MOSBY

ELSEVIER

1600 John F. Kennedy Blvd.
Suite 1800
Philadelphia, PA 19103-2899

ELECTROMYOGRAPHY IN CLINICAL PRACTICE ISBN: 978-0-323-02899-8
Copyright © 2007 by Mosby, Inc., an affiliate of Elsevier Inc.

All rights reserved. No part of this publication may be reproduced or transmitted in any form or by

any means, electronic or mechanical, including photocopying, recording, or any information storage and
retrieval system, without permission in writing from the publisher.

Permissions may be sought directly from Elsevier’s Health Sciences Rights Department in Philadelphia, PA,
USA: phone: (+1) 215 239 3804, fax: (+1) 215 239 3805, e-mail: healthpermissions@elsevier.com. You may
also complete your request on-line via the Elsevier homepage (http://www.elsevier.com), by selecting
‘Customer Support” and then ‘Obtaining Permissions’.

Notice

Knowledge and best practice in this field are constantly changing. As new research and experience
broaden our knowledge, changes in practice, treatment and drug therapy may become necessary or
appropriate. Readers are advised to check the most current information provided (i) on procedures
featured or (ii) by the manufacturer of each product to be administered, to verify the recommended dose
or formula, the method and duration of administration, and contraindications. It is the responsibility of
the practitioner, relying on their own experience and knowledge of the patient, to make diagnoses, to
determine dosages and the best treatment for each individual patient, and to take all appropriate safety
precautions. To the fullest extent of the law, neither the Publisher nor the Author assumes any liability
for any injury and/or damage to persons or property arising out or related to any use of the material
contained in this book.

The Publisher

Previous editions copyrighted 1997

Library of Congress Cataloging-in-Publication Data

Katirji, Bashar.
Electromyography in clinical practice: a case study approach/Bashar Katirji—2nd ed.
p- cm
Includes bibliographical references and index.
ISBN 978-0-323-02899-8
1.Electromyography. 2. Neuromuscular diseases—Diagnosis—Case studies. I. Title.
[DNLM: 1. Neuromuscular Diseases—diagnosis—Case Reports. 2. Electromyography—Case Reports.
WE 550 K19e 2007]
RC77.5.K38 2007
616.7°407547—dc22 2007018876

Acquisitions Editor: Susan F. Pioli
Editorial Assistant: Joan Ryan

Senior Project Manager: David Saltzberg X
Design Direction: Steve Stave W/orklng together to grow

libraries in developing countries

www.elsevier.com | www.bookaid.org | www.sabre.org
Printed in the United States of America

ELSEVIER BOOKAID o0 Foundation

Last digit is the print number: 10 9 8 7 6 5 4 3 2 1



Dedication
To my wife Patricia, my children Linda and Michael, and my parents Malak and Zakaria
Without their love, encouragement and blessing, this work could not be achieved.



Preface to the Second Edition

I have been delighted with the enthusiastic reception
given by physicians to the first edition of this book since its
publication 10 years ago (1997). The aim of the book was
to provide case-based learning of the most commonly
encountered neuromuscular disorders in the EMG labora-
tory. The second edition maintains the main mission of
reducing the gap between theory and practice in the field
of electrodiagnostic medicine. In this edition, a new sec-
tion (Part I) was added pertaining to the fundamentals of
EMG. This section serves as an orientation and a quick
guide to the readers who are not familiar with the tech-
niques, terminology and basic concepts. It is divided into
four chapters: Chapter 1 introduces the field of electrodi-
agnostic medicine and its scope; Chapter 2 covers the basic
concepts of nerve conduction studies and needle EMG;

Chapter 3 discusses latent responses and repetitive nerve
stimulations; and Chapter 4 describes the findings in vari-
ous neuromuscular diseases. Part II contains all the cases.
Though most cases were unchanged from the first edition,
a few new ones were added and many were enriched with
new and improved waveforms, tables and updated refer-
ences. The discussions are longer in this edition and
include new advances in the field, such as the increased
use of comparison internal nerve conduction studies in the
diagnosis of carpal tunnel syndrome, inching techniques in
the diagnosis of ulnar nerve lesions, and quantitative motor
unit analysis in the diagnosis of myopathy and neurogenic
disorders.

Bashar Katirji
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Preface to the First Edition

A disease known is half cured.
Proverb (regarding diagnosis)

The electromyographic examination is a powerful diag-
nostic tool for assessing diseases of the peripheral nervous
system. Electromyography (EMG) is an extension of the
neurologic examination and is essential for the diagnosis
and prognosis of most neuromuscular disorders.

Electromyography in Clinical Practice is the result of
almost 15 years of teaching EMG. I came to the conclu-
sion, a few years ago, that fellows, residents, and medical
students enjoy the exercise of EMG problem solving. This
usually is accomplished by discussing cases and analyzing
the various data obtained first on nerve conduction studies
and then on needle EMG to reach a final diagnosis. The
objective of this book is to provide practical discussions of
the most commonly encountered disorders in the EMG lab-
oratory, using typical and real case studies. The book is not
intended to teach techniques, and it presumes certain
basic knowledge of clinical neurophysiology.

The book is composed of 27 cases, selected from a
teaching file I kept for the purpose of training in EMG. To
create a sense of unknown, these cases are organized ran-
domly but placed into three large categories: (1) focal dis-
orders of the lower extremity, (2) focal disorders of the
upper extremity, and (3) generalized disorders. Because I
expect that many readers will read this book at their leisure
(such as when they are confronted with a similar patient),

I intentionally have repeated some of the important tables
and figures to prevent a painful search into other chapters.

The organization of the chapters is kept uniform, with
minimal variability. Each case starts with a history and
physical examination, in which the pertinent findings are
presented. After each case presentation, there are a few
questions, with corresponding answers placed at the end of
the discussion. The questions are not meant to be exten-
sive (or preparatory for examination) but are included
mostly to stimulate the reader before he/she proceeds into
the discussion. A summary and analysis of the EMG and
clinical findings with final EMG diagnosis follows the case
presentation. At the beginning of the discussion, anatomy,
pathophysiology, or pathology relevant to the case pre-
sented are always incorporated. Clinical features are
always discussed, but less extensively than the EMG find-
ings. The electrodiagnostic discussions are emphasized
and kept practical to reflect the objective of the book.
A follow-up and final diagnosis complete the case. I have
supplemented the discussions with many tables and fig-
ures, which I find extremely useful for both the novice and
experienced clinician. Main articles are referenced as sug-
gested readings and kept to the most useful publications
and reviews.

Bashar Katirji, M.D., F.A.C.P.
Cleveland, Ohio
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The Scope of the EMG Examination

Electromyography (EMG) is a term that was first coined
by Weddell et al in 1943 to describe the clinical application
of needle electrode examination of skeletal muscles. Since
then, and at least in North America, the nomenclature
“EMG” or “clinical EMG” has been used by physicians to
refer to the electrophysiologic examination of peripheral
nerve and muscle that include the nerve conduction studies
(NCS) as well as the needle evaluation of muscles. These
terms continue to cause confusion that hinders communi-
cation among physicians and healthcare workers. Some
physicians refer to the study as EMG/NCS, reserving the
name EMG solely to the needle EMG evaluation and
adding the term NCS to reflect the nerve conduction stud-
ies separately. Others have used the title needle EMG or
needle electrode examination to reflect the needle evalua-
tion of muscles, while keeping the term EMG to describe
the entire evaluation of nerve and muscle. More recently,
a nonspecific term, the “electrodiagnostic (EDX) examina-
tion,” has gained popularity to serve as an umbrella covering
both the needle EMG and NCS. Other nomenclature used
worldwide includes the electrophysiologic examination,
which may be confused with the cardiac electrophysiologi-
cal studies, and the electroneuromyographic (ENMG)
examination which is the most accurate description of the
study, yet unfortunately not widely used. Finally, physi-
cians performing and interpreting these studies are called
electromyographers (EMGers), electrodiagnosticians, or
EDX consultants.

Regardless, the designations, EDX, EMG, clinical EMG,
or ENMG examinations are best used interchangeably to
reflect the entire electrophysiological study of nerve and
muscle (NCS and needle EMG), while the terms “needle
EMG” or needle electrode examination should be reserved
for the specific testing which involves needle electrode
evaluation of muscle. This author uses the terms EMG
examination and EDX examination interchangeably, and
refers to the needle examination of muscle as needle EMG.

The EDX examination comprises a group of tests that
are usually complementary to each other and often nec-
essary to diagnose or exclude a neuromuscular problem
(Table 1-1). These include principally the nerve conduc-
tion studies (NCS), that are sensory, motor, or mixed, and
the needle EMG, sometimes referred as “conventional” or
“routine” needle EMG to distinguish this test from other
needle EMG studies including single fiber EMG and
quantitative EMG. Also, “concentric” or “monopolar” needle
EMG is sometimes utilized to reflect the type of needle
electrode used. In addition to the two main components of
the EMG examination, three late responses are often
incorporated with the NCSs and have become an integral
part of the NCSs. These include the F waves also referred
to as F responses, the H reflexes also known as H responses,
and the blink reflexes. Two specialized tests are often
added to the routine EDX study mainly in patients with
suspected neuromuscular junction disorders. These
include the repetitive nerve stimulations and the single
fiber EMG. Finally, a group of specialized studies that
require special expertise as well as sophisticated equipment
and software, used as a clinical and research tool in the
assessment of the microenvironment of the motor unit,
include motor unit action potential (MUAP) morphology
analysis, MUAP turns and amplitudes analysis, macro EMG,
motor unit number estimate (MUNE), and near-nerve
recording studies.

THE REFERRAL PROCESS TO THE EMG
LABORATORY

Patients are referred to the EMG laboratory for EDX
studies following a clinical assessment by a physician who
suspects a disorder of the peripheral nervous system. For
example, a patient with intermittent hand paresthesias
and positive Phalen’s signs may be referred to the EMG

3



4 Introduction to Clinical Electromyography

Table 1-1. The Spectrum of Clinical
Electromyography (Electrodiagnosis)

1. Nerve conduction studies
— Sensory
— Motor
— Mixed
2. Needle electromyography (routine, conventional)
— Concentric
— Monopolar

3. Late responses
— F waves
— H reflexes
— Blink reflexes

4. Specialized electrodiagnostic tests
— Repetitive nerve stimulation
— Single fiber electromyography
— Quantitative electromyography
— Quantitative motor unit action potential morphology
analysis
— Turns and amplitude analysis
— Macro electromyography
— Motor unit number estimate (MUNE)
— Near-nerve recording studies

laboratory to evaluate a possible carpal tunnel syndrome.
The background and specialty of the referring physician
plays a significant role in the planning and execution of the
EDX study. In the experience of this author, this usually
follows one of these three scenarios:

1. The referring physician is also the EDX consultant (elec-
tromyographer). In other words, the patient is examined
first by the EDX consultant (usually a neurologist or
physiatrist) who performs and interprets the EDX study.
The advantage of this situation is that the neurological
examination is often thorough and the differential diag-
nosis is limited. Hence, the selection of NCSs and the
choice of sampled muscles on needle EMG are well
guided by the neurological findings. Though this situa-
tion is ideal, it is not common or practical in a busy EMG
laboratory. Also with this approach, the electromyogra-
pher may encounter one or two pitfalls. The first is that
he/she may perform a very limited and suboptimal
study and become excessively biased by the clinical
information, resulting in a significant number of diag-
nostic errors. The second hazard is that the EDX
consultants may change the interpretation of similar
findings among different studies to suit and support the
clinical diagnosis. For example, a diabetic patient with
denervation of quadriceps, iliacus, thigh adductors,
and lumbar paraspinal muscles may be diagnosed in the
EMG laboratory as consistent with lumbar radiculopa-
thy or diabetic amyotrophy depending on the temporal

course of the symptoms, pain characteristics, status of
diabetic control, or findings on imaging of the spine.

2. The referring physician is well versed with the anatomy
and disorders of the peripheral nervous system and the
EDX examination. The physician is often a neurologist
or physiatrist, but occasionally a neurosurgeon or an
orthopedist. In this situation, the referral information
includes brief, yet focused, clinical information, and a
limited differential diagnosis. In these situations, the
EDX consultant performs an EDX study on the sympto-
matic limb(s) to confirm or exclude the suspected diag-
nosis or, sometimes, makes an alternative diagnosis which
may have not been considered by the referring physician.

3. The referring physician is not well versed with disorders
of the peripheral nervous system. Often, the referral work-
ing diagnoses in these patients are vague, nonspecific,
or extensive. Since the EDX study has limitations related
to patient discomfort, expense, and time constraints, a
directed neurological history and a brief neurological
examination is often mandatory before planning and
executing the EDX study. Unfortunately, contacting the
referring physician to extract more specific information
is often not fruitful.

THE EMG LABORATORY PROCEDURES

Testing an Adult

Patients referred to the EMG laboratory should have a
referral form completed by the referring physician with
relevant clinical information and preferably a pertinent
neurological differential diagnosis (Figure 1-1). Referring
physicians should also describe the EDX study to their
adult patients, particularly in regard to the discomfort
associated with it, without creating unnecessary height-
ened anxiety. If unclear about the technical details of the
procedure, they should encourage their patients to contact
the EMG laboratory prior to the test date, to get a verbal
or written description of the procedure. Such written
descriptions should be widely available in all referring
physicians offices (Table 1-2).

Upon arrival at the EMG laboratory for testing, the
patient should be informed in detail of the procedures
planned based on the referral information and clinical
manifestations. Reading a written description is useful,
but a verbal description of the procedure by the EDX
technologist, the electromyographer, or both is usually
more comforting and reassuring to the patient.

The practice of electrodiagnosis is widely regarded as a
practice of medicine. The electromyographer must have a
good fund of knowledge of the anatomy, physiology, and

disorders of the peripheral nervous system, and be familiar



The Scope of the EMG Examination

EMG Laboratory Referral Form

Patient Name:

Hospital ID Number

Patient Telephone (Home):

Work

Appt. Date:

Time:

a.m./p.m.

Reason for EMG (indicate symptoms, findings, working diagnosis and/or check appropriate box below):

Referring Physician Name:

FOCAL PROBLEMS (SELECT LIMB - RIGHT OR LEFT - IF BOTH, INDICATE WORSE SYMPTOMATIC SIDE )

Peripheral Polyneuropathy

EXAMINED)

Myasthenia Gravis

UPPER EXTREMITY Right Left LOWER EXTREMITY Right Left
Cervical Radiculopathy Lumbosacral Radiculopathy
Carpal Tunnel Syndrome (CTS) Lumbar Canal Stenosis
Median Neuropathy (except CTS) Femoral Neuropathy
Ulnar Neuropathy Peroneal Neuropathy
Radial Neuropathy Sciatic Neuropathy
Brachial Plexopathy Tarsal Tunnel Syndrome (TTS)
Thoracic Outlet Syndrome (TOS) Lumbosacral Plexopathy
Axillary Neuropathy OTHER
Musculocutaneous Neuropathy Facial Neuropathy (Bell’s Palsy)
Suprascapular Neuropathy Vagal Neuropathy (Laryngeal Palsy)
Phrenic Neuropathy
Thoracic Radiculopathy
GENERALIZED PROBLEMS (SELECT RIGHT OR LEFT - BOTH UPPER & LOWER EXTREMITIES WILL BE

Motor Neuron Disease (ALS, ...)

Myopathy

Special Instructions: At the time of the EMC appointment, the patient’s skin should be clean without lotions, oils or creams. No
other special preparation is required. The patient can take all their medications as prescribed. Please indicate if the patient is
taking a blood thinner, or is on medication for myasthenia gravis, or has a pacemaker or stimulator. There are no aftereffects and

the patient can return to their usual activities immediately upon leaving the laboratory. The results of the EMG examination are

faxed and mailed to the referring physician, who in turn, will explain the results to the patient. If you have further questions,

please call the EMG laboratory at

Figure 1-1. A sample of the referring request for an EMG examination. (Adapted from Katirji B. The clinical electromyography

examination. An overview. Neurol Clin N Am 2002;20:291-303.)
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Table 1-2. A Sample of a Descriptive Explanation of the EMG Examination to be Given to Patients before

Undergoing Testing

WHAT YOU SHOULD KNOW ABOUT YOUR EMG TESTING

The EMG (ElectroMyoGraphy) Examination

The EMG examination is a diagnostic examination of nerve and muscle function. Your doctor has arranged this test to assist in
establishing a diagnosis and plan treatment. The EMG examination includes (1) nerve conduction studies and (2) muscle testing.

Nerve conduction studies are performed by placing discs on the skin over nerves and muscles and recording the responses to
electrical stimulation of the nerves. The nerves are stimulated with mild electrical impulses that give an unusual and surprising
sensation (much like the sensation in the fingers experienced when you hit you elbow on a desk).

The muscle testing involves direct recording of muscle activity at rest and during contraction by inserting small needles into various
muscles. A pinprick sensation is experienced when the needle is inserted and sometimes a mild, dull ache is noted while the needle is
in place. No electrical shocks are given. The needle picks up the electrical activity generated by normally by the muscle. This electrical
activity is displayed on a screen and over a loudspeaker so that the physician can see and hear it.

The EMG examination is safe, well tolerated, and involves only minor discomfort. It takes about one and a half hours to complete

the study. However, it is not unusual for more time to be required.

Special Instructions

At the time of your EMG appointment, your skin should be clean and without lotions, oils, or creams. No special preparation is
required. You can take all your medications as prescribed by your doctor. Please notify the technologist if you are taking a blood
thinner (warfarin or Coumadin), are on medication for myasthenia gravis (Mestinon), or have a pacemaker or stimulator. There are no
after effects and you may return to your usual activities upon leaving the EMG laboratory.

Test Results

The results of the EMG examination are sent to your doctor, who, in turn, will explain them to you and plan the appropriate treatment.

Reprinted with permission from Katirji B. The clinical electromyography examination. An overview. Neurol Clin N Am 2002;20:291-303.

with the techniques that are necessary for performing the
EDX study. Although a formal training in clinical EMG is
necessary, the skills of the electromyograper are usually
based on the number and type of patients studied. In prac-
tice, the electromyographer functions similar to a radiolo-
gist, by providing diagnostic studies directed by the patient
clinical symptoms and working diagnosis. Hence, the EMG
study should be as independent as possible, by providing
an objective physiological assessment of the neuromuscular
system.

NCSs and repetitive nerve stimulations (RNSs) may be
performed by the electromyographer, EDX technologist,
or both. Well-trained, preferably certified, EDX technolo-
gists should work under close supervision of the elec-
tromyographer. All NCSs and RNSs should be viewed by
the physician before proceeding with the needle EMG.
Additional NCS may be added pending the needle EMG
findings. For example, the superficial peroneal sensory
NCS should be added to the routine NCS of the lower
extremity, if the needle EMG examination reveals dener-
vation in L5 innervated muscles, to confirm the location of
the lesion to the intraspinal canal as seen with an L5
radiculopathy.

Needle EMG is performed by the electromyographer.
The data are obtained live and are not easily stored or
reviewed. A concentric or monopolar needle electrode
with the smallest diameter possible should be utilized, to

reduce the pain and discomfort associated with needle
insertion. The patient should be comforted throughout the
procedure; if requested, a pause should be granted in the
midst of the study.

Testing a Child

The EMG examination often creates extreme anxiety in
young children and their parents. If possible, children
should be accompanied by at least one nonanxious parent
throughout the study for comfort purposes. The parent may
hold the child’s hand or sit next to the child. Occasionally,
both parents may not withstand observing the test per-
formed on their child, and in these situations, they are better
kept away during the active component testing.

Most teenagers tolerate the test well. High current nerve
stimulations that are excessively supramaximal should be
avoided to reduce the pain and discomfort. In an extremely
anxious child (and occasionally adult), the needle EMG
should focus on muscles with the highest likelihood of
abnormality, since only few muscles may be ultimately sam-
pled. For example, sampling the vastus lateralis and del-
toid may be the only possible muscles examined in an
anxious child with possible proximal myopathy.

Sedation of young children, particularly those between the
ages of 2 and 10 years, is advocated but still debated.
Sedation has the advantage of allowing the performance of
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NCSs and repetitive nerve stimulation without any concern
about movement artifacts. However, sedation has the disad-
vantage of rendering the needle EMG more difficult, if the
child does not activate enough MUAPs needed for accurate
analysis. In these situations, the evaluation of both MUAP
morphology and recruitment may be suboptimal. Sedation of
young children is not without risks and should be done under
physician and nurse supervision and constant monitoring of
vital signs and oxygenation. The use of chloral hydrate in the
past was not always successful and occasionally resulted in
deep and prolonged sedation. This drug has been replaced by
agents that induce rapid hypnosis without excitation such as
midazolam hydrochloride (Versed®) or propofol (Diprivan®).

Propofol (Diprivan®) is the most popular intravenous
sedative-hypnotic anesthetic widely used in the United
States since 1989 because of its rapid onset of action and
recovery. Plasma levels decline quickly as a result of high
metabolic clearance and prompt distribution to the tissues.
These properties account for propofol’s rapid onset and
short duration of action. Clinically, maintenance of ade-
quate sedation requires a constant infusion of propofol.
Discontinuation of propofol anesthesia usually results in a
rapid decrease in plasma concentrations and prompt awak-
ening. Although the terminal elimination half-life of the
drug is 1 to 3 days, the sedative effects typically dissipate
within 5 to 10 minutes after the infusion is discontinued.
Longer anesthesia cases or sedation in the intensive care
unit may produce higher plasma concentrations and thus
prolong awakening time. With the advent of propofol, the
use of sedation of young children undergoing EMG testing
has become more feasible since the time to awakening after
a one- to two-hour infusion is extremely short. Also, it is pos-
sible to titrate the dose to allow partial awakening that is
good enough to assess MUAP morphology and recruitment.

In infants, using a pediatric stimulator is recommended
since the distance between the cathode and anode is
smaller. Shock artifacts that occasionally obliterate
the response partially or completely or prevent accurate
measurement of amplitude or latency are common
with distal stimulations at the wrists and ankles. This is
due to the very short distance between the cathodes
and recording electrodes with distal stimulations.

Testing in the Intensive Care Unit

EDX testing of critically ill patients with suspected neuro-
muscular disorders in the intensive care unit (ICU) is often
difficult and may be frustrating because of several limita-
tions (Table 1-3). Particular attention should be given to
the patient’s skin temperature since peripheral vasocon-
striction is common and may lower skin temperature.
A core temperature of greater than 36°C or skin tempera-
ture greater than 32°C should be aimed for, since lower
temperatures result in slowing of distal latencies and con-
duction velocities. Excessive tissue edema may be associ-
ated with low amplitude sensory or motor responses or
interferes with supramaximal stimulations and giving a
false impression of axonal loss. The edema may be gener-
alized (as with hypoalbunimemia) or limited to the legs
(such as with congestive heart failure), hands (such as with
extravasation of fluids from intravenous lines), or neck
(such as following tracheostomy or central line placement).
Many ICU patients have a bleeding diasthesis or are on
anticoagulation that prevents extensive needle EMG test-
ing. Excessive sweating, skin breakdown, central lines, pace-
makers, monitoring devices, or communicable diseases
also influence the type of procedure, the particular site,
and extremity tested.

Table 1-3. Limitations of Electrodiagnostic Testing in the Intensive Care Unit

Limitation Result

Nerve conduction studies
Cool extremities

Edema

Excessive sweating
Skin breakdown
Central line
Pacemaker

Anterior neck swelling

Needle EMG
Bleeding diasthesis

Coma or deep sedation
Agitation
Intubation/ventilation

Delayed distal latencies and conduction velocities

Low amplitude or unevoked sensory and motor responses

Artifacts and inadequate or unevoked responses

Inability to stimulate or record

Inability to stimulate near the line in fear of cardiac stimulation

Inability to stimulate near the wires or pacer in fear of cardiac stimulation
Inability to percutaneously achieve supramaximal simulation of the phrenic nerves

Inability to complete a thorough needle EMG

Inability to accurately assess MUAP morphology or recruitment
Inability to accurately assess the insertional and spontaneous activities
Inability to turn the patient to needle test the paraspinal muscles
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In spite of these limitations, EDX testing, including
needle EMG, NCS, and repetitive nerve stimulation, may
be performed safely in the ICU, and often provide signifi-
cant assistance in neuromuscular diagnosis and prognosis.
Reviewing the history, physical examination, and medica-
tion history as well as discussing the queries and testing
plan with the ICU team may prove beneficial to avoid pos-
sible pitfalls. Except in rare situations, the EDX tests done
in the ICU are often less extensive than the studies done
in the EMG laboratory, often with less NCS and needle
EMG sampling. However, enough details are usually
obtained to diagnose or exclude certain neuromuscular
disorders that may be encountered in the ICU. In acute
situations, serial studies are often necessary for final diag-
nosis and prognosis.

Testing of the respiratory system in the ICU is another
important part of the application of EDX testing that has
not been used frequently. Its major role is to investigate
the cause of respiratory insufficiency or failure to wean off
mechanical ventilation by testing components of the
peripheral nervous system involved in ventilation, includ-
ing the diaphragm and phrenic nerve. Phrenic motor NCS
by surface stimulation, recording from the skin over the
diaphragm, may be performed in the ICU setting, but are
not uncommonly limited by neck swelling, central lines,
and pacemaker wires. Diaphragmatic needle EMG exam-
ination of the diaphragm may be performed, but is cum-
bersome in the ICU and patients may not be alert enough
to cooperate with testing.

EMG LABORATORY REPORT

When completed, the EDX consultant should explain the
findings in brief to the patient, bearing in mind that the
electromyographer is often not the referring or treating
physician. Discussion of a serious illness, such as amyo-
trophic lateral sclerosis, may be best left to the referring
physician. Suggestions for clinical management should not
be discussed with the patient (except in general terms if
necessary) unless the referring physician has requested a
formal neuromuscular consultation.

The results of the EDX study should be conveyed
promptly to the referring physician(s). An EMG laboratory
report is the best way to transmit the results of the EDX
assessment to the referring physician. Occasionally, the
EDX consultant should contact the referring physician if the
EMG findings reflect a grave disease or if a planned surgery
needs to proceed or be cancelled due to these findings.

Generating a concise and understandable EMG laboratory
report is an important function of the electromyographer.
The EDX report should be typed (not hand written)
since it constitutes an integral part of the patient’s

medical records. The report should contain all the perti-
nent data acquired during the study, despite that some
referring physicians are only interested in the final conclu-
sion (Figure 1-2). In addition to the demographic data
(patient name, age, birth date, sex, hospital number, date
of study, and referring physician), the EMG laboratory
report should include the following:

1. Reason for referral to the EMG laboratory. This should
include a brief and pertinent clinical summary, the
temporal course of the illness (with date of onset if
applicable), and the complicating factors which may
influence the EDX findings. These factors include
diabetes mellitus, local swelling, limb deformity, history
of poliomyelitis, or previous lumbar or cervical spinal
surgery. An example of a statement outlining a brief his-
tory and the reason for referral is the following: “Acute
right wrist drop noted after recent abdominal surgery
on 6/4/2004. The patient has had diabetes mellitus for
3 years and a remote history of anterior cervical diskec-
tomy. Evaluate for right radial neuropathy and brachial
plexopathy.”

2. Nerve conduction studies. This segment of the report
should always be part of the EMG laboratory report,
and is particularly directed to physicians who are
well versed with the EDX examination. Recording and
revealing limb(s) temperature is extremely useful, since
many of the NCS parameters are greatly affected by
cool limbs. Since F wave and H reflex latencies are
length-dependent, the patient’s height should be also
shown on the report. The tabulated NCS form should
be detailed but not overcrowded with unnecessary
data. Nerves stimulated, stimulation sites, and record-
ing points are extremely important. Amplitudes (distal
and proximal), latencies, conduction velocities, and
F wave latencies should be noted. Normal laboratory
values should also be shown if possible (Figure 1-2A).

3. Needle EMG. This should list all the muscles examined
with their detailed findings. The insertional activity
(increased, decreased, myotonic discharges, etc.), spon-
taneous activity (fibrillation potentials, fasciculation
potentials, complex repetitive discharges, etc.), MUAP
activation (normal, fair, poor) and recruitment (normal,
decreased, early), and MUAP morphology (amplitude,
duration, percentage polyphasia) should be all reported
(Figure 1-2B). If an advanced EMG study is done
(quantitative MUAP analysis, MUNE, single fiber
EMG, etc.), the data should be outlined in detail.

4. Summary. It is a good practice to recap the pertinent
aspects of the EDX study in one or two paragraphs.
All the abnormalities and relevant negatives should be
highlighted. This summary sets the stage for formulating
a meaningful impression.



Figure 1-2. Sample of an EMG report. A: Nerve conduction studies.
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Figure 1-2, cont'd. B: Needle EMG.

(CRD = Complex repetitive discharge; N-Myoton = Neuromyotonia; SL Decr = Slightly Decreased; MO Decr = Moderately Decreased; MkDecr = Markedly Decreased;
+1, +2, +3 = slightly, moderately, markedly increased; -1, -2, -3 = slightly, moderately, markedly reduced; N/+1 = borderline increased; N/-1 = borderline reduced).
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5. Impression (or conclusion). This is the most important
component of the EMG report since it represents the
final link between the electromyographer and referring
physician. The impression should be brief, yet clear and
disclose as much information as possible. The EDX
examination often makes an anatomic or physiologic
diagnosis but not a final clinical diagnosis. For example,
the EDX study often diagnoses a median mono-
neuropathy at the wrist but not a carpal tunnel syndrome,
or a necrotizing myopathy but not polymyositis. In
these situations, the electromyographer may report that
the finding are “consistent with or compatible with”
the appropriate suspected clinical syndrome. When a
peripheral nerve lesion is detected, the site of pathology
with its severity, chronicity, and pathophysiology, should
be delineated. The EMGer may also provide a brief list
of differential diagnoses that are based on the EDX
findings. For example, if myotonia is detected on nee-
dle EMG, a list of the common inherited myotonic
disorders and the drug-induced myotonias may be use-
ful to the referring physician. Rarely, such as with the
Lambert-Eaton myasthenic syndrome, the EDX exam-
ination may be diagnostic of a specific disorder.

If the EDX study is normal, the impression should also
state that the study did not find evidence of the specific
disorder(s) for which the patient was referred. If the EDX
examination was limited or incomplete, such as due to poor
patient tolerance, this should be explicitly explained in the
impression. In situations where multiple EDX findings are
detected, they should preferably be listed relevant to their
individual relation to the suspected diagnosis, followed by
the likely incidental or asymptomatic findings. If a repeat
EMG study is needed, the report’s impression should state
the proposed time frame for such a study.

The electromyographer should be as objective as possi-
ble and not rely fully on the clinical information in making
a diagnosis that is not substantiated by the EDX findings.
For example, the EDX of a patient with a remote elbow
fracture and suspected tardy ulnar palsy may show an
axon-loss ulnar mononeuropathy without focal slowing or

conduction block but with denervation of the ulnar inner-
vated muscles in the forearm. The electromyographer
should report that the ulnar mononeuropathy is localized
at or above the elbow and refrain from localizing the lesion
to the elbow. Apart from prognostication in patients with
nerve injuries, the EDX report should not include treat-
ment or management recommendations. In situations
where the electromyographer is the treating physician or is
asked to provide a neuromuscular consultation, a detailed
neurological history, examination, diagnosis, management,
and prognosis should be included in a distinct neurological
consultation report.
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Routine Clinical Electromyography

NERVE CONDUCTION STUDIES

There are three types of NCS that are used in clinical prac-
tice: motor, sensory, and mixed NCS. The motor fibers are
assessed indirectly by stimulating a nerve while recording
from a muscle and analyzing the evoked compound mus-
cle action potential (CMAP), also referred to as the motor
response or the M wave (M for motor). The sensory fibers
are evaluated by stimulating and recording from a nerve
and studying the evoked sensory nerve action potential
(SNAP), also referred to as the sensory response. Mixed
NCSs are less commonly used and assess directly the sen-
sory and motor fibers in combination by stimulating and
recording from a mixed nerve and analyzing the evoked
mixed nerve action potential (MNAP).

Stimulation Principles and Techniques

Percutaneous (surface) stimulation of a peripheral nerve is
the most widely used nerve conduction technique in clini-
cal practice. The output impulse is a rectangular wave with
a duration of 0.1 or 0.2 ms, although this may be increased
up to 1 ms in order to record a maximal response. Two dif-
ferent types of percutaneous (surface) electric stimulators
are used: both are bipolar having a cathode (negative pole)
and anode (positive pole). The first type is a constant volt-
age stimulator that regulates voltage output so that current
varies inversely with the impedance of the skin and subcu-
taneous tissues. The second type is a constant current
stimulator that changes voltage according to impedance,
so that the amount of current that reaches the nerve is
specified within the limits of skin resistance. In bipolar
stimulation, both electrodes are placed over the nerve
trunk. As the current flows between the cathode and
anode, negative charges accumulate under the cathode
depolarizing the nerve, and positive charges gather under
the anode hyperpolarizing the nerve.

With bipolar stimulation, the cathode should be, in most
situations, closer to the recording site. If the cathode and
anode of the stimulator are inadvertently reversed,
anodal conduction block of the propagated impulse may
occur. This is due to hyperpolarization at the anode that
may prevent the depolarization that occurs under the
cathode from proceeding past the anode. In situations
where it is intended for the volley to travel proximally
(such as with F wave or H reflex recordings), the bipolar
stimulator is switched and the cathode is placed more
proximally.

Supramaximal stimulation of nerves that results in
depolarization of all the available axons is a paramount
prerequisite to all NCS measurements. To achieve
supramaximal stimulation, current (or voltage) intensity is
slowly increased until it reaches a level where the recorded
potential is at its maximum. Then, the current should
be increased an additional 20-30% to ensure that the
potential does not increase in size further (Figure 2-1).
Stimulation via a needle electrode deeply inserted near a
nerve is used less often in clinical practice. This is usually
reserved for circumstances where surface stimulation is
not possible, such as in deep-seated nerves (e.g., sciatic
nerve or cervical root stimulation).

Recording Electrodes and Techniques

Surface electrodes are most often used for nerve conduc-
tion recordings. Surface recording electrodes are often
made as small discs that are placed over the belly of the
muscle or the nerve (Figure 2-2). The advantages of sur-
face recording are that the evoked response is repro-
ducible and changes only slightly with the position of the
recording electrode. Also, the size (amplitude and area) of
the response is a semiquantitative measure of the number
of axons conducting between the stimulating and recording
electrodes.

13
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Figure 2-1. Supramaximal stimulation of a peripheral nerve dur-
ing a motor nerve conduction study (median nerve stimulating at
the wrist while recording abductor pollicis brevis). With a sub-
threshold stimulus of 3.6 mA (top response), none of the fibers
were stimulated and no response was evoked. With a higher stimu-
lus of 8.6 mA (second response), few fibers are stimulated and a
low-amplitude compound muscle action potential (CMAP) is
recorded. A further increase in the current to 12.4 mA (third
response) reveals a larger CMAP that is still submaximal. A 17.4 mA
stimulus results in a maximal CMAP (fourth response). This can
only be confirmed after increasing the stimulus intensity by
20-25% (supramaximal stimulus of 22 mA, fifth response) and
evoking a CMAP that is identical to the maximal CMAP. With
maximal and supramaximal stimulations, all nerve fibers are
stimulated.

With motor conduction studies, the active recording
electrode is placed over the belly of the muscle that corre-
lates with the endplate zone. This ensures that muscle
activity at the moment of depolarization is recorded as soon
as the nerve action potential has arrived at the endplate.
Ring electrodes are convenient to record the antidromic
sensory potentials from hand digital nerves over the
proximal and distal interphalangeal joints (Figure 2-3).
These ring electrodes could act as stimulation points with
orthodromic recording from hand digits.

Figure 2-2. Belly-tendon recording of compound muscle action
potential. The settings are for peroneal motor conduction study
recording the extensor digitorum brevis and stimulating distally
at the ankle. Note that the active electrode (G1) is over the belly
of the muscle while the reference electrode (G2) is over the tendon.
The ground electrode is placed nearby.

Needle recording is also possible but is less popular and
reserved for situations where the recording sites are deep-
seated muscles or nerves. Needle recordings are also useful
to improve the recording from small atrophic muscles or a
proximal muscle not excitable in isolation. In contrast to sur-
face recording, needle electrode recording registers only a
small portion of the muscle or nerve action potentials and

Figure 2-3. Ring electrodes used in recording sensory nerve
action potential (SNAP). The settings are for antidromic median
SNAP recording index finger.



Routine Clinical Electromyography 15

the amplitude of the evoked response is extremely variable
and highly dependent on the exact location of the needle.
Hence, amplitude and area measurement are not repro-
ducible which renders this technique not clinically valu-
able such as in assessing conduction block or estimating
the extent of axonal loss (see below).

Recording Settings and Filters

Filters are set in the recording equipment to reject low-
and high-frequency electrical noise. Low-frequency (high-
pass) filters exclude signals below a set frequency, while
high-frequency (low-pass) filters exclude signals above a
certain frequency. Filtering results in some loss or alter-
ation of the signal of interest. For instance, as the low-
frequency filter is reduced, more low-frequency signals
pass through, and the duration of the recorded potential
increases slightly. Likewise, as the high-frequency filter is
lowered, more high-frequency signals are excluded, and
the amplitude of the recorded potential usually decreases.
Hence, all potentials should be obtained with standardized
filter settings, and only compared to normal values col-
lected using the same filter settings. The recommended
low and high filter settings for motor conduction studies
are 10 Hz and 10 kHz, respectively. The high-frequency
filter is set lower for sensory nerve conduction studies than
for motor nerve conduction since high-frequency noise
(>10 kHz) commonly obscures high-frequency sensory
potentials. For sensory conduction studies, the low- and
high-frequency filters settings are typically 20 Hz and 2 kHz.

The amplifier sensitivity determines the amplitude of
the potential. Overamplification of the response truncates
the response, which results in false measurements of
evoked response amplitude and area, while underamplifi-
cation prevents accurate measurements of the takeoff
point from baseline. Typically, sensory studies are
recorded with a sensitivity of 10-20 pV/division and motor
studies with a sensitivity of 2-5 mV/division.

Recording Procedure

A prepulse preceding the stimulus triggers the sweep on a
storage oscilloscope. A stimulus artifact occurs at the
beginning of the sweep, and serves as an indicator of the
time when the shock occurred from which point latencies
are measured. Digital averaging is a major improvement in
recording low-amplitude responses by eliminating artifacts
and noise. Signals time-locked to the stimulus summate
at a constant latency and appear as an evoked potential,
distinct from the background noise. The signal-to-noise
ratio increases in proportion to the square root of the trial
number. For example, four trials give twice as big a response
as a single stimulus, whereas nine trials give three times

the amplitude. Modern instruments digitally indicate the
latency and amplitude when the desired spot on the wave-
form is marked.

Sensory Nerve Conduction Studies

Sensory NCSs are performed by stimulating a nerve while
recording the transmitted potential from the same nerve at
a different site. Hence, SNAPs are true nerve action
potentials. Antidromic sensory NCSs are performed by
recording potentials directed toward the sensory receptors
while orthodromic studies are obtained by recording
potentials directed away from these receptors. Sensory
latencies and conduction velocities are identical with either
method, but SNAP amplitudes are higher in antidromic
studies and, hence, more easily obtained without the need
for averaging techniques. Since the thresholds of some
motor axons are similar to those of large myelinated sen-
sory axons, superimposition of muscle action potentials may
obscure the recorded antidromic SNAPs. These volume-
conducted muscle potentials often occur with mixed
nerve stimulation or may result from direct muscle co-
stimulations. Fortunately, SNAPs can still be measured
accurately in most cases because the large-diameter sen-
sory fibers conduct 5-10% faster than motor fibers. This
relationship may change in disease states that selectively
affect different fibers. In contrast to the antidromic stud-
ies, the orthodromic responses are small in amplitude,
more difficult to obtain, and might require averaging
techniques (Figure 2-4).

SNAPs may be obtained by (1) stimulating and record-
ing a pure sensory nerve (such as the sural and radial
sensory responses), (2) stimulating a mixed nerve while
recording distally over a cutaneous branch (such as
the antidromic median and ulnar sensory responses), or
(3) stimulating a distal cutaneous branch while recording
over a proximal mixed nerve (such as the orthodromic
median and ulnar sensory studies). The active recording
electrode (G1) is placed over the nerve and the reference
electrode (G2) is positioned slightly more distal with
antidromic recordings or slightly more proximal with
orthodromic techniques. The distance between G1 and G2
electrodes should be fixed (usually at about 34 c¢m), since
it has a significant effect on SNAP amplitude. The SNAP
is usually triphasic with an initial small positive phase,
followed by a large negative phase and a positive phase.
Several measurements may be recorded with sensory NCSs
(Figure 2-5):

1. SNAP amplitude. This is a semiquantitative measure of
the number of sensory axons that conduct between
the stimulation and recording sites. It is usually calcu-
lated from the baseline (or the initial positive peak,
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Figure 2-4. Antidromic and orthodromic median sensory nerve
action potentials. The response in (A) is antidromic, i.e., stimulat-
ing the wrist and recording the index finger. The response in
(B) is orthodromic, i.e., stimulating the index and recording at
the wrist. Note that the peak latencies are comparable while the
antidromic response is much larger in amplitude than its ortho-
dromic counterpart.
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Figure 2-5. Antidromic median sensory nerve action potential
stimulating wrist while recording middle finger revealing
commonly measured parameters including a shock (stimulation)
artifact.

if present) to the negative peak (baseline-to-peak ampli-
tude). It may also be measured from negative peak to
positive peak (peak-to-peak amplitude). SNAP amplitudes
are expressed in microvolts (V). SNAP duration and
area may be measured but are not useful because of
significant temporal dispersion and phase cancellation
that accompany sensory NCSs (see temporal dispersion
and phase cancellation).

2. SNAP latencies. Sensory distal latencies may be meas-
ured (in ms) from the stimulus artifact to the onset of
the SNAP (onset latency) or from the stimulus artifact
to the peak of the negative phase (peak latency). Onset
latency may be obscured by a large shock artifact, a noisy
background, and wavy baseline. Though peak latency
does not reflect the fastest conducting sensory fibers, it is
easily defined and more precise than onset latency.

3. Sensory conduction velocity. This requires stimulation at
a single site only because the latency consists of only the
nerve conduction time from the stimulus point under the
cathode to the recording electrode. Sensory conduction
velocities are calculated using onset latencies (not peak
latencies), in order to calculate the speed of the fastest
conducting fibers, and the distance between the stimu-
lating cathode and the active recording electrode (G1).

. . Distance
Sensory conduction velocity =

Onset latency

Sensory conduction velocity may also be calculated after
a distal and a proximal stimulation and measurement. For
example, the median sensory SNAPs are obtained at the
wrist and elbows and the conduction velocity is measured
as follows:

Distance

Sensory conduction velocity = Proximal onset latency -

distal onset latency

Motor Nerve Conduction Studies

Motor NCS is performed by stimulating a motor or mixed
peripheral nerve while recording the CMAP from a muscle
innervated by that nerve. The CMAP is the summated
recording of synchronously activated muscle action poten-
tials. The advantage of this technique is a magnification effect
based on motor unit principles: Stimulation of each motor
axon results in up to several hundred muscle action potentials
with this number depending on the innervation ratio (num-
ber of muscle fibers per axon) of the examined muscle.

A belly-tendon recording is a typical electrode placement
to obtain a CMAP: a pair of recording electrodes are used
with an active lead (G1) placed on the belly of the muscle
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and a reference lead (G2) on the tendon (see Figure 2-2).
Both active and reference electrodes locations are an essen-
tial determinant of the CMAP size, shape, and latency. The
propagating muscle action potential, originating near the
motor point and under G1, gives rise to a simple biphasic
waveform with an initial large negative phase followed by a
smaller positive phase. With incorrect positioning of the
active electrode away from the endplate, the CMAP will
show an initial positive phase that corresponds to the
approaching electrical field of the impulses from muscle
fibers toward the electrode. Similar initial positivity is also
recorded with a volume-conducted potential from distant
muscles activated by anomalous innervation or by accidental
spread of stimulation to other nerves.

Whenever possible, the nerve is stimulated at two or
more points along its course. Typically, it is stimulated dis-
tally near the recording electrode and more proximally to
evaluate its proximal segment. Several measurements are
evaluated with motor NCSs (Figure 2-6):

1. CMAP amplitude. This is usually measured from base-
line to negative peak and expressed in millivolts (mV).
CMAP amplitude, recorded with surface electrodes, is
a semiquantitative measure of the number of axons
conducting between the stimulating and the recording
points. CMAP amplitude is also dependent on the rela-
tive conduction speed of the axons, the integrity of the
neuromuscular junctions, and number of muscle fibers
that are able to generate action potentials.

2. CMAP duration. This is usually measured as the dura-
tion of the negative phase of the evoked potential and is
expressed in milliseconds (ms). It is a function of the
conduction rates of the various motor axons within the

Distal Area
Distal 5mV
Amplitude
2 msec
) Distal
Distal Duration 2
Latency
Proximal Proximal Area
Amplitude
Proximal
Duration
Proximal
Latency

Figure 2-6. Median motor nerve conduction study revealing
commonly measured parameters following distal (top) and proximal
(bottom) stimulations.

tested nerve and the distance between the stimulation
and recording electrodes. The CMAP generated from
proximal stimulation has a longer duration and a lower
amplitude than that obtained from distal stimulation
(see temporal dispersion and phase cancellation).

3. CMAP area. This is usually restricted to the negative
phase area under the waveform and shows linear corre-
lation with the product of the amplitude and duration.
It is measured in mV ms and requires electronic inte-
gration using computerized equipment. The ability to
quantify CMAP area has almost replaced the need to
measure its duration since the duration is incorporated
in the area calculation.

4. CMAP latencies. This is the time interval between
nerve stimulation (shock artifact) and the onset of the
CMAP. It is expressed in ms and reflects the conduction
rate of the fastest conducting axon. Since the nerve is
typically stimulated at two points, distal latency is meas-
ured following a stimulation at a distal point near the
recording site, and a proximal latency is obtained with
a more proximal stimulation point. Both latencies are
dependent mostly on the length of the nerve segment
but also include the slower conduction along the termi-
nal nerve segments and neuromuscular transmission
time, and possibly some conduction time along muscle
fibers.

5. Conduction velocity. This is a computed measurement
of the speed of conduction and is expressed in meters
per second (m/s). Measurement of conduction velocity
allows the comparison of the speed of conduction
between different nerves and subjects, irrespective of
the length of the nerve and the exact sites of stimula-
tions. Also, motor conduction velocity reflects the pure
speed of the largest motor axon and, in contrast to dis-
tal and proximal latencies, does not include any neuro-
muscular transmission time nor propagation time along
the muscle membrane. Motor conduction velocity is
calculated after incorporating the length of the nerve
segment between distal and proximal stimulation sites.
The nerve length is estimated by measuring the surface
distance along the course of the nerve and should be
more than 10 cm to improve the accuracy of surface
measurement. Motor conduction velocity is calculated
as follows:

Distance

Motor conduction velocity = - -
Proximal latency — distal latency

Mixed Nerve Conduction Studies

Mixed NCSs are done by stimulating and recording from
nerve trunks with sensory and motor axons. Often, these
tests are done by stimulating a nerve trunk distally and
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Figure 2—7. Mixed nerve action potential. This is a median palmar
response stimulating the mixed median nerve in the palm and
recording orthodromically the median nerve at the wrist.

recording more proximally, since the reverse is often con-
taminated by large CMAP that obscures the relatively low-
amplitude MNAPs. In situations where the nerve is deep
(such as the elbow or knee), the MNAP may be very low in
amplitude or unelicitable, due to considerable tissue inter-
posing between the nerve and recording electrode. Hence,
these studies are not popular in clinical practice and are
restricted to evaluating mixed nerves in distal nerve seg-
ments, such as in the hand or foot during the evaluation of
carpal tunnel syndrome and tarsal tunnel syndrome,
respectively (Figure 2-7).

Segmental Stimulation in Short Increments

Routine NCSs are often sufficient to localize the site of
lesion in entrapment neuropathies. However, during the
evaluation of a focal nerve lesion, inclusion of the unaf-
fected segments in conduction velocity calculation dilutes
the effect of slowing at the injured site and decreases the
sensitivity of the test. Therefore, incremental stimulation
across the shorter segment helps localize an abnormality
that might otherwise escape detection. More precise local-
ization requires moving the stimulus in short increments
along the course of the nerve while keeping the recoding
site constant. This procedure is often labeled inching (or
actually centimetering) since 1 cm increment is a common
distance measurement. The large per-step increase in
latency more than compensates for the inherent measure-
ment error associated with stimulating multiple times in
short increments. The analysis of the waveform usually
focuses on sudden changes in latency values or abrupt
drop in amplitude.

The inching technique is particularly useful in assessing
patients with carpal tunnel syndrome, ulnar neuropathies
at the elbow or wrist, or peroneal neuropathy at the fibu-
lar neck. For example, with stimulation of a normal
median nerve in 1 ¢m increments across the wrist, the
latency changes approximately 0.16-0.21 ms per cm from

midpalm to distal forearm. A sharply localized latency
increase across a 1 cm segment indicates a focal abnormal-
ity of the median nerve.

Physiologic Variabilities

Temperature. Nerve impulses propagate slower by 2.4 m/s
or approximately 5% per degree Celsius as the limb cools
from 38 to 29°C. Also, cooling results in a higher CMAP
and SNAP amplitude and longer duration probably
because of accelerated and slowed Na* channel inactiva-
tion. Hence, a CMAP or SNAP with high amplitude and
slow distal latency or conduction velocity should be highly
suspicious of a cool limb (Figure 2-8).

To reduce this type of variability, skin temperature is
measured with a plate thermistor that correlates linearly
with the subcutaneous and intramuscular temperatures. If
the skin temperature falls below 33 to 34°C, it is necessary
to warm the limbs by immersion in warm water. Warming
packs or a hydroculator can also be used, particularly in
bedridden or intensive care unit patients. Adding 5% of
the calculated conduction velocity for each degree below
33°C theoretically normalizes the result. However, such
conversion factors are based on experience with healthy
individuals and do not apply to patients with abnormal
nerves.

Age. Nerve conduction velocities are slow at birth since
myelination is incomplete. They are roughly one-half the
adult value in full-term newborns and one-third that of

20 uVv/D 2 ms/D

Figure 2-8. The effect of temperature on antidromic median sen-
sory nerve action potential stimulating at the wrist and recording
the index finger: Response obtained with a skin palm temperature
of (A) 33.5°C and (B) 29.5°C. Note that cool limb results in a
SNAP with slower onset and peak latencies and higher amplitude.
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term newborns in 23- to 24-week premature newborns.
They reach adult values at 3-5 years. Then, motor and sen-
sory nerve conduction velocities tend to slightly increase in
the arms and decrease in the legs during childhood up to
19 years. With aging, conduction velocities slowly decline
after 30—40 years of age, that the mean conduction veloc-
ity is reduced about 10% at 60 years of age.

Aging also causes a diminution in SNAP and CMAP
amplitudes, which decline slowly after the age of 60 years.
This affects SNAP amplitudes more prominently, that
normal upper limb SNAP amplitude drops up to 50% by
age 70, and lower limb SNAPs in healthy subjects above
the age of 60 years are low in amplitude or unevokable.
Hence, absent lower extremity SNAPs in the elderly must
always be interpreted with caution, and are not necessarily
considered abnormal without other confirmatory data.

Height and nerve segments. An inverse relationship
between height and nerve conduction velocity suggests
that longer nerves generally conduct slower than shorter
nerves. For example, the nerve conduction velocities of
the peroneal and tibial nerves are 7-10 m/s slower than
the median and ulnar nerves. This cannot be explained
entirely by the small reduction in temperature of the legs
as compared with the arms. Possible factors to account for
the length-related slowing include abrupt distal axonal
tapering, progressive reduction in axonal diameter, or
shorter internodal distances. For similar reasons, nerve
impulses propagate faster in proximal than in distal nerve
segments. Hence, adjustments of normal values must be
made for individuals of extreme height, which is usually no
more than 2—4 m/s below the lower limit of normal.

Anomalies. Anomalous peripheral innervations may mis-
lead the electrodiagnostic physician and occasionally lead
to erroneous diagnosis and treatment. There are several
anomalous peripheral innervations that are important to
recognize since they have a significant effect on NCS.

1. Martin-Gruber anastomosis. This is an anomalous con-
nection between the median and the ulnar nerves in the
forearm that usually consists of motor axons. Two or
three communicating branches in the forearm leave the
median nerve and join the ulnar nerve to innervate the
ulnar-innervated intrinsic hand muscles, in particular
the first dorsal interosseous muscle (the most common
target), the hypothenar muscles (abductor digiti minimi),
the thenar muscles (adductor pollicis, deep head of
flexor pollicis brevis), or a combination of these mus-
cles. Martin-Gruber anastomosis, also referred to as
median-to-ulnar anastomosis in the forearm, is present
in approximately 15-20% of the population, and is
sometimes bilateral. This anomaly manifests during
ulnar or median NCSs depending on where the anom-
alous fibers terminate.

e In situations where the communicating fibers termi-
nate in the first dorsal interosseous muscle or the
hypothenar muscles, the ulnar NCS, recording first
dorsal interosseous or abductor digiti minimi (ADM),
manifests with a drop in the ulnar CMAP amplitude
between distal and proximal stimulation sites (con-
duction block). With distal stimulation at the wrist,
the CMAP reflects all ulnar motor fibers, while proxi-
mal stimulations (usually below and above elbow)
activate only the uncrossed fibers which are fewer in
number and resulting in lower CMAP amplitudes.
This anomaly can be confirmed by median nerve
stimulation at the elbow that evokes a small CMAP
from the abductor digiti minimi, which is not present
on median nerve stimulation at the wrist (Figure
2-9). With median stimulation at the wrist recording
the first dorsal interosseous, there is often a small

5mV
3ms
A 6.3mV
B 0.3 mV
Cc 0.3 mV

No response

51 mV

Figure 2-9. Martin-Gruber anastomosis with evidence of
prominent median to ulnar anastomosis recording hypothenar
muscle (ADM). The figure shows an ulnar motor conduction study
recording hypothenar muscle (ADM), stimulating the ulnar nerve
at the wrist (A), below elbow (B) and above elbow (C). It also
reveals the response following stimulating the median nerve at the
wrist (D) and the elbow (E).
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5mV
3ms
A 8.0mV
B 0.7 mV
C 0.7mV
D 1.0 mv
E 6.8 mV

Figure 2-10. Martin-Gruber anastomosis with evidence of
prominent median to ulnar anastomosis recording first dorsal
interosseous muscle. The figure shows an ulnar motor conduction
study recording first dorsal interosseous muscle, stimulating the
ulnar nerve at the wrist (A), below elbow (B) and above elbow
(C). It also reveals the response following stimulating the median
nerve at the wrist (D) and the elbow (E).

evoked CMAP that reflects volume conduction from
the neighboring median thenar muscles (Figure
2-10).

e When anomalous fibers innervate the thenar muscles,
stimulation of the median nerve at the elbow activates
the nerve and the crossing ulnar fibers resulting in a
large CMARP, often with a initial positivity caused by
volume conduction of action potential from ulnar
thenar muscles to the median thenar muscles. In con-
trast, distal median nerve stimulation evokes a smaller
thenar CMAP without the positive dip since the
crossed fibers are not present at the wrist. Also, the
median nerve conduction velocity in the forearm is
spuriously fast, particularly in the presence of a carpal
tunnel syndrome, since the CMAP onset represents
different population of fibers at the wrist compared to
the elbow (Figure 2-11). An accurate conduction
velocity may be obtained by using collision studies
that abolish action potentials of the crossed fibers.

2. Accessory deep peroneal nerve. This anomaly is present
in about 20% of the population. The anomalous nerve
is a branch of the superficial peroneal nerve that usually
arises as a continuation of the muscular branch to the
peroneus longus and brevis muscles. It passes behind
the lateral malleolus and terminates in the extensor
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Figure 2-11. Martin-Gruber anastomosis with evidence of
median to ulnar anastomosis recording thenar muscle in a patient
with moderate carpal tunnel syndrome. The figure shows a
median motor conduction study recording abductor pollicis bre-
vis (A, distal; B, proximal ). Note the slowing of the distal latency
(7.1 ms, N < 4.0 ms) which is compatible with carpal tunnel syn-
drome. There is a spuriously rapid conduction velocity with a
larger proximal thenar CMAP exhibiting a positive dip (arrow).

digitorum brevis on the dorsum of the foot. During per-
oneal motor NCS recording the extensor digitorum
brevis, the peroneal CMAP amplitude is larger stimu-
lating proximally than distally since the anomalous
fibers are not present at the ankle. This anomaly can be
confirmed by stimulating behind the lateral malleolus.
This yields a CMAP (not present in normal situations)
that, when added to the distal CMAP, is approximately
equal or higher than the CMAP obtained with proximal
peroneal nerve stimulations (Figures 2-12 and 2-13).

3. Riche-Cannieu anastomosis. This is a communication
between the recurrent motor branch of the median
nerve and the deep branch of the ulnar nerve. This
results in dual innervation of some of the intrinsic hand
muscles such as the first dorsal interosseous, adductor
pollicis, and abductor pollicis brevis. Riche-Cannieu
anastomosis is rather common but often not clinically or
electrophysiologically apparent. When this anomaly is
prominent, denervation in ulnar muscles may be pres-
ent following a median nerve lesion and vice versa.
Also, a complete median or ulnar nerve lesion may be
associated with relative sparing of some median inner-
vated muscles or ulnar innervated muscles in the hand
respectively.

4. Pre- and postfixed brachial plexus. In most individuals,
the brachial plexus arises from the C5 to T1 cervical
roots. In some, the plexus origin shifts up one level,
arising from C4 to C8, and in others it shifts one level
down, originating from C6 to T2. The former situation
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Figure 2-12. Accessory deep peroneal nerve anomaly shown
while performing a peroneal motor conduction study recording
extensor digitorum brevis. The distal stimulation at the ankle (A)
results in a CMAP that was lower in amplitude that the proximal
response following knee stimulation (B). Stimulation behind the
lateral malleolus yielded a CMAP (C). Note that the summation
of the CMAPs at (A) and (C) were higher than the CMAP at (B).

is referred to as a prefixed brachial plexus, while the lat-
ter is a postfixed brachial plexus. These anomalies have
implication on the precise localization of cervical root
lesions based on myotomal representation. In a pre-
fixed plexus, the location of the cervical lesion is one
level higher than concluded based on the clinical exam-
ination and electrodiagnostic studies. In contrast, with a
postfixed plexus, the cervical root lesion is one level
lower.

Temporal dispersion and phase cancellation. The
CMAP, evoked by supramaximal stimulation, represents
the summation of all individual muscle action potentials
directed to the muscle through the stimulated nerve.
Typically, as the stimulus site moves proximally, the
CMAPs slightly drop in amplitude and area and increase in
duration. This is caused by temporal dispersion where the
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Figure 2-13. Prominent accessory deep peroneal nerve anomaly.
Note here that the distal CMAP was extremely low in amplitude
(A) while the proximal CMAP is higher (B). Similar to Figure
2-12, stimulation behind the lateral malleolus yielded a relatively
large CMAP (C). However, in this example, most fibers were
directed to the extensor digitorum brevis through the accessory
deep peroneal nerve, leaving only a few to travel through the
main trunk of the deep peroneal nerve.

velocity of impulses in slow-conducting fibers lags increas-
ingly behind those of fast-conducting fibers as conduction
distance increases. With dispersion, there is also a slight
positive/negative phase overlap and cancellation of MUAP
waveforms. The final result of temporal dispersion and
phase cancellation is a reduction of CMAP amplitude and
area and prolongation of its duration.

Physiological temporal dispersion affects the SNAP
more than the CMAP. This is related to two factors.
First is the disparity between sensory fiber and motor fiber
conduction velocities. The range of conduction velocities
between the fastest and slowest individual human myeli-
nated sensory axons is almost double that of the motor
axons (25 m/s versus 12 m/s). This results in more disper-
sion of individual action potentials and leads to more
prominent phase cancellation. The second factor is the dif-
ference in duration of individual unit discharges between
nerve and muscle. With short-duration biphasic sensory
spikes, a slight latency difference could line up the positive
peaks of the fast fibers with the negative peaks of the slow
fibers and cancel both. In longer duration motor unit poten-
tials, the same latency shift would only partially superimpose
peaks of opposite polarity, and cancellation would be less of
a factor (Figures 2-14 and 2-15).
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Figure 2-14. Temporal dispersion and phase cancellation of two surface-recorded motor unit potentials at distal and proximal sites. This
can be translated into many similar biphasic potentials, which contribute to the compound muscle action potential (CMAP). (Reproduced
from Kimura [ et al. Relation between size of compound sensory or muscle action potentials, and length of nerve segment. Neurology
1986;36:647-652, with permission.)
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Figure 2-15. Temporal dispersion and phase cancellation of two surface-recorded single-fiber sensory potentials at distal and proximal
sites. This can be translated into many similar biphasic potentials, which contribute to the sensory nerve action potential (SNAP).
(Reproduced from Kimura | et al. Relation between size of compound sensory or muscle action potentials, and length of nerve segment.
Neurology 1986;36:647-652, with permission.)
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Intertrial variability. Principal factors contributing to an
intertrial variability include errors in determining surface
distance and in measuring latencies and amplitudes of the
recorded response. A slight shift in recording site results
in significant amplitude variability. NCSs are more repro-
ducible when done by the same examiner, because of the
significant degree of inter-examiner variability.

Common Sources of Error

Several major pitfalls in NCS may result in erroneous
measurements, calculations, and conclusions. These are
usually due to technical errors related to a large obscuring
stimulus artifact, increased background electrical noise,
submaximal stimulations at distal or proximal sites or
both, spread of the stimulating current to a nerve not
under study, eliciting an unwanted potential from distant
muscles, misplacement of recording or reference elec-
trodes, or errors in the measurement of nerve length and
conduction time.

Large Stimulus Artifact

The stimulus artifact may obscure the onset of the
recorded potential if its trailing edge overlaps with that
potential leading to inaccurate measurements of both
amplitude and latency. This occurs most commonly with
sensory nerve conduction studies and is exacerbated when
the recording electrode and the stimulating probe are too
close or when the stimulus intensity is high. The shock arti-
fact will have a decreasing negative effect on the recorded
potential by increasing the distance between stimulator
and recording electrodes, or by decreasing the stimulation
intensity. This artifact may also be reduced by slight rota-
tion of the stimulator’s anode while maintaining the cath-
ode in place, placing the ground electrode between the
stimulator and recording electrodes, and ensuring that the
stimulator and recording electrode cables do not overlap.

Increased Electrode Noise

Electrode noise usually interferes with recording small
potentials, such as SNAPs or fibrillation potentials. The
most common cause of electrical noise in the EMG labora-
tory is 60 or 50 Hz interference generated from other elec-
trical devices. Impedance is an electrical term combining
the effects of resistance to flow for a DC current and
capacitance for an AC current. As per Ohm’s law, the volt-
age (E) from electrical noise equals the current (I) induced
from the electrical noise multiplied by the resistance (R) or
impedance (E = IR). Signals recorded during the NCSs
(and needle EMG) are the result of differential amplifica-
tion, in which the difference between the signals at the
active (G1) and reference (G2) electrodes is amplified and
displayed. Therefore, if the same electrical noise is present

at both the active and reference electrodes (such as with
closely placed G1 and G2 electrodes), it is subtracted out,
and only the signal of interest is amplified (i.e., common
mode rejection). However, if the resistance or impedance
is different at each electrode, then the same electrical noise
will induce a different voltage at each electrode input. This
difference is then amplified and displayed, often obscuring
the signal of interest. Hence, preventing electrode imped-
ance mismatch is the best way to achieve identical electrical
noise at each electrode.

To prevent electrode noise, intact electrodes without
frayed or broken connections should be used, and the
skin cleaned with either alcohol or acetone. Conducting
electrode jelly is then applied to the electrode before
it is attached to the skin. The recording electrodes
should be held firmly against the skin with tape or a
Velcro band.

Submaximal Stimulation

An erroneous diagnosis of conduction block may occur if
submaximal stimulation was not achieved at a proximal
stimulation site only while the distal stimulation site was
supramaximal. Conversely, a submaximal stimulation at a
distal site with a supramaximal stimulation at a proximal
site may erroneously suggest an anomalous innervation.
A misdiagnosis of axonal loss may be made if a nerve
is not supramaximally stimulated at both its distal and
proximal sites.

In addition to their effect on CMAP and SNAP ampli-
tudes, submaximal stimulations at all stimulation sites
result in prolonged latencies and conduction velocities,
since the largest fibers have the highest threshold for
stimulation and are evoked last.

Co-stimulation of Adjacent Nerves

The stimulating current may spread to excite nearby
nerves, which may result in a spuriously large amplitude
potential. Inadvertent co-stimulation of adjacent nerves
distally but not proximally may be mistaken for conduction
block, while proximal without distal co-stimulation, may
erroneously suggest an anomalous innervation. To avoid
co-stimulation of adjacent nerves, the examiner should
watch the morphology of the waveform carefully, and
for the muscle twitch with each stimulation. If there is an
abrupt change in waveform configuration or in muscle
twitch pattern, especially at higher currents, co-stimulation
of adjacent nerves may have occurred. Common sites of
nerve co-stimulation are the median and ulnar nerve
stimulations at the wrist, elbow or axilla, and the common
peroneal and tibial nerves stimulations at the knee.
Co-stimulation of multiple nerve elements is unavoidable
with percutaneous stimulation of the supraclavicular
elements of the brachial plexus at Erb’s point.
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Recording or Reference Electrode

Misplacement

With the belly-tendon method of recording, the CMAP
shows an initial positive deflection if the active (G1) record-
ing electrode is not placed over the endplate. This occurs
since the volume-conducted depolarization potential first
occurs at a distance from the recording electrode. This
electrode misplacement results in error in measuring the
latency and the CMAP amplitude may be reduced.

The SNAP or MNAP may be low in amplitude when the
recording electrode is inadvertently placed lateral or
medial to the nerve trunk, since the amplitude of the
potential decays dramatically with increasing distance
from the generator. This occurs most frequently with sen-
sory conduction studies of anatomically variable sensory
nerve trunks, such as the sural, superficial peroneal,
medial, and lateral antebrachial cutaneous nerves.

The location of the reference electrode (G2), when accu-
rately placed over the muscle tendon, has little influence
on the CMAP since it is almost inactive at that site. However,
the distance between these electrodes influences the SNAPs
and MNAPs, since the active and reference electrodes are
both typically placed over the nerve trunk. Accordingly,
the nerve segment under the active electrode depolarizes
first, followed by depolarization of the segment under-
neath the reference electrode. If the active and reference
electrodes are too close, they may briefly become electri-
cally active at the same time, resulting in a lower amplitude.
Taking into account the normal range of nerve conduction
velocities, the preferred inter-electrode distance between
the active and reference recording electrodes for sensory
and mixed nerve recordings is 3—4 cm, which ensures
that depolarization will not occur under both electrodes
simultaneously.

Distance Measurement Error

The surface distance is a fair estimate of the true length of
the studied nerve. However, nerves may run an oblique
course or turn around a bony structure. This may result in
a large discrepancy between the measured and actual
length of the nerve and lead in erroneous conduction
velocity. Estimating the true length of the ulnar nerve
across the elbow is the most notable representative of
measurement error that continues to be debated. The
ulnar nerve in most subjects is redundant when the arm is
in the extended elbow position and stretched to its full
distance during the extended position. If measurements of
the ulnar nerve are made in the extended position, the true
length of the underlying nerve is underestimated resulting
in erroneous focal slowing across the elbow. With the
elbow in a flexed position, the measured surface distance
across the elbow better reflects the true underlying length
of the nerve resulting in a more valid calculation of

conduction velocity. Other examples of nerve segments
that are subject to surface measurement errors include the
radial nerve around the spiral groove, the peroneal nerve
around the fibular neck, and the median and ulnar nerves
between the axilla and Erb’s point (supraclavicular fossa).

NEEDLE ELECTROMYOGRAPHIC
EXAMINATION

Motor Units and Muscle Fibers

The motor unit consists of a single motor neuron and all
the muscle fibers it innervates. The number of muscle
fibers innervated by a single motor axon is the innervation
ratio, which is variable ranging from 3 to 1 for extrinsic eye
muscles to several hundreds to 1 for limb muscles. A low
ratio occurs in muscles with greater ability for fine grada-
tions of movement, and is typically found in the extraocu-
lar, facial, and hand muscles.

Muscle fibers are classified based on their mechanical
properties and resistance to fatigue. Based on the speed of
the actin—myosin reaction and the Ca®*-dependent activa-
tion and relaxation regulatory systems, muscle fibers are
either slow or fast. They are also either fatigue-resistant
with higher mitochondrial content, or fatigable. Hence,
muscle fibers are usually labeled as type I (slow and
fatigue-resistant), type II A (fast and fatigue-resistant), or
type II B (fast and fatigable) fibers (Table 2-1). All muscle
fibers of each individual motor unit are of one specific
type. The distribution of muscle fibers of a single motor
unit within a muscle is wide with considerable overlap
among the territories of motor units.

All muscle fibers in one motor unit discharge simultane-
ously when stimulated by synaptic input to the lower
motor neuron or by electrical stimulation of the axon.
Based on the “size principle,” the smallest motor neurons
are activated first with larger motor neurons recruited later
with progressive increase in force. This order of recruit-
ment correlates with the functional properties of the
motor units, i.e., the small motor units are slow and
fatigue-resistant and are activated first and for longer peri-
ods of time than the large motor units that are fast and fati-
gable and recruited later and for shorter periods of time.

Principles

The skeletal muscle fiber has a resting potential of 90 mV,
with negativity inside the cell. These fibers, as well as neu-
rons and other excitable cells, generate action potentials
when the potential difference across the plasma mem-
brane is depolarized past a specific threshold. This follows
an “all-or-none” rule, which means that increasing the
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Table 2-1. Skeletal Muscle Fiber Types

Fast, Fatigue-Resistant Fast, Fatigable

Slow Type I Type IIA Type I1B
Diameter + ++ +++
Capillary supply 4+ +H+ +
Mitochondrial content +++ +++ +
SR volume + ++ -+
Myofibrillar ATPase + +++ -+
Myofibrillar Ca?* sensitivity -+ + +
SR Ca?* uptake Slow Fast Fast
Myoglobin content -+ +++ +
NADH dehydrogenase +++ ++ +
Succinate dehydrogenase +++ +H+ +
Glycerophosphate dehydrogenase + +++ +++
Lactate dehydrogenase + ++ ++
Twitch kinetics Slow Fast Fast
Speed of shortening Slow Fast Fast
Fatigue resistant Yes Yes No

stimulus does not change the shape of the action potential.
The generation of an action potential reverses the trans-
membrane potential, which then becomes positive inside
the cell. An extracellular electrode, as used in needle
EMG, records the activity resulting from this switch of
polarity as a predominantly negative potential (usually
triphasic, positive—negative—positive waveforms). However,
when recording near a damaged region, action potentials
consist of a large positivity followed by a small negativity.

The needle EMG study is an essential component of the
EDX evaluation. It provides an efficient and rapid mean of
testing the electrical activity of motor units in a widespread
number of muscles. The selection of muscle to be sampled
is based on the working and differential diagnoses as deter-
mined by the clinical manifestations and NCS findings.
The accessibility of the muscle, the ability to activate it,
and the degree of pain associated with needle insertion
particularly in children and anxious adults also play a role
in that choice.

Concentric and Teflon-coated monopolar needle elec-
trodes are equally satisfactory in recording muscle poten-
tials, with few appreciable differences (Table 2-2). Though
monopolar needles are less painful, they require an addi-
tional reference electrode nearby which often results in
greater electrical noise due to electrode impedance mis-
match between the intramuscular active electrode and the
surface reference disk.

Techniques

Knowledge of the anatomy of muscles is a prerequisite for
needle EMG. This includes their exact location, segmental

and peripheral innervations, and activation maneuvers.
The electromyographer first identifies the needle insertion
point by recognizing the proper anatomical landmark of
the sampled muscle. The initial insertion of the needle
electrode should occur when the muscle is relaxed and not
contracted since this is less painful. Needle EMG evalua-
tion is performed in three steps:

1. Inserting or slightly moving the needle within the
relaxed muscle causes insertional activity that results
from needle injury of muscle fibers. This also assesses
spontaneous activity by moving the needle a small dis-
tance and pausing a few seconds. At least 4-6 brief nee-
dle movements should be made in four quadrants of the
muscle to assess insertional and spontaneous activity.

2. A minimal contraction is obtained to assess the mor-
phology of several MUAPs that are measured on the

Table 2-2. Difference Between Monopolar
and Concentric Needle Electrodes

Concentric Monopolar

Does not requires an
independent
reference electrode

Requires an independent
reference electrode
More painful Less painful
More expensive Less expensive

Low baseline noise
Lower MUAP amplitude
Sharper MUAP rise time

Shorter MUAP duration

High baseline noise

Higher MUAP amplitude
MUAP rise time not as sharp
Longer MUAP duration
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oscilloscope or hard copy. If sharp MUAPs are not seen
with minimal contraction, the needle should be moved
slightly (pulled back or moved slightly deeper).

3. The intensity of muscle contraction is increased to
assess the recruitment pattern of MUAPs. Maximal
contraction normally fills the screen, producing the
interference pattern.

Oscilloscope sweep speeds of 10 ms per division bests
define spontaneous and voluntary activities. A 50 uV/division
sensitivity is the usual amplification for the evaluation
of insertional and spontaneous activities, while 200 uv/
division is used for analysis of voluntary motor activity.

Insertional and Spontaneous Activity

Normal Insertional and Spontaneous Activity

Brief bursts of electrical discharges accompany insertion
and repositioning of a needle electrode into the muscle,
slightly outlasting the movement of the needle, and usually
not lasting more than 300 ms. Insertional activity appears as
a cluster of positive or negative repetitive high-frequency
spikes, which make a crisp static sound over the loudspeaker.

At rest, muscle is silent. It is, however, noisy in the motor
endplate region (the site of neuromuscular junctions),
which is usually located near the center of the muscle belly.
Two types of normal endplate spontaneous activity occur
together or independently: endplate spikes and endplate
noise.

Endplate spikes. These are intermittent spikes and
represent discharges of individual muscle fibers generated
by activation of intramuscular nerve terminals irritated
by the needle. Their characteristic irregular firing pattern

150 uV/D
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distinguishes them from the regular-firing fibrillation
potentials (Figure 2-16). The waveform of endplate spike
is also distinguished by its initial negative deflection since
the generator of the potential is usually underneath the nee-
dle’s tip. Endplate spikes fire irregularly at 5-50 impulses
per second, and measures 100-200 uV in amplitude, and
3-4 ms in duration. They have a cracking sound on the
loudspeaker, imitating “sputtering fat in a frying pan.”

Endplate noise. The tip of the needle approaching the
endplate region frequently registers recurring irregular
negative potentials, 10-50 pV in amplitude and 1-2 ms in
duration (Figure 2-17). These potentials are the extracel-
lularly recorded miniature endplate potentials that, in
turn, are nonpropagating depolarizations caused by spon-
taneous release of acetylcholine quanta. Endplate poten-
tials produce a characteristic sound on loudspeaker much
like a “seashell held to the ear.”

Abnormal Insertional Activity

Increased insertional activity. An abnormally prolonged
(increased) insertional activity, that lasts longer than 300 ms
and does not represent endplate potentials, indicates insta-
bility of the muscle membrane. It is often seen in conjunc-
tion with denervation, myotonic disorders, or necrotizing
myopathies.

Myotonic-like or pseudomyotonic discharges. These are
insertional positive waves, initiated by needle movements
only and lasting few seconds. This isolated activity is distin-
guished from true myotonic discharges by the stability of
the positive waves that do not wax or wane in amplitude or
frequency. These discharges are usually seen during early
denervation of muscle fibers such as one to two weeks
after acute nerve injury.
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Figure 2-16. Endplate spikes. Note the
irregular firing pattern and the biphasic
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Figure 2-17. Endplate noise. Note the
low-amplitude, high-frequency and pre-
dominantly negative potentials (A). These
may be seen in conjunction with the end-

plate spikes (B). B

Decreased insertional activity. A reduction or absence
of insertional muscle activity suggests either fibrotic or
severely atrophied muscles. Rarely, this represents func-
tionally inexcitable muscles such as during the acute attacks
of periodic paralysis.

Abnormal Spontaneous Activity

Fibrillation potentials. Fibrillation potentials are sponta-
neous action potentials generated by recently denervated
muscle fibers. They often are triggered by needle insertion
and persist more than 3 seconds after the needle move-
ment stops. Fibrillation potentials typically fire in a regular
pattern at a rate of 1-30 impulses per second. They pro-
duce a sound reminiscent of the sound caused by “rain on
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the roof” or “the tick/tock of a clock.” They consist of one
of two types of waveforms with distinctive morphologies
(positive waves and brief spikes), which likely reflect the
relation between the position of the needle electrode and
the muscle fiber.

1. Positive waves have an initial positivity and subsequent
slow negativity with a characteristic sawtooth appear-
ance (Figure 2-18). It is likely that the needle mechan-
ically deforms the muscle fiber, and the action potential
that move toward the damaged part of the muscle fiber
is incapable of propagate further. This accounts for the
positive wave morphology and absence of negative
spike.
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Figure 2—-18. A positive waveform of fibril-
lation potentials shown in raster form. Note
that the discharge frequency is quite regular
but decreases slightly and steadily starting
the third trace.

2. Brief spikes are usually triphasic with initial positivity nerve injury, possibly because they can be triggered by
(Figure 2-19). They range from 1 to 5 ms in duration the insertion of a needle in already irritable muscle
and are 20200 uV in amplitude when recorded with a membrane.
concentric needle electrode. If the needle electrode is
placed near the endplate zone, brief spikes fibrillation Fibrillation potentials are seen following muscle dener-
potentials may resemble physiologic endplate spikes vation that occurs with motor axon loss lesions to the ante-
with an initial negativity. Although often seen together, rior horn cells of the spinal cord, root, plexus, or peripheral
positive sharp waves tend to precede brief spikes after nerve. Fibrillation potentials appear after 1-2 weeks of
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Figure 2-19. A brief spike form of fibrillation
potential shown in raster form. Note that the
discharge is brief in duration, triphasic with
an initial positivity and a regular rate.
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acute denervation but do not become full till after 3 weeks
after nerve injury. They disappear late in the course of
denervation when muscle fibers become reinnervated or
fibrotic and severely atrophied. Hence, fibrillation poten-
tials may be absent in very acute or chronic denervation.

Fibrillation potentials are also commonly encountered
in necrotizing myopathies, such as the inflammatory
myopathies, critical illness myopathies and muscular dys-
trophies. This is likely due to segmental necrosis of muscle
fibers, leading to effective denervation of the distant seg-
ments as they become physically separated from the neu-
romuscular junction. Also, damage to the terminal
intramuscular motor axons, presumably by the inflamma-
tory process, may also result in muscle fiber denervation.
In disorders of the neuromuscular junction such as myas-
thenia gravis or botulism, fibrillation potentials are rare.
They are best explained by a chronic neuromuscular trans-
mission blockade, resulting in “effective” denervation of
muscle fibers.

Fibrillation potentials are graded from 0 to +4 as fol-
lows: 0, no fibrillation potentials; +1 persistent single trains
of potentials (>2-3 seconds) in at least two areas; +2, mod-
erate number of potentials in three or more areas; +3,
many potentials in all areas; +4, abundant spontaneous
potentials nearly filling the oscilloscope. This conventional
grading is semiquantitative since the density of fibrillation
potentials represents only a rough estimate of the extent of
denervated muscle fibers.

0.1 mV/D

Figure 2-20. Fasciculation potentials
recorded, in raster mode, from the vastus
lateralis in a patient with motor neuron
disease. In (A) the sweep speed is set at
20 ms/division while in A

Fasciculation potentials. Fasciculation potentials are
spontaneous (involuntary) discharges of a motor unit. They
originate from the anterior horn cell or motor axon any-
where along its length. Fasciculation potentials fire ran-
domly and irregularly, with variable waveform morphology,
and much slower firing rate than voluntary MUAPs. They
may be associated with a visible muscle twitch and, rarely,
in slight movement of a small joint in the fingers of toes.
When abundant, fasciculation potentials give a “popping
corn” sound on the loudspeaker.

Fasciculation potentials are encountered most com-
monly in motor neuron diseases, but are seen also in
radiculopathies, entrapment neuropathies, peripheral
polyneuropathies, and the cramp-fasciculation syndrome.
They are seen also in tetany, thyrotoxicosis, and overdose
of anticholinesterase medication. In addition, they may
occur in healthy individuals, and there is no reliable
method of distinguishing “benign” from “malignant” fasci-
culation potentials except that the fasciculation potentials
in motor neuron disease tend to fire slower, are more com-
plex, and less stable. Most importantly, benign fascicula-
tion potentials are not associated clinically with weakness
and wasting, or with other electrophysiologic signs of den-
ervation including fibrillation potentials and neurogenic
MUAP changes (Figure 2-20).

Complex repetitive discharges. A complex repetitive dis-
charge is often referred to as CRD and was formerly
known as bizarre repetitive discharge. It is a composite
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50 uV/D

waveform that contains several distinct spikes and often
fires at a constant and fast rate of 30 to 50 Hz.
Occasionally, the discharge frequency is slow or extremely
fast, ranging from 5 to 100 Hz. The individual CRD ranges
from 50 uV to 1 mV in amplitude and up to 50-100 ms in
duration. It remains uniform from one discharge to
another, a feature that helps distinguishing it from
myokymic discharge (Figure 2-21). CRDs typically begin

50 uV/D

200 ms/D
b LR
4

; m
o emarnih Figure 2-20, contd. (B) it is set at a long
sweep speed of 200 ms/division. Note that
| _ the morphology of the potentials is of motor
e s ymits but with extreme variability in config-
uration among the individual discharges and
their irregular firing pattern. Individual fas-

ciculation potential may recur irregularly
(arrows and arrowheads in (A)).

and cease abruptly. On loudspeaker, CRD produces a noise
that mimics the sound of a “machine.” Pathophysiologically,
CRD results from the near synchronous firing of a group
of muscle fibers that communicates ephaptically. One fiber
in the complex serves as a pacemaker, driving one or sev-
eral other fibers so that the individual spikes within the
complex fire in the same order as the discharge recurs.
One of the late-activated fibers re-excites the principal
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Figure 2-21. Complex repetitive discharge
recorded from the deltoid muscle in a
patient with chronic C6 radiculopathy.
Note that the complex (circled) is stable and
remains exactly the same between dis-
charges with a constant firing rate. In (A)
the discharge is shown as a triggered
msteredform and in
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50 uV/D

Figure 2-21, contd. (B) the five rasters are h “u

superimposed. Note that the complex super-
imposes perfectly reflecting its uniform
configuration. B

pacemaker to repeat the cycle. The chain reaction
eventually blocks resulting in abrupt cessation. CRDs are
abnormal discharges but rather nonspecific since they
accompany a variety of chronic neurogenic as well myo-
pathic disorders. They may also be found in the iliopsoas
or cervical parapsinal muscles of apparently healthy indi-
viduals, probably implying a clinically silent neuropathic
process.

Myokymic discharges. Myokymic discharge is defined
as groups of motor unit potentials that fire repetitively
in a quasi-rhythmical fashion with intervening period of
silence. The burst composed of about 2-15 spikes with

0.2 mV/D

Figure 2-22. Myokymic discharge shown in
a raster mode with a long sweep speed of
200 ms/division. Note that the number of
potentials often changes from one burst to
another, varying in this example from one to
four potentials. Note also the relatively slow
interburst frequency of about 2 Hz while
the intraburst frequency is about 18-20 Hz.

50 ms/D

frequent variability in the number of spikes per discharge
(Figure 2-22). The intraburst frequency is about
30—40 Hz, while the interburst frequency is much slower
and ranges from 1 to 5 Hz, which gives myokymia the
sound of “marching soldiers” on the loudspeaker.
Clinically, myokymic discharges often give rise to sustained
muscle contractions, which have an undulating appearance
beneath the skin (bag of worms). Myokymic discharges
probably originate ectopically in motor fibers and decrease
in intensity with progressively distal nerve blocks. They
may be amplified by increased axonal excitability, such as
after hyperventilation-induced hypocapnia.

200 ms/D
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Table 2-3. Causes of Myokymic Discharges

Focal
Facial Limb Generalized
Multiple sclerosis Radiation plexopathy (brachial or lumbosacral) Thyrotoxicosis
Brainstem tumors Carpal tunnel syndrome Thymoma

Syringobulbia Ulnar neuropathy
Bell’s palsy

Guillain-Barré syndrome Spinal stenosis
Basilar invagination
CIDP*

HNPP!

Cerebellopontine angle tumor
Cardiac arrest

Hydrocephalus

Lymphocytic meningitis

Chronic radiculopathy

Guillain-Barré syndrome

Guillain-Barré syndrome
Gold intoxication
Penicillamine

Timber rattlesnake poisoning
Isaac’s syndrome

*CIDP = chronic inflammatory demyelinating polyneuropathy.

'HNPP = hereditary neuropathy with liability to pressure palsy (tomaculous neuropathy).

Myokymic discharges may be restricted to focal areas
such as the in face with brainstem glioma or multiple scle-
rosis, a single extremity with radiation plexopathy, or the
thenar eminence with carpal tunnel syndrome. They also
may be generalized as encountered in association with
gold toxicity or the syndrome of continuous motor unit
activity (Isaac syndrome) (Table 2-3).

Neuromyotonic discharges. Neuromyotonic discharges
are extremely rare discharges in which motor units fire
repetitively at high frequency (150-250 Hz), either contin-
uously or in recurring decrementing bursts, producing a
“pinging sound” on loudspeaker (Figure 2-23). The discharge

| 100V |

10 ms

Figure 2-23. Neuromyotonic discharge. Note the decrementing
response. The top is recorded with a long sweep speed of
100 ms/division while the insert is at a regular sweep speed of
10 ms/division. Note the very high frequency (150-250 Hz) repeti-
tive discharge of a single motor unit. (Reproduced from Preston
DC, Shapiro BE. Electromyography and neuromuscular disorders.
Boston, MA: Butterworth-Heinemann, 1998, with permission.)

continues during sleep, and diminishes in intensity with
progressively distal nerve blocks, implicating the entire
axon as the site of generation. The syndrome of continuous
motor unit activity (Isaac syndrome) which may have an
autoimmune etiology, with the target antigen likely being
peripheral nerve potassium channels, is often associated with
neuromyotonia and myokymia. Other conditions associated
with neuromyotonia include anticholinesterase poisoning,
tetany, and chronic spinal muscular atrophies.

Myotonic discharges. Like fibrillation potentials,
myotonic discharges appear either as a sustained run of
sharp positive waves or brief spikes (Figure 2-24). Positive
sharp waves are initiated by needle insertion injuring mus-
cle membrane, whereas the brief spikes tend to occur at
the beginning of slight volitional contraction. Both types of
discharges typically wax and wane in amplitude (range =
10 uV-1 mV), and frequency (range = 20-150 Hz), which
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Figure 2-24. Myotonic discharge recorded with a sweep speed of
100 ms/division. The arrow depicts the time of needle insertion
that triggers the discharge from a muscle fiber. Note the waxing
and waning of both amplitude and frequency. (Reproduced from
Preston DC, Shapiro BE. Electromyography and neuromuscular
disorders. Boston, MA: Butterworth-Heinemann, 1998, with
permission.)



Routine Clinical Electromyography 33

Table 2-4. Common Causes of Electrical Myotonia

Myotonic Dystrophies

Type I, Il and PROMM (proximal myotonic myopathy)
Mpyotonia Congenita

Thomsen disease

Becker disease

Other Myotonic Disorders

Atypical painful myotonia

Myotonia fluctuans

Muscle Channelopathies

Paramyotonia congenita

Hyperkalemic periodic paralysis (between attacks)
Other Myopathies

Acid maltase deficiency (Pompe’s disease)
Myotubular myopathy

Colchicine

Inflammatory myopathies (rarely)

gives rise to a characteristic noise over the loudspeaker,
simulating a “dive-bomber” or an “accelerating—decelerating
motorcycle or chain saw.”

Myotonic discharges may occur with or without
clinical myotonia in the myotonic dystrophies, myotonia
congenital, and paramyotonia congenita. They may also
accompany acid maltase deficiency, colchicine myopathy,
myotubular myopathy, and hyperkalemic periodic paralysis
(Table 2-4).

Cramp discharges. On needle EMG, a cramp discharge
consists of MUAPs involuntarily and regularly firing
extremely fast at a rate of 40-60 Hz, with abrupt onset and
cessation. Cramps most often occur in healthy individuals,
but are exaggerated by hyponatremia, hypocalcemia, thy-
roid disorders, pregnancy, postdialysis state, and the early
stages of motor neuron disease. Clinically, cramps are
sustained muscle contractions and resemble muscle con-
tractures that accompany several of the metabolic muscle
diseases, but the latter are characterized by complete elec-
trical silence on needle EMG.

Voluntary Motor Unit Action Potentials

Motor Unit Action Potential Morphology

The motor unit action potential (MUAP) is the sum of the
extracellular potentials of muscle fiber action potentials of
a motor unit. The waveform is dictated by the inherent
properties of the motor unit and the spatial relationships
between the needle and individual muscle fibers. The
extracellularly recorded MUAP, recorded along the length
of the muscle fibers and away from the endplate region,
has a triphasic waveform (Figure 2-25). The initial positive
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Figure 2-25. Relative average durations and amplitudes of some
MUAPs seen in myopathic and neurogenic disorders. (Reproduced
from Daube |. Needle electromyography in clinical electromyogra-
phy. Muscle Nerve 1991;14:685-700, with permission.)

deflection represents the action potential propagating
towards the electrode. As the potential passes in front of
the electrode the main positive—negative deflection is
recorded. When the action potential propagates away from
the electrode the potential returns to the baseline. Slight
repositioning of the electrode causes major changes in the
electrical profile of the same motor unit. Therefore, one
motor unit can give rise to MUAPs of different morphol-
ogy at different recording sites. If the electrode is placed
immediately over the endplate area, the initial positive
defection will not be recorded and the potential will have
a biphasic waveform with an initial negative deflection.
Amplitude. MUAP amplitude is the maximum peak-to-
peak amplitude and ranges from several hundred micro-
volts to a few millivolts with a concentric needle, and is
substantially greater with a monopolar needle. At a short
distance between the recording electrode and the poten-
tial generators (muscle fibers), the MUAP has a short rise
time and high amplitude with a “crisp” or “sharp” sound on
the loudspeaker. In contrast, the MUAP recorded from
distant muscle fibers has a long rise time and a low ampli-
tude that sounds “dull” or “muffled” on the loudspeaker.
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For example, the MUAP amplitude decreases to less than
50% at a distance of 200-300 wm from the source and to
less than 1% a few millimeters away. Therefore, only a
small number of individual muscle fibers located near the
tip of the recording electrode determine the amplitude of
an MUAP (probably less than 20 muscle fibers lying within
a 1 mm radius of the electrode tip). In general, amplitude
indicates muscle fiber density and not the motor unit terri-
tory. High MUAP amplitude, when isolated, is considered
a nonspecific abnormality except when it is significantly
increased (more than twice the upper normal limit); then,
it indicates a neurogenic process.

Duration. MUAP duration reflects the electrical activity
generated from most muscle fibers belonging to a motor
unit. Muscle potentials generated more than 1 mm away
from the electrode contribute to the initial and terminal
low-amplitude portions of the potential. The duration also
indicates the degree of synchrony among many individual
muscle fibers with variable length, conduction velocity, and
membrane excitability. MUAP duration is a good index of
the motor unit territory and is the parameter that best
reflects the number of muscle fibers within a motor unit.
A shift in needle position has much less effect on MUAP
duration than amplitude. The duration is measured from
the initial deflection away from baseline to the final return
to baseline, and normally varies from 5 to 15 ms, depend-
ing on the sampled muscle and the age of the subject. In
normal subjects, large muscles tend to have long-duration
MUAPs and MUAP duration increases with age after the
sixth decade.

Long-duration MUAPs are the best indicators of rein-
nervation. They occur with increased number or density
of muscle fibers, or a loss of synchrony of fiber firing
within a motor unit as seen with lower motor neuron
disorders. These MUAPs may also show high amplitude
(see Figure 2-25). In contrast, short-duration MUAPs often
have low amplitude and are indicators of muscle fiber loss
as seen with necrotizing myopathies.

Phases. An MUAP phase constitutes the portion of a
waveform that departs from and returns to the baseline.
The number of phases equals the number of negative and
positive peaks extending to and from the baseline, or the
number of baseline crossings plus one. Normal MUAPs
have four phases or less, though about 5-15% of MUAPs
in distal muscles have five phases or more, and this may be
up to 25% in proximal muscles, such as the deltoid, iliacus,
and gluteus maximus. Increased polyphasia is an abnormal
yet nonspecific MUAP abnormality since it is encountered
in myopathies as well as in neuropathies. An increased
number of polyphasic MUAPs suggests a desynchronized
discharge, loss of individual fibers within a motor unit, or
temporal dispersion of muscle fiber potentials within a
motor unit. Excessive temporal dispersion, in turn, results

from differences in conduction time along the terminal
branch of the nerve or over the muscle fiber membrane.
After severe denervation when the newly sprouting axons
only reinnervate few muscle fibers, the MUAP may also
be polyphasic with short duration and low amplitude
(“nascent” MUAP).

Some MUAPs have a serrated pattern with several turns
or directional changes without crossing the baseline; this
also indicates desynchronization among discharging mus-
cle fibers. Satellite potential (linked potential or parasite
potential) is a late spike of MUAP, which is distinct, but
time locked with the main potential. It implicates early
reinnervation of muscle fibers by collateral sprouts from
adjacent motor units.

Motor Unit Action Potential stability

Motor units normally discharge semirhythmically, with
successive potentials showing nearly identical configura-
tion due to firing of all muscle fibers of the motor unit dur-
ing every discharge. The morphology of a repetitively
firing unit may fluctuate if individual muscle fibers inter-
mittently block within the unit. This instability may be
evident in neuromuscular junction disorder, such as myas-
thenia gravis, the myasthenic syndrome, or botulism. Also
during reinnervation such as motor neuron disease, sub-
acute radiculopathy, or polyneuropathy, the newly formed
endplates are immature and demonstrate poor efficacy of
neuromuscular transmission. This results in unstable
MUAP waveforms with moment-to-moment MUAP vari-
ability (Figure 2-26). The MUAP instability disappears
when reinnervation is complete and well established and
helps to distinguish between a subacute and chronic
neurogenic process.

Motor Unit Action Potential Firing Patterns

During constant contraction, a healthy individual initially
excites only 1-2 motor units semirhythmically. The motor
units activated early are primarily those with small, type I
muscle fibers. Large, type II units participate later during
strong voluntary contraction. Greater muscle force brings
about not only recruitment of previously inactive units, but
also more rapid firing of already active units, both mecha-
nisms operating simultaneously.

The firing rate of the motor unit equal to the number of
MU discharges in a one second time interval, and is meas-
ured in hertz (Hz). When several MUAPs are discharging
they superimpose, which makes MUAP identification and
firing rate analysis difficult requiring automated methods.
When one or two MUAPs are firing, such as during mini-
mal voluntary effort or when there is marked decrease in
the number of MUAPs firing, this analysis become quite
easy. The firing rate may be estimated manually by freezing
a 100 ms epoch and multiplying the number of discharges
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Figure 2-26. Unstable polyphasic motor

unit action potential with a satellite
potential. Both the main component of
the potential (solid arrow) and the satellite |
potential (dashed arrow) are unstable. This
complex potential is triggered upon using a
trigger, delay line and a raster mode. Note
the extreme variation in the morphology of _I,-\,_*
the unit and its satellite potential between !

subsequent discharges.

fi

of an MUAP by 10 to obtain a one second epoch. For
example, a motor unit appearing twice in a 100 ms sweep
has a firing rate of 2 x 10 = 20 Hz. The multiplication fac-
tor can be adjusted depending on the analyzed epoch,
being 5 for a 200 ms epoch and 2 for a 500 ms epoch
(Figure 2-27). Another way of calculating the firing rate of
a motor unit is by dividing 1000 by the time interval
between successive MUAP discharges in ms. For example,
a firing rate of a unit with an interval of 50 ms is
20 Hz.

Motor unit firing is a dynamic process that involves a
balance between the number of motor units recruited and
their firing rate. With minimal contraction, one MUAP
is first recruited and its firing rate when it begins to
discharge is called its onset frequency. When the subject
gradually increases the force of contraction, the motor unit
firing rates increases slightly and eventually a second
motor unit is recruited. Recruitment frequency is defined

0.2mV/D

Figure 2-27. A slightly increased duration
motor unit action potential firing rapidly.
The sweep speed is set at 20 ms/division,
resulting in an epoch of 200 ms. The firing i
rate is 5 X 5 =25 Hz. !

J«ﬁvam-\”f“\\[\r\- {\J},ﬁ__»—\\ﬁ‘\w%vw——”‘\m\i\l‘

.q\_,.f\w\‘rr\_\‘ﬁll‘i‘wv---/v\,,\
. . I 'll . . - ik
i N ,\l ey A Lty St

i

4 ‘. . .
1 s-’\r“"—ﬂ"”““hl

&'\_

e o ~ !{/’L,

o N N P
ey ‘. ______ m“/v\{'\ \;M,-\_H,__m_..ﬂl:( W‘k -

as the firing frequency just before the time an additional
unit is recruited. In normal muscles, the onset frequency
varies between 6 and 10 Hz while the recruitment fre-
quency ranges between 8 and 15 Hz, and the reported
ranges for healthy individuals and those with neuromuscu-
lar disorders overlap considerably. Recruitment ratio is the
average firing rate divided by the number of active units.
This ratio should normally not exceed 5, for example, three
units each firing less than 15 impulses per second. A ratio
of 10, with two units firing at 20 impulses per second each,
indicates a pathologic lower motor neuron process.
Activation is the central control of motor units that allows
an increase in the firing rate and force. Failure of descend-
ing impulses also limits recruitment, although here the
excited motor units discharge more slowly than expected
for normal maximal contraction. Thus, a decreased num-
ber of voluntary MUAPs with a slow firing rate (poor acti-
vation) is a feature of an upper motor neuron disorder

20 ms/D
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(such as stroke or myelopathy) but may be seen with voli-
tional lack of effort (such as due to pain, conversion reac-
tion, or malingering). This stands in sharp contrast to a fast
firing rate associated with a disorder of the lower motor
neuron (decreased recruitment).

With greater contraction, many motor units begin to fire
rapidly, making recognition of individual MUAPs difficult,
hence the name interference pattern. This is assessed by its
sound on the loudspeaker and the number of spikes and
their amplitude. The interference pattern depends on the
descending input from the cortex, number of motor neu-
rons capable of discharging, firing frequency of each motor
unit, waveform of individual potentials, and phase cancel-
lation. An incomplete interference pattern may be due to
either poor activation or reduced recruitment. Recruitment
may be assessed during maximum contraction by examin-
ing the interference pattern, or during moderate levels of
contraction by estimating the number of MUAPs firing for
the level of activation. Evaluating MUAPs during maximal
effort is most valuable in excluding mild degrees of decreased
recruitment.

In myopathy, the motor unit pool produces a smaller
force per unit than a normal pool. These usually low-
amplitude, short-duration MUAPs must be recruited
instantaneously to support a slight voluntary effort in
patients with moderate to severe weakness. Early recruit-
ment refers to the greater than expected number of dis-
charging MUAPs for the force of contraction. With early
recruitment, a full interference pattern is attained at less
than maximal contraction, but its amplitude is low because
fiber density is decreased in individual motor units.
In advanced myopathies with severe muscle weakness and
atrophy (such as in advanced muscular dystrophy), loss of
muscle fibers may be so extensive that whole motor units
effectively disappear, resulting in a decreased recruitment
and an incomplete interference pattern, mimicking a
neuropathic recruitment.
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Specialized Electrodiagnostic Studies

LATE RESPONSES

Late responses are obtained using special techniques that
are not possible with conventional nerve conduction studies.
The settings are usually changed to allow the examiner to
capture these responses. This include using longer sweep
speed of 5-10 ms/division and lower amplifier gain of
200-500 uV/division which could be adjusted depending
on the limb studied, site of stimulation and magnitude of
response. Since it is intended for the action potentials to
travel proximally with the late response recording, the
bipolar stimulator is switched to place the cathode more
proximally and the anode distally.

F Wave

F waves were named in reference to “foot” since they were
originally recorded in small foot muscles, though they may
be generated by the stimulation of any motor or mixed
nerve. A supramaximal stimulus applied at any point along
the course of a motor nerve elicits an F wave in a distal
muscle that follows the CMAP (M response). The impulse
travels antidromically to the spinal cord and the F wave is
produced by backfiring of motor neurons. An average of
5-10% of the motor neurons available in the motor neuron
pool backfire after each stimulus. The afferent and efferent
loops of the F wave are motor with no intervening synapse.
Hence, the F waves test the integrity of the entire motor
axons, including the ventral roots.

The F waves are low-amplitude and ubiquitous
responses that are typically variable in latency, amplitude,
and morphology (Figure 3—-1A and B). Their variability is
explained by differing groups of motor neurons generating
the recurring discharge with each individual group of neurons
having different number of motor neurons and conducting
properties. Several parameters may be analyzed, but the
minimal F wave latency is the most reliable and useful

measurement since it represents conduction of the largest
and fastest motor fibers. Since F wave latencies vary from
one stimulus to the next, an adequate study requires that
about 10 F waves be clearly identified. The minimal
F wave latency is also dependent on the length of motor
axons which correlates with the patient’s height and limb
length. The most sensitive criterion of abnormality in a
unilateral disorder is a latency difference between the two
sides, or between two similar nerves in the same limb.
Absolute latencies are most useful only for sequential
reassessment of the same nerve. F wave persistence is a
measure of the number of F waves obtained for the
number of stimulations. This varies between individuals
and is inhibited by muscle activity while it is enhanced by
relaxation or the use of Jendrasik maneuver. It is usually
above 50% except when stimulating the peroneal nerve
while recording the extensor digitorum brevis. F wave
chronodispersion is the degree of scatter among consecutive
F waves and is determined by the difference between the
minimal and maximal F wave latencies. It indicates
the range of motor conduction velocities between the
smallest and largest myelinated motor axon in the nerve.
The F wave conduction velocity may be calculated after
distal and proximal supramaximal stimulations and
provides a better comparison between proximal and distal
(forearm or leg) segments.

F wave latencies are prolonged in most polyneu-
ropathies, particularly the demyelinating type, including
Guillain-Barré syndrome and chronic inflammatory
demyelinating polyneuropathy (CIDP) (Figure 3-1C
and D). F wave latencies in radiculopathies have a limited
use. They may be normal despite partial motor axonal
loss because the surviving axons conduct normally,
and in single radiculopathies since most muscles have
multiple root innervation. Finally, focal slowing at the
root level may get diluted by the relatively long
motor axon.
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A Wave

The A wave (axonal wave) is a potential that is seen
occasionally during recording of F waves at supramaximal
stimulation. The A wave follows the CMAP and often
precedes, but occasionally follows, the F wave. The A wave
may be mistakenly considered for an F response but its
constant latency and morphology in at least 10 out of
20 stimulations differentiates it from the highly variable
morphology and latency of the F wave (Table 3-1).

The A wave may be seen in up to 5% of asymptomatic
individuals, particularly while studying the tibial nerve
(Figure 3-2A and B). In contrast, recording multiple or
complex A waves from several nerves is often associated

with acquired or inherited demyelinating polyneu-
ropathies (Figure 3-3). A waves are sometimes seen in
axon-loss polyneuropathies, motor neuron disease, and
radiculopathies. The exact pathway of the A wave is
unknown but it may be generated as a result of ephaptic
transmission between two axons with the action potential
conducting back down the nerve fiber to the muscle. The
A wave may also appear following sprouting and reinner-
vation along the examined nerve. The constant morphology
and latency of the A wave is best explained by the fixed
point of a collateral sprout or ephapse. When the A wave
follows rather than precedes the F response, it suggests
that the regenerating collateral fibers are conducting
very slowly.

10 ms/D
0.2 mV/D

5 mV/D

10 ms/D
0.2 mV/D

Figure 3-1. Median F waves, stimulating
the median nerve at the wrist while record-
ing abductor pollicis brevis. (A) Normal
22-year-old subject shown in a raster
mode. (B) Normal 22-year-old subject
shown superimposed.
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5 mV/D

5 mV/D

Figure 3-1. contd (C) A 20-year-old with
Guillian-Barré syndrome shown in a raster
mode. (D) A 20-year-old with Guillian-Barré
syndrome shown superimposed. Arrows in
(A) and (C) denotes the minimal f wave
latency. Note that the variability in F wave
morphology and latency and the significant
delay in F wave latencies in Guillian-Barré
syndrome compared to normal. D

H Reflex

The H reflex, named after Hoffmann for his original
description, is an electrical counterpart of the stretch
reflex which is elicited by a mechanical tap. Group 1A
sensory fibers constitute the afferent arc which monosynap-
tically or oligosynaptically activate the alpha motor
neurons that in turn generate the efferent arc of the reflex
through their motor axons. The H reflex amplitude may be
occasionally as high as the M amplitude but it is often lower
with the H/M amplitude ratio usually not exceeding 0.75.
The H reflex and F wave can be distinguished by
increasing stimulus intensity (see Table 3-1). The H reflex
is best elicited by a long-duration stimulus which is
submaximal to produce an M response, whereas the F wave
requires supramaximal stimulus Also, the F wave can be
elicited from any limb muscle while the H reflex is most
reproducible with stimulating the tibial nerve while
recording the soleus muscle which assess the integrity of

L\
V

10 ms/D
0.2 mV/D

10 ms/D
0.2 mV/D

the SI arc reflex and is equivalent to the Achilles reflex
(Figure 3-4). Finally, the H reflex latency (and often
amplitude) is constant when elicited by the same stimulus
intensity, since it reflects activation of the same motor
neuron pool.

The H reflex is most useful as an adjunct study in the
diagnosis of peripheral polyneuropathy or S1 radiculopa-
thy. The H reflex latency and amplitude is the most
sensitive, yet nonspecific, among the nerve conduction
studies in the early phases of Guillain-Barré syndrome.
The H reflex may be absent in healthy elderly subjects
and isolated abnormalities of the H reflex are nondiagnostic
since they may reflect pathology anywhere along the
reflex arc.

Blink Reflex

The blink reflex generally assesses the facial and trigeminal
nerves and their connections within the pons and medulla.
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Table 3-1. Comparisons Between the Common Late Responses Recorded in Limb Muscles

F Wave

A Wave

H Reflex

Physiologic basis

Afferent pathway
Efferent pathway
Optimal stimulus

Not a reflex.

Antidromic discharge of
anterior horn cells

Antidromic motor fibers

Orthodromic motor fibers

Supramaximal

Not a reflex. An ephaptic
transmission or reinnervation
sprout

Antidromic motor fibers
Orthodromic motor fibers
Supramaximal

A true reflex

Orthodromic sensory fibers
Orthodromic motor fibers
Submaximal (subthreshold)

Recording sites in
normal subjects

Following stimulation of
almost any motor nerve.

May be absent stimulating
peroneal nerve recording
extensor digitorum brevis

Following stimulation of tibial
nerve recoding abductor
hallucis mostly

Following stimulation of
tibial nerve at the knee
recording soleus/gastrocnemius

Following stimulation of distal
nerves recoding hand and foot
muscles in newborns

May be absent in elderly patients

Latency Variable Constant Constant
Morphology Variable Constant Constant (except for amplitude
change)
Amplitude Much lower than M Variable but usually <M response (H/M ratio
response (less than 5% similar to the F wave usually 0.75)

of the M response)
Clinical significance Delayed or absent in
peripheral polyneuropathies
particularly the
demyelinative types

Appears in several nerves in
peripheral polyneuropathies
and may be complex in the
demyelinative types

Absent or delayed in peripheral
polyneuropathies and S1
radiculopathy

It has an afferent limb, mediated by sensory fibers of
the supraorbital branch of the ophthalmic division of the
trigeminal nerve, and an efferent limb mediated by
motor fibers of the facial nerve and its superior motor
branches.

The supraorbital nerve is stimulated over the supraror-
bital notch and the blink responses are recorded from the
orbicularis oculi bilaterally using a two channel recording
setting. The blink reflex has two components, an
early R1 and a late R2 response. The Rl response is
present only ipsilateral to the stimulation and is usually a
simple triphasic waveform with a di-synaptic pathway
between the main trigeminal sensory nucleus in the
midpons and the ipsilateral facial nucleus in the lower pon-
tine tegmentum. The R2 response is a complex waveform
and is the electrical counterpart of the corneal reflex.
It is typically present bilaterally with an oligosynaptic path-
way between the nucleus of the trigeminal spinal tract
in the ipsilateral pons and medulla, and interneurons
forming connections to the ipsilateral and contralateral
facial nuclei.

The blink reflex is most useful in unilateral lesions such
as facial palsy, trigeminal neuropathy, or lower brainstem
lesion. With facial nerve lesions, the R1 and R2 potentials
are absent or delayed with supraorbital stimulation ipsilat-
eral to the lesion, while the R2 response on the contralat-
eral side is normal. With trigeminal nerve lesions, the

ipsilateral R1 and R2, contralateral R2 are absent or
delayed with ipsilateral stimulation while all responses are
normal with contralateral stimulation. With a midpontine
lesion involving the main sensory trigeminal nucleus or the
pontine interneurons to the ipsilateral facial nerve nucleus
or both, supraorbital stimulation on the side of the
lesion results in an absent or delayed R1, but an intact
ipsilateral and contralateral R2. Finally, with a medullary
lesion involving the spinal tract and trigeminal nucleus or
the medullary interneurons to the ipsilateral facial
nerve nucleus or both, supraorbital stimulation on the
affected side results in a normal R1 and contralateral R2,
but an absent or delayed ipsilateral R2. In demyelinating
polyneuropathies such as the Guillain-Barré syndrome
or Charcot-Marie-Tooth disease type 1, the R1 and R2
responses may be markedly delayed, reflecting slowing of
motor fibers, sensory fibers, or both.

REPETITIVE NERVE STIMULATION

Repetitive nerve stimulation (RNS) of motor or mixed nerves
is performed for the evaluation of patients with suspected
neuromuscular junction disorders, including myasthenia
gravis, Lambert-Eaton myasthenic syndrome, botulism, and
congenital myasthenic syndromes. The design and plans
for RNS depends on physiologic facts inherent to the
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Figure 3-2. Tibial A wave, stimulating the
tibial nerve at the ankle while recording the
abductor hallucis muscle. (A) Waveforms
shown in a raster mode. (B) Waveforms . .
superimposed. Note that the response has a A wave
constant morphology and latency, which
results in perfect superimposition. B
neuromuscular junction that dictate the type and fre- immediately available (primary) store and the probability
quency of stimulations utilized in the accurate diagnosis of of release, i.e., m = p x n, where m = the number of quanta
neuromuscular junction disorders. released during each stimulation, p = the probability of
release (effectively proportional to the concentration of
. . . calcium and typically about 0.2, or 20%), and n = the
Physiology and Principles o ypically about 02, or 20%), a
number of quanta in the immediately available store.
A quantum is the amount on acetylcholine packaged In normal conditions, a single nerve action potential triggers
in a single vesicle, which contains approximately the release of 50-300 vesicles (quanta) with an average
5000 to 10000 acetylcholine molecules. Each quantum equivalent to about 60 quanta (60 vesicles). In addition to
(vesicle) released results in a 1 mV change of postsynaptic the immediately available store of acetylcholine located
membrane potential. During rest, spontaneous release of beneath the presynaptic nerve terminal membrane, «a
individual quanta forms the basis of miniature endplate secondary (or mobilization) store starts to replenish the
potential. immediately available store after 1-2 seconds of repetitive
The number of quanta released after a nerve action nerve action potentials. A large tertiary (or reserve) store

potential depends on the number of quanta in the is also available in the axon and cell body.
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The end plate potential is the potential generated at the
postsynaptic membrane following a nerve action potential.
Since each vesicle released causes a 1 mV change in the
postsynaptic membrane potential, this results in about
60 mV change in the amplitude of the membrane potential.

In normal conditions, the number of quanta (vesicles)
released at the neuromuscular junction by the presynaptic
terminal far exceeds the postsynaptic membrane potential
change required to reach the threshold needed to generate
a postsynaptic muscle action potential. This safety factor
ensures an endplate potential that is always above thresh-
old and results in muscle fiber action potential. In addition
to quantal release, several other factors contribute to the
safety factor and endplate potential including acetyl-
choline receptor conduction properties, acetylcholine
receptor density, and acetylcholinesterase activity.

Following depolarization of the presynaptic terminal,
voltage-gated calcium channels open leading to calcium
influx. Through a calcium-dependent intracellular cascade,
vesicles are docked into active release zones and acetyl-
choline molecules are released. Calcium then diffuses
slowly out of the presynaptic terminal in 100-200 ms.

The rate at which motor nerves are repetitively stimu-
lated dictates whether calcium accumulation plays a role in
enhancing the release of acetylcholine. At slow rate of
RNS (ie., a stimulus than every 200 ms or more, or a
stimulation rate of <5 Hz), the role of calcium in
acetylcholine release is not enhanced and subsequent
nerve action potentials reach the nerve terminal long after
calcium has dispersed. In contrast, with rapid RNS (i.e., a
stimulus every 100 ms or less, or stimulation rate >10 Hz),
calcium influx is greatly enhanced and the probability of
release of acetylcholine quanta increases.

The surface-recorded CMAP obtained during routine
motor NCS represents the summation of all muscle fiber
action potential generated in a muscle following supramaxi-
mal stimulation of all motor axons.

Slow Repetitive Nerve Stimulation

Slow RNS is usually performed by applying 3-5 supramaxi-
mal stimuli to a mixed or motor nerve at a rate of 2-3 Hz.
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Figure 3-3. Complex A wave stimulating
the median nerve at the wrist while record-
ing abductor pollicis brevis in a patient
with Guillian-Barré syndrome shown in a
raster form. Note that the complex response
has a constant morphology and latency.

B W

This rate is low enough to prevent calcium accumulation,
but high enough to deplete the quanta in the immediately
available store before the mobilization store starts to
replenish it. A total of 3-5 stimuli are adequate since the
maximal decrease in acetylcholine release occurs during
the first 3-5 stimuli.

Calculation of the decrement with slow RNS requires
comparing the baseline CMAP amplitude to the lowest
CMAP amplitude (usually the third or fourth). The CMAP
decrement is expressed as a percentage and calculated as
follows:

% decrement =

Amplitude (1st response) —amplitude (3rd/4th response) 100

Amplitude (1st response)

In normal conditions, slow RNS does not cause a CMAP
decrement. Although the second to fifth endplate poten-
tials fall in amplitude, they remain above threshold (due to
the normal safety factor) and ensure generation of muscle
fiber action potential with each stimulation. In addition,
the secondary store begins to replace the depleted quanta
after the first few seconds with a subsequent rise in the
endplate potential. Hence, all muscle fibers generate mus-
cle fiber action potentials and the CMAP does not change
(Figures 3-5 and 3-6A). In postsynaptic neuromuscular
junction disorders (such as myasthenia gravis), the safety
factor is reduced since there are fewer available acetyl-
choline receptors. Hence, the baseline endplate potential
is reduced but usually still above threshold. Slow RNS
results in a decrease in endplate potential amplitudes at
many neuromuscular junctions. As endplate potentials
become subthreshold, there is a decline in the number of
muscle fiber action potentials, leading to a CMAP decre-
ment (see Figures 3-5 and 3-6B). In presynaptic disorders
(such as Lambert-Eaton myasthenic syndrome), the base-
line end plate potential is low, with many endplates not
reaching threshold. Hence, many muscle fibers do not fire,
resulting in a low baseline CMAP amplitude. With slow
RNS, there is further CMAP decrement, due to the fur-
ther decline of acetylcholine release with the subsequent
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2mV/D

10 ms/D

Figure 3-4. H reflex stimulating the tibial
nerve at the popliteal fossa while recording
the soleus/gastrocnemius muscles. (A)
Waveforms in a raster form. (B) Waveforms
superimposed. Note that the response
appears with submaximal stimulations and
disappears with supramaximal stimulations. B

stimuli, resulting in further loss of many endplate
potentials and muscle fiber action potentials (see Figures 3-5
and 3-6C).

Rapid Repetitive Nerve Stimulation

Rapid RNS is most useful in patients with suspected presy-
naptic neuromuscular junction disorders such as Lambert-
Eaton myasthenic syndrome or botulism. The optimal

10 ms/D

frequency is 20-50 Hz for 2-10 seconds. A typical rapid
RNS applies 200 stimuli at a rate of 50 Hz (i.e., 50 Hz for
4 seconds). Calculation of CMAP increment after rapid
RNS is as follows:

% increment =

Amplitude (highest response) — amplitude (1st response) 100

Amplitude (1st response)
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Figure 3-5. Slow repetitive stimulation
effect on end plate potential (EPP), single
fiber action potential (SFAP), also referred
as muscle action potential (MAP), and com-
pound muscle action potential (CMAP) in
normal, myasthenia gravis (MG) and
Lambert-Eaton syndrome (ELS). (Adapted
from Oh 8. Clinical electromyography,

l l l l neuromuscular  transmission  studies.
L1

Baltimore, MD: Williams and Wilkins,

H”ﬂ!ll

n 5.0mV

7]

2.0 mVv

ELS 1988, with permission.)

5.0mV

o
3
o

Figure 3-6. Slow repetitive nerve stimulation at 3 Hz of
the median nerve at the wrist while recoding the abductor
pollicis brevis. (A) Normal. (B) Patient with severe generalized
myasthenia gravis showing a significant CMAP decrement.
(C) Patient with Lambert-Eaton myasthenic syndrome
showing also a significant CMAP decrement. Note that
the baseline (first) CMAP in myasthenia gravis is normal
(12 mV) while it is low in amplitude in the Lambert-Eaton
myasthenic syndrome (3.5 mV).
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With rapid RNS or postexercise CMAP evaluation,
there are two competing forces that are acting on the
nerve terminal. First, stimulation tends to deplete the pool
of readily available synaptic vesicles. This depletion
reduces transmitter release by reduction of the number of
vesicles that are released in response to a nerve terminal
action potential. Second, calcium accumulates within the
nerve terminal, thereby increasing the probability of
synaptic vesicle release. In a normal nerve terminal, the
effect of depletion of readily available synaptic vesicles
usually predominates, so that with rapid RNS, the number of
vesicles released decreases. However, the endplate poten-
tial does not fall below threshold due to the safety factor.
Hence, the supramaximal stimulus generate muscle fiber
action potentials at all endplates and no CMAP decrement
occurs (Figures 3-7 and 3-8A).

A brief (10 second) period of maximal voluntary isometric
exercise is much less painful and has the same effect as rapid
RNS at 20-50 Hz. A single supramaximal stimulus is applied
to generate a baseline CMAP. Then, the patient performs a
10 second maximal isometric voluntary contraction which is
followed by another stimulus and a postexercise CMAP.

In a presynaptic disorder (such as Lambert-Eaton
myasthenic syndrome), very few vesicles are released and
many muscle fibers do not reach threshold, resulting in

low baseline CMAP amplitude. With rapid RNS, the calcium
concentrations in the nerve terminal can rise high enough to
stimulate synaptic vesicle fusion for a sufficient number of
synaptic vesicles to result in an endplate potential capable
of action potential generation. This leads to many muscle
fibers reaching threshold and firing and results in a CMAP
increment (see Figures 3-7, 3-8B and 3-9). The incre-
ment is typically higher than 200% in Lambert-Eaton
myasthenic syndrome, and is usually 30-100% in patients
with botulism (Table 3-2).

In a postsynaptic disorder (such as myasthenia gravis),
rapid RNS causes no change of CMAP since the depleted
stores are compensated by the calcium influx. In severe
postsynaptic blockade (such as during myasthenic crisis),
the increased quantal release cannot compensate for the
marked neuromuscular block resulting in a drop in end-
plate potential amplitude. Hence, fewer muscle fiber
action potentials are generated with an associated CMAP
decrement (see Table 3-2).

SINGLE FIBER ELECTROMYOGRAPHY

Single fiber EMG is a tool in which individual muscle
fiber action potentials are isolated and analyzed in vivo.

Threshold

EPP

I

SFAP

Figure 3-7. Rapid repetitive stimulation effect on
end plate potential (EPP), single fiber action poten-
tial (SFAP), also referred as muscle action potential
(MAP), and compound muscle action potential
(CMAP) in normal, myasthenia gravis (MG) and
Lambert-Eaton syndrome (ELS). (Adapted from
Oh S. Clinical electromyography, neuromuscular
transmission studies. Baltimore, MD: Williams and
Wilkins, 1988, with permission.)

il

Normal MG ELS
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Ulnar nerve

Figure 3-9. Pre- and postexercise CMAPs of the ulnar nerve
Sollowing stimulation at the wrist while recoding the abductor
digiti minimi in a patient with Lambert-Eaton myasthenic
syndrome. The responses are superimposed. Note that the CMAP
at rest (baseline) is low in amplitude but there is a prominent
(about 200%) increment after 10 seconds of exercise.

There are several technical requirements for performing
single fiber EMG:

1. A concentric single fiber needle electrode allows the
recording of single muscle fiber action potentials. The
small side port on the cannula of the needle serves as
the pickup area. Single fiber needle electrode records
from a circle of 300 um radius, as compared with the
1 mm radius of a conventional EMG needle.

2. The amplifier must have an impedance of 100
megohms or greater to counter the high electrical

Figure 3-8. Rapid repetitive stimulation at
50 Hz of the median nerve at the wrist
while recoding the abductor pollicis brevis.
(A) Normal. (B) Patient with Lambert-
Eaton myasthenic syndrome showing
significant increment of the CMAP.

impedance of the small lead-off surface, and the filter
should have a 500 Hz low frequency to attenuate signals
from distant fibers. Also, the gain is set higher and the
sweep speed is faster for single fiber EMG recordings
than for conventional needle EMG.

3. An amplitude threshold trigger allows recording from
single muscle fiber, and a delay line permits the entire
waveform to be viewed even though the single fiber
potential triggers the sweep.

4. Single fiber potentials suitable for study must have a
peak-to-peak amplitude greater than 200 pV, rise time
less than 300 s, and a constant waveform.

5. Computerized equipment assists in data acquisition,
analysis, and calculation.

Single muscle fiber action potentials may be obtained
with voluntary activation or following peripheral nerve
stimulation. Voluntary (recruitment) single fiber EMG is a
common method for activating muscle fibers. A mild
voluntary contraction produces a biphasic potential with a
duration of approximately 1 ms and an amplitude that
varies with the recording site. The needle is rotated,
advanced, and retracted until a potential meets these cri-
teria. Stimulation single fiber EMG is a relatively newer
technique performed by inserting another monopolar
needle electrode near the intramuscular nerve twigs and
stimulating at a low current and constant rate. This
method does not require patient participation and, thus,
may be completed on children and uncooperative or coma-
tose patients. Single fiber EMG is useful in assessing fiber
density or in jitter analysis.

Table 3-2. Baseline Compound Muscle Action Potential (CMAP) and Repetitive Nerve Stimulation (RNS) Findings

of Common Neuromuscular Junction Disorders

Fast RNS or Postexercise

NM]J Defect Typical Disorder CMAP Slow RNS CMAP
Postsynaptic Myasthenia gravis Normal Decrement Normal or decrement
Presynaptic Lambert-Eaton myasthenic syndrome Decrement Increment
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Fiber Density

Fiber density is determined by the number of single fiber
potentials firing almost synchronously with the initially
identified single fiber potential. Increased muscle fiber
clustering indicates collateral sprouting. Simultaneously
firing single fiber potentials within 5 ms after the triggering
single fiber unit are counted at 20-30 sites. For example,
in the normal extensor digitorum communis muscle, single
fibers fire without nearby discharges in 65-70% of random
insertions; with only two fibers discharging in 30-35%; and
with three fibers discharging in 5% or fewer. An average
number of single muscle fiber potentials per recording site
can be calculated. In conditions with loss of mosaic
distribution of muscle fibers from a motor unit, such as
reinnervation, fiber density increases.

Jitter

Jitter analysis is most useful in the assessment of neuro-
muscular junction disorders. The jitter represents the
variability of the time interval between two muscle fiber
action potentials (muscle pair) that are innervated by the
same motor unit. In other words, it is the variability of
the interpotential intervals between repetitively firing

1.0 ms/d

paired single fiber potentials (Figure 3-10). Jitter can be
determined by using a commercially available computer
software program. It is calculated as the mean value of
consecutive interval difference, over a number of 50-100
discharges as follows:

[IPI 1—-1PI 2]+[IPI 2 —IPI 3]+---[IPI (N —1)—IPI N]
N-1

MCD =

where MCD is the mean consecutive difference, IPI 1 is
the interpotential interval of the first discharge, IPI 2 of
the second discharge, etc., and N is the number of
discharges recorded.

Neuromuscular blocking is the intermittent failure of
transmission of one of the two muscle fiber potentials. This
reflects the failure of one of the muscle fibers to transmit
an action potential due to the failure of the endplate
potential to reach threshold. Blocking represent the most
extreme abnormality of the jitter and is measured as the
percentage of discharges of a motor unit in which a single
fiber potential does not fire. For example, in 100 discharges
of the pair, if a single potential is missing 30 times, the
blocking is 30%. In general, blocking occurs when the
jitter values are significantly abnormal.

1.0 ms/d

Figure 3-10. Jitter single fiber EMG study of the frontalis muscle shown in a superimposed mode. The first potential is the triggered
potential while the second is the slave potential. (A) Normal. (B) Patient with myasthenia gravis. Note the significant jitter of the slave

potential (B) compared to (A).
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The results of single fiber EMG jitter study are expressed
by: (1) the mean jitter of all potential pairs, (2) the percent-
age of pairs with blocking, and (3) the percentage of pairs
with normal jitter. Since jitter may be abnormal in 1 of
20 recorded potentials in healthy subjects, the study is
considered to indicate defective neuromuscular transmis-
sion if (1) the mean jitter value exceeds the upper limit of
the normal jitter value for that muscle, (2) more than 10%
(more than two pairs) exhibits jitter values above the upper
limit of the normal jitter, or (3) there is any neuromuscular
blocking.

Jitter analysis is highly sensitive but not specific.
Although it is frequently abnormal in myasthenia gravis and
other neuromuscular junction disorders (see Figure 3-10),
it may also be abnormal in a variety of neuromuscular
disorders including motor neuron disease, neuropathies,
and myopathies. Thus, the diagnostic value of jitter has
to be considered in the contest of the patient’s clinical
manifestations, and routine electrodiagnostic findings.
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Electrodiagnostic Findings in Neuromuscular
Disorders

Details of the electrodiagnostic findings in various neuro-
muscular disorders are outlined within the case studies in
this book. The following is a brief summary of these
findings in the most common neuromuscular disorders.

FOCAL MONONEUROPATHIES

Compression, traction, laceration, thermal, or chemical
injury may damage one or more components of the periph-
eral nerves, including the myelin, axons, or supporting nerve
structures (endoneurium, epineurium, and perineurium).
The pathophysiologic responses to peripheral nerve
injuries have a limited repertoire; that is demyelination,
axon loss, or a combination of both.

Demyelinative Mononeuropathy

With focal injury to myelin, conduction along the affected
nerve fiber is altered. This may result in slowing of
conduction or conduction block along the nerve fibers
or a combination of both.

1. Focal slowing. This is usually the result of widening of
the nodes of Ranvier (paranodal demyelination). Focal
slowing may be synchronized when demyelination
affects all the large myelinated fibers equally. When the
focal lesion is distal, there is prolongation of distal and
proximal latencies while the proximal conduction velocity
remains normal. If the focal lesion is between the distal
and proximal stimulation sites, there is prolongation of
proximal latency only resulting in slowing in proximal
conduction velocity while the distal latency remains
normal (Figure 4-1). With lesions manifesting as focal
synchronized slowing, the CMAP amplitudes, durations,
and areas remain normal and do not change signifi-
cantly following proximal and distal stimulation.

Desynchronized (differential) slowing occurs when
conduction time is reduced at the lesion site along a
variable number of the medium or small nerve fibers
(average or slower conducting axons). Here, the CMAP
is dispersed with prolonged duration on stimulations
proximal to the lesion (Figure 4-2). The latency and
conduction velocity along the injury site remain normal,
since at least some of the fastest conducting axons are
spared. When the largest axons are also affected, the
dispersed CMAP with prolonged duration is also
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Figure 4-1. Nerve conduction studies showing focal slowing in
distal segment (a) resulting in slowing of distal latency only, and in
proximal segment (b) resulting in slowing of conduction velocity
only. (Reprinted from Wilbourn AJ. Nerve conduction studies.
Types, components, abnormalities and value in localization.
Neurol Clin 2002;20:305-338, with permission.)
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Figure 4-2. Nerve conduction studies showing desynchronized
slowing. The response with proximal stimulation is dispersed
consistent with differential slowing of nerve fibers in the proximal
nerve segment. (Reprinted from Wilbourn AJ. Nerve conduction
studies. Types, components, abnormalities and value in localization.
Neurol Clin 2002;20:305-338, with permission.)

accompanied by slowing of distal latency (in distal
lesions) or conduction velocity (in proximal lesions).

2. Conduction block. This is usually the result of focal loss
of one or more myelin segment (segmental or inter-
nodal demyelination) which leads to interruption of
action potential transmission. A nerve lesion manifest-
ing with conduction block is best localized when it can
be bracketed by two stimulation points, one distal to the
site of injury and one proximal. In conduction block,
stimulation distal to the lesion elicits a normal CMAP,
whereas proximal stimulation elicits a response with
reduced amplitude (partial conduction block) or absent
response (complete conduction block) (Figure 4-3).
The percentage drop in amplitude and area (amplitude
or area decay) are calculated as follows:

Amplitude decay (conduction block) =
Distal amplitude — proximal amplitude

100 x
Distal amplitude

Area decay (conduction block) =
Distal area — proximal area

100 x
Distal area

There are several limitations to the definitive diagnosis
of demyelinative conduction block:

(A) A reduced CMAP size may result from phase
cancellation between action potentials peaks of
opposite polarity because of abnormally increased
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Figure 4-3. Nerve conduction studies showing partial or com-
plete conduction blocks in the proximal segment of the nerve.
(Reprinted from Wilbourn AJ. Nerve conduction studies. Types,
components, abnormalities and value in localization. Neurol Clin
2002;20:305-338, with permission.)

temporal dispersion. Such excessive desynchroniza-
tion often develops in acquired demyelinative
neuropathies. If the distal and proximal responses
have dissimilar waveforms, the discrepancy in
amplitude between the two may represent in part a
phase cancellation rather than true conduction
block. Hence, in true partial conduction block, the
significant drop of CMAP amplitude, with stimula-
tion proximal to the lesion site compared with the
CMAP distal to it, should not be accompanied by
significant (>15%) prolongation of CMAP duration
and should be supported by significant drop in
CMAP area. In general, more than 50% decrease of
the CMAP amplitude across the lesion along with
more than 50% drop in CMAP area, are definitive
signs of conduction block. A 20-50% drop CMAP
amplitude and area may be consistent with conduc-
tion block in situations when the two stimulation
sites are close (usually 10 cm or less) such as across
the fibular neck or elbow (Table 4-1).

(B) A distal demyelinating lesion, causing conduction
block of the nerve segment between the most distal
possible stimulating point and the recording site, mani-
fest as unelicitable or low CMAP amplitude at both
distal and proximal stimulation sites. This finding
mimics the findings encountered with axonal
degeneration (see axon-loss mononeuropathy).
Such a demyelinative lesion could only be distin-
guished from axon loss lesion by repeating the NCS
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Table 4-1. Electrodiagnosis of Conduction Block

Definite in Any Nerve"

1. 250% drop in CMAP amplitude with a 15% prolongation of
CMAP duration and with 250% drop in CMAP area

2. 230% drop in amplitude and area over a short nerve segment
(e.g., radial across the spiral groove, ulnar across the elbow,
peroneal across the fibular head)

Possible in Median, Ulnar, and Peroneal Nerves Only

1. 20-50% drop in CMAP amplitude with <15% prolongation
of CMAP duration and with 20-50% drop in CMAP area

*Caution should be taken in evaluating the tibial nerve, where
stimulation at the knee can be submaximal, resulting in 50% or at times
greater than 50% drop in amplitude and area, especially in overweight
and very tall patients.

after several weeks. Often in demyelinative lesions,
the distal CMAP improves rapidly, a finding that is
not consistent with axon loss.

(C) With proximal demyelinative conduction block
lesions, it may not be technically possible to bracket
the lesion with two stimulation sites since the lesion
is extremely proximal. Examples include demyeli-
nating lesions at the root level, femoral nerve, facial
nerve, sciatic nerve, or lumbosacral plexus. In these
situations, stimulation distal to the lesion can only
be achieved. The diagnosis of conduction block is
made only by inference, when a normal or nearly
normal CMAP is coupled with significant reduction
of recruitment on needle EMG of the recorded
muscle.

(D) The prominent temporal dispersion due to phase
cancellation seen in evaluating normal SNAPs
precludes the use of these potentials in the diagnosis
of conduction block (see Chapter 2, Figure 2-15).

(E) Conduction block pattern is often seen with
acute axonal loss nerve lesions before the com-
pletion of wallerian degeneration (see axon-loss
mononeuropathy).

3. Focal slowing with conduction block. Demyelinating
lesions presenting with both focal slowing and partial
conduction block are not common. They are usually
seen at chronic entrapment sites such ulnar nerve
lesions across the elbow. In such situations, a significant
number of fibers have internodal demyelination result-
ing in conduction block (drop in amplitude and area
across the abnormal segment) while other fibers have
paranodal demyelination manifesting as focal slowing of
the same nerve segment.

Axon-Loss Mononeuropathy

Following acute focal axonal damage, the distal nerve seg-
ment undergoes wallerian degeneration. However, early
after axonal transaction, the distal axon remains excitable.

Hence, stimulation distal to the lesion elicits a normal
CMAP, whereas proximal stimulation elicits an absent
response (complete conduction block) when the lesion is
total and reduced CMAP amplitude (partial conduction
block) when the lesion is incomplete (Figure 4-4). In an
attempt to distinguish this pattern from a demyelinative
conduction block, some refer to this pattern as an axonal
noncontinuity, early axon loss, or axon discontinuity
conduction block.

Wallerian degeneration of the axons distal to the nerve
lesions is completed in 7-11 days. In the first 1-2 days, the
distal CMAP and SNAP are normal. The distal CMAP
amplitude then decreases and reaches its nadir in
5-6 days, while the distal SNAP amplitude lags slightly
behind. It starts declining in amplitude after 4-5 days and
reaches its nadir in 10-11 days (Figure 4-5). The earlier
decline of the CMAP amplitude comparing to the SNAP
amplitude following axon-loss nerve lesion is likely related
to the early neuromuscular transmission failure that affects
the recording of the CMAP amplitudes only. This is
supported by the fact that MNAPs, recorded directly from
nerve trunks, follow the time course of SNAPs.
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Figure 4-4. Nerve conduction studies in partial axon loss lesion.
Initially, there is an axon discontinuity conduction block.
Following wallerian degeneration, the distal response drop in
amplitude and the subsequent study showed uniformly low
amplitude CMAP irrespective of the site of stimulation.
(Reprinted from Wilbourn AJ. Nerve conduction studies. Types,
components, abnormalities and value in localization. Neurol Clin
2002;20:305-338, with permission.)
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Figure 4-5. Effect of wallerian degeneration on distal CMAP
and SNAP amplitudes following acute nerve lesion.

On motor NCS, a conduction block is present soon
after axonal injury. However, as the distal axons undergo
wallerian degeneration, this is replaced by unelicitable or
low CMAP amplitudes with both distal and proximal
stimulations corresponding to complete or partial motor
axonal loss lesions respectively (see Figure 4-4). At this
time, the distal CMAP amplitude is a reliable semiquanti-
tative estimate of the amount of axonal loss in peripheral
nerve lesions. In the chronic phases of partial axonal nerve
lesions with reinnervation via collateral sprouting, the
CMAP may improve to reach normal or near normal
values giving a false indication of a milder degree of origi-
nal axonal loss.

When the electrodiagnostic study is done early after an
acute peripheral nerve lesion, it should be repeated at
10-11 days or later (or 5 days or later in purely motor
nerves) in order to distinguish between conduction block
caused by demyelination versus axonal loss, and to assess
the extent of axon loss if present. Following this period of
wallerian degeneration, stimulating the nerve below the
lesion results in absent or reduced CMAP amplitude since
degenerating axons would have lost their excitability.
An absent or reduced CMAP amplitude from stimulation
above or below the lesion indicates complete or partial
axonal loss respectively. In demyelinating lesions, the
distal CMAP remains unchanged with persistent conduction
block across the lesion. In mixed lesions, the distal CMAP
drops but remains significantly higher than the proximal
implying both axon loss and segmental demyelination.

In partial axon-loss peripheral nerve lesions, the distal
latencies and conduction velocities remain normal or are
borderline. Selective loss of fast-conducting fibers associ-
ated with more than a 50% reduction in mean CMAP
amplitude can slow conduction velocity to 80% of normal
value because the velocity represents the remaining
slow-conducting fibers. Motor conduction velocity may be
occasionally slowed to 70% of normal value, when there is
severe axonal loss with marked reduction of CMAP
amplitude to less than 10% of normal.

Needle EMG is useful in assessing the progress of
reinnervation of axon loss peripheral nerve lesions that
may occur spontaneously or after nerve repair. Although
collateral sprouting in partial axon loss lesions starts as
early as 1-2 days after a nerve lesion, the early signs of
reinnervation may first become evident on needle EMG
one month later, but are usually definite by 2-3 months
postinjury. MUAP morphology helps assessing the process
of muscle fiber reinnervation that occurs following collateral
sprouting and proximodistal regeneration of nerve fibers
from the site of the injury. Collateral sprouting causes first
an increased number of MUAP turns and phases followed
by an increased duration and amplitude of MUAPs, while
early proximodistal regeneration of nerve fibers in severe
axon loss lesions often manifests by recording brief, small,
and highly polyphasic (nascent) MUAPs. MUAPs tend to
become longer in duration and higher in amplitude with
the passage of time due to improved synchrony of muscle
fiber action potentials.

In contrast to demyelinating or mixed mononeu-
ropathies, pure axon-loss peripheral nerve lesions cannot
be localized by NCSs when studied after the completion of
wallerian degeneration, since they are not associated with
focal conduction slowing or block. The identification of
conduction block in the early days of axonal loss is
extremely helpful in localizing a peripheral nerve injury.
Waiting for the completion of wallerian degeneration
results in diffusely low or unevoked CMAPs (regardless of
stimulation site), which does not allow for accurate
localization of the injury site. Localizing a purely axon-loss
mononeuropathy after the completion of wallerian
degeneration depends on needle EMG, with principles
that are similar to manual muscle strength testing used
during the neurological examination. Typically, the needle
EMG reveals neurogenic changes (fibrillation potentials,
reduced MUAP recruitment, chronic neurogenic MUAP
morphology changes) that are limited to muscles inner-
vated by the injured nerve distal to the site of the lesion
(Figure 4-6). In contrast, muscles innervated proximal to
the lesion remain normal. Unfortunately, attempting to
localize axon loss lesions solely by needle EMG has several
shortcomings that may result in poor localization or,
sometimes, mislocalization of the site of the nerve lesion.
These include the following scenarios:

1. Nerve lesions along segments with no motor branches.
The inherent anatomy of the injured nerve plays an
important role in the precise localization of nerve
lesions. Many nerves travel substantial distances
without giving out any motor branches (Figure 4-7).
For example the median and ulnar nerves have long
segments in the arm from which no motor branches
arise. Hence, it is often that the electromyographer
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Figure 4-6. Localization of peripheral nerve lesion using needle
EMG. Muscles distal to the lesion reveals abnormal neurogenic
findings (++) while proximal muscles are normal (O). (Adapted
Sfrom Wilbourn AJ. Nerve conduction studies. Types, components,
abnormalities and value in localization. Neurol Clin 2002;20:

305-338, with permission.)

Figure 4-7. Localization of peripheral
nerve lesion using needle EMG. The dia-
gram on the left shows an “ideal” nerve with
branches separated by short nerve segments
(e.g., the radial nerve) allowing precise
localization. In contrast, the diagram on the
right depicts a nerve with a long segment
that gives no motor branches (e.g., the
median nerve in the arm) resulting in a sub-
optimal localization of lesion to a long nerve
segment (++ are denervated muscles while
O are normal muscles). (Adapted from
Wilbourn AJ. Nerve conduction studies.
Types, components, abnormalities and value
in localization. Neurol Clin 2002;20:
305-338, with permission.)
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localize such a lesion to a long segment that may offer
little assistance to the referring physician or surgeon,
simply because the focal lesion may be at any point
along this long nerve segment. In contrast to the
median and ulnar nerves, the radial nerve is more ideal
for localization by needle EMG since it gives off
multiple motor branches at fairly regular and short
intervals.

Fascicular nerve lesions. Nerve fascicles remain distinct
for most of their course within the nerve trunk and may
be selectively injured. Also, peripheral nerve lesions
may spare nerve fascicles resulting in muscles that
escape denervation despite being located distal to the
lesion site (Figure 4-8). The spared fascicle may occupy
a protected location of the nerve at the lesion site or
may be exiting the nerve trunk at or near the lesion site.
This fascicular nerve lesion may falsely suggest that the
lesion is localized more distal to its actual site. Examples
of this fascicular involvement include sparing of ulnar
muscles in the forearm (flexor carpi ulnaris and ulnar
part of flexor digitorum profundus) following an axon
loss ulnar nerve lesions at the elbow, and sparing the
superficial peroneal-innervated muscles (peroneus
longus and brevis) following an axon loss common
peroneal nerve lesion at the knee or fibular neck.

Segment
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Figure 4-8. Fascicular peripheral nerve lesion leading to mislo-
calization of lesion more distally (++ are denervated muscles
while O are normal muscles). (Adapted from Wilbourn AJ. Nerve
conduction studies. Types, components, abnormalities and value
in localization. Neurol Clin 2002;20:305-338, with permission.)

o
o
Actual o]
++ Time
(months)
++
¢}
++
++ +
++

3. Chronic nerve lesions. The process of reinnervation
includes proximodistal regeneration of nerve fibers
from the site of the injury, collateral sprouting, or both.
With partial axon loss lesions that are mild or modest,
reinnervation via proximodistal regeneration may be
efficient in proximally located muscles resulting in
remodeling of the motor units. Hence, a needle
EMG done several years after such a lesion may only
detect the neurogenic changes in the more distal
muscles and result in mislocalizing the lesion more

distally (Figure 4-9).

RADICULOPATHIES AND PLEXOPATHIES

Radiculopathies are, by definition, lesions of the ventral or
dorsal roots or both occurring within the spinal canal space.
In contrast, plexopathies are lesions that involve the
peripheral nerve extraspinally. Since the dorsal root
ganglia are usually located outside of the spinal canal and
within the intervertebral foramina, radiculopathies are
considered preganglionic lesions while plexopathies
are postganglionic.

Actual

Figure 4-9. Chronic nerve lesion. The dia-
o gram on the left shows that muscles located
distal to the lesion and tested in the acute
and subacute phase of nerve injury showed

Presumed signs of denervation. In contrast, the dia-
gram on the right reveals with the passage
of time (months to years) effective reinner-

N vation and remodeling of several muscles

close to the lesion site leading to mislocaliza-
tion of the lesion more distally (+ and ++ are
denervated muscles while O are normal
muscles). (Adapted from Wilbourn AJ. Nerve
conduction studies. Types, components,

++ abnormalities and value in localization. Neurol
Clin 2002;20:305-338, with permission.)
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The dorsal root ganglia contain unipolar sensory neurons
with a peripheral and a central axon. In radiculopathies
associated with axonal loss due to lesions of the proximal
sensory axons, the distal sensory axons do not degenerate
since the dorsal root neurons usually escape injury.
Hence, the SNAP remains normal despite sensory loss and
degeneration of proximal sensory axons. When the motor
axons within the ventral roots are also injured, radicu-
lopathies exhibits signs of motor axon degeneration
including abnormal needle EMG and, when severe, low-
amplitude CMAPs.

Needle EMG is the most sensitive and specific
electrodiagnostic test for the identification of cervical and
lumbosacral radiculopathies, particularly those associated
with axon loss. Needle EMG is also useful in the accurate
localization of the level of the root lesion. Finding signs of
denervation and reinnervation (fibrillation potentials,
decrease recruitment, and long-duration, high-amplitude
polyphasic MUAPs) in a segmental myotomal distribution
(ie., in muscles innervated by the same roots via more
than one peripheral nerve), with or without denervation of
the paraspinal muscles localize the lower motor
neuron lesion to the root level. A normal SNAP of the cor-
responding dermatome ensures that the lesion is within
the spinal canal (i.e., proximal to the dorsal root ganglia).
For example, in a C7 radiculopathy, the triceps (radial
nerve) and pronator teres (median nerve) are often abnor-
mal on needle EMG, with or without the cervical
paraspinal muscles, and the median SNAP recording
middle finger is normal.

In contrast to intraspinal canal root lesions, axon-loss
extraspinal plexopathies affect the CMAP as well as the
SNAP amplitudes when mixed nerves undergo wallerian
degeneration. Abnormal SNAPs are not compatible with
root lesions (preganglionic), but consistent with lesions
affecting the brachial plexus (postganglionic). These find-
ings are particularly important in brachial plexus traction
injuries that may mimic root avulsions. In avulsions, the
dorsal root ganglia remain intact despite severe sensory
loss and the peripheral sensory axons do not undergo
wallerian degeneration. Hence, the SNAPs in root
avulsions are spared while they are low in amplitude or
absent in brachial plexopathies.

GENERALIZED POLYNEUROPATHIES

Nerve conduction studies are essential in the diagnosis of
peripheral polyneuropathies, and in establishing the type
of fiber(s) affected (large fiber sensory, motor, or both).
Most importantly, NCSs often can identify the primary
pathological process of peripheral polyneuropathy (axonal
loss or segmental demyelination), an important step in

establishing the etiological diagnosis of the various
peripheral polyneuropathies.

Demyelinating Polyneuropathies

The electrophysiologic hallmark of these polyneuropathies
is a widespread increase in conduction time due to
impaired saltatory conduction. Hence, the NCSs are
characterized by significant slowing of conduction velocities
(<75% of lower limit of normal) and distal latencies
(>130% of upper limit of normal).

With distal stimulation, the CMAP amplitude is mildly or
moderately reduced because of abnormal temporal
dispersion and phase cancellation, and the distal latency is
delayed because of demyelination. With more proximal
stimulation, the CMAP amplitude is lower due to temporal
dispersion and conduction block along some fibers. The
proximal conduction velocity is markedly slowed because of
increased probability for the nerve action potentials to pass
through demyelinated segments (Figure 4-10C).

Chronic demyelinating polyneuropathies may be
further distinguished by NCS into inherited and acquired
polyneuropathies. Inherited demyelinating polyneu-
ropathies such as Charcot-Marie-Tooth disease type I, are
characterized by uniform slowing along various segments
of individual nerves and adjoining nerves. The abnormalities
are usually symmetrical without accompanying conduction
blocks (except possibly at compressive sites). In contrast,
acquired demyelinating polyneuropathies, such as chronic
inflammatory demyelinating polyneuropathy, often have
asymmetric nerve conductions, even when there is no
apparent clinical asymmetry. In addition, multifocal
conduction blocks and excessive temporal dispersions at
nonentrapment sites are characteristics for acquired
demyelinating polyneuropathies.

In demyelinating polyneuropathies, the needle EMG
may show signs of mild axonal loss manifested by fibrillation
potentials and reinnervated MUAPs.

Axonal Polyneuropathies

Axonal polyneuropathies produce length-dependent
dying-back degeneration of axons. The major change on
NCS is a decrease of the CMAP and SNAP amplitudes,
more marked in the lower extremities (see Figure 4-10B).
In contrast, conduction velocities and distal latencies are
normal. As with axon loss mononeuropathies, selective loss
of many fast-conducting fibers associated with more than a
50% reduction in mean CMAP amplitude can slow
conduction velocity to 70-80% of normal value.

In axon-loss polyneuropathy, the needle EMG is most
useful in depicting the temporal profile of the illness.
Fibrillation potentials typically develop within 2-3 weeks
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Figure 4-10. Computerized model of peripheral motor nerve in normal (A), axonal degeneration (B), and segmental demyelination (C).
(Reprinted from Brown WEF, Bolton CE, eds. Clinical electromyography. Boston, MA: Butterworth-Heinemann, 1989, with permission.)

of an acute neuropathy, and reinnervated MUAPs become
apparent within 1-2 months. In acute polyneuropathies,
needle EMG during the first few weeks of illness may
show only reduced recruitment of MUAPs in weak
muscles with normal MUAP morphology and no sponta-
neous activity. In relatively active or progressive axon-loss
polyneuropathies, a combination of fibrillation potentials
with reduced recruitment of reinnervated MUAPs is most
prominent distally. In chronic and very slowly progressive
polyneuropathies, reinnervation may completely keep
pace with active denervation yielding little or no fibrilla-
tion potentials but reduced recruitment of reinnervated
MUAPs.

ANTERIOR HORN CELL DISORDERS

There are three reasons for performing electrodiagnostic
studies in patients with suspected amyotrophic lateral
sclerosis: (1) to confirm lower motor neuron dysfunction in
clinically affected regions; (2) to detect electrophysiologic
evidence of lower motor neuron dysfunction in clinically
uninvolved regions; and (3) to exclude other pathophysio-
logic processes. A disadvantage of the clinical EMG study
is that it can only evaluate lower motor neuron degenera-
tion while upper motor neuron degeneration can only be
assessed clinically. Hence, the diagnosis of amyotrophic
lateral sclerosis with evidence of upper and lower

motor neuron degeneration is often based on the clinical
evaluation with the electrodiagnostic study playing only a
supporting role.

In patients with suspected motor neuron disease,
sensory NCSs are usually normal. Motor NCSs are either
normal or yield low CMAP amplitudes consistent with
motor neuronal loss. There are no motor conduction
blocks and the motor conduction velocities are normal or
slightly slowed not below 70% of the lower limits of
normal. In patients with suspected motor neuron disease,
NCSs are most useful in excluding other neuromuscular
diagnosis such as polyneuropathies, multifocal motor
neuropathy, or neuromuscular junction disorders.

Needle EMG is the most important electrodiagnostic
study for providing evidence of generalized lower motor
neuron degeneration. Early in the course of the illness,
denervation in clinically normal muscles and limbs is most
useful in establishing early dissemination of denervation.
Needle EMG in amyotrophic lateral sclerosis often shows
signs of active denervation (fibrillation and fasciculation
potentials), chronic denervation (reinnervated and
unstable MUAPs), and reduced MUAP recruitment.
Lambert’s original criteria for diagnosis include detecting
fibrillation and fasciculation potentials in muscles of the
lower as well as the upper extremities or in the extremities
as well as the head. These criteria evolved over the years
into denervation at least three extremities or two extremi-
ties and cranial muscles (the head and neck considered
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an extremity). Although lower motor neuron degeneration
ultimately affects almost the entire neuraxis (brainstem and
cervical, thoracic, or lumbosacral segments of spinal cord),
the early phases of the illness are often characterized by
limited and more focal weakness. The revised El Escorial
criteria recommend that needle EMG signs of lower motor
neuron degeneration should be present in at least two of the
four central nervous system regions, ie., the brainstem,
cervical, thoracic, or lumbosacral regions.

MYOPATHIES

Insertional activity is usually normal or increased except in
the late stage of the disease when it is reduced by atrophy
and fibrosis. Spontaneous activity is absent except in
necrotizing myopathies (such as inflammatory myopathies
and muscular dystrophies). MUAP amplitude and duration
are reduced because of random loss of fibers from the
motor unit. Split muscle fibers and regeneration of muscle
fibers sometimes accounts for satellite potentials and
polyphasia. Early recruitment is common because more
motor units are needed to maintain a given force in com-
pensation for the small size of individual units.

A disadvantage of the electrodiagnosis of myopathies is
that the EMG findings in myopathy are not always specific
to make a final diagnosis. Exceptions include conditions that
are associated with (1) myotonia such as myotonic dystro-
phies, myotonia congenita, paramyotonia congenita, hyper—
kalemic periodic paralysis, acid maltase deficiency, and
some toxic myopathies (such as colchicine), or (2) fibrillation
potentials which occur in inflammatory myopathies, critical
illness myopathy, and progressive muscular dystrophies.
Another disadvantage of the needle EMG is that it is either
normal or has only subtle abnormalities in many myopathies
particularly those not usually associated with myonecrosis,
such as the metabolic and endocrine myopathies. Hence, a
normal needle EMG does not exclude a myopathy.

In polymyositis and dermatomyositis, it is essential to rec-
ognize the changing pattern on needle EMG at diagnosis, fol-
lowing treatment, and during relapse. Fibrillation potentials
appear first at diagnosis or relapse and disappear early dur-
ing remission. Abnormal MUAP morphology becomes evi-
dent later and lasts longer to resolve. The presence of
fibrillation potentials is also helpful in differentiating exacer-
bation of myositis from a corticosteroid-induced myopathy.

NEUROMUSCULAR JUNCTION DISORDERS

In myasthenia gravis as well as other postsynaptic neuro-
muscular junction disorders, the baseline (resting) CMAP
is normal. Slow repetitive nerve stimulation (RNS) results

a CMAP decrement that often improves or corrects after
brief exercise. The diagnostic sensitivity of RNS is much
higher recording proximal than distal muscles. The decre-
ment often improves or is repaired after exercise (“post-
tetanic facilitation”), and worsens several minutes after
exercise (“postexercise exhaustion”). If done, rapid RNS
(or postexrecise CMAP) causes no change of CMAP or, in
severe situations, a CMAP decrement.

In Lambert-Eaton myasthenic syndrome, botulism, and
other presynaptic disorders, the baseline (resting) CMAP
amplitude is low. With slow RNS, there is further CMAP
decrement. However, with rapid RNS or postexercise
CMAP, there is a CMAP increment, which is typically
higher than 200% in Lambert-Eaton myasthenic
syndrome, and is usually 30-100% in patients with
botulism.

UPPER MOTOR NEURON LESIONS

Patients with upper motor neuron lesions have normal
NCSs and needle EMG including normal insertional
activity, no spontaneous activity at rest, and normal MUAP
morphology. The only abnormality is a reduced interfer-
ence pattern with poor activation of MUAPs (slow rate of
motor unit discharge). Recruitment, measured by either
recruitment frequency or ratio, is normal. Hysterical weak-
ness or poor effort produces a similar pattern, except that
motor unit firing may be irregular.
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Case 1

HISTORY AND PHYSICAL EXAMINATION

A 29-year-old white man noted an acute right footdrop. He
was otherwise in excellent health, with no history of dia-
betes or trauma. He was referred to the electromyography
(EMG) laboratory.

Neurologic examination revealed severe weakness
(Medical Research Council [MRC] 2/5) of right ankle and
toe dorsiflexion and moderate weakness of right ankle
eversion (MRC 4/5). Ankle inversion and plantar flexion
were normal. Deep tendon reflexes, including Achilles
reflexes, were normal. The patient had slight impairment
of pain sensation over the dorsum of the right foot. Tinel’s
sign could not be induced by percussion of the peroneal
nerve around the fibular neck.

EMG examination was performed 4 weeks after the
onset of acute footdrop.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. Based on clinical grounds only:
A. The prognosis is poor and recovery will be
delayed.
B. The prognosis is excellent and recovery will be
rapid.
C. The prognosis cannot be predicted.
2. The predominant pathophysiologic process involved
here is:
A. Demyelination, with anticipated protracted recovery.
B. Axon loss, with anticipated rapid recovery.
C. Demyelination, with anticipated rapid recovery.
D. Axon loss, with anticipated protracted recovery.
3. A conduction block pattern on nerve conduction study
accompanies the following condition(s):
A. Segmental demyelination.

B. Axonal loss preceding wallerian degeneration.
C. Axonal loss following wallerian degeneration.
D. A and B.
E. A and C.

4. The prognosis for recovery of footdrop in this patient is:

A. Poor because of prominent fibrillation potentials.

B. Poor because of the near absence of voluntary motor
unit potentials.

C. Excellent because of normal distal peroneal com-
pound muscle action potential (CMAP) amplitudes.

D. Poor because of very low proximal peroneal CMAP
amplitudes.

5. Which of the following is not usually encountered in a

purely demyelinating focal nerve lesion?

A. A decrease in amplitude with proximal stimulation,
compared with distal stimulation.

B. Significant dispersion of motor response with proxi-
mal stimulation, compared with distal stimulation.

C. Focal slowing of conduction.

D. Fibrillation potentials in weak muscles.

EDX FINDINGS AND INTERPRETATION
OF DATA

The pertinent electrodiagnostic EDX features in this case
include the following:

1. Prominent right peroneal conduction block across the
fibular neck, recording both the extensor digitorum
brevis (EDB) and the tibialis anterior. As is shown in
the Nerve Conduction Table, the right peroneal CMAP
amplitude, recording the EDB, decreased from 5.3 mV
to 1.4 mV (73.5%) with stimulation below the fibular
neck and at the knee, respectively (Figure C1-1). This
was supported by a similar drop in CMAP area across
the fibular neck from 19.5 mV/ms to 4.5 mV/ms (77%).
There is no definite focal slowing across the fibular
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neck (conduction velocities of 41 m/s versus 46 m/s).
Also, the peroneal CMAP amplitude, recording the tib-
ialis anterior, decreased from 5.0 mV to 0.5 mV (90%)
with stimulation below the fibular neck and at the knee,
respectively. The conduction velocity here is slowed,
especially when compared with the asymptomatic left
side (23 m/s on the right versus 41 m/s on the left).

2. Preservation of the distal peroneal CMAP amplitudes
(recording both the EDB and the tibialis anterior) and
of the superficial peroneal sensory nerve action poten-
tial (SNAP), both in absolute values and when com-
pared with the asymptomatic side.

3. Fibrillation potentials and neurogenic recruitment of
all deep and superficial peroneal innervated muscles
below the knee (worse in the deep peroneal distribu-
tion), with a normal biceps femoris, short head.

These findings imply that the predominant pathologic
process is segmental demyelination (conduction block with
normal distal peroneal CMAPs and SNAP), with minimal
axonal loss (fibrillation potentials). The prognosis for

recovery is excellent because it is dependent primarily on
remyelination.

DISCUSSION

The anatomy and clinical and electrodiagnostic (EDX)
presentations of peroneal mononeuropathy are discussed
in detail, along with an accompanying case of peroneal
nerve lesion (Case 8). The discussions here are limited to
peripheral nerve injury and the electrodiagnostic findings
of such injury.

Structure of Peripheral Nerve

The peripheral nerve consists of both unmyelinated and
myelinated fibers and their supporting elements. The
unmyelinated axons are surrounded only by the plasma
membrane of a Schwann cell. The myelinated axons are
engulfed by a Schwann cell that wraps around the axons
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Figure C1-1. Peroneal motor nerve
conduction studies recording the extensor
digitorum brevis and stimulating the ankle
(1), below the fibular neck (2), and the knee
(3). Note the significant decrease in compound
muscle action potential (CMAP) amplitude
and area between the second and third
tracings, without prolongation of negative
peak duration. (Amplitudes are 5.6, 5.3, and
1.4 mV, respectively, and areas are 20.5, 19.5,
and 4.5 mV/ms, respectiuely. Sensitivity,

8 18 20 34 44 ) 68 7a

%8 188 using a vertical scale, is 2 mV.)



Case 1

multiple times, thereby insulating the axon with multiple
layers of cell membrane, which is rich in lipid sphin-
gomyelin. The myelinated axon is surrounded completely
by myelin and Schwann cells, except at certain gaps.
In adults, the gaps between myelin segments, called the
nodes of Ranvier, measure approximately 1 pm, while
myelinated segments between nodes, called the internodal
segments, measure approximately 1 mm each.

The relatively thick myelin sheath has a low capacitance
and a large resistance to the electrical current that
attempts to escape from the axon to the extracellular
space. Also, the axons contain a high concentration of volt-
age-gated sodium channels at the nodes of Ranvier, which
are essential for the propagation of action potentials.
These characteristics of myelinated fibers (myelin and
Na channels at the nodes of Ranvier) result in a rapid salta-
tory conduction between consecutive nodes of Ranvier.

Pathology of Peripheral Nerve Injury

Transient neurologic symptoms related to minor periph-
eral nerve compression are extremely common and are
rapidly reversible. They probably result from action poten-
tial propagation failure caused by ischemia. They are not
associated with structural alteration of the axon, myelin,
or supporting structure. In contrast, prolonged or severe
compression, traction, laceration, thermal, or chemical
injury may damage the myelin, axon, or the supporting
components of the peripheral nerves and results in signifi-
cant disability from which the patient may not recover
completely.

Nerve injuries that are associated with focal interruption
of the continuity of the axons cause significant changes in
the structure of the peripheral nerve distal to the lesion
(Table C1-1). The distal axons undergo a degenerative
process, known as wallerian degeneration. This occurs
since all the necessary building blocks needed for main-
taining the axon are made in the cell body (peikaryon) and
cannot reach the distal stump. The rate at which wallerian
degeneration proceeds varies depending on the nerve
injured, axon diameter, and the length of distal stump (the
larger and the longer the distal stump the more time is

Table C1-1. Consequences of Focal Axonal
Injury Distal to the Lesion

Weallerian (axonal) degeneration
Myelin breakdown

Neuromuscular transmission failure
Endoneurial tube shrinkage
Fascicular atrophy

Denervation atrophy of muscles
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needed for wallerian degeneration to be completed).
Within hours of most nerve injuries, myelin begins to
retract from the axons at the nodes of Ranvier. This is fol-
lowed by swelling of the distal nerve segment, leakage of
axoplasm, and subsequently the disappearance of neu-
rofibrils. Within days, the axon and myelin fragment, and
digestion of nerve components starts. By the end of the
first week, the axon and myelin become fully digested and
Schwann cells start to bridge the gap between the two
nerve segments. In chronic nerve lesions, the endoneurial
tubes in the distal stump shrink, the nerve fascicles atro-
phy distal to the lesion, and, in complete nerve transection,
the severed ends retract away from each other.

In contrast to the severe changes that occur distal to the
lesion, only minor changes occur proximally. Though most
of the proximal stump survives and maintains its ability to
regenerate, there is often a slight retrograde degeneration
of axons, up to several centimeters from the site of injury
depending on the severity of the lesion. Also, the neuron
cell body reacts to the axonal injury, by revealing an eccen-
tric nucleus and marginally placed rough endoplasmic
reticulum (Nissl's substance). These changes are worse
with proximal than with distal nerve lesions.

Classification of Peripheral Nerve Injury

Many classifications of peripheral nerve injury have been
suggested, but Seddon’s and Sunderland’s classifications
are the most widely used in clinical practice. These are
based on the functional status of the nerve and on
histologic findings. They are shown in Table C1-2 and in
Figure C1-2, with their corresponding electrophysiologic
findings.

1. Neurapraxia (first degree nerve injury). Focal pressure
on the peripheral nerve, when brief and modest, may
distort the myelin near the nodes of Ranvier, producing
segmental block of conduction without wallerian
degeneration. The nerve conducts normally distally but
not across the lesion, resulting in conduction block
which is the electrophysiologic correlate of neurapraxia
(see below). There are no or little changes in the mus-
cles and recovery is usually complete following remyeli-
nation that occur within 1-3 months if the offending
cause is removed.

2. Axonotmesis. With increasing compression or other
physical injuries, the axons are focally damaged result-
ing in secondary wallerian degeneration distal to the
site of injury. However, with this type of injury, there
is variable disruption of the supporting structures
(endoneurium, perineurium, and epineurium) that car-
ries variable prognosis. Hence, Sunderland advocated
that axonotmesis lesions be divided into three further
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Table C1-2. Classification of Peripheral Nerve Injury

Seddon classification Neurapraxia Axomnotmesis Neurotmesis
Sunderland classification First degree Second degree Third degree Fourth degree Fifth degree
Electrodiagnostic findings ~ Conduction A x o a 1 1 o s s
block
Pathologic findings Segmental Loss of axons Loss of axons Loss of axons Loss of axons and
demyelination and myelin with and myelin and myelin with myelin with
with intact intact supporting  with disrupted disrupted disruption of all
axons and structures endoneurium endoneurium supporting
supporting only and perineurium structures
structures (transection)
Prognosis Excellent. Slow but good Protracted Unlikely Impossible
Recovery is recovery. improvement improvement improvement
usually complete Dependent on that may fail due  without surgical without surgical
in 2-3 months sprouting and to misdirected repair repair
reinnervation axonal sprouts
Perineurium
Endoneunum
1 Axon with
complex sheath
Epineurium
2
3
Figure C1-2. Sunderland classifica-
tion of peripheral nerve injury.
1, First degree: conduction block.
2, Second degree: wallerian degener-
ation secondary to a lesion confined
to the axon, with preservation of
4 the endoneurial sheath. 3, Third
degree: disruption of the axon and
endoneurial tube with an intact per-
ineurium. 4, Fourth degree: disrup-
tion of all neural elements except the
epineurium. 5, Fifth degree: transec-
tion with complete discontinuity of
5 the entire nerve trunk. (Reprinted

with permission from Sunderland S.
Nerve injuries and their repair: a criti-
cal appraisal, Edinburgh: Churchill
Livingstone, 1991.)
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subtypes, depending on what component of the sur-

rounding nerve stroma is affected:

a. Second degree nerve injury, in which axon loss
is associated with intact endoneurial tubes,
perineurium, and epineurium. These lesions have
better prognosis than other axon loss lesions since
axonal regneration is well guided by the intact
endoneurial tubes.

b. Third degree nerve injury, in which the axons,
Schwann cell tubes, and endoneurium are damaged
leaving the perineurium and epineurium intact.
These lesions have poor prognosis and may require
surgical intervention since axonal regeneration is often
misdirected and may lead to neuroma formation.

c. Fourth degree nerve injury, where the perineurium
is also disrupted, but the epineurium is intact. These
lesions have very poor prognosis and surgery is often
required.

3. Neurotmesis (fifth degree nerve injury). This is the most
severe type of nerve injury manifesting as complete dis-
ruption of the nerve with all the supporting structures.
The nerve is transected with loss of continuity between
its proximal and distal stumps. These lesions have no
chance for improvement without surgical repair.

Diagnosis of Peripheral Nerve Injury

Injuries to peripheral nerves are highest in prevalence in
young adults between the ages of 18 and 35 years and
result in substantial degree of disability. They are often
accompanied by other bodily injuries including fractures,
dislocations, or soft tissue damage. When associated with
head or spine injury, peripheral nerve lesions may be over-
looked until late during the rehabilitative phase of treat-
ment. Traumatic nerve injuries may be direct (such as with
a stab wound to the sciatic nerve) or indirect (such as with
radial neuropathy following humeral fracture). These
lesions are much more common during wartime, but they
also accompany civilian trauma that results from vehicular
accidents, industrial accidents, gunshots, or knife wounds.
Also, a significant percentage of peripheral nerve injuries
encountered in clinical practice are iatrogenic, occurring
in the setting of surgical or radiological procedures, or fol-
lowing needle insertion or medical therapy such as with
the use of anticoagulation.

The diagnosis of peripheral nerve injury often requires
a detailed history and neurologic examination, with the
EDX studies and surgical findings playing important roles
in diagnosis and management. The history and physical
examination are extremely important in predicting the
location, type, and severity of the nerve lesion. For exam-
ple, a stab wound injury to a nerve is often associated with
axonal interruptions and grade three to five nerve injuries,
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while intraoperative nerve compression distant from the
site of surgical field is usually a grade one (neurapraxic and
demyelinating) or two (axonal) nerve injury.

Electrodiagnosis of Peripheral Nerve Injury

The EDX studies are the cornerstone in the diagnosis
and management of nerve injuries by providing
valuable information as to the location of the lesion, and its
severity, pathophysiology, and prognosis (Table C1-3).
Intraoperatively, the EDX studies guide the surgeon dur-
ing the procedure and help assess the status of the regen-
erating axons within the injured nerve segment. During
the recovery stage of peripheral nerve injury that may
occur spontaneously or after surgical repair, the EDX
studies are also essential in the evaluation of remyelina-
tion, regeneration, and reinnervation.

In contrast to the anatomical classification of nerve
injuries, the pathophysiologic responses to peripheral
nerve injuries have a limited repertoire: that is, axon loss,
demyelination, or a combination of both. The EDX stud-
ies evaluate the integrity of the myelin sheath and the axon
exclusively, and can only distinguish a neurapraxic injury
(myelin injury) from all other degrees of injury that are
associated with axonal damage and wallerian degeneration.

Localization of Nerve Lesions Using Nerve
Conduction Studies

There are essentially three electrophysiologic conse-
quences to peripheral nerve injury that can be assessed
by nerve conduction studies. Two of them, namely focal
slowing of conduction and conduction block, are caused by
myelin disruption; the third is a manifestation of axonal
loss (conduction failure).

Focal Slowing

Focal slowing in peripheral nerve injuries represents a
convenient method of localizing lesions. When focal slow-
ing is an isolated finding such as of the ulnar nerve across
the elbow, the patient is not symptomatic and has no weak-
ness or sensory loss. In symptomatic peripheral nerve
injuries, focal slowing is associated with conduction block
due to internodal demyelination, axon loss, or both.

Table C1-3. Role of Electrodiagnostic Studies
in Peripheral Nerve Injury

Localize the site of nerve injury

Determine the pathophysiology of the lesion

Estimate the severity of the injury

Determine the prognosis

Assess the progress of remyelination and reinnervation
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Focal slowing of conduction usually is caused by widen-
ing of the nodes of Ranvier (paranodal demyelination) and,
sometimes, focal axonal narrowing. It is evident on NCSs
by slowing of conduction of a specific nerve segment,
while other segments of the same nerve as well as neigh-
boring nerves remain normal. When the large myelinated
fibers are slowed to essentially the same extent, focal slow-
ing across the involved nerve segment is synchronized.
This is manifested by either a prolongation of distal laten-
cies (in distal lesions) or slowing in conduction velocities
(in proximal lesions), while the CMAP amplitude, dura-
tion, and area are not affected and do not change when the
nerve is stimulated proximal to the lesion. When variable
number of the medium or small nerve fibers (average or
slower conducting axons) are affected only, desynchro-
nized (differential) slowing of conduction across the nerve
segment is evident. In this situation, the CMAP is dis-
persed on stimulation proximal to the lesion and has pro-
longed duration, with normal (nondispersed) response on
distal stimulation. If this finding is isolated, the distal
latency or conduction velocity, which represent the speed
of the largest (fastest) axons, are normal. However, in most
clinical situations, the large fibers are often involved also,
desynchronized slowing is usually accompanied by slowing
at the involved segment, resulting in concomitant slowing
of distal latency or conduction velocity.

Conduction Block

Normally, the action potential is generated by sufficient
temporal and spatial summation of excitatory inputs to
motor or sensory axons. The nerve potential travels a
myelinated axon in a saltatory fashion, passing hundreds of
nodes of Ranvier without failure. The axonal regions at the
site of the nodes of Ranvier are rich in Na channels. An
abrupt change in Na conductance forms the basis for the
generation of nerve action potential and the maintenance
of saltatory conduction. Loss of myelin can involve one or
more segments of these axons (segmental demyelination).
Segmental demyelination can result from in widening of
the nodes (paranodal demyelination) or the loss of one or
more internodal segments (internodal demyelination).
Both forms of demyelination can result in slowing or block
of conduction. However, at least in compressive/entrapment
neuropathy, focal slowing of conduction is characteristic of
paranodal demyelination, whereas conduction block is a
manifestation of internodal demyelination.

Before one can understand the electrophysiologic diag-
nosis of conduction block, the normal conduction studies
of nerves, especially in reference to temporal dispersion
and phase cancellation, and, ultimately, conduction block,
must be discussed.

Three physiologic facts play a pivotal role in the genera-
tion of the CMAP which is obtained with surface recording.

1. The CMAP is produced by supramaximal stimulation of
peripheral nerve and represents the summation of all
individual muscle fiber action potentials directed to the
muscle through the stimulated nerve.

2. The surface-recorded motor units are biphasic, with an
initial negative phase followed by a positive phase, and
a total duration of 5 to 15 ms in most human muscles.

3. The motor axons are not uniform but differ in size, thick-
ness of myelin, and conduction velocities. The range of
conduction velocities of individual human motor axons is
12 to 13 m/s.

Because of this physiologic variability, the CMAP con-
figuration changes according to the site of stimulation.
Typically, as the stimulus site moves proximally, the CMAP
increases in duration and decreases in amplitude and, to a
lesser extent, area. With more proximal stimulation, action
potentials generated by motor units of slowly conducting
fibers are increasingly dispersed in time with respect to
those from fast-conducting fibers. This results in
positive/negative phase overlap and cancellation of some
components of the motor unit waveforms, thus prolonging
its duration and reducing the amplitude and area of the
summated response (CMAP).

Temporal dispersion and phase cancellation are more
prominent in sensory nerve conduction studies due to
(1) the disparity of sensory fiber conduction velocities
which are almost double that of the motor axons (25 m/s)
and (2) the surface recorded nerve action potentials are
triphasic. The SNAP may normally decrease in amplitude
and area by 50% or more and its duration can increase by
100% or more with proximal stimulation in antidromic stud-
ies (or with proximal recording with orthodromic studies).
Hence, it is a common practice not to rely on sensory
studies in the diagnosis of conduction block. Figures C1-3
and C1-4 depict the concept of temporal dispersion and
phase cancellation using computer modeling.

Impeding transmission of action potentials is the basis
of conduction block. This usually results from internodal
demyelination, but can occur in axonal loss before
wallerian degeneration (“axonal” conduction block).
Blockage of the transmission of electrical impulses any-
where throughout the course of motor axons results in
motor weakness that is often indistinguishable from weak-
ness that results from loss of motor neurons or motor
axons. Experimental evidence on tourniquet paralysis
on baboon hind limb showed that conduction block
is reversible and the distal nerve remains normal and
excitable (Figure C1-5).

In practice, conduction block is defined as a relative
decrease in the CMAP amplitude and area with proxi-
mal stimulation, when compared with the CMAP on
distal stimulation, without significant prolongation of
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Figure C1-3. Temporal dispersion and phase cancellation of two surface-recorded motor unit potentials at distal and proximal sites. This
can be translated into many similar biphasic potentials, which contribute to the compound muscle action potential (CMAP). (Reprinted
with permission from Kimura [ et al. Relation between size of compound sensory or muscle action potentials, and length of nerve segment.

Neurology 1986;36:647-652.)

Figure C1-4. Temporal dispersion and
phase cancellation of two surface-recorded
single-fiber sensory potentials at distal and
proximal sites. This can be translated into
many similar biphasic potentials, which
contribute to the sensory nerve action
potential (SNAP). (Reprinted with permis-
sion from Kimura [ et al. Relation between
size of compound sensory or muscle action
potentials, and length of nerve segment.
Neurology 1986;36:647-652.)
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Figure C1-5. Evoked compound muscle action potential (CMAP)
from the abductor hallucis muscle of a baboon at different inter-
vals after a tourniquet was inflated for 95 minutes to 1000 mmHg
around the knee. S1, S2, and S3 are the sites of stimulation, as is
shown in the schematic (bottom). (Reprinted with permission
from Fowler CJ, Danta G, Gilliatt RW. Recovery of nerve conduc-
tion after a pneumatic tourniquet: observation on the hind-limb
of the baboon. | Neurol Neurosurg Psychiatry 1972;35:
638—647. © BM] Publishing Group.)

CMAP duration. Conduction block should be distin-
guished from physiologic or abnormal temporal disper-
sion. Based on experimental studies, differential slowing
along medium and thinly myelinated fibers may result in
temporal dispersion and phase cancellation manifesting
as significant drop of amplitude that may occasionally
reach up to 80%. This is often associated with obvious and
marked prolongation of CMAP duration. In contrast to
amplitude decay, differential slowing does not drop the
area beyond 50%. Hence, in true conduction block a signi-
ficant drop in amplitude should always be corroborated by
a similar drop in CMAP area.

There are no uniformly accepted criteria for the identi-
fication of conduction block. Table C1—4 reveals some of
the common errors made in the EMG laboratory in the
diagnosis of true conduction block. Table C1-5 lists prac-
tical criteria for the diagnosis of conduction block. In gen-
eral, an amplitude change should be always supported by
area change, since a significant drop in amplitude up to
50% or more may occasionally be due solely to abnormal
temporal dispersion while an area drop of more than 50%
is always due to conduction block. In clinical practice, the

Table C1-4. Common Errors in the Diagnosis
of Conduction Block

Technical
Submaximal percutaneous stimulations (proximal sites, obesity,
edema)

Examination of long peripheral nerves (tibial nerve, tall
subjects)

Anomalous innervation (e.g., Martin-Gruber anastomosis)

Pathological
Abnormal temporal dispersion with phase cancellation

identification of demyelinative conduction block is an
excellent tool for precisely localizing peripheral nerve
lesions. Conduction block is often caused by acute nerve
compression such as peroneal mononeuropathy at the
fibular neck or radial mononeuropathy across the spiral
groove. It is also a common finding in immune-mediated
peripheral neuropathies such as acute inflammatory demyeli-
nating polyneuropathy, chronic inflammatory demyeli-
nating polyneuropathy, or multifocal motor neuropathy.
Finally, conduction block usually is reversible and
amenable to treatment, by removing the offending com-
pression factor from the injured nerve or immunotherapy.

Axonal Loss

In cases where there has been axonal damage following the
completion of wallerian degeneration, the NCSs character-
istically result in unelicitable or uniformly low CMAP
amplitude, which is not dispersed, at all stimulation points.
This pattern unfortunately cannot localize the site of injury
to a specific segment of the nerve, and other measures
need to be considered in localization such as the history,
clinical examination, and needle EMG.

Table C1-5. Electrodiagnosis of Conduction Block*

Definite in Any Nerve'

250% decrease in CMAP amplitude, with <15% prolongation of
compound muscle action potential (CMAP) duration, and

>50% decrease in CMAP area, or

230% decrease in area or amplitude over a short nerve segment
(e.g., radial across the spiral groove, ulnar across the elbow,
peroneal across the fibular neck)

Likely in Median, Ulnar, and Peroneal Nerves Only

20-50% decrease in CMAP amplitude, with <15% prolongation
of CMAP duration, and

20-50% decrease in CMAP area

CMAP = compound muscle action potential.

*All amplitudes, areas, and durations reflect negative-peak areas,
amplitudes, and durations.

tCaution should be used in evaluating the tibial nerve since stimulation
at the knee may result in more than 50% decrease in amplitude, especially
in obese patients.
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NCSs, done on patients who harbor axonal damage
before the completion of wallerian degeneration, require
special attention since they can be a source of error in
localizing, characterizing, or prognosticating nerve lesions.
However, these early studies are useful since they often
help localizing lesions better than if NCSs are done after
the completion of wallerian degeneration.

Early after axonal damage, the distal stump remains
excitable for a variable period with some differences
between the motor and sensory responses. The distal
CMAP remains normal for 1 to 2 days after injury, giving
rise to a pattern of conduction block on NCS that mimics
the one seen with segmental demyelination. This pattern is
sometimes referred to as “axonal noncontinuity, early axon
loss, and axon discontinuity” conduction block. It is impor-
tant to recognize this pattern since it carries poor progno-
sis, in contrast to the conduction block that is caused by
segmental demyelination which usually recovers rapidly
and completely. As wallerian degeneration progresses fol-
lowing axon injury, the distal CMAP then falls precipi-
tously to reach its nadir by 5-6 days postinjury. After this
time, the conduction block pattern is replaced by unelic-
itable CMAPs in complete lesions or low-amplitude
CMAPs in partial lesions that are independent of the
stimulation sites. In contrast to the motor studies, the
distal sensory nerve remains excitable for a slightly longer
period. The distal SNAP remains normal for 5-6 days and
then decreases rapidly to reach its nadir in 10-11 days
(Figure C1-6). Thus, repeat studies performed after the
completion of wallerian degeneration prove that the lesion
is due to axonal loss, by revealing a decrease in distal
CMAP to values very similar to proximal CMAP values,
along with low or absent SNAP.

Identification of motor conduction block in the early
days of axonal loss is extremely helpful for localization, par-
ticularly in closed nerve injury, in which the exact site
of trauma is not clear on clinical grounds. Thus, nerve

% Amplitude

Figure C1-6. Distal compound muscle action
potential (CMAP) and sensory nerve action
potential (SNAP) after acute axonal nerve
injury.
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conduction studies must be obtained if possible as soon as
the patient seeks medical attention. Waiting for the com-
pletion of wallerian degeneration results in low CMAPs,
regardless of stimulation sites, thus not allowing for any
localization of the injury site.

Mixed (Axonal and Demyelinating) Lesions

Mixed lesions exhibit a mixture of pathophysiology includ-
ing axon loss and segmental demyelination. In acute nerve
lesion, this often manifests as axon loss and conduction
block, while focal slowing tends to be a feature of more
chronic lesions (e.g., entrapment neuropathies). By analyz-
ing distal and proximal CMAPs as well as the distal SNAP,
the EDX study can semiquantitatively estimate the num-
ber of axons that have undergone wallerian degeneration
and those that have segmental demyelination.

Localization of Nerve Lesions Using Needle
Electromyography
The earliest finding on needle EMG following a nerve
injury is a complete loss of voluntary activity (with a com-
plete lesion) or a decrease in MUAP recruitment (with a
partial lesion) in weak muscles. This is the result of failure
of nerve action potentials to reach the target muscle that
follows nerve lesions associated with axon loss or segmen-
tal demyelination. Hence, a decrease MUAP recruitment
per se cannot distinguish between axon loss and demyeli-
nating lesions. Also, the degree of impaired MUAP recruit-
ment correlates with the extent of clinical weakness, and is
proportional to the number of lost or demyelinated axons.
Axon loss lesions studied by NCSs prior to wallerian
degeneration, as well as demyelinating (neurapraxic)
lesions, are often precisely localized to a short segment of
the nerve due to the presence of conduction block across
that segment. Hence, localization of lesions by needle
EMG is most important in axon loss lesions that are first
studied following the completion of wallerian degeneration

O CMAP amplitude
B SNAP amplitude

Days from acute axonal injury
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of motor axons (more than 5-6 days postinjury). These
lesions are associated with nonlocalizable NCSs that are
characterized by low-amplitude or unelicitable CMAPs
from all nerve simulation sites.

The concept of localization by needle EMG is similar to
clinical localization using manual muscle strength testing
which is part of the motor system evaluation during the
neurologic examination. Muscles innervated by branches
arising from the nerve distal to the lesion are often weak,
while those innervated by branches proximal to the lesion
are normal. Clinical localization of the site of the lesion is
usually accurate in sharp penetrating injuries that are well
defined such as nerve laceration. However, clinical localiza-
tion may not be possible or inaccurate in patients with exten-
sive bodily injury that may limit the neurological examination
or involve several nerves or elements of a plexus.

Localization by needle EMG relies on electrophysiologi-
cal changes that occur in denervated muscles, namely fib-
rillation potentials, reduced MUAP recruitment, and
MUAP changes characteristic of reinnervation. It should
be noted that fibrillation potentials appear after 1-2 weeks
of acute denervation but do not become full until after
3 weeks after nerve injury. They disappear late in the course
of denervation when muscle fibers become reinnervated
or fibrotic and severely atrophied. Hence, fibrillation
potentials may be absent in very acute or chronic denerva-
tion. Also, reinnervation MUAPs are first apparent after
one month of injury in partial axonal lesions and become
widespread with increasing time.

The concept of localization by needle EMG follows the
same rules as the manual muscle examination, namely mus-
cles innervated by branches arising from the nerve distal to
the lesion are denervated, while those innervated by branches
proximal to the lesion are normal. Unfortunately, several
types of axon loss lesions may pose problems when attempt-
ing to localize the site of the injury solely by needle EMG.

1. Nerve lesions along segments with no motor branches.
The anatomy of the injured nerve plays a pivotal role in
the precise localization of nerve lesions. Many nerves
travel substantial distances without giving out any
motor branches. Hence, long segment localization
along one of these nerves may be of relatively little
assistance to the clinician, simply because the focal
lesion may be at any point along the nerve segment.
Examples of such nerves are the median and ulnar
nerves which have very long segments in the arm from
which no motor branches arise. In contrast, the radial
nerve is more ideal for localization by needle EMG
since it gives off multiple motor branches at fairly regu-
lar and short intervals along its entire course.

2. Fascicular nerve lesions. Occasionally, partial periph-
eral nerve lesions spare one or two nerve fascicles

resulting in muscles that escape denervation despite
being located distal to the lesion site. This usually
results in an erroneous localization that is more distal to
the actual site of the lesion. The explanation for this
phenomenon is based on the established findings that
there is a high degree of somatotopic organization of
nerve fibers into individual fascicles distally and close to
the site of branch exit, but also on the recent evidence
that, though fascicles intermingle more proximally to
form a plexiform structure, the nerve fibers from a dis-
crete distal fascicle would generally remain clustered
despite crisscrossing from one fascicle to another.
Examples of this fascicular involvement include sparing
of ulnar muscles in the forearm (flexor carpi ulnaris and
ulnar part of flexor digitorum profundus) following an
axon loss ulnar nerve lesions at the elbow, and sparing
the superficial peroneal innervated muscles (peroneus
longus and brevis) following an axon loss common per-
oneal nerve lesion at the knee or fibular neck.

3. Chronic nerve lesions. The process of reinnervation
includes proximodistal regeneration of nerve fibers
from the site of the injury, collateral sprouting, or both
(see below). Often with partial axon loss lesions that are
mild or modest, proximodistal regeneration and rein-
nervation can be so efficient in proximally located mus-
cles resulting in remodeling of the motor units. Hence,
a needle EMG done several years after such lesions
may only detect the neurogenic changes in the more
distal muscles and result in mislocalizing the lesion
more distally.

Timing of Electrodiagnostic Studies in

Peripheral Nerve Injury

The ideal timing of the initial EDX study in a patient with
peripheral nerve injury depends on the clinical situation.
Treating physicians should be aware of the EDX limita-
tions and know that the electrophysiologic abnormalities
that are critical to the accurate interpretation of the loca-
tion and severity of the lesion progressively appear during
the first 2-3 weeks postinjury.

In patients with closed nerve trauma or severe limb
trauma at several sites, where the exact site of injury may
not be clear, early NCSs are very useful in attempting to
identify conduction block across the site of the lesion. This
should be done, if possible, very early and before 3-5 days
from injury since the distal CMAP reaches its nadir after
that time. Detecting conduction block with this early study
is extremely useful in precise localization of the site of the
lesion, though finding a conduction block cannot distin-
guish whether the lesion is due to axon loss, demyelination,
or a mixture of both. A repeat study after allowing time for
the completion of motor and sensory wallerian degenera-
tion (i.e., after 10-11 days from injury) helps establish the
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pathophysiologic diagnosis and estimate the degree of
injury and prognosis.

When NCSs are repeated, one of three scenarios may
arise: (1) the conduction block does not change, hence the
lesion is purely demyelinating (neurapraxia), (2) the distal
CMAP drops to equal the proximal CMAP, hence the
lesion is axon loss (axonotmesis or neurotmesis), and (3) the
CMAP amplitude drops distally but there is a remaining
drop proximally (i.e., the distal CMAP is low but signifi-
cantly higher that the proximal CMAP), hence the lesion is
mixed with evidence of demyelination and axon loss.

In axon loss lesions, waiting to obtain NCSs until after
the completion of wallerian degeneration (after 10-11 days
from injury) results in diffusely low-amplitude or absent
CMAPs and SNAPs from all stimulation sites, which does
not allow for precise localization of the injury site. This is
accepted in circumstances where the site of lesion is clear
and the lesion is likely axon loss (e.g., stab wound). Not
infrequently, the patient presents to the specialist after the
time expected for completion of wallerian degeneration
(after 10-11 days postinjury). In these situations, localiza-
tion will depend on the needle EMG, and the optimal
timing of the EDX study would be 3-5 weeks after injury
when fibrillation potentials are fully developed in all
denervated muscles and reinnervation is barely apparent.

Determining Severity of Nerve Injury

by Electrodiagnostic Studies

An important role of the EDX studies is to estimate the
degree of nerve injury since this has a direct effect on
prognosis and long-term disability. In demyelinating con-
duction block lesions, one can approximate the number of
demyelinated motor axons by comparing the distal to the
proximal CMAPs. For example in a patient with common
radial nerve lesion across the spiral groove, a 6 mV response
from extensor digitorum communis obtained from distal
stimulation at the elbow and a 3 mV response from proxi-
mal stimulation above the spiral groove implies that about
50% of the axons are blocked (demyelinated) while the
remaining 50% conduct normally.

In axon loss lesions, the CMAP amplitude is the best
estimate of the degree of motor axon loss. In contrast, fib-
rillation potentials are the most sensitive indicator of
motor axonal loss, since a loss of a single axon results in up
to 200 denervated muscle fibers (depending on the inner-
vation ratio of the innervated muscle). SNAP amplitude
reflects the degree of sensory axon loss, though it has less
implication on disability than CMAP amplitude. The
changes seen on EDX studies with increasing severity of
axon loss follow a certain pattern that is predictable and
applies to most mixed sensorimotor nerve lesions examined
after 3 weeks from injury. With mild axon loss lesions,
there are usually only fibrillation potentials in affected
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muscles with normal or slightly reduced MUAP recruitment,
and normal CMAP and SNAP amplitudes. With moderate
axon loss lesions, fibrillation potentials and decreased
recruitment are coupled with a low-amplitude or absent
SNAP while the CMAP usually remains normal or is border-
line in amplitude. Following severe axon loss lesions, the
SNAP is absent and the CMAP is either very low in ampli-
tude or absent. This is accompanied by profuse fibrillation
potentials and marked reduction in MUAP recruitment.

The sensitivity exhibited by the various EDX param-
eters of axon loss is inversely related to the time these
abnormalities become apparent after an acute lesion. For
example, fibrillation potentials are most sensitive to axon
loss but do not fully develop until 3-5 weeks, while the
CMAP amplitude is the least sensitive, since it only
decreases after significant axon loss and as early as
2-5 days from injury). Hence, it is important to always per-
form needle EMG about 3-5 weeks postinjury on all
patients with suspected acute peripheral nerve trauma to
look for fibrillation potentials and assess for the presence
of axon loss.

In axon loss lesions, estimating the extent of motor
axonal loss, after the completion of wallerian degeneration
(more than 10-11 days), requires comparison of the distal
CMAP to the same CMAP in the contralateral limb.
Optimally, motor and sensory NCSs should be done bilat-
erally and compared, though there is up to 30% side-to-
side variability in normal controls. Comparison to normal
laboratory values may be necessary in bilateral lesions or
when the contralateral limb cannot be studied (concomi-
tant injury, amputation, etc.). Ina complete nerve transec-
tion, there is absence of distal and proximal CMAPs. In a
partial axonal lesion, the low distal CMAP amplitude
reflects the number of axons lost. For example, in a patient
with median nerve laceration in the forearm, a 2 mV
response from abductor pollicis brevis obtained from dis-
tal stimulation at the wrist compared to a 10 mV response
from the contralateral side implies that about 80% of axons
were lost.

In mixed lesions, an estimate of the percentage of
axons that are demyelinated versus those that underwent
wallerian degeneration requires a combination of calcula-
tions that assess the degree of conduction block and axon
loss which should be only done after the time of wallerian
degeneration is completed. For example, in a patient
with peroneal nerve lesion at the fibular neck, if a 3 mV
response was obtained from the tibialis anterior following
distal stimulation below the fibular neck and a 1.5 mV
response from proximal stimulation above the fibular neck,
coupled with a 5 mV response from distal stimulation on
the contralateral side, one can approximate that 40% of the
axons are lost while 30% are blocked (demyelinated) and
the remaining 30% are intact.
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Intraoperative Electrodiagnostic Studies
Intraoperative recording is pivotal in the surgical manage-
ment of patients with severe nerve injuries. Surgery pro-
vides a unique opportunity for direct recordings of
compound nerve action potentials (CNAPs) across the
injured segment of the nerve. These studies are most help-
ful in nerve lesions associated with severe or total axonal
injury that remains in continuity (second through fourth
degree nerve injuries) since the clinical and routine EDX
studies often cannot accurately classify the degree of nerve
injury. In contrast, intraoperative studies are not useful in
neurapraxia (first degree injury) since remyelination is
expected and surgical intervention is rarely indicated, or in
complete nerve transection (neurotmesis or fifth degree)
since these studies will have no role in the choice of surgical
intervention (reanastomosis or grafting).

The indication for surgical repair of a peripheral nerve
lesion depends on the type and severity of the nerve lesion.
With sharp nerve transection (such as with glass or knife
injuries), primary (immediate) repair is often done at the
time of the initial soft tissue repair. This may be delayed
several weeks if infection is feared or complicates the
wound, or when the nerve transection is blunt and the
anatomy is distorted (such as with propeller blade or
power saw injuries, or following compound fractures).
When peripheral nerve lesions remain in continuity, the
decision to operate is usually based on whether functional
recovery and reinnervation has occurred after allowing
several months for regeneration. If the nerve fails to
regenerate or exhibits poor reinnervation, surgery is often
indicated. Operative exploration of the site of injury allows
visual inspection of the injured nerve which is useful in
determining the extent of injury to the nerve, particularly
to its supporting nerve structures. However, visual inspec-
tion only is notoriously inadequate in determining the
severity of nerve injuries that are in continuity and cannot
establish whether some axons have regenerated and
bridged across the injured segment. Injured nerves may
look good by inspection but show no evidence of regener-
ation due to endoneurial damage and fibrosis. In contrast,
a nerve may look very bad at the time of exploration, with
fibrosis and enlargement, yet with satisfactory regenerating
axons.

Intraoperative recordings are performed by using two
electrode pairs that hooks on the exposed nerve and are
used for stimulating the nerve proximal to the lesion while
recording distal to it. The purpose of this study is to try to
record a CNAP across the lesion and to establish if some
axons cross the injured segment, and if so, how many. If
there is no distal CNAP, the recording electrode should be
moved proximally until a CNAP is recorded. This indicates
the distal end of conducting axons and is most important
in evaluating a long lesion that extends a considerable

distance, such as with extensive fibrosis due to hemor-
rhage, infection, or ischemia.

Electrodiagnostic Studies During

the Recovery Phase

Once the diagnosis of the nerve injury is secure, the
optimal timing of the repeat EDX studies depends mostly
on the pathophysiology of the lesion, the nerve injured,
and location of the nerve injury. Improvement following
peripheral nerve injury depends on remyelination, rein-
nervation, or both. Reinnervation may follow collateral
sprouting (in partial axon loss lesions only), proximodistal
axon regeneration, or both. Recovery is quick and often
complete with demyelinative conduction block lesions,
while improvement is protracted and usually incomplete in
axon loss lesions. In mixed lesions, the recovery is biphasic
with an initial rapid improvement due to remyelination
and a slower phase due to regeneration.

Remyelination

In patients with a neurapraxic nerve injury (first degree)
that is due to segmental demyelination and manifests as
conduction block, the process of remyelination is usually
rapid and may take up to 2-3 months for completion,
provided that the offending cause (such as compression
by hematoma or bony structure) is removed. For exam-
ple, a patient who develops a wrist drop due to a purely
demyelinating radial nerve injury at the spiral groove
often recovers completely in 2-3 months. Hence, if
follow-up NCSs are done after that time, remyelination
is confirmed by resolution of the conduction block and
restoration of the proximal CMAP. During that phase
and for a short period after the reversal of conduction
block, NCSs may reveal focal slowing across the injured
nerve segment which was not present on the initial EDX
study. This is best explained by the presence of newly
formed thin myelin that was laid out by the Schwann
cells. As the myelin thickens with time, focal slowing also
disappears.

Reinnervation by Collateral Sprouting

Collateral sprouting is a process in which the surviving
(intact) motor axons send axon terminals (sprouts) to the
denervated muscles in an attempt to reinnervate these
muscle fibers and restore muscle power. This is a quick
and effective method of reinnervation that applies only to
partial axon loss lesions where some axons escape injury
and wallerian degeneration. Collateral sprouting is clini-
cally effective in restoring function when only a modest
number of axons are injured. In practice, it is most effec-
tive when less than 80% of the axons are damaged. In very
severe lesions, collateral sprouting may lead to little or no
change of motor function.
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Collateral sprouting in partial axon loss lesions starts as
early as 1-2 days after injury. However, the early signs of
reinnervation first become evident on needle EMG by one
month, and are usually definite by 2-3 months postinjury.
Immediately following nerve injury, there is a decrease in
MUAP recruitment in affected muscles that is appropriate
to the number of lost axons. In the first few weeks after
injury, MUAPs of surviving axons retain their normal mor-
phology. As collateral sprouting proceeds, muscle fibers
become progressively incorporated to the territory of the
motor unit.

Early on, the collateral axons (sprouts) have thin or
incomplete myelin. Hence, action potentials along collat-
eral sprouts conduct slowly. This is often reflected on nee-
dle EMG by MUAPs with satellite potentials (linked or
parasite potentials), late spikes of the MUAP that are dis-
tinct and time-locked with the main potentials. The satel-
lite potential trails the main MUAP because the newly
formed nerve terminal may be long, or small and thinly
myelinated, or both, resulting in slower conduction. When
a satellite potential is suspected on needle EMG, it is
useful to use a trigger line to demonstrate that this poten-
tial is time-locked to the main potential (Figure C1-7).

Reinnervation MUAPs, including satellite potentials,
may be unstable (Figure C1-8). The MUAPs may show
evidence of intermittent nerve conduction blocking or
neuromuscular junction blocking due insecure action
potential transmission at the sprout or endplate, respec-
tively. This results in individual muscle fibers being
either blocked or come to action potential at varying

1 mV/D
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intervals, leading to a MUAP that changes in configura-
tion from impulse to impulse (amplitude or number of
phases or both). Over time, the sprout matures and the
conduction velocity increases and the satellite potential
then fires more closely to the main potential, and ulti-
mately fuses to become an additional phase or serration
within the main MUAP complex (Figure C1-9). In gen-
eral, MUAPs become more stable, more polyphasic, and
longer in duration as collateral sprouting continues.
In very chronic lesions, MUAPs are typically stable
with long duration and high amplitude and little or
no polyphasia, reflecting the maturity of all the nerve
sprouts (Figure C1-10). Also, as reinnervation proceeds,
there is a decline in the number of fibrillation potentials,
since reinnervated muscle fibers will cease to generate
this spontaneous activity.

On NCSs, the CMAP and SNAP amplitudes slowly
increase in size with time as reinnervation continues. In
mild to moderate nerve lesions, effective reinnervation
may render the CMAP within normal values, and result in
NCSs that do not clearly show evidence of a remote nerve
injury. In these situations, however, needle EMG will con-
tinue to confirm the old injury by exhibiting large MUAPs
that fire rapidly.

Reinnervation by Axon Regeneration

In complete or very severe axon loss peripheral nerve
lesions, improvement is dependent solely or primarily on
axonal regeneration that may occur spontaneously or fol-
lowing surgical repair. Unfortunately, in most cases of
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Figure C1-7. A motor unit action potential
with a satellite potential recorded in a raster
mode (arrow). Note that the second potential
is always linked to the first potential.
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Figure C1-9. Polyphasic and stable motor unit action potential
with long duration recorded from the tibialis anterior, eight
months after a severe axon loss peroneal nerve injury at the ﬁbu-
lar neck. This complex potential is triggered upon using a trigger,
delay line, and a raster mode. Note that all components af the
units are present with every discharge.
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Figure C1-8. Unstable motor unit action
potential (arrow) preceded by a satellite
potential that is also unstable (dashed
'\"‘I?!‘}l‘ arrow) from the brachioradialis muscle in a

patient with severe radial nerve injury sec-

ondary to a compound humeral fracture,
recorded four months postinjury. This
complex potential is triggered upon using a
trigger, delay line, and a raster mode. Note
the extreme variation in the morphology of
the unit and its satellite potential between
subsequent discharges.
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Figure C1-10. Large (long-duration and high-amplitude) motor
unit action potential from the abductor digiti minimi of a patient
with a remote severe ulnar nerve lacemtton above the elbow. This
complex potential is triggered upon using a trigger, delay line, and
a raster mode. Note that the main potential is followed by several
small polyphasic satellite potentials that trail the main component.
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nerve injury, regeneration is slow and incomplete. In more
severe axon loss lesions, the regenerating axons may not
find intact endoneurial tubes and sometimes form a neu-
roma with tangled axons at the site of injury. In such
lesions as well as lesions with complete transection, surgi-
cal repair is often needed.

In humans, the axons have to first traverse the injured
segment. This may be achieved in 8-15 days when the
endoneurial tubes are intact (second degree nerve lesion).
Once the axons cross successfully, they continue to regen-
erate at a slow rate averaging 1 to 2 mm/day (or about 1
inch/month). Based on this, the timing of repeat EDX
studies in complete or severe axon loss lesions depends on
the site of injury in relation to the most proximal muscle
that is expected to be reinnervated first. For example, fol-
lowing a median nerve injury in the middle of the arm, the
first muscle expected to show reinnervation is the pronator
teres muscle with its branch arising from the nerve in the
antecubital fossa. If the distance between this lesion and
the muscle is 5 inches, then the repeat study should be
done about five to six months after the injury. The timing of
surgical intervention is based on the fact that muscles that
do not reinnervate after 18-24 months will undergo atro-
phy and fibrosis and their muscle fibers will not be more
viable. With more proximal severe or complete axon loss
nerve lesions, such as those of the lower brachial plexus or
sciatic nerve, the target muscles to be reinnervated (hand
muscles or leg muscles respectively) are situated far from
the site of injury so that early surgical intervention is often
necessary.

On needle EMG, the early signs of regeneration can be
confirmed by the appearance of small, complex, unstable
MUAPs, sometimes referred to as “nascent” MUAPs, that
precedes the onset of visible voluntary contraction. These
units appear first in muscles nearest to the site of the injury
and progress distally, and hence are useful in assessing the
advancement of this proximodistal regeneration. Nascent
MUAPs are very low in amplitude and extremely polypha-
sic, with normal or increased duration. These small nas-
cent MUAPs mimic the MUAPs seen with necrotizing
myopathies. Nascent MUAPs are often unstable due to con-
duction or neuromuscular junction blocking and are associ-
ated with decreased MUAP recruitment (Figure C1-11).
As reinnervation proceeds, nascent MUAPs that are
unstable become transformed into stable, long-duration,
and polyphasic MUAPs, reflecting increased numbers of
muscle fibers per motor unit, full myelination of the regen-
erating axons, and the maturity of the neuromuscular junc-
tions. Similar to what is seen in reinnervation by collateral
sprouting, there is also a decline in the number of fibrilla-
tion potentials and the progressive improvement of the
SNAP and CMAP on NCS. However, in these severe or
complete nerve lesions, it is common that the CMAP and
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Figure C1-11. Nascent motor unit action potentials from the
quadriceps in a patient with severe femoral nerve injury follow-
ing abdominal hysterectomy. This complex potential is triggered
upon using a trigger, delay line, and a raster mode. Note the low-
amplitude and highly polyphasic potential (dashed arrow), which
is fairly stable and is followed by two distinct satellite potentials
(arrows).

SNAP never return to baseline values and there is often
permanent slowing and dispersion of the CMAPs due to
the extreme variability in the diameter and myelination of
the regenerated axons that results in significant differential
slowing of conduction velocities.

Aberrant Regeneration

Aberrant regeneration occurs when regenerating axons
are misdirected into new end organs and is most common
in axon loss nerve injuries that distort the endoneurial
tubes (third degree or more) and in proximal peripheral
nerve or root injuries. Misdirected fibers may not find
endoneurial tubes and generate a neuroma at the site
of the lesion. Regenerating motor axons in a mixed senso-
rimotor nerve may elongate into sensory nerves or vice
versa. Motor axons may also get misdirected into the
wrong muscles and result in co-contraction of muscles
that can interfere with the intended function or cause
abnormal movements.

The most common neurologic sequelae of aberrant rein-
nervation occur after facial nerve injury including after
idiopathic Bell's palsy. Aberrant regeneration between
motor axons results in facial synkinesis, mainly contraction
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Figure C1-12. Follow-up peroneal motor nerve
conduction studies recording extensor digitorum brevis
stimulating ankle (1), below fibular head (2), and knee (3).
Note the significant improvement of CMAP amplitude
and area stimulating at the knee (waveform 3) com-
pared with the initial study done at presentation
(compare with Figure CI-1). (Sensitivity: vertical

of the lower facial muscles on the affected side whenever
there is an eye blink or vice versa. Other much less com-
mon, yet more publicized, examples of abnormal regener-
ation patterns are the “crocodile tears,” manifested as
lacrimation of the ipsilateral eye during chewing, and the
Marin-Amat syndrome, or “jaw-winking,” manifested as
closure of the ipsilateral eyelid when the jaw opens.

Another example of aberrant regeneration occurs fol-
lowing injury to the C5 spinal root. Motor axons destined
to the diaphragm may get misdirected to one or more
shoulder muscles (biceps, deltoid, or spinati) with the result
that the shoulder muscles fire in time with the respiratory
cycle (breathing arm). Similar phenomena were recently
reported form obstetric brachial plexopathies involving
the lower plexus and T1 cervical roots and resulting in
aberrant reinnervation of hand muscles from axons des-
tined into intercostal muscles (breathing hand).

FOLLOW-UP

On further questioning, it was determined that the patient
was involved in a long meeting that lasted approximately

58 scale=2mV.)

12 hours, during most of which he was seated around a
table. He also admitted to frequent leg crossing. More
importantly, he had been on an intensive weight loss pro-
gram for 2 to 3 weeks and had lost 30 pounds (see Case 8
for further discussions). When he was seen 2 months later,
he had no residual weakness and minimal numbness on
the dorsum of the foot. Repeat nerve conduction studies
showed significant improvement of proximal peroneal
(knee) CMAP amplitude and area (Figure C1-12).

DIAGNOSIS

Acute common peroneal mononeuropathy, due to
compression at the fibular head, manifested by
significant conduction block (due to segmental
demyelination) and minimal axonal loss, precipi-
tated by weight loss and leg crossing.

ANSWERS

1.C;2.C;3.D;4.C; 5. D.
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HISTORY AND PHYSICAL EXAMINATION

Right buttock pain developed in a 67-year-old man, radiat-
ing to the lateral thigh and pretibial area. The pain wors-
ened when he walked. Within a few weeks, he became
aware of right foot weakness with partial footdrop. There
had been no sensory symptoms. He did not respond to
conservative therapy and was referred for an electrodiag-
nostic (EDX) examination. Past medical history was other-
wise negative.

On neurological examination, the patient had
moderate weakness of right foot and toe dorsiflexion,
and ankle eversion and inversion (Medical Research
Council [MRC] 4-/5) and severe weakness of right large
toe dorsiflexion (MRC 3/5). Plantar flexion was minimally
weak (MRC 5-/5). Deep tendon reflexes were normal
except for trace ankle jerks bilaterally. Sensory examina-
tion revealed relative impairment of pain sensation
over the dorsum of the foot. Straight leg raise was negative.
The patient’s gait was impaired by the partial right
footdrop.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. The EMG findings are diagnostic of:

A. A lumbosacral plexopathy.

B. An L5 more than SI radiculopathy due to a herni-
ated disc at the L5-S1 space.

C. An L5 more than S1 radiculopathy due to a herni-
ated disc at the L4-L5 space.

D. A sciatic neuropathy.

E. An L5 more than S1 radiculopathy.

2. All of the following findings are consistent with an S1
radiculopathy except:
A. Fibrillation potentials in the abductor hallucis.
B. Fibrillation potentials in the medial head of the

gastrocnemius.

C. Fibrillation potentials in the flexor digitorum longus.
D. Fibrillation potentials in the gluteus maximus.
E. Absent sural sensory nerve action potentials (SNAPs).

3. In an L5 radiculopathy of about 6 months’ duration,
which muscle is likely to show the most amount of
fibrillation potentials?

A. Biceps femoris (short head).
B. Extensor hallucis longus.

C. Gluteus medius.

D. Lumbar paraspinal muscles.
E. Tensor fascia lata.

EDX FINDINGS AND INTERPRETATION
OF DATA

Relevant EDX findings in this patient are:

1. Low-amplitude peroneal compound muscle action
potentials (CMAPs), recording extensor digitorum brevis
(EDB = L5, S1) and tibialis anterior (TA = L4, L5), at
all points of stimulation, with no evidence of conduction
block or focal slowing. The amplitudes are low when
compared to normal values and, more importantly,
to values in the contralateral asymptomatic limb. The
mild slowing of peroneal motor distal latencies and con-
duction velocities, recording EDB and TA, is appropri-
ate for the significant loss of CMAP amplitude and is
best explained by the loss of large and fast-conducting
axons.
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2. Normal and symmetrical superficial peroneal sensory
nerve action potentials (SNAPs).

o Together, these two findings (1 and 2) are extremely
helpful and suggest one of two possibilities: (1) a
severe axon-loss, selective, deep peroneal nerve
lesion (sparing the superficial branch), or (2) a severe
L5 root lesion (i.e., a preganglionic L5 lesion)
because both recording muscles (EDB and TA) get
innervation via the L5 root. Axonal lesions of the
common peroneal nerve, the sciatic nerve, or the
lumbosacral plexus are extremely unlikely because
they would result in absent or low-amplitude super-
ficial peroneal SNAP and possibly the sural SNAP.

3. The H reflex is asymmetrically absent on the right, with
normal response on the left. However, the right M
response, recording soleus-gastrocnemius (S1), is
normal and symmetrical when compared to the left.

4. The tibial motor study is normal.

5. The sural sensory study is normal.

o The above three findings (3, 4, and 5), when inter-
preted together, suggest that the S1 root may be also
involved in this patient with little or no significant
axon loss since the M response, recording soleus-
gastrocnemius (S1), and the tibial motor amplitude
are normal. Although a tibial, sciatic, or sacral plexus
lesion may also result in an absent H reflex, these
conditions often result in an absent or low-amplitude
sural SNAP.

6. The needle EMG confirms that the lesion is not
restricted to the deep peroneal nerve because many
muscles outside its innervation are affected. Of the
muscles tested, the tibialis posterior and the flexor dig-
itorum longus are the most relevant in this case because
these muscles have a predominant L5 innervation but
are innervated by the tibial nerve. Fibrillation poten-
tials in the gluteus medius and paraspinal muscles are
another supportive finding of an L5 lesion. The needle
EMG examination also confirms slight S1 fibers” axonal
loss, as evidenced by fibrillation potentials in the medial
gastrocnemius (S1) and the abductor hallucis (S1, S2),
both with no L5 representation. Finally, the needle
EMG shows no evidence of a contralateral L5 or S1
involvement.

In summary, the findings in this case are consistent with
a severe right L5 radiculopathy, with mild involvement of
the right S1 root. The L5 lesion is severe and axonal, based
mainly on low-amplitude CMAPs recording L5 innervated
muscles (TA and EDB) and supported by fibrillation
potentials and very few voluntary motor unit action poten-
tials (MUAPs) in all distal L5-innervated muscles (tibialis
anterior, extensor hallucis, tibialis posterior, flexor digito-
rum longus, and extensor digitorum brevis). However, the

S1 lesion is mild, with minimal axonal loss because the
CMAP amplitudes recording S1 muscles (abductor hallu-
cis and soleus) are normal, and many voluntary MUAPs
are present.

DISCUSSION

Applied Anatomy

The dorsal root axons originate from the sensory neurons of
the dorsal root ganglia (DRG), which lie outside the spinal
canal within the intervertebral foramen (Figure C2-1), and
immediately before the dorsal and ventral roots are joined.
These sensory neurons are unique because they are unipo-
lar. They have proximal projections through the dorsal root,

Figure C2-1. Sagittal section of the lumbar spine, showing the
location of the dorsal root ganglia in relation to the spinal canal.
Note that the dorsal root ganglia are located in the distal cauda
equina within the intervertebral foramen. (From Brown WE,
Bolton CF. Clinical electromyography, 2nd ed. Boston, MA:
Butterworth-Heinemann, 1993.)
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called the preganglionic sensory fibers, which extend to the
dorsal horn and column of the spinal cord. The distal pro-
jections of these neurons, called the postganglionic sensory
fibers, join the motor fibers in the ventral root to form the
spinal nerve, and then pass through the corresponding
peripheral nerve to reach their respective sensory end-
organs. The ventral root axons are mainly motor, and origi-
nate from the anterior horn cells within the spinal
cord. Passing through the spinal nerves and the peripheral
nerve, these motor fibers terminate in the corresponding
muscles. At each intervertebral foramen, a mixed spinal
nerve is formed by the fusion of the dorsal (afferent,
sensory) and ventral (efferent, motor, and sympathetic)
roots. Nerve roots have no epineurium and less collagen
than peripheral nerves, which result in increased suscepti-
bility to compression, stretch, and infiltration.

Each spinal nerve divides as soon as it exits the interver-
tebral foramina into posterior and anterior rami. The small
posterior ramus innervates the paravertebral skin and
the deep paraspinal muscles of the neck, trunk, or back.
The large anterior ramus innervates the skin and muscles
of the remaining trunk or limbs.

In humans, there are 31 pairs of spinal nerve roots:
8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal.
In the cervical spine, each cervical root exits above the cor-
responding vertebra that shares the same numeric desig-
nation. For example, the C5 root exits above the C5
vertebra (i.e., between the C4 and C5 vertebrae). Because
there are seven cervical vertebrae but eight cervical roots,
the C8 root exits between the C7 and T1 vertebrae; subse-
quently, all thoracic, lumbar, and sacral roots exit below
their corresponding vertebrae (Figure C2-2). For exam-
ple, the L3 root exits below the L3 vertebra (i.e., between
the L3 and L4 vertebrae).

In adults, the spinal cord ends at the L1 vertebra, result-
ing in a disparity between the lengths of the vertebral col-
umn and the spinal cord. Hence, spinal cord segments,
mostly the thoracic and lumbar, are higher than the corre-
sponding vertebras. This disparity is most pronounced in the
lumbar region where there is a difference of approximately
three segments, while there is usually a two-segment dispar-
ity in the thoracic region (see Figure C2-2). Since the cord
terminates at L1 vertebra, the lumbosacral roots traverse rel-
atively long intraspinal courses before exiting through their
respective intervertebral foramina, thus forming the cauda
equina. Due to the intricate anatomic relationships between
the cauda equina and lumbar spinal column, a disc hernia-
tion at one level may injure different nerve roots and the ver-
tebral level of a lumbosacral root compression does not
always correlate with its exit level. For example, the S1 root
is most often compressed by a posterolateral L5-S1 disc her-
niation (Figure C2-3). Also, the L5 root may be compressed
by any disc herniation up to the level of conus medullaris at
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Figure C2-2. Alignments of spinal segments and roots to verte-
brae. The bodies and spinal processes of the vertebrae are indi-
cated by Roman numerals, and the spinal segments and their
respective roots by Arabic numerals. Note that the cervical roots
(except C8) exit through the intervertebral foramina above their
respective bodies, and that all other roots leave below these bod-
ies. (From Haymaker W, Woodhall B. Peripheral nerve injuries:
principles of diagnosis. Philadelphia, PA: WB Saunders, 1953,
with permission.)
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or rostral to L5-S1 (see Figure C2-2), including a lateral
L5-S1 disc herniation and a posterolateral L4-L5 disc herni-
ation. Less often, the L4-L5 disc may protrudes laterally into
the foramen at that level and compress the exiting 14 root. If
large, the lateral disc may injure both the L4 and L5 roots.
Finally, if the I4-15 disc herniation is central, it may com-
press several roots on one or both sides of the cauda equina,
often asymmetrically.

Clinical Features

Low back pain is an extremely common symptom, but only a
relatively small number of patients with low back pain have
root compression in the lumbar region. Lumbosacral radicu-
lopathy may be due to a variety of causes (Table C2-1), but
is often caused by disc herniation, spondylitic changes
(especially at the facetal joints leading to foraminal steno-
sis), or calcification of the ligamentum flavum. When com-
bined, these changes can result in acquired lumbar canal
stenosis. Disc herniation is more common in patients
younger than 50 years while degenerative and spondylotic
changes are more common in patients older than 50 years.

Clinically, root compression often manifests by involve-
ment of the sensory fibers, sensory and motor fibers,
or rarely motor fibers only. Hence, the symptoms of
lumbosacral radiculopathy include pain, tingling, numb-
ness, or weakness. The pain and the sensory symptoms
may be provoked by coughing, sneezing, or other Valsalva

Figure C2-3. A 42-year-old woman pre-
sented with a severe right buttock pain
radiating to posterior thigh and calf for
2 months. Neurological examination reveals
depressed right ankle jerk only. EDX study
reveals fibrillation potentials in the gastroc-
nemius, biceps femoris, gluteus maximus,
and low lumbar paraspinal muscles with
normal MUAP recruitment and morphology
and normal sural sensory SNAP. The
H reflex was absent on the right. T2-
weighted MRI of the lumbar spine reveals a
large right posterolateral L5-S1 disc herni-
ation (arrows). Note also that several discs
(L1-2, 1L2-3, L4-5, and L5-S1) reveal
decreased T2-weighted signal consistent
with multilevel degeneration of nucleus pul-
posus. The patient had complete relief of
pain after laminectomy and diskectomy
with no further symptoms with a 4-year

Sollow-up.

maneuvers, and often follow typical dermatomal distribu-
tions (radicular pain) that are useful in localization.
Similarly, when weakness or reflex changes occur, they
follow a corresponding segmental distribution.

Table C2-1. Causes of Lumbosacral Radiculopathy

Degenerative lumbar spine disease
Lumbosacral disc herniation
Lumbosacral spondylosis
Lumbar canal stenosis

Neoplasms
Epidural metastasis
Vertebral metastasis
Leptomeningeal carcinomatosus
Pn'mary schwannoma and meningioma

Infections

Epidural abscess
Lyme
Herpes zoster
Cytomeglovirus
HIV

Others
Epidural hematoma
Epidural lipomatosis
Spinal arachnoiditis
Sarcoidosis
Cyst
Tethered cord
Diabetes
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Table C2-2 lists common findings in patients with the
various lumbosacral radiculopathy. Straight leg raise test is
a maneuver that causes stretching of the sciatic nerve,
sacral plexus, and the L5 and S1 nerve roots. While the
patient is supine, the pain is reproduced with passive
straight leg raising or when the examiner flexes the leg at
the hip and then extends it at the knee. The test is most
reliable when it is positive between 30° and 70°. Reverse
straight leg raise testing is performed by passive hip exten-
sion while the patient is prone and causes stretching of the
femoral nerve, the lumbar plexus, and upper lumbar
roots (L2, L3, or L4). Pain in the groin or anterior thigh is
considered a positive test.

Lumbosacral root compression may involve a single
root (monoradiculopathy) or multiple roots that are con-
tiguous and may be bilateral (polyradiculopathy). Cauda
equina lesions should be considered when more than two
contiguous nerve roots are involved. Midline cauda equina
syndrome results in early compression of sacral nerve
roots, which lie medially within the cauda equina, leading
to low back pain, sphincteric and sexual dysfunction, and
paresthesias and sensory loss in sacral dermatomes (“sad-
dle anesthesia”). When the lesion is large (such as with
large midline I4-5 disc herniation), lumbosacral nerve
roots may be involved resulting in leg weakness and sensory
loss that may develop either early or later in the course, and
sometimes result in paraplegia when multiple bilateral
nerve roots are involved. Another clinically distinct cauda
equina syndrome is the one caused by lumbar canal steno-
sis (Figure C2-4). This often presents with intermittent
neurogenic claudication which is characterized by low

back and leg pain, sometimes with paresthesias and weak-
ness, brought on by standing and often worsened by walk-
ing. Typically, the symptoms are completely relieved
several minutes after the patient sits down and are occa-
sionally improved by bending at the waist. The symptoms
are often bilateral but may be unilateral. The neurological
examination in patients with lumbar canal stenosis may be
entirely normal or show evidence of a single lumbosacral
monoradiculopathy or patchy lumbosacral polyradiculopathy
often involving the L4, L5, or S1 roots.

Electrodiagnosis

General Concepts
It is essential to appreciate certain general concepts before
one can make such a diagnosis in the EMG laboratory.

1. The SNAPs are normal in radiculopathy despite the
presence of sensory loss. Compression of the dorsal (sen-
sory) root, from either disc herniation or spondylosis,
usually occurs within the spinal canal proximal to the
DRG and results in injury of the preganglionic sensory
fibers, but leaves the postganglionic sensory fibers
intact (Figure C2-5).

2. Compression of the ventral (motor) root may cause
demyelination or axon loss, or both. As with focal
lesions of peripheral nerves, this leads to different EDX
findings:

o With axon loss, wallerian degeneration occurs. Its
effect is readily recognized by the presence of fibril-
lation potentials, long-duration and high-amplitude

Table C2-2. Common Clinical Presentations in Patients With Lumbosacral Radiculopathies

Pain Radiation Sensory Impairment Provocative Test Weakness Hypo/Areflexia
L1 To groin Inguinal region None None None
1.2 To groin and Anterolateral thigh Reversed straight Hip flexion None
anterior thigh leg test
L3 To anterior thigh Groin and medial thigh ~ Reversed straight Hip flexion and Knee jerk
and knee leg test adduction, and knee
extension
14 To anterior thigh, Anterior thigh and Reversed straight Knee extension, hip Knee jerk
knee, and medial medial leg leg test adduction, and ankle
foreleg dorsiflexion
L5 To buttock, lateral Lateral leg, dorsal Straight leg test Toe and ankle None
thigh and leg, and foot, and big toe dorsiflexion,
dorsal foot inversion and
eversion
S1 To buttock, Posterior thigh, lateral Straight leg test Plantar flexion, Ankle jerk
posterior foot, and little toe toe flexion
thigh and leg,

and lateral foot
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A B

Figure C2-4. A 75-year-old woman developed neurogenic claudication (pain in both posterior thigh and legs upon standing
and walking relieved by rest) and had a normal neurological examination (except for absent ankle jerks bilaterally). EDX study
showed chronic reinnervation changes without fibrillation potentials in the tibialis anterior, extensor hallucis, gastrocnemius, and biceps
femoris bilaterally, with normal sural and superficial peroneal sensory responses and absent H reflexes consistent with chronic bilateral
L5 and S1 radiculopathies. MRI of the lumbar spine reveals multilevel lumbar canal stenosis, worst at L3—4. (A) Sagittal T2-weighted
image. (B) Axial T2-weighted image through L3—4 disc (as shown in A). Note the significant lumbar canal stenosis at L3—4 mostly due to
ligamentum flavum thickening and bilateral facetal hypertrophy. The enlarged facet joints encroach on the posterolateral aspect of the
spinal canal, creating a trefoil appearance on axial section (arrow). The patient responded very well to an L34 epidural block with
steroids.

Cauda equina

Dorsal root ganglion Dorsal root ganglion

Figure C2-5. Axial section through the lumbar region showing a common site of root compression. (From Brown WE, Bolton CF. Clinical
electromyography, 2nd ed. Boston, MA: Butterworth-Heinemann, 1993.)
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MUAPs, and, when severe, low-amplitude CMAPs.
The needle EMG is the most sensitive electrodiagnostic
test for the diagnosis of radiculopathy, since it may
diagnose mild axonal loss by detecting fibrillation
potentials generated by the loss of only a few motor
axons.

o With pure demyelination, there is either focal slow-
ing or conduction block; both cannot be evaluated
well because roots are not accessible to conduction
studies (despite attempts to use magnetic or direct
needle stimulation). Thus, apart from weakness (and
reduced MUAP recruitment), EDX studies might be
otherwise normal.

The EMG examination determines the injured lum-
bosacral root(s), and not the vertebral level(s) of root
compression or disc herniation. In the lumbar region
only, and due to the intricate anatomic relationships
between the nerve roots and spinal column, the verte-
bral level of root compression or disc herniation does
not always correlate with the involved root. This is
because the spinal cord ends at the L1 vertebral level in
adults, and the roots have to travel a relatively long dis-
tance before they exit at their respective intervertebral
foramina, thereby forming the cauda equina (see
Figure C2-2). Thus, in contrast to the cervical and tho-
racic regions, the EMG performed in the lumbar
region has a suboptimal value in predicting the site of
the vertebral compression.
The needle EMG remains by far the most sensitive
electrodiagnostic tool in patients with suspected
radiculopathy. Other electrophysiologic studies,
including somatosensory evoked potentials, nerve
conduction studies, late responses, and thermography,
are much less sensitive and their use in practice is
limited.

. By far, the most objective EMG finding in radiculopa-

thy is the presence of fibrillation potentials. Decrease
recruitment and large or polyphasic MUAPs are useful
findings but when these abnormalities are mild they are
more difficult to analyze and may be subject to debate
by different observers. Hence, the accuracies of these
MUAP findings vary according to the electromyogra-
pher’s experience.
Fibrillation potentials seldom are found in the entire
myotomal distribution of the compressed root. This is
best explained by one or more of the following reasons:
e Root compression usually results in partial motor
axon loss. Hence, some muscles innervated by the
injured root may “escape” denervation and remain
normal.
e Proximal muscles innervated by the compressed
root undergo more effective collateral sprouting and
reinnervation than do distal muscles. This leads to
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the disappearance of fibrillation potentials in
proximal muscles. Hence, in chronic radiculopathy
it is more likely to find fibrillation potentials in
distal than proximal muscles, despite being inner-
vated by the same root. For example, in L5 radicu-
lopathy, it is more likely to detect fibrillation
potentials in the tibialis posterior than in the gluteus
medius; both have a preponderant innervation by the
L5 root.

o There is likely significant myotomal variability among
individuals.

. F waves are rarely abnormal in radiculopathy. Despite

early enthusiasm about the utility of F waves, which

test the integrity of the entire motor axon including

the ventral roots, the F waves are not sensitive in the
diagnosis of lumbosacral radiculopathies for the following
reasons:

e The recorded muscle frequently is innervated by
more than one root. Thus, in a single-level radicu-
lopathy, normal conduction through the intact neigh-
boring root results in normal F wave minimal latency.
For example, in L5 radiculopathy, the peroneal
F wave recorded from the extensor digitorum brevis
muscle (innervated by L5 and S1 roots) frequently is
normal because the compression is concealed by a
normal S1 root.

o F wave latency is the most reproducible and clinically
useful parameter. However, root compression result-
ing in significant motor axon loss can be associated
with normal F wave latencies because the surviving
axons are conducting normally.

o If focal slowing occurs at the root segment of the
motor axon, the delay in F wave latency may be
obscured, because the latency becomes diluted by
the relatively long motor axon.

Goals of the Electrodiagnostic Study

The EMG examination plays a pivotal role in the diagnosis,
and sometimes the management, of lumbosacral radicu-
lopathy. The diagnostic aims of the EMG examination in
radiculopathy are to:

1.

4.
5.

Exclude a more distal lesion (ie., plexopathy or a
mononeuropathy).

Confirm evidence of root compression.

Localize the compression to either a single or multiple
roots.

Define the age and activity of the lesion.

Define the severity of the lesion.

Exclude a More Distal Nerve Lesion
Distinguishing a mononeuropathy from radiculopathy is
relatively easy when the focal peripheral nerve lesion is
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associated with conduction block or focal slowing, such as
in peroneal mononeuropathy at the fibular neck. Also, fib-
rillation potentials and MUAP denervation and reinnerva-
tion changes are limited to the muscles of the affected
peripheral nerve in axon-loss mononeuropathy, while
these abnormalities are widespread in radiculopathy
and involve muscles that share a segmental innervation,
irrespective of their peripheral nerves.

Distinguishing a lumbosacral plexus lesion from lum-
bosacral radiculopathy is clinically difficult because the
same fibers are affected in both cases. Electrodiagnostically,
the differential diagnosis depends mainly on two proce-
dures: needle EMG of the paraspinal muscles and assess-
ment of the SNAPs.

o The presence of fibrillation potentials in paraspinal
muscles is not consistent with a lumbosacral plexus
lesion because these muscles are innervated by the pos-
terior primary rami that leave the spinal roots soon after
the intervertebral foramina. Unfortunately, fibrillation
potentials are not always present in the paraspinal
muscles in chronic radiculopathy, presumably due to
effective reinnervation of these muscles.

e SNAPs usually are abnormally low in amplitude or are
absent in axon-loss lumbosacral plexopathy, because the
lesion affects the postganglionic fibers. In contrast,
these studies are normal in radiculopathy, in which com-
pression involves the preganglionic fibers only (i.e., sen-
sory fibers proximal to the DRG). The utility of the
SNAP in the confirmation of lumbosacral radiculopathy
has however several limitations:

(a) The upper lumbar roots (L2 and L3) do not have a

technically feasible SNAP.

(b) The saphenous SNAP, which assesses the L4 root,
may be difficult to evoke or absent in a large num-
ber of individuals, especially in the elderly, obese,
and those with leg edema.

(c) All the SNAPS of the lower extremities may be
absent in the elderly, obese, and those with under-
lying polyneuropathy or leg edema.

(d) The superficial peroneal SNAP is occasionally low
in amplitude or absent in L5 radiculopathy. This is
explained by an intraspinal location of the L5 DRG
rendering the ganglion itself vulnerable to compres-
sion by disc herniation or foraminal spondylosis.

(e) The SNAP amplitudes may be low or absent if the
DRGs are involved by the pathological condition that
may affect the DRG preferentially or extend from the
intraspinal space through the neural foramen to the
extraspinal space or vice versa. Examples include
infiltrative malignancy such as lymphoma, infection
such as herpes zoster, tumor such as schwannoma or
meningioma, or autoimmune attack on DRG such as
in Sjogren syndrome or with small-cell lung cancer.

Confirm Evidence of Root Compression
Two criteria are necessary to establish the diagnosis of
radiculopathy:

1. Denervation in a segmental myotomal distribution (i.e.,
in muscles innervated by the same roots via more than
one peripheral nerve), with or without denervation of
the paraspinal muscles. At least two muscles, and
preferably more, should reveal evidence of denervation
(fibrillation potentials and/or reinnervation MUAP
changes and reduced recruitment). Fibrillation poten-
tials in the paraspinal muscles are strong evidence of a
root lesion within the spinal canal. However, they may
be absent particularly in chronic radiculopathies, likely
due to effective reinnervation.

2. Normal SNAP of the corresponding dermatome. Once
myotomal denervation is detected by needle EMG, the
lesion must be confirmed as preganglionic (i.e., within
the spinal canal) and not postganglionic (i.e., due to a
lumbosacral plexus injury). This can be achieved by
recording one or more dermatomal SNAPs, appropri-
ate for the myotome involved, and then establishing
SNAP normality. For example, in a suspected Sl
radiculopathy, the sural SNAP should be performed,
sometimes bilaterally for comparison. Table C2-3 lists
technically feasible SNAPs with their corresponding
roots that are helpful in confirming the diagnosis of
lumbosacral radiculopathy. Note again that no SNAP
has been devised to assess the L2 or L3 fibers, the
saphenous SNAP is technically not reliable in assess-
ment of the L4 fibers, and the superficial peroneal
SNAP is occasionally low or absent in L5 radiculopathy.
Also, all the lower extremity SNAPs frequently are
often unevokable bilaterally in elderly or obese
patients. These SNAP limitations result in difficulty to
differentiate a preganglionic lesion (i.e., lumbosacral
radiculopathy) from a postganglionic lesion (i.e., lumbo-
sacral plexopathy), unless fibrillation potentials are
evident in the paraspinal muscles.

Table C2-3. Lower Extremity Sensory Nerve Action
Potentials (SNAPs) and their Segmental

Representation

Root SNAP

S1 Sural

L5 Superficial peroneal
L4 Saphenous*

*Saphenous SNAP is not always technically reliable especially in the

elderly.



Localize the Compression to One or
Multiple Roots
This requires meticulous knowledge of the segmental
innervation of limb muscles (myotomes). Many myotomal
charts have been devised, with significant variability; this
may lead to confusion and disagreement between the
EMG and the level of root compression as seen by imag-
ing techniques or during surgery. EMG-derived charts
also are very helpful and have had anatomic verification
(see Tsao et al.). Figure C2-6 shows a common and most
useful EMG-extracted myotomal chart.

A minimal “root search” should be performed in all
patients with suspected lumbosacral radiculopathy to

ANTERIOR PRIMARY RAMI L2]L3]L4]L5[S152

PROXIMAL NERVES
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ADDUCTOR LONGUS (OBTURATOR)
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BICEPS FEMORIS (SHT.HD) (PERONEAL)
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TIBIALIS ANTERIOR

EXTENSOR HALLUCIS
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Figure C2-6. Chart of lower extremity muscles useful in the nee-
dle electromyographic recognition of lumbosacral radiculopathy.
Solid squares indicate muscles that most often contain abnormal-
ities, and checkered squares indicate muscles that are abnormal
less frequently. (From Brown WE, Bolton CF. Clinical elec-
tromyography, 2nd ed. Boston, MA: Butterworth-Heinemann,
1993.)
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Table C2-4. Suggested Muscles to be Sampled in
Suspected Lumbosacral Radiculopathy

Muscle Root Innervation*
Tibialis anterior 14,15
Medial gastrocnemius S1, S2
Flexor digitorum longus and tibialis

posterior L5, S1
Extensor digitorum brevis L5, S1
Vastus lateralis and medialis L2, 13 14
Biceps femoris (short or long head) L5, S1
Gluteus medius and tensor fascia lata L5, S1

Mid: lumbar paraspinal
Low: lumbar paraspinal

*Roots in bold type represent the major innervation.

ensure that a radiculopathy either is confirmed or
excluded. In other words, certain muscles of strategic
value in EMG, because of their segmental innervation,
should be sampled in these patients (Table C2—4). When
abnormalities are found or when the clinical manifesta-
tions suggest a specific root compression, more muscles
must be sampled, after being selected based on their
innervation (see Figure C2-6), to verify the diagnosis and
to establish the exact root(s) compressed. In contrast to
limb muscles, fibrillation potentials in the paraspinal mus-
cles are not useful in the diagnosis of the specific com-
pressed root, though they often confirm that the lesion is
intraspinal. This is due to observations that each primary
posterior ramus has a highly variable segmental inner-
vation that may extend up to 6 segments beyond the verte-
bral level of its root exit.

Define the Age and Activity of the

Radiculopathy

Changes seen on needle EMG help to determine the age
of the lesion in an axon loss radiculopathy. As with many
processes wherein motor axon loss occurs, increased inser-
tional activity is the first abnormality seen and, when iso-
lated, suggests that the process may be only 1-2 weeks old.
Fibrillation potentials, which are spontaneous action
potentials generated by denervated muscle fibers, develop
soon after and become full after 3 weeks from acute motor
axonal loss. These potentials often appear first in the lum-
bar paraspinal muscles, then in proximal muscles, and lastly
in distal muscles. They also disappear after reinnervation or
following muscle fiber fatty degeneration.

As time elapses, collateral sprouting from intact axons
results in MUAPs with polyphasia and satellite potentials.
These MUAPs, usually seen after 2 to 3 months from acute
injury, are often unstable by showing moment-to-moment
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variation in morphology. With further time, MUAPs with

high amplitude and long duration dominate, reflecting a

more complete reinnervation and the chronicity of the

root compression.

In assessing a patient with possible lumbosacral radicu-
lopathy, it is often important to comment on whether the
root compression is chronic or ongoing (active). This is
easy when one encounters large and stable MUAPs,
reflecting chronicity, along with fibrillation potentials,
reflecting ongoing (active) denervation. In contrast, when
fibrillation potentials are absent, it is presumed that the
findings are chronic and remote, such as in a patient with
a prior history of a severe lumbosacral radiculopathy. This
simplistic differentiation has, however, several limitations:
e It is not uncommon that the electromyographer cannot

distinguish with certainty between a patient with
chronic ongoing root compression (such as with spondy-
losis) from one with chronic remote (old) root compres-
sion (such as with a prior disc herniation). In situations
where the rate of motor axon loss is slow, reinnervation
may keep pace with denervation that no or minimal fib-
rillation potentials are seen on needle EMG. Some elec-
tromyographers may erroneously use the absence of
fibrillation potentials as absolute evidence against ongo-
ing root compression. A correlation with the clinical his-
tory, the neurological findings and the imaging is
warranted.

e A contrasting situation arises in patients with remote
radiculopathy that has resulted in severe axon loss. In these
inactive cases, some muscle fibers never fully reinnervate,
especially in distal muscles located farthest from the
injury site. In these radicular lesions, fibrillation poten-
tials may continue to be seen in distal muscles, mistakenly
suggesting that there is an ongoing axon loss process.

 The postoperative EDX evaluation of patients with lum-
bosacral radiculopathy is challenging particularly when
there was no preoperative EDX study. Since fibrillation
potentials may persist for several months despite succes-
sive surgery, their presence does not mean a failed sur-
gical procedure. Additionally, fibrillation potentials may
be present in the paraspinal muscles after lumbar spine
surgery because of muscle denervation during surgical
exposure. Because of this, many electromyographers,
including the author, will not sample the paraspinal
muscles if a patient has a history of lumbar spine sur-
gery. These postoperative EDX studies are often not sat-
isfying to the electromyographer or clinician, since they
cannot exclude or confirm persistent root compression.

Define the severity of the radiculopathy

In assessing the severity of a radiculopathy, one tends to
rely on the degree of abnormalities seen on needle EMG,
namely decreased recruitment (“neurogenic” MUAP firing

pattern), fibrillation potentials, and MUAP configuration.
Using these parameters in assessing severity of lesion
(ie., extent of axon loss) is suboptimal for the following
caveats:

1. Although there is a correlation between the degree of
reduced MUAP recruitment and the degree of weak-
ness, decreased recruitment is not necessarily due to
axon loss but may be due to conduction block (due to
segmental demyelination) at the root level. The latter
has a very good prognosis for rapid recovery.

2. Although the presence of fibrillation potentials is con-
sistent with motor axon loss, measuring the number of
fibrillation potentials in a muscle is subjective and does
not correlate with the degree of axon loss. Fibrillation
potentials denote a recent axon loss but cannot assess its
severity.

3. MUAP reinnervation changes are permanent. However,
reinnervation may be quite robust so that weakness may
not be or only minimally detected. Hence, finding very
large MUAPs (giant MUAPs) does not always reflect
severity or prognosis.

The best indicator of motor axon loss is the CMAP
amplitude (or area) recorded during routine motor nerve
conduction studies of the lower extremity. Although these
studies are performed distally and do not include the roots,
a root lesion causing demyelinative conduction block (or
focal slowing), with little or no accompanying axonal
degeneration, may result in weakness, but does not lead to
any decrease n CMAP amplitude or other abnormalities
on motor conduction studies. Only when significant axonal
loss occurs at the root level does the CMAP recording
from an involved muscle become low in amplitude (or
occasionally absent when multiple adjacent roots are com-
pressed). In acute lesions, this is only detected when suffi-
cient time has elapsed for wallerian degeneration to occur
(usually 7-10 days). For example, only in moderate or
severe L5 radiculopathy is the peroneal CMAP, recording
from extensor digitorum brevis (L5, S1) or tibialis anterior
(L4, L5), borderline or low in amplitude at least after
10 days from onset of acute symptoms.

Electrodiagnostic Findings in Lumbosacral
Radiculopathies

In patients with unilateral lumbosacral radiculopathy on
needle EMG, signs of denervation are frequently present
in a contralateral root, usually of the same myotome, and
despite the lack of clinical manifestations. This is caused by
the unique anatomy of the cauda equina (not present in
the cervical and thoracic regions), in which more than
one root can be compressed by a single disc herniation.
Thus, it is essential to sample a few contralateral muscles,
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at least of the same affected myotome, in patients with
severe lumbosacral radiculopathy.

L2, L3, L4 Radiculopathies
These radiculopathies are less common than the L5 and S1
radiculopathies, probably because of their relatively short
course within the cauda equina, which makes them less
susceptible to compression. The electrodiagnostic confir-
mation of an upper lumbar radiculopathy is the most chal-
lenging among all lumbosacral radiculopathies because of
the following limitations:

o Itis often difficult to identify the exact compressed root
among these upper lumbar roots because of the limited
number of muscles innervated by these roots and the
marked overlap in innervation. These muscles include
the quadriceps, thigh adductors, the iliacus, and the tib-
ialis anterior (see Figure C2-6). Since not every seg-
mental muscle must be abnormal in radiculopathy, the
limited myotomal representation of these roots results
in the suboptimal localization power of EMG in these
situations. For example, fibrillation potentials in the
quadriceps (L2, L3, and 14) and tibialis anterior (L4
and L5) muscles is consistent with an 14 radiculopathy,
but does not negate the coexistence of L2 and L3 radicu-
lopathy, even if the iliacus (L2 and L3) is normal. Using
the same logic, fibrillation potentials in the quadriceps
(L2, L3, and L4) and thigh adductors (L2 and L3) muscles
is consistent with compression of the L2 and/or L3 root(s),
but it does not rule out a concomitant L4 radiculopathy,
even if the tibialis anterior is normal.

o The myotomal representation of these lumbar roots are
in proximally situated muscles, mostly above the knee
(except for the tibialis anterior). Thus, because of effec-
tive sprouting, fibrillation potentials tend to disappear
relatively early, resulting in many false-negative EMG
results in patients with chronic static upper lumbar root
compression.

e There is alack of available SNAPs for confirming that the
upper lumbar lesion is preganglionic. Only a saphenous
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SNAP (L4 dermatome) is possible, although difficult to
obtain, especially in the elderly. Thus, it is sometimes
difficult to separate these upper lumbar radiculopathies
from lumbar plexopathy, especially in chronic situations
in which fibrillation potentials are less common in the
paraspinal muscles. The upper lumbar radiculopathies

must also be distinguished from femoral neuropathy
(Table C2-5).

L5 Radiculopathy

L5 radiculopathy is the most common radiculopathy seen
in the EMG laboratory in general, and in the lower
extremity in particular. L5 and S1 root compressions are
common because of their long course within the cauda
equina (making them susceptible to compression at several
intraspinal levels).

L5 radiculopathy is relatively easy to diagnose in the
EMG laboratory because L5 muscles are numerous and
span the entire lower extremity, both proximally and dis-
tally. Because of more effective sprouting in proximal mus-
cles, fibrillation potentials are most prevalent in the
L5-innervated muscles located below the knee. Usually, a
few or all of the common peroneal muscles (such as the
tibialis anterior, the extensor hallucis, the extensor digito-
rum brevis, and the peroneus longus) are abnormal; how-
ever, denervation in the tibial L5-innervated muscles (such
as the flexor digitorum longus and the tibialis posterior) is
essential for confirmation. Active denervation in proximal
muscles, such as the gluteus medius or the tensor fascia
lata, is less common, but is very useful when present. Also,
fibrillation potentials in the paraspinal muscles, although
not always present, are strong supportive evidence for a
root lesion.

It is not unusual for patients with severe L5 radiculopathy,
in whom significant motor axon loss has occurred, to present
with footdrop. In cases associated with motor axon loss,
motor nerve conduction studies reveal low-amplitude per-
oneal CMAPs, recording extensor digitorum brevis and/or
tibialis anterior. This mimics a peroneal mononeuropathy,

Table C2-5. Differential Electrodiagnosis of Upper Lumbar Radiculopathy

Upper Lumbar Radiculopathy

(L2, L4, L5) Femoral Mononeuropathy Lumbar Plexopathy
Thigh adductors Denervation Normal Denervation
Tibialis anterior Denervation* Normal Denervation*
Saphenous SNAP' Normal Low or absent! Low or absent!
Paraspinal fibrillations Usually present Absent Absent

*Abnormal in L4 radiculopathy/plexopathy only.
*May be technically difficult, particularly in elderly patients, or if there is leg edema.
'Normal in purely demyelinating lesions.
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especially of the deep branch. In these situations, denerva-
tion in the tibialis posterior and/or the flexor digitorum
longus excludes a selective peroneal lesion because these
are tibial innervated muscles (Table C2-6). Thus, needle
EMG of the tibialis posterior and/or the flexor digitorum
longus is essential in all patients presenting with footdrop.

Finally, to confirm that the compressive lesion is in the
intraspinal canal (i.e., preganglionic), the superficial per-
oneal SNAP (L5 dermatome) should be normal. The
superficial peroneal SNAP is occasionally asymmetrically
low in amplitude or absent in L5 radiculopathy. This is
explained by an intraspinal location of the L5 DRG ren-
dering the ganglion itself vulnerable to compression by
disc herniation or foraminal spondylosis.

§1, S2 Radiculopathy

S1 radiculopathy is common and often due to posterolat-
eral disc herniation (see Figure C2-3). It is difficult to dis-
tinguish S1 from S2 radiculopathy (though the latter is
rare), because their myotomal representations overlap
almost completely. As with the L5 root, the segmental dis-
tribution of the S1 root is diffuse, with both proximal and
distal muscle representation. Again, here distal muscles
(below the knee), such as the medial and lateral heads of
the gastrocnemius, soleus, or abductor hallucis, are more
likely to reveal fibrillation potentials. Unfortunately, these
S1/S2 muscles are all of tibial innervation, and fibrillation
potentials must be found in other nerve distributions.
The extensor digitorum brevis is the only distal peroneal
muscle with substantial S1 innervation, but this muscle is
subject to atrophy and chronic denervation, probably from
local trauma. Proximal muscles such as the biceps femoris

or gluteus maximus can be useful, but these are more sub-

ject to sprouting, which abolishes fibrillation potentials.

In S1 radiculopathy, the sural SNAP (S1 dermatomal
SNAP) should be normal. Also, fibrillation potentials in
the paraspinal muscles, although not always present, are
strong evidence for a radiculopathy.

It is generally accepted that the H reflex is helpful in the
diagnosis of S1 radiculopathy. The tibial H reflex is the
clinical counterpart of the ankle jerk; it tests the integrity
of the entire S1 reflex arc, including the Ia afferent fibers,
the spinal cord S1 segment, and the alpha motor efferent
fibers (see Chapter 3). It is the only test available within
the routine EDX test that includes the preganglionic seg-
ment of the sensory fibers of the S1 root. The amplitude of
the tibial H wave correlates well with the magnitude of the
ankle jerk. Controversy continues regarding whether the
amplitude or the latency asymmetry is more valuable in S1
radiculopathy. Although a unilaterally absent or abnor-
mally low amplitude or slow latency is common in S1
radiculopathy, certain limitations exist:

e An abnormal H reflex does not localize the lesion to the
S1 root because any pathologic process along its long arc
may result in an abnormal H reflex.

o A normal H reflex does not exclude an S1 radiculopathy
because the H reflex is not always abnormal in definite
cases of S1 radiculopathy.

o The H reflex is commonly absent bilaterally in elderly
patients and in patients with polyneuropathy.

As with other lumbosacral radiculopathies, bilateral S1/S2
radiculopathies are relatively common, and most are chronic.
Because the symptoms usually are bilateral and involve the
feet predominantly, these cases may imitate a peripheral

Table C2-6. Electrophysiological Differentiation Between L5 Radiculopathy and Peroneal Mononeuropathy

L5 Radiculopathy

Peroneal Mononeuropathy

Nerve Conduction Studies
Peroneal CMAP recording extensor

digitorum brevis
Peroneal CMAP recording tibialis anterior

Superficial peroneal SNAP Frequently normal
Needle EMG

Tibialis anterior Abnormal
Extensor digitorum brevis Abnormal
Extensor hallucis Abnormal
Peroneus longus Abnormal

Tibialis posterior Abnormal

Flexor digitorum longus Abnormal

Gluteus medius May be normal

Tensor fascia lata May be normal

Lumbar paraspinals May be normal

Normal or low amplitude

Normal or low amplitude

Conduction block at fibular head or low amplitude or both

Conduction block at fibular head or low amplitude or both
Low/absent; normal in deep peroneal or purely
demyelinating lesions

Abnormal

Abnormal

Abnormal

Abnormal; normal in selective deep peroneal lesions
Normal

Normal

Normal

Normal

Normal
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Table C2-7. Electrophysiological Differentiation of Chronic $1/52 Radiculopathy
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Chronic S1/82 Tarsal Tunnel Peripheral
Radiculopathy Syndrome Polyneuropathy
Nerve Conduction Studies
Sural sensory study Normal Normal Abnormal
Peroneal motor study Normal or low amplitude Normal Abnormal
Tibial motor study Normal or low amplitude Low amplitude and/or slow Low amplitude and/or slow
latency latency
Motor conduction velocities Normal or slowed Normal Slowed
Plantar studies Normal Slow latency or absent Slow latency or absent
H reflex Abnormal Normal Abnormal
Upper extremity conductions Normal Normal Can be abnormal
Needle EMG
AH/ADQP Denervated Denervated Denervated
EDB Denervated Normal Denervated
Medial gastrocnemius Denervated Normal Denervated
Tibialis anterior Normal Normal Denervated
Paraspinal muscles Normal or fibs Normal Normal or fibs
Symmetry of Findings (When Bilateral)
Asymmetrical Asymmetrical Symmetrical

ADQP = abductor digiti quinti pedis, AH = abductor hallucis, EDB = extensor digitorum brevis.

polyneuropathy or bilateral tarsal syndromes. Differentiating
these three entities requires meticulous EDX examination
and is often difficult, especially in elderly patients (Table
C2-7). In elderly patients, the sural SNAPs and H reflexes
are frequently absent bilaterally, and the foot muscles may
show denervational changes of unclear etiology.

Lumbar Canal Stenosis
The EDX findings in lumbar canal stenosis are extremely
variable due to the variable level and degree of root(s)
compression (see Figure C2—4). The abnormalities seen
on EDX testing often mirror the variable clinical presenta-
tions in these patients which may vary from neurogenic
claudication with normal neurologic examination, to
severe disability with weakness, reflex changes, and sen-
sory loss. The EDX findings in lumbar canal stenosis may
manifest as one of the following scenarios:

 An entirely normal EMG.

o Absent H reflex only, unilaterally or bilaterally.

e Denervation in a single root distribution (single radicu-
lopathy), unilaterally or bilaterally and asymmetrically.
Among the roots that can be affected, those with
the longest paths in the cauda equina (S2, S1, L5) tend
to be the most likely, because of their potential com-
pression at multiple levels. The EMG findings are
chronic, with some fibrillation potentials, mostly in the
distal muscles.

* Bilateral and asymmetrical lumbosacral radiculopathies,
affecting the L5, S1, and S2 roots predominantly, but
sometimes extending into the upper lumbar roots (L2,
L3, or L4); the changes are chronic with some fibrillation
potentials, mainly distally, below the knees. At times, the
motor axon loss may be so severe that the tibial CMAPs,
recording abductor hallucis, and the peroneal CMAPs,
recording extensor digitorum brevis, are low in amplitude,
or even absent. These common EDX findings associated
with lumbar canal stenosis findings may also mimic a
severe peripheral polyneuropathy and a detailed EMG is
often required for correct diagnosis (see Table C2-7).

Could an EMG Be Normal in a Patient With
Definite Lumbosacral Radiculopathy?

This is a question commonly asked by clinicians and
reflects the limitations of the EDX test in the evaluation of
lumbosacral radiculopathy. The general rule is “a normal
EMG does not exclude a root compression.” An EMG
study may be normal in a lumbosacral radiculopathy with
the following circumstances:

1. If only the dorsal root is compressed and the ventral
root is not compromised. This occurs in significant
numbers of patients whose symptoms are limited
to pain and/or paresthesias with or without reflex
changes. However, because of the lack of ventral root
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involvement, the sensory and motor nerve conduction
studies, F wave latencies, and needle EMG are normal.
The H reflex might be the sole abnormality in cases of
S1 radiculopathy.

If the ventral root compression has caused demyelina-
tion only (leading to conduction block) with no axonal
loss. In this situation, no fibrillation potentials or large
or polyphasic MUAPs are seen. The expected reduced
recruitment may also be masked, particularly when the
ventral root compression is partial, by normal adjacent
root since all muscles have two or three segmental
innervations.

If the root compression is acute. Here, no fibrillation
potentials are seen because these potentials appear
3 weeks after axonal injury and become maximal at 4 to
6 weeks. Also, the MUAPs are normal because sprout-
ing starts at least 4 to 6 weeks after axonal injury.

4. If the injured root lacks of adequate myotomal repre-

sentation. Examples include the L1 or L2 root, which
are difficult to assess by EMG.

FOLLOW-UP

The patient underwent magnetic resonance imaging of the
lumbar spine and a computed tomography/myelography
(Figure C2-7). This revealed a large 14-L5 posterolateral
disc herniation, with compression and displacement of the
right L5 and S1 roots, and secondary canal stenosis at that
level. The patient underwent an L4-L5 laminectomy and
diskectomy. Four months later, he demonstrated signifi-
cant improvement in the footdrop and did not require an
ankle brace anymore. When seen 6 years later, he was
completely asymptomatic.

Figure C2-7. Sagittal T2-weighted magnetic resonance image
of the lumbar spine (A) and lumbar myelography (B), reveal-
ing a large L4-L5 posterolateral disc herniation with
compression, and displacement of the right L5 and S1 roots.
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DIAGNOSIS

Severe right L5 radiculopathy due to disc
herniation/canal stenosis at the L4-L5 interspace.
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1. E; 2. E; 3. B.
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HISTORY AND PHYSICAL EXAMINATION

Acute, severe left foot pain and weakness, coincident with
an intramuscular gluteal injection of meperidine
(Demerol®) developed in a 46-year-old woman, with
recurrent cluster headaches since 15 years of age. She was
otherwise in good health. Her foot pain worsened and
she developed extreme sensitivity to touch. Two months
later, she was referred to the electromyography (EMG)
laboratory.

On examination, the left foot was warmer than the right.
There were no skin or nail dystrophic changes, but there
was allodynia over the dorsum of the foot. There was
moderate weakness of the left foot and toe dorsiflexion
(Medical Research Council [MRC] 4/5), with mild weak-
ness of toe flexion (5-/5) but intact ankle plantar flexion.
Eversion of the ankle was much weaker than inversion
(4/5 versus 5—/5). Left ankle jerk was depressed compared
to the right. Knee flexion and extension and hip functions
were normal.

An electrodiagnostic (EDX) examination was performed.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. The clinical and EMG examinations are consistent with:
A. A common peroneal mononeuropathy.
B. A sciatic mononeuropathy.
C. An L5 radiculopathy.
D. A lumbosacral plexopathy.
E. A deep peroneal mononeuropathy.
2. The two most commonly reported causes of this lesion
are:
A. Gluteal injection and thigh hematoma.
B. Vasculitis and nerve tumor.

C. Hip replacement and coma.
D. Gunshot wound and diabetes.

3. All of the following are factors that more often result in

peroneal than tibial nerve injury in sciatic lesions except:

A. The tibial nerve has more fascicles than the peroneal
nerve in the thigh.

B. There is more supporting structure within the tibial
than the peroneal nerve.

C. The peroneal nerve is taut between the fibular head
and the hip.

D. The tibial nerve is located lateroposteriorly.

EDX FINDINGS AND INTERPRETATION
OF DATA

Pertinent EDX findings include:

1. Absent left superficial peroneal sensory nerve action
potential (SNAP).

2. Low-amplitude left sural SNAP when compared with
the right (7 puV versus 20 pV).

3. Low-amplitude left peroneal compound muscle action
potential (CMAP), recording extensor digitorum brevis
(EDB) and tibialis anterior. There is also diffuse mild
slowing of peroneal motor conduction velocities (32 m/s
and 38 m/s) consistent with significant axonal loss.

4. Low-amplitude left tibial CMAP, particularly when
compared with the right (6 mV versus 10 mV) with nor-
mal distal latencies and conduction velocities.

5. Asymmetrical H responses (lower in amplitude on the
left), with possible low-amplitude left M response when
compared with the right (18 mV versus 24 mV).

6. Fibrillation potentials and neurogenic recruitment with
long-duration and, sometimes, polyphasic motor unit
action potentials (MUAPs) in all common peroneal
innervated muscles, including the short head of the
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biceps femoris. Similar, but less prominent MUAP
changes are also seen in the distal tibial innervated
muscles. However, the glutei and lumbar paraspinal
muscles are normal.

This is consistent with a high sciatic mononeuropathy,
proximal to the hamstring innervation, that affects the
peroneal division predominantly and is axonal in nature.

DISCUSSION

Applied Anatomy

Originating from the L4, L5, S1, and S2 roots, the sciatic
nerve is composed of lateral and medial divisions. The lat-
eral division is named the common peroneal nerve or the
lateral popliteal nerve, and the medial division is named
the tibial nerve or the medial popliteal nerve. Although
both divisions are enclosed in a common sheath, these two
nerves are separate from the outset and do not exchange
any fascicles.

The sciatic nerve (Figure C3-1) leaves the pelvis via the
sciatic notch and then passes, usually, under the piriformis
muscle, which is covered by the gluteus maximus. In
healthy individuals, the sciatic nerve passes underneath
the piriformis muscle in 85 to 90% of cases, while in the
rest, the peroneal division only passes above or through the
muscle. Rarely (1 to 2% of persons), the entire sciatic
nerve pierces the piriformis muscle.

The superior gluteal nerve, which innervates the gluteus
medius and minimus and tensor fascia lata, branches off
the sciatic trunk before the piriformis. However, the infe-
rior gluteal nerve, which innervates the gluteus maximus,
passes under the muscle (Figure C3-2). In the thigh, the
tibial nerve innervates most hamstring muscles (semi-
tendinosus, semimembranosus, and the long head of the
biceps femoris), except the short head of the biceps
femoris; the latter is the only hamstring muscle innervated
by the common peroneal nerve. Also, the tibial nerve con-
tributes, with the obturator nerve, to innervation of the
adductor magnus muscle.

Lesions of the proximal sciatic nerve at the hip or in the
upper thigh affect usually the lateral division (common
peroneal nerve) more severely than the medial division
(tibial nerve). The greater vulnerability of the peroneal
division is caused by the following:

o The difference in both the fascicular pattern and the
cushioning effect of the epineurium between the two
divisions. The tibial nerve has many fascicles that are
distributed throughout elastic epineural tissue while the
peroneal nerve is composed of fewer fascicles and has
limited supportive tissue.
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Figure C3-1. The sciatic nerve and its main branches.
(Reprinted with permission from Haymaker W, Woodhall B.
Peripheral nerve injuries: principles of diagnosis. Philadelphia,
PA: WB Saunders, 1953.)

o The difference in anatomic course between the two
nerves. The tibial nerve is loosely fixed posteriorly while
the peroneal nerve is taut and is secured at the sciatic
notch proximally and the fibular neck distally.
Consequently, traction of the sciatic nerve results in
more damage to the peroneal than the tibial nerve in the
thigh.

The sciatic nerve divides into its two terminal branches
near the midthigh, although this is extremely variable and
the separation may be as low as the popliteal fossa. In the
popliteal fossa and before it winds around the fibular neck,
the common peroneal nerve gives off first the lateral cuta-
neous nerve of the calf, which innervates the skin over the
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Superior gluteal
nerve

Sciatic nerve
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nerve

Posterior cutaneous
nerve of thigh

Figure C3-2. The nerve of the sciatic notch and the piriformis
muscle. (Reprinted from Stewart [D. Focal peripheral neu-
ropathies, 2nd ed. New York: Raven Press, 1993, with permission.)

upper third of the lateral aspect of the leg. At the fibular
neck, the common peroneal nerve lies in close contact with
the bone, and passes through a tendinous tunnel, sometimes
referred to as the fibular tunnel, which is formed between
the edge of the peroneus longus muscle and the fibula. Near
that point, the common peroneal nerve divides into superfi-
cial and deep branches (see Figure C8-3, Case 8). The
superficial peroneal nerve innervates the peroneus longus
and brevis, as well as the skin of the lower two-thirds of the
lateral aspect of the leg and the dorsum of the foot. The
deep peroneal nerve is primarily a motor nerve; it innervates
the ankle and toe extensors (the tibialis anterior, extensor
hallucis, extensor digitorum longus, and brevis) and the per-
oneus tertius, in addition to a small area of skin in the web
space between the first and second toes.

In the popliteal fossa, the tibial nerve gives off the sural
nerve, a purely sensory nerve that innervates the lateral
aspect of the lower leg and foot, including the little toe. In
40 to 80% of individuals, there is a communication
between the common peroneal nerve and the sural nerve
in the popliteal fossa. This nerve is referred to as the sural
communicating nerve but also is called the lateral sural
nerve (with the main sural trunk being the medial sural
nerve). This nerve may play role in preserving sensation in
the lateral foot and little toe in proximal tibial nerve
lesions, and causing sensory loss in this distribution follow-
ing a common peroneal or proximal deep peroneal lesion.

While in the calf, the tibial nerve innervates the gastroc-
nemius, soleus, tibialis posterior, flexor digitorum profun-
dus, and flexor hallucis longus. At the medial aspect of the
ankle, the tibial nerve passes through the tarsal tunnel and
divides at, or slightly distal to, the tunnel into its three ter-
minal branches (see inset of Figure C3-1): (1) the calcaneal
branch, a purely sensory nerve that innervates the skin
of the sole of the heel; (2) the medial plantar nerve, which
innervates the abductor hallucis, the flexor digitorum
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brevis, and the flexor hallucis brevis, in addition to the skin
of the medial sole and, at least, the medial three toes; and
(3) the lateral plantar nerve, which innervates the abduc-
tor digiti quinti pedis, the flexor digiti quinti pedis, the
adductor hallucis, and the interossei, in addition to the skin
of the lateral sole and two lateral toes.

Clinical Features

Sciatic ononeuropathy is the second most common lower
extremity mononeuropathy, following common peroneal
mononeuropathy. The sciatic nerve is predisposed to
injury by its proximity to the hip joint and its relatively long
course from the sciatic notch to the popliteal fossa.

Table C3-1 lists the common causes of sciatic mononeu-
ropathy. Total hip joint replacement is currently a leading
cause of such lesions, and sciatic nerve injury is the most
common neurologic complication of total hip arthroplasty,
particularly with revisions or procedures requiring limb
lengthening, and in patients with congenital hip disloca-
tion or dysplasia. The estimated incidence of sciatic nerve
lesion following total hip replacement is about 1-3%,
although EDX studies may detect subclinical signs of sciatic
nerve damage in as many as 70% of patients. The sciatic
nerve lesion is due to direct intraoperative stretch injury,
but occasionally is caused by hemorrhage, prosthetic
dislocation, migrating trochanteric wire, or leaking cement
(methylmethacrylate) used in the arthroplasty. The
manifestations of the sciatic nerve injury are acute and
often noted in the immediate postoperative period.
Occasionally, the onset of symptoms is delayed for several
years, and the injury is due to prosthetic dislocation,
osseous formation, or migrating trochanteric wire. Hip
fracture or dislocation, or femur fracture may also result in
sciatic nerve injury, which may also occur during closed
reduction or internal fixation. External compression of the
sciatic nerve is the second common cause of sciatic nerve

Table C3-1. Common Causes of Sciatic
Mononeuropathy (Listed in Descending
Order of Frequency)

Hip replacement, hip fracture/dislocation, or femur fracture

Acute compression (coma or prolonged sitting)

Gunshot or knife wound

Infarction (vasculitis, iliac artery occlusion, arterial bypass
surgery)

Gluteal contusion or compartmental syndrome (e.g., during
anticoagulation)

Gluteal intramuscular injection

Endometriosis (catamenial sciatica)

“Piriformis syndrome”
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lesions at the hip. This usually occurs in the setting of unat-
tended coma (such as with drug overdose), but occasion-
ally follows operative positioning in the sitting position
(such as with craniotomy), poor positioning of unconscious
patient (such as in the intensive care unit), or prolonged
sitting (“toilet seat” and “lotus” neuropathies). Mass lesions
in the buttock or thigh, such as malignant or benign
tumors, persistent sciatic artery, or enlargement of the
lesser trochanter (possibly from frequent sitting on hard
benches), may compress the sciatic nerve. Open injuries of
the sciatic nerve are usually caused by gunshot wounds,
knives, or other sharp objects. Hemorrhage within the
gluteal compartment is sometimes associated with sciatic
nerve lesions. This may occur during anticoagulant ther-
apy, in hemophiliacs, or following rupture of an iliac artery
aneurysm or hip surgery. Intramuscular gluteal injections,
not administered properly in the upper outer quadrant of
the buttock particularly in thin patients or children, may
damage the sciatic nerve or its peroneal component exclu-
sively. This often occurs soon after the injection of a large
quantity of a neurotoxic drug but may be delayed follow-
ing repeated injections or due to fibrosis. Menstruating
women with endometriosis may have cyclic radicular pain
(i.e., sciatica) or overt sciatic mononeuropathy. Typically,
the symptoms start few days before menstruation and stop
after menses end. With progression of disease, the mani-
festations of endometriosis become more constant, though
often worse during menses. Ischemia resulting in sciatic
nerve injuries may be due to vasculitis involving the vasa
nervorum, or occlusion of the iliac or femoral artery such
as during intra-aortic balloon pump therapy with a
catheter placed through the ipsilateral femoral artery.
Occasionally, a slowly progressive sciatic mononeuropathy
is idiopathic and no identifiable cause is identified despite
imaging studies and surgical exploration.

Severe or complete sciatic nerve lesion is associated
with weakness of all the muscles below the knee and the
hamstrings with sensory loss below the knee that spans
both the peroneal and tibial distributions but spares the
saphenous nerve distribution (the medial leg). In contrast,
a partial sciatic nerve lesion usually affects the peroneal
more than the tibial division, and mimics a common per-
oneal nerve lesion at the fibular neck. It usually presents
with foot drop and sensory loss mostly in common per-
oneal nerve distribution. This lesion may be difficult to dif-
ferentiate from peroneal mononeuropathy, lumbosacral
radiculopathy, and lumbosacral plexopathy. Table C3-2
lists some clinical hints that cast doubt on a peroneal nerve
lesion at the fibular head in patients presenting with foot-
drop, while Table C3-3 (A) lists the differential diagnoses of
patients with footdrop. Note that dysesthetic, sometimes
disabling, pain is common in sciatic mononeuropathy but
is rare in peroneal nerve lesions around the fibular neck.

Table C3-2. Helpful Clues Suggesting That Footdrop is
Not Caused by an Isolated Peroneal
Nerve Lesion

Severe dysesthetic foot pain

Radicular pain (“sciatica”)

Positive straight leg test

Absent or depressed ankle jerk

Weakness of toe flexion and/or ankle inversion, hamstrings, or
gastrocnemius

Sensory loss in upper third of lateral leg (lateral cutaneous of
calf distribution) or sole (tibial distribution)

Electrodiagnostic Studies

The electrodiagnostic (EDX) findings in sciatic mononeu-
ropathy parallel the clinical manifestations. Complete and
severe lesions are easy to diagnose since both the tibial and
peroneal motor nerve conduction studies (NCS) as well as
the sural and the superficial peroneal sensory studies are
low in amplitudes or absent with normal or slightly slowed
distal latencies and conduction velocities. The needle
EMG reveals denervation in all muscles below the knee, in
addition to all the hamstring muscles. In contrast, the ante-
rior and medial thigh muscles (quadriceps, thigh adduc-
tors, and iliacus) and the glutei and tensor fascia lata as
well as the saphenous sensory and femoral motor NCSs, if
studied, are normal.

A partial sciatic nerve lesion poses more of a diagnostic
challenge because it often affects the peroneal nerve pre-
dominantly. The EDX study is essential in confirming the
presence of sciatic nerve injury and excluding a more
distal peroneal nerve lesion resulting from compression
around the fibular neck. The NCS, especially the motor
ones, might suggest that the lesion is an axonal common
peroneal mononeuropathy because the peroneal nerve is
usually affected more severely than the tibial nerve. In
most situations, the EDX studies unveil involvement of the
tibial nerve that may have gone undetected on the neuro-
logical examination. Helpful diagnostic clues on NCS
include abnormal findings that points to additional pathol-
ogy of the tibial nerve: (1) an asymmetrically abnormal H
reflex, (2) a low-amplitude or absent sural SNAP, and/or
(3) a low-amplitude tibial motor CMAP, recording abduc-
tor hallucis. Thus, it is highly recommended that the con-
tralateral H reflex be assessed, and that sural sensory and
tibial motor nerve conduction studies be done in all
patients with footdrop, especially when peroneal nerve
lesion is in doubt.

Since the sural nerve receives a major contribution from
the common peroneal nerve in the popliteal fossa in 40 to
80% of individuals, this communication may contribute to
the antidromic sural SNAP, stimulating at the calf and
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Peroneal Neuropathy
at the Fibular Head

L5 Radiculopathy

Lumbar
Plexopathy
(Lumbosacral Trunk)

Sciatic
Neuropathy (Mainly
Peroneal)

(A) Clinical

Common causes

Ankle inversion
Toe flexion
Plantar flexion
Ankle jerk

Sensory loss
distribution

Pain

(B) Electrodiagnosis
Peroneal motor
study to EDB

Compression (weight
loss, perioperative),
trauma

Normal

Normal

Normal

Normal

Peroneal distribution
only

Rare, deep

Low in amplitude or
conduction block across

Disc herniation, spinal
stenosis

Weak

Weak

Normal

Normal (unless with S1)

Poorly demarcated,
predominantly big toe

Common, radicular

Usually normal but can
be low in amplitude

Pelvic surgery,
hematoma, prolonged
labor

Weak

Weak

Normal

Normal (unless with S1)

Well demarcated to
L5 dermatome

Common, can be
radicular

Low in amplitude

Low or absent

Normal or low amp
Abnormal

Usually abnormal
Normal or abnormal
Usually normal

Absent

Hip surgery, injection
injury, coma

Normal or mildly weak
Normal or mildly weak
Normal or mildly weak
Normal or depressed

Peroneal distribution
plus lateral cutaneous

of calf and sole (tibial)

Can be severe

Low in amplitude

Low or absent

Normal or low amp
Abnormal

Normal or abnormal
Normal

Abnormal

Absent

and/or Tib Ant fibular head or both
Superficial peroneal =~ Low or absent* Normal
sensory study
Sural sensory study ~ Normal Normal
Peroneal muscles' Abnormal Abnormal
Tibial L5 muscles? Normal Usually abnormal
Other L5 muscles? Normal Normal or abnormal
Biceps femoris Normal Usually normal
(short head)
Paraspinal muscles ~ Absent May be absent
fibrillations

*Can be normal in purely demyelinating lesions or lesion of the deep peroneal nerve only.
'Below knee (tibialis anterior (Tib Ant), extensor digitorum longus, extensor digitorum brevis (EDB), extensor hallucis, +/— peroneus longus).

iTibialis posterior and flexor digitorum longus.
IGluteus medius and tensor fascia lata.

recording at the ankle. Hence, an abnormally low amplitude
sural SNAP does not automatically indicate involvement of
the tibial nerve.

A detailed needle EMG examination is frequently nec-
essary to confirm that the cause of footdrop is a sciatic
nerve lesion rather than a peroneal. The tibial-innervated
muscles below the knee are most useful in detecting fibril-
lation potentials, especially in a mild to moderate lesion
that is relatively chronic where the hamstring muscles may
have reinnervated well. Among these muscles, the flexor
digitorum longus, tibialis posterior, the gastrocnemius
(medial and lateral heads), and the abductor hallucis are
most helpful, and these muscles should be sampled in all
patients with footdrop. Fibrillation potentials, decreased
recruitment, and neurogenic MUAP changes are seen in
all of these muscles, as well as in the hamstring muscles
innervated by the tibial nerve (semitendinosus, semimem-
branosus, and the long head of the biceps femoris).

The short head of the biceps femoris is innervated by the
peroneal nerve proper and is frequently much more seri-
ously affected than the other hamstrings. Occasionally and
particularly in severe sciatic nerve injury, neurogenic
MUAP changes are detected in the thigh adductors,
because the adductor magnus receives dual innervation
from the sciatic and obturator nerves. The needle EMG
examination is not complete unless the glutei and lumbar
paraspinal muscles are sampled and show no abnormalities
to exclude a lumbosacral plexopathy or radiculopathy.

Sciatic nerve lesions, particularly when partial and mild
to moderate, must be distinguished from peroneal neu-
ropathy, lumbar plexopathy, and lumbosacral radiculopa-
thy. Table C3-3(B) lists the electrodiagnostic features of
common causes of footdrop.

On rare occasions, the common peroneal component
of the sciatic nerve is the only one injured, both clinically
and electrophysiologically. When this occurs, the H reflex,
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tibial motor NCS, and all tibial innervated muscles above
and below the knee are normal. These cases are purely
axonal and mimic a peroneal mononeuropathy at the fibu-
lar head. Thus, sampling the short head of the biceps
femoris is mandatory in all patients with peroneal
mononeuropathy, especially those due to axon loss that
cannot be localized by NCS because of the lack of conduc-
tion block (or focal slowing). On clinical examination, this
muscle cannot be evaluated satisfactorily in isolation. Even
when it is denervated completely, its lack of function dur-
ing hamstring strength testing is concealed by the normal
contractions of the other three hamstring muscles, all of
which are innervated by the tibial nerve.

The Piriformis Syndrome

The piriformis syndrome is a nebulous and controversial
entrapment neuropathy. Based on the close relation between
the sciatic nerve and the piriformis muscle, it is proposed
that leg pain (“sciatica”) may be caused by compression of
the sciatic nerve (and sometimes the inferior gluteal nerve
also) at the pelvic outlet by the piriformis muscle.

The piriformis syndrome was first described by Yeoman
in 1928 and subsequently refined by Freiberg in 1937.
He described a triad of symptoms: tenderness at the sciatic
notch, positive Laseégue sign and improvement with
conservative therapy. Later, in 1947, Robinson coined the
term “pyriformis syndrome” and set six criteria for diagno-
sis (Table C3-4). The syndrome became less popular after
the description of nerve root compression by herniated
nucleus pulposus as a common cause of sciatica. This was
enhanced by the development of imaging techniques,
including myelography, CT, and MRI, that could demon-
strate these disc herniations and other spondylotic spine
changes that encroaches on spinal roots in the lumbar
canal. However, there is a recent resurgence of increasing
interest in the piriformis syndrome in an attempt to
explain the cause of sciatica and buttock pain in patients
with no demonstrable nerve root compression on imaging
studies.

The piriformis syndrome, according to its proponents,
is more common in women than men (women/men
ratio = 6/1). Often, the patient complains of buttock pain
and tenderness that may radiate to the thigh and lower leg.
The pain is worse with prolonged sitting particularly on
hard surfaces (such as a toilet seat or a bicycle seat), dur-
ing bending at the waist, or during activity that require hip
adduction and internal rotation (such as cross-country
skiing). It is often much relieved with standing or walking.
Dyspareunia in women or pain with bowel movements are
not uncommon symptoms. Back pain is usually absent or
minimal. Paresthesias of the buttock and/or in a patchy
sciatic nerve distribution are not uncommon. A detailed

Table C3-4. Diagnosis of Piriformis Syndrome

Robinson Initial Diagnostic Criteria (1947)
History of trauma to the buttock

Pain in the buttock extending to the leg

Worsening of pain by stooping or lifting

Palpable and tender sausage-shaped mass over the piriformis
muscle

Positive Lasegue sign

Possible gluteal atrophy

Accepted Diagnostic Criteria

Usually a woman

History of trivial trauma to the buttock

Pain in buttock radiating to posterior thigh and leg

Pain is worst when sitting and best when standing

Exquisite buttock tenderness near the sciatic notch

Pain with passive AIF (abduction, internal rotation, and flexion)
of hip

Normal neurological examination*

Normal electrodiagnostic studies or mild axon loss sciatic
mononeuropathy*

Normal imaging of lumbar spine

Normal imaging of pelvis and hip regions!

Positive response to nerve block near the piriformis muscle

*Qccasionally gluteal atrophy with inferior gluteal mononeuropathy.
tOccasionally anomalous vessel or fibrous band close to the sciatic nerve.

history often unveils a history of buttock trauma which
may be trivial that predated the onset of symptoms by
weeks or months.

On examination, there are either no findings or subtle
abnormalities. Tenderness in the buttock that is usually
maximal near the sciatic notch is common. Straight leg raise
test, and internal rotation or abduction and external rota-
tion of the hip often triggers the pain. Occasionally, the leg
is externally rotated when the patient is rested in a supine
position (positive piriformis sign). Similarly, when patient
walks the leg may be also externally rotated. When there is
concomitant entrapment of the inferior gluteal nerve, there
may be mild weakness or wasting of the gluteus maximus,
or a positive Trendelenburg test (the buttock of the unsup-
ported foot falls rather than rise when the patient stand on
the asymptomatic leg). Apart from these findings, there is
usually no other weakness, sensory loss, or reflex changes.

Many proponents of the piriformis syndrome rely on the
presence of bedside test maneuvers in the diagnosis of the
piriformis syndrome. These signs involve either passive
stretching or active contraction of the piriformis muscle.
Pain in the affected buttock or thigh renders the maneuver
positive.

o Freiberg test. Passive forceful internal rotation of the
extended thigh at the hip, while the patient is lying,
reproduces the pain. Unfortunately, this test may
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be positive in other disorders around the hip joint and

buttock.

e Pace test. Resisted abduction of the thigh, while the
patient is in the sitting position, induces the pain.
However, this may be difficult to interpret since most
patients have pain when sitting.

e Beatty test. The patient lies on the asymptomatic side
with the painful leg semiflexed at the hip and the knee
resting on the table. Pain is reproduced when the
patient lifts (abducts) the thigh and holds the knee sev-
eral inches off the table. However, this maneuver may
induce pain in herniated lumbar disc and hip joint
abnormalities.

o Adduction, internal rotation and flexion (AIF) test. This
is the most useful and specific test for the piriformis
muscle. The patient lies on the unaffected side, bend
the knee of the affected leg to a 90° angle and catching
the foot behind the calf of the affected leg, swing the
affected leg over the healthy one until the knee touches
the examining table (Figure C3-3). This reproduces the
buttock pain and sciatica.

The diagnosis of the piriformis syndrome is a clinical
one with the EDX and imaging studies playing an impor-
tant role, mostly in excluding lumbar spine disease, hip
pathology, or mass lesions compressing the sciatic nerve.
In almost all cases of piriformis syndrome, the EDX stud-
ies (NCS and needle EMG) are normal. Rarely, there are
mild chronic denervation and reinnervation changes on
needle EMG, often with normal sensory and motor NCS
which renders these changes difficult to distinguish from
lumbosacral radiculopathy. In these cases, the pattern of
denervation is useful; the gluteus medius and tensor fascia
lata, both innervated by the superior gluteal nerve, which
branches from the sciatic trunk before the piriformis mus-
cle, are normal. However, the sciatic-innervated muscles
(particularly the hamstrings, gastrocnemius, and peroneal-
innervated muscles) and, sometimes, the gluteus maximus
(innervated by the inferior gluteal nerve) are abnormal
because these nerves usually pass under the piriformis
muscle (see Figure C3-2). A single study of the H reflexes
done at rest and during the AIF maneuver reported an
asymmetrical delay of the H reflex latency during such a

¢ Flexion ¢ Adduction e Internal rotation

Figure C3-3. Adduction, internal rotation, and flexion (AIF) test
in the diagnosis of piriformis syndrome.
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procedure in patients with the piriformis syndrome. Imaging
of the sciatic notch may reveal hypertrophy of the piriformis
or help in identifying abnormal vessels or bands in the region
of the piriformis muscle. However, these findings are also
common on the asymptomatic side of patient with sciatica
and in control subjects. Relief of symptoms by a CT-guided
nerve block in the region of the sciatic notch is considered a
diagnostic confirmation of the piriformis syndrome.

Treatment of the piriformis syndrome should always
start with a conservative approach. Physical therapy that
concentrates on prolonged stretching exercises of the piri-
formis muscle by flexion, adduction, and internal rotation
of the hip is often helpful. Injection into the piriformis
muscle is advocated with long acting corticosteroids alone
or in combination with an anesthetic agent, and preferably
done under imaging guidance via the sciatic notch, the
perineum, or vagina. This often alleviates the symptoms
temporarily and serves also as a diagnostic test. Surgical
exploration of the sciatic nerve in the region of the piri-
formis muscle should be a last resort in cases resistant to
conservative therapy. Section of the piriformis muscle is
the most popular advocated procedure, and abnormal
bands or vessels constricting the sciatic nerve in the buttock
should also be removed.

The prognosis of patients with the piriformis syndrome is
unknown, since most series are small. Good outcome seems
to correlate with patients with abnormal EMG findings and
those with compressive bands or vessels.

Despite its increasing popularity, mostly among sur-
geons and anesthesiologists, there are many opponents to
the existence of this syndrome. These physicians argue
that (1) the symptoms of the piriformis syndrome are sel-
dom substantiated by clinical or electrophysiologic find-
ings, (2) the pain relief from corticosteroid injection is not
a proof that the sciatic nerve is compressed by the piri-
formis muscle, since patients with distal sciatic nerve or
proximal root lesions (such as lumbosacral radiculopathies)
often get pain relief by sciatic nerve blocks, and (3) when
denervation in the sciatic nerve distribution is detected (as
in the few cases reported), aberrant fascial bands, rather
than piriformis muscle, was found to be the cause of sciatic
nerve compression. Finally, many opponents believe that
most patients with this alleged syndrome have either
a lumbosacral radiculopathy that cannot be detected by cur-
rent imaging techniques or, at best, a myofascial syndrome
rather than true nerve compression.

FOLLOW-UP

Although the patient’s foot weakness improved over time,
she developed severe allodynia, with trophic skin changes of
the foot. She responded temporarily to sympathetic block.
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During the next 2 years, the pain was controlled partially
by a combination of a tricyclic, an anticonvulsant, and
relaxation therapy.

DIAGNOSIS

Acute partial axonal sciatic mononeuropathy in the
gluteal region, affecting the peroneal component
predominantly, due to inadvertent gluteal injection.
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Case 4

HISTORY AND PHYSICAL EXAMINATION

A 49-year-old woman with ulcerative colitis, status post
total abdominal colectomy, underwent a proctectomy,
using a combined abdominal and perineal approach, for
persistent proctitis in the retained rectal stump. When she
awoke from general anesthesia, she became aware of right
leg weakness, and numbness in the anterior thigh and leg.

Examination revealed severe weakness of the right
quadriceps (Medical Research Council [MRC] 2/5) and
iliopsoas (MRC 4-/5), with normal thigh adduction and
ankle dorsiflexion. The right knee jerk was absent. There
was sensory loss in the right anterior thigh and medial leg.

The clinical diagnosis of a right femoral neuropathy was
made. The patient had been in a lithotomy position during
surgery. Three weeks postoperatively, and because of
persistent weakness, the electromyographer was asked to
confirm, localize, and prognosticate.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. A normal femoral compound muscle action potential
(CMAP) amplitude in this patient is consistent with:
A. Axon-loss femoral mononeuropathy.
B. Axon-loss lumbar plexopathy.
C. Axon-loss lumbar polyradiculopathy (L3 and L4).
D. Demyelinating femoral mononeuropathy.

2. The clinical and EDX findings in this patient are the
result of:
A. A femoral nerve lesion at the inguinal ligament.
B. A lumbar plexus lesion.
C. A saphenous nerve lesion.
D. A femoral nerve lesion in the pelvis.

3. The neurologic complications of pelvic surgery include:

A. Compression of the femoral nerve by a retracting
blade.

B. Compression of the femoral nerve by an iliacus
hematoma or lumbar plexus by a psoas hematoma.

C. Inadvertent femoral or obturator nerve transection.

D. Compression of the femoral nerve at the inguinal
ligament during lithotomy positioning.

E. All of the above.

EDX FINDINGS AND INTERPRETATION
OF DATA

The pertinent electrodiagnostic (EDX) findings in this
case include:

1. Absent right saphenous sensory nerve action potential
(SNAP) with a normal left saphenous SNAP. This
excludes an 14 root lesion within the intraspinal canal.

2. Normal right femoral CMAP, symmetrical to the left
(6.0 mV versus 5.5 mV), without significant difference
in distal latencies.

3. Fibrillations and neurogenic recruitment in the quadri-
ceps and iliacus muscles, with normal thigh adductors
and tibialis anterior.

A lumbar plexus lesion is excluded by documenting nor-
mal thigh adductor muscles. Involvement of the iliacus
muscle confirms that the femoral lesion is within the pelvis
(i.e., proximal to the takeoff of the motor branch to the ili-
acus muscle), and is not the result of compression of the
femoral nerve at the inguinal ligament which may follow a
lithotomy positioning.

The prognosis for recovery is good because the distal
femoral CMAP amplitude is normal, consistent with a
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predominant proximal demyelination. Note that the femoral
nerve may be stimulated only at the inguinal canal distal to
the location of the pelvic lesion. Some axonal loss obviously
has occurred, based on the fibrillations and the absent
saphenous SNAP, but these findings have no prognostic
value for the outcome of motor function.

This intraoperative and intrapelvic femoral nerve lesion
is most likely due to compression by the surgical retractor
against the pelvic wall. A retroperitoneal hematoma also is
possible and must be ruled out urgently. An inadvertent
femoral nerve transection is unlikely since it results in
axonal loss and not segmental demyelination.

DISCUSSION

Applied Anatomy

The femoral nerve (also called the anterior crural nerve) is
formed by the combination of the posterior divisions of the
ventral rami of the L2, L3, and L4 spinal roots (the ante-
rior divisions of the same roots form the obturator nerve).
It immediately gives branches to the psoas muscle which
receives additional branches from the L3 and L4 roots
directly. Then, the femoral nerve passes between the psoas
and iliacus muscles and is covered by a tight iliac fascia
which forms the roof of the iliacus compartment. The ilia-
cus muscle and femoral nerve are the main constituents of
this compartment.

The femoral nerve emerges from the iliacus compart-
ment after passing underneath the rigid inguinal ligament
in the groin. About 4-5 cm before crossing the inguinal
ligament, it innervates the iliacus muscle. Soon after pass-
ing under the inguinal ligament (lateral to the femoral
vein and artery), the femoral nerve branches widely into
(1) terminal motor branches to all four heads of the
quadriceps (rectus femoris, vastus lateralis, vastus inter-
medius, and vastus lateralis) and sartorius muscles, and
(2) three terminal sensory branches, the medial and inter-
mediate cutaneous nerve of the thigh which innervate the
skin of the anterior thigh, and the saphenous sensory nerve
(Figure C4-1).

The saphenous nerve travels the thigh, lateral to the
femoral artery, by passing posteromedially from the
femoral triangle through the subsartorial (Hunter or
adductor) canal. It gives off the infrapatellar branch that
innervates the skin over the anterior surface of the patella.
About 10 cm proximal and medial to the knee, the saphe-
nous nerve becomes subcutaneous by piercing the fascia
between the sartorius and gracilis muscles. Then, it crosses
a bursa at the upper medial end of the tibia (pes anserinus
bursa). In the lower third of the leg, it divides into two ter-
minal branches to innervate the skin of the medial surface
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Figure C4-1. The femoral nerve and its terminal motor and
sensory branches including the saphenous nerve. (From
Haymaker W and Woodhall B. Peripheral nerve injuries: princi-
ples of diagnosis. Philadelphia, PA: WB Saunders, 1953, with
permission.)

of the knee, medial leg, medial malleolus, and a small area
of the medial arch of the foot.

Clinical Features

The femoral nerve is a relatively short nerve. Its main
trunk can be compressed at the inguinal ligament or in the
retroperitoneal pelvic space. Most femoral mononeuro-
pathies are jatrogenic, occurring during intra-abdominal,
intrapelvic, inguinal, or hip surgical or diagnostic procedures.
The nerve injury often results from direct nerve trauma or
poor leg positioning during one of these procedures but
may be due to a compressive hematoma or rarely due
to inadvertent nerve laceration, suturing or stapling.
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Table C4-1 lists the various causes of femoral mononeuro-
pathy grouped according to the site of injury.

By far the most commonly reported causes of femoral
mononeuropathies are those related to pelvic surgery. This
includes abdominal hysterectomy, radical prostatectomy,
renal transplantation, colectomy, proctectomy, inguinal
herniorrhaphy, lumbar sympathectomy, appendectomy,
tubal ligation, abdominal aortic repair, and a variety of
other intra-abdominal vascular, urologic, or gynecologic
operations. During these surgical procedures, the femoral
nerve becomes compressed between the retractor blade
and the pelvic wall. This occurs more often with the use of
self-retracting blades than with handheld blades.

Acute hemorrhage within the iliacus compartment in the
retroperitoneal space and, less commonly, the psoas mus-
cle can lead to a compartmental syndrome. This usually
results in severe femoral nerve injury; however, the
hematoma is sometimes large and extends into the
retroperitoneal space, leading to extensive injury of either
the lumbar plexus or, rarely, the entire lumbosacral plexus.
The hematoma may be a complication of anticoagulant
therapy (heparin or warfarin), hemophilia or other blood
dyscrasias, ruptured abdominal aortic aneurysm, pelvic
operations, traumatic rupture of the iliopsoas muscle, or
femoral artery (and less commonly femoral vein) catheter-
ization for coronary, cerebral, and aortic angiography. In
patients with acute femoral neuropathy and severe pain,
particularly in the setting of anticoagulation or coagulopa-
thy, a spontaneous iliacus hematoma should be considered
and ruled out urgently by computed tomography (CT)

Table C4-1. Common Causes of Femoral
Mononeuropathy

1. Compression in the pelvis
— by retractor blade during pelvic surgery (iatrogenic):
abdominal hysterectomy, radical prostatectomy, renal
transplantation, etc.
— by iliacus or psoas retroperitoneal hematoma
(anticoagulation [systemic or subcutaneous abdominal
heparin], hemophilia, coagulopathy, ruptured abdominal
aneurysm, femoral artery catheterization)
— by pelvic mass (lymphadenopathy, tumor, abscess, cyst,
aortic or iliac aneurysm)

2. Compression in the inguinal region
— by inguinal ligament during lithotomy position (vaginal
delivery, laparoscopy, vaginal hysterectomy, urologic
procedures)
— by inguinal hematoma (femoral artery catheterization, such
as for coronary angiography)
— during total hip replacement
— by inguinal mass (e.g., lymphadenopathy)

3. Stretch injury (hyperextension, dancing, yoga)

4. Others (radiation, laceration, misplaced injection, Pdiabetes)
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scan or magnetic resonance imaging (MRI) of the pelvis.
Controversy continues regarding the indication and timing
of surgical evacuation of the hematoma once the femoral
nerve lesion is clinically apparent.

Compression of the femoral nerve may follow lithotomy
positioning for vaginal delivery, vaginal hysterectomy,
prostatectomy, or laparoscopy is not uncommon. The
femoral nerve is kinked and becomes compressed under-
neath the inguinal ligament usually following prolonged
lithotomy positioning, particularly with extreme hip flexion
and external rotation. This type of femoral nerve injury
is frequently reversible, and is likely underestimated. To
prevent compression at the inguinal ligament, prolonged
lithotomy positioning with extreme hip flexion and exter-
nal rotation should be avoided.

Femoral nerve injury during surgical procedures of
the hip joint occurs mostly after total hip replacement. It
is due to misplacement of the anterior acetabular retrac-
tors during the procedure, and is highest in revisions and
complicated reconstructions.

Although the literature published in the 1950s and
1960s led many to believe that diabetes mellitus is associ-
ated with selective “diabetic femoral neuropathy,” it is now
clear that this is a misnomer. Diabetic patients actually
have more extensive peripheral nerve disease that involves
the lumbar plexus and roots, and is better known as
diabetic amyotrophy, diabetic proximal neuropathy, or dia-
betic radiculoplexopathy (see Case 7). Although the brunt
of weakness in these patients often falls on the quadriceps
muscle, mimicking selective femoral nerve injuries, careful
clinical and needle EMG examinations reveal more wide-
spread involvement of thigh adductors and sometimes foot
dorsiflexors, muscles not innervated by the femoral nerve.

The clinical presentation of femoral mononeuropathy
often is acute, with thigh weakness and numbness. Patients
frequently complain that their legs buckle underneath
them, leading to many falls. Except with iliacus hematoma,
groin or thigh pain is usually mild. Neurologic examination
reveals weakness of the quadriceps muscle (knee exten-
sion), with absent or depressed knee jerk. Thigh adduction
is, however, normal. The iliopsoas muscle (hip flexion)
usually is weak when the lesion is intrapelvic (such as
during pelvic surgery), but is spared when the lesion is
at the inguinal region (such as during lithotomy position-
ing). Hypesthesia over the anterior thigh and medial calf is
common.

Femoral mononeuropathy should be differentiated
from L2, L3, and L4 radiculopathy, and from lumbar plex-
opathy. Weakness of the thigh adductors, which are inner-
vated by the obturator nerve, excludes a selective femoral
lesion. Positive reversed straight leg test is common in
lumbar radiculopathy, but it may occur with plexopathy
and femoral nerve lesion caused by iliacus hematoma.
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In plexopathy or L4 radiculopathy, weakness of ankle
dorsiflexion (tibialis anterior) is common.

Except for iliacus or retroperitoneal hematoma, which
might require surgical intervention, most other patients
with femoral mononeuropathy are treated conservatively,
allowing for spontaneous remyelination or reinnervation.
A knee brace is helpful in preventing falls for patients with
severe weakness of the quadriceps.

Electrodiagnosis

The role of electrodiagnostic testing in femoral mononeu-
ropathy is threefold.

The first role is to confirm the presence of a selective
femoral nerve injury. This is particularly important when
the neurologic examination is difficult to perform because
of pain, recent pelvic surgery, or vaginal delivery.
A femoral mononeuropathy may mimic a lumbar plexopa-
thy and upper lumbar (L2, L3, or L4) radiculopathy
(Table C4-2). The saphenous SNAP, which evaluates the
postganglionic L4 sensory fibers, is often absent in
femoral mononeuropathy and lumbar plexopathy but
normal in L4 radiculopathy since the root lesion is
intraspinal, i.e., proximal to the dorsal root ganglion.
Rarely, the saphenous SNAP is normal in “purely”
demyelinating femoral mononeuropathies where there is
no wallerian degeneration which is usually complete in
10-11 days in sensory fibers. The saphenous SNAPs
should be studied bilaterally for comparison, since these
potentials may be difficult to obtain in the elderly and
obese patients and in patients with leg edema. On needle
EMG, fibrillation potentials and decreased recruitment
of large and polyphasic MUAPs are seen in the quadri-
ceps in all three entities (femoral mononeuropathy, lum-
bar plexopathy, or radiculopathy). However, these
changes are also present in the thigh adductors
(L2/L3/L4 obturator nerve) in patients with upper lum-
bar radiculopathy or plexopathy. Also, in L4 radiculopa-
thy, similar changes may be present in the tibialis anterior
(L4/L5 common peroneal nerve).

The second role of EDX study is to localize the site of
the femoral nerve lesion. Since the branch to the iliacus
muscle originates 4-5 cm above the inguinal ligament,
needle EMG of this muscle is crucial to help determining
whether the femoral nerve lesion is distal (i.e., around the
inguinal ligament) or proximal (i.e., intrapelvic). When the
iliacus is denervated, the lesion is in the pelvis and when
spared, the lesion is distal, such as at the inguinal ligament.
This is particularly important when clinical examination of
the iliopsoas (hip flexion) is difficult because of groin pain,
recent pelvic surgery, or vaginal delivery. Also, weakness of
hip flexion could be attributed falsely to involvement of
the iliopsoas muscle when the quadriceps is flaccid
because the latter assists in hip flexion.

A third and important role of the EDX study is to prog-
nosticate the recovery of motor function in acute femoral
nerve lesions. A femoral CMAP amplitude and/or area is
the most useful semiquantitative measure of the extent of
femoral motor axonal loss. The femoral nerve could only
be stimulated at the groin and, hence, lesions at the
inguinal ligament or pelvis cannot be bracketed by two
stimulation sites as done in many other peripheral nerve
motor conduction studies. Femoral nerve stimulation at
the groin is usually distal to the site of the lesion, and
allows evaluation of a distal CMAP only. Care should be
taken in accounting for the time for wallerian degenera-
tion: the CMAP amplitude reaches its nadir in 4 to 5 days
while the decrease in SNAP amplitudes lags behind and
is completed in 8 to 11 days (Figure C4-2). Hence,
the femoral CMAP must be obtained bilaterally for com-
parison at least after 4 to 5 days from injury before any
conclusion could be made regarding the primary patho-
physiologic process or prognosis. In contrast to the CMAP,
fibrillation potentials are a poor quantitative measure of
the extent of axonal loss since they are identified whenever
axonal loss occurs, even if minimal. In other words, fibril-
lation potentials are extremely sensitive for the presence of
any recent axonal loss, but do quantitate its degree, and are
therefore, by themselves, poor indicators of the extent of
peripheral nerve injury. Based on the above, the primary

Table C4-2. Differential Electrodiagnosis of Femoral Neuropathy

Femoral Neuropathy Lumbar Plexopathy Lumbar Radiculopathy
Thigh adductors Normal Denervation Denervation
Tibialis anterior Normal Denervation* Denervation*
Saphenous SNAP! Low or absent! Low or absent! Normal
Paraspinal fibrillations Absent Absent Usually present

*Abnormal in L4 radiculopathy/plexopathy only.

*May be technically difficult, particularly in the elderly patients or if there is leg edema.

'Normal in purely demyelinating lesions.
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% Amplitude

Figure C4-2. A diagrammatic representation of
the decline of distal compound motor action
potential (CMAP) and sensory nerve action
potential (SNAP) amplitudes, due to wallerian
degeneration.

pathophysiologic process and prognosis of a unilateral
femoral nerve lesion are assessed according to the following:

1. If the femoral CMAP amplitude and/or area are normal
despite significant reduction of MUAP recruitment, the
lesion is primarily demyelinating and the prognosis is
very good, because outcome is dependent on remyeli-
nation. Almost all patients with such findings recover in
about 2 months.

2. If the femoral CMAP amplitude and/or area are low
or absent, in the presence of moderate or severe
decrease in MUAP recruitment, the lesion is prima-
rily axonal, and the prognosis is relatively protracted
because improvement depends on sprouting and
reinnervation. In general, patients with femoral
CMAP amplitude more than 50% of the contralateral
side significantly improve within 1 year, while fewer
than half the patients with a CMAP less than 50% of
the contralateral side have a meaningful improve-
ment at one year. In spite of this, the long-term prog-
nosis of axon-loss femoral nerve injury is better than
other axon-loss peripheral nerve lesions, since the
nerve is relatively short and the target muscle
(quadriceps) is proximal and close to the site of injury,
resulting in optimal conditions for sprouting and
reinnervation.

FOLLOW-UP

Urgent CT scan of the pelvis did not reveal an iliacus
hematoma. As was predicted by the EDX study, the
patient’s right leg weakness improved significantly over the
next 2 months. At that time, the quadriceps and iliacus
weakness were mild (MRC 4+/5) and the right knee jerk
returned, although it remained depressed. Hypesthesia in
the anterior thigh was much better, but it was unchanged
in the medial leg.
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DIAGNOSIS

Acute femoral mononeuropathy in the pelvis, due to
retractor compression during pelvic surgery, mani-
festing predominantly by segmental demyelination.
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HISTORY AND PHYSICAL EXAMINATION

A 34-year-old women, gravida 3, para 2 at 40 weeks’
gestation, was admitted for irregular uterine contractions
and induction of labor. The pregnancy was complicated
by gestational diabetes and thrombophlebitis of the left
leg, treated with subcutaneous heparin. Previous
pregnancies were uneventful vaginal deliveries that
resulted in 91b 6 0z (4252 ¢) and 11 1b 11 0z (5301 g) baby
girls. After she was infused intravenously with pitocin,
the patient’s contractions became strong, and the cervix
effaced to 10 cm 2 hours later. During labor, she noticed
intermittent numbness of the right foot. After 2/ hours
of active labor, with the baby in a persistent vertex
position, forceps delivery was attempted but was unsuc-
cessful. Failure to progress was diagnosed and the patient
underwent a low transverse cesarean section under
general anesthesia. A 12 b 2 oz (5500 g) baby boy was
delivered.

On the first attempt to get out of bed 6 hours after
delivery, the patient noticed complete right footdrop
and numbness of the entire foot and the lateral aspect of
the leg. She had mild pain in the right buttock with no
back pain, radicular symptoms, or bruising. On examina-
tion by her obstetrician, she had no detectable function
of right ankle dorsiflexion, eversion and inversion, and
dorsiflexion of the toes. Plantar flexion was normal. Deep
tendon reflexes, including ankle jerks, were normal.
There was decreased sensation in the right lateral leg and
the dorsum of the foot, with minimal involvement of the
sole. Computed tomography (CT) scan of the pelvis and
abdomen and magnetic resonance imaging (MRI) of the
lumbar spine were normal. Plantar numbness improved
over the next few days, and the patient was discharged
using an ankle—foot orthosis.

On neurological examination 1 month later, the patient
was a 5 ft 7 in (167.5 ¢cm) tall woman who was still unable

to dorsiflex, invert, or evert the ankle, or dorsiflex the toes
(Medical Research Council [MRC] scale 0/5). Plantar flexion
was normal, but toe flexion was weak (MRC 4/5). Right hip
abduction was weak (MRC 4-/5), as were hip extension
and knee flexion (MRC 4/5). Knee extension and hip flexion
were, however, normal. Both straight and reverse-straight
leg raise tests were negative. Knee and ankle jerks were
normal and symmetrical. There was an area of hypesthesia
to touch, and pain over the lateral aspect of the right leg
and the dorsum of the foot. Sensation on the plantar sur-
face of the foot had normalized.

An electrodiagnostic (EDX) examination was requested.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. The EDX findings are most consistent with:
A. L5 radiculopathy.
B. Sciatic mononeuropathy.
C. Peroneal mononeuropathy at the fibular neck.
D. Lumbosacral plexopathy.
2. Differentiating a lumbosacral trunk lesion from L5
radiculopathy is dependent on:
A. Gluteus medius denervation.
B. Absent/low superficial peroneal sensory nerve action
potentials (SNAPs).
C. Flexor digitorum longus denervation.
D. Tibialis anterior denervation.
3. Common causes of lumbosacral trunk lesions include
all of the following except:
A. Labor.
B. Pelvic fracture.
C. Pelvic mass.
D. Total hip revision.
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EDX FINDINGS AND
INTERPRETATION OF DATA

The relevant electrodiagnostic findings in this case are the
followings:

1. The superficial peroneal and sural sensory nerve action
potentials (SNAPs) were lower in amplitudes on the
affected limb when compared with the asymptomatic
limb. This excludes root(s) lesions because it places the
lesion distal to the dorsal root ganglia, as seen with
either a plexus or peripheral nerve lesions.

2. The peroneal compound muscle action potentials
(CMAPs) were borderline to low in amplitude following
all stimulation sites (ankle, below fibula neck, and knee)
without evidence of focal slowing or conduction block.
Also, the peroneal CMAPs, recording the tibialis anterior,
were more affected than when recording the extensor
digitorum brevis. In contrast, tibial CMAPs, H reflexes,
and M responses were normal and symmetrical.

3. All conduction velocities, distal latencies, H reflexes,
and F wave latencies were normal.

4. Needle muscle examination showed significant decrease
in recruitment of motor unit action potentials (MUAPs)
and variable fibrillation potentials in all L5-innervated
muscles, with normal paraspinal muscles.

In summary, this case revealed L5 (with minimal S1) den-
ervation associated with low superficial peroneal and sural
SNAPs and normal paraspinal muscles. This is consistent
with a lumbosacral trunk (cord) lesion, which is formed
mainly by the L5 root (with some L4 contribution), as seen
with intrapartum lumbosacral plexopathy. Recording a per-
oneal CMAP from tibialis anterior combined with absent
voluntary MUAPs from tibialis anterior suggests that a sig-
nificant number of fibers are blocked (demyelinated) proxi-
mally. This points to a relatively good prognosis.

DISCUSSION

Applied Anatomy

The lumbosacral plexus is divided anatomically into the
lumbar plexus and the sacral plexus with a connecting
nerve trunk, the lumbosacral trunk (Figure C5-1).

e The lumbar plexus is formed from the ventral rami of
L1, L2, L3, and most of the L4 roots. These rami divide
near the vertebral column into dorsal and ventral
branches. The dorsal branches of L2, 1.3, and L4 roots
combine to form the femoral nerve, while the ventral
branches of these same roots join to form the obturator
nerve. The lumbar plexus gives also rise to direct motor

branches to the underlying iliacus and psoas muscles,
and to the ilioinguinal, iliohypogastric, genitofemoral,
and lateral femoral cutaneous nerves.

e The lumbosacral trunk (also called the lumbosacral
cord) is formed primarily by the L5 root, with a con-
tributing branch from the L4 root (see Figure C5-1).
It then travels a relatively long distance in close contact
with the ala of the sacrum, which is adjacent to the
sacroiliac joint. It is covered throughout its course by
the psoas muscle, except at its terminal portion near the
bony pelvic rim, where it is joined by the S1 root. Many
fibers within the lumbosacral trunk are destined to reach
the common peroneal nerve, and they terminate prima-
rily in muscles of the lateral compartment of the leg.

o The sacral plexus is formed by the fusion of the lum-
bosacral trunk with the ventral rami of S1, S2, and S3
and with a branch from the S4 roots (see Figure C5-1).
It overlies the lateral sacrum and the posterolateral pelvic
wall. Its main branches are the sciatic nerve (L4, L5, S1,
S2, S3), the superior gluteal nerve (which innervates
the gluteus medius and the gluteus minimus), and the
inferior gluteal nerve (which innervates the gluteus
maximus). Other nerves that arise directly from the

L1

lliohypogastric Nerve ——— o ¢
llioinguinal Nerve ————————4 4

Lateral Cutaneous
Nerve of Thigh — %

1o lliacus and Psoas Muscles : z-
Femoral Nerve LS
Genitofernoral Nerve —f N
Obturator Nerve
Lumbo-sacral Trunk —

Gluteal Nerves

Sciatic Nerve

Post. Cutaneous
Nerve of Thigh

Pudendal Nerve

Figure C5-1. The lumbosacral plexus, its important anatomic
features, and the nerves that derive from it. (From Stewart JD.
Focal peripheral neuropathies, 2nd ed. New York: Raven Press,
1993, with permission.)
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sacral plexus are the posterior cutaneous nerve of
the thigh and pudendal nerves.

Clinical Features

Lumbosacral plexus lesions are much less common than
brachial plexopathies. A detailed examination of hip girdle
muscles, particularly the gluteal muscles, thigh adductors,
and iliopsoas, is helpful in accurate diagnosis because
these muscles often are abnormal in lumbosacral plexus
lesions but usually are normal in peripheral nerve lesions,
such as those involving the sciatic or femoral nerves.

e A lumbar plexus lesion may cause symptoms in the

territories of the iliohypogastric, genitofemoral, ilioin-
guinal, femoral, and obturator nerves. This may result
in weakness of hip flexion, knee extension, and thigh
adduction with sensory loss in the lower abdomen,
inguinal region, and over the entire medial, lateral, and
anterior surfaces of the thigh and the medial lower leg.
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The knee jerk may be decreased or absent. A lumbar
plexus lesion often mimic a femoral neuropathy or an 14
radiculopathy because all present with anterior thigh
pain or numbness or quadriceps weakness.

A lumbosacral trunk injury frequently poses a diagnostic
challenge because such a lesion results predominantly in
footdrop and imitates a common peroneal mononeu-
ropathy or an L5 radiculopathy (Table C5-1). Lesions
of the lumbosacral trunk present with footdrop, with
variable buttock pain and numbness in the lateral leg
and the dorsum of the foot. Neurologic findings include
not only weakness of ankle and toe dorsiflexion and
ankle eversion, but also ankle inversion and toe flexion.
There also is variable weakness of the glutei and ham-
string muscles. Plantar flexion and ankle jerk usually are
normal. Sensory loss is in the L5 dermatomal distribution.
Detecting weakness in ankle inversion (tibialis posterior)
or toe flexion (flexor digitorum longus), eliminates a
peroneal neuropathy. It is more difficult to separate

Table C5-1. Differential Diagnosis of a Lumbosacral Trunk Lesion Causing Footdrop

Peroneal
Neuropathy at
the Fibular Head

L5 Radiculopathy

Lumbar Plexopathy
(Lumbosacral Trunk)

Sciatic Neuropathy
(Mainly Peroneal)

(A) Clinical

Common causes

Ankle inversion
Toe flexion
Plantar flexion
Ankle jerk

Sensory loss
distribution

Pain

(B) Electrodiagnosis
Peroneal motor study
to EDB and/or
Tib Ant

Superficial peroneal
sensory study
Sural sensory study
Peroneal muscles!
Tibial L5muscles?
Other L5 muscles!
Biceps femoris
(short head)

Paraspinal muscles
fibrillations

Compression (weight
loss, perioperative),
trauma

Normal

Normal

Normal

Normal

Peroneal only

Rare, deep

Low in amplitude or
conduction block
across fibular head
or both

Low or absent*

Normal
Abnormal
Normal
Normal
Normal

Absent

Disc herniation, spinal
stenosis

Weak

Weak

Normal

Normal (unless with S1)

Poorly demarcated,
predominantly big toe

Common, radicular

Usually normal but
can be low in
amplitude

Normal

Normal

Abnormal

Usually abnormal
Normal or abnormal
Usually normal

May be absent

Pelvic surgery, hematoma,
prolonged labor

Weak

Weak

Normal

Normal (unless with S1)

Well demarcated to
L5 dermatome

Common, can be radicular

Low in amplitude

Low or absent

Normal or low amp
Abnormal

Usually abnormal
Normal or abnormal
Usually normal

Absent

Hip surgery, injection
injury, coma

Normal or mildly weak
Normal or mildly weak
Normal or mildly weak
Normal or depressed

Peroneal and lateral
cutaneous of calf

Can be severe

Low in amplitude

Low or absent

Normal or low amp
Abnormal

Normal or abnormal
Normal

Abnormal

Absent

*Can be normal in purely demyelinating lesions or lesion of the deep peroneal nerve only.
'Below knee (tibialis anterior (Tib Ant), extensor digitorum longus, extensor digitorum brevis (EDB), extensor hallucis, +/— peroneus longus).
tTibialis posterior and flexor digitorum longus.
IGluteus medius and tensor fascia lata.
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lumbosacral trunk lesions from L5 radiculopathy because

the weakness, in both conditions, involves the L5

myotome. Often, this will depends on a detailed electro-
diagnostic studies and other ancillary studies such as CT
scan and MRI of the plexus and lumbar spine.

A sacral plexus lesion may cause manifestations in the
distributions of the gluteal, sciatic, tibial, and peroneal
nerves. This manifests in weakness of the hip extensors,
hip abductors, knee flexors, and all foot and toe functions.
Diminished sensation may involve the posterior aspect of
the thigh, anterolateral and posterior aspect of the leg
below the knee and almost the entire foot. The ankle jerk
may be diminished or absent. A sacral plexus lesion most
often mimics a sciatic nerve lesion, except that the gluteal
muscles often are involved in plexus injury only.

Causes of lumbosacral plexopathy are shown in
Table C5-2, but the following entities are the most common.
Diabetic amyotophy is discussed in details in Case 7.

Acute hemorrhage in the retroperitoneal space may be
limited to the iliacus muscle and, less commonly it may be
more extensive within the psoas muscle. The limited
hemorrhage into the iliacus muscle usually leads to an ilia-
cus compartmental syndrome, which may result in severe
femoral nerve injury. When the hematoma is into the psoas
muscle, it is often large and extends widely through the
retroperitoneal space, leading to a more extensive injury
of the lumbar plexus, and occasionally, to the entire lum-
bosacral plexus. Most cases of hemorrhage occur in the
setting of anticoagulation or coagulopathy, and their clini-
cal presentation is unique. There is usually an acute severe
pain in the lower abdomen, groin, and thigh followed by
weakness and sensory loss. Patients frequently keep the
hip flexed to minimize pain because hip extension (such as
occurs with reversed-straight leg test) is extremely painful.
In cases of iliacus hematoma, the neurologic deficit is
restricted to the femoral nerve with weakness of hip
flexion and knee extension and sensory loss in the anterior

Table C5-2. Common Causes of Lumbosacral
Plexopathy

Iliacus hematoma (only femoral nerve)
Psoas (retroperitoneal) hematoma
Intrapartum maternal
Pelvic mass
Malignant neoplasms (lymphoma; ovarian, colorectal,
and uterine cancer)
Retroperitoneal lymphadenopathy
Abscess
Pelvic fracture
Radiation injury
Diabetes (diabetic amyotrophy, diabetic proximal neuropathy)
Idiopathic lumbosacral plexitis

thigh and medial leg. A more extensive psoas hematoma
may result in damage to the lumbar plexus, and occasion-
ally the entire lumbosacral plexus. The neurologic findings
include weakness in the femoral as well as the obturator
nerve distributions (hip flexion, knee extension and thigh
adduction), and often in the lumbosacral trunk distribution
(ankle dorsiflexion). In these cases, there may be also an
abrupt reduction in the hematocrit which may be the only
sign of retroperitoneal hemorrhage. The diagnosis should be
confirmed promptly by a CT scan or an MRI of the peluvis.
Controversy continues regarding the indications and timing
of surgical evacuation of hematoma once the plexus or
femoral nerve lesion is clinically apparent.

Intrapartum maternal lumbosacral plexopathy is a
disorder caused by compression of the lumbosacral
trunk by the descending fetal head during labor. The
disorder is also known by a variety of names including
postpartum footdrop, maternal birth palsy, maternal
obstetric sciatic paralysis, traumatic neuritis of the puer-
perium, maternal obstetric paralysis, traumatic maternal
birth palsy, obstetric neurapraxia, and obstetric lumbosacral
plexus injury. The lumbosacral trunk is a long structure
is most susceptible to pressure from the fetal presenting
part at the pelvic rim, where it is unprotected by the psoas
muscle (Figure C5-2). Incriminating risk factors for the
development of intrapartum maternal lumbosacral plex-
opathy include short maternal stature, the birth of a large
infant, or both. This leads to cephalopelvic disproportion
and potential compression of the lumbosacral trunk by
the fetal head against the pelvic rim. The labor is either
prolonged or arrested and delivery is often accomplished
by a caesarean section. The patient usually presents as a
postpartum footdrop. However, sensory symptoms or pain
referred to the symptomatic leg may be noted by some
patients during active labor, because neural compression
develops during fetal descent into the pelvis. However,
these symptoms may be completely masked by epidural
anesthesia for pain control, or dismissed by the treating
physicians and nurses who may consider them part of labor
pain. As delivery is completed by a cesarean section in
many of these patients, using epidural or general anesthe-
sia, foot drop was not detected until the immediate
postpartum period. The clinical findings mimic a severe
L-5 radiculopathy since the L-5 root fibers travel exclu-
sively through the lumbosacral trunk. In contrast to L5
radiculopathy, however, these patients have always a foot
drop since the tibialis anterior, the main ankle dorsiflexor,
receives all its innervation (L5 and L4 fibers) via the lum-
bosacral trunk, while ankle dorsiflexion is often only mod-
estly weak in selective L5 radiculopathy since the tibialis
anterior has usually a dual L5 and 14 segmental innerva-
tion. Most patients recover in weeks to months, suggesting
that the primary pathologic process is demyelination.
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Roots

L3
Lumbar plexus

L4
Lumbosacral L5

trunk

St

Femoral n.

Obturator n.

Lesion site

Sciatic n.
Sacral plexus

Figure C5-2. The lumbosacral plexus (A) showing the site of
the compressive nerve lesion (circle) in intrapartum maternal
lumbosacral plexopathy. This is caused by fetal head compression
against the lumbosacral trunk and the underlying pelvic brim;
anterior view (B) and superior view (C).

Idiopathic lumbosacral plexitis is the leg counterpart of
neuralgic amyotrophy in the arm (acute brachial neuritis,
Parsonage-Turner syndrome), although it is much less com-
mon. This disorder is somehow similar to diabetic amyotro-
phy, but it occurs in nondiabetics. Onset is acute or subacute
and is heralded by severe leg pain followed by weakness that
usually ensues several days to weeks after the onset of pain.
Sensory symptoms are less prominent. The neurological
findings may predominantly affect fibers of either the lum-
bar or sacral plexus. An elevated sedimentation rate may be
present. The prognosis is good, but recovery of pain or
weakness may be protracted, and recurrence is rare.
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Electrodiagnosis

The roles of electrodiagnosis are to confirm the site of the
lesion and to distinguish between lumbosacral plexopathy,
lumbosacral radiculopathy, and lower limb mononeuropa-
thy. In order to accurately identify a lumbosacral plexopathy,
multiple sensory and motor nerve conduction studies in
the symptomatic and the opposite limb, and extensive
needle EMG are often necessary.

Differentiating a lumbosacral plexus lesion from lum-
bosacral radiculopathy is clinically difficult because the same
fibers are affected at either location. Electrodiagnostically,
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Table C5-3. Differential Diagnosis of Lumbar Plexopathy

Lumbar Femoral Lumbar
Plexopathy Mononeuropathy Radiculopathy
Thigh adductors Denervation Normal Denervation
Tibialis anterior Denervation* Normal Denervation*
Saphenous SNAP! Low or absent! Low or absent Normal
Paraspinal fibrillations Absent Absent Usually present
*Abnormal in L4 radiculopathy/plexopathy only.
*May be technically difficult, particularly in elderly patients, or if there is leg edema.
'Normal in purely demyelinating lesions.
this is accomplished mainly with needle EMG of the FOLLOW-UP

paraspinal muscles and the SNAPs:

o The presence of fibrillation potentials in paraspinal
muscles is not consistent with a lumbosacral plexus
lesion because these muscles are innervated by
the posterior primary rami, before formation of
the plexus. Unfortunately, fibrillation potentials of t
he paraspinal muscles are not always present in
radiculopathy, presumably due to rapid and effective
reinnervation.

* In axon-loss lumbosacral plexopathy, the SNAPs usually
are abnormally low in amplitude or absent because
the lesion affects the postganglionic fibers. In contrast,
these studies are normal in radiculopathy because
compression occurs against the preganglionic fibers
only (i.e., sensory fibers proximal to the dorsal root
ganglion). Unfortunately, some of the sensory nerves
that would be very helpful to evaluate the lumbar
roots (L2, L3, and L4) are, for technical reasons, not
possible to study (such as the iliohypogastric and ilioin-
guinal nerves) or difficult to evoke in normal subjects
(such as the lateral femoral cutaneous and saphenous
nerves).

A lumbar plexus lesion may imitate an L4 radiculopathy
or a femoral mononeuropathy (Table C5-3). The differ-
ential diagnosis may be difficult because the saphenous
SNAP may be unelicitable in elderly, obese patients, or
in patients with leg edema or associated peripheral
polyneuropathy (as in diabetics). In contrast, the differen-
tial diagnosis of a lumbosacral trunk lesion includes an
L5 radiculopathy or a peroneal mononeuropathy and
is less difficult to confirm (Table C5-1). Finally, differ-
entiating a sciatic mononeuropathy from a sacral plexopa-
thy depends solely on the establishment of denervation
in the gluteal muscles, and possibly in the external anal
sphincter.

Two months after delivery, there was a dramatic improve-
ment in ankle dorsiflexion (MRC 4+/5) and near resolution
of sensory symptoms. When seen a year later, the patient
was totally asymptomatic.

DIAGNOSIS

Intrapartum maternal lumbosacral plexopathy,
mixed (demyelinative and axonal) causing a selective
lumbosacral trunk lesion, caused by cephalopelvic

disproportion related to delivery of a large baby.

ANSWERS

1. D; 2. B; 3. D.

SUGGESTED READINGS

Asbury AK. Proximal diabetic neuropathy. Ann Neurol 1977;
2:179-180.

Barohn RJ et al. The Bruns-Garland syndrome (diabetic amyotro-
phy). Revisited 100 years later. Arch Neurol 1991;48:1130-1135.

Feasby TE, Burton SR, Hahn AF. Obstetrical lumbosacral plexus
injury. Muscle Nerve 1992:15:937-940.

Katirji B, Wilbourn AJ, Scarberry SL et al. Intrapartum maternal
lumbosacral plexopathy. Muscle Nerve 2002;26:340-347.

Stewart JD. Focal peripheral neuropathies, 2nd ed. New York:
Raven Press, 1993.

Subramony SH, Wilbourn AJ. Diabetic proximal neuropathy.
] Neurol Sci 1982;53:293-304.

Whittaker WG. Injuries to the sacral plexus in obstetrics. Can
Med Assoc | 1958;79:622-636.

Young MR, Norris JW. Femoral neuropathy during anticoagulant
therapy. Neurology 1976;26:1173-1175.



Case 6

HISTORY AND PHYSICAL EXAMINATION

Pain and numbness developed in the left big toe of a
28-year-old white man with rheumatoid arthritis. Symptoms
were worse upon standing or walking. He had no leg
weakness and experienced no similar symptoms in the
hands or right leg. He denied any history of ankle trauma.
He had been treated with oral methotrexate and chloro-
quine and was referred to the electromyography (EMG)
laboratory.

On examination, the patient had slight swelling of the
left ankle compared with the right. There was hypesthe-
sia, most pronounced over the plantar surfaces of the
big and second toes. There was possible weakness of left
big toe flexion. Plantar flexion and dorsiflexion of left
ankle were normal. He had a Tinel sign on percussion of
the left tibial nerve over the flexor retinaculum. There
was no sensory impairment or weakness in the right
foot or hands. Deep tendon reflexes were normal and
symmetrical.

An electrodiagnostic (EDX) examination was performed.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. The findings are consistent with:

A. Sensorimotor peripheral polyneuropathy.
B. Right tarsal tunnel syndrome.

C. Right S1/S2 radiculopathy.

D. Right proximal tibial mononeuropathy.

2. Difficulties in establishing the diagnosis of this entity,
especially in the elderly, are due to all of the following
except:

A. When bilateral, it can mimic early sensorimotor

polyneuropathy.

B. Chronic denervation changes in intrinsic muscles of
the foot are common.

C. Percutaneous plantar mixed nerve conduction studies
are technically difficult.

D. When axonal and not associated with focal slowing,
it can mimic S1/S2 radiculopathy.

E. It is a common entrapment neuropathy in the lower
extremity.

3. Common underlying factors include all of the following
except:
A. Rheumatoid arthritis.
B. Tenosynovitis.
C. Ankle trauma.
D. Recent anesthesia and surgery.
E. Lipoma.

EDX FINDINGS AND
INTERPRETATION OF DATA

Pertinent EDX studies include the following:

1. Low-amplitude left tibial compound muscle action
potentials (CMAPs) with delayed distal latencies,
recording abductor hallucis (AH) and abductor digiti
quinti pedis (ADQP), with normal tibial proximal motor
conduction velocities. This is evident when compared
to normal values and to the asymptomatic right side.
Note that the tibial study, recording AH, assesses the
medial plantar terminal nerve, while the tibial study,
recording ADQP, evaluates the lateral plantar nerve.

2. Delayed left medial and lateral plantar mixed nerve
latencies across the ankle. These mixed responses
assess both sensory and motor fibers in the correspon-
ding nerves.

3. Chronic denervation restricted to the tibial-innervated
muscles of the left foot.

125
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These findings are consistent with a right tibial
mononeuropathy at, or distal to, the ankle, affecting both
terminal branches (medial and lateral plantar nerves),
and compatible with a left tarsal tunnel syndrome (TTS).
The study is not consistent with an S1 radiculopathy due
to the normal H reflex and lack of denervation in other
Sl-innervated muscles (medial gastrocnemius, flexor digi-
torum longus, extensor digitorum brevis, gluteus maximus,
and lumbar paraspinal muscles). A sensorimotor polyneu-
ropathy is unlikely because of the lack of denervation in
the contralateral foot and normal H reflexes, right sural
sensory nerve action potential (SNAP), and left peroneal
and right tibial motor distal latencies and conduction
velocities.

DISCUSSION

Applied Anatomy

After innervating the gastrocnemius, soleus, tibialis poste-
rior, flexor digitorum profundus, and flexor hallucis longus
in the calf, the tibial nerve passes through the tarsal tunnel
at the medial aspect of the ankle. There, the tibial nerve is
accompanied by the tibial artery and the tendons of the
flexor digitorum longus, flexor hallucis longus, and tibialis
posterior muscles. This tunnel’s roof is composed of a thin
fascia, the laciniate ligament (flexor retinaculum), which
connects the medial malleolus to the calcaneus.

The tibial nerve bifurcates into its two terminal
branches within 1 c¢cm of the malleolocalcaneal axis in
90% of patients (Figure C6-1). Its terminal branches are:
(1) the calcaneal branch, a purely sensory nerve, which
has a variable takeoff in relation to the flexor retinaculum
and explain its involvement or its lack of in nerve entrap-
ments at that site (Figure C6-2); (2) the medial plantar
nerve, which innervates the abductor hallucis, flexor
digitorum brevis, and flexor hallucis brevis, in addition to
the skin of the medial sole and, at least, the medial three
toes; and (3) the lateral plantar nerve, which innervates
the abductor digiti quinti pedis, flexor digiti quinti pedis,
adductor hallucis, and the interossei, in addition to the skin
of the lateral sole and two lateral toes. The innervation of
the skin of the sole of the foot is provided primarily
through the three terminal branches of the tibial nerves,
with minimal contribution from the saphenous and sural
nerves (Figure C6-3).

Clinical Features

Tarsal tunnel syndrome (TTS) is caused by compression
of the tibial nerve or any of its three terminal branches
under the flexor retinaculum. It was first described by

No. of feet

Malleolocalcaneal axis

Figure C6-1. The distribution of location of the tibial nerve along
the malleolocalcaneal axis and the flexor retinaculum. (From
Dellon AL, Mackinnon SE. Tibial nerve branching in the tarsal
tunnel. Arch Neurol 1984;41:645-646, with permission from the
American Medical Association.)

Keck in 1962. Its true incidence is unknown, though it is
an uncommon entrapment mononeuropathy. TTS is some-
times referred to as the medial tarsal tunnel syndrome, to
distinguish it from the anterior tarsal tunnel syndrome
which is an entrapment of the terminal segment of the
deep peroneal nerve under the extensor retinaculum in
the dorsum of the foot.

The disorder is insidious in onset, more common in
women and is usually unilateral. Bilateral TTS is rare
accounting for 10-20% of cases. Most cases of TTS are
idiopathic but remote ankle trauma, particularly sprains
and fractures, is common. Runners, joggers, and dancers are
particularly at high risk for developing TTS. Other causes
include arthritis or tenosynovitis of the ankle with or
without rheumatoid arthritis, hypertrophic or anomalous
muscles, biomechanical factors (such as ill-fitting foot wear
or heel varus and valgus deformity), or a mass lesion within
the tunnel (ganglion, lipoma, schwannoma, or varicose vein).

The most common symptom of TTS is burning foot
pain, which often worsens after prolonged standing
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Figure C6-2. Patterns of origin of the medial
calcaneal branch from the tibial nerve in
20 patients. (From Dellon AL, Mackinnon SE.
Tibial nerve branching in the tarsal
tunnel. Arch Neurol 1984;41:645-646, with
permission from the American Medical

Laciniate ligament

Media plantar nerve

Posterior tibial nerve

Calcaneal branch

Association.)

or walking. Sometimes, the pain radiates proximally to the
calf. Paresthesia in the sole is common, but weakness or
imbalance is extremely rare. The neurologic examination
shows sensory impairment in the sole in the distribution of
one or more of the three terminal tibial branches (medial
plantar, lateral plantar, or calcaneal). In 40% of patients,
the medial and lateral plantar nerves are involved while
the heel is spared. In 25% of patients, the sensory loss
involves all three terminal branches territory, and in
another 25%, the sensory loss is only in the medial plantar

Medical plantar
nerve

Lateral plantar
nerve

Saphenous
nerve

Calcaneal
nerves

Sural nerve

Figure C6-3. The cutaneous innervation of the sole of the foot.
(From Dyck PJ, Thomas PK. Peripheral neuropathy, 3rd ed.
Philadelphia, PA: WB Saunders, 1993, with permission from the
American Medical Association.)

nerve distribution, while selective entrapment of the
lateral plantar nerve is only present in 10% of the cases.
The sensory symptoms may be triggered or exaggeration
by foot eversion. Tinel sign, induced by percussion of the
tibial nerve at the flexor retinaculum, is a useful sign and
is present in the majority of patients. Muscle atrophy in
one sole is rarely encountered. Weakness is rare because
the long toe flexors are intact. Ankle jerk and sensation
of the dorsum of the foot are normal.

True TTS is likely a clinical rarity, despite that some
podiatrists and orthopedists consider it to be a common
disorder. A variety of more common orthopedic, rheuma-
tologic, and neurologic conditions may result in foot pain
and may be misdiagnosed as TTS (Table C6-1). The diag-
nosis of TTS is particularly difficult in patients with a
history of foot or ankle trauma. Careful evaluation of the
ankle and foot, including x-rays, bone scan, tomogram,
magnetic resonance imaging, and EMG, is often necessary
before a correct diagnosis is made. Of the neurologic dis-
orders that mimic TTS, proximal tibial mononeuropathy,
caused by nerve compression by the tendinous arch of
the soleus muscle or due to a nerve sheath tumor, may
present with indolent symptoms that are very similar to
those of TTS. These rare lesions manifest with foot pain
and numbness, but they are usually associated with calf
weakness or atrophy and absent or depressed ankle jerk,
findings not consistent with TTS. An S1 or S2 radiculo-
pathy, in isolation or as a component of lumbar spinal
canal stenosis, may result in foot numbness or pain which
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Table C6-1. Differential Diagnosis of Tarsal Tunnel
Syndrome

Plantar fasciitis

Stress fracture

Arthritis

Bursitis

Reflex sympathetic dystrophy

Medial plantar neuropathy in the foot*

Joplin neuroma (injury to the medial plantar proper digital
nerve to the great toe)*

High tibial or sciatic neuropathy

Sacral radiculopathy (S1 or S2)

Peripheral polyneuropathy (when bilateral)

*Due to trauma, bunion surgery, foot deformities, or ill-fitted shoes.

is often worse with walking or standing. However, there
is usually low back and posterior thigh pain (“sciatica”),
depressed or absent ankle jerk or weakness of gastrocne-
mius, hamstrings, or glutei muscles. A particularly trouble-
some task is distinguishing patients with TTS from those
with early sensory peripheral polyneuropathy, particularly in
the elderly. A useful feature is that TTS is rarely bilateral
while peripheral polyneuropathy often affects both feet.
Also, the sensory loss in polyneuropathy usually involves both
the sole and dorsum of the foot and is rarely associated
with a Tinel sign at the flexor retinaculum.

Conservative treatment of TTS should be provided first
to all patients. Sources of pressure, such as ill-fitting shoes,
should be identified and eliminated. Other helpful meas-
ures include minimization of ankle edema through eleva-
tion, the use of special stockings or a medial arch orthotic
support, bracing of the foot with a light orthosis, adminis-
tration of anti-inflammatory agents, or local injection with
long-acting corticosteroids. Only a small proportion of
patients require surgical decompression with variable
results. Good outcome can be achieved by selecting either
patients with documented entrapment who have failed
conservative treatment or those with an identifiable mass.
Although most patients improve without any sequelae,
in some, especially those who experienced ankle trauma,
chronic pain and features of complex regional pain syndrome
(reflex sympathetic dystrophy) may develop.

Electrodiagnosis

Electrodiagnostic confirmation of TTS relies on techniques
studying nerve fibers that traverse either the medial or the
lateral plantar nerves. The following are the most commonly
utilized EDX studies in patients with suspected TTS:

1. Tibial motor NCSs recording from the abductor hallucis
(medial plantar motor NCS) and the abductor digiti
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Figure C6—4. Medial and lateral mixed plantar responses in a
45-year-old woman with a right tarsal tunnel syndrome. Note
that the medial and, to a lesser extent, the lateral plantar mixed
responses (arrows) were significantly delayed on the right when
compared to the left (right medial and lateral plantar latencies
were 4.7 ms and 4.0 ms respectively, while both latencies on the
left were 3.5 ms).

quinti pedis (lateral plantar motor NCS). These are the
first NCSs described to diagnose TTS and consist of
performing tibial motor NCSs while recording from the
abductor hallucis (AH) and the abductor digiti quinti
pedis (ADQP) muscles. A prolonged medial and/or
lateral plantar motor distal latencies, using absolute
values or by comparing to the contralateral asymptomatic
limb, is considered diagnostic. Absolute value greater
than approximately 4.8 ms or side-to-side difference
greater than approximately 2 ms are diagnostic values.
These motor studies are easy to perform, but are not
sensitive since they only assess tibial motor fibers. They
are diagnostic in only about half of symptomatic limbs.
2. Medial and lateral plantar mixed NCSs. These are the
most widely employed studies for the evaluation of TTS.
These are mixed nerve action potentials of the medial
and lateral plantar nerves that evaluate the sensory
and motor fibers. They are obtained by percutaneous
(surface) stimulation of the medial and lateral plantar
nerves on the sole of the foot, while recording
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orthodromically with surface electrodes over the tibial
nerve posterior to the medial malleolus. These studies
are the counterparts of the median and ulnar palmar
mixed studies performed for the evaluation of carpal
tunnel syndrome, except that they are less reliable and
sometimes not reproducible. Asymmetrical delay of
latency of the medial or lateral (or both) mixed nerve
action potentials is considered abnormal (Figure C6-4).
Another likely significant, though poorly localizing,
abnormality is absent mixed plantar responses on the
symptomatic side. This test is more sensitive than the
tibial motor distal latencies since it is abnormal in about
2/3 of symptomatic limbs. However, it may be techni-
cally difficult to elicit these potentials in subjects with
foot calluses, foot or ankle edema, foot deformities, or
even in normal adults over 45 years of age. Hence,
absent bilateral plantar responses cannot be considered
a definite supportive abnormality.

. Medial and lateral plantar sensory NCSs. NCS tech-
niques for assessing solely the sensory fibers of the medial
and lateral plantar nerves are reported. The orthodromic
techniques consist of stimulating the first and fifth toes,
while recording from the tibial nerve proximal to the
flexor retinaculum. Antidromic studies stimulating the
ankle and recording the toes are also possible. A vari-
ation of the orthodromic sensory NCS technique includes
recording via needle electrode placed close to the

tibial nerve and proximal to the flexor retinaculum.
Unfortunately, with any of these NCS procedures, the
elicited SNAPs are extremely low in amplitude in nor-
mal subjects and require signal averaging. Moreover,
in some healthy individuals, the responses cannot be
evoked. As with the other plantar NCS techniques,
prolonged latencies are sought. A possibly significant
finding is absent SNAPs on the symptomatic side only.
This particular procedure has not gained wide popularity,
even though on theoretical grounds it should be the
most sensitive technique (thought to be abnormal in
over 90% of symptomatic limbs).

4. Needle examination of the muscles of the sole (such as AH
and ADQP) may be abnormal with TTS if axon loss has
occurred. Also, MUAPs loss, chronic neurogenic MUAP
changes, and fibrillation potentials in various combina-
tions may be found. A complicating factor is that these
muscles are painful, difficult to activate, and may show
denervation changes in asymptomatic patients, especially
in the older age group.

In practical terms, tibial motor NCS, recording AH and
ADQP, and medial and lateral plantar mixed NCS should
be performed bilaterally for comparison. These should be
followed by needle EMG sampling of the AH and ADQP
muscles bilaterally for comparison. In a classical case of
unilateral TTS, the motor amplitudes are low with delayed

Table C6-2. Electrophysiological Differentiation of Tarsal Tunnel Syndrome

Chronic S1/S2

Tarsal Tunnel Syndrome Radiculopathy Peripheral Polyneuropathy
Nerve Conduction Studies
Sural sensory study Normal Normal Abnormal
Peroneal motor study Normal Normal or low amplitude ~ Abnormal

Tibial motor study
Motor conduction velocities
Plantar mixed studies

Low amplitude and/or slow latency
Normal
Slow latency or absent

H reflex Normal
Upper extremity conductions ~ Normal
Needle EMG
AH/ADQP Denervated
EDB Normal
Medial gastrocnemius Normal
Tibialis anterior Normal
Paraspinal muscles Normal
Symmetry of Findings
(When Bilateral)

Asymmetrical

Normal or low amplitude
Normal or slowed

Low amplitude and/or slow latency
Slowed

Normal Slow latency or absent
Abnormal Abnormal

Normal May be abnormal
Denervated Denervated
Denervated Denervated
Denervated Denervated

Normal Denervated

Normal or fibs Normal or fibs
Asymmetrical Symmetrical

ADQP = abductor digiti quinti pedis; AH = abductor hallucis; EDB = extensor digitorum brevis; fibs = fibrillation potentials.
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distal latencies and the mixed plantar studies are delayed
or absent on the affected side only. Needle EMG shows
fibrillation potentials in the AH and ADQP muscles with
chronic neurogenic MUAP changes on the symptomatic
side only. Findings restricted to the medial or lateral plan-
tar nerves do also occur. In these situations, all the NCS
and needle EMG abnormalities point to the compressed
terminal nerve only. Unfortunately, it has been the experi-
ence of many physicians that the lesion is far more likely to
be manifested as axon loss only without focal demyelinat-
ing slowing. In these situations, none of the above NCS
techniques used to diagnose TTS is effective. Instead, the
EDX study is nonlocalizing, since the NCS will demon-
strate low amplitude or unelicitable responses without slow-
ing, and the needle EMG will confirm the axonal nature by
showing neurogenic MUAP changes.

An important task of the EDX study is to differentiate
TTS from a peripheral polyneuropathy and S1/S2 radicu-
lopathy. All three disorders have foot numbness and result
in abnormal tibial motor conduction studies and denerva-
tion of intrinsic muscles of foot. Table C6-2 lists an EDX
guide to help in differentiating TTS from these two neuro-
logic disorders. It should be pointed out that distinguish-
ing these three illnesses from one another sometimes is
very difficult, especially in elderly patients in whom the
sural SNAPs and H reflexes may be absent.

FOLLOW-UP

Following EDX confirmation of TTS, and failure of
conservative therapy (corticosteroids and orthotic device),
the patient underwent surgical release of the tibial nerve
under the flexor retinaculum. Four months postopera-
tively, he had no pain but experienced mild residual numb-
ness that was confirmed by sensory examination.

DIAGNOSIS

Left tibial mononeuropathy at, or distal to, the
ankle, compatible with a left tarsal tunnel syndrome,
affecting both the medial and lateral plantar nerves,
chronic without active (ongoing) denervation.

ANSWERS

1.B; 2. E; 3. D.
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HISTORY AND PHYSICAL EXAMINATION

In a 72-year-old woman, pain developed in the right
anterior thigh and knee, became severe over 2 to 3 weeks,
and did not respond to steroid injection into the knee
joint. The pain was maximal at night and did not worsen
with standing or walking. Within 1 month, she noticed
that her right leg was weak because the knee frequently
would buckle from underneath her. She had fallen many
times. She denied any symptoms in the left leg. She denied
numbness in the legs or hands. She had mild low back
pain. Her medical history was significant for diabetes
mellitus, hypertension, and hypercholesterolemia. She was
taking glyburide and diltiazem.

On physical examination, the patient was in modest dis-
comfort because of right leg pain. Mental status and cranial
nerve examinations were normal. Straight and reversed
straight leg testing were negative bilaterally. Motor
examination revealed mild atrophy of the right quadriceps
muscle. There were no fasciculations. Muscle tone was
normal. Manual muscle examination revealed severe
weakness of right knee extension (Medical Research
Council (MRC) 4-/5), thigh adduction (MRC 4—/5), and hip
flexion (MRC 4/5). All other muscle groups were normal.
Deep tendon reflexes revealed were normal in the upper
extremities. In the lower extremities, the left knee jerk
was normal, but the right knee jerk was absent and both
ankle jerks were trace. Sensory examination was normal,
both distally and in the anterior thighs. Gait was impaired
by the right leg weakness. Romberg test was negative.

The patient was referred to the electromyography
(EMG) laboratory.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. The root most likely to be affected in this disorder is:
A. 14.
B. L5.
C. S1.

2. Which electrodiagnostic (EDX) study is most useful
in differentiating lumbar radiculopathy from lumbar
plexopathy?

A. Saphenous sensory nerve action potential (SNAP).
B. Needle EMG of the iliacus muscle.

C. Femoral compound muscle action potential (CMAP).
D. Needle EMG of the tibialis anterior.

3. This subacute disorder is characterized by all of the

following except:

A. Tt is commonly associated with distal sensorimotor
polyneuropathy.

B. It is usually painless.

C. It results in weakness that is often maximal in the
anterior thigh muscles.

D. It is often confused with upper lumbar radiculopathy.

E. It may be unilateral or bilateral.

EDX FINDINGS AND
INTERPRETATION OF DATA

Relevant EDX findings in this case include:

1. Diffuse and mild slowing of sensory and motor distal
latencies, conduction velocities, and F wave latencies in
the upper and lower extremities, with absent H reflexes

bilaterally.
2. Asymmetrically low-amplitude right femoral CMAP.
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3. Absent saphenous SNAPs bilaterally. This bilateral find-
ing is not uncommon, particularly in elderly or obese
patients or those with leg swelling or diabetes, and thus
is of no diagnostic value in this case.

4. Profuse fibrillation potentials in the right quadriceps,
thigh adductors, and iliacus, with minimal fibrillation
potentials in the tibialis anterior. These muscles revealed
decreased recruitment of motor unit action potentials
(MUAPs) that correlated fairly with the quantity of
fibrillation potentials. There were also signs of rein-
nervation (polyphasic and long duration MUAPs).
Additionally, the right lumbar paraspinal muscles
showed profuse fibrillation potentials at several levels.

5. There are subtle reinnervation MUAP changes with-
out fibrillation potentials in the left quadriceps, and
minimal fibrillations in the left lumbar paraspinal
muscles.

6. There is mild distal denervation as evidenced by rein-
nervation MUAPs in both feet and hand muscles and
minimal number of fibrillation potentials.

These findings are consistent with a subacute severe
right lumbar polyradiculopathy, affecting the L2-1.4 roots,
combined with mild chronic sensorimotor peripheral
polyneuropathy. With unevokable saphenous SNAPs bilat-
erally in this patient with diabetes, the lesion could be
anatomically a lumbar plexopathy, a lumbar radiculopathy,
or more likely, a radiculoplexopathy. This case is compati-
ble with the EMG findings seen in diabetic amyotrophy
(diabetic proximal neuropathy). It is also common to find
minor denervation in the contralateral limb, even when
asymptomatic.

DISCUSSION

Definition and Classification

Diabetes mellitus is a common disorder of two types.
Type 1 is characterized by a severe or complete absence
of insulin and is due to an autoimmune attack on the islets
of Langerhans in the pancreas. Type 2 is more common
accounting for about 90% of diabetics in the United States,
and is characterized by insulin resistance and influenced
by many factors including obesity, diet, physical activity,
and inheritance.

Diabetes mellitus has a propensity to cause microvas-
cular disease, nephropathy, retinopathy, and peripheral
neuropathy. Because of the heterogeneity of diabetic
peripheral nervous complications, there is a lack of agree-
ment among clinicians regarding the definition of diabetic
neuropathy. An accepted definition of diabetic neuropathy
is the presence of a clinical or subclinical diffuse disorder

Table C7-1. Classification of Diabetic Neuropathy

1. Distal symmetrical polyneuropathy
A. Mixed sensory-motor-autonomic
B. Predominantly sensory
1. Small fiber (including autonomic)
2. Large fiber
3. Mixed large and small fiber
C. Predominantly motor
2. Asymmetrical polyradiculoneuropathy
A. Proximal asymmetrical motor neuropathy (amyotrophy)
B. Thoracic (truncal) radiculopathy
3. Cranial mononeuropathy
A. Oculomotor (third)
B. Trochlear (fourth)
C. Abducens (sixth)
D. Facial (seventh, Bell’s palsy)*
4. Entrapment mononeuropathy*
A. Median mononeuropathy at the wrist (carpal tunnel

syndrome)
B. Ulnar mononeuropathy at the elbow
C. Peroneal mononeuropathy at the fibular head
5. Combination of the above (1, 2, 3, and 4)

*Common mononeuropathies with increased incidence in diabetics.

of somatic and/or autonomic parts of the peripheral nerv-
ous system in the setting of diabetes mellitus and in the
absence of other causes of peripheral neuropathy.

The classification of diabetic neuropathies cannot be rigid
because many overlap syndromes may be seen. A practical
categorization, based on clinical presentation rather than
precise etiology, divides these neuropathies into distal
symmetrical polyneuropathy (the commonest), asymmetri-
cal polyradiculoneuropathy, cranial mononeuropathy, and
entrapment mononeuropathy (Table C7-1). Detailed dis-
cussions of all these syndromes are beyond the scope of
this section and have been summarized in recent reviews
(see Bird and Brown 2002; Brown and Asburyl1984; Harati
1987; Wilbourn 1993).

Clinical Features

Diabetic Sensorimotor Autonomic

Polyneuropathy

Diabetic neuropathies are by far the most prevalent
peripheral neuropathies encountered in clinical practice.
Among all diabetic neuropathies, the mixed sensory-motor-
autonomic peripheral polyneuropathy is by far the most
common, and is usually related to the duration and sever-
ity of hyperglycemia. However, this form may occasionally
be the presenting symptom of occult diabetes mellitus.
The exact incidence of this diabetic polyneuropathy is not
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Table C7-2. Available Measures That May Be Used to
Assess for Diabetic Peripheral Polyneuropathy

History
Neurological examination
Electrodiagnostic testing
Nerve conduction studies
Late responses
Needle EMG examination
Autonomic testing
Cardiac response to deep breathing (R-R interval)
Cardiac response to Valsalva maneuver
Tilt table testing
Quantitative sudomotor axon reflex test (QSART)
Sympathetic skin response
Quantitative sensory test (QST)
Biopsy
Nerve
Muscle
Skin

known; this is, in part, because of its diverse clinical pres-
entations and different measurements used to define
the presence or absence of neuropathy (Table C7-2). The
reported incidence of diabetic neuropathy in general is
extremely variable, ranging from 5 to 50%. In a large
cohort study followed for 25 years, it was estimated that
8% of diabetics have neuropathy at the time of diagnosis,
and neuropathy develops in 50% of patients within 25 years
of diagnosis (see Pirart 1978).

The clinical manifestations of mixed diabetic polyneu-
ropathy are due to an axonopathy and follow a length-
dependent pattern, with the longest axons involved first
distally. The sensory manifestations often begin in the
toes and progress slowly cephalad to the distal legs. They
generally do reach the fingertips or hands when the
lower limb symptoms are at around the level of the knees.
Sensory symptoms due to loss of small fibers usually
appear first, as paresthesias and neuropathic pain (deep
aching or throbbing and superficial burning or stabbing).
Pain and temperature sensation are usually blunted on
examination. Impaired leg proprioception and vibration
sense and diminution of ankle jerks, manifestations of
large fiber loss, occur later in the course of the illness.

Motor fiber involvement in mixed diabetic polyneu-
ropathy is minimal in the early stages of the disease. This
is typically confined to weakness and atrophy of the intrinsic
foot muscles and weakness of toe flexors and extensors.
However, when weakness worsens, it follows also a distal to
proximal gradient resulting in progressive foot weakness
sometimes leading to bilateral flail foot, and hand weakness
and atrophy occasionally causing bilateral clawed hands.
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Manifestations of autonomic dysfunction become increas-
ingly important as the neuropathy progresses, and occasion-
ally they dominate the clinical picture. This includes
impotence due to impaired dysfunction, abdominal pain,
diarrhea, and constipation due to impaired gastrointestinal
motility, distal anhidrosis due to sudomotor dysfunction, and
orthostatic intolerance due to vasomotor denervation. More
advanced dysautonomia may manifest as recurrent syncope
due to orthostatic hypotension or neurogenic bladder result-
ing in reduced sensation of bladder fullness and incomplete
emptying. Loss of hypoglycemia warnings results from the
combination of adrenal gland denervation (leading to blunted
catecholamines excretion), sudomotor denervation (leading
to loss of sweating), and cardiac denervation (leading to the
loss of reactive tachycardia). Finally, acrodystrophic changes
of skin, nails, and joints may dominate due to small fiber
sensory loss, with accompanying foot ulcerations and neuro-
pathic arthropathy (Charcot joint) of the ankle and foot.

Diabetic Amyotrophy

Diabetic amyotrophy is a much less common neuropathy
than the chronic mixed sensorimotor diabetic polyneu-
ropathy. The term was first coined in 1953 by Garland
and Taverner. They first called this syndrome “diabetic
myelopathy,” because they presumed that the pathology
was in the spinal cord, particularly in the anterior horn cell
column. This disorder has been surrounded by controversy
primarily because of lack of understanding of the exact site
and nature of the pathology, which has been attributed
to lesions of the anterior horn cells, lumbar roots, lumbar
plexus, and femoral nerve. Authors have thus ascribed many
terminologies to this disorder, based on their own theory of
the nature of the illness (Table C7-3). Although many have

Table C7-3. Common Synonyms of Diabetic
Amyotrophy

Bruns-Garland syndrome

Diabetic amyotrophy

Diabetic anterior neuropathy

Diabetic asymmetrical proximal neuropathy
Diabetic lumbar plexopathy

Diabetic lumbosacral plexus neuropathy
Diabetic lumbosacral radiculoplexus neuropathy
Diabetic polyradiculopathy

Diabetic polyradiculoplexopathy

Diabetic proximal motor neuropathy

Diabetic proximal neuropathy

Garland syndrome

Subacute diabetic proximal diabetic neuropathy

Adapted with revisions from Wilbourn AJ. The diabetic neuropathies. In:
Brown WF, Bolton CF, eds. Clinical electromyography, 2nd ed. Boston,
MA: Butterworth-Heinemann, 1993.
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suggested that the name “diabetic amyotrophy” be aban-
doned because of its ambiguity, the term continues to be
the most commonly used for this disorder in neurologic
practice. Another popular designation is “subacute diabetic
proximal neuropathy.”

Diabetic amyotrophy affects primarily the L2, L3, and
L4 roots/plexus. This may be a unilateral, bilaterally asym-
metrical, or bilaterally symmetrical condition. Sometimes,
additional adjoining roots become involved, such as the
lower thoracic roots (leading to diabetic thoracic radicu-
lopathy), or the L5 and S1 roots (resulting in so-called
diabetic footdrop).

The typical patient is a type 2 diabetic adult, usually
older than 50 years of age, in whom a subacute unilateral
proximal leg weakness develops that evolves over several
weeks to months. Thigh pain is extremely common; it
usually is deep and worse at night, but it can be burning
and severe. At times, it involves the buttock and back.
Weakness invariably involves the quadriceps, iliopsoas, and
thigh adductor muscles but may extend into the tibialis
anterior, glutei, hamstrings, and, rarely, the gastrocnemius.
Knee jerk is depressed or absent. Not infrequently, there
is clinical or only electrophysiologic evidence of contralat-
eral involvement, usually milder in degree. Also, the con-
tralateral leg may become affected later, while the initial
ipsilateral weakness is improving.

The site of the lesion and the exact pathophysiology of
diabetic amyotrophy are not well known, partially because
of the lack of adequate pathologic studies. An inflamma-
tory vasculopathy (vasculitis or perivasculitis) causing
ischemic nerve infarction is the most popular theory and
is supported by a single autopsy (see Raff et al. 1968)
and several nerve biopsy series injury (see Said et al. 1994,
1997). Some observers distinguish between diabetic
patients with proximal neuropathy in whom an asymmetri-
cal neuropathy rapidly develops and those with more grad-
ually progressive symmetrical neuropathy. These authors
have proposed that the former syndrome is ischemic
(vascular) in nature, and the latter metabolic. In practice,
many patients fit into a spectrum between these two
extremes, making the distinction difficult and two separate
mechanisms unlikely.

The following are frequently asked questions regarding
diabetic amyotrophy:

1. What is the status of glycemic control in diabetic
amyotrophy? Although earlier reports suggested that
most patients with this syndrome are brittle (i.e., diffi-
cult to control) or poorly controlled, many patients
have fair blood glucose control at the time of onset of
this disorder. In fact, some have very mild diabetes and
in others diabetic amyotrophy is the first manifestation
of diabetes mellitus or follows a recent change in

treatment or control of hypoglycemia. Also, it appears
that the rate of recovery is not influenced by the initia-
tion of insulin therapy or subsequent glycemic control
in these patients.

2. Is weight loss a feature of diabetic amyotrophy? Weight
loss is a frequent, but not a universal, association. Weight
loss, which may evolve over 1 or more years, usually is
associated with anorexia and averages 15-20 kg.

3. How often is a diabetic distal symmetrical polyneu-
ropathy associated with diabetic amyotrophy? Almost
two-thirds of patients with subacute diabetic proximal
neuropathy have an associated chronic, distal, predomi-
nantly sensory, peripheral polyneuropathy. This may
be clinically apparent, or it may be seen only on
electrodiagnostic studies.

4. What is the prognosis and recurrence rate in diabetic
amyotrophy? Diabetic amyotrophy carries a good prog-
nosis for spontaneous and near-complete recovery. Pain
is the first manifestation to improve, as early as a few
weeks, but little beyond 12 months. Weakness starts to
improve within 3 to 4 months but may take up to 3 years
depending on severity. Most patients resume normal
walking, while some severely affected patients continue
to ambulate with an aid, or are occasionally wheelchair
bound. Recurrent episodes may occur in up to 20% of
patients.

The primary differential diagnosis of diabetic amyotro-
phy is an L2-14 radiculopathy due compressive spinal
lesion. Night pain and allodynia favor diabetic amyotrophy.
Imaging of the spine is often necessary for confirmation.
When quadriceps weakness is severe, spinal compressive
disease must include at least two lumbar roots. Other con-
siderations involve other causes of lumbar plexopathy,
femoral neuropathy, and motor neuron disease.

Electrodiagnosis

Diabetic Sensorimotor Autonomic

Polyneuropathy

Electrodiagnostic (EDX) studies are valuable in confirm-
ing the presence of chronic axon loss peripheral polyneu-
ropathy. During the early stages of the disorder and in
a small percentage of patients whose manifestations are
restricted to the toes or small fiber symptomatology, the
NCS and needle EMG examination, which assess only the
large myelinated nerve fibers, may be normal. In these
situations, other modalities such as quantitative sudomotor
axon reflex test, quantitative sensory testing, or skin biopsy
may be necessary to show involvement of small unmyeli-
nated fibers. When large fibers undergo axonal degenera-
tion, the EDX abnormalities are initially found only in the
lower extremities. These typically consist of one or more of
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these NCS abnormalities: absent H reflexes, low-amplitude
or absent sural and superficial peroneal SNAPs, low-
amplitude tibial and peroneal CMAPs, and mild slowing of
peroneal and tibial motor distal latencies and conduction
velocities (Figure C7-1). The needle EMG often shows
long-duration and high-amplitude MUAPs with or without
fibrillation potentials in the intrinsic foot muscles. With
more advanced disease, the neurogenic MUAP changes
worsen in the leg and ascend that abnormalities are found
in the upper limbs. Initially, this usually presents as reduc-
tion of the median, ulnar, and radial SNAP amplitudes
with mild slowing, low, or borderline median and ulnar
CMAPs with mild sensory and motor conduction slowing,
with long-duration and high-amplitude MUAPs with or
without fibrillation potentials in the intrinsic hand muscles.
In severe polyneuropathy there is often complete absence of
all routine sensory and motor conduction studies in the legs
and hands, with long-duration, high-amplitude and rapidly
recruited MUAPs with or without fibrillation potentials in
all the leg and arm muscles, which are worse distally.

The EDX features of diabetic sensorimotor peripheral
polyneuropathy are characteristic of a primarily axon loss
polyneuropathy. However, the abnormalities are not
specific for diabetes mellitus and are encountered with a
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wide variety of other metabolic or toxic etiologies. The
EDX are most useful when the cause of the neuropathy
is unclear, and the EDX studies become essential in
looking for demyelinating features, which would suggest
another diagnosis, such as an acquired or familial demyeli-
nating polyneuropathies. The EDX studies are also very
useful in diabetic patients with disproportionately upper
extremity symptoms in order to exclude entrapment
neuropathies such as the carpal tunnel syndromes.

Diabetic Amyotrophy

Routine sensory and motor nerve conduction studies are
abnormal, particularly in the legs, in a majority of patients
with diabetic amyotrophy because there usually is a
concomitant diabetic sensorimotor peripheral polyneu-
ropathy. Based on electrophysiologic criteria, two-thirds of
patients with diabetic amyotrophy have an associated dis-
tal peripheral polyneuropathy. In addition to the peroneal
and tibial motor NCS, the femoral CMAP should be
obtained in all patients with suspected diabetic amyotro-
phy. Although this study adds little to the diagnosis, it
is very useful in assessing the degree of axonal loss. In
diabetic amyotrophy, it is frequently low in amplitude,
unilaterally or bilaterally, which is consistent with the
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Figure C7-1. Peroneal motor nerve conduction study recording extensor digitorum brevis in a 50-year-old patient with a 7-year history
of type 2 diabetes mellitus and chronic distal peripheral polyneuropathy (B), compared to an age-matched control (A). Note that the
distal CMAP amplitude is significantly lower in the diabetic patient than the control (3.8 mV versus 10.0 mV) while the distal latencies
and conduction velocities are only marginally slowed, consistent with an axonopathy (axon-loss peripheral polyneuropathy).
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axonal nature of the lesion. Slowing is, however, minimal.
The saphenous SNAPs also should be done bilaterally,
although they often are unelicitable in both legs in these
patients because of age, obesity, or concomitant distal
sensorimotor peripheral polyneuropathy.

Needle EMG findings in diabetic amyotrophy reflects
the consequences of axonal loss, but are heterogeneous
in distribution and chronicity. Most commonly, the needle
examination reveals fibrillation potentials, decreased
recruitment, and large and polyphasic MUAPs in an L2
through 14 roots distribution. The muscles that are usually
most involved include the quadriceps (L2-L3-14), the thigh
adductors (L2-L3-1.4), and the iliacus (L2-L3), with less
prominent changes noted in the tibialis anterior (L4-L5).
In patients with an overlapping distal diabetic chronic
polyneuropathy, there often is distal denervation also,
particularly in the abductor hallucis, extensor digitorum
brevis, extensor hallucis, and flexor digitorum longus.
Thus, when needle EMG is being performed on patients
with diabetic amyotrophy, starting distally in the foot and
proceeding proximally, fibrillation potentials and loss of
MUAPs are often noted in the foot muscles and the ante-
rior thigh muscles but not in the leg muscles. This creates
a typical “skip region,” which includes the medial gastro-
cnemius and sometimes the tibialis anterior also. This region
is surrounded by the abnormal muscles; the denervation in
the intrinsic foot and distal leg muscles is caused by the
distal polyneuropathy, while the denervation in the quadri-
ceps, thigh adductors, and iliacus proximally is caused by
the diabetic amyotrophy.

In some patients, the subacute denervation of diabetic
amyotrophy extends caudally into the L5 root. In these
patients, fibrillation potentials with loss of MUAPs are also
prominent in the tibialis anterior, the extensor hallucis
(resulting in so-called diabetic footdrop), the tibialis poste-
rior, the flexor digitorum longus, and, occasionally, the
hamstrings and glutei. In severe cases, the denervation
may become so diffuse in the lower extremity that few
muscles escape the condition. Among these, the medial
head of the gastrocnemius (S1-S2) is the most likely to be
free of fibrillation potentials; however, it might harbor
chronic neurogenic changes when an overlapping chronic
distal diabetic polyneuropathy coexists.

Regardless of the clinical picture (unilateral or bilateral),
it is common to find abnormalities on needle EMG in the
contralateral muscles of many patients with diabetic amy-
otrophy. Even in patients with symmetrical weakness at
the time of the EMG examination, the neurogenic changes
on needle EMG are often different, suggesting a different
time course of the processes in both legs. Typical needle
EMG findings include profuse fibrillation with highly
polyphasic MUAPs in one thigh, consistent with a sub-
acute process, and rare fibrillations with many polyphasic

MUAPs of increased duration and amplitudes in the con-
tralateral thigh, consistent with a more chronic disorder.

Based on the aforementioned findings, an extensive
needle EMG is often required in patients with suspected
diabetic amyotrophy. Sampling the quadriceps (preferably
at least two heads), the thigh adductors, the iliacus, the
tibialis anterior, and the lumbar paraspinal muscles is
essential. Because the disorder is often bilateral, testing
the same muscles on the contralateral side in symptomatic
limbs or, at least, the quadriceps and iliacus in asympto-
matic limbs is recommended. Finally, sampling more distal
muscles is essential when there is possible concomitant
distal polyneuropathy.

It is often necessary to perform imaging studies, such as
MRI, on the lumbar spine to exclude a compressive lesion
within the lumbar intraspinal canal, because differentiat-
ing diabetic amyotrophy from L2-14 intraspinal lesions is
difficult, even for the seasoned electromyographer, for
several reasons:

1. Saphenous SNAPs frequently are absent in patients with
diabetic amyotrophy. In the ideal situation, the saphe-
nous SNAP, a predominantly 1.4 dermatomal SNAP,
should help to distinguish an L4 root lesion from an
L4 plexus lesion; the SNAP is normal in root lesions
because the dorsal root ganglion and its peripheral
sensory axons remain intact and excitable. However,
it is low in amplitude or absent in plexus lesions
(or peripheral nerve lesions) as a result of axon loss,
because the peripheral sensory axons are involved in
the pathologic process. Unfortunately, the saphenous
SNAP often is absent bilaterally in patients with diabetic
amyotrophy owing to other factors, such as age, obesity,
or a concomitant diabetic distal sensorimotor periph-
eral polyneuropathy. This precludes exclusion of a pre-
ganglionic lesion, as is seen in compressive root disease.

2. Fibrillation potentials are typically prominent in the
upper or mid lumbar paraspinal muscles in patients
with diabetic amyotrophy. This reinforces the theory
that this debilitating disorder is a multifocal vasculopa-
thy that simultaneously involve the roots (primarily L2,
L3, and L4), the plexus (primarily lumbar) and periph-
eral nerves (femoral and obturator). Hence, the name
diabetic lumbosacral radiculoplexus neuropathy.

3. Fibrillation potentials in the paraspinal muscles are
commonly encountered diffusely in patients with
diabetes. These muscles are innervated by the posterior
primary rami of the spinal nerves. They often reveal
fibrillation potentials in root lesions but are normal
in plexus (or peripheral nerve) lesions. Unfortunately,
fibrillation potentials are seen in a high proportion of
patients with diabetes without diabetic amyotrophy.
Thus, identifying them in the paraspinal muscles in
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patients with possible diabetic amyotrophy does not
necessarily indicate compressive root disease.

Until recently, it was widely accepted that isolated
femoral mononeuropathy is a complication of diabetes
mellitus. However, it is now clear that this is a misnomer.
It is likely that most reported cases, published more than
30 years ago, actually involved mislabeled patients with
diabetic amyotrophy; this occurred because many physi-
cians and electromyographers did not assess other muscles
thoroughly, in particular the thigh adductors. Although
the brunt of weakness in many patients with diabetic amy-
otrophy often falls on the quadriceps muscle mimicking
selective femoral nerve lesions, careful clinical and needle
EMG examinations reveal more widespread involvement
of thigh adductors and sometimes foot dorsiflexors,
muscles not innervated by the femoral nerve. Despite the
current knowledge, the term diabetic femoral neuropathy,
unfortunately, has not completely vanished (see Coppack
and Watkins 1991).

DIAGNOSIS
Diabetic proximal neuropathy (diabetic amyotrophy),
with mild diabetic distal sensorimotor peripheral
polyneuropathy.
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1. A; 2. A; 3. B.
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HISTORY AND PHYSICAL
EXAMINATION

A 36-year-old man underwent mitral valve replacement
for rheumatic heart disease. On awakening from general
anesthesia, he noted weakness of the right foot and
numbness of the dorsum of the foot. He had no pain.
His footdrop did not improve, and he was referred to the
electromyography (EMG) laboratory 5 weeks after the
onset of footdrop.

On examination, there was a near-complete right foot
and toes drop (Medical Research Council [MRC] strength
1/5). Foot eversion was markedly weak (3/5), but inversion
and plantar flexion were normal. Deep tendon reflexes,
including ankle jerk, were normal. There was sensory
impairment to touch, and pin sensation over the dorsum of
the right foot. Tinel sign was negative on percussion of the
right peroneal nerve at the fibular neck. The rest of the
neurol()gic examination was normal.

Please now review the Nerve Conduction Studies (NCS)
and Needle EMG tables.

QUESTIONS
1. Based on the nerve conduction studies only, the lesion
is likely:
A. Axonal.

B. Demyelinating.

C. Mixed, demyelinating and axonal.

D. Undetermined until the needle EMG is completed.
2. The most common precipitating factor for this type

injury, when acute, is:

A. Leg crossing.

B. Weight loss.

C. Diabetes mellitus.

D. Recent general anesthesia and surgery.

E. Underlying peripheral polyneuropathy.

3. The most common precipitating factors for this type of
injury, when subacute or chronic, are:

A. Weight loss.

B. Diabetes mellitus.

C. Diabetes mellitus and underlying peripheral
polyneuropathy.

D. Recent prolonged hospitalization.

4. The prognosis for recovery of footdrop in this patient is:

A. Poor because of prominent fibrillation potentials.

B. Poor because of the near absence of voluntary motor
unit potentials.

C. Favorable and biphasic, with anticipated early rapid
improvement and some delayed recovery.

D. Poor, because of very low proximal peroneal com-
pound motor action potential (CMAP) amplitudes
recording tibialis anterior and the extensor digitorum
brevis.

EDX FINDINGS AND
INTERPRETATION OF DATA

Relevant electrodiagnostic (EDX) findings in this case
include the following:

1. Low-amplitude right superficial peroneal sensory nerve
action potential (SNAP), compared with the left (5 pV
versus 20 pV).

2. Low-amplitude right peroneal CMAP stimulating at
the ankle, while recording extensor digitorum brevis
(1.9 mV on the right versus 8.0 mV on the left). In addi-
tion, there is a conduction block in the peroneal nerve
segment between below the fibular head and knee
stimulation sites (1.7 mV to 0.8 mV, respectively). The loss
in CMAP amplitude (i.e., block) measures 53% across
both sites and is supported by a 48% drop in CMAP
area (Figure C8-1). Finally, there is a concomitant focal
slowing of the conducting fibers across the fibular head
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Area = 6.95 mVms

Ankle
Amp =1.9 mV
I500 pv
5ms
Below Area = 6.84 mVms
fibular Amp =1.7 mV
head

Area = 3.53 mVms

Knee Amp = 0.8 mV

Figure C8-1. Right peroneal motor conduction studies recording
extensor digitorum brevis. The distal compound muscle action
potential (CMAP) amplitude is low (1.9 mV compared to 8.0 mV
on the left), consistent with axon loss. In addition, there is
evidence of conduction block across the fibular head, manifested
by a significant drop in CMAP amplitude (53%) and area (48%)
with stimulation below the fibular head and knee.

(conduction velocity of 30 m/s proximally versus 45 m/s
distally).

3. The peroneal CMAP, recording tibialis anterior, is simi-
larly, low in amplitude with distal stimulation (below
the fibular head: 3.2 mV on the right versus 5.5 mV on
the left). Also, there is significant conduction block
across the fibular head (3.2 mV from below the fibular
head and 0.4 mV from the knee). This is equivalent to
an 87.5% amplitude loss and is supported by a signifi-
cant decrease in CMAP area (not shown). There is also
slowing of the conducting fibers (20 m/s on the right
versus 43 m/s on the left).

4. The right sural sensory and tibial motor conduction
studies as well as the bilateral H reflexes are normal.

5. The needle examination confirms that all common
peroneal innervated muscles, except the short head of
the biceps femoris, are abnormal, as evidenced by the
presence of fibrillation potentials, decreased recruit-
ment, and the increased duration and polyphasic motor
unit action potentials. In contrast, all sampled tibial-
innervated muscles (tibialis posterior, flexor digitorum
longus, medial gastrocnemius), as well as all other mus-
cles innervated by the L5 root (tibialis posterior, flexor
digitorum longus, gluteus medius) and the lumbar
paraspinal muscles, are normal.

This is consistent with a common peroneal mononeu-
ropathy across the fibular head, manifested by segmental
demyelination and axonal loss.

o Segmental demyelination in this case is confirmed by
the identification of peroneal motor conduction block
(recording tibialis anterior and extensor digitorum brevis
[EDB]) across the fibular head 5 weeks after the onset
of this acute lesion. It also is supported by the presence
of focal slowing of the conducting fibers in the same
segment of the peroneal nerve.

» Motor axonal loss is verified by the low peroneal CMAP
amplitudes (recording tibialis anterior and EDB),
stimulating distal to the lesion (i.e., at the ankle and
below the fibular head, respectively). Sensory axonal
loss also is confirmed by a low amplitude superficial
peroneal SNAP, which is studied distal to the lesion. The
presence of fibrillation potentials is another proof of
motor fiber axonal loss, but this is a poorly quantitative
measurement since it is seen in mild acute or subacute
lesions and is absent in chronic lesions.

The prognosis for this patient should be relatively good
and is likely to be biphasic. The initial phase of recovery
would be dependent on remyelination and should be rela-
tively rapid, occurring within 2 to 3 months. The second
phase is slower and more protracted because it is dependent
on sprouting and reinnervation. Sprouting should be rela-
tively productive in this patient because the lesion is partial,
and reinnervation is likely to be effective because several
of the affected muscles, such as the tibialis anterior and
peroneus longus, are located relatively close the site of injury.

DISCUSSION

Applied Anatomy

The common peroneal nerve (also called the lateral
popliteal nerve) shares a common sheath with the tibial
nerve (also called the medial popliteal nerve) to form the
sciatic nerve. The common peroneal nerve innervates the
short head of biceps femoris only, via a motor branch that
exits the nerve close to the gluteal fold. All the other ham-
string muscles (long head of biceps femoris, semitendi-
nosus and semimembranosus) are innervated by the tibial
nerve. The complete separation of the common peroneal
nerve from the tibial nerve is variable, but is usually at the
popliteal crease or up to 10 cm above it (Figure C8-2).
Soon after separating from the tibial nerve in the
popliteal fossa, the common peroneal nerve gives off first
the lateral cutaneous nerve of the calf, which innervates
the skin over the upper third of the lateral aspect of the leg
(Figure C8-3, top inset). It also gives the peroneal com-
municating nerve which joins the sural nerve in midcalf.
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o Biceps fem.
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Semitend.
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Figure C8-2. Anatomy of the common peroneal and tibial nerves
in the popliteal fossa.

Then, the common peroneal nerve winds around the
fibular neck, where it lies in close contact with it, and
passes through a tendinous tunnel between the edge of the
peroneus longus muscle and the fibula, sometimes
referred to as the fibular tunnel.

The common peroneal nerve divides into superficial and
deep terminal branches usually near the fibular neck but
sometimes more proximally (Figure C8-4). The common
peroneal nerve around the fibular neck has a topographi-
cal arrangement where the fibers to the superficial branch
are placed laterally while those destined to the deep
peroneal nerve are located medially in close contact with
the fibular bone. This renders the deep peroneal nerve
more susceptible to compression at the fibular neck than
the superficial nerve.

The superficial peroneal nerve innervates the peroneus
longus and brevis and the skin of the lower two thirds of
the lateral aspect of the leg and the dorsum of the foot (see
Figure C8-3, top). The deep peroneal nerve is primarily
motor; it innervates all ankle and toe extensors (the tibialis
anterior, the extensor hallucis, and the extensor digitorum
longus and brevis) and the peroneus tertius, in addition to
the skin of the web space between the first and second toes
(see Figure C8-3, bottom).

The accessory deep peroneal nerve is a common anom-
aly of the peroneal nerve. It is present in about 20% of the
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Figure C8-3. The common peroneal nerve, with its superficial
branch (top) and deep branch (bottom), showing its relation to
the fibular head and its terminal branches. (From Haymaker W,
Woodhall B. Peripheral nerve injuries: principles of diagnosis.
Philadelphia, PA: WB Saunders, 1953, with permission.)
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population and sometimes bilaterally. The nerve arises as a
motor branch of the superficial peroneal nerve, usually a
continuation of the muscular branch that innervates the
peroneus brevis muscle. The accessory deep peroneal
nerve traverses along the posterior aspect of the peroneus
brevis muscle, and then, accompanied by peroneus brevis
tendon, passes behind the lateral malleolus near the sural
nerve to reach the foot. There, it sends branches to the
lateral part of extensor digitorum brevis, ankle joint, and
ligaments (Figure C8-5).

Clinical Features

Peroneal mononeuropathy usually presents with a foot
drop, defined as severe weakness of ankle dorsiflexion

Deep
peroneal nerve

Figure C8-4. Locations of the division of the
common peroneal nerve into its terminal
branches, the deep (D) and superficial (S)
peroneal nerves. (A) Most common site close
to the fibular neck. Less common variations
with more proximal divisions close to the
knee joint line (C) or in the distal part of the
popliteal fossa (B).

(extension) with intact plantar flexion. Foot drop should
be distinguished from flail foot which, in contrast, is char-
acterized by no or minimal ankle and foot movements in
all directions, including severe weakness of ankle dorsiflex-
ion, plantar flexion, and intrinsic foot muscles. Voluntary
movement at or distal to the ankle occur in foot drop due
to intact plantar flexion and intrinsic foot muscles, but are
absent in flail foot. Table C8-1 lists the common causes
of unilateral and bilateral footdrop, starting caudally and
progressing cephalad along the neuraxis.

Peroneal mononeuropathy is the most common com-
pressive mononeuropathy in the lower extremity. All age
groups are equally affected but the disorder is almost three
times more common in men. Most peroneal nerve lesions
are unilateral, and affect the right and the left side equally.

Extensor digitorum brevis muscle

Accessory deep
peroneal nerve

Superficial
peroneal nerve

Figure C8-5. The accessory deep peroneal
nerve anomaly. (Adapted with revisions from
Preston DC, Shapiro BE. Electromyography
and neuromuscular disorders. Boston MA:
Elsevier/Butterworth-Heinemann, 2005,
with permission.)
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Table C8-1. Causes of Unilateral and Bilateral
Footdrop
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Table C8-2. Causes of Peroneal Nerve Lesions
at the Fibular Neck

Unilateral footdrop
Deep peroneal mononeuropathy
Common peroneal mononeuropathy
Anterior compartmental syndrome of the leg
Sciatic mononeuropathy
Lumbosacral plexopathy (lumbosacral trunk)
L5 radiculopathy
L4 radiculopathy
Multifocal motor neuropathy
Hereditary neuropathy with liability to pressure palsy
Amyotrophic lateral sclerosis
Poliomyelitis and post-poliomyelitis syndrome
Cortical or subcortical parasagittal cerebral lesion
Bilateral footdrop
Myopathies
Distal myopathies*
Facioscapulohumeral muscular dystrophy
Myotonic dystrophy
Neuropathies
Multifocal motor neuropathy
Chronic inflammatory demyelinating polyneuropathy
Bilateral peroneal neuropathies
Bilateral sciatic neuropathies
Bilateral lumbosacral plexopathies
Radiculopathies
Bilateral L5 radiculopathies
Conus medullaris lesion
Anterior horn cell disorders
Amyotrophic lateral sclerosis
Poliomyelitis and the post-poliomyelitis syndrome

Cerebral lesions
Bilateral cortical or subcortical parasagittal lesions

*Including the Markesburry-Udd, Welander, Nonaka, and Liang types.

Bilateral lesions constitute about 10% of cases. In most
cases, it results from prolonged compression of the per-
oneal nerve at the fibular neck between an external object
and the rigid bone. Table C8-2 lists the causes of peroneal
mononeuropathy at the fibular head.

Most cases of peroneal mononeuropathy present with
acute footdrop. However, footdrop develops in some
patients subacutely over days or even weeks. The precipi-
tating factors vary according to the mode of onset (acute
versus nonacute). Figure C8-6 shows the relative frequency
of the precipitating factors in relation to the mode of
onset. Perioperative compression and trauma are the two
most common causes of acute peroneal mononeuropathy
at the fibular head. However, weight loss and prolonged
hospitalization are the two major precipitating factors for
peroneal nerve lesions with subacute or gradual onset.
Extrinsic masses (osteomas, ganglia, lipomas, Baker cysts),
or intrinsic nerve sheath tumors usually present with a
slowly progressive footdrop.

Compression
During anesthesia
Weight loss
Habitual leg crossing*
Prolonged hospitalization*
Prolonged bed rest*
Anorexia nervosa*
Coma
Diabetes mellitus
Peripheral polyneuropathy
Prolonged squatting
Yoga
Crop harvesting, “strawberry pickers”
Childbirth
Iatrogenic
Above or below knee cast
Ankle-foot orthosis (brace)
Pneumatic compression device
Antithrombotic stocking
Bandage
Strap
Lithotomy position with stirrups
Intrauterine (with breech presentation)
Trauma
Blunt
Fibular fracture
Ligamental knee joint rupture
Knee dislocation
Tibiofibular joint dislocation
Ankle sprain
Open
Laceration
Gunshot wound
Animal bite
ITatrogenic
Conventional knee surgery
Knee joint replaoement
Arthroscopic knee surgery
Mass lesion
Extrinsic
Osteochondroma
Baker cyst
Ganglion cyst
Hematoma
Pseudoaneurysm
Intrinsic
Schwannoma
Neurofibroma
Neurogenic sarcoma
Infection
Leprosy

*Usually with weight loss.

Adapted with revision from Katirji B. Compressive and entrapment
mononeuropathies of the lower extremity. In: Katirji B, Kaminski HJ,
Preston DC, Ruff RL, Shapiro BE, eds. Neuromuscular disorders in
clinical practice. Boston, MA: Butterworth-Heinemann, 2002.
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Figure C8-6. Precipitating factors in peroneal mononeu-
ropathies. Note the difference between lesions of acute versus
nonacute onset. (From Katirji MB, Wilbourn AJ. Common per-
oneal mononeuropathy: a clinical and electrophysiologic study of
116 lesions. Neurology 1988;38:1723-1728, with permission.)

Although the deep peroneal nerve is more frequently
affected than the superficial nerve (as in this patient),
selective deep peroneal nerve involvement is not uncom-
mon. Peroneal neuropathies in the thigh (ie., sciatic
nerve lesions affecting the common peroneal nerve exclu-
sively) are rare, accounting for less than 5% of all per-
oneal mononeuropathies. Table C8-3(A) reveals the most
helpful clinical distinctions between peroneal mononeu-
ropathy, lumbar plexopathy, L5 radiculopathy, and sciatic
mononeuropathy. In short, weakness of ankle inversion,
toe flexion, or plantar flexion, and absent or depressed
ankle jerk are findings that are not consistent with a selec-
tive peroneal nerve lesion.

In the management of acute compressive lesions,
patients should be treated in a way that allows for improve-
ment by either remyelination or reinnervation. As can
be seen in this patient, conduction block lesions (due to
segmental demyelination) recover spontaneously within
2 to 3 months as long as further compression is prevented.
Proper padding of beds, prevention of leg crossing, and

Table C8-3. Differential Diagnosis of Common Causes of Footdrop

Peroneal
Neuropathy at
the Fibular Head

L5 Radiculopathy

Lumbar Plexopathy
(Lumbosacral Trunk)

Sciatic Neuropathy
(Mainly Peroneal)

(A) Clinical
Common causes

perioperative), trauma stenosis
Ankle inversion Normal Weak
Toe flexion Normal Weak
Plantar flexion Normal Normal
Ankle jerk Normal

Sensory loss distribution ~ Peroneal only

Pain Rare, deep
(B) Electrodiagnosis

Peroneal motor study
to EDB and/or Tib Ant

Low in amplitude or
conduction block across
fibular head or both

Compression (weight loss, Disc herniation, spinal

Normal (unless with S1)

Poorly demarcated,
predominantly big toe

Common, radicular

Usually normal but can
be low in amplitude

Pelvic surgery, hematoma, Hip surgery, injection

prolonged labor injury, coma
Weak Normal or mildly weak
Weak Normal or mildly weak
Normal Normal or mildly weak

Normal (unless with S1)

Well demarcated to
L5 dermatome

Normal or depressed

Peroneal and lateral
cutaneous of calf

Common, can be radicular Can be severe

Low in amplitude Low in amplitude

Superficial peroneal Low or absent Normal Low or absent Low or absent
sensory study
Sural sensory study Normal Normal Normal or low amp Normal or low amp
Peroneal muscles* Abnormal Abnormal Abnormal Abnormal
Tibial L5 muscles’ Normal Usually abnormal Usually abnormal Normal or abnormal
Other L5 muscles? Normal Normal or abnormal Normal or abnormal Normal
Biceps femoris Normal Usually normal Usually normal Abnormal
(short head)
Paraspinal muscles Absent May be absent Absent Absent
fibrillations

Can be normal in purely demyelinating lesions or lesion of the deep peroneal nerve only.
*Below knee (tibialis anterior (Tib Ant), extensor digitorum longus, extensor digitorum brevis (EDB), extensor hallucis, +/— peroneus longus).

'Tibialis posterior and flexor digitorum longus.
{Gluteus medius and tensor fascia lata.
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attempts to arrest or reverse weight loss should be initiated
promptly. Ankle bracing is important when the footdrop
is profound, to prevent ankle contractures and sprains.
Surgical intervention is indicated (1) when the nerve is
lacerated; (2) when clinical and/or EMG evidence for
reinnervation cannot be established in the anterior com-
partment muscles (the tibialis anterior and the peroneus
longus) 4 to 6 months after injury; and (3) in slowly pro-
gressive peroneal mononeuropathies.

Electrodiagnosis

The electrodiagnostic studies in peroneal mononeuropathies
help to (1) confirm the site of the lesion (e.g., fibular head,
upper thigh, or deep branch); (2) estimate the extent of
injury (based on nerve conduction studies data); (3) judge
its pathophysiologic nature (demyelinating versus axonal
versus mixed); and (4) predict the prognosis and expected
course of recovery (weeks or months). Sequential studies
are helpful in following the progress of recovery (remyeli-
nation, reinnervation, or both).

Electrodiagnostic Strategy

The electrodiagnostic evaluation of patients with foot drop
and suspected peroneal mononeuropathy is among the
most fulfilling studies in the EMG laboratory. This is due
the anatomy of the peroneal nerve and its accessibility to
multiple nerve conduction studies and the needle EMG.
The following are important electrodiagnostic strategies
for use in patients presenting with footdrop, or in those
suspected of having a peroneal mononeuropathy:

1. In addition to the common practice of recording the
EDB, the peroneal motor study recording tibialis
anterior must be included, for two reasons:

e The tibialis anterior is the principal ankle dorsiflexor.
Hence, establishing whether the disorder is demyeli-
nating or axonal and prognosticating the outcome of
foot drop are more pertinent while recording the tib-
ialis anterior than the EDB.

o The EDB is not uncommonly atrophic (presumably
because of the use of tight shoes), resulting in an erro-
neous conclusion that the lesion is axonal or severe.

2. Peroneal motor (recording tibialis anterior and EDB)
and superficial peroneal sensory conduction studies
should be obtained bilaterally for comparison. This is
particularly helpful in unilateral lesions in order to
estimate the extent of axonal loss by comparing the
distal peroneal CMAPs and the SNAPs.

3. At least two deep peroneal innervated muscles (such
as the tibialis anterior, the extensor hallucis, and the
extensor digitorum brevis) and one superficial peroneal
innervated muscle (such as the peroneus longus) should
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be sampled. In “pure” axonal peroneal mononeu-
ropathies, which are unlocalizable by nerve conduction
studies, sampling the short head of the biceps femoris
is necessary to rule out a high peroneal lesion (sciatic
neuropathy affecting the peroneal nerve, predomi-
nantly or exclusively).

4. Sampling nonperoneal muscles such as the tibialis
posterior, the flexor digitorum longus, or the gluteus
medius is also essential. These muscles are normal in
peroneal lesions, but abnormal in L5 radiculopathy
and lumbosacral plexopathy. Table C8-3(B) lists the
distinguishing electrodiagnostic features.

A technical pitfall may arise during peroneal motor
NCS recording EDB if there is an associated accessory
deep peroneal nerve anomaly. The peroneal CMAP ampli-
tude is larger stimulating proximally than distally since
the anomalous fibers are not present at the ankle. This
anomaly can be confirmed by stimulating behind the
lateral malleolus (Figure C8-7). This yields a CMAP (not
present in normal situations) that, when added to the
distal CMAP, is approximately equal or higher than the
CMAP obtained with proximal peroneal nerve stimulations.

Electrodiagnostic Findings in Peroneal
Mononeuropathies

The findings on nerve conduction studies in peroneal
mononeuropathies are extremely helpful in establishing a
correct diagnosis and excluding other causes of foot drop,
particularly L5 radiculopathy or sciatic mononeuropathy
(see Table C8-3(B)). The EDX findings in peroneal
mononeuropathies can be divided into several patterns
(Figure C8-8 and Table C8—4):

1. “Pure” conduction block across the fibular neck (partial
or complete) (see Figure C8-8B and B!). These cases
represent 20-30% of all peroneal nerve lesions. In this
situation, the distal peroneal CMAPs (recording
EDB and tibialis anterior) and the superficial peroneal
SNAP are normal and symmetrical to the asymptomatic
limb in unilateral lesions. However, there is complete
or partial conduction block (i.e., >20-50% decrease
in amplitude and/or area) across the fibular head.
Sometimes, the pathology is fascicular and the conduc-
tion block affects only fibers destined to either the
EDB, or more commonly TA (Figure C8-9).
Conduction block lesions are due to segmental demyeli-
nation and carry excellent prognosis with expected recovery
in two to three months provided the cause of compression
is eliminated. In contrast to carpal tunnel syndrome and
ulnar neuropathy across the elbow, peroneal motor con-
duction velocities are usually normal and focal slowing
across the fibular head is not a common feature of
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Figure C8-7. Stimulation sites in a situation associated with the accessory deep peroneal nerve anomaly while performing a peroneal
motor conduction study recording extensor digitorum brevis. (I) Peroneal nerve anatomy revealing the course of the accessory deep
peroneal nerve anomaly and the stimulation sites. (II) Electrodiagnostic findings in accessory deep peroneal nerve anomaly is shown.
The distal stimulation of the deep peroneal nerve at the ankle (A) results in a CMAP that is lower in amplitude that the proximal response
following knee stimulation (B). Stimulation behind the lateral malleolus over the accessory deep peroneal nerve yielded a CMAP (C).
(I is adapted with revisions from Preston DC, Shapiro BE. Electromyography and neuromuscular disorders. Philadelphia, PA: Elsevier

Butterworth-Heinemann, 2005, with permission.)

peroneal mononeuropathy. When present, it is always

associated with a localizing conduction block, and it may

be seen during the recovery phase of these lesions.

Before establishing the diagnosis of conduction block
due to segmental demyelination, the time required for
wallerian degeneration should be considered. Axon loss
lesions will manifest as conduction block on NCS when
performed soon after the onset of symptoms. In these axon
loss lesions, the distal peroneal CMAP amplitudes decline
to reach nadir in 5-6 days while the distal superficial
peroneal SNAP takes 10-11 days to plateau.

2. “Pure” axonal loss (partial or complete) (see Figure
C8-8D and D!'). These lesions constitute about
45-50% of all peroneal neuropathies. On NCS, the
distal and proximal peroneal CMAPs, recording EDB
and tibialis anterior, are low in amplitude or absent.
The superficial peroneal SNAP is usually absent. The
conduction velocities are normal in mild or moderate
lesions but can be slightly decreased diffusely in

severe lesions. Focal slowing does not accompany these

types of lesions. These axon loss injuries are slow to

improve because recovery is dependent on reinnerva-
tion. In general, the weakness in partial lesions improves
faster as a result of local sprouting. Based on the needle

EMG, these cases are localized to one of two sites:

e At or above the fibular neck, i.e., at or above the per-
oneal nerve bifuraction. The lesion cannot be local-
ized accurately due the absence of both conduction
block and focal slowing. When the short head of the
biceps femoris is normal, this axon loss lesion is likely
at the fibular head, but may be between the gluteal
fold (the take off of the branch to short head of the
biceps femoris) and the fibular neck, or even more
proximally in fascicular lesions that may spare the
fibers to the short head of the biceps femoris.

e Proximal to the gluteal fold. These are technically
sciatic nerve lesions affecting the peroneal nerves
exclusively. They are relatively rare lesions, accounting
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Figure C8-8. Diagrams of the nerve conduction studies in peroneal mononeuropathy. (RTA = peroneal CMAP, recording tibialis
anterior; RSP = recording site of the superficial peroneal SNAP.) (A) Normal. (B) and (B!) “Pure” conduction block, partial and complete.
(D) and (D?) “Pure” axonal loss, partial and complete. (C) Mixed. (E) Deep peroneal. (Proximal latencies are not shown to scale.) (From
Katirji MB, Wilbourn AJ. Common peroneal mononeuropathy: a clinical and electrophysiologic study of 116 lesions. Neurology
1988;38:1723-1728, with permission.)

for less than 5% of all peroneal mononeuropathies. anterior, are low in amplitude and/or area, but there also
More often, the tibial component of the sciatic nerve is additional partial or complete conduction block across
is affected slightly, as evidenced by an abnormal H the fibular head. The superficial peroneal SNAP is low
reflex, a low-amplitude or absent sural SNAP on in amplitude or absent. Conduction velocities usually are
NCS, or mild denervation in the tibial-innervated normal, although occasionally there is an accompanying
muscles (such as the medial gastrocnemius, the focal slowing. Recovery usually is biphasic; the first phase
flexor digitorum longus, the tibialis posterior, or is relatively rapid, occurring over 2 to 3 months and is due
the abductor hallucis) on needle EMG. to remyelination; the second phase is slower because it
3. Mixed lesions (conduction block across the fibular neck depends on reinnervation and sprouting.
with axonal loss) (see Figure C8-8C). These lesions con- In mixed common peroneal nerve lesions at the fibular
stitute 25-30% of peroneal nerve lesions. In these lesions, head, it is not uncommon to find low-amplitude peroneal

the distal peroneal CMAPs, recording EDB and tibialis CMAP, recording EDB, without conduction block, along
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Figure C8-9. Fascicular demyelinating peroneal nerve
lesion at the fibular neck. This case shows a nerve con-
duction pattern that is not uncommon in peroneal
mononeuropathy and emphasizes the importance of
peroneal motor nerve conduction study recording
tibialis anterior. Note that the motor conduction
study recording extensor digitorum brevis is normal
with no conduction block. In contrast, a significant
conduction block (>50% drop in CMAP amplitude
and area) is detected across the fibular neck recording

Electromyography and neuromuscular disorders.
Philadelphia, PA: Elsevier Butterworth-Heinemann,
2005, with permission.)

with a definite conduction block across the fibular head,
while recording tibialis anterior. This is extremely helpful
prognostically, since conduction block due to segmental
demyelination carries an excellent prognosis for recov-
ery, while axonal lesions require much longer time for
reinnervation.

4. Deep peroneal axonal loss lesions (see Figure C8-SE).
The deep peroneal branch is often more severely
affected than the superficial branch in most cases of
common peroneal mononeuropathy at the fibular
head. This is related to the topographic arrangement of
the common peroneal nerve around the fibular head,
where the exiting fascicles that form the superficial
branch are placed laterally, and do not directly contact
the fibular bone. However, selective deep peroneal
mononeuropathies are less common and constitute
about 5% of all peroneal nerve lesions. In these cases,
the distal peroneal CMAPs, recording EDB and tibialis
anterior, are low in amplitude and/or area, with normal
superficial peroneal SNAP. The peroneus longus and
brevis are normal. Motor conduction velocities are nor-
mal or borderline without focal slowing. The pattern on
NCSs is identical to that seen in patients with moderate
or severe L5 radiculopathy. Thus, sampling other L5-
innervated muscles such as the flexor digitorum longus,
the tibialis posterior, or the gluteus medius, as well as the
lumbar paraspinal muscles, is important for distinguish-
ing a deep peroneal lesion from an L5 radiculopathy.

Extensor digitorum brevis
Popliteal fossa —

Below fibular neck
—
/\\/\/ Tibialis anterior

tibialis anterior. (From Preston DC, Shapiro BE. Popliteal fossa

k

In general, axon-loss peripheral nerve lesions are com-

mon encounters in the EMG laboratory. The peroneal
nerve takes no exception for the following reasons:
e Fibrillation potentials are seen in all weak muscles,

when examined by needle EMG at least 3 weeks after
the onset of footdrop. These are found in “pure” axonal
as well as demyelinating lesions (conduction block).
In “purely” demyelinating lesions, the occurrence of
fibrillation potentials is best explained by the loss of a
few clinically irrelevant axons in the midst of significant
demyelination.

Significant axonal loss is common in most peroneal nerve
lesions. This is based on low distal peroneal CMAPs with
or without low superficial peroneal SNAPs, and is
present in about 80% of peroneal nerve lesions (alone
or mixed with conduction block due to segmental
demyelination).

Significant axonal loss is common in all types of peroneal
nerve lesions. Axonal loss is evident (based on low distal
peroneal CMAPs) independent of the mode of onset of
foot drop (acute, subacute, or undetermined) or the cause
of peroneal nerve lesion (perioperative compression,
trauma, etc.). This applies to all compressive peroneal
lesions including the perioperative cases, such as following
anesthesia for coronary bypass surgery or craniotomy. This
finding is in contrast to the common belief that patients
with acute perioperative compressive peroneal lesions
are due to neurapraxia (i.e., segmental demyelination)
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and should recover rapidly. This is incorrect since
80% of patients have evidence of significant axonal loss.
It is only after a detailed EMG that the primary patho-
physiologic process is determined and the prognosis is
predicted.

FOLLOW-UP

The patient was treated with an ankle brace and physical
therapy. Two months later, he had modest improvement
of footdrop, as evidenced by neurologic examination find-
ings, which revealed residual mild right foot dorsiflexion
and eversion weakness (MRC 4/5), but greater weakness
of toe extensors (MRC 4-/5). Sensation had improved
with relative hypesthesia over the dorsum of the foot.
When the patient was seen 1 year later, there were no
residual findings.

DIAGNOSIS

Acute right common peroneal mononeuropathy at
the fibular head, caused by intraoperative compres-
sion, manifested by segmental demyelination and
axonal loss.
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Case 9

HISTORY AND PHYSICAL EXAMINATION

Right hand weakness and atrophy, without numbness or
pain, developed over several months in a 38-year-old man.
A prior electromyography (EMG) suggested cervical
radiculopathy. The patient then had a cervical magnetic
resonance imaging (MRI) scan, a cervical myelogram/com-
puted tomography, MRI of the right brachial plexus, and
MRI and magnetic resonance angiography of the brain. All
were normal. His hand weakness worsened. He was sus-
pected to have early motor neuron disease and was
referred to the EMG laboratory.

On examination, he had right hand “ulnar” clawing,
positive Froment sign with severe weakness, and atrophy
of all interossei. The strength and bulk of the thenar and
hypothenar muscles were normal. No other weakness
was detected and deep tendon reflexes were normal. The
patient complained of mild, deep, boring pain in the palm
near the hypothenar eminence and had some tenderness
over the hypothenar eminence to deep pressure.

Electrodiagnostic (EDX) examination was performed.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. Results of the EDX studies are most consistent with:
A. Ulnar mononeuropathy across the elbow.
B. C8/T1 radiculopathy.
C. Lower trunk brachial plexopathy.
D. Ulnar mononeuropathy at the wrist or palm.
E. Medial cord brachial plexopathy.
2. The most common cause of this lesion at this site is:
A. Fracture.
B. Ganglion.
C. Acute compression.
D. Aberrant muscle.

3. The lesion is:
A. In the forearm, proximal to the dorsal ulnar branch.
B. At Guyon canal, proximal to the takeoff of the super-
ficial ulnar cutaneous branch.
C. At Guyon canal, distal to the takeoff of the superfi-
cial ulnar cutaneous branch.
D. At the cubital tunnel.

EDX FINDINGS AND INTERPRETATION
OF DATA

Pertinent EDX findings include:

1. Absent ulnar compound muscle action potential
(CMAP), recording first dorsal interosseus (DI) in the
setting of borderline-low ulnar CMAP, recording
abductor digiti minimi (ADM; 5 mV on the affected
side versus 9 mV on normal side). The latter had a
borderline distal latency (3.1 ms) and normal proximal
conduction velocities in the forearm and across the
elbow (55 ms and 54 ms, respectively).

2. Normal ulnar and dorsal ulnar sensory nerve action
potentials (SNAPs).

3. Normal median motor conduction study (CMAP
amplitude, distal latency, and conduction velocity).

4. Prominent active denervation and loss of motor unit
action potentials (MUAPs) in all dorsal interossei and
the adductor pollicis in the setting of minimal neurogenic
changes in the ADM.

5. Normal median and radial C8/T1-innervated muscles
(abductor pollicis brevis, flexor pollicis longus, and
extensor indicis).

This is consistent with ulnar mononeuropathy at the
wrist, affecting the motor branch exclusively, distal to
the main branch to the hypothenar muscles, but proximal
to the branch to the fourth dorsal interosseus (i.e., at the

157
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pisohamate hiatus [PHH]). The normal ulnar sensory
study rules out a proximal ulnar nerve, or a lower brachial
plexus lesion. This case is not due to C8/T1 radiculopathy
is because the median CMAP is preserved, and there is no
denervation seen in other C8/T1-innervated muscles.

DISCUSSION

Applied Anatomy

The ulnar nerve gives off the dorsal ulnar cutaneous
branch 6 to 8 cm proximal to the ulnar styloid, to innervate
the skin over the ulnar side of the dorsum of the hand and
the dorsal aspect of digit V and half of digit IV. Then, the
ulnar nerve enters Guyon canal (distal ulnar tunnel) at the
level of the distal wrist crease where it divides into super-
ficial (primarily sensory) and deep (pure motor) palmar
branches. The deep branch enters the hand through the
pisohamate hiatus while the superficial branch travels
subcutaneously passing over the hypothenar muscles.

Guyon canal is formed proximally by the pisiform bone
and distally by the hook of the hamate. Its floor is formed
by the triquetrum and hamate bones along with the thick
transverse carpal ligament, while its roof is composed of a
loose connective tissue (Figure C9-1). In the distal portion
of Guyon canal lies the pisohamate hiatus (PHH). This
aperture is bounded anteriorly by a fibrous arch formed by
the two musculotendinous attachments of the flexor brevis
digiti minimi (or quinti), a hypothenar muscle, to the hook
of hamate and the pisiform bone (Figure C9-2). The
posterior boundary of the PHH, is formed by a thick
pisohamate ligament which extends from the pisiform
bone to the hook of the hamate. The origin of the major
motor branch to the ADM is proximal to this hiatus in
the majority of hands.

The deep palmar motor branch innervates the
hypothenar muscles (the ADM, flexor brevis digiti minimi,
and opponens digiti minimi) while in Guyon canal and
often gives these muscles an additional branch after it
enter the PHH. Then, the deep palmar motor branch
travels through the palm and innervates all four dorsal
and three palmar interossei, the third and fourth lumbri-
cals, the adductor pollicis, and the deep head of the
flexor pollicis brevis. The superficial cutaneous branch
innervates the palmaris brevis muscle, as well as the ulnar
side of the palm and palmar aspect of digit V and half
of digit IV.

Clinical Features

Patients with ulnar neuropathy at the wrist often presents
with painless unilateral hand atrophy. These ulnar nerve

Figure C9-1. Anatomy of the ulnar nerve within Guyon canal at
the wrist. 1 = ulnar artery, 2 = superficial branch of the ulnar
nerve, 3 = hamulus, 4 = fibrous arch of the hypothenar muscles
(see also Figure C9-2), 5 = pisiform, 6 = transverse carpal
ligament, 7 = palmaris brevis, 8 = palmar carpal ligament. (From
Gross MS, Gelberman RH. The anatomy of the distal ulnar
tunnel. Clin Orthop 1985;196:238-247, with permission.)

Deep palmar
branch

Branch to
abductor

digiti
minimus Pisohamate
ligament
Superficial
branch

Figure C9-2. The pisohamate hiatus (PHH) in the distal portion of
Guyon canal. ABD.D.Q. = abductor digiti quinti (or minimi),
EB.D.Q. = flexor brevis digiti quinti (or minimi), F.C.U. = flexor
carpi ulnaris, Opp.D.Q. = opponens digiti quinti, U. = ulnar.
(Modified from Uriburu IJF, Morchio FJ, Marin JC. Compression
syndrome of the deep motor branch of the ulnar nerve [pisohamate
hiatus syndrome]. | Bone Joint Surg 1976;58A:145-147, with
permission.)
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Table C9-1. Causes of Unilateral Atrophy
and Weakness of Intrinsic Hand Muscles

All intrinsic hand muscles
Combined ulnar mononeuropathy and carpal tunnel
syndrome
Lower brachial plexopathy (including neurogenic thoracic
outlet syndrome)
C8/T1 radiculopathy
Motor neuron disease
Monomelic amyotrophy (Focal motor neuron disease)
Cervical syringomyelia
Cervical cord compression around the foramen magnum
All intrinsic muscles, excluding the thenar muscles
Ulnar mononeuropathy at the elbow
Ulnar mononeuropathy at Guyon canal

All intrinsic muscles, excluding the thenar and hypothenar
muscles

Ulnar mononeuropathy at the pisohamate hiatus
Thenar muscles only
Carpal tunnel syndrome

High median mononeuropathy (including pronator
syndrome)

Neurogenic thoracic outlet syndrome
T1 radiculopathy

lesions pose a diagnostic challenge, particularly when the
weakness is not associated with sensory loss. It is useful in
sorting out the cause of hand weakness or atrophy to dis-
tinguish between atrophy of all intrinsic hand muscles
from atrophy that is restricted to the thenar or hypothenar
muscles. Table C9-1 lists the various causes of wasting and
weakness of the hand.

The signs and symptoms of distal ulnar lesions vary with
the site of compression. In all types of ulnar mononeu-
ropathy at the wrist, sensation over the dorsal medial hand
and the dorsal aspect of the fifth and ring fingers, a

Table C9-2. Various Types of Distal Ulnar Mononeuropathy
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territory of the dorsal ulnar cutaneous branch, is normal.
The terminal branches of the ulnar nerve (deep palmar
motor and superficial cutaneous) may be compressed at
Guyon canal, but only the deep palmar motor branch is
potentially compressed at the PHH.

Several classifications of ulnar mononeuropathy at the
wrist have been proposed; most separate the lesions into four
types. Table C9-2 lists the common types of ulnar mononeu-
ropathy at the wrist and hand, with their corresponding sites
of lesion and clinical presentation. In ulnar neuropathy at the
wrist, selective compression of the deep palmar motor
branch, with normal superficial sensory branch functions, is
the most common type accounting for 39 to 75% of distal
ulnar nerve lesions depending on published series.

Table C9-3 lists the common causes of ulnar
mononeuropathy at the wrist. A ganglion is the most
common cause accounting for 28 to 45% of cases
depending on reported series. The second most common
cause is entrapment of the motor branch at the pisoha-
mate hiatus, which may be spontaneous or as an occu-
pational or recreational hazard (such as after prolonged
bicycling, use of hand tools, etc.). Compression at this
anatomic hiatus explains the selective involvement of
the deep motor branch at the wrist with complete or
relative sparing of the hypothenar muscles and the
normal superficial sensory functions.

Imaging should be considered in patients with ulnar
neuropathy at the wrist who have a history of progressive
worsening and who do not have clearly identified occu-
pational or recreational risk factors. MRI imaging of the
wrist is helpful in identifying structural lesions within
Guyon canal, including ganglion cyst and nerve sheath tumor.

Decisions regarding the management of these lesions
are made on the basis of their etiologies, presentations,
and clinical courses. In patients with fractures, ganglia, or
mass lesions, surgical intervention is necessary. However,
in patients with ulnar neuropathy at the wrist who do not

Lesion Site Nerve Affected

Clinical Presentation

Proximal Guyon Main trunk of ulnar nerve
canal or or

Ulnar cutaneous branch

Distal Guyon canal ~ Deep palmar branch (proximal
to branch to the abductor
digiti minimi)

Pisohamate hiatus Deep palmar branch (distal to
branch to the abductor
digiti minimi)

Palm (rare) Deep palmar branch

(distal to hypothenars)

Ulnar palmar sensory loss and weakness of all ulnar intrinsic hand muscles

Ulnar palmar sensory loss only

Weakness of all ulnar intrinsic hand muscles (interossei, ulnar lumbricals,
and hypothenars) without sensory loss

Weakness of ulnar intrinsic hand muscles with sparing of the
hypothenar muscles and without sensory loss

Weakness of adductor pollicis, 1st, 2nd, and possibly the 3rd
interossei only, usually sparing 4th interossei and without sensory loss
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Table C9-3. Common Causes of Ulnar
Mononeuropathy at the Wrist

Ganglion
Compression at the pisohamate hiatus (distal to Guyon canal)
— Associated with occupational or recreational risks (e.g., use
of hand tools, bicycling, etc.)

— Associated with acute closed injury (e.g., fall on hand,
carpal fracture)
— Idiopathic (entrapment)
Carpal bone fracture
Other space-occupying lesions (neuroma, lipoma, cyst,
calcification, false aneurysm, giant cell tumor)

harbor an obvious mass or fracture and have a predomi-
nantly demyelinating lesion, careful review of the history
for any occupational or recreational trauma should be
initiated; if found, sources of the trauma should be elimi-
nated. Then, the patient should be followed clinically and
by serial EDX studies. If recovery is not evident, surgical
exploration of Guyon canal extending into the PHH should
be done. The prognosis for patients with this disorder is
usually good after surgical decompression because the
lesion is distal and reinnervation to the target hand
muscles is efficient.

Electrodiagnosis

An important purpose of the EDX study is to localize the
ulnar nerve lesion to the wrist or to the elbow and to
differentiate ulnar mononeuropathy from a lower brachial
plexopathy affecting the lower trunk or medial cord, and
from a C8/T1 radiculopathy. In addition to the routine
NCSs done that include ulnar sensory NCS recording
little finger and ulnar motor NCS recording ADM, several
other strategic EDX studies are extremely important to
assure a correct and precise diagnosis of the ulnar nerve
lesion. These include the following:

1. Ulnar motor nerve conduction study recording first DI.
This study is essential in the accurate diagnosis of ulnar
nerve lesions at the wrist due to the fact that many
lesions, such as those at the PHH or in the palm, spares
the hypothenar muscles and result in normal ulnar
NCS recording ADM. In most cases, the ulnar CMAP
recording first DI is low in amplitude stimulating at
the wrist, and the distal latency is either borderline or
slightly delayed. Slowing of the distal latency should
also interpreted cautiously since it may be slowed in
any axon-loss ulnar nerve lesion, including at the elbow,
due to the loss of large fibers. In cases of ulnar neuropa-
thy at the wrist, the addition of more stimulation site(s)
distal to Guyon canal, while recording first DI, is

technically feasible with minimal interference by shock

artifact. This could be achieved using one of both of the

following techniques:

e Palm stimulation recording first DI. Adding a single
palm stimulation site to the routine wrist, below-elbow
and above-elbow sites, often confirm that the lesion
is at the wrist by showing conduction block in the
majority of patients (Figure C9-3). Even in patients
with a seemingly axon-loss ulnar neuropathy and
uniformly low CMAP amplitudes stimulating wrist,
below elbow and above elbow, palm stimulation often
shows that there is a component of segmental
demyelination manifesting by a partial conduction
block (i.e., more than 20-50% drop in CMAP ampli-
tude and/or area). This finding is very specific since it
localizes the lesion to the wrist.

o Short segment stimulation across the wrist recording
first DI. During ulnar motor NCS, inclusion of the
unaffected segments in distal latency calculation may
dilute the effect of focal slowing at the injured site
and decreases the sensitivity of the test. Segmental
stimulation in short increments of 1 cm across the
nerve segment helps localize a focal abnormality
that might otherwise escape detection. “Inching” the
stimulus in short increments of 1 cm along the course
of the nerve is very specific and often shows a precise
site of compression. However, it is more technically
challenging and time consuming than the single palm
stimulation. Though this study is technically more
demanding and subject to inherent measurement
errors (due multiple stimulations in short increments),
detecting an abrupt drop in amplitude (>20%) or
increase in latency difference (>0.5 ms) compensates
for these shortcomings (Figure C9—4).

2. Dorsal ulnar SNAP. This study is useful since an absent
or low-amplitude response exclude a lesion at the wrist or
hand. The study should be performed bilaterally for
comparison purposes since interpreting the result of
the dorsal ulnar SNAP may be misleading due to two
caveats:

e A fascicular involvement of the ulnar nerve at the
elbow may totally or partially spare the dorsal ulnar
nerve resulting in normal SNAP.

e There is a considerable overlap, in some individuals,
between the territories of the dorsal ulnar cutaneous
nerve and that of the superficial radial cutaneous
nerve. Hence, this may result in a low-amplitude, or
occasionally absent, dorsal ulnar SNAP when the
radial sensory nerve dominates the innervation of
the dorsum of the hand. In these situations, radial
sensory nerve stimulation while recording the ulnar
side of the dorsum of the hand will yield a well-defined
SNAP.
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Figure C9-3. Palm and wrist stimulations recording first dorsal interosseous muscle. This 37-year-old woman developed subacute
painless weakness of left hand. Neurological examination reveals severe weakness of all ulnar-innervated muscles in the hand with a posi-
tive Froment sign. There was no sensory loss. Tinel signs were negative at the wrist and elbow. Routine EDX studies revealed findings
compatible with an axon loss ulnar mononeuropathy at the distal portion of Guyon canal (see Table C9—4). (A) The stimulation points at
the palm and wrist (circles) while recording first DI (R). (B) Note that both wrist and palm stimulations result in low ulnar CMAPs, but
there is a localizing partial conduction across both stimulation points (>50% drop in amplitude).

3. Second lumbrical-interosseous motor distal latencies from the medial cord of the brachial plexus and inner-

comparison. This study is most often used in the diag-
nosis of carpal tunnel syndrome where the median
motor distal latency recording second lumbrical muscle
is usually prolonged in carpal tunnel syndrome when
compared to the ulnar motor distal latency recording
second interossei (palmar and dorsal). Since the ulnar
second interossei are innervated by the deep palmar
motor branch, this test is also useful in identifying focal
ulnar slowing at the wrist or palm in ulnar nerve lesions
at Guyon canal or deep palmar motor branch lesions at
the PHH. A motor distal latency difference greater
than 0.5 ms suggests focal slowing across the wrist; the
median is relatively slowed compared to the ulnar in
carpal tunnel syndrome while the findings are reversed
in ulnar nerve lesion at the wrist (Figure C9-5).
Obviously, this study is not useful when there is a coex-
isting carpal tunnel syndrome. Similar to the ulnar
motor distal latency stimulating at the wrist and record-
ing the first DI, this study also should be interpreted
cautiously since it may be slowed in any axon-loss ulnar
nerve lesion, including at the elbow, due to the loss of
fast conducting fibers.

. Medial antebrachial SNAP. The medial antebrachial
cutaneous nerve is a pure sensory nerve that originates

vates the skin of the medial forearm. In cases of ulnar
neuropathies in general, a normal medial antebrachial
SNAP is useful in excluding the possibility of a lower
brachial plexopathy as a cause of hand weakness and
medial hand sensory loss. The medial brachial SNAP
serves similar purposes but it is technically more diffi-
cult to evoke particularly in elderly and obese patients.

. Needle EMG of hand intrinsics. In suspected ulnar

nerve lesion at the wrist, needle EMG of at least the
ADM and first DI should be done to look for disparity
between the findings of these two muscles. It is also
preferable to needle few other hand intrinsics that are
innervated by the deep palmar branch such as the
fourth DI, a muscle with a branch that originate imme-
diately after the nerve passes under the PHH, and the
adductor pollicis, one of the most distal muscle inner-
vated by the ulnar nerve and its deep palmar branch.
In lesions of the deep palmar branch at the PHH, an
abrupt change from a normal (or minimally abnormal)
ADM to markedly denervated fourth and third
interosseous is often evident. The flexor digitorum
profundus (ulnar part) and the flexor carpi ulnaris, both
forearm muscles innervated by the ulnar nerve are
normal in ulnar mononeuropathy at the wrist and
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Figure C9-4. Ulnar short segment stimulations across the wrist (“inching”) recording first dorsal interosseous muscle. (A) Nine sites of
stimulation (circles) in 1 cm increments along the length of the ulnar nerve while recording first DI (R): 0 level is at the distal crease of
the wrist, while negative sites are progressively distal points and positive sites are proximal. (B) Same patient as Figure C9-3. Note that
the most distal response, stimulating the palm at point —4, is low (0.9 mV), consistent with axon loss. However, there is also a localizing
partial conduction block between points =3 and -2 (arrow), consistent with additional segmental demyelination. This is evidenced by a
drop in CMAP amplitude from 0.7 mV at point =3 to 0.2 mV at point =2 (70% amplitude decay). There is also focal slowing at the same
segment (between points =3 and —2) as evidenced by a larger increase in latency between the same two points resulting in a latency
difference of 0.9 ms. This is contrasted to 0.1 to 0.2 ms latency differences at all other sites.

3.1 mséc

Figure C9-5. Second lumbrical-interosseous motor distal laten-
cies comparison in a patient with ulnar mononeuropathy at
the wrist. Note that the ulnar motor distal latency recording
second interossei (dorsal and palmar) is significantly prolonged
when compared to the median motor distal latency recording

second lumbrical (0.7 ms difference).

useful in confirming the diagnosis. Finally, median and
radial C8-T1 muscles (such as abductor pollicis brevis,
flexor pollicis longus and extensor indicis proprius) and
the lower cervical paraspinals muscles must be sampled
to exclude a cervical root or motor neuron lesion.

The EDX findings in ulnar mononeuropathy at the wrist
parallel the clinical manifestations and vary with the site of
the lesion (Table C9—4). In addition to try to localize the
lesions accurately within Guyon canal, at the PHH or in
the palm, the EDX study play a pivotal role in excluding
an ulnar neuropathy at the elbow, a common entrapment
neuropathy. Several features on the EDX examination are
not consistent with an ulnar neuropathy at the wrist:

1. Low-amplitude or absent dorsal ulnar SNAP, excluding
the anatomical variability where the territory of the
superficial radial cutaneous nerve overrides that of the
dorsal ulnar cutaneous nerve.
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Table C9-4. Electrodiagnostic Findings in Ulnar Neuropathies

Ulnar CMAP Ulnar CMAP

Dorsal Ulnar Ulnar SNAP  Distal Distal Active Denervation
SNAP Amplitude Amplitude Amplitude Amplitude  and/or Reinnervation
Location of Ulnar Recording Recording Recording Recording  of Ulnar-innervated
Nerve Lesion Dorsum of Hand Fifth Digit ADM First DI Muscles
Across the elbow Absent or low* Absent or low!  Low! Low' All in hand and, sometimes, forearm
At proximal Guyon canal ~ Normal Absent or low  Low Low! All, in hand only
At distal Guyon canal Normal Normal Low Low! All, in hand only
At pisohamate hiatus Normal Normal Normalf Low! All, in hand only except ADM?
Palm (rare) Normal Normal Normal Low Most distal in hand only*

SNAP = sensory nerve action potential; ADM = abductor digiti minim; CMAP = compound muscle action potential; first DI = first dorsal interosseus.
*May be normal in fascicular lesions that spare the dorsal ulnar fascicle and nerve or in purely demyelinating lesion.

tMay be normal or borderline in purely demyelinating lesion manifesting only with conduction block and/or focal slowing and/or differential slowing across
the elbow and without axon loss.

tThere is often a conduction block across the wrist following palm stimulation and an abrupt focal latency shift and conduction block on short segment
incremental study across the wrist.

fUInar CMAP amplitude recording ADM may be borderline and ADM may reveal minimal denervation.

$Adductor pollicis and first and second dorsal and first palmar interossei are always abnormal while there is a variable involvement of the third dorsal and
palmar interossei and the third lumbrical muscles, while the fourth dorsal and third palmar interossei and fourth lumbrical muscles are spared.

2. Focal slowing, conduction block, or differential slowing
across the elbow is not compatible with a lesion at the
wrist. Note that in a significant number of ulnar nerve
lesions at the elbow, especially those resulting in axonal
loss, there is no focal slowing, and, if slowing is present,
itis diffuse due to the loss of fast conducting fibers, and
evident in all segments of the ulnar nerve.

3. Denervation of the flexor carpi ulnaris or the flexor
digitorum profundus (ulnar portion) is not compatible
with a lesion at the wrist. Note that these muscles are
denervated in only a proportion of patients with ulnar
mononeuropathy around the elbow.

Among all ulnar mononeuropathies at the wrist, selec-
tive lesion of the deep motor branch at the PHH, sparing
the hypothenar muscles completely or partially, is the most
common. This entrapment is suspected when a patient
presents with wasting and weakness of all intrinsic muscles

of the hand except the thenar and hypothenar muscles,
and without sensory manifestations. Table C9-5 lists the
pathognomonic EDX features of such a lesion.

FOLLOW-UP

On further questioning, the patient recalled that a month
before the onset of symptoms, he had spent an entire
weekend vigorously chopping wood. Because the patient
demonstrated no improvement, a surgical exploration of
the proximal portion of Guyon canal was performed, which
revealed normal structures. Despite this, there was no
evidence of clinical or electrophysiologic improvement
over the ensuing 6 months. A second operation was
performed that achieved more distal exploration of the
deep palmar branch into the PHH. This revealed a fibrous
band constricting the deep motor branch at the PHH,

Table C9-5. Pathognomonic Electrodiagnostic Features of Deep Palmar Ulnar Neuropathy at the Pisohamate

Hiatus

Normal ulnar SNAP, dorsal ulnar SNAP, and medial antebrachial SNAP

Normal to borderline ulnar CMAP amplitude recording the ADM

Low ulnar CMAP amplitude recording the first DI with conduction block with or without slowing across the wrist*

Normal ADM or with minimal chronic neurogenic changes

Prominent loss of motor units with fibrillation potentials in the adductor pollicis, all four dorsal and three palmar interossei, third

and fourth lumbricals

ADM = abductor digiti minimi; CMAP = compound motor action potential; DI = dorsal interosseus; SNAPs = sensory nerve action potentials.

*Following palm stimulation and short segment stimulations.
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Table C9-6. Ulnar Nerve Motor Conduction Studies at Diagnosis and 12 Months After Release

at the Pisohamate Hiatus

Ulnar/First DI

Ulnar/ADM

Amplitude Distal Latency Amplitude Distal Latency
Preoperative NR 5 3.1
Postoperative (12 months) 2 8.8 2.5
Normal values >7.0 <4.5 >7.0 <3.1

ADM = abductor digiti minimi; DI = dorsal interosseus; NR = no response.

which was resected. The patient had significant and
gradual improvement of strength and experienced reversal
of atrophy over the next year. Twelve months after the
second decompression, the ulnar CMAP amplitude, which
recorded the first DI and the ADM, showed significant
improvement (Table C9-6). Needle EMG of the first and
fourth DI showed significant reinnervation and a decline
in fibrillation potentials.

DIAGNOSIS

Subacute deep palmar ulnar mononeuropathy, at
the pisohamate hiatus, manifested by axonal loss.
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Case 10

HISTORY AND PHYSICAL EXAMINATION

An 82-year-old woman tripped and fell on her right shoulder.
An anterior dislocation of the right shoulder was reduced
on the same day; however, she continued to have pain
and weakness in the right shoulder. Arthrography and
magnetic resonance imaging (MRI) of the shoulder failed
to reveal rotator cuff tear. She denied any numbness. She
was otherwise in excellent health.

On examination 6 weeks later, she had significant restric-
tion of passive range of movement of the right shoulder to
approximately 90°. This movement was associated with
pain. There was atrophy of the right deltoid and possibly
the spinati. Motor examination of all shoulder girdle mus-
cles, including assessment of active shoulder abduction,
was limited by pain. However, the biceps, triceps, and
brachioradialis seemed normal in strength. All forearm
and hand muscle movements also were determined to be
normal, as was sensation. Deep tendon reflexes were normal
and the sensory examination revealed no clear abnormalities.
The patient was referred to the electromyography (EMG)
laboratory to explore the possibility of an injury of the
brachial plexus or the axillary nerve.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. In addition to the deltoid muscle, the axillary nerve
innervates the:
A. Teres major muscle.
B. Teres minor muscle.
C. Rhomboideus major muscle.
D. Subscapularis muscle.
E. Brachialis muscle.

2. Most fibers within the affected nerve originate from:
A. The C5 and C6 roots via the upper trunk and the
lateral cord.
B. The C6 and C7 roots via the upper and middle
trunks and the posterior cord.
C. The C5 and C6 roots via the upper trunk and posterior
cord.
D.The C6 and C7 roots via the upper and middle
trunks and the lateral cord.
3. Common causes of this nerve palsy include all of the
following except:
A. Shoulder dislocation.
B. Mid-humeral fracture.
C. Neuralgic amyotrophy.
D. Misplaced injection.

EDX FINDINGS AND
INTERPRETATION OF DATA

Pertinent electrodiagnostic (EDX) findings include:

1. Very low-amplitude axillary compound muscle action
potential (CMAP) on the right (0.88 mV versus 6.2 mV
on the left) with slow distal latency (5.8 ms on the right
versus 2.6 ms on the left).

2. Normal musculocutaneous CMAP.

3. Normal median sensory nerve action potentials
(SNAPs), recording thumb, index, and middle fingers;
radial SNAP; and lateral cutaneous forearm (lateral
antebrachial) SNAP.

4. Fibrillation potentials and no voluntary motor unit action
potentials in the right deltoid muscle only, without
involvement of other upper plexus innervated muscles
(supraspinatus, infraspinatus, biceps, brachioradialis,
and pronator teres), posterior cord innervated muscles

167
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(triceps, brachioradialis, and extensor indicis), or cervi-
cal paraspinal muscles.

These findings are consistent with an isolated severe
injury to the right axillary nerve with no involvement of the
upper trunk or posterior cord of the brachial plexus.

DISCUSSION

Applied Anatomy

The axillary nerve (also called the circumflex nerve) arises
from the posterior cord of the brachial plexus near the
shoulder joint. Its fibers originate from the C5 and C6
roots and travel through the upper trunk to the posterior
cord. The nerve has a very short path. It courses posteri-
orly, inferior to the shoulder joint where it traverses the
quadrilateral space, bounded superiorly by the teres minor
muscle, inferiorly by the teres major muscle, medially by
the long head of the triceps muscle, and laterally by
the humeral neck. At this point, the axillary nerve gives
branches to the teres minor muscle and then it curves
around the neck of the humerus, under the deltoid muscle.
There, it terminates into two branches, one posterior and
the other, anterior; both innervate the deltoid muscle. The
upper lateral cutaneous nerve of the arm, which innervates
the skin overlying the deltoid muscle (Figure C10-1),
originates from the posterior branch.

Clinical Features

Injury of the axillary nerve is associated most often with
shoulder trauma or surgery around the shoulder joint;
or, it may be a component of idiopathic brachial plexitis
(Table C10-1). Axillary mononeuropathy is a common
complication of shoulder dislocation, especially among
the elderly. Also, the axillary nerve may be injured individ-
ually during an episode of acute brachial plexitis (neuralgic
amyotrophy); alternatively, this may occur with the supra-
scapular, long thoracic, or anterior interosseous nerve (refer
to Case 16).

Axillary nerve lesion causes weakness of shoulder
abduction and extension, and a patch of sensory loss and
paresthesias over the lateral deltoid (see Figure C10-1).
Deltoid atrophy becomes predominant later resulting in
flattening of the shoulder. Weakness of the teres minor is
seldom clinically significant since the supraspinatus mus-
cle performs similar functions.

Axillary mononeuropathy may mimic C5 or C6 radicu-
lopathies, but biceps and brachioradialis muscle weakness
and depressed reflexes are common findings in C5 and C6
radiculopathies. Lesions of the upper trunk or posterior

Teres minor O

Fid i
o Axillary nerve

Radial nerve

p Upper lat. cut.
n.of arm

Posterior view

Figure C10-1. The axillary nerve, a terminal branch of the
posterior cord. (From Haymaker W and Woodhall B. Peripheral
nerve injuries: principles of diagnosis. Philadelphia, PA: WB
Saunders, 1953, with permission.)

cord of the brachial plexus result also in weakness of the
deltoid muscle. However, there is weakness of the biceps
and brachioradialis muscles in upper trunk lesions and
with posterior cord lesion there is often associated weak-
ness of radial innervated muscles including the triceps
and wrist and finger extensors. Musculoskeletal conditions
such as rotator cuff tear, adhesive capsulitis of the shoul-
der, and rupture of deltoid muscle tendon may present
with apparent weakness of the deltoid muscle, but are
associated with significant shoulder pain and restriction of
passive shoulder abduction.

Table C10-1. Common Causes of Axillary Nerve Injury

Trauma
1. Shoulder dislocation
2. Fractures of neck of humerus
3. Blunt trauma
Iatrogenic
4. During shoulder joint surgery
5. Injection injury
Idiopathic
6. Brachial plexitis (neuralgic amyotrophy)
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Figure C10-2. Brachial plexus pathways
for the sensory fibers, assessed by median
sensory nerve action potential (SNAP) (to
thumb (A), and index (B) and middle
(C) fingers), radial SNAP (D), and lateral
antebrachial SNAP (E). Solid lines represent
predominant pathways and dashed lines
represent possible additional pathways.
(From Ferrante MA and Wilbourn AJ. The
utility of various sensory nerve conduction
responses in assessing brachial plexopathies.
Muscle Nerve 1995;18:879, with permission.)

In general, the prognosis for axillary nerve lesions is rela-
tively good because of the short distance required for reinner-
vation to the target muscle (deltoid). Unfortunately, adhesive
capsulitis of the shoulder develop in many patients, which, by
itself, has a negative effect on final functional outcome. Thus,
an aggressive stretching and range-of-motion program should
be initiated as soon after diagnosis as possible.

The quadrilateral space syndrome is a rare pain syn-
drome that implicates entrapment of the axillary nerve

and accompanying posterior humeral circumflex
artery as they pass this space. The reported patients
have been young athletes such as professional volleyball
players. The onset of symptoms is insidious and
characterized by pain in the shoulder which worsens
with shoulder abduction, external rotation, and flexion.
Weakness of the deltoid is uncommon but can be dif-
ficult to examine in the presence of severe pain in the
shoulder.
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Electrodiagnosis

The main purpose of the EDX studies in patients with
suspected axillary mononeuropathy is to confirm that the
abnormalities are restricted to the axillary nerve distribu-
tion and to exclude a brachial plexopathy, particularly of
the upper trunk or posterior cord, and a cervical radicu-
lopathy, mostly of the C5 and C6 roots. The sensory nerve
conduction studies are extremely useful in these cases
because they usually are abnormal in relatively mild plexus
lesions, assisting in the diagnosis of brachial plexopathy
that sometimes could not be detected on clinical evaluation.
Among various studies in the upper extremity, the
following SNAPs should be normal in isolated axillary
nerve lesions (Figure C10-2):

1. The median SNAP recording all three median inner-
vated fingers. The thumb SNAP is innervated by C6
through the upper trunk, the index finger by C6 and C7
through the upper and middle trunks, and the middle
finger by C7 through the middle trunk. All three SNAP

Figure C10-2, cont'd.

fibers traverse the lateral cord to reach the median
nerve (see Figure C10-2A,B,C).

2. The lateral antebrachial cutaneous SNAP is similar to
the median SNAP to the thumb fibers that originate in
C6 and pass through the upper trunk and lateral cord to
the musculocutaneous nerve (see Figure C10-2E).

3. The radial SNAP with fibers that originate from the C6
and C7 roots and reach the posterior cord via the upper
and middle trunks (see Figure C10-2D).

In cases of suspected axillary nerve lesions, the role of
motor nerve conduction studies is twofold. First, they con-
firm what is seen on the needle EMG, such as normal
musculocutaneous CMAP with normal needle EMG of
the biceps muscle. The second, and perhaps more impor-
tant, role is prognostic; the CMAP amplitude is the best
semiquantitative and objective measure of axonal loss.
Thus theoretically, and extrapolating from other proximal
nerves for which only a single site of stimulation is possible
(such as the femoral or facial nerve), a low axillary CMAP,
stimulating Erb point and recording the deltoid muscle,
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Table C10-2. Needle EMG Findings and Differentials in Upper Trunk Brachial Plexopathy, C5 or C6 Radiculopathy
and Axillary Mononeuropathy

Muscle Upper Trunk Brachial Plexopathy C5 or C6 Radiculopathy Axillary Mononeuropathy
Deltoid Abnormal Abnormal Abnormal

Biceps Abnormal Abnormal Normal
Brachioradialis Abnormal Abnormal Normal
Infraspinatus Abnormal Abnormal Normal

Rhomboid Normal Abnormal Normal

Serratus anterior Normal Abnormal Normal

is consistent with a severe axonal loss lesion and a pro- FOLLOW-UP

tracted recovery. However, Erb point stimulation is

supraclavicular and is likely to result in widespread stim- Weakness of the deltoid muscle improved very gradually.
ulation of the brachial plexus, including the posterior With the use of aggressive physical therapy, including
cord and the proximal axillary nerve. Hence, it is conceiv- passive range of movement and active therapy, deltoid
able that a demyelinative axillary nerve lesion around the strength improved. Six months later, there was no pain.
head of the humerus (i.e., distal to the stimulation point) Deltoid strength was 4—/5. Passive range of movement of
may result in distal conduction block, thus leading to the shoulder joint was much better, reaching 160°.

a low axillary CMAP. Therefore, caution should be used
when making definitive prognostication in cases of

axillary nerve lesion. DIAGNOSIS

On needle EMG, certain muscles are essential for Severe axon-loss axillary mononeuropathy, caused
accurate localization of the lesion (Table C10-2). These by shoulder dislocation, with secondary adhesive
muscles are listed in order of their importance: capsulitis of the shoulder joints.

1. The brachioradialis muscle. This muscle shares roots
(C5 and C6), trunk (upper), and cord (posterior) with ANSWERS
the deltoid muscle; thus it is useful muscle that helps
differentiate an isolated axillary mononeuropathy from 1. B;2.C; 3. B.
posterior cord, upper trunk, or C5-C6 root lesions.

2. The biceps muscle. This muscle shares roots (C5 and
C6) and trunk (upper) with the deltoid muscle, but its
nerve fibers are directed into the lateral cord toward
the musculocutaneous nerve (rather than into the pos-
terior cord as are the deltoid fibers). Thus it can be used
to differentiate an isolated axillary mononeuropathy
from upper trunk, or C5-C6 root lesions.
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HISTORY AND PHYSICAL EXAMINATION

A 30-year-old right-handed man developed neck and left
parascapular pain over 2 weeks. Two days before presenta-
tion, his pain worsened and he had a radiating pain to the
posterior aspect of the arm and numbness of the hand, par-
ticularly the index and middle fingers. He became aware of
weakness of the left arm. His pain was exacerbated by cough-
ing and neck movement. He denied any history of trauma.
He had a history of left parascapular pain that occurred
2 years earlier, which responded to nonsteroidal anti-inflam-
matory agents. Otherwise, he had been in excellent health.

On examination, the range of neck movements was
restricted in all directions. Lateral neck flexion to the left
reproduced the left parascapular and arm pain. There was
no atrophy or fasciculations. He had moderate weakness of
the left triceps muscle (Medical Research Council [MRC]
grade 4/5) and very mild weakness of the left wrist exten-
sors (MRC grade 5-/5). All other muscles were normal.
The left triceps reflex was trace. All other reflexes were
2/4. Sensory examination revealed no objective sensory
impairment. Examination of the right upper and both
lower extremities revealed no abnormalities.

Cervical spine x-rays showed reversal of the normal
cervical lordosis with normal disk interspaces. Initially, the
patient was treated conservatively with cervical traction,
nonsteroidal anti-inflammatory agents, and analgesia. Ten
days later, there was no improvement.

An electromyography (EMG) examination was then
performed.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. The clinical and EMG findings are consistent with:
A. CS8 radiculopathy.
B. C5 radiculopathy.

C. C5 and C6 radiculopathy.
D. C7 radiculopathy.
E. C8 and T1 radiculopathy.
2. The most common cervical radiculopathy is:
A. C6 radiculopathy.
B. C5 radiculopathy.
C. C7 radiculopathy.
D. C4 radiculopathy.
E. C8 radiculopathy.
3. Neurologic findings most suggestive of C6 radiculopathy
include:
A. Weakness of the hand intrinsics.
B. Weakness of the triceps muscle with sensory loss of
the ring finger.
C. Depressed triceps reflex with sensory loss of the
middle finger.
D. Weakness of the brachioradialis and depressed
biceps reflex.

EDX FINDINGS AND INTERPRETATION
OF DATA

Pertinent electrodiagnostic (EDX) findings in this case
include:

1. Normal sensory nerve action potentials (SNAPs), par-
ticularly those pertinent to C6 and C7 dermatomes
(median SNAP recording thumb, index, and middle
fingers, and radial SNAP).

2. Variably increased insertional activity, fibrillation
potentials, and decrease in recruitment in the pronator
teres (C6, C7), flexor carpi radialis (C6, C7), triceps
(C6, C7, C8), and extensor carpi radialis (C6, C7), with
normal biceps (C5, C6), brachioradialis (C5, C6), and
deltoid (C5, C6). The abnormal muscles are innervated
by two different nerves (median and radial), but they
all share C7 root innervation. Also, muscles that share
C6 but not C7 myotomes are normal.
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3. Decreased recruitment of motor unit action potential
(MUAP), and minimal reinnervation changes of the
MUAPs are findings consistent with a subacute disorder.

4. Fibrillation potentials in the low cervical paraspinal
region.

These findings are compatible with a subacute left C7
radiculopathy with active denervation. Normal SNAPs and
fibrillation potentials in the cervical paraspinal muscles con-
firm that the lesion is proximal to the dorsal root ganglion
(DRG), i.e., within the intraspinal canal.

DISCUSSION

Applied Anatomy

The dorsal root axons originate from the sensory neurons
of the DRG, which lie outside the spinal canal, within the
intervertebral foramen, immediately before the junction of
the dorsal and ventral roots (Figure C11-1). These sensory
neurons are unique because they are unipolar. They have
proximal projections through the dorsal root, called the
preganglionic sensory fibers, to the dorsal horn and column
of the spinal cord. The distal projections of these neurons,

called the postganglionic peripheral sensory fibers, pass
through the spinal nerve to their respective sensory end-
organs. The ventral root axons, however, are mainly motor
(some are sympathetic, with origins from the anterolateral
horn of the cord). The motor axons originate from the
anterior horn cells within the spinal cord. Passing through
the spinal nerves and the peripheral nerve, these motor
fibers terminate in the corresponding muscles.

Spinal cord
Dorsal root ganglion

Figure C11-1. Transverse section of the cervical spine, showing
the usual site of root injury in cervical radiculopathy due to disc
herniation (arrow). Note that the sensory fibers are injured prox-

imal to the dorsal root ganglion, which is located within the inter-

vertebral foramen. (From Brown WE, Bolton CF. Clinical
electromyography, 2nd ed. Boston, MA: Butterworth-Heinemann,
1993, with permission.)

The spinal nerves terminate as soon as they exit the
intervertebral foramina, by branching into posterior and
anterior rami. The small posterior rami innervate the para-
vertebral skin and deep paraspinal muscles of the neck,
trunk, and back; the large anterior rami innervate the skin
and muscles of the trunk and limbs.

In humans, there are 31 pairs of spinal nerve roots:
8 cervical, 12 thoracic, 5 lumbar, 5 sacral, and 1 coccygeal.
In the cervical spine, each cervical root exits above the
corresponding vertebra that shares the same numeric des-
ignation (Figure C11-2). For example, the C5 root exits
above the C5 vertebra (i.e., between the C4 and C5 verte-
brae). Because there are seven cervical vertebrae but eight
cervical roots, the C8 root exits between the C7 and T1
vertebrae; subsequently, all thoracic, lumbar, and sacral
roots exit below their corresponding vertebrae. For example,
the L3 root exits below the L3 vertebra (i.e., between the
L3 and L4 vertebrae).

Clinical Features

Cervical radiculopathy frequently is the result of a herni-
ated intervertebral disc, or osteophytic spondylitic changes
that result in mechanical compression of the cervical root.
The symptoms may be acute, subacute, or chronic. Neck
pain radiating to the parascapular area and upper extremity,
made worse by certain neck positions, is common. The
pain radiation tends to follow the dermatomal innervation
of the compressed root. Subjective paresthesias within the
involved dermatome is more common than objective sen-
sory findings. The diminution of deep tendon reflexes helps
in localizing the lesion to one or two roots. Weakness is
uncommon; when present, it involves muscles innervated
by the compressed root.

The classic study by Yoss et al., published in 1957,
remains the best available clinicoanatomic study of cervical
root compression. This detailed study analyzed the symp-
toms and signs of 100 patients with surgically proven single
cervical lesions. C7 radiculopathy was the most common
cervical radiculopathy, accounting for almost two thirds of
patients (Figure C11-3). Figure C11-4 shows the common
sensory symptoms and signs observed in these patients,
while Figure C11-5 shows the weakened muscles caused
by cervical radiculopathy. This study revealed the extreme
variability of sensory manifestations in patients with cervi-
cal radiculopathy. Also, no single muscle was exclusively
diagnostic of a specific root compression. However, based
on the data, certain clinical conclusions can be made:

1. When sensory manifestations occur in C7 radiculopathy,
the index or middle finger is always involved.

2. When sensory manifestations occur in C8 radiculopathy,
the little or ring finger is always involved.
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Figure C11-2. Alignments of spinal segments and roots to verte-
brae. The bodies and spinal processes of the vertebrae are indicated
by Roman numerals, and the spinal segments and their respective
roots by Arabic numerals. Note that the cervical roots (except C8)
exit through intervertebral foramina above their respective bodies
and that all other roots leave below these bodies. (From Haymaker
W, Woodhall B. Peripheral nerve injuries: principles of diagnosis.
Philadelphia, PA: WB Saunders, 1953, with permission.)

3. The thumb is never involved exclusively in C7 radicu-
lopathy.

4. Significant triceps weakness is seen only in C7 radicu-
lopathy.

c7
69%

Figure C11-3. Incidence of cervical root involvement in a series
of 100 patients with surgically proven single-level lesions. (Data
adapted from Yoss RE et al. Significance of symptoms and signs
in localization of involved root in cervical disc protrusion.
Neurology 1957;7:673-683, with permission.)

5. Significant supraspinatus and infraspinatus weakness is
seen only in C5 radiculopathy.

6. Significant interossei and hand intrinsics weakness is
seen only in C8 radiculopathy.

However, despite the variability in sensory and motor
presentations of cervical radiculopathies, certain classical
symptoms and signs exist and are extremely helpful in
localizing the compressed root. Table C11-1 reveals the
common presentations of cervical radiculopathies.

Electrodiagnosis

General Concepts

Certain general concepts are essential to appreciate before
one makes a diagnosis of a cervical radiculopathy in the
EMG laboratory.

1. The SNAPs are normal in radiculopathy despite the
presence of sensory loss. Compression of the dorsal
(sensory) root, from either disc herniation or spondylosis,
usually occurs within the spinal canal proximal to the
DRG and results in injury of the preganglionic sensory
fibers, but leaves the postganglionic sensory fibers
intact (see Figure C11-1).

2. Compression of the ventral (motor) root may cause
demyelination or axon loss, or both. As with focal
lesions of peripheral nerves, this leads to different EDX
findings:

e With axon loss, wallerian degeneration occurs.
Its effect is readily recognized after 2-3 weeks by the
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C-6 (4 pts)
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C-7 (15 pts)

C7 (2 pts) C-8(2pts)

Figure C11-4. Sensory manifestation in patients with established
single cervical root lesions (C5-C8). (A) patterns of paresthesias
in 91 patients and (B) objective sensory impairment in 23 of the
same patients. (From Yoss RE et al. Significance of symptoms and
signs in localization of involved root in cervical disc protrusion.
Neurology 1957;7:673-683, with permission.)

presence of fibrillation potentials, long-duration and
high-amplitude MUAPs, and, when severe, low-
amplitude CMAPs.

o With pure demyelination, there is either focal slow-
ing or conduction block; both cannot be evaluated
well because roots are not accessible to conduction
studies (despite attempts to use magnetic or direct
needle stimulation). Thus, apart from weakness (and

3.

reduced MUAP recruitment), EDX studies might be

otherwise normal.
The EMG examination determines the injured cervical
root(s), as well as the vertebral level(s) of root compres-
sion or disc herniation. This advantage is in contrast to
lumbosacral radiculopathies where the vertebral level
of root compression or disc herniation does not always
correlate with the involved root (see Case 2).

. The needle EMG remains the most sensitive electro-

diagnostic tool in patients with suspected radiculopathy.
Other electrophysiologic studies, including somatosen-
sory evoked potentials, nerve conduction studies, late
responses and thermography, are much less sensitive
and their use in practice is limited.

. The most objective EMG finding in radiculopathy is

the presence of fibrillation potentials. Decrease recruit-
ment and large or polyphasic MUAPs are useful find-
ings but when these abnormalities are mild they are
more difficult to analyze and may be subject to debate
by different observers. Hence, the accuracies of these
MUAP findings vary according to the electromyogra-
pher’s experience.

. Fibrillation potentials are seldom found in the entire

myotomal distribution of the compressed root. This is

best explained by one or more of the following reasons:

» Root compression usually results in partial motor axon
loss. Hence, some muscles innervated by the injured
root may “escape” denervation and remain normal.

 Proximal muscles innervated by the compressed root
undergo more effective collateral sprouting and rein-
nervation than do distal muscles. This leads to the
disappearance of fibrillation potentials in proximal
muscles. Hence, in a chronic radiculopathy it is more
likely to find fibrillation potentials in distal than
proximal muscles, despite being innervated by the
same root. For example, in C5 or C6 radiculopathy, it
is more likely to detect fibrillation potentials in the
brachioradialis than in the infraspinatus; both have a
preponderant innervation by the C5 and C6 roots.

o There likely is significant myotomal variability
among individuals.

. F waves are rarely abnormal in radiculopathy. Despite

early enthusiasm about the utility of F waves, which
test the integrity of the entire motor axon including
the ventral roots, the F waves are not sensitive in the diag-
nosis of cervical radiculopathies for the following reasons:
e The recorded muscle frequently is innervated by
more than one root. Thus, in a single-level radicu-
lopathy, normal conduction through the intact neigh-
boring root results in normal F wave minimal latency.
For example, in C8 radiculopathy, the ulnar F wave
recorded from the abductor digiti minimi muscle
(innervated by C8 and T1 roots) frequently is normal
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Figure C11-5. Incidence and severity of
weakness of muscles or groups of muscles in
cervical radiculopathy (C5-C8). (From Yoss
RE et al. Significance of symptoms and signs
in localization of involved root in cervical
disc protrusion. Neurology 1957;7:673—683,
with permission.)
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o If focal slowing occurs at the root segment of the

because the compression is concealed by a normal
T1 root.

F wave latency is the most reproducible and clinically
useful parameter. However, root compression result-
ing in significant motor axon loss can be associated
with normal F wave latencies because the surviving
axons are conducting normallys.

motor axon, the delay in F wave latency may be
obscured, because the latency becomes diluted by
the relatively long motor axons.

The median and ulnar F waves, recording abductor
pollicis brevis, adductor pollicis or first dorsal
interosseous, are the only upper extremity F waves

Table C11-1. Common Clinical Presentations in Patients With Cervical Radiculopathies

Pain Radiation

Sensory Impairment

Weakness

Hypo/Areflexia

G5

C6

C7

C8

T1

To parascapular area,
shoulder, and upper arm

To shoulder, arm, forearm,
and thumb/index finger

To posterior arm, forearm,

and index/middle fingers

To medial arm, forearm,
and little/ring fingers

To axilla, medial arm
and forearm

Upper arm

Lateral arm, forearm, and
thumb and/or index fingers

Index and/or middle fingers

Medial forearm, and
little finger

Axilla, medial arm and forearm

Scapular fixators, shoulder
abduction, and elbow flexion

Shoulder abduction, elbow
flexion, and forearm pronation

Elbow extension, wrist and
fingers extension, and
forearm pronation

Hand intrinsics, and long flexors
and extensors of fingers

Thenar muscles

Biceps and/or
brachioradialis reflexes
Biceps and/or
brachioradialis reflexes
Triceps jerk

None

None
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studied in clinical practice. These F waves evaluate
the C8 and T1 roots since these three muscles are
innervated solely by the C8 and T1 roots. Hence,
upper extremity F waves that are used in clinical
practice do not assess the more common C7, C6, and
C5 radiculopathies.

Goals of the Electrodiagnostic Study

The EDX examination plays a pivotal role in the diagnosis,
and sometimes the management, of cervical radiculopathy.
The diagnostic aims of the EDX examination in radiculopathy
are to:

1. Exclude a more distal lesion (i.e., plexopathy or a

mononeuropathy).

Confirm evidence of root compression.

3. Localize the compression to either a single or multiple
roots.

4. Define the age and activity of the lesion.

5. Define the severity of the lesion.

o

Exclude a More Distal Nerve Lesion

Differentiating a mononeuropathy from radiculopathy is

relatively easy when the focal peripheral nerve lesion is

associated with conduction block or focal slowing, such as
in carpal tunnel syndrome or ulnar mononeuropathy at the
elbow. Also, in mononeuropathy, fibrillation potentials and

MUAP reinnervation changes are limited to muscles

innervated by the involved peripheral nerve. However,

these abnormalities in radiculopathy are more widespread
and involve muscles that share the same root innervation,
regardless of their peripheral nerve.

Differentiating a brachial plexus lesion from cervical
radiculopathy involves mostly evaluating the SNAPs and
needle EMG of the cervical paraspinal muscles as well as
very proximal muscles.

o The presence of fibrillation potentials in paraspinal
muscles is not consistent with a brachial plexus lesion
because these muscles are innervated by the dorsal rami
before the formation of the plexus. Unfortunately, fibril-
lation potentials in paraspinal muscles are not always
present in radiculopathy, presumably due to of effective
reinnervation of these very proximal muscles.

o Detecting signs of denervation and reinnervation in
muscles innervated by peripheral nerves arising before
the formation of the brachial plexus is a strong support
for the diagnosis of cervical radiculopathy. These mus-
cles are the thomboids (C5 root via the thoracodorsal
nerve) and serratus anterior (C6, C7, C8 roots via the
long thoracic nerve) (see Figure C13-2 in Case 13). One
caveat is that these nerves may be selectively injured
along with the brachial plexus during shoulder trauma
or with a bout of neuralgic amyotrophy (see Case 16).

e In brachial plexopathy, the SNAPs usually are abnor-
mally low in amplitude, or they are absent, because the
lesion affects the postganglionic fibers. In contrast,
these studies are normal in cervical radiculopathy, in
which compression involves the preganglionic fibers
only (i.e., sensory fibers proximal to the DRG).
However, the utility of the SNAP in the confirmation of
cervical radiculopathy has few limitations:

(a) The C5 cervical root does not have a technically
feasible SNAP.

(b) The medial brachial SNAP, which assesses the T1
root, may be difficult to evoke or is absent bilaterally
in a significant number of individuals, especially in
the elderly, obese, and those with limb edema.

(c) The SNAP amplitudes may be low or absent if the
DRGs are involved by the pathological condition that
may affect the DRG preferentially or extend from the
intraspinal space through the neural foramen to the
extraspinal space or vice versa. Examples include
infiltrative malignancy such as lymphoma, infection
such as herpes zoster, tumor such as schwannoma or
meningioma, or autoimmune attack on DRG such as in
Sjogren syndrome or with small-cell lung cancer.

Confirm Evidence of Root Compression
Two criteria are necessary to establish the diagnosis of
cervical radiculopathy.

1. Denervation in a segmental myotomal distribution (i.e.,
in muscles innervated by the same roots via more than
one peripheral nerve), with or without denervation of
the cervical paraspinal muscles. At least two muscles, and
preferably more, should reveal evidence of denervation
(fibrillation potentials and/or reinnervation MUAP
changes and reduced recruitment). Fibrillation poten-
tials in the paraspinal muscles are strong evidence of a
root lesion within the spinal canal. However, they may
be absent particularly in chronic radiculopathies, likely
due to effective reinnervation.

2. Normal SNAP of the corresponding dermatome. Once
myotomal denervation is detected by needle EMG, the
lesion must be confirmed as preganglionic (i.e., within the
spinal canal) and not postganglionic (i.e., due to a brachial
plexus injury). This can be achieved by recording one or
more dermatomal SNAPs, appropriate for the myotome
involved, and then establishing SNAP normality. For
example, in a suspected C7 radiculopathy, the median
SNAP recording middle finger should be performed,
preferably bilaterally for comparison. Table C11-2 lists
technically feasible SNAPs with their corresponding roots
that are helpful in confirming the diagnosis of cervical
radiculopathy. Note that no SNAP has been devised to
assess the C5 fibers, and the medial brachial SNAP is not
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Table C11-2. Upper Extremity Sensory Nerve Action
Potentials (SNAPs) and Their Segmental

Representation
Root SNAP
C6 Lateral antebrachial (Lateral cutaneous of forearm)

Median recording thumb

Median recording index

Radial recording dorsum of hand
C7 Median recording index

Median recording middle finger

Radial recording dorsum of hand
C8 Ulnar recording little finger

Medial antebrachial (Medial cutaneous of forearm)
T1 Medial brachial (Medial cutaneous of arm)

always technically reliable in assessing the T1 fibers.
These SNAP limitations, though much less significant
than the lower extremity SNAPs, result in occasional dif-
ficulties in distinguishing a preganglionic lesion (i.e., cer-
vical radiculopathy) from a postganglionic lesion (i.e.,
brachial plexopathy), unless fibrillation potentials are evi-
dent in the cervical paraspinal or very proximally inner-
vated muscles (serratus anterior or rhomboids).

Localize the Compression to One or

Multiple Roots

This requires meticulous knowledge of the segmental
innervation of both limb muscles (myotomes) and skin
(dermatomes). Many myotomal charts have been devised,
with significant variability; this may lead to confusion and
disagreement between the needle EMG and the level
of root compression as seen by imaging techniques or
during surgery. EMG-derived charts are also helpful and
have had anatomic confirmation (see Levin et al. and
Katirji et al.). Figure C11-6 reveals a common and most
useful EMG-extracted myotomal chart.

A minimal “root search” should be performed in all
patients with suspected cervical radiculopathy to ensure
that a radiculopathy is either confirmed or excluded. In
other words, certain muscles of strategic value in EMG
because of their segmental innervation should be sampled
(Table C11-3). When abnormalities are found or
when the clinical manifestations suggest a specific
root compression, more muscles must be sampled
after being selected based on their innervation
(see Figure C11-6), to verify the diagnosis and establish
the exact compressed root(s).

Once myotomal denervation is detected by needle
EMG, it is essential to confirm that the lesion is pregan-
glionic (i.e., within the spinal canal) and not postganglionic

ANTERIOR PRIMARY RAMI C5C6C7C8.T1

PROXIMAL NERVES

RHOMBOID MAJOR/MINOR (DORSAL SCAPULAR)
SUPRA/INFRA SPINATUS (SUPRASCAPULAR)
DELTOID (AXILLARY)

BICEPS BRACHII (MUSCULOCUTANEQUS)

RADIAL NERVES
TRICEPS "t
ANCONEUS K
BRACHIORADIALIS

EXTENSOR CARPI RADIALIS
EXTENSOR DIGITORUM COMMUNIS
EXTENSOR CARPI ULNARIS
EXTENSOR POLLICIS BREVIS
EXTENSOR INDICIS PROPRIUS

MEDIAN NERVES
PRONATOR TERES

FLEXOR CARPI RADIALIS
FLEXOR POLLICIS LONGUS
PRONATOR QUADRATUS
ABDUCTOR POLLICIS BREVIS

ULNAR NERVES

FLEXOR CARPI ULNARIS

FLEXOR DIGITORUM PROFUNDUS (MED)
ABDUCTOR DIGITI MINIMI

ADDUCTOR POLLICIS

FIRST DORSAL INTEROSSEUS

POSTERIOR PRIMARY RAMI
CERVICAL PARASPINALS
HIGH THORACIC PARASPINALS

Figure C11-6. Chart of upper extremity muscles useful in the
electromyographic recognition of cervical radiculopathy. Solid
squares indicate muscles that most often contain abnormalities,
and checkered squares indicate muscles that are abnormal less
frequently. (From Brown WE, Bolton CF. Clinical electromyogra-
phy, 2nd ed. Boston, MA: Butterworth-Heinemann, 1993, with
permission.)

Table C11-3. Suggested Muscles to be Sampled
in Patients With Suspected Cervical Radiculopathy:

First dorsal interosseous CS8, T1
Flexor pollicis longus CS8, Tl
Pronator teres C6, C7
Biceps C5, C6
Triceps C6, C7,C8
Deltoid C5, C6
Mid-cervical paraspinal C5, C6
Low-cervical paraspinal C7,CS8

*Roots in bold type represent the major innervation.
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(i-e., due to a brachial plexus injury). This can be achieved by
recording one or more SNAPs appropriate for the myotome
involved, and then establishing normality of SNAPs. For
example, in a suspected C6 radiculopathy, the antidromic
(or orthodromic) median SNAPs, recording the thumb
and index, should be performed, preferably bilaterally for
comparison (see Table C11-2).

Define the Age and Activity of the

Radiculopathy

Changes seen on needle EMG help to determine the age

of the lesion in an axon-loss cervical radiculopathy. As with

many processes wherein motor axon loss occurs, increased
insertional activity is the first abnormality seen and,
when isolated, suggests that the process may be only

1-2 weeks old. Fibrillation potentials, which are sponta-

neous action potentials generated by denervated muscle

fibers, develop soon after and become full after 3 weeks
from acute motor axonal loss. These potentials often
appear first in the cervical paraspinal muscles, then in
proximal muscles, and lastly in distal muscles. They also
disappear after reinnervation or following muscle fiber
fatty degeneration. As time elapses, collateral sprouting
from intact axons results in MUAPs with polyphasia and
satellites potentials. These MUAPs, usually seen after 2 to

3 months from acute injury, are often unstable by showing

moment-to-moment variation in morphology. With further

time, MUAPs with high amplitude and long duration domi-
nate, reflecting a more complete reinnervation and the
chronicity of the root compression.

In assessing a patient with possible cervical radiculopa-
thy, it is often important to comment on whether the root
compression is chronic or ongoing (active). This is easy
when one encounters large and stable MUAPs, reflecting
chronicity, along with fibrillation potentials, reflecting
ongoing (active) denervation. In contrast, when fibrillation
potentials are absent, it is presumed that the findings
are chronic and remote, such as in patients with a prior
history of a severe cervical radiculopathy. This simplistic
differentiation has, however, several limitations:

e It is not uncommon that the electromyographer cannot
distinguish with certainty between a patient with
chronic ongoing root compression (such as with spondy-
losis) from one with chronic remote (old) root compres-
sion (such as with a prior disc herniation). In situations
where the rate of motor axon loss is slow, reinnervation
may keep pace with denervation that no or minimal fib-
rillation potentials are seen on needle EMG. Some elec-
tromyographers may use erroneously the absence of
fibrillation potentials as absolute evidence against ongo-
ing root compression. A correlation with the clinical
history, the neurological findings, and the imaging
is warranted.

e A contrast situation rise in patients with remote radicu-
lopathy that had resulted in severe axon loss. In these
clinically inactive cases, some muscle fibers never fully
reinnervate, especially in distal muscles located farthest
from the injury site. In these radicular lesions, fibrilla-
tion potentials may continue to be seen in distal mus-
cles, mistakenly suggesting that there is an ongoing root
compression and axon loss process.

e The postoperative EDX evaluation of patients with
cervical radiculopathy is challenging particularly when
there was no preoperative EDX study. Since fibrillation
potentials may persist for several months despite succes-
sive surgery, their presence does not mean a failed sur-
gical procedure. Additionally, fibrillation potentials may
be present in the paraspinal muscles after posterior cer-
vical spine surgery because of muscle denervation during
surgical exposure. Because of this, many electromyogra-
phers, including the author, will not sample the
paraspinal muscles if a patient has a history of posterior
cervical spine surgery. These postoperative EDX studies
are often not satisfying to the electromyographer or
clinician, since they cannot exclude or confirm persistent
root compression.

Define the Severity of the Radiculopathy

In assessing the severity of a radiculopathy, one erro-
neously tends to rely on the degree of abnormalities seen
on needle EMG, namely decreased recruitment (“neuro-
genic” MUAP firing pattern), fibrillation potentials, and
MUAP configuration. Using these parameters in assessing
severity of lesion (i.e., extent of axon loss) is suboptimal for
the following caveats:

1. Although there is a correlation between the degree of
reduced MUAP recruitment and the degree of weak-
ness, decreased recruitment is not necessarily due to
axon loss but may be due conduction block (segmental
demyelination) at the root level. The latter has a very
good prognosis for rapid recovery.

2. Although the presence of fibrillation potentials is con-
sistent with motor axon loss, measuring the number of
fibrillation potentials in a muscle is subjective and does
not correlate with the degree of axon loss. Fibrillation
potentials denote a recent axon loss but cannot assess its
severity.

3. MUAP reinnervation changes are permanent.
However, reinnervation may be quite robust that weak-
ness may not or be minimally detected. Hence, finding
very large MUAPs (giant MUAPs) does not always
reflect severity or prognosis.

The best indicator of motor axon loss is the CMAP
amplitude (or area) recorded during routine motor nerve
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conduction studies of the upper extremity. Although these
studies are performed distally and do not include the roots,
a root lesion causing demyelinative conduction block (or
focal slowing), with little or no accompanying axonal
degeneration, may result in weakness, but does not lead to
any decrease in CMAP amplitude or other abnormalities
on motor conduction studies. Only when significant axonal
loss occurs at the root level does the CMAP recording
from an involved muscle become low in amplitude (or
occasionally absent when multiple adjacent roots are
compressed). In acute lesions, this is only detected when
sufficient time has elapsed for wallerian degeneration
to occur (usually 7-10 days). For example, only in moder-
ate or severe C8 radiculopathy is the ulnar CMAP, record-
ing from abductor digiti minimi (C8, T1), borderline or
low in amplitude at least after 10 days from onset of acute

symptoms.

Electrodiagnostic Findings in Cervical
Radiculopathies

The EMG findings in isolated cervical radiculopathy are
dependent on the myotomal innervation of the upper
limb. It should be emphasized that multiple cervical
radiculopathies are not uncommon, especially in elderly
people with cervical spondylosis. Spondylosis can frequently
result in compression of more than one root, usually but
not necessarily adjacent to each other. A contralateral root
may also be affected frequently, although this occurs more
often in lumbosacral radiculopathies.

C5/C6 Radiculopathies

It is difficult, both clinically and by EMG, to separate
lesions of C5 roots from those of C6 roots because of the
significant overlap of their corresponding myotomes.
Muscles that share both C5 and C6 segmental innervation,
with about equal frequency, include the supraspinatus,
infraspinatus, deltoid, biceps, and brachioradialis.
However, the following muscles can help, when involved,
to distinguish lesions of these roots:

1. Pronator teres and/or flexor carpi radialis are inner-
vated by the C6 and C7 roots and are never involved in
C5 radiculopathy. Hence, the compromised root is the
C6 if one or both muscles are abnormal along with
some or all of the aforementioned muscles.

2. Rhomboid major is innervated by the C5 root exclu-
sively. Hence, the C5 root is the compressed root when
this muscle is abnormal.

Although the identification of denervation in the prona-
tor teres/flexor carpi radialis or rhomboid muscles is bene-
ficial in localizing the compressed root to C6 or C5 roots
respectively, the lack of these findings does not exclude

compression of the neighboring root because it is not nec-
essary for all muscles innervated by the compressed root to
reveal evidence of denervation.

Differentiating C5 or C6 radiculopathy from upper
trunk brachial plexopathy is also sometimes difficult
because the C5 dermatome has no clearly defined SNAP.
Thus, in isolated C5 radiculopathy, finding fibrillation
potentials in the cervical paraspinal muscles and/or in
the rhomboid major is practically the only way to confirm
a root lesion and rule out an upper plexus lesion. In
C6 radiculopathy, however, the additional findings of
normal median SNAPs, recording thumb (C6) and index
(C6, C7), and of a lateral antebrachial cutaneous SNAP
(C6) are supportive findings against an upper trunk or
lateral cord lesion.

C7 Radiculopathy

CT7 radiculopathy is the most common cervical radiculopa-
thy encountered in clinical practice. The EMG findings in
CT7 radiculopathy typically are mostly restricted to radial and
median innervated muscles via the C7 root. The triceps,
anconeus, flexor carpi radialis, and pronator teres have a
prominent C7 root innervation and are by far the most com-
mon muscles affected in C7 radiculopathy. Other supple-
mentary muscles include the extensor carpi radialis (radial
nerve) and the latissimus dorsi (thoracodorsal nerve).

C6 radiculopathy may sometimes be difficult to differen-
tiate from C7 radiculopathy because of some EMG overlap
between C6 and C7 myotomes, which is not as prominent
as the overlap between the C6 from C5 myotomes. The C7
root is often the compressed one when the pronator teres
(C6, C7) and triceps (C6, C7, C8) are the only abnormal
muscles. However, making the distinction between C6 and
CT7 radiculopathy becomes easy when the “traditional” C6
innervated muscles (supraspinatus, infraspinatus, deltoid,
biceps, and brachioradialis) are normal.

C7 radiculopathy can be differentiated from isolated
middle trunk brachial plexopathy, which is extremely rare,
by confirming that the median SNAPs to the middle finger
(CT7) and the index finger (C6, C7), and the radial SNAP
(C6, CT7) are normal. Also, fibrillation potentials in the
cervical paraspinal muscles, when present, are strong
evidence against plexopathy.

C8/T1 Radiculopathies

As in the C5 and C6 situation, distinguishing C8 from T1
lesions is difficult because of significant myotomal overlap.
The myotomal representation of the C8/T1 root involves
the three major nerves in the upper extremity: the median,
radial, and ulnar nerves. Muscles affected include the first
dorsal interosseous and abductor digiti minimi (ulnar),
the abductor pollicis brevis and flexor pollicis longus
(median), and the extensor indicis proprius and extensor
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pollicis brevis (radial). The triceps muscle seldom is
affected, but when also denervated, it is strong evidence of
a C8 radiculopathy.

The ulnar SNAP, recording the little finger, and medial
antebrachial SNAP are essential in the final diagnosis of
C8/T1 radiculopathy. These studies are normal in C8/T1
radiculopathies, but wusually abnormal in lower
trunk/medial cord plexopathies. Finally, as with all radicu-
lopathies, fibrillation potentials in the cervical paraspinal
muscles, when present, are strong evidence against a
brachial plexopathy.

Although all C8 muscles of the hand have T1 contribu-
tions, the abductor pollicis brevis muscle appears to be the
only muscle with predominately T1 innervation. On rare
occasions, the only abnormalities in selective T1 radiculopa-
thy are low amplitude median CMAP and fibrillation poten-
tials and reinnervation changes in the abductor pollicis
brevis muscle.

Could an EMG be Normal in a Patient With
Definite Cervical Radiculopathy?

This is a question commonly asked by clinicians and
reflects the limitations of the EDX test in the evaluation of
cervical radiculopathy. The general rule is “a normal EMG
does not exclude a root compression.” An EMG study
may be normal in a cervical radiculopathy in the following
circumstances:

1. If only the dorsal root is compressed and the ventral
root is not compromised. This occurs in significant

A

numbers of patients whose symptoms are limited
to pain and/or paresthesias with or without reflex
changes. However, because of the lack of ventral
root involvement, the sensory and motor nerve conduc-
tion studies, F-wave latencies, and needle EMG are
normal.

2. If the ventral root compression has caused demyelina-
tion only (leading to conduction block) with no axonal
loss. In this situation, no fibrillation potentials or large
or polyphasic MUAPs are seen. The expected reduced
recruitment may also be masked, particularly when the
ventral root compression is partial, by normal adjacent
root since all muscles have two or three segmental
innervations.

3. If the root compression is acute. Here, no fibrillation
potentials are seen because these potentials appear
3 weeks after axonal injury and become maximal at 4 to
6 weeks. Also, the MUAPs are normal because sprouting
starts at least 4 to 6 weeks after axonal injury.

4. If the injured root lacks of adequate myotomal repre-
sentation. Examples include the C3 or C4 roots which
are not possible to assess by EMG.

FOLLOW-UP

Magnetic resonance imaging of the cervical spine showed
a large focal posterolateral disc herniation at the C6-C7
interspace, with impingement of the left C7 root and slight
flattening of the cervical cord (Figure C11-7). The patient

B

Figure C11-7. Sagittal T2-weighted (A) and axial T1-weighted (B) magnetic resonance images of the cervical spine, revealing C6-C7
lateroposterior disc herniation to the left, with compression of the left C7 root. Note that there is also a C5-C6 disc herniation.
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underwent an anterior cervical diskectomy at C6-C7.
Intraoperatively, a large subligamentous disc herniation
was observed to be compressing the left C7 root. Arm and
neck pain began resolving in a few days and disappeared
within 2 months. Strength improved steadily and, on
reexamination 6 months later, the patient demonstrated
normal triceps strength and reflex.

DIAGNOSIS

Subacute left C7 radiculopathy due to left postero-
lateral C6-C7 disc herniation.
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Case 12

HISTORY AND PHYSICAL EXAMINATION

During an automobile repair, the right arm of a 23-year-
old man was pinned under a car for 2 to 3 minutes when
the jack came off accidentally. Immediately, he noticed a
right wristdrop. There were no lacerations or bruises.
Radiographs of the right arm and forearm were normal. The
wristdrop improved slightly over the next few weeks. He
was referred to the electromyography (EMG) laboratory
5 weeks after the incident.

On examination, there was severe weakness of the right
wrist extensors, all finger extensors, and the brachioradialis
(Medical Research Council [MRC] 2/5), with intact finger
and wrist flexors, biceps, triceps, and deltoid muscles. He
had impairment of pain and touch sensation over the dor-
sum of the hand. The right brachioradialis reflex was
absent. All other deep tendon reflexes were normal. The
rest of the neurological examination was normal.

EMG examination was done 5 weeks postinjury.

Please now review the Nerve Conduction Studies (NCS)
and Needle EMG tables.

QUESTIONS

1. The clinical and electrodiagnostic (EDX) findings are
consistent with:
A. Lower cervical radiculopathy.
B. Posterior cord brachial plexopathy.
C. Posterior interosseous mononeuropathy.
D. Radial mononeuropathy in the arm.

2. All the following muscles are innervated by the posterior
interosseous nerve except:
A. Extensor digitorum profundus.
B. Extensor indicis proprius.
C. Extensor carpi ulnaris.
D. Abductor pollicis longus.
E. Extensor carpi radialis longus.

3. Common causes of this injury include all of the following
except:
A. Midhumeral fracture.
B. “Saturday night palsy.”
C. Occupational use with repetitive wrist movements.
D. Strenuous muscular effort.

EDX FINDINGS AND INTERPRETATION
OF DATA

Abnormal EDX findings include:

1. A partial right radial motor conduction block across the
spiral groove, as evidenced by a drop in amplitude of
the compound muscle action potential (CMAP) from
5.6 mV, stimulating below the spiral groove, to 2.0 mV,
stimulating above the spiral groove (Figure C12-1).
This 64% amplitude decay is supported by the lack of
significant CMAP dispersion and the concomitant
decrease in negative CMAP area from 25.5 mV/ms to
5.65 mV/ms, respectively (78% area loss). Also, there is
relative and mild focal slowing of the conducting radial
motor fibers within the spiral groove (when the right
radial motor nerve conduction velocity of 57 m/s is
compared to the distal velocity of 66 nv/s, and to the left
radial motor velocities of 69 m/s proximally and 68 m/s
distally). The presence of partial conduction block
with relative mild focal slowing across the spiral groove
is consistent with segmental demyelination at that site.

2. The distal radial CMAP is relatively low in amplitude
on the right (5.8 mV) compared to the left (7.5 mV) and
to the lower limit of normal value (6.0 mV). This is con-
sistent with partial motor axonal loss distal to the site of
the lesion (wallerian degeneration).

3. The right radial sensory nerve action potential (SNAP)
is low in amplitude when compared with the left (10 uV
versus 20 pV). This is consistent with partial sensory

189
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Elbow

Below spiral groove

Above spiral groove

|5mV
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axonal loss distal to the site of the lesion (wallerian
degeneration).

4. There is moderate impairment of recruitment with fib-
rillation potentials in all radial-innervated muscles
except the triceps and anconeus. Abnormal muscles
include the brachioradialis, which is innervated by the
radial nerve proper, and the extensor indicis proprius
and extensor digitorum communis, both of which are
innervated by the posterior interosseous nerve. The
recruited motor unit action potentials (MUAPs) are
normal in configuration, a finding consistent with a
recent injury prior to the establishment of sprouting.

This case is consistent with a right radial mononeuropa-
thy at the spiral groove, manifested mostly by segmental
demyelination (partial conduction block within the spiral
groove) with modest sensory and motor axonal loss. The
presence of wristdrop and fingerdrop with weak brachio-
radialis but normal triceps and deltoid, along with superfi-
cial radial sensory deficit, makes the clinical diagnosis of
radial nerve lesion in the region of the spiral groove very
likely. Identifying a conduction block across the spiral
groove localizes the lesion precisely to that segment of the
radial nerve. In addition, the lesion could not be due to a
posterior interosseous neuropathy because the radial sen-
sory SNAP and brachioradialis muscle are abnormal; the
motor branch to the brachioradialis (and the branch to the
extensor carpi radialis longus) originates from the main
trunk of the radial nerve before it divides into its terminal
branches (posterior interosseous and radial cutaneous). In
a posterior cord brachial plexus lesion, the deltoid, triceps,
and anconeus muscles are abnormal. Finally, the SNAPs
are normal in cervical radiculopathy (because the root
lesion is proximal to the dorsal root ganglia), and muscles
innervated by other nerves that share the same root should

be affected.

Area = 5.65 mVms
Amp =2.0 mV

Area = 26.6 mVms

Amp =5.8 mV

Area = 25.5 mVms

Amp =5.6 mV

Figure C12-1. Right radial motor conduction
studies, recording from the extensor digitorum
communis. Note the significant drop in com-
pound muscle action potential (CMAP) ampli-
tude and area during stimulation below
compared with above the spiral groove (see also
Nerve Conduction table).

In the case presented, the NCSs were done 5 weeks
after the onset of the patient’s symptoms, long after
the time required for wallerian degeneration (10-11 days).
Thus, the conduction block seen cannot be due to
early axonal loss, and the primary pathophysiologic process
here is focal demyelinative block. Conduction slowing
also is caused by demyelination and can accompany con-
duction block, although they often occur independently.
Sensory and motor axonal degeneration has occurred, as
confirmed by low-amplitude distal radial CMAP, low-
amplitude distal radial SNAP, and fibrillation potentials in
radial innervated muscles. The prognosis for this patient
should be good but biphasic because it is dependent on the
relatively rapid remyelination process and slower reinner-
vation. Reinnervation in this case should be efficient
because the lesion is partial and sprouting is likely to be
vigorous.

DISCUSSION

Applied Anatomy

The radial nerve is the largest nerve in the upper extrem-
ity (Figure C12-2). It is a direct extension of the posterior
cord of the brachial plexus, after takeoff of the axillary
nerve, and contains fibers from all the contributing roots of
the plexus (i.e., C5 through T1).

To attain better understanding of the anatomy and
innervation of this long and serpiginous nerve, its path is
best dissected into multiple segments:
¢ In the upper arm, while lying medial to the humerus, the

radial nerve innervates all three heads of the triceps mus-

cle (lateral, long, and medial) and the anconeus muscle;
it does so through two or three separate branches, with
extreme individual variability. Before entering the spiral
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Figure C12-2. Anatomy of the radial nerve and its branches.
(From Haymaker W, Woodhall B. Peripheral nerve injuries: prin-
ciples of diagnosis. Philadelphia, PA: WB Saunders, 1953, with

permission.)

groove in the midarm, it gives off the posterior cuta-
neous nerve of the arm (which innervates a strip of skin
overlying the triceps muscle), the lower lateral cuta-
neous nerve of the arm (which innervates the lateral half
of the arm), and the posterior cutaneous nerve of the
forearm (which innervates the skin of the extensor sur-
face of the forearm). The latter two cutaneous nerves
may originate more distally, while the radial nerve is
traversing the spiral groove.

e The nerve passes obliquely behind the humerus, first
between the lateral and medial heads of the triceps, and
then through the spiral groove, a shallow groove formed
deep to the lateral head of the triceps muscle. To exit
into the anterior compartment of the arm, the nerve
pierces the lateral intermuscular septum below the
deltoid insertion.

e In the anterior compartment of the arm, the radial
nerve, lying lateral to the humerus, innervates the bra-
chioradialis and the extensor carpi radialis longus. Then,
the nerve passes anterior to the lateral epicondyle and
travels the so-called “radial tunnel.”

e The “radial tunnel” is not a true bony tunnel but a
potential space between the humeroradial joint to the
proximal edge of the supinator muscle, called the arcade
of Frohse, which is a tendinous arch in over half of the
population (Figure C12-3). The tunnel is formed by the
capitulum of the humerus posteriorly, the brachialis
muscle medially, and the brachioradialis and extensor
carpi radialis anterolaterally. The radial nerve travels
over approximately 5 cm through the tunnel, innervates
the extensor carpi radialis brevis and supinator and pro-
vides sensory branches to the periosteum of the lateral
epicondyle and to the humeroradial joint. The radial

Humerus

Radial nerve
K]
) c
Posterior S
interosseous %
nerve o
©
o

Supinator muscle Arcade of Frohse

Superficial radial
sensory nerve

Extensor carpi

radialis brevis muscle Ulna

Radius

Figure C12-3. Anatomy of the radial nerve at the elbow and
proximal forearm. The radial nerve passes through the so-called
“radial tunnel” and divides proximal to the edge of the supinator
muscle (arcade of Frohse) into the superficial radial and poste-
rior interosseous nerves. The posterior interosseous nerve passes
under the arcade of Frohse. (Reprinted from Wilbourn AJ.
Electrodiagnosis with entrapment neuropathies. AAEM plenary
session I. Charleston, SC, 1992, with permission.)
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nerve divides, about 2.5 to 3 cm distal to the lateral epi-
condyle and slightly proximal to the edge of the supina-
tor muscle, into its terminal branches: the superficial
radial and posterior interosseous nerves.

e The posterior interosseous nerve, a terminal pure motor
branch, passes under the arcade of Frohse and travels in
the forearm and innervates all the remaining wrist and
finger extensors through two terminal branches; a lateral
branch, which innervates extensors and abductors of the
thumb and the extensor of the index (the extensor polli-
cis longus and brevis, abductor pollicis longus, and
extensor indicis); and a medial branch, which innervates
the wrist extensor and all other finger long extensors
(the extensor carpi ulnaris, extensor digitorum communis,
and extensor digiti minimi).

o The superficial radial nerve is a terminal pure sensory
nerve. It travels distally to become superficial in the
midforearm. It innervates the skin of the proximal two
thirds of the extensor surfaces of the thumb, index and
middle fingers, and half of the ring finger, along with the
corresponding dorsum of the hand (see Figure C12-2).

Clinical Features

Radial nerve lesions are usually acute and located around
the spiral groove. Table C12-1 lists the common causes of
radial nerve lesions in the arm. Among them, acute com-
pression at the spiral groove, where the nerve comes in
close contact with the humerus, is by far the most com-
mon. The radial nerve is compressed most often in the
spiral groove after piercing the lateral intermuscular liga-
ment, where the nerve lies unprotected by the triceps,
against the humerus.

In lesions of the spiral groove, the patient usually pres-
ents with acute painless wrist drop with variable sensory
loss mostly over the dorsum of the hand. On examination,
there is wrist and finger drop due to weakness of all wrist
and finger extensors with mild weakness of elbow flexion
(along with the loss of brachioradialis reflex and belly on
elbow flexion). Otherwise, elbow extension and shoulder
abduction are normal. Sensory loss is limited to the terri-
tory of the radial cutaneous nerve over the dorsum of

Table C12-1. Causes of Radial Mononeuropathy
in the Arm

Acute compression at the spiral groove (“Saturday night palsy,”
“honeymoon palsy,” intraoperative, coma)

Humeral fracture

Strenuous muscular effort

Injection injury

Open trauma (gunshot or knife wound)

the hand. Occasionally, this extends to the dorsal aspect of
the forearm because of involvement of the posterior cuta-
neous nerve of the forearm.

Radial nerve lesions, which often present with wrist-
and finger-drop, should be distinguished from lesions of
the posterior interosseus nerve and of the posterior cord of
the brachial plexus, and from severe cervical radicu-
lopathies (C7 and C8 radiculopathies). Table C12-2(A)
lists the clinical findings inpatients presenting with promi-
nent wrist and/or finger extensor weakness.

Electrodiagnosis

Acute radial nerve lesions at the spiral groove are similar to
acute common peroneal nerve lesions at the fibular head
(see Case 8). Both are frequently caused by compression
of the nerve between an external object and an internal
rigid structure, such as the humerus or fibula. Also, their
EDX findings are similar, with signs of axonal loss, conduc-
tion block due to segmental demyelination, or both.
Except for open trauma (such as a gunshot or knife
wound), which often results in axon loss lesions, one cannot
predict the prognosis of radial nerve lesions, without EDX
studies and quantitation of the extent of demyelination and
axonal loss.

In addition to the routine median and ulnar NCSs,
radial sensory and motor NCSs are essential in the accu-
rate diagnosis of radial nerve lesions. The distal radial
CMAP (recording the extensor digitorum communis,
EDC, or extensor indicis proprius, EIP) assesses the
integrity of the motor axons terminating in these muscles.
Because the EDC and EIP are C7-, C8-, and T1l-inner-
vated muscles through the posterior cord, the radial nerve,
and the posterior interosseous nerve, a low-amplitude
radial CMAP, recording EDC or EIP, by itself, is not nec-
essarily indicative of a radial nerve lesion. In fact, lesions of
any of these structures may result in a low-amplitude radial
CMAP. The proximal radial CMAPs, on stimulation below
and above the spiral groove are, however, important in
detecting the presence or absence of conduction block
(and occasionally focal slowing). The radial SNAP evalu-
ates the integrity of postganglionic radial sensory axons.

The needle EMG examination is essential in axon-loss
lesions that are not localizable by NCS and confirmatory in
lesions associated with conduction block (due to segmen-
tal demyelination or early axonal loss). The branches of the
radial nerve are fortunately placed strategically in the arm
and forearm, spanning the nerve length in its entirety. This
renders the radial nerve one of the most convenient nerves
to study in the EMG laboratory. Thus, even when the
pathologic process is axonal, it frequently is possible to
localize the lesion to a short segment of the nerve. This
contrasts with many other human peripheral nerves,
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wherein the nerve travels in long segments without giving
off any sensory or motor branches developing. Examples
include the median and ulnar nerves, which have no
branches in the arm, and the common peroneal nerve,
which has a single motor branch in the proximal thigh (to
the short head of the biceps femoris).

The aims of the EDX examination in radial nerve lesions
are to localize the lesion, gauge the extent of axonal loss or
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demyelination, and approximate the prognosis. The study
also assists in planning surgical treatment, if necessary, and
gauging the degree and progress of reinnervation.

The first step in the diagnosis of a radial nerve lesion is
to establish that the lesion involves the main trunk of the
radial nerve; this is done by excluding restricted lesions of
the posterior interosseus nerve, the posterior cord of the
brachial plexus, and the C7 and C8 roots (Table C12-2(B)).

Table C12-2. Differential Diagnosis of Common Causes of Wristdrop/Fingerdrop

Radial Neuropathy at
the Spiral Groove

Posterior Interosseous
Neuropathy

Severe C7 and C8
Radiculopathies

Posterior Cord
Brachial
Plexopathy

(A) Clinical
Common causes

Wrist extension
Finger extension

Radial deviation
(during wrist extension)

Brachioradialis

Triceps

Wrist flexion, forearm
pronation

Deltoid

Sensory loss distribution

Brachioradialis reflex
Triceps reflex

(B) Electrodiagnosis
Radial motor study
(recording EDC)

Superficial radial
sensory study

Axillary motor study
(recording deltoid)

Posterior interosseous
muscles'

Brachioradialis

Other C7, C8 muscles’
Triceps§

Deltoid

Paraspinal muscles
fibrillations

Compression, humeral
fracture, injection

Weak
Weak
Absent

Weak
Normal*
Normal

Normal

Radial cutaneous +/—Post.
cutaneous of forearm

Absent or depressed
Normal

Low in amplitude or
conduction block across
the spiral groove

Low or absent!

Normal

Abnormal

Abnormal
Normal
Normal*
Normal
Absent

Benign tumors, trauma,

Disc herniation,

Trauma, gunshot

Pradial tunnel and spondylosis,
arcade of Frohse
Normal Weak Weak
Weak Weak Weak
Present Absent Absent
Normal Normal Weak
Normal Weak Weak
Normal Weak Normal
Normal Normal Weak
None Poorly demarcated to ~ Radial cutaneous,
middle, ring, and post. cutaneous of
little fingers forearm and arm,
axillary
Normal Normal Absent or depressed
Normal Absent or depressed  Absent or depressed

Low in amplitude

Normal or low in

Low in amplitude

amplitude
Normal Normal Low or absent
Normal Normal Low in amplitude
Abnormal Abnormal Abnormal
Normal Normal Abnormal
Normal Abnormal Normal
Normal Abnormal Abnormal
Normal Normal Abnormal
Absent May be absent Absent

*Triceps weakness, loss of triceps reflex and triceps (and anconeus) denervation can occur when the radial lesion is at the axilla.

fCan be normal in purely demyelinating lesions.
Lateral branch (extensor pollicis longus and brevis, abductor pollicis longus and extensor indicis) and medial branch (extensor carpi ulnaris, extensor
digitorum communis, and extensor digiti minimi).

TPronator teres, flexor pollicis longus, flexor carpi radialis, in addition to the triceps and anconeus.

SAnd anconeus.
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A radial nerve lesion at the spiral groove, studied after
the potential time to complete wallerian degeneration, is
characterized by the following:

1. Low-amplitude (or absent) radial SNAP. Occasionally,
this study is normal when the pathology at the spiral
groove is purely demyelinating.

2. Conduction block across the spiral groove (segmental
demyelinating lesion) or uniformly low-amplitude
radial CMAP (axon-loss lesion) or a low-amplitude dis-
tal radial CMAP with additional conduction block
across the spiral groove (mixed lesion).

3. Denervation (fibrillation potentials, decreased recruit-
ment, and large MUAPs) of all posterior interosseous-
innervated muscles as well as the brachioradialis and/or
extensor carpi radialis longus. As mentioned above,
these two muscles originate from the main trunk of the
radial nerve while in the anterior compartment of the
arm, before it bifurcates into its terminal branches.

4. Normal triceps and anconeus muscles. The triceps and
anconeus muscles are innervated by the radial nerve,
proximal to its entrance into the spiral groove.
However, both muscles are affected when the radial
lesion is at the axilla (such as with crutch palsy).

5. Normal deltoid muscle. The deltoid muscle is inner-
vated by the axillary nerve, which is another terminal
branch of the posterior cord.

Another aim of the EDX examination is to prognosticate
the radial nerve lesion based on the primary pathologic
process. This is achieved by studying the radial CMAP
amplitude and area after 10-11 days, the time needed to
complete wallerian degeneration. To better assess the distal
radial CMAP and SNAP, radial motor and sensory NCS
should be performed on the affected and asymptomatic
limbs, for comparison purposes. In axonal lesions where the
radial CMAPs are uniformly low in amplitudes, the distal
radial CMAP, stimulating at the elbow, and the distal radial
SNAP estimates the degree of motor and sensory axonal loss,
respectively. However, in demyelinating lesions in which
conduction block is present, comparison between the distal
and the proximal radial CMAP on the symptomatic side,
stimulating above the spiral groove estimates the number of
fibers that underwent segmental demyelination across the
spiral groove. In mixed (axonal and demyelinating) lesions, as
in this patient, one must compare the distal radial CMAP
and SNAP amplitudes to their contralateral counterparts as
well as contrast the distal to the proximal radial CMAPs.

Radial Tunnel Syndrome

Radial tunnel syndrome (RTS) is a term coined by Roles
and Maudsley in 1972 to describe patients with lateral
forearm pain and “persistent tennis elbow” who improved

after surgical decompression of the posterior interosseous
nerve within the radial tunnel. This syndrome continues to
be debated by many physicians, while many orthopedic
and hand surgeons continue to decompress the nerve
within the radial tunnel.

According to its proponents, the patient with RTS
complains of lateral forearm pain and tenderness in the
region of the radial tunnel, which may radiate to the arm
and/or wrist. The pain is worse with resisted extension of
the middle finger with the elbow extended or resisted
supination with the elbow extended. These maneuvers
contract the extensor carpi radialis or the supinator muscles.
On examination, there are either no findings or subtle
abnormalities. Tenderness in the proximal arm that is usu-
ally maximal near the supinator is common. Apart from
these findings, there is usually no other weakness, sensory
loss, or reflex changes. In almost all cases of RTS, the EDX
studies (NCS and needle EMG) are normal. Rarely, there
are mild chronic denervation and reinnervation changes of
posterior interosseous-innervated muscles on needle
EMG, often with normal radial sensory and motor NCS.
Perineural injection of local anesthetic and corticosteroid
around the radial nerve within the tunnel as a diagnostic
test for radial nerve entrapment. Advocated treatment of
this syndrome is decompression of the posterior
interosseous and radial nerves by severing the arcade of
Frohse and any other compressive elements within the
radial tunnel.

Despite its popularity among orthopedic and hand sur-
geons, there are many opponents to the existence of this
syndrome. These physicians argue that (1) the symptoms of
the RTS are seldom substantiated by clinical or electro-
physiologic findings, (2) the tender points correlate with
the “trigger points” described in regional myofascial pain
syndromes, (3) the pain relief from corticosteroid injection
is not a proof that the radial nerve is compressed, since
patients with local musculoskeletal complaints, such as lat-
eral epicondylitis or trigger points often get pain relief by
blocks, and (4) cases of true compression of the posterior
interosseous nerve are often due to mass lesions (e.g., gan-
glion), trauma, and, occasionally, entrapment at the arcade
of Frohse and have definite neurological and EDX abnor-
malities that are consistent with axon-loss (Table C12-3).
Many opponents believe that most patients with this
alleged syndrome have actually a lateral epicondylitis (“ten-
nis elbow”) that is resistant to treatment or have a regional
myofascial syndrome rather than true nerve compression.

FOLLOW-UP

The patient’s wristdrop and hypesthesia began to improve
within 2 weeks. Three months after the accident, he
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Table C12-3. Differences Between a “True” Posterior Interosseous Neuropathy and a “Presumed” Posterior

Interosseous Nerve Entrapment in Radial Tunnel Syndrome

Posterior Interosseous Neuropathy

Radial Tunnel Syndrome

Pathophysiology
the arcade of Frohse

Clinical manifestations
rarely painful

Electrodiagnostic findings

Nerve compression, usually by mass (e.g., ganglion),
acute trauma, and, rarely, by the tendinous arch at

Objective and subjective weakness of PIN muscles®;

Denervation in PIN muscles*; radial motor

Presumed nerve entrapment at the radial
tunnel, mostly, by the tendinous arch at
the arcade of Frohse

Pain is always present with finger extension
or supination; often with tenderness
on palpation over the proximal lateral
forearm with distal and/or proximal
radiation; rarely weakness

Usually normal

CMAP may be low; radial SNAP is normal

“See Figure C12-2.

had minimal weakness limited to the long finger extensors

(4-/5) and a small patch of hypesthesia over the dorsum of
the hand.

DIAGNOSIS

Acute compressive radial mononeuropathy at the
spiral groove, manifested by partial conduction
block (due to segmental demyelination), with slight
motor and sensory axonal loss.
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HISTORY AND PHYSICAL EXAMINATION

A 50-year-old woman had chronic pain in the right shoul-
der and arm for at least 10 years. She also experienced
intermittent numbness of the right upper extremity. Both
symptoms worsened after any sustained activity of that
extremity, such as writing or cleaning. The numbness was
ill-defined but involved mostly the little finger and the
medial forearm. The patient noted some weakness in hand
grip. Four years previously, she underwent anterior C6-C7
cervical laminectomy with no improvement. Symptoms
worsened during the last year and she was referred to the
electromyography (EMG) laboratory for further diagnostic
studies.

On examination, there was atrophy of the right thenar
eminence only. There was mild weakness of the right hand,
especially of thumb abduction and the interossei. Phalen
sign was negative and Tinel signs were negative at the wrist
and elbow. Sensory examination revealed relative hypes-
thesia of the little finger and medial forearm. Deep tendon
reflexes were normal. Peripheral pulses were normal.
There was no Horner sign.

A cervical spine radiograph showed a rudimentary cer-
vical rib on the right (Figure C13-1). An EMG examina-
tion was performed.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. Clinical and electrodiagnostic (EDX) findings are
consistent with:
A. Combined ulnar neuropathy and carpal tunnel
syndrome.
B. C8/T1 radiculopathy.
C. Lower trunk brachial plexopathy.

D. Combined CS8/T1 radiculopathy and carpal tunnel

syndrome.
2. Findings consistent with this disorder include all of the

following except:

A. Low-amplitude ulnar sensory nerve action potential
(SNAP).

B. Low-amplitude median compound muscle action
potential (CMAP).

C. Low-amplitude ulnar CMAP.

D. Low-amplitude median SNAP.

E. Denervation of thenar more than hypothenar muscles.

3. Which of the following is the least commonly encoun-
tered nerve conduction studies (NCS) finding associ-
ated with this disorder?

A. Focal slowing of ulnar motor conduction velocity in
the Erb point-to-axilla segment.

B. Low-amplitude ulnar CMAP.

C. Low-amplitude median CMAP.

D. Low-amplitude ulnar SNAP.

E. Low-amplitude medial antebrachial SNAP.

EDX FINDINGS AND INTERPRETATION
OF DATA

The significant EDX findings in this case include the

following:

1. Relatively low-amplitude right ulnar SNAP, with nor-
mal ulnar sensory distal latency and conduction veloc-
ity. Because the sensory fibers contributing to the ulnar
SNAP originate from the C8 dorsal root ganglion
(DRG), this finding is compatible with a postganglionic
C8 lesion (including an extraspinal C8 lesion, a lower
trunk or medial cord brachial plexus lesion, or an ulnar
nerve lesion). This abnormality is not consistent with a
preganglionic (intraspinal root) lesion.
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Figure C13-1. The patient’s cervical spine x-ray (anteroposte-
rior view) revealing a rudimentary cervical rib on the right
(arrow).

2. Very low-amplitude median CMAP with normal
median motor distal latency and conduction velocity,
combined with normal median SNAPs amplitudes and
distal latencies. This is not consistent with carpal tunnel
syndrome, in which the median SNAPs are usually
more affected and there is usually focal slowing at the
wrist.

e The combination of the aforementioned two findings
on routine NCSs should raise the suspicion of a lower
brachial plexus lesion (lower trunk or medial cord),
resulting in axonal degeneration of the median motor
fibers to the thenar muscles (which originate from T1
and C8 ventral roots) and of the ulnar postganglionic
sensory fibers (which also originate from the C8 dor-
sal root ganglion). The preservation of median
SNAPs is not consistent with a median nerve lesion.

3. Absent SNAP of the medial antebrachial cutaneous
nerve (medial cutaneous nerve of the forearm), which
branches directly from the medial cord. Its fibers origi-
nate mostly from the T1 DRGs. This abnormal NCS is
a very important confirmatory evidence of lower trunk
brachial plexus or extraspinal T1 lesion and excludes a
selective ulnar nerve lesion.

4. Relatively low-amplitude right ulnar CMAP, recording
first dorsal interosseous (when compared with the left),
with normal ulnar motor distal latencies and conduc-
tion velocities. This is another supporting evidence of
motor axon loss along the T1 and CS8 fibers.

5. Denervation with reinnervation of muscles innervated
by the T1 and C8 roots, including the median muscles
(abductor pollicis brevis and flexor pollicis longus), the
ulnar muscles (first dorsal interosseous, abductor digiti
minimi, and flexor carpi ulnaris), and the radial muscles
(extensor indicis proprius). Note that the findings are
chronic (large motor unit action potentials, MUAPs)
with slight ongoing denervation (fibrillation potentials),
and most prominent in the abductor pollicis brevis.

In summary, these findings are pathognomonic of a lesion
affecting the lower trunk of the brachial plexus. The
predilection of sensory and chronic motor axonal loss to
the T1 root, as supported by a most severe axon loss in the
abductor pollicis brevis/thenar muscles and the medial ante-
brachial cutaneous SNAP, are classical findings of neurogenic
thoracic outlet syndrome (TOS). In most cases of neurogenic
TOS, other lower trunk/C8 structures, such as the interossei
and the abductor digiti minimi/hypothenar muscles and the
ulnar SNAP, are affected to a much lesser extent.

DISCUSSION

Applied Anatomy

The brachial plexus is derived from the anterior primary
rami of the C5 through T1 spinal roots. As is shown in
Figure C13-2, these roots intertangle at multiple sites to
form structures that usually are divided into five compo-
nents: roots, trunks, divisions, cords, and peripheral
(terminal) nerves. Because the divisions generally are
located under the clavicle, some divide the brachial plexus
into two regions: supraclavicular (roots and trunks) and
infraclavicular (cords and peripheral nerves). Nerve fibers
from the C5 and C6 anterior primary rami combine to
form the upper trunk, C8 and T1 rami combine to form
the lower trunk, and the C7 ramus continues as the middle
trunk. Then, each trunk divides into two divisions (anterior
and posterior). All three posterior divisions unite to form
the posterior cord, the upper two anterior divisions merge
to form the lateral cord, and the anterior division of the
lower trunk continues as the medial cord.

The terminal peripheral nerves are the main branches
that extend from the brachial plexus to the upper limb.
From each cord, two major nerves arise: the posterior cord
gives rise to the radial and axillary nerves, the lateral cord
gives rise to the musculocutaneous nerve and to the lateral
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Figure C13-2. The brachial plexus. Trunks are named upper, middle, and lower. Cords are labeled L

& Posterior

= lateral, P = posterior, and

M = medial. Roots and trunks are supraclavicular, and cords and terminal peripheral nerves are infraclavicular. (From Goodgold J.
Anatomical correlates of clinical electromyography. Baltimore, MD: Williams and Wilkins, 1974, with permission.)

half of the median nerve, and the medial cord divides into
the ulnar nerve and the medial half of the median nerve.
In addition to the terminal nerves, many nerves branch
directly from the main component of the brachial plexus.
Except for four supraclavicular nerves, all others originate
from the cords (i.e., they are infraclavicular). Except for
two pure sensory nerves, all others are pure motor, and they
innervate the shoulder girdle muscles. Table C13-1 lists
these nerves, as they are shown in Figure C13-2, with their
origin, function, destination, and segmental innervation.

Clinical Features

Thoracic outlet syndrome (TOS) is a disorder characterized
by compression of the subclavian artery, subclavian vein, or
brachial plexus separately or, rarely, in combination. This
compression results in a vascular or neurogenic syndrome,
depending on which structure is involved. Neurogenic
TOS is a neurologic syndrome caused by compression

of the lower brachial plexus. Because controversy regard-
ing this syndrome has increased during the past few
decades, some have separated neurogenic TOS into true
and disputed forms (see Wilbourn 1999).

1. True or classic neurogenic TOS (also interchangeably
named cervical rib and band syndrome) is usually
caused by a congenital fibrous band that originates
from the tip of a rudimentary cervical rib or elongated
C7 transverse process and inserts into the proximal
portion of the first rib. This was described in the early
twentieth century by Thornburn (1905) and Howell
(1907), separately, but was better defined more than
60 years later by Gilliatt et al. (1970). In this form of
neurogenic TOS, there is objective clinical and EDX
evidence of peripheral nerve fiber injury: The proximal
lower trunk fibers, particularly the component formed
by the T1 anterior primary ramus, are angulated and
stretched around the fibrous band.
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Table C13-1. Motor and Sensory Nerves Arising Directly from the Brachial Plexus

(Excluding the Main Terminal Nerves)

Nerve Origin Function Destination
Dorsal scapulars Anterior ramus of C5 Motor Rhomboids (C5)
Long thoracic Anterior rami of C5-C6-C7  Motor Serratus anterior (C5-C6-C7)
Suprascapulars Upper trunk Motor Supraspinatus (C5-6) and infraspinatus (C5-C6)
N. to subclavius* Upper trunk Motor Subclavius (C5-C6)
Lateral pectoral (lateral anterior Lateral cord Motor Pectoralis major and minor (C5 to T1)
thoracic)
Subscapular (upper and lower) Posterior cord Motor Teres major (C5-C6) and subscapularis (C5-C6)
Thoracodorsal Posterior cord Motor Latissimus dorsi (C6-C7-C8)
Medial pectoral (medial anterior Medial cord Motor Pectoralis major and minor (C5 to T1)
thoracic)
Medial cutaneous of arm (brachial Medial cord Sensory Skin of medial arm (C8-T1)
cutaneous)
Lateral cutaneous of forearm Medial cord Sensory Skin of medial forearm (C8-T1)

(antebrachial cutaneous)

#Are the only supraclavicular nerves.

True neurogenic TOS is a rare, unilateral disorder,
which affects mainly young or middle age women. The
typical patient presents with wasting and weakness of one
hand. There is often several years’ history of hand cramps
or mild pain and paresthesias in the medial aspect of the
arm, forearm and hand, both exacerbated by physical
activity of the upper extremity. On examination, there is
atrophy and weakness of the thenar muscles with less
involvement of the hypothenar and other intrinsic hand
muscles. A patchy sensory loss usually may be present
along the medial arm, forearm and hand.

Most patients have a cervical rib or elongated C7
transverse process, with a translucent band extending
from it to the first rib. Rarely, classical neurogenic TOS
may be caused by compression by structures other than a
cervical rib or band, such as a hypertrophied anterior
scalenus muscle in a competitive swimmer. In most
patients, cervical spine radiographs typically show a cervi-
cal rib, a rudimentary cervical rib (see Figure C13-1),
or simply an elongated C7 transverse process. In these
cases, surgical section of the cervical rib or band (which
connects the rudimentary rib or C7 transverse process
to the first rib), preferably by a supraclavicular approach,
halts the progression of symptoms but does not reverse
the hand atrophy or weakness, or the nerve conduction
abnormalities.

True neurogenic TOS should be distinguished from
carpal tunnel syndrome, ulnar neuropathy at the elbow,
poststernotomy brachial plexopathy and C8 and T1 radicu-
lopathies (Table C13-2). Occasionally, neurogenic TOS
may be confused with monomelic amyotrophy and motor
neuron disease.

2. Disputed TOS, also called nonspecific TOS, is diag-
nosed much more frequently and is surrounded by con-
troversy. Pain and/or subjective sensory symptoms
dominate the clinical picture, but there are no objective
neurologic or convincing electrodiagnostic signs. In this
situation, multiple compression sites have been advo-
cated, resulting in many “syndromes” and recommended
surgical procedures. The three common syndromes,
their suggested sites of compression, and recommended
surgical procedures are shown in Table C13-3 and
Figure C13-3.

Electrodiagnosis

Electrodiagnostic (EDX) examination is the most useful
and objective diagnostic procedure in the diagnosis of neu-
rogenic TOS. Neurogenic TOS is the result of chronic
compression and chronic axon-loss of the lower trunk of
the brachial plexus, particularly fibers within the T1 ante-
rior primary ramus. Because all ulnar sensory fibers, all
ulnar motor fibers, and the C8/T1 median fibers course
the lower trunk, they are among the most obviously noted
abnormalities on routine NCS. Hence, the EDX findings
on nerve conduction studies (NCS) and needle EMG in
neurogenic TOS have a very characteristic combination of
changes (Table C13—4 and Figures C13—4 and C13-5).
The medial antebrachial cutaneous SNAP, a sensory
nerve that originates directly from the brachial plexus
(medial cord) and innervates the skin of the medial fore-
arm, is now an integral part of the EDX evaluation of
patients with suspected neurogenic TOS as well as all other
lower brachial plexopathies. An absent or low-amplitude
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Table C13-3. Three Disputed Syndromes Associated With Neurovascular Compression in the

Thoracic Outlet Syndrome

Scalenus Anticus Syndrome Costoclavicular Syndrome

Hyperabduction Syndrome

Syndrome

Proposed compression Interscalene triangle
site

Structures Subclavian artery
compressed or brachial plexus

Suggested surgical Resection of scalenus

resection of procedure anticus muscle

Between first thoracic rib and
clavicle

Subclavian artery, subclavian
vein, or brachial plexus

Resection of first
thoracic rib

Between pectoralis minor tendon
and/or between first rib and clavicle
Subclavian/axillary artery, or
brachial plexus
Resection of first thoracic rib
and pectoralis minor tendon

Adapted from Wilbourn AJ. Brachial plexus disorders. In: Dyck PPJ, Thomas PK, eds. Peripheral neuropathy, 4th ed. Philadelphia, PA: WB

Saunders/Elsevier, 2005.

medial antebrachial cutaneous SNAP is a universal finding
in all confirmed cases of neurogenic TOS, including the
mild cases, in which thenar atrophy is subtle and an ulnar
nerve lesion is also considered in the diagnosis.

Needle EMG in neurogenic TOS is confirmative
and reveals decreased recruitment and large MUAPs

Figure C13-3. The presumed sites of compression within the cer-
vicoaxillary canal for the (1) scalenus anticus syndrome (intersca-
lene triangle); (2) the costoclavicular syndrome (between the first
rib and clavicle); and (3) the hyperabduction syndrome (beneath
the pectoralis minor tendon). See also Table C13-3. (From
Wilbourn AJ. Brachial plexus disorders. In: Dyck PP], Thomas
PK, eds. Peripheral neuropathy, 4rd ed. Philadelphia, PA: WB
Saunders/Elsevier, 2005.)

in the Tl more than C8 innervated muscles. Hence,
median-innervated thenar muscles (such as abductor
pollicis brevis and opponens pollicis) are the most affected,
while ulnar-innervated hand muscles (such as interossei,
abductor digiti minimi, and adductor pollicis), and radial-
innervated muscles (such as extensor indicis proprius) are
less severely involved. Fibrillation potentials are usually
rare, consistent with the chronicity of this disorder, and
tend to be in the median-innervated thenar muscles (such
as abductor pollicis brevis and opponens pollicis).

Though the aforementioned EDX findings are common
to all patients with lower trunk brachial plexus lesions, two
EDX findings are specific for neurogenic TOS and help in
distinguishing this disorder from other plexopathies:

1. Predilection of the denervation to the thenar muscles
compared to the hypothenar muscles. Clinically, this is
apparent by prominent thenar atrophy with a relatively
preserved hypothenar eminence (see also Table C9-1).
By NCS, it is common to observe a very low-amplitude
median CMAP, with a normal or borderline low-
amplitude ulnar CMAP. This is explained by compres-
sion of the T1 anterior primary ramus, or predominantly
the T1 component of the proximal lower trunk of the
brachial plexus.

Table C13-4. Findings on Nerve Conduction Studies
That Highly Suggest True Neurogenic Thoracic
Outlet Syndrome

Routine nerve conduction studies
Low/absent ulnar sensory nerve action potential (SNAP)
Low median compound muscle action potential (CMAP)
Borderline/low ulnar CMAP
Normal median SNAP

Other nerve conduction studies
Low/absent medial antebrachial SNAP
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Lesion site

Median motor Median sensory
s s S s
10mV 20UV
Normal Normal
Lesion site
s
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Median motor
g;nar ser}sory
nar motor
Normal Normal
Ulnar motor Ulnar sensory

Figure C13-4. Neurogenic thoracic outlet syndrome showing the site of compression by the cervical rib or band. (From Wilbourn AJ.
Controversies regarding thoracic outlet syndrome: syllabus on controversies in entrapment neuropathies. Rochester, MN: American
Association of Electrodiagnostic Medicine, 1984, with permission.)

Cs
Ce Median sensory fibers to index finger
©p
C7 el‘],_
U”A‘
Median sensory fibers to middle finger
C .
¢ Moty ;
rU/?k
Ty
4o
@/‘[,_0/74’

Median motor fibers to thenar
Ulnar motor fibers to hypothenar
Ulnar senory fibers to 5th finger

Ulnar N. Median N.

Figure C13-5. Routine nerve conduction abnormalities (median and ulnar nerves) with neurogenic thoracic outlet syndrome (TOS).
(From Wilbourn AJ. Case report #7: true neurogenic thoracic outlet syndrome. Rochester, MN: American Association of Electrodiagnostic
Medicine, 1982, with permission.)
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2. Chronicity of denervation. The MUAPs are large in
duration and high in amplitude, with a very limited
amount of fibrillation. This is consistent with the
chronic nature of the compression in neurogenic TOS.
This contrasts with other types of lower brachial plex-
opathy, such as that due to tumor invasion (Pancoast
tumor) or that following sternotomy.

The EDX findings in neurogenic TOS should be distin-
guished from a variety of focal neurogenic disorders that
may afflict the hand (see Table C13-2). Among these,
brachial plexopathy following median sternotomy, a condi-
tion that follows cardiac surgery, particularly coronary
artery bypass graft and cardiac valve repair, is the most
challenging. When the anterior thorax is opened during
median sternotomy, the very proximal portion of the first
thoracic rib is fractured which, in turn, damages the lower
trunk fibers of the brachial plexus situated immediately
superiorly. In fact, most of the damage occurs at the level
of the C8 anterior primary ramus with little or no involve-
ment of T1 anterior primary ramus. Although neurogenic
TOS and brachial plexopathy following median sternotomy
are both practically lower trunk plexopathies, these two
lesions often have different predilection to fibers forming
the lower trunk: T1 fibers in TOS and CS8 fibers in brachial
plexopathy following median sternotomy. Hence, the
abductor pollicis brevis and the medial antebrachial SNAP
are the most abnormal in neurogenic TOS while the ulnar
C8 innervated muscles and ulnar SNAP are preferentially
abnormal in brachial plexopathy due to median sternotomy.

Before concluding, the issue of “ulnar nerve slowing
across Erb point” must be addressed. Many clinicians, par-
ticularly surgeons, ask electromyographers to look for
slowing across the thoracic outlet in patients with sus-
pected neurogenic TOS. This seems to be more commonly
requested in patients with pain and sensory symptoms, but
no objective neurologic findings on examination (disputed
TOS). These data come from a few studies done in the
1970s, in which claims of slowing of conduction were doc-
umented in patients with neurogenic TOS. Specifically,
the authors claimed that there is focal slowing of the ulnar
nerve between Erb point and axillary stimulations, record-
ing the abductor digiti minimi (see Urschel et al. 1971).
This finding has been duplicated infrequently by elec-
tromyographers. Thus, most electromyographers, includ-
ing this author, have concluded that focal slowing across
the brachial plexus is not a feature of neurogenic TOS.

FOLLOW-UP

Following the EDX studies and radiological findings, the
patient underwent resection of the cervical rib through a

supraclavicular approach, without complication. One year
later, she had no pain but experienced residual sensory
impairment in the little finger, with unchanged weakness
and atrophy of the thenar muscles.

DIAGNOSIS

Neurogenic thoracic outlet syndrome, due to com-
pression by a congenital cervical rib, resulting in
chronic axon-loss in the distribution of the lower
trunk of the brachial plexus with predilection to the

T1 anterior primary ramus fibers.
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Case 14

HISTORY AND PHYSICAL EXAMINATION

A 45-year-old right-handed woman had a 2-year history of
numbness in both hands, worse on the right. The tingling
was triggered by writing, holding a book, or driving. She fre-
quently was awakened at night by the numbness. Shaking the
hands tended to relieve the symptoms. She noticed some
impairment of dexterity in the right hand. She had mild pain
in the wrists. The patient was not sure whether all the fingers
were equally numb. She had no weakness in the hands.
There was no numbness or weakness in the legs. Similar, but
less severe, symptoms had occurred 8 years before, when she
was treated with ibuprofen and wrist splints, with complete
resolution of symptoms. Her past medical history is relevant
for congenital adrenal hyperplasia, borderline hypertension,
and a history of hysterectomy and bilateral oophorectomy for
fibroid tumors 2 years prior. The patient was on replacement
oral dexamethasone and estrogen. She was an executive
director of a local development organization.

Physical examination was relevant for positive Phalen sign
bilaterally. Tinel sign could not be induced on percussion of
the median nerves at the wrist. There was relative hypesthe-
sia bilaterally in the median nerve distribution, compared
with the ulnar nerve distribution. This was more pro-
nounced in the index fingers and thumbs. There was no
atrophy or weakness of the thenar muscles. There was no
sensory loss in the legs. Deep tendon reflexes were normal
and symmetrical. Gait and coordination were normal.

Electrodiagnostic (EDX) examination was performed.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. Among the following, the most common and specific
sign of carpal tunnel syndrome (CTS) is:
A. Positive Tinel sign.

B. Sensory loss in the median nerve distribution.
C. Atrophy of the thenar eminence.

D. Weakness of thumb abduction.

E. Positive Phalen sign.

2. Thenar atrophy is common in all of the following disor-
ders except:
A. Neurogenic thoracic outlet syndrome.
B. Anterior interosseous syndrome.
C. Carpal tunnel syndrome.
D. C8/T1 radiculopathy.
3. Among the following, the EDX test most likely to reveal
abnormalities in mild CTS is:
A. Antidromic median sensory latency from wrist to
index or middle finger.
B. Comparison of median palmar to ulnar palmar
mixed nerve latencies.
C. Orthodromic median sensory latency from index or
middle finger to wrist.
D. Median motor distal latency recording the abductor
pollicis brevis.
E. Fibrillation potentials in the abductor pollicis brevis.

EDX FINDINGS AND INTERPRETATION
OF DATA

Relevant EDX findings in this patient include:

1. Delayed median sensory distal latencies, with low
median sensory amplitudes bilaterally.

2. Delayed median motor distal latencies bilaterally, with
low right median motor amplitude and normal proximal
conduction velocities.

3. Delayed median F wave latencies compared with the
ulnar F wave latency.

4. Normal ulnar sensory, radial sensory, and ulnar motor
conduction studies.

209
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5. Mild reduction of recruitment and increased motor
unit action potentials (MUAPs) duration in the right
abductor pollicis brevis only.

6. No fibrillation potentials in the abductor pollicis brevis
bilaterally.

7. Normal needle EMG of all other muscles tested
particularly those innervated by the C6 and C7 roots,
the median innervated muscles in the forearm, and the
paraspinal muscles.

These findings are diagnostic of bilateral median
mononeuropathies at or distal to the wrists and are
compatible with CTS.

DISCUSSION

Applied Anatomy

The median nerve is one of the main terminal nerves of
the brachial plexus, formed by contributions from the lat-
eral and medial cords (Figure C14-1). The lateral cord
component, comprised of C6-C7 fibers, provides sensory
fibers to the thumb and thenar eminence (C6), index fin-
ger (C6-C7), and middle finger (C7) and motor fibers to
the proximal median innervated forearm muscles. The
medial cord component, comprised of C8-T1 fibers, pro-
vides sensory fibers to the lateral half of the ring finger
(C8) and motor fibers to the hand and distal median inner-
vated forearm muscles.

The median nerve descends with no branches in the
arm. In the antecubital fossa, it passes between the two
heads of the pronator teres and sends muscular branches
to the pronator teres, flexor carpi radialis, flexor digitorum
sublimis, and palmaris longus muscles. Soon after and
while in the proximal forearm, the median nerve gives off
the anterior interosseous nerve which is a pure motor
nerve that innervates the flexor pollicis longus, medial
head of the flexor digitorum profundus and the pronator
quadratus muscles.

Right before entering the wrist, the median nerve gives
off its first cutaneous branch, the palmar cutaneous
branch, which runs subcutaneously (does not pass through
the carpal tunnel) and innervates a small patch of skin over
the base of the thumb and the thenar eminence
(see Figure C14-1). Then, the main trunk of the median
nerve, along with nine finger flexor tendons, enters the
wrist through the carpal tunnel. The carpal bones form the
floor and sides of the tunnel while the carpal transverse
ligament, which is attached to the scaphoid, trapezoid, and
hamate bones, forms its roof (Figure C14-2). The carpal
tunnel cross-section is variable but is approximately 2.0 to
2.5 cm at its narrowest point in most individuals.

Pronator teres-../._ -AFlexorcarpi radlialis

SUBLIMiS .. AN | -Palmaris longus
Flexor polli?is C ) Flexor digitorum
ONGUS ey 7 profundus

Flexor digitorum
profundus-.,

Pronator
quadratu&...

Abductor
pollicis brevig

Opponens_

pollic7
Superfic. [ ’
feadd 7 ),
flexor e
pollicis ;1 1
brevis g

Ist £2nd
lumbricals

Figure C14-1. Median nerve course and branches in the forearm
and hand. 1 =the palmar cutaneous branch, and 2 = the terminal
median sensory nerve. (From Haymaker W, Woodhall B.
Peripheral nerve injuries. Philadelphia, PA: WB Saunders, 1953,
with permission.)

Right after exiting the tunnel, the median nerve
branches into motor and sensory branches. The motor
branch innervates the first and second lumbricals and
gives off the recurrent motor branch, which innervates
the thenar muscles (abductor pollicis brevis, opponens
pollicis, and half of the flexor pollicis brevis). The sensory
branch divides into terminal digital sensory branches
to innervate three and one-half fingers (thumb, index,
middle finger, and lateral half of the ring finger) with the

corresponding palm.

Clinical Features

Carpal tunnel syndrome (CTS) is the most common
entrapment neuropathy. It is slightly more common in
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women and usually involves the dominant hand first. It is
most prevalent after 50 years of age, but it may occur in
younger patients, especiaﬂy in association with pregnancy
and certain occupations or medical conditions. Most cases
of CTS are idiopathic, but many are associated with disor-
ders that decrease the carpal tunnel space or increase the
susceptibility of the nerve to pressure. Among the medical
conditions with a high risk for CTS are pregnancy, diabetes
mellitus, hypothyroidism, acromegaly, rheumatoid arthri-
tis, sarcoidosis, and amyloidosis. Some patients have con-
genitally small carpal tunnels, while others have anomalous
muscles, wrist fractures (Colles or carpal bone), or space
occupying lesions (ganglia, lipoma, schwannoma).
Occupational CTS, which has reached a near-epidemic
level in the industrial world, is seen in patients whose jobs
involve repetitive movements of the wrists and fingers.
Although most cases of CTS are subacute or chronic in
nature, it occasionally may be acute, such as after crush
injury of the hand, fracture (Colles or carpal bone), or
acute tenosynovitis.

The most common symptoms of CTS are episodic
numbness and pain in the affected hand, mostly at
night. A characteristic of CTS is frequent awakening
at night because of hand paresthesias, hence the name,
nocturnal acroparesthesia. Symptoms usually are relieved
by shaking the affected hand. In addition, these symptoms
are often exacerbated by certain activities, such as driving,
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holding a book, or knitting. There is wrist and hand
pain, which may radiate proximally to the forearm and,
less commonly, to the arm or shoulder. Weakness of the
hand and loss of dexterity are common in more advanced
cases.

Phalen sign (reproduction of paresthesias in a median
nerve distribution after passive flexion of the hand at the
wrist) is extremely sensitive, present in 80-90% of patients
with CTS with rare false positives. Tinel sign (paresthesias
in a median nerve distribution after percussion of the
median nerve at the wrist) is less common sign, present in
about 50% of patients and may be false positive. On exami-
nation, there is often relative hypesthesia throughout the
median nerve distribution, particularly in the fingertips
and excluding the skin over the thenar eminence.
Sometimes, the sensory loss is more selective to one or two
fingers. Fasciculations or myokymia of the thenar muscles
is not uncommon. Atrophy of the thenar muscles with
weakness of thumb abduction may be evident in advanced
cases. Less common associated conditions include vasomotor
skin changes and Raynaud phenomenon.

The differential diagnoses of CTS include:

1. Cervical radiculopathy, especially a C6 or C7 radicu-
lopathy, which commonly results in numbness of the
thumb, index finger, or middle finger. Sensory symp-
toms or signs above the wrist, unilateral radicular pain
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exacerbated by neck movements, segmental weakness
in the arm and forearm, or myotatic reflex asymmetry
favors a radiculopathy.

2. Neurogenic thoracic outlet syndrome, which frequently
is associated with thenar atrophy. However, the pain
and sensory manifestations in neurogenic thoracic out-
let syndrome are in a C8/T1 distribution (ring and little
fingers and medial aspect of the forearm).

3. Peripheral polyneuropathy, which may be associated with
hand numbness. However, there are often sensory mani-
festations and motor weakness in the legs. Also, there
usually is hyporeflexia or areflexia, especially at the ankles.

4. High median mononeuropathy, including the pronator
syndrome, and compression at the ligament of
Struthers in the distal arm. Both are rare syndromes
and usually are associated with weakness of the long
finger flexors.

5. Cervical myelopathy. In this condition, the numbness
is not restricted to the median nerve, and there are
frequently other pyramidal manifestations.

The treatment for CTS includes correcting the offend-
ing occupational factor or medical illness, wrist splinting at
night, and the use of oral nonsteroidal anti-inflammatory
agents or corticosteroids. Corticosteroid injection into the
carpal tunnel area also is helpful to alleviate sensory symp-
toms and pain in patients with mild to moderate compres-
sion. Surgical decompression is indicated in patients with:
« Significant sensory loss.

o Significant thenar weakness and/or evidence of active
denervation (fibrillation potentials).

¢ Acute median compression.

e Failure of conservative treatment.

Electrodiagnosis

Carpal tunnel syndrome (CTS) is the most common reason
for referral to the EMG laboratory. Aims of the EDX stud-
ies are to confirm the diagnosis by assessing the status of the
median sensory and motor fibers across the carpal tunnel,
and to exclude other possible causes of the symptomatology,
such as a cervical radiculopathy.

The main underlying pathophysiology in CTS early in
the course is primarily paranodal demyelination. Hence,
the electrophysiologic hallmark of CTS is focal slowing of
conduction at the wrist, resulting in prolongation of the
latencies of both motor and sensory fibers. In severe and
advanced CTS, axonal loss dominates the picture.

Nerve Conduction Studies: Routine Studies

Historically, slowing of the median motor distal latency
was the first described abnormality in CTS. Later,
slowing of median sensory distal latencies was confirmed.

These techniques, which include orthodromic or anti-
dromic sensory conduction studies to the digits (particu-
larly the index and middle fingers) and motor studies to
the abductor pollicis brevis, are easy to perform and are
reproducible. Delayed sensory distal latencies and/or
delayed motor latencies usually confirm the clinical diag-
nosis of CTS in one half to two thirds of patients, with a
high degree of sensitivity and specificity. It is important,
however, to study neighboring nerves, such as the ulnar
nerve, to establish that the abnormalities are restricted to
the median nerve.

The routine median sensory and motor NCSs are the
most widely used techniques in the diagnosis of CTS. The
median sensory studies are usually more likely to reveal
abnormalities before the motor studies. The distal laten-
cies and amplitudes of the median sensory nerve action
potentials (SNAP) are often lower than those of the com-
pound muscle action potential (CMAP). Occasionally, the
SNAPs are unelicitable whenever there is axonal loss (or
occasionally significant conduction block caused by seg-
mental demyelination). In some patients with CTS, the
median motor proximal conduction velocities in the fore-
arm may be mildly slowed without implying a proximal
median neuropathy. In these cases, the median CMAP is
usually low in amplitude, and the proximal slowing is best
explained by a conduction block or axon loss of the fastest
median motor fibers at the wrist.

Nerve Conduction Studies:
Comparison Studies
It is now evident that the median motor and median sen-
sory distal latencies are not sensitive enough in the diagno-
sis of CTS. Relying on these measurements only will fail to
detect a significant number (up to one-third) of patients
with mild CTS, particularly those with symptoms precipi-
tated by certain hand activities (e.g., drilling, typing, etc.). In
addition, as the syndrome has become well known to the
medical community and to the general public, it has become
common practice for EMG laboratories to test patients
with very early symptoms of CTS. This has resulted in
the design of several NCSs with higher sensitivity and
specificity than the routine median sensory and motor
studies (Table C14-1). These techniques rely on one or
both of the following approaches:

» Measuring the conduction time of a short segment of the
median nerve across the carpal tunnel. The rationale is
that the slow-conducting segment of the median nerve in
CTS usually is very short. If this short segment is included
in a longer nerve segment, such as the wrist-to-index seg-
ment, a mild abnormality may become “diluted” by the
normal conduction in the rest of the nerve, and results in
an overall conduction time (i.e., latency) that may remain
within normal limits in mild and early cases of CTS.
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Table C14-1. Nerve Conduction Studies in the Diagnosis of Carpal Tunnel Syndrome

Routine nerve conduction studies
Median motor nerve conduction study

Median sensory nerve conduction study (orthodromic or antidromic)

Internal comparison nerve conduction studies

Comparison of median to ulnar palmar mixed latencies (orthodromic)

Comparison of median to ulnar sensory latencies recording ring finger (antidromic)

Comparison of median to ulnar motor latencies recording second lumbrical and second interossei, respectively

Comparison of median to radial sensory latencies recording thumb (antidromic)

Segmental nerve conduction studies
Inching technique (antidromic)

o Comparing the median distal latency to the distal latency
of the ulnar nerve or radial nerve obtained from the same
hand. With these internal comparison studies, median
nerve conduction values are expressed in relative rather
than absolute terms. Also, patients serve as their own
controls because variables affecting nerve conduction
studies, such as temperature and distance, are held
constant, allowing direct comparison of distal latencies.
Table C14-2 lists and Figure C14-3 shows the most

common internal comparison NCSs used in the diagnosis

of CTS. Most of these procedures yield abnormal findings
in symptomatic patients. However, the absence of a gold
standard for the diagnosis of CTS precludes the determi-
nation of sensitivity, specificity, or predictive value for any
of these tests. Applying these sensitive techniques in com-
bination increases the diagnostic yield of EDX testing in
the diagnosis of CTS to approximately 95%.

Median-Ulnar Palmar Mixed Latency

Difference “Palmar Study”

Trans-palmar mixed nerve conduction studies involve the
elicitation of focal slowing of the median nerve between
the palm and the wrist. Although abnormal absolute values
were first considered to be a satisfactory indication in the
diagnosis of CTS, comparison of median to ulnar latency
with palmar stimulation has proved to be more sensitive
and specific. The median nerve is stimulated in the mid-
palm between the second and third metacarpals, and the
ulnar nerve is stimulated between the fourth and fifth
metacarpals. Recording occurs at the wrist over the
median and ulnar nerves 8 cm proximal to the midpalm
cathode (Figure C14-3A). Extreme care must be given to
measurements of nerve segments and latency analyses to
prevent false-negative and false-positive results. Initial
reports suggested that a median-ulnar palmar difference of

Table C14-2. Internal Comparison Nerve Conduction Studies in the Evaluation of Carpal Tunnel

Syndrome (CTS)

Study Palmar Study

Digit 4 Sensory Study

Second Lumbrical-

Interossei Study Digit 1 Sensory Study

Description Median-ulnar mixed palmar
latency comparison

Fibers evaluated Mixed (sensory and motor)

Technique Palm stimulation of the
median and ulnar nerves,
recording at the wrist

Distance (range) 8 cm

Abnormal values Median-ulnar peak latency

difference >0.4 ms

Median-ulnar sensory
latency comparison
Sensory (antidromic) Motor

Median and ulnar nerves
stimulation at the wrist
recording ring fingers

14 ¢cm (11-14 cm)
Median-ulnar peak latency Median-ulnar onset
difference 0.4 ms

Median-ulnar motor
latency comparison

Median-radial sensory
latency comparison

Sensory (antidromic)

Median and ulnar nerves Median and radial
stimulation at the wrist nerves stimulation
recording 2nd at the wrist recording
lumbrical and 2nd thumb
interossei, respectively
(2nd interosseous
space)

9 cm (8-10 cm) 10 cm (8-10 cm)

Median-radial peak
latency difference
>0.4 ms

latency difference
2>0.6 ms
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Palmar Mixed

Digit 4 Sensory

Lumbrical-Interossei Digit 1 Sensory

Figure C14-3. Comparison studies in the diagnosis of carpal tunnel syndrome. S, stimulation site; R1 and R2, are active and reference
recording sites, respectively. (From Katirji B, Kaminski HJ, Preston DC et al., eds. Neuromuscular disorders in clinical practice. Boston,

MA: Butterworth-Heinemann, 2002.)

greater than or equal to 0.2 ms is diagnostic of CTS; how-
ever, recent studies suggest that a difference of greater
than or equal to 0.4 ms is needed for confirmation to
prevent false-positive results (Figure C14-4A, A', and A?).
A median-ulnar difference of 0.2 to 0.3 ms is considered
borderline. It is estimated that palmar studies are abnor-
mal in about 80% of symptomatic hands with CTS. In all
published studies of CTS, palmar mixed nerve studies
were far superior to the routine median sensory distal
latency between the wrist and digit (index or middle finger).

Median-Ulnar Sensory Latency Difference

Between the Wrist and the Ring Finger

In this study, the median and ulnar sensory distal latencies
recording the ring finger are compared. When the tech-
nique is performed antidromically at a 11 to 14 cm distance
(Figure C14-3B), the difference in peak latencies of
greater than or equal to 0.4 ms is abnormal (Figure C14-4,
B, B!, and B?). This test is abnormal 80 to 90% of patients
with CTS. Its only disadvantage is that the median or ulnar
SNAPs may be low in amplitude and difficult to evoke, due
to the variable sensory innervation of the ring finger. When
done orthodromically, the response in patients with CTS
has a double hump, the first peak reflecting the volume-
conducted ulnar fibers, and the second peak reflecting the
slowed median fibers. It is preferable, in this situation, to
also record over the ulnar nerve at the wrist to confirm that
the first peak represents the ulnar fibers.

Median-Ulnar Motor Latency Difference

Recording the Second Lumbricalllnterossei

This motor study compares the distal motor latency of the
median nerve, recording the second lumbrical muscle, to
the ulnar motor latency, recording the second intersossei.
The recording surface electrode is placed just lateral to the

midpoint of a line over the third metacarpal bone that con-
nects the base of the middle finger to the middle of the dis-
tal wrist crease. The reference electrode is placed over the
second proximal interphalangeal joint (Figure C14-3C).
The lumbrical and interosseous CMAPs are recorded
when the median and ulnar nerves are stimulated at
the wrist, respectively. If a standard and equal distance of
8-10 cm is used for both nerves, a median-ulnar distal
latency difference of greater than or equal to 0.6 ms is con-
sistent with CTS (Figure C14-4C, C' and C?). This tech-
nique has several advantages: (1) the motor responses are
generally more easily recorded than sensory responses;
(2) this study is able to localize the lesion to the wrist in
over 90% of cases of severe CTS resulting in absent
routine median CMAPs and SNAPs; and (3) this study can
still be easily performed in patients with CTS and
advanced polyneuropathy associated with absent sensory
responses in the hands.

Median-Radial Sensory Latency Difference

Between the Wrist and the Thumb

This technique compares the distal sensory latency of the
median nerve to the latency of the radial nerve while the
thumb is recorded (Figure C14-3D). This can be per-
formed antidromically or orthodromically, but can be diffi-
cult to perform because of movement or stimulus artifacts.
At an 8-10 cm distance, a difference of greater than or
equal to 0.4 ms of peak latencies is considered abnormal
(Figure C14-4D, D', and D?). This study is abnormal in
about 80% of hands with CTS.

Other tests have been advocated but that have not
proved to be superior nor specific for CTS and have no
localizing value. This includes assessment for fibrillation
potentials, myokymia, or chronic neurogenic changes
of the thenar muscles, and delay of median minimal
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Figure C14-4. Comparison studies in the diagnosis of carpal tunnel syndrome. The numbers shown are in ms and represent peak laten-
cies. Palmar mixed study: (A) normal, (A*) mzldll/ abnormal and (A?) markedly abnormal. Digit 4 (median-ulnar) sensory study: (B) normal,
(BY) mildly abnormal and (B?) markedly abnormal. Second lumbrical/interosseous (median-ulnar) study: (C) normal, (C?) mildly abnormal
and (C?) markedly abnormal. Digit 1 sensory (median-radial) study: (D) normal, (DY) mildly abnormal and (D?) markedly abnormal.

F wave latencies when compared to the ulnar minimal
F wave latencies.

Segmental Nerve Conduction Studies:

“Inching” Studies

These studies, described by Kimura, consist of serial stimu-
lations in 1 c¢m increments of the median nerve from the

mid-palm to the distal forearm, recording antidromically
from the index or middle finger (Figure C14-5). There
usually is a latency change of 0.16 to 0.21 ms/cm between
stimulation sites. In patients with CTS, there is an abrupt
latency increase of greater than 0.4 to 0.5 ms across one or
two adjoining segments (Figure C14-6). This most often
occurs 2 to 4 cm distal to the distal wrist crease, the latter
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Figure C14-5. The inching technique of Kimura. 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. (From Kimura J. The
carpal tunnel syndrome. Localization of conduction abnormali-
ties within the distal segment of the median nerve. Brain
1979;102:619-635, with permission.)

corresponding to the origin of the transverse carpal liga-
ment. Although it is time consuming and subject to error
(measurement error and volume conduction), the sensory
study precisely localizes the lesion in more than 80% of
symptomatic hands. Similar incremental study of the
median nerve across the carpal tunnel, recording the
abductor pollicis brevis, is also possible. However, unlike
the sensory fibers, the median motor fibers are difficult to
activate sequentially in 1 cm intervals because of the recur-
rent course of the motor branch to the thenar muscles;
hence, the response is frequently contaminated by
stimulus artifact because of the proximity of the recording
electrode to the stimulating cathode.

Needle EMG
Needle EMG examination in patients with CTS has two
objectives:

1. To evaluate the thenar muscles for evidence of axonal
loss or active (ongoing) denervation. Increased sponta-
neous activity and fibrillation potentials is consistent
with ongoing axonal loss, and is long considered a
strong indication for surgical intervention. Large
MUAPs and impaired recruitment suggest chronic loss
of axons. Myokymic discharges are seen sometimes in
the thenar muscles of patients with CTS, particularly in
those with chronic axonal loss.

2. To exclude other causes of hand numbness or pain, par-
ticularly cervical radiculopathy. It is estimated that one-
quarter of patients with EDX evidence of CTS harbor a
clinically significant cervical radiculopathy. Thus, a
root search, particularly of muscles innervated by the
C6 and CT7 roots, should be sampled in all patients with
CTS. Hence, needle EMG in patients with CTS should
include, in addition to the abductor pollicis brevis, at
least the pronator teres, biceps, and triceps muscles.

Special Situations

Severe Carpal Tunnel Syndrome

In severe CTS, which is more common in elderly patients,
absent median sensory NCS, recording all digits, and
median motor NCS, recording APB, is not uncommon.
This renders EDX localization of the median nerve lesion
to the wrist not possible, despite classic manifestations.
Traditionally, these lesions were poorly localized, by
needle EMG only, at or above the wrist. In these situa-
tions, the sensory and mixed internal comparison studies
are equally absent. However, the second lumbrical-
interosseous motor comparison study confirms the lesion
at the wrist in more than 90% of cases by revealing that the
median motor response recording second lumbrical is still
evokable often with marked slowing of median distal
latency (Figure C14-7). The relative preservation of the
motor fibers to the lumbrical muscles as compared to the
thenar muscles is best explained by the fascicular distribu-
tion of the median nerve fibers within the carpal tunnel:
Fibers to the lumbrical muscles, which are more centrally
located, tend to be relatively spared from axonal loss late in
the course of the disease while the motor fibers to the
thenar muscles, as well the sensory fibers, located in the
periphery of the nerve, are destroyed earlier.

Carpal Tunnel Syndrome With Peripheral
Polyneuropathy

Carpal tunnel syndrome coexists not uncommonly in
patients with underlying peripheral polyneuropathy, such



Case 14 219

. . - 6
-~ » ¥"” et R g o 8 - _ 5
— g ) PO NI St -4
s A -3
- S v

P W"\,.. s -2
-~ \M WAM“'“’"’ - (1)
T 2 TP o St |
jvwm / \ M' 1
et NPT Pt 'V e 2
el et
el e aunaaad ) A\’:‘-/mmm 4

= oP e rtvrerrrmety \»."- A, - 5 I . ' i

{1 EA 05 10 LS

Figure C14-6. The inching technique in a R anandnad
patient with carpal tunnel syndrome (CTS) Ny A A IOt P -3
(top is asymptomatic hand and bottom is anl -2

symptomatic hand). The left side of the figure
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sensory nerve action potentials (SNAPs), as
shown in Figure C14-5. The right side of the
figure graphs the successive time difference
between traces. (From Kimura ]. The carpal
tunnel syndrome. Localization of conduction
abnormalities within the distal segment of the
median nerve. Brain 1979;102:619-635, with
permission.)
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as with diabetes. In mild axonal polyneuropathies, where
the SNAPs in the hands are still recorded though low in
amplitudes and delayed in latencies, sensory, motor, or
mixed nerve internal comparison studies are useful in
showing the preferential slowing of the median fibers at
the wrist due to entrapment at the carpal tunnel. In
instances of severe axonal polyneuropathy, where the
SNAPs are often absent in the hands, the second lumbrical-
interosseous motor comparison study is the most accurate
by demonstrating preferential focal slowing of median motor
fibers across the carpal tunnel. In all axonal polyneuropa-
thy cases, selective large fiber axon loss may cause slowing;
hence, borderline or minimal latency differences on inter-
nal comparison studies should be cautiously interpreted.

Carpal Tunnel Syndrome With Martin-Gruber
Anastomosis

Carpal tunnel syndrome occasionally occurs in a patient
with Martin-Gruber anastomosis, an anomalous connection
between the median and the ulnar nerves in the forearm

0
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(see Chapter 2). When the anomalous fibers innervate the
thenar muscles (usually adductor pollicis and deep head of
flexor pollicis brevis), stimulation of the median nerve at
the elbow activates the median nerve and the crossing
ulnar fibers resulting in a large CMAP, with an initial pos-
itivity caused by volume conduction of action potential
from ulnar thenar muscles to the median thenar muscles.
This positive dip is not present at the wrist. Also, the
median nerve conduction velocity in the forearm is spuri-
ously fast in the presence of a CTS, since the CMAP onset
represents different population of fibers at the wrist com-
pared to the elbow (Figure C14-8). An accurate conduc-
tion velocity may be obtained by using specialized collision
studies that abolish action potentials of the crossed fibers.

Carpal Tunnel Syndrome and Pregnancy

Up to 60% of pregnant women have nocturnal hand symp-
toms, most frequently during the third trimester of preg-
nancy, while the incidence of confirmed pregnancy-related
CTS is about 40%. Limb edema is a significant predictor
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Figure C14-7. The second lumbrical-interossei study in a patient
with severe CTS resulting in absent routine median SNAPs and
median CMAP recording APB. Note that the median CMAP
recording second lumbrical is recorded with very long latency
(and relatively low amplitude) when compared to the ulnar.

for CTS during pregnancy. Symptoms resolve in most
patients after delivery, while patients with significant
weight gain, limb edema, or symptom onset during early
pregnancy have lower probability for complete resolution.
Treatment is usually conservative including wrist splinting,
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Figure C14-8. Median motor nerve conduction study in a patient
with moderately severe carpal tunnel syndrome and a Martin-
Gruber anastomosis to the thenar muscle. Note the initial positive
deflection stimulating the median nerve at the elbow (B) which is
not present stimulating the nerve at the wrist (A). This results in a
spuriously fast proximal latency (7.7 ms) and proximal conduction
velocity (98.1 m/s).

corticosteroid injections, and oral diuretics. Most patients
do not require EDX testing since symptoms usually
resolve after delivery within 4-6 weeks.

When EDX studies are done during pregnancy, the patho-
physiology in these patients is often median nerve demyeli-
nation resulting in focal slowing with or without conduction
block across the wrist. In many of these cases, the routine
NCSs reveal only slowing of distal latencies on routine or
comparison studies. Some cases show low median motor or
sensory amplitudes stimulating at the wrist, which may sig-
nify secondary axonal loss, conduction block, or a combina-
tion. The presence of conduction block can be confirmed by
comparing motor and sensory amplitudes with stimulation at
the wrist and in the palm (Figure C14-9). Palm stimulation
of the median nerve recording the index or middle finger
(sensory) or thenar muscles (motor) may be technically diffi-
cult because of shock artifact due to close proximity between
the stimulating and recording electrodes. Due to normal
(physiologic) temporal dispersion and phase cancellation of
SNAP more than CMAP, median conduction block across
the wrist should only be diagnosed when the drop of ampli-
tudes exceeds 20% for median CMAPs and 40% for median
SNAPs. The conduction block and slowing often resolves
soon after delivery.

1 ms/D

Figure C14-9. Median antidromic sensory nerve conduction
study, recording middle finger, in a pregnant woman with carpal
tunnel syndrome. Note that the significant drop in SNAP ampli-
tude across the wrist, from 75 uV at palm to 15 uV at wrist, with
a significant slowing of distal latency stimulating at wrist (4.0 ms).
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FOLLOW-UP

The patient first underwent conservative treatment using
splinting and nonsteroidal anti-inflammatory agents alone.
Long-acting steroids were injected into the carpal tunnels,
causing excellent results and reversal of symptoms.
However, her paresthesias and pain recurred after
6 months. The patient then underwent bilateral carpal
tunnel release with complete resolution of symptoms.

DIAGNOSIS
Bilateral carpal tunnel syndromes.
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HISTORY AND PHYSICAL EXAMINATION

Slowly progressive weakness of right hand grip, with
numbness of the right little finger developed in an 82-year-
old woman over an 8- to 10-month period. She had diffi-
culty buttoning her shirt, using her keys, and writing. At
rest, she noticed that her right little finger withdrew in a
semiflexed position. She had experienced chronic, deep,
right elbow pain since she had a supracondylar humeral
fracture 3 years earlier. Apart from a 5-year history of mild
hypertension, she was in good health.

On examination, she had normal mental status and cranial
nerve examination with no Horner sign. She had mild atro-
phy of the interossei, particularly of the first dorsal interossei.
Hypothenar and thenar muscle bulk was normal. At rest,
there was mild ulnar clawing, with flexion of the little and
ring fingers. Manual muscle examination revealed weakness
of all interossei and hypothenar muscles at Medical Research
Council (MRC) 4/5. Froment sign, indicative of weak thumb
adduction, was positive. Long finger flexors, thumb flexors
and extensors, and wrist extensors and flexors were normal.
All remaining muscle groups were normal. Sensation
revealed a relatively decreased pin sensation over the right
little finger, mostly close to its tip, with intact sensation in the
forearm and arm. Tinel sign was negative on percussion of
the ulnar nerve at the wrist and elbow. Deep tendon reflexes
were normal. Gait and coordination were normal.

An electrodiagnostic (EDX) examination was performed.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. Ulnar motor nerve conductions with the elbow in
extension may be:
A. Spuriously slow.

B. Spuriously fast.
C. The same as expected.

2. The cubital tunnel is also referred to as all the following
except:
A. The humeroulnar arcade.
B. Osborne ligament.
C. The arcuate arcade.
D. The ulnar groove.

3. The volume of the cubital tunnel under the humeroulnar
arcade is smallest when the elbow is:
A. Flexed at 45°.
B. Extended.
C. Flexed at 120°.

4. With an ulnar mononeuropathy across the elbow, which
muscle is spared most often?
A. First dorsal interosseous.
B. Abductor digiti minimi.
C. Adductor pollicis.
D. Flexor carpi ulnaris

EDX FINDINGS AND INTERPRETATION
OF DATA

The EDX findings in this patient include:

1. Absent ulnar sensory nerve action potential (SNAP),
recording from the little finger. Although this abnor-
mality points directly to the ulnar nerve, it has poor
localizing value because it may be encountered with
digital nerve lesions, most ulnar nerve lesions at or
proximal to the wrist, or lower trunk/medial cord plexus
lesions.

2. Low-amplitude dorsal ulnar SNAP (when compared
with the contralateral SNAP). Because the dorsal ulnar
cutaneous nerve arises from the ulnar nerve 6 to 8 ¢cm

223
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above the wrist, this abnormality is extremely helpful in
excluding an ulnar nerve lesion at the wrist.

3. Low-amplitude ulnar compound muscle action poten-
tial (CMAP), recording the hypothenar muscle (abduc-
tor digiti minimi [ADM]) and the first dorsal
interosseous, with distal stimulation at the wrist. In the
presence of a normal median CMAP, the low ulnar
CMAP points to the ulnar nerve and renders a plexus
lesion less likely. It also implies that the process has
resulted in axonal loss.

4. Conduction block of ulnar motor fibers, recording the
ADM. This is evident by comparing CMAP amplitudes
and areas with below-elbow to above-elbow stimula-
tions, recording the ADM (Figure C15-1). The former
has an amplitude of 5.0 mV and the latter 2.5 mV, which
amounts to a 50% amplitude decay without temporal
dispersion. The block is confirmed by a decrease
(33.5%) in CMAP area (from 11.7 mV ms to 7.78 mV
ms). The amplitude and area decay is significant since
the distance between the two stimulation sites is short
(around 10 cm). Despite the conduction block to ADM,
there was no conduction block across the elbow,
recording the first dorsal interosseous. This is consis-
tent with selective fascicular involvement (by a
demyelinative conduction block) of the ulnar fibers
directed to the hypothenar muscles.

5. Focal slowing of ulnar motor conduction velocities
(CVs) across the elbow, recording the ADM. This was
achieved by comparing values of below the elbow-to-wrist
segment (CV = 56 m/s) with those across the elbow seg-
ment (CV = 33 m/s). Here, the difference of 23 m/s is
significant and consistent with focal slowing of ulnar
motor fibers across the elbow. In contrast, when record-
ing the first dorsal interosseous, the CV difference
between the same segments (56 — 47 = 9 m/s) is not
significant enough to localize the lesion definitely to the
elbow region (despite absolute slowing of the across the
elbow segment to CV of 47 m/s). This is again compat-
ible with preferential fascicular involvement of fibers
directed to the ADM in this patient.

6. Needle EMG, revealing fibrillation potentials of mild
to moderate degree in all three ulnar-innervated mus-
cles tested in the hand (the first dorsal interosseous,
the abductor digiti minimi, and the adductor pollicis).
There was moderate reduction of recruited motor unit
action potentials (MUAPs). All MUAPs recorded
from the ulnar muscles were increased in duration and
amplitude, with a significant increase in polyphasic
MUAPs. The forearm muscles revealed a mildly dener-
vated flexor carpi ulnaris (FCU) but a normal ulnar part
of the flexor digitorum profundus (FDP). In contrast,
all C8/T1-innervated muscles via the median (abductor
pollicis brevis and flexor pollicis longus) and radial

Figure C15-1. Motor conduction studies of the right ulnar nerve,
recording the abductor digiti minimi in this patient (A), com-
pared with an age-matched control (B). The sensitivity (vertical
scale) is 2 mV/division in both. Responses 1 are at the wrist,
2 below the elbow, and 3 above the elbow. Note that there is
(1) partial conduction block across the elbow, evidenced by the
significant decrease in amplitude (50%) and area (35%); (2) focal
slowing, as easily recognized by the prominent delay in proximal
latency of the third response, compared with the second (despite
a shorter distance across the elbow compared with forearm), and
resulting in a 33 m/s velocity across the elbow compared to a
56 m/s velocity in the forearm; and (3) slight motor fiber axonal
loss, based on the low-amplitude distal compound motor action
potential (Response 1A = 6.5 mV) compared with normal controls
(Response 1B = 8.5 mV).
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(extensor indicis) nerves were normal, excluding a lower
brachial plexopathy (lower trunk or medial cord).

In summary, this patient has a slowly progressive right
ulnar mononeuropathy across the elbow, with signs of seg-
mental demyelination (confirmed by conduction block and
focal slowing) and axonal loss (evidenced by low
distal/ulnar CMAPs and absent/low ulnar SNAPs); there
is also ongoing denervation (fibrillation potentials) and
reinnervation (demonstrated by long-duration, high-
amplitude, and polyphasic MUAPs). In view of the
patient’s history (remote elbow fracture), this case is an
example of tardy ulnar palsy.

DISCUSSION

Applied Anatomy

The ulnar nerve sensory and motor fibers are derived from
the spinal nerves C8 and T1. Before arising from the plexus
in the proximal axilla, the ulnar nerve fibers pass through
the lower trunk and the medial cord of the brachial plexus
(Figure C15-2). In the axilla and proximal arm, the ulnar
nerve is closely related to the radial and median nerves and
the brachial artery. Around the midarm, the ulnar nerve
pierces the intermuscular septum and lies in close contact
with the medial head of the triceps and humerus. The ulnar
nerve develops no branches in the arm.

At the elbow level, and in contrast to most major human
peripheral nerves, the ulnar nerve traverses the extensor,
rather than the flexor, surface of the elbow joint. This ren-
ders the nerve more vulnerable to trauma around the
elbow. At the elbow, the ulnar nerve crosses the ulnar
groove (also called the condylar or retroepicondylar
groove) behind the medial epicondyle and then passes the
aponeurotic arch of the FCU to enter the cubital tunnel
(Figure C15-3). This tunnel, also called the humeroulnar
arcade, Osborne ligament, or arcuate arcade, is formed by
the attachment of the muscle to the olecranon and medial
epicondyle. Its proximal edge is variable but usually is
approximately 1 cm distal to an imaginary line drawn
between these two insertional points. With flexion of the
elbow, the distance between the olecranon and medial
epicondyle increases by approximately 1 cm, which results
in tightening of the FCU aponeurosis over the nerve.
In addition, the medial elbow ligament bulges, flattening
the concave surface of the ulnar groove.

In the forearm, the ulnar nerve gives off its first
branches. These are the motor branches to the FCU and
FDP. These branches arise approximately 10 cm distal to
the medial epicondyle. The ulnar nerve continues in the
forearm deep to the FCU but superficial to the FDP to
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Figure C15-2. Course of the ulnar nerve and its branches.
1. Palmar ulnar cutaneous branch; 2. dorsal ulnar cutaneous
branch; 3. terminal cutaneous superficial branch; 4. terminal
deep palmar motor branch. (From Haymaker W, Woodhall B.
Peripheral nerve injuries. Philadelphia, PA: WB Saunders, 1953,
with permission.)

become superficial in the distal forearm, lying between the
tendons of these two muscles. Two cutaneous sensory
branches arise in the forearm, without passing through
Guyon canal at the wrist, to innervate the skin in the hand.
The first is the palmar ulnar cutaneous branch, which
takes off at midforearm and innervates the proximal part of
the ulnar border of the palm. The second is the dorsal
ulnar cutaneous branch, which arises 6 to 8 cm proximal to
the ulnar styloid, winds around the ulna, and innervates
the dorsal surfaces of the little finger and half of the ring
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Figure C15-3. View of the medial surface of the elbow, showing
the course of the ulnar nerve through the ulnar groove and
cubital tunnel. (From Kincaid JC. The electrodiagnosis of ulnar
neuropathy at the elbow. Muscle Nerve 1988;11:1005-1015, with
permission. )

finger, along with the ulnar side of the dorsum of the hand
(Figure C15-4).

At the wrist, the ulnar nerve enters the distal ulnar tun-
nel (Guyon canal), where it divides into superficial (prima-
rily sensory) and deep palmar (pure motor) branches
(Figure C15-5). The superficial branch innervates the pal-
maris brevis muscle and the palmar aspects of digit V and
half of digit IV. The deep branch innervates the
hypothenar muscles, including the ADM, and travels
through the palm to the dorsal and palmar interossei, the
third and fourth lumbricals, the adductor pollicis, and a
portion of the flexor pollicis brevis.

The flexor brevis digiti minimi (or quinti), a hypothenar
muscle, has two separate attachments, at the hook of the
hamate and at the pisiform bone. These musculotendinous

Superticia
terminal brancl

Palmar ___
cutaneous branch

attachments form a fibrous arch and create the superficial
boundary of the pisohamate hiatus (PHH), an opening
through which the deep motor branch of the ulnar nerve
passes. The posterior boundary of the PHH, the pisoha-
mate ligament, extends from the pisiform bone to the hook
of the hamate (Figure C15-6). The origin of the major
motor branch to the ADM is proximal to this hiatus in the
majority of hands.

Clinical Features

Ulnar mononeuropathy across the elbow is a common
entrapment neuropathy. It is second only to carpal tunnel
syndrome in the incidence of entrapment neuropathy in
general. Ulnar neuropathies across the elbow are usually
caused by compression, although isolated ulnar mononeu-
ropathy resulting from nerve infarction (such as in vas-
culitic neuropathy) or associated with leprosy, may occur
infrequently. Causes of compressive ulnar lesions across
the elbow are shown in Table C15-1. Compression of
the ulnar nerve in the elbow region occurs frequently at
one of the two following sites: the ulnar (condylar) groove
or cubital tunnel (humeroulnar (arcuate) aponeurotic
arcade). In some patients with unequivocally ulnar nerve
lesions around the elbow, it is difficult to identify the
exact cause, even during surgery. Most surgeons presume
that the lesion is within the cubital tunnel and treat it
as such.

1. Cubital tunnel syndrome. This entrapment neuropathy
accounts for many ulnar nerve lesions at the elbow, par-
ticularly in patients with no history of trauma, elbow
deformity, or arthritis, and possibly congenitally tight

Figure C15-4. The cutaneous distri-
bution of the three sensory branches
of the ulnar nerve. (From Stewart
JD. The variable clinical manifesta-
tions of ulnar neuropathies at
the elbow. | Neurol Neurosurg
Psychiatry 1987;50:252-258, BM]
Publishing Group.)

cutaneous branch
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Figure C15-5. Anatomy of the ulnar nerve within Guyon canal
at the wrist. 1 =ulnar artery, 2 = superficial branch of the ulnar
nerve, 3 = hamulus, 4 = fibrous arch of the hypothenar muscles
(see also Figure C15-2), 5 = pisiform, 6 = transverse carpal liga-
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approximately 1 cm, which results in tightening of the
ligament over the ulnar nerve. Also, with flexion, the
medial collateral ligament bulges out into the cubital
tunnel, thus further compromising the ulnar nerve.

. Ulnar neuropathy at the groove. Chronic minor

trauma, repetitive and persistent flexion or chronic
leaning on the elbow may either exacerbate or cause
ulnar neuropathy at the groove. Subluxation and reduc-
tion of the ulnar nerve from the ulnar (condylar)
groove, during flexion and extension of the elbow
respectively, are potential causes of repetitive ulnar
nerve trauma, which results in ulnar neuropathy at the
groove. It is estimated that the ulnar nerve may sublux
out of the ulnar grove in approximately 16% of the
population. This can be confirmed at the bedside by
finding the nerve in the groove and rolling it over the
medial epicondyle.

. Tardy ulnar palsy. This term refers to a chronic ulnar

neuropathy at the elbow, which occurs many years after
a distal humeral fracture sometimes in association with
a valgus deformity. This term should be restricted to
this group of patients, but is unfortunately misused,
particularly by surgeons, who often use it to refer to all
chronic ulnar neuropathies at the elbow.

Patients with ulnar mononeuropathy at the elbow usu-

ment, 7 = palmaris brevis, 8 = palmar carpal ligament. (From ally present with numbness and tingling of the little and
Gross MS, Gelberman RH. The anatomy of the distal ulnar ring fingers and variable degrees of hand weakness. Less
tunnel. Clin Orthop 1985;196:238-247, with permission.) commonly, patients present with weakness and wasting,
with no clear sensory symptoms. Elbow pain, particularly
cubital tunnels. The site of the compression in these around the medial epicondyle, is not uncommon. Weakness
patients is the proximal edge of the FCU aponeurosis, of hand with loss of dexterity and pinch strength are com-
also called the arcuate ligament (see Figure C15-3). As mon symptoms in moderate entrapment. Patients may
outlined, the distance between the olecranon and the report that their little finger gets caught when trying to put
medial epicondyle increases during elbow flexion by their hand in their pocket (due to weakness of the third
)
Deep palmar U; QO
branch > ; :
3] (@)
o Hook of
Branch to o hamate
abductor © R
digiti &
minimus -\Qo Pisohamate
: cb ligament
Figure C15-6. The pisohamate hiatus (PHH) in the distal por- g
tion of Guyon canal. U. = Ulnar; F.C.U. = flexor carpi ulnaris; o
ABD.D.Q. = abductor digiti quinti (or minimi); FB.D.Q. = Superficial
branch Pisiform

flexor brevis digiti quinti (or minimi); Opp.D.Q. = opponens
digiti quinti. (Modified from Uriburu IJE, Morchio FJ, Marin
JC. Compression syndrome of the deep motor branch of the
ulnar nerve [pisohamate hiatus syndrome]. | Bone Joint Surg
1976;58A:145-147, with permission.)

U. nerve
U. artery

F.C.U.
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Table C15-1. Causes of Compressive Ulnar Nerve
Lesions Across the Elbow

Pressure
External event (e.g., habitual elbow leaning)
Single event (e.g., anesthesia)
Repetitive events (e.g., occupational repetitive
flexion/extension)
Internal event
Soft tissue masses
Fibrosis following trauma
Anomalous muscles
Bony deformities
Acute
Fracture/dislocation
Chronic
Healed fractures
Medial epicondyle
Lateral epicondyle
Humeral supracondylar
Additional elbow joint deformities
Rheumatoid arthritis
Valgus deformity and shallow postcondylar groove
Supracondylar spur (ligament of Struthers)
Cubital tunnel syndrome
Chronic subluxation

Idiopathic causes

Modified from Dimitru D. Electrodiagnostic medicine. Philadelphia,
PA: Hanley and Belfus, 1995.

palmar interosseous muscle). Occasionally, patients may
present because of intrinsic muscle hand atrophy.

Neurologic examination may reveal a positive Tinel sign.
This is produced by percussion of the ulnar nerve at the
elbow; however, this sign may be positive in many healthy
subjects. Sensory examination may be normal despite sen-
sory symptoms. More often, there is a relative sensory loss
in the tips of both the little and ring fingers on the palmar
surface only. Unfortunately, this finding is a poor localizing
sign because it is abnormal with ulnar nerve lesions
(anywhere at, or proximal to, the wrist), lower brachial
plexus lesions (lower trunk or medial cord), and C8 radicu-
lopathy. However, other sensory findings are more helpful
in localization. These include the following:

1. Sensory loss of the palmar and dorsal surfaces of the lit-
tle and ring fingers and the ulnar side of the hand. This
excludes an ulnar lesion at the wrist (i.e., at Guyon
canal) because there is involvement of the territory
of the dorsal ulnar cutaneous branch. This branch arises
above the wrist and does not pass through Guyon canal.

2. Sensory loss of the medial half of the ring finger, which
spares the lateral half. This is pathognomonic of an
ulnar nerve lesion and is not seen in lower plexus or
CS8 root lesions.

3. Sensory loss that extends more than 2 to 3 cm above the
wrist. This finding, when confirmed on objective exami-
nation, excludes an ulnar nerve lesion, because the skin
of the medial forearm is innervated by the medial cuta-
neous nerve of the forearm, which is a branch of the
medial cord of the plexus. Abnormalities in this terri-
tory suggest a lesion of the lower plexus, the C8 or T1
roots, or the medial cutaneous nerve of the forearm
itself.

Inspection of the hand at rest in patients with moderate
or severe ulnar mononeuropathy may reveal ulnar clawing.
An ulnar claw hand, also called Benediction posture
(Figure C15-7), is caused by: (1) hyperextension of the
metacarpophalangeal joints of the little and ring fingers
caused by weakness of the third and fourth lumbricals, thus
allowing the extensor digitorum communis to exert an
unopposed pull; and (2) flexion of the interphalangeal joints
of the same fingers resulting from an inherent flexion mus-
cle tone of the FDP and superficialis muscles, whose ten-
dons are stretched over the metacarpophalangeal joints
because of the above hyperextension. In ulnar lesions, this
clawing is more noticeable when the FDP is spared. The
Wartenberg sign is recognized as abduction of the little
finger at rest due to weakness of the third palmar
interosseous muscle.

Weakness of ulnar-innervated muscles in the hand pre-
dominates in ulnar nerve lesions across the elbow; the
forearm muscles are affected less often. Weakness of the
FDP to the fourth and fifth digits is assessed by flexion of
the distal interphalangeal joints of these digits. Positive
Froment sign is helpful in the clinical diagnosis of ulnar
neuropathy because it shows the weakness of the adductor
pollicis (ulnar muscle) and the normal flexor pollicis longus

Figure C15-7. Ulnar claw hand. Note the hyperextension of the
fourth and fifth metacarpophalangeal joints with flexion of the
interphalangeal joints. (From Haymaker W, Woodhall B.
Peripheral nerve injuries. Philadelphia, PA: WB Saunders, 1953,
with permission.)



Case 15 231

(median muscle), both of which are innervated by the
C8/T1 roots via the lower plexus. This sign is assessed by
asking the patient to grasp a piece of paper between the
thumb and second digit. Because of weakness of the
adductor pollicis, the patient uses the flexor pollicis longus
as a substitute in an attempt to keep the paper from
sliding (Figure C15-8).

Many patients with ulnar nerve lesions at the elbow
have variable weakness and numbness distally. This is
explained by the propensity for partial focal lesions to affect
fascicles differentially within that nerve. This fascicular
phenomenon is common in ulnar nerve lesions across the
elbow and is demonstrated in Figure C15-9. Atrophy of
ulnar muscles in the hand is common with long-standing
lesions and is most apparent in the interossei, particularly
the first dorsal interosseous (see Figure C15-8).

Treatment of ulnar neuropathy at the elbow may be con-
servative or surgical. Identification and reversal of the
cause of repetitive compression is essential. Many patients
with mild symptoms and signs who demonstrate evidence
of slowing or conduction block on nerve conduction stud-
ies may be treated successfully using conservative
approaches (Table C15-2). Patients with substantial weak-
ness, particularly when progressive or associated with evi-
dence of axonal loss or ongoing denervation, benefit from
surgery. There is no clear consensus on the optimal surgi-
cal procedure. Simple decompression of the cubital tunnel
may be ideal for patients with cubital tunnel syndrome,
while medial epicondylectomy or submuscular transposition

Figure C15-8. Froment sign in an ulnar nerve lesion. The patient
is asked to pull a piece of paper apart with both hands. Note that
the right hand (affected hand with interosseous atrophy) flexes
the thumb (by using the flexor pollicis longus) to prevent the
paper from slipping out of the hand, thus substituting for the
weakness of the adductor pollicis. (From Haymaker W, Woodhall
B. Peripheral nerve injuries. Philadelphia, PA: WB Saunders,
1953, with permission.)
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Figure C15-9. Clinical abnormalities in the distribution of three
sensory and four motor branches of the ulnar nerve in
25 patients with ulnar neuropathy at the elbow. “Only” is used to
denote the number of patients in whom a single sensory area was
involved, as well as to denote those patients with weakness of only
one of the four muscles. ADM = abductor digiti minimi, DC =
dorsal cutaneous, FCU = flexor carpi ulnaris, FDI = first dorsal
interosseous, FDP = flexor digitorum profundus, PC = palmar
cutaneous, TD = terminal digital branches. (From Stewart JD.
The variable clinical manifestations of ulnar neuropathies at the
elbow. | Neurol Neurosurg Psychiatry 1987;50:252-258, BM]
Publishing Group.)

of the ulnar nerve are more suitable for compression at the
ulnar groove. Submuscular transposition has a higher suc-
cess rate but is a more complex surgery and carries a risk of
nerve devascularization and ischemia.

Electrodiagnosis

Although it is the second most common site of peripheral
nerve entrapment, electrodiagnostic localization of ulnar
mononeuropathy at the elbow is controversial and chal-
lenging because of anatomic, technical, and pathophysio-
logic factors. The pathophysiologic process of ulnar nerve
lesions at the elbow is extremely variable. In contrast to
carpal tunnel syndrome, in which slowing across the carpal
tunnel is the hallmark of the disease, ulnar mononeuro-
pathy across the elbow may present with focal slowing,
conduction block, differential slowing, axon loss, or, more
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Table C15-2. Conservative Measures in the Treatment
of Mild Ulnar Neuropathy at the Elbow

In general, minimize elbow flexion

At a desk, place a pillow beneath the elbow

While sitting, the arm should not be crossed, but the elbow
should be straightened and the arm rested on thigh

For extended reading, a bookstand should be used

The telephone should be held in the opposite asymptomatic hand

During sleep, a towel should be wrapped loosely around the
elbow, with the elbow in no more than 30° of flexion

The aforementioned measures should be tried consistently over
at least 3 months

Adapted with revision from Dellon AL, Hament W, Gittelshon A.
Nonoperative management of cubital tunnel syndrome: an 8-year
prospective study. Neurology 1993;43:1673-1677.

frequently, any combination of the above. Although acute
lesions generally present with conduction block and/or
axon loss, and chronic lesions usually present with focal
slowing and/or axon loss, many ulnar lesions across the
elbow do not comply with this rule.

Nerve conduction studies (NCSs) that are recom-
mended for the evaluation of ulnar mononeuropathy
across the elbow include the following.

Sensory NCS

Ulnar SNAP Recording the Little Finger

This antidromic study, or its orthodromic counterpart, is
often low in amplitude or absent in ulnar nerve lesions
across the elbow. Unfortunately, although this abnormality
is seen with many ulnar lesions at or above the wrist, it is
also encountered with lower trunk and medial cord plexus
lesions because ulnar sensory fibers pass through these
structures. Stimulating the ulnar nerve above the elbow
while recording the little finger is helpful in the attempt
to document evidence of focal slowing of sensory fibers.
In practical terms, this technique is seldom helpful in
localization.

Dorsal Ulnar SNAP, Recording the Dorsum

of the Hand

Unfortunately, a fascicular lesion of the ulnar nerve across
the elbow occasionally may spare the dorsal ulnar SNAP.
Hence, an absent or low-amplitude dorsal ulnar SNAP
excludes a lesion at the wrist or hand, but a normal dorsal
ulnar SNAP does not exclude an ulnar lesion across the
elbow. Also, there is considerable overlap between the
territories of the dorsal ulnar SNAP and the radial
SNAP; therefore, an absent or low-amplitude SNAP can

be occasionally misleading unless radial sensory stimulation
is attempted during recording of the ulnar side of the dor-
sum of the hand.

Motor NCS
Ulnar Motor Conduction Studies, Recording the
Hypothenar Muscles (ADM)
This is a routine motor conduction study that is performed
in many laboratories. The nerve is stimulated at the wrist,
below the elbow, and above the elbow. Stimulation at the
axilla also is sometimes useful because it allows compari-
son of two segments (forearm and arm) to the across-
elbow segment and also evaluate for rare ulnar nerve
lesions in the arm. Erb point (supraclavicular) stimulation
is also occasionally helpful in excluding a high ulnar nerve
lesion (Figure C15-10). The conduction abnormalities
observed across the elbow are:

o Conduction block. With focal segmental demyelination
at the elbow, the CMAP that is elicited with above-
elbow stimulation is much lower in amplitude
(>20-30% decrease in amplitude and area) than the
response obtained with below-elbow stimulation with-
out CMAP dispersion. All patients with apparent con-
duction block of the ulnar motor fibers should undergo
further investigation to rule out the presence of
an anomalous connection between the median and
ulnar nerves, named Martin-Gruber anastomosis.
This occurs in approximately 20% of the population and
is sometimes bilateral. It may be established easily by
stimulating the median nerve while recording the ulnar-
innervated muscles. When present, a small CMAP is
recorded and accounts for the apparent conduction block
in the forearm. Occasionally, an ulnar lesion across the
elbow may occur in a patient with this anastomosis
(Figure C15-11).

e Focal slowing. With mild (mostly paranodal) demyeli-
nation, there is slowing of conduction across the elbow.
This is confirmed by comparing the conduction veloci-
ties across the elbow, such as the above-elbow-to-below
elbow segment to the below-elbow-to-wrist (forearm)
segment. Comparison with the contralateral side in uni-
lateral cases also is helpful. A combination of conduc-
tion block and focal slowing is a common presentation
of acute/subacute ulnar lesions across the elbow
(Figure C15-12).

 Axonal loss. In cases in which wallerian degeneration has
occurred, ulnar CMAP is low in amplitude at all points of
stimulation, with no significant change in configuration,
amplitude, or conduction velocity. The conduction veloci-
ties may be mildly slowed diffusely if there is significant
axonal loss (due to the loss of large fibers), but no focal
slowing is present. Unfortunately, motor conduction
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10 mV/D 3 ms/D
Wrist
Below elbow
Above elbow
Axilla
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A

20 mV/D 3 ms/D
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Below elbow
Above elbow
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B

Figure C15-10. A 35-year-old man awoke with severe left ulnar nerve palsy resulting in ulnar clawing and sensory loss in palmar and
dorsal aspect of medial hand. Initial routine nerve conduction study, recording hypothenar muscles, was normal except for absent ulnar
F wave. Subsequent, five point stimulation of the ulnar nerve that included axilla and Erb point stimulations revealed complete conduc-
tion block between these two points (A) with normal responses on the asymptomatic side (B). The patient reported later that he had slept
in the bathtub, after drinking heavily that night, and draped his left arm over the edge of the tub to keep his head above water. He had

complete recovery of function in 6 weeks.

studies are unable to accurately localize the site of ulnar
lesion in this situation.

o Combinations of the above. This is a common finding,
particularly with chronic ulnar lesions across the elbow
(Figure C15-13).

Ulnar Motor Conduction Studies Recording the

First Dorsal Interosseous

This is a helpful addition to routine ulnar motor conduction
studies (recording the ADM). The stimulation points are
the same as those used for the routine studies, and the
pathophysiologic possibilities are similar. The addition of
this study increases the localizing utility of ulnar motor
conduction studies by 10 to 20%, partially because of
the potential fascicular and differential involvement of
fibers across the elbow. For example, an ulnar lesion might

produce only axon loss to the hypothenar muscle, but it
can cause a combination of axonal loss with conduction
block and/or focal slowing to the fibers directed to the first
dorsal interosseous. The presence of a focal conduction
block or slowing to the first dorsal interosseous become
diagnostically useful. Also, this study is very useful in sus-
pected ulnar nerve lesions at the wrist or palm.

Needle EMG

Needle examination is useful in confirming an ulnar nerve
lesion and in excluding a C8/T1 root lesion or a lower
brachial plexopathy. It is important to establish that the
C8/T1 muscles innervated by the median nerve (such as
the abductor pollicis brevis or the flexor pollicis longus)
and radial nerve (such as the extensor indicis proprius) are
normal. In addition, in purely axonal lesions of the ulnar
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5 mV/D 3 ms/D

Wrist

Below elbow

CV =53.2 m/sec

Above elbow

CV = 34.8 m/sec

Median at wrist

Median at elbow

Figure C15-11. Ulnar motor nerve conduction study, recording
hypothenar muscle, in a patient with Martin-Gruber anastomosis
and ulnar mononeuropathy across the elbow. Note that there are
two drops in amplitude and area, one in the forearm and another
across the elbow. The amplitude decay in the forearm (6.8 mV at
wrist and 2.5 mV below elbow) is explained by Martin-Gruber
anastomosis as evidenced by a large CMAP (3.0 mV) obtained by
stimulating the median nerve at the elbow, while recording the
hypothenar muscles. This response is not present upon stimulat-
ing the median nerve at the wrist. The block across the elbow
(2.5 mV below elbow and 1.0 mV above elbow) is also associated
with focal slowing and is consistent with a concomitant ulnar
mononeuropathy across the elbow.

nerve, needle EMG is crucial in localizing the lesion to a
particular segment of the nerve, which it does by establish-
ing that muscles distal to the lesion are abnormal and mus-
cles proximal to it are normal. Unfortunately, there are
limitations to the accurate localization by needle EMG in
patients with axonal ulnar neuropathies:

1. The ulnar nerve has no motor branches in the arm
and only a few branches in the forearm (to the FCU
and the FDP). This makes accurate localization in
patients with purely axon-loss lesions (not associated
with conduction block, differential slowing, or focal

5 mV/D 3 ms/D
Wrist
Below elbow
CV =58.1 m/sec
Above elbow

CV =43.2 m/sec

Amplitude decay = 75%
Area decay = 71%

Figure C15-12. Ulnar motor nerve conduction study, recording
hypothenar muscle, in a patient with several months’ history of
ulnar mononeuropathy, revealing evidence of conduction block
and focal slowing across the elbow. The distal (wrist) CMAP
amplitude is normal (8.5 mV) which is consistent with no (or mini-
mal) axon loss.

1 mV/D 3 ms/D
Wrist
Below elbow
CV =51.2 m/sec
Above elbow

CV = 33.3 m/sec

Amplitude decay = 92%
Area decay = 83%

Figure C15-13. Ulnar motor nerve conduction study, recording
hypothenar muscle, in a patient with a year history of ulnar
mononeuropathy, revealing evidence of conduction block, focal
slowing, and differential slowing (dispersion) across the elbow,
along with axon loss. The latter is based on very low amplitude
distal (wrist) CMAP (1.8 mV).
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slowing) a difficult task. Thus, if the FCU or the FDP is
denervated when the lesion is axonal (i.e., not associ-
ated with conduction block or differential or focal slow-
ing), then the ulnar lesion could be localized only at or
proximal to the elbow (i.e., at the elbow or in the arm).

2. The ulnar motor fibers directed to the hand are located
anteromedially within the ulnar nerve at the elbow
region. Therefore, these fibers are most closely related to
the cubital tunnel and the bony ulnar groove. In contrast,
the motor fibers to the forearm muscles are located far
from the usual sites of compression. This explains, in part,
why the forearm-innervated muscles (the FCU and the
FDP) are spared with lesions around the elbow in at least
half the cases. Thus, in purely axonal lesions that are asso-
ciated with normal FCU and FDP muscles, the ulnar
lesion is even more poorly localized at or proximal to the
wrist (if the dorsal ulnar SNAP is normal), or at or proxi-
mal to the distal forearm (if the dorsal ulnar SNAP is
absent/low in amplitude).

Electrodiagnostic Controversies

Ongoing controversies in the electrodiagnostic evaluation
of ulnar mononeuropathy across the elbow include the
following:

In Which Position Should the EIbow Be Placed
During Performance of Ulnar Nerve Conduction
Studies (Extension or Degree of Flexion)?

The ulnar nerve is anatomically lax and redundant in the
ulnar groove when the elbow is extended. This is aimed to
provide the extra nerve length needed during elbow flex-
ion. With flexion the nerve uncoil and become more taut,
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and when flexion bypass 90°, the ulnar nerve may sublux in
up to 20% of individuals.

Hence, surface measurements of the ulnar nerve while
the elbow is extended do not reflect the true extent of the
underlying nerve. In fact, the distance measured over the
skin is shorter than the true length of the nerve. Hence,
the conduction velocity is spuriously slowed because the
impulses travel longer distances than can be estimated on
skin measurement (Figure C15-14). On the other hand,
surface measurements of the ulnar nerve while the elbow
is hypreflexed more than 90° may be longer than the true
nerve length (due to potential nerve subluxation) resulting
in artifactually fast conduction velocity.

Despite the above findings, advocates for flexion or
extension techniques continue to debate this issue and
whether elbow position influences the sensitivity and
specificity of motor nerve conduction studies in the diag-
nosis of ulnar mononeuropathy across the elbow. Also,
there is no consensus as to the optimal degree of elbow
flexion, ranging from 45° to 135°, among advocates of flex-
ion techniques. Surface measurement over the skin with the
elbow flexed at 45° to 90° most closely correlates with the
true length of the nerve. This is the angle range advocated
by many electromyographers. Hyperflexion beyond 90° is,
however, not recommended.

How Much Slowing of Motor Fibers Across the
Elbow is Needed to Make a Diagnosis of Ulnar
Mononeuropathy?

Measurement of conduction velocities is subject to error.
This error is largely the result of inaccurate measurement
of distance between the sites of stimulation. Because the

Elbow Elbow
extended flexed
Figure C15-14. Correlation between the
true nerve distance and the skin surface
distance of the ulnar nerve during extension
(A) and flexion (B). The lack of correlation
with the elbow in extension leads to
spurious slowing of conduction velocity.
(From Campbell WW. Electrophysiological
approaches to the diagnosis and assessment . .
of ulnar neuropathy: a historical and litera- True Skin True Skin
. . i nerve > surface nerve =  surface
ture review. In: 2002 American Association distance distance distance distance

of Electrodiagnostic Medicine plenary
session, Toronto, Ontario, with permission.)

A



236

error may involve many millimeters, using short distances
between stimulation sites results in a relatively large per-
centage of error in the measurement of distance and,
hence, in the assessment of conduction velocity. In other
words, conduction velocities of longer nerve segments
are more accurate and subject to less human error than
velocities of shorter segments.
Based on this principle, the following is recommended:
e The distance between the below-elbow and the above-
elbow stimulation sites should be kept at least at 6-10 cm.
o Comparison of motor conduction velocities of ulnar nerve
segments is essential for localization, and is far more
useful than are absolute values. The motor conduction
velocities may be calculated using one of two methods:
The short segment method compares velocities of the
above-elbow-to-below-elbow segment to the below-
elbow-to-wrist segment. This has more room for error in
measurement. The long segment compares the above-
elbow-to-wrist segment to the below-elbow-to-wrist
segment. This carries the chance of false negatives by
including a short area of demyelination at the elbow in a
longer above-elbow-to-wrist segment.
e In general, focal slowing greater than 10 m/s across
elbow compared to forearm conduction velocity is diag-
nostic of ulnar lesion when the study is performed with

Figure C15-15. Short incremental (“inching”) motor conduction
study, recording hypothenar muscles, in a patient with ulnar
neuropathy across the elbow. The reference point is at the medial
epicondyle (ME) and the negative numbers are successive distal
stimulation points while the positive points are successive proxi-
mal stimulation sites (A). Note in (B) that there is a more promi-
nent latency change of 0.8 ms and amplitude decay of 85%
between points +2 and +3 (arrow), localizing the lesion between
2 and 3 ¢m above the medial epicondyle. The latency change
between all other successive points ranged between 0.1 to 0.3 ms
while the amplitude decay ranged between 5 and 20%.
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the elbow flexed between 45° and 90°. The author
recommend that more stringent slowing (greater than
15 m/s) should be used when the study done while the
elbow is in extension.

Are Short Segment Incremental Studies

(“Inching”) Required for Accurate Diagnosis?

The “inching” technique is helpful when a conduction
block or slowing is seen between the above-elbow and
below-elbow stimulations. It is recommended by some for
precise (point) localization of the lesion in patients with
suspected ulnar nerve lesions across the elbow. This may
have both clinical and surgical implications, particularly in
planning the optimal surgical procedure.

The stimulation site is moved progressively along the
nerve across the elbow, in several equal steps (usually
1-2 em), between the below and above elbow (over about
6-8 cm span) and CMAP amplitude, latency or morphol-
ogy are recorded. This study should be done meticulously
since it is subject to measurement error and volume con-
duction. An abrupt change in CMAP amplitude, morphol-
ogy or latency (>0.5 ms) is noted (Figure C15-15). The
short increment technique could also be used to point
localize lesions in other segments of the ulnar nerve, such
as the arm or forearm (Figure C15-16).

5 mV/D 2 ms/D

ME
+1

+2
+3

+4

+5
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5mV/D 3 ms/D
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CV=68.5 m/sec Above elbow

237

5 mV/D 2 ms/D

Figure C15-16. A 65-year-old woman presented with a year history of intermittent numbness of left little and ring fingers. All ulnar nerve
conduction studies were normal except for slowing of ulnar motor fibers, recording hypothenar muscles (A), in the forearm segment
(39 m/s) compared to across the elbow segment (68.5 m/s). Similar slowing was noted recording first dorsal interosseous muscle (not
shown). Subsequent short incremental (“inching”) study, recording hypothenar muscles, starting distally at the ulnar styloid and moving
in 2 cm increments proximally, revealed a significant latency shift between 14 cm and 16 cm proximal to the styloid (B) (responses are
shown superimposed). Subsequent MRI revealed a mass at the site and a schwannoma was removed successfully.

FOLLOW-UP

The patient underwent exploration of the ulnar nerve at
the elbow. Extensive fibrosis was seen around the ulnar
groove. The nerve was released. The patient had some
early, rapid return of function over the first 6 weeks, fol-
lowed by a slower recovery phase. When seen 12 months
postoperatively, she was asymptomatic and had minimal
weakness and atrophy of the interossei.

DIAGNOSIS

Right ulnar mononeuropathy across the elbow,
manifested by segmental demyelination and chronic
axonal loss, with evidence of ongoing (active) dener-
vation and reinnervation, after remote elbow frac-
ture (consistent with tardy ulnar palsy).
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HISTORY AND PHYSICAL EXAMINATION

Acute, severe right upper extremity pain developed
overnight in a 22-year-old man; it peaked in 2 days,
resulted in multiple visits to the emergency room, and
ultimately led to admission to a community hospital on the
third day. The pain was deep and maximal around the
right shoulder, with radiation to the arm and forearm, and
did not worsen with coughing or sneezing. Three to
four days after admission, while the patient was being
treated with analgesics, he noted weakness of the right
upper extremity. The weakness was maximal in the
shoulder and arm, and much less severe in the hand. He
had slight numbness in the hand and forearm, most
particularly in the right thumb. He was given a 10-day
course of oral prednisone and was referred to a tertiary
care center.

Two weeks before the onset of pain, the patient had
an upper respiratory tract infection with cough, nasal
discharge, fever, and malaise. This was treated with anti-
biotics for one week. There was no history of trauma. He
was otherwise in excellent health.

When the patient was seen 4 weeks after the onset of
symptoms, he had minimal shoulder pain. Cranial nerve
examination was normal. There was no Horner sign.
Findings were limited to the right upper extremity, where
there was complete loss of function of the right deltoid,
spinati, biceps, and brachioradialis (Medical Research
Council [MRC] 0/5). The right triceps was much less
involved (4/5). There was mild diffuse weakness of all
finger and wrist extensors, with severe weakness of the
right thumb long flexion (flexor pollicis longus) and distal
interphalangeal flexion of the index and middle
fingers (flexor digitorum profundus). This resulted in a
positive pincer or OK sign (Figure C16-1). Deep tendon
reflexes of the right upper limb were absent. Sensation
revealed mild sensory loss over the thumb, and lateral arm
and forearm.

An electrodiagnostic (EDX) study was performed.
Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. The clinical and EDX findings suggest that most of the
insult involves the following two nerves:
A. Ulnar and radial nerves.
B. Medial cord and anterior interosseous nerve.
C. Upper trunk and anterior interosseous nerve.
D. Lateral cord and radial nerve.
2. The aforementioned disorder has the following charac-
teristics except:
A. Tt is more frequent in males.
B. It is sometimes preceded by upper respiratory tract
infection or vaccination.
C. It is typically painful at onset.
D. It sometimes is bilateral and rarely recurrent.
E. It is restricted to the neural elements of the brachial
plexus.
3. The routine motor nerve conduction study results in
this disorder may be normal because:
A. The illness is not associated with significant axonal loss.
B. The lesion involves frequently the upper trunk of
the brachial plexus.
C. The process is demyelinating.
D. All of the above.

EDX FINDINGS AND INTERPRETATION OF DATA
Abnormalities on EDX examination include:
1. Abnormal sensory nerve action potential (SNAP)

amplitudes. As a rule, abnormal SNAPs point to lesions
of the plexus or peripheral nerves, and are not consistent
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Figure 16C-1. Normal and abnormal OK sign (pincer sign).
Normal sign on the left and abnormal sign on the right, as in
lesions of the anterior interosseous nerve caused by weakness of
the long flexors of the thumb and index fingers. (From
Mumenthaler M, Schliak H. Peripheral nerve lesions. Diagnosis
and therapy. New York: Thieme Medical Publishers, 1990.)

with root lesions (i.e., intraspinal canal lesions) because
the latter interfere only with the proximal (central)
axons of the dorsal root ganglia, leaving the distal
(peripheral) axons intact. Although the SNAP abnor-
malities are diffuse, when one compares the right upper
extremity to the left, the most abnormal SNAPs in
order of decreasing severity are: lateral cutaneous of
forearm (lateral antebrachial); median, recording
the thumb and index; radial and median, recording the
middle finger; and ulnar, recording the little finger.
This suggests that the disorder is diffuse but has a
preponderance to the upper plexus (upper trunk and
lateral cord), where sensory fibers to the lateral
cutaneous nerve of the forearm and median nerve are
located.

2. Abnormal compound muscle action potential (CMAP)
amplitudes. The CMAPs of routine motor nerve
conduction studies (NCS), i.e., median and ulnar, are
not as abnormal as the less commonly performed NCS,
i.e., the axillary and musculocutaneous. This finding
points to a pathological process that involves primarily
the upper trunk of the brachial plexus or individual
lesions of both the musculocutaneous and axillary
nerves. The relatively lower median CMAP compared
with the ulnar CMAP could be caused by a median
nerve lesion or a fascicular lesion of the lower plexus
(Iower trunk or medial cord).

3. Needle EMG examination shows diffuse abnormalities
in all muscles tested on the right, except the paraspinal,
serratus anterior, and rhomboid muscles. This finding

confirms that the lesion(s) is not at the level of the roots

but is located more distally into the brachial plexus or

peripheral nerves. Concurrent with diffuse involve-
ment, certain muscles are exceptionally abnormal.

These include:

e Severe denervation of the flexor pollicis longus, the
pronator quadratus, and the median part of the flexor
digitorum profundus, consistent with severe lesion of
the anterior interosseous nerve.

« Total denervation of the supraspinatus, infraspinatus,
deltoid, biceps, and brachioradialis consistent with
severe lesion of the upper trunk of the brachial
plexus. In this situation, it is impossible to confirm or
exclude additional separate lesions of the suprascapu-
lar, axillary, or musculocutaneous nerves.

The aforementioned findings point to a diffuse, likely
multifocal process involving the neural elements of the
upper extremity, with the most severe involvement to the
upper trunk of the brachial plexus and the anterior
interosseous nerve. The process is not the result of root(s)
pathology (i.e., it is not due to intraspinal canal process),
because of abnormal SNAPs and normal paraspinal
muscles. The EDX findings are highly suggestive of neu-
ralgic amyotrophy due to the predilection of lesions to the
upper trunk and the anterior interosseous nerve.

DISCUSSION

Clinical Features

Neuralgic amyotrophy is likely an immune-mediated dis-
order that affects peripheral nerves of the upper limb and
is not restricted to elements of the brachial plexus.
Unfortunately, the disorder is known by several misleading
names that result sometimes in misdiagnosis (Table C16-1).
Neuralgic amyotrophy has an estimated annual incidence
of 1.64 cases per 100 000 population. It most often affects
adults, peaking during their twenties. Males are affected
twice as often as females. It is usually unilateral, but is
sometimes bilateral and asymmetrical; it is occasionally
recurrent. Most cases have no specific precipitating factors,
but some appear few hours to weeks of an upper respira-
tory tract infection, a vaccination, childbirth, or an invasive
diagnostic, therapeutic or surgical procedure.

As the most popular name implies, neuralgic amyotrophy
is characterized by pain and weakness of the upper limb.
The pain is usually abrupt in onset with a tendency to
develop at night, sometimes awakening the patient from
sleep. Itis a severe deep boring shoulder pain, and maximal
during the first few days of illness. The pain is not exacer-
bated by the Valsalva maneuver (e.g., cough, sneeze)
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Table C16-1. Terms Commonly Used to
Describe the Syndrome of Neuralgic Amyotrophy
(Listed Alphabetically)

Acute brachial plexitis

Acute brachial plexopathy
Acute brachial neuropathy
Acute brachial neuritis
Acute brachial radiculitis
Brachial plexus neuritis
Brachial plexus neuropathy
Idiopathic brachial plexopathy
Idiopathic brachial neuritis
Neuralgic amyotrophy
Parsonage-Turner syndrome
Shoulder girdle neuritis

which helps distinguishing it from a subacute cervical
radiculopathy. Many patients visit the emergency depart-
ment for pain control. In atypical cases, the pain is only
modest and maximal over the antecubital fossa. The pain
usually lasts for 7-10 days, gradually fades and becomes
replaced by a dull ache.

Typically, the patient notices upper limb weakness, and
sometimes wasting become apparent, during the first week
as the pain starts to subside. Weakness of the shoulder
girdle muscles, with or without scapular winging, is the
most common since the upper plexus-innervated muscles
are usually the most affected. The weakness is often
restricted to multiple individual peripheral nerves and
sometimes to a single nerve only (Table C16-2).
Occasionally, the disorder afflicts the entire brachial plexus
or exclusively the lower plexus leading to a near complete
monoplegia or distal upper extremity weakness, respec-
tively. Oddly, the main upper limb nerves, i.e., the median,
ulnar, and radial nerves, are seldom exclusively affected.
Occasionally, selective muscles are selectively denervated,
presumably due to pathology of the motor branches. This
includes the pronator teres, flexor pollicis longus and

Table C16-2. Peripheral Nerves With High
Predilection to Insult During Neuralgic Amyotrophy
(Listed in Order of Frequency of Occurrence)

Long thoracic nerve
Suprascapular nerve
Axillary nerve
Musculocutaneous nerve
Anterior interosseous nerve
Phrenic nerve

supraspinatus muscles (Figure C16-2). Sensory loss
usually is mild but may be prominent in severe cases.
Deep tendon reflexes are depressed or absent if the appro-
priate muscles are weakened significantly. Chest radio-
graphs may reveal an elevated hemidiaphragm on the
ipsilateral side, due to phrenic nerve palsy. Routine mag-
netic resonance imaging studies of the brachial plexus or
upper limb usually are normal, apart from T2-weighted
changes of denervated muscles. The diagnosis frequently
is based on the clinical picture and is supported by EDX
confirmation.

The long-term prognosis is overall good. Pain resolves
within weeks. Muscle strength lags behind, but most
patients recover almost completely within a few months.
Some have a more protracted improvement with more
prolonged pain or residual weakness and atrophy.
Permanent weakness occurs when there is severe axonal
loss, or when distal muscles are affected. Recurrence is
rare (1-5%), usually occurring at highly irregular intervals
over months to years.

There is no specific therapy for neuralgic amyotrophy.
Strong analgesics are often necessary for pain control.
Drugs that target neuropathic pain, such as anticonvul-
sants and tricyclics, are also useful. Corticosteroids often
are prescribed in the acute phase, particularly in patients
who have no contraindication to their use. Physical and
occupational therapies are essential to maintain range of
joint motion and to prevent contractures during the first
months of illness.

The differential diagnosis of neuralgic amyotrophy is
wide and depends upon the particular nerve(s) affected
and the specific antecedent event. It includes rotator
cuff tears, cervical radiculopathies, traumatic plexopathies,
intraoperative nerve damage, and entrapment neu-
ropathies. Pack palsy occasionally is mistaken for neuralgic
amyotrophy, but the clinical circumstances and the
fact that pain is not a component of its presentation help in
distinguishing pack palsy from neuralgic amyotrophy.
A familial disorder that is sometimes indistinguishable
clinically and electrodiagnostically from the sporadic form
of neuralgic amyotrophy occurs, and is inherited as an
autosomal dominant trait. This disorder is often
called hereditary neuralgic amyotrophy, or familial
brachial plexus neuropathy and is linked to the distal long
arm of chromosomes 17¢25, with three mutations in the
gene septin 9 identified so far. Certain features tend to
help in establishing the diagnosis for these families
(Table C16-3). Acute brachial plexopathy may occur after
minor trauma in patients with another autosomal
dominant disorder, hereditary neuropathy with liability to
pressure palsy (HNPP). However, the plexopathy in HNPP
is typically painless and resolves more rapidly. Also, the
neurological examination as well as the nerve conduction
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Figure 16C-2. MRI of the forearm in a 37-year-old man who noted severe weakness of thumb flexion which was preceded by mild dull
antecubital pain. Needle EMG showed prominent fibrillation potentials and no voluntary MUAPs in the flexor pollicis longus. In contrast,
the median sensory and motor conduction studies, as well as needle EMG of all other muscles innervated by the median nerve, anterior
interosseous nerve, and C8/T1 roots were normal. Note the high signal intensity in the flexor pollicis longus (white arrows), seen on
sagittal (A), coronal (B), and axial (C) views of the forearm, consistent with denervation.

studies in other limbs often reveal an underlying generalized
demyelinating polyneuropathy. The diagnosis is confirmed
by detecting deletion of the human peripheral myelin
protein 22 (PMP22) gene, located on chromosome
17p11.2-12. Also, if done, pathologic studies of peripheral
nerves reveal evidence of segmental demyelination and
tomaculous or “sausage-like” formations.

Electrodiagnosis

In assessing a patient with possible neuralgic amyotrophy,
the electromyographer should have a firm grasp of
the anatomy of the brachial plexus and its branches
(Figure C16-3), as well as the peripheral nerves of the
upper extremity (Table C16—4) and the myotomal chart
of all muscles of the upper limb (see Figure C11-6).

Table C16-3. Distinguishing Features of Sporadic Neuralgic Amyotrophy and Hereditary Neuralgic Amyotrophy

Feature Sporadic Neuralgic Amyotrophy Hereditary Neuralgic Amyotrophy
Age Adulthood Onset is frequently in childhood

Sex Male predominate Males and females equally affected
Family history Negative Positive (dominant trait)

Recurrence Rare (1-5%) Common

Lower cranial nerve involvement Exceedingly rare

Associated findings None

Not uncommon
Dysmorphic features (cleft palate, canthal folds,
syndactyly, etc.)
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Figure 16C-3. The brachial plexus. Trunks are named upper, middle, and lower. Cords are lateral (L), posterior (P), and median (M).
Roots and trunks are supraclavicular, while cords and terminal peripheral nerves are infraclavicular. (From Goodgold |. Anatomical
correlates of clinical electromyography. Baltimore, MD: Williams and Wilkins, 1974, with permission.)

Table C16-4. Motor and Sensory Nerves Arising Directly from the Brachial Plexus (excluding the main terminal

nerves)

Nerve Origin Function Destination

Dorsal scapular* Anterior ramus of C5 Motor Rhomboids (C5)

Long thoracic* Anterior rami of C5-C6-C7  Motor Serratus anterior (C5—-C6-C7)

Suprascapular* Upper trunk Motor Supraspinatus (C5-C6) and infraspinatus

N. to subclavius* Upper trunk Motor Subclavius (C5-C6)

Lateral pectoral (lateral Lateral cord Motor Pectoralis major and minor (C5 to T1)
anterior thoracic)

Subscapular (upper and lower) Posterior cord Motor Teres major (C5-C6) and subscapularis (C5-C6)

Thoracodorsal Posterior cord Motor Latissimus dorsi (C6-C7-C8)

Medial pectoral (medial Medial cord Motor Pectoralis major and minor (C5 to T1)
anterior thoracic)

Medial cutaneous of Medial cord Sensory Skin of medial arm (C8-T1)
arm (brachial cutaneous)

Lateral cutaneous of Medial cord Sensory Skin of medial arm (C8-T1)

forearm (antebrachial
cutaneous)

*Are the only supraclavicular nerves.
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Three important anatomical facts must be emphasized in
localizing lesions of the brachial plexus:

1. The median sensory fibers do not pass through

the lower plexus. The thumb SNAP is innervated by
C6 through the upper trunk, the index finger by C6 and
C7 through the upper and middle trunks, and the
middle finger by C7 through the middle trunk. All three
SNAPs traverse the lateral cord to reach the median
nerve. The lateral antebrachial SNAP is similar to the

Focal Disorders

median SNAP to the thumb, originating in C6 and
passing through the upper trunk and lateral cord to the
musculocutaneous nerve. The radial SNAP originates
from the C6 and C7 roots and reaches the posterior
cord via the upper and middle trunks (Figure C16-4).
All these SNAPs are normal in lower brachial
plexus lesions (lower trunk or medial cord) while the
ulnar SNAP originating from C8, and the medial
antebrachial SNAP originating from T1, are usually
abnormal.

Figure C16-4. Brachial plexus pathways
for the sensory fibers assessed by median
sensory nerve action potential (SNAP)
(to the thumb (A), and index (B) and middle
(C) fingers), radial SNAP (D), and lateral
antebrachial SNAP (E). Solid lines represent
predominant pathways and dashed lines
represent possible additional pathways.
(From Ferrante MA, Wilbourn AJ. The utility
of various sensory nerve conduction responses
in assessing brachial plexopathies. Muscle
Nerve 1995;18: 879-889, with permission.)
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Figure C16—4, contd.

2. The median motor fibers to the thenar muscles do not
pass through the upper plexus. Thus, routine median
motor conduction studies are normal in upper brachial
plexus lesions while their sensory counterparts are
abnormal.

3. In contrast to the median fibers to the hand, the ulnar
motor fibers and ulnar sensory fibers do not separate
while traversing the plexus. They pass through the
lower trunk and medial cord and continue through the
ulnar nerve to their targets in the forearm and hand.

Brachial plexus lesions are divided into supraclavicular
and infraclavicular plexopathies. Supraclavicular plexus
lesions are further divided into the upper trunk, middle
trunk, and lower trunk lesions. Infraclavicular lesions are
divided into lateral cord, posterior cord and medial cord
lesions. The electrodiagnosis of lesions of the brachial plexus,
the largest and most complex structures of the peripheral
nervous system, is more time consuming and requires
performing multiple common and uncommon sensory
and motor nerve conduction studies and sampling a large
number of muscles with needle EMG. In lesions of the
brachial plexus that are restricted to a specific trunk or

cord, certain sensory and motor NCSs and muscles are
likely to be abnormal based on the location of the injured
fibers within the plexus (Tables C16-5 and C16-6).

In neuralgic amyotrophy, the EDX examination, particu-
larly its needle EMG component, is very helpful in diag-
nosis, as well as demonstrating the severity of axon loss and
showing that more muscles are involved than is clinically
apparent. Routine motor nerve conduction studies
(i.e., median, ulnar, and radial) often are normal because
they do not assess the upper plexus, which is usually
involved maximally, and these three nerves are rarely
affected selectively. However, routine sensory conduction
studies (median, ulnar, and radial SNAPs) are abnormally
low in amplitude in at least one-third of cases, mostly
because of upper plexus lesions. In particular, the median
sensory response (recording the index or middle finger)
may be abnormal as a result of upper or middle trunk
axonal loss. Specialized nerve conduction studies often are
required to show abnormalities of the upper plexus. In
particular, the lateral antebrachial SNAP and, less commonly
the median SNAP recording the thumb and index, are
abnormal. Similarly, the axillary and musculocutaneous
motor NCSs reveal low CMAP amplitudes.
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Table C16-5. Nerve Conduction Studies and Muscles Commonly Affected in Upper Brachial Plexus Lesions

Sensory Conduction Studies

Motor Conduction Studies

Needle EMG

Lateral antebrachial cutaneous
Median (recording thumb)
Radial (recording base of thumb)

Axillary (recording deltoid)
Musculocutaneous (recording biceps)

Pronator teres
Brachioradialis
Biceps

Triceps

Deltoid
Infraspinatus
Supraspinatus
Serratus anterior
Rhomboids

Adapted with revisions from Wilbourn AJ. Assessment of the brachial plexus and the phrenic nerve. In: Johnson EW, Pease W, eds. Practical electromyog-

raphy, 3rd ed. Baltimore, MD: Williams and Wilkins, 1997.

Needle examination frequently is more impressively
abnormal than the nerve conduction studies. Fibrillations
and decreased recruitment of motor unit action potential
(MUAP) consistent with denervation are more extensive
than is evident by clinical examination. The MUAPs
become polyphasic and increased in duration as sprouting
proceeds after one to two months from illness onset. The
findings frequently are patchy, and they often do not
conform to specific root or peripheral nerve distribution.
At times, EMG findings in patients with shoulder girdle
weakness suggest that the disorder is caused by lesions of
multiple individual peripheral nerves (mononeuropathies)
rather than of the upper plexus.

Certain EDX findings, when present, are highly suggestive
of neuralgic amyotrophy. These include:

1. Selective denervation of multiple peripheral nerves
around the shoulder girdle (the long thoracic, spinal
accessory, suprascapular, axillary, and musculocutaneous).
In fact, in many cases of neuralgic amyotrophy, the
EDX examination often can prove that the lesion is
more likely to be that of multiple mononeuropathies than
a brachial plexopathy. For example, when denervation

is noted in the biceps and deltoid but not in the
brachioradialis or pronator teres, the findings are
consistent with combined axillary and musculocuta-
neous mononeuropathies rather than an upper trunk
plexopathy.

. Partial proximal median mononeuropathy affecting the

anterior interosseous-innervated muscles more
severely, without abnormalities in median SNAPs,
CMAP, or thenar muscles.

. Severe and selective denervation of one or more mus-

cles innervated by a specific nerve without (or with

minimal) involvement of neighboring muscles inner-

vated by the same nerve, presumably due to pathology
of the motor branches. Examples include:

e Denervation of the pronator teres muscle without
involvement of other median-innervated or C6- or
C7-innervated muscles. This unusual finding is
almost pathognomonic of neuralgic amyotrophy.

e Denervation of the triceps with minimal or no
denervation of the more distally placed radial muscles
(such as the brachioradialis, the extensor carpi
radialis, and the extensor digitorum communis), or C6- or
CT-innervated muscles (such as the pronator teres).

Table C16-6. Nerve Conduction Studies and Muscles Commonly Affected in Lower Brachial Plexus Lesions

Sensory Conduction Studies

Motor Conduction Studies

Needle EMG

Ulnar recording little finger
Dorsal ulnar cutaneous
Medial antebrachial cutaneous
Medial brachial cutaneous

Ulnar recording hypothenar

Ulnar recording 1st dorsal interosseous
Median recording thenar

Radial recording extensor digitorum communis

All hand intrinsics*

Flexor pollicis longus

Flexor carpi ulnaris

Extensor indicis

Flexor digitorum profundus
Extensor digitorum communis

*These include the abductor pollicis brevis, the first dorsal interosseous (and all other interossei), the adductor pollicis, and the abductor digiti minimi.
Adapted with revisions from Wilbourn AJ. Assessment of the brachial plexus and the phrenic nerve. In: Johnson EW, Pease W, eds. Practical electromyog-

raphy, 3rd ed. Baltimore, MD: Williams and Wilkins, 1997.
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e Denervation of the supraspinatus muscle with
minimal or no involvement of the infraspinatus.

4. Absent lateral antebrachial cutaneous SNAP, with or with-
out sensory loss along the lateral aspect of the forearm,
even when there is neither clinical nor needle EMG evi-
dence of involvement of the main trunk of the musculocu-
taneous nerve (i.e., normal biceps and brachialis muscles).

FOLLOW-UP

The patient’s pain resolved completely in a few weeks.
However, weakness was prominent and necessitated a
temporary period of disability from occupation. In the
ensuing 6 months, he had gradual return of function in most
affected muscles, particularly the biceps, brachioradialis,
spinati, and finger flexors. However, his deltoid continued
to be affected severely.

Repeat EMG examination at 6 months showed significant
reinnervation in all muscles, including the biceps, brachio-
radialis, spinati, and finger flexors. Fibrillation potentials
disappeared in these muscles. However, the axillary
CMAP amplitude remained very low, and the deltoid
muscle continued to demonstrate fibrillations and no
voluntary MUAPs. These findings point out that, in addi-
tion to an upper plexus lesion (which resulted from severe
denervation of the biceps, brachioradialis, spinati, and
possibly deltoid), there likely was a severe lesion of the
axillary nerve proper, which explains the lack of reinnervation
of the deltoid in the presence of good recovery of the other
muscles innervated by the upper trunk.

Further follow-up disclosed a protracted improvement
of the deltoid; at 18 months, the neurologic examination
was normal except for moderate weakness of the deltoid at
4/5 and upper extremity areflexia. The patient returned to
work 18 months after the initial insult.

DIAGNOSIS

Severe neuralgic amyotrophy, resulting in diffuse
denervation but predominant involvement of
the upper trunk of the brachial plexus, anterior
interosseous nerve, and axillary nerve.
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HISTORY AND PHYSICAL EXAMINATION

A 2l-year-old woman developed intermittent binocular
diplopia, primarily with distant vision. Within a few weeks,
the symptoms worsened and she noted droopy eyelids, first
on the right, then on the left. She had increasing fatigue
and weakness, primarily after activity, and had fallen a few
times. On system review, she admitted to fatigue and
weakness while chewing but denied swallowing and
speech difficulties. All symptoms improved after rest. The
patient was otherwise in excellent health.

On examination, the patient was alert, oriented, and in
no distress. She had mild bilateral ptosis, which worsened
with sustained upgaze. Extraocular muscles showed bilat-
eral lateral rectus muscle weakness with nystagmoid move-
ments on lateral gaze. Pupils and fundi were normal.
There was mild bilateral peripheral facial weakness and
weakness of eye closure. Speech, tongue, and palate were
normal. The patient had moderate weakness in the limb
muscles particularly in the legs and worse proximally. Her
outstretched arms became fatigued in 1 to 2 minutes and
could not be sustained. Deep tendon reflexes were +2/4
throughout. Sensation and coordination were normal. Gait
was slow and waddling. Romberg test was negative.
Tensilon (Edrophonium) test was equivocal, with possible
improvement of ptosis only.

An electrodiagnostic (EDX) examination was per-
formed.

Please now review the Nerve Conduction Studies and
Needle EMG tables.

QUESTIONS

1. Decremental response on slow repetitive stimulation is
commonly seen in all of the following except:
A. Botulism.
B. Amyotrophic lateral sclerosis.

C. Myasthenia gravis.
D. Corticosteroid myopathy.
E. Lambert-Eaton myasthenic syndrome (LEMS).
2. In patients with suspected ocular myasthenia, which
test is most sensitive in establishing the diagnosis?
. Serum acetylcholine receptor antibody.
. Single-fiber jitter study of the frontalis muscle.
. Slow repetitive stimulation of the facial nerve.
.Slow repetitive stimulation of the spinal accessory
nerve.
E. Single-fiber jitter study of the extensor digitorum
communis.
3. Factors that increase the sensitivity of electrodiagnosis
in myasthenia gravis include all of the following except:
A. Slow repetitive stimulation, recording weakened
muscles.
B. Slow repetitive stimulation before and after exercise.
C. Rapid repetitive stimulation, recording a proximal
muscle.
D. Single-fiber EMG jitter study.
E. Slow repetitive stimulation on warm limbs.

OO ®p

EDX FINDINGS AND INTERPRETATION
OF DATA

Pertinent EDX findings include the following:

1. Normal sensory and motor nerve conduction studies
(NCSs). In particular, the amplitudes of the compound
muscle action potentials (CMAPs), of all motor nerves
tested, are normal.

2. Slow repetitive stimulation (at a rate of 2 Hz) of the
median and spinal accessory nerves reveals repro-
ducible CMAP decrement at rest and after exercise
(Figures C17-1 and C17-2). Also, the median nerve
decrement corrects after exercise (postexercise facilita-
tion. Compare Figure C17-1A, train 1 to train 2).
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3. No increment of the CMAP amplitude after brief
(10 seconds) exercise (not shown).

4. Normal needle EMG, except for motor unit action
potential (MUAP) instability (moment-to-moment
variation of MUAP amplitude) in the deltoid muscle.

These findings are diagnostic of a neuromuscular
junction defect of the postsynaptic type and are consistent

n 5.0mU,

®

Figure C17-1. Slow repetitive stimulation
(2 Hz) of the median nerve, recording the
abductor pollicis brevis, at rest and for
3 minutes after 1 minute of exercise in
this patient with MG (A) and in an age-
matched control (B). Train 1 was at rest,
and Trains 2 through 5 were done every
minute following 1 minute of exercise.
The upper tracing of each panel shows all
five stimulations, and the lower tracings
represent Train 1, Train 3, and Train 5.
Note the significant decrement of the
compound muscle action potential
(CMAP) at rest (35%) and after exercise
in this patient, but not in the control.
Note also the postexercise facilitation
in the patient (Train 2, A). There was
no significant postexercise exhaustion
(compare Trains 1 and 3, 4, and 5 in A).

with myasthenia gravis. Normal CMAP amplitude at
rest and the absence of CMAP increment after brief
exercise exclude a presynaptic defect, as is seen with
LEMS or botulism. The absence of denervation on
needle EMG excludes a lower motor neuron disease (as
seen with amyotrophic lateral sclerosis), which may be
associated with a decremental response on slow repetitive
stimulation.
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Figure C17-1, cont/d. 2ms
DISCUSSION sarcolemma, called the endplate. The NM] is a chemical

synapse that is essential for transmitting action potentials
from the terminal nerve branches to muscle fibers. This
synapse utilizes acetylcholine (ACH) as a transmitter that

Anatomy and Physiology

Neuromuscular Junction binds to specific receptors in the junctional membrane,
The neuromuscular junction (NMJ) is the site where the resulting local depolarizations that spread and trigger all-
motor neuron makes contact with the skeletal muscle or-none muscle action potential. The NMJ is divided into
fiber’s membrane (sarcolemma). It is near the center of the a presynaptic terminal, a synaptic cleft, and a postsynaptic

muscle fiber where there is a cup-shaped depression of the region (Figure C17-3).
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supply is saved in immediately available stores, which

1 2 3 4 5 6
81 sec 60 sec 60 sec 60 sec 60 sec
T T
2.0 muU 2.0 mU 2.0 muU 2.0mu 2.0 mU 2.0 mU
2Hz 2Hz 2Hz 2Hz 2Hz 2Hz
2
S
2ms
3
E
& Figure C17-2. Slow repetitive stimulation
2ms (2 Hz) of the spinal accessory nerve, record-
ing the trapezius, at rest and for
4 minutes after 1 minute of exercise in this
patient. Train 1 is at rest, and Trains 2
through 6 are done every minute following
1 minute of exercise. The upper tracing of
5 each panel shows all six stimulations, and the
lower tracings represent Train 1, Train 3,
S and Train 5. Note the significant decrement
5 of the compound muscle action potential at
e rest (33%) and after exercise, with no signifi-
cant postexercise facilitation or exhaustion.
1. The presynaptic terminal is composed mainly of an are ready for release near the active zone region. Much
unmyelinated nerve terminal covered by a Schwann larger ACH depots are stored more proximally in the
cell and is loaded with synaptic vesicles. Each synaptic axon and may be mobilized to replenish the immediately
vesicle is 50 nm diameter in structure and contains available stores whenever depleted. ACH is synthesized
approximately 5000 to 10 000 molecules of ACH, called as follows:
the quanta. The synaptic vesicles cluster around the ter-
minal’s active zones, the site for their eventual release Acetyl-coenzyme A + choline
facing the muscle fiber. Acetylcholine is packaged into Choline acetyltransferase )
icles to protect the molecules from hydrolysis (b acetylcholine +coenzyme A
vesicles to p ydroly Y
the presynaptic acetylcholinesterase) and to maximize
the required amount of transmitter release. The ACH 2. The synaptic cleft is a small space (~60 nm) between

the synaptic terminal and the sarcolemma. It is lined by



Figure C17-3. Neuromuscular junction.
(A) A longitudinal section through the
endplate. (B) Overhead view of (A).
(C) Enlarged view of the junction, showing
the presynaptic region, the synaptic cleft,
and the postsynaptic membrane and
junctional clefts. (From Fawcett DW.
Bloom and Fawcett: a textbook of histology.
Philadelphia, PA: WB Saunders, 1986,
with permission.)

Teloglial cell

Myofibrils

Case 17

Terminal nerve

branches

a basement membrane and is abundant in acetyl-
cholinesterase, which breaks down ACH into choline
and acetate. A large amount of acetylcholinesterase is
present in neuromuscular junction, enough to quickly
hydrolyze the ACH released into the synaptic cleft.

. The postsynaptic membrane is the main constituent of
the postsynaptic region and faces the active zone of the
presynaptic terminal. The postsynaptic membrane
forms highly convoluted invaginations, the junctional

B o
o
Unfolded
Extracellular
Figure C17-4. The acetylcholine receptor. .
Each subunit winds through the junctional rﬂ:;?ﬁg?;:é M4
membrane four times (M1 through M4).
(From Drachman DB. Myasthenia gravis. Cytoplasmic

N Engl | Med 1994;330:1797-1810, with
permission.)

Myelin sheath

Axon terminal
in synaptic trough

folds, where nicotinic ACH receptors are embedded
at the top of the folds, with a density of 10 000-15 000
per um?, a thousand-fold more than in the rest of the
sarcolemma. The nicotinic ACH receptor is a glycopro-
tein composed of five subunits (02B6¢), i.e., two o
subunits, one B subunit, one € subunit, and one 8 sub-
unit. The € subunit replaces the y subunit, which is
present during development. They are arranged like
barrel staves around a central iron pore (Figure C17—4).

NH,
€eory
Main
immunogenic

region
10 nm C192
COOH C193

Carbohydrate  Acetylcholine-
binding site
M1
M2

M3
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The binding site of the ACH molecule is located
around amino acids 192 and 193 of both o subunits.
The receptor channel opens transiently when the bind-
ing sites of both o subunits are locked by two ACH
molecules. The opened channel of the ACH receptor
behaves as a cation channel with little selectivity. The
half-life of the nicotinic ACH receptor is approximately
8.5 days. A recently identified sarcolemmal protein,
muscle specific tyrosine kinase (MuSK), is expressed
exclusively at the NM] and is closely associated to the
ACH receptor. Its exact role in adult muscle is still
unknown. In the developing muscle, MuSK is essential
for aggregating the ACH receptors and is activated by
nerve-derived agrin.

Neuromuscular Transmission
Neuromuscular transmission involves the transmission
of action potential from the motor neuron’s axon to the
muscle fiber. The delay between the depolarization of the
presynaptic terminal and the generation of endplate
potential at the postsynaptic membrane is short (0.3-1 ms),
and is mostly due to the exocytotic release of ACH from
the presynaptic terminal. Neuromuscular transmission
may be divided into three processes: (1) presynaptic termi-
nal depolarization and ACH release; (2) ACH binding and
ion channel opening; and (3) postsynaptic membrane
depolarization and muscle action potential generation.

e Presynaptic terminal depolarization and ACH release.
With the arrival of the action potential to the nerve
terminal, voltage gated calcium channels (VGCCs) open
allowing calcium to enter the presynaptic terminal. With
the increase in cytosolic calcium concentration, several
complex interactions, that involves several proteins and

Action potential

'
Calcium entry @

Packaging
Vesicle rupture ®

in vesicle

Axon terminal

Reiease of ACh ®

Diffusion of ACh (&)

Combinatb'n. ’
with receptors

. Increased permeability
to Na*and K* 0]

\

Depolarization
(endplate potential)

Action potentiat

Uptake of choline (@

receptors, lead to the ensuing docking and fusion of
synaptic vesicles with the presynaptic membrane in
the active zone and release of ACH release into the
synaptic cleft.

e Acetylcholine binding and ion channel opening. The
released ACH molecules diffuses through the cleft and
bind with the ACH receptors on the postsynaptic junc-
tional folds. For a single receptor channel to open and
allow the rapid passage of cations, two ACH molecules
must bind to the o subunits of the receptor. The chan-
nels remain open for about 1 ms after ACH binding
and then they close and ACH dissociates from the
receptors.

e Postsynaptic membrane depolarization and muscle
action potential generation. The passage of cations through
the open cation channels following their electrochemi-
cal gradients (Na* ions flow inward, and K* ions flow
outward) leads to a local depolarization in the endplate
region. This endplate potential (EPP) is a slow potential
with a large amplitude that ranges from 50 to 70 mV.
It spreads electrotonically to the depths of the synaptic
folds triggering the opening of Na* voltage-gated
channels and the development of a muscle action poten-
tial that propagates along the muscle fiber. After
closure of the nicotinic receptor, ACH is released and
subsequently is hydrolyzed by acetylcholinesterase
into choline and acetate. Choline is taken back by
the presynaptic terminal and ACH is resynthesized
(Figure C17-5).

Clinical Features

Myasthenia gravis (MG) is the best understood and
most thoroughly studied of all human organ-specific

Acetate -

of ACh <@mmmmm Synthesis of ACh @

Hydrolysis of ACh
(ACh esterase)

Figure C17-5. Neuromuscular transmis-
sion. (From McComas AJ. Neuromuscular
function and disorders. Boston, MA:
Butterworth, 1977, with permission.)



Case 17 261

autoimmune diseases. It is characterized by a reduction
of skeletal muscle postsynaptic ACH receptors resulting
in a decrease in the EPP necessary for action potential
generation. In the majority of patients, MG is caused by an
antibody-mediated attack on the postsynaptic nicotinic
ACH receptors in the neuromuscular junction. In a small
number of patients, other antigenic targets, such as the
muscle specific tyrosine kinase (MuSK), may exist. Myoid
cells and other stem cells within the thymus gland, which
is hyperplastic in at least two-thirds of patients with MG,
may serve as autoantigens by expressing on their surface
the ACH receptor or one of its protein components.

The prevalence of MG is between 50 and 125 cases
per million population. There is strong evidence that its
prevalence is increasing, which may be in part attributed
to better case recognition and aging of the population. As
with many other autoimmune disorders, the disease
afflicts mostly women, affected nearly twice as often as
men. The annual incidence of MG ranges between 1.1 and
6 per million. MG incidence has two distinct peaks: the
first occurs in the second and third decades and affects
mostly women; and the second peak strikes mostly men
during the sixth and seventh decades.

The hallmarks of MG are muscle weakness and fatigability.
The symptoms are intermittent and are usually worse with
activity and improve after rest. Generally, patients are
much better in the morning than in the evening. Ocular
symptoms (diplopia and/or ptosis) are extremely common
and are the presenting signs in more than one half of
patients. Most importantly, almost all patients at some
point during the course of their illness develop ocular
manifestations. Also, the disorder continues to be
restricted to the extraocular muscles in 15% of patients,
hence the designation ocular myasthenia. Additionally,
only 3-10% of patients with ocular myasthenia generalize
if no other symptoms appear after three years from initial
presentation. Bulbar muscle weakness is the initial
presenting manifestation in about 20% of patients and is
seen in over 30% of patients during the course of their
disease. Bulbar weakness is a major contributor to disability
throughout the course of the disease. It manifests as
dysarthria, nasal speech, dysphagia, chewing difficulties, or
nasal regurgitation. Occasionally, the jaw muscle weakness
may be severe leading to a “jaw drop” and patients often
hold their jaw closed, a highly pathognomonic manifesta-
tion of MG. Limb weakness, mostly of proximal muscles, is
seen as the initial symptom in 20% of patients. At times,
the generalized weakness is severe and involves the
respiratory muscles, resulting in respiratory failure that
requires mechanical ventilation, a situation often referred
to as myasthenic crisis. Because of variable clinical
severity, MG is usually classified into five main categories
(Table C17-1).

Table C17-1. Myasthenia Gravis Foundation
of America Clinical Classification

Class I Any ocular muscle weakness
May have weakness of eye closure
All other muscle strength is normal
Class 11 Mild weakness affecting other than ocular muscles
May also have ocular muscle weakness of any
severity
IIa Predominantly affecting limb, axial muscles
or both
May also have lesser involvement of oropharyngeal
muscles
11b Predominantly affecting oropharyngeal, respiratory
muscles, or both
May also have lesser involvement of limb, axial
muscles, or both

Class 11T Moderate weakness affecting other than ocular

muscles
May also have ocular muscle weakness of any
severity

IIla  Predominantly affecting limb, axial muscles or both
May also have lesser involvement of oropharyngeal
muscles
IIIb  Predominantly affecting oropharyngeal, respiratory
muscles, or both
May also have lesser involvement of limb, axial
muscles, or both

Class IV Severe weakness affecting other than ocular muscles

May also have ocular muscle weakness of any
severity

IVa Predominantly affecting limb, axial muscles or both

May also have lesser involvement of oropharyngeal
muscles
IVb  Predominantly affecting oropharyngeal, respiratory
muscles, or both
May also have lesser involvement of limb, axial
muscles, or both
Class V Defined by intubation, with or without mechanical
ventilation, except when employed during
routine postoperative management. The use of
a feeding tube without intubation places the
patient in class IVb

The findings on neurologic examination parallel the
symptoms, often revealing ptosis, weakness of extraocular
muscles, flaccid dysarthria, or neck extensor or proximal
muscle weakness. Although many muscles are fatigable,
the most objective finding is fatigable eyelids, i.e., ptosis
developing within 1-2 minutes of sustained upgaze. Deep
tendon reflexes are preserved. Sensation is normal.

The diagnosis of MG may be made on clinical grounds,
especially when reproducible fatigability of eyelids or
extraocular muscles is confirmed. However, laboratory
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Table C17-2. Confirmatory Diagnostic Tests
in Myasthenia Gravis

Edrophonium (Tensilon) test

Serum antibody assay
Acetylcholine receptor antibody
Muscle specific kinase (MuSK) antibody
Antistriatal muscle antibody

Repetitive nerve stimulation

Single-fiber electromyography

testing is frequently needed, and recommended, for
confirmation (Table C17-2):

1. Tensilon test. Edrophonium (Tensilon) is a short-acting
anticholinesterase inhibitor that transiently improves
muscle strength in myasthenic patients. By inhibiting
ACH degradation, it allows the ACH that is released
into the junction to interact repeatedly with the
decreased number of nicotinic ACH receptors. When
given intravenously, its effect is quick (20-30 seconds)
but transient, lasting around 5 minutes. Before the test,
baseline muscle weakness should be established,
preferably of muscles that can be tested objectively,
such as eyelids or extraocular muscles. Difficulties in
interpretation of the test are common when attempting
to evaluate improvement in limb strength or bulbar
function. A 1 to 2 mg test dose is given intravenously; if
no improvement occurs within 45 seconds, the rest of
thel0 mg dose is administered. For results to be consid-
ered positive, the weakness should correct or improve
unequivocally. False-positive and false-negative results
are rare. Side effects usually are minor and include
abdominal cramps, bradycardia, and hypotension. The
patient’s pulse and blood pressure should be monitored
during the test, and atropine should be readily available
to counteract significant bradycardia.

2. Acetylcholine receptor antibodies. Approximately 85 to
90% of patients with generalized MG have elevated
serum ACH receptor antibody, while the test is positive
in only about 50 to 65% of patients with ocular
myasthenia. A positive serum ACH receptor binding
antibody is the most sensitive test and is highly specific
for MG. ACH receptor modulating antibody test
increases the diagnostic yield slightly. ACH receptor
antibodies may be found in all subtypes of
immunoglobulin G (IgG) and are heterogenous. They
can be directed against many different epitopes of one
or more of the five peptide chains of the ACH receptor.
The majority of these antibodies bind at sequences of
the o chains, particularly in the main immunogenic
region (see Figure C17-4). There is no correlation

between total ACH receptor binding, as measured in
routine radioimmunoassay, and the severity of the
disease. However, there is some correlation between
antibody titer and clinical status in individual patients in
response to various treatment modalities.

3. Muscle specific tyrosine kinase (MuSK) antibody. It has
been long known that seronegative MG is also an
autoimmune disease and likely mediated by antibodies
directed at epitopes of other constituents of the motor
endplate. Antibodies to MuSK antibody, a NM]J
sarcolemmal protein, are present in about 40 to 70% of
patients with generalized seronegative MG. These anti-
bodies probably interfere with maintenance of normal
ACH receptor density at the NM]J, since they were
shown, in vivo, to interfere with ACH receptor clustering.
Patients with MuSK positive antibodies are difficult to
distinguish from other myathenics. However, they often
may show a preponderance to bulbar, facial, and
shoulder muscles and may not be responsive to
cholinesterase inhibitors.

4. Striated muscle antibodies. These autoantibodies may
be positive but only assist in suggesting the diagnosis of
MG. Antistriated muscle antibodies are, however,
useful markers for thymoma, particularly in patients
between the ages of 20 and 50 years, since false positive
and negative tests are common in children and older
adults.

5. Repetitive nerve stimulation and single-fiber EMG.
These are discussed separately in the electrodiagnosis
section.

The differential diagnosis of generalized MG includes
Lambert-Eaton myasthenic syndrome (LEMS), botulism,
congenital myasthenic syndromes, and chronic fatigue
syndrome. LEMS presents with generalized weakness,
areflexia, and autonomic symptoms, but it is not
uncommon to confuse its EDX findings with those of MG
(Table C17-3). Botulism is subacute and has usually
prominent autonomic manifestations, including dilated
pupils and ileus. Congenital myasthenic syndromes are
extremely rare disorders and usually begin in childhood.
The fatigue associated with chronic fatigue syndrome may
mimic generalized MG, except for normal ocular and
bulbar strength and normal serologic and EDX studies.
Ocular myasthenia should be distinguished from Graves
disease (thyroid orbitopathy), progressive external oph-
thalmoplegia, Kearns-Sayre syndrome, oculopharyngeal
muscular dystrophy, congenital myasthenic syndromes,
and orbital apex or cavernous sinus mass compressing
cranial nerves. In Graves disease, there is proptosis,
conjunctival edema, and muscle enlargement (on imaging
of the orbit); the forced duction test is positive. Progressive
external ophthalmoplegia and Kearns-Sayre syndrome
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Table C17-3. Differential Diagnosis Between Generalized Myasthenia Gravis and Lambert-Eaton Myasthenic

Syndrome

Myasthenia Gravis

Lambert-Eaton Myasthenic Syndrome

Ocular involvement
Bulbar involvement

Myotatic reflexes Normal
Sensory symptoms None
Autonomic involvement None

Tensilon test Frequently positive

Serum antibodies directed against

Baseline CMAPs Normal
Postexercise CMAPs No change
Slow repetitive stimulation Decrement

Rapid repetitive stimulation
Single-fiber EMG
Rapid-rate stimulation jitter

Common and prominent
Common and pI‘Ol’IliIlGIlt

Postsynaptic Ach receptors or MuSK

No change or decrement
Increased jitter with blocking
Does not change or worsens jitter

Uncommon and subtle

Uncommon and subtle

Absent or depressed

Paresthesias are common

Dry mouth, impotence and gastroparesis
May be positive

Presynaptic voltage-gated calcium channels
Low in amplitude

Significant facilitation

Decrement

Increment

Increased jitter with blocking

Improves jitter

CMAPs = compound muscle action potentials; EMG = electromyography, Ach = acetylcholine, MuSK = muscle-specific kinase.

have usually symmetrical and slowly progressive ophthal-
moplegia and ptosis. In Kearns-Sayre syndrome, there is
associated multisystem involvement including pigmentary
retinopathy, cerebellar ataxia, and cardiac conduction
defects. Oculopharyngeal muscular dystrophy is a late
onset autosomal dominant disease with slowly progressive
dysphagia and ophthalmoplegia. In compressive mass
lesions, the extraocular weakness usually follows one or
more oculomotor nerve distribution and the pupils
are frequently involved. Imaging studies, such as magnetic
resonance imaging (MRI), might be required to
rule out such a mass lesion within the orbit or cavernous
sinus.

Once the diagnosis of MG is confirmed, certain
commonly associated disorders must be considered and
excluded. Thymoma occurs in approximately 10% of all
patients with MG. This is age specific and is most common
in adult patients between the ages of 20 and 60 years.
Elevated antistriated muscle antibodies, which occur in
certain myasthenics, are useful markers for thymoma,

particularly in patients between the ages of 20 and 50 years,
while false positive and negative tests are common in the
young (<20 years) and older (>60 years) MG patients.
Thus, a computed tomography (CT) scan or an MRI of the
chest should be performed on all patients with MG.
Because hyperthyroidism occurs in 3 to 8% of patients
with MG, all patients should have thyroid function tests at
the time of diagnosis. Other autoimmune disorders, such as
systemic lupus erythematosus and rheumatoid arthritis,
may coexist with myasthenia; screening for these should be
performed by obtaining at least antinuclear antibodies and
rheumatoid factor.

Therapy for MG has improved dramatically over the
past 30 years, and the current mortality from this disorder
is near zero. Treatment consists of one or more of
several modalities, often used separately or in combination
(Table C17-4). Treatment choices are usually individualized
to the patient depending on severity of illness, age, life
style and career, associated complicating disorders, and the
risk and benefit of various therapies.

Table C17—-4. Therapeutic Modalities in Myasthenia Gravis

Therapy

Mechanism of Action

Cholinesterase inhibitors (e.g., pyridostigmine)

Corticosteroids, azathioprine, cyclosporine,
mycophenolate mofetil, cyclophosphamide, etc.

Plasmapheresis

Intravenous immunoglobulins

Thymectomy

Enhances neuromuscular transmission
Immunosuppression

Removes antibodies from circulation
Unknown (Pdownregulates antibody production)

Unknown (Peliminates a source of antigenic stimulation [thymic
myoid cells] and/or removes a reservoir of B lymphocytes)
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Electrodiagnosis

Electrodiagnostic (EDX) abnormalities encountered in
MG are related to the blockade of the NM]J at the post-
synaptic membrane. Although the changes are observed
most often with repetitive stimulation of motor nerves or
single-fiber EMG, other less specific changes may be
encountered on routine EMG examination.

Nerve Conduction Studies

Sensory conduction studies are normal in MG. Similarly,
routine motor conduction studies are usually normal.
However, on rare occasions, the CMAP amplitudes are
borderline or slightly decreased. This occurs in patients
with prominent weakness, such as that associated with a
myasthenic crisis, and is explained by prominent neuro-
muscular blockade beyond the safety factor (see repetitive
nerve stimulation). In these situations, many muscle fibers
do not reach threshold with a single stimulus, as is used
with routine motor conduction studies, resulting in a
small summated CMAP. It should be noted again that this
is an extremely rare finding in MG. In fact, a presynaptic
disorder, such as LEMS and botulism, should always
be considered and excluded when the CMAP amplitudes
are low or borderline. A presynaptic disorder is confirmed
by looking for a significant (>50-100%) increment of
CMAP amplitude after brief exercise and/or rapid,
repetitive stimulation (see repetitive stimulation).
Compound muscle action potential increment after brief
exercise and/or rapid, repetitive nerve stimulation is not a
feature of MG.

Needle EMG Examination
Needle EMG results usually are normal in MG. Three
changes may, however, be seen. These include:

2. Short-duration,

1. Unstable MUAPs (moment-to-moment variation of
MUAPs). In healthy subjects, individual MUAPs are
morphologically stable between successive discharges
with no variation in amplitude and configuration, since
all muscle fibers of the motor unit fire with every
discharge. The morphology of a repetitively firing
MUAP may fluctuate in patients with MG, if individual
muscle fibers intermittently block within the unit
(Figure C17-6). Technically, MUAP variation is best
achieved during recording of a single MUAP by
minimal voluntary activation. Care should be taken to
record from no more than a single MUAP because
MUAP overlap can lead to an erroneous assumption of
MUAP instability. This finding is, however, not specific
because it is observed in other neuromuscular junction
disorders as well as in neurogenic disorders associated
with active reinnervation such as motor neuron disease,
subacute radiculopathy, or polyneuropathy. During
reinnervation, the newly formed endplates are imma-
ture and demonstrate poor efficacy of neuromuscular
transmission.

low-amplitude, and polyphasic
MUAPs. These MUAPs, which are observed primarily
in proximal muscles, are similar to the MUAPs seen in
primary myopathies. They are caused, in MG, by
physiologic blocking and slowing of neuromuscular
transmission at many muscle fibers during voluntary
activation. This leads to exclusion of many muscle fiber
action potentials (MFAPs) from the MUAP (hence
the short duration and low amplitude) and to a delay in
neuromuscular transmission of other fibers (hence the
polyphasia).

3. Fibrillation potentials. These potentials are extremely

rare in MG. Their presence should raise the question
of another diagnosis, or an associated diagnosis.

Figure C17-6. Moment-to-moment vari-
ation (i.e., instability) of a single motor unit
action potential recorded from the deltoid
muscle in a patient with generalized myasthenia
gravis (sensitivity = 0.2 mV/division, sweep
speed = 100 ms/division,).
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When observed, they are inconspicuous and present
mostly in proximal muscles. Their exact mechanism in
MG is not known, but they are believed to be the result
of persistent transmission block, which causes “effective”
denervation of some muscle fibers.

Repetitive Nerve Stimulation (RNS)

Basic Concepts

To comprehend the effects of repetitive stimulation of

motor nerves in both healthy individuals and those with

myasthenic conditions, one must review important facts
regarding the transmission of action potential through the
presynaptic terminal and the postsynaptic membrane.

These physiologic facts dictate the type and frequency of

repetitive nerve stimulation (RNS) and the type of single

fiber EMG study utilized in the accurate diagnosis of NM]
disorders.

e Quantum. A quantum is the amount of ACH packaged
in a single vesicle, which contains approximately 5000
to 10000 ACH molecules. Each quantum (vesicle)
released results in a 1 mV change in postsynaptic
membrane potential. This occurs spontaneously during
rest and forms the basis of miniature endplate potential
(MEPP).

e Acetylcholine release and stores. The number of quanta
released after a nerve action potential depends on the
number of quanta in the immediately available
(primary) store and the probability of release, i.e., m =
p X 1, where m = the number of quanta released during
each stimulation, p = the probability of release
(effectively proportional to the concentration of calcium
and typically about 0.2, or 20%), and n = the number of
quanta in the immediately available store. In normal
conditions, a single nerve action potential triggers the
release of 50-300 vesicles (quanta) with an average of
about 60 vesicles (quanta). In addition to the immediately
available store of ACH, located beneath the presynaptic
nerve terminal membrane, a secondary (or mobilization)
store starts to replenish the immediately available store
after 1-2 seconds of repetitive nerve action potentials.
A large tertiary (or reserve) store is also available in the
axon and cell body.

o Calcium influx into presynaptic terminal. After depolar-
ization of the presynaptic terminal, VGCCs open, leading
to calcium (Ca?") influx. Through a calcium-dependent
intracellular cascade, vesicles are docked into the active
zones, where they open into the synaptic cleft and release
their ACH content. When this process is completed, Ca**
then diffuses slowly out of the presynaptic terminal in 100
to 200 ms. The different rates at which motor nerves are
repetitively stimulated in the EMG laboratory is extrapo-
lated from the Ca?* diffusion rate (see below).

e Endplate potential (EPP). EPP is the potential
generated at the postsynaptic membrane after a nerve
action potential and neuromuscular transmission. In
humans, its amplitude is equivalent to approximately
60 quanta (60 vesicles), which are released from the
presynaptic terminal. This results in approximately a
60 mV change in membrane potential amplitude.

e Safety factor. In normal conditions, the number of
quanta (vesicles) released at the junction after the
arrival of the nerve action potential at the presynaptic
terminal (approximately 60 vesicles) far exceeds the
change in postsynaptic membrane potential that is
required to reach the threshold needed to generate a
postsynaptic muscle action potential (7 to 20 mV).
The safety factor results in an EPP that always reaches
threshold, results in an all-or-none muscle fiber action
potential (MFAP), and prevents neuromuscular trans-
mission failure despite repetitive action potentials. In
addition to quantal release, several other factors con-
tribute to the safety factor and EPP, including ACH
receptor conduction properties, ACH receptor density,
and acetylcholinesterase activity.

o Compound muscle action potential (CMAP). CMAP is
the summation of all propagated MFAPs within a
muscle. The value is obtained after supramaximal
stimulation of the motor nerve during recording
through a surface electrode that is placed over the belly
of a muscle.

Electrophysiology

When repetitive stimulation is applied to a normal motor
nerve, the amount of ACH released during the first
several stimulations exceeds what is released during ensuing
stimulations. Despite this decrease, the amount of ACH
released continues to exceed the ACH required to
reach action potential threshold because of the safety factor.
The decline in ACH release also levels off to a constant
amount because of mobilization of large amount of
ACH from depot stores into the active zone. This allows
indefinite release of ACH during prolonged stimulation at
physiologic rates.

The rate at which motor nerves are stimulated dictates
whether calcium plays a role in enhancing the release of
ACH. Because Ca?* diffuses out of the presynaptic terminal
within 100 to 200 ms, a slow rate of stimulation (slower
than every 200 ms) implies that the subsequent stimulus
arrives long after calcium has dispersed. Thus, an inter-
stimulus interval of greater than 200 ms, or a stimulation
rate of less than 5 Hz, is considered a slow rate of
repetitive stimulation. At this slow rate, the role of Ca®* in
ACH release is not enhanced. In contrast, with rapid
repetitive stimulation (i.e., at an interstimulus interval of
less than 200 ms, or a stimulation rate greater than 5-10 Hz),
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Ca? influx is enhanced greatly, which results in larger
releases of ACH and a larger EPP.

In normal conditions (Figures C17-7 and C17-8),

both rates of stimulation generate MFAPs in all
muscle fibers since the EPPs remain above threshold
because of the safety factor. Thus, at both stimulation rates,
all muscle fibers generate MFAPs, and the CMAP
(summated MFAPs) does not change (i.e., no decrement
or increment).

However, the postsynaptic disorders, such as MG, are

characterized by the following (Tables C17-3 and C17-5):

The CMAP is normal since a single stimulus usually
leads to normal EPPs and MFAPs in all fibers due the
presence of safety factor and despite ACH receptor
blockade.

Slow RNS (2-5 Hz) results in the decline of many
muscle fiber EPPs which often fail to reach thresholds.
This leads to a progressive loss of MFAPs and a
decremental CMAP (see Figure C17-7).

Rapid RNS (10-50 Hz) results in no change of CMAP
since the depleted stores are compensated by the Ca?*
influx. In severe myasthenics, rapid RNS may result is
CMAP decrement since the increased ACH release
cannot compensate for the marked postsynaptic neuro-
muscular block (see Figure C17-8).

In contrast, the presynaptic disorders, such as Lambert-

Eaton myasthenic syndrome, are characterized by the
following (See Tables C17-3 and C17-5):

-

EPP Threshold

| L

Normal

Generalized Disorders

e The CMAP is low in amplitude since many muscle
fibers do not reach threshold after a single stimulus due
to the inadequate release of quanta (vesicles).

e Slow RNS (2-5 Hz) results in CMAP decrement since
the decline in ACH release with subsequent stimuli
results in lower amplitude EPPs and further loss of
MFAPs (see Figure C17-7).

e Rapid RNS (10-50 Hz) results in CMAP increment due
to the accumulation of Ca®* in the presynaptic vesicles.
This, in turn, significantly enhances ACH release, and
results in many EPPs reaching the threshold required
for the generation of MFAPs (see Figure C17-8).

Technical Considerations

Repetitive nerve stimulation often follows routine motor
NCS. Electromyographers and nerve conduction techno-
logists should master the various motor NCS and RNS
techniques to avoid false positive and false negative
results. There are certain prerequisites that are essential
for performing reliable RNS and for increasing the sensi-
tivity and specificity of the test in the diagnosis of RNS.

1. Limb temperature should be kept warm since neuro-
muscular transmission is enhanced in a cool limb which
may mask a CMAP decrement. Warming the extremity
studied is important because cooling improves neuro-
muscular transmission and can result in a false negative
RNS. Hand skin temperature should be maintained

LUy

. M H_I_JA
Figure C17-7. Slow repetitive stimulation

effect on endplate potential (EPP), single-
fiber action potential (SFAP, also referred to
as muscle fiber action potential [MFAP]),
and compound muscle action potential
(CMAP) in normal health, myasthenia gravis
(MG), and Lambert-Eaton myasthenic syn-
drome (ELS). (Adapted from Oh S. Clinical
I l l Ty electromyography, neuromuscular transmis-
sion studies. Baltimore, MD: Williams and
ELS Wilkins, 1988, with permission.)
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EPP
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SFAP

Figure C17-8. Rapid repetitive stimulation
effect on endplate potential (EPP), single-
fiber action potential (SFAP, also referred to
as muscle fiber action potential [MFAP]),

and compound muscle action potential joio
(CMAP) in normal health, myasthenia gravis :
(MG), and Lambert-Eaton myasthenic syn- [
drome (ELS). (Adapted from Oh S. Clinical CMAP

electromyography, neuromuscular transmis-

sion studies. Baltimore, MD: Williams and

Wilkins, 1988, with permission.) Normal
greater than 32°C, and foot skin temperature greater 5.
than 30°C.

2. Patients on cholinesterase inhibitors (such as pyridostig-
mine) should be asked to withhold their medication for
12-24 hours before RNS, if medically not contraindicated.

3. The limb tested should be immobilized as best as pos-
sible. Particular attention should be given to the stimu-
lation and recording sites. Movement at either site may
result in CMAP amplitude decay or increment, poten-
tially leading to a false diagnosis of an NM]J disorder.

4. Though a supramaximal stimulation (i.e., 10-20% above
the intensity level needed for a maximal response) is
needed to obtain a CMAP, unnecessary high intensity or
long duration stimuli should be avoided to prevent
movement artifact and excessive pain.

MG ELS

The choice of nerve to be stimulated and muscle to be
recorded from depends on the patients clinical mani-
festations. The aim is to record from clinically weakened
muscles, if these muscles are accessible. Easily tested
and well-tolerated nerves for RNS are the median and
ulnar nerves, recording abductor pollicis brevis and
abductor digiti minimi respectively, since they are
accompanied by minimal movement artifact and the
upper limb is easily immobilized. However, since distal
muscles are frequently spared in MG, recording from
a proximal muscle is often necessary. Slow RNS of
the spinal accessory nerve, recording the upper trapezius
muscle, is the most common study of a proximal nerve.
It is relatively well tolerated, less painful, and subject to
less movement artifact when compared to RNS of other

Table C17-5. Compound Muscle Action Potential and Repetitive Abnormalities Characteristic of Common

Neuromuscular Junction Disorders

NM]J Defect Disorder CMAP Slow RNS Fast RNS
Postsynaptic Myasthenia gravis Normal Decrement Normal or decrement
Presynaptic Lambert-Eaton myasthenic syndrome Low Decrement Increment

CMAP = compound muscle action potential; NM] = neuromuscular junction; RNS = repetitive nerve stimulation.



268 Generalized Disorders

proximal nerves such as the musculocutaneous or
axillary nerves, recording the biceps or deltoid muscles,
respectively. Finally, facial RNS, recording orbicularis
oris, is indicated in patients with suspected ocular MG,
particularly when RNS recording proximal muscles are
normal or equivocal. However, the facial CMAP is low
in amplitude and often plagued by large stimulation
artifacts. This renders measurement of decrement
difficult and subject to error.

6. In addition to RNS at rest, it is very useful to perform
slow RNS after exercise to try to achieve postexercise
exhaustion, a finding that is often seen in patients with
MG. This phenomenon is analogous to the clinical
exhaustion that is observed in these patients after
exercise. Postexercise RNSs are particularly useful in
patients with suspected MG who show only equivocal
CMAP decrement at rest (10%). Voluntary exercise is
preferable to tetanic stimulation (30-50 Hz) since the
latter is extremely painful. After performing slow RNS
at rest, the patient is asked to activate the recorded
muscle for 1 minute. Then, slow RNS is repeated every
30 to 60 seconds for 4 to 6 minutes looking for postex-
ercise exhaustion, i.e., worsening of decrement
compared to baseline decrement at rest. The postexer-
cise study may also result in a phenomenon, known as
postexercise facilitation. This manifests as improvement
or reversal of CMAP decrement, during the first minute
of stimulation after exercise (see Figure C17-1A, and
compare train 1 to train 2).

Measurements

In MG, slow RNS results in a CMAP decrement. The
greatest decrement in amplitude occurs between the first
and second responses, while the maximal amplitude decre-
ment is often between the first and or third fourth
responses. By the fifth response, the decrement levels off
(see Figures C17-1A and C17-2). For these reasons, a train
of four or five stimuli at 2 Hz usually is satisfactory and is
best tolerable. The decrement is calculated as follows:

Amplitude (1st response) —

Ampli 3rd/4th res <
mplitude (3rd/4th response) %100

% decrement =
Amplitude (1st response)

CMAP decrement of greater than 10% is considered
positive and eliminates the potential for a false-pos