pleurodesis, 561-562, 566-567
Pleurodynia, 558
Pleuroperitoneal shunt, 562
Pneumatic energy, of ventilator, 988, 988b
Pneumatoceles, 499-500
Pneumobelt, 1112, 1112f
Pneumococcal vaccine administration, 

indications for, 524b
Pneumocytes, 160
Pneumomediastinum, 452, 452f
Pneumonia, 597

aspiration, 496
chest radiograph of, 499-500, 499t
classification of, 495, 495t
clinical manifestation of, 498-499
clinical setting for, 504b
community-acquired. see Community-

acquired pneumonia (CAP)
cytomegalovirus, 495-496
hospital-acquired. see Hospital-acquired 

pneumonia
lymphocytic interstitial, 550
microbiology, 496-498
mortality rates for, 500
noninvasive ventilation for, 1115
nonspecific interstitial, 549
organizing, 549-550
pathogenesis of, 495-496, 496t
persisting fever in, 507b
Pneumocystis jiroveci, 496
Pseudomonas aeruginosa, 495
risk for, 502b
ventilator-associated. see Ventilator-associated 

pneumonia
Pneumonitis

hypersensitivity, 545-546, 546t
usual interstitial, 543

Pneumotachometer, 233, 403-404
differential pressure, 121b
Fleisch-type, 403-404

Pneumotaxic center, 310
Pneumothorax, 440-441, 555f, 562-567, 1049, 

1062
blunt trauma as cause of, 562-563
catamenial, 563
chest trauma as cause of, 562-563
chest tubes for, 565-566, 566f
complications of, 563-564
description of, 336, 440, 440f
diagnosis of, 564-565
iatrogenic, 563
large-bore, 565-566
neonatal, 563
observation of, 565
oxygen therapy for, 565
primary spontaneous, 563
secondary spontaneous, 563
simple aspiration, 565
size of, 565, 565b
small-bore, 565
spontaneous, 563
tension, 563-564, 564b, 1049-1050



1362	 Index

therapy for, 565-566
traumatic, 562-563

PO2. see Partial pressure of oxygen (PO2)
Pocket card, 1010, 1011t
Point of critical delivery, 266-267
Point of maximal impulse, 340
Point-of-care, E-medicine application in, 129
Point-of-care testing (POCT), 129, 383-384, 

384f
Poiseuille’s equation, 234
Poiseuille’s law, 121, 402
Polar covalent solution, 270-271
Polycythemia, 108, 348
Polymorphonuclear neutrophils (PMNs), 

592-593
Polymyositis

description of, 656-657, 657t
interstitial lung disease associated with, 548

Polysomnography, 10, 676b
Pontine respiratory centers, 310
Poractant alfa, 691, 691t
Pores of Kohn, 202
Positional dyspnea, 323
Positive airway pressure

continuous. see Continuous positive airway 
pressure (CPAP)

Positive airway pressure (PAP), 946-948
adjunct, for airway clearance therapy, 964
complications of, 947
contraindications for, 947
devices, 966, 966f
equipment, 947
hazards of, 947
indications for, 947
inspiratory, 1125-1126
physiologic basis of, 946-947, 947f
problems associated with, 948
therapy, clinical procedure for, 966b

Positive chronotropic factors, 220
Positive end expiratory pressure (PEEP), 9, 

1031, 1092, 1097-1102
acute respiratory distress syndrome treated 

with, 601-603, 602b, 602f
application of, 1097f
auto-PEEP, 982, 1027, 1051-1052, 1068-1071, 

1071b, 1092, 1164-1165
in children, 1238
compliance-titrated, 1099
decremental trial, 1100
extrinsic, 1027
hemodynamic data and, 1099t
high, 603b, 608-609
intrinsic, 608, 978, 982-983
lung recruitment maneuvers and, 1100-1102, 

1100b
minimum, 1097
optimal, 601f, 1097-1099
oxygenation and, 1099t
performance of recruitment maneuver and, 

1029b
physiologic effects of, 1031t
pressure-volume curves and, 1099-1100, 

1101f
tables for, 1102
use of, 1102b
ventilation and, 1099t

Positive expiratory pressure (PEP), 964-966, 
965f

Positive inotropes, 219-220
Positive inotropism, 219-220
Positive pressure mechanical ventilation

adverse effects of, 1030-1032
airway pressure in, 1021-1022, 1021f
alveolar pressure in, 1021-1022, 1021f
artificial airway complications, 1049
cardiac index affected by, 1044-1045
cardiac output affected by, 1044-1045, 1048f
cardiovascular effects of, 1043-1046
central nervous system effects of, 1048-1049
complications related to, 1049-1050
effects on other body systems, 1046-1049
functional residual capacity affected by, 1028
gastrointestinal function affected by, 

1047-1048
increased pressure affected by, 1026-1027
intrathoracic pressure in, 1021-1022, 1021f
left ventricular function affected by, 1044
liver effects of, 1047, 1048f
lung mechanics affected by, 1025-1030
mean airway pressure during, 1027, 1027b, 

1027f
peak inspiratory pressure affected by, 1026
pulmonary vascular pressure affected by, 

1044
pulmonary vascular resistance affected by, 

1044
renal function affected by, 1047, 1048f
right ventricular function affected by, 1044
splanchnic perfusion affected by, 1047, 1048f
systemic blood pressure affected by, 

1044-1045
tidal volume affected by, 1027-1028
ventilatory pattern, 1032
work of breathing affected by, 1030

Positive pressure ventilation (PPV), 8
in Duchenne muscular dystrophy, 656
endotracheal intubation before, 1220
noninvasive, 1112

Positive pressure ventilators, 8-9, 9f
alternative care settings use of, 1302-1303, 

1302f-1303f, 1302t
Positron emission tomography, 640, 643f
Poster, how to make, 151-153, 153f
Posterior axillary line, 172f
Postural drainage, 957b, 1229f

complications of, 958t
Postural hypotension, 331
Potassium, 281t, 282
Potential energy, 103
PPACA. see Patient Protection and Affordable 

Care Act (PPACA)
PR interval, 359-361, 359f
Practice act, basic elements of, 97
Pre-analytic error, 374-375, 375b, 375t
Pre-Bötzinger complex, 309-310
Precapillary sphincters, 214
Precision, 404
Prednisone, 530t-531t
Preferential transmission, 62
Pregnancy, asthma during, 534-535
Prehypertension, 330
Preload, 218, 219b, 219f, 1179, 1179b

factors affecting, 218t

Premature ventricular contractions, 365-366, 
366f

Prematurity
apnea of, 694-696, 695t
retinopathy of, 909

Preset reducing valve, 898, 898f
Pressure

atmospheric, 114-115, 114f
definition of, 114
in flowing fluids, 120-121, 121f
gas. see Gas pressure
in liquids, 107
water vapor, 111

Pressure compensation, 902
Pressure control modes, 997
Pressure control ventilation, description of, 984
Pressure regulated volume control, 1010, 1237
Pressure support ventilation (PSV), 1030, 

1039-1040, 1040f, 1073b, 1084, 1085b, 
1191, 1205b

PaCO2 and, 1106
synchronized intermittent mandatory 

ventilation with, 1204
weaning from, 1204, 1204b, 1208t

Pressure transducers, 418-419
Pressure-control ventilation, 999f

description of, 996-997
parameters for, 1000t

Pressure-controlled continuous mandatory 
ventilation, 1033-1035, 1034f

Pressure-controlled intermittent mandatory 
ventilation, 1037-1038

Pressure-controlled inverse ratio ventilation, 
1035, 1035f

Pressure-controlled ventilation, 1036b
advantages and disadvantages of, 1083, 1083b
PaCO2 and, 1106-1107, 1107f
volume-controlled ventilation versus, 1032, 

1033t, 1081, 1107t
Pressure-regulated volume control (PRVC), 

1041, 1081
Pressure-time index (PTI), 1196
Pressure-time product, 1166
Pressure-volume curve, 544f, 1161, 1162f
Pressurized metered dose inhalers, 848-855, 

849f-851f, 850b-853b, 856f
accessory devices for, 852-855, 853f
aerosol delivery characteristics, 851
cost, 855
dose counters, 851
factors that affect, 851
holding chambers, 852-853, 854b
nozzle size and cleanliness effects on, 851
priming of, 851
spacers, 852-853
tail-off effect, 851
techniques for, 852
temperature effects on, 851
timing of actuation intervals, 851
use during mechanical ventilation, 877

Preterm infants, 1220-1221, 1223b
Primary active transport, 303-304, 304f
Primary lobule, 201
Primary metabolic disturbances, 294
Primary pulmonary hypertension of the 

newborn (PPHN), 1228
Primary respiratory disturbances, 294

Pneumothorax (Continued)
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Primary spontaneous pneumothorax, 563
Primary tuberculosis, 509
Principle of utility, 88
Privacy Rule, of Health Insurance Portability 

and Accountability Act of 1996, 96
Problem-oriented medical record, 56
Procainamide, 813t-815t
Prodrug, 727-729
Profession, 21
Professional duty, 84-85, 85f
Professional negligence, 92-94
Professional roles, 13-14
Professionalism, 21-22
Proficiency testing, 382-383
Progressive massive fibrosis, 547
Progressive scoliosis, 656
Prolonged mechanical ventilation (PMV), 

1210-1211, 1212t-1213t
Prone positioning

mechanism of action, 1103
oxygenation in, 1102-1103, 1103b

Proportional assist ventilation (PAV), 1038, 
1040, 1063-1064, 1081

Proportional pressure support (PPS), 1191
Propranolol, 813t-815t
Proprioceptors, peripheral, 311
Prostacyclin, 606
Prostanoids, 581-582
Protected health information, 96
Protected specimen brush, 505
Protective apparel, 64
Protective environment, 68
Protein

carbon dioxide chemically combined with, 
260

catabolism of, 286, 478
nutrition support of, 485-486

Protein bases, 276
Protein C, 353
Protein-energy malnutrition, 476t, 484

kwashiorkor, 476
marasmus, 476

Prothrombin time (PT), 352, 353t
Protocol-based airway clearance, 968, 969f
Proximate causation, 93
Pseudoglandular stage, in respiratory 

development, 160, 162f-163f
Pseudomonas aeruginosa, 60

aminoglycosides for, 535
pneumonia caused by, 495

Pseudostratified epithelia, 189-190
Psychogenic dyspnea, 324-325
Psychogenic hyperventilation syndrome, 324
Psychomotor domain, of learning, 1252, 1252t
Psychosocial support, 1266-1268, 1268f
PTA. see Transalveolar pressure (PTA)
PTAW. see Transairway pressure (PTAW)
PTCW. see Trans-chest wall pressure (PTCW)
PTP. see Transpulmonary pressure difference (PTP)
Public law, 92
PubMed, 147, 147f
Pulmonary angiography, for pulmonary 

embolism, 575, 576t
Pulmonary arterial hypertension (PAH)

aerosol drug therapy for, 873
characteristics of, 579
conditions associated with, 579

description of, 570
in idiopathic pulmonary fibrosis, 549

Pulmonary artery, 183, 184b
Pulmonary artery catheters, 453, 454f

description of, 376t
Pulmonary artery pressure monitoring, 

1179-1181, 1179f-1180f
normal, 1178t

Pulmonary blood flow, 606, 1044
Pulmonary capillary

description of, 183
partial pressure of carbon monoxide, 421

Pulmonary capillary wedge, 1175-1176, 1178t
Pulmonary circulation, 183-185, 183f

alveolar capillaries of, 184f
bronchial circulation and, 183, 184f
nonrespiratory function of, 185
respiratory function of, 184-185

Pulmonary contusions, 619
Pulmonary diffusion gradients, 251, 251f
Pulmonary edema

cardiogenic, 442-443
acute, 1115, 1115b
description of, 442
noninvasive ventilation for, 983, 1115

description of, 442, 443f
gas exchange in, 594
hydrostatic, 591
lung mechanics in, 594
nonhydrostatic, 591-593, 592f-593f

ARDS versus, 595-596
physiology of, 589-594

Pulmonary embolism, 572b
anticoagulation therapy for, 578
chest radiograph of, 573
clinical features of, 572-573, 573t
computed tomography angiography of, 574, 

576f
course of, 572
deep venous thrombosis as cause of, 571
hemodynamic consequences of, 572
inferior vena cava filter for, 578
management of, 578
mortality caused by, 571
pathophysiology of, 572
physical findings in, 572-573
predisposing conditions for, 571b
prevalence of, 571
pulmonary angiography for, 574, 575t
signs and symptoms of, 572-573, 573t
testing for, 574-576
ventilation/perfusion scan for, 575t

Pulmonary emphysema, 446
Pulmonary function report, 423-425, 425b-426b
Pulmonary function testing, 10, 129, 400-427

algorithm for assessment of, 424f
contraindications, 402
equipment for, 403-405

infection prevention, 74
forced vital capacity. see Forced vital capacity 

(FVC)
indication for, 401
infection control use of, 403
interpretation of, 129-130

computer-assisted, 130b

nutrition assessment, 478
pathophysiologic patterns, 402-403, 402f
principles of, 405-423
purposes of, 401-402
questions for, 401b
reliability of, 405, 405b
respiratory muscle weakness evaluations, 652, 

652f, 652t
sensitivity and specificity, 405
validity of, 405, 405b

Pulmonary hypertension, 579-583, 582b. see also 
Idiopathic pulmonary arterial hypertension 
(IPAH); Pulmonary arterial hypertension 
(PAH)

atrial septostomy for, 582
case study of, 680b
in chronic obstructive pulmonary disease, 

582-583
chronic thromboembolic, 579
classification of, 579, 579b
clinical findings of, 579-580
definition of, 579
description of, 206b, 570
diagnosis of, 580
echocardiographic findings in, 580, 580f
endothelin receptor antagonists for, 582
epidemiology of, 579-580
management of, 580-582
of the newborn, 1228
pathogenesis of, 579
phosphodiesterase 5 inhibitors for, 582
right heart catheterization in, 581f
surgical therapy for, 582

Pulmonary infarction, 572
Pulmonary infections, 493-513

classification of, 495, 495t
pathogenesis of, 495-496
pneumonia. see Pneumonia
respiratory therapist’s role in, 511
tuberculosis. see Tuberculosis

Pulmonary Langerhans cell histiocytosis 
(PLCH), 544, 545f

Pulmonary lobule, 443
Pulmonary obstruction, MAS and, 692
Pulmonary parenchyma, 541f
Pulmonary rehabilitation, 1265, 1271b, 1278b, 

1281b
for interstitial lung disease, 551

Pulmonary rehabilitation program, 1272-1276
cost, 1278-1280, 1278b-1279b
design of, 1272-1276

content of, 1273, 1273t
format of, 1272-1273
physical reconditioning, 1273-1275, 1274f, 

1275t
educational component, 1275-1276
fees, 1278-1280, 1279b
goals and objectives of, 1268, 1268b
implementation of, 1276-1278

class size, 1277
equipment, 1277-1278
facilities, 1276-1277
scheduling, 1277
staffing, 1276, 1277f

obtaining insurance payment for, 1280b
patient evaluation, 1269-1271, 1269b, 1272t

Pulmonary arterial hypertension (PAH) 
(Continued)

Pulmonary function testing (Continued)
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patient selection, 1271-1272, 1272b-1273b
potential hazards, 1281
psychosocial and behavioral components, 

1276
reimbursement, 1278-1280, 1279b-1280b
results of, 1280
structure of, 1268-1281

Pulmonary tuberculosis, 353-354
Pulmonary vascular disease, 570-587

deep venous thrombosis. see Deep venous 
thrombosis

neonatal, 696
persistent pulmonary hypertension of the 

newborn, 696
pulmonary embolism. see Pulmonary 

embolism
pulmonary hypertension. see Pulmonary 

hypertension
respiratory therapist role in, 583
venous thromboembolic disease. see Venous 

thromboembolic disease
Pulmonary vascular pressure, 1044
Pulmonary vascular resistance (PVR), 216, 

1044, 1178t
Pulmonary vascular system, 183-188, 185t
Pulmonary vasodilators, inhaled, 735-736
Pulmonary veins, 183, 184b
Pulse

assessment of, 791b
description of, 329-330, 329b

Pulse cooximetry, 392
Pulse oximetry, 388-392, 389b, 390f, 

391b-392b
arterial, 1156-1157, 1157b
clinical practice guidelines for, 389b
definition of, 388-389
factors affecting, 392t, 1157b
hypoxemia uses of, 391b
in infants, 1225
instrumentation used in, 387f, 389-391
key points for, 391b
limitations of, 1157
monitoring of, in mechanical ventilation 

assessment, 1095
motion artifacts associated with, 391
problem solving for, 391-392
procedure for, 391
troubleshooting of, 391-392, 391b

Pulse pressure, 330
Pulseless electrical activity (PEA), 367, 367b, 

811, 812f
Pulseless ventricular tachycardia/ ventricular 

fibrillation, 799b, 803f
Pulselessness, determining, 791-792, 793f
Pulsus alternans, 330
Pulsus paradoxus, 330
Pump flow, in extracorporeal membrane 

oxygenation, 1139-1141, 1142b
Punitive damages, 94
Pupillary response, in neurologic examination, 

1182
Pure water, 277
Purified protein derivative, 510-511
Purkinje fibers, 357
Pursed-lip breathing, 332
Purulent sputum, 325-326

Q

Q wave, 359, 359f
QRS axis, 361
QRS complex, 359, 359f, 360b, 361
Quadruple-channel pulmonary artery catheter, 

1179f
Quality, 35-58

certification for ensuring, 21
definition of, 18, 36
in health care, 39-40
monitoring of, 41b

Quality assurance plan, 41, 41b
Quality control, external, 382-383
Quality improvement, 36

methods of, 36-37, 37f
Quasistatic pressure-volume curve, 237
Quick-connect systems, 897, 897f

R

R on T phenomenon, 366
R wave, 359, 359f
Racemic epinephrine, 719t, 720
Raceway, 1141
Radford nomogram, 1085, 1086f
Radial artery

anatomy of, 372f
pulse, 330
puncture for, 374b

Radiant energy, 104
Radiation, 104
Radiation-related, interstitial lung disease, 545, 

546f
Radiolucent, 429
Radiopaque, 429, 749
Radiotherapy, for non-small cell lung cancer, 

644
Radon, 636
Ramp time, 1014
“Ramped position”, 623
Random error, 382, 382t
Randomized controlled trials, 31-32
Rapid shallow breathing index, 1167, 1196b
Rapidly adapting receptors, 311
Ratio solution, 274
Raw. see Airway resistance (Raw)
Reactivation tuberculosis, 509-510
Rebound effect, 932
Recirculation, 1145-1146
Reconditioning, 1266, 1266b
Recordkeeping, 35-58

legal aspects of, 54, 54b
practical aspects of, 54
rules for, 56b

Recreational and vocational counseling, 1276
Recruitment maneuvers, 624
Recurrent laryngeal nerve, 186, 193
Red blood cell count, 348
Reexpansion pulmonary edema, 564
Reference range, 346
Refractory hypoxemia, 594, 1031, 1031b, 1102b
Refractory period, 213
RefWorks, in conducting research, 148
Registered pulmonary function technologists, 

21
Registered respiratory therapists, credentialing 

of, 19

Registration phase, 463-464
Regulator, 899, 904b
Regurgitation, 211
Rehabilitation

definition of, 1265
pulmonary. see Pulmonary rehabilitation

Reintubation, 1117, 1119b
Relative hemoglobin deficiency, 266
Relative humidity (RH), 112, 112f
Relaxation and stress management, methods of, 

1276
Renaissance, 6-7
Renal function, monitoring of, 1183
Renal insufficiency, 1197
Repolarization, 357, 357f
Res ipsa loquitur, 93
Rescue agents, 718
Research, 134
Research project, factors affecting feasibility of, 

149b
Reservoir cannula, 915, 915f
Reservoir mask, 915-917, 917t
Residual volume (RV), 414
Resistance, 996, 1163-1164

combined, 233-235, 234b
definition of, 1236

Resistance vessels, 214
Resolution, 404
Respimat, 867
Respiration. see also Breathing; Ventilation

Biot, 315
brainstem control of, 1182
congenital abnormalities affecting, 696-698
definition of, 248

Respiratory acidosis, 297-298
acute (uncompensated), 298b
causes of, 298, 298b
chronic (compensated), 299b
compensation of, 298

alveolar hyperventilation superimposed on, 
300

compensatory response for, 295t
correction of, 298, 299t
definition of, 294
fully compensated, 298
partly compensated, 298

Respiratory alkalosis, 298-300
acute (uncompensated), 299b
causes of, 298-299, 299b
chronic, 300
clinical signs of, 300
compensation of, 300, 300b
compensatory response for, 295t
correction of, 300
definition of, 294
intermittent positive airway pressure 

breathing as cause of, 945
Respiratory alternans, 335, 980
Respiratory bronchioles, 201
Respiratory bronchiolitis-associated interstitial 

lung disease, 542, 544f
Respiratory care, 1227-1233

in alternative settings, 1284-1311
other modes of, 1304-1307

clinical advances in, 7-10
definitions of, 3
delivering evidence-based, 18-34

Pulmonary rehabilitation program (Continued)
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education in, 13-14, 14b
E-medicine in, 126-145
equipment for, 74-76
future of, 14-16, 15b
history of, 1-17
legal issues affecting, 91-98
monitoring quality in, 40-42, 41b
neonatal and pediatric, 1216-1248

transport during, 1246b
physical principles of, 102-125
professional roles in, 13-14
technical roles in, 13-14

Respiratory care practitioners. see Respiratory 
therapists; Respiratory therapists (RTs)

Respiratory care profession, 7-10
Respiratory care protocols, 22-26, 24f-25f

algorithms, 22
American College of Chest Physicians, 23b
assessment tool and care plan, 24-26, 27f-28f
cost savings associated with, 26t
elements of, 23b
implementation of, 23, 26b, 31t
modality changes after implementation of, 

31t
trials on effectiveness of, 31t

Respiratory care research
fundamentals of, 146-156
how to be a scientist, 148-151
how to get scientific paper published, 

151-155
how to review the literature, 147-148
importance of research in health care, 147
overview of, 146-147

Respiratory Care Week, 11-12, 11b
Respiratory distress syndrome (RDS)

acute. see Acute respiratory distress syndrome 
(ARDS)

neonatal, 689-691, 689b, 691b
clinical manifestation of, 690
diagnosis of, 690, 690f
pathophysiology of, 689-690, 689f
surfactant dosing in, 691t
treatment of, 690-691
type II, 691-692. see also Transient 

tachypnea of the newborn (TTN)
Respiratory diverticulum, 161f
Respiratory effort-related arousals, 671f, 675
Respiratory failure, 971-986

acute, 1080f
clinical presentation of, 980
complications of, 980
noninvasive ventilation for, 983

assessment of, 982
asthma and, 532
causes of, 979t
chronic, 979-981, 979b

acute on, 979-980
noninvasive ventilation for, 983

criteria for, 973
definition of, 973
description of, 973
hypercapnic (type II), 976-979

carbon dioxide production increases as 
cause, 977-978

characteristics of, 976
chronic, 985

description of, 973
insidious exposures that cause, 977
neurologic diseases that cause, 978
respiratory control impairments as cause, 

978, 979t
respiratory effectors impairments as cause, 

978-979, 979t
ventilatory support for, 981
work of breathing and, 978-979, 979t

hypoxemic (type I)
acute, 589, 976, 976t
causes of, 973, 976t
chronic, 980
description of, 973
diffusion impairment as cause of, 975
inspired oxygen decreases as cause of, 975
mechanical ventilation for, 980-981
perfusion/diffusion impairment as cause 

of, 975
shunt as cause of, 974
venous admixture as cause of, 975-976
ventilation/perfusion mismatch as cause of, 

973-974
hypoxic, in infants, 887
in immunosuppressed patients, 1116
invasive ventilatory support for, 983-985
in mechanical ventilation, 1080t
postextubation, 1117, 1117b
postoperative, 1116-1117
ventilatory support for

choosing of, 982-985, 984b
indications, 980-981, 981t
noninvasive, 982-983

Respiratory hygiene/cough etiquette, 64-65
Respiratory inductive plethysmography, 1167
Respiratory medicine

in ancient times, 3-6, 3t-4t
in eighteenth century, 3t-4t
history of, 3-7, 3t-4t
in Middle Ages, 3t-4t, 6-7
in nineteenth century, 3t-4t, 7
in Renaissance, 3t-4t, 6-7
in seventeenth century, 3t-4t
in twentieth century, 5t-6t, 7
in twenty-first century, 5t-6t

Respiratory monitoring, in intensive care unit, 
1156-1175

Respiratory muscle
description of, 175-180, 176t, 238, 651
fatigue of, 982, 1212t-1213t
weakness of, assessment of, 981-982

Respiratory patterns, in stroke patients, 665t
Respiratory protection, 64
Respiratory quotient (RQ), 480-481, 483b, 

483t
Respiratory rate, 330, 1208, 1224b, 1225-1227, 

1227t
in neurologic examination, 1182
obesity respiratory management and, 

623-624
Respiratory syncytial virus (RSV), 702

prophylaxis, 702, 703b
Respiratory system, 157-208. see also Lung(s)

in adult, 171-183
afferent pathways of, 188
compliance, 1162, 1162b

development of, 159-164, 160f-163f, 
160t-161t

efferent pathways of, 186-188, 187f
lower, injuries of, 617-619
mechanics, 1000
structure, function and pathology, dyspnea 

and, 1275-1276
transition from uterine to extrauterine life, 

164-168, 165t
Respiratory therapists (RTs), 19, 99-100, 467

certified, 19
in community, 1262
competencies for, 15b
credentials of, 19-21
definitions of, 3
designations of, 19-21
in educational institutions, 1262
as extracorporeal membrane oxygenation 

specialist, 1137
flexible bronchoscopy and, 456-473
in health care institutions, 1262
in health education, 1250
health information sources for, 135
helpful web sites for, 135t
in home, 1262
implications for, 1262
professional characteristics of, 21b
registered, 19
role of, in bronchoscopy, 467, 467b
skills of, 21b
in work site, 1262

Respiratory therapy consult service, 24
sequence of events for, 26b

Respiratory therapy department, 24b, 26b
Respiratory tract

anatomy of, 189-206, 189f
lower. see Lower respiratory tract
upper. see Upper respiratory tract

Respiratory-therapist-driven protocols, 1207, 
1207b

Respondeat superior, 96
“Rest settings”, 1149
Resting energy expenditure (REE), 479, 482f, 

483b-484b
Fick equation for measuring, 483

Restrictive gatekeeping, 83
Restrictive pulmonary disease, 402

characteristics of, 402t
lung compliance reduction, 402-403

Restrictive thoracic diseases, 1117-1118, 1118b
Retinol-binding protein, 477
Retinopathy of prematurity (ROP), 909, 1228
Retractions, 335, 1225
Retrognathia, 673-674, 679b
Reusable equipment, 74-76, 76b
Reverse triggering, 1065, 1072-1073
Review of systems, 327
Reviews, how to respond to, 155, 155b
Reynold’s number, 121-122
Rhonchi, 338
Rib cage, 173
Ribavirin, 732t, 733
Ribs

anatomy of, 174f
false, 173
floating, 173

Respiratory care (Continued) Respiratory failure (Continued) Respiratory system (Continued)
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movement of, 175, 175f
true, 173

Right ventricle, 210
Right ventricular hypertrophy, 340
Right-to-left anatomic shunts, 252
Rigid bronchoscopy, indications for, 464b
Rigid tonsillar suction tip, 740, 740f
Rigid tube bronchoscopy, 783
Rocking bed, 1112, 1113f
Roflumilast, 530t-531t
Role conflict, 53
Role duty, 88, 89b-90b
Roller pump, in extracorporeal membrane 

oxygenation, 1141, 1141f
Root-cause analysis, 136-138
R-R interval, 361
Rule utilitarianism, 89
Run chart, 37f

S

S wave, 359, 359f
Safety

considerations of, 42-49
continuum of, 36f
direct patient environment, 48
disaster preparedness, 48
general concerns of, 48-49
indexed connector systems for medical gases, 

894-897
American Standard Safety System, 894-895, 

895f
diameter-index safety system, 896-897, 

897f
pin-index safety system, 895-896, 896f, 896t
quick-connect systems, 897, 897f

magnetic resonance imaging, 48
medical gas cylinders, 48-49, 887-892
of patient, 35-58
patient movement, 42-43

Salmeterol
asthma treated with, 530t-531t
characteristics of, 719t

Sarcoidosis, 443-444, 548
Sarcolemma, 213-214, 214f
Sarcomeres, 214
Saturated solutions, 270f, 271
Saturation, hemoglobin, 255
Scalene muscles, 178, 178f
Scapula, 173
Scheduling, 136
Scientific paper, publishing, 151-155

make a poster, 151-153, 153f
respond to reviews, 155, 155b
write a paper, 153-155
write the abstract, 151, 153f

Scientist, how to be, 148-151
analyzing data, 150-151, 150b-151b
developing a study idea, 148-150
writing study protocol, 150, 150b

Scoliosis, 665, 665f-666f
Scope of practice, 97-98
Scurvy, 484-485
Second heart sound, 340
Secondary active secretion, 303-304
Secondary spontaneous pneumothorax, 563
Second-degree heart block, 364, 364f

Secretion clearance and bronchial hygiene 
techniques, 1276

Secretions
airway clearance therapy for, 953
airway obstruction caused by, 768
clearance of, 1197, 1229, 1229f
coughing to clear, 952
in endotracheal tubes, 768
immobility and, 967
oropharyngeal, 488, 495-496
in tracheal airways, 768

Sedation, 1205
for acute respiratory distress syndrome, 

604-605
goal of, 457-458
moderate, 458

Sedimentation, 845
Segmentectomy, 645
Segs, 347, 348b
Self-expanding metallic stents (SEMS), 466, 

466b, 466f
Semilunar valves, 211-212
Semipermeable membrane, 272
Sensitivity, 998
Sensorium, 328
Sensory evaluation, in neurologic examination, 

1182-1183
Septic shock, 267
Serous pericardium, 210
Servo targeting, 1005, 1006t
Servo-controlled heating systems, 828
Servo-controlled humidifier, 1230
Set-point targeting, 1005, 1006t
Severe acute respiratory syndrome (SARS), 61

clinical manifestations of, 498-499
description of, 497

Severe obesity, 620
Shear rate, 108
Shear stress, 108, 108f
Shock, 266, 331
Shock hazard, 47
Shunt

alveolar-to-arterial PO2 difference affected by, 
976

anatomic, 252, 974, 1218-1219
clinical presentation of, 974-975
definition of, 252
hypoxemic respiratory failure caused by, 

974-975
mechanical ventilation effects on, 1025
physiologic, 253, 1158
quantification of, 1158-1159
ventilation/perfusion differentiation between, 

974-975, 974f
Shunt equation, 253
Sickle cell anemia, 348
Sickle cell hemoglobin, 259
SIDS. see Sudden infant death syndrome (SIDS)
Silhouette sign, 429, 441b
Silicone stents, 466

properties of, metallic versus, 466t
Silicosis, 546
Silverman score, 1224, 1224f
Simple mask, 912t, 915, 916f
Simple reservoir humidifier, 825
SIMV. see Synchronized intermittent mandatory 

ventilation (SIMV)

Single-breath diffusing capacity, 404, 421f, 422b
Single-breath technique, for diffusing capacity 

of the lung, 421
Sinoatrial (SA) node, 213, 357, 358f
Sinus arrhythmia, 363, 363f
Sinus bradycardia, 362-363, 363f, 816, 816f
Sinus rhythm, 362, 362f
Sinus tachycardia, 362, 362f
Sinuses, 189-190, 190f
Sinusitis, 535
Situs inversus, 431
Six sigma, 38

origin of the term, 38, 38f
Skilled nursing facilities, 1285
Skills checklist, 41
Skin, peripheral temperature of, 342-343
Skin fold, 477
Slander, 94
Sleep apnea, 193b

central. see Central sleep apnea (CSA)
definition of, 670-671
obstructive. see Obstructive sleep apnea 

(OSA)
Sleep disorders, 670-687

case study of, 679b, 683b
central sleep apnea. see Central sleep apnea 

(CSA)
hypopnea, 671, 672f
obstructive sleep apnea. see Obstructive sleep 

apnea (OSA)
overlap syndrome, 673
respiratory therapist’s role in, 682-684
symptoms of, 682b

Sleep studies, 674-675, 675b
Sleep-disordered breathing, 682-684
Slow-flow pressure-volume curve, 1099-1100, 

1100f
Slow-reacting substance of anaphylaxis 

(SRS-A), 525
Small bowel feedings, 486
Small cell carcinoma, description of, 636, 637t, 

646-647
Small particle aerosol generator, 733, 864-865, 

864f
Small volume nebulizers (SVNs), 73

pediatric use of, 1230
Smoking

cessation of, 523
chronic obstructive pulmonary disease 

caused by, 516
description of, 327
emphysema risks, 517f
forced expiratory volume in 1 second caused 

by, 516, 516f
lung cancer risks associated with, 635
passive, 636

Snoring, 193b
SOAP notes, 56, 56t, 57b, 57f
Social space, 322
Sodium, 280-281, 281t
Sodium bicarbonate, 726-727
Sodium hydroxide, 275
Soft palate, 191, 191f
Solids

definitions of, 103, 103f
liquids and, phase changes between, 105-106

Solitary pulmonary nodule, 448-449, 448t, 449f

Ribs (Continued)
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Solubility, 271
Solubility coefficient, 117
Solute

definition of, 270
lung transport of, 589-590

Solute content
calculation of, 274
equivalent weight, 273-274
by weight, 274

Solution, 269-284
concentration of, 271
definition of, 270-271
dilute, 270f, 271, 274
electrolyte, 270-271, 270f
hypertonic, 272, 273b
hypotonic, 272, 273b
ionic, 270-271, 270t
isotonic, 272, 273b
lactated Ringer’s, 274t
molal, 274
molar, 274
nonpolar covalent, 270-271, 270t
normal, 274
osmotic pressure of, 271f, 272
percent, 274
physiologic, 270t, 272
polar covalent, 270-271, 270t
quantitative classification of, 274-275
ratio, 274
saturated, 270f, 271
supersaturated, 271
weight-per volume, 274

Solvent, 270
Spaulding approach to disinfection and 

sterilization, 68-69
Speaking valves, 766, 767f
Specialized equipment processing, 63
Specific gravity, 107, 107f
Spectrophotometry, 387
Spinal cord disorders, 662-664

respiratory dysfunction in, 664b
Spine injuries, 800
Spirometer/spirometry, 10, 403, 405-414

AARC clinical practice guideline for, 406b
bronchoprovocation, 413-414
contraindications, 406b
forced expiratory flow between 25% and 75% 

of FVC, 408-409, 409f
forced expiratory flow between 200ml and 

1200ml of FVC, 408-409, 408f
forced expiratory volume in 1 second, 

407-408, 410b
forced vital capacity, 405-407, 407f, 410b
hazards and complications of, 406b
incentive. see Incentive spirometry (IS)
indications for, 406b
interpretation, 410-412, 411t, 413b
maximal voluntary ventilation, 409-410, 410f
other values obtained during, 410
peak expiratory flow, 407f, 409
quality control and assurance for, 406b
reversibility, 413

Splanchnic perfusion, 1047, 1048f
Spontaneous awaking trials, 1205
Spontaneous breathing, 1018-1019, 1019f
Spontaneous breathing trials, 1191, 1198b, 

1201-1203, 1201b-1203b, 1203t, 1206b

Spontaneous breaths, 1002, 1009f
Spontaneous pneumothorax, 563
Sporicidal, 63
Spray pumps, 865
Sputum

culture of, 353
description of, 325-326
Gram stain of, 353-354, 353b, 502-503, 

503b
induction of, 273b
sampling of, 746, 746f

Squamous cell carcinoma, 635-636
ST segment, 359f-360f, 360-361
Staffing, 136
Standard bicarbonate, 304-305
Standard precautions, 63, 64b

aprons, 64
definition of, 63
face shields, 63, 64b
gloves, 63, 64b
gowns, 64, 64b
infection control use of, 403
masks, 63, 64b

Starling equation, 279
Starling equilibrium, 280
Starling forces, 271-272
Starling’s law, 214
State credentialing, 20
State of equilibrium, 111
Statement of Ethics and Professional Conduct, 

of American Association for Respiratory 
Care, 83, 84b

States of matter
changes in, 105-117
description of, 103-105

Statistical process control chart, 37f
Statistical quality control, internal, 382, 383f
Statistics, selector algorithm, 152f
Steam sterilization, 71
Steeple sign, 703
Stenosis

definition of, 211
laryngeal, 763
mitral, 213b
tracheal, 763, 764f

Stereotactic body radiotherapy, 645-646
Sterilization, 69t, 70-73

bronchoscopes, 69
chemical, 70, 71t
definition of, 70
disinfection versus, 70
ethylene oxide (EtO) gas, 70
flash, 72
immediate use, 72
low-temperature technologies, 72-73
methods of, 72t
Spaulding approach to, 68-69
steam, 71

Sternal angle, 171-172
Sternocleidomastoid muscles, 178-179, 178f
Sternum, 171-172, 174f
Stethoscope, 336-337, 337f
Stomata, 180
STOP-BANG questionnaire, for obstructive 

sleep apnea, 674, 675b
Stopcock, 377f
STPD, 113

Strain, 1164
Strain-gauge pressure transducers, 115, 116f
Streamlines, 108
Strength and muscle endurance, monitoring of, 

1167-1169, 1167f
Streptococcus pneumoniae, 353, 496-497, 497b
Stress index, 1164, 1165f
Stretch-sensitive muscle spindle, 311, 311f
Strict liability, 94-95
Stridor, 338-339, 339t, 1227
Stroke, 664

abnormal respiratory patterns associated 
with, 665t

Stroke volume, changes in, 217-220, 218f
Strong acids, 286-287
Study idea, how to develop, 148-150
Study protocol, how to write, 150, 150b
Subacute care, 1286
Subacute care ventilators, 1013
Subcutaneous emphysema, 336, 564b
Sublimation, 106
Sucralfate, 509
Suction systems, 74
Suctioning, 740-746

endotracheal. see Endotracheal suctioning
indications for, 1232b
for intubated pediatric patients, 1232-1233, 

1232b-1233b
nasopharyngeal, 1232-1233
nasotracheal, 744-746, 745b
sputum sampling, 746
tracheal, 1232-1233, 1233b

Sudden death
causes of, 791
prevention of, 791

Sudden infant death syndrome (SIDS), 695, 
701-702, 701b

causes of, 701-702, 702b
prevention of, 702

Sudden respiratory distress, management of, 
1062b

Sulci, 209
Super obesity, 620
Superior laryngeal nerve, 186
Superior vena cava (SVC), 214
Superior vena cava syndrome, 637
Supersaturated solution, 271
Supersyringe, 1161
Supplemental oxygen, 523, 523b, 803
Suprasternal notch, 171-172
Supraventricular tachycardia, 808-809, 808f
Surface tension, 108-109, 108f, 109t

forces, 229-230, 229f
Surfactant

acute respiratory distress syndrome treated 
with, 608

atelectasis caused by, 938
deficiency, 1225
description of, 162
fetal production of, 1225
lecithin-to-sphingomyelin ratio and, 

1217-1218
replacement therapy for, 1226b
synthesis of, 162

Surveillance, for hospital-acquired infections, 
77-79

Susceptible hosts, 60



1368	 Index

Suspensions, 271
Sustained maximal inspirations, 943
Swan-Ganz catheter, 453, 454f
Sweat chloride, 354
Sweep flow, 1141-1142, 1141f, 1142b, 1149b
Symptoms, definition of, 321
Synchronization window, 1001
Synchronized cardioversion, 809
Synchronized countershock, 815
Synchronized intermittent mandatory 

ventilation (SIMV), 9, 1027, 1083-1084
advantages and disadvantages of, 1084t
control of PaCO2 in, 1104-1105
mechanical ventilation discontinuation use 

of, 1203-1204, 1203t
partial ventilatory support in, 1106b
total minute ventilation, 1085

Syncope, 331
Synthesized databases, 148
Systematic errors, 382, 382t, 1155-1156
Systematic vascular resistance, 1178t
Systemic inflammatory response syndrome,  

488
Systemic vascular resistance, 215
Systole, 210-211
Systolic murmurs, 340
Systolic pressure, 330

T

T tube, 921f
T wave, 359, 359f, 361
Tachyarrhythmias, 815
Tachycardia, 329-330

supraventricular, 808-809, 808f
ventricular, 366, 366b, 366f, 809, 810f

Tachypnea
acute diaphragmatic fatigue, 335
definition of, 330, 1195, 1224
work of breathing increases and, 980

Tactile fremitus, 336
Tadalafil, 582
Tail-off effect, 851
“Talking” tracheostomy tube, 766, 766f
Tamponade, 1149
Targeting schemes, for mode of ventilation, 

1005-1006, 1005f
Technical direction, 22
Technical roles, 13-14
Telangiectasia, 975
Telehealth homepod, 131f
Telemedicine, 134-135
Telemonitoring, 134-135
Temperature

evaporation influenced by, 111
kinetic energy and, 104
solubility of gas affected by, 271
water vapor pressure and, 111

Temperature scales, 104-105, 105f
Tension pneumothorax, 440-441, 441f, 563-564, 

564b, 617, 1049-1050, 1062, 1062b
Tension-time index, 982
Terbutaline, 530t-531t
Terminal bronchioles, 160-162, 197, 200-201
Terminal saccular stage, in respiratory 

development, 160-162, 163f
Terminal weaning, 1211-1213
Tetralogy of Fallot, 698-700, 699f

The Joint Commission, 21
accreditation standards of, 41
“Do Not Use” abbreviation list, 55t
performance improvement standards of,  

41b
Thebesian veins, 212-213
Theophylline, 530t-531t
Therapist-driven protocols, 130. see also 

Respiratory care protocols
Thermal ablation, of endobronchial lesion, 465, 

465b
Thermal conductivity, 104, 104t
Thermistors, 403-404
Thermodynamics, 103-105
Thermoelastogram (TEG), 1144
Thiamine deficiency, 484-485
Thiosulfate, 628-629
Third-degree heart block, 364, 364f
Thoracentesis, 558, 560-561, 560f
Thoracic cage

disorders of, 665-666, 983
in infant, 169-170, 170f

Thoracic expansion, 228, 240, 962
Thoracic flap, 617-619
Thoracic gas volume (TGV), 416-417
Thoracic pump, 215, 1043-1044
Thoracic wall

components of, 171-175, 173f
in infants, 169-170
sectional view of, 173f

Thoracoscopy, 561
Thorax

bones of, 171-172, 174f
components of, 171-175, 173f
configuration of, 332, 333f, 333t
examination of, 332-340
expansion of, 332-333, 334f
respiratory muscles and, 176t
soft tissue retractions, significance of, 171b
surface features of, 171
transverse sectional view of, 173f

Thorpe tube flowmeters, 901-903, 902f-903f
Thrills, 340
Thrombasthenia, 352
Thrombin, by-products of, 573-574
Thrombocytes, 346
Thrombocytopenia, 352
Thrombocytosis, 352
Thrombolytic therapy, 578
Thrombotic stroke, 664
Thymoma, 658
Thyroid cartilage, 192
Tidal volume (VT), 414, 1085-1086

for acute respiratory distress syndrome, 600
adjusting, 1104-1106
in children, 1239, 1239b
dead space and, ratio between, 243-245
definition of, 227
expired, 1161
ideal body weight, 1087t
initial, 1088t
inspired, 1161
obesity respiratory management and, 

623-624, 624b
positive pressure mechanical ventilation 

effects on, 1027-1028
in ventilators, 1013-1014

Time constants, 241, 241b, 242f, 1001, 1001f, 
1025-1026

Time control, 997
Time-triggered continuous mandatory 

ventilation, 1082-1083
Tingling equipment, 44b
Tiotropium, 530t-531t
Tissot spirometer, 480
Tissue oximetry, 393
Tissue oxygen monitoring, 386-387, 387f
Tissue oxygen sensor, 1157
Tissue viscous resistance, 233
TNM staging, 640, 641t, 642f
Tobacco

dependence on, treating of, 1260t
education program for, 1261t
interstitial lung disease associated with, 

544-545, 544f, 551b
lung cancer risks associated with, 635-636

Tobramycin, inhaled, 733-734
adverse effects of, 733-734, 733b
assessment of, 734

Tonicity, 272
Tonsillectomy, 192
Torr, 114
Tort, 92
Total bilirubin, 351
Total body surface area (TBSA), 628

quantification of, 628t
Total face mask, 1122, 1123b, 1123f
Total lung capacity (TLC), 231, 404, 414, 420f

effective, 421
Total-PEEP, 1164
Trachea, 195-197, 195f-196f, 196b

bifurcation of, 169f
development of, 160
lesions of, 763-764, 764f
suction systems, 74

Tracheal airways
communication considerations for, 765-767
description of, 749, 750t
humidification of, 767
nosocomial infections caused by, 768
pulmonary infections caused by, 768b
secretion clearance from, 768
trauma caused by, 764

Tracheal breath sounds, 337, 338t
Tracheal buttons, 779, 780f
Tracheal malasia, due to artificial airway, 

1061-1062
Tracheal pressure, 766-767, 767f
Tracheal stenosis, 763

due to artificial airway, 1061-1062
Tracheal suctioning, 1232-1233, 1233b
Tracheal tugging, 335
Trachealis muscle, 195-196
Tracheobronchial tree

branching and dividing of, 160, 234-235
major airways of, 195f

Tracheoesophageal fistula, 764
Tracheoesophageal fistula, due to artificial 

airway, 1061-1062
Tracheoinnominate artery fistula, 764
Tracheomalacia, 763
Tracheostomy

care of, 771-772, 771b
definition of, 759
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mechanical ventilation in, 1104
permanent, 774-775
tubes for. see Tracheostomy tubes

Tracheostomy collar, 921f
Tracheostomy tubes, 453

brands of, 761t
bronchoscope insertion through, 787
care of, 771-772, 771b

equipment for, 771b
changing of, 772
cleaning of, 768
decannulation, 779
description of, 749
fenestrated, 779, 779f
Jackson, 752f
obstruction of, 770f, 772-773
parts of, 752f

description of, 751-752
progressively smaller, 779
removal, 779
size of, 762t
speaking valves attached to, 766, 767b, 767f
“talking”, 766, 766f
tracheal pressure measurements, 766-767, 

767f
Tracheotomy, 759-762

advantages and disadvantages of, 750t
decision-making algorithm for, 760f
definition of, 759
endotracheal tube to, switching of, 759b
historical uses of, 10
indications for, 1198-1199
percutaneous dilation, 760, 761b, 761t
procedure for, 759-762
work of breathing affected by, 1209

Transairway pressure (PTAW), 228, 228t, 
1017-1018

Transalveolar pressure (PTA), 228, 228t, 
1017-1018, 1022b

Transbronchial biopsy, 461-462, 461f, 462t
Transbronchial needle aspiration, 462-463,  

463f
Transcellular fluid, 278
Trans-chest wall pressure (PTCW), 228, 228t, 

1017-1018
Transcutaneous blood gas monitoring, 384-386, 

384t, 385b-386b, 385f-386f
Transcutaneous neuromuscular electrical 

stimulation, 522
Transdiaphragmatic pressure, 1018
Transfusion-related acute lung injury (TRALI), 

597
Transient tachypnea of the newborn (TTN), 

691-692
Transitional flow, 121f, 122
Transmission of infection, 60-62, 61t

aerosol, 61-62
airborne, 61, 61t
contact, 61, 61t
droplet, 61, 61t
precautions based on, 65-67
vehicle, 62

Transmural pressure gradient, 235-236
Transport, of infected patients, 68
Transport ventilators, 1013-1014
Transposition of the great arteries, 700, 700b

Transpulmonary pressure, 1017-1018, 1022b, 
1079, 1163

description of, 228
gradients of, 240-241, 240f
lung expansion therapy effects on, 939, 939f
newborns and, 167

Transpulmonary pressure difference (PTP), 228, 
228t

Transrespiratory pressure, 228, 228t, 
1017-1018

Transthoracic needle biopsy, 640
Transthoracic pressure, 1017-1018
Transthoracic pressure difference, 228, 228t
Transthyretin, 477
Transtracheal catheter, 912t, 914, 914f
Transtracheal oxygen therapy, 1295-1296, 

1296b-1297b
Transudate fluid, 439
Transudates, 629-630
Transudative pleural effusion, 556-558, 557f

rare causes of, 558
Trapezius muscles, 179, 179f
Trapped end-expiratory gas, 622
Trauma, respiratory management of, 615-633
Traumatic brain injury (TBI)

definition of, 664-665
description of, 316
mechanical hyperventilation of patient with, 

316b
Treprostinil, 581-582, 736
Triamcinolone, 530t-531t
Triceps skin fold, 477
Tricuspid valve, 210-211
Trigger asynchrony, 1064, 1068-1073

auto-PEEP/missed triggering, 1068-1071, 
1069f-1070f, 1070b-1071b

autotriggering, 1072, 1072b
double triggering, 1072, 1072b, 1072f
reverse triggering, 1072-1073, 1073f
trigger delay, 1071-1072

correcting, 1072b
Trigger delay, 1064-1065, 1071-1072
Trigger inspiration, 998, 999f
Trigger window, 1001
Trimethoprim-sulfamethoxazole, 732
Tripod position, in chronic obstructive 

pulmonary disease (COPD), 179b
Tripodding, 328
Trismus, 797
Troponin, 352
Troubleshooting, 1185-1186, 1186b, 1187t
True ribs, 173
TTS cuff, 770, 770f
T-tube resuscitator, 806f
Tube compensation, 1010
Tuberculomas, 510
Tuberculosis, 509-511

antituberculous medications for, 511
complications of, 510
diagnosis of, 510-511
endobronchial, 509-510
epidemiology of, 509
extrapulmonary, 510
multidrug-resistant, 509
pathophysiology of, 509-510
primary, 509
purified protein derivative test for, 510-511

reactivation, 509-510
treatment of, 511

Tuberculous pleurisy, 558-559
Tuberous sclerosis complex 

lymphangioleiomyomatosis, 548
Tubinometers, 403-404
Turbinates, 189
Turbulent diastolic murmur, 340
Turbulent flow, 121-122, 121f-122f, 234
Turgor, 272
24-hour recall, 475
Tympanic sound, 336
Type I pneumocytes, 162, 201-202
Type I respiratory failure. see Hypoxemic 

respiratory failure
Type II pneumocytes, 160-162, 202
Type II respiratory failure. see Hypercapnic 

respiratory failure

U

Ultrasonic nebulizers, 836-837, 836f, 837b
Ultrasound

of chest, 436, 437f
deep venous thrombosis detection using, 574, 

574f
Ultrathin bronchoscopy, 464, 464f
Unsynchronized countershock, 811-815
Upper airway

injuries to, life threatening trauma and, 617, 
618f

patent, 194-195, 194f
pediatric, 168f
postnatal development of, 168-169, 168f

Upper airway resistance syndrome, 678
Upper deflection point, 1161-1162
Upper inflection point (UIP), 601-602
Upper respiratory tract, 189-195

definition of, 189
functions of, 189b
larynx. see Larynx
nasal cavity, 189-190
oral cavity, 191, 191f
pharynx, 191-192

Uremic pleurisy, 559
Urinary buffers, 292-294, 293f
Urinary urea nitrogen, 478
Urine, definition of, 291
Usual daily intake recall, 475
Usual interstitial pneumonitis (UIP), 543
Uvula, 191
Uvulopalatopharyngoplasty (UPPP), 682

V

V wave, 225
Vagovagal reflexes, 188, 311
Valence, 273
Vallecula, 193
Value-based purchasing system, 138
van der Waals forces, 103, 119
Vaporization

boiling, 110-111
definition of, 104
latent heat, 110
pressure effects on, 113

Vaporizer humidifier, 825
Varenicline tartrate, 1257-1258

Tracheostomy (Continued) Tuberculosis (Continued)
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Variable deceleration, 1218, 1219f
Varicose bronchiectasis, 535
Vascular endothelial growth factors (VEGF), 

646
Vascular resistance, 215-216
Vascular spasm, 696
Vascular system

anatomy of, 214-217
development of, 169

Vasoconstriction, 216, 329
Vasodilation, 216
Vasopressin, 813t-815t. see also Antidiuretic 

hormone
Vasopressor effect, 719
VD/VT ratio. see Dead space/tidal volume 

(VD/VT) ratio
Vector-borne transmission, 61t, 62
Vehicle transmission, 62
Velocity, 122-123, 123f
Venoarterial extracorporeal membrane 

oxygenation, 1137, 1146-1147, 1147f, 
1148b

Venography, 574
Venous admixture

definition of, 1158-1159
description of, 253
hypoxemic respiratory failure caused by, 

975-976
Venous blood

carbon dioxide content of, 263, 263t
description of, 212-213

Venous cannulas, types of, 1145
Venous oximetry, 392-393, 393f
Venous reservoir, for extracorporeal membrane 

oxygenation, 1139, 1140f
Venous system, 214-215
Venous thromboembolic disease, 571-579

anticoagulation therapy for, 577-578
arterial blood gases in, 573
chest radiograph of, 573
clinical features of, 572-573, 573t
deep venous thrombosis. see Deep venous 

thrombosis
diagnosis of, 573-576
electrocardiogram findings, 573
frequency of, 571t
heparin for, 577-578, 577t
mortality caused by, 571
pathogenesis of, 571
pathology of, 572
pathophysiology of, 572
predisposing conditions for, 571b
prevalence of, 571
prophylaxis, 576-577, 577b, 577t
pulmonary embolism. see Pulmonary 

embolism
treatment of, 576-578

Venovenous extracorporeal membrane 
oxygenation, 1137, 1147-1148, 1147b, 
1147f

guidelines for ambulating on, 1151b
Vent status panel, 991, 994f
Ventilation, 226-246, 1019. see also Breathing; 

Mechanical ventilation
adequacy of, 1159b
in advanced cardiovascular life support,  

806

assessment of, for ventilator discontinuation, 
1195-1196, 1196b

bag-mask devices for. see Bag-mask devices
basic life support restoration of, 795-797
in cardiopulmonary resuscitation, 808b
classification of, acid-base disturbance and, 

297t
distribution of, 239-242
effectiveness of, 245
efficiency of, 242-245
elastic opposition to, 230-231
equation for, 227
frictional opposition to, 233

airway resistance (Raw). see Airway 
resistance

characteristics of, 241
gravity effects on, 240b
hyperventilation, 245
hypoventilation, 245
local factors that affect, 241-242
mechanics of, 227-235, 227f, 559-560, 560b
modes of, 1123-1129
monitoring of, 1159-1161, 1159b
mouth-to-mouth, 796, 796f
mouth-to-nose, 797, 797f
mouth-to-stoma, 797
noninvasive, 1207
operator error, 1053
oxygen therapy-related depression of, 

908-909
patient positioning effects on, 1042-1043
regional differences in, 253-254
time constant effect on, 241, 241b
tissue viscous resistance, 233

Ventilation/perfusion imbalances, 267-268, 
267f-268f

hypercapnia secondary to, 268
hypoxemia caused by, 263t, 264, 265b

Ventilation/perfusion mismatch
alveolar-to-arterial PO2 difference affected by, 

976
clinical presentation of, 973-974
hypoxemia caused by, 264, 572, 973-974, 973f
hypoxemic respiratory failure caused by, 

973-976
radiographic findings, 974
shunt and, differentiation between, 974-975, 

974f
Ventilation/perfusion ratio, 1023, 1023f

alterations in, 252-253, 252f
definition of, 252
range of, 265f
regional differences in, 253-254
of zero, 264-265

Ventilation/perfusion scan, pulmonary 
embolism diagnosis using, 575t

Ventilator(s), 130, 987-1015, 991b, 1002b, 1062, 
1062b

adjustment to, 1093-1095, 1108b
choice of, 1082
circuits, 73-74, 75b
classification of, by use, 1012-1014
control circuit for, 989
control system of, 989
control variable of, 1007
conventional, 1011-1012, 1012b

critical care, 1013, 1126-1128, 1127f-1128f
cycle variables, 998
discontinuation of, 1190-1215

acid-base balance considerations, 1197
adaptive support ventilation, 1205
airway evaluation before, 1198-1199
approach selection for, 1207-1208
automatic tube compensation for, 1206
cardiovascular function for, 1197, 1197t
caregiver preparation for, 1200
central nervous system assessment, 

1197-1198
changes during, 1209t
continuous positive airway pressure for, 

1203
definition of, 1191-1192
failure of, 1210, 1211b, 1212t-1213t
global criteria for, 1193
indices for, 1194-1195, 1195t
integrated indices for, 1198
mandatory minute volume ventilation for, 

1205
metabolic factors that affect, 1197
methods for, 1191, 1200-1205
mobility role in, 1207
noninvasive ventilation for, 1207
oxygenation status assessments before, 

1196
patient evaluation before, 1193-1199
preparing the patient, 1199-1200, 1199b
pressure support ventilation, 1204, 1204b, 

1208t
psychologic factors, 1197-1198
rapid ventilator, 1200-1201
readiness for, 1194b
recommendations for, 1201, 1202b
spontaneous breathing trials, 1191, 

1201-1203, 1201b-1202b, 1203t
synchronized intermittent mandatory 

ventilation for, 1203-1204, 1203t
timing of, 1191
volume support for, 1206-1207

displays, 990-991
drive mechanism of, 988-989
electrical energy of, 988
flow sheet, 1170f-1171f
flow waveform, 1090, 1090b, 1091f
graphics, 1174f-1175f, 1175b
high-frequency, 1012
home care, 1013, 1128-1129, 1128f
initiation of, 1081-1082
input power of, 988
minimizing risk of infection with, 74b
mode taxonomy, use of, 1010-1011
modes of ventilation, 995-1010
noninvasive, 1014, 1123-1126, 1125f-1126f
operator interface of, 989-994, 989f-990f
output control valve of, 989
patient interface, 994-995
patient-ventilator interaction, 1095
patient-ventilator periodic assessment, 1242, 

1242b
periodic sighs, 1093
phase variables, 1007-1008
pneumatic energy of, 988
portable, 1128-1129, 1128f

Ventilation (Continued) Ventilator(s) (Continued)
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power transmission and conversion of, 
988-989

rate of, 1239-1240
response time of, 1088b
settings

alarms, 1092-1093, 1093t
continuous positive airway pressure, 1092
fractional inspired oxygen, 1092
initial, 1081b-1082b, 1082-1093, 1088b, 

1094b
inspiratory flow, 1087-1091, 1089f
inspiratory pause, 1090-1091, 1091b
inspiratory time, 1087-1091, 1089f
inspiratory-to-expiratory ratio, 1087-1091, 

1089f
limits, 1092-1093
open lung strategy, 1092
oxygen percentage, 1092
positive end expiratory pressure, 1092
pressure rise time or slope, 1092
recruitment maneuvers, 1092
tidal volume and rate, 1085-1086, 

1104-1106
trigger sensitivity, 1086-1087

subacute care, 1013
transport, 1013-1014
trends, 990, 990f
types of, 1011-1014
waveforms and loops, 990, 992f-993f
weaning from. see Weaning from mechanical 

ventilation
Ventilator-associated events (VAE) surveillance 

algorithm, 78f
Ventilator-associated pneumonia, 9-10, 75b, 

1052-1053
antibiotics for, 505-508
definition of, 504-505
diagnostic studies, 502-505
noninvasive ventilation and, 1116
prevention of, 508-509, 1052-1053

Ventilator-induced lung injury (VILI), 596-597, 
1026, 1164

avoiding, 603b
Ventilatory capacity, 1192-1193, 1193f
Ventilatory drive, 1193b

assessment of, 1167
Ventilatory failure, 976, 1022. see also 

Hypercapnic respiratory failure
Ventilatory modes, physiologic effects of, 

1032-1043
Ventilatory muscle, endurance of, 1192-1193, 

1207-1208
Ventilatory patterns, 1004
Ventilatory support, 1085b. see also Mechanical 

ventilation
adjusting, 1078-1110
in alternative care settings. see Alternative 

care settings, ventilatory support in
assessment of, 1093, 1094b, 1095t
goals of, 1080b
indications for, 980-981, 981t
initiating, 1078-1110
need for, 971-986

parameters indicating, 981
objectives of, 1080b
physiology of, 1016-1057

Ventilatory threshold, 1266
Ventilatory workload, 1192, 1192b
Ventral respiratory groups, 309-310, 309f
Ventricular dysfunction, left, effect on, 1044
Ventricular fibrillation

cardiac arrest caused by, 795
coarse, 809-810, 811f
definition of, 809-810
description of, 366-367, 367f
fine, 809-810, 811f

Ventricular septal defect (VSD), 700
Ventricular tachycardia (VT), 366, 366b, 366f, 

809, 810f
Venturi mask, 919-920
Veracity, 85, 86b
Verapamil, 813t-815t
Very low birth weight (VLBW), 1221-1223
Vesalius, 6, 10
Vesicular breath sounds, 337-338, 338t
Vest Airway Clearance System, 966-967, 967f
Vestibule, 189
Vibrating mesh nebulizers, 866, 866f
Vibratory positive expiratory pressure, 964-966, 

965f
Violations, reporting of, 98
Viral pleurisy, 558
Virtue ethics, 90
Virucidal, 63
Visceral pleura, 171, 433, 438, 439f, 440, 

554-555
Viscosity, 107-108
Vital capacity (VC), 404

measurement of, 416
Vital signs, 328-332

blood pressure. see Blood pressure
body temperature. see Body temperature
definition of, 328-329
pulse rate, 329-330, 329b
respiratory rate, 330

Vocal cord inflammation, 763
Vocal cord paralysis, 763
Vocal cords, 193-194, 193f
Vocal fremitus, 336
Voice sounds, 340
Volatile acids, 286
Voltage, 44-45
Volume control ventilation, 601
Volume cycling, 1000
Volume guarantee, 1237
Volume median diameter, 845
Volume support, 1041, 1206-1207
Volume targeted assist/control ventilation, 

1071b
Volume-controlled continuous mandatory 

ventilation, 1033, 1034f, 1036b
Volume-controlled intermittent mandatory 

ventilation, 1036, 1037f
Volume-controlled ventilation, 999f

parameters for, 1000t
versus pressure-controlled, 1081, 1107t
pressure-controlled ventilation versus, 1032, 

1033t
waveforms for, 997, 998f

Volutrauma, 600, 694, 1026, 1050
complications related to, 1050-1051

Vomiting, 800
VT. see Tidal volume (VT)

W

Waist circumference, 477
Wall attachment, 123-124
Warfarin, 578
Water vapor, effect of, 117-119
Water vapor pressure, 111, 111f
Weak acids, 286-287
Weaning from mechanical ventilation

Agency for Healthcare Research and Quality 
evidence summary regarding, 1200b

airway evaluation before, 1198-1199
approach selection for, 1207-1208
cardiovascular status monitoring during, 

1209
in chronic obstructive pulmonary disease, 

1115, 1115b
complications of, 360b
computer-based, 1205-1206
definition of, 1191-1192
failure of, 1210, 1211b, 1212t-1213t
goals for, 1211b
indices, 1194-1195, 1195t
long-term, 1211b
metabolic factors that affect, 1197
monitoring during, 1208-1209
noninvasive ventilation, 1131
nonrespiratory factors affecting, 1198b
oxygen cost of breathing, 239b
oxygenation effects on, 1196
oxygenation monitoring during, 1209
progressive, 1201
recommendations for, 1201, 1202b
respiratory factors that affect, 1194b
respiratory-therapists-driven protocols, 1207, 

1207b
terminal, 1211-1213
ventilatory status assessments during, 

1208-1209
Websites, helpful, for pulmonary patients,  

136t
Wedge resection, 645
Weight, 476
Weight-per-volume (W/V) solution, 274
Westermark sign, 573
“Wet drowning”, 625
Wheezes, 338-339, 339b, 339t, 529b
White blood cell count, 347, 347b, 347t

differential, 348b
Whole-body diffusion gradients, 248
Wick humidifier, 824f, 825, 829f, 834
Wicks, 824
Wide-complex QRS tachycardia, 810f
Work of breathing, 236-239, 238f, 982

artificial airway effects on, 1209
definition of, 982
hypercapnic respiratory failure caused by 

increases in, 978-979
increases in, 334, 980, 1031b
mechanical, 237-238, 237f-238f
mechanical ventilation effects on, 1030
metabolic, 238-239
normal, 982
pressure support ventilation effects on, 1084
spontaneous ventilatory workload 

assessments, 1192
tachypnea and, 980

Ventilator(s) (Continued)
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tracheotomy effects on, 1209
trigger site and, 1032

Workload, 136

X

Xiphoid process, 171-172

Y

Yankauer suction tip, 740f

Work of breathing (Continued)
Z

Zafirlukast
asthma treated with, 529, 530t-531t
characteristics of, 730t
models and sites of action for, 731f

Zanamivir, inhaled, 734-735
adverse effects of, 735
assessment of, 735

clinical efficacy, 735
indication of, 734
mode of action for, 734-735, 735f

Zileuton, asthma treated with, 529,  
530t-531t

Zinc deficiencies, 484-485
Zone valves, for medical gases, 894, 895f
Zubrod scale, 641

Zanamivir, inhaled (Continued)
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N-SiPAP nasal positive airway pressure with periodic (sigh) 
bilevel positive airway pressure breaths or bilevel 
nasal continuous positive airway pressure

NTE neutral thermal environment
O2 oxygen
O2Hb oxygenated hemoglobin
OH− hydroxide ions
OHDC oxyhemoglobin dissociation curve
OSA obstructive sleep apnea
P pressure
ΔP change in pressure
P50 PO2 at which 50% saturation of hemoglobin 

occurs
P100 pressure on inspiration measured at 100 msec
Pa arterial pressure
PA pulmonary artery
P(A-a)O2 alveolar-to-arterial partial pressure of oxygen
P(A-awo) pressure gradient from alveolus to airway opening
PACO2 partial pressure of carbon dioxide in the alveoli
PaCO2 partial pressure of carbon dioxide in the arteries
Pal alveolar pressure
PAO2 partial pressure of oxygen in the alveoli
PaO2 partial pressure of oxygen in the arteries
PaO2/FiO2 ratio of arterial PO2 to FiO2

PaO2/PAO2 ratio of arterial PO2 to alveolar PO2

PAOP pulmonary artery occlusion pressure (Also known 
as pulmonary capillary wedge pressure [PCWP])

PAP pulmonary artery pressure
PAP mean pulmonary artery pressure
P(a-et)CO2 arterial-to-end-tidal partial pressure of carbon 

dioxide
PAGE perfluorocarbon associated gas exchange
Paug pressure augmentation
PAV proportional assist ventilation
Paw airway pressure
Paw mean airway pressure
Pawo airway opening pressure
PAWP pulmonary artery wedge pressure
PB barometric pressure
PBW predicted body weight
Pbs pressure at the body’s surface
PC-CMV pressure-controlled continuous mandatory 

ventilation
PCEF peak cough expiratory flow
PCIRV pressure control inverse ratio ventilation
PCO2 partial pressure of carbon dioxide
PC-IMV pressure-controlled intermittent mandatory 

ventilation
PC-SIMV pressure-controlled synchronized intermittent 

mandatory ventilation
POCT point of care testing
PCV pressure-controlled ventilation
PCWP pulmonary capillary wedge pressure
PCWPtm transmural pulmonary capillary wedge pressure
PDA patent ductus arteriosus
PE pulmonary embolism
PEmax maximal expiratory pressure
PEA pulseless electrical activity
PECO2 partial pressure of mixed expired carbon dioxide
PEEP positive end expiratory pressure
PEEPE extrinsic PEEP (set-PEEP)
PEEPI intrinsic PEEP (auto-PEEP)
PEEPtotal total PEEP (sum of intrinsic and extrinsic PEEP)
PEFR peak expiratory flow rate
Pes esophageal pressure
PetCO2 partial pressure of end-tidal carbon dioxide
Pflex pressure at the inflection point of a pressure/

volume curve

PFT pulmonary function test(ing)
Pga gastric pressure
pH relative acidity or alkalinity of a solution
Phigh high pressure during APRV
PHY permissive hypercapnia
PIE pulmonary interstitial edema
PIF pulmonary interstitial fibrosis
PImax maximum inspiratory pressure (also MIP, MIF, 

NIF)
Pinside inside pressure
Pintrapleural intrapleural pressure (also Ppl)
PiO2 partial pressure of inspired oxygen
PIP peak inspiratory pressure (also Ppeak)
PISS pin-indexed safety system
PL transpulmonary pressure
Plow low pressure during APRV
PLV partial liquid ventilation
PM mouth pressure
pMDI pressurized metered dose inhaler
Pmus muscle pressure
PO2 partial pressure of oxygen
Poutside pressure outside
Ppeak peak inspiratory pressure (also PIP)
PPHN primary pulmonary hypertension of the neonate
Ppl intrapleural pressure
Pplateau plateau pressure
ppm parts per million
PPST premature pressure support termination
PPV positive pressure ventilation
PRA plasma renin activity
PRVC pressure regulated volume control
PS pressure support
PSB protected specimen brush
Pset set pressure
psi pounds per square inch
psig pounds per square inch gauge
PSmax maximum pressure support
Pst static transpulmonary pressure at a specified 

lung volume
PSV pressure support ventilation
PTA transairway pressure
PtcCO2 transcutaneous PCO2

PtcO2 transcutaneous PO2

Ptm transmural pressure
PTR transrespiratory pressure
PTSD posttraumatic stress disorder
PTT transthoracic pressure (also Pw)
P-V pressure-volume
PV pressure ventilation
PVC(s) premature ventricular contraction(s)
PvO2 partial pressure of oxygen in mixed venous 

blood
PVR pulmonary vascular resistance
PVS partial ventilatory support
Pw transthoracic pressure (also PTT)
Q blood volume
�Q blood flow
�Qc′ pulmonary capillary blood flow
q2h every 2 hours
�QT cardiac output
�
�
Q

Q
s

t

shunt

�Qsp physiologic shunt flow (total venous admixture)
R resistance (i.e., pressure per unit flow)
R mean total resistance
RAM random access memory
RAP right atrial pressure
Raw airway resistance



rb rebreathing
RCP respiratory care practitioner
RDS respiratory distress syndrome
Re Reynolds number
RE total expiratory resistance
REE resting energy expenditure
RI total inspiratory resistance
RICU respiratory intensive care unit
RL total pulmonary resistance
RM lung recruitment maneuver
ROM read-only memory
ROP retinopathy of prematurity
RQ respiratory quotient
RSS really simple syndication
RSV respiratory syncytial virus
RT respiratory therapist
Rti tissue resistance
RV residual volume
RV/TLC% ratio of residual volume to total lung capacity
RVEDP right ventricular end-diastolic pressure
RVEDV right ventricular end-diastolic volume
RVP right ventricular pressure
RVSW right ventricular stroke work
S saturation in the blood phase
SA sinoatrial
SaO2 arterial oxygen saturation
SBCO2 single breath carbon dioxide curve
SCCM Society for Critical Care Medicine
SFIM sporadic fatal infectious mononucleosis
S.I. Système International d’Unités
SI stroke index
SIDS sudden infant death syndrome
SIMV synchronized intermittent mandatory ventilation
Sine sinusoidal
SNF skilled nursing facility
sp. species
sPEEP spontaneous positive end expiratory pressure
SpO2 oxygen saturation measured by pulse oximeter
STPD standard temperature, pressure saturated; 0° 

Celsius, 760 mm Hg, dry
SV stroke volume
SVC slow vital capacity
SvO2 mixed venous oxygen saturation
SVN small volume nebulizer
SVR systemic vascular resistance
t time
T temperature
TAAA thoracoabdominal aortic aneurysm
Tc time constant
tcCO2 transcutaneous CO2

TCPL time-cycled, pressure-limited ventilation
TCPL/IMV time-cycled, pressure-limited intermittent 

mandatory ventilation
TCT total cycle time
TE expiratory time
TGI tracheal gas insufflation
TGV thoracic gas volume
TI inspiratory time
TI% inspiratory time percent
tid three times per day
TI/TCT duty cycle
Thigh time for high-pressure delivery in APRV
TJC The Joint Commission (formerly The Joint 

Commission on Accreditation of Healthcare 
Organizations [JCAHO])

TLC total lung capacity
Tlow time for low-pressure delivery in APRV
TLV total liquid ventilation

TOF tetralogy of Fallot
torr measurement of pressure that is equivalent to 

mm Hg
TTN transient tachypnea of the neonate
TTOT transtracheal oxygen therapy
TV tidal volume
U unit
UN urinary nitrogen
USN ultrasonic nebulizer
V gas volume
v venous
v mixed venous
�V flow
�VE expired minute ventilation
�VA alveolar ventilation per minute
VA alveolar gas volume
VAI ventilator-assisted individual
VALI ventilator-associated lung injury
VAP ventilator-associated pneumonia
VAPS volume-assured pressure support
VBP value-based purchasing
VC vital capacity
VC volume lost to tubing compressibility
VC-CMV volume-controlled continuous mandatory 

ventilation
VC-IMV volume-controlled intermittent mandatory 

ventilation
VCIRV volume-controlled inverse ratio ventilation
�VCO2 carbon dioxide production per minute
VD volume of dead space
�VD physiologic dead space ventilation per minute
�VDan anatomic dead space ventilation per minute
VDAN volume of anatomic dead space
VDalv alveolar dead space
VDmech mechanical dead space
VD/VT dead space-to-tidal volume ratio
VDbr rebreathing volume
�VDbr rebreathing ventilation per minute
�VE expired volume per minute
VEDV ventricular end-diastolic volume
VF ventricular fibrillation
�VI inspired volume per minute
VILI ventilator-induced lung injury
�VL actual lung volume (including conducting airways)
VLBW very low birth weight
VM vestibular membrane
�VO2 oxygen consumption per minute
VS volume support
VT ventricular tachycardia
VT tidal volume
VTA alveolar tidal volume
VTexp expired tidal volume
VTinsp inspired tidal volume
vol% volume per 100 ml of blood
�
�
V

Q
ventilation/perfusion ratio

VSV volume support ventilation
VV venovenous
W work
WOB work of breathing
WOBi imposed work of breathing
wye “wye” or Y connector
X any variable
X mean value
Y connects patient endotracheal tube to patient 

circuit
yr year
ZEEP zero end-expiratory pressure
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