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Advance Praise for Electrodiagnosis
in Diseases of Nerve and Muscle,
Fourth Edition

The new edition of this classic text will be welcomed not only by trainees in electrodiagnostic medicine but by established physicians
who seek a comprehensive and up-to-date account of the specialty by one of its masters. Jun Kimura—a former editor-in-chief of the
journal Muscle and Neve and a past president of the International Federation of Clinical Neurophysiology—has made seminal personal
contributions to the field and is recognized widely as an authority on electromyography and electrodiagnosis. His experience over
many years as a physician, investigator, and teacher has been distilled to produce this outstanding, comprehensive new edition. The
volume, which incorporates the advances of the years, will serve as a terrific informational resource as well as facilitating daily practice

for both new and established specialists. It is a mine of information.

Michael J. Aminoff, MD, DSc, FRCP, Distinguished Professor and Executive Vice Chair, Department of Neurology,

University of California, San Francisco, CA

This Fourth Edition of Electrodiagnosis in Diseases of Nerve and Muscle by Jun Kimura lives up to all expectations—updating a classic
reference that has been the “go-to” resource for a generation of electromyographers and neuromuscular clinicians the past thirty years.
Major sections have been revised, new material included, outdated references removed, and the text streamlined to emphasis current
concepts and practice. The clearly written and well-illustrated descriptions of the electrodiagnostic evaluation and expected results in
health and disease are both practical and comprehensive, making the book appropriate for trainees and veteran electromyographers
alike. This resource is a worthy companion of every physician who evaluates patients with suspected neuromuscular disorders. It is a

resource to be read and consulted on a regular basis, not one that will collect dust on the owner’s bookshelf.
James W. Albers, MD, PhD, Emeritus Professor of Neurology, University of Michigan Health System, Ann Arbor, Michigan

This edition of Kimura is the most complete, authoritative, up-to-date, and readable text on electrodiagnosis available today. It is a
multi-layered resource that will serve not only as a primer for the EMG beginner, but also as a reference text for the experienced elec-

trodiagnostic consultant.
Kerry Levin MD, Chairman, Department of Neurology, Director, Neuromuscular Center Cleveland Clinic

Great News—Jun Kimura’s Electrodiagnosis in Diseases of Nerve and Muscle—Principles and Practice Fourth Edition is out. Even though
several decades have past since this book was first conceived it remains the Gold-Standard in the discipline and no text on the subject
has out-performed this bible. A text-book of this scope today, is rarely written by a single authority, but much of the success of the previ-
ous editions have been due to Professor Kimura’s unique ability to cover essentials in ways few others can. His knowledge of the subject

is vast, and as the years have gone by, like a good wine, details and controversies have matured.

A new and welcome feature of the 4™ Edition is the creation of a CD. This adds important practical value to the book, allowing readers
to watch and listen to various types of normal and abnormal EMG activities. A valuable tool for those preparing for Certification in
EMG.

Some 5000 new references were reviewed in the preparation of the new edition selecting the pertinent and up-to-date information. The
4th Edition, describes several new techniques that have emerged since the previous edition, with expanded coverage of topics crucial
to theory and practice of EMG. New to the 4th edition is a section on intra-operative monitoring, studies for the pediatric and geriatric

populations and data analysis and reporting. All of which should help facilitate daily practice.



Kimura’s text remains an essential for all those practicing electromyography. Jun Kimura has expertise in Neurology, Physiology and
Engineering and all Neurologists, Neurosurgeons, Phsyiatrists, Orthopedic and Hand Surgeons and medical students, even if not run-

ning an EMG laboratory will do well to read this book. Without it their medical education is lacking and limited.
Andrew Eisen MD., FRCPC, Professor Emeritus Neurology, University of British Columbia, Vancouver, BC, Canada

The pleasant surprise as I reviewed this fourth edition was the substantial amount of change in organization of sections and chapters,
in addition to updates of the material. Age-related information, both pediatric/development and geriatric/aging are now co-located.
Similarly late responses now follow the nerve conduction chapters, rather than being lumped into Special Techniques with pediat-
rics. Throughout this manuscript, Jun Kimura has updated his elegantly written textbook, and it is still the most readable in the field.
‘Whether your interest is the secrets of volume conduction or the basics of median nerve testing, this book belongs on your desk. As a

bonus, the consistent chapter structure and thorough indexing makes easy work of finding specific details of interest.

William S. Pease, MD, Ernest W. Johnson Professor, Physical Medicine and Rehabilitation,
The Ohio State University Wexner Medical Center , Dodd Hall Rehabilitation Hospital, Columbus, OH
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Preface and
Acknowledgments

PREPARATION FOR thisrevisionbeganin2001
soon after the completion of the third edition
delivered in haste during an uninvited encoun-
ter with the law. To consolidate the voluminous
text, the goal intended but unmet at that time, I
have now deleted old or impractical concepts
and removed outdated references not directly
related to current practice. I have then updated
the contents based on some 5000 new articles
selected for information pertinent to the day-to-
day clinical studies, which turned into a slow and
tedious process. Fortunately, I had sufficient time
to streamline the manuscript for the sake of brev-
ity, especially with the completion of my tenure
for the World Federation of Neurology and after
the end of the malicious prosecution, which T had
to endure for some time as mentioned in the pref-
ace of the last edition. Incredible as it may sound,
a totally unforeseen turn of events involving the
corrupt public office surfaced in 2004, leading to a
confession, which finally substantiated our claim.

I'take heart in the belief that justice, though blind-
folded, will eventually prevail and truth always
sets you free.

Although the basic premises remain in elec-
trophysiologic problem solving, advanced tech-
nology has brought considerable modifications
in the way we practice this discipline. A num-
ber of new techniques emerged necessitating an
expanded coverage of the areas considered crucial
in theory or practice as they relate to electrodiag-
nostic medicine. I have also added brief chapters
on intraoperative monitoring, studies for the
pediatric and geriatric populations, and data anal-
ysis and reporting, which should help facilitate
daily practice. New for this edition, the book now
comes with a DVD for waveform reproduction,
which we successfully tried in the production of
a Japanese counterpart of this volume published
last year. I wish to thank Dr. Nobuo Kohara, a
friend of mine in Kyoto, who created the tape and
Mr. Hitoshi Sano of Nihon Kohden, Inc., who

o vii



modified it for the use in this edition. I wish also
to acknowledge Igakushoin, Inc. for allowing me
to reproduce some of the waveforms used in their
publication.

I have rewritten, in their entirety, the chapters
on principles of nerve conduction studies; the
F wave and A wave; other techniques to assess
nerve function; facts, fallacies, and fancies of
nerve stimulation technique; somatosensory and
motor evoked potentials; and all of the clinical
sections. The remaining chapters also underwent
a complete overhaul not only to reflect current
understanding based on careful review of new
papers but also to delete some old, now discarded
techniques. I have reduced the coverage of special
procedures no longer routinely conducted such
as provocative studies of neuromuscular trans-
mission. Although I omitted most old articles
unless they describe a classic contribution, an
ample inclusion of new references should enable
interested readers to consult the original sources.
The use of common abbreviations as listed in the
title page of each chapter should help improve the
readability while, at the same time, consolidat-
ing sentences. I have tabulated normative data
used in our laboratory in Appendix 1 at the end
of the book together with myotomes useful for
needle studies and height - minimum, mean, and
maximum F-wave latency nomograms to allow
quick access to the reference values during busy
practice.

Throughout the preparation of this revision,
I had the good fortune to work in the Division of
Clinical Neurophysiology, directed by Dr. Thoru
Yamada, and the Department of Neurology,
headed by Dr. Robert L. Rodnitzky, who, together
with Drs. Torage Shivapour, Jon Tippin, and Eric
Dyken, encouraged my venture ever since the
publication of the first edition in 1983. Dr. George
Richerson, who joined the department as the new
chair in 2010, supported my endeavor, allowing
me to work at my own pace so that I may devote
myself to writing. I enjoyed a most flexible time
schedule thanks to Dr. Edward Aul, the director
of the EMG Laboratory, Dr. Andrea Swenson,
who ran the neuromuscular clinic, and Drs. Jim
Worrell, Joe Chen, and Heather Bingham, who
filled in regularly to help with the clinical work.
David Walker, MSEE, provided the Appendix 2

viii « Preface and Acknowledgments

on electronics, updating the references, and Pete
Seaba, MSEE, gave helpful advice. I am indebted
to our Chief Technologist, Sheila Mennen, who
typed time and time again the voluminous man-
uscripts not only for this but also for all previ-
ous editions dating back some 30 years. Leigha
Rios assembled all new references and filed
them in order, and, last but not least, Wendy
Sebetka proofed every page of the manuscript, in
between their busy schedule as electrodiagnostic
technologists.

After returning to Iowa, I kept close contact
with former colleagues in Kyoto who special-
ize in clinical electrophysiology : Drs. Hiroshi
Shibasaki, Ryuji Kaji, Nobuo Kohara, Takashi
Nagamine, Hiroyuki Nodera, and Takahiro
Mezaki among others, jointly contributed many
new research insights useful for this revision.
I owe special thanks to Ichiro Akiguchi for his
support during my transition from Kyoto to Iowa.
Machiko Miyamoto, with her daughter Maya,
kept the Uji office in order for processing neces-
sary literature as the only assistant proficient in
English, and Kayoko Morii took care of my sec-
retarial needs in Japan. I wish to thank Mr. Craig
Panner at Oxford University Press, who encour-
aged me to initiate this revision and Susan Lee,
Karen Kwak and Leslie Anglin, who guided me
with patience and perseverance. I acknowledge
the American Association of Neuromuscular
and Electrodiagnostic Medicine (AANEM)
and its Nomenclature Committee, who granted
permission to reprint the AAEM Glossary of
Terms in Electrodiagnostic Medicine (2001) as
Appendix 4.

In concluding, I wish to update my account
on our household, which in the earlier editions
triggered many kind commentaries. We now
have an empty nest as our three sons have left
home to build their own. The third generation
comprises three boys and five girls residing in
San Francisco, Madison, and Iowa City, where
we also have our home. Junko, my wife, periodi-
cally visits all five posts, including my frequent
retreat in Kyoto, for various household chores
and babysitting, thus her self-imposed nick-
name, “international cleaning lady” The book,
dedicated to Leslie on her behalf, attests to
our appreciation for her skills in affectionately



maintaining law and order not only at home but  to pursue another project for a while. But on this
also abroad for the growing family. I endorse her  sunny winter day, when we wrap up the current
conviction that we must endow the royalties of endeavor, the future can wait.

the book to our grandchildren, who represent

our new hopes and fresh aspirations. Having Jun Kimura, MD
exhausted all my resources, I will find it difficult Iowa City, IA
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Foreword for
the First Edition

I FOUND particular pleasure in preparing this
foreword to the work of a colleague whose pro-
tessional development and scientific accomplish-
ments I have followed very closely indeed for
some twenty years.

Dr. Kimura, very early after his training in neu-
rology, expressed an interest in clinical electro-
physiology. His energy and talents led to full-time
assignment and responsibility for the develop-
ment and application of electrodiagnostic tech-
niques in our laboratory of electromyography
and then to direction of the Division of Clinical
Electrophysiology.

From his early assignment, Dr. Kimura has
exploited the possibilities for the applications
of clinical electrophysiologic techniques to their
apparent limits, which, however, seem to continu-
ally advance to the benefit of us all. This volume
is based on very extensive personal experience
with application of all of the now recognized
procedures.

The beginner will be able to follow this disci-
pline from its historical roots to the latest tech-
niques with the advantage of an explanatory
background of the clinical, physiologic, anatomic,
and pathologic foundations of the methods and
their interpretation. The instrumentation, so
essential to any success in application of tech-
niques, is further described and explained. The
more experienced diagnostician will both appre-
ciate and profit from this pragmatic, well-orga-
nized, and authoritative source with its important
bibliographic references; the beginner will find it
a bible.

There are few areas in electrodiagnosis that Dr.
Kimura does not address from his own extensive
experience, backed by clinical and pathologic
confirmation. The sections on the blink reflex and
the F wave reflect his own pioneering work. He
has closely followed the application of new tech-
niques to the study of disease of the central ner-
vous system by evoked cerebral potentials from



the beginning. These sections reflect a substantial
personal experience in establishment of standards
and in interpretation of changes in disease.

So important are the findings of electrodi-
agnostic methods that the clinical neurologist
must himself be an expert in their interpretation.
Preferably he should perform tests on his own
patients or closely supervise such tests. Only in
this way can he best derive the data that he needs
or direct the examination in progress to secure
important information as unexpected findings

xii o Foreword for the First Edition

appear. To acquire the knowledge to guide him
either in supervised training or in self-teaching,
he needs first an excellent and comprehensive
guide such as this text by Dr. Kimura.

Dr. Kimura is justifiably regarded as a leader
in clinical electrophysiology both nationally and
internationally. Those of us who profit from daily
contact with him should be pardoned for our
pride in this substantial and authoritative work.

Maurice W. Van Allen, MD



Preface for the
First Edition

THIS BOOK grew out of my personal experi-
ence in working with fellows and residents in our
electromyography laboratory. It is intended for
clinicians who perform electrodiagnostic proce-
dures as an extension of their clinical examina-
tion. As such, it emphasizes the electrical findings
in the context of the clinical disorder. Although
the choice of material has been oriented toward
neurology, I have attempted to present facts use-
ful to practicing electromyographers regardless
of their clinical disciplines. I hope that the book
will also prove to be of value to neurologists and
physiatrists who are interested in neuromuscular
disorders and to others who regularly request
electrodiagnostic tests as an integral part of their
clinical practice.

The book is divided into seven parts and
three appendices. Part 1 provides an overview
of basic anatomy and physiology of the neuro-
muscular system. Nerve conduction studies,

tests of neuromuscular transmission, and con-
ventional and single-fiber electromyography
are described in the next three parts. Part S cov-
ers supplemental methods designed to test less
accessible regions of the nervous system. The
last two parts are devoted to clinical discussion.
The appendices consist of the historical review,
electronics and instrumentation, and a glossary
of terms.

The selection of technique is necessarily
influenced by the special interest of the author.
Thus, in Part S, the blink reflex, F wave, H reflex,
and somatosensory evoked potential have been
given more emphasis than is customary in
other texts. I hope that I am not overestimat-
ing their practical importance and that these
newer techniques will soon find their way into
routine clinical practice. This is, of course, not to
de-emphasize the conventional methods, which
I hope are adequately covered in this text.

o xiii



The ample space allocated for clinical discus- the statements made in the text. I hope that use
sion in Parts 6 and 7 reflects my personal con- of these references will promote interest and
viction that clinical acumen is a prerequisite research in the field of electrodiagnosis.

for meangingful electrophysiologic evaluations.

Numerous references are provided to document J K.

xiv « Preface for the First Edition



Acknowledgments
for the First Edition

I CAME from the Island of the Rising Sun, where
English is not the native language. It was thus
with trepidation that I undertook the task of writ-
ing an English text. Although its completion gives
me personal pride and satisfaction, I hasten to
acknowledge that the goal could not have been
achieved without help from others.

Dr. M. W. Van Allen has provided me with
more than a kind foreword. I wish to thank him
for his initial encouragement and continued sup-
port and advice. He was one of the first to do
electromyography in Iowa. During my early years
of training I had the pleasure of using his bat-
tery-operated amplifier and a homemade loud-
speaker (which worked only in his presence). I
am indebted to Dr. A. L. Sahs, who initiated me
into the field of clinical neurology, and Dr. J. R.
Knot, who taught me clinical neurophysiology. I
am grateful to Drs. T. Yamada and E. Shivapour
for attending the busy service of the Division
of Clinical Electrophysiology while I devoted

myself to writing. Dr. Yamada also gave me most
valuable assistance in preparing the section on
central somatosensory evoked potentials, which
includes many of his original contributions. Drs.
R. L. Rodnitzky, E. P. Bosch, J. T. Wilkinson, A.
M. Brugger, F. O. Walker, and H. C. Chui read the
manuscript and gave most helpful advice. Peter J.
Seaba, M.S.E.E., and D. David Walker, M.S.E.E.,
our electrical engineers, contributed Appendix 2
and reviewed the text.

My special thanks go to the technicians
and secretaries of the Division of Clinical
Electrophysiology. Sheila R. Mermen, the senior
technician of our electromyography laboratory,
typed (and retyped time and time again) all
the manuscript with devotion and dedication.
Deborah A. Gevock, Cheri L. Doggett, Joanne M.
Colter, Lauri Longnecker, Jane Austin, Sharon S.
Rath, Lori A. Garwood, and Allen L. Frauenholtz
have all given me valuable technical or secretarial
assistance. Linda C. Godfrey and her staff in the



Medical Graphics Department have been most
helpful in preparing illustrations.

I owe my gratitude to Mr. Robert H. Craven,
Sr., Mr. Robert H. Craven, Jr., Dr. Sylvia K.
Fields, Miss Agnes A. Hunt, Ms. Sally Burke,
Miss Lenoire Brown, Mrs. Christine H. Young,
and two anonymous reviewers of the F. A. Davis
Company for their interest and invaluable
guidance. A number of previously published
figures and tables have been reproduced with
permission from the publishers and authors.
I wish to express my sincere appreciation
for their courtesy. The sources are acknowl-
edged in the legends. The Glossary of Terms
Commonly Used in Electromyography of the
American Association of Electromyography
and Electrodiagnosis is reprinted in its
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entirety as Appendix 3, with kind permission
from the Association and the members of the
Nomenclature Committee.

My sons asked if the book might be dedicated
to them for having kept mostly, though not always,
quiet during my long hours of writing at home.
However, the honor went to their mother instead,
a decision enthusiastically approved by the chil-
dren, in appreciation for her effort to keep peace
at home. In concluding the acknowledgment,
my heart goes to the members of my family in
Nagoya and those of my wife’s in Takayama, who
have given us kind and warm support throughout
our prolonged stay abroad. The credit is certainly
theirs for my venture finally coming to fruition.

J.K.
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Abbreviations: ALS—amyotrophic lateral sclerosis, EMG—electromyography

1. INTRODUCTION

Electrodiagnosis, as an extension of the neuro-
logic evaluation, employs the same anatomic
principles of localization as clinical examination,
searching for evidence of motor and sensory
compromise (Fig. 1-1). Neurophysiologic stud-
ies supplement the history and physical exami-
nation, adding precision, detail, and objectivity.
These studies delineate a variety of pathologic
changes that may otherwise escape detection,
particularly in atrophic, deeply situated, or paretic
muscles. Specialized techniques provide means to

test the neuromuscular junction, which tends to
defy clinical assessment. Electrical studies also
allow quantitative measures of reflexes and other
central phenomena, which help explore complex
neural circuits and determine the integrity of the
sensory and motor function.

Meaningful analysis of electrophysiologic
findings demands an adequate knowledge on
precise location of skeletal muscles and periph-
eral nerves for accurate placement of the elec-
trodes. The first part of this chapter contains a
review of peripheral neuroanatomy important
for conducting electrodiagnostic studies. A
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FIGURE 1-1 = Simplified diagram illustrating the differential diagnosis of weakness, with a major division into those with

and without sensory abnormalities. Patients having sensory symptoms must have involvement of the nervous system rather

than muscle or neuromuscular junction. Disease of the upper motor neurons characteristically shows increased stretch

reflexes, whereas diseases of the lower motor neurons show decreased stretch reflexes. Patients without sensory disturbance

may still have a nervous system disease, especially if associated w

ith hyperreflexia, as in amyotrophic lateral sclerosis. Most,

however, have hyporeflexia, as seen in patients with anterior horn cell lesions, diseases of neuromuscular junction, or primary

muscle disorders.

concise summary of clinically useful informa-
tion serves as a framework for the rest of the
text. Despite the recognized importance of
muscle and nerve anatomy, written descrip-
tions render the subject needlessly dry and
intimidating. The schematic illustrations used
in this chapter facilitate discussion to compen-
sate for this inherent difficulty at the risk of
oversimplification.

The official names for anatomical struc-
tures do change over time'®. An internationally
accepted single source, entitled Terminologia
Anatomica®, now proposes “fibular nerve” as

4
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the preferred term for an alternative name “per-
oneal nerve” Similarly, the peroneus longus
and brevis will evolve into the fibularis longus
and brevis. Temptation to join the bandwagon
notwithstanding, I have opted to stick with
the traditional names for now until such time
“fibular nerve palsy” does not sound so strange
to relate to a foot drop. The same holds true
for the muscle names extensor digitorum com-
munis and extensor indicis proprius, although
I have no objection to the proposed omission
of “communis” and “proprius” for the sake of
brevity.
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facial nerve (N VII) consists of the portion at the stylomastoid foramen (A), middle segment distal to the geniculate

ganglion (B), and a more proximal segment that includes extrapontine and intrapontine pathways (C). (From Carpenter”

with permission.)

2. CRANIAL NERVES

Of the 12 cranial nerves, 9 innervate voluntary
muscle (see Appendix Table 1-1). The oculo-
motor, trochlear, and abducens nerves control
the movement of the eyes. The trigeminal nerve
innervates the muscles of mastication, and the
facial nerve, muscles of mimetic expression. The
glossopharyngeal and vagal nerves and the cra-
nial root of the accessory nerve supply the laryn-
geal muscles, and the hypoglossal nerve, the
tongue. The spinal root of the accessory nerve
innervates the sternocleidomastoid and upper
portion of the trapezius. Of these, the nerves
most commonly tested in electromyography
(EMG) include the trigeminal, facial, and acces-
SOry nerves.

Trigeminal Nerve

The trigeminal nerve subserves all superficial sen-
sation to the face and buccal and nasal mucosa.
The ophthalmic and maxillary divisions supply
sensation to the upper and middle parts of the face,
whereas the mandibular division gives off motor
fibers to the muscles of mastication; masseters,
temporalis, and pterygoids, and sensory fibers

to the lower portion of the face (Fig. 1-2). The
first-order neurons, concerned primarily with
tactile sensation, have their cell bodies in the gas-
serian ganglion. Their proximal branches enter
the lateral portion of the pons and ascend to reach
the main sensory nucleus. Those fibers transmit-
ting pain and temperature sensation also have cell
bodies in the gasserian ganglion. Upon entering
the pons, their fibers descend to reach the spinal
nucleus of the trigeminal nerve.

The first-order afferents, subserving prop-
rioception from the muscles of mastication, have
their cell bodies in the mesencephalic nucleus.
They make monosynaptic connection with the
motor nucleus located in the mid pons, medial to
the main sensory nucleus. This pathway provides
the anatomic substrate for the masseter reflex
(see Chapter 9-3). The first component of the
blink reflex, or R1, probably follows a disynaptic
connection from the main sensory nucleus to the
ipsilateral facial nucleus (see Chapter 8-3). The
pathway for the second component, or R2, relayed
through polysynaptic connections, include the
ipsilateral spinal nucleus, multiple interneurons,
and the facial nuclei on both sides (see Fig. 8-1
in Chapter 8).

1. Anatomic Basis for Localization « §
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Facial Nerve

The facial nerve extends from the nucleus to the
distal trunk in four arbitrarily subdivided seg-
ments (Fig. 1-2). The central component, or
the intrapontine portion, initially courses pos-
teriorly to loop around the sixth nerve nucleus.
Its elongated passage makes it vulnerable to
various pontine lesions, which cause a periph-
eral, rather than central, type of facial palsy. The
facial nerve complex exits the brainstem ven-
trolaterally at the caudal pons, a common site
of compression by acoustic neuromas or other
cerebellopontine angle masses. After traversing
the subarachnoid space, the facial nerve enters
the internal auditory meatus, beginning the
longest and most complex intraosseous course
of any nerve in the body. Within this segment
lies the site of lesion in Bell’s palsy. Upon exiting
the skull through the stylomastoid foramen, the
facial nerve penetrates the superficial and deep
lobes of the parotid gland, where it branches,
with some variation, into five distal segments
(Fig. 1-3).
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Accessory Nerve

The cranial accessory nerve has the cell bodies in
the nucleus ambiguus. The fibers join the vagus
nerve and together distribute to the striated
muscles of the pharynx and larynx. Thus, despite
the traditional name, the cranial portion of the
accessory nerve functionally constitutes a part of
the vagus nerve. The spinal accessory nerve has
its cells of origin in the spinal nucleus located in
the first five or six cervical segments of the spinal
cord (Figs. 1-4 and 1-5). The fibers ascend in the
spinal canal to enter the cranial cavity through
the foramen magnum and then descend via the
jugular foramen to end in the trapezius and the
sternocleidomastoid muscles. These two muscles
receive additional nerve supply directly from C2
through C4 roots®. The spinal accessory nerve
provides the sole motor function, whereas the
cervical roots subserve purely proprioceptive
sensation (Fig. 1-6). The accessory nucleus con-
sists of several separate portions. Thus, a lesion
in the spinal cord may not necessarily affect the
entire muscle groups innervated by this nerve.
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dorsolateral aspect. Note the division of the accessory nerve into the cranial accessory nerve, which joins the vagal nerve,

and the spinal accessory nerve, which supplies the trapezius and sternocleidomastoid muscles. Ventral and dorsal roots

join to form a spinal nerve, which then divides into anterior and posterior rami. (From Williams and Warwick®, with

permission. )

This central dissociation could mimic a periph-
eral lesion affecting individual branches of the
nerve.

3. ANTERIOR AND
POSTERIOR RAMI

The ventral and dorsal roots, each composed of
several rootlets, emerge from the spinal cord car-
rying motor and sensory fibers (Fig. 1-7). The
basic concept places sensory function in dorsal
roots, although some afferent nerve fibers also
exist in ventral roots'2. They join to form the spi-
nal nerve that exits from the spinal canal through
the respective intervertebral foramina. A small
ganglion, the cell bodies of sensory fibers, lies on
each dorsal root just proximal to its union with
the ventral root but distal to the cessation of the
dural sleeve. These spinal nerves, 31 in all on each
side, comprise 8 cervical, 12 thoracic, S lumbar,
S sacral, and 1 coccygeal nerve. After passing
through the foramina, the spinal nerve branches
into two divisions: the anterior and posterior pri-
mary rami (Fig 1-7).

The posterior rami supply the posterior part
of the skin and the paraspinal muscles, which
include the rectus capitis posterior, oblique capi-
tis superior and inferior, semispinalis capitis,
splenius capitis, longus capitis, and sacrospinalis.
These muscles extend the head, neck, trunk, and
pelvis. The anterior rami supply the skin of the
anterolateral portion of the trunk and the limbs.
They also form the brachial and lumbosacral plex-
uses, which, in turn, give rise to peripheral nerves
in the arms and legs. The anterior rami of the tho-
racic spinal nerves become 12 pairs of intercostal
nerves supplying the intercostal and abdominal
muscles. At least two adjoining intercostal nerves
innervate each segmental level in both the tho-
racic and abdominal regions.

The diagnosis of a root lesion depends on
identifying abnormalities confined to a single
spinal nerve without affecting adjacent higher or
lower levels. The posterior rami that supply the
paraspinal muscles branch off the spinal nerve just
distal to the intervertebral foramen. Hence, den-
ervation found at this level differentiates radicul-
opathy from more distal lesions of the plexus or

1. Anatomic Basis for Localization —« 7
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FIGURE 1-5 The sternocleidomastoid divides the field bounded by the trapezius, mandible, midline of neck, and

clavicle into anterior and posterior triangles. The obliquely coursing omohyoid further subdivides the posterior triangle

into occipital and subclavian triangles. The contents of the occipital and subclavian triangles include the cervical plexus,

spinal accessory nerve, and brachial plexus. The spinal accessory nerve becomes relatively superficial in the middle portion

of the sternocleidomastoid along its posterior margin, thus making it accessible to surface stimulation. (From Anson', with

permission.)
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FIGURE 1-6 Anterior rami of the cervical spinal nerves, forming the cervical plexus. Note the phrenic nerve supplying the

diaphragm, and the branches from C2, C3, and C4 and the accessory nerve, both innervating the trapezius. (From Anson’,

with permission.)
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rami. The sensory ganglion of the dorsal root lies within
the respective intervertebral foramen. (From Ranson and

Clark"3, with permission.)

peripheral nerve (see Chapter 15-4). The reverse
does not necessarily hold, especially in early stages
of the disease, when the compressing lesions may
only irritate the root without causing structural
damage. Similar to the innervation of the inter-
costal muscles by the anterior rami, the paraspinal
muscles receive supplies from multiple posterior
rami with substantial overlap. Therefore, the dis-
tribution of abnormalities in the limb muscles
rather than the paraspinal muscles determines the
level of a radicular lesion.

4. CERVICAL AND BRACHIAL
PLEXUSES

The anterior rami of the upper four cervical
nerves, C1 through C4, form the cervical plexus
(Figs. 1-6 and 1-7). It innervates the lateral and
anterior flexors of the head, which consist of the
rectus capitis lateralis, anterior longus capitis, and
anterior longus colli. The brachial plexus, formed
by the anterior rami of CS through T1 spinal
nerves, supply the muscles of the upper limb.
Occasional variations of innervation include the

prefixed brachial plexus with main contributions
from C4 through C8, and the postfixed brachial
plexus derived primarily from C6 through T2.
Appendix Tables 1-1 and 1-2 present a summary
of the anatomic relationship between the nerves
derived from cervical and brachial plexuses and
the muscles of the shoulder, arm, and hand.

Topographic divisions of the brachial plexus
include the spinal nerve, trunk, cord, and periph-
eral nerve (Fig. 1-8). Two nerves originate directly
from the spinal nerve before the formation of the
trunks: dorsal scapular nerve from CS, inner-
vating levator scapulae and rhomboid, and long
thoracic nerve from CS, C6, and C7, supplying
serratus anterior. The spinal nerves then combine
to give rise to three trunks. The union of C5 and
C6 forms the upper trunk, and that of C8 and T1,
the lower trunk, whereas C7 alone continues as
the middle trunk. Each of the three trunks bifur-
cates into the anterior and posterior divisions.
The posterior cord, the union of all three posterior
divisions, gives off the subscapular nerve inner-
vating teres major, thoracodorsal nerve supplying
latissimus dorsi, and axillary nerve subserving
deltoid and teres minor, and continues as the
radial nerve. The anterior divisions of the upper
and middle trunks become the lateral cord, which
gives rise to the musculocutaneous nerve with its
sensory branch, lateral antebrachial cutaneous
nerve, and the outer branch of the median nerve.
The anterior division of the lower trunk becomes
the medial cord, which, in turn, gives off the ulnar
nerve, medial antebrachial cutaneous nerve, and
the inner branch of the median nerve.

The trunks pass through the supraclavicular
fossaunder the cervical and scalenus muscles, form-
ing the cords just above the clavicle at the level of
the first rib. Accompanied by the subclavian artery,
the cords traverse the space known as the tho-
racic outlet between the first rib and the clavicle.
Consequently, injuries above the clavicle affect the
trunks, whereas a more distal lesion involves either
the cord or the peripheral nerves that emerge from
the cords between the clavicle and axilla.

Phrenic Nerve

The phrenic nerve, one of the most important
branches of the cervical plexus, arises from C3

1. Anatomic Basis for Localization « 9



FIGURE 1-8 Anatomy of the brachial plexus with eventual destination of all root components. The brachial plexus

gives rise to dorsal scapular (A), suprascapular (B), lateral pectoral (C), musculocutaneous (D), and its sensory branch,

lateral antebrachial cutaneous (E), median (F), axillary (G), radial (H), ulnar (I), medial antebrachial cutaneous (J),

thoracodorsal (K), subscapular (L), medial pectoral (M), and long thoracic nerves (N). In addition, the radial nerve

gives off the posterior antebrachial cutaneous nerve (not shown) at the level of the spiral groove. (Modified from

Patten?.)

and C4 and innervates the ipsilateral hemidi-
aphragm (see Appendix Table 1-1).

Dorsal Scapular Nerve

The dorsal scapular nerve, derived from C4 and
CS through the most proximal portion of the
upper trunk of the brachial plexus, supplies the
rhomboid major and minor and a portion of the
levator scapulae, which keeps the scapula attached
to the posterior chest wall during arm motion.
The rhomboid receives innervation only from C5
in contrast to the other shoulder girdle muscles
supplied by multiple roots.

10 « BASICS OF ELECTRODIAGNOSIS

Suprascapular Nerve

The suprascapular nerve arises from CS and C6
through the upper trunk of the brachial plexus. It
reaches the upper border of the scapula behind the
brachial plexus to enter the suprascapular notch, a
possible site of entrapment. The nerve supplies the
supraspinatus and infraspinatus (Fig. 1-8).

Upper and Lower Subscapular
Nerves

These two nerves arise from CS and C6 through
the upper trunk and the posterior cord. The



upper subscapular nerve enters the upper part of
the subscapularis, which it innervates. The lower
subscapular nerve supplies the lower part of the
subscapularis and the teres major.

Thoracodorsal Nerve

The thoracodorsal nerve, also known as the mid-
dle or long subscapular nerve, derives its fibers
from C6, C7, and C8 through all three trunks and
posterior cord; follows the course of the subscap-
ular artery along the posterior wall of the axilla;
and innervates the latissimus dorsi.

Musculocutaneous Nerve

The musculocutaneous nerve originates from
the lateral cord of the brachial plexus near the

coracobrachialis

lower border of the pectoralis minor (Fig. 1-9).
Its axons, chiefly derived from CS and C6, reach
the biceps, brachialis, and coracobrachialis, with
some variations of innervation for the last two
muscles. Its terminal sensory branch, called the
lateral antebrachial cutaneous nerve, with fibers
mainly from the C6 root, supplies the skin over
the lateral aspect of the forearm.

Axillary Nerve

The axillary nerve, originating from CS and C6,
arises from the posterior cord as the last branch
of the brachial plexus. The nerve traverses a
quadrangular space bounded rostrally by the
subscapularis anteriorly and teres minor posteri-
orly, caudally by the teres major, medially by the
long head of triceps, and laterally by the humeral

biceps

brachialis

2

3

adductor pollicis
flexor pollicis brevis

dorsal interosseous I
palmar interosseous I
dorsal interosseous II

dorsal interosseous IIT

flexor carpi ulnaris
flexor digitorum profundus III & IV

abductor digiti minimi
opponens digiti minimi
flexor digiti minimi
lumbrical IV
palmar inerosseous III
lumbrical 11T
dorsal inerosseous IV
palmar inerosseous II

FIGURE 1-9 Musculocutaneous nerve (A) and ulnar nerve (B) and the muscles they supply. The common sites of lesion

include ulnar groove and cubital tunnel (1), Guyon’s canal (2), and mid palm (3). Except for three forearm muscles, the ulnar

nerve supplies only the intrinsic hand muscles. (Modified from: The Guarantors of Brain: Aids to the Examination of the

Peripheral Nervous System”.)
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FIGURE 1-10 Axillary nerve (A) and radial nerve (B) with its main terminal branch, posterior interosseus nerve (C) and

the muscles they supply. The nerve injury may occur at the axilla (1), spiral groove (2), or the elbow (3) as in the posterior

interosseus nerve syndrome. The radial nerve innervates only extensor muscles in the forearm except for brachioradialis,
which flexes the elbow. (Modified from: The Guarantors of Brain: Aids to the Examination of the Peripheral Nervous

System’.)

surgical neck. Here the nerve divides into two
divisions. The anterior division supplies the ante-
rior and middle deltoid, whereas the posterior
division subserves the posterior deltoid and teres
minor and, as the upper lateral cutaneous nerve, a
small area of the skin over the lateral aspect of the
shoulder (Fig. 1-10).

5. PRINCIPAL NERVES OF
THE UPPER LIMB

Radial Nerve

The radial nerve, as a continuation of the poste-
rior cord, derives its axons from CS through C8,
or all the spinal roots contributing to the brachial
plexus (Fig. 1-8). The nerve gives off its supply to
the three heads of the triceps and the anconeus,
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which originates from the lateral epicondyle of the
humerus as an extension of the medial head. The
radial nerve then enters the spiral groove winding
around the humerus posteriorly from the medial
to the lateral side (Fig. 1-10). Here, it gives off a
sensory branch, posterior antebrachial cutaneous
nerve, which innervates the skin of the lateral arm
and the dorsal forearm. As the nerve emerges from
the spiral groove, it supplies the brachioradialis,
the only flexor innervated by the radial nerve and,
slightly more distally, the extensor carpi radialis
longus. Located lateral to the biceps at the level
of the lateral epicondyle, it enters the forearm
between the brachialis and brachioradialis.

At this point, it divides into a muscle branch,
the posterior interosseus nerve, and a sensory
branch, which surfaces in the distal third of
the forearm. The muscle branch innervates the
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FIGURE 1-11 Median nerve (A) with its branch, anterior interosseus nerve (B), and the muscles they supply. The nerve

may undergo compression at the elbow between the two heads of pronator teres (1), or slightly distally (2) as in the anterior

interosseus nerve syndrome, or at the palm (3) as in the carpal tunnel syndrome. (Modified from: The Guarantors of Brain:

Aids to the Examination of the Peripheral Nervous System’.)

supinator, abductor pollicis longus and all the
extensor muscles in the forearm: extensor carpi
ulnaris, extensor digitorum communis, extensor
digiti minimi, extensor pollicis longus and brevis,
and extensor indicis. The sensory fibers, originat-
ing from C6 and C7, pass through the upper and
middle trunks and the posterior cord. It branches
off the main truck about 10 cm above the wrist
as the superficial radial nerve, which supplies the
dorsum of the hand over the lateral aspect.

Median Nerve

The median nerve arises from the lateral and
medial cords of the brachial plexus as a mixed
nerve derived from C6 through T1 (Fig. 1-8). It
supplies most forearm flexors and the muscles
of the thenar eminence. It also subserves sensa-
tion to the skin over the lateral aspect of the palm
and the dorsal surfaces of the terminal phalanges,
along with the volar surfaces of the thumb, index,
long finger, and lateral half of the ring finger. The
sensory fibers of the index and middle fingers

enter C7 through the lateral cord and middle
trunk, whereas the skin of the thumb receives
fibers mainly from C6 with some contribution
from C7 through the lateral cord and upper or
middle trunk. The median nerve innervates no
muscles in the upper arm (Fig. 1-11). It enters the
forearm between the two heads of the pronator
teres, which it supplies along with the flexor carpi
radialis, palmaris longus, and flexor digitorum
superficialis. A pure muscle branch, called the
anterior interosseus nerve, innervates the flexor
pollicis longus, pronator quadratus, and flexor
digitorum profundus I and II. The main median
nerve descends the forearm and, after giving off
the palmar sensory branch, which innervates the
skin over the thenar eminence, passes through
the carpal tunnel between the wrist and palm.
It supplies lumbricals I and II after giving rise to
the recurrent thenar nerve at the distal edge of
the carpal ligaments. This muscle branch to the
thenar eminence innervates the abductor pollicis
brevis, the lateral half of the flexor pollicis brevis,
and the opponens pollicis.
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Ulnar Nerve

The ulnar nerve, as a continuation of the medial
cord of the brachial plexus, derives its fibers from
C8 and T1 (Fig. 1-8). It lies in close proximity to
the median nerve and brachial artery at the axilla.
In this position, the ulnar nerve passes between
the biceps and triceps, and then deviates pos-
teriorly at the midportion of the upper arm and
becomes superficial behind the medial epicondyle
(Fig. 1-9). After entering the forearm, it supplies
the flexor carpi ulnaris and flexor digitorum pro-
fundus IIT and IV. It gives rise to the dorsal cuta-
neous branch of the ulnar nerve, which innervates
the skin over the medial aspect of the dorsum of
the hand. It then passes along the medial aspect
of the wrist to enter the hand, where it gives off
two branches. The superficial branch supplies
the palmaris brevis and the skin over the medial
aspect of the hand, including the hypothenar
eminence, the little finger and medial half of the
ring finger. The deep muscle branch first inner-
vates the hypothenar muscles, which comprise
abductor, opponens, and flexor digiti minimi. It
then deviates laterally around the hamate to reach
the lateral aspect of the hand, where it reaches the
adductor pollicis and medial half of the flexor pol-
licis brevis. Along its course from hypothenar to
thenar eminence, the deep branch also innervates
the lumbricals III and IV and all seven interossei:
three volar and four dorsal.

General Rules and Anomalies

It takes concerted effort and practice to master
the innervation of all the individual upper-limb
muscles. Learning certain rules helps broadly cat-
egorize them to understand the general pattern
of nerve supply (see Appendix Table 1-2). The
radial nerve innervates the brachioradialis, triceps,
extensor carpi radialis, and, with its main terminal
branch, the posterior interosseus nerve, all the
extensors in the forearm but none of the intrinsic
hand muscles. The radial nerve innervates only the
extensors with the exception of brachioradialis, an
elbow flexor in neutral or half-pronated position.
The nerve subserves all the extensors of the upper
limb except for the four lumbricalis, which, inner-
vated by median and ulnar nerves, extend the digits
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at the interphalangeal joints. The median nerve
supplies most flexors in the forearm and pronator
teres, which functions with the elbow extended, in
addition to the intrinsic hand muscles of the the-
nar eminence and lumbricals I and II. The anterior
interosseus nerve branches off the median nerve
trunk in the forearm to innervate the flexor digi-
torum profundus I and II, flexor pollicis longus,
and pronator quadratus, which functions with the
elbow flexed. The ulnar nerve, with the exception
of the flexor carpi ulnaris and the flexor digitorum
profundus III and IV, supplies only the intrinsic
hand muscles, including all four dorsal and three
volar interossei.

The most common anomaly, called the
Martin-Gruber anastomosis, extends a communi-
cating branch from the median to the ulnar nerve
in the forearm. The fibers involved in this cross-
over usually supply the ordinarily ulnar-innervated
intrinsic hand muscles. Thus, the anomalous
fibers form a portion of the ulnar nerve that,
instead of branching off from the medial cord of
the brachial plexus, takes an aberrant route dis-
tally along with the inner branch of the median
nerve before reuniting with the ulnar nerve
proper in the distal forearm. Other infrequently
seen anomalies include a communication from
the ulnar to the median nerve in the forearm
and all median or all ulnar hands, in which one
or the other nerve supplies all the intrinsic hand
muscles. Failure to recognize an anomaly leads to
misinterpretation of electrophysiologic data as a
common source of error (see Chapter 11-4).

6. LUMBAR PLEXUS AND ITS
PRINCIPAL NERVES

The spinal cord ends at the level of the L1 to L2
intervertebral space as the preconus, or LS and
S1, and the conus medullaris, or S2 through S$
cord segments. The fibers of the cauda equina,
formed by the lumbar and sacral roots, assume a
downward direction from the conus toward their
respective exit foramina. The fibrous filum termi-
nale interna extends from the lowermost end of
the spinal cord to the bottom of the dural sac at
the level of the S2 vertebra. Appendix Table 1-3
summarizes the nerves derived from the lumbar
plexus and the muscles they innervate.



The anterior rami of the first three lumbar
spinal nerves, originating from the L1, L2, and
L3 and part of L4, unite to form the lumbar
plexus within the psoas major muscle (Figs.
1-12 through 1-14). The iliohypogastric and
ilioinguinal nerves arise from L1 and supply the
skin of the hypogastric region and medial thigh.
The genitofemoral nerve, derived from L1 and
L2, innervates the cremasteric muscle and the
skin of the scrotum or labia major. The lateral
femoral cutaneous nerve, originating from L2
and L3, leaves the psoas muscle laterally to sup-
ply the lateral and anterior thigh. The anterior
rami of L2 through L4 form two divisions. The
anterior divisions join to form the obturator
nerve, which exits the psoas muscle medially
to innervate the adductor muscles of the thigh.
The posterior divisions give rise to the femoral
nerve, which leaves the psoas muscle laterally. It
then descends under the iliacus fascia to reach
the femoral triangle beneath the inguinal liga-
ment. In addition to these muscle branches, it
also gives off sensory branches, intermediate
and medial cutaneous nerves, and saphenous
nerve.
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FIGURE 1-12 Anterior rami of the lumbar spinal nerve

forming the lumbar plexus, with the major nerves derived

from this plexus. The shaded portion indicates the dorsal

divisions. (From Anson’, with permission. )

Iliohypogastric Nerve

The iliohypogastric nerve originates from L1 and
supplies the skin of the upper buttock and hypo-

gastric region.

Ilioinguinal Nerve

The ilioinguinal nerve, arising from L1, supplies
the skin over the upper and medial part of the
thigh, root of the penis, and upper part of the scro-
tum or labia major. It also innervates the trans-
versalis and internal oblique muscles. The nerve
follows the basic pattern of an intercostal nerve,
winding around the inner side of the trunk to the
medial anterior iliac spine.

Genitofemoral Nerve

The genitofemoral nerve, arising from L1 and L2,
branches into lumboinguinal and external sper-
matic nerves. The lumboinguinal nerve supplies
the skin over the femoral triangle. The external
spermatic nerve innervates the cremasteric mus-
cle and skin of the inner aspect of the upper thigh
and scrotum or labium.

Lateral Femoral Cutaneous Nerve

The lateral femoral cutaneous nerve, the first
sensory branch of the lumbar plexus, receives
fibers from L2 and L3. It emerges from the lateral
border of the psoas major muscle and runs for-
ward, coursing along the brim of the pelvis to the
lateral end of the inguinal ligament. The nerve
reaches the upper thigh after passing through a
tunnel formed by the lateral attachment of the
inguinal ligament and the anterior superior iliac
spine. About 12 cm below its exit from the tun-
nel, the nerve gives off an anterior branch, which
supplies the skin over the lateral and anterior sur-
face of the thigh, and a posterior branch, which
innervates the lateral and posterior portion of the

thigh.
Femoral Nerve
The femoral nerve, formed near the vertebral

canal, arises from the posterior division of L2
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to L4 anterior rami (Figs. 1-12 and 1-15). The
nerve reaches the front of the leg passing along
the lateral edge of the psoas muscle, which it sup-
plies together with the iliacus. It then exits the
pelvis under the inguinal ligament just lateral to
the femoral artery and vein. Its sensory branches
supply the skin of the anterior thigh and medial
aspect of the calf. The muscle branch innervates
the pectineus and the sartorius as well as the
quadriceps femoris, which consists of the rec-
tus femoris, vastus lateralis, vastus intermedius,
and vastus medialis. The iliacus and psoas, or ili-
opsoas, flex the thigh at the hip, the quadriceps
femoris extends the leg at the knee, the sartorius
flexes the leg and the thigh, and the pectineus
flexes the thigh.
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Saphenous Nerve

The saphenous nerve, the largest and longest
sensory branch of the femoral nerve, receives
the maximum innervation from L3 and L4! and
supplies the skin over the medial aspect of the
thigh, leg and foot. It accompanies the femo-
ral artery in the femoral triangle then descends
medially under the sartorius muscle. At the
lower thigh, the nerve gives off the infrapatel-
lar branch that supplies the medial aspect of the
knee. The main terminal branch descends along
the medial aspect of the leg accompanied by the
long saphenous vein. It passes just anterior to
the medial malleolus supplying the medial side
of the foot.
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FIGURE 1-13 Lumbosacral plexus and the courses of the femoral, obturator, and sciatic nerves. (From Anson’, with

permission.)
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Obturator Nerve

The obturator nerve arises from the anterior divi-
sions of L2 to L4 anterior rami (Fig. 1-15). Formed
within the psoas muscle, it enters the pelvis imme-
diately anterior to the sacroiliac joint, passes
through the obturator canal, and gives off two
branches. The anterior branch supplies the adduc-
tor longus and brevis and the gracilis. The posterior
branch innervates the obturator externus and half
of the adductor magnus muscle. The sensory fibers
supply the skin of the upper thigh over the medial
aspect and send anastomoses to the saphenous
nerve.

7. SACRAL PLEXUS AND ITS
PRINCIPAL NERVES

The sacral plexus arises from L5, S1, and S2 in
front of the sacroiliac joint (Figs. 1-13 and 1-14).
Designation as the lumbosacral plexus implies an
interconnection between the sacral and lumbar
plexus. Common anomalous derivations include
a prefixed pattern with a major contribution of

Constituents of

(OT Sciatic)

" N. TIBIALIS

~N. PUDENDUS

FIGURE 1-14 Anterior rami of the lumbosacral spinal
nerve forming the sacral plexus with the major nerves
derived from this plexus. The shaded portion indicates the

dorsal divisions. (From Anson’, with permission.)

L4 to the sacral plexus or postfixed form with LS
supplying mainly the lumbar plexus. The sacral
plexus gives rise to the superior gluteal nerve,
derived from L4, LS, and S1, and the inferior glu-
teal nerve, which arises from L35, S1, and S2. The
sciatic nerve, the largest nerve in the body, arises
from L4 through S2. After giving off branches to
the hamstring muscles, it divides into the tibial
and common peroneal nerves. Appendix Table
1-3 summarizes the nerves derived from the sacral
plexus and the muscles that they innervate.

Superior and Inferior Gluteal
Nerves

The superior gluteal nerve innervates the glu-
teus medius and minimus and the tensor fascia
lata, which together abduct and rotate the thigh
internally. The inferior gluteal nerve supplies the
gluteus maximus, which extends, abducts, and
externally rotates the thigh.

Sciatic Nerve

The union of L4 to S2 gives rise to the sciatic
nerve, which leaves the pelvis through the greater
sciatic foramen (Figs. 1-14 and 1-16). This lon-
gest and largest nerve consists of the peroneal and
tibial portion derived, respectively, from posterior
and anterior division of the anterior rami. These
two components eventually bifurcate in the lower
third of the thigh to form the common peroneal
and tibial nerves or, in the older terminology, ante-
rior and posterior tibial nerves. In the posterior
aspect of the thigh, the tibial component of the
sciatic trunk gives off a series of short branches to
innervate the bulk of the hamstring muscles, the
long head of biceps femoris, semitendinosus, and
semimembranosus. The peroneal component sup-
plies the short head of biceps femoris above the
knee, the muscle important to evaluate in assess-
ing a foot drop. The adductor magnus, primarily
supplied by the obturator nerve, also receives par-
tial innervation from the sciatic trunk.

Common Peroneal Nerve

The common peroneal nerve, or fibular nerve,
according to the new nomenclature ®'4, arises as
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an extension of the lateral popliteal nerve, which
branches off laterally from the sciatic trunk in the
popliteal fossa (Fig. 1-15). It consists of fibers
derived from L4, LS, and S1. Immediately after its
origin, the nerve becomes superficial as it winds
around the head of the fibula laterally. After enter-
ing the leg at this position, it gives off a small
recurrent nerve that supplies sensation to the
patella and then bifurcates into the superficial and
deep peroneal nerves.

The superficial peroneal nerve, also known
as the musculocutaneous nerve, supplies the
peroneus longus and brevis, which plantar flex
and evert the foot. After descending between
the peroneal muscles, it divides into medial and

iliacus

intermediate dorsal cutaneous nerves. These
sensory branches pass anterior to the extensor
retinaculum and supply the anterolateral aspect
of the lower half of the leg and the dorsum of the
foot and toes.

The deep peroneal nerve innervates the
muscles that dorsiflex and evert the foot. These
muscles include tibialis anterior, extensor digito-
rum longus, extensor hallucis longus, peroneus
tertius, and extensor digitorum brevis, the only
peroneal nerve innerated muscle below the ankle.
An anomalous communicating branch called the
accessory deep peroneal nerve may arise from the
superficial peroneal nerve at the knee to innervate
thelateral portion of the extensor digitorum brevis

psoas

B

adductor brevis
adductor longus

gracilis

vastus femoris
vastus lateralis
vastus intermedius

D

peroneus longus
peroneus brevis———_|

adductor magnus

tibialis anterior
extensor digitorum longus
extensor hallucis longus

peroneus tertius

extensor digitorum brevi

FIGURE 1-15 Femoral nerve (A), obturator nerve (B), and common peroneal nerve (C) branching into superficial

(D) and deep peroneal nerve (E) and the muscles they sup
occurs at the fibular head (1). The superficial peroneal ner

flex the foot. Except for extensor digitorum brevis in the fo

ply. The compression of the peroneal nerve commonly
ve innervates only two muscles, which evert and plantar

ot, the deep peroneal nerve supplies only leg muscles,

which dorsiflex the foot and toes. (Modified from: The Guarantors of Brain: Aids to the Examination of the Peripheral

Nervous System”.)
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FIGURE 1-16 Superior gluteal nerve (A), inferior gluteal nerve (B), sciatic nerve trunk (C), and the muscles they supply.
The sciatic nerve bifurcates to form the common peroneal nerve (D) and the tibial nerve (E). The tibial nerve in turn gives

rise to the medial (F) and lateral plantar nerve (G). The tibial nerve supplies all the intrinsic foot muscles derived from S1 and

S2 except for extensor digitorum brevis derived from L5 through the peroneal nerve. The compression of the tibial nerve may

occur at the medial malleolus in the tarsal tunnel (1). (Modified from: The Guarantors of Brain: Aids to the Examination of

the Peripheral Nervous System”.)

(see Chapter 11-4). The deep peroneal nerve also
supplies the skin over a small, wedge-shaped area
between the first and second toes.

Tibial Nerve

The tibial nerve arises as an extension of the
medial popliteal nerve that separates from the
sciatic nerve in the popliteal fossa (Fig. 1-16).
After giving off branches to the medial and lateral
heads of the gastrocnemius and soleus, it supplies
the tibialis posterior, flexor digitorum longus, and
flexor hallucis longus in the leg. The nerve enters
the foot passing through the space between the
medial malleolus and the flexor retinaculum.
Here it splits into medial and lateral plantar
nerves after giving off a small calcaneal nerve
(Fig. 1-17), a sensory branch that supplies medial

sole’. This bifurcation occurs within 1 cm of the
malleolar-calcaneal axis in 90% of the feet*.

The medial plantar nerve accompanies the
medial plantar artery, which serves as the land-
mark to locate the nerve just below the medial
malleolus. Its muscle branches innervate the
abductor hallucis, flexor digitorum brevis, and
flexor hallucis brevis. Its sensory fibers supply the
anterior two-thirds of the medial aspect of the sole
and the plantar skin of the first three toes and part
of the fourth toe. The lateral plantar nerve gives
rise to its first branch, inferior calcaneal nerve, or
Baxter’s nerve, which heads inferiorly and then
anteriorly in front of the calcaneus, sending sen-
sory fibers to its periosteum before innervating
the abductor digiti minimi®. The main trunk of
the nerve also winds around the heel to the lat-
eral side of the sole to innervate the flexor digiti
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FIGURE 1-17 The tibial nerve, after entering the foot
behind the medial malleolus, gives off a small calcaneal
nerve, a sensory branch, which supplies the medial sole,

before splitting into medial and lateral plantar nerves.

minimi. It supplies the skin over the lateral aspect
of the sole, the little toe, and the lateral half of the
fourth toe.

Sural Nerve

The sural nerve originates from the union of
the medial sural cutaneous branch of the tibial
nerve and the sural communicating branch of
the common peroneal nerve. It arises below
the popliteal space, descends between the two
bellies of the gastrocnemius, winds behind the
lateral malleolus, and reaches the dorsum of the
little toe. It receives maximum innervation from
S1, with the remainder coming from LS or st
and supplies the skin over the posterolateral
aspect of the distal leg and lateral aspect of the
foot. As one of the few readily accessible sen-
sory nerves in the lower limbs, the sural nerve
offers an ideal site for biopsy, especially because
its removal induces only minimal sensory defi-
cits. A fascicular biopsy of the sural nerve allows
in vitro recording of nerve action potentials
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(see Chapter 4-4). This procedure provides an
interesting opportunity to correlate the data not
only with the histologic findings of the biopsy
specimen but also with the in vivo conduction
characteristics®.

Pudendal Nerve

The pudendal nerve, derived from S2 to S4 as the
direct continuation of the lower band of the sacral
plexus, leaves the pelvis via the greater sciatic
foramen below the piriformis to enter the gluteal
region. It then crosses the spine of the ischium
and re-enters the pelvis through the lesser sciatic
foramen before passing into the pudendal canal
on the lateral wall of the ischiorectal fossa. After
giving off the inferior rectal nerve, it divides into
two terminal branches: the perineal nerve and
dorsal nerve of the penis or clitoris.

The inferior rectal which may
arise directly from the sacral plexus, pierces
the medial wall of the pudendal canal and sup-
plies the external anal sphincter and the skin
around the anus. The perineal nerve runs forward
with the perineal artery, dividing into posterior
scrotal or labial nerve and muscular branches
that supply the anterior portion of the levator
ani, sphincter ani externus, and sphincter ure-
thrae. The muscles of the pelvic floor, the levator
ani in particular, also receive direct innervation
from branches of S3 and S4. The dorsal nerve of
the penis supplies the corpus cavernosum penis
and provides sensation to the dorsum of the
penis or clitoris.

nerve,
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1. INTRODUCTION

The nervous system conveys information
by means of action potentials, which, under
physiologic conditions, originate in the cell
body or axon terminal and propagate along
the nerve fibers. An electrophysiologic study
takes advantage of such neural impulses acti-
vated artificially by electrical stimuli applied at
certain points of the nerve. Motor conduction
studies depend on recording a muscle action
potential elicited by stimulation of the mixed
nerve, whereas sensory studies use either mixed
or sensory nerve action potentials (SNAPs).
Electromyography (EMG) permits analysis of
electrical properties in the skeletal muscle at
rest and during voluntary contraction. Thus,
understanding the electrical properties of
nerve and muscle constitutes a prerequisite

22 .

for a proper interpretation of electrodiagnostic
data in the clinical domain.

Despite different anatomic substrates sub-
serving electrical impulses, the same basic mem-
brane physiology applies to both nerve and
muscle. Excitability of the tissues reflects the
magnitude of the transmembrane potential in a
steady state. When stimulated electrically or by
other means, the cell membrane undergoes an
intensity-dependent depolarization. If the change
reaches a critical level, called threshold, it gener-
ates an action potential, which then propagates
across the membrane. Ion channel defects play
an important role in the pathogenesis of many
neuromuscular disorders such as myotonia and
periodic paralysis.'” In contrast to intracellular
recording in animal experiments, clinical elec-
trodiagnostic procedures analyze extracellular



Table 2-1 Ionic Concentration of Cells in Mammalian Muscle

EXTRACELLULAR INTRACELLULAR EQUILIBRIUM
(mmol/1) (mmol/I) POTENTIAL
(mV)
Cations
Na* 145 12 +66
K 4 155 97
Others S —
Anions
Cl- 120 4 -90
HCO", 27 8 -32
Others 7 155
Potential 0mV -90 mV
(Modified from Patton®®)

potentials by surface or needle electrodes. Here
the interstitial tissues act as a volume conductor,
where the position of the recording electrode rel-
ative to the generator source dictates the size and
waveform of the recorded potentials.

2. TRANSMEMBRANE
POTENTIAL

Understanding membrane physiology at the cel-
lular level forms the basis for electrophysiologic
examination in the clinical domain. This section
deals with the ionic concentration of cell plasma
and its role in maintaining transmembrane poten-
tials. The next sections summarize the basic
physiology of the propagating action potential
recorded through volume conductors. The fol-
lowing comments cover only the fundamental
principles relevant to clinical electrophysiology.
Subsequent section (see Chapter 4-3) further
elaborates on these points.

Ionic Concentration of Cells

The muscle membrane constitutes the bound-
ary between intracellular fluid in cell cytoplasm
and extracellular interstitial fluids. Both con-
tain approximately equal numbers of ions dis-
solved in water but differ in two major aspects.

First, an electrical potential exists across the cell
membrane, with a relative negativity inside the
cell as compared to outside. This steady trans-
membrane potential measures approximately
-90 mV in human skeletal muscle cells, but
it varies from one tissue to another, ranging
from —20 mV to —100 mV. Second, intracellular
fluid has a much higher concentration of potas-
sium and lower concentration of sodium and
chloride ions relative to the extracellular fluid

(Table 2-1).

Nernst Equation

In the steady state, the influx of an ion precisely
counters the efflux, maintaining an equilibrium.
Thus, various factors that determine the direc-
tion and the rate of the ionic flow together must
exert a balanced force. Measuring the ionic con-
centration, therefore, allows a calculation of the
equilibrium potential, that is, the transmembrane
potential theoretically required to establish such a
balance (Fig. 2-1).

In the case of potassium, for example, the
ionic difference tends to push it from inside to
outside the cell, reflecting the higher concentra-
tion inside. This force per mole of potassium, or
its chemical work (Wc), increases in proportion
to the logarithm of the ratio between internal and
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FIGURE 2-1 Simplified scheme of active and passive
fluxes of potassium (K*), sodium (Na*), and chloride (CI")
in the steady state with driving force on each ion shown by
vectors. For potassium, the efflux along the concentration
gradient equals the influx caused by the electrical force
plus the active influx by the sodium-potassium pump.

For sodium, electrical and chemical gradient produces
only a small influx because of membrane resistence. This
inward current by persistent sodium channel equals the
active efflux by the sodium-potassium pump. For chloride,
the concentration gradient almost exactly counters

the electrical force. The ratio of sodium and potassium
exchange by a common electrogenic pump averages 3:2,
making the inside more negative, although this diagram

illustrates a neutral pump with a ratio of 1:1.

external concentration of potassium, (K*)i and
(K*)o, according to the equation,

We=RT log(e) (K")i/(K")o

where R represents the universal gas constant;
T, the absolute temperature; i, inside; o, outside;
and log (e), natural logarithm.

The energy required to counter this force must
come from the negative equilibrium potential
(Ek) pulling the positively charged potassium
from outside to inside the cell. This force per
mole of potassium, or the electrical work (We),
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increases in proportion to the transmembrane
voltage Ek, according to the equation,

We =Zk F Ek

where F represents the number of coulombs per
mole of charge and Zk, the valence of the ion.

In the steady state, the sum of these two ener-
gies, Wc and We, must equal zero, as they repre-
sent forces with opposite vectors. Therefore,

Zk F Ek + RT log(e) (K")i/(K*)o=0

Thus, the Nernst equation provides the the-
oretical potassium equilibrium potential Ek as
follows:

Ek=-(RT/ZKkF) log(e) (K*)i/(K")o

The same equation applies to calculate the sodium
and chloride equilibrium potentials, Ena and Ec1,
as follows:

Ena=—(RT/ZnaF) log(e) (Na*)i/(Na")o
and
Ecl=-(RT/ZcIF) log(e) (CI")i/(Cl )o

Table 2-1 shows the values of Ek (-97mV),
Ena (+66mV), and Ecl (-90 mV) determined
on the basis of their ionic concentrations. These
compare with the actual transmembrane potential
(-90 mV) in the example under consideration.
Thus, ionic concentration and transmembrane
potential alone can maintain chloride ions in
perfect balance. To keep potassium and sodium
in equilibrium at transmembrane potentials
of —90 mV, therefore, other factors must exert a
substantial influence on ionic movements. These
include selective permeability of the cell mem-
brane to certain ions and the energy-dependent
sodium-potassium pump.

Sodium-Potassium Pump

An energy-dependent process, known as the
sodium-potassium pump, transports sodium
outward in exchange for the inward movement



of potassium. Although Figure 2-1 depicts a
neutral pump that exchanges one sodium ion
for every potassium ion actively transported
inward, the actual ratio of sodium and potassium
exchange averages 3:2 in most tissues. Such an
imbalanced arrangement, called an electrogenic
sodium-potassium pump, directly contributes to
the membrane potential but only minimally com-
pared with much greater changes associated with
altered membrane permeability.

In the case of potassium, the active trans-
port of potassium by this energy-dependent
pump explains the small discrepancy between
Ek (-97 mV) and Em (-90 mV). Here, the
forces pulling potassium from outside to inside
the cell consist of the potential difference
(=90 mV) and the active potassium transport
(approximately equivalent to -7 mV). Together
they counter almost exactly the concentration
gradient pushing potassium from inside to out-
side the cell.

In the case of sodium, both the concentra-
tion gradient and potential difference (-90 mV)
pull the ion from outside to inside the cell.
Nonetheless, this cation remains in equilib-
rium because of its impermeability through a
mechanical barrier imposed by the structure of
the cell membrane. Its active transport by the
energy-dependent pump from inside to outside
counters the small amount of sodium that does
leak inward through a small number of persistent
sodium channels, which remain open at resting
membrane potential.

Goldman-Hodgkin-Katz Equation

The Nernst equation closely predicts the mem-
brane potential for highly diffusible chloride and
potassium ions. It does not fit well with much
less permeable sodium ions because it ignores
its relative membrane permeability. The addition
of this factor leads to the more comprehensive
Goldman-Hodgkin-Katz formula, which incorpo-
rates the concentration gradients and membrane
permeabilities of all ions.

Pna (Na*o) + Pk(K*o) - — — + Pcl(Cl i)

Em= RT/F 1
m=( )log(e) Pna (Na'i) + Pk(K'i) - - - -+ Pcl(Cl o)

where Pna, Pk. and Pcl represent the permeabili-
ties of respective ions.

According to this equation, the concentra-
tion gradient of the most permeable ions dictates
the transmembrane potentials. In the resting
membrane with a very high Pk relative to a neg-
ligible Pna, the Goldman-Hodgkin-Katz equa-
tion would approximate the Nernst equation
using the potassium concentration gradient. The
transmembrane potentials calculated using either
equation range from —80 to ~90 mV. Conversely,
the Goldman-Hodgkin-Katz potential would
nearly equal the Nernst potential for sodium, with
a negligible Pk relative to a high Pna. In this situa-
tion, seen with the opening of sodium channels by
critical depolarization, the calculated membrane
potentials range from +50 to +70 mV. This reversal
of polarity in fact characterizes the generation of
an action potential as outlined in the next section.

3. GENERAL
CHARACTERISTICS OF AN
ACTION POTENTIAL

Generation of an action potential consists of two
phases: subthreshold and threshold. Subthreshold
activation produces a graded response or a
self-limiting local potential in transmembrane
potential that diminishes with distance (see
Chapter 10-4). With a threshold depolarization
of 15 to 25 mV, the membrane potential, -90 mV
at rest, reaches —65 to —75 mV, or the critical level
to open the sodium channel. This in turn induces
an action potential in an all-or-none fashion or
the same maximal response regardless of the kind
or magnitude of the stimulus (Fig. 2-2).

All-or-None Response

In the living cell, a voltage-sensitive molecular
structure regulates the conductance of sodium
and potassium ions across the membrane. One
set of channels controls the movement of sodium
ions and another set, potassium ions, depending
on the transmembrane potential. When open,
they provide adequate pathways for that spe-
cific ion to cross the membrane. In the resting
stage, potassium ions move freely through potas-
sium channels kept open at this transmembrane
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FIGURE 2-2  Schematic diagram of graded responses
after subthreshold stimuli and generation of action
potentials after suprathreshold stimuli. Experimental
arrangement shows intracellular stimulation (I) and
recording electrodes (E) on top (A) and polarity, strength,
and duration of a constant current on bottom (B):
Hyperpolarizing (1) and subthreshold depolarizing current
(2) induce nonpropagating local response. Current of just
threshold strength will produce either local change (3a) or
an action potential (3b). Suprathreshold stimulation (4)
also generates an action potential but with a more rapid
time course of depolarization. (From Woodbury, 2 with

permission.)

potential. In contrast, sodium ions move very
little as only a small number of noninactivating
sodium channels remain open, which accounts
for some persistent inward current.*® An exter-
nally applied current for nerve stimulation will
depolarize the nerve under the cathode, or nega-
tive pole, inducing negativity outside the axon,
thus making the inside relatively more positive.
When depolarization reaches a critical level
with intracellular potential shifting from -90 to
—70 mV, for example, voltage-dependent sodium
channels open, giving rise to a 500-fold increase
in sodium permeability, which initiates the
sequence of events leading to nerve excitation. In
short, nerve stimulation accomplishes its objec-
tive by opening the voltage-dependent sodium
channels.
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This intrinsic property of nerve and muscle
underlies the all-or-none response: regard-
less of the nature of the stimulus, the same
action potential occurs as long as depolariza-
tion reaches the critical level. The increased
conductance or permeability allows sodium
ions to enter the cell seeking a new steady state.
Sodium entry further depolarizes the cell, which
in turn accelerates inward movement of this ion.
Because of this regenerative sequence, an action
potential develops explosively to its full size. The
dramatic change in sodium permeability during
this process results in a reversal of membrane
potential from -80 or -90 mV to +20 or +30 mV.
In other words, a switch from the potassium
to the sodium equilibrium constitutes the gen-
eration of an action potential. A negative spike
recorded extracellularly reflects this intracellular
shift of the membrane potential from negative to
positive.

In a depolarized membrane, permeability
to potassium ions also increases as a result of
a molecular change, but only after a delay of
about 1 millisecond. At about the same time, the
increased permeability to sodium falls again to
near the resting value with closure or inactivation
of sodium channels. Inactivated sodium channels
fail to open for a few milliseconds even with depo-
larization above the critical level, constituting the
refractory period (see Chapter 10-3). This inac-
tivation of sodium conductance, together with
increased potassium permeability, results in rapid
recovery of the cell membrane from depolariza-
tion. After the potential falls precipitously toward
the resting level, the opening of slow potassium
channels induce further increase in potassium
conductance. This, together with activation of
electrogenic sodium potassium pump to restore
the altered ionic concentration, hyperpolarizes
the membrane, which then returns slowly to the
resting value, completing the cycle of repolariza-
tion. The amount of sodium influx and potassium
efflux during the course of an action potential
changes the concentration gradients of these two
ionsverylittle. Abnormal, repetitive impulse firing
arising from incomplete inactivation of sodium
channels may characterize several neuromuscu-
lar disorders such as myotonias and neuropathic
pain syndromes.'*



Although repolarization primarily results from
a delayed increase in potassium conductance
in squid giant axon, this may not apply to mam-
malian peripheral or central myelinated axons.”®
Voltage clamp experiments indicate abundant
sodium channels with minimum potassium con-
ductance at the nodes of Ranvier in the mamma-
lian peripheral myelinated axons or dorsal column
axons.”! In contrast, potassium channels abound
all along the internodes, although paranodal
regions also contain some sodium conductance.
Theoretically, the availability of potassium con-
ductance facilitates repolarization, but at a cost of
prolonging the refractory period. In mammalian
fibers, the absence of potassium channels at the
node of Ranvier, combined with the fast inactiva-
tion of sodium conductance, tends to shorten the
refractory period, thus allowing an increased rate
of firing (see Chapter 10-3). In contrast to the
ordinary inward sodium current, which inacti-
vatesin 1 to 2 ms, some Voltage—sensitive channels
seen in motoneuron dendrites, for example, stay
open as long as the membrane potential remains
above threshold, thus, the name persistent inward
currents.®

Local Current

An action potential initiated at one point on the
cell membrane renders the inside of the cell posi-
tive in that local region, reflecting elevated sodium
conductance. Intracellular current then flows
from the active area to the adjacent, negatively
charged, inactive region. A return flow through
the extracellular fluid from the inactive to active
region completes the current. In other words, a
current enters the cell at the site of depolarization,
that is, sink, and passes out to adjacent regions of
the polarized membrane, that is, source (Fig. 2-3).
This local current tends to depolarize the inactive
regions on both sides of the active area. When
depolarization reaches the threshold, an action
potential occurs, giving rise to a new local current
turther distally and proximally. Thus, an impulse,
once generated in the nerve axon, propagates in
both directions from the original site of depolar-
ization, initiating orthodromic as well as antidro-
mic volleys of the action potential (see Fig. 4-3 in
Chapter 4).

After-Potential

In an extracellular recording, an action potential
consists of an initial negative spike of about 1 mil-
lisecond duration, representing the intracellular
positive spike of depolarization, and two subse-
quent negative, or depolarizing, and positive, or
hyperpolarizing, after-potentials (Fig. 2-4). The
first phase results from sustained internodal posi-
tivity and the extracellular accumulation of potas-
sium ions, which tends to depolarize the cell after
the generation of an action potential. The negative
after-potential, an externally negative deflection
grafted onto the declining phase of the negative
spike, therefore, corresponds to a supernormal
period of excitability. The second phase reflects
the elevated potassium conductance at the end of
the action potential, which tends to hyperpolar-
ize the cell. In addition, an increased rate of the
electrogenic sodium-potassium pump to counter
the internal sodium accumulation also induces
the same effect by removing three sodium ions in
exchange for two potassium ions for a net gain of
internal negativity (see Chapter 10-3). The pos-
itive after-potential, a prolonged externally pos-
itive deflection, therefore, signals a subnormal
period of excitability.

4. VOLUME CONDUCTION
AND WAVEFORM

Diphasic Recording of Action
Potential

A pair of electrodes placed on the surface of a
nerve or muscle at rest registers no difference
of potential between them. If, in the tissue acti-
vated at one end, the propagating action poten-
tial reaches the nearest, or active, electrode (E1),
then E1 registers the external negativity relative
to the distant, or reference, electrode (E2), which
remains neutral. This results in an upward deflec-
tion of the tracing according to the convention
of clinical electrophysiology. With further pas-
sage of the action potential, the trace returns to
the baseline at the point where the depolarized
zone affects E1 and E2 equally. When the action
potential moves further away from E1 and toward
E2, E2 becomes negative relative to E1, or E1l
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FIGURE 2-3 Classical view of normal conduction (A) and demyelinative conduction block (B). For successful
conduction through a node of Ranvier, safety factor of transmission defined as the ratio of action current available

at the node to threshold current must exceed unity. In contrast to normal myelinated nerves (A) with a factor of

10 or more, the action current destined for the node dissipates through paranode in demyelinated nerves (B) as a

consequence of increased capacitance and decreased resistance. It now takes longer to charge the next nodal membrane

to threshold, prolonging internodal conduction time. This provides the basis of conduction slowing in a demyelinated

nerve fiber. The conduction time, around 20 ps in normal fibers, may reach up to 50 ps or more in demyelinated fibers.

As demyelination progresses, the current becomes insufficient to reach the threshold, causing conduction block.

(Modified from Kaji'')

becomes positive relative to E2. Therefore, the
trace now shows a downward deflection accord-
ing to the convention. It then returns to the base-
line as the nerve activity becomes too distant to
affect the electrical field near the recording elec-
trodes. This produces a diphasic action potential

(Fig. 2-5).

Effect of Volume Conduction

The earlier discussion dealt with a directly
recorded action potential in animal experiments
with no external conduction medium interven-
ing between the pickup electrodes and the nerve
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or muscle. During a clinical study, however, con-
nective tissue and interstitial fluid act as a volume
conductor surrounding the generator sources.
Here, an electrical field spreads from a source
represented as a dipole, or a pair of positive and
negative charges. In a volume conductor, cur-
rents move along an infinite number of pathways
between the positive and negative ends of the
dipole with the greatest number of charges pass-
ing per unit time through a unit area along the
straight path.

The current flow decreases in proportion to
the square of the distance from the generator
source. Thus, the effect of the dipole gives rise to
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FIGURE 2-4 Diagrammatic representation of an action potential in A fibers of the cat with the negative spike and

negative and positive after-potentials (as seen from outside the cell) drawn in their correct relative size and true relationships.

(From Gasser® with permission.)

a voltage difference between the active recording
electrode in the area of high current density and
a reference electrode at a distance. Whether the
electrode records positive or negative potentials
depends on its spatial orientation to the opposing
charges of the dipole. For example, an active elec-
trode located at a point equidistant from the pos-
itive and negative charges registers no potential.
The factors that together determine the ampli-
tude of a recorded potential at a given electrode
include charge density, or the net charge per unit
area, surface areas of the dipole, and its proximity
to the recording electrode.

The solid angle approximation pertains to ana-
lyzing an action potential recorded through a vol-
ume conductor. This theory states that the solid
angle subtended by an object equals the area of
its surface divided by the squared distance from
a specific point to the surface. The resting trans-
membrane potential consists of a series of dipoles
arranged with positive charges on the outer sur-
face and negative charges on the inner surface.
Thus, it increases in proportion to the size of the
polarized membrane viewed by the electrode and
decreases with the distance between the elec-
trode and the membrane. Solid angle approxima-
tion closely predicts the potential derived from

a dipole layer (Fig. 2-6). The propagating action
potential, visualized as a positively charged wave
front, or leading dipole, represents depolariza-
tion at the cross section of the nerve at which the
transmembrane potential reverses. A negatively
charged wave front, or trailing dipole, follows, sig-
naling the repolarization of the activated zone.

Analysis of Triphasic Waveform

Analyzing waveforms plays an important role in
the assessment of nerve and muscle action poten-
tials. A sequence of potential changes arises as
two sufficiently close wave fronts travel in the
volume conductor from left to right (Fig. 2-7).
This results in a positive-negative-positive tri-
phasic wave as the moving fronts of the leading
and trailing dipoles, representing depolarization
and repolarization, approach, reach, and finally
pass beyond the point of the recording electrode.
Thus, an orthodromic sensory action potential
from a deeply situated nerve gives rise to a tri-
phasic waveform in surface recording. The poten-
tials originating in the region near the electrode,
however, lack the initial positivity in the absence
of an approaching volley. A compound muscle
action potential (CMAP), therefore, appears
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FIGURE 2-5 Diphasic (top) and monophasic
recording (bottom) of an action potential represented

by the shaded area, which shows surface negativity from
depolarization. As the impulse propagates from left to
right in the top series, the two electrodes see no potential
difference in (a), (c), or (e). Relative to the reference
electrode (E2), the active electrode (E1) becomes negative
in (b) and positive in (d), resulting in a diphasic potential.
In the bottom, the darkened area on the right indicates a
killed end with permanent depolarization, with surface
negativity making E1 positive relative to E2 in ('), (),
and (d’). In (b’), E1 and E2 see no potential difference,
causing upward deflection from the positive baseline to 0

potential.

as a negative-positive diphasic waveform when
recorded with the active electrode near the end-
plate region where the volley of muscle action
potential initiates. In contrast, a pair of electrodes
placed away from the activated muscle registers
a positive-negative diphasic potential indicating
that the impulse approaches but does not reach
the recording site.

The number of triphasic potentials generated
by individual muscle fibers summates to give
rise to a motor unit potential (MUP) recorded
in EMG (see Chapter 13-5). The waveform of
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FIGURE 2-6 Potential recorded at P from a cell with
active (dark area) and inactive region. In (4), total solid
angle consists of (1), (2), and Q(3). Potential at P
subtending solid angles (1) and Q(3) equals zero as,

in each, the nearer and farther membranes form a set of
dipoles of equal magnitude but opposite polarity. In Q(2),
however, cancellation fails because these two dipoles show
the same polarity at the site of depolarization. In (B),
charges of the nearer and farther membranes subtending
solid angle (2) appear, as approximation, on the axial
section through a cylindrical cell. A dipole sheet equal

in area to the cross section then represents the onset of
depolarization traveling along the cell from left to right with
positive poles in advance, which the recording electrode at
P sees as an approaching face of positivity. (Adapted from
Patton'®).

the recorded potential varies with the location
of the recording tip relative to the source of the
muscle potential. #*>?” Thus, the same motor unit
shows multiple profiles depending on the site
of the exploring needle. Moving the recording
electrode short distances away from the muscle
fibers increases the rise time or the time inter-
val between the positive and negative peak of
MUP, which, therefore, gives an important clue in
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FIGURE 2-7 Triphasic potential characterized by
amplitude, duration (A-D), and rise time (B-C). A pair of
wave fronts of opposite polarity represents depolarization
and repolarization. The action potential travels from left to
right in a volume conductor with the recording electrode
(E1) near the active region and reference electrode (E2)
on a remote inactive point. As shown in (a), E1 initially
sees the positivity of the first dipole, which subtends

a greater solid angle (Qd) than the second dipole of
negative front (Qr). In (b), this relationship reverses with
gradual diminution of Qd compared with Qr, as the active
region approaches E1. In (c), the maximal negativity
signals the arrival of the impulse directly under E1, which
now sees only negative ends of the two dipoles. In (d), the
negativity declines as E1 begins to register the positive
end of the second dipole. In (e), the polarity reverses
again as Qr exceeds Qd. In (f), the trace returns to the
baseline when the active region moves further away. The
last positive phase, though smaller in amplitude, lasts
longer than the first, indicating a slower time course of

repolarization.

determining proximity of the needle to the gen-
erator source. The amplitude of an MUP does not
serve for this purpose because its reduction may
also result from abnormally small muscle fibers or
low fiber density.

According to the volume conductor theory,
the location of the needle dictates the waveform
of recorded potentials. Thus, depending on the

spacial relationship, the same single fiber dis-
charge may appear as initially positive triphasic
fibrillation potential, initially negative biphasic
endplate spike, or initially positive biphasic posi-
tive sharp wave (see Chapter 14-4). An accurate
description of the observed potential, therefore,
provides clinically useful information. >'® Positive
sharp waves recorded in the absence of fibrillation
potentials may imply subliminal hyperexcitability
of single muscle fibers that “spontaneously” fire
only with mechanical irritation of the needle. If
the tip of a needle damages the muscle membrane
blocking a propagating impulse, the recorded
potential appears as a positive sharp wave reflect-
ing an approaching positive front without a nega-
tive spike, which would normally signal the arrival
of the action potential.

Near-Field and Far-Field Potentials

The specific potential recorded under a particular
set of conditions depends not only on the location
of the recording electrodes relative to the active tis-
sue at any instant in time but also on the physical
characteristics of the volume conductor, >15-161923
The near- and far-field potentials distinguish two
different manifestations of the volume-conducted
field.” The near field represents recording of a
potential as it propagates under a pair of usually
closely spaced electrodes placed directly over the
path of the impulse. A bipolar recording registers
primarily, though not exclusively, the near field
from the axonal volley along the course of the
nerve. In contrast, the far field implies detection of
either a distant nonpropagating discharge or a sta-
tionary peak generated by a propagating impulse
as a voltage step long before the signal arrives at
the recording site. A pair of widely separated elec-
trodes located across the junction of volume con-
ductor preferentially records far-field potential,
although one of the electrodes if placed near the
passage of the traveling volley may also register
near-field potential (see Chapter 19-3).

A far-field derivation has become popular in
the study of evoked potentials to detect voltage
sources generated at a distance. Original work
on short-latency auditory evoked potentials’
suggested that synaptically activated neurons
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in the brainstem gave rise to stationary peaks.
Subsequent animal studies emphasized the role of
a synchronized volley of action potentials within
afferent fiber tracts as their source. Indeed, short
sequential segments of the brainstem pathways
may each summate in far-field recording, result-
ing in successive peaks of the recorded poten-
tials.! This mechanism by itself, however, does
not account for the standing peaks derived from
the propagating volleys at certain points along the
greater length of the afferent pathway.

Studies using the peripheral sensory nerve con-
duction as a model documented that stationary
peaks can, in fact, result ata junction of the volume
conductor solely from the propagating impulse in
the absence of synaptic discharge.'>'5"¢ Hence,
stationary peaks seen in a far-field recording may
represent a fixed neural source such as synaptic
discharges or, alternatively, a junctional potential
registered as the advancing front of axonal depo-
larization crosses a volume conductor boundary.
As for the first of the two possibilities, consider
electrocardiographic artifacts seen in an isoelec-
tric electroencephalogram recorded with high
gain in a patient with brain death. Here, a large
cardiac discharge represents a fixed generator in
the chest recorded by distant electrodes placed on
the scalp. As for the second, which defies the con-
ventional belief, the new compartment becomes
suddenly positive as compared to the old com-
partment, with the passage of the positive front
of the leading dipole across the boundary. Thus,
the chamber approached always detects a posi-
tive potential initially, although it may revert to
negativity as the negative end of the same dipole
crosses the partition.

Thus, in short-latency somatosensory evoked
potentials (SEPs) of the median” or tibial nerve,*
a voltage step develops between the two compart-
ments when the moving volley encountersasudden
geometric change at the border of the conducting
medium.'® The same principles applyin the analysis
of MUP and spontaneous single-fiber discharge.®
At the time of entry of the impulse, each volume
conductor on the opposite side of the boundary, in
effect, acts as a lead connecting any points within
the respective compartment to the voltage source
at the partition.''*** Consequently, the potential
difference remains nearly, though not exactly, the
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same regardless of the distance between E1 and
E2, provided they flank the border between the
two conjoining volume conductors. The designa-
tion, junctional or boundary potential, differenti-
ates this type of stationary peak from fixed neural
generators and helps specify the mechanism of the
voltage step generated by the traveling impulse at a
specific location (see Chapter 19-3).
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1. INTRODUCTION

The apparatus used in the performance of routine
electrodiagnosis includes electrodes, amplifiers,
displays, loudspeakers, and data storage devices.
Surface electrodes placed on the skin over the tar-
get register a summated electrical activity from
many muscle or nerve fibers. Needle electrodes
inserted closer to the source discriminate single

34 .

muscle fiber or individual motor unit potentials
(MUPs) depending on their recording radius.
The electrical and physical characteristics of the
electrode dictate the amplitude and other aspects
of the recorded potentials under study.
Electromyographers analyze both the visual
image of the waveform displayed on the screenand
the auditory characteristics of the signals heard
through a loudspeaker. The kind of information



desired and the type of activities under study
determine the optimal amplifier settings. Digital
storage has replaced the traditional devices for
permanent recordings such as photographs with
Polaroid films, a fiber-optic system with sensitive
papers, or a magnetic tape recorder. Amplitude
and time calibrations verify the accuracy of the
stored signals. This chapter deals with practical
aspects of instrumentation, deferring a detailed
discussion of electronics to Appendix 2.

2. ELECTRODES

The signals recorded during voluntary muscle
contraction depend to a great extent on the type
of recording electrodes used. Surface electrodes
placed over the muscle summate activities from
many motor units. The use of a needle electrode
allows recording of an individual MUP during
mild muscle contraction. With increased effort,
synchronous activities from many adjacent motor
units interfere with the identification of single
motor units. For routine purposes, clinical elec-
tromyographers use standard concentric, bipolar
concentric,? or monopolar needles.!® Single fiber
electrodes have a leading edge small enough to
allow recording of potentials derived from single
muscle fibers in isolation.?* Less commonly used
“special purpose” electrodes include multielec-
trode, flexible wire electrode, and microelectrode
placed intracellularly. An electrode lead wire
should have a protected pin to prevent inad-
vertent connection to a power source, causing
shocks, burns, or electrocutions.

Preparation of Needle Electrodes

With the advent of less costly disposables, it
has now become a common practice to discard
needle electrodes after use in each patient. The
American Association of Neuromuscular and
Electrodiagnostic Medicine (AANEM) recom-
mends this practice to circumvent any concerns of
possible transmission of diseases, especially after
studying a patient with AIDS, hepatitis, or any
other contagious disorders. Jakob-Creutzfeldt dis-
ease poses special problems because the transmis-
sible agent responsible for the disease may resist
conventional sterilization procedures. Further

precaution, therefore, calls for incinerating the
used needles and blood-contaminated materials
or autoclaving them for 1 hour at 120°C and 15
PSI before disposal.*

In reusing needle electrodes, sterilization in
boiling water for at least 20 minutes prevents the
transmission of infection. Commercially available
sterilizers bring the water temperature to 100°C
and maintain it without excessive boiling. Only
the metal and plastic components of needle elec-
trodes will withstand the time and temperature of
steam autoclaving, thus the need to detach non-
autoclavable connectors and lead wires before
the sterilization procedure. Gas sterilization also
suffices, although the chemicals used may dam-
age the plastic, causing defects in insulation. With
one terminal of a battery connected to the lead
of a monopolar needle and the other terminal to
an ammeter with a small exploring metal hook, a
current should flow only if the hook also touches
the lead. Any current, if registered while exploring
the shaft of the needle, indicates defective insu-
lation. An ammeter should register no current if
connected to the battery through the two insu-
lated leads of standard or bipolar concentric nee-
dles. A current will flow normally with immersion
of the needle tip in water, which short-circuits the
two lead edges.

Types of Electrodes

Figure 3-1 illustrates electrodes commonly used
for nerve conduction studies (NCS) and electro-

myography (EMG).

SURFACE ELECTRODES

Surface electrodes, square or round metal plates
made of platinum or silver, come in different
sizes with the average dimension of 1 x 1 cm. The
type of recording electrode used influences the
characteristic of the evoked potential. A surface
electrode serves best for monitoring voluntary
muscle contraction during kinesiologic studies,
but not for studying an MUP with high-frequency
components not detectable by this method. It
registers electrical activities nonselectively from
a wider region covering the recording radius of
some 20 mm compared to selective pickup from a
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FIGURE 3-1

Schematic illustration of (a) standard or coaxial bipolar, (b) concentric bipolar, (c) monopolar, and

(d and e) single fiber needles. Dimensions vary but the diameters of the outside cannulas shown resemble 26-gauge
hypodermic needles (460 um) for (a), (d), and (e); 23-gauge needle (640 ym) for (b); and 28-gauge needle (360 um) for
(). The exposed tip areas measure 150 ym x 600 um for (a), 150 ym x 300 pm with spacing between wires of

200 pm center to center for (b), 0.14 mm? for (¢), and 25 um in diameter for (d) and (e). A flat skin electrode completes

the circuit with unipolar electrodes shown in (¢) and (d). (Modified from Stilberg, and Trontelj and Sanders.**)

500 pum radius by a needle electrode.® Increasing
electrode size tends to diminish the amplitude
of compound muscle action potential (CMAP)
because potentials registered per unit become
smaller with greater recording radius.”” The sur-
face electrode also works well as a stimulating
probe or a reference or a ground lead in conjunc-
tion with a monopolar needle.

An adhesive tape suffices for application of
the electrode to the skin in clinical practice,
although the use of collodion improves stability
in long-term monitoring. Time-efficient applica-
tion of disposable adhesive electrodes, though
more costly, provides results equal to, if not bet-
ter than, the usual disc electrodes applied with
adhesive tapes.8 Cleansing the skin with alcohol,
scraping the calloused surface, and applying elec-
trolyte cream under the electrode reduces the
impedance. Too much paste can form a bridge
between the recording (E1) and reference elec-
trodes (E2), cancelling the voltage difference.
Steady electrode offset voltage at the interface,
not recorded by the amplifier, can give rise to an
artifact if movement causes a sudden mechani-
cal change in the metal-electrolyte interface. To
reduce this type of potential, some surface elec-
trodes allow most movement to occur between
electrolyte and skin rather than at the met-
al-electrolyte interface. A short circuit between
the stimulator and pickup electrodes or ground
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introduces a large stimulus artifact. Perspiration
can act in a similar manner.

STANDARD OR COAXIAL NEEDLE

This electrode, introduced by Adrian and Bronk,”
has a stainless-steel cannulas similar to hypo-
dermic needles, with a wire in the center of the
shaft. The wire, usually made of nichrome, sil-
ver, or platinum, measures 0.07 square mm or
slightly larger as compared to the external rim of
the shaft, 0.46 mm in diameter. The pointed tip of
the needle has an oval shape with an exposed area
of about 150 um x 600 pm, and an impedance
of around 50 Kohms. The wire and shaft, bare at
the tip, form a spheric rather than hemispheric
recording territory.'” The needle, when near the
source of electrical activity, registers the potential
difference between the wire and the shaft, show-
ing a restricted recording area. The so-called facial
concentric needle electrode, 25 mm in length, has
the advantage of a smaller needle shaft of 0.3 mm
but also has a smaller recording surface of 0.03
square mm, showing slightly different recording
characteristics.”

In the recording of a single motor unit dis-
charge, only the muscle fiberslocated within about
500 pym radius from the tip of the needle contrib-
ute to the amplitude, and those within 2.5 mm to
the duration of the recorded potential.11 Thus,



although recording characteristics vary from one
type of needle to another, the pickup area, in gen-
eral, constitutes a very small portion of the motor
unit territory that extends at least 1 cm in diame-
ter. A separate surface electrode, taped or applied
with adhesive, serves as the ground. Disposable
concentric needles generally compare reasonably
well with reusable electrodes, although electric or
physical testing of the leads may not adequately
predict their recording characteristics.?!

BIPOLAR CONCENTRIC NEEDLE

The cannula contains two fine stainless-steel or
platinum wires. This electrode, therefore, has a
larger diameter than the standard concentric
needle embedded with wires of the same size.
The electrode registers the potential difference
between the two inside wires, with the cannula
serving as the ground. The bipolar electrode
thus detects potentials from a much smaller vol-
ume than the standard needle. The three termi-
nals in the connecting cable consist of two active
leads and a ground connection. In this type of
recording from a very localized area, only a small
number of single muscle fibers contribute as the
source for measured amplitude.19 This restricted
recording range provides selectivity but at the
risk of disregarding the overall activity of the
motor unit. Concentric electrodes tend to detect
more spontaneous potentials than monopolar
needles, probably because of increased tissue
injury?‘3

MONOPOLAR NEEDLE

This electrode, made of stainless steel for its
mechanical properties, has a fine point insulated
except at the distal 0.2 to 0.4 mm. The wire, cov-
ered by a Teflon sleeve, has an average diameter
of about 0.8 mm. A surface electrode or a second
needle in the subcutaneous tissue serves as a refer-
ence lead and a separate surface electrode placed
on the skin, as a ground. Although electrically less
stable, hence noisier than the concentricelectrode,
its sharp tip causes less pain during insertion.!®?®
The average impedance ranges from 1.4 megohms
at 10 Hz to 6.6 Kohms at 10 KHz*® Presoaking the
electrodes with a small concentration of a wetting

agent in saline solution reduces the impedance
by 6- to 20-fold. This pretreatment improves the
resolution of low-amplitude signals. A monopo-
lar needle records voltage changes between the
tip of the electrode and the reference. The spatial
recording characteristics'® differ considerably
from one type of needle to another. In general, a
monopolar needle registers an amplitude twice as
large as that of a concentric needle from the same
source'*'%?* although duration and firing rate
remain nearly the same.

SINGLE FIBER NEEDLE

Single fiber electromyography (SFEMG) requires
an electrode with a much smaller leading edge to
record from individual muscle fibers rather than
motor units (see Chapter 16-2). A wire, 25 pm
in diameter, mounted on the side of a needle,
provides the maximal amplitude discrimination
between near and distant signals. As in concentric
electrodes, single fiber needles may contain two
or more wires exposed along the shaft, serving as
the leading edge. The most commonly used type
has one wire inserted into a cannula with its end
bent toward the side of the cannula, a few mil-
limeters behind the tip.24 The spatial recording
characteristics of single fiber needles show spe-
cific asymmetries and a greater potential decline
with radial distance compared with concentric or
monopolar electrodes.'”**

MACROELECTRODE

The needle used for macro EMG consists of two
recording surfaces, one capable of recording
SFEMG from a side port and the other dedicated
for territorial pickup with a bare cannula 15 mm
in length (see Chapter 16-7). A two-channel sys-
tem provides SFEMG recording with a 500 Hz
low-frequency filter in one channel, and macro
EMG recording at a standard EMG setting in
the other. The SFEMG side port referenced to
the cannula produces single-fiber signals that
trigger the oscilloscope sweep. The active can-
nula electrode with reference to a skin or dis-
tant electrode registers electrical activities along
its entire length, but only if time-locked to the
SFEMG trigger. Simultaneous discharges from
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neighboring motor units, not time-locked with
the trigger, cancel as background noise during
signal averaging.

MULTIELECTRODES

Multielectrodes contain three or more insulated
wires, usually 1 x 1 mm in size, exposed through
the side of the cannula'® One of the wires serves as
the indifferent electrode and the outside cannula of
the electrode, | mm in diameter, as the ground. The
separation between the leads along the side of the
multielectrode determines the recording radius.
The commonly used distances in measuring the
motor unit territory include 0.5 mm for myopa-
thy and 1.0 mm for neuropathy. The single needle
may also contain multiple wires exposed along the
shaft.

FLEXIBLE WIRE

A flexible wire, introduced through a hypodermic
needle, permits freedom of movement in kine-
siologic examination. Some investigators prefer a
bipolar electrode made of nylon-coated Evanohm
alloy wire, 25 pm in diameter. Although this type
of electrode comes in different sizes, the most
commonly used has insulated platinum wires
50-100 pum in diameter with the tip bare. A
small hole made in the insulation of the wire may
serve as a smaller lead-off surface on the order of
10-20 pum. These electrodes, however, lack the
rigid standardization required for quantitative
studies of action potentials 24

GLASS MICROELECTRODES

A glass microelectrode, used for intracellular
recording, consists of fine glass tubing filled with
potassium chloride solution. Because of its extreme
fragility, one must use a cannula as a carrier to intro-
duce the electrode through the skin, and a micro-
manipulator to insert it into the exposed muscle.
The electrode has a very fine tip, less than 1 pm in
diameter, and consequently a very high impedance
on the order of 5 megohms. Therefore, recording
from a glass microelectrode calls for amplifiers of
exceedingly high input impedance.
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3. ELECTRODE AMPLIFIERS

Potentials assessed during electrodiagnostic
examinations range in amplitude from microvolts
to millivolts. With the oscilloscope display set at
1V per cm, signals of 1 uV and 1 mV, if amplified
1 million times and 1000 times, respectively, cause
a 1 cm deflection. To accomplish this range of
sensitivity, the amplifier consists of several stages.
One system uses a preamplifier with a gain of
500, followed by several amplifier and attenuator
stages to produce a variable gain of 2 to 2000. This
arrangement increases the signal-to-noise ratio by
allowing major amplification of the signal near the
source prior to the emergence of noise that devel-
ops in the following circuits. To achieve this goal,
the preamplifier must have high input impedance,
alow noise level, and a large dynamic range.

Differential Amplifiers

During EMG examination, a major source of
interference comes from the coupled potential
of the alternating current power line. The mag-
nitude of this field can exceed that of biological
potential by a million times. Proper assessment,
therefore, depends on selective amplification of
the signal without, at the same time, magnifying
the noise. Differential amplifiers, therefore, mag-
nify only the voltage difference between the two
input terminals rather than the voltage appearing
between an input terminal and the ground termi-
nal. This system effectively rejects common mode
voltages, which appear between both input termi-
nals and common ground. These include not only
power-line interference but also distant muscle
action potentials that affect the two recording
electrodes equally. A common mode voltage, too
large for a perfect balance, overloads the amplifier.

Common Mode Rejection
Interference

Inherent imbalance in the electrical system of
an amplifier renders rejection of the common
mode voltage less than perfect. The rejection ratio
specifies the degree of differential amplification
between the signal and the common mode voltage.
Good differential amplifiers should have rejection



ratios exceeding 100,000, or 100,000 times more
amplification of the signal than unwanted poten-
tials. A very high rejection ratio, however, will not
guarantee the complete elimination of external
interference, for two reasons. First, electromag—
netic interference affects the two recording elec-
trodes almost, but not quite, equally depending
on their relative positions. Second, inevitably
different contact impedances of the two record-
ing electrodes lead to unequal distribution of the
same common mode voltage.

Means of Reducing Interference

Other precautions for minimizing electromag-
netic interference include reducing and balanc-
ing contact impedances of the two electrodes and
the use of short, well-shielded electrode cables.
The system must effectively ground not only the
patient and the bed but also the instrument and, if
necessary, the examiner. Major interference may
originate from unshielded power cords running
to other appliances in the vicinity of the record-
ing instrument. With adequate care, most mod-
ern equipment operates well without a shielded
room. In the presence of electrical noise uncon-
trollable by ordinary means, a properly con-
structed Faraday shield can dramatically reduce
the interference. For the best performance, it
should enclose the examining room as one con-
tinuous conductor grounded at one point. The
50 or 60 Hz filter available in most instruments
reduces power-line interference at the expense of
distorting the signals under study. Thus, only spe-
cial situations, such as portable recording in an
intensive care unit, may warrant their application,
and even then only when all other attempts have
failed.

Input Impedance

Analogous to the resistance in a DC circuit, the
impedance in an AC circuit determines the cur-
rent flow for a given alternating voltage source.
In this circuit, the needle tip and the input ter-
minal act as a voltage divider in proportion to
the respective impedance with a negligible drop
across the tissue and electrode wires. Thus, with
the impedance equally divided between these

two, only one-half of the original potential will
appear across the input terminal. Increasing
the input impedance of the amplifier from 100
kilohms to hundreds of megohms, a level much
higher than that of the electrode tip, would mini-
mize the loss. Higher input impedance also ren-
ders the electrical asymmetry of the recording
electrodes small, improving the common mode
rejection ratio. Large electrode impedances also
induce amplifier noise and external interference,
although higher values apparently cause no major
waveform distortion."

Frequency Response

Most commercially available apparatus have var-
iable high- and low-bandpass filters to adjust
frequency response according to the type of
potentials under study. Fourier analysis of com-
plex waveforms encountered in electrodiagnosis
reveals sine waves of different frequencies as their
harmonic constituents. The prominent sine wave
frequencies of muscle action potentials, for exam-
ple, range from 2 Hz to 20 KHz. For clinical stud-
ies, the frequency band of the amplifier ideally
should cover this range. In the presence of inter-
tering high-pitched noise and DC drift, however,
a bandpass extending from 10 Hz to 10 KHz suf-
fices. Filter settings must remain constant in serial
studies to avoid alteration of waveform.
High-frequency (low-pass) filters, if set too
low, reduce the amplitude of high-frequency
components  disproportionately.  Extending
the high-frequency response beyond the band
required for proper recording results in an
unnecessary increase in background noise. A
low-frequency (high-pass) filter, if set too high,
distorts the slowly changing potential without
enhancing MUP complexity, or turn’ Here the
new waveform approximates the first derivative
(rate of change) of the original signal. Extending
the frequency response too low causes instabil-
ity of the baseline, which then shifts slowly in
response to changing biopotentials. The analog
filters also affect the peak latency of the recorded
response because of phase shift. High-frequency
filtering increases whereas low-frequency fil-
tering reduces the apparent peak latency. The
use of digital filtering, which introduces zero
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phase shift, circumvents this problem in clinical
assessments.2’

A square-wave pulse of known amplitude and
duration serves as a calibration signal for accu-
rately determining the amplitude and duration of
the recorded potentials. The distortion seen in the
square pulse results from the effects of high- and
low-frequency filters. Its rise time indicates the
high-frequency response, and the slope of the flat
top, the low-frequency response (see Appendix
Figs. 2-18 and 2-20). Other calibration signals
include sine waves from the power line and dis-
continuous waveforms of known frequency and
amplitude.

4. VISUAL AND AUDITORY
DISPLAYS

Appropriate amplification ensures an optimal dis-
play of the waveform for visual analysis. Before the
advent of digital processing, the cathode ray tube
(CRT) provided an excellent means to trace rap-
idly changing amplitude against time. Most manu-
facturers now use digital circuitry to process and
store the potentials before displaying them on a
monitor. The waveform displayed on the face of the
screen depicts the signal voltage changing in time.
The vertical axis represents the response ampli-
tude, whereas the horizontal axis shows the units
of time. An EMG examination usually uses a free
running mode; that is, when the spot reaches the
end of the screen, it returns rapidly to the begin-
ning to repeat.

Delay Line

Instead of the free running mode, the horizontal
sweep may initiate on command, triggered, for
example, by an MUP itself for detailed analysis.
In this mode of operation, a given unit recurs
successively at the beginning of each sweep,
although, by design, only the portion of the
waveform following the trigger point appears
on the screen. In an analog machine, an elec-
tronic delay circumvents this difficulty by stor-
ing the recorded MUP for a short period. After
a predetermined delay following the onset of a
sweep triggered by the real-time potential, the
stored signal leaves the delay line for display on
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the screen. With this arrangement, the potential
in question occurs repetitively and in its entirety
on the same spot of the screen for precise deter-
mination of its amplitude and duration. With
digital circuitry, the computer begins displaying
data at any desired point prior to the trigger, thus
accomplishing the same objective.

Multiple-Channel Recording

Some electrophysiologic instruments have mul-
tiple channels to allow simultaneous recording
from two or more sets of electrodes. With CRT,
two or more channels share a beam from a single
gun by switching the point vertically between
the base lines of different traces as the beam
sweeps horizontally across the screen. This elec-
trical switching takes place so fast that each trace
in effects appears to be continuous despite the
interruption from one trace to the next.

Storage Oscilloscope

Storage oscilloscopes have a different CRT that
retains traces on the face of the screen for several
hours. A second electron gun floods the screen
to visualize the trace retained as electrostatic
charges on a mesh behind the screen. Electrically
discharging the mesh can quickly erase the stored
pattern. The advent of digital storage and display
techniques has made such storage oscilloscopes
obsolete.

Loudspeaker

Muscle or nerve action potentials have distinct
auditory characteristics when played through
a loudspeaker. For clinical analyses, electro-
myographers depend very heavily on the sounds
produced by different kinds of spontaneous
or voluntarily activated muscle potentials dur-
ing EMG. For example, fibrillation potentials
sound like “rain on a tin roof” (see Chapter
14-4). Acoustic properties also help distinguish
a nearby motor unit with a clear, crisp sound,
reflecting a short rise time, from distant units
with dull sound (see Chapter 14-5). In fact, an
experienced examiner can detect the difference
between near and distant units by sound better



than by waveform display. The acoustic cues usu-
ally serve as an excellent guide in properly repo-
sitioning the needle close to the source of the
discharge.

5. ARTIFACTS

Not all electrical potentials registered during elec-
trophysiologic examinations originate in muscle
or nerve. Any voltage not attributable to the bio-
logic potential under study represents an artifact,
which usually causes a unique discharge pattern
on the oscilloscope and distinct sounds through
the loudspeaker. Some noises, however, mimic
biologic activity so closely that even a trained
examiner may have difficulty in identifying them.

Most artifacts unaffected by the position of the
recording electrode originate outside the muscle.
These include 50 or 60 Hz interference caused
by the electrostatic or electromagnetic fields
of electrical appliances and other exogenous
activities like those induced by a cardiac pace-
maker (Fig. 3-2) or transcutaneous stimulator
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FIGURE 3-2  Artifacts induced by a cardiac pacemaker

recorded by a monopolar needle electrode from gluteus

medius and (a and b) paraspinal muscle (c and d). Note

opposite polarity of the sharp discharge in the two recording

sites. The interval between the successive impulses of 800

ms corresponds to a discharge frequency of 75 impulses/

minute. Trains in (a) and (c) show continuous recordings

from top to bottom, and those in (b) and (d), interrupted

tracings from one sweep to the next.
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FIGURE 3-3  Artifact induced by a transcutaneous
stimulator. The 14 ms interval between the successive
impulses (a, b, and c) corresponds to an approximate
discharge rate of 70 impulses/second and 7 ms interval (d, ¢,
andf), a faster rate of 140 impulses/second.

(Fig. 3-3). Improper or inadequate grounding
results in electromagnetic interference from the
nearby alternating current source. Different gen-
erator sources give rise to characteristic, though
not specific, patterns for easy identification
(Fig. 3-4). Artifacts may also originate in the
recording instruments themselves or from a
more remote generator such as a hammer drill
(Fig. 3-S). A loose connection in one or more
parts of the recording circuit may generate electri-
cal activity similar to the muscle action potential.
Impedance variability within the muscle tissue
may also cause electrical activity depending on
the location of the needle tip. These artifacts may
mimic the intended signals under study.

Electrode Noise

Potentials may arise from two active metals or
the metal-fluid junction at the surface electrode
on the skin or needle tip located intramuscularly.
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FIGURE 3-4 Various types of interference induced by
nearby electrical appliance. They include common 60 Hz
alternation (a), spikes from high impedance of the recording
electrode (b), fluorescent light (c), 120 Hz pattern from
diathermy unit (d), and 60 Hz oscillation from heat lamp (e

andf).

A constant electrode-fluid potential by polariza-
tion may distort the signals, whereas changing
potentials will result in electrode noise. A small
electrode tip, because of its high impedance,
causes a greater voltage drop during the passage
of current, inducing a greater interference from
its polarization. Therefore, the type of metal
alters the recording characteristics of the needle
electrode much more than those of the surface
electrode. The use of relatively inert metals, such
as stainless steel or platinum, minimizes such
adverse effects.

Amplifier Noise

Electrical noise inherent in an amplifier origi-
nates from all components, including the resis-
tors, transistors, and integrated circuits. Noise
arising from the thermal agitation of electrons
in a resistor increases with the impedance in the
input stage. Microphonic noise results from the
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FIGURE 3-5  Effect of hammer drill operated nearby (a,
b, and ¢) and oscillation of the amplifier circuits (d, ¢, and f)
probably induced by an excessively high impedance of the
electrode tip. Both superficially resemble complex repetitive
discharges, but the recordings with a fast sweep speed (c and
f) uncover a waveform and pattern of recurrence not usually
associated with a biologic discharge.

mechanical vibration of various components. The
use of a high-pass filter suppresses low-frequency
noise from these and other sources in amplifier
circuits. A low-pass filter reduces high-frequency
noise, which appears as a thickening of the base-
line as it sweeps across the screen accompanied
by a hissing noise on the loudspeaker (Fig. 3-6).
The level of amplifier noise as perceived on the
oscilloscope increases in proportion to the
amplifier gain and frequency response. Thus,
operating the system at lower gains and with nar-
rower filter band widths substantially reduces
this component of noise seen on the screen,
often at the expense of distorting the signals
under consideration.

Defective Amplifier

By far the most likely cause of recording prob-
lems relates to a defect in the three recording
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FIGURE 3-6  Amplifier noise superficially resembling
positive sharp waves, recorded with a monopolar needle
placed in the edematous subcutaneous tissue. The baseline
thickness changed abruptly with slight relocation of the
needle tip probably altering the impedance, high with the
needle in contact with fatty tissue (top) and low when located
elsewhere (bottom).

electrodes or its application. A broken wire
induces bizarre and unsuspected artifacts even
if the insulating cover appears intact. A par-
tially severed conductor may generate very
deceptive movement-induced potentials, which
recur with muscle twitch, mimicking stimulus
locked evoked signals. Other common causes
of artifacts include defective insulation of a
monopolar needle or a concentric needle with
a short-circuited tip. The use of disposable nee-
dles eliminates problems inherent to steriliza-
tion, but unused electrodes may manifest similar
artifacts, caused by mechanical defects induced
during the manufacturing process. These include
Teflon retraction, a dull or burred tip, a break in
a wire or pin, electrical artifacts, and a bend in
the needle shatt.

Movement Artifact

When a patient contracts a muscle, the surface
electrode may slide over the skin. This causes a
movement artifact primarily because of chang-
ing impedance between the surface electrode
and the skin. Movement-induced potentials also
may result from existing fields near the surface
of the skin, particularly those originating from

sweat glands. Movement of electrode wires may
produce artifacts resembling muscle activity,
mostly reflecting changing capacitance. Rubbing
the lead of the needle electrode with a finger or
cloth sometimes produces friction artifacts from
a static charge. Adequate insulation of the needle,
ideally with the use of driven shields, reduces this
type of interference.

Electrostatic and Electromagnetic
Interference

Sources of 50 or 60 Hz interference abound
(Fig. 3-4). They include electric fans, lamps,
fluorescent lights, CRT screens, electric motors,
light dimmers, and even unused power cords
plugged into the wall outlets. The use of an
ungrounded wheelchair or a metal examining
table enhances this type of artifact. Appliances
sharing the same circuit with the EMG instru-
ment cause especially noticeable interference.
Radio frequency electromagnetic waves can
also “carry” alternating current. A strong field
from a nearby diathermy apparatus produces
a characteristic wave pattern. Federal regula-
tions now restrict the amount of interference
that such a unit can render to other equipment.
Intermittent power-line load causes transient
voltage changes, which in turn give rise to an
artifact. In an examining room located near a
driveway, auto ignition causes a popping sound.
The examiner, if not properly grounded, may act
as an antenna by touching the needle.

Bundling or weaving the lead wires of the
recording and ground electrodes minimizes
the area susceptible to the field of interference.
Other simple but effective measures to reduce
EMG interference include relocating the wires,
patient, or recording apparatus within the room
and relative to each other. With power cords
near the patient, turning off power to the offend-
ing appliance does not necessarily eliminate the
artifacts. To minimize the interference from
the oscilloscope screen or monitor, the patient
and operator should avoid the location near the
source. If these simple precautions fail, one may
consider, as a last resort, removing all the electri-
cal appliances from the room and shielding the
examining area.
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Radio and Mobile Phone
Interference

High-frequency audio interference may appear
from radio broadcasts, television, or radio paging
systems. This type of transient artifact may escape
detection unless the sounds heard through the
loudspeaker alert the examiner. Their elimina-
tion may call for relocation or screening of the
EMG instrument. An examining room located
on the side of the building farthest from trans-
mitting antennas has the least interference. The
use of power-line radio frequency filters may
minimize the noise caused by power wiring. A
mobile phone in use near the laboratory also can
give rise to substantial artifacts, which may mimic
high-frequency complex repetitive discharges
(CRDs)?

6. STIMULATORS

Electrical Stimulation Requirements

Electrical stimulation applied with surface elec-
trodes on the skin or through needles inserted
subcutaneously induces a current in the fluid sur-
rounding a nerve bundle, depolarizing the nerve
under the cathode and hyperpolarizing it under
the anode. Increasing the shock intensity to alevel
slightly above the value just sufficient to elicit a
maximal response assures the excitation of all the
axons in the nerves. The waveform of stimulus
pulse affects the patient’s perception of an electri-
cal shock. Monophasic stimulation evokes differ-
ent responses compared to a biphasic pulse, with
a trailing positive phase, which has a stimulating
effect'

Surface stimulation in the range of 50-500 V
drives a current of 5-50 mA, assuming the skin
impedance of 10 K. Higher shock intensities
can usually, though not always, compensate for a
decreased nerve excitability seen in some neuro-
pathic conditions (see Chapter 11-5). Stimulation
with subcutaneus needle electrodes, already in
good fluid contact and closer to the nerve, uses
a much lower intensity for adequate activation.
Just a few volts may elicit a response in this case,
requiring a much tighter intensity control than
surface delivery for consistent and safe practice.
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The stimulus intensity and duration required for
effective depolarization shows an inverse rela-
tionship. Thus, within limits, a lower intensity
suffices if applied for a longer duration, and vice
versa. Generally, patients tolerate a stimulus dura-
tion exceeding 2 ms poorly. With durations of less
than 50 ps, tissue capacitances limit the rate of
rise of the stimulus pulse, which, therefore, may
not reach a fully effective level. Commonly used
stimulus duration, therefore, ranges from 0.1 to
1.0 ms.

The equipment must also provide a good con-
trol over the timing of the stimuli for different
purposes of clinical measurements. In perform-
ing a paired-shock technique, the first shock with
reduced intensity may subliminally excite the
neural elements, which then fire with the sec-
ond shock delivered within a few milliseconds.
Some collision techniques use two or three pre-
cisely timed stimuli, with individually adjustable
intensities, durations, and delays, delivered to the
same or to different sets of electrodes. A train of
stimulus technique uses many shocks of identical
intensity at rapid, adjustable rates of discharge.
Such complex stimulus generators must have
adequate programmability with fail-safe protec-
tion features.

Stimulus Isolation

Electrical stimulators “isolated” from the record-
ing amplifiers and other equipment circuits
improve safety and artifact reduction. In such
a system, the stimulation circuits have no con-
ductive path to other circuits except through the
patient’s body. This isolation ensures that stim-
ulus current flows only in the loop provided by
the two stimulating electrodes. If the stimulator
circuit has any connection to the recording cir-
cuit, then the stimulus current divided into addi-
tional paths can cause a large stimulus artifact,
amplifier overload, or even spurious stimulation
at unintended sites. Under conditions of com-
ponent failure, these additional paths might also
conduct hazardous levels of current. Stimulus
isolation usually relies on magnetic coupling
of energy to the stimulating circuits, although
battery-powered stimulators may use optical
coupling of the control signal.



Constant Voltage versus Constant
Current

A “constant-voltage” stimulator delivers an adjust-
able voltage across the stimulating electrodes,
essentially independent of stimulus current. At
a fixed output voltage, the electrode impedance
determines the stimulus current level. Increasing
the voltage alters the current to achieve a desired
level of stimulation. A “constant-current” stimu-
lator delivers an adjustable current through the
stimulating electrodes, essentially independent of
their impedance. The voltage across the stimulat-
ing electrodes adjusts dynamically to maintain a
constant stimulus current, providing more consis-
tent stimulus control, especially for techniques that
require a train of stimuli or response averaging.

Magnetic Coil Stimulation

Magnetic coil stimulation, more widely used for
excitation of the central rather than peripheral
nervous system, serves as an alternative means of
nerve activation.’ In this method, an electric cur-
rent of a primary circuit induces a rapidly chang-
ing magnetic field of high intensity, which in turn
gives rise to an electric current in the body fluid
to cause nerve excitation (see Chapter 20-3).
The apparatus consists of a doughnut- or figure
8-shaped coil and a capacitive-discharge power
unit, triggered from conventional EMG equip-
ment. Magnetic stimulation can excite the brain
noninvasively, with less pain and no need of stim-
ulus electrode application. Inducing a stimulus
magnetically requires huge coil currents and high
voltages, which cause substantial stimulus artifact
in the recording circuits. Uncertainty and vari-
ability of stimulation point limits its use for excita-
tion of the peripheral nerve. Specially constructed
devices enable closely paired or a train of stimuli,
although their routine applications cause some
safety concerns. Despite the spreading use of mag-
netic stimulation for cortical excitation in Europe
and Japan, the US Food and Drug Administration
has not yet approved its clinical use for brain stim-
ulation, except for as therapy for major depression.
The national review board has granted permission
for some research applications conducted for the
study of central nervous system.
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1. INTRODUCTION

Histologic techniques have advanced our under-
standing of peripheral nerve pathology, espe-
cially through quantitative analysis of fiber
diameter spectrum and single teased fiber prepa-
rations. Electrophysiologic methods have made
equally important contributions in elucidating

the pathophysiology of these disorders.?’ In
particular, in vitro recordings of sensory nerve
action potentials (SNAPs) from the sural nerve
delineated the types of fibers predominantly
affected in certain neuropathic processes. These
studies also demonstrated the close relationships
between histologic and physiologic findings in
many disease entities.



Traumatic lesions of the nerve usually result in
structural changes in the axon with or without sep-
aration of its supporting connective tissue sheath.
Nontraumatic disorders of the peripheral nerve
may affect the cell body, axon, Schwann cell, con-
nective tissue, or vascular supply singly or in com-
bination. Electrophysiologic abnormalities depend
on the kind and degree of nerve damage. Hence, the
results of nerve conduction studies (NCSs) closely
parallel the structural abnormalities of the nerve.
Histologic changes in the nerve and the nature
of conduction abnormalities allow subdivision of
peripheral nerve lesions into two principal types:
axonal degeneration and segmental demyelination.
This chapter will deal with the basic anatomy and
physiology of the peripheral nerve to discuss types
of conduction abnormalities.

2. ANATOMY OF THE
PERIPHERAL NERVE

Gross Anatomy

Nerves have a structure of considerable complexity
with various features of special relevance to injury
and regeneration.'*” Three kinds of connective tis-
sue, endoneurium, perineurium, and epineurium,
surround the axons in the nerve trunks (Fig. 4-1).
The endoneurium forms the supporting struc-
ture found around individual axons within each
fascicle. The perineurium consists of collagenous
tissue, which binds each fascicle with elastic fibers
and mesothelial cells. This layer serves neither as
a connective tissue nor as a simple supporting
structure; rather, it provides a diffusion barrier
to regulate intrafascicular fluid. The epineurium,
comprised of collagen tissue, elastic fibers, and
fatty tissue, tightly binds individual fascicles
together, providing a protective cushion against
compression.'*® This outermost layer of support-
ing structure for the peripheral nerve merges in
the dura mater of the spinal roots.>®

Paucity of endoneurial collagen at the roots as
compared with the nerve trunk may explain why
some disease processes selectively involve the root.
Fascicular groups bound by perineurium remain
localized within the nerve for long distances, des-
tined for the same endpoint.'** Somatotopic cluster-
ing of nerve fascicles may explain restricted clinical
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FIGURE4-1 Transverse (A) and longitudinal (B) sections

of the sciatic nerve shown at low magnification. Vertical scales

at lower right represent 20 ym. In (A), the epineurium (E)
contains vessels, fibroblasts, and collagen. The perineurium
(p) surrounds fascicles, whereas endoneurial connective tissue
separates individual nerve fibers. The longitudinal section

(B) includes a node of Ranvier (upper arrow), a Schwann cell
nucleus (right arrow), and Schmidt-Lantermann clefts (lower

arrows). (From Webster,'*® with permission.)

deficits seen after focal nerve lesions, defying the

123124 The vasa nervo-

classic rules of localization.
rum, located in the epineurium, branch into arteri-
oles and penetrate the perineurium to form capillary
anastomoses in the fascicles. The perineurium prob-
ably acts as a blood-nerve barrier, but the elucida-

tion of its detailed function needs further study.

Myelinated and Unmyelinated
Fibers

The nerve trunks contain myelinated and
unmyelinated fibers. Certain inherent proper-
ties of the axon apparently determine whether
myelination will eventually occur. Conversely,



myelinating Schwann cells control the number
of neurofilaments and elevate their phospho-
rylation state in the axon.”’ Transplantation
of exogenous Schwan cells may restore normal
conduction properties in demyelinated spinal
cord in the adult rats.®’ In myelinated fibers,
the surface membrane of a Schwann cell, or
axolemma, spirals around the axon to form
the myelin sheath (Fig. 4-2). Each myelinated
axon has its own Schwann cell, which regulates
myelin volume and thereby its thickness. The
nodes of Ranvier, located at junctions between
adjacent Schwann cells, represent uninsulated

Endoneurium

Axis cylinder m

Unmyelinated fibers

Neurilemma cell —

(D) o

~Epineurium

_Perineurium

(B) ©

gaps along the myelinated fiber. In contrast,
several unmyelinated axons share a single
Schwann cell, which gives rise to many separate
processes, each surrounding one axon. Schwann
cells may modulate local immune responses by
recognizing and presenting antigens.15 !

The spacing of the Schwann cells at the time of
myelination determines the internodal distance.
As the nerve grows in length, the internodal dis-
tance must increase because Schwann cells do
not proliferate. Thus, the fibers, if myelinated
early, achieve larger diameters and wider spac-
ing between the nodes of Ranvier. This explains

\ '
.l Axis cylinder - =
Myelin lamellae 1
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neurilemma cell X*—-—
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FIGURE 4-2  Fine structures of the peripheral nerve as visualized with the light microscope (4, B, and D) and as

reconstructed from electron micrographs (C and E). (A) The epineurium covers the entire nerve, whereas the perineurium

surrounds individual fascicles, and endoneurium, nerve fibers. (B) The myelinated fiber consists of axis cylinder, myelin

sheath, and Schwann (neurilemma) cells. The myelin sheath abates at the node of Ranvier. (C) The Schwann cell produces

a helically laminated myelin sheath that wraps around an axon individually. (D) Several unmyelinated nerve fibers share one

Schwann cell. (E) Several axis cylinders of unmyelinated fibers surround the nucleus of the Schwann cell. (From Noback,'*

with permission.)
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why the larger diameter fibers have a greater inter-
nodal distance. In myelinated fibers, the action
potentials propagate from one node of Ranvier to
the next with the rate approximately proportional
to the fiber diameter. Many other factors play a
role. For example, selective deletion of Schwann
cell can result in slowed nerve conduction and
nodal changes, including sodium channel densi-
ty.''* In unmyelinated nerves, conduction veloc-
ity varies in proportion to the square root of the
fiber diameter. The largest and fastest conducting
fibers include the Group IA afferent fibers trans-
mitting proprioceptive, positional, and touch sen-
sations and the a motoneurons. Small myelinated
or unmyelinated fibers have pain and temperature
sense and autonomic functions. Those found in
the human epidermis apparently originate from
nerve trunks in the dermis, subserving some sen-
sory function.”

Axonal Transport

In the peripheral nervous system, a small cell body
with a diameter of 50 to 100 pym regulates axons
up to 1 meter in length. A complicated system of
axonal transport provides the metabolic needs
of the terminal segments. Hence, the axons not
only conduct propagating electrical potentials but
also actively participate in conveying nutrient and
other trophic substances. The velocity of transport
varies from several hundred to a few millimeters
per day. The majority of particles flows centrifu-
gally, though some seem to move centripetally.

Axonal flow of trophic substances also dic-
tates, at least in part, the histochemical and elec-
trophysiologic properties of the muscle fibers. No
substance other than acetylcholine (ACh) seems
to transfer across the neuromuscular junction.
Therefore, ACh molecules may have a trophic
influence on muscle in addition to their role as a
neurotransmitter. Separation of the axon from the
cell body first results in failure of the neuromuscu-
lar junction, followed by axonal degeneration and
muscle fiber atrophy.*! Both the failure of neuro-
muscular transmission and the degeneration of
the nerve terminals proceed faster with distal than
with proximal axonotmesis. Similarly, membrane
changes in denervated muscles appear more rap-
idly after nerve injury close to the muscle.>”
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3. PHYSIOLOGY OF NERVE
CONDUCTION

Transmembrane Potential

Nerve axons have electrical properties common
to all excitable cells (see Chapter 2-2). Measured
transmembrane steady state potentials vary from
about —20 to —~100 mV in different tissues, despite
the same basic physiologic mechanisms underly-
ing the phenomenon. A smaller resting membrane
polarization in the soma (~70 mV) as compared
to the axon (-90 mV) probably reflects a partial
depolarization from continuous synaptic influ-
ences. As in any excitable element, generation of a
nerve action potential consists of two steps: graded
subliminal excitation caused by any externally
applied stimulus and suprathreshold activation,
which results in increased sodium conductance.
A local subliminal change in the transmembrane
potential rapidly diminishes with distance. In con-
trast, suprathreshold depolarization produces an
all-or-none action potential determined by the
inherent nature of the cell membrane irrespective

of the type of stimulus applied.

Generation and Propagation of
Action Potential

With application of a weak current to a nerve,
negative charges from the negative pole, or cath-
ode (so named because it attracts cation), accu-
mulate outside the axon membrane, making the
inside of the cell relatively more positive, that is,
cathodal depolarization. Under the positive pole,
or anode, the negative charges tend to leave the
membrane surface, making the inside of the cell
relatively more negative, that is, anodal hyperpo-
larization. The cell plasma resistance together with
the membrane conductance and capacitance lim-
its the subliminal local changes of depolarization
or hyperpolarization only within a few millimeters
from the point of origin. After about 10 to 30 mV
of depolarization, the membrane potential reaches
the critical level for opening the voltage-dependent
sodium channels, leading to the generation of an
all-or-none action potential (see Chapter 2-3).
Nerve excitability change seen after a single nerve
impulse has three phases: the initial refractory
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FIGURE 4-3  Saltatory conduction along the myelinated
fiber. The myelin sheath effectively insulates the internodal
segment with the bare axon at the node of Ranvier, where the
current flows between intracellular and extracellular fluid. A
local current (dotted arrows) induced by an action potential

at one node (open arrow) depolarizes the axis cylinder at the
adjacent nodes on either side, transmitting the impulse in
both directions (solid arrows). This type of saltatory excitation
propagates rapidly as it jumps from one node to the next.

period of a few milliseconds, supernormality last-
ing 30 ms or so, and subnormality extending up to
100-200 ms (see Chapter 10-3).

An action potential initiated along the course of
an axon propagates in both directions from its point
of origin (Fig. 4-3). Intracellular current flows from
the positively charged active area to the adjacent
negatively charged inactive region. An opposing
current flows through the extracellular fluid from
the inactive to active region, allowing the recording
of electric as well as magnetic fields. This local cur-
rent depolarizes the inactive regions on both sides
of the active area. When it attains the critical level,
an action potential generated there initiates a new
local current further distally and proximally. Hence,
the nerve volleys always propagate bidirectionally
from the site of external stimulation at one point
along the axon. Physiologic impulses originating
at the anterior horn cells or sensory terminal travel
only orthodromically. In pathologic situations,
however, impulses may arise in the midportion of
nerve fibers. For example, discharges occur in the
middle of the spinal root axons in dystrophic mice,
either spontaneously or as a result of ephaptic trans-
mission (cross-talk) from neighboring fibers.'!!

Factors Determining the Conduction
Velocity

Various factors affect the time necessary for
generating action potentials, which in turn
determine the conduction velocity of an axon.

Rapid propagation results from (1) faster rates
of action potential generation, (2) increased
current flow along the axons, (3) lower depo-
larization thresholds of the cell membrane, and
(4) higher temperature. Warming up the body
facilitates activation and inactivation of sodium
conductance, thereby lowering the amplitude of
action potential and increasing its rate of trans-
mission. Conduction velocity increases nearly
linearly about 4%-5% per 1°C from 29°C to
38°C. Thus, the change ranges from 1.5 to 3 m/s
per°C in a normal nerve conducting at 40 to
60 m/s. Other elements of clinical importance
(see Chapter 5-6) include internodal length,"
variation among different nerves and segments,
effect of age, and metabolic factors such as
hyperglycemia.

In the myelinated fibers, action poten-
tials occur only at the nodes of Ranvier. This
induces a local current that, in effect, jumps
from one node to the next, producing saltatory
conduction (see Fig. 4-3) instead of the con-
tinuous propagation observed in unmyelinated
fibers. Myelin normally provides high imped-
ance and low capacitance, preventing leakage
current through the internodal membrane
to sustain saltatory conduction (see Chapter
2-3). Sodium channels when open at the acti-
vated node of Ranvier produce “inward ionic
current” or “sink,” which subsequently causes
“outward capacitative current” or “source” at
the next node. This in turn depolarizes the
nodal membrane to threshold, thus opening
the sodium channels and initiating another
cycle of “inward ionic current.” An increase
in internodal distance allows a longer jump
of the action potential but causes greater loss
of current through the internodal membrane.
Typically, it takes approximately 20 ps for the
local current to excite the next node, yielding
the conduction velocity of 50 m/s for an inter-
node distance of I mm.

The longitudinal resistance of axoplasm
tends to inhibit the flow of the local current.
The capacitance and conductance of the inter-
nodal membrane also have the same effect as
the loss of the current before it reaches the next
node. This, in turn, makes the time required to
depolarize the adjacent nodal membrane longer,
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resulting in slower conduction. Both internodal
capacitance and conductance decrease with
myelin thickness. Thus, for the same axon diam-
eter, conduction velocity increases with myelin
thickness up to a certain point. For a fixed total
fiber diameter, an increase in axon diameter
induces two opposing factors, smaller axoplas-
mic resistance on the one hand and greater
membrane conductance and capacitance
reflecting reduced myelin thickness on the
other.'*>!** Theoretical considerations indicate
that the anatomic characteristics of myelinated
fibers fulfill all the conditions required for maxi-
mal conduction velocity.

Demyelinated or partially remyelinated seg-
ments have an increased internodal capacitance
and conductance because of their thin myelin
sheath. This leads to a loss of local current by
charging the capacitors and by leaking through
the internodal membrane before reaching the
next node of Ranvier. Failure to activate the
next node results in conduction block. If the
conduction resolves, the impulse propagates
slowly because the dissipated current needs
more time to generate an action potential. Thus,
demyelinated axons characteristically exhibit
conduction failure, decreased velocity, and
temporal dispersion. After segmental demyeli-
nation, smaller diameter fibers may show con-
tinuous rather than saltatory conduction if the
demyelinated region has a sufficient number of
sodium channels.'? Reduction in length of the
adjacent internodes tends to restore conduction
past focally demyelinated zones.'*'*

Conduction abnormalities do not necessarily
imply demyelination. Reduced fiber diameter
by focal compression decreases the capacitance
of the internodal membrane, which tends to
facilitate conduction. Concomitant increases in
resistance of the axoplasm, however, more than
offset this effect by delaying the flow of the local
current to the next node. Most mechanisms
known to influence nerve conduction velocity
affect the cable properties of the internodal seg-
ments. Additionally, altered characteristics of
the nodal membrane itself may interfere with
generation of the action potential. Conduction
failure can also result from toxins or anesthetic
agents.18
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4. TYPES OF NERVE FIBERS

Classification of Nerve Fibers

The compound nerve action potential elicited
by supramaximal stimulation consists of sev-
eral peaks, each representing a group of fibers
with a different conduction velocity. Erlanger
and Gasser”” in their original study of the A
fibers designated successive peaks using the
Greek letters a, B, v, and § in order of decreas-
ing velocity. Subsequent studies have revealed
two additional components showing a very
slow conduction velocity: B and C fibers. The
mammalian peripheral nerves contain no B
fibers. This designation, therefore, now indi-
cates the preganglionic fibers in mammalian
autonomic nerves. The original terminology
for various peaks of the A fibers has created
some confusion,®® for example referring to the
initial peak as either A-a*’ or A-B,*® and the
subsequent peak, now considered artifact of
recording as A-y.*” Current practice designates
the two peaks in the A potential of cutaneous
nerves as A-a and A-3.

The three types of nerve fibers, A, B, and
C, have histologically and electrophysiologi-
cally distinctive characteristics (Table 4-1):
A fibers, or myelinated somatic axons, either
afferent or efferent; B fibers or myelinated
efferent preganglionic axons of the autonomic
nerves; and C fibers, or unmyelinated effer-
ent postganglionic axons of autonomic nerves
and the small afferent axons of the dorsal root
and peripheral nerves. As documented in the
human median nerve, both myelinated and
unmyelinated fibers show intrafascicular seg-
regation by modality rather than random dis-
tribution.>® Two types of afferent input, for
example, A-delta and C fibers, may interact at
primary afferent level.'>

Despite histologic resemblance, physiologic
characteristics can differentiate B fibers from
small A fibers. For instance, the B fibers lack
negative after-potentials and consequently a
supernormal period of excitability after genera-
tion of an action potential. The negative spike
lasts more than twice as long in B as in A fibers.
The B fibers show smooth compound action



Table 4-1 Types of Nerve Fibers

A fibers: myelinated fibers of somatic nerves

Muscle nerve
Afferent
Group I: 12-21 pym
Group II: 6-12 ym
Group III: 1-6 pm
Group IV: C fiber

Efferent
Alpha motor neuron

Gamma motor neuron

Cutaneous nerve
Afferent
Alpha: 6-17 pm
Delta: 1-6 ym
B fibers: myelinated preganglionlc fibers of

autonomlc nerve

C fibers: unmyelinated fibers of somatic or
autonomlc nerve
sC fibers: efferent postganglionic fibers of
autonomlc nerve
drC fibers: afferent fibers of the dorsal root and

peripheral nerve

potentials without discrete peaks, indicating an
evenly distributed velocity spectrum. Several
C fibers share a single Schwann cell, unlike
individually bound A or B fibers. This, and the
absence of the myelin sheath, allows histologic
identification of the C fibers. Physiologic fea-
tures include high thresholds of activation, long
spike duration, and slow conduction velocity.
High-frequency stimulation of cutaneous affer-
ents induces paresthesia attributable to hyper-
excitability, followed by hypoesthesia that arises
from stimulation-induced refractoriness at the
central synaptic relays.

Afferent fibers of the cutaneous nerves show
abimodal diameter distribution, with one com-
ponent ranging between 6 and 17 pm and the
other between 1 and 6 yum, or with the Greek
letter designation, A-a and A-3 fibers. The
muscle nerves comprise efferent and afferent A
fibers. The efferent fibers consist of the axons

of a and y motoneurons. In Lloyd’s Roman
numeral classification, the afferent fibers con-
sist of Groups I, II, and III, ranging in diameter
from 12 to 21 pm, from 6 to 12 ym, and from
1 to 6 um, and Group IV, representing small
pain fibers. In this designation, the A-a fibers
of cutaneous nerve correspond in size to
Groups I and II, the A-§ fibers to Group III,
and the C fibers to Group IV.

Modality Dependency of Nerve
Conduction

In cats and primates, muscle afferents trans-
mit impulses at a considerably higher speed
than cutaneous afferents, which in turn con-
duct faster than motor fibers. Thus, conduc-
tion characteristics distinguish various fiber
populations in mammalian species, as well as
in human, where the same relationship also
holds, albeit less conspicuously. For example,
direct recording from human sural nerves can
differentiate A-a and A-3 peaks as shown in in
vitro studies.

In Vitro Recording and Fiber
Diameter

An in vitro study of the sural nerve action poten-
tial complements the quantitative morpho-
metric assessment of the excised nerve.® The
technique allows comparison between the fiber
diameter spectrum and the range of conduction
velocities for different components of the SNAP.
Some authors caution that the sural nerve may
occasionally contain motor fibers.* The nerve
biopsy consists of dissecting a bundle of several
fascicles above the lateral malleolus for a total
length of approximately 10 cm.'® The distal half
serves as the specimen for histologic studies and
the proximal half for in-vitro electrophysiologic
evaluation.

Conduction studies consist of transferring
the nerve segment to a sealed chamber filled
with 5% carbon dioxide in oxygen and saturated
with water vapor. Stimulation at the distal end of
the nerve allows recording of SNAP with a pair
of wire electrodes placed 20-30 mm proximally.
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FIGURE 4-4 Compound nerve action potential of a
normal sural nerve recorded in vitro from an 11-year-old
boy who had an above-knee amputation for osteogenic
sarcoma. The arrows from left to right indicate A-at, A-,
and C components, measuring 2.6 mV, 0.22 mV, and 70 uV
in amplitude and 42 m/s, 16 m/s, and 1 m/s in conduction
velocity based on the peak latency. (Courtesy of E. Peter
Bosch, MD, Mayo Clinic, Scottsdale, AZ.)

A monophasic waveform results with the nerve
crushed between the recording electrodes follow-
ing application of 0.1% procaine at the distal elec-
trode (see Fig. 2-S in Chapter 2). The potential
recorded in vitro consists of three distinct peaks:
A-a, A-5, and C components with an average
conduction velocity of 60 m/s, 20 m/s, and 1 to
2 m/s (Fig. 4-4). Each component requires differ-
ent supramaximal intensity for full activation. The
gradual onset of A-§ and C peaks makes accurate
calculation of the maximal conduction velocity
difficult.

Figure 4-5 shows a fiber diameter histogram
for the A-a and A-§ components. Here, the
fiber diameter increases from left to right on
the abscissa: thus, the first peak on the left cor-
responds to A-8 and the second smaller peak to
A-a fibers. In the opposite arrangement plotting
the diameter lessening from left to right, fiber
groups appear in order of decreasing conduc-
tion velocity, as in the tracings of compound
action potentials. In normal fiber groups, fiber
diameter histograms show a continuous distri-
bution between the large and small myelinated
fibers with no clear separation between the
two. Similarly, A-a and A-8 peaks reflect a high
concentration of fibers within the continuous
spectrum. The largest fibers with a diameter
close to 12um conduct at an approximate rate of
60 m/s, indicating a 5:1 ratio between the two
measurements.
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Morphologic evaluation of the peripheral
nerve must take into account the maturational
and age-related changes.®”'3¢ In one study of 51
normal sural nerve biopsies,''#'** the fiber diam-
eter histogram changed gradually from unimodal
to bimodal distribution between 7 and 13 months.
Cross-sectional measurements showed a growth
in diameter of the thickest fibers, an increase in
peak of the larger fiber group, and separation
between the smaller and the larger groups until
the beginning of adult life. An increase in total
transverse fascicular area, despite a stable number
of nerve fibers, indicates decreasing fiber den-
sity with age. Determining the internodal length
spectra in teased fiber preparation also provides
quantitative data in elucidating distribution of
histologic abnormalities (Fig. 4-6). Statistical
analyses show significant correlations between
teased fiber changes and conduction abnormali-
ties affecting both motor and sensory nerves in
patients with sensorimotor polyneuropathies.10

Analysis of Nerve Action
Potentials

The amplitude of a compound action potential, E,
recorded over the surface of a nerve increases in
proportion to current flow and external resistance.
Ohm’s Law expresses this as E = IR, where I rep-
resents current and R, resistance. Larger nerves
have a greater number of fibers that would col-
lectively generate larger currents, with each fiber
contributing an approximately equal amount.
Nerves with greater cross-sectional areas, how-
ever, has a smaller total resistance. Large nerve
size, therefore, may have a negligible overall effect
on amplitude. In fact, a whole nerve composed
of many fascicles does not necessarily give rise to
an action potential larger than the one recorded
from a single dissected fascicle.®®

More current flows with an increasing number
of the nerve fibers, whereas the resistance falls in
proportion to the square diameter of the nerve.
Thus, fiber density or the number of fibers per unit
of cross-sectional area determines the amplitude
of an action potential. The factors that determine
the waveform abnormality of a compound action
potential include the magnitude of conduction
block, diminution of current in individual nerve
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nerves shown in Figure 4-S. Each vertical line indicates

Internodal length spectra of the same

internodal lengths measured on a given myelinated fiber.
The marked variability of internodal length in the
patient reflects the effects of chronic demyelination and
remyelination. (Courtesy of E. Peter Bosch, MD, Mayo
Clinic, Scottsdale, AZ.)

fibers, and the degree of temporal dispersion.
Selective involvement of different groups of fibers
results in a major distortion of the recorded poten-
tial. In contrast, uniform involvement of all fibers
reduces the amplitude with relative preservation
of all the components. Hence, waveform analysis
of compound nerve action potentials provides
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a means to assess fiber density and distribution
spectrum (see Chapter 11-6).

5. CLASSIFICATION OF
NERVE INJURIES

Seddon'? defined three degrees of nerve injury:
neurapraxia, axonotmesis, and neurotmesis. In
neurapraxia, or conduction loss without struc-
tural change of the axon, recovery takes place
within days or weeks following the removal of the
cause. The conduction velocity, if initially slowed
from demyelination, returns to normal with remy-
elination. In axonotmesis, the axons lose continu-
ity with subsequent wallerian degeneration along
the distal segment. Recovery depends on regen-
eration of nerve fibers, a process that takes place
slowly over months or years at a rate of 1 to 3 mm
per day. In neurotmesis, an injury separates the
entire nerve, including the supporting connective
tissue. Without surgical intervention, regenera-
tion proceeds slowly, resulting in an incomplete
and poorly organized repair. This classification,
originally proposed for external trauma such as
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superficial or penetrating nerve injuries, also
applies to entrapment and compression neuropa-
thies such as the carpal tunnel syndrome (CTS)
and tardy ulnar palsy.

Neurapraxia and Conduction
Failure

The mildest form of nerve block results from local
injection of procaine. Tetrodotoxin has similar but
more widespread effects over the length of the axon,
lowering the conductance of sodium currents at the
nodes of Ranvier. A transient loss of circulation with
leg crossing, for example, also causes an immediately
reversible insult without structural changes of the
axon. These short-term changes in nerve conduc-
tion probably result from anoxia secondary to isch-
emia.%® Paresthesia often accompanies such motor
abnormality from ectopic impulses in cutaneous
afferents, which tend to show more excitability than
motor axons. The difference in their biophysical
properties includes more persistent sodium conduc-
tance and inward rectification on cutaneous affer-
ents, properties that confer greater protection from
impulse-dependent conduction failure but create a
greater tendency to ectopic activity.96

During transient paralysis, experimentally
induced in humans by an inflated cuft around the
arm, a complete conduction block usually occurs
after 25-30 minutes of compression. Serial stimu-
lation along the course of the nerve reveals normal
excitability in the segment distal to such a neurap-
raxic lesion. In the rat sciatic nerve, a conduction
block developed within 10 minutes after femoral
artery occlusion, reached a nadir at 45-60 min-
utes and abated within 24 hours.'® The initial fall
in amplitude accompanied only a mild slowing of
conduction, implying a relative preservation of
the fast-conducting, large-diameter myelinated
fibers. Similarly, a focal compression in humans
also affects the slow-conducting, small-diameter
fibers first."*® Intraneural microelectrode record-
ings show spontaneous activity in the afferent
fibers about half a minute after reestablishment
of circulation. The perceived paresthesia also sug-
gests ectopic impulses generated along the nerve
fibers previously subjected to ischemia.'®

In most acute compressive neuropathies, such
as a Saturday night palsy or crutch palsy of the
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radial nerve, conduction across the affected seg-
ment returns within a few weeks, although weak-
ness could persist for a few months or longer,
usually accompanied by demyelination. Similarly
the prolonged application of a tourniquet causes
sustained conduction block with paranodal demy-
elination. The degree of compression determines
the severity of the initial conduction block, but not
the subsequent recovery rate of conduction.®® In
contrast to short-term effects, chronic nerve isch-
emia induced by a bovine shunt, for example, usu-
ally results in axonal degeneration of sensory fibers
initially and of motor fibers later.” In experimental
animals, partial infarction resulted in degeneration
offibersin the center of the nerve with no evidence
of selective fiber vulnerability.'®*Hypothermia, by
reducing metabolic demands, rescues the nerve
from ischemic fiber degeneration.”

Although conduction block may result from
anoxia secondary to ischemia, studies of experi-
mental acute pressure neuropathy have stressed
the importance of mechanical factors **'%7 with
the initial displacement of axoplasm and myelin
in opposite directions under the edges of the
compressed region (Figs. 4-7 and 4-8). Part of
one myelin segment invaginates the next with
occlusions of the nodal gaps. Demyelination of
the stretched portions of myelin follows. A patient
with documented pneumatic tourniquet paraly-
sis had severe conduction block of sensory and
motor fibers localized to the presumed lower
margin of the compression,'! as in the CTS.”®
A quick recovery of some symptoms following
decompression suggests the role of ischemia as

Proximal| Cuff Distal
_— e ——
== —==
— —_—

FIGURE 4-7 Diagram showing the direction of
displacement at the nodes of Ranvier in relation to the cuff
placed to induce a localized mechanical compression in
experimental acute pressure neuropathy. Note proximal and
distal paranodes invaginated by the adjacent one. (From

Ochoa, Fowler, and Gilliatt,'** with permission.)



FIGURE 4-8 (A) Part of a single teased fiber showing an abnormal node. (B) Electron micrograph of nodal region shown

in (A). a, terminal myelin loops of ensheathing paranode; b, terminal myelin loops of ensheathed paranode; ¢, myelin fold of

ensheathing paranode cut tangentially; d, Schwann cell cytoplasm; e, microvilli indicating site of Schwann cell junction. Large

arrows show length of ensheathed paranode (approx. 20 um). (From Ochoa, Fowler and Gilliatt,

an additional factor. Unexpected NCS abnor-
malities in asymptomatic subjects suggest a high
incidence of subclinical entrapment neuropathy.
Routine autopsies in patients without known
disease of the peripheral nerve also documented
unpredicted focal anatomic abnormalities.””.

Patients with demyelinating neuropathy
develop paralysis as a sign of conduction block,
not slowed conduction velocity, which in itself
causes no clinical symptoms. The paralyzed mus-
cles may show fibrillation potentials and positive
sharp waves following a prolonged lack of neural
influence, despite the structural integrity of the
axons. In one study of 31 patients,>” 25% devel-
oped spontaneous discharges solely on the basis
of a conduction block lasting more than 14 days,
and 75% as the result of axonal degeneration.

Axonotmesis and Wallerian
Degeneration

In this condition, axonal damage of motor
fibers results in loss of continuity and wallerian
degeneration of the distal segment followed by
denervation-induced muscle atrophy (Fig. 4-9).%
Conduction ceases immediately across the site
of nerve injury followed by irreversible loss of
excitability, first at the neuromuscular junction,
then the nerve segment distal to the site of injury
associated with degeneration of the axons.?!
The onset of such change varies among different

104 with permission.)

species but generally not until 4 or S days follow-
ingacute interruption in animal studies. In clinical
evaluation, different axons do not necessarily lose
excitability simultaneously, showing progressive
decline in amplitude over a range of several days
(see Fig. 8-3 in Chapter 8). The proximal stump
also undergoes relatively mild retrograde changes
with nerve conduction abnormalities secondary
to the effect of injury as well as collateral sprout-
ing of uninjured axons.*® Structurally, sodium
channels show reorganization not only in the
cutaneous afferent cell bodies but also their axons
following disconnection of the peripheral target
organ.'"® Partial peripheral motor nerve lesions
also induce changes in the conduction properties
of the remaining, intact motoneurons perhaps
associated with compensatory sprouting.*®

An experimental axotomy in cats caused
degeneration of sensory fibers more quickly than
motor fibers of similar diameter and reduced the
velocities of the fast-conducting fibers at the most
rapid rate.”> This does not seem to hold true in
human studies, which often show a loss of muscle
potentials a few days before sensory potentials,
although the initial failure of the neuromuscular
transmission in part accounts for this discrepancy.
Permanentaxotomyin cats produced by hind-limb
ablation results in sequential pathologic altera-
tion of myelinated fibers of the proximal nerve
stump, namely, axonal atrophy, myelin wrinkling,
nodal lengthening, and internodal demyelination
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FIGURE 4-9  Schematic representation of nerve axon and myelin sheath. From left to right, normal structures, wallerian

degeneration following transection of the fiber, segmental demyelination, and axonal degeneration secondary to disorders of

the nerve cell. (From Asbury and Johnson,’ with permission. )

and remyelination.®® In the baboon, the muscle
response to nerve stimulation disappears 4 or 5
days after nerve section, but an ascending nerve
action potential may persist in the segment distal
to the section for 2 or 3 more days.* Preceding
conduction failure, the maximal conduction
velocity remains the same whether calculated
by the descending motor potential or ascending
nerve action potential. Histologically, degenera-
tion develops in the terminal portion of the intra-
muscular nerve at a time when the proximal parts
of the same fibers show relatively little change.
This finding seems to counter the view that distal
stump undergo dying forward degeneration from
the injury site as evidenced by peripheral axonal
motor degenereation after spinal cord infarct.”*
The central stump of a transected nerve fiber,
though excitable, may show reduction in nerve
action potentials and conduction velocity.
Chronic ligation at peripheral nerves initially
induces a transient, focal conduction slowing or
block at the site of constriction, followed by more
protracted distal effects ranging from loss of excit-
ability to slowed conduction.®® A persistent nerve
constriction also results in axonal atrophy and a
reduction in motor conduction velocity distal to
the ligature. Studies in guinea pigs suggest that
atrophic nerve fibers distal to a persistent con-
striction may become particularly sensitive to
local pressure.'?! This experimental finding gave
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a theoretical rationale for the clinically disputed
concept of double crush syndrome (see Chapter
25-5). A tight constriction of the nerve distal
to the crush site also adversely influences the
process of regeneration as demonstrated in cat
studies using special cuff electrodes suitable for
repeated studies.*

The process of regeneration accompanies the
transport of structural proteins newly synthesized
in the cell body to the multiple sprouts derived
from the parent axon. Once the axon successfully
reaches the periphery and reestablishes the physi-
ologic connections, an orderly sequence of matu-
ration takes place and fiber diameter progressively
increases. The remaining sprouts that fail to make
functional reconnection will eventually degener-
ate. The Schwann cell basement membrane and
the remaining connective tissues, if intact, help
the nerve axon to regenerate in an orderly man-
ner along the nerve sheath. The axons grow at a
rate of approximately 1 to 3 mm per day, eventu-
ally restoring nearly the normal number and size
of fibers. Functional recovery, however, remains
poor if nerve injury severs the peripheral axon at
a proximal site far from their target organs.”*

Available data lack detailed electrophysiologic
information to precisely characterize dying forward
conduction abnormalities during wallerian degener-
ation in humans.”* In one series, muscle amplitudes

tell 50% in 3 to S days and abated completely by the



ninth day after injury. Sensory amplitudes declined
50% in 7 days and disappeared by the eleventh
day. Shorter distal stumps showed an earlier loss
of amplitude.*! In two cases, serial studies revealed
loss of action potentials as early as 185 hours in
one case and 168 hours in the other after traumatic
transection of the digital nerve. Conduction studies
showed a normal velocity during wallerian degen-
eration prior to the loss of recorded response.''’
During the first few days after nerve injury, studies
of distal nerve excitability fail to distinguish axonot-
mesis from neuropraxia. Finger amputation'!’
resulted in permanent retrograde change of the
digital nerve as evidenced by a reduction in ampli-
tude of the digital nerve potential. Histologic stud-
ies revealed a decrease in axon diameter rather than
the number of nerve fibers.*>*>26 Other types of
axonotmesis include nerve injuries caused by injec-
tions and tourniquets,"*’ sustained high-intensity
electric stimulation,” and cold injury (see Fig. 5-13
in Chapter 5)."%3

Severe compressive neuropathy may at times
provide the opportunity to study a single motor
axon showing a discrete abnormality.”” Otherwise,
different types of changes coexist in the majority
of nerve injuries and neuropathies. Thus, catego-
rizing injuries of a nerve, as opposed to individual
nerve fibers, depends on less precise definition.
Nonetheless, electrophysiologic studies help elu-
cidate the extent of axonal damage. Nerve stimula-
tion above the site of the lesion reveals a reduced
amplitude in proportion to the degree of conduc-
tion loss but fails to distinguish neurapraxia from
axonotmesis. In either condition, unaffected axons,
if present, conduct at a normal velocity across the
segment in question. Stimulation of the nerve seg-
ment distal to the site of the lesion helps differ-
entiate the two entities, eliciting a small response
in axonotmesis after the first few days of injury
and a normal response in neuropraxia reflecting
axonal integrity. Electromyography (EMG) shows
positive sharp waves 1-2 weeks and fibrillation
potentials 2-3 weeks after axonotmesis. Rarely,
distal nerve inexcitability may develop without
frank axonal degeneration after a proximal nerve
lesion.”” In these cases, a quick recovery suggests
changes in the number or property of sodium
channels as the cause of the initial inexcitability of
the distal axons.>’

Neurotmesis and Nerve
Regeneration

Sunderland'® has proposed three subdivisions
of Seddon’s neurotmesis. In the first type, the
injury damages the axon and surrounding con-
nective tissue, preserving the architecture of the
nerve sheath. Unlike the central nervous system
pathways,”® the peripheral nerve regenerates
effectively after this type of injury though less
completely than in axonotmesis. Misdirected
sprouting leads to innervation of muscle fibers
previously not supplied by the nerve. The clini-
cal phenomenon of synkinesis probably indicates
an antecedent nerve injury of at least this severi-
ty.”” 13! In the second type that involves the nerve
sheath as well, the nerve barely maintains the
continuity, although it may look grossly intact on
inspection. Some poorly oriented regeneration
may occur for myelinated as well as unmyelinated
axons, usually necessitating surgical intervention,
including sensory-motor differentiated nerve
repair.’* The third type represents a complete
separation of the nerve with loss of continuity.
Surgical repair consists of suturing the stumps,
usually with a nerve graft to bridge the gap, and
the use of irnmunosuppression.“o’98 The storage
of nerve grafts, if feasible, serves as a possible
alternative to conventional method. Sometimes,
nerve anastomosis, from spinal accessory nerve
to facial nerve, for example, may achieve a better
cosmetic and functional outcome.

Despite the advent of microsurgical tech-
niques, functional recovery following peripheral
nerve lesion remains inadequate.” The poor
motor function restoration primarily reflects the
limited capacity of injured axons to regenerate
across the lesion site and select the appropriate
target to reinnervate. Collateral reinnervation of
posterior cricoarytenoid muscle by the superior
laryngeal nerve after recurrent laryngeal nerve
injury in rats also attests to the importance of
intramuscular sprouting.®* The complex factors
guide regenerating axons toward appropriate
terminations, which include, among others, neu-
rite promoting factors, chemotactic influences,
and properties of the extracellular matrix."" The
average axon diameter in the proximal segment
of a transected and reconstructed peripheral
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nerve will decrease shortly after the injury and
increase again when the regenerating axons
make contact with their targets. As some axons
reach their target organs and start to mature,
others still in search of the destination will abate,
retarding the expected maturational increase in
compound nerve action potential.** In adult
cats, conduction velocities recover faster after
crushing than after sectioning the mixed nerve,
reaching 60%-70% of control values.* Studies
in rats indicate that afferent activities also
undergo major modification after nerve repair
by self-anastomosis.

During regeneration, motor axons enter
any muscles in an almost random fashion,
sometimes even from the homologous con-
tralateral motoneurons.””®” Thus, after nerve
repair, especially with proximal injury, aberrant
reinnervation abounds, accounting for a poor
quality of functional restoration (see Fig. 8-15
in Chapter 8).57%'%” Proprioceptors and other
sensory axons may also reinnervate inappropri-
ate end organs, sometimes giving rise to abnor-
mal connections between sensory and motor
fibers.®! Misdirected axon regrowth, without
central adaptation, leads to faulty tactile digit
localization.

Regeneration may progress poorly with fre-
quent formation of neuroma and pain associated
with spontaneous discharges of nerve impuls-
es.!*” Changes in membrane properties may
result from accumulation of sodium channels
at injured axonal tips.37 Their intraneuronal het-
erogeneity may account for interaction among
different populations of sodium channels in
cutaneous afferents, one population activating
the other, leading to membrane instability.113
Following re-anastomosis of the nerve, regener-
ating nerve fibers gradually increase in number
and in size over many years, although they regain
neither the original number nor diameter.!%
The conduction velocity increases slowly, reach-
ing 60% of the normal value within 4 years>® and
amean value of 85% after 16 years.'>® Persistent
prolongation of the distal latencies suggests the
presence of a limited number of fibers distally.
Metabolic recoveries of the denervated muscle
follow a similar time course as the sequen-
tially tested conduction characteristics of the
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damaged nerve.® Clinical electrophysiology
helps evaluate nerve injury and regeneration
quantitatively.>* The force produced by the rein-
nervated muscle depends on the length of time
the muscle remained denervated.*

In detailed sequential studies of the median
nerve after complete section and suture in three
patients,'” the regeneration took place at an aver-
age rate of 1.5 to 2.0 mm per day. The sensory
potential, when first recorded 3-4 months after
the injury, propagated very slowly at a velocity
between 10% and 25% of normal. The conduc-
tion velocity increased 3% per month during
the first 2 years and 10 times slower thereafter.
In the adults, the tactile sensibility returned to
normal by 40 months, when the sensory poten-
tial showed a normal amplitude but an increased
duration, measuring S times greater than the con-
trol, and conduction velocity reached 65%-75%
of normal. In children, the same degree of recov-
ery occurred 13 to 19 months after anastomosis.
The sensory potential returned S times faster
after a compressive nerve lesion than after sec-
tion and repair. Nerve regeneration after cold
injury followed a similar course (see Fig. 5-13 in
Chapter S).

A few studies have dealt with neurophysi-
ologic changes, which characterize the recov-
ery of human peripheral nerves after repair
with an autogenous nerve graft.®"!°! In one
series,3%13% motor and sensory NCS showed
sustained improvement after sural nerve grafts
of the ulnar and median nerves. Two years
after surgery, the motor conduction velocity
across the graft itself reached, in most cases,
40%-50% of the normal values obtained in
the contralateral limb. In 44% of the nerves, a
SNAP returned after 18 months, though greatly
reduced in amplitude and conduction velocity.
In another study based on experience with 67
injured nerves,** voluntary motor unit activity
returned 7 months after repair and 12 months
after grafting. Nerve stimulation elicited a
compound muscle action potential (CMAP)
by 10 months after suture and 14 months after
graft. Motor unit potentials (MUPs) steadily
increased in amplitude with time, but sensory
fibers showed poor recovery both clinically
and electrophysiologically.



Toe-to-digit transplantation provides an
excellent model for study of nerve regeneration
as it pertains to the donor and recipient nerves.
In one series, the transplanted toe achieved
70%-90% recovery for temperature, pinprick,
light touch, and vibration, but to a lesser extent
for two-point discrimination.”” The transplanted
toe behaved more like a normal toe than a normal
finger with regard to current perception thresh-
0ld.*® Conduction studies also showed incom-
plete recovery in toe-to-digit transplantation as
compared with digit-to-digit replantation, which
resulted in almost complete repair.”’” The factors
responsible for different recovery may include
time interval from injury to surgery, size mis-
match between recipient and donor nerves, retro-
grade effects on the recipient nerve, and severity
of tissue damage. In a study of transplanted autog-
enous muscles, motor endplate restored its func-
tion in about 6 months with myelination of the
grafted nerve.'*®* Long-term alterations may
persist or develop after regenerated axons have
established connections with their targets."*
Electrophysiologic assessments can provide
clinically important information about the local-
ization, severity, and pathophysiology of nerve
injuries, although available methods permit only
inadequate quantitation of regeneration.

6. TYPES OF NEUROPATHIC
DISORDERS

The types of conduction abnormalities after
nerve injuries described earlier also form the
basis of electrophysiologic assessment of other
disease processes, either localized as in entrap-
ment syndromes or more widespread as in poly-
neuropathies. Histologic and electrophysiologic
characteristics indicate the presence of three
relatively distinct categories of peripheral nerve
disorders (Fig. 4-9): (1) wallerian degeneration
after focal interruption of axons as in vasculi-
tis; (2) centripetal or dying-back degeneration
from metabolic derangement of the neuron or
axons, that is, neuronopathy or axonopathy; and
(3) segmental demyelination. Of these, walle-
rian and axonal degeneration cause denervation
with reduction in amplitude of compound action
potentials, whereas demyelination shows slowed

nerve conduction velocities with or without a
conduction block.

Axonal Degeneration

This abnormality, in addition to axonal neuropa-
thies, results from injury or mechanical compres-
sion of the nerve. Other possible causes include
application of toxic substances causing death of
the cell body and exposure to vibration.** Nerve
ischemia, if sufficiently prolonged, also induces
axonal degeneration, affecting large myeli-
nated fibers first followed by smaller myelinated
fibers and unmyelinated axons.*® The extent of
abnormality varies with location of occlusion.®*
Single-unit recording in dying-back axons has
confirmed the earliest failure of impulse gen-
eration in the nerve terminal when it still propa-
gates normally throughout the remainder of the
axon.'?¢

Neuropathies with this type of abnormality
include those associated with alcoholism, uremia,
polyarteritis nodosa, acute intermittent porphy-
ria, some cases of diabetes and carcinoma, and
most cases of toxicity and nutritional deficiency
(see Chapter 24). Most axonal neuropathies
affect both sensory and motor fibers as exempli-
fied by uremic neuropathies and amyloidosis.
Motor abnormalities prevail in acute intermit-
tent porphyria and hereditary motor sensory
neuropathy (HMSN) Type II or neuronal type
of Charcot-Marie-Tooth disease (CMT). In
contrast, sensory changes predominate in the
majority of toxic or metabolic polyneuropathies,
Friedreich’s ataxia, and some cases of carcinoma-
tous neuropathies. Not all the peripheral neu-
ropathies with a distal predominance qualify as
truly dying back in type. Selective loss of the per-
ikarya and axons of the longest and largest fibers
can produce the same pattern of abnormality.'®
Distally predominant symptoms do not necessar-
ily indicate a distal pathologic process, according
to probabilistic models that reproduce a distal
sensory deficit on the basis of randomly distrib-
uted axonal lesions.'*? In some neuropathies,
studies fail to reveal the exact site of the primary
damage responsible for axonal degeneration.

In neuropathies secondary to diabetes,
uremia, axonal

alcoholism, carcinoma, or
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degeneration initially involves the most terminal
segment of the longest peripheral nerve fibers.
Thus, studies show a slower conduction velocity
over the same nerve segment if calculated based
on latencies to a distal muscle as compared with
a proximal muscle.''* The distal predominance
of pathology and its centripetal progression led
to the term dying-back neuropathy. Less com-
monly encountered conditions associated with
the dying-back phenomenon include thiamine
deficiency, triorthocresyl phosphate neuropathy,
acute intermittent porphyria, and experimental
acrylamide neuropathies. In these conditions,
impaired axoplasmic flow initially affects the seg-
ment of the nerve furthest from the perikaryon.
Thus, primary involvement of the neurons leads
to axonal degeneration in the distal segment
most removed from the trophic influence of the
nerve cell.

Needle EMG reveals normal MUPs that
recruit poorly during the acute stage of partial
axonal degeneration. To compensate for the
loss of axons, remaining units tend to fire rap-
idly. Fibrillation potentials and positive sharp
waves develop in 2-3 weeks after the onset of
illness. Axonal degeneration, if mild, affects
NCS only minimally, especially in diseases pri-
marily involving the small-diameter axons.'*
More commonly, selective loss of the large,
fast-conducting fibers results in reduced ampli-
tude and mild slowing of conduction below the
normal range, especially when recorded from
distal as opposed to proximal muscles.''® In
these cases, the reduction in size of the CMAP
or SNAP shows a correlation to the degree of
slowing in nerve conduction.”!3* The physi-
ologic criteria (see Chapter 5-4) help minimize
misclassifying a neuropathy with predominantly
axonal loss as demyelinating.®®

Anterior horn cell diseases can also cause
selective loss of the fastest fibers. In poliomyeli-
tis, the motor nerve conduction velocity may fall
below the normal value, usually in proportion to
the decrease in amplitude. For the same reason,
patients with a motoneuron disease have slightly
reduced motor conduction velocities. Slower
conduction in patients with more severe atrophy
may, however, in part reflect lowered temperature

of the wasted limbs (see Chapter 5-6).
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Segmental Demyelination

Experimental autoimmune neuritis serves as one
of the most useful animal models for pathogenetic
studies of demyelinative neuropathies.'?*12%135
In animal experiments, demyelination blocks
the transmission of nerve impulses through the
affected zone as well as dorsal root ganglion.'?*
The slowed conduction results primarily from
delayed nerve impulses passing through the lesion
and not simply from selective block of transmis-
sion in the fast-conducting fibers. Experimental
conduction block may also result from serum con-
taining anti-GM1 antibodies, !¢ affecting sodium
channels*"1*! at the nodes of Ranvier, where GM1
abounds.”® In antiserum-mediated focal demy-
elination of male Wistar rats, conduction block
began between 30 and 60 minutes after injection
and peaked within a few hours.'?® Paralysis of the
foot muscles persisted until about the seventh
day, when low-amplitude, long-latency muscle
action potentials returned for the first time. The
strength gradually recovered thereafter, reaching
a normal level by the sixteenth day. Morphologic
studies revealed evidence of remyelination with
2 to 8 myelin lamellae around each axon coinci-
dent with the onset of clinical and electrophysi-
ologic recovery. Conduction velocities returned
to pre-injection values by the thirty-seventh day,
when the myelin layer of remyelinating fibers aver-
aged only about one-third that of control nerves.
The safety factor of transmission, defined as
a ratio of the action current available at a node
to the threshold current, must exceed unity for
successful conduction through a node (see Fig.
2-3 in Chapter 2). In the presence of paranodal
or segmental demyelination, the action cur-
rent dissipates through the adjacent internode
as a consequence of increased capacitance and
decreased impedance of the demyelinated region.
Because it takes longer to charge the next nodal
membrane to the threshold, this leakage current
prolongs the internodal conduction time, slow-
ing the conduction velocity. Reorganization of
sodium channels also plays an important role
in the pathophysiology of demyelination.”>!%*
Thus, segmental demyelination causes unequivo-
cal reduction of nerve conduction velocity, com-
monly, though not always, substantially below



the normal range. Axonal degeneration cannot
account for this degree of slowing even with
selective loss of the fast-conducting fibers leaving
only the slow-conducting fibers relatively intact
(see Chapter 5-4).

With advanced demyelination the safety factor
eventually falls below unity, and the conduction
fails because the local current no longer depolar-
izes the next node of Ranvier beyond threshold.
Raising the body temperature quickens the clo-
sure of activated sodium channels, which reduces
the amplitude of action potentials, further lower-
ing the safety factor. Thus, demyelinated nerves
suffer from temperature-induced impulse block-
ing, which does not affect healthy nerves with a
large margin of safety.*”** Conversely, administra-
tion of 4-aminopyridine, which enhances action

Distal response

potential by blocking potassium channels,* par-
tially reverses symptoms in patients with multiple
sclerosis,'® but not in those with inflammatory
demyelinating neuropathies.”

Normal nerves can transmit impulses at high
rates over several hours with the maximal firing
frequency of 50 to 70 Hz under physiologic condi-
tions. By contrast, demyelinated nerve fibers may
show rate-dependent failure (Fig. 4-10), showing
conduction block at higher frequency, causing a
rapid fatigue (Fig. 4-11).5%%82 Other neuropa-
thies, such as acute streptozotocin-induced diabe-
tes, may show similar rate-dependent conduction
abnormalities.’ With this type of block, informa-
tion coded in frequencies up to 250 Hz or more
may fail in the central nervous system and periph-
eral sensory nerves. The physiologic factors
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FIGURE 4-10  Serial recordings of distal and proximal responses before and after a 2-minute maximal voluntary

contraction in a patient with multifocal motor neuropathy. The illustration on the left shows electrode locations in relation

to the extent and size of the lesion, as measured on magnetic resonance imaging (MRI). R, recording site over abductor

pollicis brevis; S1, stimulation for distal response; S2, stimulation for proximal response; S3, stimulation for nerve excitability

monitoring. The compound muscle action potential waveforms from trial 1 and trial 2 for the proximal responses showed

initial reduction in amplitude and subsequent recovery compared to distal responses. The latencies of the second peak (2)

returned gradually to the baseline. (From Kaji, Bostock, Kohara, et al.*%)
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that dictate the critical frequency for block in
demyelinated segment include fiber geometry,
sodium-potassium pump activation, and ion
channel density.

Demyelinated axons tend to compensate for
current dissipation by sustaining action cur-
rent, thus increasing the influx of sodium into
the axon. High sodium concentration in turn
activates the electrogenic sodium-potassium
pump, which, removing sodium in exchange
for potassium at a 3 to 2 ratio, hyperpolar-
izes the nodal membrane. A raised threshold
with hyperpolarization lowers the safety fac-
tor below unity in demyelinated segments,
especially after high-frequency transmission,
leading to a conduction block (see Fig. 2-3 in
Chapter 2). Therapeutic strategy in animal
models exploits digitalis, which specifically
inhibits the sodium-potassium pump, thus cir-
cumventing rate-dependent conduction block
by pump activation. The use of these agents,
however, cannot serve as a general therapeutic
approach in humans because of possible cardiac
side effects.®

Clinical Consequences of
Demyelination

The pathophysiology of demyelination and its
clinical consequences®*¢””” include (1) axonal
excitability changes and conduction block
resulting in clinical weakness and sensory loss;
(2) increased desynchronization of volleys
causing pathological temporal dispersion of
waveforms, loss of reflexes, and reduced sen-
sation; (3) prolonged refractory periods with
frequency-dependent conduction block espe-
cially at very high firing rates, accounting for
reduced strength during maximal voluntary
muscle contraction effort; (4) exaggerated
hyperpolarization after the passage of impulse,
inducing conduction block even at low firing
frequencies causing fatigue after mild but sus-
tained effort; and (S) steady, ectopic discharges
or sporadic bursts at sites of focal demyelina-
tion considered responsible for focal myokymia
and spontaneous or mechanically induced par-
esthesias. A complete conduction block accom-
panies a major loss of strength, whereas slowing
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FIGURE 4-11 Force measurement (upper traces) and surface electromyography (EMG) (lower traces) during 1-minute

maximal voluntary contraction of the abductor digiti minimi muscle on the normal side (A) and the affected side (B) ina

patient with multifocal motor neuropathy and of the abductor pollicis brevis muscle in a patient with amyotrophic lateral
sclerosis (ALS) (C). Note the inability to maintain force (i.e., fatigue) and the decline in EMG during the contraction of the

affected muscle (B), and the development of myokymic discharges after the contraction. The ALS patient had both lower and

upper motoneuron signs in the limb tested. (From Kaji, Bostock, Kohora, et al.%s )
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of conduction by itself leads to few, if any, clini-
cal symptoms, as long as the impulses arrive at
the target organ. A prolonged refractory period
for transmission, though helpful as a diagnostic
indicator,*® also causes no symptoms because it
does not interface with voluntary discharges fir-
ing at 10-50 Hz. Nonetheless, these measures
offer potentially important clues to identify
demyelination, although similar conduction
abnormalities can also result from sodium chan-
nel blockage by toxins.>* Demyelinating dis-
eases of the peripheral nerve (see Chapter 24-3)
include the Guillain-Barré syndrome (GBS),
chronic inflammatory demyelinating polyra-
diculoneuropathy (CIDP), multifocal motor
neuropathy (MMN), myelomatous polyneu-
ropathy, HMSN Type I or hypertrophic type of
CMT, hereditary neuropathy with susceptibil-
ity to pressure palsies (HNPP), metachromatic
leukodystrophy, Krabbe’s leukodystrophy, some
cases of diabetic and carcinomatous neuropa-
thies, and diphtheritic polyneuritis, which no
longer affect humans very often. Chronic lead
intoxication, known to induce segmental demy-
elination experimentally, shows either nor-
mal or only mild conduction abnormalities in
human cases.

Dempyelinative process affects the nerve
throughout its length uniformly in most hered-
itary neuropathies, delaying conduction at all
the nodes of Ranvier. By contrast, acquired
demyelination tends to involve certain parts
of the nerve with nonuniform slowing of
nerve conduction accompanied by conduc-
tion block.*? This finding, however, may also
appear as an early sign of reversible injury in
ischemic neuropathy.® Conventional NCS,
basically designed for assessment of the distal
segments, may fail to elucidate a more proxi-
mal demyelinating lesion.”* In some cases,
the slight loss of fibers or the mild degree of
demyelination demonstrated histologically
cannot account for the degree of slowing seen
in NCS. In diseases affecting smaller fibers out
of proportion to the larger fibers, an increased
range of conduction velocity broadens the
evoked potential by pathological temporal dis-
persion. Desynchronization of the nerve vol-
ley may also result from repetitive discharges

at the site of axonal injury after the passage
of a single impulse. In EMG studies, an MUP,
though normal in amplitude and waveform,
recruits poorly, indicating a failure of trans-
mission through demyelinated fibers. Unless
damage of the myelin sheath leads to second-
ary axonal degeneration, EMG reveals little or
no evidence of denervation.

In the arbitrary division into axonal and
demyelinating types, few cases fall precisely
into one group or the other. The mixed category
includes neuropathies associated with diabe-
tes, uremia, myeloma, and Friedreich’s ataxia.
Extensive demyelination may accompany slight
axonal degeneration, possibly through inflam-
matory reaction. Conversely, axonal atrophy
proximal to a neuroma or distal to constriction
may cause secondary paranodal demyelina-
tion in the presence of healthy Schwann cells.
Axonal enlargement can also cause secondary
demyelination as in hexacarbone intoxication
(see Chapter 24-4) and giant axonal neuropa-
thy (see Chapter 24-5). Despite the possibility
of mixed abnormalities, the electrophysiologic
finding can substantiate demyelinating compo-
nent even when superimposed upon moderate
axonal degeneration.

Conduction abnormalities consistent with
demyelination'®**#® include reduction of con-
duction velocity below 70%-80% of the lower
limit, prolongation of distal motor or sensory
latency and F-wave latency above 120% of the
upper limit, and the presence of unequivocal
conduction block.>”! The lack of these criteria,
however, does not necessarily preclude demy-
elination as absence of evidence constitutes no
evidence of absence. For example, a number of
patients with GBS may show no major conduc-
tion changes during the initial stages. Beyond
such a broad classification, electrical studies
have limited value in distinguishing one vari-
ety of neuropathy from another. In particular,
conduction studies and EMG rarely elucidate a
specific etiology. Furthermore, routine conduc-
tion studies fail to document abnormalities of
small-caliber nerve fiber. These limitations not-
withstanding, an NCS can provide diagnosti-
cally pertinent information, if used judiciously
in appropriate clinical contexts.”®7®
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1. INTRODUCTION

With steady improvement of recording apparatus,
nerve conduction studies (NCSs) have become a
simple and reliable test of peripheral nerve func-
tion. With adequate standardization, the method
now provides a means of not only objectively
identifying the lesion but also precisely localiz-
ing the site of maximal involvement.®* Electrical
stimulation of the nerve initiates an impulse that
travels along motor or sensory nerve fibers. The

74 .

assessment of conduction characteristics depends
on the analysis of compound evoked potentials
recorded from the muscle in the study of motor
fibers and from the nerve itself in the case of sen-
sory fibers. The same principles apply in all cir-
cumstances, although the anatomic course and
pattern of innervation dictate the exact technique
used for testing a given nerve. Clinical utility of
automated devices for simplified NCS waits for
further confirmation.”” In addition to electrical



shocks, used in most clinical studies, other less
commonly used modes of stimulation include
magnetic (see Chapter 20-4) and tactile stimula-
tion (see Chapter 10-5).” Assessment of mechan-
ical characteristics helps delineate contractile
properties of the muscle twitch induced by stimu-
lation of the nerve.*” 12

2. ELECTRICAL
STIMULATION OF THE
NERVE

Cathode and Anode

Surface electrodes, usually made of silver plate,
come in different sizes, commonly in the range
of 0.5 to 1.0 cm in diameter. Stimulating elec-
trodes consist of a cathode, or negative pole, and
an anode, or positive pole, so called because they
attract cations and anions. As the current flows
between them, negative charges that accumulate
under the cathode, by making inside the axon
relatively more positive than outside, depolarize
the nerve or cathodal depolarization. Conversely,
positive charges under the anode hyperpolarize
the nerve, although not to the extent of block-
ing the conduction during routine studies.?® In
bipolar stimulation with both electrodes over
the nerve trunk, placing the cathode closer to the
recording site avoids anodal conduction block, if
any. Alternatively, locating the anode away from
the nerve trunk also prevents its hyperpolarizing
effect. Accurate calculation of conduction veloci-
ties depends on proper measurements of the dis-
tance between the consecutive cathodal points
used to stimulate the nerve at multiple sites. A
clear labeling of the stimulating electrodes avoids
inadvertent misidentification of the anode for the
cathode at one stimulus site, which would lead to
an erroneous result.

Types of Stimulators

Most commercially available stimulators provide
a probe that mounts the cathode and the anode
at a fixed distance, usually 2 to 3 cm apart. The
intensity control located in the insulated handle,
though bulky, simplifies the operation for a single
examiner. The ordinary banana plugs connected

by shielded cable also serve well as stimulating
electrodes. The use of a large diameter electrode
for stimulation lowers current density in the skin,
causing less pain, although the exact site of nerve
activation becomes uncertain.’*® Some electro-
myographers prefer a monopolar stimulation
with a small cathode placed on the nerve trunk
and a large anode over the opposite surface in the
same limb. The use of a subcutaneously inserted
needle as the cathode reduces the current nec-
essary to excite the nerve compared to surface
stimulation. A surface electrode located on the
skin nearby or a second needle electrode inserted
in the vicinity of the cathode serves as the anode.
The maximum current during such stimulation
causes neither electric nor heat damage to the
tissue.”

In constant-voltage stimulators (see Chapter
3-6), current output varies inversely with the
impedance of the electrode, skin, and subcutane-
ous tissues. In constant-current units, the voltage
changes according to the impedance to regulate
the amount of current that reaches the nerve
within certain limits of the skin resistance. Either
type suffices for clinical use, provided that the
stimulus output has an adequate range to elicit
maximal muscle and nerve action potentials in all
patients. A constant-current unit serves better for
serially assessing the level of shock intensity as a
measure of nerve excitability (see Chapter 10-4).

Stimulus Intensity and Possible
Risk

The square-wave output usually varies from 0.05 to
2.0 ms in duration and 10 to 500 V in amplitude.
Surface stimulation required to fully activate the
healthy nerve ranges from 0.1 to 0.5 ms in dura-
tion and 100 to 400 V; or 10 to 40 mA assuming a
tissue resistance of 10 K, in intensity. This does
not necessarily hold in an obese subject with mas-
sive subcutaneous tissue, which tends to dissipate
the induced current. This accounts for consider-
able regional variability of average shock intensi-
ties used in electrophysiologic assessment (for
example, high in Iowa and low in Kyoto). A study
of diseased nerves with decreased excitability may
call for a maximal output of 400 to 500 V, or 40
to 50 mA, and considerably longer durations up
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to 2 ms. Electrical stimulation within the afore-
mentioned intensity range delivered in the limbs or
face ordinarily causes no risk even in patients with
implanted cardiac devices.**'¢ Any current, if deliv-
ered close enough, however, could inhibit a cardiac
pacemaker.'!” Special care to safeguard such a case
includes placement of proper grounding between
the electrically sensitive device and the nerve stimu-
lator located at a sufficiently distant site.*

In patients with indwelling cardiac catheters
or central venous pressure lines inserted into the
heart, all the current may directly reach the car-
diac tissue. This possibility makes routine nerve
conduction studies contraindicated. Implanted
cardioverters and defibrillators also pose safety
hazards, usually making electric stimulation near
the device unwarranted. Consultation with a car-
diologist with special expertise in this area should
address feasibility of a nerve conduction study in
any patients using such a medical instrument and
the need to turn off the system during the proce-
dure. Placing the stimulator at least 6 inches away
may minimize the chance of externally triggering
the sensor.?’ Electromyographers should always
entertain these and other possible problems
related to general electrical safety. The patients
may not necessarily volunteer their unique risk in
this regard unless specifically requested to reveal
their medical conditions.

One way to quantify the level of electrical stim-
uli uses the magnitude of the evoked potential:
A threshold stimulus elicits a response in some,
but not all, of the axons contained in the nerve.
Increasing the duration of stimulation decreases
the threshold intensity and prolongs the latency
(see Chapter 10-4). A maximal stimulus acti-
vates the entire group of axons at or close to its
rising edge, independent of its duration. Further
increase in shock intensity causes no additional
increase in amplitude, although it may shorten
the latency, activating the nerve segment away
from the cathodal point and closer to the record-
ing electrodes. The current required for maximal
stimulation varies greatly from one subject to the
next and from one nerve to another in the same
individual. A 20% supramaximal stimulus, used
conventionally, has intensity 20% greater than the
maximal stimulus, which guarantees excitation of
all nerve fibers.
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If fibers with large diameters have the lowest
threshold in humans, as in experimental animals,
then a submaximal stimulus should theoretically
suffice for determining the onsetlatency of the fast-
est conducting fibers. Although this assumption
usually holds, especially with sensory nerves,'%
the exact order of excitation also depends on
the spatial relationship of various fibers and the
stimulating electrode.’*”* Electrically evoked
activation of motor axons in paralyzed muscle
may occur in the reversed order proceeding from
smaller to larger motor units.>® Furthermore, in
motor conduction studies, the axon terminal,
which partially determines the latency of the
muscle response, varies in length within a given
nerve. Thus, with submaximal stimuli, the onset
latency fluctuates considerably from one trial to
the next, depending on the excited axons within
a nerve. In extreme cases, the first axons excited
may in fact have the longest latencies. The use of
supramaximal stimuli, which activate all of the
axons, circumvents this uncertainty.

Most commercial stimulators can provide a
pair of stimuli at variable intervals as well as a train
of stimuli of different rates and duration. Ideally,
each of paired stimuli should have independent
controls of both duration and intensity. A trigger
output for the oscilloscope sweep precedes each
stimulus by a variable interval to make a clear
marking of the stimulus point on the display. In
modern equipment, digital processing allows a
more exact determination of stimulation time.

Control of Shock Artifact

The control of a stimulus artifact often poses a
major technical challenge in nerve conduction
studies. Most electrode amplifiers recover from an
overloading input in 5 to 10 ms, depending on the
amplifier design and the amount of overload. With
the stimulus of sufficient magnitude, an overload-
ing artifact interferes with accurate recording of
short-latency responses. Better stimulus isolation
from the ground through an isolating transformer
serves to reduce excessive shock artifact. Not only
does this eliminate amplifier overloading, but it
also protects the patient from unexpected current
leakage (see Chapter 3-6). The use of the trans-
former, however, makes it difficult to faithfully



preserve the waveform of the original stimu-
lus. A radio-frequency isolation also minimizes
stimulus artifacts while maintaining the original
shape of the stimulus better than the transformer.
Unfortunately, high-frequency stimulus isolation
units generally fail to deliver adequate intensity
for supramaximal stimulation. Finally, the use ofa
fast-recovery amplifier minimizes the problem of
stimulus artifacts.’*® Even then, optimal record-
ing of short-latency responses calls for adequate
reduction of surface spread of stimulus current.

With excessive surface spread, a square pulse
of 0.1 ms duration can affect the active electrode
for several milliseconds when recording with high
sensitivity to register a small signal. Factors caus-
ing a large shock artifact include less separation
between stimulus and recording sites and greater
distance between the active (E1) and reference
(E2) electrodes. The use of stimulator leads with
no shield can also induce a large artifact, espe-
cially if placed near the recording electrodes.
Wiping with alcohol helps dry the moist skin sur-
face before the application of the stimulus, which
in turn limits surface spread of stimulus current
and ensures an optimal recording of short-latency
responses. Adequate preparation of the stimulat-
ing and recording sites reduces the skin resistance.
Surface grease will dissolve if cleaned with ether.
Callous skin needs gentle abrasion with a dull
knife or fine sandpaper. Rubbing the skin with a
cream or solvent of high conductance lowers the
impedance between the electrode and the under-
lying tissue. Theoretically, placement of a ground
electrode between the stimulating and recording
electrodes diminishes the stimulus artifact. In
practice, an alternative location may suffice with
the use of a modern fast-recovery amplifier.

3. RECORDING OF MUSCLE
AND NERVE POTENTIALS

Surface and Needle Electrodes

Surface electrodes with a larger recording radius
serve better than needle electrodes to register the
total contributions from all discharging units in
assessing a compound muscle action potential
(CMAP). Its onset latency indicates the con-
duction time of the fastest motor fibers, and its

amplitude, the number of available motor axons.
Averaging technique, though ordinarily unneces-
sary, may help evaluate markedly atrophic mus-
cles. Aneedle electrode, despite its small recording
radius and inability to register the total muscle
activity under study, has its place in identifying
the activity from a small muscle when surface
recording fails. Its use also improves segregation
of a target activity from neighboring discharges
after proximal stimulation, which tends to excite
unwanted neighboring nerves simultaneously.
Single fiber electromyography (EMG) may docu-
ment minimal conduction abnormality affecting
individual nerve axons, which may escape detec-
tion by surface recording.”*

Like motor studies, surface electrodes also
suffice for recording sensory and mixed nerve
action potentials. Many laboratories now use
ring electrodes placed around the proximal and
distal interphalangeal joints to record the anti-
dromic sensory potentials from the digital nerves.
Individual stimuli usually give rise to sensory
nerve action potentials (SNAPs) of sufficient
amplitude with careful preparation of the skin
before the application of electrodes. Thus, studies
of the commonly tested nerves require no aver-
aging except when dealing with pathologically
reduced signals. Its routine use to compensate for
sloppy recording amounts to a poor excuse for a
bad technique. Some electromyographers use nee-
dle electrodes placed perpendicular to the nerve
to improve the resolution.'3> With this technique,
the amplitude of the recorded potential increases
by a factor of 2-3 times.'*® The combination of
the two effects enhances the signal-to-noise ratio
by about S times and, when averaging, reduces
the time required to reach the same resolution
considerably. Measuring SNAP electrical power
may improve detection of axonal loss, although
its clinical value remains undetermined.'®"

Sweep Speed and Amplifications

The same principles of amplification and display
applyto NCSand EMG (see Chapter 3-3). Instead
of continuous runs, a prepulse triggers the sweep
followed, after a short delay, by the stimulus. This
arrangement allows a precise measurement of the
time interval between the stimulus and the onset
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of the evoked potential. The magnitude of the
potential under study dictates the optimal ampli-
fier sensitivity for determination of the recorded
response and establishing the normal range.*®
Overamplification results in truncation of the
recorded response, whereas underamplification
obscures the exact takeoff from the baseline for
accurate measurements of the onset latency.

A 1.0 mV muscle action potential, if ampli-
fied 1000 times, causes a 1-cm vertical deflec-
tion on the oscilloscope at a display setting of
1 V/ecm. A much smaller sensory or mixed nerve
action potential, on the order of 10 uV, requires a
total amplification of about 100,000 times. With
such a high gain, the amplifier must have a very
low inherent noise level. The use of low-pass fil-
ters helps to further reduce such high-frequency
interference. The electrode amplifier should pro-
vide differential amplification with a signal-to-
noise discrimination ratio close to 100,000:1 and
an input impedance greater than 1 megohm. It
should respond to frequencies of wide bandwidth
ranging from 2 Hz to 10 kHz without undue
distortion.

Averaging Technique

Conventional techniques fail to detect signals
within the expected noise level of the system.
Interposing a step-up transformer between the
recording electrodes and the amplifier improves
the signal-to-noise ratio as does placing the first
stage of the amplifier near the electrode site with
a remote preamplifier box. The use of digital aver-
aging represents a major improvement over the
photographic superimposition and early aver-
aging with its motor-driven switch and multiple
storage capacitors. The electronic devices now in
use sum consecutive samples of waveforms that
are stored digitally after each sweep triggered by
repetitive stimulation.

The voltage from noise that has no temporal
relationship to stimulation in successive tracings
will average close to zero at each time point after
stimulus onset. In contrast, signals time-locked
to the stimulus will sum at a constant latency and
appear as an evoked potential, distinct, within cer-
tain limits, from the background noise. Recording
a sensory nerve action potential, for example,
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averaging can virtually eliminate the background
noise up to S0 times but not 100 times the sig-
nal.®® Electrical division of the summated poten-
tial by the number of trials will provide an average
value of the signal under consideration. Here, the
degree of enhancement increases in proportion to
the square root of the trial number. Thus, four tri-
als give twice as large a response, whereas nine tri-
als give three times the response. In other words,
the signal-to-noise ratio improves by a factor of
the square root of 2 by doubling the number of
trials.

Display and Storage of Recorded
Signals

Modern oscilloscopes provide a very stable time
base requiring no marking of calibration signals
on the second beam. Consequently, a single chan-
nel suffices for most routine nerve conduction
studies. Dual or multichannel analysis, however,
has a distinct advantage in simultaneous record-
ing of related events. The use of an oscilloscope
with a digital storage capacity can display a ser-
ies of responses with a stepwise vertical shift of
the baseline. This facilitates the comparison of
successively elicited potentials in waveform and
latency. Some automatic devices digitally dis-
play the latency based on mathematically defined
takeoft from the baseline. When necessary, man-
ual positioning of the marker to the desired spot
of the waveform improves accuracy. Conversely,
any adjustments inconsistent with the overriding
definition may induce measurement errors.

4. MOTOR NERVE
CONDUCTION

Stimulation and Recording

Motor conduction studies consist of stimulating
the nerve at two or more points along its course
and recording CMAP (Fig. 5-1) with a pair of
surface electrodes for belly-tendon recording
with an active lead (E1) placed on the belly of
the muscle and an indifferent lead (E2), on the
tendon.” Depolarization under the cathode
results in the generation of a nerve action poten-
tial, whereas hyperpolarization under the anode
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FIGURE 5-1

recorded from the thenar eminence following stimulation of

Compound muscle action potential

the median nerve at the wrist. The distal or terminal latency
includes (1) nerve conduction from the stimulus point to
the axon terminal and (2) neuromuscular transmission
including the time required for generation and propagation
of the muscle action potential after depolarization of the

endplate.

tends to block the propagation of the nerve
impulse (see Chapter 4-3). Although this poses
only theoretical, rather than practical, difficulty
in the clinical studies, placing the anode 2-3 cm
proximal to the cathode alleviates the concern.
With the cathode at the best stimulating site
chosen by pulses of moderate intensity, gradual
elevation of shock intensity elicits a progressively
larger response until it reaches a maximal. The
use of a 20% supramaximal intensity activates all
the nerve axons innervating the target muscles.
Paradoxically, a very high-intensity stimulation,
in the range not ordinarily used in the clini-
cal practice, may depolarize the nerve near the
anode."**!'** With stimulation of this type, the
shift of the stimulus site from cathode to anode
results in erroneous interpretation of measured
latencies (see Chapter 11-3).

With belly-tendon recording, the propagat-
ing muscle action potential originates under E1
located near the motor point, giving rise to a
simple biphasic waveform with an initial nega-
tivity (see Chapter 2-4). With inappropriate
positioning of the recording electrodes off the
motor point, a small positive potential may pre-
cede the negative peak. If E1 placed outside the
motor point records positivity from one part of

muscle and negativity from another, phace can-
celation between the two may flatten the initial
segment with an apparent delay of onset.'>> This
“false” motor point may also result from inad-
vertent recording from nearby muscles.>** The
location of E2 substantially inﬂuences the wave-
form of recorded response,' especially in the
motor conduction study of the ulnar and tibial
nerves, 123127,129,134,147

The CMAP consists of many motor unit action
potentials within the recording radius of the active
electrode in the range of 20 mm from the skin sur-
face.® A single shock applied to the nerve activates
a group of motor units slightly asynchronously
because individual nerve axons and muscle fibers
differ in length and conduction velocities (see
Chapter 11-S). Temporally dispersed impulses
result in a degree of phase cancellation depending
on the nerve length under study and other multiple
factors. Thelocation of the pickup electrodes deter-
mines the spacial orientation to the constituent
motor units and consequently the pattern of their
contribution.®*!3* The use of large electrodes
tends to reduce the size of CMAP (see Chapter
3-2), although it minimizes the site-induced vari-
ability of the recorded potentials.”

The usual measurements include (1) latency
from the stimulus artifact to the onset of
response, defined by either negative or posi-
tive deflection from the baseline, (2) amplitude
from baseline to negative peak or between nega-
tive and positive peaks, and (3) duration from
the onset to the first baseline crossing or the
final return to the baseline. Electronic integra-
tion can provide the area under the waveform,
which shows a linear correlation to the product
of the amplitude and duration. A latency con-
sists of three components: (1) nerve activation
time from application of the stimulus to the gen-
eration of action potential, (2) nerve conduc-
tion time from the stimulus point to the nerve
terminal, and (3) neuromuscular transmission
time from the axon terminal to the motor end-
plate, including the time required for generation
of muscle action potential. The onset latency
in general measures the fast-conducting motor
fibers, although the shortest, but not neces-
sarily fastest, axons may give rise to the initial
potential.
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Calculation of Conduction Velocity

Themotornerve conductiontime equalsthelatency
minus the time for nerve activation, neuromuscular
transmission, and the generation of muscle action
potential. The latency difference between the two
responses elicited by stimulation at two separate
points, in effect, excludes these components com-
mon to both stimuli. Thus, it represents the time
necessary for the nerve impulse to travel from one
point of stimulation to the next (Fig. 5-2). Dividing
the distance between the stimulus points by the
corresponding latency difference derives the con-
duction velocity. The reliability of results depends
on accuracy in determining the length of the nerve
segment, estimated with the surface distance along
the course of the nerve, and the latency measure-
ments at the two stimulus sites. To recapitulate, the
nerve conduction velocity equals

Dmm _ D
Lp—Ldms Lp_Ld

m/s

where D represents the distance between the two
stimulus points in millimeters, and Lp and Ld,
the proximal and distal latencies in milliseconds.
Stimulation at multiple points along the length of

D (mm)
MNCV e —
(m/s) Latency: g -Latency
} ms)
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FIGURE 5-2 Compound muscle action potential
recorded from the thenar eminence following the

stimulation of the median nerve at the elbow. The nerve
conduction time from the elbow to the wrist equals the
latency difference between the two responses elicited by
the distal and proximal stimulations. The motor nerve
conduction velocity (MNCV) calculated by dividing
the surface distance between the stimulus points by the

subtracted times concerns the fastest conducting fibers.
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the nerve allows calculation of segmental conduc-
tion velocities. Separation of the two stimulation
points by at least several, and preferably more
than 10 centimeters, improves the accuracy of
surface measurement and, consequently, deter-
mination of conduction velocity. In the case of
restricted lesions, as in a compressive neuropathy,
however, the inclusion of longer unaffected seg-
ments dilutes the effect of slowing and lowers the
sensitivity of the test. Here, incremental stimula-
tion across the shorter segment helps isolate the
localized abnormality that may otherwise escape
detection (see Chapters 6-3 and 11-7).

The latency from the most distal stimulus
point to the muscle includes not only the nerve
activation and conduction time but also time for
neuromuscular transmission and muscle action
potential. Because of these additional factors, one
cannot calculate a conduction velocity over the
most distal segment. Here, meaningful compari-
son requires the use of either premeasured fixed
distance or anatomic landmarks for electrode
placement, which should improve the accuracy
of latency determination. The actual conduction
time in the terminal segment (L d) slightly exceeds
the calculated value (L, = D/CV) for the same
distance (D) based on the conduction velocity
(CV) of more proximal segments. The difference
(L = Ld'), known as the residual latency, provides
a measure of the conduction delay at the nerve
terminal and at the neuromuscular junction.” The
ratio between the calculated and measured latency
(Ld'/ Ld') referred to as the terminal latency index,
also relates to distal conduction delay (see Chapter
6-3)."% For example, a patient with a measured
distal latency (L d) of 4.0 ms for the terminal dis-
tance (D) of 8 cm and forearm conduction veloc-
ity (CV) of S0 m/s would have a calculated latency
(L;) of 1.6 ms (8 cm devided by 50 m/s), residual
latency of 2.4 ms (4.0-1.6 ms), and terminal index
ratio of 0.4 (1.6 ms/4.0 ms).

Waveform Analysis

In normal subjects, shocks of supramaximal inten-
sity delivered at different sites along the course of
the nerve elicit a nearly, but not exactly, identical
CMAP, whichvariesdependingonthenervelength
between the stimulating and recording electrodes.



The impulses of the slow-conducting fibers lag
progressively behind those of the fast-conducting
fibers over a longer conducting path. Hence, a
proximal stimulus gives rise to an evoked potential
of slightly longer duration and lower amplitude
than a distal shock (see Chapter 11-5). This physi-
ologic temporal dispersion does not drastically
alter the waveform of the muscle action potentials,
as predicted by analysis of duration-dependent
phase cancellation (see Fig. 11-11 in Chapter 11).
The CMAP amplitude also changes with mild
contraction, repositioning the target muscle and
altering the length of muscle fibers that it dictates
(see Chapter 18-2, Fig. 18-1).*! Sustained isomet-
ric exercise may also induce temperature-sensitive
pseudofacilitation.''S

A low-intensity stimulation activates only
part of the nerve fibers, distorting the waveform,
whereas excessive stimulus intensity depolarizes
the nerve a few millimeters away from the cath-
ode, erroneously shortening the measured latency.
With the use of some stimulators, an action poten-
tial may originate under the anode depending on
the shape of the stimulus output.'*®'>* The surface
length measured between the two cathodal points
under these conditions does not precisely cor-
respond to the conduction distance of the nerve
segment under study. If the CMAP elicited by the
distal and proximal stimuli appear dissimilar in
waveform, their onset latencies may not represent
the same motor fibers, precluding accurate calcu-
lation of conduction velocity.

Traces recorded with high amplification some-
times reveala small negative peak preceding the
main negative component of the muscle action
potential. This potential, not considered part of
the CMAP in latency determination, may rep-
resent a mixed nerve potential recorded from
small nerve fibers near the motor point.'*® When
recording a CMAP from E1 placed on the lum-
bricalis and E2 on the index finger, the premotor
potential, at least in part, reflects a far-field poten-
tial generated by the sensory impulse as it crosses
the metacarpophalangeal junction, making E2
positive compared to E1 (see Chapter 19-3).2%67
A premotor potential, if misinterpreted as part of
a CMAP, will cause errouneous identification of a
short onset latency. The use of different amplifier
sensitivities for distal and proximal stimulation

would affect waveform analysis, leading to a mea-

surement error.133

Types of Abnormalities

Assessment of a nerve as a whole, as opposed to
individual nerve fibers, usually reveals more com-
plicated features because different types of abnor-
malities tend to coexist. Nonetheless, axonal and
demyelinative lesions give rise to characteristic
abnormalities in motor NCS when stimulating
the nerve distally and proximally flanking the pre-
sumed site of involvement. The amplitude of the
muscle response varies considerably from one nor-
mal subject to another. Thus, a side-to-side com-
parison helps elucidate minor diminution in the
recorded potential, which may otherwise escape
detection. The CMAP amplitude elicited by proxi-
mal stimulation usually reflects the number of func-
tional axons (Fig. 5-3). For example, two-thirds of
the normal size imply axonal degeneration or con-
duction block involving one-third (Fig. 5-4) and
an absent response, all the nerve fibers (Fig. 5-5).
If segmental demyelination affects the majority of
the nerve fibers more or less equally without a con-
duction block, stimulation above the lesion evokes
arelatively normal CMAP amplitude with delayed
latency (Fig. 5-6). This type of abnormality may

R E R, Possible
E findings after
Response  {g: .
nerve injury
nearly
NORMAL —
DELAYED —

ABSENT — \

FIGURE 5-3  Three basic types of alteration in the

compound muscle action potential occur after a presumed

nerve injury distal to the site of stimulation: mildly reduced
amplitude with nearly normal latency (fop), normal
amplitude with substantially increased latency (middle), or
absent response even with a shock of supramaximal intensity
(bottom).
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Response

nearly

Substantial number
of axons intact

FIGURE 5-4 Mild reduction in amplitude of the
compound muscle action potential with a nearly normal

latency. This type of abnormality indicates that a substantial
number of axons remain functional. The affected axons
constituting only a small portion of the total population
have either neurapraxia or axonotmesis. The normal
latency reflects the surviving axons that conduct normally.
Because of inherent individual variability, minor changes in

amplitude may escape detection as a sign of abnormality.

affect the nerve diffusely along the course as in
demyelinated polyneuropathy or segmentally as in
an entrapment neuropathy (Fig. 5-7).

During the first week of injury, a distally elic-
ited CMAP remains normal regardless of the
type of pathology (Fig. 5-8), which therefore
initially cannot differentiate neurapraxia from
axonotmesis. Repeating distal stimulation dur-
ing the second week, however, can distinguish
these two possibilities. With a total axonal degen-
eration, stimulation below the point of the lesion

Response E
2.5 mV.

Sms

ABSENT —

Neurapraxia (functional block) or
Axonotmesis (majority of axons) or
Neyrotmesis (separation of nerve)

FIGURE S-S No evoked potential with supramaximal
stimulation of the nerve proximally. This type of abnormality
indicates the loss of conduction in the majority of axons but fails

to distinguish neurapraxia from axonotmesis or neurotmesis.
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Response
DELAYED—
l Majority of axons

involved but still
conducting

FIGURE 5-6 Increased latency of the compound
muscle action potential with normal amplitude. This type of
abnormality indicates demyelination affecting the majority
of nerve fibers more or less equally, as in a compression
neuropathy. Conduction block, if present during acute

stages, will diminish the amplitude of the recorded response.

produces no CMAP (Fig. 5-8), initially reflecting
the failure at the neuromuscular junction fol-
lowed by the loss of nerve excitability. In cases
of partial axonal loss, distally elicited response
matches proximally elicited response, both
showing amplitude reduction in proportion to
the number of lost axons. In neuropraxia, a distal
stimulation evokes a normal CMAP indicating
preservation of the axons, whereas a proximal
stimulation continues to show a reduced ampli-
tude because of conduction block (Figs. 5-9). A
reductionin size of the evoked response, however,
may also result, in the absence of a conduction
block, from phase cancellation between peaks of
opposite polarity associated with pathological
temporal dispersion.é6 In acquired demyelinative
neuropathies (Fig. 5-10) showing conduction
block or phase cancellation, CMAPs elicited by
distal and proximal stimulation may not repre-
sent the same groups of motor fibers, a prerequi-
site for calculation of conduction velocity.

A mild slowing of conduction also results
from axonal neuropathy with loss of the
fast-conducting fibers.3® This type of slowing
has its limits defined by the characteristics of
the remaining physiologically slow-conducting
fibers. With a CMAP amplitude above 80% of
the lower limits, the conduction velocity should
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FIGURE 5-7 A 40-year-old woman with complaints of hand pain and paresthesia involving the little finger and
ulnar half of the ring finger on both sides. Short incremental stimulation of the ulnar nerve revealed a nonlinear

shift of the motor response from abductor digiti minimi, indicating a localized delay at the elbow on both sides.

not fall below 80% of the lower limits. A value
below this limit, therefore, suggests the presence
of demyelination. With further diminution of
amplitude toless than 80% of the lowerlimits, the
conduction velocity may fall to 70% of the lower

Nerve excitability
Response V- distal to the lesions
NORMAL __
initially
ABSENT __

in a few days

in neurotmesis

FIGURE 5-8 Motor nerve excitability distal to the
lesion in neurotmesis or substantial axonotmesis. Distal
stimulation elicits a normal compound muscle action
potential during the first few days after injury, even with

a complete separation of the nerve. Unlike neurapraxia,
wallerian degeneration subsequent to transection will render

the distal nerve segment inexcitable in 5-10 days.

limit solely on the basis of axonal loss. For the
same reason slowed motor conduction seen in
myelopathies also results from a loss of the large
anterior horn cells with fast-conducting motor
axons. Serial electrophysiologic studies help
establish the time course of conduction block
and wallerian degeneration (Fig. 5-11) during
the acute phase of nerve damage. During the

COMPRESSION NEUROPATHY

[y

Sms

FIGURE 5-9 A 34-year-old man with selective weakness
of foot dorsiflexors and low back pain radiating to the
opposite leg. The nerve conduction studies revealed a

major conduction block between the two stimulation sites,
b and b’, at the knee. The weakness abated promptly when
the patient refrained from habitual leg crossing. (From

Kimura,% with permission.)
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FIGURE 5-10  (A) A 31-year-old man with the Guillain-Barré syndrome. Stimulation of the ulnar nerves at the elbow or
wrist elicited delayed temporally dispersed compound muscle action potentials of the abductor digiti minimi bilaterally. Four
consecutive trials at each stimulus site confirm the consistency of the evoked potentials. (B) In the same patient as shown in

(A), stimulation of the tibial nerve at the knee or ankle elicited delayed and temporally dispersed compound muscle action

potentials of the abductor hallucis.

chronic phase, a repeat NCS can delineate nerve
regeneration, which accompanies a progressive
recovery of CMAP amplitude (Figs. 5-12 and
5-13).

Single stimulation may evoke various types
of repetitive responses usually representing focal
reexcitation of hyperexcitable axons, which also
characterize myokymia and neuromyotonia (see

84 +« NERVE CONDUCTION STUDIES

Chapter 28-5 and 28-6). Stimulation applied at
different levels combined with collision method
helps clarify the origin of stimulus-induced
high-frequency discharges.”>!% Other causes
of repetitive muscle action potentials133 include
intramuscular nerve reexcitation,107 abnor-
malities of neuromuscular junction such as

excess acetylcholine or acetylcholinesterase
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FIGURE S-11 A 2l-year-old man, known asthmatic, developed purpura on palms and soles 4 days before admission
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followed 2 days later by weakness of plantar flexion and loss of balance. (A) A series of recordings from left extensor digitorum
brevis (EDB) showed reduced amplitude with proximal stimulation of the peroneal nerve below and above knee (May 9),

its partial recovery indicating resolving conduction block (May 10), and reduction of amplitude with distal stimulation at

the ankle indicating the onset of wallerian degeneration (May 11 and 12). (B) Recording from right EDB showed reduced
amplitude with proximal stimulation (May 9) and later also with distal stimulation (May 10). (C) Recording from tibialis
anterior showed no abnormality, indicating a focal lesion of the distal nerve branch innervating the EDB. Muscle biopsy
confirmed the diagnosis of Churg Straus vasculitis.
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FIGURE 5-12 Isolated injury of the deep peroneal nerve at the knee. Stimulation of the common peroneal nerve
below and above the popliteal fossa elicited no response from the extensor digitorum brevis (EDB), but normal response
from the peroneus brevis and longus (July 21). A follow-up study showed recovery of EDB response with nerve
regeneration (April 16).
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FIGURE 5-13 A 2 Vs-year-old boy developed severe axonal polyneuropathy following prolonged exposure to freezing
weather on a frigid winter night in Iowa. (A) Compound muscle action potentials recorded over the thenar eminence after
stimulation of the median nerve at the wrist (W), elbow (E), and axilla (A). The initial study on March 17 revealed no response

on either side followed by progressive return in amplitude and latency, with full recovery by January 8.
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FIGURE 5-13 (Continued) (B) Antidromic sensory nerve action potential recorded from the index finger after
stimulation of the median nerve at the wrist (W) and elbow (E). The studies on March 17 and May 7 showed no response on
either side, with full recovery by January 8. (C) Compound muscle action potential recorded from the abductor hallucis after
stimulation of the tibial nerve at the ankle (A) or knee (K). The studies on March 17 and May 7 revealed no response on either
side, with full recovery by January 8. (D) Motor conduction studies of the tibial nerve on May 17. Stimulation at the knee
elicited no response in the intrinsic foot muscle on either side (top three tracings) but a small compound action potential in the

gastrocnemius bilaterally (bottom) as the result of early reinnervation. (From Afifi, Kimura, and Bell,' with permission.)
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deficiency®* (see Chapter 26-4), and hyperexcit-
ability of muscle fibers as seen in myotonia (see
Chapter 28-2).

5. SENSORY NERVE
CONDUCTION

Stimulation and Recording

For clinical study of the upper limb, we prefer
recording an antidromic digital potential after
stimulation of the nerve trunk segmentally.
Simultaneous activation of muscle potential
may obscure the intended signal, but usually
not to the extent of interfering with the mea-
surements. Surface electrodes placed on either
side of the digit register sensory potentials from
both digital nerves through volume conduction,
thus invalidating a study of individual branch.”
Alternatively, stimulation of the digital nerves
elicits an orthodromic sensory potential over the
nerve trunk selectively without contamination
from motor potentials. This approach, however,
does not allow segmental comparison of ampli-
tude, which varies primarily based on the depth
of the nerve. Thus, apparent reduction in ortho-
dromic sensory potentials may not necessarily
imply the loss of axons when recording at the
point where the nerve lies some distance from the
recording surface.

Stimulation of the nerve trunk also evokes a
mixed nerve potential proximally. For example,
shocks applied to the ulnar or median nerve at the
wrist give rise to an antidromic potential on the
appropriate digits and mixed nerve potential at
the elbow. The large-diameter sensory fibers have
lower thresholds and faster conduction by about
5%-10% compared to the motor fibers. Thus, the
onset latency of mixed nerve potentials relates to
the fastest sensory nerve conduction in healthy
subjects. In patients with neuropathies predomi-
nantly affecting sensory fibers,®! however, rela-
tionship may not always hold. Such circumstances
would make assessment of sensory fibers difficult
in the presence of motor nerve potentials.

For routine clinical studies, surface electrodes
suffice for stimulation and recording.>*” The size
of the electrode and the pressure applied during
recording influences the amplitude of sensory
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nerve potential.’** Some electromyographers
prefer the use of a subcutaneous needle placed
near the nerve to improve the signal-to-noise
ratio, especially in assessing small late compo-
nents. >>7%%" Here, a signal averaging helps elu-
cidate a sensitive measure of early nerve damage
by defining temporally dispersed components
that originate from demyelinated, remyelinated,
or regenerated fibers.> Minimum conduction
velocity calculated from these late components
normally averages 15 m/s corresponding to the
fibers of about 4 um in diameter.'*! Although it
may prove useful as the only abnormalities in
some neuropathies, this method suffers from dif-
ficulties in identifying the normal range of the
late components.

The technique of near nerve recording also
provides a unique opportunity to assess various
skin and muscle afferents in humans.'** These
include Meissner’s corpuscles excited by mechan-
ical stimulus®® and Pacinian corpuscles driven
by vibration.®® In contrast, the conventionally
recorded orthodromic and antidromic com-
pound SNAPs result from activation of all the
large-diameter fibers activated by supramaximal
electric shocks, which bypass the receptors and
axon terminals.®*

Latency and Conduction Velocity

Unlike motor latency, which includes neuro-
muscular transmission (NMT), sensory latency
consists only of the nerve activation and conduc-
tion time. The latency of activation, or a fixed
delay of about 0.15 ms at the cathodal point,”
makes the measured latency slightly greater
than the calculated latency difference between
two recording sites flanking the same nerve seg-
ment. Disregarding this minimal discrepancy,
stimulation at a single site and recording from
another site suffices for calculation of conduc-
tion velocity.

With the biphasic digital potential recorded
antidromically, the onset latency measured to
the takeoft of the negative peak corresponds to
the conduction time of the fastest fibers from the
cathode to E1. The use of modern amplifiers with
high resolution now makes it feasible in most
cases to measure the onset latency for sensory



conduction. The use of the peak latency has some
justification as a quick estimate of abnormal tem-
poral dispersion, which increases the onset-to-
peak duration of the evoked potential. Measuring
both the onset latency as well as the total dura-
tion, however, provides more complete data. The
onset to peak interval increases in proportion to
the nerve length tested, reflecting the increasing
time interval between fast- and slow-conducting
fibers. Therefore, the peak-to-peak latency differ-
ence between two stimulus sites slightly exceeds
the onset-to-onset latency difference for a given
nerve segment. The same holds true in measuring
a triphasic orthodromic SNAP with the use of the
initial positive peak or subsequent negative peak
as the point of reference.

In one study, antidromic conduction times,
despite identical mean values, showed slightly
higher standard deviations than orthodromic
measurements.'* For the same segment of the
sensory nerve, however, the orthodromic and
antidromic potentials recorded using the same
interelectrode distance have identical latencies.?!

Waveform Analysis

Bipolar recording registers a signal as the potential
difference between E1 and E2 when the impulse
propagates under the electrodes. Assuming a con-
duction velocity of 50 m/s and signal duration of
0.8 ms, a 4-cm interelectrode distance allows the
impulse to pass the E1 site before arriving at the
E2 location,*® which causes a least waveform dis-
tortion. Theoretical consideration not withstand-
ing, some favor the use of a 2-3 cm over a 4-cm
separation for two practical reasons: less noise
and easier application, for example, when record-
ing antidromic potentials from a short digit."*’
Like many others, we used a 2-cm separation to
establish our normative values by using a com-
mercially available recording bar with a pair of
electrodes mounted at this fixed distance.

The antidromic digital potential has, as
expected, an initially negative biphasic waveform
when recording with a pair of ring electrodes
directly placed on the nerve lying superficially. In
monopolar derivation, both E1 and E2 electrodes
register a stationary far-field potential (FFP)
generated as the impulse crosses the base of the

digit (see Chapters 2-4 and 19-3). This positivity,
which affects E1 and E2 equally, however, does
not appear in a bipolar derivation, which registers
only the potential difference between the two.
Coactivation of motor axons evokes a muscle
action potential, which, though delayed by 1.0 ms
for NMT, obscure antidromic SNAP with an
overlap. The commonly used assessments include
the amplitude from the baseline to the negative
peak and the duration from the initial deflec-
tion to the intersection between the descending
phase and the baseline. Some prefer to measure
the amplitude from the negative to positive peak,
and the duration, from the onset to the much less
definable point where the tracing finally returns
to the baseline.

In an orthodromic study, the position of the
recording electrodes alters the waveform of a
SNAP.”” Recording with E1 on the nerve and
E2 at a remote site generally gives rise to an ini-
tially positive triphasic potential. A separate late
phase may appear in the response recorded at a
more distant site, reflecting greater desynchroni-
zation between fast- and slow-conducting fibers.
Placing E2 near the nerve at a distance of more
than 3 cm from E1 makes the recorded potential
tetraphasic, with addition of the final negativity
because the two electrodes register the potential
sequentially.'* Submaximal stimulation in anode
proximal arrangement may induce double peak
sensory potential indicating additional activation
of the nerve under the anode (see Chapter 11-2)
with the use of some stimulators.® The orthodro-
mic response recorded through surface electrodes
from the nerve trunk lying a few centimeters
under the skin has less amplitude than the anti-
dromic sensory potentials recorded from digital
nerves near the surface. The relationship reverses
with the use of needle electrodes inserted near
the nerve.

The amplitude of the sensory potential var-
ies substantially among subjects and to a lesser
extent between the two sides in the same indi-
vidual whether recorded with surface or needle
electrodes. In addition to the density of sensory
innervation, body mass index determines the
amplitude of an orthodromic SNAP, mainly
reflecting the depth of the nerve from the skin
surface ' and skin thickness.** Left-handers often
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have a greater median nerve SNAP at the wrist on
the right side and vice versa, perhaps for the same
reason.®? Women tend to have greater SNAPs
than men,*®’® possibly because the nerves lie
more superficially.

Types of Abnormalities

The types of abnormalities described for motor
conduction apply in principle to sensory con-
17473 Demyelination causes sub-
stantial slowing in conduction velocity with or
without conduction block, whereas axonotme-
sisresultsin reduced amplitude with distal stim-
ulation. Sural nerve potential serves as an early
and sensitive measure for length-dependent
distal axonal polyneuropathy.” Reflecting this
preferential involvement, sural to radial nerve
SNAP ratio often falls below 0.40 compared to
the normal mean of 0.71 in patients with neu-
ropathy.''! The sensory fibers degenerate only
with a lesion involving the sensory ganglion or
postganglionic axon (Fig. 5-13). Thus, the nor-
mal study of distal sensory potential from anes-
thetic digits implies a preganglionic root lesion
rather than plexopathy or neuropathy.

Radicular lesions, if located inside the spinal
canal, can also involve the ganglion or postgan-
glionic portion of the root affecting the digital
nerve potential.>*”® In this case, the distribution
of SNAP abnormalities helps differentiate plex-
opathy, which tends to affect multiple digits, and
radiculopathy, which usually shows selective
changes of one or two digits: thumb by C6, index
and long fingers by C7, and ring and little fingers
by C8 root lesions.*®

duction as wel

6. NERVE CONDUCTION IN
THE CLINICAL DOMAIN

The validity of the calculated nerve conduction
velocity depends primarily on the accuracy in
determining the latencies and the conduction
distances. Sources of error in measuring laten-
cies include unstable or incorrect triggering of
the sweep, poorly defined takeoff of the evoked
response, inappropriate stimulus strength, and
inaccurate calibration. Errors in estimating the
conduction distance by surface measurement
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result from uncertainty as to the exact site of stim-
ulation and the nonlinear course of the nerve seg-
ments. Surface determination yields particularly
imprecise results when the nerve takes an angu-
lated path, as in the brachial plexus or across the
elbow or knee.

Because of these uncontrollable variables, the cal-
culated values only approximate the true nerve con-
duction velocities. On repeated testing, the results
may vary as much as S to 10 m/s, because of the
limitations inherent in the technique (see Chapter
11-7).”" Changes in limb temperature in part account
for this variability. Strict adherence to the standard
procedures minimizes the error, improves the repro-
ducibility, and helps establish a small range of normal
values, which justify the use of conduction studies
as a diagnostic measure. Unlike conduction veloc-
ity, latency comparison calls for a constant distance
between the stimulating and recording electrodes.

A combined index improves diagnostic classifi-
cation over use of single test results.*>'°> Analyzing
multiple measurements, however, poses statistical
problems, necessitating a technique for data reduc-
tion (see Chapter 30-2).'*® The common assump-
tion that conduction values follow a normal,
bell-shaped Gaussian distribution appears unwar-
ranted.!” If so, calculation of reference values as the
mean +2 (or 2.5) standard deviations must use the
optionally transformed data to remove the effect of
skew and unacceptable rate of misclassification.

Variation among Different Nerve
Segments

Both motor and sensory fibers conduct substan-
tially more slowly in the legs than in the arms. A
small reduction in temperature cannot account
for the recorded differences, ranging from 7
to 10 m/s.%® Longer nerves generally conduct
slower than shorter nerves.'*>!*> Available data
further indicate a good correlation between con-
duction velocity and estimated axonal length
in peroneal and sural nerves but not in motor
or sensory fibers of the median nerve.!** These
findings might suggest, without histologic proof,
an abrupt distal axonal tapering in the lower
limbs. Other factors possibly responsible for the
velocity gradient include progressive reduction
in axonal diameter, shorter internodal distances,



and lower temperatures over the distal segment.
Statistical analyses of conduction velocities show
no difference between median and ulnar nerves
or between tibial and peroneal nerves. These
measures also reveal a high degree of symme-
try with only small side-to-side differences (see
Chapters 6-3 and 6-5)."

The nerve impulse propagates faster in the prox-
imal than in the distal nerve segments. For exam-
ple, the cord-to-axilla F-wave conduction velocity
(FWCYV) clearly exceeds the elbow-to-wrist motor
nerve conduction velocity (MNCV)223%%965
Statistical analyses, however, show no significant
difference between cord-to-axilla and axilla-to-
elbow segments.> The F ratio (see Chapter 7-3),
comparing the proximal and distal motor nerve
conduction time,*’ helps establish the pattern of
conduction abnormality characteristic of a neu-
ropathy as a group. For example, an increase in
this ratio indicates a proximal slowing considered
typical of the acute and chronic inflammatory
demyelinating neuropathies (AIDP and CIDP)
(see Chapter 24-3), whereas a decrease implies a
distal involvement seen in dying-back axonal neu-

ropathy (see Chapter 24-2).

Effects of Temperature

Lowertemperaturestend toretard the propagation
of the impulse while augmenting the amplitude of
the nerve and muscle potential 793110116 Eoy
example, cooling the hand increases distal laten-
cies by 0.3 ms per degree for both median and
ulnar nerves.'® A localized temperature change,
like cold elbow, may induce a focal slowing.”””’
These principles apply for both normal and
demyelinated fibers as a straightforward conse-
quence of the temperature coefficients governing
voltage-sensitive sodium and potassium conduc-
tance. In particular, the cold-induced delay of
sodium channel opening accounts for slowing
of conduction, and the subsequent delay of its
closing, for an increase in amplitude. In contrast,
a higher body temperature tends to increase the
speed of nerve impulses and reduce the ampli-
tude. A parallel temperature-dependent change
also affects the refractory period.

The conduction velocity shows an almost lin-
ear change averaging 2.4 m/s, or approximately

4%-5%, per degree, for the temperature from
29°C to 38 °C,>**” although changes becomes
more pronounced in the lower range.'*° Very high
temperatures also induce a marked effect, decreas-
ing motor and sensory potentials by 27% and
50% in amplitude, and 19% and 26% in duration
with warming of the limb from 32°C to 42°C 112
In demyelinated nerve fibers, conduction velocity
increases as temperature rises until propagation
ceases at a vulnerable site. Here, faster conduc-
tion reflects quick activation of sodium channels
over a length of a fiber, whereas conduction fail-
ure results from reduction of the action potential
below the critical level by quick inactivation of
sodium channels at the demyelination site with
a low safety factor.*!*? Thus, latency shortening
and conduction block result from two completely
separate effects of temperature rise.

Studies conducted in a warm room with ambi-
ent temperature maintained between 21°C and
23°C minimize this type of variability. In prac-
tice, the skin temperature measured with a plate
thermistor correlates linearly with the subcuta-
neous and intramuscular temperatures.49 A skin
temperature of 34°C or above indicates a muscle
temperature close to 37°C.%5 A measured value
falling below 32°C calls for warming of the limb
with an infrared heat lamp or other readily avail-
able devices such as a hair dryer or hot water blan-
kets.?” Some advocate immersion of the limb in
warm water for a sufficient time in the order of
30 minutes,* and others use a bicycle ergometer
to raise skin temperature.114 Warming the skin,
however, may provide misleading interpretation
if it fails to raise the core temperature equally.
Alternatively, one may add 4% of the calculated
conduction velocity for each degree below 32°C
to normalize the result. Although conversion
factors, based upon an average of healthy sub-
jects, may not necessarily apply in diseases of the
peripheral nerve,*** the practice minimizes the
incidence of false-positive results based on misin-
terpretation of the temperature-induced slowing.

Height and Other Factors

In addition to temperature and age (see Chapter
29-4), other factors that influence nerve con-

duction measures include anthropometric
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characteristics.*>!'® For example, the height shows
a negative association with the sensory amplitude
and a positive association with the distal latencies.
Sural, peroneal, and tibial nerve conduction veloci-
ties all have an inverse correlation with height in
normals” as well as in patients with diabetic neu-
ropathy.** In one series, dealing with sural NCS, '3
however, velocity changes attributable to height
fell within the experimental error of 2.3% expected
from the method. In another study,'® nerve con-
duction velocities showed a stronger correlation
with height compared to age. Women have faster
conduction velocity and greater amplitude for both
motor and sensory studies than men.'* Most gen-
der differences resolve when adjusted by height,
whereas amplitude differences persist despite such
correction and may; at least in part, relate to volume
conductor characteristics of the body.

Ischemia, induced by a pneumatic tourniquet,
alters nerve excitability substantially, with progres-
sive slowing in conduction velocity, decrease in
amplitude, and increase in duration of the action
potential.118 These changes affect the median
nerve more rapidly in patients with the carpal tun-
nel syndrome (CTS) than in normal controls.*®
Conversely, patients with diabetes or uremia or
elderly subjects have a greater resistance to isch-
emia with regard to peripheral nerve function.'
Threshold tracking provides confirmatory evi-
dence for this characteristic of the motor axons in
diabetic subjects (see Chapter 10-4)."*! In chronic
hypoxemia and diabetes, reduction in amplitude
of nerve potential during ischemia shows a time
course correlated with the blood oxygen satura-
tion. Thus, prior hypoxic exposures may induce
resistance to ischemic conduction failure.>!

Clinical Values and Limitations

Over the years, NCSs have made major contribu-
tions to the understanding of peripheral nerve
function in health and disease states. Such evalu-
ations can precisely delineate the extent and
distribution of the lesion, showing an overall
distinction between axonal and demyelinating
involvement. This dichotomy provides a simple
and practical means of correlating conduction
abnormalities with major pathologic changes in
the nerve fibers. In support of this concept, in
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vitro recordings from the sural nerve have clearly
established close relationships between histologic
and physiologic findings.'*!

In addition to such a broad classification,
the pattern of nerve conduction abnormali-
ties can often characterize the general nature
of the clinical disorder.*® For example, heredi-
tary demyelinating neuropathies commonly,
though not always, show diffuse abnormalities,
with little difference from one nerve to another
in the same patient and among different mem-
bers in the same family.*® Measurement of the
high-frequency attenuation may help quantify
waveform changes in distinguishing uniform
and nonuniform motor nerve conduction slow-
ing (see Chapter 11-6)."S Approximately equal
involvement of different nerve fibers limits the
degree of pathological temporal dispersion
despite a considerably increased latency. In con-
trast, acquired demyelination tends to affect cer-
tain segments of the nerve disproportionately,
giving rise to more asymmetric abnormalities
and substantial increases in temporal dispersion.
Electrophysiologic studies also help separate sen-
sorimotor neuropathies from pure sensory neu-
ropathies.'® Pattern of distribution in sensory
nerve conduction abnormalities helps differenti-
ate demyelinating and axonal polyneuropathies.
For example, a reduced SNAP amplitude of the
median nerve compared with that of the sural
nerve supports the diagnosis of a primary demy-
elination.'? In contrast, a reduced sural nerve
amplitude compared with the radial nerve implies
an axonal polyneuropathy. **!'! Other reported
results include a reduced median/radial and an
increased sural/radial ratio in acquired demyeli-
nation and decreased median/radial and sural/
radial ratios in dying-back degeneration.'*

Optimal application of NCSs depends on
understanding the principles and recognizing the
pitfalls of the technique. The conventional meth-
ods deal primarily with distal nerve segments
in the four limbs. Special techniques®* enable
assessment of nerve segments in less accessible
anatomic regions, provide better evaluation
of a focal lesion, and improve the detection of
subclinical abnormalities (see Chapter 11-7).
Despite certain limitations, these methods can
uncover diagnostically pertinent information



if used judiciously in appropriate clinical con-
texts.”® The automated device, which may accu-
rately record raw data, falls short of providing
specificity necessary for a screening or diagnos-

tic examination.
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1. INTRODUCTION

Nerve conduction studies consist of stimulating
a nerve and recording the evoked potential either
from the nerve itself or from a muscle innervated
by the nerve. The basic principles outlined in the
previous section apply to any studies, although the
anatomic peculiarities dictate specific approaches
to each of the commonly tested individual nerves.
The ordinary nerve conduction studies provide
limited information regarding the most proximal
nerve segment such as the brachial or lumbosacral
plexus. Supplemental methods help evaluate the
motor and sensory conduction in this region by
measuring the F wave (see Chapter 7-4), H reflex
(see Chapter 9-2), and somatosensory evoked
potentials (SEPs) (see Chapter 19-6).

In addition to the spinal accessory nerve, stud-
ies of the facial nerve and blink reflex constitute
an integral part of the cranial nerve investigation.
Those commonly tested in the limb comprise the
motor and sensory fibers of the median, ulnar, and
radial nerves and the motor and sensory fibers of
the peroneal and tibial nerves, including the sural
and superficial peroneal nerves. The less read-
ily accessible include the nerves of the shoulder
girdle such as the phrenic nerve, brachial plexus,
and musculocutaneous nerve and forearm nerves
such as lateral, medial, posterior antebrachial
cutaneous nerves and the dorsal sensory branch
of the ulnar nerve. The nerves of the lumbosacral
plexus in this category comprise femoral, sciatic,
lateral femoral cutaneous, saphenous, and lateral
and medial plantar nerves.

To minimize the bias induced by different
techniques, each laboratory should develop its
own normal ranges or use an established crite-
rion following the same standardized method
(see Chapter 30-2). For the latency and conduc-
tion velocity, 95% of the measures from a healthy
population fall within the mean plus or minus
two standard deviations (SDs) defined in control
subjects. The same does not apply to amplitude,
which distributes in a non-Gaussian manner.
Most of individual measures of amplitude exceed
one-half the mean of the control value in healthy
subjects, which thus serves as a lower limit of nor-
mal. An alternative approach uses a log transfor-
mation of the amplitude data to accomplish an
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equal distribution, and then expresses the normal
range as plus or minus two SD confidence inter-
vals (see Chapter 30-2). This section will describe
the usual points of stimulation and recording sites
together with the normal values established in
our institution or as reported in the literature.

2. CRANIAL NERVES

The most commonly tested cranial nerves in the
electromyographic (EMG) laboratory include
the facial, trigeminal, and spinal accessory nerves.
Chapters 8-2 and 8-3 will deal with studies of
the facial nerve and the ophthalmic branch of
the trigeminal nerves as they relate to the blink
reflex, and Chapter 9-3, the mandibular branch
of the trigeminal nerve in conjunction with the
masseter reflex.

Spinal Accessory Nerve

The accessory nerve runs superficially along the
posterior border of the sternocleidomastoid
muscle. Surface stimulation at this point elicits a
compound muscle action potential (CMAP) of
the trapezius, usually recorded from the upper
portion by an active electrode (E1) placed at the
angle of the neck and shoulder and a reference
electrode (E2) over the tendon near the acro-
mion process. Changes in amplitude provide reli-
able information, with reduction to one-half that
of the response on the healthy side, suggesting
distal degeneration. Some electromyographers
prefer needle electrodes to stimulate the nerve. In
one series of 25 subjects, 10-60 years of age, nor-
mal latencies to the upper trapezius ranged from
1.8 ms to 3.0 ms.” In another study of 21 nerves,
the onset latency (mean £ SD) averaged 3.0 £ 0.2
ms to the middle trapezius and 4.6 + 0.3 ms to the

lower trapezius.*’

Mylohyoid and Lingual Nerves

Intraoral surface stimulation of the mylohyoid
nerve evokes the mylohyoid muscle potential
under the chin in the anterior submandibular
area. The cathode, taped to a tongue depressor,
faces anteriorly in the pterygomandibular space
at the level of the rear molars. The subject opens



the mouth and pushes the tongue up against the
front teeth to activate the muscle for placement
of E1. In one study of 42 healthy subjects,>* who
all had a response bilaterally, the reported values
(mean * SD) included latency of 1.9 £ 0.2 ms and
amplitude of 4.9 = 1.8 mV.

Stimulation of the mandibular nerve by a nee-
dle electrode inserted in the infratemporal fossa
at the level of the foramen ovale elicits muscle
action potentials of the masseter and mylohyoi-
deus.'”* The same needle registers sensory nerve
action potentials elicited by stimulation of the
lingual nerve along the inferolateral edge of
the tongue and of the inferior alveolar nerve at
the mental foramen. This method may prove use-
ful in measuring the lingual and inferior alveolar
nerve lesion subsequent to dental or orthognathic

surgery. 315!

Hypoglossal Nerve

Submandibular surface stimulation of this nerve
evokes glossal muscle action potential detectable
over the anterior surface of the tongue. In one
series of 30 normal subjects studied on both sides,
reported values (mean £ SD) included latency of 2.2
1 0.4 ms and amplitude of 3.8 + 1.6 mV; taking the
best of five responses measured baseline to peak.'*?
In one series, hypoglossal CMAP showed a reduc-
tion in patients with obstructive sleep alpnea.140

3. COMMONLY TESTED
NERVES IN THE UPPER LIMB

Median Nerve
Tables 6-1, 6-2, and 6-3 (see also Appendix Tables

1-4 and 1-5) summarize normal values.

MOTOR STUDIES

The median nerve runs relatively superficially
in its entire course from the axilla to the palm
(Fig. 6-1). The usual sites of stimulation for motor
nerve conduction study (NCS) include palm,
wrist, elbow, axilla, and Erb’s point. For each of
these stimulation sites, we place the cathode near
the line dividing middle and proximal third of the
palm (see Chapter 11-3), 3 cm proximal to the

most distal crease at the wrist, over the brachial
pulse near the volar crease at the elbow, and in
the mid clavicular region.” The other electrodes
comprise the anode, located 2 cm from the cath-
ode, and the ground electrode placed on the
forearm between the stimulating and recording
electrodes or the dorsum of the hand (Fig. 6-2A).
Stimulation at the axilla or Erb’s point tends to
coactivate other nerves in close proximity. In the
presence of an anomalous crossover from the
median to ulnar nerve in the forearm, stimulation
of the median nerve at the elbow also activates an
ulnar component. Then, the onset latencies of dis-
tally and proximally evoked responses may repre-
sent two different nerves, invalidating the use of
the usual formula for calculation of nerve conduc-
tion velocities (see Chapter 11-4). The use of the
collision technique circumvents these problems
(see Chapter 11-3).

With stimulation at the wrist, elbow, and
axilla, the convention calls for placing the cath-
ode distally to the anode (see Chapter 5-2). The
reversal of the electrode position works better
when stimulating the thenar nerve in the palm
at the branching point from the main trunk of
the median nerve (see Chapter 11-3). With this
arrangement, the cathode placed in the mid palm
with the anode 2 cm more distally elicits no mus-
cle response because neither electrode lies on the
nerve. Stimulation given slightly more proximally
first activates the palmar branch of the ulnar nerve,
adducting the thumb. The cathode placed 1 cm
further proximally lies over the branching point
ofthe thenar nerve. Stimulation here should cause
abduction of the thumb, which verifies selective
activation of the target nerve (Fig. 6-3). Palmar
stimulation may inadvertently activate the deep
palmar branch of the ulnar nerve.'*® Inability to
clearly identify the contracting muscle by observ-
ing the twitches invalidates the procedure'”'** in
about 10% of the general population based on our
own experience. To further compound the prob-
lem, the recurrent branch may take an anomalous
course in rare instances.'*!

Therecordingleads consist of E1 over thebelly of
the abductor pollicis brevis and E2 just distal to the
metacarpophalangeal joint (Fig. 6-2A). Depending
on the electrode positioning, the potentials from
other intrinsic hand muscles innervated by the
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Table 6-1 Median Nerve*
SITE OF AMPLITUDE": LATENCY? DIFFERENCE CONDUCTION CONDUCTION
STIMULATION MOTOR (mV) TO RECORDING BETWEEN RIGHT TIME BETWEEN VELOCITY
SENSORY (uV) SITE (ms) AND LEFT (ms) TWO POINTS (ms) (m/s)
Motor fibers
Palm 6.9%3.2(3.5)" 1.86+0.28 (2.4)9 0.19+0.17 (0.5)9 .
1.65%£0.25(2.2)¢ 48.8+5.3(38)
Wrist 7.0+3.0(3.5) 3.4910.34 (42) 0.24+0.22 (0.7)
3.9240.49 (4.9) 57.7+£4.9 (48)
Elbow 7.0£2.7(3.5) 7.39£0.69 (8.8) 0.31£0.24 (0.8)
2421039 (3.2) 63.5+6.2(51)
Axilla 7.2£2.9(3.5) 9.81+0.89 (11.6) 0.42+0.33(1.1)
Sensory fibers
Digit 1.37+0.24 (1.9) 58.845.8 (47)
+ + +
Palm 39.0+16.8 (20) 1.37+0.24(1.9) 0.15%0.11 (0.4) 14840.18 (1.8) 562458 (44)
i + + +
Wrist 38.5+15.6 (19) 2.8410.34 (3.5) 0.18+0.14 (0.5) 3614048 (4.6) 619442 (53)
Elbow 32.0+15.5(16) 6.46+0.71(7.9) 0.29+0.21 (0.7)

*Mean + standard deviation (SD) in 122 nerves from 61 healthy subjects, 11 to 74 years of age (average. 40), with no apparent disease of the peripheral

nerves.

fAmplitude of the evoked response, measured from the baseline to the negative peak.
*Latency, measured to the onset of the evoked response.

SLower limits of normal, based on the distribution of the normative data.

YUpper limits of normal, calculated as the mean +2 SD.

**Lower limits of normal, calculated as the mean —2 SD.



Table 6-2 Motor and Sensory Latencies Comparing Median and Ulnar Nerve
Studies Conducted Using Conventional Technique*

SITE OF MEDIAN ULNAR DIFFERENCE
STIMULATION NERVE (ms) NERVE (ms) (ms)
Motor fibers
Wrist 3.34%£0.32(4.0)"  2.56£0.37(3.3)" 0.79%0.31 (14)*
Elbow 7.39£0.72 (8.8) 7.06 £ 0.79 (8.6) 0.59£0.60 (1.8)
Sensory fibers
Palm 1.334+0.21 (1.8) 1.1940.22 (1.6) 0.22+0.17 (0.6)
Wrist 2.80+0.32 (3.4) 2.55+0.30 (3.2) 0.29+0.21 (0.7)

*Mean = standard deviation (SD) In 70 nerves from 35 healthy subjects, 14 to 74 years of age
(average, 37), with no apparent disease of the peripheral nerve.

fUpper limits of normal, calculated as mean +2 SD.

median nerve contribute to the evoked response.
The same pair of recording electrodes also registers
a CMAP from the adductor pollicis after stimula-
tion of the ulnar nerve,** allowing latency compari-
son between the two nerves.'*>

An alternative recording utilizes E1 over just
medial to the first metacarpophalangeal joint and
E2 on the second digit. This arrangement allows
comparison between the muscle action poten-
tials from the second lumbrical innervated by
the median nerve and the first volar interosseus
innervated by the ulnar nerve,! 1316017174176
In either comparison, a difference greater than
0.5 ms suggests a delay of whichever nerve show-
ing a longer latency across the distal segment (see
Chapter 25-5 and 25-6). A small premotor poten-
tial known to precede this CMAP after median
nerve stimulation probably comprises antidro-
mic SNAP, orthodromic motor nerve potential,
and far-field potential generated at the base of the
index finger (see Chapter 2-4 and 19-3). A promi-
nent premotor potential may interfere with deter-
mination of CMAP onset latency by overlap.

The terminal latency index serves as a measure
of the terminal latency (L) adjusted to the termi-
nal distance (D) and expressed as a percentage of
the conduction velocity between wrist and elbow
(CV).Itequals D/(L,x CV) or terminal distance
divided by the product of terminal latency and
conduction velocity.”'>® A value of 0.34 or less
suggests a disproportionate distal slowing as in

the CTS and distally prominent polyneuropathy
(see Chapter 5-4).

Stimulation of the median nerve in the ante-
cubital fossa also elicits a CMAP in the muscles
innervated by the anterior interosseous nerve.
In one study,'®® recording with E1 over the belly
of the flexor pollicis longus and E2, 6-8 cm dis-
tally on the radial styloid, normal values (mean
+ 2SD) obtained from SO healthy subjects
included 5.7 £ 2.0 mV with side-to-side differ-
ence of 0.7 + 0.8 mV for amplitude and 3.9 £
1.2 ms for onset latency. Surface recording from
the pronator quadratus gave rise to a slightly
smaller response with an average amplitude of
3.1 mv.117 145

SENSORY STUDIES

Stimulation delivered at sites listed for the motor
fibers also activates antidromic sensory nerve
action potentials (SNAPs), recordable with ring
electrodes placed 2—4 cm apart around the proxi-
mal (E1) and distal (E2) interphalangeal joints of
the index finger (Fig. 6-2A). For wrist and palm
stimulation, we place the cathode 3 cm proxi-
mal and S cm distal to the most distal crease of
the wrist (Fig. 6-4). Alternative techniques use a
fixed distance from the recording electrode, most
commonly 12-14 cm. Unlike a CMAP that main-
tains nearly the same amplitude irrespective of
stimulus sites, the antidromically activated digital
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Table 6-3 Distal Sensory Conduction Study Comparing Median and Ulnar Nerves*

RECORDING SITE OF MEASUREMENT OF CALCULATED VALUES FOR
NERVE STIMULATION ANTIDROMIC SENSORY WRIST TO PALM SEGMENT
FINGER POTENTIAL
AMPLITUDE" LATENCY* CONDUCTION CONDUCTION
(uv) (ms) TIME (ms) VELOCITY (m/s)

Median nerve Palm 49.8+21.5(25)%  1.43+0.16(1.7)9
) (25) (17) 1.44%0.20 (1.9)9 57.1+8.3 (40)**

Index finger Wrist 384+15.6(19)  2.87+0.31(3.5)
Medi Pal 37.6+£172(19)  1.45%020 (19

ediannerve am (19) (19 sarom (1.9) 57.4+8.9 (40)
Ring finger Wrist 22.3+82(11) 2.88+0.35 (3.6)
ul Pal 4614243 (23)  148+0.26 (2.0

narnerve am (23) 20 38+030 (1.8) 59.1+8.3 (43)
Ring finger Wrist 29.0+14.8 (25) 2.86+0.37 (3.6)
Median and Palm 8.5+20.7 0.02£0.17 (0.3)

_ , 0.04£0.20 (0.4)

ulnar difference Wrist 5.9£10.1 0.01+0.17 (0.4)

*Mean = standard deviation (SD) in 31 healthy subjects, 16 to 64 years of age (average 38), with no apparent
disease of the peripheral nerve.

fAmplitude of the evoked response, measured from the baseline to the negative peak.

*Latency, measured to the onset of the evoked response, with a standard distance of 8 cm between the stimulus
sites at the wrist and palm.

SLower limits of normal, based on the distribution of the normative data.

YUpper limits of normal, calculated as the mean +2 SD.

**Lower limits of normal, calculated as the mean — 2 SD.

potentials normally diminish substantially with
increasing nerve length. The drop in amplitude
and area results from physiologic temporal dis-
persion between fast- and slow-conducting fibers,
causing the duration-dependent phase cancella-

Recording from the thumb provides assess-
ment of C6, upper trunk and lateral cord, whereas
the index and long fingers serve to evaluate
C7, middle trunk and lateral cord, and the ring
and little fingers, C8, lower trunk and medial
cord.*” Recording from the thumb or long finger

tion (see Chapter 11-5).”

()

FIGURE 6-1
(A), axilla (B), elbow (C), wrist (D), and palm (E). The tracings show compound muscle action potentials recorded with
surface electrodes placed on the thenar eminence. (B) Sensory nerve conduction study of the median nerve. The sites of
stimulation include axilla (A), elbow (B), wrist (C), and palm (D). The tracings show antidromic sensory potentials recorded
with a pair of ring electrodes placed around the index finger.

(A) Motor nerve conduction study of the median nerve. The sites of stimulation include Erb’s point
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FIGURE 6-2  (A) Motor and sensory conduction studies
of the median nerve. The photo shows stimulation at the
wrist, 3 cm proximal to the distal crease, and recording with
a pair of electrodes placed over the belly (E1) and tendon
(E2) of the abductor pollicis brevis for motor conduction,
and with a pair of ring electrodes placed 2 cm apart around
the proximal (E1) and distal (E2) interphalangeal joints of
the index finger for antidromic sensory conduction with

the ground electrode located in the palm. (B) Alternative
recording sites for sensory conduction study of the median
nerve with the ring electrodes placed around the proximal
(E1) and distal (E2) interphalangeal joints of the long finger
or the base (E1) and the interphalangeal joint (E2) of the
thumb.

(Fig. 6-2B) or the lateral half of the ring finger
(Fig. 6-4) often reveals abnormalities not detect-
able from the index finger.'® In contrast to post-
ganglionic lesions, which cause degeneration of
the sensory axons, preganglionic root avulsion
results in no abnormalities of the sensory poten-
tial recorded from the anesthestic digits.

The thumb and index finger receive a mixed
sensory supply of median and radial nerves,
whereas the ring finger” has a split innervation
from median and ulnar nerves. Thus, inadvertent
spread of stimulating current to the radial or ulnar

FIGURE 6-3  Stimulation of the median nerve with

the cathode placed at the origin of the recurrent thenar
nerve and anode, 2 cm distally, and recording of the muscle
response over the belly (E1) and tendon (E2) of the
abductor pollicis brevis. Another lead placed between the
stimulating and recording electrodes or on the dorsum of the
hand serves as the ground electrode (cf. Fig. 6-12).

nerve may confuse the issue when recording from
these digits."** Some investigators take advantage
of this spread to gain an instantaneous compari-
son of the median nerve to the ulnar nerve'®®
or to the radial nerve.'*> Alternatively, separate
stimulation of the median and ulnar nerves at the
wrist evokes a corresponding SNAP from the ring
finger at nearly the identical latency for the same
conduction distance (Fig. 6-5). Additional palmar
stimulation at a fixed distance from the wrist, usu-
ally 6 to 8 cm, allows latency comparison between

FIGURE 6-4  Stimulation of the median nerve at the

wrist and palm with the cathode placed 3 cm proximal and
S cm distal to the wrist crease, and anode, 2 cm proximally,
and recording of the antidromic digital potential with the
ring electrodes placed 2 cm apart around the proximal (E1)
and distal (E2) interphalangeal joints of the ring finger (cf.
Fig. 6-13).
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FIGURE 6-5

finger in another healthy subject.

106

(A) Comparison between median and ulnar nerve antidromic sensory potentials in a healthy subject.
Tracings show recordings from the index (top) and ring finger (center) after stimulation of the median nerve at the palm and
wrist, and from the ring finger (bottom) after stimulation of the ulnar nerve at the comparable sites (cf. Figs. 6-4 and 6-11B).
Median and ulnar nerve responses showed nearly identical latencies with stimulation at the palm and at the wrist regardless
of the recording fingers. (B) The same arrangement as in (A) except for the use of the long finger (top) instead of the index
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FIGURE 6-6  (A) The same arrangement as in Figure 6-S in a patient with mild carpal tunnel syndrome. Despite normal
latency from the wrist to the index finger (3.2 ms) and to the ring finger (3.2 ms), the latency difference between median

and ulnar nerve (0.7 ms) clearly exceeded the upper limit of normal value (0.4 ms). In contrast, median and ulnar responses
showed nearly identical latencies with stimulation at the palm regardless of the recording finger, confirming a delay of median
conduction between the wrist and palm. (B) Another patient with carpal tunnel syndrome showing a more pronounced
latency difference (0.9 ms) between median and ulnar nerves and a reduced and temporally dispersed median nerve response
recorded from the ring finger. A normal median response elicited by palm stimulation suggests a focal demyelination across
the carpal ligament with no evidence of distal axonal degeneration.
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the two nerves for the wrist to palm segment
(Fig. 6-6). Normal values in our laboratory (Table
6-3) include the onset latency of 2.88 £ 0.35 ms
(mean * SD) after wrist stimulation and distal
amplitude of 37.6 + 17.2 UV after palm stimu-
lation for the median nerve, and 2.86 * 0.37
ms and 46.1 + 24.3 UV for the ulnar nerve. The
latency difference between the two nerves, aver-
aging 0.01 £ 0.17 ms, should not exceed 0.4 ms
(mean +2.5D).

Motor axons have a threshold similar to that
of the large myelinated sensory axons. Thus,
superimposition of action potentials from distal
muscles may obscure the antidromically recorded
SNAP. Palmar stimulation distal to the origin of
the motor fibers, however, selectively activates
the sensory fibers of the median nerve. This helps
identify muscle action potentials, if elicited with
more proximal stimulation, by a change in wave-
form of the evoked response.”® Unnecessarily
strong shocks applied to the palm tend to
co-activate the median and ulnar sensory fibers
innervating the ring finger. Careful placement
of electrodes along the line extended from the
medial or lateral aspect of this finger enables selec-
tive stimulation of one or the other branch.'®® A
light twitch of ulnar or median innervated muscle
usually signals proper stimulation placement.

Digital'> or palmar stimulation®® elicits an
orthodromic sensory nerve or mixed sensory and
antidromic motor nerve potentials, recordable at
a more proximal site with either surface or nee-
dle electrodes. A smaller size of the orthodromic
SNAP reflects the depth of the nerve trunk from
the skin surface. The averaging technique helps
detectlow-amplitude potentials seen in a diseased
nerve. Women tend to have greater amplitude at
the wrist than men, possibly because of smaller
wrist size.'®

The palmar cutaneous branch of the median
nerve usually arises about 5.5 cm proximal to the
radial styloid and innervates skin of the thenar
eminence. Stimulation of the median nerve above
the branching point elicits an antidromic SNAP
over the mid thenar eminence. In one series, nor-
mal values over 10 cm segments included the
onset latency of 2.6 + 0.2 ms (mean * SD) and
amplitude of 12 * 4.6 uV.'%” Alternatively, stimu-
lation at the lateral thenar eminence gives rise to
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an orthodromic SNAP at the wrist showing the
onset latency of 2.0 £ 0.2 ms and amplitude of
4.1+ 1.7 uV over a 10-cm segme:nt.56’189 Despite
the common belief that the CTS results from an
entrapment distal to this cutaneous branch, its
abnormalities may not necessarily speak against
the diagnosis.'*!

INCHING TECHNIQUE

The use of palmar stimulation (Fig. 6-7)”° pro-
vides a simple means of identifying conduction
abnormalities of sensory or motor fibers along its
most affected segment under the transverse carpal
ligament.”®'°"27 This technique differentiates the
CTS from amore distal involvement seen, for exam-
ple, in patients with diabetic polyneuropathy.***!

Muscle Action Potential
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FIGURE 6-7 (A) stimulation of the median nerve at

the wrist elicited a delayed thenar muscle response in both
carpal tunnel syndrome (CTS) and diabetic polyneuropathy
(DPN), whereas palmar stimulation revealed a delay only

in DPN, and not in CTS. (B) The same distinction of
antidromic sensory potentials recorded from the index finger
from the same patients with CTS and DPN (From Kimura,
Yamada, Rodnitzky, et al.*!)
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FIGURE 6-8  (A) Twelve sites of stimulation in 1-cm increments along the length of the median nerve. The “0” level at the
distal crease of the wrist corresponds to the origin of the transverse carpal ligament. The photo shows a recording arrange-
ment for sensory nerve potentials from the index finger and muscle action potentials from the abductor pollicis brevis. (From
Kimura,”® with permission.) (B) Sensory nerve potentials in a normal subject recorded after stimulation of the median nerve
at multiple points across the wrist. The numbers on the left indicate the site of each stimulus (cf. A). The latency increased
linearly with stepwise shifts of stimulus site proximally in 1-cm increments. (From Kimura,”® with permission.) (C) Sensory
nerve potentials in a patient with the carpal tunnel syndrome. Both hands showed a sharply localized slowing from -2 to -1
with the calculated segmental conduction velocity of 14 m/s on the left (left) and 9 m/s on the right (right). Note a distinct
change in waveform of the sensory potential at the point of localized conduction delay. (From Kimura,” with permission.)

(Continues)
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FIGURE 6-8 (Continued) (D) Sensory nerve potential in a patient with carpal tunnel syndrome. Both hands
show a sharply localized slowing from -3 to -2 with a segmental conduction velocity of 10 m/s on the left (top)

and 7 m/s on the right (botfom). An abrupt change in waveform of the sensory potential also indicates the point of
localized conduction delay. Temporally dispersed proximal responses on the right had a greater negative-to-positive
peak amplitude as well as area compared to more distal, normal responses, presumably indicating the loss of physiologic
phase cancellation (see Chapter 11-3). (From Kimura,”® with permission.) (E) Sensory nerve potential in a patient
with carpal tunnel syndrome before (a) and after surgery (b). Preoperative study showed a localized slowing from —4

to —3 with the calculated segmental conduction velocity of 8 m/s, which normalized in a repeat study 6 months
postoperatively. (From Ross and Kimura.'*®)
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Stimulation of the median nerve at multiple sites
across the wrist (Fig. 6-8A) further localizes the
point of maximal conduction delay within the
distal segment of the median nerve (see Chapter
25-5).7576 118146 ghort segmental stimulation of
the motor fibers poses a more technical challenge
when recording from abductor pollicis brevis
because the thenar nerve takes a recurrent course.
The use of the second lumbricals circumvents this
difficulty (Fig. 6-9) (see Chapter 11-3).

The inching studies normally show a predict-
able latency change of 0.16 to 0.20 ms/cm with
a series of stimulation from mid palm to dis-
tal forearm in 1-cm increments for both motor
and sensory axons (Fig. 6-8B). A sharply local-
ized latency increase across a l-cm segment
indicates focal abnormalities of the median
nerve (Fig. 6-8C, D, and E). A nonlinear shift in
latency usually accompanies an abrupt change in
waveform showing pathological temporal disper-
sion. Sensory responses elicited by proximal stim-
ulation may show a paradoxical increase in size if
excessive desynchronization prevents physiologic
phase cancellation between fast and slow signals
(see Chapter 11-5). Stimulation of the median
nerve at the digit”® or at the elbow® evokes ortho-
dromic and mixed nerve potentials recordable
simultaneously at several sites across the carpal
tunnel with multi channel-recording electrodes.
This technique offers instantaneous comparison
of latencies but not amplitudes, which vary sub-
stantially depending on the depth of the nerve at
each recording site. 71>

Ulnar Nerve

Tables 6-2, 6-3,and 6-4 (see also Appendix Tables
1-4 and 1-5) summarize normal values.

MOTOR STUDIES

Like the median nerve, the ulnar nerve takes a
relatively superficial course along its entire length.
Common sites of stimulation include palm, wrist,
axilla, and Erb’s point (Fig. 6-10). Routine motor
NCS consist of stimulating the nerve segmen-
tally and recording the CMAP from the hypoth-
enar muscles with surface electrodes placed over
the belly of the abductor digiti minimi (E1) and

its tendon (E2), 3 cm distally (Fig. 6-11).> The
bi-lobed appearance of CMAP indicates contribu-
tion not only from superficial but also from deep
motor branch innervated muscles.>* Alterative
recording sites include first palmar interosseus and
forearm muscles such as flexor carpi ulnaris'®' and
flexor digitorum profundus. The use of a fixed dis-
tance from the distal crease of the wrist or from
the recording electrode improves the accuracy of
latency comparison between the two sides and
among different subjects. In our laboratory, we
place the cathode 3 cm proximal to the distal crease
of the wrist and the anode, 2 cm further proximally.
Spread of stimulus current at Erb’s point or in the
axilla causes less obvious distortion of waveform
in studying the ulnar nerve as compared with the
median nerve, which gives rise to volume-con-
ducted potentials from the thenar eminence unless
eliminated by the collision technique.”*

Stimulation of the motor fibers above and
below the elbow helps document a tardy ulnar
palsy and a cubital tunnel syndrome usually
by detecting an absolute slowing of conduction
across the elbow butaalso, to alesser extent, by com-
parison to an adjacent segment.”>' The longer
the distance between the proximal and distal sites
of stimulation across the elbow, the less the mea-
surement error, and consequently more accurate
the determination of conduction velocity.”">18+
Studies of longer segment, however, often fail to
uncover a mild abnormality because a focal slow-
ing induces an insignificant delay unless assessed
by short segmental study, which also helps localize
the lesion precisely (see Chapter 11-7). The ulnar
nerve slides back and forth in the cubital tunnel
with flexion and extension of the elbowjoint. Thus,
normal values vary depending on the position of
the elbow, and to a lesser degree, of the wrist.'*
Holding the arm either at slight (135 degrees) or
moderate (90 degrees) flexion during stimulation
and measurement minimizes the error.*>*

The study of the deep palmar motor branch
depends on recording the muscle potential from
the abductor digiti minimi (Fig. 6-11A) and first
dorsal interosseus (Fig. 6-11B) after stimulation
of the ulnar nerve at the wrist. The latency dif-
ference between these two muscles or between
the hypothenar and thenar responses yields an
approximate measure of conduction along the
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FIGURE 6-9  The inching study of median (A and B) and ulnar nerve (C and D) across the wrist in 1-cm increments

at eight sites of stimulation along the course of the nerve. The zero level at the distal crease of the wrist corresponds to the
origin of the transverse carpal ligament and Guyon’s canal. The photograph shows a recording arrangement for muscle
action potentials from the second lumbricalis after stimulation of the median nerve (A) and the first volar interosseous after
stimulation of the ulnar nerve (C). The latency increases linearly with stepwise shifts of stimulus site proximally in 1-cm

increments for both median (B) and ulnar study (D).
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Table 6-4 Ulnar Nerve*

SITE OF AMPLITUDE': LATENCY' TO DIFFERENCE CONDUCTION CONDUCTION
STIMULATION  MOTOR (mV) RECORDING  BETWEEN RIGHT  TIME BETWEEN  VELOCITY (m/s)
SENSORY (uV) SITE (ms) AND LEFT (ms) TWO POINTS (ms)
Motor fibers
Wrist 57+2.0(2.8)%  2.59+0.39(3.4)9 0.28+0.27 (0.8)9
3.51+0.51 (4.5)¢ 58.7+5.1 (49)*
Below elbow 55€20(27)  610%0.69 (7.5) 0.29+0.27 (0.8)
1.94+0.37 (2.7) 61.0£5.5(50)
Above elbow 5511.9(27)  8.04%0.76 (9.6) 0.34%0.28 (0.9)
1.8810.35 (2.6) 66.516.3 (54)
Axilla 5.6£21(27)  9.90+0.91(11.7) 0.4540.39 (1.2)
Sensory fibers
Digit 254029 (3.1) 54.8+5.3 (44)
Wrist 01147 (18 2.5410.29 (3.1 0.18£0.13 (0.
s 350%147(18)  2.54+029 (3.1) 3(04) 3224042 (4.1) 64.7+5.4 (53)
+ + +
Below elbow 2881122 (15)  S5.67£0.59(6.9) 0.26+0.21 (0.5) 1.79+0.30 (2.4) 66.7+6.4 (54)
Above elbow 28.3+11.8(14)  7.4610.64(8.7) 0.28+0.27 (0.8)

*Mean = standard deviation (SD) in 130 nerves from 65 healthy subjects, 13 to 74 years of age (average, 39), with no apparent disease of the peripheral

nerves.

fAmplitude of the evoked response, measured from the baseline to the negative peak.
*Latency, measured to the onset of the evoked response, with the cathode 3 cm above the distal crease in the wrist.
SLower limits of normal, based on the distribution of the normative data.
YUpper limits of normal, calculated as the mean + 2 SD.

**Lower limits of normal, calculated as the mean — 2 SD.
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FIGURE 6-10 (A) Motor nerve conduction study of
the ulnar nerve. The sites of stimulation include Erb’s point
(A), axilla (B), above elbow (C), elbow (D), below elbow
(E), and wrist (F). The tracings show compound muscle
action potentials recorded with a pair of surface electrodes
placed on the hypothenar eminence. (B) Sensory nerve
conduction study of the ulnar nerve. The sites of stimulation
include axilla (A), above elbow (B), elbow (C), below elbow
(D), wrist (E), and palm (F). The tracings show antidromic
sensory potentials recorded with a pair of ring electrodes
placed 2 cm apart around the little finger.

deep branch. In one series of 373 studies, the
upper limit latency range included 4.5 ms for
the first dorsal interosseous, 1.3 ms for the side-
to-side difference, and 2.0 ms for the difference
compared to the abductor digiti minimi.'*® In
the assessment of the deep palmar branch, the
size of CMAP elicited by stimulation in the palm
distal to the site of lesion provides a good mea-
sure of the number of remaining motor axons
(Fig. 6-12). The lumbrical-interosseus compari-
son described for median nerve motor studies
also serves in assessing a distal ulnar nerve lesion,
which typically causes a latency difference greater
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FIGURE 6-11  (A) Motor and sensory conduction study
of the ulnar nerve. The photo shows stimulation at the wrist,

3 cm proximal to the distal crease, and recording with a pair
of electrodes placed over the belly (E1) and tendon (E2) of
the abductor digiti minimi for motor conduction, and with a
pair of ring electrodes placed 2 cm apart around the proximal
(E1) and distal (E2) interphalangeal joints of the little finger
for antidromic sensory conduction. (B) Alternative recording
sites for ulnar nerve conduction studies with the surface
electrodes over the belly (E1) and tendon (E2) of the first
dorsal interosseus muscle for motor conduction and around
the proximal (E1) and distal (E2) interphalangeal joints of the
ring finger for antidromic sensory conduction. (C) Sensory
conduction study of the dorsal cutaneous branch of the ulnar
nerve. The photo shows stimulation along the medial aspect of
the forearm between the tendon of the flexor carpi ulnaris and
the ulna, 14-18 cm from the active electrode, and recording
over the dorsum of the hand between the fourth and fifth
metacarpals (E1) and the base of the little finger (E2).



FIGURE 6-12  Stimulation of the ulnar nerve in the
palm with the cathode placed over the palmar branch

and the anode 2 cm distally, and recording of the muscle
response over the belly of the adductor pollicis brevis (E1)
referenced to the thumb (E2). Appropriate thumb twitch
confirms activation of the deep palmar branch of the ulnar
nerve as opposed to the recurrent thenar nerve, which
usually lies 1 cm more proximally (cf. Fig. 6-3).

than 0.4 ms compared to the unaffected median
nerve.**!¢! Short segmental stimulation (Fig. 6-9)
helps localize a lesion within the wrist segment.”

SENSORY STUDIES

Stimulation of the ulnar nerve trunk elicits an
antidromic sensory potential of the ring and
small fingers, which receive sensory nerve fibers

FIGURE 6-13  Stimulation of the ulnar nerve at the

wrist and palm with cathode placed 3 cm proximal and

5 cm distal to the wrist crease and the anode placed 2

cm proximally, and recording of the antidromic digital
potential with the ring electrodes placed 2 cm apart around
the proximal (E1) and distal (E2) interphalangeal joints

of the ring finger. This arrangement yields results directly
comparable to the analogous study of the median nerve (cf.
Figs. 6-4).

FIGURE 6-14  Stimulation of the ulnar nerve in the

palm with the cathode placed 2 cm proximal to the anode,
and recording of mixed nerve potential with the active
electrode (E1) over the ulnar nerve trunk 8 cm proximal to
the cathode and the reference electrode (E2) 2 cm further
proximally.

from C8 root, lower trunk and medial cord
(Figs. 6-10B and 11A, B). The common sites of
cathodal points include above and below the
elbow, 3 cm proximal to the distal crease at the
wrist, and S cm distal to the crease in the palm,
with the anode located 2 cm further, proximally
(Fig. 6-13). These stimulus sites make the stud-
ies comparable to those of the median nerve
(Fig. 6-4). Stimulation of the digital nerve with
ring electrodes placed around the interphalangeal
joints of the little finger, cathode proximally, elic-
its orthodromic SNAP at various sites along the
course of the nerve. Stimulation of the nerve at the
palm or wrist gives rise to a mixed nerve potential
of the ulnar nerve proximally at the wrist or elbow
(Fig. 6-14). Preganglionic C8 avulsion spares sen-
sory potentials despite the clinical sensory loss.
Thus, these studies help differentiate lesions of
C8 and T1 from those of the lower trunk, medial
cord of the brachial plexus, or ulnar nerve.

The dorsal sensory branch, called the dor-
sal ulnar cutaneous nerve, leaves the common
trunk of the ulnar nerve 5-8 cm proximal to the
ulnar styloid.** It becomes superficial between
the tendon of the flexor carpi ulnaris and the
ulna. ' Surface stimulation here selectively evokes
antidromic SNAP over the dorsum of the hand,
although anatomic variations may alter cutaneous
innervation.'>® Placing the active electrode (El)
between the fourth and fifth metacarpals with
the reference electrode (E2) at the base of the
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little finger optimizes the recording (Fig. 6-11C).
Stimulation of the ulnar nerve trunk more proxi-
mally elicits a mixed nerve potential that slightly
precedes a large muscle action potential from the
intrinsic hand muscles. The dorsal ulnar cutaneous
nerve, like the ulnar nerve proper, derives from C8
roots, the lower trunk, and the medial cord but
usually escapes compression at Guyon’s canal.

The normal values (mean  SD) of the dorsal
cutaneous nerve SNAP recorded 8 cm from the
point of distal stimulation® include amplitude
of 20 £ 6 WV, distal latency of 2.0 £ 0.3 ms, and
conduction velocity of 60 £ 4.0 m/s between
elbow and forearm. This technique comple-
ments the conventional study, especially if a
lesion at the wrist abolished the digital sensory
potentials. Its abnormality localizes the lesion
proximal to the origin of this branch, on the
average, 6.4 cm above the wrist.!0 Conversely,
a normal dorsal cutaneous response combined
with abnormal digital ulnar sensory potential
usually, though not always,185 suggests a lesion
at the wrist. An absent dorsal ulnar cutane-
ous nerve response may result from anomalous
innervation by superficial radial nerve found in
9% of the population at large.'®

INCHING TECHNIQUE

Segmental stimulation across the elbow in 1-2
cm increments detects, at the site of localized

Table 6-S Radial Nerve*

compression, an abrupt change in latency and
waveform of the CMAP recorded from abduc-
tor digit minimi>'> "’ 105
A greater percentage change over the affected
short segment more than compensates for pos-
sible errors caused by unintended spread of the
stimulus current (see Chapter 11-7). Ulnar dis-
location of the nerve, sometimes associated with
elbow flexion, may make stimulation insufficient
to activate the nerve segment at the glove, errone-
ously suggesting a conduction block.”* In ques-
tionable cases, showing a linear latency change
above and below the lesion site further confirms
a focal abnormality localized by nonlinear shift
in the middle (see Fig. 5-7). Similarly, incremen-
tal stimulation across the wrist reveals an abrupt
change of CMAP waveforms recorded from the
first palmar interosseus, disclosing a compression
site within Guyon’s canal (Fig. 6-9C, D).

or flexor carpi ulnaris.

Radial Nerve

Table 6-S (see also Appendix Tables 1-4 and 1-S)

summarizes normal values.'”®

MOTOR STUDIES

The radial nerve becomes relatively superficial
in the forearm, above the elbow, near the spinal
groove, in the axilla, and at the supraclavicular
fossa (Fig. 6-15A). The optimal sites of electrical

CONDUCTION n CONDUCTION AMPLITUDE: DISTANCE (cm)
VELOCITY (m/s) MOTOR (mV)
OR CONDUCTION  SENSORY (uVv)
TIME (ms)
Motor
Axilla—elbow 8 69t5.6 11+7.0 15.7£3.3
Elbow-forearm 10 62*5.1 13£8.2 18.1%1.5
Forearm-muscle 10 24%0.5 14+8.8 6.2%+0.9
Sensory
Axilla—elbow 16 71x5.2 4114 18.0+0.7
Elbow—wrist 20 69+t5.7 5+2.6 20.0+0.5
Wrist-thumb 23 5816.0 13+7.5 13.8+04

*Mean = standard deviation (SD) in healthy subjects.
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FIGURE 6-15  (A) Motor nerve conduction study of
the radial nerve. The sites of stimulation include Erb’s point
(A), axilla (B), above elbow (C), and mid forearm (D).

The tracings show compound muscle action potentials
recorded with a pair of surface electrodes placed on the
extensor indicis. (B) Sensory nerve conduction study of the
radial nerve. The sites of stimulation include elbow (A) and
distal forearm (B). The tracings show antidromic sensory
potentials recorded with a pair of ring electrodes placed
around the thumb.

stimulation of the motor fibers, therefore, include
(1) between the extensor carpi ulnaris and exten-
sor digiti minimi on the dorsolateral aspect of the
ulna, 8 to 10 cm proximal to the styloid process,
(2) between the brachioradialis and the tendon
of the biceps 6 cm proximal to the lateral epicon-
dyle, (3) between the coracobrachialis and medial
edge of the triceps about 18 cm proximal to the
medial epicondyle, and (4) Erb’s point. Either
needle or surface electrodes suffice (Fig. 6-16A)
when recording a CMAP from the extensor indi-
cis or the extensor digitorum communis.

In the motor NCS, commonly encountered
errors include such technical problems as sub-
maximal stimulation in an obese or muscular
limb and coactivation of a number of extensors
and distortion of the waveform by volume

FIGURE 6-16

(A) Motor and sensory conduction
studies of the radial nerve. The photo shows surface
stimulation in the forearm with the cathode at the lateral

edge of the extensor carpi ulnaris muscle, 8—10 cm proximal
to the styloid process. Recording electrodes comprise a
monopolar needle (E1) inserted in the extensor indicis with
a reference electrode (E2) over the dorsum of the hand
laterally for motor conduction studies and ring electrodes
placed around the base (E1) and interphalangeal joint

(E2) of the thumb for antidromic sensory conduction.

(B) Alternative stimulation and recording sites for
antidromic sensory nerve conduction study of the radial
nerve. The photo shows the cathode placed at the lateral
edge of the radius in the distal forearm, with the anode

2 cm proximally with the recording electrodes placed either
around the base (E1) and interphalangeal joint (E2) of the
thumb, or over the palpable nerve between the first and
second metacarpals (E1) and 2-3 cm distally (E2).

conducted potentials from neighboring muscles.
Furthermore, distal stimulation activates fewer
muscles than does proximal stimulation, making
a valid comparison between the two responses
difficult. The use of needle electrodes for stimu-
lation and recording helps circumvent some of
these limitations. Needle studies also enable rela-
tively selective recording from more proximal
muscles such as the anconeus, brachioradialis,
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and triceps. In assessing the distance between the
axilla to elbow segment, anterior surface measure-
ment by a tape compares most favorably with the
actual nerve length.%

SENSORY STUDIES

The sensory branches run deep at the level of the
elbow where the posterior antebrachial cutane-
ous nerve emerges to innervate the dorsolateral
aspect of the forearm. It then becomes more
superficial about 8-10 cm above the lateral sty-
loid process, crossing the extensor pollicis longus
at this point, and divides into medial and lateral
branches. The sensory fibers, palpable at the base
of the thumb, originate primarily from C6, tra-
verse the upper and middle trunk, and enter the
posterior cord. Preganglionic avulsion of the C6
results in a clinical sensory loss without abnor-
malities of the sensory potentials. The usual NCS
consists of surface stimulation at the lateral edge
of the radius in the distal forearm 10-14 cm
proximal to the base of the thumb and recording
an antidromic sensory potential by a pair of ring
electrodes placed around the thumb (Fig. 6-16B).
Alternative arrangements for medial and lateral
branches combine a disc electrode (E1) over the
snuffbox and lateral to abductor pollicis longus
and a reference electrode (E2) near the first dor-
sal interosseus.'®!° An additional stimulation at
the elbow under the brachioradialis muscle lateral
to the biceps tendon (Fig. 6-15A) allows determi-
nation of conduction velocities in the segments
between the elbow and wrist and the wrist and
thumb.!”

Stimulation of the radial nerve at the thumb
or the wrist elicits an orthodromic SNAP in
the elbow and axilla. Spread of the current to
the median nerve, which partially supplies the
thumb, accounts for 25% of the sensory poten-
tial recorded over the radial nerve at the wrist or
elbow and 50% of that recorded at the axilla'”®
Stimulation at the wrist, especially with needle
electrodes placed along the nerve, accomplishes
more selective activation of the radial nerve.
Stimulation of the long finger may occasionally
elicit an orthodromic potential over snuffbox
indicating its anomalous innervation by the radial
nerve.’” Anomalous superficial radial nerve may
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also innervate most of the dorsum of the hand,
including the area usually supplied by the dorsal
branch of the ulnar nerve.®®

INCHING TECHNIQUE

Stimulation of the radial nerve 10 cm proximal
to the styloid process of the radius allows serial
recording of antidromic sensory potential along
the length of the radial nerve distally. In addition
to theoretical interest in elucidating the mecha-
nisms of a far-field potential (see Fig. 19-2),anon-
linear latency change can localize a focal lesion
seen, for example, in a hand cuff neuropathy.

4. NERVES IN THE CERVICAL
AND THORACIC REGION

Phrenic Nerve

Table 6-6 (see also Appendix Table 1-4) sum-
marizes normal ranges established in 66 healthy
subjects divided into two subgroups: middle and
old age.”’

Conduction studies of the phrenic nerve,
though described early,'® have gained popularity
only recently. Surface stimulation in the cervical
area along the posterior edge of the sternocleido-
mastoid requires shocks of a relatively high inten-
sity. Supramaximal stimulation may coactivate
the brachial plexus located posteriorly behind
the anterior scalene muscle. In one study,'**
stimulation just above the clavicle between the
sternal and clavicular heads of the sternocleido-
mastoid muscles elicited responses at the lowest
stimulation strength. In our experience, pressing
the stimulator placed in this location posteriorly
tends to achieve selective phrenic activation (Fig.
6-17A). As an alternative method, some investi-
gators'!! use a standard monopolar needle elec-
trode inserted medially from the lateral aspect of
the neck at the level of the cricoid cartilage (Fig.
6-17B). After traversing the posterior margin of the
sternocleidomastoid muscle, the needle tip comes
to within a few millimeters of the phrenic nerve
and adequately distant from the carotid artery
anteriorly and the apex of the lung inferiorly. A
metal plate placed on the manubrium serves as the
anode. Selective stimulation of the phrenic nerve



Table 6-6 Phrenic Nerve

MEASUREMENT MIDDLE AGE (n =25) OLD AGE (n=41)
MEAN + SD RANGE MEAN + SD RANGE
Latency (ms)
Right 6.80+0.72 5.2-8.0 7.46 £1.08 5.9-10.6
Left 6.82+0.80 5.0-8.0 7.43+1.08 5.7-10.6
Right-Left 0.30+0.25 0.0-1.1 0.27+0.27 0.0-1.0
% Difference 35132 0.0-14.2 3.6x3.5 0.0-14.5
Amplitude (LV)
Right 439+182 140-780 263t 122 100-546
Left 368+ 170 100-680 225+102 96-440
Right-Left 121174 25-300 96+72 20-393
% Difference 35.1£26.5 5.3-100.0 41.4+26.1 6.5-112.4

Middle age: 35-55 (mean 45) years, old age: 60-101 years. % Difference calculated
as [absolute value of (R — L)/(mean of R and L) ]. (From Imai, Yuasa, Kato, et al.>’ with
permission), not From Imai, Yuasa, Kato, et al.>” (with permission).)

induces diaphragmatic contraction as evidenced
by hiccup or interruption of voluntarily sustained
vocalization. Simultaneous fluoroscopic observa-
tion can confirm diaphragm excursion associated
with the muscle contraction.

The diaphragmatic action potential gives rise
to a strong positivity at the 7th or 8th intercostal
space near the costochondral junction and a mild
negativity at the xiphoid process.''? Therefore,
placing the active lead (E1) over the lower end of
sternum and the reference lead (E2) a few centi-
meters below the nipple registers the largest ampli-
tude with summation of out-of-phase activities.
These measures show good intraindividual side-
to-side agreement for latency but not for ampli-
tude.'”® Nonetheless, the amplitude value serves
better in predicting respiratory dysfunction.?%'¢
In one study of 50 phrenic nerves from 25 healthy
subjects,?’ normal values (mean + SD) included
the latency of 6.54 £ 0.77 ms and the amplitude
of 660 £ 201 WV, with the right—left difference
of 0.34 = 0.27 ms and 66.3 + 65.3 LV. Phrenic
nerve conduction studies complement needle
electromyography of the diaphragm by identify-
ing the nature and site of disorder of the respira-

tory system.9

Greater Auricular Nerve

The greater auricular nerve, derived mainly from
the C2 and C3 roots, ascends cephalad from the
neck to the ear winding around the posterior bor-
der of the sternocleidomastoid. Stimulation with a
pair of surface electrodes firmly placed here elicits
an orthodromic sensory potential detectable on
the back of the ear lobe. Reported values include
latency of 1.7 £ 0.2 ms (mean * SD) for the dis-
tance of 8 cm and conduction velocity of 46.8 +
6.6 m/s in 20 healthy subjects,'*® and latency of
1.9 £0.2 ms and amplitude of 22.4 = 8.9 UV in 32
normal control subjects.”®

Cervical Spinal Nerve

A localized stimulus applied through a needle
electrode can directly activate the spinal nerve
at the junction of the respective ventral and dor-
sal roots.''V11* The uninsulated tip comes to an
optimal position when a standard 50-75 mm
monopolar needle, inserted perpendicular to the
skin surface, rests directly on the vertebral trans-
verse process. Despite theoretical interest, techni-
cal difficulties abound in accomplishing selective,
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FIGURE 6-17 Motor conduction study of the
phrenic nerve. (A and B) Photo and diagram show
surface stimulation with the cathode and anode pressed
posteriorly between the sternal and clavicular heads of

the sternocleidomastoid. The recording electrodes placed
on the xiphoid process (E1) and at the eighth intercostal
space near the costochondral junction (E2) yield the
maximal responses. (C) The last diagram on right shows
stimulation with a needle inserted medially through the
posterior margin of the sternocleidomastoid at the level of
the cricoid cartilage. (From MacLean and Mattioni,'!! with
permission.)

supramaximal activation of the intended roots,
which greatly limits its practical value in clinical
evaluation.

Joint stimulation of the CS and Cé6 spinal
nerves by placing the needle 1-2 cm lateral to the
CS spinous process tests the upper trunk and lat-
eral cord (Fig. 6-18A). Similarly, positioning the
needle slightly caudal to the C7 spinous process
stimulates the C8 and T1 spinal nerves simulta-
neously for conduction across the lower trunk
and medial cord (Fig. 6-18B). The needle inserted
between these two points activates the C6, C7,
and C8 spinal nerves simultaneously for evalua-
tion of the posterior cord. A metal plate or disk
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electrode on the skin surface or a second needle
electrode placed lateral to the cathode serves as
the anode.

Brachial Plexus

Table 6-7 summarizes nerve conduction times to
various shoulder girdle muscles across the bra-
chial plexus from stimulation at Erb’s point, and
Table 6-8 shows corresponding values obtained
with nerve root stimulation after subtracting the
distal latency of the ulnar nerve.''°

The brachial plexus comprises the anterior
rami of the spinal nerves derived from the C5



(A) CS5and C6 Nerve
Root Stimulation

(B) C8and T1Nerve
Root Stimulation

FIGURE 6-18  Motor conduction study with spinal nerve stimulation. The diagram shows the following: (A4) C5 and C6
stimulation with the needle inserted perpendicular to the skin, 1-2 cm lateral to the C$ spinous process and (B) C8 and T11
stimulation with the needle inserted slightly caudal to the C7 spinous process. (From MacLean,''® with permission.)

through C8, and T1 roots. Surface stimulation
at Erb’s point (see Fig. 1-8) activates the proxi-
mal muscles of the shoulder girdle. It also evokes
action potentials in the distal muscles such as
those of the thenar and hypothenar eminence.

The volume-conducted potentials from a number
of coactivated muscles interfere with the accurate
recording of the intended signal even with the
electrode placed over a specific intrinsic hand
muscle. The collision technique circumvents this

Table 6-7 Nerve Conduction Times from Erb’s Point to Muscle

MUSCLE n DISTANCE (cm) LATENCY (ms)*
Biceps 19 20 4.6%0.6
15 24 4.7%0.6
14 28 5.0£0.5
Deltoid 20 18.5 43%0.5
17 18.5 44%04
Triceps 16 21.5 45+04
23 26.5 49%0.5
16 31.5 5.3%£0.5
Supraspinatus 19 8.5 2.6%0.3
16 10.5 2.7£0.3
Infraspinatus 20 14 34104
15 17 3405

*Mean # standard deviation (SD) in healthy subjects. (Modified from Gassel, 1964.%%)
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Table 6-8

Brachial Plexus Latency with Nerve Root Stimulation

PLEXUS SITE OF RECORDING LATENCY ACROSS
(TUNK AND CORD) STIMULATION SITE PLEXUS (ms)
RANGE MEAN SD

Brachial (upper trunk and CSand C6 Biceps brachii ~ 4.8-6.2 5.3 0.4
lateral cord)

Brachial (posterior cord) C6,C7,C8 Triceps brachii ~ 4.4-6.1 S.4 0.4

Brachial (lower trunk and C8and Tl Abductor digiti  3.7-5.5 4.7 0.5
medial cord) quinti

(Modified from MacLean.'1?)

difficulty by blocking the unwanted impulse with
a second stimulus applied distally to the nerve
not under consideration (see Chapter 11-3).
Stimulation with needle electrodes accomplishes
more selective activation but carries the risk of
inducing pneumothorax."®” Selective recording
with needle electrodes makes the latency mea-
surement more reliable even with simultaneous
activation of many nerves. Unlike surface elec-
trodes, however, an intramuscular needle with
restricted recording radius does not register the
overall size of the CMAP.

The triceps has the endplate zone vertically ori-
ented with the distal portion of the muscle inner-
vated by longer nerve branches. Thus, the latency
of a recorded response increases with the distance
from the stimulus point. The latency changes
nonlinearly, reflecting irregularly spaced points of
innervation. The biceps and deltoid muscles have
one ormore horizontally directed endplates mostly
in the middle of the fibers. The point of recording
does not affect the latency of the response in these
muscles as much as in the triceps. The same prob-
ably applies to the infraspinatus and supraspina-
tus. When testing a unilateral involvement of the
brachial plexus, comparison between the affected
and normal sides offers the most sensitive indi-
cator (Table 6-7).17% The standard protocol calls
for equalizing the distance between the stimulat-
ing and recording electrodes on both sides. This
principle holds in the study of any muscle of the
shoulder girdle in general and that of the triceps in
particular for the reasons stated previously.
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Recording from several muscles helps evalu-
ate different portions of the brachial plexus, for
example, biceps for the upper trunk and lateral
cord, triceps for the posterior cord, and ulnar-
innervated intrinsic hand muscles for the lower
trunk and medial cord. The side-to-side differ-
ence of brachial plexus latency exceeding 0.6 ms
indicates unilateral lesions, making a more sensi-
tive index than the absolute latency. The latency
criteria, however, rarely provides useful informa-
tion in axonal degeneration because remaining
axons tend to show a relatively normal value. In
contrast, the amplitude of the recorded response
determines the degree of axonal loss despite its
considerable variability among different subjects
and between the two sides in the same individual.
An amplitude preservation above one-half com-
pared to the normal side suggests limited distal
degeneration and good prognosis.

Musculocutaneous Nerve

Table 6-9 summarizes normal values for motor
and sensory conduction studies.'”®

Optimal sites of stimulation for motor conduc-
tion include the axilla between the axillary artery
medially and the coracobrachialis muscle laterally
and the posterior cervical triangle 3 to 6 cm above
the clavicle just behind the sternocleidomastoid
muscle (see Fig. 1-9). Either surface electrodes or
needle electrodes suffice to stimulate the nerve
and to record the muscle action potentials from

the biceps brachii.



Table 6-9 Musculocutaneous Nerve

MOTOR NERVE CONDUCTION BETWEEN ORTHODROMIC SENSORY NERVE ORTHODROMIC SENSORY NERVE
ERB’S POINT AND.AXILLA CONDUCTION BETWEEN ERB’S CONDUCTION BETWEEN AXILLA
POINT AND AXILLA AND ELBOW
AGE =n RANGE OF RANGE OF n RANGE OF RANGE OF n RANGE OF RANGE OF
CONDUCTION AMPLITUDE (uV) CONDUCTION AMPLITUDE CONDUCTION AMPLITUDE
VELOCITY VELOCITY (nv) VELOCITY (uv)
(m/s) AXILLA ERB’S POINT (m/s) (m/s)
15-24 14 63-78 9-32 7-27 14 59-76 3.5-30 15 61-75 17-7S§
25-34 6 60-75 8-30 6-26 6 57-74 3-25 8 59-73 16-72
35-44 8 58-73 8-28 6-24 7 54-71 2.5-21 8 57-71 16-69
45-54 10 55-71 7-26 6-22 10 52-69 2-18 13 55-69 15-65
55-64 9 53-68 7-24 5-21 9 49-66 2-15 10 53-67 14-62
65-74 4 50-66 6-22 5-19 4 47-64 1.5-12 6 51-65 13-59

(Modified from Trojaborg.'”®)



Long Thoracic Nerve

This motor nerve arises from CS, C6, and C7
and descends through the neck and the thoracic
wall. Stimulation at Erb’s point or axilla allows
recording of muscle action potentials from the
serratus anterior with surface or needle elec-
trodes located on the 7th or 8th rib along the
anterior axillary line.”® Normative data (mean +
SD) in one study'®® included latency of 2.2 +
0.3 ms and amplitude of 5.3 + 2.4 mV with sur-
face recording.

Lateral Antebrachial Cutaneous
Nerve

Table 6-10 (see also Appendix Table 1-5) summa-
rizes normal values reported in two series.*'¢’
The sensory branch of the musculocutaneous
nerve runs superficially at the level of the elbow
just lateral to the biceps tendon. Stimulation of
the nerve at this point elicits orthodromic sen-
sory potentials usually recorded by the same
electrodes positioned to stimulate motor fibers
at the posterior cervical triangle and axilla. The
same stimulus also elicits antidromic SNAP over
the lateral antebrachial cutaneous nerve, usually

recorded with surface electrodes placed 12 cm
from the stimulus point along the straight line
to the radial artery at the wrist (Fig. 6-19). Study
of this sensory potential provides evaluation of
C6, upper trunk and lateral cord better than the
median nerve sensory potentials recorded from
the index finger, which, more often than not, rep-
resent C7 and middle trunk.**

Medial Antebrachial Cutaneous
Nerve

Table 6-10 (see also Appendix Table 1-5) shows
the results of three studies.®V#>15

The medial antebrachial cutaneous nerve
originates primarily from T1 via the lower trunk
and medial cord.®* It subserves the sensation over
the medial aspect of the forearm, the area not
affected by lesions of the ulnar nerve. The nerve
pierces the deep fascia 4 cm above the elbow on
a line bisecting the distance between the biceps
tendon and the medial epicondyle. Surface stimu-
lation at this point elicits antidromic SNAP best
recorded over the course of its volar branch on the
same line extended distally 8 cm from the elbow
(Fig. 6-20). Careful adjustment of the recording

Table 6-10  Lateral and Medial Antebrachial Cutaneous Nerves (Mean + SD)

Antidromic Study of Lateral Antebrachial Cutaneous Nerve

SUBJECTS AGE DISTANCE ONSET PEAK VELOCITY AMPLITUDE
(mean) (ecm) LATENCY LATENCY (m/s) (nv)
(ms) (ms)
Spindler and 30 20-84 12 1.8+01 23%0.1 654 240172
Felsenthal'®”
Izzo etal.®! 154 17-80 14 2.810.2 6214 18.9+9.9
Antidromic Study of Medial Antebrachial Cutaneous Nerve
SUBJECTS/ SENSORY CONDUCTION SNAP AMPLITUDE
NERVES VELOCITY
Reddy'*? 30/60 659143 154142 (2-29)
Izz0 et al.&! 157/157 627%49 11.4+52(8-32)
Seror!>* 70/140 60.0+5.1 17.7+5.8 (7-41)

SNAP, peak-to-peak sensory nerve action potential.
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FIGURE 6-19  Antidromic sensory conduction study
of the lateral antebrachial cutaneous nerve of the forearm.
The photo shows stimulation just lateral to the tendon of
the biceps and recording from the nerve with the electrodes
placed 12 cm distal to the cathode along the straight line to
the radial artery (E1) and 3-4 cm further distally (E2).

position helps maximize the response amplitude
and minimize interside differences.>® Its preserva-
tion, in conjunction with absent sensory potential
of the ulnar nerve, implies a lesion at the elbow
rather than medial cord of the plexus. Testing this
nerve also facilitates identification of distal sym-
metrical polyneuropathy.'”!

Posterior Antebrachial Cutaneous
Nerve

The posterior antebrachial cutaneous nerve,
derived from C5 through C8 and the posterior
cord, separates from the radial nerve in the spiral
groove and innervates the skin of the lateral arm
and the dorsal forearm. At its origin, it pierces
the lateral head of the triceps, dividing into
proximal and distal branches. Surface stimula-
tion above the lateral epicondyle, between the
biceps and triceps brachii, elicits antidromic
SNAP best recorded with surface electrodes
placed 12 cm distally along the line extended
from the stimulus point to the wrist, midway
between the ulnar and radial styloid processes
(Fig. 6-21). In one study of 63 healthy adults,'*
normal values (mean * SD) comprised 2.1
0.2 ms and 2.4 = 0.2 ms for onset and peak laten-
cies, 58.2 £ 4.3 m/s for velocity,and 6.1 £2.1 uV
for amplitude.

FIGURE 6-20  Antidromic sensory conduction study of
the medial antebrachial cutaneous nerve of the forearm. The
photo shows stimulation with the cathode placed medial

to the brachial artery 4 cm above the elbow crease on a line
drawn from the ulnar styloid process to a point halfway
between the medial epicondyle and biceps brachi tendon,
and recording from the nerve with electrodes placed 8 cm
distal to the elbow crease (E1) and 3-4 cm further distally
along the same line (E2). This arrangement yields results
directly comparable to the analogous study of the lateral
antebrachial cutaneous nerve (cf. Fig. 6-19).

Intercostal Nerves

Surface stimulation of this nerve elicits intercostal
muscle action potentials with inconsistentlatency.
Recording from the rectus abdominis muscle
may improve reproducibility of the waveform for

FIGURE 6-21

Antidromic sensory conduction study
of the posterior antebrachial cutaneous nerve of the
forearm. The photo shows stimulation with the cathode
placed just above the lateral epicondyle between the
biceps brachi and triceps brachi, and recording from the
nerve with the electrodes placed 12 cm distally (E1)

and 3-4 cm further distally (E2), along a line extended
from the stimulus point to the mid dorsum of the wrist,
midway between the ulnar and radial styloid processes.
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calculation of conduction velocity after stimulat-
ing the nerve at two points.137

5. COMMONLY TESTED
NERVES IN THE LOWER
LIMB

Tibial Nerve

Tables 6-11 and 6-12 (see also Appendix Tables
1-4 and 1-5) summarize the normal values in our
laboratory.

MOTOR STUDIES

Motor conduction studies record the muscle
response from one of the intrinsic foot muscles
after stimulation of the tibial nerve at the ankle
posterior to the medial malleolus and at the
popliteal fossa.'3? The nerve, after sending medial
calcaneal nerve, a sensory branch to medial heel,
bifurcates into two branches, medial and lateral
plantar nerves within 1 cm of the malleolar-
calcaneal axis in 90% of feet.>” The usual choices
for recording sites include the abductor hallu-
cis and flexor pollicis brevis, innervated by the
medial plantar nerve with E1 immediately infe-
rior and posterior to the navicular prominence.
Other options include abductor digiti quinti
supplied by Baxter’s nerve, the first branch of the
lateral plantar nerve, with E1 midway between
the tip of the lateral malleolus and sole, and

flexor digiti minimi innervated by the terminal
branch of the lateral plantar nerve with E1 on the
lateral aspect of the foot at the midpoint of the
Sth metatarsal (Figs. 6-22 and 6-23). Recording
a normal response from the gastrocnemius or
soleus helps localize a distal lesion associated
with absent responses from the intrinsic foot
muscles. Proximal recording also permits a quan-
titative estimate of nerve length during the prog-
ress of regeneration (see Figs. 5-12 and 5-13C).
One study reports normal distal latencies
(mean =+ SD) of 4.9+ 0.6 ms for medial and 6.0 =
0.7 ms for lateral plantar nerves over a 12 cm
segment.60 Stimulation of the tibial nerve above
and below the medial malleolus determines
the conduction characteristics of the motor

fibers across the tarsal tunnel.*!

Reported nor-
mal values across a 10 cm length (mean £ SD)
include 3.8 £ 0.5 ms for the medial and 3.9 *
0.5 ms for the lateral plantar nerves.* A lower
tibial than peroneal CMAP may suggest neu-
romuscular disorders such as a polyneuropathy
or S1 radiculopathy."*” Some authors advocate
needle recording for latency analysis of the distal
segment.180

SENSORY STUDIES

Sensory conduction studies consist of stimulat-
ing the medial or lateral plantar nerves on the sole
11-13 cm distal to the ankle>*'2%>* and record-
ing an orthodromic SNAP with surface or needle

Table 6-11 Tibial Nerves*
SITE OF AMPLITUDE' LATENCY'TO DIFFERENCE CONDUCTION CONDUCTION
STIMULATION (mV) RECORDING BETWEEN TIME BETWEEN  VELOCITY
SITE (ms) TWO SIDES TWO POINTS (m/s)
(ms) (ms)

Ankle 5.8+19(2.9)° 3.96+1.00 (6.0)9 0.66+0.57 (1.8)¢

8.09+1.09 (10.3)¢ 48.5+3.6 (41)**
Knee 5.1£2.2(2.5) 12.05+ 1.53 (15.1) 0.79£0.61 (2.0)

*Mean + standard deviation (SD) in 118 nerves from 59 healthy subjects, 11 to 78 years of age (average, 39), with no

apparent disease of the peripheral nerves.

fAmplitude of the evoked response, measured from the baseline to the negative peak.
Latency, measured to the onset of the evoked response, with a standard distance of 10 cm between the cathode

and the recording electrode.

SLower limits of normal, based on the distribution of the normative data.

9Upper limits of normal, calculated as the mean +2 SD.
**Lower limits of normal, calculated as the mean -2 SD.
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Table 6-12 Latency Comparison between Two Nerves in the Same Limb*

SITE OF PERONEAL TIBIAL NERVE DIFFERENCE
STIMULATION NERVE (ms) (ms) (ms)

Ankle 3.89+0.87 (5.6)" 4.12£1.06 (6.2)" 0.77 £ 0.65 (2.1)"
Knee 12.46+1.38 (15.2) 12.13+1.48 (15.1)  0.88+0.71(2.3)

*Mean * standard deviation (SD) in 104 nerves from 52 healthy subjects, 17 to 86 years of age
(average, 41), with no apparent disease of the peripheral nerve.
fUpper limits of normal, calculated as the mean +2 SD.

electrodes placed just below the medial malleo-
lus (Figs. 6-24 and 6-25).'% Alternative sites of
stimulation include the first and fifth toes with a
pair of ring electrodes.*’ The medial plantar nerve
has latencies (mean + SD) of 2.4 + 0.2 ms, 3.2 +
0.3 ms, and 4.0 + 0.2 ms for 10, 14, and 18 cm seg-
ments and the lateral plantar nerve, 3.2 = 0.3 ms
and 4.0 = 0.3 ms for 14 and 18 cm segments. With
the use of averaging technique, stimulation of the
interdigital nerve also gives rise to an orthodromic
SNAP for assessment of interdigital neuropathy
or Joplin's neuroma.**'*! Some authors advocate
the comparison between branches of the common
plantar interdigital nerves as a sensitive measure,
using 0.17 ms as the upper limit of interlatency
difference.'®? Stimulation on the medial aspect of
the hallux activates the terminal sensory branch of
the medial plantar nerve or medial plantar proper
digital nerve, another uncommon site of Joplin’s

neur 0ma.23

) ANV

2 ms

FIGURE 6-22 Motor nerve conduction study of the
tibial nerve. The sites of stimulation include knee (A)
and above (B) and below the medial malleolus (C) with
compound muscle action potentials recorded by surface
electrodes placed over the abductor hallucis.

FIGURE 6-23  Motor conduction study of the medial (4)
and lateral (B) plantar nerves. The photo shows stimulation
of the tibial nerve posterior to the medial malleolus, 10 cm
from the recording electrodes placed over the belly (E1) and
tendon (E2) of the abductor hallucis, and those placed on the
belly (E1) and tendon (E2) of the flexor digit minimi.
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FIGURE 6-24  (A) Four branches of the tibial nerve
used for orthodromic or antidromic sensory conduction
studies. (B) The photo shows stimulation with the cathode
placed over the medial and lateral aspects in the mid portion
of the sole and the anode placed 2 cm further distally,

and recording from the nerve with the electrodes placed
immediately posterior to the medial malleolus 11-13 cm
from the cathode (E1) and reference electrode 3-4 cm
further proximal (E2).

The responses recorded from the popliteal
fossa after stimulation of the tibial nerve at the
ankle comprise orthodromic sensory and antidro-
mic motor nerve potentials.113 Stimulation of the
tibial nerve below the medial malleolus elicits the
antidromic sensory nerve potentials of the medial
and lateral plantar nerves at the first and fifth

toes®’! and of the medial calcaneal nerve at the
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FIGURE 6-25  Orthodromic sensory nerve potentials
of the medial (two top tracings) and lateral plantar nerves
(two bottom tracings) recorded from the tibial nerve at the
ankle following stimulation of each nerve on the sole in a
48-year-old healthy man (cf. Fig. 6-24).

heel.'¥13! In these cases, the use of an averaging
technique improves the resolution of small signals
that would otherwise escape detection. The study
of the plantar nerves helps evaluate the integrity of
the postganglionic sensory fibers derived from L4
and LS, for example, in patients with footdrop.

Deep and Superficial Peroneal
Nerve

Tables 6-12, 6-13, and 6-14 (see also Appendix
Tables 1-4 and 1-5) summarize the normal values
in our laboratory.

MOTOR STUDIES

Stimulation of the common peroneal nerve above
the ankle and above and below the head of the
fibula elicits muscle action potentials in the exten-
sor digitorum brevis (Figs. 6-26 and 6-27). This
muscle, primarily supplied by the deep peroneal
nerve, may also receive an anomalous innervation
from the superficial peroneal nerve, sometimes
entirely."'® The communicating branch, called the
accessory deep peroneal nerve, passes behind the



Table 6-13

Common and Deep Peroneal Nerves*

SITE OF AMPLITUDE' LATENCY'TO DIFFERENCE CONDUCTION CONDUCTION
STIMULATION (mV) RECORDING BETWEEN TIME VELOCITY
SITE (ms) RIGHT AND BETWEEN TWO (m/s)
LEFT (ms) POINTS (ms)

Ankle 514+2.3(2.5)8 3.77+0.86 (5.5)9  0.62+0.61 (1.8)9

7.01+0.89 (8.8)¢ 48.31£3.9 (40)**
Below knee 51%20(2.5)  10.79+1.06 (12.9) 0.65+0.65 (2.0)

1.72£0.40 (2.5) 52.0%6.2 (40)
Above knee 51+£1.9(2.5)  1251+1.17(149) 0.65£0.60 (1.9)

*Mean = standard deviation (SD) in 120 nerves from 60 healthy subjects, 16 to 86 years of age (average, 41), with no

apparent disease of the peripheral nerves.

fAmplitude of the evoked response, measured from the baseline to the negative peak.
*Latency, measured to the onset of the evoked response, with a standard distance of 7 cm between the cathode and

the recording electrode.

SLower limits of normal, based on the distribution of the normative data.

9 Upper limits of normal, calculated as the mean +2 SD.
**Lower limits of normal, calculated as the mean -2 SD.

lateral malleolus to reach the lateral portion of the
muscle. In these cases, stimulation of the deep per-
oneal nerve at the ankle and the common peroneal
nerve at the knee shows a mismatch with the differ-
ence corresponding to the response derived from
the anomalous innervation (see Chapter 11-4).
The longer the distance between the proximal
and distal sites of stimulation, the more accurate
the determination of conduction velocity across
the knee. Series of shocks applied in short incre-
ments (see Chapter 11-7), however, delineates a
focal conduction abnormality better.®*”” In an
advanced neuropathy, recording from the tibi-
* or extensor digitorum longus,*
instead of the atrophic foot muscle, may facili-
tate the assessment. Recording from the proxi-
mal muscles also helps delineate isolated lesions
of the deep or superficial peroneal nerve. For
example, a cyst selectively compressing the deep
peroneal nerve would involve the tibialis ante-
rior and extensor digitorum brevis. Stimulation
of the common peroneal nerve at the knee then
activates only the superficial peroneal nerve, elic-
iting a normal CMAP of the peroneus longus
and brevis associated with eversion and plantar
flexion of the foot (see Fig. 5-12 in Chapter S).
Conduction abnormalities detected only from
extensor digitorum brevis, sparing tibialis ante-
rior, indicate a lesion affecting the distal branch
of the nerve, sometimes seen in vasculitis (see

alis anterior

Fig. 5-11 in Chapter S). Conversely, a periph-
eral type of foot drop associated with normal
conduction study recording from extensor digi-
torum brevis may indicate selective abnormality
of tibialis anterior sometimes seen as a variant
of facioscapular humeral (FSH) dystrophy (see
Chapter 27-2).

SENSORY STUDIES

The superficial peroneal nerve, derived from LS,
originates below the fibular head as a branch of the
common peroneal nerve and gives rise to two sen-
sory nerves in the lower third of the leg: the medial
and intermediate dorsal cutaneous nerves. They
innervate the skin of the dorsum of the foot and the
anterior and lateral aspects of the leg. The medial
dorsal cutaneous nerve pierces the superficial fas-
cia at the anterolateral aspect of the leg about 5 cm
above and 2 ¢cm medial to the lateral malleolus.
Stimulation at this point with the cathode adjusted
to produce a sensation radiating into the toes elicits
antidromic sensory potential over the dorsum of
the foot medially.*” The averaging technique helps
identify the potential with amplitude approxi-
mately half that of the sural nerve, especially in
recording from a diseased nerve. Stimulation or
recording from toes allows sensory nerve conduc-
tion studies of the most distal segments.'** The
near nerve needle recording with signal averaging

6. Assessment of Individual Nerves « 129



Table 6-14  Superficial Peroneal Nerve*

STIMULATION RECORDING n AGE AMPLITUDE LATENCY CONDUCTION
POINT SITE (uv) (ms) VELOCITY (m/s)
S cm above, 2 cm medial Dorsum of foot 50 1-15 13.0+4.6 1224040 53.1+53 (distal segment)
to lateral malleolus (peak)
S50  OverlSs 13.91+4.0 2241049 473%+34 (distal segment)
(peak)
Anterior edge of fibula, 12 cm Medial border of S0 3-60 20.5+6.1 29%0.3 65.7£3.7  (proximal segment)
above the active electrode lateral malleolus (peak)
Anterolateral aspect of leg, 14 cm  Medial border of 80 18.3 28103 512%S5.7  (proximal segment)

above the active electrode lateral malleolus

(onset)

*Mean * standard deviation (SD) in healthy subjects. (Modified from DiBenedetto,*® Jabre,® and Izzo, Sridhara, Lemont, et al.®*)



i sy
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FIGURE 6-26  Motor nerve conduction study of the
common peroneal nerve. The sites of stimulation include
above the knee (A), below the knee (B), and ankle (C) for
recording compound muscle action potentials with surface
electrodes placed over the belly (E1) and the tendon of the
extensor digitorum brevis.

makes it possible to assess small sensory action
potential from interdigital nerves.'*?

The intermediate dorsal cutaneous branch
becomes subcutaneous at 7-9 cm above the
ankle."*® Stimulation at this level or more proxi-
mally %% with the cathode placed against the
anterior edge of the fibula elicits the antidromic
SNAP at the ankles just medial to the lateral

FIGURE 6-27  Motor conduction study of the common
peroneal nerve. The photo shows stimulation over the
dorsum of the foot near the ankle, 7 cm from the recording
electrodes over the belly (E1) and tendon (E2) of the
extensor digitorum brevis.

FIGURE 6-28 Antidromic sensory nerve conduction
study of the superficial peroneal nerve. The photo shows
stimulation against the anterior edge of the fibula, 12 cm
from the recording electrodes located just medial to the
lateral malleolus at the ankle (E1) and 2-3 cm distally (E2).

malleolus (Fig. 6-28). Stimulation of the nerve
at two points, 12-14 cm from the recording
electrode and 8-9 cm further proximally, allows
assessments of the distal and proximal segments.
The study of this sensory nerve helps distinguish
a distal lesion from a L5 radiculopathy, which
usually spares the SNAP despite sensory deficits.
Stimulation of the peroneal nerve at the ankle
also elicits mixed nerve potentials at the fibula
head.*®

The deep peroneal sensory nerve innervates
the web space between the first and second toes.
The use of needle electrode or averaging tech-
nique improves resolution in recording small
potentials.” In one study,'®* the mean amplitude
ranged from 6.7 LV for age above 50 to 9.7 UV for
age below 35 with absent responses seenin 21% of
38 normal subjects. The common peroneal nerve
also gives off a short branch called lateral cuta-
neous nerve of the calf prior to the division into
superficial and deep peroneal nerves. Studying
this cutaneous branch, though technically chal-
lenging, may help precise localization of common

peroneal nerve injury."*
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Table 6-15  Sural Nerve*
AUTHORS STIMULATION RECORDING n AGE AMPLITUDE LATENCY CONDUCTION
POINT SITE (yr) (nv) (ms) VELOCITY (m/s)
Shinozaura Foot High ankle 40 13-41 6.3 (1.9-17) 440+4.7
and Mavor'®
DiBenetto® Lower third of leg Lateral malleolus 38 1-15 23.1+4.4 1.46+0.43 52.1%x5.1
62 Over 15 23.7%+3.8 2.27+0.43 462133
(peak)
Behse and Buchthal® 15 cm above lateral ~ Dorsal aspect 71 15-30 512%4.5
malleolus of foot 40-65 483+5.3
Wainapel, Kim, Lower third ofleg ~ Lateral malleolus 80 20-79 18.9+6.7 3.71£0.3 41.0x2.5
Ebel, et al.'° (peak)
Truong, Russo, Distal 10 cm Lateral malleolus 102 33.9+3.25
Vagi, et al'”
Middle 10 cm Lateral malleolus 102 51.0+3.8
Proximal 10 cm 102 51.6t3.8
Kimura 14 cm above lateral ~ Lateral malleolus 52 10-40 20.918.0 2.7%£0.3 52.5+5.6
(unpublished data) malleolus 41-84 172%6.7 2.810.3 51.1£5.9
(onset)

*Mean = standard deviation (SD) in healthy subjects.



Sural Nerve

Table 6-15 (see also Appendix Table 1-5) summa-
rizes normal values.

This sensory nerve, primarily derived from
S1, originates in the popliteal fossa as the medial
sural branch of the tibial nerve. It becomes super-
ficial at the junction of the mid and lower third
of the leg, where it receives a communicating
branch of the common peroneal nerve. In some
cases, the peroneal branch contributes more
than the main trunk from the tibial nerve (see
Chapter 11-4). Descending toward the ankle, it
turns anterolaterally along the inferior aspect of
the lateral malleolus. Its terminal branch, the lat-
eral dorsal cutaneous nerve, supplies the lateral
aspect of the dorsum of the foot. The sural nerves
may contain some motor fibers in about 6% of
individuals.*

Stimulation of the nerve in the lower third of
the leg over the posterior aspect slightly lateral to
the midline elicits antidromic sensory potentials,
usually recorded around the lateral malleolus
(Figs. 6-29 and 6-30), but at times more dis-
tally for the study of the lateral dorsal cutaneous
branch.®% Sural potentials need no averaging for
recording except perhaps in older populations or
in patients with diseased nerve. Segmental studies
dividing the nerve into three contiguous portions
of 7 cm each revealed a smaller mean velocity in
the most distal segment than in the middle or

proximal segment.179

FIGURE 6-29  Antidromic sensory nerve potentials
recorded four times from the sural nerve following
stimulation of the nerve slightly lateral to the midline in the
lower third of the leg.

FIGURE 6-30  Antidromic sensory conduction study
of the sural nerve. The photo shows stimulation along the
posterior surface of the leg, slightly lateral to the midline and
7-10 cm from the ankle, and recording from the electrodes

placed immediately postero-inferior to the lateral malleolus
(E1) and 2-3 cm distally along the lateral dorsum of the
foot (E2).

Averaging technique facilitates the study
of orthodromic potentials after stimulation of
the nerve over the lateral aspect of the foot.>*
Segmental studies depend on recording at the
popliteal fossa and high at the ankle, 10-15 cm
proximal to the lateral malleolus. The latency
measured from the stimulus to the recording sites
exceeds the latency difference over the same seg-
ment by activation or utilization time of about
0.15 ms, depending on the type of stimuli.*” The
SNAP amplitude shows a negative correlation
with age and height.*> The near-nerve potential
recorded at mid calf showed a 32% higher ampli-
tude in women than in men, probably reflecting
different volume conductor properties.**

Sural nerve study offers one of the most sensi-
tive means of detecting electrophysiologic abnor-
malities in various types of neuropathies.!””%
In one study,'* a sural to radial amplitude ratio
less than 0.40, as compared to the normal mean
of 0.71, predicted axonal neuropathy. Others
reported a lower cutoff value such as 0.34'** and
0.2.126 Sural and radial SNAP, but not the ratio
between the two, show an inverse correlation
with age and body mass index (BMI).*® Studies of
the sural nerve help distinguish peripheral nerve
lesions from S1 or S2 radiculopathy or cauda
equina involvement, which spares the SNAP
despite the clinical sensory symptoms. Sural
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nerve study also provides a unique opportunity
for direct comparison between physiologic and
histologic findings of the biopsied specimen (see
Chapter 4-4).3351150

6. OTHER NERVES IN THE
LUMBOSACRAL REGION

Lumbosacral Plexus

Table 6-16 summarizes the normal value in one
series.!1?

The lumbosacral plexus consists of the lumbar
plexus with fibers derived from L2, L3, and L4
and the sacral plexus, which arises from LS, S1,
and S2. The use of the F wave (see Chapter 7-4)
and H reflex (see Chapters 9-2) permits an indi-
rect measure of conduction across this region not
accessible by conventional means. An alternative
method uses needle?®37110114 op high-voltage
surface stimulation® of L4, LS, or S1 spinal nerve
proximal to the plexus. Stimulation of the periph-
eral nerve just distal to the plexus allows calcula-
tion of conduction time through the plexus as the
difference between the two latencies.

The study of the lumbar plexus involves the
stimulation of the L4 spinal nerve by a 75 mm
standard monopolar needle, placed so as to lie
just below the level of the iliac crest. The needle
inserted into the paraspinous muscle perpendicu-
lar to the skin surface must reach the periosteum
of the articular process (Fig. 6-31A,B). With an
optimal needle position, a shock of verylow inten-
sity elicits a maximal CMAP of the vastus media-
lis. For distal latency, stimulation with a surface

Table 6-16 Lumbosacral Plexus

or needle electrode, just distal to the inguinal liga-
ment, activates the femoral nerve. The nerve lies
immediately lateral to the readily palpable femoral
artery (Fig. 6-31A). The study of the sacral plexus
involves inserting a needle between the spinous
process and posterior iliac spine for the S1 spinal
nerve and halfway in between the L4 and S1 spi-
nal nerves for the LS spinal nerve. Needle stimu-
lation of the sciatic nerve as it bisects a line drawn
between the ischial tuberosity and the greater
trochanter of the femur yields the distal latency
(Fig. 6-31B). Careful adjustment of the needle
position helps elicit a maximal CMAP of the tibi-
alis anterior for the LS and of the abductor hal-
lucis for the S1 spinal nerve.

The commercially available magnetic coils fail
to optimally stimulate lumbosacral roots as diag-
nostic aids. Specially constructed large-diameter
coils, placed flat on the skin surface, however, ade-
quately excite the cauda equina lying deep below
the surface.!'®!% Cranially directed induced cur-
rent via vertically oriented coil junction placed
over the proximal cauda equina preferentially
activates root entry zone of the conus medullaris.
Horizontally oriented coil junction placed over
the distal cauda equina excites the lumbar roots,
and vertically oriented junction, sacral roots, at
or near the intervertebral foramina. Comparing
proximal and distal stimulation typically show a
latency difference of 1.9 ms for vastus medialis,
2.3 ms for tibialis anterior, and 3.5 ms for abductor
hallucis (see Chapter 20-4). High-voltage electri-
cal stimulation applied to the skin surface can also
activate the sciatic nerve for proximal and seg-
mental nerve conduction measurements.”’ This

PLEXUS SITE OF RECORDING LATENCY ACROSS
STIMULATION SITE PLEXUS (ms)
RANGE MEAN SD
Lumbar L2,L3,14 Vastus medialis 2.0-4.4 3.4 0.6
Femoral nerve
Sacral LSand Sl Abductor hallucis  2.5-4.9 3.9 0.7

Sciatic nerve

(Modified from MacLean.!1?)
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FIGURE 6-31  (A) Motor conduction study of the lumbar plexus. The diagram shows stimulation of L4 with the needle
inserted perpendicular to the skin just below the level of the iliac crest, and of femoral nerve distal to the inguinal ligament
immediately lateral to the femoral artery, and recording of muscle potentials with surface electrodes placed on the vastus medialis
(E1) and patella (E2). (From MacLean,''® with permission.) (B) Motor nerve conduction study of the sacral plexus. The
diagram shows stimulation of S1 with the needle inserted at the level of the posterior iliac spine, of LS halfway in between the

L4 (shown in A) and S1, and of the sciatic nerve at the level of gluteal skin fold midpoint between the ischial tuberosity and the
greater trochanter of the femur, and recording of muscle potentials with electrodes (not shown) placed on the belly (E1) and
tendon (E2) of the tibialis anterior for L3 and of the abductor hallucis for S1 studies. (From MacLean,"*° with permission.)

type of stimulation excites the peroneal and tibial Femoral Nerve

division of the sciatic nerve simultaneously. The  Typ]e 6-17 summarizes normal values.

collision technique (see Chapter 11-3) eliminates Shocks delivered to the femoral nerve above

the unintended impulse for selective study of the . pelow the inguinal ligament elicit the response
74

target nerve. recordable in the rectus femoris muscle at various

Table 6-17 Femoral Nerve*

STIMULATION RECORDING NO. AGE ONSET CONDUCTION
POINT SITE LATENCY VELOCITY
(ms) (m/s)

Just below inguinal 14 cm from 42 8-79 3.71£04S 70£5.5

ligament stimulus point between the two

recording sites
30 cm from 42 8-79 6.0%0.60
stimulus point

*Mean = standard deviation (SD) in healthy subjects. (Modified from Gassel.**)
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distances from the point of stimulation. Because of a
large side-to-side variability, criteria for axonal degen-
eration calls for a reduction in amplitude to less than
50% compared to the unaffected side. The latency
of the response increases progressively with the dis-
tance reflecting vertical orientation of the endplate
region. The femoral nerve conducts at an average rate
of 70 m/s, based on the latency difference between
the two responses recorded at 14 and 30 cm from the
point of stimulation. This calculation, however, does
not hold unless all branches supplying proximal and
distal parts of the muscle have similar and directly
comparable electrophysiologic characteristics.

Saphenous Nerve

Table 6-18 summarizes normal values in four series.

This largest and longest sensory branch of the
femoral nerve lies deep along the medial border of
the tibialis anterior tendon (Fig. 6-32). The nerve
stimulation uses the surface electrodes pressed firmly
between the medial gastrocnemius muscle and tibia,
usually 12 to 14 cm above the ankle. Signal averaging
improves the resolution of small antidromic SNAPs
recorded just anterior to the highest prominence
of the medial malleolus. Orthodromic studies'>*
consist of stimulating the nerve at two levels, ante-
rior to the medial malleolus and medial to the knee,
and recording the evoked potential with a needle
electrode placed near the femoral nerve trunk at the
inguinal ligament. Stimulation of the infrapatellar

branch near the midline also elicits a recordable
response at the same site.* The orthodromic poten-
tials average one-half the size of the antidromic
potentials in amplitude. The saphenous nerve may
degenerate with postganglionic lesions such as lum-
bar plexopathy or femoral neuropathy. In contrast,
preganglionic L3 or L4 radiculopathy spares the dis-
tal SNAP despite clinical sensory deficits.

Lateral Femoral Cutaneous Nerve

The nerve becomes superficial about 10-12 cm
below the anterior superior iliac spine, where
it divides into large anterior and small lateral
branches. Surface stimulation at this point elicits an
orthodromic SNAP recordable with a needle elec-
trode inserted 1 cm medial to the lateral end of the
inguinal ligament.156 Alternative technique consists
of stimulation at the inguinal ligament with a sur-
face or needle electrode and recording antidromic
SNAP from the thigh (Fig. 6-33). In one study'?
using a pair of specially constructed 1.2 X 1.9 cm
lead strips fastened 4 cm apart, the normal values
(mean £ SD) in 25 healthy adults consisted of a
latency of 2.6 + 0.2 ms, an amplitude of 10-25 1LV,
and a calculated conduction velocity of 47.9 £ 3.7
m/s. In another study'® the antidromic potentials
recorded 25 cm distal to the stimulating electrode
along the line connecting the stimulus site and the
lateral edge of the patella showed amplitude of 2.0 £
1.0 LV (mean £ SD) and onset conduction velocity

Table 6-18  Saphenous Nerve*
AUTHORS METHOD AGE INGUINAL LIGAMENT—KNEE KNEE—MEDIAL MALLEOLUS
AMPLITUDE CONDUCTION NO. AMPLITUDE CONDUCTION
NO. (uv) VELOCITY (uv) VELOCITY
(m/s) (m/s)
Ertekin®* Orthodromic  17-38 33 42+23 59.6+2.3 10 48+2.4 52.3+2.3
Stohr, Schumm, Orthodromic <40 28 5.5%2.6 589+32 22 21%1.1 512+4.7
and Ballier'®® >40 41 51427 57.9+4.0 32 174038 502+5.0
Wainapel, Kira, ~ Antidromic ~ 20-79 Peak latency of 80 9.0£3.4 41.7%£3.4
and Ebel'° 3.6t 1.4
for 14 cm
Senden, Orthodromic 18-56 71 548119
Van Mulders,
Ghys, et al.'>

*Mean + standard deviation (SD) in healthy subjects.

136 ¢ NERVE CONDUCTION STUDIES



FIGURE 6-32  Antidromic sensory conduction study

of the saphenous nerve. The photo shows stimulation 14 cm
above the ankle along the medial surface of the leg between the
tibia and gastrocnemius, and recording from the nerve 2-3 cm
above (E1) and just anterior to the medial malleolus (E2).

0f62.3£5.5 m/s. This technique allows assessment
of a distal lesion involving this nerve.”® The mea-
surement of a higher amplitude recorded at two dif-
ferent sites may minimize interside variability.'®*

Posterior Femoral Cutaneous Nerve

This sensory nerve originates from the anterior
and posterior divisions of S1, S2, and S3, exits

ANTERIOR SUPERIOR ILIAC SPINE

FIGURE 6-33  Antidromic sensory nerve conduction
study of the lateral femoral cutaneous nerve. The diagram
shows stimulation above the inguinal ligament, and
recording from the nerve over the thigh, 12 cm below the
anterior-superior iliac spine (E1) and 2-3 cm distally (E2).
(From Butler, Johnson and Kaye,'® with permission.)

the pelvis distal to the piriformis muscle, and
proceeds distally between the medial and lat-
eral hamstring muscles. Recording electrodes
placed 6 cm above the mid popliteal fossa regis-
ter an antidromic SNAP after stimulation of the
nerve 12 cm further proximally on a line drawn
to the ischial tuberosity. Normal values (mean +
SD) obtained in 40 subjects®* with a mean age
of 34 years included peak latency of 2.8 + 0.2
ms (range, 2.3-3.4 ms) and amplitude of 6.5 *
1.5 UV (range, 4.1-12.0 uv). This method may
help evaluate the peripheral nerve in a patient
with lower-limb amputations.

Pudendal Nerve

The technique consists of stimulating the puden-
dal nerve and recording a CMAP from the external
anal sphincter.'® A specially constructed dispos-
able electrode, when properly mounted onto the
gloved right hand, has the stimulating cathode at
the tip of index finger and recording electrodes
near the base of the same finger. Locating the
ischial spine and lateral margin of the sacrum with
the finger tip inserted into the rectum helps place
the cathode near the pudendal nerve. Methodical
exploration then identifies the optimal location,
which elicits maximal and reproducible muscle
response. Alatencyvalue, positively correlated with
age,”” exceeds 2.2 ms in pudendal neuropathy.*!
Magnetic coil stimulation of the pudendal nerve
also elicits a sphincter response recordable from
the perianal surface electrodes.'*5

Dorsal Nerve of the Penis

Stimulation with a pair of electrodes placed
at the base of the penis, cathode 2 cm distal to
anode, gives rise to an antidromic sensory nerve
potential recordable at the distal shaft along the
dorsal midline with the active electrode (E1)
placed 2 cm proximal to the reference electrode
(E2).'** The latency measured to the peak of
the negative wave after averaging the response 20
times yielded conduction velocity of 26. 9 m/s
for flaccid and 29.7 m/s for stretched shaft.'** A
specially constructed urinary catheter electrode
placed in the urethra also registers sensory poten-
tial following stimulation of the dorsal nerve of

the penis.'”
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Other Nerves

Other nerves tested infrequently include medial

femoral cutaneous nerve
nerve.

9497 and genitofemoral

7,35
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Abbreviations: ALS—amyotrophic lateral sclerosis, CMAP—compound muscle action poten-
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study covering a longer distance, which tends to

1. INTRODUCTION dilute a localized change (see Chapter 11-7). In

In nerve conduction studies, optimal selection
of technique based on the available clinical find-
ings improves its sensitivity and utility. A short
segmental stimulation, inching across the affected
site, detects a focal lesion better than the ordinary

contrast, studies of a longer segment, accumu-
lating abnormalities in proportion to the nerve
length, uncover diffuse or multisegmental involve-
ment better than a short segment. Measurement
errors also diminish for a longer, as compared to

. 149



shorter, segment, improving reproducibility of
the results.

The F wave results from backfiring of antidro-
mically activated anterior horn cells. It, thus, helps
assess motor conduction along the entire length of
the peripheral axons, including the most proximal
segment. Theinherentvariability of the latency and
waveform makes its use technically more demand-
ing than that of the compound muscle action
potential (CMAP), or muscle (M) response.
Nonetheless, F wave usefully supplements the
conventional nerve conduction studies (NCS)
in characterizing neuropathic disorders in gen-
eral and polyneuropathies in particular. Explored
first in patients with Charcot-Marie-Tooth dis-
ease (CMT)®! and motoneuron diseases,' the
method has since gained popularity in evaluation
of a variety of neurologic conditions as part of rou-
tine nerve conduction studies,'>38406771,102,111,1201
2162 11 3 diffuse process, F-wave latencies, reflect-
ing accumulated conduction delay, often clearly
exceed the normal range even in patients with a
borderline conduction abnormality. In addition,
the calculation of F-wave velocities and F ratios
permits comparison of conduction in the proxi-
mal versus the distal nerve segments.®"%6-6%

Motoneuron excitability dictates the prob-
ability of backfiring in individual axons.'*143144
Thus, F-wave amplitude and persistence serve
as a measure of this domain as does the H reflex.
Theoretically, comparison between the two
modes of motoneuron activation may help differ-
entiate whether the observed change involves the
presynaptic or postsynaptic pathway. Possible dif-
ferences in inherent sensitivity between antidro-
mic and reflexive activation, however, might bias
the result.3*°%% This section will review the cur-
rently available methods of F-wave determination
and discuss its clinical value and limitations.

2. PHYSIOLOGY OF THE
F WAVE

Recurrent Activation of the
Motoneuron

A supramaximal electric shock delivered to a nerve
often elicits a late muscle response that follows the
direct M response in men and animals.'® Since the

150 -

original description by Magladery and McDougal,**

who coined the term Fwave (presumably to indicate
aresponse recorded from “foot” muscles, or “follow-
ing” M response), different authors have debated its
neural source. With more proximal stimulation, the
latency of the M response increases, whereas that of
the F wave decreases (Fig. 7-1). Thus, the F-wave
impulse must first travel away from the recording
electrodes toward the spinal cord before it returns
to activate distal muscles. This finding supports
either reflex hypothesis®® or recurrent discharge of
antidromically activated motoneurons”*” or both
as the source of this response. The presence of the
F wave in deafferentated limbs*?**7 implies that
it depends on backfiring of motoneurons. Studies
using single fiber electromyography (SFEMG)"*
also showed that the occurrence of the F wave
requires prior activation of the motor axon.

Frequency of Backfiring

Subject to recurrent activation, F waves appear
only infrequently after a series of supramaximal
stimuli eliciting direct motor responses.134 Thus,
although antidromic and orthodromic activa-
tion of motoneurons usually follow the same
physiologic principles,26 additional mechanisms
must prevent the generation of the late response
with every stimulus.**'?* Recurrent discharges
develop in only a limited number of motor units
in part because the antidromic impulse fails to
enter the somata in some of the motoneurons.®®
This type of block often takes place at the axon
hillock, where membrane characteristics change,
but it may also occur more distally in the myeli-
nated segment of the axons. The spike potential,
if generated in the soma-dendrite membrane,
faces a very narrow window for the generation
of recurrent discharges. The impulse, if activated
too early, cannot travel back the same axon hill-
ock for about 1 ms during its refractory period
after the passage of the antidromic impulse. In
addition, the antidromic impulse near its entry
to the axon hillock also activates the Renshaw
cell, which in turn inhibits the motoneuron, with
a slight delay.”® Thus, any chance of generating a
recurrent discharge may abate under the effect of
Renshaw inhibition, which begins with a delay of
some 2 ms through a couple of synapses.

LATE RESPONSE, REFLEX, AND OTHER METHODS
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FIGURE 7-1

(A) Normal M-response (horizontal brackets) and F wave (small arrows) recorded from the thenar muscles

after supramaximal stimulation of the median nerve at the wrist (top) and elbow (bottorm). The shift of stimulus point
proximally increased the latency of the M response and decreased that of F wave. The schematic diagrams illustrate the
centrifugal (solid arrows) and centripetal impulses (dotted arrows). (Modified from Kimura.®') (B) Normal M response
(horizontal brackets) and F wave (small arrows) recorded from the abductor hallucis after supramaximal stimulation of
the tibial nerve at the ankle (top) and knee (bottorn). With a shift of stimulus site proximally, the latency of the M response

increased, whereas that of the F wave decreased. (Modified from Kimura, Bosch, and Lindsay.

Overall, only a small percentage of the recur-
rent discharges can clear this narrow window
with a turnaround time of greater than 1 ms
and less than 2 ms after the entry of antidromic
impulse. This explains, at least in part, why most
antidromic impulses that invade the motoneuron
pool fail to induce the F wave. A particular set of
physiologic conditions required for generation
and propagation of a recurrent discharge makes
the latency of successive F waves from a single

70)

motor axon vary only narrowly between 10 and
305."%* Parenthetically, the latency of consecutive
H reflexes from a single motor axon may fluctuate
by as much as 2.5 ms, primarily reflecting varia-
tion in synaptic transmission (see Chapter 9-2).
Subliminal excitation of soma-dendrite mem-
brane facilitates antidromic activation of the SD
spike, resulting in increased probability of a recur-
rent response. Thus, slight voluntary muscle con-
traction or even mental imagery without actual
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motion usually enhances F-wave activation®®

Further efforts, however, often have no additional
effect for a number of reasons. If the descending
central drive to the anterior horn cell generates an
action potential, it will block antidromic impulse
by collision, thus eliminating the F wave from this
motoneuron. An H reflex, if elicited by simulta-
neous stimulation of the group IA afferent fibers,
also prevents antidromic impulse by collision. A
higher motoneuron excitability, which induces a
greater reflexive activation, therefore, may reduce
the F wave amplitude and frequency. In addition,
subliminal depolarization of the soma-dendrite
membrane may also generate recurrent discharge
too quickly to overcome the refractory period of
the axon hillock induced by passage of antidro-
mic impulse. These findings suggest volitional
facilitation beyond a certain level increases the
chance of backfiring in some motoneurons and
reduces it in others, rendering the overall effect
of effort-induced excitability change rather
unpredictable.

Large and Small Motoneurons

Up to 5% of antidromically invaded motoneurons
give rise to an F wave regardless of their peripheral
excitability or conduction characteristics.?>'** In
normal subjects, F-wave frequency varies with
a mean of 79%, most responses occurring only
once during a train of 200 stimuli.!!” Partial
excitation of the nerve generates recurrent dis-
charges in either larger anterior horn cells with
lower threshold motor axons or smaller cells with
higher thresholds.*® After progressive block of the
fast-conducting axons by a collision technique,
the F wave continues to appear in proportion
to the slow-conducting motor axons that have
escaped the collision.” Studies of twitch contrac-
tion by intramuscular microstimulation also show
that recurrent discharges occur not only in the
larger but also smaller motoneurons with greater
and lesser twitch force 2!#

When stimulating both the large and small
axons simultaneously in clinical studies, anatomic
or physiologic properties predispose a given frac-
tion of the more excitable motoneurons to backfir-
ing.54 The smaller, lower threshold motoneurons,
which rapidly depolarize, probably encounter
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blockage at the initial segment more frequently™®
and receive Renshaw inhibition more effective-
ly.*” Hence, the incidence of the F wave may, at
least in theory, favor the larger motoneurons with
faster conducting axons. In fact, preferential acti-
vation of a few motor units with very strong twitch
forces may generate the repeater F waves, identi-
fied by recurrence of the identical waveforms. The
incidence of repeater F waves increases with loss
of motor axons, as seen, for example, in median
nerve studies of the CTS.”°

Minimal-latency F waves selected from a num-
ber of trials usually serve as a measure of the fast-
est conducting fibers. A few-millisecond interval
between the earliest and latest F wave, or chro-
nodispersion, results, in part, from the difference
between fast and slow motor conduction.''® If the
backfiring of the anterior horn cells occurs ran-
domly, then distribution of F-wave latencies may
indicate the range of motor nerve conduction
velocities.'?? Among various F-wave measures,
however, only the minimal latency reflects pure
motor conduction as reflex inputs affect other
indices such as mean latency, maximal latency,
and chronodispersion.32

To further compound the interpretation of
F-wave latencies, nerve conduction time changes
as a function not only of the speed of the propa-
gated impulse but also of the length of the fine
terminal fibers innervating each muscle fiber. The
terminal length determined by the location of
endplates probably varies only on the order of a
few millimeters between the longest and shortest
nerve fibers. A slight change in the length of the
thinly myelinated or unmyelinated terminal seg-
ment, however, may result in a substantial latency
difference. Another unknown variable includes the
distance between the recording electrodes and the
motor endplate, where the muscle action poten-
tial originates. Because of these factors, the F wave
from the fastest conducting fibers may not neces-
sarily show the shortest latency, and vice versa.”

Measure of Anterior Horn Cell
Excitability

Motoneuron excitability influences the ampli-
tude and persistence of the F wave based on com-
plex physiologic mechanisms. The F wave fails

LATE RESPONSE, REFLEX, AND OTHER METHODS



in hypoexcitable cells if an antidromic impulse
produces only subliminal depolarization or
Renshaw inhibition suppresses the backfiring.
During moderate volitional muscle contraction,
a voluntarily or reflexively evoked discharge may
eliminate the antidromic invasion by collision. In
addition, backfiring may occur too rapidly to clear
the refractory period of the initial axon segments
in hyperexcitable states.

Systematic administration of anesthetic agents
intravenously affected F-wave excitability only a
little, if at all.%? Intrathecal baclofen application,
however, altered F-wave mean and maximum
amplitude as well as mean duration in a quantifi-
able manner.?* Intravenous or subcutaneous injec-
tions of thyrotropin-releasing hormone (TRH)
rapidly increased the amplitude of the F waves.’
Stimulation of afferent fibers may inhibit F waves
ipsilaterally and facilitate them contralaterally.'s*
Subthreshold transcranial magnetic stimulation
(see Chapter 20-3), if appropriately timed to col-
lide at the motoneuron, enhances the F wave. A
second facilitatory phase seen 2-3 ms later pre-
sumably represents the sequential arrival of I
waves. A subsequent phase of suppression prob-
ably signals the arrival of inhibitory postsynaptic
potentials generated by the cortical stimulus.”®
Electrical stimulation of the dentate nucleus also
reduces the size of the F wave in human.*® Other
factors that affect F-wave excitability include
caffeine intake,'>? sleep and related alteration
of alertness,’® administration of sedatives, level
of consciousness,'® muscle vibration, contrac-
tion of a distant muscle, remote botulinum toxin
application’™’ and high-intensity stimulation of
fingers.%

In healthy subjects simulating paresis for a
few hours by immobilizing the target muscle,
F waves as well as transcranial motor evoked
potential (MEP) show rest-dependent declines
in amplitude and persistence.*”6%104127,144132,1
# Both responses recover quickly upon a brief,
standardized voluntary muscle contraction
(Fig. 7-2A). If the subject periodically simulates
muscle contraction without actual movement,
F-wave persistence and amplitude show little
change despite immobilization.’***!* These
findings indicate (1) MEP amplitude com-
monly used as a measure of cortical excitability

reflects, at least in part, a reversible suppres-
sion of the anterior horn cell; (2) the absence
of F wave, usually taken as a sign of conduction
block of the peripheral motor axons, may also
result from inexcitability of spinal motoneurons
after volitional inactivation; and (3) mental
imagery without overt motor output suffices to
counter the rest-induced suppression by main-
taining the subliminary central drive. Thus,
this maneuver helps differentiate motoneuron
hypoexcitability from peripheral conduction
failure in interpreting absent F waves seen in a
paretic limb. In our experience, motor imagery
enhances F-wave persistence and amplitude,
which further increase with a slight muscle con-
traction but show no additional change with a
stronger effort (Fig. 7-2B).>

As a test of excitability, F wave provides a less
sensitive measure than the Hreflex.” Nonetheless,
patients with upper—6 and lower-limb!%32 spastic-
ity show increased mean amplitude of the ulnar
and tibial nerve F waves, respectively. In patients
with spasticity, the F wave became more persis-
tent, making the average amplitude of 32 F waves
significantly greater than 1% of the M response
seen in normal subjects.29 A higher rate of stimu-
lation tends to increase F-wave amplitude and
persistence in normal persons and to a lesser
degree in patients with spasticity.’* Patients with
upper motoneuron disorders show less facilita-
tion of F wave with voluntary muscle contraction,
partly because already enhanced baseline values
have no room for further increase.!? Unusually
large F waves may appear in association with clin-
ical spasticity (Fig. 7-3), but reflex components
may contribute to the late response, especially
if the patient has prominent hyperreflexia. The
amplitude of the F wave also increases in periph-
eral nerve disorders presumably because regen-

erated axons supply a greater number of muscle
fibers 37,136

3. F-WAVE ANALYSIS

Recording and Measurement

A supramaximal stimulus applied at practically
any point along the course of a nerve elicits the
F wave. The use of submaximal stimulation,
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Baseline After imagery After exercise

(B) Atrest Imagery 3% 30%  15%

FIGURE 7-2  (A) Raster mode display of 16 consecutive traces showing M responses and F waves recorded from the
abductor pollicis brevis muscle before (left) and after (middle) 3 hours of muscle immobilization, and after subsequent
exercise (right) in a 26-year-old healthy woman. (Top) Analyses of 100 traces showed a change from 49% to 23% and 35% in
persistence and from 102 uV to 49 uV and 80 pV in trial average of amplitude with relaxation task. (Bottom) Corresponding
values consisted of $1%, 62%, and 50% and 98 uV, 110 uV, and 101 uV with motor imagery task (Modified from Taniguchi,
Kimura, Yamada, et al.'**) (B) A typical time course of F-wave changes in one subject from baseline at rest to motor
imagery, followed by progressive increase and decrease of force to and from 30% maximal voluntary contraction (MVC),
and back to imagery and baseline at rest. Motor imagery enhanced F-wave persistence and amplitude, which further
increased with a slight muscle contraction, showing no additional change with a stronger effort. (Modified from Hara,
Kimura, Walker, et al.>)
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FIGURE 7-3 A 39-year-old man with chronic tetanus,
diffuse hyperreflexia, and rigidity. Supramaximal stimulation
of the peroneal nerve at the knee elicited large F waves in the
extensor digitorum brevis. Note consistency of the response
in six consecutive trials obtained on each side showing
F-wave amplitude of 57% compared to the corresponding
M response on the right and 43% on the left. Reflex
components may have contributed to the late response
despite the use of supramaximal stimulation. (From Risk,
Bosch, Kimura et al.,'** with permission. )

although not universally approved, may have
a role in patients who tolerate the procedure
poorly.p‘ Some advocate placing the cathode
proximal to the anode, which, if located rostrally,
could block the antidromic impulse, although, in
clinical practice, anodal hyperpolarization mostly
abates before the arrival of the impulse.lé3 The
reversal of stimulator orientation also circum-
vents the possibility of anodal activation known
to occur with the use of excessively high-intensity
stimulation.*”!! In routine clinical studies, we
use the conventional cathode distal stimulation
to avoid any ambiguity in maintaining the same

cathodal position in eliciting M response and F
wave. Cathodal monopolar stimulation with the
anode placed slightly off the nerve also eliminates
the concern. A surface electrode over the motor
point of the tested muscle serves as the active
electrode (E1) with the reference electrode (E2)
placed over the tendon.

An optimal display of F waves consists of an
amplifier setting of 200 or 500 yV/cm and an
oscilloscope sweep of 5 or 10 ms/cm, depending
on the nerve length and stimulus point. A high
amplification and slow sweep truncate and com-
press the simultaneously recorded M response
into the initial portion of the tracing. Most com-
mercially available instruments offer an option to
display the M response and F wave simultaneously,
but independently, using two optimal gains. For
clinical studies, routine procedures include stimu-
lation of the median and ulnar nerves at the wrist
and of the tibial and peroneal nerves at the ankle.
Stimulation of the facial nerve also elicits F waves,
although superimposition of the M response may
make its recognition difficult. Inadvertent stimula-
tion of the neighboring trigeminal afferent fibers
may simultaneously activate reflex responses,
which may mimic the F wave.

Automatic vertical shifting of successive sweeps
helps identify the number of F waves out of 10 to
18 trials and other characteristics of the waveform
(Fig. 7-4). The level of motoneuron excitability and
the number of functional axons dictate the measure
called persistence, or the percentage of the trials
with a detectable F wave. F-wave latencies mea-
sured from the stimulus artifact to the beginning
of the evoked potential normally vary by 2—4 mil-
liseconds from one stimulus to the next depending
on the nerve length. Determination of the minimal
and maximal latencies reveals not only the fastest
and slowest conducting fiber but also the degree of
scatter among consecutive responses, or temporal
dispersion. Electronic averaging of a large number
of responses permits easy analysis of mean latency,
although phase cancellation sometimes defeats its
own purpose. An automated analysis, though not
tested adequately, may shorten the analysis time.*!

Slight voluntary contraction or even mental
imagery without actual movement enhances the
incidence of the F wave, thus facilitating the analysis,
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FIGURE 7-4  (A) Normal M responses and F waves recorded from the hypothenar muscles after eight consecutive
stimulations of the ulnar nerve at the wrist and elbow. (B) Normal M responses and F waves recorded from the extensor
digitorum brevis after eight consecutive stimulations of the peroneal nerve at the ankle and knee.

especially if the trial at rest proves unsatisfactory.>®
Muscle contraction induces orthodromic impulses
along the motor axons, which would block the
stimulus-induced antidromic impulse by collision,
although with slight volitional effort, it involves only
a few motor fibers.** A greater muscle contraction
induces more voluntary impulses, which collide
with antidromic activity in many axons, inhibiting
the generation of the F wave. In addition, with such
facilitation, subliminally excited motoneurons may
discharge reflexively with input from the group IA
afferents, blocking the antidromic impulse. In this
case, reflexively activated impulses may propagate
along the motor axons cleared of the antidromic
impulse, eliciting the H reflex not normally seen
after supramaximal stimulation.

Distal versus Proximal Stimulation

The F wave, generated by antidromic impulse
propagating toward the spinal cord, has a lon-
ger latency than the M response evoked by the
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orthodromic impulse toward the muscle. With
distal stimulation at the wrist, for example, the
long-latency F wave follows the short-latency M
response with clear separation between the two.
With a shift of stimulus site, proximally the latency
of F wave decreases, whereas that of M response
increases, moving these responses closer toward
each other. So much so that F wave elicited by
very proximal stimuli, like at the axilla, super-
imposes on the tail end of the M response.5"%>
In this instance, simultaneous stimulation at the
axilla and wrist helps to isolate the F wave. With
this technique, the orthodromic impulse from the
axilla and the antidromic impulse from the wrist
collide, eliminating the M response from the
axilla and the F wave from the wrist (Fig. 7-5).
This leaves the clearly separated M response from
the wrist and F wave from the axilla for latency
measurement.!

Assuming that the latency of the F wave, like
that of M response, measures the fastest conduct-
ing motor fibers, the sum of these two latencies
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FIGURE7-5S Normal M-response (horizontal brackets) and F-wave (small arrows) recorded from abductor digit minimi
through surface electrodes. From top to bottom, supramaximal stimulation to the ulnar nerve at the wrist (S1), at the axilla (S2)
and simultaneous paired stimuli at the wrist and axilla (S1 and S2). Three consecutive traces superimposed for each tracing
show M response and F-wave elicited by wrist stimulation but only M-response with stimulation at the axilla because F wave
occurred before the completion of the former. In this instance, simultaneous stimulation at the axilla and wrist help to isolate
the F wave. With paired stimuli, the orthodromic impulse from axilla and the antidromic impulse from the wrist collide, leaving
the M response, M (S1), from the wrist and F-wave, F (S2), from the axilla intact. Schematic diagrams on the left show the
orthodromic (solid arrows) and antidromic (dotted arrows) impulses carrying the M response and the F wave, respectively.

(From Kimura.®)

remains the same regardless of the site of nerve
stimulation. This value equals twice the conduc-
tion time along the entire length of the axon plus
the central activation time of about 1.0 ms. As an
inference, F-wave latency from the axilla must
equal the sum of the latencies of the F wave and
M response elicited by distal stimulation minus
the latency of the M response evoked by axillary
stimulation.® Or, F(A) = F(W) + M(W) - M(A),
where F(A) and F(W) represent the latencies
of the F wave with stimulation at the axilla and
wrist, and M(A) and M(W), latencies of the cor-
responding M response.”!

Central Latency

Central latency or conduction time from the
stimulus point to and from the spinal cord equals
F - M, where F and M represent latencies of the F
wave and the M response (Fig. 7-6). Subtracting an

estimated delay of 1.0 ms for the turnaround time at
the cell and dividing by two, (F - M - 1)/2, yields
the conduction time along the proximal segment
from the stimulus site to the spinal cord. Although
no studies measured the central activation time at
the anterior horn cells in humans, animal data indi-
cate a delay of nearly 1.0 ms.'** The absolute refrac-
tory period of the fastest human motor fibers lasts
about 1.0 ms or slightly less.®>”> Thus, the recur-
rent discharge cannot propagate distally beyond
the initial segment of the axon during the absolute
refractory period lasting 1.0 ms after the passage of
antidromic impulse. The impulse, however, would
abate after the inhibition of Renshaw cells activated
by an antidromic impulse with two synaptic delays
of some 2.0 ms. In evaluating the minimal latency,
therefore, it seems appropriate to assume a turn-
around time of 1.0 ms.®!

The minimal-latency F wave selected out of
many trials usually, although perhaps not always,
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reveals the conduction properties of the fastest
fibers. In some diseased nerves with proximal con-
duction block, for example, some fast-conducting
motor axons that contribute to the M response
may not propagate antidromic impulses cen-
tripetally. In this instance, the stimuli that elicit
an M response evoke no F waves from the same
axons, making comparison between the M
response and the F wave inappropriate. In doubt-
ful cases, the sums of the F latency and M latency
at distal and proximal stimulus sites can test this
relationship.%"7 If they add up, then the increase
in latency of the M response elicited by a proxi-
mal stimulus equals the decrease in latency of the
F wave. If so, the F wave and the M response come
from the same group of motor fibers. This, in turn,
provides a rationale for equating the conduction
characteristics of these two muscle potentials in
various formulas for assessments of proximal ver-
sus distal nerve segments.65

F-Wave Conduction Velocity

In the upper limbs, the surface distance measured
from the stimulus point to the C7 spinous process
via the axilla and midclavicular point approxi-
mates the nerve length under consideration.’%
In the lower limb, surface measurement follows
the nerve course from the stimulus site to the T12
spinous process by way of the knee and greater
trochanter of the femur.”® The estimated nerve
length divided by the conduction time to and
from the spinal cord derives the F-wave conduc-
tion velocity (FWCV) in the proximal segment as
follows:

FWCV=(2D)/(F-M-1)

where D represents the distance from the stimu-
lus site to the cord, and (F - M — 1)/2, the time
needed to cover the length (Fig. 7-6).

The estimated length of a nerve segment by sur-
face measurement correlates well with its F-wave
latency. Observations in five cadavers showed
good agreement between surface determinations
and actual lengths of nerves in the upper limbs®”
as well as the lower limbs.”® F-wave latencies
may provide a useful measure in studying limbs
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FIGURE 7-6  The latency difference between the F wave
and the M response, (F — M), equals the time for passage of
a motor impulse to and from the cord through the proximal
segment. Considering an estimated minimal delay of 1.0

ms at the motoneuron pool, (F - M - 1)/2 yields the
proximal latency from the stimulus site to the cord. Thus,
FWCV = (D x2)/(F - M - 1), where D represents the
distance from the stimulus site to the cord; (F-M-1)/2,
the time required to cover the length D; and FWCYV,
F-wave conduction velocity in the proximal segment.
Dividing the conduction time in the segment to the cord
by that of the remaining segment to the muscle, the F-ratio
= (F-M - 1)/2M, provides a proximal to distal latency
comparison. (From Kimura,% with permission.)

of average length or in documenting sequential
changes in the same subjects. Otherwise, clinical
assessment of F-wave latency calls for determi-
nation of a surface distance to adjust for differ-
ing nerve lengths'* or the patient’s height with
the use of a nomogram.'?*!2%!%7 For unilateral
lesions affecting one nerve, comparison between
the right and left sides in the same subject or one
nerve with another in the same limb improves the
yield of abnormality.®>'6°

F Ratio

Similar to the F/M ratio®®®! where F and M rep-
resent the latency of the F wave and M response
elicited by stimulation at the elbow and knee, the
F ratio, defined as (F - M - 1)/2M, compares the
conduction time from the cord to the stimulus site
to the remaining distal nerve segment to the muscle.
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Circumventing the need for determining the nerve
length, the F ratio serves as a simple means of com-
paring the conduction characteristics between
proximal and distal segment (Fig. 7-6). Clinical use
of this ratio assumes the same proportion for the
proximal and distal segments regardless of the limb
length.%> Because of a wide variability, the F ratio
has proven less useful than theoretically expected as
a diagnostic test in individual patients. Nonetheless,
it plays an important role in characterizing the con-
duction abnormalities of various neuropathic con-
ditions as a group based on statistical comparison
between patients and control subjects.
Inournormative data, average Fratios approach
unity with stimulation of the median nerve at the
elbow, ulnar nerve 3 cm above the medial epicon-
dyle, tibial nerve at the popliteal fossa, and per-
oneal nerve immediately above the head of the
fibula. With stimulation at these sites, therefore,
the latency of the F wave roughly equals three
times the latency of the M response plus 1.0 ms
for the turnaround time. Also, the stimulus sites
at the elbow or knee, as described earlier, dissect
the total length of the axon into two segments of
approximately equal conduction time despite the
considerably longer proximal segment compared
with the distal segment.70 This finding implies
that the proximal segment conducts faster than
the distal segment, thus compensating for the dif-
ference in nerve length to make the F ratio a unity.
In fact, calculated FWCV over the proximal seg-
ment exceeds motor nerve conduction velocity
(MNCV) along the distal segment.él’m’71

4. USE OF F WAVES AS A
CLINICAL TEST

Principles and Practice

Clinical uses of F wave suffer from inherent
latency variability from one trial to the next.
Determination of the shortest latency after a
large number of trials can minimize this uncer-
tainty. In one study of the normal ulnar nerves,'®
a sample size of 10, as compared with 100, over-
estimated the F-wave latency by a maximum of
2.4 ms, whereas sampling 40 provided an equal
value. In another series, results following 10

stimuli compared with 100 stimuli gave mean
latency measurements within 1 ms, whereas 20
stimuli provided mean latencies within 0.5 ms.**
In group comparison of ulnar nerve F waves, the
lower limit of sample size showing valid results
included 16 stimuli or 10 waves for minimal and
maximal latencies and 20 stimuli or 16 waves
for chronodispersion.'”" Recording as many as
40-100 F waves at each stimulus site proved use-
ful in special studies,"® but not in a routine clini-
cal test where 10-15 stimuli suffice for practical
purposes,' 120 especially if tested with facilita-
tion by motor imagery or a slight voluntary con-
traction of the target muscle.’

Determining the latency differences between
two sides or between two nerves in the same limb
serves as the most sensitive means of examining a
patient with a unilateral disorder affecting a single
nerve. Absolute latencies serve well for evaluat-
ing the same subjects sequentially for follow-up
studies (see Chapter 11-7). Calculation of the
central latency, FWCV, and F ratio provides
additional information not otherwise available
to compare the proximal and distal segments.
Other measures, advocated by some,'* include
F chronodispersion, or scatter between mini-
mal and maximal latencies, and F tacheodisper-
sion, or distribution of the conduction velocities
estimated from a large number of consecutively
recorded F waves.'#!*2

Normal Values

Tables 7-1 and 7-2 (see also Appendix Table 1-6)
summarize the ranges and the upper and lower
limits of F-wave values defined as 2 standard
deviation (SD) around the mean established in
the same control subjects described for nerve
conduction studies (see Tables 6-1, 6-4, 6-11, and
6-13 in Chapter 6).

Reported normal values include those of more
commonly tested muscle such as extensor digito-
rum brevis, abductor hallucis, abductor pollicis

brevis, and adductor digiti minimi>!%2%4461,65

70-72,76,96,103,107,147,162 and of the less commonly

tested such as the gastrocnemius and soleus

muscles, "' flexor carpi radialis,®® flexor hal-
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lucis brevis, vastus lateralis, nasalis,
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Table 7-1 F Waves in Normal Subjects*

NO. OF SITE OF F-WAVE DIFFERENCE CENTRAL DIFFERENCE CONDUCTION F RATIO§

NERVES STIMULATION LATENCY TO BETWEEN LATENCY' TO BETWEEN VELOCITY? BETWEEN

TESTED RECORDING RIGHT AND AND FROM THE RIGHT AND TO AND FROM PROXIMAL
SITE LEFT SPINAL CORD LEET THE SPINAL AND DISTAL
(ms) (ms) (ms) (ms) CORD (m/s) SEGMENTS

122 median Wrist 26.6+22(31)" 095+0.67(2.3)" 23.0+£21(27)* 093+0.62(22)* 653+4.7(56)!

nerves from Elbow 22.8+1.9(27) 0.76 +0.56 (1.9) 154+1.4(18)  071+0.52(1.8) 67.8+5.8(56) 0.98+0.08

61 subjects Axilla¥ 20.4+1.9 (24) 0.85+0.61 (2.1) 10.6+1.5(14)  0.85+0.58(2.0)

130 ulnar Wrist 27.6+2.2(32) 1.00 £ 0.83 (2.7) 25.0+2.1(29) 0.84+0.59 (2.0)  65.3+4.8(55)

nerves from Above elbow 23.1+1.7(27) 0.68 +0.48 (1.6) 160+12(18)  0.73+0.52(1.8)  65.7+53(55) 1.05+0.09

65 subjects Axilla¥ 20.3+ 1.6 (24) 0.73 +0.54 (1.8) 104+ 1.1(13)  0.76+0.52(1.8)

120 peroneal Ankle 48.4+ 4.0 (56) 1.42+1.03 (3.5) 44.7 +3.8 (52) 1.28+0.90(3.1)  49.8+3.6(43)

nerves from Above 39.9+3.2(46) 1.28 £0.91 (3.1) 27.3+2.4(32) 1.18£0.89 (3.0)  55.1+4.6(46) 1.05+0.09

60 subjects knee

118 tibial Ankle 47.7+5.0(58) 1.40 £ 1.04 (3.5) 43.8+4.5(53) 1.52£1.02(3.6)  52.6+4.3(44)

nerves from Knee 39.6 + 4.4 (48) 1.25+092(3.1) 27.6+32(34) 123+0.88(3.0) S53.7+48(44) 1.11%0.11

59 subjects

*Mean * standard deviation (SD) in the same patients shown in Tables 6-1, 6-4, 6-11, and 6-13.
Central latency = F — M, where F and M represent latencies of the F wave and M response.
*Conduction velocity = 2D/ (F - M 1), where D indicates the distance from the stimulus point to C7 or T12 spinous process.
SF ratio = (F - M — 1) /2M with stimulation with the cathode on the volar crease at the elbow (median), 3 cm above the medial epicondyle (ulnar), just above the head of the
fibula ( peroneal), and in the popliteal fossa (tibial).
9F (A) = F (E) + M(E) - M(A), where F(A) and F(E) represent latencies of the F wave with stimulation at the axilla and elbow, and M(A) and M(E), latencies of the
corresponding M response.
**Upper limits of normal calculated as mean +2 SD.
Lower limits of normal calculated as mean -2 SD.



Table 7-2 Comparison between Two Nerves in the Same Limb*

NO. OF SITE OF F-WAVE LATENCY TO RECORDING SITE CENTRAL LATENCY' TO AND FROM
NERVES STIMULATION THE SPINAL CORD
TESTED
MEDIAN ULNAR DIFFERENCE MEDIAN ULNAR DIFFERENCE
NERVE NERVE NERVE NERVE
70 nerves from Werist 266+23 3D 272+25(32)" 1.00+0.68 (2.4)"  23.3+22(28)" 24.5+24(29)F 124+0.75(2.7)°
35 patients Elbow 229+18(26) 23.0+1.7(26) 0.84%0.55(1.9) 155+1.4(18) 160+12(18)  0.79+0.65(2.1)
PERONEAL TIBIAL DIFFERENCE PERONEAL TIBIAL DIFFERENCE
NERVE NERVE NERVE NERVE
104 nerves from Ankle 47.7+4.0(55)  48.1+42(57) 1.68+1.21(4.1) 436+4.0(52) 441+£39(52)  1.79+1.20(4.2)
52 patients Knee 39.6+3.7(47) 40.1+£3.7(48) 1.71+1.19(4.1) 27.1+29(33) 28.0+2.7(33) 1.75+1.07(3.9)

*Mean * standard deviation (SD) in the same patients shown in Tables 6-2 and 6-12.
Central latency = F — M, where F and M represent latencies of the F wave and M response.
¥Upper limits of normal calculated as mean +2 SD.



triangularis,164 extensor digitorum communis, %+

and extensor indicis.!*?

F-wave persistence varies widely depend-
ing on the degree of central drive not only at
the time of> but also immediately prior to the
study'®'* In general, the peroneal nerve sup-
plying only extensor digitorum brevis below the
ankle gives rise to a low value as compared to the
tibial nerve, which innervates the remainder of
the intrinsic foot muscles. Similarly, the median
nerve, controlling a smaller number of muscles,
has less persistence compared to the ulnar nerve
with more intrinsic hand muscles. The excitability
of the motoneuron population also varies among
different nerves. A motor imagery or slight volun-
tary muscle contraction increases the chance of
recording the fastest conducting fibers.>

Of all the measures of NCS in healthy
subjects shows the best
reproducibility.*””!*8 Latency difference between
the two sides and between two nerves in the same
limb serves as the best measure in detecting a
lesion affecting only one nerve. In diffuse process,
the use of height nomogram serves well as an
acceptable means to adjust F latencies for the limb
length. Latency-height nomograms (see Appendix
Figs. 1-1, 1-2, 1-3) show linear relationships for
upper- and lower-limb nerves.!'” Our data, based
on F waves elicited by 32 stimuli in 100 healthy
subjects102 indicate the need of at least 10 stimuli

F-wave latency

to determine the mean latency and 15 stimuli for
the minimal and maximal latencies. Similar to
other nerve conduction studies, cold limb calls
for temperature correction to 32° by subtracting
4% of the measured value per degree to achieve
adjusted latency.

In addition to the commonly used minimal
latency, FWCV and persistence, clinically rel-
evant measures with a narrow variability include
mean and maximal latencies, chronodispersion,
and mean duration. In particular, mean latency
obtained with 10 stimuli give accurate results
either for group or individual analysis.'**

Disorders Associated with F-Wave
Abnormalities

Studies of the F wave help characterize polyneu-
ropathies in general and those associated with
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prominent proximal abnormalities in particular
(Figs. 7-7, 7-8, and 7-9). In the diagnosis of more
localized nerve lesions such as radiculopathies,
the remaining normal segment dilutes a conduc-
tion delay across the much shorter segment. Thus,
relatively mild abnormalities over restricted seg-
ments rarely alter the F-wave latency beyond its
inherent variability (see Chapter 11-7). In fact,
in experimental allergic neuritis with demyelina-
tion of the ventral roots, only 14% of the guinea
pigs and 7% of the rabbits showed an abnormal
increase in F-wave latency in fibers with normal
MNCV."! The latency of an F wave elicited after
a proximal stimulation close to the lesion can
isolate a relatively short central loop that con-
tains the site of involvement. The F wave elicited
here, however, overlaps with the M response,
unless combined with a collision method (see
Chapter 7-3), which, in effect, separates the two
components for latency determination.”* Further,
this relatively short central pathway still dilutes
a very focal slowing of a radicular lesion, which
constitutes only a small portion compared to the
remaining normally conducting unaffected por-
tions of this loop.

The F-wave studies show consistent abnormal-
ities in patients with hereditary motor sensory
neuropathy  (Panayiotopoulos, 1978),5%70107
acute or chronic demyelinating neuropathy,**7"7¢
diabetic neuropathy,'”’* uremic neuropathy,'°
alcoholic neuropathy,® and a variety of other
neuropathies.®! Other categories of disorders
associated with F-wave changes include entrap-
neuropathies,30’160 large-fiber

129 amyotrophic lateral sclerosis,
2

ment sensory

neuropathy, S
neurogenic thoracic outlet syndrome,
radiculopathies.sl’45 Some patients with cervical
syringomyelia may have increased F-wave laten-
cies of the median or ulnar nerve with normal
peripheral conduction velocities. 116129 A number

of disorders show characteristic F-wave abnor-

and

malities as summarized in the following sections.

HEREDITARY MOTOR SENSORY
NEUROPATHY

Patients with advanced illness often have small M
responses and absent F waves in the lower limbs
(Panayiotopoulos, 1978)"'%7  with relatively

LATE RESPONSE, REFLEX, AND OTHER METHODS
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FIGURE 7-7 M response (open brackets) and F wave (small arrows) recorded from the abductor hallucis in two patients
with the Guillain-Barré syndrome. (A) The first subject had an increased F-wave latency. The M response remained normal

in latency, although reduced in amplitude. (B) The second subject, a 26-year-old man with progressive generalized weakness

for 2 weeks had difficulty rising from the chair or climbing stairs. F-wave latency, normal on September 18, became prolonged

on September 24 by 4 ms from the previous measures with stimulation of the median nerve either at the wrist or at the elbow,

suggesting a proximal conduction delay.

preserved responses in the upper limbs. These find-
ings support the clinical impression that the disease
affects the lower limb more severely (Table 7-3).
Mildly diseased nerves may show slow motor con-
duction in the distal segment and normal conduc-
tion in the proximal segment.61 In advanced cases,
conduction abnormalities affect both segments
equally. A bimodal distribution of MNCV'*® and
F-wave latencies supports the dichotomous sepa-
ration into hypertrophic and neuronal types, or
hereditary motor sensory neuropathy Type I and IT
(HSM I and II) (see Chapter 24-S). Intermediate
F-wave latencies seen in some series probably
reflect extreme variability of conduction over a
wide spectrum in each group (Fig. 7-10).

GUILLAIN-BARRE SYNDROME

Conduction abnormalities may involve any seg-
ment of the peripheral nerve in Guillain-Barré
syndrome (GBS) (Table 7-4). The disease com-
monly affects the most proximal, possibly radic-
ular, portion of the nerve and the most distal or
terminal segment, relatively sparing the main
nerve trunk during early stages (see Chapter
24-3) 48667176 The routine conduction studies
may show normal results in 15%-20% of cases
tested within the first few days of onset.”® Some
of these patients may have axonal neuropathies,
but others probably have the lesion too proximal
for detection with the use of ordinary techniques.
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Charcot-Marie-Tooth Disease

Casel -p Case I ks Case III B.M. Case IV S
Right Median Nerve Left Median Nerve Right Ulnar Nerve Left Ulnar Nerve
Siteof | i
stimulation i | F
Y ¥ t M
Wrist I\M l?" ‘/,—4-&-
M [

I
Elbow .f'./, w
(I

L
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i .
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FIGURE 7-8 M response (horizontal brackets) and F wave (small arrows) recorded from the thenar muscles (cases

1 and 2) and hypothenar muscles (cases 3 and 4) in patients with demyelinative form of Charcot-Marie-Tooth disease,

or hereditary motor sensory neuropathy Type I. Three consecutive trials in each showed markedly increased M-response
and F-wave latencies requiring a slower sweep speed of 20 ms/cm instead of the usual 5 ms/cm. Note clear separation of
M response and F wave even with proximal stimulation at the axilla because of slowed conduction, rendering the collision

technique unnecessary (cf. Fig. 7-5). (Modified from Kimura.®")

(A) Tibial nerve (B) Tibial nerve
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FIGURE 7-9 A 44-year-old man with adrenoleukodystrophy and diffuse weakness. Stimulation of the tibial nerve at the
ankle and knee on the right (A) and left (B) elicited the F waves in the abductor hallucis, showing an increase in latency and
marked temporal dispersion. These findings indicate proximal conduction abnormalities in sharp contrast to the normal M

response, indicating integrity of the distal segment.



Table 7-3 Hereditary Motor Sensory Neuropathy (mean +SD)
NO. OF SITES OF M LATENCY F LATENCY MNCV FWCV FROM
NERVES STIMULATION (ms) (ms) BETWEEN TWO CORD TO
TESTED STIMULUS STIMULUS
SITES (m/s) SITE (m/s)
36 median Wrist 6.4+3.0 55.6 +26.1 304+ 14.6 33.7+14.6
nerves Elbow 15.6+7.8 46.1+21.4 ; 8' 9 ; 20'2 36.4+14.9
Axilla 22.2+10.6 39.3+17.8 R 384+16.8
1ul ‘Wrist 212 S+35.1 2+ 18.
31 ulnar ris S 9 55.5+35 38,0+ 18.3 39 7
nerves Below elbow 13.1+79 48.2+29.8 36.6+19.3 40.2 +19.0
Above elbow 18.0+ 10.6 40.7 £27.2 42'5 J‘r 22‘ . 42.3+20.8
Axilla 21.3+14.0 37.3+23.6 T 43.7+£18.9
10 1 Ankl 6%1. 2.8+10.6 472 +6.
peronea e S 3 S 407+ 152 9
nerves Knee 15.0+ 4.8 50.8 £19.1 41.6+6.8
22 tibial Ankle 54+£1.4 62.8+21.3 403+ 14.9 429+ 14.2
nerves Knee 162 +6.3 52.5+15.3 T 439+12.3

FWCV, F-wave conduction velocity; MNCV, motor nerve conduction velocity.

These cases typically show absent F waves ini-
tially during acute stages of illness. The return of
the previously absent F wave indicates recovery
of conduction across the proximal segment. The
considerably increased F-wave latency usually
suggests a demyelinative lesion (Fig. 7-10).

Many patients have a normal F ratio, which
indicates an equal slowing of conduction above
and below the stimulus site at the elbow and knee.
This does not necessarily mean uniform abnormal-
ities along the entire length of the peripheral nerve.
In our series, the cord-to-axilla segment showed
slowing more frequently than the elbow-to-wrist
segment for both the median and ulnar nerves.
In calculating the F ratio, a marked slowing at
the common compression site in the distal seg-
ment compensates for the prominent proximal
abnormalities.

DIABETIC, UREMIC, AND OTHER
NEUROPATHIES

Clinical observations of a glove and stocking
distribution of neuropathic symptoms do not
necessarily imply a distally dominant pathologic

process (see Chapter 24-2) because probability
models can reproduce the same sensory deficit
on the basis of randomly distributed axonal dys-
function.>* In fact, most diabetic neuropathies
show conduction abnormalities along the entire
length of the nerve, 9254874148 although not as a
universal finding in mild cases.”” Thus, minimal
F-wave latency serves as the most sensitive and
reproducible measure of conduction slowing in
neuropathies associated with diabetes mellitus
(see Chapter 11-7).*”7 The average value and
distribution of the F ratio indicate distally promi-
nent conduction abnormalities, as expected in
this type of neuropathy (Fig. 7-11). In contrast,
patients with proximal amyotrophy may have an
increased F ratio in the lower limbs."?

Patients undergoing hemodialysis for chronic
renal®*or hepatic®* failure have an increased
F-wave latency with greater than normal differ-
ences between the minimum and maximum val-
ues. In some of these patients an increased F ratio
implies predominant affection of the proximal
nerve segrnent12 but in others, slowing of nerve
conduction involves both segments to the same
extent.>®
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FIGURE 7-10 Latencies of F wave and M response for median (A), ulnar (B), peroneal (C), and tibial nerves (D) in
control, Guillain-Barré syndrome, and Charcot-Marie-Tooth disease. The histogram includes only those nerves whose
stimulation elicited both an M response and F wave at the sites of stimulation indicated in the key. The difference in latency
between F wave and M response (triangles) equals the central latency required for passage of the impulses to and from the

spinal cord. (Modified from Kimura.®®)
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Table 7-4  Guillain-Barré Syndrome (mean + SD)
NO. OF SITES OF M LATENCY F LATENCY MNCV FWCV FROM
NERVES STIMULATION (ms) (ms) BETWEEN TWO CORD TO
TESTED STIMULUS STIMULUS
SITES (m/s) SITE (m/s)
S8median  Wrist 5.8+3.1 381127 4854121 48.6+11.1
nerves Elbow 112 +£4.8 32.6+99 55.5+ 14.1 49.1+11.4
Axilla 14.5+£ 5.7 29.4+9.5 47.5£14.5
40 ulnar Wrist 40£20 36.8+ 8.6 $2.2+ 107 48.1+9.7
nerves Below elbow 83%25 32.1+7.1 477+ 12.0 47.4+9.6
Above elbow 11.2+3.5 29.7+87 6.8+ 149 474107
Axilla 13.7+4.8 27.2+6.2 48.0+£12.3
39 peroneal Ankle 7.6 £4.8 599+11.5 43.0+82 42.5+8.7
nerves Knee 16.9+5.8 50.6 £10.3 43.9+11.8
29 tibial Ankle 5.6+2.3 564+10.6 433490 427+88
nerves Knee 14.6 £3.8 479+94 43.8+£9.9
FWCYV, F-wave conduction velocity; MNCV, motor nerve conduction velocity.
ENTRAPMENT AND COMPRESSION 13-
SYNDROMES ol oz '
In general, F wave studies fail to provide a sensi- Lk % 5
tive measure for the evaluation of entrapment EH ) F
syndromesbecause disproportionatelylongerunaf- = s o1 £ w T
fected segments tend to dilute the focal conduction = H T -
abnormalities (see Chapter 11-7). An increased E’a 0or % i .,%5;
F-wave latency, if seen in entrapment or compres- 5 o5} R o
sion neuropathies'*”'3® has no localizing value as ™ : %
it covers the entire length of the motor axons. A 07 g
reduced F ratio of the median nerve in the carpal 06L
tunnel syndrome (CTS) rivals that in diabetic neu-
ropathy, indicating distally prominent abnormali- R s— oTs Dihenc
ties in both conditions (Fig. 7-11).”* With loss of
axons, unaffected neurons backfire at higher than ~FIGURE7-11  Fratio of the median nerve in 57 control

normal frequencies, resulting in an increased per-
centage of repeater F waves as reported in CTS”

Plexopathy

F-wave latency may increase in the neurogenic,160

but not in the vascular, type of the thoracic outlet
syndrome. 5137138 F_yave changes render use-
ful information in some children with brachial
plexus injury at birth,*® but the results may remain
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subjects, 44 patients with carpal tunnel syndrome (CTS),
and 93 patients with diabetic polyneuropathy. Statistical
analysis showed significantly (p < .01) reduced ratios in both

disease groups, indicating disproportionate distal slowing of

motor conduction. (Modified from Kimura.®”)

normal in clinically established cases of brachial
or lumbosacral plexopathy.*

An unequivocal delay or absence of the F wave
in conjunction with normal motor conduction
distally indicates a proximal lesion (Fig. 7-12).

LATE RESPONSE, REFLEX, AND OTHER METHODS
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FIGURE 7-12 A patient with a sacral plexus lesion on the
left. Stimulation of the tibial nerve at the ankle and knee
elicited an M response (open brackets) and F wave (small
arrows) in the abductor hallucis. Note the increased F-wave
latency on the affected side despite a normal M response.

Right-to-left difference usually serves as a reliable
means of assessing unilateral lesions, although
even this measure often falls short of document-
ingsmalllatency change.®® The F-wave persistence
declines on the affected side, compared with the
normal side, when the proximal lesion induces
partial conduction block. In some patients with
neurogenic claudication, serial studies before and
after ambulation reveal dynamic alterations in
F-wave persistence and 1atency.89’92’113’118’141’146
A reversible suppression of F waves with exercise
seen in this condition stands in contrast to the
contraction-induced physiologic excitation of the
anterior cells®® This finding, which suggests an
ischemic conduction block, corroborates a neu-
rogenic origin of the symptoms.

RADICULOPATHY

A number of reports have suggested clinical value
of F-wave study in assessing patients with root
3034353114149 po o]
ations discussed earlier, however, clearly imply
its limitation as an electrodiagnostic measure of
radiculopathies. Other reasons for failure of F

injuries. consider-

waves to provide clinically useful information in
this condition include the following: (1) a sur-
viving fast-conducting neuron gives rise to a nor-
mal F-wave latency in an incomplete lesion; (2)

the F waves recorded from the intrinsic hand and
foot muscles mostly originate from C8-T1 and
S1-2 roots, excluding more commonly affected
C7 and LS levels from evaluation; (3) normal F
waves derived from an unaffected root or rootlet
mask possible abnormalities of the affected roots;
(4) F-wave abnormalities, which indicate slow-
ing somewhere along the length of the axon, can-
not localize the lesion, if seen in a patient with
radiculopathy.

Consistent with the theoretical limitation stated
earlier, most reported studies show disappoint-
ingly low yields. In one well-controlled study of
cervical radiculopathy, % sensitivity of the F wave
ranged only from 10% to 20%. More specifically,
10% of 2093 patients who had clinical symptoms
of cervical radiculopathy and 3% of 1005 patients
with normal examinations showed F-wave abnor-
malities. In the same series, 7% of patients with
clinical and electromyographic (EMG) evidence
of radiculopathy had increased F-wave latencies.
Thus, the F wave showed abnormalities twice as
often in patients with clinical symptoms of radicu-
lopathy as compared to those with normal exami-
nation. The likelihood of finding an increased
F-wave latency approached 20% in patients with
an abnormal needle examination, indicating a C8
radiculopathy. Thus, F-wave studies add little in
patients showing EMG changes consistent with
radiculopathy. F-wave abnormalities, if seen in
conjunction with normal needle studies, have a
limited clinical value in diagnosing radiculopathy
for the lack of localizing value. Finally, F-wave
studies may show statistically significant changes
in patients with radiculopathies compared to the
control subjects. A group difference, however,
means little for an electrophysiologic technique
used to confirm a clinical diagnosis in individual
patients.

FLACCID PARALYSIS

Spinal shock suppresses the H reflex and F wave
below the lesion very early after injury. Although H
reflexes tend to recover within days, F waves may
remain absent for weeks.3* In one series,?’ 50% of
the acute spinal cord injury patients had no F waves
below the lesion site despite the preservation of M
responses. The F wave returned during the chronic
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stage, suggesting the effect of spinal shock on the
excitability of the motoneurons. These types of
F-wave changes can also occur in an evolving spi-
nal cord or conus medullaris lesion,>'®**° mimick-
ing the abnormalities seen in early stages of GBS.**
Reduced F-wave excitability in acute flaccid hemi-
paresis generally recovers toward the normal range
during chronic stages.?>** In our experience, some
patients with hysterical paresis also show reduced
F-wave excitability, probably by inhibitions of the
facilitatory central drive (see Chapter 7-2). Clinical
use of F wave should take all these possibilities into
consideration.

Other Disorders

Other entities associated with F-wave abnormali-
ties include amyotrophic lateral sclerosis (ALS)”
and acoustic neuroma.'>

5. A WAVES AND OTHER
RELATED RESPONSES

Basic Types of A Wave

If a submaximal stimulus excites one branch of the
axon but not the other, the antidromic impulse

f

1
Rl
< N

propagates up to the point of branching and turns
around to proceed distally along a second branch.
This gives rise to a late response, which, unlike F
waves, remains constant in latency and waveform.
The designation, A waves, has replaced the tradi-
tional name, axon reflex, to avoid the implication
of its reflexive origin. Its initial description, the
intermediate latency response,®’ also has fallen
in disrepute as the A waves do not necessarily
appear between the M response and the F wave.
Possible pathophysiologic mechanisms include,
in addition to collateral sprouting, ephapsis, or a
cross talk from a neighboring axon, and ectopic
discharges generated in the hyperexcitable por-
tion of the motor axon after the passage of an
impulse (Fig. 7-13).11091

The A wave has a constant latency and wave-
form because it originates from the same portion
of a single motor unit, either at a branching point
of a collateral sprout or at an unstable site vulner-
able to ephaptic or ectopic discharge. Regardless
of the underlying physiologic mechanisms,
A-wave latencies decrease with more proximal
stimulation, indicating, analogous to the F wave,
an initially antidromic passage of the impulse. The
point of origin and conduction velocity of the two
branches of the axon determine the latency of the

i N J
e
<™
COLLATERAL ECTOPIC EPHAPTIC
INNERVATION DISCHARGE ACTIVATION

FIGURE 7-13  Pathophysiologic mechanisms for three types of A wave: (1) ephaptic activation of hyperexcitable segment
by a nerve impulse of the neighboring axons, (2) an ectopic discharge triggered by a propagating impulse, and

(3) turnaround at a branching point of collateral innervation.
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A wave. The regenerating unmyelinated collateral
sprout may conduct the ascending or descending
impulses much more slowly than the neighboring
intact axons that relay the F wave. Hence, A waves,
despite a shorter pathway may follow rather than
precede the F wave (Fig. 7-13).

Physiologic Characteristics

With the A waves generated by collateral
sprouting, shocks of higher intensity, activating
both branches distally, eliminate the response
because two antidromic impulses collide as they
turn around at the branching point (Fig. 7-14).

(A) Tibial nerve

S(1)

IO.S mV

10 ms

It

Thus, supramaximal stimuli normally abolish
the collateral A wave altogether. In contrast, an
ephaptic A wave will persist if slow-conducting
antidromic impulse induces ephaptic transmis-
sion of the neighboring fast-conducting axon
after the passage of its antidromic impulse,
thereby escaping the collision. An increase in
shock intensity also fails to inhibit the ectopic
A wave induced by antidromic passage of an
impulse across a hyperexcitable segment of an
axon. In this case, paired shocks abolish the A
wave because the second antidromic impulse
collides with the ectopically generated ortho-
dromic impulse. With repetitive shocks, only

Wrist
stim

Weak shock

Strong shock

FIGURE 7-14  (A) A S1-year-old man with low-back pain. Stimulation of the right tibial nerve at the ankle elicited a

number of A waves. A series of eight tracings, displayed with stepwise vertical shift of the baseline, confirm the consistency.
This type of display not only facilitates the selection of the F wave with minimal latency but also allows individual
assessments of all the late responses. Of the three A waves (small arrows, 1,2, and 3) elicited by a weak shock, S(1), a stronger
shock S(2), eliminated only the earliest response. (B) Collateral sprouting in the proximal part of the nerve. A strong shock,
activating both branches, can eliminate the A wave generated by weak stimulation by collision. (Modified from Fullerton and
Gilliatt, 1965.)
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every other stimulus gives rise to an ectopic
A wave because even-numbered shocks cause
collision. Analyses of recorded responses using
various maneuvers usually prove or disprove
the ephaptic hypothesis in each case.”*

Distal stimulation of the median or ulnar
nerve at the wrist or the peroneal or tibial nerve
at the ankle most commonly evokes an A wave.
In contrast, proximal stimulation above the ori-
gin of the collateral sprout or the point of ephap-
tic or ectopic discharges induces only an M
response. Thus, a series of stimuli applied along
the course of the nerve may localize the site of
origin. Collateral sprouting, however, does not
always develop at the level of the lesion but
frequently well below the actual site of involve-
ment.>! Distal and proximal stimuli may elicit
the same A wave, allowing determination of

(A) Tibial nerve
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conduction velocity for the short intersegment
of that particular motor fiber.

Late Motor Response

Alate motor response presumably mediated by an
axonloop alongthe nerve may mimican A wave.'?!
A late potential may also result from a scattered
motor response with slow conduction in patho-
logic nerves. Again, with proximal stimulations
the latency of the A wave decreases, whereas that
of a temporally dispersed M response increases
(Figs. 7-15). If repetitive potentials originate dis-
tally by the orthodromic impulse, their latencies
change with M response, shortening with more
distal stimulation. The electric field of the muscle
action potential could also ephaptically re-excite
an intramuscular axon, producing a muscle-nerve
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FIGURE 7-15  (A) A waves after stimulation of the left tibial nerve at the ankle or knee in the same patient as in Figure 7-14.
Proximal stimulation eliminated the A wave (arrow) that followed the F wave with distal stimulation. This finding suggests the
generation of the A wave at a site between the distal and proximal stimulation point. (B) A 50-year-old man with recurrent
backaches following laminectomy. Stimulation of the tibial nerve at the ankle or knee elicited the A wave (arrow). Like the F
wave, the latency of the A wave decreased with proximal site of stimulation. This indicates that the impulse first propagates in

the centripetal direction.
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reverberating loop.'*® In these cases, the origi-
nal muscle potential and the repetitive discharge
maintain the same interval regardless of the nerve
stimulation point.

Repetitive Discharges

Less frequently, repetitive A waves, or
A-wave multiplex, occur after the M response
(Fig. 7-16).”% In the absence of synaptic connec-
tion along the pathway, the impulse can usually
follow a high rate of repetitive stimulation up to
40 Hz. Repetitive A waves, however, usually fail
at high rates of stimulation and tend to vary in
latency and waveform even if they originate from
a single axon. High-frequency responses proba-
bly result from reverberating ephaptic or ectopic
discharge at a focal point of an axon, leading to

Tibial nerve

0.5 mV
10 ms

FIGURE 7-16 Incidental finding in a 38-year-old man
with a history of right pelvic fracture. Stimulation of the
right tibial nerve at the ankle and knee elicited the repetitive
discharge. Its onset latency shortened with proximal as
opposed to distal stimulation, as expected for an A-wave
multiplex.

repetitive re-excitation of the same site through
complex neural pathways. '3!3

Disorders Associated with A Waves

A heterogeneous group of patients develop A
waves as a sign of peripheral neurogenic disor-
ders. Occasionally some healthy individuals, par-
ticularly in old age, may also show this discharge,
especially when studying the tibial nerve. The
A waves abound in acute and chronic neuropa-
thies, widely varying in pathophysiology from
nerve regeneration to demyelination. The com-
monly associated disease entities include various
entrapment syndromes, tardy ulnar palsy, bra-
chial plexus lesions, diabetic neuropathy, HSMN
I and II, facial neuropathy, ALS, GBS, and cervi-
cal root lesions, to mention only a few."”¥!3% In
one series,'*> A waves prevailed in demyelinating
neuropathy, often showing a complex waveform.
In another study of diabetic subjects,'*' A waves
occurred in 25% of the tibial and 14% of peroneal
nerves but only in 2% of median and ulnar nerves,
probably as subclinical abnormalities.
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Abbreviations: CIDP—chronic inflammatory demyelinating polyneuropathy, CMAP—compound
muscle action potential, D—direct response, E1—active electrode, E2—reference electrode, EMG—
electromyography, GBS—Guillain-Barré syndrome, HMSN—hereditary motor sensory neuropathy,
R/D ratio—rate of R1 to direct response, REM—rapid eye movement

1. INTRODUCTION

Commonly tested cranial nerves in an electro-
myographic (EMG) laboratory include the facial
and trigeminal nerves. ' Surface stimulation
of the facial nerve as it exits from the stylomas-
toid foramen or more distally (see Chapter 11-3)
gives rise to compound muscle action potentials
(CMAPs) in various facial muscles on the same
side. A reduction in size of this direct response
(D), so called to distinguish it from the reflexive
contraction after stimulation of the trigeminal
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nerve, signals the loss of distal axons, which in
turn determines the prognosis for recovery.
Electrical stimulation of the supraorbital
nerve elicits two or more temporally separate
responses of the orbicularis oculi muscles, an
ipsilateral early component (R1) via a short
latency pontine pathway and bilateral late com-
ponent (R2) and sometimes later component
(R3) through a complex route, which includes
the pons, lateral medulla, and reticular forma-
tion (Fig. 8-1). A contralateral R1, which usually
remains inactive, may also appear under some
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FIGURE 8-1 (A) (Top) Stimulation and recording arrangement for the blink reflex, with the presumed pathway of R1
through the pons (1) and ipsilateral and contralateral R2 through the pons and lateral medulla (2 and 3). The schematic
illustration shows the primary afferents of R1 and R2 shown as one fiber, but details of polysynaptic central connections of
these reflexes remain unknown. (Bottom) A typical blink reflex after right-sided stimulation, with an ipsilateral R1 response and
bilateral simultaneous R2 responses. (Modified from Kimura.**) (B) Five basic types of blink reflex abnormalities. From top

to bottom, the finding suggests the conduction abnormality of (1) afferent pathway along the trigeminal nerve (Vin A); (2)
efferent pathway along the facial nerve (VI in A); (3) main sensory nucleus or pontine interneurons relaying to the ipsilateral
facial nucleus (1 in A); (4) spinal tract and nucleus or medullary interneuronal pathways to the facial nuclei on both sides;

(S) uncrossed medullary interneurons to the ipsilateral facial nucleus (2 in A); and (6) crossed medullary interneurons to the
contralateral facial nucleus (3 in A). Increased latencies of R1 usually indicate the involvement of the reflex arc itself, whereas
the loss or diminution of R1 or R2 may result not only from lesions directly affecting the reflex pathway but also those indirectly
influencing the excitability of the interneurons or motoneurons.
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circumstances often associated with absent ipsi-
lateral R1 as in some cases of Bell’s palsy.®* These
findings suggest unmasking of a crossed pathway
for R1 similar to the mechanism proposed for
enhanced R2 contralateral to the paralyzed side
of the face.”®

Of the two main components, R1 serves as a
more reliable measure of nerve conduction along
the reflex pathway. Analysis of R2 helps localize
the lesion to the afferent or efferent reflex arc.
Involvement of the trigeminal nerve causes an
afferent pattern with delays or diminution of R2
bilaterally after stimulation of the affected side.
Diseases of the facial nerve give rise to an efferent
pattern with alteration of R2 only on the affected
side regardless of the side of trigeminal nerve
stimulation. In this type of analysis, we can draw
an analogy to the two types of abnormality for
pupillary light reflex. In an afferent defect, light
stimuli given to the affected eye constrict neither
pupil, whereas in an efferent defect, stimuli to
either side fail to constrict the pupil only on the
affected side.

2. STIMULATION OF THE
FACIAL NERVE

Table 8-1 (see also Appendix Table 1-7) sum-
marizes the normal latencies measured to the

Table 8-1 Facial Nerve Latency in 78
Subjects Divided into Different Age Groups

AGE MEAN (ms) RANGE (ms)
0-1 month 10.1 6.4-12.0
1-12 months 7.0 5.0-10.0
1-2 years S.1 3.5-6.3
2-3 years 3.9 3.8-4.5
3—4 years 3.7 3.4-4.0
4-S§ years 4.1 3.5-5.0
S-7 years 39 3.2-5.0
7-16 years 4.0 3.0-5.0

Modified from Waylonis and Johnson.'**
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onset of the negative deflection of the evoked
potential in 78 subjects divided into different age
groups.'3*

Stimulating the facial nerve trunk just below
the ear and anterior to the mastoid process
or over the stylomastoid foramen elicits a D
response in all the mimetic muscle on that side
(Fig. 8-2A). Selective stimulation of a given
branch of the facial nerve more distally elicits a
relatively isolated response with a shorterlatency
from the muscle innervated by this branch (Fig.
8-2B,C). An active electrode (E1) placed on the
ipsilateral nasalis with reference electrode (E2)
on the inactive, contralateral nasalis suits best
for assessment of D response, although other
possible recording sites include orbicularis
oculi, orbicularis oris, and quadratus labii.3®
Recording from distant facial muscles follow-
ing a stimulus delivered to a single facial motor
branch helps identify an ephaptic impulse trans-
mitted between different facial motor branches
(see Chapter 28-10).%* Selective recording from
a target muscle may require a coaxial needle
placed in the orbicularis oris just superior to the
corner of the mouth or in the orbicularis oculi
at the lateral epicanthus. The use of a monopo-
lar needle calls for a surface or a second needle
electrode in the vicinity as a reference. A larger
electrode placed on the forehead or under the
chin serves as the ground.

With a facial nerve lesion as in Bell’s palsy,
the onset latency of D response rarely shows a
clear abnormality even after substantial axonal
degeneration because the surviving axons con-
duct normally. A proximal section of the nerve,
however, results in a gradual loss of distal excit-
abilitytoward the end of the firstweek with initial
failure of the neuromuscular junction followed
by the emergence of wallerian degeneration
(Fig. 8-3). Amplitude reduction of the distally
elicited D response reflects the degree of axonal
loss, which determines the prognosis. Despite a
substantialintra-individual side-to-side variabil-
ity, a 50% reduction compared to the unaffected
side usually indicates unequivocal nerve degen-
eration. A normal or near-normal response
1 week after injury suggests a good prognosis.
Serial determinations may, however, reveal fur-
ther decline in amplitude thereafter, indicating
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FIGURE 8-2  Technique for recording the direct response. Stimulation of the facial nerve trunk (A) with the cathode placed just
anterior to the mastoid process elicits compound muscle action potentials in all mimetic muscles of the face ipsilaterally. Stimulation
of buccalis (B) or zygomaticus (C) activates the target muscle more selectively, minimizing movement artifact. Recording from the
nasalis with E1 placed ipsilateral to the side of stimulation and E2 contralaterally often gives rise to a discrete compound muscle
action potential (B). The test performed in conjunction with the blink reflex uses E1 medially and E2 laterally on the lower portion

of the orbicularis oculi (C) (cf. Fig. 1-3).

progressive wallerian degeneration over the
span of 5-10 days involving different motor
axons sequentially. High-intensity shocks may
inadvertently activate the motor point of the
masseter muscle (see Fig. 11-1). Visual inspec-
tion of the induced twitch helps confirm the
source of the response.

3. STIMULATION OF THE
TRIGEMINAL NERVE

Components of Blink Reflex

Stimulation of the supraorbital nerve elicits reflex
contraction of the orbicularis oculi. In contrast
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FIGURE 8-3 A 63-year-old man with acute facial palsy on the left in November, and on the right in March. Stimulation
of the left facial nerve elicited no response in the nasalis at the initial evaluation with no recovery thereafter. Stimulation on
the right evoked a normal response in November but progressive reduction in amplitude of the compound muscle action
potential in March. This finding indicates axonal degeneration during the first few days after the onset of illness.

to the direct stimulation of the facial nerve that
measures distal nerve excitability, the blink reflex
tests the integrity of the afferent and efferent
reflex pathways, including the proximal segment
of the facial nerve. Stimulation of the infraor-
bital or mental nerve with the cathode placed
over the respective foramen on one side also
elicits blink reflex of the orbicularis oculi but less
consistently.

Of the two separate responses of the orbic-
ularis oculi evoked by a single shock to the
supraorbital nerve, R1 represents the conduc-
tion along the trigeminal and facial nerves and
pontine relay. In comparison, the latency of R2,
elicited bilaterally with unilateral stimulation,
reflects, in addition to the axonal conduction
time, the excitability of interneurons. Changing
excitability of synaptic transmission probably
accounts for the inherent latency variability of
R2 from one trial to the next. A greater shockmay
activate small-diameter, high-threshold affer-
ent fibers, evoking R3.%7* Bilateral responses at
around 70 ms and occasionally also at 130 ms
elicited by painful laser stimulation?” fall within
the range of electrically evoked R2 and R3,
assuming the nociceptor activation time of
about 40 ms.

184 -

Electrically Elicited Responses

The subject lies supine with the eyes gently closed
for surface stimulation by the cathode placed
over the supraorbital foramen with the anode,
2 cm rostrally, and ground electrode under the
chin or around the arm (Fig. 8-4).5% Shocks
applied here evoke R1 and R2, easily recordable
with a pair of recording electrodes, E1 medially
and E2, 2 cm laterally on the lower aspect of the
orbicularis oculi muscle on each side. The latency
of R1, measured to the initial deflection of the
earliest evoked potential after several trials, yields
the minimal conduction time of the reflex path-
way. The R/D ratio, defined as the latency ratio
of R1 to the D response, compares the conduc-
tion time of the distal segment of the facial nerve
to that of the entire reflex arc, which includes the
trigeminal nerve and the proximal segment of the
facial nerve.

To elicit a reproducible R1 with repeated trials,
optimal intensity for shocks of 0.1 ms duration,
ranges from 50 to 150 Vor 5—15 mA, assuming the
impedance of 10 KQ. A small number of healthy
subjects may have an absent or unstable R1 at rest,
usually bilaterally. In this situation, where the use
of higher shock intensity only causes the patient’s
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FIGURE 8-4  Technique for recording the blink reflex.
Unilateral stimulation of the supraorbital nerve with the
cathode placed at the supraorbital foramen elicits R1
ipsilaterally and R2 bilaterally in the orbicularis oculi
muscles. Recording leads consist of the active electrode (E1)
placed over the inferior portion of the orbicularis oculi near
the inner canthus and the reference electrode (E2) 2 cm
laterally. Rotation of the anode around the cathode helps
establish the optimal position of the stimulating electrodes
to minimize the shock artifact.

discomfort without satisfactory results, mild vol-
untary contraction of the orbicularis oculi may
facilitate the response. Applying paired stimuli,
with an interstimulus interval of 3—5 ms, also elic-
its a detectable R1 for latency measurement from
the second shock artifact.*® Hence, a subthresh-
old conditioning shock subliminally excites the
motoneurons, then discharge in response to a
supramaximal test stimulus to evoke the response
(Figs. 8-4, 8-5, and 8-6a,b).

Because E1 and E2 lie only a few centimeters
away from the cathode, R1 tends to overlap with
the stimulus artifact, which can last more than 10
ms. Usual care in reducing surface spread of stimu-
lus current helps accomplish optimal recording of
this short-latency response. A specially designed
amplifier (see Chapter 3-3) with a short block-
ing time (0.1 ms) and low internal noise (0.5 pV
root mean square at a bandwidth of 2 KHz) mini-
mizes the stimulus artifact.!3'* Most modern
instruments offer a similar fast recovery feature,

requiring no additional special devices for rou-
tine recording of R1. A frequency response in
the range of 10 Hz-10 KHz suffices for recording
either the R1 or R2 component.

Mechanically Evoked Responses

A mechanical tap,®>707378116128 given by a spe-

cially constructed reflex hammer with a built-in
microswitch or other pressure-sensitive device,
triggers a sweep on impact. A gentle tap over the
glabella causes a cutaneous reflex, rather than
a stretch reflex, probably relayed by the same
polysynaptic reflex pathways as the electrically
elicited blink reflex. A mechanical tap on one side
of the forehead evokes an R1 only ipsilaterally,
similar to unilateral electrical stimulation. In con-
trast, a glabellar tap, stimulating the trigeminal
nerves on both sides, elicits the R1 and R2 bilat-
erally, allowing instantaneous comparison of the
two sides (Fig. 8-6¢). A mechanically elicited R1
has a latency 2-3 ms greater than the electrically
evoked response, in part reflecting an additional
length of the afferent arc from the glabella to the
supraorbital foramen, averaging 2 cm. Activation
time of the cutaneous receptors probably accounts
for the remaining difference. In contrast, mechani-
cally elicited R2 has a shorter latency compared to
the electrically elicited counterpart for a yet unde-
termined reason. Thus, R1 and R2 induced by a
glabellar tap tend to merge without clear separa-
tion seen in electrically induced blink reflex.

The R2 component elicited by a glabellar tap
provides confirmation of an afferent or effer-
ent abnormality of the electrically elicited R2. A
glabellar tap stimulates the right and left trigemi-
nal nerves simultaneously, both activating the
facial nuclei on both sides to elicit bilateral R2
responses. A consistent latency or amplitude dif-
ference between simultaneously recorded right-
and left-sided R2 indicates a delay or block in the
facial nerve, or the final common path. A lesion
affecting the afferent arc unilaterally does not
alter R2 on either side, because the crossed affer-
ent input from the unaffected side compensates
for the loss (Fig. 8-6C). Magnetic coil stimula-
tion also elicits R1 bilaterally with latencies equal
to those following electrical shocks.” A glabel-
lar tap or magnetic coil stimulation renders less
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(A) R1 components recorded from the orbicularis oculi after stimulation of the supraorbital nerve by

single supramaximal stimuli (top four trials on each side) or by paired stimuli with interstimulus interval of S ms (bottom

four trials on each side). The paired stimuli consist of the first shock of subthreshold intensity, which subliminally primes the
motoneuron pool, and the second shock of supramaximal intensity, which activates the reflex and triggers the sweep. (Modified
from Kimura.>*) (B) Simultaneous recording from ipsilateral (upper tracing in each frame) and contralateral (lower tracing)
orbicularis oculi after unilateral stimulation of the supraorbital nerve either with single shocks (top two trials on each side) or
with paired shocks (bottom two trials on each side). The paired stimuli consist of the first shock of subthreshold intensity and
the second stimulus of a supramaximal shock that triggers the sweep. Note unilateral R1 (arrows) recorded only in the upper
tracing in each frame and bilateral R2 (brackets) in both upper and lower tracings. (Modified from Kimura.>*)

discomfort to patients and causes no shock arti-
facts. In our experience, however, electrical stim-
ulation of the supraorbital nerve generally yields
more precise information.

Other Types of Stimuli

Various nociceptive stimuli give rise to pain
induced blink reflex,'”>**>13! for various physio-
logic studies,”® but its clinical applications remain
largely untested. In addition to the trigeminal blink
reflex by electrical stimulation of the supraorbital
nerve, mechanical, visual, and auditory stimuli
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as well as electrical shocks applied remotely”*
induce the blink reflex.

4. ABNORMALITIES OF THE
R1 COMPONENT

Direct Involvement of the Reflex
Arc

A substantial increase in latency of R1 usually implies
demyelination of either the central reflex pathway
in the pons®**"°0337385 or of the peripheral path-
way along the trigeminal nerve,*”*** the facial
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FIGURE 8-6  (A) Delayed R1 (arrows) in a 68-year-old man with a mass lesion involving the right anterior cavernous
sinus (cf. Fig. 8-5). (B) Delayed and diminished R2 (bracket) on both sides after stimulation on the right in the same patient
asin (A). Stimulation on the left elicited normal R2 on both sides. These findings suggest a lesion involving the afferent arc
of the reflex pathway on the right (cf. Fig. 8-16). (C) R1 (arrow) and R2 (bracket) after a midline glabellar tap in the same
patient. Note a delayed R1 on the right in conjunction with a normal R2, bilaterally. Because of crossed input from the intact
trigeminal nerve, a unilateral lesion involving the afferent arc results in little alteration of R2 when elicited by a midline
glabellar tap.
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nerve, or bo 6177 Posterior fossa
tumors may affect R1 either by compressing the
cranial nerves extra-axially or by involvement of the

brainstem itself,'>*$¢!

Effect of Lesions outside the Reflex
Pathway

Alteration of Rl may also result from central
lesions suppressing the brainstem, thus inhibit-
ing the reflex pathway.’ 3 A reversible block of R1
usually indicates the effect of anesthesia, acute
supratentorial lesions, or massive drug intoxi-
cation in comatose patients.75 In some of these
patients, single electric shocks may elicit R1 only
partially or not at all on the affected side of the
face contralateral to the hemispheric lesion or
bilaterally with a diffuse process. An apparent
increase in R1 latency results if such a stimulus
fails to activate the fastest conducting fibers. In
this instance, paired or a train of stimuli with an
interstimulus interval of 3-5 ms usually elicit a
maximal R1 with a normal latency.*>*®5%53

The latency of R1 elicited by a glabellar tap
shows a mild increase in patients with acute hemi-
spheric strokes but recovers almost completely
within a few days.31 In contrast, electrically elicited
R1 has a normal latency even during acute stages
of hemispheric disease, when elicited by paired or
multiple stimuli or with other facilitatory maneu-
vers to compensate for reduced excitability.52 Asan
inference, the latency of a fully activated R1 indi-
cates the conduction characteristics of the reflex
arc itself, and a delay of fully activated R1 beyond
the normal range implies a lesion directly involving
the pathway, rather than a remote process altering
excitability. In these cases, a mild delay of R1 may
result from axonal degeneration of the larger myeli-
nated fibers, leaving the smaller, slow-conducting
fibers intact. A substantial delay exceeding 120% of
the upper limit indicates a conduction abnormality
across a demyelinated segment.

Degree of Slowing and R/D Ratio

In multiple sclerosis, central demyelination
increasestheR1latencyto12.3+2.7ms(mean+SD)
compared with 15.1 £ 5.9 ms in Guillain Barré
syndrome (GBS) and 17.0 + 3.7 ms in hereditary
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motor sensory neuropathy type I (HMSN I).
The degree of latency prolongation presumably
reflects the difference in length of the demyeli-
nated segment in the pons and along the periph-
eral reflex arc. In support of this view, the latency
of R1 increases only to 12.8 + 1.6 ms in Bell’s
palsy with focal involvement of the facial nerve.
Patients with compressive lesions of the trigemi-
nal nerve have a similar delay of R1 latency.

Despite the same degree of delay (Figs. 8-7
and 8-8 ), a decreased R/D ratio suggests distal
slowing of facial nerve in HMSN I, whereas a
slightly increased R/D ratio indicates proximal
involvement of the facial nerve in GBS, assum-
ing a normal conduction of the trigeminal nerve.
Other disorders associated with an increased
R/D ratio include multiple sclerosis with pontine
involvement, compressive lesions of the trigemi-
nal nerve, and Bell’s palsy without distal degener-
ation of the facial nerve.

5. ABNORMALITIES OF R2
COMPONENT

Involvement of Polysynaptic
Pathways

Analysis of the R2 component allows classifica-
tion of the reflex abnormality as either afferent
or efferent. Some brainstem lesions may give
rise to a more complex pattern of reflex change
(Fig. 8-1B). Stimulation on one side may reveal
unilateral abnormality of R2 either ipsilaterally or
contralaterally to the stimulus, whereas stimula-
tion on the opposite side shows normal, absent,
or delayed R2 bilaterally or unilaterally, but not
necessarily on the same side, as implicated by the
contralateral stimulation.

Like R1, changes of R2 may imply lesions
directly affecting the reflex pathways, as in the
case of the Wallenberg syndrome, or lesions else-
where indirectly influencing the excitability of
the polysynaptic connections (Fig. 8-9).3%60%*
For example, any comatose states render R2
unelicitable or markedly diminished in size (Fig.
8-10) regardless of the site of the lesion.”>'*> A
hemispheric lesion (Fig. 8-11) also suppresses
R2, producing either an afferent or an efferent
pattern of abnormality, perhaps based on the
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FIGURE 8-7  (A) Bilateral delay of R1 in four patients with Guillain-Barré syndrome (GBS) and four patients with
hereditary motor sensory neuropathy type 1 (CMT). Two tracings recorded on each side in each subject show consistency.
The top tracings from a healthy subject serve as a control, with shaded areas indicating the normal range. (Modified from
Kimura.>®) (B) R in a $5-year-old woman with chronic peripheral neuropathy and a monoclonal gammopathy (cf.

Fig. 8-5). Note a substantially delayed and temporally dispersed R1 recorded by the slower S ms/division sweep instead of
the 2 ms/division normally used to obtain this response. (C) R1 and R2 in the same patient. Note delayed R2 recorded by
slower 10 ms/division sweep instead of usual 5 ms/division. The continuity between R1 and R2 precluded accurate latency
determination of R2 on the right. Nonetheless, the contralateral R2 recorded simultaneously allows approximate separation
between R1 and R2.
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FIGURE 8-8 Latency distribution of the direct response and R1 of the blink reflex in normals and in patients with central
or peripheral demyelination of the reflex pathways. The histogram indicates delayed direct responses in Charcot-Marie-Tooth

disease, and to a lesser extent in Guillain-Barré syndrome, but normal values in multiple sclerosis. The R1, delayed equally in

the two polyneuropathies, showed similar but less prominent changes in multiple sclerosis. (Modified from Kimura.

site of involvement.>5% After peripheral facial
palsy, blink reflex circuit sensitized to inputs from
the paralyzed side may render contralateral R2

unusually large.78

Level of Consciousness and
Perception

A state of arousal alters the excitability of R2 and,
to a much lesser extent, R1.30585% 115,118 All-night
sleep analysis shows a marked reduction of R2
in stages II, III, and IV and substantial recov-
ery during rapid eye movement (REM) sleep,
approaching the level of full wakefulness, with
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55)

some unusual discharge characteristics. Blink
reflex studies may show absent R2 with normal
or nearly normal R1 in some alert but immobile
patients with features of the locked-in syndrome,
in alert and ambulatory patients with pseudobul-
bar palsy, and in alert patients given therapeutic
dosages of diazepam (Valium), which presumably
blocks the multisynaptic reflex arc.’® Complex
psychological events may also selectively affect
different reflex pathways.'!!

Stimulation on a hypesthetic area of the face
elicits a smaller R2 than that evoked by a shock of
the same intensity applied to the corresponding
area on the normal side. Sensory deficits of the
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FIGURE 8-9  Various neurologic disorders associated with absent R2 after stimulation of the supraorbital nerve with
shock intensity slowly advanced up to 40 mA and 0.5 ms duration. Note virtual absence of R2 regardless of the side of
stimulation in cases 2 through S, with normal R1 in cases 2, 3, and S and delayed R1 in case 4. (Modified from Kimura.>®)

face often cause alteration of R2; the reverse, how-
ever, does not hold, because a similar reduction
of R2 occurs in pure motor hemiplegia. > 13152
In such cases, clinical evaluation may have over-
looked minor sensory deficits, or supratentorial
lesions outside the somatosensory pathways
may have inhibited or disfacilitated the reflex

pathway.
Stimulation on left
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Altered Excitability of Interneurons

Of the two components, R2 habituates read-
ily in normal subjects but not in patients with
Parkinson’s disease, whether tested clinically, as
with the glabellar taps, or by electrophysiologic
means.®®7* Similarly, the blink reflex fails to show
physiologic habituation in patients with migraine

Stimulation on right
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FIGURE 8-10 R1 and R2 in a patient recovering from herpes simplex encephalitis. The stimulus delivered to the
supraorbital nerve elicited neither R1 nor R2 on June 9 (not shown) and on June 15 with the patient in coma. A repeat study
on June 19th showed a normal R1 but markedly delayed and diminished R2. Note the progressive recovery in amplitude and
latency of R2 contemporaneous with the patient’s improvement to full alertness in July. (Modified from Kimura.*’)
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FIGURE 8-11  Left cerebral stroke (cf. Fig. 8-17). Paired

stimuli delivered to the right supraorbital nerve elicited
normal R1 but no R2 on either side. Stimulation on the
left, however, evoked an ipsilateral R1 and bilateral R2.
(Modified from Kimura.>?)

if tested during the premonitory phase'® or in
nocturnal myoclonus, a syndrome associated
with additional reflex components after R2. These
findings suggest that a disorder of the central ner-
vous system may produce increased excitability of
segmental reflexes.'>

The paired-shock technique reveals the
intensity-dependent''? effect of a single cutaneous
conditioning stimulus on this reflex (Fig. 8-12). A
conditioning stimulus normally suppresses R2
more than R1, presumably based on excitability
changes of interneurons in the brainstem®"'?’
and the intracortical inhibitory mechanisms.'*°
A conditioning stimulus delivered anywhere on
the face or neck suppresses R2 elicited by a sub-
sequent stimulus applied to the same or different,
ipsilateral or contralateral trigeminal cutaneous
fields.>! Thus, the physiologic inhibition must
involve the interneuronal network diffusely, even
in response to a conditioning input given to a
remote segment.129

In Parkinson’s disease, R1 follows a normal
time course of recovery, whereas the R2 shows lit-
tle physiologic suppression substantially deviating
from the normal range.’”® Additional evidence
of an excitability change includes an abnormally
shortened R2 Jatency with a single maximal stimu-
lus in advanced cases. These findings indicate that
a cutaneous conditioning stimulus fails to inhibit
interneurons in Parkinson’s disease. Interestingly,
dyskinetic patients show physiologic inhibition
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FIGURE 8-12  Normal responses to paired shocks
(arrows) delivered to the left supraorbital nerve with time
intervals ranging from 125 to 400 ms between test and
conditioning stimuli. R1 of the test response, although slightly
suppressed at time intervals of 125 to 175 ms, remained
relatively constant thereafter with the amplitude equal to

the conditioning response. The test stimuli failed to elicit

R2 up to the time interval of 200 ms with gradual recovery
subsequently. (Modified from Kimura.*")

of R2, presumably reflecting the reinstatement of
dopaminergic suppressive control over the multi-
synaptic pathway.*® These changes imply facilita-
tion or disinhibition of interneurons, rather than
motoneurons as the primary cause of motor dys-
function in this disease.

In contrast, diminution of R2 in Huntington’s
chorea represents the opposite extreme, prob-
ably implicating a decrease in interneuronal
reactivity.”’ The recovery curves show reduced
inhibition in premature infants®; stiff-person
syndrome®; cranial, cervical, and generalized
dystonia®*; and blepharospasm,41 but not in
those with extracranial segmental dystonia®’
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or presumed psychogenic blepharospasm.'¥!!*

The test may also provide an objective means
for evaluating the reactivity in brainstem path-
ways in such conditions as olivopontocerebellar
atrophy,'?® mitochondrial myopathy,® hemifa-
cial spasm®* chronic migraine,'® adaptive excit-
ability changes after facial weakness,'** and
contralateral reorganization caused by periph-
eral facial palsy.'*®

6. CLINICAL APPLICATIONS

Normal Values

Table 8-2 (see also Appendix Table 1-7) shows
the normal latency range of electrically elic-
ited D response, R1, R/D ratio, and R2 in 83
healthy subjects 7-86 years of age (average age,
37 years),” and R1 elicited by a midline gla-
bellar tap in another group of 21 healthy adult
subjects.’

The upper limits of normal, defined as the
mean latency plus 2.5 SD, include 4.1 ms for
direct response, 12.5 ms for electrically elicited
R1, and 16.7 ms for mechanically evoked RI.
Additionally, the latency difference between the
two sides should not exceed 0.6 ms for direct
response, 1.2 ms for electrically elicited R1, and
1.6 ms for mechanically evoked R1. The R/D
latency ratio should not fall outside the range
of 2.6 to 4.6, 2 SD above and below the mean
in normal individuals. With stimulation of the
supraorbital nerve, R2 latency should not exceed
40 ms on the side of the stimulus and 41 ms on
the contralateral side. In addition, the ipsilateral
and the contralateral R2 simultaneously evoked
by stimulation on one side should not vary more
than S ms in latency. A latency difference between
R2 evoked by right-sided stimulation and cor-
responding R2 evoked by left-sided stimulation
may show a slightly greater value but not more
than 7 ms. Both direct and reflex responses vary
considerably in amplitude from one individual to
the next. In 60 nerves from 30 healthy subjects, 7
to 67 years of age, the values averaged 1.21 mV for
D response, 0.38 mV for R1, 0.53 mV for ipsilat-
eral R2, and 0.49 mV for contralateral R2.%?

In another S0 healthy subjects, 12 to 77 years
of age (average age, 40 years), stimulation of

the supraorbital nerve elicited both R1 and R2
regularly, whereas that of the infraorbital nerve
evoked R1 in some cases and R2 in all. Both R1
and R2 had similar latencies regardless of the
nerve tested. Shocks applied to the mental nerve
elicited R1 rarely and R2 inconsistently, showing
considerably prolonged latency. Stimulation of
the lingual nerve on one side also elicits R2 in the
orbicularis oculi bilaterally, as a possible test for
lingual neuropathy.*»®

Tables 8-3 and 8-4 summarize our own expe-
rience with the blink reflex at the University of I
Owa, BA9S0SLI3S6ST60627677 A byrief summary of

each category follows.

Lesions of the Trigeminal Nerve

The blink reflex serves as a test of the trigeminal
nerve, the afferent arc of the reflex pathways.16’64’m1
In our own series, only 7 of 93 patients with trigemi-
nal neuralgia had absent or slowed R1 (Table 8-3).
Excluding three patients who had undergone nerve
avulsion before the test, only four patients had
abnormalities attributable to the disease. These find-
ings suggest that the impulse conducts normally
along the first division of the trigeminal nerve in
most patients with this disorder. Usual sparing of the
first division and minimal compression of the nerve,
if any, probably account for this finding. Conduction
abnormalities, however, may appear after surgery.

In contrast, 10 of 17 patients with tumor, infec-
tion, or other demonstrable causes for facial pain
showed anunequivocal delay of R1 on the affected
side (Fig. 8-6A). In these patients, reproducible
delay of R2 bilaterally with stimulation on the
affected side indicated involvement of the afferent
arc of the blink reflex (Fig. 8-6B). An increased
R/D ratio often seen in this category reflects
normal conduction along the distal segment of
the facial nerve, combined with a delay along the
trigeminal nerve. Other disorders showing blink
reflex abnormalities include trigeminal neuropa-
thy from perineural spread of an amyloidoma."¢

Bell’s Palsy

Blink reflex latencies reflect conduction along
the entire length of the facial nerve, including the
interosseous portion involved in Bell’s palsy.>”®*
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Table 8-2  Blink Reflex Elicited by Electrical Stimulation of Supraorbital Nerve in Normal Subjects and Patients with Bilateral Neurologic

Disease (Mean + SD)
CATEGORY NO. OF DIRECT RESPONSE R,
PATIENTS RIGHT AND LEFT RIGHT AND LEFT IPSI- CONTRA-
COMBINED COMBINED DIRECT LATERAL LATERAL
RESPONSE R, R/D R, R,
ABS DELAY NI ABS DELAY NI (ms) (ms) RATIO (ms) (ms)
Normal 83 0 0 166 0 0 166 29+04 105+0.8 3.6%0.5 30.5+3.4 30.5 +4.4
(glabellar (12.5+14)
tap 21)*
Guillain-Barré 90 12 63 108 20 78 82 42+21 181+£59 39+13 37.4+89 37.7+ 84
syndrome
Chronic
inflammatory 14 4 13 11 7 13 8 5.8+26 164+64 3.1%0.S5 39.5+£94 42.0+10.3
polyneuropathy
Fisher syndrome 4 0 0 8 0 1 7 2702 10708 3.9+04 31813  314+19
Hereditary
motor sensory 62 9 88 27 0 105 19 67+£27 17.0£3.7 28%09 39.5+57  393+64
neuropathy type 1
Hereditary
motor sensory 17 0 0 34 1 0 33 29+04 101+06 3.6%06 30.1+3.8 30.1%3.7
neuropathy type II
Diabetic 86 2 20 150 1 17 154 34£06 114x12 34%05 33.7+4.6 348+5.3
polyneuropathy
Multiple sclerosis 62 0 0 124 1 44 79 29+£0S5 123+£27 43%09 35.8+84 37.7+8.0

Abs, absent response; NI, normal.

"R, elicited bilaterally by a midltae glabellar tap in another group of 21 healthy subjects.



All 144 patients studied showed either absence
or slowing of R1 during the first week, although
abnormalities did not necessarily emerge at the
onset. Delayed or absent R2 on the paretic side,
regardless of the side of stimulation, indicated an
efferent involvement. A few other patients not
included in this series had a normal blink reflex
despite minimal unilateral facial weakness lasting
1-2 days, perhaps representing an unusually mild
form of Bell’s palsy.

In 100 of 127 patients tested serially, the pre-
viously absent R1 or R2 returned, with preser-
vation of the D response throughout the course
(Table 8-3). This finding implied recovery of
conduction across the involved segment without
substantial distal degeneration (Fig. 8-13). These

patients generally showed a good clinical recov-
ery within a few months after onset. The latency
of Rl, initially delayed by more than 2 ms on
average, showed a gradual recovery during the
second month, returning to normal during the
third or fourth month (Fig. 8-14). The magnitude
oflatency change at the onset and the subsequent
time course of recovery indicate a demyelinative
lesion involving the proximal segment of the facial
nerve as evidenced by increased R/D ratios.

In the remaining 27 patients, marked dimi-
nution of the D response without return of the
reflex response during the first 2 weeks indicated
axonal degeneration.®® This group of patients
had a slow and usually incomplete recovery
associated with synkinesis. In some of them,

Table 8-3  Blink Reflex Elicited by Electrical Stimulation of Supraorbital Nerve on the
Affected and Normal Sides in Patients with Unilateral Neurologic Disease (Mean + SD)

CATEGORY NO. OF DIRECT R/D IPSI- CONTRA-
AND SIDE OF PATIENTS RESPONSE R, RATIO LATERAL R, LATERAL R,
STIMULATION (ms) (ms) (ms) (ms)
Trigemlnal neuralgia
Affected side 89 29+04 10.6+1.0 3.7+0.6 30.4+4.4 31.6+4.5
Normal side 89 29£0.5 10.5+£09 3.7£0.6 30.5+4.2 31.1+4.7
Compresslve lesion
of the trigeminal nerve
Affected side 17 3105 119+1.8 3.9*1.0 36.0£5.5 372£5.7
Normal side 17 32+£0.6 103+1.1 34+£06  33.7£3.5 348+4.1
Bell’s palsy
Affected side 100 29+0.6 128+1.6 44+09 33.9+4.9 30.5+4.9
Normal side 100 2.8+04 102+1.0 3.7+0.6 30.5+4.3 340+ 5.4
Acoustic neuroma
Affected side 26 32%0.7 14.0+£2.7 4.6+£1.7 382+8.2 36.6+8.2
Normal side 26 29+04 109+09 38+05 331£3S5 353£45
Wallenberg syndrome
Affected side 23 32+0.6 109+0.7 3.6%0.6 40.7 £ 4.6 384+7.1
Normal side 23 32+04 10.7+£0.5 34104 34.0+85.7 35.1+5.8
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FIGURE 8-13  Serial changes of R1 in a 16-year-old girl with Bell’s palsy on the right. Two consecutive tracings recorded
on each side show consistency of R1. On the affected side, delayed R1 first appeared on the 13th day of onset, recovering
progressively thereafter. Shaded areas indicate the normal range (mean +3 SD in 83 subjects). (Modified from Kimura.>®)

Difference in R; Latency Between Healthy and Affected
Sides in 11 Patients Recovering Without Nerve Degeneration

m Narmal Range in 83 Controls
(mean + 3 S.D.)

Serial Changes in Each of

11 Patients, A through K

-=0=== R, Absent on Affected Side

Latency Difference (ms)

onset 2 6 10 14 18
Days After Onset Months After Onset

FIGURE 8-14  Serial changes in latency difference of R1 between normal and paretic sides in 11 patients recovering
without nerve degeneration (A through K). Shaded area indicates the normal range (mean +3 SD in 83 subjects). The
response, if present at onset, showed relatively normal latencies but rapidly deteriorated during the first few days. Delayed R1
usually returned during the second week, plateaued for 2 to 4 weeks, and progressively recovered in latency during the next
few months. (Modified from Kimura, Giron, and Young.%’)
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R1 may return on the affected side, showing a
delay in latency, even though stimulation of the
facial nerve fails to evoke a direct response of the
orbicularis oculi. Recruitment of motor units
with voluntary effort also confirms the passage
of impulse across the affected segment of the
facial nerve. This discrepancy implies an abnor-
mally increased threshold of the regenerated
facial nerve segment to alocally applied stimulus
despite the passage of impulses following reflex-
ive or volitional activation of the motoneurons
(see Fig. 11-17 in Chapter 11).

Synkinesis of Facial Muscles

As the name implies, the blink reflex results
from selective activation of the orbicularis oculi
with no involvement of other facial muscles in

Normal Side

Site of
Recording

Oculi

healthy subjects. During axonal regeneration
of degenerated facial nerve, however, the fibers
that originally innervated the orbicularis oculi
may supply other facial muscles by misdirec-
tion.®> Thus, simultaneous recording from two
pairs of recording electrodes, one pair placed
over the orbicularis oculi and the other, over the
orbicularis oris or platysma on the same side,
helps assess facial synkinesis.>®> This technique
(Fig. 8-15) helps identify the discharge patterns
of various facial muscles time-locked to the R1
and R2 evoked in the orbicularis oculi as syn-
kinesis. Associated movements normally seen in
most healthy subjects may clinically mimic path-
ological synkinesis but lack the exact temporal
relationship between the two co-contracting
muscle. Measurement of the size of the blink
reflex elicited in muscles other than orbicularis

Affected Side

. Oris
Acoustic
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{ Oculi
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FIGURE 8-15  The blink reflex in the orbicularis oris and platysma in four patients following various diseases of the facial
nerve. Stimulation on the affected side of the face elicited both R1 (small bracket) and R2 (dotted bracket) not only in the
orbicularis oculi but also in the orbicularis oris and platysma, indicating widespread synkinesis. The blink reflex elicited only in
the orbicularis oculi on the normal side served as a control in each patient. (Modified from Kimura, Rodnitzky, and Okawara.®®)
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oculi can elucidate the extent and distribution of
aberrant reinnervation.

In our series, the blink reflex confirmed syn-
kinetic activation of the orbicularis oris or plat-
ysma in 26 of 29 patients tested at least 4 months
after total facial nerve degeneration.63 One of the
remaining three had injury only to a peripheral
branch of the facial nerve and experienced return
of function with no evidence of synkinesis. In the
other two patients, the affected side of the face
showed total paralysis and no evidence of regen-
eration. These findings suggest that synkinetic
movements ultimately occur in nearly all cases
after degeneration of the facial nerve, unless the
lesion involves a distal branch or the facial nerve
fails to regenerate.

Hemifacial Spasm

Patients with hemifacial spasm (see Chapter
28-10) also exhibit clinical and electrical evi-
dence of synkinetic movements.>'>***? In these
cases the appearance of the blink reflex in mus-
cles other than the orbicularis oculi may indicate
hyperexcitability at the facial nucleus, ephaptic
activation of motor axons not normally involved
in blinking, or aberrant regeneration of the facial
nerve fibers.**124 Unlike the constant responses

83 successive

seen after peripheral facial paresis,
responses in hemifacial spasm may vary in latency
and waveform, a finding supportive of ephaptic
transmission.> The blink reflex reveals no evi-
dence of synkinesis in essential blepharospasm,

focal seizures, or facial myokymia.

Acoustic Neuroma

A cerebellopontine angle tumor frequently
compresses the trigeminal nerve, facial nerve,
or brainstem. With possible involvement of the
afferent, efferent, or central pathways,zs‘él’gg‘98
the blink reflex provides unique diagnostic value.
In 33 patients studied, stimulation of the facial
nerve elicited no D response in 7, including 5
tested only after surgical sacrifice of the facial
nerve. In the remaining 26 patients, studies on
the affected side showed absent R1 in S, delayed
R1 in 17, and normal R1 in 4. Analyses of R2
revealed 6 efferent, 6 afferent, 7 mixed patterns,
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and 7 normal responses (Table 8-3). The test also
helps document asymptomatic compression of
the facial nerve as a preoperative evaluation, alert-
ing the surgeon of possible facial palsy after the
intervention.

Polyneuropathy

Facial or trigeminal nerve involvement in vari-
ous polyneuropathies affects the blink reflex
(Fig. 8-7A). Unlike the two clearly separated com-
ponents seen normally, a delayed and temporally
dispersed R1 tends to merge with R2 in a demy-
elinative neuropathy (Fig. 8-7B). In such cases,
bilateral recording can delineate the onset of R1
as the response clearly preceding the onset of the
contralateral R2, which should approximately
coincide with the ipsilateral R2 (Fig. 8-7C).

Different category of neuropathy shows
distinct abnormalities as briefly described
next.3¥%%6787 Most patients have either absent or
delayed D and R1 responses in GBS, CIDP, and
HMOSN 1. Patients with diabetic or alcoholic poly-
neuropathy have a considerably lower incidence
of abnormality. The Fisher syndrome does not
regularly affect the blink reflex, except in patients
with peripheral facial palsy, who show a delayed
R1 on the affected side. The blink reflex usually
shows no abnormalities in HMSN II. Patients
with chronic renal failure have an abnormal
blink reflex, which often improves after hemodi-
alysis.'*! An abnormal blink reflex favors a non-
paraneoplastic etiology in patients with sensory
neuronopathy.* Exposure to trichloroethylene,
known to have specific toxic effects on the trigem-
inal nerve, also affects R1 latency.*’

Statistical analyses of the D response and R1
latencies revealed a marked increase in GBS,
CIDP, and HMSN I; a much lesser degree of slow-
ing in diabetic polyneuropathy; and no change in
the Fisher syndrome or HMSN II (Table 8-4).
The latency ratio of R1 to the D response, or R/D
ratio, showed a mild increase in GBS, a moderate
decrease in HSMN I and CIDP, a mild decrease
in diabetic polyneuropathy, and a normal valve
in HSMN 1L The latencies of R2, although com-
monly within the normal range when analyzed
individually, had a significantly greater average
value in the neuropathies than in the controls.
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Table 8-4 Direct Response and R1 and R2 of the Blink Reflex

DISORDERS DIRECT R1 R2
RESPONSE

TrigemlInal neuralgia Normal Normal (95%) Normal

Compresstve lesion of the  Normal Abnormal on the Abnormal on both sides

trigeminal nerve

Bell’s palsy

Acoustic neuroma

Guillain-Barré syndrome

Hereditary motor sensory
neuropathy type I

Diabetic polyneuropathy

Multiple sclerosis

Wallenberg syndrome

Facial hypesthesia

Comatose state, akinetic
mutism, locked-in

syndrome

Normal unless
distal segment

degenerated

Normal unless
distal segment

degenerated
Abnormal (42%)

Abnormal (78%)

Abnormal (13%)

Normal

Normal

Normal

Normal

affected side (59%)

Abnormal on the
affected side (99%)

Abnormal on the
affected side (85%)

Abnormal (54%)

Abnormal (85%)

Abnormal (10%)

Abnormal with pontine
lesion, variable
incidence determined

by patient’s selection
Normal or borderline

Abnormal with lesions
of the trigemlnal nerve

or pons

Abnormal with pontine
lesion; reduced
excitability in acute

supratentorial lesion

when affected side
stimulated (afferent type)

Abnormal on the affected
side regardless of the side
of stimulus (efferent type)

Afferent and/or efferent type

Afferent and/or efferent type

Afferent and/or efferent type

Afferent and/or efferent type

Afferent and/or efferent type

Afferent type

Afferent type

Absent on both sides
regardless of side of

stimulus

Lesions in the Brainstem and Spinal
Cord

The blink reflex response to electrical stimulation
of the supraorbital nerve may also help evaluate
23895 and spinal cord.”®
We studied 14 cases of intrinsic brainstem lesions
(including 2 mesencephalic, 6 pontine, and 4 med-
ullary neoplasms and 2 pontine syrinxes) and 20

lesions of the brainstem

cases of lesions extrinsic to the brainstem, includ-
ing 6 cerebellar and 14 cerebellopontine angle
tumors.%! The R1 showed a delayed latency in all
but three cases of medullary tumors and one case
of cerebellar tumor. Alteration of R1 by posterior
fossa tumors reflects either intrinsic or extrin-
sic pontine lesions or trigeminal or facial nerve
involvement by tumor. The R2 response with its
ipsilateral and contralateral components helps
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distinguish afferent from efferent abnormalities.
Mixed patterns suggest combined involvement
of the trigeminal and facial nerves or a relatively
widespread brainstem lesion. This simple tech-
nique thus provides a useful addition to clinical
observation in functional assessment of posterior
fossa tumors.

Multiple Sclerosis

Alterations of the electrically elicited blink reflex
may result from disorders of the central reflex path-
ways. Of various lesions affecting the brainstem,
multiple sclerosis causes a most conspicuous delay

(a)

Normal

Control
LL

Case 1
J.S.

Stimulation

FIGURE 8-16

of R1 (Fig. 8-16) SHATT38696 45 expected from the
effect of demyelination on impulse propagation.
The incidence of blink reflex abnormality varies
greatly, depending on the selection of patients.
In general, those with a longer history of clinical
symptoms have a higher incidence of abnormal-
ity. Thus, an earlier study of 260 patients with
long-standing disease’>* showed a delayed R1 in 96
of 145 patients (66%) with remission and exacer-
bation, in 32 of 57 patients (56%) with multiple
sites of involvement without relapse, and in 17 of
the remaining S8 patients (29%) with suspected
diagnosis of multiple sclerosis. In the 63 patients
with clinical signs of pontine lesions, the average

® .
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1 ' ~ N e -
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2' - \\f‘ —~_
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(A) Delayed R1 on both sides in multiple sclerosis. Two tracings recorded on each side in each subject

show consistency of R1 response. The top tracings from a healthy subject serve as a control, with shaded areas indicating

the normal range (mean +3 SD in 83 subjects). In addition to increased latency, R1 obtained in the patients shows temporal
dispersion and very irregular waveform, compared with the normal response. None of these patients had unequivocal pontine
signs clinically, except for mild horizontal nystagmus in cases 1,2, 5, 6, and 7. (Modified from Kimura.**) (B) Rl and R2 in a
35-year-old woman with multiple sclerosis and mild facial and abducens paresis on the left. Stimulation on the right elicited
delayed R2 contralaterally, whereas stimulation on the left evoked delayed R1 and R2 ipsilaterally. This finding suggests a
lesion involving the efferent arc of the reflex on the left in the intrapontine portion of the facial nerve (cf. Fig. 8-1). (Modified

from Kimura.*®)
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latency of R1 substantially exceeded the normal
value but fell short of the delay seen in the GBS
or HMSN I (Fig. 8-8). The normal D response,
combined with delayed R1, resulted in a markedly
increased R/D ratio. Hyperthermia did not induce
significant changes in mean reflex latency, ampli-
tude, or duration, even in patients with unequivo-
cal blink reflex abnormalities before warming.'*

Subsequent studies showed comparable
results. 396199125 Another series of patients with
a shorter disease duration revealed a lower inci-
dence of abnormalities; a delayed R1 in 41% of
patients with definite diagnosis and 18% in those
with possible diagnoses.** Other investigators
reported similar rates of abnormality in patients
referred for electrophysiologic testing soon after
the onset of their symptoms.*>!'° The blink reflex
detects only those lesions that affect the short
pontine pathway. Thus, a delayed R1, although
less frequent than visual, somatosensory, or brain-
stem auditory evoked potentials, helps localize
the lesion to the pons when establishing subclini-
cal dissemination in multiple sclerosis.**

Wallenberg Syndrome

Patients with the Wallenberg syndrome have
selective alteration of R2, as expected from
lesions affecting the lateral medulla.326094130
Unless the infarct extends to the pons, the latency
of Rl falls within the normal range; but when

R1 R2 Recording

orbicularis

Stimulation ¢
Supra orbital N. ¢ —_

Oculi M.
{ '\’J\'\/"J\w"/\'\/\——- Rt.

——— L.
Rt. B
IM/—.—-
N ——
+ Lt.
Rt.
Lt. :
]

l.OmVL

10 ms

Stimulation

FIGURE 8-17  Left lateral medullary syndrome. Two
successive stimuli given on the right (top two pairs) elicited a
normal R1 and R2 bilaterally. Two successive stimuli on the left
(bottom two pairs) evoked normal R1 but absent R2 bilaterally
(cf. Fig. 8-11). (Modified from Kimura and Lyon.*’)

analyzed individually, the values on the affected
side may slightly exceed those on the normal side
(Table 8-3). In a series of 23 typical cases, stimu-
lation on the affected side of the face elicited no
R2 on either side in 7, low-amplitude R2 in 6, and
delayed R2 in 10 (Fig. 8-17). In contrast, stimula-
tion on the normal side of the face evoked normal
R2 bilaterally in 20 of 23 patients. The remaining
3 patients showed normal R2 only on the side
of stimulation. Stimulation of the infraorbital
nerve or mental nerve gives rise to the same pat-
tern of abnormality. Various types of blink reflex
abnormalities reflect different patterns of sensory

dysfunction associated with lateral medullary
infarction,*¢:84107,132

Facial Hypoesthesia

Patients with contralateral hemisphericlesions also
develop an afferent delay of R2 indistinguishable
from that seen in the Wallenberg syndrome.*"3"%>
This type of abnormality commonly, although not
exclusively, accompanies sensory disturbances of
the face. Thus, the electrically elicited blink reflex
provides a means of quantitating facial sensation.
In equivocal cases, alternate stimulation of the right
and left sides of the face repetitively every S-10 sec-
ondsreveals consistentasymmetry beyond random
variations that follow no predictable pattern. Of 6
patients with bilateral trigeminal neuropathy, 3 had
a slowed or absent R1 bilaterally, and 4, delayed or
diminished R2 regardless of the side of stimulation.
In 19 patients with unilateral disease of either the
trigeminal nerve or the brainstem,*!* stimulation
on the affected side of the face elicited absent R1 in
6, delayed R1 in 7, and various combinations of R2
abnormalities in the others (Fig. 8-18). Generally,
a smaller response indicates more complete sen-
sory loss, and stimulation on an anesthetic part of
the face fails to elicit any response at all.

Other Disorders

A high incidence of blink reflex abnormalities in
handicapped children implies the prevalence of
brainstem lesion.'*® Blink reflex studies also show
abnormalities in Millard-Gubler syndrome caused
by alesion at the level of the facial nucleus.>* After
accessory facial anastomosis, stimulation of the
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FIGURE 8-18 RI and R2 elicited by stimulation of the
infraorbital nerve in a 39-year-old woman with syringobulbia
and facial numbness on the left (cf. Fig. 8-11). Stimulation of
the right side of the face elicited normal R1 and R2 bilaterally,
but stimulation on the left evoked only the R1 component.

trigeminal nerve may elicit reflex response of
the orbicularis oculi, presumably unmasking the
trigemino-accessory reflex.?® An R1-like response
observed 4-6 monthsafterhypoglossal-facial anas-
tomosis also suggests central plasticity.8 Other dis-
orders associated with blink reflex abnormalities,
showing a statistical difference when compared
to normal values as a group, include Tourette
syndrome,'%° 10 tetanus,!®
Chiari II malformation,®® ALS,'” primary lateral
sclerosis,'® and chronic tension headache when
assessed by nociceptive-specific blink reflex.!®

systemic sclerosis,
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1. INTRODUCTION

Conventional nerve conduction studies (NCSs)
primarily assess the distal segments of the periph-
eral nerves. Techniques to test the more proximal
segments and the spinal cord include, in addition
to F wave (see Chapter 7) and the blink reflex
(see Chapter 8), H reflex, T reflex, tonic vibra-
tion reflex, and the silent period (SP). The reflex
studies reveal conduction characteristics along
the entire course of the sensory and motor axons

208 -

as well as the excitability of the neuronal pool.91
This chapter will review their basic mechanisms
and possible diagnostic application in evaluating
the regions of the nervous system not accessible
by the conventional methods. Extensive stud-
ies have proven the practical value of the H and
T reflexes in certain neurologic disorders. The
other techniques mentioned here await further
confirmation as a clinical test, although they have
contributed substantially for physiologic under-
standing of the motor and sensory systems.



2. H REFLEX AND T REFLEX

Neurologic examination exploits the muscle
stretch reflex to measure motoneuron excita-
bility in spasticity and other related conditions.
Clinical observations fall short of quantitatively
evaluating briskness, velocity, or symmetry of
these responses. Electrophysiologic studies use
either a mechanical tap or electric shock to eval-
uate the degree of abnormality numerically. The
electrically elicited spinal monosynaptic reflex,
called the H reflex after Hoffmann, bypasses the
muscle spindles, though otherwise the same,
in many respects, as the stretch reflex induced
by a mechanical tap to the tendon, or T reflex.
Comparison of the H and T reflexes, therefore,
provides an indirect measure of spindle sensitiv-
ity controlled by the gamma motor system.

In healthy adults, electrical stimulation elic-
its an H reflex only when applied to the median
or tibial nerve. A short, high-frequency stimu-
lus train enhances the discharge probability of a
motoneuron above that observed with a single
pulse.! Mechanical stretch evokes a T reflex in
most muscles, including those not readily acces-
sible to the conventional NCS.*'%% Tapping the
voluntarily contracted erector spinae also evokes
a two-component stretch reflex, short-latency R1,
considered segmental in origin, and long-latency
R2, induced by suprasegmental pathway.139’239

H Reflex versus F Wave

Stimulation of appropriate nerves at rest elic-
its an H reflex in most limb muscles during the
first year of life,'”#*** but only in the soleus and
plantar foot muscles*®® and, less consistently,
in the flexor carpi radialis>*' after 2-3 years of
maturation. Stimulation of the femoral nerve
also can elicit reflex response of the quadriceps
in some but not all adult subjects.*>® This lim-
ited distribution stands in contrast to the F wave
elicitable in practically any distal limb muscles
regardless of age.

With progressively higher stimulus intensity
(Fig. 9-1), H-reflex amplitude increases initially
and decreases later in portion to the size of pre-
ceding muscle (M) response, or compound
muscle action potential (CMAP). This pattern
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FIGURE 9-1 H reflex recorded from the soleus after

stimulation of the tibial nerve at the knee with increasing
shock intensities from submaximal (1) to supramaximal
level (8). Note initial increase and subsequent decrease in
H-reflex amplitude with successive stimuli of progressively
higher intensity. Shocks of supramaximal intensity elicited
a maximal M response and F wave, with a latency slightly
longer than H reflex.

results because H-reflex impulses collide, shortly
after turning around the motoneurons, with anti-
dromic impulses in the proximal segment of the
motor axons, which gave rise to the M response.
With supramaximal stimulation, H reflex abates
and F wave appears instead with a slightly lon-
ger latency, reflecting a slower conduction along
the motor fibers as compared to fast-conducting,
large-diameter IA afferents, which more than com-
pensate for the synaptic delay of the reflex. Thus,
two separate motoneuron populations contribute
to the simultaneously elicited M response and H
reflex, and the late response elicited in the pres-
ence of an M response may contain an F wave.
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Other possible mechanisms proposed for pro-
gressive extinction of the H reflex with increasing
stimulus intensity include refractoriness of the axon
hillock after the passage of the antidromic impulse,
activation of cutaneous inhibitory neurons, and
Renshaw inhibition mediated by axon collaterals via
internuncial cells to the same and neighboring alpha
motoneurons.””**>**8 Thus, maximal stimulation
of the group IA afferent fibers, without concomi-
tant activation of motor fibers, elicits the H reflex
optimally, although few stimuli accomplish such
selectivity in practice. In contrast to these human
characteristics, studies in rats show a near-maximal
H reflex even with the use of supramaximal inten-
sity evoking a maximal M response.>*

Mild voluntary contraction primes the
motoneuron pool sufficiently to allow reflex-
ive activation of some muscles such as biceps
brachii, extensor digitorum longus, and tibialis
anterior.'®'”” When elicited by this means, the
H reflex recorded from the abductor pollicis bre-
vis and tibialis anterior has a longer latency than
the corresponding F wave.?? Thus, the H reflexes,
elicitable only when primed by voluntary mus-
cle contraction, may preferentially involve the
low-threshold, slow-conducting motoneurons,
whereas the minimal-latency F waves represent the
high-threshold, fast-conducting pools. Motor units
generated reflexively during neuromuscular elec-
trical stimulation also contribute to twitch torque
at H-reflex latencies.>

Despite the traditional emphasis on homonymous
activation, IA afferents have a widespread projection
to heteronymous motoneuron pools.'” For example,
stimulation of the median nerve at the elbow elicits a
reproducible heteronymous monosynaptic reflex in
the contracting biceps brachii, producing a smaller
response than the homonymous H reflex evoked by
stimulation at Erb’s point.'® Also, the same stimula-
tion elicits the H reflex not only in the flexor carpi
radialis, as expected, but also in the flexor digitorum
profundus innervated by the ulnar nerve.'”

Consecutive F waves, derived by recurrent
discharges of different groups of motoneurons,
characteristically vary in latency and waveform.
In contrast, H reflexes elicited by sequential
stimuli of the same intensity remain the same,”
suggesting the activation of the same motoneu-
ron pool each time (Fig. 9-2). The amplitude of
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the H reflex, however, declines when activated
repetitively.”” The low-frequency depression seen
at stimulus rate of 1 Hz may result from processes
intrinsic to the presynaptic bouton.

In testing individual axons using single mus-
cle fiber recording, consecutive H reflexes vary
in latency more than the F wave. This reflects a
greater range of synaptic transmission time at
a motoneuron (see Chapter 7-2) compared to
a relatively constant turnaround of a recurrent
discharge, which must occur within a narrow time
window.' %2124 I one study, the latency of suc-
cessive H reflexes recorded from single muscle
fibers of the human triceps surae varied up to 2.5
ms.**® In a similar study, H-reflex jitter showed
a direct correlation to H-reflex latency, which,
therefore, may serve as an indirect measure of the
motor unit size and recruitment threshold.!®

Recording Procedures of the Soleus
H Reflex

The H reflex recorded with the patient supine or
prone suffices in clinical determination of reflex
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FIGURE 9-2  H reflex recorded from the soleus after
series of submaximal stimulation (arrow) of the tibial nerve
at the knee. Note consistency of the response on each side
(cf. Fig. 9-1).
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FIGURE 9-3  Recording of H reflex from the soleus
muscle with the active electrode (E1) on the medial surface
of the leg at the edge of the tibia, one-half to two-thirds

of the way from the popliteal fossa to the ankle, and the
reference electrode (E2) over the side of Achilles tendon.
Shocks of submaximal intensity and 1 ms duration applied
at the popliteal fossa optimally activate the group IA afferent
fibers of the tibial nerve.

latencies (Fig. 9-3). For an accurate analysis of
the amplitude or force of the reflex response, the
subject sits upright in a modified dental chair.
With this arrangement, a potentiometer moni-
tors the movement of the feet and a force trans-
ducer measures the torque. Recorded H reflex
varies in amplitude and waveform depending on
the placement of the recording electrodes. The
traditional setup, with the active electrode (E1)
placed 2 cm distal to the insertion of the gastroc-
nemius on the Achilles tendon and the reference
electrode (E2) 3 cm further distally, gives rise
to a triphasic potential with initial positivity. An
alternative, generally preferred, derivation con-
sists of E1 placed over the soleus just medial to
the tibia, half the distance from the tibial tubercle
to the medial malleolus, and E2, over the Achilles
tendon medial and proximal to the medial mal-
leolus. The response usually appears as a diphasic
potential with initial negativity when recorded
by this means, suggesting the soleus as the pri-
mary source of this potential. Intramuscular
studies also reveal a substantially greater contri-
bution of the soleus as compared to either medial
or lateral gastrocnemius in the surface recorded
H reflex.!°

The effective modes of stimuli include (1)
an electrical or magnetic stimulation applied to
the S1 nerve root, sciatic nerve, or tibial nerve

9. H, T, and Masseter Reflexes and the Silent Period ~ «

at the popliteal fossa (H reflex); (2) a tap of the
Achilles tendon with a reflex hammer fitted with
a device to trigger the oscilloscope (T reflex);
and (3) a mechanical stretch by quick displace-
ment of the ankle (stretch reflex). The ability to
elicit the soleus H reflex from stimulation dis-
tally and proximally helps localize the site of i
nvolvement.0#121155195274276 - gran dardization
of stimulus conditions ensures reproducible
results. The amplitude of the H reflex and its
relationship to M response change with stimu-
lus duration. Based on the recruitment curves,
stimulus duration between 0.5 and 1 ms best
elicits H reflexes.'**'S Stepwise changes of
shock intensities help determine an optimal
electrical stimulus for obtaining the maximal
response.

The common evaluation of muscle action
potentials recorded reflexively from the soleus
includes the onsetlatencies of the H and T reflexes
determined to the initial deflection, either nega-
tive or positive, Hmax/Mmax and Tmax/Mmax,
where Hmax, Mmax, and Tmaxrepresent the max-
imal amplitude of the H reflex, M response, and
T reflex, respectively. Submaximal M responses
closely resemble the waveform of the maximal
response,'’* providing a rationale for express-
ing H- and T-reflex amplitudes as a percentage
of the M response. In assessing these indices, the
subject must control the degree of muscle con-
traction, lest variability of baseline tension alters
the H-reflex ma.gnitude.255 As expected from the
primary source of the reflex, Hmax/Mmax based
on recording from the soleus exceeds that of the
gastrocnemius. Kinesiologic studies should mea-
sure the force of induced muscle contraction with
a transducer placed against the foot plate under
isometric conditions and the degree and rate of
foot displacement with a potentiometer mounted
on the axis of the foot plate.

Studies of Excitability

The selection of an optimal mechanical or elec-
trical stimulus ensures the validity of using the
amplitude of the H and T reflexes as a measure
of motoneuron excitability.>**>!'* Suppression
of H reflex may result from presynaptic inhibi-
tion of Group IA afferents. Thus, the H-reflex
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measurement helps in quantitatively evaluat-
ing supraspinal and segmental inputs on the
alpha motoneurons.'¥¥!#8179242 " Preservation
of F waves associated with suppressed H reflex
suggests a reduction of excitatory input rather
than decreased excitability of motoneurons.'*’
Methodological problems (see Chapter 7-2),
however, confound the comparison of F wave
and H reflex in elucidating the responsible physi-
ologic mechanisms of excitability change.104 A
differential effect on the two responses, therefore,
may not serve as an indirect measure of presynap-
tic inhibition of Group IA fibers mediating the H
reflex if changes in motoneuron excitability influ-
ence the F wave much less than the H reflex.!®
Postural changes important
role 81147178222 Eor example, lateral tilting modu-
lates soleus H reflex through vestibular influences,
showing ipsilateral suppression and contralateral
facilitation.® Caloric stimulation of the labyrinth
facilitates the H reflex bilaterally.52 Galvanic ves-
tibular stimulation also modulates the soleus H
reflex.'191%* The background fusimotor activ-
ity has little or no influence in eliciting Achilles

play an

tendon jerk during complete relaxation, %%’

although changes of spindle discharges induced
by shortening the homonymous muscle depress
the monosynaptic reflexes.*%

A selective voluntary contraction produces
H reflex excitability changes by presynaptic and
postsynaptic mechanisms.??*?*  Kinesthetic
motor images may also facilitate the response.*®
Conversely, volitional relaxation of the target
muscle for a few hours suppresses the H reflex
(Figs. 9-4 and 9-5).27 Similarly, contraction
history of muscle shortening potentiates, and
of muscle lengthening depresses, H-reflex excit-
ability.251 Sleep, in general, and the rapid eye
movement (REM) period, in particular, depress
the H-reflex.”® Descending motor commands
induced by pedaling that produce a patterned
voluntary activity normally cause facilitation dur-
ing the downstroke and suppression during the
upstroke. Stepping within a robotic exoskeleton
preserves phase-dependent modulation of soleus
H reflex.'*® Clinical conditions extensively tested
by this reflex include periodic limb movement,**
spasticity, 20:+166:67,207245268 4 4 dustonia,*10

After 2 hour
rest period

Baseline

value

After 20 trials of
plantar flexion

After 10 min
standing

After 20 min
standing

FIGURE 9-4  Thirty consecutive traces of M and H waves evoked in the soleus muscle in a 27-year-old healthy male
before and after a 2-hour volitional relaxation. The amplitude of the M wave remained in the range of 2 mV. The amplitude of

the H reflex, reduced after a 2-hour rest, recovered on standing. (Modified from Yanagisawa, Kimura, Azuma et a
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FIGURE 9-S  Rest-induced suppression of H reflex after
one and two-hour volitional relaxation, showing a reduction
after rest, no change after standardized plantar flexion
exercise, and a recovery after standing. A two-hour rest
caused a greater amplitude change (mean + 2SD) compared
to a one-hour rest, indicating a duration dependent effect.
(Modified from Yanagisawa, Kimura, Azuma et al.>?)

Other factors that influence the excitabil-
ity of the spinal motoneurons tested by T and
H reflex include electrical stimulation of rec-
126 or of contralateral tibial nerve,>

123 cold stimulation,'®*
247

tus femoris
whole-body vibration,
voluntary teeth-clenching,238 gait initiation,
cycling training,'®* passive rotation of the hip

100,150,233 glectrocutaneous

250

joint,'8!  anesthesia,
stimulation,''”?!? Jendrassik maneuver,
rior root stimulation,'”* high-frequency Group IA
afferent stimulation,'® caffeine intake,”®® and tran-
scutaneous spinal application of direct current.®®

poste-

Paired Shock Techniques

The paired-shock technique reveals the time
course of alteration in motoneuron excitability
by means of conditioning and test stimuli. Shocks
of suprathreshold intensity exert two opposing
effects on the excitability of the motoneuron
pool: those motoneurons that have discharged in
response to the conditioning stimulus become less
responsive to a test stimulus during the refractory
period and by Renshaw effect and other inhibi-
tory mechanisms. The remaining motoneurons,

9. H, T, and Masseter Reflexes and the Silent Period ~ «

activated subliminally by the conditioning stimu-
lus, become more responsive to the test stimulus
after partial depolarization. The presence of these
two competing factors complicates the interpre-
tation of the result. If the conditioning stimulus
gives rise to a muscle contraction, motoneuron
excitability may change as the secondary effect of
Group IA inflows caused by mechanical stretch
of the ankle extensor muscles.!"! In experimental
studies, single motor unit analysis provides a tool
to explore the effect of a conditioning stimulus on
a unitary H reflex, without these uncertainties.”?’

The use of a subthreshold conditioning stim-
ulus provides another way of assessing supra-
nuclear control of the H reflex. The excitability
curve plotted by this method consists of an early
facilitation lasting 25 ms and a period of pre-
dominant depression for the next 500 ms before
the excitability approaches the control level (Fig.
9-6). The paired-shock technique also reveals the
effects of reciprocal inhibition,'3!42840269 oy
example, femoral nerve stimulation produces
heteronymous reflex responses in tibialis anterior
and soleus, inducing short-latency facilitation fol-
lowed by long-lasting inhibition of the H reflex at
appropriate latencies.'%'®” Conversely, a condi-
tioning impulse from sciatic nerve afferents facili-
tates vastus medialis motoneurons at the joint
time of arrival when studied by the test volley via
H reflex or corticospinal pathways. Subsequent
inhibition seen only in the H reflex implies pre-
synaptic inhibition of the Group IA afferent

terminals. 203256275

Clinical Applications

Table 9-1 (see also Appendix Table 1-7) summarizes
the normal values for soleus H reflex (mean + SD),
which in our laboratory comprise latency of 29.5 +
2.4 ms and side-to-side difference of 0.6 £ 0.4 ms
with the upper limit of normal of 2.0 ms. The cor-
responding measures for flexor carpi radialis reflex**
consist of 15.1 + 1.0 ms and 0.43 + 0.39 ms.

As with the F-wave and H-reflex latencies,
covering a longer pathway often reveals mild
abnormalities early in assessing diffuse or multi-
segmental pathology.*** Unlike F wave, however,
these studies evaluate conduction abnormali-
ties of both afferent and efferent pathways.*’

213



1
‘*-“‘t'—"L 'l[ + -[v

R

12 mv
100 ms

R o A

° 2550 100 150 225
100 -4

Control

80

60}

40}

204

0

s

0 S0 100 SO 200 SO 300 SO0 400 SO
ms

500 600 700 800 900 1000

FIGURE 9-6 H-reflex recovery curve after subliminal conditioning stimulus. The upper half shows the test responses
arranged in groups of three for each testing intervals of 25, 50, 100, 150, 225, 300, and 450 after conditioning stimulus and
control reflexes (H2) before and after the conditioning series. Paired shocks comprise conditioning stimulus just below the
threshold for evoking an H reflex and test stimulus just below the threshold for an M response. The lower half shows the

plotting of the mean of the three test reflexes at each testing interval (abscissa), expressed in percentages of the mean of the

control response. (Modified from Taborikova and Sax.2*”)

In patients with diabetes, H-reflex latency
rivals the conventional NCS in elucidating
early neuropathic abnormalities and a clear-cut
proximal-to-distal gradient of conduction slow-
ing. This latency also shows abnormal increases in
patients with alcoholic, uremic, and various other
polyneuropathies !¢ including chronic demyeli-
nating polyneuropathy (CIDP)."*® In contrast,
reflex studies have limited utility in detecting a
focal slowing, which results in only a small per-
centage increase of the total conduction time.'>®
Nonetheless, a number of studies have demon-
strated clinical applications of the H reflex as a
test for radiculopathy.*'*>*!! In evaluating a

unilateral lesion, the latency difference between
the two sides serves as the most sensitive measure
of the T and H reflex (Fig. 9-7). Thus, unilateral
absence or a right-left latency difference greater
than 2.0 ms supports the diagnosis of S1 radicu-
lopathy in a proper clinical context, although it
does not, by itself, constitute sufficient evidence
of a herniated disk.

Studies of T reflex also revealed absent or
delayed response consistent with demyelina-
tion in patients with CIDP but not in chronic
axonal neuropathies.”*® A number of studies
have shown abnormalities of T reflex associated
with lumbar and sacral plexopathy*** and root

Table 9-1 H Reflex*
DIFFERENCE LATENCY* TO DIFFERENCE
AMPLITUDE' BETWEEN THE SIDES RECORDING SITE BETWEEN THE SIDES
(mV) (mV) (ms) (ms)
24+ 1.4 12+1.2 29.5+2.4(35)% 0.6 £ 0.4 (1.4)°

*Mean = standard deviation (SD) in the same 59 patients shown in Table 6-11.
fAmplitude of the evoked response measured from the baseline to the negative peak.

*Latency measured to the onset of the evoked response.
SUpper limits of normal calculated as mean + 2 SD.
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FIGURE 9-7 H reflexin a 77-year-old man with cauda
equina syndrome. The recording shown in the same
arrangement as for Figure 9-2 indicates a delay by more than
2 ms on the right compared with the left. The central latency
as determined by the latency difference between the M
response and H reflex corroborates the abnormality.
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compression.”!” A diminution of the triceps surae
reflex suggests an S1 radiculopathy, like a depres-
sion of the ankle stretch reflex in the neurologic
examination.*%69183223 In patients with cervical
radiculopathy, abnormality of flexor carpi radialis
reflex may indicate lesions of the C6 or C7 root
or both.}7%171

The difference between H reflex and distal
motor latencies equals the segmental conduc-
tion time along the reflex pathway. This latency
difference corresponds to the distance between
the knee and T11 as a measure of conduction
along the afferent and efferent fibers of the tibial
nerve. Segmental studies are better suited for
latency evaluation of focal lesions like S1 radicu-
lopathy, eliminating the normal portions of the
reflex pathway, which tend to dilute the conduc-
tion abnormality (see Chapter 11-7). Magnetic
or electric stimulation of the S1 nerve root pro-
vides a most sensitive latency comparison of the
very short proximal segment within the spinal
canal $4110155194274.276 G investigators advo-
cate the use of peak latency difference between
simultaneously recorded M response and H reflex
(H-M interval) elicited by root stimulation. This
measures the conduction time across a short seg-
ment within the spinal canal, which comprises
the proximal afferents, anterior horn cells, and

(B) Soleus H-reflex, Magnetic Stimulation of S1 root
MO H-M = 6.6 ms
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FIGURE 9-8 (A) Schematic representation of soleus H reflexes from electrical stimulation at the S1 foramen and of the
tibial nerve at the popliteal fossa. (B) The response complex of the H reflex and M wave in one of the subjects elicited by
magnetic (upper traces) and electrical stimulation (lower traces) at the S1 foramen with stimulus intensity indicated after

each trace. (Modified from Zhu, Starr, Haldeman, et al.>’#)
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ventral roots. In one study of 100 healthy subjects
(Fig. 9-8),*”* H-M intervals increased from 2.6 +
0.7 ms (mean + SD) when stimulated at T12 or
L1 spinal processes to 4.2 £ 0.6 msat L2 or L3, 5.5
+0.3msat L4 or LS, and 6.8 £ 0.5 ms at S1.

The recruitment curve of the soleus H reflex
may reveal an increased threshold of excitation
during transient conduction abnormalities seen,
for example, in neurogenic claudication.’®1%?
Other conditions associated with a depressed
stretch reflex such as neuropathy and Adie’s syn-
drome'” also show an elevated threshold for
excitation of H reflex. Conversely, some patients
with the tethered cord syndrome characterized
by a lower location of the conus medullaris may
show a decreased threshold.*’

3. THE MASSETER AND
PTERYGOID REFLEX

Sudden stretching of the muscle spindles from a
sharp tap to the mandible activates the jaw reflex,
or masseteric T reflex.””!®” Electric stimulation
of the masseter nerve also elicits, in addition to
the direct motor responses, a masseteric H reflex
relayed via the midbrain.**"®” The so-called
motor root of the trigeminal nerve contains the
sensory fibers of the muscle spindle and the motor
axons of the extrafusal muscle fibers, the afferent
and the efferent arc of the reflex. The cell bodies
of the proprioceptive spindle afferents lie in the
mesencephalic trigeminal nucleus. The collateral
branches from these cells make a monosynaptic

connection with the motoneurons of the trigemi-
nal nerve in the pons. The physiology of the jaw
reflex differs considerably from that of the spinal
monosynaptic reflex. For example, muscle vibra-
tion that inhibits the soleus T and H reflexes
potentiates the masseteric counterparts.78’79 Some
authors advocate the stretch reflex from the medial
pterygoid as anadditional electrophysiologic study
for the trigeminal nerve.”®*® Acoustic stimuli can
also evoke reflex responses in the masseter muscle,
which comprise two components, vestibulo and
acoustic masseteric reflexes.

Methods and Normal Values

Table 9-2 (see also Appendix Table 1-7) summa-
rizes normal values in our laboratory.'**

In eliciting the jaw reflex by a mechanical tap
over the mandible, the closure of a microswitch
or other pressure-sensitive device attached to
the percussion hammer triggers the oscilloscope
sweep (Fig. 9-9). During repetitive testing, an
increase in the weight supported by the man-
dible or Jendrassik’s maneuver tends to facilitate
the masseter reflex. The latency and amplitude
vary with successive trials in the same subjects
and among individuals. The amplitude ratio
between simultaneously recorded right-sided and
left-sided responses, however, remains relatively
constant.'*? Thus, electrophysiologic evaluation
depends on the side-to-side comparison of the
reflex responses recorded simultaneously, rather
than the absolute values.

Table 9-2 Latency and Amplitude of Masseter Reflex in 20 Normal Subjects

LATENCY LATENCY AMPLITUDE  AMPLITUDE
(ms) DIFFERENCE (mV) RATIO (LARGE
(ms) OVER SMALL)
Mean right 7.10 0.23
Mean left 7.06 0.21
Total 7.08 0.27 0.22 1.44
SD 0.62 0.15 0.24 0.42
Mean + 3 SD 9.0 0.8 Variable 2.7
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FIGURE 9-9  Jaw tap for simultaneous recording of
mechanically induced masseter reflex from both sides with
two pairs of electrodes placed over the belly of the masseter
muscle (E1) referenced to the chin (E2). A modified reflex
hammer has a built-in microswitch, which, on contact,
triggers the sweep.

In one study,'® using a needle recording elec-
trode, the criteria for abnormality consisted of
unilateral absence of the reflex, a difference of
more than 0.5 ms between the latencies of the
two sides or bilateral absence of the reflex up to
the age of 70 years. For the pterygoid reflex, the
normal values reported include the latency of 6.9
+0.43 ms (mean + SD) with a side-to-side differ-
ence of 0.29  0.21 ms in 23 healthy volunteers.”®

Clinical Applications

The jaw reflex poses technical problems as a diag-
nostic test in standardizing the mechanical stimu-
lus and regulating the tonus of the masseter for
optimal activation (Fig. 9-10).