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Foreword

The late H. Royden Jones, Jr. (1936-2013) was a giant in the field of pediatric
electromyography. A highly skilled and caring physician, he trained countless
pediatric and adult neurologists and neurophysiologists throughout his long career
at the Lahey Clinic and Boston Children’s Hospital. His former residents and
fellows now work across North America and around the world. He and two coauthors
wrote what is generally recognized to be the first comprehensive textbook of
pediatric electromyography which was published in 1996. We both had the privilege
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his boundless energy, kindness, and knowledge.

Hugh McMillan thanks Pierre Jacob, M.D., for introducing him to the world of
neurophysiology and to Daniel Keene, M.D., for his mentorship. He is grateful to
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and Jayashri Srinivasan, M.B.B.S.

Peter Kang had the great fortune to be trained and inspired by many talented
neuromuscular neurologists over the years. These include John T. Sladky, M.D., his
first child neurology mentor in medical school; Mark J. Brown, M.D., and Shawn
J. Bird, M.D., who taught him the basics of electromyography during residency;
Gihan Tennekoon, M.D., and Richard S. Finkel, M.D., who taught him much about
neuromuscular disease in childhood during residency; and Seward B. Rutkove,
M.D., Elizabeth Raynor, M.D., H. Royden Jones, Jr., M.D., and Basil T. Darras,
M.D., who trained him during his fellowship in clinical neurophysiology and
electromyography. Basil Darras also served as a wonderful mentor during his junior
faculty years at Boston Children’s Hospital and Harvard Medical School. He
benefited greatly from sage advice imparted over the years by Arthur K. Asbury,
M.D., Robert C. Griggs, M.D., and Edward M. Kaye, M.D.; and the support of his
faculty department chairs Joseph J. Volpe, M.D., Scott L. Pomeroy, M.D., Ph.D.,
and Scott A. Rivkees, M.D. He owes these mentors a great debt for all of their
encouragement and support for many years.
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viii Foreword

We are very grateful to the talented colleagues who contributed valuable chapters
to this book, many of whom we met at the biennial Paediatric EMG Congress
organized for two decades by Matthew Pitt and Royden Jones.

We both thank the talented staff at Springer for this wonderful opportunity to
share the very special skills of performing electromyography on the youngest and
most vulnerable of our patients, especially Joanna Bolesworth, who first approached
us about this project, Rajesh Sekar for supervising production of the book, and
André Tournois, who provided valuable support throughout the project.

The goal of pediatric electromyography is to perform a valuable diagnostic study
in as gentle a manner as possible when prompt diagnosis is crucial. We hope that
this book will help encourage the lifelong acquisition of the skills needed to perform
these studies properly and facilitate timely neuromuscular diagnoses for many years
to come.

Ottawa, ON, Canada Hugh J. McMillan
Gainesville, FL, USA Peter B. Kang
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Part I
Basic Concepts



Chapter 1
Historical Perspective of Electrodiagnosis

John T. Sladky

In constructing a historical context in which to view the discipline of electrodiagnos-
tic medicine, it is difficult to determine a logical starting point. It is an elementary
argument to assert that the biological underpinnings of the discipline date easily back
to Galvani and Volta in the eighteenth century. Although these scientific pioneers
played seminal roles in characterizing the role of electricity in the function of muscle
and nervous tissue, some would credit even earlier observers with reporting the phe-
nomenology that Galvani characterized as “the energy of life”. Ultimately, it is the
translational process of applying fundamental biological principles to the investiga-
tion of human disease, which has permitted the evolution of our discipline. Admitting
a large measure of arbitrariness reinforced by a limited historical perspective of the
scientific zeitgeist of successive eras of neurobiologists, I have cobbled together a
decidedly imperfect, but well intentioned, snapshot of the conceptual ontogeny of
electrodiagnostic medicine and its adaptation to pediatrics. I should apologize to bio-
engineers who will note that I have given short shrift to the technical aspects of the
development of clinical electrophysiology. The evolution of our discipline has not
been predominantly hypothesis driven but rather has been a captive of technology and
has grown at a logarithmic pace as new methodologies have been adapted to investi-
gate human neuromuscular physiology. Let me add one further disclaimer; I have not
attempted to acknowledge the role of individual contributions to the body of knowl-
edge but rather the evolution of our ongoing integration of basic scientific information
into the understanding of the biological substrate of neuromuscular disease.

Notions regarding the role of what came to be understood as electrical properties
in the animation and maintenance of vitality among humans and surrounding fauna
date back at least to the Greeks and Romans. Practitioners at the time utilized elec-
trical stimulation for the treatment of a range of perceived ailments. The logistics of
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this procedure required the application of torpedo fish to a patient’s skin. The tor-
pedo fish is an electric ray with electroplax organs located on each side of the head.
These electric generators accorded the animal an efficient means to ward off preda-
tors and to subdue prey. The patient was persuaded to step on the animal as might
occur while wading in the ocean. It was assumed that the resultant painful electrical
shock experienced by the patient would imbue vigor to the recipient or provide salu-
tary effects for a variety of common afflictions. These practices likely provided a
historical context that underpinned widely held notions that conceived of electricity
as the “animus” or “life force” that initiated and maintained muscle activity.

By the beginning of the eighteenth century, three well-established schools of
thought dominated the hypothetical discussion of what provided the mechanistic
nexus between intent and the execution of motor action. The traditionalist position,
advocated by Descartes, averred that an “ephemeral force” traveled along the
peripheral nerve and animated the muscle. The more pragmatic Thomas Willis felt
that a vital fluid passed through hollow tubes represented by the peripheral nerves
and the fluid activated the contractile mechanism in the muscle. A somewhat less
tenable position was championed by Isaac Newton who conceived of a vibratory
signal transmitted along the nerve which was informed by the frequency and ampli-
tude of the oscillatory activity. Within this theoretical/philosophical milieu resided
the advocates of electricity as a more plausible mechanism of signal transduction in
nerve and muscle.

The ability to generate, store and direct static electricity using electrostatic gen-
erators and the Leyden jar, a technology developed by the mid-eighteenth century,
instigated a wave of experimentation and perhaps an even larger swell of therapists
providing treatments with tactile and visually impressive effects for common and
uncommon ailments, unfortunately with little or no tangible benefit, at least for the
patient. Dr. Aloisio Luigi Galvani was one of those scientists working in the final
quarter of the eighteenth century drawn to the new field of inquiry based on electri-
cal stimulation. I have read multiple iterations of the anecdotal description of the
seminal experiment, none quite alike. The essential element seems to be that while
Galvani and an assistant were dissecting a nerve/muscle preparation in a frog, an
errant spark from a nearby electrostatic generator reached the operator resulting in
an electrical spark transduced via forceps to the exposed tissue within the operating
field resulting in a muscular contraction in the frog’s distal leg. Despite the scintil-
lating visual and auditory overlay that the discharge of static electricity brought to
the laboratory, Galvani needed a more controlled stimulus for his experimental
models. He devised an alternative method using linked pairs of dissimilar metallic
electrodes to produce a direct current source for stimulation of nerves and muscles
in a more regulated fashion. Galvani worked in relative silence for over a decade
before finally publishing his work in 1791 [1]. In this treatise, he asserted his con-
clusions that electrical energy or “animal electric fluid” was demonstrably the sig-
nal transduction medium in neuromuscular transmission and muscle activity.

Acknowledging the above, it seems reasonable to assert that the modern era
of clinical electrophysiology began in mid-nineteenth century Paris with
Dr. Guillaume-Benjamin-Armand Duchenne du Boulogne (1806—1875). By the
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Fig. 1.1 Duchenne’s handmade direct current electrostimulation device. Non-invasive surface
electrodes could be placed for precise stimulation of small muscles of the hand and face

turn of the nineteenth century, many practitioners in Europe and North America
endorsed electrotherapy for a host of neuropsychiatric and other conditions.
Duchenne conceived of using electrical stimulation of muscle and nerve for diag-
nostic purposes [2]. He devised a portable direct current source along with a series
of specialized surface electrodes, which permitted non-invasive stimulation of nerve
and muscle and obviated the complication of wound infection that frequently ensued
after placement of subcutaneous electrodes, which was the custom at that time
(Fig. 1.1). He understood that stimulation of the nerve triggered contraction of a
constellation of functionally related muscles and developed electrodes for the isola-
tion and stimulation of individual muscles to investigate their specific role in voli-
tional movements. Early in his career he became interested in the muscles of facial
animation and in utilizing “localized faradization” (focused electrostimulation of
individual muscles or muscle groups) to distinguish upper from lower motor neuron
facial paralysis (Fig. 1.2). Duchenne designed and built his stimulating device to
permit individual or trains of repetitive electrical stimuli to be selectively delivered
to individual or constellations of muscles. His aim at the bedside was to be able to
elicit a convincing supramaximal stimulus and to grade the resultant contractile
response using visual and tactile measures, which could be incorporated into serial
testing protocols. He applied lessons gleaned from these studies to the evaluation of
appendicular muscles affected by nerve or spinal cord injury.
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Fig. 1.2 “Faradization” of
facial muscles. Duchenne
used this device to
distinguish upper from
lower motor neuron
palsies. He also used the
techniques he developed to
investigate the relationship
between facial expression
and emotion. He observed
an association between
involvement of the
extraocular muscles along
with the lower facial
muscles when the smile
was born out of happiness
as opposed to social
convenience. The term
“Duchenne smile” has
joined the formal lexicon
of academic physiognomy
to denote the sincerity of
the facial expression

Poliomyelitis was endemic among the children of mid-nineteenth century Paris,
especially in crowded urban environments where public hygiene was limited.
Although the communicable nature of the disease was gaining recognition, a mech-
anistic understanding of the cause of paralysis was lacking. It was commonly held
that the paralysis in this disease was “essential” in nature, an obfuscational proposi-
tion that declared that the pathogenic process existed in a realm beyond the ken of
contemporary medical science and hence, was indescribable and unknowable.
Duchenne, thought to be somewhat of a contrarian among his colleagues, noted
homologies in his observations of electrical muscle and nerve stimulation in patients
with facial palsy, poliomyelitis and spinal cord injuries. He used electrostimulation
of muscles and nerves to examine patients with spinal cord diseases, including those
presumed to be poliomyelitis, to characterize patterns of affected muscles as excit-
able or not. He demonstrated that those atrophic muscle groups, which were unre-
sponsive to direct electrical stimulation, generally did not recover while contiguous
muscles, which exhibited a tangible response to supramaximal electrical stimula-
tion, would exhibit the capacity to regain function. He was able to discern that this
testing could be performed early in the disease and might provide important prog-
nostic insights. Given the high incidence of poliomyelitis in urban centers of the
period and the fact that most of the acutely affected were children since a majority
of adults were rendered immune by prior infection, children constituted a large
segment of Duchenne’s patients. He focused on this experience in his writings and
in didactic sessions with his fellow neurologists in Paris. Imagine Duchenne
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explicating the fine points of the electrodiagnostic evaluation of a child with acute
paralysis before Charcot and his contemporaries at the Hopital Universitaire Pitié-
Salpétriere during the 1860s. Duchenne correctly inferred that the site of the pri-
mary lesion in poliomyelitis must be the anterior horn cells in the spinal cord. At the
time, autopsy studies in individuals with poliomyelitis had been performed on
patients with longstanding paralysis who died from unrelated causes. Visual inspec-
tion of post mortem pathological specimens of the spinal cord failed to demonstrate
evidence of definite abnormality. Microscopic anatomy of the spinal cord, however,
had not been studied in this disease. Duchenne argued that the key to understanding
the pathogenesis lay in a more scrupulous examination of the spinal cord in these
patients. Over the ensuing decade, Duchenne’s hypothesis was confirmed by several
observers, including his younger colleague Dr. Jean-Martin Charcot in a paper pub-
lished in 1870. Duchenne came to be highly regarded for his clinical and patho-
physiological acumen and was referred to by Charcot as “mon maitre en neurologie”
or my mentor in neurology.

Duchenne first illustrated the superficial phenomenology of brachial plexus
palsy in 1862 in association with a photograph of a 6 year old boy exhibiting the
sequellae of a brachial plexus injury sustained at birth. Even before that publication,
he had recognized a stereotypical constellation of features which he termed “obstet-
ric palsy of the brachial plexus”. It required another decade to collect and publish
his anatomical observations on three patients with that injury in 1872. Duchenne
surmised that the injury was related to traction of the head against the after coming
shoulder with concomitant injury to the plexus in the course of delivery of an infant
with shoulder dystocia. It is fitting that the baton was metaphorically passed in this
fashion as Dr. Wilhelm Heinrich Erb (1840-1921) published his findings on the
physiological and anatomical substrates for this malady in 1874 [3]. Erb was famil-
iar with Duchenne and his opinions regarding the disease along with his studies of
anatomy and clinical electrophysiology. He freely acknowledged his colleague’s
precedence in describing the nature of the injury. Erb’s singular contribution was the
amalgamation of electrophysiology and neuroanatomy with the use of electrodiag-
nostic methods to localize the site of the anatomic lesion to the upper trunk of the
brachial plexus. He employed a needle electrode inserted at the medial border of the
supraclavicular fossa beneath the insertion of the sternocleidomastoid to stimulate
the brachial plexus near the confluence of cervical nerve roots five and six at the
origin of the upper trunk. Tetanic stimulation at that site in normal subjects elicited
a constellation of simultaneous muscle contractions resulting in the assumption of
what was described as a “fencer’s posture” with abduction of the shoulder, flexion
of the biceps and supination of the forearm. The agonist muscles activated by elec-
trical stimulation of the brachial plexus near “Erb’s point” predicted the pattern of
weakness resulting from an injury to the upper trunk of the brachial plexus at that
site. Anatomic studies confirmed Erb’s notion of the localization of the injury with
evidence of consequent chronic denervation in muscles downstream from the injury.

There are many interesting analogies and distinctions within the personal and
professional lives of Duchenne and Erb that deserve more attention than can be
provided here. Both came from working class families. Duchenne was never warmly
embraced by the medical establishment in Paris. He was never inducted into the
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Academy of Sciences in his native France. He was, however, internationally known
and later in his career was elected to membership in prestigious academic societies
in multiple countries outside of France. He also established close relationships with
several of the seminal figures in clinical neurology working in Paris, probably the
epicenter of clinical neuroscience at the time. Duchenne was highly regarded in that
circle and was referred to by Charcot as “my mentor in neurology”. Erb, by contrast,
migrated from his rural beginnings in the Bavarian countryside to Heidelberg, one
of the most prestigious academic institutions in Europe, for his education where he
studied under Dr. Jakob Henle and Dr. Nikolaus Friedreich. He remained on the
faculty at the University for the balance of his career with the exception of a 3 year
hiatus when he accepted the position and served as Chair of Internal Medicine at the
University of Leipzig from 1880-1883. He returned to Heidelberg to accept an
appointment as Chair of Internal Medicine after Friedreich’s death. Like Duchenne,
Erb viewed neurology as an independent field of inquiry within the discipline of
medicine and played a seminal role of establishing the field of clinical neurology as
a unique academic and clinical niche in the biological sciences.

The evolution of clinical electrodiagnosis at the outset of the twentieth century
would be held in abeyance while technical progress continued in research laborato-
ries focusing on signal processing and characterization in nerve and muscle. Though
the cathode ray tube, the basis for the development of the oscilloscope, was invented
just before 1900, the triggered sweep oscilloscope would not become widely avail-
able for clinical applications until after the Second World War.

Like so many arenas in pediatrics new translational approaches are usually hand
me downs from our adult colleagues who have developed these experimental tech-
niques among populations competent to provide informed consent until their safety
and reliability has been confirmed. Such was the case with clinical electrodiagnosis
which by the mid-1950s had been embraced at multiple centers as a potential means
to refine and focus the evaluation of patients with neuromuscular disease.

In Rochester, Minnesota, Dr. Edward H. Lambert, a neurophysiologist, and Dr.
Peter J. Dyck, who specialized in peripheral nerve histopathology, collaborated on a
landmark study of individuals and kinships with dominantly inherited neuropathy
conforming to a diagnosis of Charcot-Marie Tooth disease (CMT). The patients
included in this study were phenotypically similar and were all members of kinships
with what appeared to be dominantly inherited peripheral neuropathies. In 1957,
Thomas and Gilliatt reported the observation of profound slowing of motor nerve
conduction velocity in an individual with a phenotype consistent with CMT [4]. It
was discovered that clinically similar patients with this disease were heterogeneous
based on sensory and motor nerve conduction studies and could be segregated into
two groups based on the motor conduction velocity of the ulnar and median nerves
in the forearm. They divided the patients into those with conduction velocities above
and below 35 m/s and correlated those groups with histopathology from sural nerve
biopsies. This work codified the clinical, electrodiagnostic and histopathological
characteristics of these patients and provided the biological substrate for the initial
classifications of demyelinating or axonal CMT. They showed that these clinical
traits bred true within the kinships and hence could infer that there were probably
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independent autosomal dominant genes involved in producing the distinctive electro-
physiological and histopathological phenotypes associated with the demyelinating
and axonal forms of the disease. Later the nosology would evolve into hereditary
motor and sensory neuropathy types I and II (HMSN I and HMSN II), though many
still use the traditional terminology CMT1 and CMT?2. After that came the deluge.

It was understood that CMT was dominantly inherited but the disease seemed
entirely capricious in terms of its age of onset and pace of progression in affected
individuals. Families wanted to know whether their toddler was affected and as
much information as could be garnered regarding what the future might hold for
that child. In order to begin to attempt to answer some of these questions it was
necessary to understand more about the developmental biology of the peripheral
nervous system in children, more specifically, the ontogeny of motor conduction
velocity as a function of age. To that end, Lambert set out to characterize age spe-
cific normative values for ulnar motor nerve conduction in a cohort including 6
premature infants, 42 term newborns and 98 children less than 15 years of age [5].
He and his colleagues showed that saltatory conduction in the ulnar motor nerve
changes significantly with age and that what may be normal nerve conduction
velocity in a toddler would be classified as consistent with demyelinating CMT if it
were documented in an adult. The fact of the evolution of nerve conduction velocity
with age was not a revelation, however, without a precise understanding of the nor-
mative values for electrophysiological measurements at different ages in children,
the technology held limited value in the evaluation and management of children
with neuromuscular disease.

At nearly the same time, Dr. Fritz Buchtal in Copenhagen and Dr. Ingrid
Gamstorp, a child neurologist in Uppsula, Sweden were grappling with similar
issues in the context of newborn infants of different conceptional ages in the neona-
tal nursery and later in childhood. Buchtal set out to systematically study cohorts of
infants born at different gestational ages to develop accurate normative data for
nerve conduction measurements in infants. Not surprisingly, he was able to demon-
strate that nerve conduction velocities in infants were dependent on the age since
conception and could be used to quite accurately predict the conceptional age of a
newborn or an older infant independent of the age of the child from birth. Gamstorp
evaluated motor conduction in median, ulnar and peroneal nerves in normal indi-
viduals ranging in age from newborn to adult [6]. Nerve conduction velocities, like
EEG patterns, were stereotypical in their tempo of growth toward an apogee in the
mid-first decade and ultimately a regression in later adulthood.

By the 1970s clinical electrophysiology had been widely validated as a useful
tool for the study of neuromuscular disease in children. While these techniques
were becoming widely employed in adult populations, their application in younger
individuals remained largely confined to tertiary pediatric centers. There were, per-
haps, two handfuls of neurologists who were vocal advocates for the incorporation
of electrodiagnostic techniques into the evaluation of pediatric neuromuscular
disease. Only a few stood on the front lines and developed centers dedicated to
expanding our understanding of the neurobiology of clinical electrophysiology cod-
ifying that knowledge in the medical literature and passing down lessons learned in
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the clinical laboratory to residents and fellows. One of the most prominent among
them was Dr. H. Royden Jones, Jr. (1936-2013). After training in neurology and
electrophysiology at the Mayo Clinic where he came under the influence of Lambert,
he moved to the Boston area and joined the Lahey Clinic staff in 1972. In 1978, he
became Director of the EMG laboratory at Boston Children’s Hospital where, over
the next 35 years, he molded the thinking and practice of the next generation of
pediatric clinical neurophysiologists. Among many accomplishments, he, along
with Dr. Charles F. Bolton and Dr. C. Michel Harper, Jr., wrote and published what
was for years the only widely known textbook of pediatric EMG [7]. It is heartening
to see that this expertise has been passed on from experimental physiologists and
adult neurologists to a growing cohort of child neurologists who are applying clas-
sic principles to make these useful diagnostic techniques available to a broader
group of infants, children, and adolescents around the world.
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Chapter 2
Anatomy and Physiology of Peripheral Nerves

Hugh J. McMillan

Neurophysiologists must demonstrate knowledge of the gross anatomy and location
of peripheral nerves and muscles in order to carry out nerve conduction studies and
electromyography (see Chaps. 4, 5, 6, 7, 9 and 10). However, they must also be
aware of the microanatomy of nerves and as well as basic physiology in order to
understand factors that can influence optimal timing of tests and/or how artifacts
can influence NCS/EMG test results.

Gross Anatomy

The peripheral nervous system includes the motor and sensory neurons, peripheral
nerves, neuromuscular junctions and muscles.

Motor neurons, also known as anterior horn cells, are located in the ventral gray
matter of the spinal cord. Their axonal projections or motor nerves extend from the
spinal cord as ventral roots eventually innervating skeletal muscle. Each group of
muscles innervated by any given level of the spinal cord is referred to as belonging
to the same myotome. Sensory neurons, also known as dorsal root ganglia, lie
outside of the spinal cord. Their projections extend in two directions; proximally
towards the dorsal root of the spinal cord and distally towards an area of the body
from which they carry sensory stimuli. The distinct region of skin innervated by
each sensory level of the spinal cord is known as a dermatome. Nerve roots and their
related diseases are covered in Chap. 17.

Although the most proximal segments of the motor (ventral) and sensory (dorsal)
roots travel separately, the efferent motor fibers and afferent sensory fibers travel
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together as mixed nerves just distal to the dorsal root ganglia. There are a total of 31
spinal nerves at five different spinal levels; 8 cervical, 12 thoracic, 5 lumbar, 5 sacral
and 1 coccygeal nerve roots. In addition, 10 of the 12 cranial nerves (CN III to XII) are
considered part of the peripheral nervous system and will be covered in Chap. 15.

Classification of Peripheral Nerves

Peripheral nerves are typically mixed meaning that they carry both sensory and
motor fibers. However there are several examples of pure sensory nerves (e.g., lat-
eral femoral cutaneous nerve) or pure motor nerves (e.g., posterior interosseous
nerve) that branch off directly from a plexus or a larger nerve. Nerves contain vari-
ous types of fibers including: (1) large myelinated, (2) small myelinated and; (3)
small unmyelinated axons (Table 2.1).

Large myelinated fibers are preferentially tested by nerve conduction studies
since their larger diameter (12-20 pm) axons allow these fibers to conduct the
fastest of all motor fibers (70-120 m/s). Myelination of these axons further
increases conduction velocity by enabling saltatory conduction which will be
discussed in detail below. Myelin is produced by supportive Schwann cells that
wrap or layer each axon in a fatty, protective spiral coat with numerous layers.
Layering of myelin is seen quite nicely on electron microcopy (ultrastructure) of
peripheral nerves (Fig. 2.1). The total thickness of myelin in a mature nerve is
approximately 2/3 the diameter of the axon. Large myelinated fibers include: (1)

Table 2.1 Peripheral nerve fiber types

Fibre Diameter | Conduction
type (pm) Velocity (m/s) | Myelination Function
Afferent fibers
1A 12-20 70-120 Large myelinated | From muscle spindles
1B 12-20 70-120 Large myelinated | From Golgi tendon organs
11 6-12 30-70 Small myelinated | From Meissner’s and Pacinian
corpuscles & endings in skin &
connective tissue
11 2-6 4-30 Small myelinated | From skin; pressure afferents
v <2 <2 Small From skin; pain (pin-prick),
unmyelinated temperature afferents
Efferent fibers
Alpha 12-20 70-120 Large myelinated | To skeletal muscles
Gamma | 3-8 15-40 Small myelinated | To intrafusal fibers of muscle
spindles
B 1-3 5-15 Small myelinated | To pre-gangliononic autonomic
efferents
C <1 <2 Small To post-ganglionic autonomic
unmyelinated efferents
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Fig. 2.1 Ultrastructural
image of a normal, large
myelinated peripheral
nerve (arrow head). The
axon is seen in cross-
section and has been
wrapped in layers or
spirals of protective myelin
by the adjacent Schwann
cell (arrow). Photo credit:
Dr. Jean Michaud,
Department of Pathology,
Children’s Hospital of
Eastern Ontario

afferent fibers from muscle spindles and Golgi tendon organs which relay impor-
tant information about joint position and stretch which is critical for our reflexes
as well as; (2) motor efferent fibers travelling from the motor neurons to skeletal
muscles. Peripheral nerve myelination progresses significantly during the first
few years of life as is reflected in the normal neonatal ulnar nerve motor conduc-
tion velocities of 20-35 m/s which increase to adult normal values (>50 m/s) by
3-5 years of age [1].

Small myelinated fibers are approximately half the diameter of large fibers and
not surprisingly conduct more slowly than their larger counterparts. Examples of
small myelinated afferent fibers include axons extending from Meissner and
Pacinian corpuscles. These are touch receptors located near the surface of the skin.
When the corpuscle is deformed by pressure, the nerve endings are stimulated. They
are well adapted to feeling rough surfaces and detecting vibration such that they
respond to transient touch rather than sustained pressure. Small myelinated efferent
fibers also supply the intrafusal fibers of muscle spindles as well as preganglionic
autonomic efferents.

Small unmyelinated fibers are the smallest axons (<2 mm) and due to their
extremely slow conduction velocity (<2 m/s) cannot be tested by conventional nerve
conduction studies. Neurophysiologists must be aware of the limitations of testing
such that when a small fiber neuropathy is suspected on clinical grounds, ancillary
testing is considered as appropriate (see Chap. 19). Examples of small unmyelin-
ated afferent fibers include sensory fibers carrying information regarding pain
(pin-prick) and temperature sense. Small unmyelinated efferent fibers innervate
post-ganglionic autonomic organs.
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Fig. 2.2 Normal peripheral nerve sections stained with p-phenylenediamine at (a) high power shows
large myelinated axons (diamond), small myelinated axons (square) and unmyelinated axons (circle)
all surrounded by endoneurium; (b) medium power shows a fascicle containing many axons surrounded
by perineurium (arrow head) which in turn is surrounded by epineurium (arrow); (¢) low power dem-
onstrates how the epineurium (arrow) binds together multiple fascicles and also contains arterioles.
Photo credit: Dr. Gerard Jansen, Department of Pathology, The Ottawa Hospital Civic Campus

Nerve Microanatomy

Each peripheral nerve fiber or axon is surrounded by multiple levels of connective
tissue. Endoneurium surrounds individual axons. Individual axons are clustered into
fascicles that are surrounded by a layer of connective tissue called perineurium.
This in turn is surrounded by a thicker layer of epineurium that binds together mul-
tiple perineurial-bound fascicles as well as arterioles (Fig. 2.2).

Physiology

Signal transmission along peripheral nerves is based upon the presence of a stable
electrochemical charge across the cell membrane of an axon, with a mechanism for
rapid and reversible changes of that charge in response to stimuli.

The difference in electrochemical charge at baseline is referred to as a resting
membrane potential. Ion pumps, typically requiring energy provided by adenosine
triphosphate (ATP), are responsible for transporting ions such as Na*, K*, CI~ and
Ca?* into or out of the cell to establish electrical and chemical concentration gradients.
Typically, resting membrane potentials of most glial cells is approximately —75 mV
(i.e., the cytoplasm is negative compared to the extracellular matrix). Phospholipid
bilayers are hydrophobic, thereby preventing charged particles from easily moving
through membranes. Despite this, functional ion pumps are required to prevent ions
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Fig. 2.3 Action potential and the associated changes in membrane voltage. The initial horizontal
line represents the resting membrane potential (=70 mV). A stimulus (arrow) triggers local sodium
channels to open which increase the membrane potential. If insufficient sodium (Na*) channels
open the membrane potential does not exceed threshold and a failed potential ensues (asterix)
where the resting membrane potential is re-established If sufficient Na* channels open and the
threshold is surpassed, an all-or-none action potential is generated. The depolarization phase is
characterized by Na* channels opening and the influx of Na* ions increasing the membrane poten-
tial from —70 mV to +40 mV. This change triggers Na* channels to close and K* channels to open.
The repolarization phase is characterized by an efflux of K* and a return of the membrane potential
to —90 mV. Since this surpasses the resting potential this is known as the refractory period. The
Na*K*-ATPase pump re-establishes the concentration of ions and the resting membrane potential

from eventually diffusing across their electrochemical concentration gradients which
would result in the loss of the resting membrane potential.

Ion channels are proteins that span cell membranes and can allow the passage of
specific ions through an otherwise impermeable lipid bilayer. Specific factors can trig-
ger a conformational change in ion channel proteins, causing them to open and permit
the rapid influx or efflux of ions. Ion channels can be stimulated to open by; (1) bind-
ing with a ligand (i.e., a neurotransmitter); (2) local changes in voltage (i.e., propaga-
tion of an action potential); (3) local stress or pressure (i.e., common trigger for sensory
mechanoreceptors) as well as; (4) phosphorylation which more typically results in
prolonged configuration changes that can modulate the resting membrane potential.

Nerve-to-nerve and nerve-to-muscle signal transmission occurs via an action
potential where adjacent voltage-gated ion channels open in a stepwise manner.
Action potentials have several key characteristics. First there is a threshold for the
initiation of an action potential. In the case of mechanoreceptors in the skin, small
amounts of pressure will cause some sodium channels to open, thereby raising the
membrane potential. If the potential is raised beyond a threshold value then adjacent
voltage-gated sodium channels will open, triggering an influx of sodium ions that
represents the initiation of an action potential (Fig. 2.3). This action potential is
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self-propagating, spreading along the length of the axon as voltage gated channels
open in succession much as dominos fall in a line. If the threshold is not reached
then the ion pumps will work to reestablish the resting membrane potential, and an
action potential is not generated. The influx of sodium channels reverses the mem-
brane potential from about —70 mV to +40 mV. At this point the sodium channels
close and the potassium channels open. The efflux of potassium lowers the mem-
brane potential to approximately —90 mV which repolarizes the membrane. At this
time the potassium channels close. The Na*K*-ATPase pump will work to reestab-
lish the resting membrane potential, but the brief period of time that the membrane
potential remains below —70 mV is known as the absolute and relative refractory
periods, namely the time where it is impossible and then more difficult for a second
action potential to be generated.

Saltatory Conduction

Schwann cells perform a similar function for peripheral nerves as that of oligoden-
drocytes within the central nervous system. Schwann cells provide an insulating
coat of myelin to a single axonal segment of a peripheral nerve. Peripheral nerve
myelin shows differences from its central counterpart, namely a greater proportion
of myelin basic protein (MBP) as well as the presence of peripheral myelin protein
22 (PMP22) and myelin protein zero (MPZ or P) [2]. Overall, myelin functions to
insulate the axon and increase the electrical resistance across the cell membrane.
Each segment of myelin is interrupted by short, unmyelinated gaps known as the
nodes of Ranvier. The high resistance along the myelinated segments prevents the
electrical current from leaving the axon, allowing action potentials to ‘jump’ from
one node of Ranvier to the next, thereby enabling the axon to to propagate
action potentials at much higher conduction velocities (70—-120 m/s) which are char-
acteristic of large myelinated nerves. The jumping of conduction is referred to as
saltatory conduction.

Effects of Demyelination

Segmental demyelination due to either local nerve compression or inflammation
can disrupt specific segments of myelin along a peripheral nerve axon, while other
segments will remain intact. Even though the axon itself retains its structural integ-
rity, an action potential cannot propagate normally along a myelinated nerve if a
segment of that nerve is demyelinated. The explanation for this is that the voltage
gated ion channels are normally located only at each node of Ranvier, thus a demy-
elinated stretch of an axon has very different electrophysiologic properties than a
naturally unmyelinated axon. The end result is typically failure of conduction along
that stretch of the axon, giving rise to the phenomenon of conduction block.
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Peripheral neuropathies will be covered in Chap. 18. Once the offending agent has
been removed, peripheral nerve remyelination will occur. However the remyelin-
ated segments are typically shorter, with a corresponding increase in the number of
nodes of Ranvier along the remyelinated portion of the axon, which can give rise to
permanent alterations in the axon’s electrophysiology properties [3, 4].

Injury and Regrowth (Sequence of Events Post-injury)

Axonal injury is another important consideration for the neurophysiologist. When
an axon is severed it is no longer possible for an action potential to be transmitted.
The proximal segment, which remains in continuity with the anterior horn cell or
dorsal root ganglia, will receive nourishment from the cell body and thus remain
intact. However, the portion of the axon distal to the site of injury will undergo
Wallerian degeneration whereby it degenerates in an anterograde manner.
Abnormalities will become apparent on nerve conduction studies 3—10 days post-
injury [5, 6].

Peripheral nerve injury has been classified by Seddon into three categories.
Neuropraxia is the mildest and is associated with a focal demyelination without
associated axonal loss. Full recovery typically occurs over days to weeks as the
Schwann cells remyelinate the affected segments. Patients suffering from neuro-
praxia may suffer from weakness and/or paresthesia as well as pain at the site of
injury. Nerve conduction studies are preserved except perhaps at stimulation sites
that are proximal to the demyelinated segment(s), as the action potentials cross
the site of injury. Nerves affected by neuropraxia may demonstrate conduction
block (i.e., decreased compound motor action potential (CMAP) amplitudes
across the site of injury) and/or focal slowing of conduction velocity across the
affected area. Needle EMG may demonstrate decreased recruitment but no active
denervation (i.e., positive sharp waves or fibrillation potentials) is seen since axo-
nal continuity persists. Axontmesis is moderate in severity, and describes the par-
tial or complete loss of axonal continuity; however, some surrounding perineurium
and/or epineurium remains intact. This is important for potential recovery as
sprouting will appear from the proximal axon tips within a week of the injury and
slowly grow by about 1 mm per day (1 inch per month). If there is some continu-
ity of neural elements and/or connective tissue, then the potential for reinnerva-
tion is greater. Neurotmesis is the most severe classification of nerve injury, where
there is no continuity of neural or connective tissue. As such the potential for
recovery is more guarded without an anatomical pathway for reinnervation to
occur. Nerve transfers and/or grafting may be considered in such cases given the
uncertain potential for spontaneous recovery. Aberrant or erroneous reinnervation
can occur particularly following neurotmesis. Perhaps the most familiar example
is a facial synkinesis that can occur after Bell palsy. This can be manifested as
involuntarily contraction of the orbicularis oris (blinking) with contraction of
other ipsilateral facial muscles [7].
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Neuromuscular Transmission

The neuromuscular junction (NMJ) is the connection between a motor nerve and the
muscle fiber that it innervates. It is not a physical connection but is represented by
the apposition of the terminal bouton and the motor endplate on the muscle fiber.
Signaling via neurotransmitters across this gap enables nerve action potentials to be
translated into physical muscle contractions.

As the action potential reaches the end of the motor axon, the change in resting
potential triggers the opening of voltage gated calcium channels. Calcium binds to
synaptotagmin which triggers the release of packets or vesicles of acetylcholine from
the terminal. Acetylcholine is released into the synaptic cleft, traveling from the termi-
nal bouton to the motor endplate where it binds to nicotinic acetylcholine receptors
(AChRs). AChRs are examples of ligand-gated ion channels. The binding of acetyl-
choline results in local depolarization and generation of an excitatory post-synaptic
potential (EPSP). Unlike the action potential which is self-propagating, the EPSP dem-
onstrates a decrement in both time (as the ion pumps work to restore the resting poten-
tial) and space (as the change in membrane potential becomes less as it travels farther
from its site of initiation). Adjacent EPSPs are summative and if sufficient ligand-gated
ion channels are stimulated the resulting EPSP will surpass the threshold, triggering a
muscle action potential that ultimately leads to a physically palpable muscle contrac-
tion. Disorders of neuromuscular transmission will be discussed in Chap. 21.

Muscle Contraction

Muscle fibers generate contractile force that is initiated by motor nerves. The term
motor unit is applied to a single motor neuron and all the muscle fibers that it inner-
vates. Most muscles contain several hundred motor units.

Muscle contraction is initiated when a sufficient number of acetylcholine mole-
cules bind to the acetylcholine receptors (i.e., ligand-gated channels) of a motor
endplate, triggering a local depolarization of the muscle membrane. Muscle fibers
have similar electrical properties to those of large unmyelinated axons. After the
ligand-gated channels trigger the initial depolarization, a muscle action potential
then propagates along the muscle membrane (also known as the sarcolemma) via
voltage gated sodium channels. The action potential also triggers voltage gated cal-
cium channels to open at terminal tubules (t-tubules) throughout the sarcolemma.
Calcium is stored in the t-tubules, which are invaginations or intracellular exten-
sions of the sarcolemma. The opening of calcium channels leads to an influx of
calcium ions into the cytoplasm, activating the contraction of proteins within the
sarcomere that generates the actual mechanical force of muscle contraction.

The sarcomere is the basic contractile unit of muscle. Several key filaments exist.
Actin filaments are known as the “thin filaments”. They are anchored at the dark
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Fig. 2.4 Ultrastructural image (electron microscopy) of a normal skeletal muscle fiber that is
contracted. These myofibers are comprised of alternating dark and light bands each representing
the basic contractile unit of muscle known as the sarcomere. Individual sarcomeres are bordered
by the dark, vertical Z-lines which act as anchors to which actin filaments attach. The lighter
I-bands represent actin without overlying myosin. The darker A-band represents actin with overly-
ing myosin. During muscle contraction, actin filaments are pulled over myosin causing shortening
of the I-band as seen in this photo. Photo credit: Dr. Jean Michaud, Department of Pathology,
Children’s Hospital of Eastern Ontario

stripes within the muscle known as the Z-line (Fig. 2.4). One sarcomere is measured
as the distance between two adjacent Z-lines. The actin filaments give rise to two
‘bands’ that are visible by electron microscopy. The I-band is the segment of actin
that does not have overlying myosin filaments; it is located immediately next to the
Z-band to which it is anchored. The A-band is the segment of actin that does have
overlying myosin. Myosin filaments are known as the “thick filaments”. The H-zone
is the area containing myosin without overlying actin filaments. The M-line is a thin
line in the center of the myosin molecule that is formed by cross-connecting ele-
ments of cytoskeleton.

Calcium binds to another protein called troponin which causes tropomyosin to
slide over actin and muscle contraction to occur. Energy from adenosine triphos-
phate (ATP) is required to release the myosin head from actin allowing the muscle
to relax. It is notable that ATP expenditure is directly related to relaxation of the
sarcomere rather than its contraction. This is referred to as the sliding filament
theory of muscle contraction.
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Fig. 2.5 Microscopic view
of normal skeletal muscle
seen in cross section, H&E
(60x magnification) and
ATPase 9.4 staining (20x
magnification) showing
Type 1 and Type 2 muscle
fibers. Photo credit: Dr.
Jean Michaud, Department
of Pathology, Children’s
Hospital of Eastern
Ontario
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Disorders of the sarcomere can give rise to a variety of muscle diseases, most

notably congenital myopathies which will be discussed in Chap. 22.

Classification of Skeletal Muscle Fibers

Skeletal muscle fiber types cannot be reliably distinguished on routine Hematoxylin
and Eosin (H&E) staining, though sometimes type I fibers may appear darker due to
a higher concentration of mitochondria. To distinguish among fiber types consis-

tently, other stains are preferred.

Type 1 fibers are known as slow-twitch oxidative fibers. They demonstrate high
oxidative and low glycolytic activity. These fibers are resistant to fatigue and
subsequently used in longer-duration, lower-intensity exercise such as low-intensity
jogging and maintenance of posture. The abundance of mitochondria in these fibers
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causes them to stain darkly on preparations for oxidative enzymes such as nicotin-
amide adenine dinucleotide tetrazolium reductase (NADH-TR), cytochrome oxi-
dase and succinic dehydrogenase. They also stain darkly on ATPase preparations at
pH 4.6 and lightly at pH 9.4. Type 1 fibers correspondingly have low glycogen
content (Fig. 2.5).

Type 2 fibers can be divided into two subtypes: Type 2B, also known as fast-
twitch glycolytic fibers, demonstrate high glycolytic and low oxidative activity.
They are sensitive to fatigue and are recruited for short-duration, high-intensity
exercises such as sprinting. The lower abundance of mitochondria in these muscles
causes them to stain lightly with preparations for oxidative enzymes thereby dif-
ferentiating them from Type 1 fibers. Type 2A fibers show an intermediate pattern.
Although they are fast-twitch they are more fatigue resistant than Type 2B fibers,
and are thus known as fast-twitch oxidative fibers. They show a mix of oxidative and
glycolytic capacity thereby showing an intermediate pattern of staining for oxida-
tive enzymes (most noticeable on ATPase preparations at pH 4.6).

Knowledge of fiber type variability can help distinguish among forms of con-
genital myopathies and metabolic muscle diseases. Of note, type 1 and type 2 mus-
cle fibers show similar electrophysiological properties on routine needle EMG
studies, and such examinations cannot distinguish between them.
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Chapter 3

Approach to Electrodiagnostic Testing
in Children

Peter B. Kang

Performing nerve conduction studies and electromyography in children shares the
same fundamental principles with electrodiagnostic studies performed in adults.
The nerves and muscles available for testing are mostly the same, electrode place-
ment is similar, and data interpretation relies on the same basic physiology. However,
there are nevertheless important differences that should be emphasized. Without
sedation, younger children as well as those with developmental delay or cognitive
impairment will often have difficulty tolerating the comprehensive nerve conduc-
tion studies involving as many as a dozen different motor and sensory nerves as well
as extensive needle examination of multiple extremities that is more typical of adult
studies. Older children and adolescents are more likely to tolerate the scale of test-
ing that is familiar to adult neurophysiologists.

Do the limitations of the extent of testing that are typically present in a non-sedated
study imply that pediatric electromyography is merely an abbreviated form of adult
electromyography, or that all pediatric studies should be performed under sedation?
The answer to both questions is no. The practical constraints happen to be compatible
with the types of questions that are asked in different age groups. Infants and toddlers,
in whom the technical challenges are most dramatic, often present for evaluation of
generalized neuromuscular disorders rather than focal lesions such as
mononeuropathies. This may include motor neuron disease and generalized
myopathies. To address such questions requires not so much the examination of a set
list of nerves and muscles but an accurate assessment of enough representative nerves
and muscles in enough extremities to yield a conclusion with an acceptable level of
diagnostic certainty. On the other hand, older children and adolescents are more likely
to present with focal complaints that necessitate assessment for mononeuropathies.
Exceptions do occur, an example being the evaluation of Erb’s palsy in infants.
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In a child, it is almost always possible to obtain an electrodiagnostic study with-
out sedation that is complete enough to answer the specific question at hand. For
such a study to be successfully performed, the neurophysiologist must be patient,
adaptable, and experienced in working with children. The assistance of other per-
sonnel, such as neurophysiology fellows and technologists, can be invaluable, but
care must be taken not to fill the room with too many staff, as the introduction of
numerous new faces simultaneously in an unfamiliar environment may increase the
risk of frightening the child. When available, a child life specialist who is experi-
enced with guiding children through medical procedures can also help soothe and
calm the child during the study. Parents should generally be permitted and encour-
aged to be present to support and comfort the child, unless the child is being exam-
ined under sedation or general anesthesia in a procedure room where family
members are prohibited from staying.

Knowledge of technical considerations will also help minimize discomfort and
maximize the tolerance of the child for the study. When performing nerve conduction
studies, the desire to use the lowest current needed should be balanced against the
desirability of delivering as few stimulations as possible. Sensory studies should gener-
ally be performed prior to motor studies since smaller stimulation intensity is required.
Gradually increasing the stimulation intensity by 1-2 milliampere (mA) at a time will
likely result in the delivery of more stimulations than needed. Conversely, a rapid
increase in intensity has the potential to startle and alarm the child. A reasonable com-
promise is to raise the current by about 5 mA increments until a reproducible, maximal
sensory nerve action potential (SNAP) amplitude is obtained. For sensory nerve con-
duction studies in particular, it should be remembered that currents above 20-30 mA
are rarely needed to obtain a supramaximal sensory nerve action potential.
Supramaximal motor responses sometimes require higher currents, but often not.
Except when specifically indicated to help answer the specific electrophysiologic ques-
tion, F responses are usually not helpful and are uncomfortable for children, and should
be elicited selectively. H reflexes are often exceedingly painful for young children and
should only be obtained in rare circumstances in this age group. For the needle exami-
nation, the smallest concentric bipolar electrode commercially available is 25 mm in
length and 0.3 mm in diameter (30 gauge) with a 0.03 mm? recording area. This thin
needle electrode should be used in almost all circumstances for children and adoles-
cents, unless a specific muscle is too deep to be sampled accurately by this electrode.

An informal poll conducted in 2015 by the author among a group of ten expert
pediatric neurophysiologists yielded the following information about practice hab-
its around the world. Local analgesia was used always by two neurophysiologists
and sometimes by six others. Conscious sedation was used always by one neuro-
physiologist and sometimes by four others. General anesthesia was used sometimes
by two neurophysiologists. These results suggest that in experienced hands, electro-
myography may be performed successfully in the majority of children either with-
out any anesthesia or with the use of local analgesia only. A prospective, large-scale
survey of children and their parents after electromyography found that the level of
pain reported was equivalent or less than that of venipuncture by the majority of
families [1].
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Local analgesia is favored by some neurophysiologists and may be a practical
and helpful option for some children in certain settings. Topically applied creams
are most commonly used, while infiltrative drugs are rarely used, especially as the
latter may introduce artifact. A popular topical cream used for many procedures is
the eutectic mixture of local anesthetics (more commonly known as EMLA), which
consists of lidocaine 2.5% and prilocaine 2.5%. EMLA has been documented to
reduce pain for venipuncture in infants [2] and children [3], vaccinations in infants
[4] and children [5, 6], and other intramuscular injections in infants and children
[7]. The disadvantage of using EMLA is the prolonged lag time before onset of
analgesia, which may be as long as an hour, though some children will experience
pain reduction earlier [8].

Another popular cream delivers amethocaine, now known as tetracaine, with the
brand name Ametop, which is favored by some neurophysiologists due to a shorter
time to onset of analgesia, typically 30 min [9, 10]. Several studies have suggested
greater potency of amethocaine compared to EMLA in children [11-13], while
another study indicated equivalent efficacy [14], and another suggested that EMLA
was more efficacious than amethocaine [15]. However, amethocaine has been more
expensive than EMLA, at least in some markets [9].

There are two challenges to the use of such topical creams in the setting of a
pediatric electromyography laboratory. First, the cream must be applied in advance
of the needle examination, ideally at least an hour ahead of time for EMLA and
30 min ahead of time for amethocaine/tetracaine. If the cream is applied before the
nerve conduction studies are performed, that may provide sufficient or nearly suf-
ficient time for onset of analgesia. The second challenge is that the neurophysiolo-
gist must guess which muscles are most likely to require needle examination. In
some situations the choice of muscles is predictable, but not in others. It is worth
noting that distraction techniques have been found to be as effective as EMLA
cream for children receiving venipuncture in one study [16].

A subcutaneous analgesia option favored by some neurophysiologists is jet-
injected lidocaine, marketed under the brand name J-Tip, which makes use of a
carbon dioxide cartridge to propel the lidocaine into the subcutaneous tissue. The
J-tip has been shown to reduce pain associated with venipuncture [17] and lumbar
puncture [18] in children. One study suggests that the J-tip may be more efficacious
than EMLA cream in reducing pain associated with intravenous catheter insertion
in children [19]. Vapocoolant sprays have been adopted to reduce procedural pain in
both adults and children [20], and one report indicates effective pain reduction in
adults undergoing electromyography [21].

Conscious sedation or general anesthesia may be helpful in selected circumstances
to facilitate the adequate assessment of a child for a particular question. Toddlers, as
well as children with significant cognitive impairment, are most likely to require
conscious sedation or general anesthesia overall. Infants will often tolerate enough
examination to answer the question at hand, but for certain evaluations such as the
assessment of Erb’s palsy, conscious sedation or general anesthesia may augment the
quality of the study. Older children and adolescents should only require conscious
sedation or general anesthesia in rare cases if they are unusually anxious and the family
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refuses to even attempt a study in the regular electromyography laboratory. Whenever
conscious sedation or general anesthesia is used, it should be kept in mind that though
nerve conduction studies will be easier to obtain, needle examination will be limited to
assessment of spontaneous activity only, unless an arrangement can be made with the
anesthesiologist (with the prior knowledge and consent of the family) that the sedation
or anesthesia be “lightened up” sufficiently to permit some withdrawal to pain and thus
assessment of some motor units, usually in a limited number of muscles. Such titration
is only practical for drugs with short half-lives, such as propofol.

A child who undergoes conscious sedation becomes drowsy and may fall asleep, but
is generally able to maintain a natural airway. In contrast, a child who undergoes general
anesthesia is completely unconscious and should be unarousable, and typically requires
airway support. There are a variety of medications that have been used to induce con-
scious sedation or general anesthesia in children for the purposes of performing nerve
conduction studies and needle electromyography. They include benzodiazepines (seda-
tion and anxiolysis), nitrous oxide (dissociation and analgesia), propofol (may act as a
sedative or general anesthetic agent depending on the dose), morphine (analgesia), and
ketamine (sedation and analgesia). Nitrous oxide has been documented to reduce pain
during venous cannulation in children [22, 23]. A technical point that should be kept in
mind is that F responses may be suppressed by some of these drugs, especially nitrous
oxide and propofol [24]. Sevoflurane has been used in the setting of pediatric electro-
myography, but it may not always be ideal, especially as it carries a malignant hyper-
thermia risk that some children undergoing these evaluations may be susceptible to.
Sevoflurance also obscures F responses. Neuromuscular blockade should never be used,
as a significant proportion of children being studied may have neuromuscular disorders
that would react poorly to such medications. One common agent used for neuromuscu-
lar blockade, succinylcholine, also presents a risk of malignant hyperthermia.

In summary, the approach to maximizing the comfort of children undergoing
electromyography while optimizing the quality of the data obtained varies across
the globe. The vast majority of children, when approached properly by staff who are
experienced in performing these studies in this age group, are able to tolerate an
informative study with distraction techniques or local analgesia only.
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Nerve Conduction Studies



Chapter 4
Sensory Studies

John C. McHugh

Introduction

Sensory nerve conduction studies in children are generally well tolerated and easy
to perform. It is intended that this chapter be read in conjunction with Chap. 5
(motor nerve conduction studies) in order to gain an overall view of nerve conduc-
tion studies (NCS) in children.

Many authoritative texts already describe NCS techniques in great detail in
adults, therefore this discussion will focus on the studies as they pertain to children
[1, 2]. The overall technical details will of course be similar but important differ-
ences exist when performing and interpreting NCS in adults compared to children.
For example, the relatively smaller distances being measured in children have the
potential to have a greater proportional impact upon the calculations of latencies
and conduction velocity. There is also an even greater need for empathy and kind-
ness when performing neurophysiological testing upon the pediatric patient. Lastly
there is a need for careful advanced planning since neurophysiological testing in
children may need to be limited to the absolute minimum number of studies required
to answer the clinical question. While the latter points may also be applicable for
adult patients, it is particularly relevant for children who may show less tolerance of
the test particularly when pathology is present and as such higher stimulation inten-
sity may be required.
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Strategic Planning

Despite the advances of molecular testing over the last decade, the overall use of
EMG/NCS in children <18 years old continues to rise, although a recent review
noted that the demand for EMG testing in younger children (<5 years old) may have
diminished [3]. Most referrals stem from neurologists, both from specialists and
non-specialists in neuromuscular medicine. The remaining referrals are received
from orthopaedic surgeons, rheumatologists, pain specialists and other physician
groups. The most common reasons for referral are evaluation of polyneuropathy or
mononeuropathies followed by evaluations of symptoms affecting multiple limbs
(e.g., weakness or pain).

The starting point for planning a set of NCS is to ensure that a specific clinical
question is posed [4]. Clinical history and physical examination must guide the test-
ing that is to be performed since neurophysiological testing is essentially an exten-
sion of the physical examination. Most neurophysiologists or neurologists will first
attempt nerve conduction studies and electromyography (NCS/EMG) on an awake
or non-sedated child. Most children will typically tolerate electrophysiological test-
ing unless there is a comorbid diagnosis (e.g., autism, severe global developmental
delay) that creates a barrier to physician-patient communication, or severe anxiety
and/or pain may limit testing. The time spent obtaining a history and performing a
clinical examination also affords the physician an opportunity to establish rapport
with the child or adolescent and gain his/her trust. This may be particularly helpful
where anxiety and/or apprehension are factors.

Laboratories may have guidelines and/or protocols that are intended for use in
patients with specific clinical problems. However, the NCS/EMG in children must be
tailored according to: (1) the question posed by the referring physician; (2) the indi-
vidual child’s clinical signs and symptoms and; (3) the likelihood that he/she will
tolerate electrophysiological tests required to answer the clinical question. For these
reasons it is important to plan the study in advance. One helpful way of determining
how to prioritize the order in which nerves will be studied for a particular problem is
to ask; “If this study must end prematurely what is the minimum number of nerves in
descending order of importance that must be tested to answer the clinical question?”’
Posing such a question allows a pragmatic and rational study to take shape and is a
useful mental exercise. Even if such scenarios are not frequently encountered it nev-
ertheless maximizes the likelihood that valuable information can be obtained.

Sensory nerve conduction studies are the most rational starting point for almost
all electrophysiological studies. Since most sensory nerves are located superficially
they require low stimulation intensity compared to motor nerve studies. Much infor-
mation is to be gained from intact lower extremity sensory nerve action potentials
(SNAP) as normal amplitude, morphology and velocity are extremely helpful at
excluding a length-dependent, large-fiber polyneuropathy. However, even for clini-
cal problems involving sensory symptoms and/or areflexia it is typically necessary
to pursue additional testing. Intact SNAPs and absent or reduced motor responses
may lead to speculation about a neuronopathy (including motor neuron disease),
myopathy, or certain disorders of the neuromuscular junction. In a patient presenting
with weakness, the finding of reduced or absent SNAP assists in localizing the
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lesion distal to the dorsal root ganglion (i.e., within the distal nerve root or anterior
primary ramus, plexus or peripheral nerve) [5]. Reduced SNAP amplitudes are not
consistent with a primary disorder of motor neurons or a primary disorder of muscle
or neuromuscular transmission. In this manner the NCS/EMG study will proceed
iteratively and can adapt to the findings in a way that integrates knowledge and nar-
rows down potential clinical differential diagnoses.

First Impressions—How to Approach the Child and Parents

It is advisable that some written information should be forwarded to parents in
advance of NCS regarding the nature of the test. It is useful to describe the environ-
ment of the test and estimate roughly how long the test should take. Effort on these
points ahead of meeting the patient can go a long way to achieving some calm at the
time of the appointment. The neurophysiologist should introduce himself/herself to
the child and to the parents, making particular effort to allow the child to feel com-
fortable in the environment.

Parents and children will want to know what the testing involves and what it will
feel like. In covering these points, it is important to balance their need and right to
information about the test with the potential for creating unmerited apprehension
particularly in regard to the tolerability of the test. For nerve conduction studies, it
is my practice to avoid using the words: electrode, stimulator and shock. Instead, I
prefer to use the terms: sticker, battery and pulse, zap or tickle. When asked if the
test is going to hurt it can be useful to liken the sensation one feels when they bang
their funny bone or after one walks on a carpet and touches a door handle.

Consent

Written consent is not a requirement for non-sedated NCS in most if not all institu-
tions and any effort to introduce more formal consent procedures for reasons of
propriety only serves to increase parental anxiety in the author’s view. After explain-
ing the test and the reasons for carrying it out, there is value for the neurophysiolo-
gist to begin and work quickly to complete the test. This must be carried out with a
calm demeanor so as to avoid the appearance of being rushed or worse still actually
rushing the test.

Getting Started

Invite the child to sit with the parent during the test. Older children are usually com-
fortable sitting by themselves on the examination chair or table. For children under
five, it is often helpful to ask them to sit on a parent’s knee. For all children, it is
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advisable to ask them to remove their shoes which has the three-fold benefit of
allowing accurate measurement of height before the test, exposing the feet for test-
ing where needed, and minimizing consequences of being kicked during the study.

For babies, it is typically best to carry out studies in the arms of a parent or care-
giver, though a cooperative infant may tolerate studies on an examination table. The
use of swaddling during the test can minimize unwanted movement artefacts but
also acts as a comfort measure and can even facilitate sleep in very young patients.
The use of feeding during a test may also help to pacify a young baby, although in
general it is the author’s preference to avoid this unless it is necessary.

Establishing a rapport with the child and his/her parents is invaluable to the examina-
tion. One cannot be too prescriptive on this point. To some extent there is an individual-
ized approach for everyone when it comes to dealing with children. This will be a
reflection of the neurophysiologist’s own personality, age and level of experience with
children. Within the room, toys, teddy bears and stickers may provide helpful diversions
and incentives for younger children. For the older ones, ready-made distraction is avail-
able by talking about the equipment itself. Most children over the age of six (and many
below) will engage with the idea of playing a game using the EMG computer. It may be
worth noting that most small handheld electronic devices including phones do not gen-
erate 60 Hz artifact or other appreciable electrical artifacts with standard filter settings.

Pre-test Measurements and Considerations

Height should be measured routinely in all cases before NCS. In contrast to adults,
in whom SNAP amplitudes diminish to some small extent in the very tall, height is
not directly important for understanding sensory NCS in children [6]. However, it is
relevant to some parameters in motor NCS (Chap. 5) and therefore it should be
registered before testing.

It is important to have a thermometer available for measurement of skin tempera-
ture. Temperature affects the velocity of conduction for large fiber sensory and motor
nerves such that cooling of a limb diminishes conduction velocity and warming
increases it [7]. The duration and area of the recorded potentials are also affected such
that a broader potential of increased area is obtained at lower temperatures and this
can be modeled in a linear fashion. Temperature also has an effect on the amplitude
of compound nerve or muscle action potentials such that amplitudes tend to be larger
during cooling although the relationship is non-linear. The optimal skin temperature
for NCS is >32 °C at the wrist and >30 °C at the ankle. Warming of limbs should be
undertaken when skin temperatures are below this level. In reality, many laboratories
do not routinely engage in limb warming pre-test unless the peripheries are very cold
and precise measurement of conduction velocity is essential, e.g. to distinguish a
demyelinating from an axonal neuropathy based on strict velocity criteria. Whilst
making this differentiation is usually straight forward in most cases, borderline con-
duction velocity slowing in the setting of cold peripheries and small SNAPSs poses a
problem and limb warming might need to be considered in such instances.
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Although short term effects on conduction velocity can be observed after 2—3 min-
utes of limb immersion in warm water, more rigorous studies reveal that longer dura-
tions of immersion are required to achieve adequate warming of nerve [8]. For this
and other reasons, a practical suggestion is to aim to avoid cold limbs by keeping
room temperature warm and allowing the patient sufficient time to acclimatize to
being indoors before carrying out the study. Furthermore, although subject to theo-
retical objections, the use of a correction factor can be considered (adding 4% of the
measured sensory conduction velocity for every degree below the minimum expected
value). For a more in-depth exploration of temperature and its implications for NCS
please refer to Chap. 11 (Artifacts) and/or the excellent minimonograph of Denys [7].

Brief Overview of Physiology and Equipment

The basic operations of all EMG machines are similar. To perform nerve conduction
studies, there is an electrical stimulator which comprises a cathode (negative pole)
and an anode (positive pole). The flow of current between the two poles induces
localized changes in the distribution of charge across the underlying nerve membrane
such that the nodal portion of membranes beneath the cathode becomes relatively
more positive intracellularly. This depolarization from resting membrane potential is
what triggers the nerve action potential to occur at nodes of Ranvier adjacent to the
cathode. The action potential will propagate itself in both an antidromic and ortho-
dromic direction along the nerve. Antidromic sensory nerve conduction studies occur
when an action potential travels in the opposite direction from the normal physiologi-
cal afferent sensory response. Orthodromic nerve conduction studies occur when the
action potential is propagated in the normal physiological direction. The latter is par-
ticularly useful for eliminating motor artifact in mixed nerves of the hand and/or feet.
Surface electrodes are placed over the skin in an area corresponding to the normal
physiological course of a specific sensory nerve. Many laboratories tend to rely pri-
marily on either antidromic or orthodromic sensory studies for the most commonly
studied nerves, but others use a standardized mix of the two approaches.

Stimulating electrodes vary in design. Bar electrodes are encased in molded plas-
tic and have a fixed spacing between anode and cathode. In pediatric NCS, it is
usually necessary to have at least two sizes available: studies in patients over
18-24 months can be achieved using conventional adult stimulators with spacing of
2-3 cm between anode and cathode; studies in newborns and infants ideally require
smaller stimulators (1 cm spacing or less) [9]. Ring electrodes can be used for digi-
tal stimulation. Subcutaneous needle stimulation with surface anode (e.g., for lateral
femoral cutaneous nerve of the thigh) can be helpful in some instances but is not
used commonly in children and as such will not be discussed further here. A well-
equipped laboratory that performs studies in children should have an array of differ-
ent surface electrodes available for different circumstances.

A supramaximal stimulus is one which is sufficient to stimulate all of the large
fiber axons within the nerve such that a compound nerve action potential is measured,



36 J.C. McHugh

meaning that its amplitude cannot be augmented by further increases in stimulus
intensity. For sensory studies, short duration (usually 0.1 ms) square wave pulses are
increased to achieve a maximal sensory nerve action potential (SNAP). In children,
discomfort is reduced by having some appreciation of the range of stimulus intensi-
ties that is likely to produce a supramaximal SNAP for each nerve at a given site. In
this way, the number of stimuli can be kept to a minimum. As a very simple guide,
sensory stimulation (at 0.1 ms durations) should rarely be increased beyond
40-50 mA 1in a child, and never beyond 10-20 mA in the digits. For many sensory
nerves, supramaximal SNAPs will be achieved at stimulus intensities of 10-20 mA
but this, of course, varies according to: the specific nerve and site; the density and
volume of intervening soft tissue; and the degree of myelination (which is influ-
enced in turn by age and by the presence of nerve pathology).

SNAPs are recorded using active and inactive surface electrodes, otherwise
referred to as G1 and G2 or (sometimes E1 and E2) where E is short for electrode
and G refers to grid. These are placed in line on the skin overlying the nerve of inter-
est. The recorded wave-form is usually triphasic comprising a positive, negative and
then a second positive component. This is produced by the passage of the action
potential through a tissue volume conductor, which can be modelled simply as a
cylinder with positive-negative dipoles at its leading and trailing end [10]. The
direction of the recorded potential difference is determined by what E1 (G1) sees
relative to E2 (G2) at a given time and this will change with movement of the dipole
towards and then away from the recording electrode pair. The shape and relative
amplitudes of the three phase-components is determined by the orientation, inter-
electrode spacing and distance of the surface electrodes relative to the action poten-
tial generator, i.e., the nerve. These factors are controlled for by the rules which
govern electrode placement, which will be discussed below. Of note, a simpler
biphasic potential (the norm for compound muscle action potentials in motor stud-
ies) can also be seen in some sensory studies, for example in antidromically recorded
digital SNAPs; this occurs because of the peculiar effects of positive far field poten-
tials (as opposed to local potentials) [10]. When these arise, they are seen equally by
active and inactive electrodes and accordingly they do not register as a potential
difference—therefore the first visible potential difference appears to arise directly
under E1 (G1) and not in advance of it.

Shock artifacts are visible in every sensory recording in children. Indeed the
absence of shock artifact should alert the neurophysiologist to some form of record-
ing failure; the most common reason for this being disconnection of the recording
leads to the amplifier after cleaning. The relatively short distances between stimulat-
ing and recording electrodes in children is a technical difficulty since spread of the
shock artifact more readily contaminates the potential of interest and in some
instances can obscure it entirely. Electrical isolation of the stimulator is a feature of
most modern EMG machines which helps to reduce shock artifact, as does the use
of shielded cables for stimulation. Other measures which can be adopted in the
pediatric EMG laboratory include: avoiding excessively short distances between
stimulus and recording sites; using alcohol-rubs to dry the skin before testing to
reduce skin impedances; changing the surface electrode stickers; placement of the
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ground electrode between stimulating and recording electrodes. On rare occasions
it may be necessary to further reduce skin impedance by gently abrading the skin
before testing, however this is a technique used primarily in adults and is not gener-
ally recommended for children. Another tip which can be useful in situations of
particular difficulty is to change the shape of the stimulus from a monopolar to
biphasic square wave; this can also remove or alleviate shock contamination but
should not be relied upon as an alternative to scrupulous skin preparation and elec-
trode application.

Nerve Selection

The question of which nerve(s) to study is influenced primarily by the clinical ques-
tion that is to be answered. However, some age-related factors must also be consid-
ered. For infants the sensory nerves that are routinely studied include: median, ulnar
and medial plantar nerves. In children and adolescents the sensory nerves that are
routinely studied include: median, ulnar, dorsal ulnar cutaneous, radial, superficial
peroneal and sural nerves. Less commonly the lateral and medial antebrachial cuta-
neous nerves can be studied.

Electrode Placement for Sensory NCS

The positioning of stimulating and recording electrodes should be anatomically the
same in children as for adult patients. The difference is that limb lengths vary con-
siderably between child- and adulthood and therefore the distances between stimu-
lating and recording electrodes in adults must be adjusted for the child. Therefore,
in children it is more useful to position electrodes in relation to surface anatomical
landmarks rather than at fixed linear distances.

The following section will deal with how to carry out sensory conduction studies
in children for all of the commonly studied nerves. It should be noted that nerves
can be stimulated in either direction—orthodromically or antidromically. There is
no one correct method and in most instances ortho- or antidromic testing uses
exactly the same electrode placements, simply swapping the stimulating and record-
ing electrode pairs as required. The direction of recording does not affect nerve
conduction velocity but the amplitude of sensory nerve action potentials (SNAPs)
will vary depending on the approach used, and thus reference ranges may vary
depending on which approach is adopted. In my own laboratory, a mixture of anti-
and orthodromic testing is used: orthodromic testing is favored in the hands and in
the feet, whereas antidromic testing is generally preferred at more proximal sites.

Ilustrations of electrode placements are provided in Figs. 4.1, 4.2, 4.3, 4.4, 4.5,
4.6, 4.7, 4.8 and 4.9. Tables 4.1 and 4.2 provide descriptions of electrode place-
ments for both antidromic and orthodromic approaches.
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Fig. 4.1 Median digit III
orthodromic study
recording over the median
nerve at the wrist and
stimulating digit I1I

Fig. 4.2 (a, b). Median palmar sensory study (orthodromic) recording over the median nerve at the
wrist and stimulating at the mid-palm (a). This is located at the mid-point of a line drawn between
the proximal wrist crease and the proximal interphalangeal (PIP) joint skin crease of digit III (b)
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Fig. 4.3 Ulnar digit V
orthodromic study
recording over the ulnar
nerve at the wrist and
stimulating digit V with
ring electrodes

Stimulation and Recording

In adults, it is customary and acceptable to average the recorded sensory signal
over a train of 5-20 stimuli to optimize the recorded waveform and facilitate
measurement and marking of specific latencies and amplitudes. Some neuro-
physiologists use the repetitive stimulation setting at frequencies of 1-2 Hz to
collect a reasonable number of potentials rapidly, thus needing only 5-10 seconds
to acquire a single averaged SNAP. The same approach can be adopted in pediat-
ric patients although some experienced practitioners advocate the use of single
shocks in order to minimize discomfort and maximize compliance with testing.
My view is that single supramaximal shocks may be adequate, particularly where
the response is normal but I prefer to use averaging and to deliver repetitive
shocks that increase from the point where a child can feel nothing to the point
where they appreciate a “tickle”. I find that it is useful to maintain stimulation at
this level for a few seconds to gain the child’s confidence and disperse any linger-
ing parental anxiety about the test. I then play a game with the child, encouraging
them to inspect the baseline noise as it waves on the screen (I refer to it as “the
sea”). I invite the child to tell me when they see a dolphin or other sea creature
emerge from it. As I increase the stimulus to the point where the SNAP becomes
visible, I whisper that it will be a bit “ouch” for just a second, then quickly
increase to supramaximal and finish stimulation by marveling at how large the
response is (at least in cases where the SNAP is recordable). It is important that
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Fig. 4.4 Superficial radial
antidromic study. The
distance between cathode
and G1 is approximately
the same as the distance
from G1 to the tip of the
thumb

the first nerve study should succeed as it lays a platform of confidence which
permits further testing to occur. If this approach is unsuccessful, especially in
infants and younger children who may not fully comprehend such interactions,
an alternative approach is to capture two similar individual SNAPs and display
them separately on the report to convey to others that the SNAP is reproducible
and not artifactual.

The sweep speeds, screen amplification and filter-settings can be changed easily
on digital machines (belying the decades of development and technological sophis-
tication that have culminated in modern EMG equipment). Amplification settings of
10 pV per screen division (10 pV/D) and sweep speed settings of 1 ms/D are a com-
mon default for sensory NCS. These can be changed or increased as necessary so as
to optimize visualization and marking of the waveform on the screen. Default filter
settings of 2 Hz—20 kHz are standard in NCS to reduce high frequency noise and
low frequency artifacts [1].

Measurements in NCS are primarily concerned with only two things: size and
speed. The size of the sensory nerve action potential (SNAP) provides an estimate of
the number of healthy functioning sensory neurons within the nerve being tested. The
sensory conduction velocity and associated latencies provide information that relates
to the fastest conducting myelinated fibers within the nerve. NCSs are insensitive to
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Lateral antebrachial

cutaneous Medical
nerve antebrachial
E1 is placed width ] cutaneous
of digit V proximal p E1 proximal
to midpoint to midpoint

Midpoint of line
between stimulation
and lateral wrist

pr- Midpoint of
w 7 line between

stimulation and
medial wrist

Fig. 4.5 (a—c). Limb measurements (a) for antidromic recording of lateral (b) and medial (c)
antebrachial cutaneous nerves of the forearm

the functioning of small diameter and unmyelinated nerve fibers, the physiology of
which must be interrogated by other means that will not be discussed here.

Size and speed in sensory NCS are described primarily in terms of amplitude (mea-
sured in microvolts; pV), and velocity (measured in meters per second; m/s). Other
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Fig. 4.6 Sural sensory
antidromic study
stimulating behind the calf,
the same distance above
the inferior heel as the 5th
metatarsophalangeal
(MTP) joint is anterior to
it; recording is postero-
lateral to the lateral
malleolus

5th MTP joint

parameters include individual latency measurements, the shape of the waveform and
its duration and area. These measurements are defined by placing markers of latency
and amplitude on the compound potential; most modern EMG programs will do this
automatically but the markers should be inspected routinely and edited if placed erro-
neously, especially in some antidromic sensory studies where an artifactual motor
waveform sometimes appears. The computer analyzes the waveform and automati-
cally defines latency of onset (for biphasic potentials), first and second positive and
negative peaks as well as the zero-crossing line that follows the negative peak.

Calculations of velocity are derived from these measurements by dividing the
distance between stimulating and recording electrodes by the time (in milliseconds)
from stimulus to onset or peak. The specific latency chosen to calculate velocity
varies between different laboratories. My preference is to mark onset latency (for
biphasic potentials) or first positive peak latency for triphasic potentials; these cor-
respond to the contributions of the fastest conducting fibers. An alternative practice
is to choose the negative peak latency: this has the advantage of being more consis-
tently identifiable but will underestimate the velocity of the very fastest axons con-
tributing to the potential. Analysis of the duration and area of the negative component
of the waveform provides a useful index of temporal dispersion, which will be
increased in cases of demyelination.
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Fig. 4.7 Superficial
peroneal sensory study
stimulating over the lateral
leg and recording at the
ankle

Cathode 2/3
along line
between inferior
patella and
malleoli

Fig. 4.8 Medial plantar
orthodromic study
stimulating at the medial
arch (anode just proximal
to the 1st MTP head) and
recording behind the
medial malleolus

Amplitude may be calculated in different ways: baseline to negative peak; from
the midpoint of a “tilted” line connecting positive peaks to the negative peak; or
from negative to positive peak.
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Fig. 4.9 Lateral plantar
orthodromic sensory study
stimulating over the lateral
sole (between 4th and 5th
metatarsal bones) and
recording behind the
medial malleolus

J.C. McHugh

Table 4.1 Positioning of Electrodes for Upper Limb Sensory Nerve Conduction Studies

Stimulation site

Recording site

Median nerve

Antidromic Stimulator placed at the wrist G1 ring or surface electrode
Cathode at wrist: between tendons of placed on digit IT*
palmaris longus (PL) and flexor carpi G2 is 3 cm distal to G1
radialis (FCR).
Anode is located more proximally

Orthodromic Ring or bar electrode(s) on digit II* G1 surface electrode placed at

Cathode located at crease of first MCP
joint. Anode is distal (between PIP and
DIP joint)

Digit I can be studied, but distance must
curve around thenar eminence to reflect
course of nerve

the wrist (crease between
tendons of PL. and FCR)
G2 is 3 cm proximal to G1

Palmar study
Orthodromic

Stimulator placed on palm.

In adults, cathode is located at the mid-palm,
7 cm from recording electrodes in a line
with the webspace of digits II and III.

G1 is placed at the middle of
the proximal wrist (as above)
G2 is 3 cm proximal to G1

Ulnar nerve

Antidromic Stimulator placed at the wrist G1 ring or surface electrode
Cathode at wrist: just lateral to flexi carpi placed on digit V*
ulnaris (FCU) tendon. Anode is located G2 is 3 cm distal to G1
more proximally
Orthodromic Ring or bar electrode(s) on digit V* G1 over the medial wrist (just
Cathode located at skin crease of digit V lateral to FCU tendon)
MCP joint. Anode is distal (between G2 is 3 cm proximal to G1
PIP-DIP joints)
Palmar Stimulator placed on palm. G1 over the medial wrist at the
Orthodromic In adults, cathode is located at the mid-palm, | proximal wrist crease (just

7 cm from recording electrodes in a line
with the webspace of digits IV and V.

lateral to FCU tendon)
G2 is 3 cm proximal to G1
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Table 4.1 (continued)

45

Radial nerve

Antidromic Stimulator place on dorsolateral radius. G1 over superficial radial
Cathode is 8-10 cm proximal to G1 in nerve as it crosses extensor
adult limb pollicis longus tendon (base of

‘anatomical snuffbox”).
G2 placed over dorsum of first
MCP

Orthodromic Stimulator placed at skin crease of DigitI | G1 over radial bone at same

MCP joint.
Anode is distal (at DIP joint skin crease)

distance proximal to the
anatomical snuffbox as the tip
of thumb is distal to it.

G2 is 3 cm proximal to G1

Medial antebrachial cutaneous nerve

Antidromic

Stimulator placed over medial elbow at
mid-point between medial epicondyle and
biceps tendon.

G1 surface electrode place in
adults, 12 cm distal to cathode
(along line between cathode
and medial wrist).

G2 is 3 cm distal to G1

Lateral antebrachial cutaneous nerve

Antidromic

Stimulator place in antecubital fossa, just
lateral to biceps tendon.

Note: low stimulation intensity < 15 mA is
required. Cathode must be manipulated to
reduce concomitant stimulation of the
median nerve which causes a motor twitch

G1 surface electrode place in
adults, 12 cm distal to cathode
(along line between cathode
and radial styloid / lateral
wrist)

G2 is 3 cm distal to G1

PL, palmaris longus; FCR, flexi carpi radialis; FCU, flexi carpi ulnaris; MCP, metacarpal-
phalangeal; PIP, proximal interphalangeal; DIP, distal interphalangeal
Mid palm, mid-point of line between proximal wrist crease and the PIP-skin creases

*Digit IIT or IV can also be studied (digit IV can be used for a median-to-sensory comparison study
to investigate possible carpal tunnel syndrome)

"Digit IV can also be studied (digit IV can be used for median-to-sensory comparison study to
investigate possible carpal tunnel syndrome)

Other important membrane parameters, such as nerve excitability parameters
are beyond the scope of this chapter (see [Bostock et al.] for detailed review) [11].
The key points to remember when determining how to calculate amplitude and
velocity are to maintain consistency and to use reference ranges appropriate for
the approach.

Common Pitfalls

Many of the pitfalls that may arise can be avoided by attention to the measures
already discussed above, particularly in relation to stimulation or shock artifact.
Some additional problems that can be encountered include underestimation or over-
estimation of conduction velocity, particularly in very young children and in
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Table 4.2 Positioning of Electrodes for Lower Limb Sensory Nerve Conduction Studies

Stimulation site

Recording site

Sural nerve

Antidromic

Stimulator placed midline in dorsal, lower leg
between heads of gastrocnemius. Cathode is at
point below inferior belly of muscle with the
cathode held firmly against the leg and angled
slightly laterally

G1 posterior to lateral
malleolus
G2 is 3 cm distal to G1

Superficial peroneal nerve

Antidromic Stimulator placed 2/3 of the distance along a G1 upper level of lateral
line drawn from the inferior patella to G1 (upper | malleolus between the
malleolus); this placement corresponds to malleolus and tendon of
11-14 cm from G1 in adult limbs. Distance for | the tibialis anterior.
optimal stimulation varies. G2 is 3 cm distal to G1

Medial plantar

Orthodromic

Stimulator placed such that the anode is
proximal to the first metatarsal head (cathode is
3 cm more proximal almost at the mid-point of
the sole). Stimulator should be held parallel and
between first & second metatarsal bones.
Alternatively, ring electrodes may be placed on
Digit I

G1 placed posterior to
medial malleolus;

G2 is 3 cm proximal to
Gl

Lateral plantar

Orthodromic

Stimulator placed such that the anode is
proximal to the first metatarsal head (cathode is
3 cm more proximal almost at the mid-point of
the sole). Stimulator should be held parallel and
between fourth and fifth metatarsal bones.
Alternatively, ring electrodes may be placed on
Digit V

G1 placed posterior to
medial malleolus;

G2 is 3 cm proximal to
Gl

newborns. Notwithstanding the fact that newborns have slower conduction veloci-
ties because of incomplete myelination, the very small distances involved in testing
young babies increases the margin of error in conduction velocity that can result
from mismeasurement by even a few millimeters. This can produce erroneously
slow or non-physiologically fast conduction velocities in this age group.
Mismeasurement can be avoided by being consistent in the way that the limb is held
and optimizing distances (gently stretching the ankle or wrist, or bending the elbow
to maximize the distance between stimulation and recording) and more faithfully
representing the actual course of the nerve.

Overstimulation is not tolerated by children. To insure acquisition of the most
detailed study possible, it is important to start small and minimize the number of
larger shocks. Conversely, it is important not to shirk from giving supramaximal
stimulation sparingly since submaximal stimulation will falsely under-represent the
nerve being studied and can lead to misdiagnosis.
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Interpreting the Data

Understanding sensory conduction data can be challenging. Ideally each EMG lab-
oratory should acquire its own normative data set over time. Despite standardization
of technique and similarity of equipment, there will always be variations between
different centers and different operators. Nevertheless, for those neurophysiologists
who are establishing new laboratories, it seems sensible to suggest that they borrow
established reference values from their training institution or alternatively they can
refer judiciously to published datasets (see Chap. 24 for normal values). In such
cases it is most important that they remain attentive to the techniques used (anti- or
orthodromic) and to the age of the published population.

Sensory conduction velocities and sensory nerve action potentials (SNAPs) are
significantly influenced by the age of the child: velocities effectively double from
the time of birth to the age of 1-2 years, undergoing an especially sharp increase
within the first 6 months of life. From 2 years of age onward a more modest increase
will occur until adult velocities are achieved. A similar time-course and scale of
maturation is also evident in SNAP amplitudes.

Understanding Abnormalities in Sensory NCS

Earlier it was indicated that when performing sensory nerve conduction studies, the
neurophysiologist is interested primarily in two things: size (amplitude) and speed
(onset latency or conduction velocity). This simplification holds true when it comes
to interpreting the NCS data. Demyelinating nerve injury (acquired or hereditary)
leads to slowing of nerve conduction velocities; it can also lead to conduction block
which is discussed in more detail in the chapter on motor nerve conduction studies
[12]. Demyelination will also produce changes in the duration and shape of the
sensory nerve action potential (SNAP) since acquired as well as some inherited
demyelinating neuropathies will affect some axons more than others giving rise to
variable rates of demyelination which gives rise to a phenomenon of temporal dis-
persion. It can also increase the threshold for stimulation. However, these more
subtle changes will not occur in isolation and therefore velocity reduction remains
the primary parameter. Once again, it is stressed that temperature and age will both
have independent effects on conduction velocity and must be taken into account.

Axonotmesis leads to a reduction in the SNAP amplitude due to the loss of sen-
sory axons. In addition, the loss of axons will also result in a mild reduction (typi-
cally >75% lower limit of normal) of sensory conduction velocity.

Whilst the total number of nerves sampled in NCS in children may be less than
a comparable study in an adult, it is nevertheless essential that sufficient data are
gathered to answer the clinical question and to understand and characterize the pat-
tern and distribution of any existing neuropathy.
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Summary

Sensory nerve conduction studies in children are important in that they lay a plat-
form for the rest of the electrodiagnostic study. Good technique and appreciation of
the technical elements of the study are important and the challenges are undeniably
greater than in adults. Reliable and accurate data can be obtained without undue
discomfort or upset. The value of balanced information and establishing an early
rapport with the child and parents cannot be overstated.
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Chapter 5
Motor Nerve Conduction Studies

John C. McHugh

Introduction

Motor nerve conduction studies (NCS), like their sensory counterparts are similarly
well tolerated in children. Since motor studies are never conducted in isolation, it is
intended that this chapter should be read in conjunction with Chap. 4, which
describes sensory NCS. Chap. 4 also considers equipment, additional technical
aspects, and the broader issue of the approach to pediatric patients and their parents
or caregivers.

Differences Between Motor and Sensory NCS

The major physiological difference between sensory and motor NCS is that in motor
studies, recordings are made from muscle and not from nerve. The measured poten-
tials are therefore compound muscle action potentials (CMAPs), which represent
the sum of stimulated motor unit potentials beneath the recording surface electrodes
[1]. Unlike sensory nerve action potentials (SNAPs), which can be di- or triphasic,
CMAP morphology should always be diphasic, featuring a sharp negative take-off
which is generated by muscle fiber depolarizations immediately below the active
recording electrode [2]. Additionally, the magnitude of the recorded signals is some
thousand times greater than sensory or mixed nerve action potentials and is mea-
sured in millivolts (mV) rather than microvolts (uV). These aspects are routinely
factored into the display and gain settings of the EMG machine.
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A further physiological difference is that a synapse, the neuromuscular junction
(NMYJ), is interposed between the site of stimulation (nerve) and site of recording
(muscle). This means that the latency between electrical stimulation and onset of
the muscle action potential is accounted for not only by propagation of the action
potential along the nerve, but also by the time required for neuromuscular transmis-
sion to occur and for conduction of the action potential along the muscle fiber.
Therefore it is inaccurate to estimate motor conduction velocities on the basis of the
distance between stimulation and muscle recording. This contrasts with the situa-
tion for sensory NCS, in which velocities are calculated more simply. Motor con-
duction velocities are instead calculated from the distances and latencies between
different sites of stimulation along the same nerve. Distal motor latency (DML) and
not velocity expresses the time required for conduction and neuromuscular trans-
mission following stimulation at a distal site.

The motor unit is a basic but critically important concept for understanding the
neurophysiology of the peripheral nervous system. The motor unit comprises an
individual motor neuron and the collection of all the muscle fibers that it innervates
[3]. The innervation ratio of each motor unit (number of muscle fibers controlled by
a single motor neuron) varies from less than ten muscle fibers in extraocular mus-
cles to almost 2000 muscle fibers per neuron in explosively strong voluntary mus-
cles such as gastrocnemius [4].

Clarifying the Clinical Question

As mentioned in the previous chapter, the most common reasons for referral for
NCS/EMG are evaluation of polyneuropathy or mononeuropathy followed by eval-
uations of symptoms affecting multiple limbs (e.g., weakness or pain) [5].

Evaluation of the floppy infant is a less frequent but very important indication for
pediatric NCS/EMG. Such cases will always require a combination of NCS and
needle EMG and may in rare cases benefit from other specialized neurophysiologi-
cal techniques [6, 7].

Before starting EMG/NCS, it is essential to review the presenting history with
parents and the child since it will often emerge that specific tests are necessary (e.g.,
repetitive nerve stimulation) or that particular emphasis is required in a certain limb
or region. Equally, it may emerge that the presenting problem is less complicated
than first anticipated and that a focused, minimal study may suffice to answer a
specific question in a given child. It is also strongly advised to conduct at least a
focused physical examination before any EMG study since EMG is rarely fruitful
when the clinical examination gives normal results, especially when the only com-
plaint is of pain [8]. Taking the opportunity to communicate with the parents and
child before the test also affords a chance to establish rapport with the child and
parents and minimize any apprehensions regarding the test [9].
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Planning the Nerve Conduction Study

Strategic planning of the NCS has been dealt with in Chap. 4. To reiterate, it is
always useful to plan the study in advance and to determine the nerves that are
most important to study in order to answer the referring physician’s clinical
question. In some cases, the exact schedule of nerves to be tested will change
iteratively as the study progresses. For example, in situations where a tibial
CMAP may be unexpectedly small or un recordable, it is generally advisable to
move immediately to testing another motor nerve in the same limb (e.g., peroneal
motor study) or to examining the contralateral limb to establish whether the find-
ing is due to a technical fault or whether it is a sign of true pathology. When
CMAPs (or SNAPs for that matter) are bilaterally absent in the lower limbs, one
should move immediately to the upper limbs to try to make an intact recording
there. Of course, in most clinical cases, abnormalities of the NCS may be more
or less anticipated from history and examination findings; however, there will
always be cases in which the first recorded (or un recorded) potentials are a sur-
prise. In these cases, it is helpful to anchor the study by establishing at least one
normal or near-normal recording, whether that is sensory or motor, upper or
lower limb.

Pre-test Measurements and Considerations

Height should be measured routinely in all children since F-wave latencies (see
below) are directly related to height [10-12].

The effects of temperature on NCS were discussed in detail in Chap. 4. In sum-
mary, studies should ideally be carried out in warm limbs with a skin temperature
>32 °C for the upper extremities and >30 °C for the lower extremities. Cooling is
associated with slowing of motor conduction velocities and increases in DML and
F-wave latency [13]. There is also a broadening of duration and an increase in
CMAP area at low temperatures. Whilst such effects are rarely pronounced, it is
important to be aware of temperature and to consider active limb warming in
situations where slow conduction velocities may mimic a demyelinating nerve
pathology [14].

As previously discussed, the age of the child or newborn is an important deter-
minant of NCS latencies and peripheral nerve conduction velocity. Term neonates
have conduction velocities that are roughly half of the adult range and these mature
and begin to enter the lower reaches of the typical adult range by about the end of
the second year of life. Thereafter, velocities begin to plateau within the typical
range for adults from around 4 or 5 years of age (see Chap. 24 for a detailed discus-
sion of normal values) [15, 16].
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Getting Started

Motor nerve conduction studies are well tolerated by most children and can be
accomplished in the waking state without sedation in all but extreme cases of anxi-
ety or tactile aversion. It is my practice to introduce motor NCS by saying that this
feeling is a little bit like banging your funny bone. As long as a calm and jocular
rapport can be maintained, the experience of involuntary limb movements actually
turns out to be an entertaining experience and often provokes giggles from children
and their parents so long as the process does not become exhaustive. In general,
supramaximal stimulation at distal motor sites can be achieved in children with
stimuli below 20 mA (with stimulus duration up to 0.2 ms) and it is my practice to
increment to this level in 3—4 steps as tolerated. More proximal sites such as the
antecubital, popliteal fossa, and axilla can require higher stimulus intensities and/or
prolonged stimulus duration in some instances.

Overview of Equipment and Physiology

Readers are again referred to Chap. 4 for a more detailed discussion of NCS/EMG
equipment and the basic physiology of peripheral nerve stimulation.

Some essential terminology and concepts are briefly recapitulated here. Surface
electrodes are used for recording motor nerve conduction studies in children.
Recording with needle electrodes can be accomplished and was performed decades
ago but is rarely ever indicated today and will not be discussed further. The record-
ing electrodes are paired and referred to as the active and the reference electrode;
the active is often referred to as electrode E1 and the reference (indifferent) E2, also
known as G1 and G2 in other regions of the world such as North America on account
of the grid-like materials employed in making early surface electrodes. It is custom-
ary to place the active electrode over the belly of the muscle and the reference elec-
trode over the tendon, the so-called belly-tendon montage.

Stimulating electrodes (black-cathode-negative; red-anode-positive) induce
localized changes in the distribution of charge across the underlying axonal mem-
branes at specialized sites known as the nodes of Ranvier. When the membrane
potential becomes sufficiently depolarized from its resting value (=70 mV), it
reaches a threshold potential (typically —55 mv) that initiates an all-or-nothing
event, the action potential, during which there is a cascading influx of sodium ions
through voltage gated sodium channels (Nav1.1). The action potential is terminated
by inactivation of Navl.1 and resting membrane potential is restored by the efflux
of potassium and through activity of the electrogenic sodium-potassium exchange
pump. Rapid and efficient conduction of action potentials is facilitated in mamma-
lian cells by the presence of myelin, which forms myelinated internodes (of high
capacitance) and unmyelinated nodes at which action potentials are regenerated in
a saltatory fashion [17-19]. Stimulus durations of up to 0.2 ms are typical for study
of motor NCS.
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The shape of the CMAP should be diphasic with a sharp negative take-off; the
peak of the response may be a simple hump (e.g., median or peroneal motor) or may
be bifid (seen typically in ulnar studies of ADM muscle). In mixed or sensory nerve
action potential recordings, there is often an initial positive deflection, which is
attributed to G1 (E1) seeing the nerve action potential, which is modelled as a dipole
with an advancing positive edge, before G2 (E2) [2]. However, in CMAP recordings
the action potential should arise directly beneath the G1 electrode, which is there-
fore immediately negative relative to G2 resulting in an initial upward deflection. At
very high gain-settings, a very small positive pre-potential may be seen which pre-
cedes CMAP onset; this is an antidromically conducted nerve action potential
within the muscle but close to the recording electrodes [20]. However, if a positive
deflection is apparent at conventional screen settings (2—5 mV/division), it suggests
mal-positioning of the recording electrodes or alternatively over-stimulation. These
points are further discussed below.

There are a number of measures and indices that derive from NCS but the essen-
tial attributes that determine the presence of nerve health or disease are size and
speed. Size is primarily described by the amplitude of the CMAP in millivolts (mV).
This is an index of the number of healthy motor axons lying in proximity to the
stimulating electrode. CMAP amplitude is typically measured as the difference
between baseline and negative peak, although some centers prefer to measure nega-
tive to positive peak values, which are typically just under twice the size. The pre-
cise method is important if utilizing reference values from another laboratory.

Speed of conduction is an index of healthy myelination of peripheral nerve but is
also influenced to a small extent by the number of large diameter axons within the
motor nerve. Speed of conduction can be assessed at various points along a given
nerve via a combination of distal motor latency (DML), segmental motor conduc-
tion velocity (MCV), and F-wave latency.

Duration and area of the CMAP are indices that are determined by the number of
conducting motor axons and the range of conduction velocities within the conducting
motor axonal pool. Area is usually calculated for the positive component of the CMAP
between the first and second baseline crossings. Measures of duration are again most
commonly made for the negative component of the CMAP waveform although there
is evidence that total CMAP duration may be a better marker in acquired demyelinat-
ing neuropathies [21]. Increased variability in motor axonal conduction velocities
within a nerve leads to broadening of the duration, a phenomenon known as temporal
dispersion and is a common finding in demyelinating nerve pathologies. Physiological
temporal dispersion is also seen and is length dependent [22].

Late Responses

F-waves are late motor responses that occur in response to peripheral electrical stim-
ulation. F is derived from an abbreviation for foot, although F-waves are also mea-
surable for motor nerves in the upper limbs as well as for cranial nerves. The same
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stimulus that produces the direct motor or M-response is conducted antidromically
along the motor nerve and triggers an efferent volley from the anterior horn cells.
The latency of these responses, which varies a little between consecutive stimuli,
and the number of F-waves that appear for a given number of stimuli (referred to as
F-wave persistence) are features that can detect potential pathology along the proxi-
mal course of the nerve, in particular demyelinating pathology [23]. The latency of
the F-wave is determined by the conduction velocity along the motor nerve and by
the distance between the nerve at the point of stimulation and the spinal cord. F-wave
latencies are thus directly related to height. An F-wave estimate can be derived using
the formula: F-wave latency estimate = (2D/CV)*10 + 1 ms + DML [D = distance
from ankle to xiphisternum (lower limb studies) or wrist to C7 spinous process
(upper limb studies); CV = conduction velocity; DML = distal motor latency; 10 is
a conversion factor to generate an answer in milliseconds; 1 ms is an estimate of
latency within the cord] [24]. F-responses will be covered in more detail in Chap. 7.

Unlike the non-physiologic F-wave which does not cross a synapse and is not a
reflex, the H-reflex (named after Hoffman) is a true monosynaptic reflex that is the
neurophysiological representation of the deep tendon stretch reflex. H-reflexes are
evoked by low intensity stimuli that selectively activate large diameter, low thresh-
old sensory Ia afferents, which is equivalent to mechanical activation of the muscle
spindle during the deep tendon reflex. This leads to orthodromic sensory conduc-
tion, followed by reflex activation of motor efferent fibres, producing a late motor
response, the H-reflex [25]. The H-reflex is elicited most commonly in the tibial
nerve by incrementing low intensity stimuli. The H-reflex, appears, grows, then
attenuates and disappears as progressively increasing stimuli evoke larger
M-responses, which ultimately render the motor axon refractory to the passage of
the late H-reflex. The clinical significance of the H-reflex is equivalent to the pres-
ence of the ankle jerk. It is not a routine component of pediatric NCS in most
instances, as it is uncomfortable and is often best performed under sedation or gen-
eral anesthesia. H-reflexes are covered in more detail in Chap. 7.

A-waves (or axonal waves) are late motor potentials that are uniform in their
shape and latency, and can therefore be readily distinguished from F-waves whose
consecutive latencies and morphologies vary within a typically narrow range.
Axonal waves are seen in axonal and demyelinating pathologies, and are often an
early clue in acute inflammatory demyelinating neuropathies. It is believed that
A-waves are caused by proximal axonal sprouting in reinnervated motor nerve and
that they represent antidromic spread of the distal stimulus then passage along the
reinnervating collateral branch to the muscle. The presence of abundant A-waves
early in Guillain Barre syndrome likely represents reproducible ephaptic transmis-
sion of peripheral nerve stimuli between demyelinated axons [26].

Nerve Selection

The most common indication for pediatric EMG/NCS in the author’s center, and
globally it appears, is the investigation of suspected neuropathy, especially as sus-
pected muscular dystrophies are more typically investigated with prompt genetic
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Fig. 5.1 Median motor study stimulating at the wrist (a) and at the antecubital fossa (b), recording
abductor pollicis brevis (APB) muscle

testing. Ideally the study will involve sampling of sensory and motor nerves from
both the upper and the lower limbs. However, if only a limited study is permissible
then priority in most cases will be given to the lower limb for a question of polyneu-
ropathy. Electrode placements for commonly studied motor nerves are illustrated in
Figs. 5.1,5.2,5.3,5.4,5.5,5.6 and 5.7 and are explained further in Table 5.1 (upper
extremities and phrenic nerve) and Table 5.2 (lower extremities).

For upper limb motor NCS in babies or in older children who wriggle, my prefer-
ence is to study the ulnar motor nerve (to abductor digiti minimi (ADM) or first
dorsal interosseous (FDI)) instead of the median nerve when possible. This is
because positioning of the recording electrodes over the thenar eminence for a
median motor study is less secure and an unwilling or upset child can remove them
easily by making a fist or flexing the fingers. The study can be achieved more
quickly and efficiently in these cases by studying the ulnar nerve to FDI, in which
the recording electrodes are located on the dorsum of the hand.

The peroneal motor study recording EDB muscle is a straightforward and easily
recorded lower limb motor recording in most children. For children under 6 months
it is my preference to sample the posterior tibial motor nerve to AHB; this is also a
convenient choice for repetitive nerve stimulation in neonates, when required. An
additional benefit of choosing the tibial motor in the very youngest and smallest of
children is that it permits accurate confirmation of the course of the posterior tibial
nerve behind the medial malleolus and can help to guide placement of the recording
electrodes for the medial plantar sensory study. This is one situation in which I will
often perform the technically easier motor study before carrying out the sensory
study.
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Fig. 5.2 Ulnar motor study stimulating at the wrist (a), below the elbow (b), and above the elbow
(¢), recording abductor digiti minimi (ADM) muscle

Fig. 5.3 Ulnar motor
study illustrating electrode
placement for recording of
the first dorsal interosseous
(FDI) muscle
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Fig. 5.4 Phrenic motor
study stimulating at the
neck, recording the
diaphragm

Electrode Placement for Motor NCS

Recommended placements of stimulating and recording electrodes for routine pedi-
atric studies of the limbs and trunk are presented in Table 5.1 and Figs. 5.1-5.7. In
all cases an effort has been made to provide anatomical surface markings and dis-
tances to guide electrode placement. These are based on standard placement proto-
cols in adults [27, 28]. However, the described positions utilize landmarks rather
than fixed linear measures to allow for the size variability in children.

It is important to accord equal attention to placement of both the active (E1, also
known as G1) and the reference (E2, also known as G2) electrodes. Although the
reference is sometimes referred to as the “indifferent” electrode, it is well estab-
lished that the tendon is not in fact electrically inactive. The placement of the refer-
ence has a major role in determining the morphology (whether bifid or simple) of
the recorded CMAP [29].

As presented in Table 5.1, it is sometimes beneficial to choose an off-tendon
site for the reference in order to achieve a sharp negative take-off for the
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Fig. 5.5 Tibial motor study stimulating at the ankle (a) and popliteal fossa (b), recording abductor
hallucis brevis (AHB) muscle

Fig. 5.6 Peroneal motor study stimulating at the ankle (a), below the fibular head (b), and popli-
teal fossa (c), recording extensor digitorum brevis (EDB) muscle

CMAP. This is notably the case for ulnar motor recording from the first dorsal
interosseous muscle. It is not infrequent to observe a prominent positive deflec-
tion in FDI CMAP recordings, even when the reference is placed over the second
and not the first MCP joint, which many authors report to be preferable [30]. In
my experience the trapezoid bone, an off-tendon site proposed by Seror, pro-
duces sharper take off for FDI than either of the MCP sites and it is therefore my
preference [31].
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Fig. 5.7 Peroneal motor study stimulation below the fibular head (a) and popliteal fossa
(b), recording tibialis anterior (TA) muscle

Table 5.1 Electrode Placement for Upper Limb and Phrenic Motor Nerve Conduction Studies

Stimulation site

‘ Recording site

Median nerve (to abductor pollicis brevis)

Distal stimulation site at wrist.

Cathode placed at middle of proximal wrist
crease (between tendons of palmaris longus
and flexor carpi radialis).

Proximal stimulation site at antecubital fossa.
Cathode placed just medial to biceps tendon.

G1 placed over belly of APB muscle.

This is midpoint of first metacarpal bone alone
lateral edge of thenar eminence (care needed
to ensure electrode not placed too medially or
it will overlie flexor pollicis brevis).

G2 is over first MCP joint.

Ulnar nerve (to abductor digiti minimi)

Stimulator placed at the medial wrist.

Cathode placed at proximal wrist crease just
lateral to the flexor carpi ulnaris tendon.
Proximal stimulation site (#1) on medial arm
just about 5 cm distal to the ulnar styloid.
Proximal stimulation site (#2) on medial, upper
arm about 5 cm proximal to the ulnar styloid
and in-between the belly of the biceps and
triceps muscles.

Gl is placed over belly of ADM muscle which
is located at the mid-point of the fifth
metacarpal bone.

G2 is over the fifth MCP joint.

Ulnar nerve (to first dorsal interosseous)

Stimulator placed at the medial wrist.
Cathode placed at proximal wrist crease just
lateral to the flexor carpi ulnaris tendon.
Proximal stimulation sites as above.

G1 is placed over belly of FDI muscle on the
dorsal aspect of the first webspace.

G2 is placed over the first MCP joint or
alternatively over the trapezoid bone (palpable
prominence proximal to the shaft of the
second metacarpal).

(continued)
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Table 5.1 (continued)

J.C. McHugh

Stimulation site

‘ Recording site

Radial nerve (to extensor indices proprius)

Stimulator place on dorsolateral radius.
Cathode is 8-10 cm proximal to G1 in adult
limb.

Gl is placed on the belly of the EIP on the
dorsal forearm, 5 cm proximal to the ulnar
styloid.

G2 is placed 4 cm distal to G1.

Phrenic nerve (to diaphragm)

Stimulator is placed beneath the posterior
border of the sternocleidomastoid muscle (in
posterior triangle of the neck) just above the
clavicle.

Gl is placed 1-2 finger breadths above the
xiphisternium.

G2 is placed along the anterior costal margin
in a straight line above the iliac crest)*.

aDistance corresponds to the 16 cm distance described in adult studies by Chen et al. (Muscle and
Nerve 1995). Stimulation should be repeated if there is high amplitude ECG artifact; note that

CMAP amplitude increases and duration decrease

Table 5.2 Electrode Placement for Lower Limb M

s with inspiration and higher lung volumes.

otor Nerve Conduction Studies

Stimulation site

Recording site

Tibial nerve (to abductor hallucis)

Distal stimulation site at ankle.

Cathode placed posterior to medial malleolus.
Proximal stimulation site at mid-popliteal fossa.
Stimulator should be pressed firmly inward and
not allowed to angle laterally so as to avoid
co-stimulation of peroneal nerve.

G1 placed below navicular prominence at
the mid-point between the metatarsal
phalangeal (MTP) joint and heel along the
medial arch of the foot.

G2 is placed over the first MTP joint.

Common peroneal nerve (to extensor digitorum b

revis)

Distal stimulation site at ankle.

Cathode placed over the anterior ankle, above the

level of the malleoli and just lateral to the tibialis
anterior tendon.

Proximal stimulation site (#1) at fibular head.
Cathode is placed just below the fibular head and
pressed in ward such that the cathode and anode
span the fibular head.

Proximal stimulation site (#2) at knee.

Cathode is placed laterally in the popliteal fossa so

that it rests just medial to the hamstring tendon. I
placed too medially and/or if high stimulation is
used this can cause co-stimulation of the nearby
tibial nerve.

Gl is placed over belly of EDB muscle
which is usually a visible prominence in
line with the inferior border of the lateral
malleolus.

G2 is over the fifth MCP joint.

f

Common peroneal nerve (to tibialis anterior)

Stimulator sites at the fibular head and the knee as

described above.
In cases of suspected mononeuropathy it is
particularly helpful to study contralateral side.

G1 is placed over belly of TA in the
anterior-lateral leg at the junction of the
upper and middle 1/3-of the leg (i.e. 1/3 of
the distance between the tibial tuberosity
and the inter-malleolar line).

G2 is placed over the distal tibialis anterior
tendon at the level of the malleoli)
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The importance of standardizing placement of surface recording electrodes is
emphasized by the work of Phongsamart and colleagues, which demonstrates that
positioning of the reference influences not only CMAP morphology but also distal
motor latencies [32].

Common Pitfalls in Stimulation and Recording

The presence of an initial positive deflection in the CMAP wave-form at conven-
tional gain implies technical error and may be explained by one of two things.
Firstly there may be mal positioning of either E1 (G1) relative to the motor-point
(end-plate region) of the target muscle or there may be mal positioning of E2 (G2)
leading to an abnormal electrical contribution from the reference. The second pos-
sibility is that positioning of the recording electrodes is accurate but that there is
volume conduction from another source that is contaminating the recording; this
occurs in situations of over-stimulation with subsequent radial spread of the stimu-
lus to adjacent nerves (e.g., a median motor study causing co-excitation of ulnar-
innervated thenar muscles because of spread of stimulus to the ulnar nerve at the
wrist) [2].

Another effect of over-stimulation is longitudinal spread of the stimulus along
the nerve beyond the site of the surface cathode. It is suggested that supramaximal
stimulation of 15-20 mA results in longitudinal spread of stimulus current by some
3 mm, which produces depolarization at a more distal node of Ranvier. At stimuli of
60 mA (which may be required to elicit CMAPs in come demyelinating neuropa-
thies), the extent of longitudinal spread can be as much as 12 mm; this affects laten-
cies and alters calculations of motor conduction velocity [2].

The dangers of both radial and longitudinal spread of stimulus away from the site
of the surface cathode are particularly real in children because of their smaller
limbs. It is therefore required to strike a balance between using stimuli that are truly
supramaximal and using stimuli that exceed this and which spread elsewhere. As a
general rule, in the absence of demyelinating neuropathy, stimulus intensities of
>50 mA can be avoided in almost all children unless it is required to stimulate very
proximal sites such as Erb’s point, or the phrenic nerve in the neck; neither is a
routine site of stimulation in children.

The possibility of under-stimulation in pediatric NCS is another potential pitfall,
as in adults, but the risk of this occurring is higher in some pediatric situations when
the child becomes uncomfortable and the neurophysiologist is tempted to rush
through the nerve conduction studies and avoid escalating the distress. Under-
stimulation can occur when the given stimulus is too low or when it is off-target
with respect to the underlying motor nerve as may happen, for example, if the child
is moving during the test. The consequence of under-stimulation is to give the
impression of abnormally low CMAP amplitudes or to create an impression of
motor conduction block (see below).
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As discussed in Chap. 4, the small distances involved in pediatric EMG will also
increase the likelihood and scale of error related to over- or under-measurement of
distances for calculation of velocities. For this reason, the examiner must be consis-
tent with positioning of the limbs (e.g., right angled measurement of ulnar motor
nerve conduction around the elbow) in all cases.

It is important to be aware that marked drops (21-43%) in tibial CMAP ampli-
tude from abductor hallucis normally occur between distal and proximal stimulation
sites of stimulation. This is a product of phase cancellation and physiological tem-
poral dispersion and should not be misinterpreted as motor conduction block with-
out evidence of demyelination from other nerves [33]. The phenomenon is less
marked in children, particularly in the very young where the distances between
proximal and distal stimulation are relatively short. The second point is that for
lower limb F-wave measurement it is best to choose the tibial and not the peroneal
motor nerve, in which F-waves are harder to elicit without recourse to very high
supramaximal stimuli.

Interpreting the Data

Interpreting Low Amplitude CMAPs

Having excluded technical artifact, the finding of reduced CMAP amplitudes can
imply a range of physiological causes, some common, some quite rare. For simplic-
ity these can be divided into those that derive from nerve, from the NMJ or from the
muscle.

The first, and commonest implication of low CMAP amplitude is the presence of
motor axonal loss, which occurs in pathologies of the motor neuron such as the
spinal muscular atrophies (SMA) and in pathologies affecting the peripheral nerve
[34]. It should be noted that normality of strength and CMAP amplitude can be
maintained in the setting of established denervation, so long as the processes of
reinnervation and motor unit enlargement are sufficient to compensate for motor
neuronal loss. Therefore, CMAP amplitude reductions are not as sensitive to the
presence of denervating pathologies as is needle EMG examination (see Chap. 9 on
muscle analysis).

Motor nerve conduction block is another nerve-mediated mechanism for patho-
logically diminished CMAP amplitudes. In this case, the motor neuronal number
may be normal but a segmental peripheral myelinopathy produces conduction fail-
ure in a portion of stimulated fibres such that a significant proportion of single
motor unit potentials fail to get through to the muscle [35, 36]. This leads to a drop
in the CMAP amplitude upon proximal stimulation, with a 50% or greater reduc-
tion considered to be significant. A rare but related mechanism for low CMAP
amplitudes is that seen in congenital hypomyelinating neuropathies in which
severe failure of myelination can result in staggeringly high thresholds for periph-
eral nerve stimulation. In such situations, CMAPs may appear to be absent at
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conventional stimulus intensities but they are in fact present when stimulus inten-
sity is increased.

Neuromuscular junction (NMJ) disorders are a comparatively less common
cause of diminished CMAP amplitude. Pre-synaptic disorders including infantile
botulism and (very rarely in children) Lambert Eaton syndrome are often associated
with low amplitude CMAPs [37-39]. The cardinal neurophysiological feature of
presynaptic NMJ disorders is the marked increment in CMAP amplitude (at least
200% increase) produced by high frequency (20-50 Hz) supramaximal repetitive
stimulation. Post synaptic weakness can occur in the context of neuromuscular
blocking agents (NMBAs) such as vecuronium. The scenario of sustained weakness
attributable to NMBAs is most likely among neonates, in whom the drug effects can
be prolonged, especially in the context of impaired renal clearance and/or co-
administration of aminoglycosides [40].

Finally, CMAP amplitudes are often normal in early stages of primary muscle
disease, but low amplitude CMAPs can be seen impressively in the context of epi-
sodic muscle weakness due to the muscle channelopathies such as the periodic
paralyses [41, 42]. In these disorders, routine nerve conduction studies are normal
between attacks but CMAPs can be low or even un-recordable during an acute
attack.

Where CMAP amplitudes are pathologically reduced, the pattern of reduction
and co-existing sensory abnormality are two important clues which guide accurate
interpretation. Peripheral neuropathies of the axonal type generally affect sensory
and motor nerve and cause a typically length dependent pattern of motor and sensory
axonal loss such that CMAP and SNAP amplitude reductions will be first and most
evident in the distal lower extremities [43]. Asymmetric, and or non-length depen-
dent CMAP reductions (with co-existing SNAP abnormality) can be seen in the
context of demyelinating neuropathies (e.g. hereditary neuropathy with liability to
pressure palsies (HNPP) and chronic inflammatory demyelinating polyradiculoneu-
ropathy (CIDP), in vincristine-related neuropathy in children and in mononeuritis
multiplex attributable to vasculitic nerve injuries [44, 45]. Reductions in CMAP
amplitudes accompanied by sparing of SNAP amplitudes represent the hallmark of
pre-ganglionic motor neuronal or nerve root injuries. This pattern can be seen in
widespread anterior horn cell disorders such as SMA or in regionalized variants such
as Hirayama disease, monomelic amyotrophy, and Hopkin’s syndrome [46—48].

Interpreting Abnormalities of Latency
and Conduction Velocity

Minor reductions in MCV are typical in any cause of motor axonal loss. This is
because when significant numbers of large diameter motor axons are lost, a propor-
tion of the loss will affect the fastest conducting fibers and therefore the onset
latency of the CMAP is likely to be marginally delayed. As a rule, however, motor
conduction velocity slowing attributable to motor axonal loss should not exceed
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130% of the upper range for DML and never fall below 75% of the lower limit of
normal for conduction velocity. It is particularly important in cases of slowed con-
duction due to motor axonal loss to insure adequate warming of limbs, since the
effect of cooling in such situations might result in velocities appearing to dip into
the demyelinating range.

Demyelinating peripheral neuropathies classically cause slowing of motor con-
duction velocity (<90% of LLN), increase in DML (>115% ULN), and increased
latency or absence of F-waves (>125% ULN) [49]. The degree of slowing varies
with severity of the neuropathy and is further increased by co-existing motor axonal
losses.

Increased duration of the CMAP is caused by the greater variability in individ-
ual motor axonal velocities within the demyelinated nerve and is referred to as
temporal dispersion. Temporal dispersion results in an associated reduction in
CMAP amplitude but not area and should not be confused with motor conduction
block in which both area and amplitude are diminished without change in CMAP
duration.

The distribution of slowing provides essential clues for determining the nature of
nerve pathology. Mononeuropathies are typically isolated but may be multiple and
if so should prompt consideration of HNPP. Acquired inflammatory demyelinating
neuropathies usually have evidence of involvement in both the upper and lower
limbs and often the face. Variants such as Lewis Sumner syndrome are more likely
to be asymmetrical and upper limb predominant.

The distinction between uniform and non-uniform slowing of nerve conduction
is an important one, though the concept has become more complex in recent years.
Traditionally, uniform slowing was associated with inherited demyelinating neu-
ropathies such as Charcot-Marie-Tooth disease (CMT) and non-uniform slowing
with acquired demyelinating neuropathies such as chronic inflammatory demyelin-
ating polyradiculoneuropathy (CIDP). For example, CMT type 1 will typically fea-
ture uniform motor conduction slowing; median MCV is less than 38 m/s by the
time of presentation of classical CMT1A in late childhood or adolescence [50].
When the clinical presentation is at an earlier age, hereditary demyelinating neu-
ropathies should be assessed cautiously and with reference to age-adjusted labora-
tory norms. In recent years, a number of cases of inherited diseases such as
metachromatic leukodystrophy associated with non-uniform slowing have accumu-
lated in the literature, suggesting a more nuanced interpretation of these features. A
detailed review on this topic and on hereditary axonal neuropathies of early life is
provided by Yiu and Ryan [51, 52].

Summary

In summary, motor NCS are technically straightforward if undertaken carefully in
children and provide important information that is helpful in the diagnosis and
delineation of axonal and demyelinating neuropathies.
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Myelination of peripheral nerve is a progressive process in children and conduc-

tion velocities do not fully reach adult ranges until 4 or 5 years of age.

Most abnormalities of CMAP amplitude imply motor axonal loss or motor con-

duction block but rarely neuromuscular junction or muscle pathologies should be
considered.
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Chapter 6
Repetitive Nerve Stimulation, Short
and Long Exercise Tests

Susana Quijano-Roy and Cyril Gitiaux

Introduction

Repetitive nerve stimulation and exercise testing are useful in the evaluation of
patients with suspected disorders of the neuromuscular junction (NMJ) and muscle
membrane excitability. They can be very helpful in the diagnosis of specific disor-
ders such as myasthenia gravis, Lambert-Eaton myasthenic syndrome, and botu-
lism, as well as congenital myasthenic syndromes and rare disorders of skeletal
muscle membrane excitability, including paramyotonia congenita, myotonia con-
genita, and the periodic paralyses [1-6].

Disorders of the Neuromuscular Junction

Genetic or acquired disorders may impair neuromuscular junction (NMJ) transmis-
sion, leading to hypotonia, weakness and/or fatigability [1]. NMJ disorders, particu-
larly those due to genetic causes, are probably underdiagnosed due to their clinical
overlap with other more common neuromuscular disorders. Nevertheless, they con-
stitute important causes of weakness, and accurate diagnosis is of extraordinary
value because of the risk of life-threatening complications (primarily respiratory)
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and the possibility of selecting specific drugs for specific diseases or even subtypes
of diseases [7—10]. Whenever a peripheral nervous system disorder is suspected and
other more common diseases of the motor unit (muscle, nerve, anterior horn) have
been ruled out, consideration should be given to the exploration of potential
disorders of the NMJ [11, 12].

Certain abnormalities, when found in standard nerve conduction studies
(e.g., double motor responses, low motor amplitudes), may be of great value in nar-
rowing the differential diagnosis to specific syndromes. For example, double motor
responses are indicative of slow channel congenital myasthenic syndromes. Low
compound motor action potential (CMAP) amplitudes showing facilitation after a
short burst of exercise is indicative of pre-synaptic disorders such as Lambert-Eaton
myasthenic syndrome (LEMS) [13-16]. Repetitive CMAPs are an electrophysiolog-
ical featu