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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 
of training with Royden and benefited enormously from his mentorship as well as 
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 
the outstanding teachers and mentors during his fellowship training: Basil T. Darras, 
M.D.; H. Royden Jones, Jr., M.D.; Peter B. Kang, M.D.; James A. Russell, D.O.; 
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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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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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 

J.T. Sladky, M.D.
Professor of Pediatrics and Neurology, University of Florida College of Medicine, 
Shands Children’s Hospital, Gainesville, FL, USA
e-mail: jsladky@ufl.edu

mailto:jsladky@ufl.edu
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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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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.

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

1  Historical Perspective of Electrodiagnosis
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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 

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

J.T. Sladky
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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 Hôpital Universitaire Pitié-
Salpêtrière 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 maître 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 

1  Historical Perspective of Electrodiagnosis
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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 CMT2. 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 μm) 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 
type

Diameter 
(μm)

Conduction
Velocity (m/s) Myelination Function

Afferent fibers

IA 12–20 70–120 Large myelinated From muscle spindles
IB 12–20 70–120 Large myelinated From Golgi tendon organs
II 6–12 30–70 Small myelinated From Meissner’s and Pacinian 

corpuscles & endings in skin & 
connective tissue

III 2–6 4–30 Small myelinated From skin; pressure afferents
IV <2 <2 Small 

unmyelinated
From skin; pain (pin-prick), 
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 

unmyelinated
To post-ganglionic autonomic 
efferents
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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.

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
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�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+, Cl− and 
Ca2+ 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 

a b c

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); (c) 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
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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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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

2  Anatomy and Physiology of Peripheral Nerves



16

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 P0) [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].

2  Anatomy and Physiology of Peripheral Nerves
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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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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.

Sarcomere

Z Z

I-band A-band

M H-zone
2 microns

HV=75.0kV

Direct Mag : 5000x

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
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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 

Fig. 2.5  Microscopic view 
of normal skeletal muscle 
seen in cross section, H&E 
(60× magnification) and 
ATPase 9.4 staining (20× 
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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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 mm2 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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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 SNAPs 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, 
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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 in 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.

Illustrations 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 III

a b

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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�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 

Fig. 4.3  Ulnar digit V 
orthodromic study 
recording over the ulnar 
nerve at the wrist and 
stimulating digit V with 
ring electrodes
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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 μV per screen division (10 μV/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 

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
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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; μV), and velocity (measured in meters per second; m/s). Other 

Lateral antebrachial
cutaneous
nerve

E1 is placed width
of digit V proximal
to midpoint

Medical
antebrachial
cutaneous

E1 proximal
to midpoint

Midpoint of
line between
stimulation and 
medial wrist

Midpoint of line
between stimulation
and lateral wrist

a

c

b

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

4  Sensory Studies



42

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.

Cathode in
posterior calf

Heel
5th MTP joint

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
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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.

Cathode 2/3
along line
between inferior
patella and
malleoli

Fig. 4.7  Superficial 
peroneal sensory study 
stimulating over the lateral 
leg and recording at the 
ankle

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
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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

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

Cathode at wrist: between tendons of 
palmaris longus (PL) and flexor carpi 
radialis (FCR).
Anode is located more proximally

G1 ring or surface electrode 
placed on digit IIa

G2 is 3 cm distal to G1

Orthodromic Ring or bar electrode(s) on digit IIa

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

G1 surface electrode placed at 
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

Cathode at wrist: just lateral to flexi carpi 
ulnaris (FCU) tendon. Anode is located 
more proximally

G1 ring or surface electrode 
placed on digit Vb

G2 is 3 cm distal to G1

Orthodromic Ring or bar electrode(s) on digit Vb

Cathode located at skin crease of digit V 
MCP joint. Anode is distal (between 
PIP-DIP joints)

G1 over the medial wrist (just 
lateral to FCU tendon)
G2 is 3 cm proximal to G1

Palmar
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 IV and V.

G1 over the medial wrist at the 
proximal wrist crease (just 
lateral to FCU tendon)
G2 is 3 cm proximal to G1
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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 

Table 4.1  (continued)

Radial nerve
Antidromic Stimulator place on dorsolateral radius.

Cathode is 8-10 cm proximal to G1 in 
adult limb

G1 over superficial radial 
nerve as it crosses extensor 
pollicis longus tendon (base of 
‘anatomical snuffbox’).
G2 placed over dorsum of first 
MCP

Orthodromic Stimulator placed at skin crease of Digit I 
MCP joint.
Anode is distal (at DIP joint skin crease)

G1 over radial bone at same 
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
aDigit III or IV can also be studied (digit IV can be used for a median-to-sensory comparison study 
to investigate possible carpal tunnel syndrome)
bDigit IV can also be studied (digit IV can be used for median-to-sensory comparison study to 
investigate possible carpal tunnel syndrome)
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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.

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 

line drawn from the inferior patella to G1 (upper 
malleolus); this placement corresponds to 
11–14 cm from G1 in adult limbs. Distance for 
optimal stimulation varies.

G1 upper level of lateral 
malleolus between the 
malleolus and tendon of 
the tibialis anterior.
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 II

G1 placed posterior to 
medial malleolus;
G2 is 3 cm proximal to 
G1

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 
G1
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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 (μV). 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 
(NMJ), 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].

J.C. McHugh



51

�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 Nav1.1 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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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.

a b

Fig. 5.1  Median motor study stimulating at the wrist (a) and at the antecubital fossa (b), recording 
abductor pollicis brevis (APB) muscle
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a b c

Fig. 5.2  Ulnar motor study stimulating at the wrist (a), below the elbow (b), and above the elbow 
(c), 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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�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 

Fig. 5.4  Phrenic motor 
study stimulating at the 
neck, recording the 
diaphragm
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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].

a b

Fig. 5.5  Tibial motor study stimulating at the ankle (a) and popliteal fossa (b), recording abductor 
hallucis brevis (AHB) muscle

a b c

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
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a b

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.

G1 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 5.2 Electrode Placement for Lower Limb Motor 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 brevis)
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. If 
placed too medially and/or if high stimulation is 
used this can cause co-stimulation of the nearby 
tibial nerve.

G1 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.

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)

Table 5.1  (continued)

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.

G1 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.

G1 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)a.

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 decreases with inspiration and higher lung volumes.
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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 feature of cholinergic toxicity that can be a seen with the use of acetylcholines-
terase inhibitors in myasthenia gravis [17]. The neurophysiologist should take into 
account that although less frequent, myasthenic patients may mimic other motor 
unit disorders, in particular myopathies, and therefore NMJ tests should be consid-
ered during evaluations for possible myopathy, especially if studies such as muscle 
biopsy and muscle imaging reveal non-specific or non-contributory findings. Genetic 
advances in recent decades have revealed several neuromuscular disorders, origi-
nally believed to affect a single component of the motor unit such as the nerve or 
muscle, to also show abnormalities of the neuromuscular junction [18–21].

Electrodiagnostic studies may be particularly useful for exploring the neuromus-
cular junction, but it is important to remember that these tests sometimes have lim-
ited sensitivity and may present unique technical challenges in children. Stimulated 
single fibre EMG (SSFEMG) studies have shown a high sensitivity for detecting 
NMJ defects, and are relatively easy to perform across the entire range of the pedi-
atric population in specialized laboratories that experience a high volume of such 
studies [22, 23]. Recent data suggest a role for SSFEMG studies in developing a 
prognosis for myasthenia gravis [24]. However, SSFEMG techniques are not spe-
cific for NMJ disorders and may be abnormal in other diseases, particularly those 
affecting the anterior horn cell [25].

More specific studies for NMJ disorders are based on the repetitive stimulation 
of motor nerves at supramaximal intensities, at variable frequencies, and when the 
occasion calls for it, after exercise as well. Low frequency repetitive stimulation 
(less than 10 Hz, but typically 2 or 3 Hz) may lead to a significant decrement of 
CMAP amplitudes, traditionally defined as a drop of at least 10% by the fourth or 
fifth stimulation in most types of myasthenic syndromes [4, 6, 26], while incremen-
tal responses may develop when high frequency (greater than 10 Hz, but typically 
20–50 Hz) repetitive nerve stimulation is performed in presynaptic syndromes with 
low CMAPs [16]. Slow repetitive nerve stimulation after prolonged sub-tetanic 
repetitive nerve stimulation (rapid stimulation for several minutes) may elicit a “hid-
den” decremental response in certain forms of congenital myasthenic syndromes 
such as choline acetyltransferase deficiency in infants with episodic apnea [12, 27].

As results are highly influenced by factors such as patient positioning, pre- or 
post-exercise status, and temperature, accurate repetitive stimulation studies require 
excellent technical expertise. These factors, together with the relative discomfort 
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associated with repetitive stimulation in an anxious child, make it often challenging 
to perform in young children. The neurophysiologist must pay particular attention 
to the way the examination is planned, maintain an empathic approach when work-
ing with children, and prioritize the specific tests and sites of study based upon 
information obtained from the clinical history and neurological examination [28]. 
The size of the electrodes has to be taken also into account in newborns or young 
infants as well as ensuring that limb temperature is monitored and controlled to 
avoid introducing artifacts. In some cases, sedation or anesthesia may be necessary 
to obtain interpretable data.

In summary, neurophysiology studies are useful to confirm or reject the clinical 
diagnosis, to exclude other concomitant neuromuscular diseases, to establish 
whether the process is pre- or post-synaptic, to monitor the clinical course of the 
disease (for both untreated cases and those that have been treated with specific med-
ical or surgical interventions), to enable the physician to determine the status of 
neuromuscular transmission in cases of clinical remission, and to detect subclinical 
dysfunction of the neuromuscular junction.

�Physiology of Neuromuscular Transmission

The main aspects of the complex ultra-structure, physiology and biochemical mech-
anisms of transmission within the neuromuscular junction have been elucidated (see 
Chap. 2). There are different elements and steps which play critical roles and their 
dysfunction may lead to neuromuscular disturbances that can be functionally stud-
ied by repetitive stimulation at different frequencies and by the responses after dif-
ferent exercise tests. These processes may be influenced by drugs and therefore the 
results of the EMG may have not only diagnostic implications but also guide the 
choice of medications.

Globally, the action potential arrives at the terminal bouton from the axon (pre-
synaptic region) and triggers, via voltage gated calcium channels, the release of 
acetylcholine (ACh) into the synaptic space. ACh then diffuses across the synaptic 
cleft and binds to ACh receptors (AChRs) on the postsynaptic muscle membrane. 
The postsynaptic membrane is composed of numerous junctional folds, dramati-
cally increasing the effective surface area of the membrane, with AChRs clustered 
on the crests of the folds. Subsequently, binding of ACh to these receptors leads to 
the generation of a new action potential within the end plate that propagates 
through the muscle fiber to trigger excitation-contraction coupling via changes in 
intracellular calcium concentrations and changes in the configuration of the con-
tractile filaments. Therefore, the NMJ essentially forms an electrical–chemical–
electrical link between nerve and muscle, where the chemical neurotransmitter at 
the NMJ is ACh.

In the synaptic cleft, ACh is broken down by the enzyme acetylcholinesterase, 
and the choline subsequently is taken up into the presynaptic terminal to be repack-
aged into ACh. Acetylcholine is stored in units known as ‘quanta’, within vesicles 
in the terminal bouton. There are 10,000 molecules of ACh per quanta. The vesicles 
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localize at different distances from the synaptic space (Fig. 6.1). Those vesicles that 
are immediately accessible beneath the presynaptic nerve terminal membrane con-
stitute the readily releasable primary store, containing approximately 1000 quanta. 
Those that are mobilizable number approximately 10,000 quanta and can replenish 
the primary store within a few seconds. Finally, there is a reserve store of more than 
100,000 quanta, which are found far from the NMJ in the axon and cell body [6, 29].

Released ACh binds to receptors (AChRs) on the post-synaptic membrane (two 
molecules can bind to each receptor). AChRs are sodium channels, and ACh binding 
produces a local depolarization or change in conductance of the postsynaptic mem-
brane. This local depolarization of the muscle membrane is referred to as an excit-
atory postsynaptic potential or an endplate potential (EPP). The depolarization of 
one AChR does not generate a sufficient EPP to generate a postsyaptic action poten-
tial. This is important since, even in the absence of synaptic transmission there is a 
baseline spontaneous release of a small number of vesicles (1–5/s) which leads to 
tiny postsynaptic depolarizations called miniature endplate potentials that are of no 
physiologic significance.

The change in membrane potential associated with each EPP will decrease with 
time and distance. Just like the ripples caused by a stone dropped into water the size 

Reserve
pool

Recycling
pool

RRP

Fig. 6.1  Populations of ACh vesicles in the terminal nerve space (RRP: rapid release pool, recy-
cling pool, reserve pool)
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of each ripple decreases as it spreads outwards until it eventually disappears. 
However adjacent EPPs are additive or summative when they occur simultaneously. 
The larger the number of ACh-bound receptors the greater the total EPP. Eventually 
a critical level of depolarization is reached, known as the threshold potential. When 
the threshold is surpassed at the endplate, an action potential is triggered in the 
muscle fiber.

To ensure that NM transmission occurs reliably, the endplate depolarization that 
is typically induced is usually much higher than this threshold. The excess of ampli-
tude is called the safety factor. This amplitude depends on the quantity of synthesis 
and exocytosis of ACh and on the state of the ACh receptors. In newborns and pre-
mature infants, the safety factor of the endplate is reduced due to immaturity of the 
NMJ. They generate fewer endplate potentials, less quanta inside the vesicles, and 
prolonged durations of the individual endplate potentials and of the total endplate 
potential [29].

�Repetitive Nerve Stimulation (RNS) Tests

Repetitive stimulation (RNS) of a nerve mimics certain types of exercise and modi-
fies the safety factor of the NMJ. This phenomenon can be used to explore different 
types of abnormalities affecting the NMJ. In the setting of disorders of the neuro-
muscular junction, repetitive stimulation of a motor nerve may trigger a decrement 
or facilitation in the amplitudes of successive compound motor action potentials, 
the exact response depending in large part on the frequency of the stimulations [26, 
30]. RNS may be performed at low frequencies (2–3 Hz) for a train of 6–10 supra-
maximal responses or at high frequencies (20–50 Hz) for a few seconds or minutes; 
10 Hz is generally regarded as the boundary between low and high frequency, but to 
avoid ambiguity regarding the expected response, repetitive stimulation is rarely 
performed at 10 Hz. The results of RNS may be influenced by short (10 s) or long 
(1 or more minutes) exercise. It is difficult to elicit satisfactory voluntary sustained 
muscle contraction in infants and younger children. In children with suspected MG, 
RNS at rest is usually sufficient and any tolerance a child may have for additional 
testing should be used to examine other muscle-nerve combinations rather than 
post-exercise testing of a limited selection [31]. A short train of high frequency (20-
50 Hz) repetitive stimulation for 1–2  s is generally regarded as mimicking brief 
maximal exercise and is typically followed by a standard train of low-frequency 
repetitive stimulation at 2–3 Hz; however, even a short duration of high frequency 
stimulation is quite uncomfortable, and in children conscious sedation or general 
anesthesia is generally regarded as being required for any high-frequency repetitive 
stimulation.

The choice of the sites examined is a key factor, and it is important to explore a 
broad range of anatomical sites, bilaterally when possible [32]. Examining those mus-
cles that are clinically weak at the time of testing should be prioritized as that strategy 
will increase the yield of testing. The most accessible nerve-muscle pairs to study are 
in the limbs, including ulnar nerve recording abductor digiti minimi (ADM), the most 
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commonly studied extremity site; median nerve to abductor pollicis brevis (APB); and 
peroneal nerve to extensor digitorum brevis (EDB) or tibialis anterior (TA). However, 
these sites may be less sensitive to abnormalities due to the topography of the symp-
toms or to the lower temperature of the limbs compared to more proximal muscles. To 
increase the yield, the neurophysiologist should ensure that the limbs have been ade-
quately warmed prior to testing. Movement artifacts are also more likely to happen in 
the limbs and therefore a gentle stabilization of the extremity with reassurance and 
distraction are usually necessary to reduce the chances of the child introducing artifact 
by pulling away or flinching. Standardized stabilization bands for the stimulation 
electrode may be used to prevent slippage of the stimulator. Certain muscles some-
times studied in adults are too small to be examined in young children (e.g., anconeus) 
[28, 32]. Ulnar nerve studies recording ADM are less technically challenging and less 
prone to the introduction of artifact, particularly in a cooperative patient.

Examination of more proximal nerve-muscle pairs such as spinal accessory 
nerve recording trapezius and facial nerve recording nasalis, frontalis, or orbicularis 
oculi often will have a higher yield and should be included in the set of repetitive 
nerve stimulation studies whenever possible. Spinal accessory nerve stimulation to 
the trapezius is best performed by placing the recording (G1) electrode on the 
thicker bulk of the muscle (half way between the neck and the acromion process). 
This is a simple and useful test because the nerve is very accessible in the upper 
border of the sternocleidomastoid muscle in the neck and supramaximal stimulation 
can typically be reached at low stimulation intensities. A comfortable position may 
be obtained if the child is lying supine, with a slight elevation of the head on a pil-
low and the neck turned towards the contralateral side facing a parent, who may 
help distract and calm the child while stabilizing the head. Gentle stabilization of 
the shoulders and trunk may also be necessary. For facial nerve recordings, stimula-
tion is performed in the pre-auricular area and the recording electrode may be placed 
on the nasal muscles (lateral to the nose), on the lateral orbicularis oculi muscle, or 
sometimes frontalis. Facial nerve studies may be difficult to interpret in children as 
compound motor amplitude potentials (CMAPs) tend to be quite small (sometimes 
well below 1 mV), which can present technical challenges when attempting to track 
CMAP amplitudes serially. Younger children may not tolerate repetitive stimulation 
at these sites as well as the extremity sites. However, since proximal muscles are 
often involved early and more severely in some disorders of neuromuscular trans-
mission (e.g., juvenile myasthenia gravis), proximal sites are often important to 
check, especially if bulbar or facial symptoms are present [26].

Other recording sites may be of particular interest in certain settings, including 
the phrenic nerve in the ICU or in mechanically ventilated patients [33], and the 
hypoglossal nerve [34]. In addition to temperature and movement artifacts, other 
technical factors should be considered. Treatments that enhance the function of the 
neuromuscular junction, in particular acetylcholinesterase inhibitors, should be held 
for at least 6 h prior to RNS testing to maximize the potential diagnostic yield. It is 
important to remember that normal RNS does not always exclude a NMJ disorder, 
especially for specific subcategories such as ocular juvenile myasthenia gravis. 
Single fiber EMG is more sensitive for some disorders of neuromuscular transmis-
sion and will be discussed in Chap. 10.
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�Low Frequency (Slow) Repetitive Nerve Stimulation

Low frequency (also known as slow) RNS is performed at 2 or 3 Hz. The amplitudes 
of the negative phase of the first and fourth compound motor action potentials 
(CMAP) are measured from baseline to negative peak, and the percent change of the 
fourth response compared with the first is defined as the decrement or increment. A 
CMAP decrement of greater than 10% is accepted as abnormal, assuming that a 
smooth progression of the response amplitude train and reproducibility are present. 
Children may tolerate the studies better when the number of stimuli per train are 
limited. One popular protocol consists of trains of 6 stimuli at 2 Hz.

A normal recording without artifact will show little variation in CMAP ampli-
tudes throughout the train. Low frequency RNS at 2–3 Hz will progressively deplete 
the primary store of ACh quanta, and fewer quanta will be released with each con-
secutive stimulation. The corresponding total EPP will fall in amplitude, but in a 
healthy individual the large safety factor ensures that even the reduced EPPs are 
larger than threshold, thus the resulting muscle fiber action potential is preserved 
throughout the recording. Within seconds, the secondary stores will be mobilized to 
replenish the primary ones, thus ensuring that the threshold potential is always sur-
passed. In pathologic conditions of the neuromuscular junction, the safety factor is 
reduced, so that normally tolerated drops in the EPP will fall below the required 
threshold potential, thus leading to failure of synaptic transmission and the absence 
of the expected muscle fiber action potential in some muscle fibers. This develop-
ment gives rise to the decrement that is observed when looking at the overall CMAP 
amplitude generated by that muscle (Fig. 6.2). These concepts form the basis of the 
decrements with slow RNS that are seen in NMJ disorders.

Fig. 6.2  RNS at 2 Hz in a 6 year–old girl with a congenital myasthenic syndrome (de novo muta-
tion in CHRND). The child was mechanically ventilated via tracheostomy and fed by gastrostomy 
and suffered severe muscle weakness from the first months of life. RNS shows an abnormal decre-
ment (30%) observed between the first and fourth stimulations in the phrenic nerve. The study was 
performed under sedation and the mechanical ventilation was stopped for a few seconds during the 
test to prevent ventilation artifact
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�High Frequency (Rapid) Repetitive Nerve Stimulation Tests

High frequency (also known as rapid) RNS (10–50 Hz) is particularly valuable for 
detecting disorders affecting the pre synaptic processes of neuromuscular transmis-
sion. After release of quanta from the presynaptic terminal, mobilization of additional 
quanta from the secondary store is the primary physiologic means of replenishing 
presynaptic acetylcholine stores. In the setting of high frequency repetitive stimula-
tion, which is non-physiologic (i.e., does not occur in the setting of natural neuromus-
cular transmission), the mobilization of additional quanta is complemented by the 
accumulation of intracellular calcium. At frequencies over 10 Hz, the calcium pump 
is not able to pump calcium ions back into the extracellular synapse before the next 
stimulation, and thus abnormally high intracellular calcium concentrations occur, 
leading to increased release of quanta and a correspondingly higher EPP. In normal 
individuals, higher EPPs are non-consequential, as the same all-or-none muscle fiber 
action potentials are generated. In pathologic conditions where the baseline EPP is 
below threshold for some muscle fibers and a muscle fiber action potential is not gen-
erated for affected muscle fibers, the baseline CMAP amplitude is reduced. In those 
circumstances, the higher presynaptic intracellular calcium concentrations associated 
with rapid RNS (20–50 Hz) increases the number of muscle fibers that reach thresh-
old, resulting in a higher CMAP amplitude and the phenomenon of facilitation associ-
ated with presynaptic disorders of neuromuscular transmission (Fig. 6.3).

Fig. 6.3  Slow RNS (3 Hz) (a) and Rapid RNS (30 Hz) (b) in a 3-year-old boy with severe con-
genital hypotonia, intellectual disability, epilepsy, and low-amplitude CMAPs on standard nerve 
conduction studies (setting 2 mV/5 ms). No significant decrement is observed at 3 Hz (a), but 
30 Hz stimulation is associated with a striking increment (+154% from first to tenth CMAP) indi-
cating a dysfunction of the NMJ, probably pre-synaptic. This patient’s clinical diagnosis was 
Lambert-Eaton like syndrome, with an unknown etiology
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Presynaptic disorders that display facilitation on high frequency RNS include 
botulism and presynaptic variants of congenital myasthenic syndrome [4, 6]. These 
disorders are discussed in greater detail in Chap. 21.

�Disorders of Membrane Excitability (Muscle Channelopathies) 
and Exercise Tests

Familial periodic paralyses and non-dystrophic myotonias are disorders of skeletal 
muscle excitability caused by mutations in genes coding for voltage-gated ion 
channels (so called “channelopathies”). These channels involve various cations 
(sodium, potassium, calcium) or anion (chloride) channels which play an impor-
tant role in depolarizing the muscle membrane. Muscle channelopathies are char-
acterized by episodic failure of motor activity due to muscle weakness (paralysis) 
or stiffness (myotonia). Clinical studies have identified three distinct forms of 
myotonias: recessive and dominant forms of myotonia congenita (MC), paramyo-
tonia congenita (PC), and potassium-aggravated myotonia (PAM); and two forms 
of periodic paralyses: hyperkalemic (hyperPP) and hypokalemic (hypoPP) peri-
odic paralyses, based on changes in blood potassium levels during the attacks. 
Both the recessive and dominant forms of myotonia congenita arise from muta-
tions in CLCN1, which encodes a chloride channel that is found in skeletal muscle. 
Paramyotonia congenita (PC) and potassium-aggravated myotonia (PAM) are 
associated with mutations in SCN4A. Two genes have been implicated in periodic 
paralysis, SCN4A and CACNA1S. There are several factors that can make diagnosis 
difficult. Some affected patients will display no symptoms aside from myotonia. 
Clinical signs could also be transient, and influenced by various environmental 
variables such as temperature, exercise, and potassium ingestion. Furthermore, 
multiple clinical phenotypes (PC + hyperPP for example) may be observed in the 
same patient [4, 35, 36].

Neurophysiological studies play an important role in cases of suspected mus-
cle channelopathies as they may substantiate aberrant membrane excitability, 
which will help guide genetic testing and the selection of a therapeutic regimen. 
Standardized protocols comprising short and long exercise tests have been devel-
oped to differentiate among these disorders during neurophysiologic testing [2]. 
However, these tests may be difficult to perform and to analyze in children for 
two major reasons: (i) articulation displacements and changes in muscle during 
the exercise tests due to movements; and (ii) some of the protocols may be asso-
ciated with discomfort and anxiety in the child. Furthermore, younger children 
often do not cooperate with the exercise tests. The number of muscles examined 
may be limited, and long exercise tests should be restricted to cases when peri-
odic paralysis is suspected. However, a careful and thorough examination is fea-
sible in most infants when the study is performed by a neurophysiologist 
experienced with children.
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�Neurophysiological Tests for Muscle Excitability Disorders

	(1)	 “Myotonic discharges” are sought using concentric needle EMG, ideally 
recording from several representative muscles. Myotonic discharges, the 
electrophysiologic correlate of clinical myotonia, regardless of the type of 
channel affected, are due to involuntary repetitive firing of muscle fiber 
action potentials. Needle insertion by itself will elicit myotonic bursts when 
a patient is susceptible to muscle excitability. These are bursts of fibrillation 
potentials and positive sharp waves with amplitudes typically ranging from 
10 μV to 1 mV and frequencies of 50–150 Hz. Both parameters are expected 
to vary significantly in a single burst, classically resembling the sound of a 
“dive-bomber” on acoustic recordings. In pseudomyotonia or complex repet-
itive discharges, the frequency and amplitude will not change and thus care-
ful assessment of these bursts is needed to distinguish between the different 
patterns.

	(2)	 Short exercise test: The CMAP is recorded from the abductor digiti minimi 
(ADM) muscle after stimulation of the ulnar nerve at the wrist. Skin tempera-
ture must be measured and maintained between 32 and 34  °C at the wrist, 
thereby preventing artificially low CMAP amplitudes due to excessive warmth, 
or artificially high CMAP amplitudes due to excessive cooling.

The short exercise test consists of maximal contraction of the ADM for 
15 seconds (sec). CMAPs are recorded 2 sec immediately after the end of the 
exercise and then every 10 sec for 60 sec. The whole process is repeated three 
times with 60 sec between the beginnings of two trials.

	(3)	 Long exercise test: On practical grounds, is it important not to perform this 
test on the same hand as the short exercise test in case there are some residual 
effects. Long exercise lasts 5 minutes (min) with brief (3–4 sec) rest periods 
every 30–45 sec to prevent ischemia. CMAPs are recorded 2 sec immediately 
after cessation of exercise and then every minute for 5 min, and finally every 
5 min for a total of 40 min. If the response changes, the position of the elec-
trodes should be checked, and maintenance of supramaximal stimulation 
should be verified. Due to its duration, this long exercice test is more techni-
cally challenging in younger children than the short exercise test.

	(4)	 Fournier et al. [2] has proposed a standardized testing protocol for patients 
who are suspected to have a disorder of skeletal membrane excitability. We 
find this protocol useful and would recommend it be considered particularly 
for older children. Overall, in the setting of unexplained transient muscle 
stiffness or weakness in childhood, exercise tests are a very useful tool to 
accurately determine different patterns of abnormalities that may guide fur-
ther genetic testing and treatment (Figs. 6.4 and 6.5).
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Clinical examination
and needle EMG 

Repetitive nerve stimulations Repeated short exercise on one hand

+/-Repeated short exercise at cold on controlateral hand  

SCN4ASCN4A
Genetics (gene most likely
involved) CLCN1 

Myotonia

Pattern I Pattern II Pattern III

Fig. 6.4  Genetic guidelines based on ElectroNeuroMyography(ENMG) screening in myotonia/
paramyotonia congenita (adapted from [2, 37])
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Fig. 6.5  Neurophysiological findings in a patient harboring CLCN1 mutations: (a) Short exercise 
test showing a transient decrease of compound muscle action potential (CMAP) amplitude (pattern 
II). Pre-exercise trace (top trace) and post exercise recordings (bottom trace) after the trial (Ex.) 
5 ms/5 mV/D; (b) Myotonic discharge (deltoid muscle 100μV/100 ms/D); (c) Myotonic discharge 
(first interosseous muscle 100μV/100 ms/D)
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Chapter 7
Late Responses

Karin Edebol Eeg-Olofsson

�F Waves (F Responses)

�Background

More than 65 years ago Magladery and McDougal first described F waves [1]. When 
a motor nerve is given supramaximal stimulation, an action potential travels ortho-
dromically directly to the muscle and evokes the M-response. Simultaneously, an 
antidromic action potential travels proximally to anterior horn cells in the spinal cord 
resulting in a delayed orthodromic response that travels back down, past the stimula-
tion point, to the muscle where it generates an F wave. Since a different population 
of anterior horn cells is activated with each stimulus, the number of reactivated 
axons will vary from one stimulation to the next. As a result, when a series of 
F-waves is obtained for a specific nerve, each individual F-wave will vary slightly in 
shape, amplitude and latency (Fig. 7.1). For a given motor nerve, recurrent potentials 
are generated by only 0–5% of motor units with each stimulation [1, 2]. Accordingly, 
the amplitude of the F-wave usually is less than 5% of the maximal CMAP ampli-
tude, i.e., only a few motor units contribute to each response. The frequency of 
occurrence of F-waves is 70–100% depending on applied stimuli and nerve.

Minimum F-wave latency is the most commonly measured F-wave parameter, 
and reflects propagation of the fastest conducting motor axons (Fig. 7.2). Maximum 
F wave latency and mean F wave latency have also been studied, but are not widely 
used in isolation. The F-wave amplitude reflects the excitability of motor neurons, 
and correlates with the size compound motor action potential (CMAP) amplitude 
that is generated.  Chronodispersion is a measurement of the dispersion of F-waves 
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and is calculated by F maximum latency minus F minimum latency [1–6]. Persistence 
is a measurement of number of traces with F-waves out of 20 stimuli [7, 8]. 
Persistence together with amplitude reflect the excitability of the motor neurons. 

Fig. 7.1  F waves from left ulnar nerve in a healthy teenager. M-waves (left) exhibit higher ampli-
tude and similar morphology with each stimulation; they occur first due to the proximity of the 
recording site and the stimulator.  F-waves (left) in contrast, show variation in shape, amplitude and 
latency.  The minimum F-wave latency is 20.2 msec for this patient.  The ulnar nerve motor study 
(right) shows compound motor action potential (CMAP) morphology which appear similar at each 
stimulation site and resemble M-waves

Fig. 7.2  Normal F wave study in the left tibial nerve in a boy 2.5 years of age. Minimum F wave 
latency is 23.5 ms
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In adults, the F wave latency depends upon a patient’s height (i.e., limb length), 
as well as factors that can influence conduction velocity and distal motor latency.  
As such, an F-estimate can be calculated using the formula: 

F estimate = (2D/CV) × 10 + 1 ms + DL

In this calculation: D = distance from the stimulation site to the spinal cord 
(where F-wave must travel to and from); CV = conduction velocity (m/sec); DL = 
distal motor latency (msec).  Multiplying the product of the distance and conduction 
velocity by 10 thereby converts the time units into milliseconds.

Except perhaps for tall adolescent patients, F estimates are not routinely used in 
pediatric studies and will not be discussed further. 

Chronodispersion and F wave persistence are not dependent on age or height.

�F Waves in Disease

Nerve conduction studies including F wave studies are used in daily clinical practice. 
F wave latency is the most sensitive nerve conduction parameter in patients with 
diabetic neuropathy [9, 10] and F wave abnormalities are often seen early on in neu-
ropathies of other origins as well. In demyelinating polyneuropathy, the F waves are 
delayed, (i.e., the latencies are increased), and in proximal conduction block they are 
few in number and delayed. In severe axonal loss with reduced compound muscle 
action potential (CMAP) amplitudes, the number of F waves is reduced but the F 
wave amplitudes may be normal. The F waves are also affected by a myopathy with 
reduced CMAP, where the number of F waves is normal but the F wave amplitudes 
are reduced. In spastic conditions such as cerebral palsy, F wave amplitudes may be 
increased, along with the number of F waves showing prolonged duration [11]. The 
increased F wave amplitude in spasticity was described as early as 1979 [12], and 
has been observed in patients with konzo which is a progressive spastic disorder that 
results from consuming bitter (high cyanide) cassava flour (Fig. 7.3) [13].

�F Waves and Age

In the peripheral nervous system, nerve conduction velocities are slow at birth due to 
immature myelination patterns. The velocities increase as myelination progresses 
(Fig. 7.4). The conduction velocity varies with the length of the nerve, thickness of the 
myelin sheath, diameter of the nerve and distance between nodes of Ranvier. Reference 
studies with nerve conduction velocities from pediatric populations have been per-
formed, and some early studies were published from 1960 to 1993 [14–22]. A com-
prehensive overview of results of different studies was published in 2002 [23].

In the 1980s, two studies of F waves in children were published [24, 25]. 
Reference values in healthy children 6 weeks to 14 years of age (n = 49) were col-
lected by the author for use in daily neurophysiological work (Fig. 7.4) [26]. The 
minimum F-wave latency in children up to 1 year of age correlates more with age 
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than height; between 1 and 2 years of age the reverse becomes true, with height 
becoming more important than age. Table 7.1 shows minimum F wave latencies in 
young children. The number of F-waves varies between young individuals 
(Table 7.2), however, the median values for each age group do not differ signifi-
cantly from those in older children.

F-wave parameters were studied with linear regression analysis in order to obtain 
reference values in healthy children and adolescents aged 3–20 years [27]. In 175 
subjects (91 boys, 84 girls) 410 nerves were studied (117 median, 102 ulnar, 114 
peroneal, 77 tibial). All subjects were studied unilaterally. Linear regression with 
height as an independent variable generated the best model for the study of mini-
mum F wave latency. The F wave latency increased with height, with 0.12 ms/cm in 
arm nerves and 0.28 ms/cm in the motor nerves of lower extremity. Height explained 
86–93% of the variability of the minimum F wave latency, and age explained 
71–87% of the variability. Age and height are closely interrelated in children. There 
was no correlation between the number of F waves versus height or age. Dispersion 
of F wave latencies did not correlate with age, height or gender.

Maturation of the nervous system depends heavily on myelination, although sev-
eral other developmental processes make major contributions as well. The continu-
ous progress and developmental milestones are reflected in the findings of various 
neurophysiological studies. Knowledge of normality is a prerequisite for identifying 
abnormalities, rendering diagnostic studies possible, paving the way for adequate 
care and treatment.

Fig. 7.3  High amplitude F waves in right median nerve in a young woman with konzo compli-
cated by spastic tetraparesis
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Fig. 7.4  Development of F wave latencies. Minimum F-wave latency (ms) in median (upper left), 
ulnar (upper right), peroneal (lower left) and tibial (lower right) nerves of healthy children 6 weeks 
to 14 years of age. White dots are males, black dots females. Regression prediction line, individual; 
confidence interval 95%. Courtesy Karin Edebol Eeg-Olofsson, reference study for the 
Neurophysiological Laboratory, Uppsala, Sweden

Table 7.1  Minimum F wave latencies in young healthy children

Investigated nerves
Age Median Ulnar Peroneal Tibial

1.5–4.5 months (n = 7) 13.8–14.9 
(14.6)

13.7–15.6 
(14.8)

14.3–22.0 
(17.1)

18.6–22.9 (19.0)

>4.5 months–1 yearr 
(n = 10)

13.0–16.3 
(13.3)

12.3–14.7 
(14.1)

14.4–20.9 
(19.5)

17.3–22.1 (18.9)

>1–2 years (n = 6) 12.8–15.2 
(13.6)

12.6–14.0 
(13.4)

18.8–22.8 
(22.0)

16.0–21.6 (18.1)

>2–3 years (n = 5) 13.0–15.0 
(13.4)

13.5–15.6 
(14.0)

20.3–26.0 
(24.0)

20.5–23.34 
(22.5)

Range and (median) values; ms
Courtesy Karin Edebol Eeg-Olofsson, reference study for the Neurophysiological Laboratory, 
Uppsala, Sweden
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�Method

As a motor nerve is stimulated 15–20% above the level for obtaining maximal mus-
cle response (M wave), F responses (F waves) can be obtained, using a sweep speed 
of 5 ms/D up to 10 ms/D. F waves are action potentials of at least 20 μV. The gain 
should be set at 0.2–0.5 mV/D for F waves and 2 or 5 mV/D for M responses. By 
stimulating at 1 Hz for 20 times, the number of F responses from different nerves 
vary, with the highest number of responses typically obtained from the tibial nerve.

�Axon Reflex, A Waves

�Background

A comprehensive paper on the axon reflex was published 50 years ago involving 25 
adult subjects with lower motor neuron lesions in the hand [28]. Several of these 
subjects were found to have a small potential between the M wave (direct muscle 
response) and the F wave that was named the axon reflex, with a latency intermedi-
ate between those of the M and F waves. The term axon reflex indicates the conduc-
tion of an impulse antidromically up one branch of a motor axon to a branch point, 
where it changes direction and propagates orthodromically down another branch to 
the muscle. In no case was the axon reflex seen with a stimulus too weak to produce 
an M response, and it was only with higher stimulation intensities that the potentials 
would appear. In contrast to F waves, the morphology, amplitude and latency of the 
axon reflexes were constant, though their latencies shortened when the stimulating 
cathode was moved in a proximal direction. When the stimulus intensity is increased 
beyond a certain point, they convert into M responses. Axonal branching may occur 
proximal to the muscles but below the level of a lesion. Motor nerve fibers in young 
healthy subjects were found to demonstrate axon reflexes [29]. In the early 1980s 
“peripheral late waves” were recorded from foot muscles of patients with neuropa-
thy, after stimulation of the posterior tibial nerve at the ankle [30]. In contrast to the 

Table 7.2  Number of F-waves after 20 stimulations in young healthy children

Investigated nerves
Age Median Ulnar Peroneal Tibial

1.5–4.5 months (n = 7) 10–19 (15) 4–13 (11) 2–19 (4) 12–20 (19)
>4.5 months–1 year (n = 10) 3–20 (17) 5–20 (11) 3–16 (6) 5–20 (17)
>1–2 years (n = 6) 4–18 (11) 1–19 (16) 6–12 (10) 10–20 (16)
>2–3 years (n = 5) 15–18 (17) 14–17 (15) 3–10 (9) 15–20 (17)

Range and (median) values
Courtesy Karin Edebol Eeg-Olofsson, reference study for the Neurophysiological Laboratory, 
Uppsala, Sweden
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described axon reflexes, these late responses did not disappear on supramaximal 
stimulation. Later on, axon reflexes and peripheral late waves were grouped together 
as A waves (Fig. 7.5).

�A Waves in Disease

Originally, A-waves were regarded as a pathological finding (except in the tibial 
nerve), however they are now recognized to occur in many young healthy patients 
as well as in certain diseases. The occurrence of A waves was studied in 
2367  nerves from 556 consecutive patients at the Department of Clinical 
Neurophysiology at the University Hospital in Uppsala [31]. On consecutive 
nerve fibre stimulations, A waves could be recorded with a nearly constant latency 
and uniform morphology in 124 of those patients (and 184 nerves, constituting 
7.8% of the total). A waves may be found in polyneuropathy or focal nerve 
lesions. Of patients with polyneuropathy, 65% had at least one nerve with A 
waves. In motor neuron disease, A waves were present in six out of ten patients. 

Fig. 7.5  A-waves in the right peroneal nerve of a patient undergoing investigation for lower back 
pain. A-waves should not be confused with F-waves.  An important distinguishing features is the 
similar morphology and latency of each A-wave which is not seen with F-waves

7  Late Responses



90

In radiculopathies, A waves were seen less frequently. There was no correlation 
between the number of A waves and the etiology or severity of the disease.

In Guillain-Barré syndrome (GBS) it is well-known that A waves may occur. 
Multiple A waves were found in at least one limb on routine nerve conduction stud-
ies within seven days after onset of GBS symptoms in 14 patients [32]. The exis-
tence of A waves soon after onset of symptoms seems to be a sensitive sign of 
GBS. Multiple A waves may also occur in a mononeuropathy (Fig. 7.6).

�H Reflex

�Background

The H reflex is named after the first initial of the last name of the investigator, 
Hoffman, who described an elicited muscle response reflecting spinal excitability in 
1910 [33]. The H reflex is an electrophysiologically recorded gastrocnemius/soleus 

Fig. 7.6  A waves noted when testing late responses in the left median nerve of a boy who suffered 
a left arm fracture with resulting left median nerve injury.  His left median nerve compound motor 
action potential (CMAP) was very low amplitude (0.5 mV) with temporal dispersion evident
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muscle stretch reflex. It is performed by stimulating the tibial nerve at the popliteal 
fossa. From there, the action potential propagates proximally through the reflex arc 
at that spinal segment, synapsing with the anterior horn cell that in turn propagates 
an action potential down through the motor nerve to the soleus and gastrocnemius 
muscles, where the motor action potential is recorded. The H reflex is mostly used 
to evaluate for an S1 radiculopathy or to distinguish more distal lesions from an L5 
radiculopathy.

The H reflex most commonly is recorded from the soleus muscle, and is an illus-
tration of the combined effects of a mixed nerve. At low stimulations, the 1a fibers 
innervating the muscle spindles are activated and a long-latency muscle response is 
elicited (H-reflex) (Fig.  7.7). As stimulation strength increases the H response 
becomes smaller and a response with short latency is elicited due to direct activation 
of the motor nerve (M response). As the stimulation strength is further increased the 
H-reflex disappears.

Diurnal variation in the amplitude of the H reflex has been found in the human 
soleus muscle, with increasing amplitude from morning to evening [34]. The same 
measures did not change for the flexor carpi radialis muscle. A difference in diurnal 
CNS function between the lower and upper body may be due to the bipedal nature 
of humans, with possibly different CNS activity in the lower versus upper limbs. 
Diurnal variation in the rat H reflex has been described, suggesting that the pace-
maker responsible for diurnal variations in H reflex amplitude likely exerts its influ-
ence presynaptically on the 1a synaptic connection and/or postsynaptically on the 
α-motorneuron [35].

Fig. 7.7  Normal H reflex from the right tibial nerve in a young woman investigated for pain in the 
dorsal aspect of the proximal and distal lower limbs
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�Method

In contrast to F waves, the H reflexes are elicited with a low stimulation intensity. 
Configuration and amplitude are stimulus dependent. The latency of the H-reflex is 
constant. The persistence is 100%. In clinical practise the H reflex may be examined 
in the tibial nerve as well as the median nerve, although the latter is less commonly 
performed.

�H Reflex of Tibial Nerve

Position of patient and limb: Patient prone or reclining. Legs extended.
Type of recording electrodes: Surface plate electrodes.
Position of recording electrodes: Over medial soleus muscle halfway between the 

knee and ankle.
Position of the reference electrode: Over the Achilles tendon.
Type of stimulating electrodes: Surface electrodes on a fixed bar.
Stimulation site: Knee, in the popliteal fossa.

�H Reflex of Median Nerve

Position of limb: Patient supine, sitting or reclining. Elbow slightly extended or 
slightly flexed, forearm supinated.

Type of recording electrodes: Surface plate electrodes.
Placement of recording electrode: Over flexor carpi radialis muscle 6–8 cm distal to 

the medial epicondyle of the humerus.
Placement of reference electrode: Over the lateral epicondyle of the humerus.
Type of stimulating electrodes: Surface electrodes on a fixed bar.
Stimulation site: Elbow.
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Chapter 8
Pediatric Intraoperative Neuromonitoring

Kerry A. Vaughan, Alier J. Franco, and Gregory G. Heuer

�Introduction

Intraoperative neuromonitoring (IONM) has transformed the fields of pediatric sur-
gery and anesthesia since its introduction in 1979, and is an important diagnostic 
and preventative tool to potentially decrease neurological complications in children 
after surgical procedures [1]. Its value in minimizing neurological injury during 
surgery has been well established in adults, with a 10–30% difference in injury rates 
in neurosurgical historical cohorts, but this risk reduction has yet to be systemati-
cally studied in children [2–4]. The goal of neuromonitoring during surgery is to 
detect changes in neural signaling as early as possible, allow surgical teams to pre-
vent further injury by monitoring for and potentially reversing the electrophysiolog-
ical changes that are detected. The adaptation of various neuromonitoring techniques 
from the adult population to pediatrics has proved crucial in assessing and optimiz-
ing surgical outcomes across numerous subspecialty fields. Early uses of IONM 
included the use of brainstem auditory evoked potentials (BAERs) and monitoring 
effects on the spinal cord during spine deformity correction [5]. These early applica-
tions demonstrated the powerful utility of IONM and its applicability to children.

These early adopters proved crucial in defining the nuances of pediatric monitor-
ing and developing its modalities [6]. Complex spine operations were an ideal set-
ting in which to develop and solidify the role of neurophysiologic monitoring in 
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children. The goal of intraoperative monitoring is to improve the surgical safety 
profile by minimizing the risk of neurological injury in the operating room. It can 
provide not only important insights into the pathophysiology of intraoperative neu-
rological injury, but also aid in identifying neural structures and detect injury early. 
A multimodal approach allows for safe, continuous neuromonitoring throughout 
procedures. Although IONM is most commonly used in neurosurgical, orthopedic, 
and cardiac procedures, it has broad applications ranging across nearly all pediatric 
surgical domains.

�Neurophysiology of Monitoring

The basis of all neurophysiologic monitoring lies in recording either passive or 
active electrophysiological potentials within the neural pathway(s) at risk for intra-
operative injury. Conduction of signals across neural pathways is dictated by a com-
bination of intrinsic and extrinsic factors. An understanding of these factors and how 
they may affect the data being analyzed is important to assure that the interpretation 
of the data is accurate. Neuroanatomical considerations are paramount, whether the 
tissue at risk is in the immediate surgical field or is subject to other manipulations 
such as traction or compression due to positioning. For example, brain and spine 
operations are both typically amenable to monitoring via somatosensory evoked 
potentials (SSEPs) due to the long pathways involved in SSEP measurements, while 
brainstem procedures specifically may benefit from brainstem auditory evoked 
potentials (BAERs), and spine procedures in which lower motor neuron pathways 
may be injured may benefit from electromyography (EMG) monitoring.

Signal conduction is the primary endpoint evaluated in intraoperative modalities. 
The primary factors that can affect signal conduction are the physical properties of the 
neuron itself. Intrinsic properties of neurons, such as axonal caliber, neuronal health, 
and extent of myelination, dictate conduction velocity. Some of these properties have 
unique challenges in children. In particular, the developmental stage of a child will 
determine the extent of myelination of neurons. Also, genetic or degenerative health 
conditions may negatively impact the health of neurons and their signal conduction.

In addition to intrinsic neuronal properties, neuronal environment can also affect 
the neurophysiologic monitoring data. Physiological factors affecting neurotrans-
mission include any changes that affect the biochemical or mechanical environment 
of neuronal pathways. Systemic parameters including temperature, acid-base status, 
perfusion, and pharmacological or anesthetic agents can alter or even abolish the 
ability to monitor neuronal signaling. Localized changes such as mechanical com-
pression or surgical disruption of pathways can be reflected in the signal data 
acquired. Many of these factors are related to physiologic parameters controlled or 
affected by anesthesia or medical treatment.

The interplay of intrinsic and extrinsic factors regulating neural signaling creates 
a complex background for intraoperative neuromonitoring. These parameters repre-
sent both numerous possible barriers to effective monitoring, but also provide the 

K.A. Vaughan et al.



97

surgical and anesthetic teams with a highly controlled environment in which to 
optimize safety and diminish the risk of neurological injury. There remains an 
uncertainty with IONM, as not all injuries to the nervous system may be reflected in 
real-time data and post-operative neurological deficits may occur even with ade-
quate neuromonitoring [7, 8]. Undetected neurological injuries have become less 
prevalent as our understanding of pediatric IONM and related anesthetic and surgi-
cal management has expanded.

�Pediatric Specific Considerations for Intraoperative 
Monitoring and Anesthesia

Pediatric patients pose a particular challenge for IONM based on their age and neu-
rodevelopmental status, and require a well-versed neurophysiology, anesthesia, and 
surgical team in order to perform successful monitoring during a procedure. 
Understanding the differential maturation of both the peripheral and central nervous 
system is crucial in selecting appropriate pediatric patients for monitoring and sub-
sequently delivering appropriate monitoring.

Normative data are available in the literature for evoked potentials in healthy 
children, but are highly dependent on recording techniques that vary significantly 
from neonates and infants to children and adults [9]. As neural responses to stimuli 
evolve with nervous system maturation, so must the neurophysiologist carefully 
select modalities, stimulation, recording, and filter settings tailored to the age and 
physical characteristics of the patient. Somatosensory evoked potentials (SSEPs) 
and transcranial motor evoked potentials (tcMEPs) have age-dependent latency dif-
ferences in childhood relative to adulthood, and age, gender, and height can help 
predict peak latencies [10]. Both of these evoked potential signals demonstrate 
increasing latencies after approximately age four, which may be primarily related to 
increasing height. In children younger than 4 years old, height and maturation of the 
nervous system appear to have similar contrasting effects on latencies. Latencies 
decrease as the nervous system matures, while a child’s growth may lengthen laten-
cies even at young ages [11]. These variations do not preclude safe and effective 
IONM in the very young patient.

Certain populations have confounding factors that must be considered in inter-
pretation of IONM. Patients with Down syndrome may be at higher risk of unreli-
able evoked potential monitoring intraoperatively or of baseline pathologic changes 
in monitoring that can obscure the interpretation of intraoperative monitoring 
changes [12]. Modalities such as tcMEPs involving a cortical stimulus must be care-
fully administered in patients with a seizure history or with prior cochlear implants 
to avoid seizures or unwanted complications. In our experience, successful, 
seizure-free tcMEPs have been reported in pediatric patients, even in children with 
cochlear implants and in those with seizure disorders, but tcMEPs should be used 
with caution in such patients [13, 14]. The last consideration is the baseline function 
of the pediatric patient. Monitoring can be complicated or even precluded if there 
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are weak or absent baseline signals. This is encountered in patients with pre-exist-
ing neurological conditions such as cerebral palsy, severe myelopathy, or new onset 
significant weakness. For these reasons, it is important to understand the pre-
operative function of a patient, consider their neurophysiologic status, and order 
appropriate imaging studies to help predict which of these patients may still undergo 
successful IONM [15].

Pediatric anesthesia represents a particular challenge, especially in the context of 
monitoring, given the differential response of the pediatric patient to anesthetic agents 
compared to adults. The various monitoring modalities are sensitive to the type, dose, 
and timing of anesthetic agents employed. For example, inhalational agents depress 
motor-evoked potential (MEP) amplitude in children in a dose-dependent manner 
[16, 17]. However, a propofol-based total intravenous anesthesia (TIVA) protocol has 
largely supplanted halogenated agents as it allows for improved optimization of 
MEPs over a mixed inhalational/propofol-based anesthetic protocol [18]. SSEPs, 
including central sulcus and dorsal column mapping in the cord, are less sensitive to 
inhalational agents but are nonetheless more reliable with TIVA. Anesthesiologists 
may use adjuncts to TIVA judiciously, to balance adequate anesthesia with optimal 
IONM recording. Both MEP and electromyography (EMG) recordings are impaired 
by neuromuscular blockade, which conversely may improve SSEP recordings by 
decreasing background noise. TIVA may also be supplemented with ketamine for 
pediatric spine surgery, with successful maintenance of IONM [19].

Dexmedetomidine, an α-2 agonist, can supplement TIVA in order to reduce the 
total propofol load during surgery. Successful monitoring of MEPs and SSEPs has 
been published in pediatric spine procedures when using dexmedetomidine [20–
22]. When considering dexmedetomidine as an adjunct to propofol in a TIVA pro-
tocol, care must be exercised to consider the type of surgical procedure and 
corresponding IONM technique employed. Spine procedures typically employ a 
suprathreshold technique in obtaining tcMEPs. There are reports of progressive 
decreases in tcMEPs during cases performed under TIVA with dexmedetomidine, 
which improved following cessation of dexmedetomidine infusion [23]. Perhaps 
more important than the anesthetic itself is the close relationship between the sur-
geon, anesthesiologist, and the neuromonitoring team to maintain adequate anesthe-
sia while allowing for proper monitoring.

Neurosurgical procedures, and in particular intracranial procedures, often employ 
a threshold-based technique when obtaining tcMEPs. These neurosurgical proce-
dures place greater emphasis on a more stable anesthetic background with limits on 
TIVA adjuncts that may increase the activation threshold of the corticospinal path-
way that can lead to false positive intraoperative neuromonitoring changes. However, 
even non-sedative medications can significantly alter neuromonitoring signals, 
potentially leading to unnecessary changes in operative or anesthetic management 
in response to medication-induced changes in signaling. Commonly used anticon-
vulsant medications such as levetiracetam can reproducibly suppress tcMEPs dur-
ing craniotomies [24]. Again, the necessity and timing of both anesthetic and adjunct 
medications should be discussed amongst the anesthesia, surgical, and monitoring 
teams to avoid potentially preventable anesthesia-related changes in monitoring.

K.A. Vaughan et al.



99

Although complications of neuromonitoring in the operating room are few and 
far, they can be more frequent in pediatric patients. Dermal sequelae of monitoring 
electrodes and pads such as burns (<1%) and discolorations (16%) are noticeable 
but transient [25]. Stimulation pulses carry a small but non-zero risk of systemic 
effects, including seizures via tcMEPs or even transient hypotension via transcervi-
cal MEPs [26]. A well-prepared surgical, neurophysiological, and neuroanesthesia 
team should always be on alert for these complications and be ready for rapid man-
agement changes to maintain patient safety during IONM.

Significant changes in the signals observed during IONM should elicit an imme-
diate and careful evaluation of the patient’s status from all teams involved in order 
to interpret the changes and adjust management strategies as needed. The first step 
is to establish what constitutes a significant change in signals that would require 
evaluation, or a negligible change that may be artifact. This often varies by institu-
tion; common thresholds reported including a greater than 50% decrease in ampli-
tude for SSEPs or MEPs, or a greater than 10% increase in latency as a positive 
signal change requiring notification of the anesthetic and surgical teams by the neu-
rophysiologists [27, 28] (Fig. 8.1).

Fig. 8.1  Changes to motor evoked potentials (MEPs) during corpus callosotomy following place-
ment of interhemispheric retractor resulting in loss of MEPs to lower extremities (arrow). Note 
changes recorded primarily from lower extremity myotomes. Following immediate discussion 
with surgical and anesthesia teams, retractors were repositioned with subsequent rapid recovery of 
all motor evoked potentials. Timebase 10  ms/division, amplitudes varying with no less than 
100 μV/division, RtCtxMEP stimulation of right cortical hemisphere, LEC left extensor carpi radi-
alis muscle, LFD left first dorsal interosseous muscle, LQD left quadriceps muscle, LTA left tibialis 
anterior muscle, LAH left abductor hallucis muscle, RFD right first dorsal interosseous muscle, 
RTA right tibialis anterior muscle (right-sided myotomes utilized to assess extent of contralateral 
current spread)
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Once the neurophysiology team has observed changes, these should be com-
municated immediately to the surgical and anesthetic teams so that they may 
respond appropriately to the signal changes. The patient’s hemodynamic parame-
ters and anesthetic agents may require rapid adjustments in response to a change or 
loss of signals, especially if the patient is in relative hypotension with subsequent 
hypoperfusion to the nervous system. Positioning should also be re-evaluated, 
especially in the setting of focal IONM changes. The surgeon should pause and 
consider any recent changes in the surgical field that can be reversed or mitigated 
to return to their prior state [29, 30]. This could include releasing distracting forces 
slowly during spinal procedures or removing clips during vascular procedures. 
Repeat evaluations and further modification of surgical and anesthetic techniques 
should continue until IONM signals have returned to their baseline; if it is felt the 
risk of proceeding is unacceptably high given the changes in monitoring signals, 
the procedure may need to be aborted until the patient is stabilized and evaluated 
post-operatively.

�Cerebral Monitoring

The success of cortical monitoring in children is dependent on brain maturation and 
optimizing monitoring and stimulation parameters based on age and pathology. 
Long tract monitoring (SSEPs and tcMEPs) is the mainstay of cortical monitoring, 
with direct mapping (motor, somatosensory, and verbal) as powerful adjuncts for a 
select group of patients. Cortical regions associated with long tracts, including 
somatosensory and motor cortex, myelinate earlier—usually wholly so by 1 year of 
age—than other regions such as fronto-temporal cortex, and therefore can be moni-
tored in very young patients [31].

Modalities such as SSEPs and tcMEPs allow for early detection of changes 
during positioning as well as intra-operatively for nearly all intracranial patholo-
gies. The pediatric cranial IONM experience is most firmly established in epilepsy 
and tumor surgery, and SSEP/MEP-based IONM is recognized as a gold standard 
for these surgeries. The goal of this type of monitoring is to improve surgical 
safety by alerting the surgeon to early signs of ischemia and allow management 
changes ideally prior to permanent ischemic/hypoxic injury [32]. An important 
adjunct to traditional long tract monitoring within the brainstem is the use of 
BAERs to provide additional information on global cerebral changes such as tem-
perature and ischemia [33]. Cranio-cervical junction pathology, such as Chiari 
malformations and skull base lesions, also benefits from monitoring to reduce the 
risk of injury to the junction while the head is fixed in the cranial frame and during 
decompression [34–36]. Outside of the realm of neurosurgery, cranial monitoring 
with SSEPs and electroencephalography (EEG) has been widely documented in 
cardiac surgery [37, 38]. Although changes from baseline trigger intra-operative 
interventions, evidence to support improved outcomes after pediatric cardiac sur-
gery is still limited [38].
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Cortical mapping has evolved into a standard technique for supratentorial pedi-
atric surgery in regions of eloquent cortex—the most common form being direct 
motor cortex mapping. Traditionally, motor mapping has been performed via a 
bipolar handheld probe with low frequency sustained stimulation, known as the 
Penfield technique since its development in the 1930s [4, 39]. Monopolar electrical 
stimulation can also be reliably used to map primary motor cortex [40]. Its thresh-
olds in pediatric cortical mapping may be more consistent in certain areas of motor 
cortex such as the upper extremities compared to face and lower extremities [41]. 
Cortical lesions including those found in tuberous sclerosis or cortical dysplasia can 
also alter monitoring considerations and exhibit higher stimulation thresholds [41].

Surgeons can more precisely delineate eloquent territories intraoperatively based 
on function rather than imaging alone, and thus guide their cortical entry point and 
subcortical path to the targeted lesion [4, 41, 42]. Direct identification of primary 
somatosensory cortex as well as probable location of the central sulcus utilizes 
recording the location of the SSEP phase reversal to contralateral peripheral nerve 
stimulation [43, 44] (Fig. 8.2). This technique often employs a strip electrode con-
taining at least two and often four or more electrodes in a straight line placed per-
pendicular to the orientation of the putative central sulcus straddling both the 
primary motor and primary sensory cortices. Typically, half the electrodes on the 
strip are placed pre-centrally with remaining half post-centrally. The recorded SSEP 

Fig. 8.2  Somatosensory 
evoked potentials (SSEPs) 
with right ulnar nerve 
stimulation, recording 
electrodes 1 and 2 placed 
post-centrally, and 
recording electrodes 3 and 
4 placed pre-centrally. 
Note that the fifth tracing 
represents a transcranial 
control electrode placed 
posterior to the sensory 
cortex to allow the 
neurophysiologist to 
rapidly identify the sensory 
side. A phase reversal was 
recorded between 
electrodes 2 and 3, 
confirming the locations of 
the physiologic motor and 
sensory cortical regions
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will appear “in phase” when recorded over primary sensory cortex and appear 
“reversed” in phase when recorded from the electrode placed over the motor cortex 
leading to the technique being termed phase reversal.

Technical considerations to this technique should include possible distortion of 
parenchyma by a lesion. Distortion can affect both the amplitude and phase of the 
SSEP precluding strict identification of a phase reversal. In these scenarios, it’s 
important to recognize that the technique will most reliably identify primary somato-
sensory cortex even without a phase reversal. We routinely include a positive control 
transcranial recording of the expected SSEP when employing the phase reversal tech-
nique to guide “in phase” identification and therefore primary sensory cortex medi-
ated responses. Thus, localization of the central sulcus, primary motor cortex, and 
primary somatosensory cortex is one of the primary indications for phase reversal 
and motor mapping. These techniques should be considered complementary and per-
formed together in order to provide the most accurate mapping data to the surgeon.

Awake craniotomies have been adapted from adult neurosurgery to the pediatric 
population with awake mapping, and can allow for resection in eloquent territories 
previously deemed too risky for operative intervention. There is no established mini-
mum age for participating in awake craniotomies, but a successful awake procedure 
hinges on the child’s cooperation. The patient must be able to cooperate while moder-
ately sedated and secured on the operating table in an unfamiliar and overwhelming 
environment [4]. This requires a mature child or adolescent, without cognitive or devel-
opmental delays, and cooperation and consent from the parents to optimize pre-opera-
tive psychological patient preparation. Based on our institutional experience, we would 
suggest that mature pre-adolescents and adolescents may be candidates for awake 
monitoring. Younger children may not tolerate these procedures well and more likely 
to be unable to cooperate with testing. Cognitive, language, motor and somatosensory 
systems can be assessed via awake intraoperative mapping. Careful patient selection 
and precise neuroanesthesia are crucial in ensuring a calm, comfortable, and coopera-
tive patient during this mapping process. Complications from awake mapping are both 
rare and similar to direct cortical mapping, including seizures, and additionally can 
include language or cognition-specific deficits such as transient dysphasias [45].

�Spinal Cord Monitoring

Intraoperative neuromonitoring is especially important in pediatric spinal surgeries 
as they are associated with a higher risk of new neurologic deficits than in a similar 
adult population—1.3% vs 0.8%—and even more so in the setting of instrumenta-
tion [46, 47]. There is extensive literature on IONM in pediatric spinal deformity 
correction and its utility in detecting early neurological injuries, such that some 
advocate its use in every case [48]. Somatosensory and motor evoked potentials are 
regarded as the building blocks of successful neuromonitoring for spinal proce-
dures—for both spine and nervous system procedures.

A multimodal approach with SSEPs, tcMEPs, and EMG can be 99.6% sensitive 
at detecting permanent neurological injuries during pediatric spinal procedures, even 
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if lower thresholds increase the risk of false-positive monitoring alerts [49–51]. A 
base of SSEP and MEP monitoring can be effectively supplemented by indirect 
stimulation with transduced EMG during instrumentation placement, proven to be as 
safe as image-based navigation for instrumentation in pediatric deformity cases [52]. 
Alerts can lead to effective changes in surgical and anesthetic management in order 
to reduce the risk of permanent neurological deficits to 1% or less [50, 51]. Although 
changes in neuromonitoring are seen in up to 10% of spinal deformity cases, only 
1% of pediatric patients will emerge with a permanent neurological deficit [53].

IONM is feasible in spine patients even at a very young age. In children less than 
6 years old, MEP reliability in spine surgery only decreases to 86%, compared to 
98% in older children and can still be safely and reliably utilized for very young 
patients [19, 54]. TcMEPs are exquisitely sensitive to altered spinal cord perfusion 
secondary to hypotension, ischemia or direct vascular injury, and can detect changes 
earlier than SSEPs in scoliosis surgery [55]. However if MEPs are not detectable or 
feasible in certain pediatric spine patients, SSEPs alone can safely be used for sco-
liosis surgery [56]. Somatosensory monitoring is flexible, and can be performed 
with epidural electrodes if needed [57]. If underlying diseases introduce risk factors 
that preclude reliable MEP evaluation and only SSEPs are utilized, it’s important to 
highlight that changes to both anterior spinal artery perfusion of the ventral two 
thirds of the spinal cord and the corticospinal motor tracts will not be detected. The 
use of somatosensory evoked potentials for spinal cord monitoring is not an ade-
quate proxy for assessing the long tract motor pathways. Alternatively, preoperative 
neurophysiologic evaluation may help identify which patients could reasonably be 
monitored using combined MEPs and SSEPs [58].

Monitoring has become standard of care for surgery for intramedullary spinal 
cord lesions and has been recognized as a neurosurgical guideline [59]. Changes in 
IONM, especially SSEPs and tcMEPs, during resection of intramedullary spinal 
cord tumors can predict the severity of postoperative motor deficits in pediatric 
patients [60]. Though monitoring is widely utilized for intramedullary spinal cord 
operations, there is also evidence that it may mitigate the risk of neurological injury 
for intradural extramedullary tumor resection and syringomyelia procedures [61, 
62]. Tethered cord procedures have also been improved by the addition of multi-
modal monitoring, including MEPs/SSEPs, as well as direct stimulation for tether 
and sacral root identification, and even reflex testing [63]. EMG has also been 
reported as a valuable supplemental modality for conus medullaris and cauda equina 
mapping in conjunction with MEPs/SSEPs [64].

Transcranial electrical stimulation activates fast conducting axons in descending 
motor pathways via both direct and indirect means. Direct activation can be recorded 
as a D-wave over the spinal cord utilizing either an epidural or subdural recording 
electrode, which is more reliable through all depths of anesthesia than its indirectly 
activated counterpart, the I-wave (Fig. 8.3). This technique, first described in 1954, 
can often be employed for spinal cord monitoring even when MEPs and SSEPs are 
not recordable and provides a robust general sense of spinal cord health intra-
operatively [65]. It does not provide nearly the granularity of mapping compared to 
standard evoked potentials nor the sensitivity to cord ischemic insults of MEPs [66]. 
D-wave signals may become minimal below T11-12 when corticospinal motor 
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fibers have already exited the cord towards the periphery, and may not be present at 
baseline with prior spinal cord pathology or secondary to age [66–68]. It is essen-
tially absent in children younger than 21 months, and in older pediatric patients may 
only be present in 30–50% of patients, compared to up to 80% of adult patients with 
similar neurological status [66, 69]. If utilized, a 50% decrease from its baseline 
amplitude should be considered a critical threshold to alert the surgical and anes-
thetic teams in order to pause and alter management [66]. Perhaps the strongest case 
in adding D-wave to a multimodal IONM battery is that loss of the MEP during 
resection of intramedullary spinal cord lesions precedes loss of the D-wave. Finally, 

Fig. 8.3  Recording of transcranial electrical stimulation. D-wave: timebase 2 ms/division, ampli-
tude 5 μV/division. Left column represents right cortical stimulation and recording of left cortico-
spinal tract D wave, right column represents left cortical stimulation and recording of right 
corticospinal tract D wave. First eight traces represent placement of subdural electrode rostral to 
the lesion and is considered a positive control recording normal D wave. Subsequent traces show 
recorded D wave following placement of subdural electrode caudal to lesion and throughout resec-
tion. Flat lines noted in the initial traces and again on eighth trace highlight unilateral stimulation. 
Remaining traces obtained via interleaved stimulation for lateral spinal cord specificity
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preservation of at least 50% of the D-wave supports a positive prognostic outcome 
for patients regaining motor function following surgery [67, 70].

Dorsal column mapping to identify the midline of the spinal cord can be utilized 
prior to performing a midline myelotomy for resection of an intramedullary lesion 
[71]. This is a general application of the phase reversal technique described above 
whereby instead of peripheral nerve stimulation, stimulation of the gracile fascicu-
lus is performed directly, typically via placing a bipolar electrode over the spinal 
cord starting in a lateral position and walking the stimulation across midline. The 
neurophysiologist will subsequently record the phase reversal of the gracile fascicu-
lus stimulated SSEP from the scalp and guide the surgeon in identifying the neuro-
physiological midline of the dorsal column of the spinal cord (Fig. 8.4).

Fig. 8.4  Dorsal column mapping: Phase reversal of scalp-recorded gracile-mediated SSEPs (Cp3–
Cp4) responding to direct stimulation of the dorsal columns using a concentric bipolar electrode. 
Top to bottom: the first trial was performed on the left lateral dorsal column, the second trial was on 
the left medial dorsal column, the third trial was on the right medial dorsal column, and the fourth 
trial was on the right lateral dorsal column. Note the phase reversal to gracile fasciculus stimulation 
occurring between the second and third trials. Timebase 5 ms/division, amplitude 0.5 μV/division

8  Pediatric Intraoperative Neuromonitoring



106

Some of the challenges of performing IONM in children include pre-existing 
conditions and the dynamic nature of nervous system development, which can lead 
to abnormal baseline neurophysiology. Cardiopulmonary co-morbidities in these 
patients can increase the risk of neuromonitoring changes intraoperatively, which 
may require more frequent or escalated interventions [49]. In those patients with 
pre-existing spinal cord pathology, IONM may be slightly less consistent—more so 
for MEPs than SSEPs—and need to be more frequently supplemented with other 
confirmatory testing such as a wake-up test [72].

�Peripheral Nerve Monitoring

Monitoring for the peripheral nervous system is an important adjunct for many 
pediatric procedures, especially in the extremities. Tissue handling and dissection 
alone can directly or indirectly injure peripheral nerves, and the safety profile of 
pediatric operations can be enhanced by IONM. Modalities discussed earlier in this 
chapter such as SSEPs and tcMEPs can be of great value in monitoring the health of 
long tracts. These can reflect neurological injuries both in the surgical field, as well 
as distant changes in conduction. Children at high risk of neurological deterioration 
from hemodynamic changes and positioning, such as scoliosis patients and those 
with genetic or metabolic disorders should be considered for IONM during extrem-
ity surgery that may either be lengthy or require special positioning. Specifically, 
patients with Morquio syndrome highlight the importance of not only a multimodal 
IONM approach, but a multidisciplinary approach to their surgical care [73]. These 
patients are at high risk of cervical myelopathy secondary to atlantoaxial instability, 
which may be precipitated or aggravated during routine surgical care without sig-
nificant precautions. Spinal cord injury has been documented following pediatric 
extremity orthopedic surgery, thought to be due to relative hypotension and posi-
tioning in the setting of severe kyphosis and scoliosis [74].

Along with long tract monitoring, local testing in the surgical field can be 
employed for monitoring peripheral nerve pathways. EMG and direct nerve conduc-
tion studies can aid the surgeon in identifying segments of injured nerve, and guide 
surgical decision-making in order to minimize the risk of any further injury [75].

Peripheral nerves can be distinguished from nearby lesions such as neurofibro-
mas using direct stimulation. These can provide a better understanding of local 
nerve health than a purely visual inspection of a nerve, as immediate feedback of 
their function instead of waiting to examine the patient post-operatively. EMG may 
also be useful for non-extremity procedures, such as recurrent laryngeal nerve mon-
itoring for pediatric anterior cervical surgery, or even cranial nerve monitoring dur-
ing endonasal procedures [36, 76, 77]. More specifically, facial nerve IONM via 
EMG and nerve conduction studies, which is commonly performed in adult patients, 
is both safe and feasible in the pediatric population [78].
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�Conclusion

Neuromonitoring plays a major role in detecting and minimizing neurological inju-
ries and thus maximizing safety during procedures that put nervous system struc-
tures at risk, and has become a significant presence in many pediatric operating 
rooms. It allows for real-time feedback of nervous system tissue health to the surgi-
cal and anesthesia teams in order to minimize the risk of neurological injury and 
guide further management. This immediate feedback reduces the surgeon’s depen-
dence on the Stagnara wake up test, especially beneficial in the pediatric population 
where a wake up test may often be unfeasible. Further studies are needed to fully 
evaluate the risk reduction and cost effectiveness of IONM. Although limited by 
some anesthetic and age-related physiological considerations, a multimodal IONM 
approach provides detailed insight into conduction from the cerebrum out to derma-
tomes and myotomes. It is both safe and feasible to employ neurophysiologic moni-
toring for pediatric patients with appropriate adjustments in monitoring parameters 
to take into account the child’s age, health, and developmental status. Intraoperative 
neuromonitoring can be tailored to the individual child’s needs, and thus integrates 
well into the era of personalized medicine.
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Chapter 9
Muscle Analysis

Peter B. Kang

The overall goal of needle electromyography (EMG) is to evaluate the electrical field 
potentials of selected portions of the skeletal muscle at rest and during active volun-
tary muscle contraction. While the technical aspects of EMG are similar in children 
compared to adults, there are many details regarding the approach and data interpre-
tation in pediatric studies that differ from those in adults. The general approach to the 
needle examination is well described in the literature [1, 2]. It is important to remem-
ber that EMG is intended to investigate lower motor neuron diseases. It can provide 
important diagnostic information that can help localize lesions within the peripheral 
nervous system. Although poor activation may indicate an upper motor neuron 
lesion, EMG should not be used to diagnose and/or localize lesions within the central 
nervous system. Needle EMG examination is typically normal or shows decreased 
activation in central nervous system diseases such as cerebral palsy.

Prior to the start of a needle examination, it is important to ask the patient and the 
family about potential contraindications to that portion of the study. Two major con-
siderations are: (1) coagulopathies, whether endogenous or pharmacologically-
induced, and; (2) the presence of any implanted surgical hardware near sites of 
anticipated examination. With respect to coagulopathies, it is usually sufficient to ask 
the family if the child is known to have a bleeding disorder or if he or she is receiving 
anticoagulation therapy. Intramuscular hematomas and other bleeding complications 
have been documented in the literature, though such complications are rare [3]. The 
needle examination in a child may need to be deferred if the family reports any such 
risk factors. With respect to surgical hardware, there is a small risk of iatrogenic 
infection if the needle electrode comes in contact with such hardware. Thus neuro-
physiologists must balance the potential risks versus benefits of performing this 
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study and avoid inserting needle electrodes near such areas. Similarly, the needle 
electrode should not penetrate any areas of skin that are infected in any way.

Concentric needles are the most convenient to use, and modern concentric nee-
dles provide excellent signal quality in children as well as in adults. As mentioned 
in Chap. 3, it is critical to use the thinnest concentric needle electrode commercially 
available, unless sampling a deep muscle such as the gluteus medius in an older 
child or adolescent. Full-sized ground electrodes may be used in all but the smallest 
infants where it may be necessary to trim the leads. Even more important than in 
adults, the neurophysiologist should counsel and explain to the patient prior to the 
needle examination that the goal is to “listen to the noise and crackling” that the 
muscle will make when the muscle is “resting” versus when the muscle is “mov-
ing”. It helps for the child to practice the muscle contraction for at least the first 
muscle to be sampled prior to initiation of the study.

Many older children and adolescents will tolerate full examination of a muscle 
that includes sampling of multiple insertions in multiple quadrants at rest, mild 
activation to evaluate motor unit morphology (the standard for adults is 20 distinct 
motor units) [2], and full activation to evaluate recruitment and interference pat-
terns. However, it is important to remember that even an older child or adolescent 
who appears to be tolerating a study well may abruptly decompensate with little 
warning, thus even in those patients the number of insertions performed to assess 
spontaneous activity and the number of different motor units examined during acti-
vation should be the minimum needed for a full appraisal of the electrophysiologic 
data. Also, the muscles examined first should be the ones that are most likely to 
answer the electrophysiologic question, in case the child does not tolerate the exam-
ination of as many muscles as originally planned. Muscles in the hand and foot are 
more sensitive and unless they are deemed the most important muscles for diagnos-
tic purposes they should be studied last.

The thought process required for the selection of muscles to sample in infants 
and some toddlers is quite different from that in older children and adolescents. 
Infants and some toddlers cannot relax their muscles and activate them on command 
as older patients are expected to do. This may also be true of older children and 
adolescents who have intellectual disabilities. In such patients, the usual response to 
the mild prick of the needle electrode is to withdraw, i.e., flex their muscles. Thus, 
motor unit morphology and recruitment patterns may only be adequately assessed 
in flexor muscles. Examples of flexor muscles include the biceps, iliopsoas and tibi-
alis anterior. Similarly, spontaneous activity may better assessed in extensor mus-
cles, since children are less likely to extend their limbs during a needle 
EMG. Examples of extensor muscles include the triceps, quadriceps, and gastrocne-
mius muscles. The movements that occur while examining muscles that are not 
strictly flexor or extensor, such as the deltoid and first dorsal interosseous muscles, 
are variable but may be sampled if additional data are needed. The genioglossus 
muscle is particularly useful to examine when evaluating an infant for spinal mus-
cular atrophy, and may be approached through the underside of the chin, slightly to 
the left or right of midline.
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As in other age groups, pediatric patients should not display any spontaneous 
activity beyond the burst of insertional discharges that occur with movement of the 
needle electrode. The interpretation of classic positive sharp waves (Fig. 9.1a) and 
fibrillation potentials (Fig. 9.1b) (also known as “denervating findings”) is also not 
age-dependent, as these findings indicate the presence of a peripheral nervous sys-
tem disorder but are not specific regarding exact localization, having been observed 
in motor neuron disease, axonal neuropathies, presynaptic disorders of the neuro-
muscular junction, and generalized myopathies. As in adults, fibrillations and posi-
tive sharp waves tend to have a positive, or downward, orientation on the screen, and 
also tend to occur at regular intervals, in contrast with the irregular firing rates of 
voluntary motor units. Fasciculation potentials, which in adults raise concerns for 
motor neuron disease such as amyotrophic lateral sclerosis, are rarely seen in 

a

b

Fig. 9.1  Positive sharp 
waves (a) and fibrillation 
potentials (b). Note the 
initial positive (downward) 
deflection of both types of 
potentials. Courtesy Hugh 
J. McMillan, MD
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children, even those who have motor neuron disease such as spinal muscular atro-
phy. Myotonic discharges at any age are often associated with diagnoses such as 
myotonia congenita, paramyotonia congenita, congenital myopathy, and Pompe 
disease (also known as glycogen storage disorder type II, or acid maltase deficiency). 
It is important to note that myotonic discharges are most consistently present in older 
children, adolescents, and adults with myotonic dystrophy; infants and young chil-
dren with myotonic dystrophy do not consistently display this finding, even when 
they are affected by the congenital form of the disease [4]. It is notable that myotonic 
discharges are not commonly seen in the muscular dystrophies [5], especially in 
childhood [4].

The analysis of motor unit morphology in the pediatric age group is depen-
dent on the ability of the child to activate a muscle in a controlled fashion, or in 
the case of an infant, the ability of the neurophysiologist to capture and interpret 
motor unit action potentials with practiced eyes and ears when they may only be 
present fleetingly. In both cases, the number of distinct action potentials avail-
able for viewing and analysis may be less than would be expected in a typical 
adult needle examination. In most situations, a skilled neurophysiologist will 
still be able to assess patterns of amplitudes, durations, and phases of the motor 
units that present themselves (Fig. 9.2). As in adults, high amplitudes and long 
durations are suggestive of a neurogenic injury, which can be focal (Fig. 9.3) or 
generalized (Fig.  9.4) depending on the pattern of abnormalities seen. Low 
amplitudes and short durations are suggestive of myopathic disease (Fig. 9.5). 
However, the amplitudes and durations of normal motor unit action potentials 
may be smaller in younger children and especially in infants. Thus, there is a 
dual risk of missing neurogenic motor units and “overcalling” myopathic motor 
units in this age group particularly when studying facial muscles. It is also 
important to remember that the duration is often more informative than the 

Fig. 9.2  Normal voluntary 
motor units and 
recruitment pattern 
observed upon needle 
examination in a 16-year-
old adolescent male. 
Courtesy Hugh 
J. McMillan, MD
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amplitude with respect to sensitivity and specificity, though the measurement of 
duration may be confounded when the recorded motor units are distant from the 
recording electrode.

Recruitment patterns are often critical in distinguishing between normal motor 
units versus those that are large for age, as well as between smaller motor unit action 
potentials that are actually normal for age versus motor unit action potentials that 
are truly myopathic. Normal firing rates are similar at all ages including infants, 
children, and adults. In a normal muscle, additional motor units are recruited once 
the initial motor unit begins to fire faster than ~10 Hz [2]. Rapidly firing motor units 
indicate the presence of a neurogenic process (Figs. 9.3 and 9.4). Early recruitment 

Fig. 9.3  Polyphasic, 
rapidly firing motor unit 
action potentials in a 
14-year-old with radial 
neuropathy. Courtesy Hugh 
J. McMillan, MD

Fig. 9.4  Large amplitude 
(4 mV) rapidly firing 
motor unit action potentials 
in a 5 month old infant 
with spinal muscular 
atrophy. Courtesy Hugh 
J. McMillan, MD
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patterns are discernable with a combined assessment of force generation by the 
muscle and the variety of different motor units observed. A finding that sometimes 
occurs is poor activation, where the patient does not activate the array of different 
motor units needed to assess recruitment patterns effectively. Poor activation may 
arise from a number of possible causes, including poor cooperation (due to pain, 
anxiety), upper motor neuron lesions as well as psychiatric diagnoses such as con-
version disorder. Poor motor unit activation on needle examination should not be 
relied upon in isolation to support a psychiatric diagnosis such as conversion 
disorder.

The approach to the needle examination differs substantially when a child is 
sedated or anesthetized for the procedure. Clinicians should ensure that the use of 
neuromuscular blocking medications is avoided. One advantage of performing a 
sedated study is that the assessment of spontaneous activity is easier than in the 
awake patient. Under such conditions a full sampling of insertions in a broad array 
of muscles may be performed. However, elicitation of muscle activation is more 
difficult in a sedated or anesthetized patient.

Depending on the level of conscious sedation, a child may feel pain enough to 
withdraw during needle insertion as an infant does, and some motor unit activity 
may be detected and analyzed. Under general anesthesia, a patient would ideally 
not feel or react to pain at all, thus obviating the ability to perform motor unit 
analysis in such circumstances. The only means of obtaining motor unit action 
potentials in the setting of general anesthesia is to ask the anesthesiologist to 
“lighten up” the anesthesia, especially for agents with short half-lives such as 
propofol, in the hopes of eliciting a withdrawal response and some motor unit 
activity before the patient wakes up completely. If this is attempted, the lightening 
of anesthesia should only be performed once, and the patient should in the end be 

Fig. 9.5  Polyphasic, 
low-amplitude motor unit 
action potentials in a 
1-month-old infant with 
myotubular myopathy. 
Courtesy Hugh 
J. McMillan, MD
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permitted to wake up regardless of the quantity and quality of the data obtained 
(i.e., the patient should not be subjected to multiple rounds of general 
anesthesia).

In summary, needle examination with assessment of spontaneous activity and 
voluntary motor unit activity may be performed with a high degree of accuracy and 
utility in most children. Given the limitations of data collection, especially in infants 
and younger children, a skilled neurophysiologist is essential to the proper collec-
tion and interpretation of these data.
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Chapter 10
The Use of Stimulated EMG in the Diagnosis 
of Neuromuscular Junction Abnormality

Matthew Pitt

�Introduction

Despite the increasing availability of gene panels, an accessible and cost-effective 
genetic screen for children with myasthenic conditions remains elusive for many 
clinicians. The number of genes associated with the condition increases yearly  
[1–13]. The clinical manifestations are so protean that it is very likely that without 
some direction by neurophysiological testing a large number of children will be 
screened unnecessarily. Of the different tests available repetitive nerve stimulation 
will be discussed in another chapter and has its proponents. However, it is not 
always sensitive, especially for certain diagnoses such as ocular myasthenia gravis, 
and when performed to its greatest extent uncomfortable for many children [14]. 
Performing it under general anaesthesia is a considerable undertaking and usually 
not necessary. Single fibre EMG (SFEMG) is a technique developed by Erik 
Stålberg in the 1970s that detects excessive variations in neuromuscular transmis-
sion, termed “jitter”, among single muscle fibers. This test modality has higher sen-
sitivity than repetitive stimulation for disorders of the neuromuscular junction, but 
has less specificity as increased jitter may be seen in other neuromuscular disorders. 
In its purest form, namely with volition activating the potentials, SFEMG is really 
technically impossible in children under 8 years of age consistently. It is true that on 
occasion experts in the technique will be able to achieve it in a particularly coopera-
tive younger child but this is not a basis for universal application particularly if one 
is hoping to develop a neurophysiological screening test for myasthenia. It is there-
fore necessary to talk about the use of stimulated techniques for producing poten-
tials that can be analysed. In most centres this would be called stimulated single-fibre 
EMG (stimSFEMG) [15, 16] but this name is most probably a misnomer because 
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even when studying a normal neuromuscular junction it is very difficult to be sure 
that one is recording from single fibre potentials as opposed to small compound 
motor potentials representing a few fibers. As the test becomes more abnormal, 
reflecting abnormality of the neuromuscular junction, this becomes increasingly 
impossible. The technique evolved in our department from the work of Dr. Payan 
[17] using the “blanket technique” to reveal the components of a motor unit poten-
tial and by these means identify any instability that might be present. It was never 
intended to be a single fibre assessment and was unequivocally distanced from clas-
sic single fibre methodology by the author. In its original form it was used qualita-
tively and was a very useful adjunct to pediatric EMG allowing identification of 
likely abnormalities not only of the neuromuscular junction, but also other condi-
tions affecting the peripheral nervous system such as neurogenic disorders. The 
technique lends itself very easily to quantification using peak detection algorithms 
used for the single fibre recording, particularly around the normal range of responses.

To avoid any possible confusion with single fibre methodology and also to 
remove it from the legitimate criticisms of proponents of traditional single fibre 
methodology, our group calls the test “SPACE”, which is an acronym for Stimulated 
Potential Analysis with Concentric needle Electrodes. Because it does not include 
single fibre within its definition, SPACE is a neutral term and will be the focus of the 
remainder of this chapter. Concentric needle electrodes (CNE) enter into the defini-
tion of SPACE because the neurophysiological world has been obliged to turn to 
single use needles as a result of the discovery of prion disease, which cannot be 
eliminated by autoclaving. Reusable needles can no longer be used, one example of 
which is the single fibre electrode (SFE). Official SFE are quite costly, hence the 
previous practice of autoclaving and reusing them. In contrast concentric needles 
are significantly cheaper and are thus disposable. Until the price drops for single-
use single fibre EMG needles it is likely that the situation of using a CNE, usually 
the facial needle with the smallest diameter, will continue for some time into the 
future.

�Methods

The technique of SPACE is well recognisable in the descriptions of stimSFEMG 
and the important elements ensuring success of the technique will be summarised 
here. One of the most important is how you prepare the parents and the child, if old 
enough. It is very important that parents realise the importance of the condition that 
we are attempting to identify. While it may be vanishingly rare with only 10 per 
million of population affected [18], it is a condition that is treatable and should not 
be missed as it is associated with significant morbidity and in some cases mortality. 
If the parents understand the importance of the test and the reason you are doing it, 
even if in all honesty it is unlikely to show an abnormality in nearly 90% of the stud-
ies, they are complicit in what follows. It is also very important to stress to the par-
ents that the technique when using local anaesthetic produces a minimal amount of 
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discomfort, and therefore any distress that is displayed by the child is more likely to 
be a reaction to the unfamiliar settings and people as discomfort. Ametop (active 
ingredient tetracaine 4%) is the anaesthetic used in some centers in preference to 
EMLA (active ingredients lidocaine 2.5%, prilocaine 2.5%) as the former is 
approved for use in children down to the age of 1 month and has a more rapid onset 
of action, reaching its maximum anaesthetic level at around 30 minutes. After appli-
cation over the orbicularis oculi (taking care not to expose the eye itself) and cover-
ing of the anaesthetic with an occlusive dressing the parents and child are sent away 
for that period. On their return it is very important to wash the dressing off the face 
as otherwise you may inadvertently pull the hair which may set the child on edge 
and make future investigation difficult.

The studies are performed using any modern EMG machine, in our department 
this is a KeyPoint. The filter settings for the recording are 3–10  kHz. The low-
frequency filter setting derives from the work of Dr. Payan, already mentioned, 
which was the forerunner of the development of SPACE in our department. There 
have been criticisms of using such a high low-frequency filter with recommenda-
tions that it should not exceed 1 kHz mainly because of the phenomenon of ringing 
when potentials appear that are not real. In a study of normal subjects we were 
unable to demonstrate this phenomenon and also identified the peak detection algo-
rithm showed no difference in the jitter measurements according to the low-
frequency filter setting [19]. The stimulus duration is set at 0.04  ms. Surface 
electrodes are placed on the forehead as the earth (known as the ground in North 
America) and just below the tragus as the indifferent (known as the reference in 
North America). A monopolar stimulating electrode of 15  mm length and 30G 
diameter (SpesMedicaS.r.l, Genoa, Italy) is inserted just above the midpoint of the 
upper margin of the zygomatic arch (Fig. 10.1). The operator will press with the 
digit of his/her non-dominant hand on the zygomatic arch and while the pressure is 
being exerted place the needle just above it with the dominant hand. The Ametop 
removes the sting from the insertion but not the pressure and disguising the insertion 
with the pressure on the zygomatic arch is very effective. The needle is secured with 
tape to avoid accidental injuries to delicate structures, and then stimulation applied 
while slowly increasing the threshold to 1 mA. Looking for a twitch in the orbicu-
laris oculi, it is anticipated that this should be seen before the 1 mA stimulation 
threshold is reached. If it is not the stimulating needle is repositioned and if this is 
still ineffective the needle is removed and placed in a different point. It is crucial to 
have the stimulation threshold below 1 mA as it means that the child does not expe-
rience any discomfort, and equally important the operator can be certain that the 
needle is placed close to the nerve and can expect an “all or nothing response” to 
increasing levels of stimulation. If any abnormality occurs this is then more likely 
to be pathological than technical. Even saying this most of us when seeing abnormal 
jitter or blocking will increase the stimulus further to be sure this is not a technical 
effect. Usually the response, if your insertion technique has been good, is that the 
abnormality remains in the potentials you identified but other potentials are 
recruited, sometimes with normal jitter. Next the recording electrode, a concentric 
needle electrode of the facial type (French gauge 30G) (Ambu A/S DK-2750 
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Ballerup) with a recording surface of 0.019 mm2 is placed at the outer margin of the 
eyebrow aiming at the ipsilateral hip and protecting the eye by placing the thumb of 
the non-EMG hand into the corner of the orbit, lying gently over the eyeball.

The stimulation is given individually by single shocks gradually increasing the 
intensity until waveforms are seen. The threshold is returned to 0 and the rate 
increased to 10 Hz. Continuous low frequency repetitive stimulation is given until 
the waveforms appear and continue until a screen full of potentials is recorded 
which approximates to around 25 repetitions. The process is repeated with single 
shocks being given with the needle moved slightly in order to obtain a different 
population of potentials. When seen the process is repeated. The aim is to collect at 
least 25 different potentials. The technique itself if everything goes smoothly will 

Fig. 10.1  Position of the 
stimulating and recording 
electrodes when assessing 
jitter in the left orbicularis 
oculi
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take less than 10 minutes although sometimes if there is difficulty identifying the 
potentials it may take longer.

If no abnormality is found on SPACE, the study is followed by a routine nerve 
and EMG study. Whatever the finding on the examination of the jitter it is important 
to leave the needle in orbicularis oculi and get the children to contract the muscle to 
see the interference pattern in the muscle. If the traces are abnormal this examina-
tion of the interference pattern in orbicularis oculi allows the determination of 
whether there is neurogenic change, which is an important cause for abnormalities 
of jitter and is associated with a bulbar palsy. If there is any doubt of the normality 
of the interference pattern in orbicularis oculi, particularly if the jitter is abnormal, 
it is obligatory to study the genioglossus, easily approached from the submental 
route. Whatever the findings in all of the initial investigations, nerve conduction 
studies and sampling of a peripheral muscle must be performed, the latter is particu-
larly important if a bulbar palsy is identified as it may demonstrate that the neuro-
genic changes are part of a widespread motor neuronopathy.

SPACE of orbicularis oculi may miss some of the limb girdle myasthenias and 
particularly some of the more recently described disorders of N-glycosylation such 
as GMPPB and DPAGT [20–23]. Reports so far have demonstrated significant 
abnormalities on repetitive nerve stimulation of a peripheral muscle and if the jitter 
is normal and this is the suspected diagnosis it is necessary to perform repetitive 
nerve stimulation (RNS). RNS of the accessory nerve recording trapezius is very 
well tolerated by many children and can be reliably performed.

�Interpretation of Results

Our software package uses a peak detection algorithm. The work on filter settings 
was performed using that algorithm and therefore what follows in the description 
here may not apply to programs using an algorithm which is triggered by the slope 
of the potential as this may be affected by the low-frequency filter settings. There 
is good deal of debate as to what the potentials produced by stimulation of the 
nerve or muscle represent [24–26]. It is for this reason that we have tried to distance 
ourselves from strict single fibre methodology because the requirements for single-
fibre potentials to be accurately identified are necessarily extremely stringent and 
very rarely met by the technique of SPACE.  The number of potentials that can 
safely be considered to be from a single fibre are very few indeed in most examina-
tions. Using the alternative term apparent single fibre action potentials (ASFAP) 
[24] to cover this in many ways does not go far enough. Our technique is to use the 
peak detection algorithm to identify the potentials by the algorithm set by the soft-
ware. If the study is normal and the peaks do not show much variation clearly the 
peak detection algorithm will have little difficulty in identifying jitter. However, 
sometimes several potentials may be seen with varying confidence as to their ori-
gin. Such a situation is shown in Fig. 10.2 where five potentials are seen none of 
which would fulfil criteria for a single fibre potential but the measurement, albeit 

10  The Use of SPACE in the Diagnosis of NMJ Abnormality



128

inaccurate, does give you some indication of the degree of abnormality when com-
pared with normative data obtained from similar technique. Once the abnormality 
becomes pronounced the abnormality on peak detection increases exponentially 
and any linear relationship between degree of abnormality of the neuromuscular 
junction and abnormality on jitter measurement can be discounted (Fig. 10.3).

When analysing the data as we increase the intensity from zero until the threshold 
for individual potentials is reached there is a need to remove those first potentials 
particularly as they may show some minor jitter until supramaximal stimulation is 
achieved. Once this is done it is normally acceptable to use the measurements pro-
vided by the peak detection algorithm. The only time this is contested is if the program 
is clearly picking up alternating peaks from a potential with two peaks. This is shown 
in Fig. 10.4. It is possible to go through and identify those waveforms which only 
focus on one peak, or more easily, discount that potential from your examination.

�Normative Data

Early on in our departmental experience with the technique we formed the impres-
sion that the neuromuscular junction was extraordinarily mature with samples of 
seemingly unaltered potentials appearing in children as young as 6 weeks of age 
which were indistinguishable to the blinded observer from a child in their teenage 
years. For this reason we used for a while the normative data obtained in stimulated 
single fibre EMG or volition SFEMG with the correction factor applied (×0.8) [27] 
in normal adults [24, 28–34] . With E-norm methodology, which extracts the nor-
mative data from laboratory attendances we have been able to confirm the jitter 

Fig. 10.2  Five potentials identified by the peak algorithm, none of which completely fulfill crite-
ria for single fiber potentials, all showing slight variations in shape or amplitude

M. Pitt



129

measurements in older children are indeed very similar to adults [35]. From a cohort 
of 600 cases, we derived an upper limit of normal of 26 μs for the mean jitter for 
children 2 years of age and older. More detailed analysis of the group under 2 years 
of age suggested that while some may have extraordinarily mature neuromuscular 

Fig. 10.3  A severely abnormal recording in a 20 month female with proven COLQ-associated 
congenital myasthenic syndrome illustrating that in some cases accurate estimation of jitter, other 
than having been identified as abnormal, is not always possible

Fig. 10.4  An algorithm induced abnormality with a peak detection algorithm is identifying differ-
ent peaks from a potential, which has a double peak, with the arrows showing, when the second of 
the two peaks are chosen
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junctions this state is by no means the rule and we therefore found that under 1 year 
an upper limit of the mean jitter was 45 μs decreasing in the next year to 33 μs with 
the adult level being reached at 2 years of age [36]. Our results are calculated as the 
mean consecutive difference index or MCD-I which is calculated as the value 
obtained divided by the upper limit of normal.

�Results

There are few if any centres that have much experience of the use of this technique 
in children, which is inexplicable, and whilst there have been a few papers [37, 38] 
reporting results in limited numbers of subjects our experience is unique. For a 
period of time certainly from around 1997–2007 our attempts to perform the tech-
nique were often greeted by failure and the numbers done per year were very few 
(Fig. 10.5). Sometimes a maximum of only ten would come through our department 
in a year. However, after that time possibly related to changes in technique such as 
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Fig. 10.5  Figures of the number of SPACE examinations since 1997. The open squares are those 
cases in which the study failed, the light grey those in which the test was abnormal and the dark 
grey those in which the test was normal
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using shorter stimulating electrodes, which did not need to be held in position and 
also the more frequent application of local anaesthetic we saw an exponential 
increase in the number of cases, which are now at around 120 per year. A recent audit 
of our experience from 7 July 2007 to 8 February 2016 identified a total of 878 inves-
tigations, 501 boys and 377 girls [39]. The mean age was just over 5 years (66 months) 
but was skewed towards the younger age group with the median 46.5 months. Our 
hospital is a tertiary referral centre and because of this 114 cases were lost to follow-
up. Many of these were from overseas often attending for one visit only. In this group 
23 had an abnormal MCD-I ranging between 101 and 294% with 10% of them hav-
ing MCD-I significantly elevated, defined as greater than 125%. A further group of 
104 patients had not completed their investigations and were excluded from the 
analysis. Thirty six of these had a raised MCD-I, 25 of which were greater than 
125%. The remaining cohort was 660 children in whom a diagnosis had been made 
or neuromuscular abnormality had been ruled out by a neuromuscular specialist.

�Diagnoses

The diagnosis of myasthenia was considered definite if an associated genetic abnor-
mality was identified or antibodies against the acetylcholine receptor or the MuSK 
protein had been identified. A further category of probable myasthenia was included 
in which the diagnosis of myasthenia was felt to be highly likely based on examina-
tion by a neuromuscular specialist with additional support from response to pyr-
idostigmine. Ninty four patients had a diagnosis of myasthenia and these are shown 
in Table 10.1 along with other causes of NMJ abnormality such as botulism, when 
persistence of neuromuscular blocking agents (NMBA), bringing the total to 106.

Table 10.1  Primary disorders of the NMJ with number having normal MCD

Diagnosis Number
Number having normal 
MCD

AIMG (anti-MuSK n = 2) 23 2
DOK 7 15 0
COLQ 9 1
CHRNE 4 0
Rapsyn 3 0
CHRNG 3 1
Slow channel syndrome 2 0
GFPT1 2 0
GMPPB 7 5
Agrin 1 0
Probable myasthenia gravis or congenital myasthenic 
syndrome

25 6

Botulism 9 2
NMBA 3 0

106 17
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In 554 alternative diagnoses were made (Table 10.2). The diagnoses were made 
with combination of clinical assessment, genetic, histopathological and other ancil-
lary investigations. The diagnosis of a neurogenic abnormality was felt to be secure 
on neurophysiological grounds only. A proportion of these other cases had abnor-
malities of jitter and the range of that abnormality as an MCD-I is also shown.

�Analysis of Test Parameters

Analysis showed sensitivity 84%, specificity 71%, negative predictive value 96%, 
and finally positive predictive value 36%. Certain subgroups within this cohort are 
worthy of additional comment. The sensitivity for the diagnosis of myasthenia was 
a little reduced, when compared to other studies [31, 40–42] but this was influenced 
by such cases as the five patients with GMPPB mutations, who are known not to 
have abnormalities of jitter when testing orbicularis oculi [21]. When looking at 
figures for sensitivity for the diagnosis of myasthenia gravis our figures (91% 

Table 10.2  Non-primary NMJ disorders with number having abnormal MCD and the range of 
abnormal MCD-I

Diagnostic grouping Number
Number having 
abnormal MCD

Abnormal MCD range as 
MCD-I

Neurogenic disorders

Bulbar palsy 84 34 102.4–248.5
Cranial neuropathy 22 9 120.5–349.2
Generalised motor 
neuronopathy

70 18 105.8–264.4

Neuropathy 8 5 115.0–240.7
Myopathic disorders

Specified myopathy 75 24 101.9–364.4
Non-specified myopathy 111 28 101.2–290.8
Mitochondrial disease 13 4 104.2–166.9
Unspecified, likely musculoskeletal

Chromsomal defect 11 7 117.7–212.3
Chronic fatigue 4 0
Congenital ptosis 10 0
Ligamentous laxity 28 3 111.9–136.2
Others

Central (including functional) 16 0
Miscellaneous 30 5 110.4–138.1
No neuromuscular 
abnormality

60 17 103.1–140.8

Prader-Willi 6 4 114.7–161.8
Syndromic 6 0
Totals 554 158
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sensitivity) are comparable with other studies. The two cases of autoimmune 
myasthenia gravis (AIMG) where autoantibodies had been demonstrated but no jit-
ter abnormality was present included one patient in whom the abnormality appeared 
to be restricted to the ocular muscles. Amongst those patients with alternative diag-
noses to myasthenia but abnormalities of jitter, the most important are those with 
neurogenic abnormalities and these were either isolated bulbar palsies or gener-
alised motor neuronopathies. In the age group of under 2 years of age an isolated 
bulbar palsy as a reason for the apparent jitter abnormality was more common than 
myasthenia. If these cases, that is the generalised and bulbar motor neuronopathies, 
are removed from the analysis of test parameters the specificity is improved to 74% 
and the positive predictive value to 46%, with no alteration to sensitivity. The final 
group of interest are those are patients with myopathies either specified or non-
specified in whom a proportion have been shown to have jitter abnormalities. What 
is emerging is that there are certain myopathies that do seem to have an associated 
neuromuscular transmission disorder and determining whether the condition is one 
of these or whether the myopathic changes are from the severity of the myasthenic 
syndrome can be a very difficult in practice [43–45] . As a rough guideline most 
myasthenics, with the exception of DOK7 mutations, which may show patchy 
change, usually show severe abnormalities of jitter.

�Discussion

SPACE is an imprecise and rather inelegant technique, which must be clearly delin-
eated from the volitional single fibre EMG, which must be considered the gold 
standard for the diagnosis of neuromuscular junction abnormalities. However, 
whatever the criticisms that can be levelled at the former, it is highly practical and 
applicable in children and it is better to have an imperfect technique that you can do 
rather than a perfect technique that you cannot. While the author could additionally 
be criticised in calling this anything other than stimulated single fibre EMG, there is 
a strong feeling that the identification with single fibre methodology has led to the 
technique being resisted in its more widespread application in children. It evolved 
not only from single fibre methodology in particular use of peak detection algo-
rithms but also from the “blanket technique” as a very useful technique for analys-
ing the components of the motor unit potential [17]. The discoverer of the “blanket 
technique” was adamant when he described it that this was not single fibre method-
ology and our group would certainly agree.

With attention to some of the details given here it is possible to perform the tech-
nique in most conscious children of any age. Resort to general anaesthetic is very 
rarely needed and is to be resisted as it prevents the all-important EMG examination 
of bulbar and limb muscles taking place in the same attendance. The technique itself 
is quickly performed and we have shown that its results are to be trusted. It has 
formed an important part of the examination of children with hypotonia in our 
hospital with clinicians using it freely to examine those difficult cases in which 
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myasthenia has not been excluded. The high negative predictive value is of particu-
lar importance in this subgroup. As a rule if the jitter abnormality is highly abnormal 
and a neurogenic abnormality has been excluded it has been our experience that the 
most likely cause is a myasthenic syndrome rather than a myopathic process with 
secondary neuromuscular junction changes. In the cases where the jitter is elevated 
but perhaps not very significantly, less than 115% [39], most clinicians would still 
arrange for a muscle biopsy while screening for some of the more common myas-
thenic conditions.

Further work that is needed in the development of this technique is to determine 
the normal range in the very youngest babies, under 3 months of age, for example. 
Most congenital myasthenic conditions are symptomatic from birth and to have a 
test that can identify these patients early on in the course of their disease, at a time 
when they are perhaps the most vulnerable from the consequences of serious associ-
ated symptoms, such as episodic apnoea, would be very useful. Additionally, but 
certainly not likely to find a solution in paediatric practice, refinement of this tech-
nique such that one could restrict the number of fibres stimulated and thus enable 
the indisputable identification of single fibre potentials, is awaited eagerly.
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Chapter 11
Artifacts

Hugh J. McMillan

Neurophysiologists must be aware of the many physiological, environmental, and/
or operational factors that can influence data collection and analysis. These factors 
are collectively referred to as artifacts as they have the potential to lead to inaccurate 
or erroneous test results and ultimately to potential misdiagnosis. Erroneous test 
results, whether due to errors in the collection of data or the interpretation of results, 
can result in the pursuit of costly diagnostic procedures such as genetic testing and/
or the unnecessary pursuit of invasive therapies such as surgical biopsies. Just as it 
is important for neurophysiologists to possess proper knowledge of the anatomical 
courses and positions of nerves and muscles, so is it essential to show constant 
vigilance for common pitfalls that may arise.

Artifacts will be classified into one of three broad categories: (1) patient factors, 
(2) environmental factors and (3) equipment/operator factors (Table 11.1).

�Patient Factors

�Age

Age is one of the most commonly encountered variables encountered by neurolo-
gists and neurophysiologists who work with children. Clinicians are well aware of 
the dramatic changes in neurodevelopmental milestones that occur during the first 
few years of life. The changes in central and peripheral nerve myelination are 
equally remarkable, though less commonly recognized, over these years. 
Interpretation of pediatric nerve conduction studies must always include 
consideration of a child’s age. Axon diameter and myelination gradually increase 
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from birth until adult values are attained at 4–5 years of age [1]. Not surprisingly, 
the normal reference ranges for electrodiagnostic tests also change with age, 
reflecting the progressive myelination that occurs in the first few years of life. 
Several reports have documented term newborns to show ulnar nerve motor 
conductions in the range of 20–35 m/s, with adult nerve conduction velocities not 
consistently observed until 3–5 years of age (Fig. 11.1) [2, 3]. This maturation must 
be considered when interpreting nerve conduction studies of infants and young 
children so as to avoid misinterpreting normal physiological differences as a 
sensorimotor polyneuropathy with demyelinating features. Normal values have 
been derived from prior published reports and are detailed in Chap. 24.

�Temperature

Temperature is another important and common artifact. Practically, there are several 
reasons why aberrant skin temperatures may be encountered in the EMG laboratory. 
Patient anxiety or apprehension is not unusual, particularly in children who are 
about to undergo nerve conduction testing. Physiologically, this anxiety may be 
associated with the increased circulation of epinephrine. Blood vessel constriction 
occurs as part of the “fight or flight” response such that blood is shunted to muscle 
[4]. Circulation to the skin is also reduced to potentially mitigate blood loss in the 
event of injury. As a result, the hands and feet of anxious individuals tend to be 
cooler than usual [5]. Sweating may further cool the hands. Cool ambient air 

Table 11.1  Technical factors influencing nerve conduction studies and electromyography

Patient factors

  Age
  Height and/or length
  Weight
  Temperature
  Anatomic variability (e.g., Martin-Gruber anastamosis)
Environmental factors

  Electrical (60 Hz) interference
  Drug administration (pyridostigmine, neuromuscular blockade, botox)
Machine/operator factors

  Stimulation malposition
  Electrode malposition
  Cathode position (erroneous reversal of stimulator polarity)
  Submaximal stimulation applied
  Stimulus artifact
  Adjacent nerve co-stimulation
  Filter settings
  Measurement errors
  Sweep speed and sensitivity errors
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temperatures including air conditioning in a patient wearing summer attire can 
further augment this problem. Regardless of the exact cause, temperature artifacts 
are common and can lead to interpretation error and misdiagnosis.

Temperature can affect peripheral nerve function by influencing ion channel 
function as well as neuromuscular transmission by altering acetylcholinesterase 
activity. Cooler temperatures will affect both sensory nerve action potentials 
(SNAPs) and motor compound muscle action potentials (CMAPs) by: (1) reducing 
conduction velocities; (2) increasing onset or peak latencies; and (3) increasing 
SNAP or CMAP amplitudes (Fig.  11.2). This pattern of abnormality can mimic 
compression neuropathies and potentially give rise to erroneous diagnoses; a com-
mon example is carpal tunnel syndrome.

Limb cooling affects both sensory and motor nerves. Action potentials are propa-
gated along a myelinated axon as the voltage-gated sodium channels at each node of 
Ranvier open and sodium ions move along their electrochemical gradient into the 
axon. After the initial influx of sodium ions, these channels close. Potassium chan-
nels then open, resulting in an efflux of potassium ions, thereby restoring the resting 
membrane potential. Physiologically, cooling slows the rate at which sodium chan-
nels open and, to an even greater extent, the rate at which they close. The slower rate 
of opening gives rise to the delay in the propagation of action potential along the 
axons resulting in a slower conduction velocity. This delayed closing results in 
higher amplitude and longer duration action potentials which are reflected in the 
higher SNAP and CMAP amplitudes that are observed in patients with cool limbs.
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Studies have shown predictable neurophysiological changes with cooling. Ulnar 
sensory and motor nerve conduction velocities decrease by 1.6–2.1 m/s for every 
1 °C of cooling and distal latencies increase by 0.2 ms for every 1 °C of cooling [6]. 
Other studies have confirmed a conduction velocity decrease of 1.5–2 m/s for each 
degree of cooling [7, 8]. As such, limb temperatures should be measured and, if 
necessary, re-warmed to attain temperatures in the 33–34  °C range [9]. Other 
sources recommended a range of 34–36 °C for the upper limbs and 31–34 °C for the 
lower limbs [10]. Caution must be taken when hands are warmed since the superfi-
cial tissue will warm more quickly than deeper tissue, which can cause the limbs to 
cool off more quickly than expected after the study has been restarted [11].

�Weight

Adipose tissue will insulate peripheral nerves such that stimulating electrodes may 
have greater difficulty delivering supramaximal stimulation. This is more problem-
atic at proximal stimulation sites and can be observed in healthy infants as well as 
children and adults who have limb edema and/or obesity. Practically this is reflected 
in an amplitude drop at the proximal stimulation site compared to the more distal 
stimulation site(s) which can mimic axonal injury and/or conduction block. Caution 
must be taken not to overcall conduction block in such individuals, particularly 
when studying the tibial nerve motor response. Subcutaneous adipose tissue distri-
butions often makes it difficult to elicit sural sensory responses in infants.

Median Nerve Antidromic Sensory
Responses at 25°C and 32°C  

Median Nerve Motor
Responses at 26°C and 32°C

Site Temp Onset 
(ms)

Amp 
(µV)

Dist 
(cm)

Vel 
(m/s)

Site Temp Onset 
(ms)

Amp 
(mV)

Dist 
(cm)

Vel 
(m/s)

Right Median Anti Sensory (2nd Digit) Right Median Motor (Abd Poll Brev)
Wrist 25°C 2.9 28.8 14.0 55 Wrist 26°C 3.4 11.0 6.0 43
Wrist 32°C 2.0 26.4 14.0 64 Wrist 32°C 2.9 8.7 6.0 52

NCV [Right Median Anti Sensory] NCV [Right Median Motor]

P

P

P

O

O

25 : 26 :

32 :32 :

P

O

O

20 µV/Div 5000 µV/Div2 ms/Div 5 ms/Div

Fig. 11.2  Median nerve sensory and motor responses showing faster conduction velocity and 
shorter onset latencies at warmer (32 °C) temperature compared to cooler limbs
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�Height

Patients’ heights or limb lengths are known to influence late responses (e.g., 
F-response minimum latency) when completing neurophysiological testing in 
adults. Correction factors, namely the F-estimate, can be used to calculate the mini-
mum F-responses in patients who are tall and consequently have longer limb lengths 
[12]. However, several studies have also demonstrated an inverse relationship 
between sensory nerve conduction velocity and adult patients’ height [13–15]. 
Cadaver studies have established that sensory nerve conduction velocities are 
slowed by 3.9 m/s for every 10 m of axonal length.

Normal pediatric values exist for pre-pubertal children of various ages. The pre-
cise contribution of height versus age-related myelination changes is less well 
known for this population. As such, greater emphasis is placed upon age rather than 
height per se when evaluating pediatric studies. Exception may be taken for very tall 
adolescents who should follow adult rules for correction factors as they apply to late 
responses.

�Anatomic Variability

Children can demonstrate the same patterns of anomalous innervation seen in 
adults, especially as these anatomical variants are generally congenital. The classic 
Martin-Gruber anastomosis (MGA) should be considered in any child who demon-
strates a higher CMAP amplitude when stimulating the ulnar nerve at its distal 
stimulation site (wrist) relative to a proximal site (below or above the elbow). MGA 
has been reported in up to 15–20% of adult patients [16], and presumably a similar 
proportion of children are affected. MGA results from the cross-over of median-to-
ulnar nerve motor fibers supplying the hypothenar muscles. It has been referred to 
as a “pseudo-conduction block” as it has the potential to mislead inexperienced 
electromyographers into thinking that it represents evidence for a demyelinating 
disorder such as chronic inflammatory demyelinating polyradiculoneuropathy 
(CIDP) or multifocal motor neuropathy. The presence or absence of MGA can be 
confirmed by stimulating the median nerve proximally (elbow) while leaving the 
recording electrodes over the hypothenar muscles. The sum of the CMAP ampli-
tudes recorded over the hypothenar muscles while stimulating the proximal median 
and ulnar sites should equal that seen with stimulation at the distal ulnar site in this 
condition. Other anomalous innervations include the Marinacci anastomosis 
(forearm ulnar-to-median communication), Riche-Cannieu anastomosis (palmar 
median-to-ulnar communication) and Berrettini anastomosis (palmar ulnar-to-
median communication).

Anomalous innervation can also occur in the lower limb. Approximately 10–20% 
of adult patients are reported to have an accessory peroneal nerve [17] that contrib-
utes to innervation of the extensor digitorum brevis (EDB). This anomaly is detected 
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when the peroneal motor CMAP amplitude (recorded at the EDB) is higher at the 
proximal stimulation sites compared to the distal (ankle) site. To differentiate an 
accessory peroneal nerve from submaximal stimulation at the ankle, the neurophys-
iologist should stimulate the lateral calf posterior to the lateral malleolus. If a small 
CMAP amplitude is recorded at the EDB when stimulating at this location, the 
anomalous innervation is confirmed.

�Environmental Factors

�Electrical (60 Hz) Interference

Electrodiagnostic testing relies on measuring very small bioelectrical signals that 
range from microvolts (for sensory studies) to millivolts (for motor studies). Given 
how sensitive the recording equipment must be, it is not surprising that external, 
non-biological electrical energy can contaminate or interfere with testing. 
Electromagnetic interference is widespread and can represent a source of consider-
able frustration for neurophysiologists. Overhead lighting, medical equipment and/
or adjustable beds are common sources of electrical interference, especially in the 
setting of alternating currents. Intensive care units are particularly problematic due 
to the frequent presence of continuous infusion pumps and monitoring equipment. 
Neurophysiologists are often able to reduce electrical interference by taking a sys-
tematic approach to identifying its sources and temporarily eliminating any non-
essential sources for the duration of the test. It is important, however, to discuss the 
disconnection of any device with the primary team. Patients themselves may carry 
hand held electronic devices including smart phones, but our experience has been 
that these introduce little to no perceptible electrical interference, and such devices 
may help distract children during EMG testing.

�Drug Administration

Medications can have a significant impact upon nerve conduction study results. 
Neuromuscular blocking agents (NMBA) are commonly administered to patients in 
an intensive care setting to facilitate ease of ventilation and/or prevent inadvertent 
extubation. Depolarizing agents such as succinylcholine bind to acetylcholine 
receptors, causing persistent depolarization. Non-depolarizing agents such as 
rocuronium or pancuronium are competitive antagonists of nicotinic receptors, 
effectively blocking the action of acetylcholine. Motor nerve CMAP amplitudes 
may be absent or dramatically reduced if nerve conduction studies are performed 
upon a patient who has received such medications. Neurophysiologists must ensure 
that sufficient time has passed from administration of these medications until the 
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time of testing, particularly in patients who are comatose and/or show flaccid paral-
ysis as well as those who may have hepatic and renal dysfunction which may alter 
the pharmacokinetics of these drugs.

Botulinum toxin (or BOTOX) is often administered to children with spastic cere-
bral palsy and/or other forms of acquired injuries to the central nervous system. 
Since BOTOX impairs the release of acetylcholine from the pre-synaptic membrane 
it chemically denervates muscle. As such CMAP amplitudes may again be decreased, 
and active or chronic denervation changes may be apparent upon needle 
examination.

�Machine/Operator Factors

�Submaximal Stimulation Applied

Accurate nerve conduction studies rely on the delivery of supramaximal stimula-
tion. This ensures that all axons contained within the nerve are depolarized. If 
stimulation is submaximal, only a subset of the axons will be depolarized, and the 
resulting SNAP or CMAP amplitude will be artifactually reduced. This can give 
the false impression of an axonal sensory and/or motor neuropathy where one does 
not exist. Often this may occur if a patient, particularly a child, finds the test 
uncomfortable and the nerve conduction studies are not performed as thoroughly 
as they should be. In such circumstances the possibility of submaximal stimulation 
should be documented by the technician and/or neurophysiologist to avoid misin-
terpretation. When such factors may have important consequences for a child’s 
care, the nerve in question can be retested at a later point in the study, or consider-
ation may be given to performing the study under conscious sedation or general 
anesthesia.

�Adjacent Nerve Co-stimulation

Although it is important to ensure supramaximal stimulation, the application of 
excessively high currents may have the undesired effect of co-stimulating adjacent 
nerves. Typically this is seen in patients with neuropathies, where higher than nor-
mal stimulation is required. It can also occur in younger children where their smaller 
limb size places nerves in closer proximity. Common sites of co-stimulation include 
stimulation of the peroneal nerve above the knee (recording at the EDB) causing 
inadvertent co-stimulation of the tibial nerve. One clue that should alert the neuro-
physiologist to this phenomenon is a sudden change in the wave form morphology 
that is distinct from more distal stimulation sites and/or different from wave forms 
at lower stimulation intensities. The neurophysiologist may also notice muscles 
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twitching that are not ordinarily innervated by the stimulated nerve. This artifact 
may be corrected by ensuring that the site of stimulation is directly over the desired 
nerve and that the intensity of stimulation is reduced if the aforementioned changes 
are noted in the waveform.

�Measurement Errors

The distance between the cathode and the recording electrode must be carefully 
measured. Errors in measurement can have significant implications on the validity 
of the results since this can increase or decrease conduction velocity, influence the 
interpretation of latency measurements, and also give rise to apparent slowing across 
a possible compression site, mimicking conduction block. Measuring distance for 
ulnar nerve motor studies for example must ensure the measuring tape follows the 
normal physiological path of the nerve (i.e., distance is obtained following the 
course of the ulnar nerve, with the elbow flexed at 90°). If the arm is not maintained 
in flexion then the measured distance will be shorter than the actual length of the 
nerve, thereby overestimating the conduction velocity in this segment. It is impor-
tant for all distance measurements that the technologist or neurophysiologist be 
aware that this error can only be corrected if it is identified at the time of testing. 
Although the neurophysiologist reporting a study may later be suspicious values 
obtained, he or she cannot verify the distance after the patient has left the clinic or 
laboratory. Children are particularly susceptible to measurement errors, due to the 
shorter distances involved and the squirming that often occurs during testing.

�Stimulation Malposition

Stimulating at the incorrect site can result in no response or, if a response is obtained, 
decreased SNAP or CMAP amplitudes as the stimulation will be submaximal result-
ing from distance-related decay in stimulation intensity.  Potential co-stimulation of 
nearby nerves can also occur if stimulation is administered at the incorrect 
location.

�Recording Electrode Malposition

Recording electrodes must be placed immediately over the sensory nerves being 
studied, or in the case of motor nerves over the center of the muscle belly known as 
the motor point. If the recording electrode (G1) is incorrectly placed, then the 
CMAP amplitude will be reduced, giving the impression of axonal loss or a 
myopathy. A clue to misplacement of the recording electrode is an initial positive 
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(downward) dip in the CMAP waveform, which should not be present in a correct 
recording. The downward dip can also make it more difficult to determine the pre-
cise onset of muscle depolarization, making latency measurements less reliable.

The two recording electrodes (G1 and G2) should be placed 3–4 cm apart, which 
is the typical distance of most bar recording electrodes. Larger distances can be 
associated with changes in amplitude and waveform duration due to alternation in 
the summation of action potentials and waveform cancellation [10]. Incorrect G2 
position also has the potential to affect CMAP onset latencies by 0.1–0.5 ms [18].

�Cathode Position (Erroneous Reversal of Stimulator Polarity)

Cathode malposition refers to the reversal of the relative positions of the cathode 
and anode of the stimulator. Typically when the hand-held stimulator is used the 
depolarization first occurs in the segment of nerve immediately under the cathode. 
The cathode should always be closer to the recording electrode (G1) than the anode. 
If the orientation of the stimulator is reversed, then the sensory and motor latencies 
will be increased since the recording represents the standard distance between the 
cathode and the recording electrode, plus the distance between the cathode and 
anode (usually 2–3 cm), yet only the distance between the cathode and the record-
ing electrode is typically measured.

�Stimulus Artifact

Stimulation artifact can be particularly problematic when performing sensory stud-
ies. When the initial baseline leading to the waveform is shifted it can make it dif-
ficult for the examiner to gauge where the onset point (initial deflection of the 
waveform) is located, which determines the onset latency. Sensory latency is marked 
either at the initial deflection of the waveform (onset latency) or the highest negative 
peak (peak latency). Different EMG laboratories favor one versus the other, and 
normal values have been established for both approaches.

Artifact from muscle can also impede the measurement of sensory responses. 
This is particularly problematic for young children due to the smaller sizes of their 
limbs and thus the closer proximity of nerves and muscles. A large motor CMAP 
can potentially obscure or even obliterate the SNAP in some instances during anti-
dromic stimulation of a sensory nerve. One way of overcoming this problem is to 
reduce the stimulating current in an attempt to reduce or remove the artifactual 
CMAP. Another is to attempt orthodromic sensory nerve testing rather than anti-
dromic testing. This is particularly easy to perform for the median, ulnar, medial 
plantar and lateral plantar sensory responses in children. Orthodromic stimulation 
involves distal stimulation of sensory fibers such that the signal travels in the same 
direction it would normally travel when a physiological response is carried along 
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sensory nerve. Recording electrodes are placed more proximally. Since this tech-
nique selectively stimulates sensory fibers, it avoids the potential problem of muscle 
artifact near the recording site that occurs when a mixed nerve is stimulated in an 
antidromic manner. Antidromic stimulation, as the name suggests, sends a signal in 
the opposite direction than a sensory response would normally travel. Antidromic 
stimulation is often easier to perform than orthodromic stimulation, but when the 
former is used for a mixed nerve, distal muscles innervated by that nerve may be 
stimulated, leading to the generation of artifactual CMAPs. Since SNAP amplitudes 
are in the microvolt range, compared to CMAP amplitudes in the millivolt range, it 
is understandable why an aberrant motor response could be problematic.

For sensory and motor testing, care should be taken to avoid the excessive appli-
cation of cream or gel at the stimulation site as this can created a bridge between the 
cathode and anode, causing cancellation of stimulation. This is especially important 
in children who may move their limbs more than adults tend to do during testing 
which can cause cream or gel to spread.

�Filter Settings

High and low frequency filters have the benefit of screening out various artifacts, 
including electrical artifact. However, alterations to these filters can also have an 
adverse effect upon neurophysiologic test results. Increasing the low-frequency fil-
ter setting will reduce some electrical artifact but can also reduce SNAP or CMAP 
amplitudes. As such, caution must be taken when adjusting the filters away from 
standard settings.

�Sweep Speed and Sensitivity Errors

Most machines will use standard settings for sensitivity and sweep speed. Sensitivity 
settings (also known as the gain) typically range from 10–20 μV per division for 
sensory studies and approximately 5  mV per division for motor studies. Sweep 
speed settings typically range from 2 to 5 msec per division. Latencies are longer for 
motor studies since they must account not only for the speed of conduction along a 
segment of motor nerve, but also neuromuscular transmission and muscle action 
potential propagation before the CMAP is generated.

Sensitivity and sweep speed should remain constant within any given study to 
ensure comparison of nerves (especially median and ulnar) is accurate and not influ-
enced by this potential artifact. Additionally settings should not be permitted to 
deviate too far from standard ranges to ensure the validity of test results. However, 
in certain circumstances these settings may need to be adjusted at least temporarily. 
For example, when a CMAP is difficult to obtain and is suspected of having a pro-
foundly low amplitude, the sensitivity setting may need to be adjusted to help detect 
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a small CMAP.  Similarly, in some demyelinating neuropathies the conduction 
velocities are so slow that the action potentials do not appear on the screen with 
standard sweep speeds, and thus the sweep speed may need to be adjusted to bring 
the action potential onto the screen.

�Summary

Neurophysiologists must be vigilant to potential artifacts and ensure that technolo-
gists assisting with these studies are also aware of these factors. Several of the arti-
facts described, particularly temperature and operator factors can only be identified 
and rectified if they are discovered at the time of testing. Attention to these potential 
sources of error can prevent misdiagnosis and the negative consequences that may 
ensue.
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Chapter 12
Motor Unit Number Estimation

Peter B. Kang

Due to the anatomic location of motor neurons, it is has not been possible to directly 
quantify motor neuron loss in anterior horn cell disease. Motor neurons are located 
in the anterior spinal cord, one of the areas within the nervous system that are not 
amenable to biopsy and histological analysis in living patients. The spinal cord has 
a high density of eloquent fiber tracts. Biopsy-induced injury to these tracts would 
result in significant weakness, paraesthesiae and/or sphincter dysfunction. As a 
result, estimating the degree of actual motor neuron loss has remained elusive for 
motor neuron diseases such as amyotrophic lateral sclerosis (ALS) and spinal 
muscular atrophy (SMA). ALS is primarily an adult-onset disease, while SMA is 
typically identified in infancy or early childhood.

Given the limitations described above, an electrophysiologic test has been 
designed to act as a surrogate measure of motor neuron integrity. This method, 
known as motor unit number estimation (MUNE), provides a reliable estimate of 
the number of functional motor units present. MUNE was first described in 1971 [1] 
in patients with amyotrophic lateral sclerosis. Since then, it has also been applied to 
patients with other neuromuscular diseases such as Duchenne muscular dystrophy 
[2] and poliomyelitis [3]. More recently, it has been shown to be a reliable and use-
ful electrophysiologic outcome measure for spinal muscular atrophy [4, 5].

There has been some discussion in the literature about the relative merits of two 
different electrophysiologic measures to quantify motor unit loss: the compound 
muscle action potential (CMAP), which is a standard measurement in nerve con-
duction studies, versus the MUNE, which requires specialized nerve conduction 
studies that are not routinely performed in clinical settings. The CMAP is easier to 
obtain and provides a more global assessment of the motor unit for a selected mus-
cle [6, 7]. It is also widely used in routine clinical practice and is thus easy for a 
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neurophysiologist to obtain for research purposes without substantial additional 
training. However, determination of the MUNE is a more complex calculation that 
has the potential to yield more in depth analysis, especially as the component vari-
ables are the CMAP and the mean single motor unit action potential (SMUP), which 
in theory represents a single motor unit [8]. The MUNE calculation is as follows:

MUNE = CMAP (converted to μV)/mean SMUP (recorded in μV)

Several methods have been developed for obtaining the data needed for MUNE 
calculations, primarily focusing on various approaches to obtaining an accurate 
mean SMUP calculation. Among these, the multipoint stimulation method has been 
used in children [5, 8], but other methods such as spike-triggered averaging, F wave 
methods, and statistical methods are also used, primarily in adults [9–12]. More 
recently, a new method that combines features of the multipoint and incremental 
approaches has been developed that provides sufficient reliability to be especially 
useful in human clinical trials [13].

Obtaining the data needed to calculate MUNE accurately in children is feasible, 
requires a minimum degree of cooperation, and does not involve substantial discom-
fort. The only equipment needed is a standard electrodiagnostic (NCS/EMG) 
machine. Either before or after the MUNE data are obtained, an accurate CMAP 
should be recorded at the muscle by administering a supramaximal current to the 
motor nerve, usually at the standard distal stimulation point, as the CMAP amplitude 
is included in the MUNE calculation. Ideally the EMG machine would include soft-
ware settings for performing MUNE, but if not, a protocol can easily be programmed 
into the settings. Filter settings are generally 10 Hz (low) and 10 kHz (high). As the 
action potentials to be obtained represent single motor units, the amplitude of the 
voltages recorded are mostly less than 500 μV, and are often less than 100 μV, though 
sometimes larger motor units are seen in patients with motor neuron disease and 
significant denervation. The software settings should be adjusted accordingly (i.e., 
the standard sensitivity settings for a motor nerve conduction study are not sensitive 
enough to detect these action potentials, the ranges are more aligned with what is 
seen with sensory nerve action potentials). For research protocols, a specific nerve 
and muscle pair are typically specified for study, for example the right ulnar nerve 
recording the abductor digiti minimi. The currents administered to the child should be 
small and raised slowly, as the goal is to stimulate conduction in a single motor unit 
only, either in isolation or as an incremental increase over a previous stimulation.

The two MUNE approaches that have been used most extensively in children are 
the traditional multipoint stimulation approach and the combined multipoint incre-
mental approach which will be described in further detail.

�Traditional Multipoint Stimulation Approach

In a traditional multipoint stimulation approach, the recording electrodes are 
maintained in the same location throughout the study, while the investigator 
moves the stimulator from site to site over the course of the nerve, seeking 
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distinct single motor unit action potentials. The first motor unit obtained at any 
given stimulation point is recorded; the presence of only one motor unit in the 
potential obtained should be confirmed by observing an “all or none” response 
when the stimulation is reduced a bit below the level needed to generate that 
potential, and then increased again past the threshold. Stimulation points can be 
selected along the length of the nerve under study, within the limits set by the 
research protocol. Certain locations may yield motor units more readily than 
others. For example, along the ulnar nerve, the sites just proximal to the wrist and 
around the elbow are especially fruitful for this purpose, whereas sites between 
these two along the forearm may be more difficult. Only one motor unit action 
potential is recorded for each stimulation site. The current needed to stimulate a 
single motor unit action potential is usually less than 10 mA, and almost always 
less than 20  mA.  One potential pitfall of this approach is the possibility of 
recording the same motor unit action potential at multiple stimulation points, 
which may affect the accuracy of the final calculations. Thus, it is important to 
observe the amplitude and morphology of each single motor unit action potential 
obtained, and to eliminate those that are redundant. After the required number of 
single motor unit action potentials at various stimulation sites are measured, 
these may be averaged for the MUNE calculation. Figure  12.1 provides an 
example of this approach.

a b

Fig. 12.1  Representative examples of single motor unit potentials (SMUPs) stimulating the right 
ulnar nerve and recording abductor digiti minimi using the multipoint approach. One set of SMUPs 
had amplitudes ranging from 23–30 μV (a), while the other had amplitudes ranging from 112–
128 μV (b). Note the similar morphology of the waveforms in each set of tracings. The full exami-
nation identified 8 distinct sets of SMUPs that averaged 116.68 μV.  With a CMAP amplitude 
recorded to be 1.9 mV at the same site, the MUNE was calculated to be 16.285

12  Motor Unit Number Estimation



154

�Combined Multipoint Incremental Method

The combined multipoint incremental method involves the use of a single recording 
site for a nerve/muscle pair, and a defined set of stimulation points, typically three 
[13]. At each stimulation site, the nerve is stimulated at low currents that are 
increased slowly, as in the multipoint approach. However, once the first motor unit 
action potential is obtained and recorded, the current should continue to be increased 
slowly until a second incremental (“all or none”) jump in the action potential ampli-
tude occurs. Once the second is recorded, then the stimulation is again increased 
slowly until a third incremental jump occurs. This protocol is repeated at each of the 
three stimulation sites, yielding a total of 9 measurements. At each site, the first 
motor unit amplitude is equivalent to the first action potential obtained, while the 
second is calculated by subtracting the first from the second, while the third is cal-
culated by subtracting the second from the third. These nine motor unit amplitudes 
are then averaged and used for the standard MUNE calculation (Fig.  12.2). 
Redundant motor unit action potentials are tolerated in this protocol, as opposed to 
the multipoint stimulation technique.

MUNE is increasingly used as an outcome measure for clinical trials in spinal mus-
cular atrophy [7, 14, 15], and has yielded interesting information about the disease, 
including natural history data [16, 17] and evidence suggesting that new motor 
development may be occurring as a compensatory mechanism in spinal muscular 
atrophy [8]. Thus far, it does not appear to have obvious diagnostic applications in 
routine clinical settings, as it is not clear that it would detect signs of motor unit 
dysfunction that would not be seen by other means, such as CMAP amplitudes and 
signs of denervation/reinnervation on needle examination. However, as more data 
accumulate regarding the correlation of MUNE values with disease progression, 
such applications may be proposed in the future.
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Fig. 12.2  Images of SMUPs stimulating the right ulnar nerve and recording abductor digiti min-
imi using the incremental approach. Three increments are recorded at each of three different sites: 
2 cm proximal to the wrist crease (a), 6 cm proximal to the wrist crease (b), and 1 cm proximal to 
the ulnar groove at the elbow (c). The average increment, representing the SMUP, for the nine 
stimulations is 38.9 μV. With a CMAP recorded at 9.5 mV, the MUNE is then calculated to be 
244.2
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Chapter 13
Concentric Macro EMG

Joe F. Jabre

�Introduction

Needle electromyography (EMG) can be grouped into one of three classifications 
for use by neurophysiologists in clinical practice. Listing them by “size” from small 
to large (Table 13.1 and Fig. 13.1), the first is single fiber EMG (SFEMG) that can 
be considered a “micro EMG” technique. SFEMG records activity of one or two 
single muscle fibers of a motor unit at a given time and is used in the evaluation of 
fiber density and neuromuscular transmission disorders. The second technique that 
is the most familiar to neurophysiologists and widely used in routine clinical prac-
tice is that using a concentric or monopolar needle electrode to record from 10 to 20 
muscle fibers of a motor unit at a time. This second technique is what is usually 
meant when the term “needle examination” or “needle EMG” is used. The last tech-
nique, macro EMG, records from the majority of muscle fibers in a motor unit at any  
given time. This technique uses an electrode’s cannula referenced to a nearby sur-
face electrode. Each of these techniques provides the neurophysiologist with a dif-
ferent set of tools to measure and analyze the motor unit waveform.

The difference in these recording techniques is dependent largely upon the 
recording surface area of each needle. Single fibre EMG needles are characterized 
by a very small side-port that is 25 μm [1] in size and serves as the recording surface. 
This gives rise to a very small recording radius enabling potentials to be recorded 
from only 1–2 muscle fibers at a time. Conventional EMG utilizes needles with a 
larger recording surface area that may be either concentric or monopolar. Concentric 
needles are characterized by their beveled tips that contain a side port with a record-
ing area of 150 × 580 μm [1]. Monopolar needles are characterized by their pointed 
tip with a recording surface area of 640 μm [1]. Of note, when concentric needles 
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are used, a single ground surface electrode is required, while the use of a monopolar 
needle requires both ground and reference surface electrodes. MacroEMG needles 
are unique since they possess a recording surface area that is many times larger than 
these other needles. Although the needle contains a side-port similar to single fiber 
EMG, the distal 15 mm of the macroEMG needle is un-insulated, which gives rise 
to the larger recording surface area allowing it to perform analysis of all muscle 
fibers belonging to an individual motor unit (Table 13.1 [1, 2]).

Some of the traditional motor unit action potential (MUAP) measurement and 
analysis techniques described by Buchtal in the 1950s [3, 4] are time-consuming 
and pose significant challenges even in cooperative adult patients. Pediatric neuro-
physiologists are frequently called upon to differentiate normal versus abnormal 
neuromuscular pathology without the luxury of time and patient cooperation. In 
infants and younger children, the term “burst” EMG analysis is sometimes used to 
describe the sampling that occurs with a patient who is not able to follow commands 
consistently, in contrast to the traditional motor unit analysis technique used in older 
children, adolescents, and adults. Though experienced pediatric neurophysiologists 
are usually able to obtain accurate and valuable data from these smaller samplings, 
there are circumstances in which the amount of data collected is not optimal.

Compounding this difficult undertaking is that concentric needle electrodes 
record from about 10–20 muscle fibers of a motor unit at a time. While in adults one 

Table 13.1  Needle characteristics and utility for various needle EMG techniques

Technique Recording surface
Recording 
area (mm2)

Number fibers in 
one motor unit 
studied (fibers) Utility

Single fiber 
EMG

Small; 25 μm at 
side-port

0.0005 1–2 Analysis of neuromuscular 
transmission

Concentric 
EMG

Medium; 
150 × 580 μm of 
beveled tip

0.07 10–20 Analysis of individual 
MUAPs

Monopolar 
EMG

Medium; 640 μm 
at tip

0.12–0.34 10–20 Analysis of individual 
MUAPs

MacroEMG Large; 
un-insulated distal 
15 mm of needle

Large 300–2000 Analysis of entire motor 
unit

Fig. 13.1  Comparison of 
needles used for various 
types of electromyography 
studies. Line drawings 
illustrate, from top to 
bottom: single fiber, 
concentric, monopolar and 
macroEMG needles. The 
dark area corresponds to 
the recording area for each 
needle
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can overcome this limitation by moving the needle electrode inside the corridor of 
a motor unit’s territory to explore other areas, in children, especially infants and 
toddlers, this luxury of needle motor unit territory exploration is not always consis-
tently attainable. Figure 13.2 shows a schematic representation of a concentric nee-
dle electrode inside the muscle, and the contribution of the nearby muscle fibers 
belonging to the same motor unit to the MUAP.

Macro EMG as described by Stålberg [5] is a well-accepted technique for esti-
mating the electrical size of a motor unit. It makes use of a large recording surface 
that makes it possible to sample the majority of muscle fibers of a motor unit, in 
contrast to the 10–20 muscle fibers sampled by the tip of a concentric needle elec-
trode. As useful as the Stålberg technique is, a practical limitation is that it uses a 
single fiber needle electrode to record the cannula potential and does not afford a 
concomitant view of the concentric MUAP from which the Macro potential is 
derived. Another practical limitation is the significant cost associated with the pur-
chase of macroEMG needles. To overcome these limitations, a technique known as 
concentric macro EMG or ConMac was developed by Jabre [6] that uses the cannula 
of a standard concentric needle electrode to record the concentric electrode’s can-
nula potential, referenced to a nearby surface electrode, allowing for a simultaneous 
view of the concentric MUAP and its corresponding macro potential [7]. To clearly 

Fig. 13.2  Schematic 
representation of a 
concentric needle electrode 
inside a normal muscle, 
showing the contribution 
to the MUAP of the nearby 
muscle fibers (simulated as 
white dots) belonging to a 
single motor unit. The 
semi circles (from closest 
to furthest from the needle 
electrode) approximate the 
muscle fibers that 
contribute to the MUAP 
amplitude, followed by 
those that contribute to its 
spike component, area, and 
lastly to its duration
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distinguish between macro potentials derived from these two electrode types, we 
refer to the single fiber electrode cannula derived potential as the Macro potential, 
and to the concentric electrode cannula derived potential as the ConMac potential.

In this chapter, we will describe the ConMac EMG technique and its applicabil-
ity to quickly and easily distinguish between normal, neurogenic, and myopathic 
motor unit changes.

In our experience, ConMac EMG is a fairly simple technique to learn and can be 
performed in under 5 minutes with a conventional concentric needle electrode using 
an EMG machine that allows for two channel recording.

�Technical Description of the ConMac EMG Technique

The ConMac EMG technique requires a two-channel EMG machine, with one channel, 
typically channel 1, being used to record the concentric MUAP. This potential serves as 
a trigger to the cannula potential recorded on the other channel, in this case channel 2.

To extract the time-locked cannula potential on channel 2 from interfering 
MUAPs of nearby units, the channel 2 signal is averaged between 16 and 32 times, 
or until it remains stable and its amplitude and area can be measured easily. Filters 
used are 20–8 kHz for the concentric potential, and 8 Hz to 8 kHz for the ConMac 
potential. The technique and recording principle are shown in Fig. 13.3.

r

a

15 mm
a

r

Surface Eelecrode Reference

Ch 2

Ch 1Concentric MUAP
Trigger

ConMac MUAP (averaged)

Fig. 13.3  Concentric Macro EMG (ConMac) recording principle using a two-channel EMG 
machine. In the first channel (Ch 1), a concentric MUAP is recorded from the electrode’s active 
recording tip (a), with the cannula used as reference (r). This concentric MUAP is used to trigger 
a time-locked potential on the second channel (Ch 2), where the needle’s cannula is now the active 
(a) recording area, and a surface electrode nearby is used as reference (r). Because of the size and 
non-selective nature of the electrode’s cannula, there is much interference from nearby active 
motor units on channel 2. Interference can be greatly reduced by averaging this time-locked poten-
tial to generate the ConMac MUAP
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ConMac action potentials look like a small motor response, very similar to an 
F-wave as shown in Fig. 13.4.

�ConMac EMG in Clinical Use

Our experience with the clinical use of ConMac EMG spans three decades. Several 
publications have explored the use of this technique in normal adults and in patients 
with neurogenic and myopathic pathology [8, 9].

These studies have shed some light not only on the motor unit territory and its 
architecture, but also on the validity of currently available MUAP normal values in 
the literature [10], and on the relationship between the cannula potential and the 
motor unit twitch force [11]. ConMac EMG has also been used for the demonstra-
tion of the motor unit recruitment size principle [12]. Finally, the shape of the 
ConMac MUAP remains relatively stable during needle manipulations, as shown by 
the scanning study in Fig. 13.5.

This property of the ConMac technique makes it especially useful in children 
who typically do not tolerate the traditional sampling protocol that requires multiple 
movements of the needle electrode inside the muscle.

�Normal Subjects

In normal adult subjects, cannula potentials usually have one or two phases, but 
occasionally may show more, such as in the tibialis anterior muscle [13]. Since the 
needle electrode’s cannula is non-selective, the ConMac MUAP is derived from the 

ConMac MUAP (Averaged)

Concentric MUAP (Trigger)

Fig. 13.4  Typical 
concentric MUAP (bottom) 
used to trigger and average 
a ConMac MUAP (top) in 
a normal subject. Sweep 
speed: 10 ms/division. 
Sensitivity: Concentric 
MUAP 300 μV/division; 
ConMac MUAP  
500 μV/division
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temporal and spatial summation of the majority of muscle fibers inside a motor unit 
[14]. Additionally, the ConMac potential’s area and amplitude are related to both 
the number and size of muscle fibers in the motor unit, a property that makes it 
especially sensitive to changes in muscle fiber size seen in neurogenic and myo-
pathic pathology.

Normal values for ConMac MUAPs have been developed for the upper and 
lower extremity muscles of healthy adult volunteers (Table 13.2) at mild, moderate, 
and full contraction levels [10].

�Patients with Nerve and Muscle Disease

Our studies have spanned a spectrum of patients who suffered from various types 
of neurogenic and myopathic pathology. These included patients with motor neu-
ron disease or amyotrophic lateral sclerosis (ALS), poliomyelitis, syringomyelia, 
and lumbosacral root lesions with neurogenic pathology; and patients with poly-
myositis, congenital myopathy, and steroid myopathy with myopathic pathology. 
While we found ConMac EMG to be useful in all, our experience has shown that 
its major contribution has been especially striking in the evaluation of patients 
with early or mild myopathy. We believe that this may be due to the reliance on 
visual data alone for ConMac EMG interpretation, as opposed to the combina-
tion of visual and auditory data used for traditional concentric MUAP 

ConMac MUAP

Concentric MUAP Corridor

Fig. 13.5  Scanning EMG. The concentric electrode is dragged through a motor unit territory’s 
corridor while recording its MUAP at different positions in the corridor (bottom), and trigger aver-
aging the corresponding ConMac MUAP from these same positions in the corridor (top). Note the 
changes in the concentric MUAP morphology as the needle is moved through the corridor, and the 
stability of the corresponding ConMac MUAP’s morphology throughout the move. Sweep speed: 
10 ms/division. Sensitivity: Concentric MUAP and ConMac MUAP 500 μV/division
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interpretation, as the latter leads the neurophysiologist to naturally avoid end 
stage muscle tissue that does not generate as much auditory feedback, and seek 
areas that generate more sound than others near the electrode’s tip to study the 
MUAP as seen in Fig. 13.6.

In those areas where the healthier muscle fibers of a myopathic muscle can be 
found, the concentric MUAP may display a near normal amplitude, although its 
duration may be shorter than normal. A cannula potential recorded from that same 
area, however, may show that the majority of muscle fibers of that unit are very 
depressed, both as a result of a drop in the number of muscle fibers, and a decrease 
in the size of those remaining in the affected areas, resulting in a very low, or nearly 
flat ConMac MUAP as seen in Fig. 13.7. At later stages of myopathic disease, both 
test modalities should have reasonable sensitivity for abnormal muscle 
physiology.

The opposite is true in patients with neurogenic MUAP changes, where in most 
instances, the neurophysiologists cannot get away from sound-rich areas in the 

Table 13.2  ConMac amplitudes and areas mean and standard deviation for upper and lower 
extremity muscles in healthy adult subjects at mild, moderate, and full contraction levels

Muscle Contractions ConMac Amp (μV) ConMac Area (μV ms)

Mean (SD) Mean (SD)
FDI Mild 107.5 (56.3) 409.6 (225.5)

Moderate 200.6 (92.5) 749.7 (420.9)
Full 230.9 (54.8) 966.8 (295.1)

BR Mild 52.0 (21.1) 324.3 (117.1)
Moderate 98.4 (39.1) 531.7 (135.2)
Full 159.3 (61.4) 846.6 (403.9)

TRI Mild 79.6 (19.7) 401.4 (53.6)
Moderate 133 (23) 582.6 (40.8)
Full 169.4 (2.3) 853.9 (51.7)

DEL Mild 68.4 (37) 446.1 (246.9)
Moderate 114.2 (42.7) 853.1 (283.9)
Full 169 (72.7) 1068.4 (418.3)

EDB Mild 146.3 (70.4) 432.0 (210)
Moderate 191.3 (128.2) 953.9 (282.3)
Full 313.0 (274.4) 1337.4 (813)

TA Mild 125.7 (5.7) 885.0 (193.3)
Moderate 166.9 (81.1) 1154.9 (529.8)
Full 276.2 (72.2) 2199.7 (916.0)

VL Mild 61.0 (9) 349.8 (155.7)
Moderate 122.1 (24.4) 570.9 (85.5)
Full 246.9 (132.5) 1032.2 (216.1)

FDI first dorsal interosseous, BR brachio-radials, TRI triceps, DEL deltoid, EDB extensor digito-
rum brevis, TA tibialis anterior, VL vastus lateralis

13  Concentric Macro EMG



164

Fig. 13.6  Schematic 
representation of a 
concentric needle electrode 
inside a myopathic muscle, 
showing the contribution to 
the MUAP of the nearby 
muscle fibers (simulated as 
white dots) belonging to a 
single motor unit. Note 
that the two muscle fibers 
nearest to the electrode tip 
appear normal and may 
result in a normal MUAP 
amplitude, though its 
duration will be decreased. 
The semi circles (from 
closest to furthest from the 
needle electrode) 
approximate the muscle 
fibers that contribute to the 
MUAP amplitude, 
followed by those that 
contribute to its spike 
component, area, and lastly 
to its duration

ConMac MUAP (Averaged)

Concentric MUAP Trigger

Fig. 13.7  Concentric 
(bottom) and averaged 
ConMac (top) MUAPs in a 
patient with polymyositis. 
Note the nearly “normal” 
concentric MUAP’s 
waveform, and the clearly 
abnormal, almost flat, 
ConMac MUAP 
waveform. Sweep speed: 
10 ms/division. Sensitivity: 
Concentric MUAP 300 μV/
division; ConMac MUAP 
500 μV/division

unit’s territory because of the higher density of muscle fibers in their vicinity due to 
reinnervation as seen in Fig. 13.8.

Under those circumstances, both the concentric and ConMac MUAPs will easily 
display high amplitude and polyphasia as seen in Fig. 13.9.

J.F. Jabre
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To that end, one can summarize the findings detected by the ConMac electrode 
in nerve and muscle pathology as follows:

•	 In early or mild myopathic pathology, the concentric MUAP may appear normal, 
depending on the needle position inside the motor unit territory, while the 
ConMac MUAP will be very depressed or nearly flat. At later stages of disease, 

Fig. 13.8  Schematic 
representation of a 
concentric needle electrode 
inside a neurogenic 
muscle, showing the 
contribution to the MUAP 
of the nearby muscle fibers 
(simulated as white dots) 
belonging to a single motor 
unit. Note that the higher 
fiber density nearest to the 
electrode tip will result in 
an increased amplitude and 
likely polyphasic 
MUAP. The semi circles 
(from closest to furthest 
from the needle electrode) 
approximate the muscle 
fibers that contribute to the 
MUAP amplitude, 
followed by those that 
contribute to its spike 
component, area, and lastly 
to its duration

ConMac MUAP (Averaged)

Concentric MUAP Trigger

Fig. 13.9  Concentric 
(bottom) and averaged 
ConMac (top) MUAPs in a 
patient with syringomyelia. 
Note the clearly abnormal 
concentric and ConMac 
MUAP waveforms. Sweep 
speed: 10 ms/division. 
Sensitivity: Concentric 
MUAP 300 μV/division; 
ConMac MUAP  
500 μV/division
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both test modalities should show abnormalities depending on the number and 
distribution of muscles tested.

•	 In neurogenic pathology, both the concentric and ConMac MUAPs will show 
abnormal changes due to the widespread distribution of reinnervation changes 
throughout affected muscles.

�ConMac MUAP Samples in Neurogenic 
and Myopathic Pathology

�ConMac EMG in Myopathy

We show here some typical myopathic MUAP changes seen in a patient with 
congenital myopathy (Fig. 13.10) and another with polymyositis (Fig. 13.11).

ConMac MUAP (Averaged)

Concentric MUAP Trigger

Fig. 13.10  Concentric (bottom) and averaged ConMac (top) MUAPs in a patient with congenital 
myopathy. Note the concentric MUAP’s waveform, and the clearly abnormal, nearly flat, ConMac 
MUAP waveform. Sweep speed: 10 ms/division. Sensitivity: Concentric MUAP 100 μV/division; 
ConMac MUAP 500 μV/division

ConMac MUAP (Averaged)

Concentric MUAP Trigger

Fig. 13.11  Concentric (bottom) and averaged ConMac (top) MUAPs in a patient with polymyosi-
tis. Note the concentric MUAP’s waveform, and the clearly abnormal, nearly flat, ConMac MUAP 
waveform. Sweep speed: 10 ms/division. Sensitivity: Concentric MUAP 300 μV/division; ConMac 
MUAP 500 μV/division
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�ConMac EMG in Neurogenic Reinnervation

We show here some typical neurogenic MUAP changes seen in a patient with old 
poliomyelitis (Fig. 13.12), and another with ALS (Fig. 13.13).

ConMac MUAP (Averaged)

Concentric MUAP Trigger

Fig. 13.12  Concentric (bottom) and averaged ConMac (top) MUAPs in a patient with old polio-
myelitis. Note the concentric MUAP’s waveform, and the clearly abnormal ConMac MUAP wave-
form. Contrast the shape and size of the ConMac MUAP with those seen in Figs. 13.9 and 13.10. 
Sweep speed: 10 ms/division. Sensitivity: Concentric MUAP 300 μV/division; ConMac MUAP 
700 μV/division

ConMac MUAP (Averaged)

Concentric MUAP Trigger

Fig. 13.13  Concentric (bottom) and the averaged ConMac (top) MUAPs in a patient with 
ALS. Note the concentric MUAP’s waveform, and the clearly abnormal ConMac MUAP wave-
form. Sweep speed: 10 ms/division. Compare the shape and size of the ConMac MUAP with those 
seen in Figs. 13.9 and 13.10. Sensitivity: Concentric MUAP 300 μV/division; ConMac MUAP 
500 μV/division
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�Conclusion

The concentric Macro or ConMac EMG technique described above can be a valu-
able addition to the pediatric neurophysiologist’s toolbox when evaluating infants 
and children with nerve or muscle pathology in situations where diagnostic findings 
on traditional concentric MUAP analysis may be subtle and equivocal, especially in 
early and mild cases of myopathic disorders.

ConMac EMG can be performed quickly and effectively using a regular concen-
tric electrode and a two-channel EMG machine with trigger and delay capabilities, 
modalities that are found in just about every EMG machine on the market today. In 
our experience, the procedure adds little time to routine EMG studies and does not 
require much skill to learn by a trained neurophysiologist, and even less so by a 
pediatric neurophysiologist who faces these daily challenges with much less luxury 
of time and patient cooperation. Thus, it may be worth implementing in cases when 
traditional nerve conduction studies and concentric MUAP analysis do not yield 
definite diagnostic findings, especially when the clinical index of suspicion for a 
myopathic disorder is high.
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Chapter 14
Electrical Impedance Myography 
and Its Application in Pediatric 
Neuromuscular Disorders

Seward Rutkove

�Introduction and Basics of Impedance Techniques and EIM

Electrical impedance myography (EIM) is a relatively new technology for the 
assessment of neuromuscular disorders. In EIM a high frequency electrical cur-
rent is passed via surface electrodes through a muscle of interest and the conse-
quent surface voltages are measured by a second set of electrodes [1]. Unlike 
standard electrophysiological testing, such as electromyography and nerve con-
duction studies, the technique does not measure the inherent bioelectrical signals 
produced by the nerve or muscle, but rather evaluates how the tissue transforms 
the current. In some respects, EIM is analogous to diagnostic ultrasound, but 
instead of high frequency sound waves being emitted and reflected by the tissue, 
high frequency electrical current is being transmitted through the tissue. In addi-
tion, unlike ultrasound, the main interest is in obtaining quantifiable data rather 
than in producing images with anatomical details, although the latter could poten-
tially be developed.

Electrical impedance techniques are broadly based on the basic concept that 
alterations in tissue morphology and composition will impact the measured imped-
ance [2]. Thus, unlike standard electrophysiological testing, the technology is very 
sensitive to pathological change per se, including alterations in muscle and muscle 
fiber size, the presence of connective tissue, fat or edema, the number of muscle 
fibers, loss of the normal columnar structure of the tissue, and alterations in the 
broader muscle architecture and shape of the muscle.

A major characteristic of impedance measures is their dependence on frequency 
of the applied current, supported by theoretical work that was first spearheaded and 
developed by Kenneth Cole in the early-mid twentieth century [3]. The basic under-
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lying concept is that at low frequencies, electrical current mainly passes through the 
extracellular space; at very high frequencies the electrical current can pass through 
the cells since the membranes, which act as capacitors, become completely invisible 
to the electrical current at high frequency.

Electrical impedance (Z) is usually a complex number (Fig. 14.1). X itself 
actually consists of two components—XC and XL that point in opposite direc-
tions, with XC representing the capacitive reactance (that due to the charge being 
stored briefly in the tissue and then being released as the alternating current flips 
direction) and XL being due to the inductive or magnetic effects of the current 
passing through the tissues. Fortunately, biological tissues induce no meaningful 
inductive component, so XL is generally dropped from the equation and XC 
remains the only value being measured. Whereas XC is a negative value (i.e., 
X = XL-XC), for convenience in most bioimpedance work, the sign is flipped to 
positive.

z

θ

Xc

XL

Resistance (R)R
ea

ct
an

ce

Fig. 14.1  Standard diagram explaining the concept of electrical impedance showing both 
capacitive and inductive reactance values (XC and XL), with signs reversed for convenience, 
resistance, and the impedance (Z) magnitude. When dealing with direct current, Ohm’s law 
states V = IR, or that the measured voltage is the product of the applied current (I) and the resis-
tance (R) of the tissue measured. However, when dealing with an alternating current, the equa-
tion is changed to V = IZ, where Z = R + iX, where R is the resistance (also called the “real” 
component) and X is the reactance (or the “imaginary” component). The “i” indicates that this is 
a complex number (“i” is favored by mathematicians for this value; engineers use “j” so the term 
doesn’t get confused with the symbol for electrical current). Mathematically, Z can be consid-
ered to be a vector made of two components. The phase angle (q) can be derived trigonometri-
cally from the measured X and Z values. In most biomedical impedance applications, R is 
considerably larger than XC; so much larger in fact, that Z is not typically utilized since it may 
approximate the value of R
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�Technological Approaches and Electrode Arrays

As with most basic bioimpedance technologies, 4 electrodes are generally posi-
tioned in a linear array, with either a transverse or linear orientation—the two outer 
ones supplying the electrical current and the two inner ones measuring the gener-
ated voltages [1]. There are two major reasons for using a 4-electrode system rather 
than a 2-electrode system, which can also be utilized to measure impedance. First, 
the two-electrode approach is adversely affected by electrode polarization at the 
electrode-skin interface, adding an additional component to the measured imped-
ance values that has no relevance to tissue condition. The second reason is that the 
two inner electrodes are measuring the voltages across tissue at a distance from the 
current electrodes, allowing the electrical current to substantially penetrate the sub-
cutaneous fat into the muscle at the point of measurement. The use of 4 electrodes 
thus captures more data representing muscle than subcutaneous fat.

Outside of the restriction of using 4 electrodes in a specific order (Current-1, 
Voltage-1, Voltage-2, and Current-2), EIM can applied to the body using a variety 
of approaches. For example, in early EIM work, the current emitting electrodes: 
silver (Ag)—silver chloride (AgCl) adhesive electrodes, were placed at a distance 
from the voltage measuring electrodes, usually on the feet or hands and the voltage 
electrodes were placed over a muscle or muscle group of interest (e.g., over the 
quadriceps or biceps) [4]. An advantage of this approach is that it ensures that most 
of the electrical current flows through deeper tissues and thus is less affected by fat. 
In addition, large current-emitting electrodes can be used to ensure a relatively 
broad application of current throughout the limb. Disadvantages include the clumsi-
ness of the approach (with multiple long cables attaching to the patient), the poten-
tial for even small changes in joint angle to have a significant impact on the data (a 
joint acting as a lens distorting the current flow as it passes through it), and the 
potential of substantial variations due to hydration status, associated with the cur-
rent’s flowing through deep veins and arteries.

For these reasons a simple and more convenient approach is taken in which all 4 
electrodes are placed within several centimeters of one another [1]. This has obvi-
ated many of the problems associated with the initial approach, although it has the 
disadvantage of a requirement that the patient not move the limb during measure-
ment (since changes in the shape of the muscle will affect the data) and a significant 
contribution of subcutaneous fat to the measured impedances (although there are 
approaches for disentangling these effects as described below). This approach also 
allows measurement of the muscle’s anisotropy, discussed further below, as well as 
the use of pre-formed electrical arrays, expediting the process of data acquisition. 
Finally, this approach appears to be much less impacted by hydration status since 
the current does not readily penetrate deep blood vessels [5].

Using this “near” electrode description still leaves open many aspects of the pos-
sible configuration including the best size and shape of the electrodes for a given 
muscle and the ideal inter-electrode distances [6]. Ongoing work continues to model 
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and improve these electrode configurations attempting to develop arrays that are 
effective at achieving excellent penetration of muscle while ensuring high repeat-
ability and ease of use.

�Frequency Dependence

A basic tenet of all impedance work is that by varying frequency one can learn a 
great deal more about tissues than by applying current at just a single frequency. As 
noted above, applying electrical current at multiple frequencies allows one to inves-
tigate the actual structure of the tissue being studied, which is not possible with 
single frequency approaches. Figure 14.2 gives an example of the frequency spectra 
for reactance, resistance, and phase of a healthy child, and one with Duchenne mus-
cular dystrophy. As can be seen the entire spectrum for all three measures alters in 
complex ways, although lower reactance and phase values are perhaps the most 
prominent feature. Moreover, if multiple frequencies are not utilized (e.g., data from 
only a single frequency is obtained), it is impossible to tell if there is an artifact pres-
ent in the data. Such distortions are readily identifiable when performing a multifre-
quency analysis.

A challenge of obtaining multifrequency data, or impedance spectroscopy, is that 
it is necessary to condense or collapse all the values into a single output value of 
interest. One approach is by applying simple mathematical operations that attempt 
to capture this change, such as the determination of linear fits of the data over certain 

Fig. 14.2  Examples of multifrequency EIM data obtained from a healthy 10-year old boy and a 
10-year old boy with DMD. Although the overall impedance characteristics of both children share 
similarities, the boy with DMD boy has considerably lower reactance and phase values with broad-
ening out of the impedance curves
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frequency ranges [7] or calculating simple ratios of data from individual frequencies 
[8]. Another is by using “Cole parameters” which are based on a basic simple 
impedance circuit model [2]. These parameters include: fc, the center or characteris-
tic frequency, corresponding to the highest reactance value, and an indirect measure 
of muscle cell size; α, an index of variation of muscle fiber size (one being perfectly 
homogeneous); and R0 and Rinf, corresponding to the resistance at 0 kHz and infinite 
kHz respectively, providing measures of cell density.

�Anisotropy

Another aspect of muscle is a property termed anisotropy, or directional dependence 
of electrical current flow [9]. Since muscle fibers are essentially long cylinders 
arranged in compact bundles (fascicles), applied electrical current will flow more 
easily along the fibers than across them [10]. The anisotropic nature of muscle, 
however, may be disturbed in situations in which there is alteration or destruction of 
muscle fibers or interposition of other materials into the muscle such as fat and con-
nective tissue. Thus, myopathic diseases, including muscular dystrophies, will man-
ifest a reduction in the normal anisotropic features of muscle [11]. In addition, a 
given direction of applied current flow may provide a better measure of disease 
status than another direction.

�Which Impedance Feature Is Best for Assessing 
Neuromuscular Disease?

One challenge of performing impedance measurements is identifying which imped-
ance characteristic is most informative of a specific muscle disease. Given the range 
of frequencies, the anisotropy issues, and varying electrode designs, it is challeng-
ing to know which values are best for assessing disease status. Much early work 
looked at single frequency measures, such as the 50 kHz phase [4, 12, 13]. While 
this value appeared repeatable and sensitive to progression in amyotrophic lateral 
sclerosis, it has proven less useful in other disorders. The reason for choosing this 
value initially was simply convenience: it was readily obtainable with relatively 
inexpensive impedance measuring equipment. Since then, other outcomes have 
been assessed including some of the multifrequency phase parameters we have dis-
cussed above, such as slopes, ratios, and Cole parameters. Moreover, in some condi-
tions, rather than focusing on the phase value, the single or multiple frequency 
reactance or resistance values appear useful [14]. Moreover, of the three parameters, 
reactance appears to be least correlated with subcutaneous fat thickness [15], but at 
the same time is the most variable of the three parameters. Thus, for the most part, 
the question as to the “best” impedance parameter remains unsettled. In choosing 
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any given parameter or set of parameters to use as a biomarker, it will be important 
that such measures be tested in separate populations and can survive verification by 
other investigators to ensure that it is truly robust and meaningful. Moreover, for 
such a parameter to be useful longitudinally, it not only should track disease status 
and demonstrate outstanding reproducibility, but should also be sensitive to the ben-
eficial impact of an effective drug or other therapy.

�Overview of EIM in the Pediatric Population

Although initial uses of EIM focused on adults with neuromuscular disorders 
including amyotrophic lateral sclerosis, it became clear early on that since the tech-
nique was entirely painless and could be applied at the bedside or in clinic, it could 
have special value in the pediatric population. A list of the potential advantages and 
disadvantages to using EIM in children is shown in Table 14.1. To date, the tech-
nique has been mainly studied in children with spinal muscular atrophy (SMA) and 
Duchenne muscular dystrophy (DMD) [7, 16, 17]. However, it was also recognized 
that in order to assess longitudinal changes in pediatric disease, it would also be 
necessary to evaluate changes in healthy children with growth. Given the sensitivity 
of impedance technologies to muscle histology, our a priori anticipation was that we 
might observe the effect of increasing muscle fiber size with age. Thus, in nearly all 
our human studies to date, both a healthy cohort of children has been included along 
with those affected by disease processes.

As for EIM’s potential application in pediatric disease, the focus is currently 
more on tracking disease status over time and not for providing an initial diagnosis, 
although the latter application remains a possibility for future development. Thus, it 
may ultimately be used in clinical care settings to assess the effects of treatment or 
to evaluate the progression of a disease rather than for the more typical diagnostic 
applications of most electrodiagnostic technologies such electromyography and 
nerve conduction studies.

Table 14.1  Advantages and limitation of using EIM in a pediatric population

Advantages Disadvantages

Very fast to apply Data impacted by subcutaneous fat and edema
Painless; does not produce any sensation Alterations may be challenging to interpret; the best 

parameters remain uncertain
Possible to use in children of all ages, 
including newborns

Normal growth causes changes in the impedance 
values, so comparison to control population needed

Can be used flexibly at the bedside or in 
clinic to evaluate a variety of muscles

Has uncertain diagnostic value; greatest use will be 
in tracking diseases over time and response to 
therapy

Can evaluate trunk muscles
No image analysis required
Electrode arrangements can be modified 
to fit any muscle of child
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�EIM in Healthy Children

EIM has been performed in healthy children of all ages during several clinical studies 
[17, 18] (and the NeuroNEXT SMA biomarker study). Marked alterations in the imped-
ance values with growth are observed, including increasing phase values, and altera-
tions in the frequency spectrum, including reductions in peak frequency with growth. 
These changes may be multifactorial and may relate to increasing muscle fiber size per 
se and also increasing muscle volume over time. EIM values for healthy older children 
are fairly similar to those of adults. This relationship to muscle fiber size has also been 
studied in rats [19] and healthy immature mice, the data showing a strong inverse rela-
tionship between muscle fiber size and peak frequency (personal communication).

�EIM in SMA

The first study of EIM in SMA evaluated a group of children with mainly Type II 
and Type III spinal muscular atrophy (SMA) and compared them to age-matched 
control subjects [7, 17]. Data were obtained at baseline as well as over an approxi-
mately 18-month follow-up period. Baseline EIM values, including single- and 
multi-frequency parameters, correlated with functional measures that included 
strength. Over time, differences were observed between the healthy and SMA chil-
dren with increasing EIM values in the healthy children and relatively stable, 
unchanging values in the children with SMA, suggesting that SMA types II and III 
tend to be non-progressive over periods of time up to 18 months. The technique was 
also shown to have relatively high reproducibility.

More recently, EIM has been included in the NeuroNEXT SMA biomarker study 
which specifically sought to evaluate children with Type 0 or I SMA, and thus only 
enrolled children aged 0–6 months [20] (personal communication). This study also 
included a group of healthy age-matched children. All children were followed for up to 
2 years from the time of enrollment. A number of potential outcomes for disease assess-
ment were evaluated beyond EIM, including CMAP and functional measures. While 
single frequency EIM parameters did not show a clear difference between the affected 
and control groups at baseline, several multifrequency parameters did, including those 
identified in the earlier SMA study. One of these, the multifrequency reactance slope, 
also identified a difference in trajectories comparing the two groups, suggesting that the 
technique was sensitive to differences in muscle health and maturation.

These data in humans have been supported by a limited amount of work in SMA 
mouse models. One study identified differences in EIM values between wild type 
(WT) mice and those with a mild form of SMA [21]. More interestingly, another 
study showed that EIM could capture the effects of disease progression in the severe 
SMAΔ7 mouse and the impact of early interventional therapies with antisense 
oligonucleotides [22]. Such data, in conjunction with the human data described above, 
indicates that the technique may have value as an SMA biomarker. In particular, EIM 
has potential for the assessment of muscle health in SMA, since there is increasing 
evidence that SMA may have a substantial primary myopathic component [23].
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�EIM in DMD

DMD is the other pediatric disorder in which EIM has been studied extensively. 
This work has included one major study of about 36 DMD boys ranging in age from 
2 to 14 years followed for up to 2 years [18]. Baseline cross-sectional data showed 
substantial differences in single frequency (50 kHz) EIM data between healthy and 
DMD boys as well as high reproducibility of the data between visits [16]. This mea-
sure also correlated well (R = 0.65, P = 0.022) with standard functional measures 
such as the 6 minute walk test. Longitudinal analysis also confirmed that the differ-
ences between DMD and healthy boys persisted over time, the latter showing the 
anticipated changes in multifrequency measures, including a phase ratio measure 
and a multifrequency phase-slope measure first used in the SMA population [20]. 
Interestingly, changes over time correlated with functional changes over time in 
both the 6 minute walk test and a timed test of getting up from the floor to a standing 
position.

As with SMA, mouse investigations have also been performed using EIM. As 
expected, substantial differences between healthy and mdx mice were identified 
with those changes being more substantial in older (2-year-old) as compared to 
younger (6-month-old) mice [24]. Importantly, both cell size and connective tissue 
deposition correlated with EIM values. A second mouse study showed a correlation 
of EIM values to T2 values on muscle MRI [25].

�EIM in Other Pediatric Conditions

Investigators have pursued or currently are pursuing EIM applications for a number 
of other inherited muscle diseases, including congenital muscular dystrophy, 
facioscapulohumeral muscular dystrophy, and myotonic dystrophy, as well as 
acquired neuromuscular conditions such as obstetric brachial plexopathy and criti-
cal illness myopathy. Along with these efforts, EIM could have broader applicabil-
ity in various conditions associated with muscle atrophy including orthopedic 
injury, prolonged hospitalization, cachexia, and even potentially malnutrition.

�Ongoing Work and Future Developments

EIM is a technology that is still in the process of being developed and refined, 
though the volume of rigorous research on it is rising rapidly. While commercial 
systems are available, much of the work has been performed with off-the-shelf 
impedance devices with customized handheld arrays or with adhesive electrodes. 
EIM values are very sensitive to electrode configuration and a great deal remains 
unknown about the “best” configuration designs. Limitations are related to the fact 
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that subcutaneous fat may play a substantial role in the acquired data, depending on 
the thickness of the fat layer [6] as well as anisotropic effects of the muscle itself. In 
addition to these electrode challenges, identifying which set of multifrequency 
parameters for use is best for a given disease remains an open question at this time. 
Evaluating the multifrequency alterations in disease may not only be dependent on 
the specific disease, but also on the electrode design as well.

Outside of these technical factors, other EIM-related work is underway, includ-
ing additional studies in animal models, with correlations to pathology. Indeed, one 
potential use of EIM is as a “virtual muscle biopsy” in which the EIM data could 
provide information non-invasively on histological characteristics of the myofiber, 
including cell size, the presence of abnormal mitochondrial, glycogen deposition, or 
internalized nuclei, as well increased interstitial fat and connective tissue. These 
studies are ongoing.

Another major benefit of EIM is its ease of use, with people requiring rela-
tively little training in order to employ the technology successfully. This has led 
to the development of a commercial fitness product for self-measurement, but this 
also raises the distinct possibility of encouraging EIM data to be collected at 
home by older children on themselves or by parents or caregivers for ongoing 
evaluation of muscle status during a specific therapy or during a treatment trial. 
By obtaining frequent measurements there is improved sensitivity to subtle 
changes in muscle that may not readily achievable when measurements are per-
formed just occasionally (e.g., once every several months) as is standard in most 
clinical trials. Frequent measurements could lead to a substantial reduction in 
noise and thus improved sensitivity to the effects of therapy on muscle condition. 
This concept has served as the basis of a new clinical study in amyotrophic lateral 
sclerosis (ALS-at-home) but could also be readily expanded to pediatric condi-
tions as well.

The next decade will likely see increased use of EIM as a tool for the assessment 
of pediatric neuromuscular disorders as clinicians and researchers gradually become 
more familiar with the technology, its related terminology, its challenges, and its 
potential promises.
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Chapter 15
Pediatric Cranial Neuropathies

Francis Renault

Electrodiagnostic examination of orofacial muscles is used to assess dysfunction of 
the brainstem and paired cranial nerves in newborns, infants, and older children 
presenting with facial weakness, orofacial malformations, and bulbar weakness.

�Cranial Nerves V and VII Electrodiagnostic Studies

Congenital facial weakness or asymmetry may result from obstetrical trauma or 
reveal a recognizable malformation syndrome, or congenital neuromuscular disor-
der. A combination of neurophysiologic tests and neuroimaging provides an oppor-
tunity for early diagnosis, management, and prognostication.

�Correlative Anatomy and Neurophysiology

The motor nucleus of cranial nerve VII originates in the caudal pons. Interneuronal 
and synaptic V to VII connections in the brainstem provide the basis for neuro-
physiologic studies exploring blink reflexes (BRs) [1].The close anatomic proxim-
ity of cranial nerves V, VI, VII, and VIII in the brainstem and cerebellopontine 
angle explains the involvement of multiple nerves in malformations, ischemic or 
compressive disorders. The twin sensory and motor roots of the facial nerve emerge 
from the brainstem at the level of the bulbopontine sulcus, between the sixth and 
eighth cranial nerves, at the cerebellopontine angle, then enter the pars petrosal 
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ossis temporalis via the internal acoustic meatus and follow a common path in the 
first part of the facial canal. The primary motor bundle of the facial nerve traverses 
the second and third parts of the facial canal alone. Nerve entrapment is most likely 
to occur at the narrowest intraosseous segment, the meatal foramen, where it is not 
protected by epineurium and perineurium [2]. The facial motor nerve emerges from 
the skull at the stylomastoid foramen, gives off the posterior auricular branch, and 
then divides into two main terminal branches in the parotid gland. The inferior 
cervicofacial branch passes down along the mandible to supply the muscles in the 
lower part of the face, giving off a buccal branch to the risorius, the buccinator, and 
the orbicularis oris muscles; a mental branch to the depressor anguli oris, the 
depressor labii inferioris, and the mentalis muscles; and a cervical branch to pla-
tysma. The superior temporofacial branch runs horizontally forward, giving off 
frontal branches to the frontalis and orbicularis oculi muscles; suborbital branches 
to the levator labii superioris, zygomaticus, levator anguli oris, and dilatator naris 
muscles; and buccal branches to the buccinator and orbicularis oris muscles. 
Although there is considerable diversity in its trajectory and divisions, cranial 
nerve VII innervates all muscles of facial expression except the levator palpebrae 
superioris.

�Facial Nerve Conduction Studies and Electroneuronography

For facial nerve conduction studies (NCSs), surface electrodes are placed over the 
orbicularis oris muscle to record the compound muscle action potential (CMAP) 
elicited by an electrical stimulus (0.2 ms, 10–40 mA) that is applied to the nerve, 
first at a point anterior to the tragus, and then at a point along the horizontal portion 
of the mandible. During growth, motor latencies show little changes (Table 15.1), 
while facial nerve conduction velocity (NCV) increases markedly, particularly 
within the first year of life (Table 15.2) [3].

Electroneuronography (ENOG) uses surface electrodes placed along the nasola-
bial fold to record a global facial CMAP elicited by a brief supramaximal electrical 
stimulus applied to the facial nerve at the stylomastoid foramen. The peak-to-peak 
amplitude of the CMAP is measured bilaterally; an asymmetry greater than 30% is 
considered abnormal [4]. ENOG is used to evaluate the severity of a lesion to the 
cranial nerve VII, and has shown prognostic value in complete acute non-traumatic 
unilateral facial paralysis in childhood [5].

Table 15.1  Normal motor latencies (milliseconds (ms) ± 2 sd) stimulating CN VII and recording 
at the orbicularis oculi and orbicularis oris muscles from birth to 15 years

Age (years) Number of subjects Orbicularis oculi Orbicularis oris

0–1 120 3.1 ± 0.8 5.3 ± 1.7
1–3 91 3.3 ± 0.5 5.4 ± 1.6
3–9 89 3.5 ± 1.0 5.6 ± 1.5
9–15 44 3.5 ± 0.9 5.6 ± 1.7
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�Needle Electromyography of Facial Muscles

Conventional needle EMG contributes to the determination of the characteristics and 
severity of a lesion to the cranial nerve VII, and gives clues regarding pathogenesis and 
outcome. Needle EMG examination is performed at rest, and with voluntary contrac-
tion or after stimulation. EMG is recorded by a concentric needle electrode in at least 
one muscle innervated by the temporofacial branch (orbicularis oculi or frontalis), and 
in another innervated by the cervicofacial branch (orbicularis oris or depressor anguli 
oris). When tolerated, fasting an infant for up to 4 h before the test may facilitate the 
recording of bursts of activity arising from the facial muscles while the baby is crying 
or sucking a pacifier. In older children, voluntary contraction can be recorded after 
asking the child to imitate the examiner by closing the eyes, smiling, and whistling.

The maximum amplitude of a motor unit potential (MUP) is measured from the 
highest negative peak to the lowest positive peak of the largest EMG burst. Traces 
are classified as: (1) normal interference pattern; (2) neurogenic (i.e., single or 
reduced, high-amplitude MUPs units) or; (3) myogenic (i.e., low-amplitude where 
the maximum amplitude decreased by at least 30%) (Fig. 15.1). The normal maxi-
mum MUP amplitude of the interference pattern is 850 μV (range: 400 μV–1.2 mV) 
with normal MUP duration from 1 to 2.8 ms. The proportion of polyphasic poten-
tials present in a normal muscle may exceed 30% (Table 15.3) [6].

Table 15.2  Normal facial 
nerve conduction velocity 
(meters per second (m/s) ± 2 
sd) stimulating CN VII first at 
a point anterior to the tragus 
and then at a point along the 
horizontal portion of the 
mandible from birth to 
15 years

Age Number of subjects
Cervicofacial 
branch NCV

0–30 day 18 19.0 ± 2.5
1–2 months 14 21.4 ± 3.4
2–4 months 12 24.5 ± 3.9
4–6 months 24 26.3 ± 2.8
6–8 months 23 29.1 ± 3.3
8–10 months 15 31.7 ± 3.7
10–12 months 14 33.3 ± 3.3
12–18 months 30 36.1 ± 3.0
18 m–2 years 27 37.5 ± 4.7
2–3 years 34 39.5 ± 2.7
3–4 years 16 41.9 ± 4.5
4–5 years 21 43.4 ± 3.3
5–6 years 12 45.5 ± 4.8
6–7 years 12 45.8 ± 5.3
7–8 years 13 46.5 ± 4.1
8–9 years 15 48.1 ± 3.8
9–11 years 17 48.3 ± 2.8
11–13 years 12 48.7 ± 5.6
13–15 years 15 48.5 ± 2.8

NCV nerve conduction velocity
Distances (mm) between stimulation points are 34.6 ± 6.6 up to 
12 months, 48.7 ± 9.7 from 1 to 5 years, and 56.1 ± 6 from 5 to 
15 years
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�Blink Responses

This technique explores both facial and trigeminal nerve functions, as well as the 
pathways between their respective cranial nuclei within the brainstem. The blink 
reflex results from the contraction of the orbicularis oculi muscle provoked by stim-
ulation of the supraorbital branch of the trigeminal nerve [7]. A single electric shock 

Low amplitude

Normal

Reduced

25 ms

200 µV

Fig. 15.1  Needle EMG of 
facial muscles, exemplary 
recordings: normal pattern 
(upper trace); low-
amplitude pattern, 
reflecting muscle 
hypoplasia (middle); 
neurogenic reduced 
recruitment (lower trace)

Table 15.3  Needle EMG of muscles of the face, the tongue and soft palate: normal pattern in 
subjects from 4 days to 3 years old

Muscles EMG interference pattern
Maximal 
amplitude 
(range, mV)

MUPs 
duration 
(range, ms)

Proportion of 
polyphasic 
MUPs (%)

Orbicularis oculi, Orbicularis oris 0.40–1.2 1–2.8 > 30
Genioglossus 0.38–1.5 1–3.9 > 50
Levator veli palatini, Pharyngoglossus, 
Palatoglossus.

0.42–1.8 1–3.2 > 50

MUPs motor unit potentials
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is applied to the supraorbital foramen to elicit BRs recorded from the orbicularis 
oculi muscle on both sides. Stimulation of the ipsilateral supraorbital trigeminal 
nerve provokes a direct response with two components: R1, which is immediate and 
brief, and R2, which is delayed and longer lasting. Stimulation of the contralateral 
nerve V provokes a crossed R2 response.

The maturation from birth of the electrically elicited BRs has been studied 
[8]. The R1 response is always present and its latency achieves normal adult 
values (range: 9–13  ms) at 44  weeks postmenstrual age. The ipsilateral R2 
response can be evoked in most newborns at term birth (latency range: 34–43 ms), 
but the contralateral R2 response is not always obtained before the age of 
8 months. The R1 component corresponds to an oligosynaptic reflex arc involv-
ing at least two and no more than three synapses in the pons between the main 
sensory nucleus of cranial nerve V and the motor nucleus of the ipsilateral cra-
nial nerve VII.  The R2 component follows polysynaptic medullary pathways, 
which are more caudal and closer to the bulbar formations. The spinal trigeminal 
nucleus has projections to the adjacent paramedian reticular formation and the 
motor nuclei of both seventh nerves. Injury in the trigeminal pathway leads to 
delayed or absent ipsilateral R1 and R2 responses, and contralateral R2 response, 
while a lesion in the facial pathway shows delayed ipsilateral R1 and R2, but 
normal contralateral R2. Lesions at the pons show ipsilateral abnormal R1 
response, while contralateral stimulus has normal R1. Lateral medullary lesions 
show abnormal R2 response on the affected side, stimulating either the non-
affected or the affected side [9].

�Neurophysiological Assessment of the Trigeminal Nerve

Methods for studying trigeminal afferents have several limitations. The specific 
clinical assessment of the ophthalmic, maxillary, and mandibular nerves is not reli-
able in the young child. Supraorbital sensory nerve action potential has been 
reported only in normal adults so far [10]. Somatosensory evoked potentials are 
misleading because electrical stimuli to the orofacial area generate muscle poten-
tials and trigeminal reflexes that contaminate the scalp signal [11]. Trigeminal 
motor function is clinically assessed by palpating the masseter-temporalis muscles 
at rest and on voluntary contraction after asking the child to bite down. Transcranial 
motor evoked potentials are not routinely available in an ambulatory setting, and 
normal values during growth are not available. Surface electrodes placed over 
masseter and temporalis muscles enable the analysis of the timing and the envelope 
of EMG bursts, taking into account that bursts are contaminated with signals 
generated by facial muscles. Conventional needle EMG of the masseter and 
temporalis muscles remains the way to study trigeminal motor function and to 
detect neurogenic abnormalities.
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�Cranial Nerves IX–X and XII Electrodiagnostic Studies

With the aim to explore bulbar dysfunction and evaluate congenital dysphagia, 
EMG techniques provide information on brainstem structures involved in oral sen-
sorimotor functions. This includes EMG of muscles of the tongue and soft palate 
and EMG during bottle-feeding, which investigates the electrophysiology of suck-
ing and swallowing.

�The Genioglossus Muscle and the Hypoglossal Nerve

The hypoglossal nerve is purely a motor nerve. Its nucleus consists of a column 
which extends for nearly the full length of the medulla oblongata. Emerging 
from the skull by the anterior condylar canal, cranial nerve XII crosses the pha-
ryngomaxillary space and curves anteriorly in the carotid groove. In the sublin-
gual area it sends terminal branches to the ipsilateral muscles of the tongue. The 
genioglossus is a paired paramedian muscle of the tongue; it can be recorded by 
the endo-oral route. After local anesthesia by swabbing this area with a small 
amount of lidocaine (the swab should not contain enough lidocaine for the 
infant to swallow any drops, as that would entail a risk of side effects from inad-
vertent ingestion), the needle electrode is inserted in the ventral surface of the 
tongue, slightly lateral to the midline (Fig.  15.2). The interference pattern is 
recorded when the infant is crying and also when sucking a nipple. The normal 
maximal amplitude of the interference pattern is from 380  μV to 1.5  mV 
(Table 15.3).

Genioglossus
muscle

2

Hypoglossal nerve

1

Fig. 15.2  Motor nerve 
conduction of the 
hypoglossal nerve stimulus 
is applied proximally 
behind the mandible (large 
arrow #1) and then more 
distally under the chin 
(large arrow #2). EMG 
needle is inserted into the 
ventral surface of the 
genioglossus muscle 
(tongue), just lateral of the 
midline
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For hypoglossal NCSs, electrical stimuli (0.2 ms, 10–40 mA) are applied proximally 
behind the mandible and then more distally under the chin. The motor response has a 
polyphasic morphology, a mean duration from 6 to 10 ms, and amplitude from 0.8 to 
1 mV. Latencies induced by stimulation under the angle of the mandible do not show a 
significant change between birth and 15 years, ranging from 2.4 to 4.8 ms (Table 15.4). 
The hypoglossal NCV increases more than 30% in the first year (Table 15.5).

�Muscles of the Soft Palate and The Pharyngeal Plexus

The motor fibers of cranial nerves IX and X supplying the muscles of the pharynx 
arise from the upper part of the nucleus ambiguus. The pharyngeal branches of 
nerve X merge with the fibers of nerve IX to constitute the pharyngeal plexus, which 

Table 15.4  Normal motor latency 
(ms ± 2 sd) of the genioglossus muscle 
when stimulation is applied to cranial 
nerve XII behind the mandible from 
birth to 15 years

Age (years) Number of subjects
Genioglossus 
motor latency

0–1 120 3.8 ± 1.0
1–3 91 3.5 ± 1.1
3–9 89 3.3 ± 0.9
9–15 44 3.4 ± 0.6

Table 15.5  Normal 
hypoglossal nerve 
conduction velocity  
(m/s ± 2 sd) stimulating 
CN XII behind the 
mandible and then at distal 
submental point under the 
chin from birth to 15 years

Age Number of subjects Hypoglossal NCV

0–30d 18 23.5 ± 2.2
1–2 months 14 24.1 ± 2.2
2–4 months 12 26.6 ± 2.7
4–6 months 24 28.9 ± 2.9
6–8 months 23 31.8 ± 3.4
8–10 months 15 34.3 ± 2.9
10–12 months 14 35.7 ± 3.0
12–18 months 30 37.5 ± 2.1
18 months–2 years 27 40.6 ± 2.6
2–3 years 34 42.1 ± 3.0
3–4 years 16 43.5 ± 3.4
4–5 years 21 46.1 ± 2.5
5–6 years 12 46.5 ± 4.9
6–7 years 12 47.3 ± 2.1
7–8 years 13 48.1 ± 6.9
8–9 years 15 49.0 ± 2.6
9–11 years 17 50.2 ± 7.1
11–13 years 12 50.9 ± 6.4
13–15 years 15 50.7 ± 5.4

NCV nerve conduction velocity
Distances between stimulation points (mm) are: 32.5 ± 9.3 up to 
12 months, 36.1 ± 6.5 from 1 to 5 years, and 38.2 ± 9.7 from 5 to 
15 years
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innervates muscles of the soft palate. The levator veli palatini muscle spreads into 
the large paramedian section of the soft palate. After local anesthesia by swabbing 
the mucosa with a small amount of lidocaine, a needle electrode is inserted 1–1.5 cm 
from the median line. Also, palatoglossus and pharyngoglossus muscles can be eas-
ily reached by inserting the needle electrode in the palatoglossal and palatopharyn-
geal arches respectively. The normal maximal amplitude of the interference pattern 
in these soft palate muscles is 1.3 mV (Table 15.3).

�EMG During Bottle Feeding

This method consists of a two-channel EMG recording while the infant is drinking 
sugar-water from a bottle (Fig. 15.3). For the oral phase the genioglossus is recorded 
via a transcutaneous submental route. For the pharyngeal phase, the thyrohyoid is 
reached on the lateral face of the thyroid cartilage. The recording enables analysis 
of the activity of each of the muscles and observation of the chronology of their 
action and the coordination of the two phases of swallowing. A normal pattern fea-
tures rhythmic spindle-shaped bursts of activity separated by a quiescent period; the 
two muscles alternate regularly (Fig. 15.4). Initial frequency of sucking ranges from 
0.6 to 2 Hz (mean: 1.4). Mean duration of genioglossal bursts, calculated for the first 
twenty sucks, ranges from 180 to 460 ms depending on the infant, without any cor-
relation with age. The duration of the bursts and quiescent periods between sucks 
increases progressively (from 35 to 100%) during the course of the feed. This prob-
ably reflects both fatigue and decreasing appetite. The EMG activity of the thyrohy-
oid muscle is also organized into bursts with the same fusiform shape; the mean 
duration of bursts calculated for the first twenty sucks is 210 to 520 ms. The onset 
of thyrohyoid activity ranges from 100 ms before to 220 ms after the end of lingual 
activity, depending on the infant and is unrelated to age. The timing of the two 
muscle contractions varies from one child to another but varies a little from one 
swallow to another during feeding in the same child.

Fig. 15.3  Electromyography 
during bottle feeding: 
two-channel needle EMG 
recording of a muscle 
reflecting sucking 
(genioglossus) and another 
reflecting swallowing 
(thyrohyoid) while the 
infant intakes formula milk 
or sugar water
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Abnormal patterns define oropharyngeal incoordination as mild, where sucking 
is present but the alternation between sucking and swallowing is irregular; moder-
ate, where sucking is present but the pharyngeal phase is either synchronous or 
random (Fig. 15.5); or severe, where the tongue does not perform rhythmic sucking 
activity, and the pharyngeal phase is either inactive or tonic (Fig. 15.6). Results are 
classified as: (1) normal oropharyngeal coordination or mild anomalies; or (2) mod-
erate or severe oropharyngeal incoordination.

Fig. 15.4  Electromyography 
during bottle feeding: 
normal alternating pattern of 
genioglossus (upper trace) 
and thyrohyoid muscles in a 
full-term newborn on day 10

Fig. 15.5  Electromyography 
during bottle feeding: 
abnormal result, 
synchronous oral and 
pharyngeal phases in a 
full-term newborn with 
isolated Pierre Robin 
sequence

Fig. 15.6  Electromyography 
during bottle feeding: 
severely abnormal result, 
no rhythmic sucking and 
inactive pharyngeal phase
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�Investigating Facial and Bulbar Weakness

Orofacial sensorimotor functions are not easy to assess clinically and involve small-
sized brain stem structures that rarely show neuroimaging abnormalities. 
Neurophysiological techniques help to diagnose neurological dysfunctions as well 
as to elucidate their pathogenesis, assist therapeutic decisions, and predict 
outcome.

�Congenital Facial Asymmetries and Diplegia

Facial paralysis in a newborn may be due to prenatal or obstetric stress to the nerve. 
Congenital facial weakness or asymmetry may also reveal a recognizable malfor-
mation syndrome or congenital neuromuscular disorder.

�Perinatal Facial Nerve Injuries

Alterations in facial NCV and BRs, as well as needle EMG of facial muscles, 
precisely define the extent and severity of the facial nerve lesion. Moderate forms 
show only partial denervation and either affect the territories of the two main 
branches equally, or predominantly involve the cervicofacial branch. Severe 
forms show absent facial CMAPs and BRs, and very reduced or single EMG 
recruitment patterns. Clinical and EMG monitoring of congenital facial palsies 
demonstrates that facial nerve regeneration and muscle reinnervation usually pro-
ceed slowly, over several months. Serial facial NCSs and ENOGs help distinguish 
developmental defects from recovering traumatic insults. The percentage values 
of facial function over time provided by serial ENOGs correlate with prognosis 
[5].When the palsy seems to be complete based on clinical presentation, EMG 
may indicate a more favorable outcome by showing nascent MUPs with the reap-
pearance of a low-amplitude increased-latency motor response. Improvement in 
facial motor activity and EMG parameters may continue as long as 2 years after 
nerve injury. In contrast, one must not fail to recognize a definitive facial nerve 
lesion related to an area of focal compression. Even if CT scan and MRI fail to 
define a focal VII nerve lesion, consideration of surgical exploration is warranted 
if there are no signs of clinical or EMG improvement within a reasonable time-
frame. Surgical exploration is indicated when two or three successive EMGs 
demonstrate either the persistence of a major lesion of the two major facial nerve 
branches without any sign of recovery, or partial recovery of the cervicofacial-
branch with persistence of complete paralysis of the temporofacial branch [12].
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�Asymmetric Crying Facies

Congenital facial asymmetry obvious only when the child is crying, and involving 
only the lower lip, has several potential causes. Unilateral hypoplasia of the depressor 
anguli oris muscle (DAOM) is the most frequent condition [13].Typical EMG find-
ings are a low amplitude interference pattern on crying, and normal facial NCV. An 
EMG diagnosis of hypoplasia of the DAOM should lead to a search for associated 
visceral malformation and 22q11 deletion [14]. Less often, EMG signs of partial 
denervation of the DAOM, depressor labii inferioris, and mentalis muscles are indica-
tive of a distal partial facial palsy. The selective topography of these nerve lesions 
corresponds to the territory of the mental branch of the facial nerve. This branch, aris-
ing from the cervicofacial branch, has a course that in the fetus and newborn closely 
follows the horizontal part of the mandible and is thus easily compressed [15].

�Hemifacial Malformation Syndromes

Hemifacial malformations involving the derivatives of the first and second branchial 
arches can result in lesions of cranial nerves V and VII. Facial paralysis is present in 
most infants with Goldenhar syndrome [MIM#164210], CHARGE association 
(Colobomata, Heart disease, Atresia of the choanae, Retarded growth and develop-
ment, Genital hypoplasia, and Ear anomalies) due to CHD7 mutations 
[MIM#214800], and hemifacial microsomia [16]. Facial weakness may be diffuse 
or localized to one side of the face. EMG activity detected in facial muscles is vari-
ably normal, neurogenic, or low amplitude. Neurogenic EMG signs in facial mus-
cles may be associated with multiple cranial neuropathies or malformation of the 
central nervous system, in particular of the posterior fossa [17].

�Moebius Syndrome

Moebius syndrome is characterized by bilateral facial and abducens palsies. Facial 
diplegia usually involves the upper half of the face, and can be asymmetrical. Facial 
EMG is an important diagnostic tool contributing to the differential diagnosis and 
elucidation of the pathogenesis of Moebius syndrome. Most published EMG studies 
point towards a neurogenic origin, describing sparse motor units, increased laten-
cies, slowing of facial nerve conduction, and sometimes altered BRs [18]. Should 
facial EMG be difficult to interpret secondary to muscle atrophy, the study of lin-
gual and palatal muscles can be useful in identifying a concomitant neurogenic 
process (Table 15.6). Myopathic low amplitude EMG patterns may also be detected, 
but do not necessarily reveal a myopathic disease, but indicate developmental mus-
cular hypoplasia. In the neonatal period, EMG of the limbs distinguishes Moebius 
syndrome from congenital myotonic dystrophy or other myopathies.
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For patients with Moebius syndrome, EMG also elicits useful information 
before determined whether a child should undergo a temporalis muscle length-
ening myoplasty, aiming to improve tightening of the lips and rehabilitate the 
smile. Electromyographic study of the temporalis can detect muscle denerva-
tion or atrophy differentiating this from dyspraxia and help guide decisions 
regarding myoplasty, as well as to modify rehabilitation programs. Patients and 
their families must be aware of the modest outcome that myoplasty may offer 
[19]. Congenital facial diplegia may present as an isolated VIIth nerve involve-
ment in pedigrees with HOXB1 mutation [20]. EMG studies showed facial 
denervation, possibly with a progressive course [21].

�Neuromuscular Disorders with Congenital Facial Diplegia

Facial weakness is an important clinical sign in several neuromuscular disorders, 
including congenital myasthenic syndromes, congenital myotonic dystrophy, con-
genital myopathies, infantile facioscapulohumeral muscular dystrophy, and some 
metabolic myopathies. Other conditions such as Prader-Willi syndrome and tran-
sient neonatal myasthenia gravis should also be considered. Electrodiagnostic stud-
ies show normal or myopathic EMG patterns in facial muscles associated with 
normal facial NCV and BRs. EMG study of proximal and distal muscles of upper 
and lower limbs may show myopathic abnormalities. Electrical stimulation may 
provoke repetitive discharges, though clinical myotonia is generally not apparent 
during infancy [22, 23]. Myopathic EMG changes are frequently associated with 
neuropathy in patients with congenital muscular dystrophy, especially of the 
merosin-deficient variety [23]. Stimulated single-fiber EMG may be used, even in 
the very young, to detect neuromuscular junction disorders [24].

�Acquired Facial Palsies

At any age, EMG is particularly useful during the second and third weeks after 
onset of the facial palsy, once Wallerian degeneration has occurred. Later on in the 
course of recovery, changing EMG patterns demonstrate nerve regeneration and 
muscle reinnervation.

Table 15.6  Needle EMG patterns in orofacial muscles in 61 patients with Moebius syndrome

EMG pattern

Muscle Number
No activity 
n (%)

Neurogenic 
n (%)

Myopathic 
n (%)

Normal 
n (%)

Temporalis 24 2 (8) 9 (37) 3 (12) 10 (42)
Orbicularis oculi 118 77 (65) 34 (29) 6 (5) 1 (0.1)
Orbicularis oris/DAOM 123 15 (12) 81 (66) 18 (15) 9 (7)
LVP 90 0 21 (23) 17 (19) 52 (58)
Genioglossus 69 0 46 (67) 4 (0.6) 19 (28)
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�Unilateral Facial Palsy

Bell’s palsy, local infection, and traumatic injuries account for more than 80% of 
acquired facial palsies in children, along with Lyme disease in endemic regions. 
Because more severe conditions may initially resemble an isolated unilateral Bell’s 
palsy, a close follow-up of the patient is required [12]. Bell’s idiopathic palsy may 
occur in the first months of life, but is most frequently seen after age 8  years. 
Complete spontaneous recovery is the rule, with percentages in different series 
ranging around 90%; this percentage may be lower if needle EMG is performed to 
detect residual subclinical nerve injury [25]. Normal CMAP latency and preserved 
BRs within the first weeks after onset are predictive of complete recovery. 
Inexcitability of the facial nerve, a marked decrease in CMAP amplitude or absent 
BR after several weeks, is associated with a poor outcome or delayed recovery [26]. 
ENOG performed from 8 to 12 days after onset may be used to predict outcome. In 
idiopathic Bell’s palsy, amplitudes reach their nadir 7–14 days after the onset of 
weakness. A loss of CMAP amplitude of less than 90% compared to the contralat-
eral normal side is usually followed by a complete recovery in 7 or 8 weeks. When 
the loss is between 90 and 98%, recovery will be slower but usually complete. 
However, a loss of CMAP of more than 98%, especially later than the third week 
after onset, carries a worse prognosis. When the paralysis remains clinically com-
plete after the sixth week, improvement in ENOG at successive examinations is a 
useful predictor of a favorable outcome [27]. Facial palsy may be the presenting 
sign of Lyme disease, and is its most common neurologic complication in children. 
Electrodiagnostic studies indicate demyelination in most cases; axonal loss is asso-
ciated with a worse prognosis. Facial paralysis may occur as a result of temporal 
bone fractures, penetrating wounds, or iatrogenic injuries. Many cases resolve spon-
taneously, but surgical exploration is indicated when ENOG shows greater than 
98% neural degeneration and no voluntary MUPs are recorded on needle EMG [12].

�Acquired Facial Diplegia

The more common causes of bilateral facial weakness in children are idiopathic 
Bell’s palsy, Lyme disease, Guillain-Barré and Miller-Fisher syndromes, multiple 
idiopathic cranial neuropathy, and brainstem encephalitis. Trauma, tumors of the 
posterior fossa or meningeal leukemia and neuromuscular disorders such as 
facioscapulohumeral dystrophy, structural myopathies, and congenital myasthenic 
syndromes are other possible causes of facial diplegia. [28] Electrodiagnostic stud-
ies of the cranial nerves and of the muscles and nerves of the limbs may contribute 
significantly to the diagnostic evaluation of bilateral facial palsy, by distinguishing 
neurogenic from myopathic causes, and by differentiating axonal loss from demy-
elination. Repetitive nerve stimulation facilitates the diagnosis of myasthenia gra-
vis, but in children this technique may present challenges due to movement artifacts. 
Stimulated single fiber techniques have shown to be very sensitive for detecting 
abnormalities of neuromuscular transmission [29]. Facial involvement may be the 
presenting signs of acute polyradiculoneuritis or cranial polyneuritis with sparing of 
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the extremities. Electrodiagnostic studies help to investigate the process, showing 
prolonged latencies and temporal dispersion of CMAPs and BRs, and EMG signs of 
denervation of the facial muscles [30]. Patients with Miller-Fisher syndrome may 
show reduced amplitudes of sensory nerve action potentials (SNAPs) in the extrem-
ities and low-amplitude, normal latency facial CMAPs. BRs may be normal or 
altered, in parallel with the decreased amplitude of the facial CMAPs and denerva-
tion of the facial muscles [31, 32].

�Neurogenic Dysphagia

An electrodiagnostic protocol including needle EMG of the facial, lingual, and 
velopharyngeal muscles and EMG during bottle feeding targets the disturbed motor 
organization, assesses its severity, and shows whether it is isolated or associated 
with a lesion of the bulbar motor nuclei.

�Congenital Neurogenic Dysphagia

EMG highlights multiple cranial neuropathies that can be clinically silent in 
infants with orofacial dysfunctions [17]. By showing facial, pharyngeal and hypo-
glossal neuropathies, early orofacial EMG examination contributes to a better 
understanding of the neurologic origin of congenital facial weakness and dyspha-
gia, and emphasizes the importance of malformation syndromes and neonatal 
encephalopathies as underlying etiologies (Table  15.7). In patients with Pierre 
Robin Sequence (PRS), the absence of neurogenic EMG signs in orofacial mus-
cles characterize isolated PRS.  At the opposite end of the spectrum, cranial 

Table 15.7  Diagnoses of 
90 patients with multiple 
congenital cranial 
neuropathies

Developmental disorders 59

Genetic anomalies 14
Moebius syndrome 8
CHARGE association 7
Other recognizable syndromes 15
Unidentified malformation patterns 15
Encephalopathies 29

Preterm (25–34 weeks) with vascular brain injury 7
Localized brainstem ischemia 6
Birth asphyxia at full term 7
Fetal exposure to toxic agents 4
Progressive encephalopathy 5
No apparent underlying disorder 2

CHARGE association colobomata, heart disease, atresia of the 
choanae, retarded growth and development, genital hypoplasia, 
and ear anomalies or deafness

F. Renault



195

neuropathies were frequently found in patients with associated or syndromic PRS 
[33]. Moreover, EMG during bottle feeding has contributed to assessing the sever-
ity and potential duration of dysphagia [34]. In patients with other facial malfor-
mation syndromes showing various anatomic defects, neurogenic EMG signs in 
orofacial muscles revealed the neurological origin of dysphagia, even in the 
absence of neurological signs or abnormalities in brain images. Also, neurogenic 
EMG signs and the severity of oral-pharyngeal incoordination on EMG during 
bottle feeding correlated with respiratory complications and long-lasting enteral 
feeding [35].

Newborn infants with congenital bulbar weakness present with facial, lingual, 
laryngeal, or pharyngeal dysfunction, alone or in combination; all of which have 
significant developmental and functional consequences. Various etiologies include 
neuromuscular disorders involving the motor neuron, neuromuscular transmission, 
or muscle, and cerebral palsies. The evaluation of a child with congenital bulbar 
weakness requires that major emphasis be placed on an etiological definition and a 
reliable prognostic assessment because outcomes depend on both the severity of 
orofacial dysfunction and the nature of the underlying disorder in the peripheral or 
central nervous system [36]. In a large series of children with congenital bulbar 
weakness, neurogenic EMG signs were detected in half of the patients. The fre-
quency and duration of respiratory assistance and enteral feeding were not statisti-
cally different in patients with or without cranial nerve involvement but BRs 
abnormalities were significantly associated with high frequencies of respiratory 
assistance, gastrostomy, and death. Moreover, EMG during bottle feeding identified 
patients with moderate or severe oropharyngeal incoordination, who showed more 
need for respiratory assistance, long-lasting enteral feeding, and gastrostomy than 
patients with normal coordination or mild abnormalities [37]. Thus, orofacial elec-
trodiagnostic studies provide the pediatrician with supplementary information to 
help anticipate the outcome of bulbar weakness, even in the absence of a clearly 
defined etiology.

�Acquired Bulbar Weakness

Aspiration is most often a complication of a known central nervous system disorder 
including coma, cerebral lesion, ischemic stroke, acute encephalitis, and degenera-
tive disorders with bulbar or suprabulbar involvement. Aspiration may also compli-
cate peripheral nervous system disorders such as Guillain-Barré syndrome, 
myasthenia gravis, congenital myopathies, metabolic myopathies, and muscular 
dystrophies, as well as severe forms of dermatomyositis or polymyositis. The occur-
rence of a swallowing disorder in these settings suggests a progressive clinical 
course associated with imminent respiratory failure. Electrodiagnostic studies of the 
cranial nerves, and also of the upper and lower limbs, contribute to those 
diagnoses.

Infantile botulism may provoke paralysis of cranial nerves. Motor NCSs reveal 
markedly reduced CMAP amplitudes. High-frequency repetitive motor nerve stim-
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ulation provokes an incremental response. Stimulated single-fiber EMG is another 
useful way to demonstrate the presynaptic neuromuscular junctional transmission 
disorder. Needle EMG may show low-amplitude and short-duration spontaneous 
fibrillation potentials and reduced recruitment pattern with low-amplitude and poly-
phasic short-duration MUPs. Sensory NCSs are normal.

Swallowing difficulties mark the onset of diphtheric neuropathy. A polyneuro-
pathic feature mimicking GBS may appear during the subsequent weeks.

Isolated temporary pharyngeal paralysis is characterized by acute unilateral 
velopharyngeal paralysis provoking swallowing difficulty with nasal reflux; needle 
EMG of the levator veli palatini muscle can detect neurogenic signs [38].

In the same way, neurogenic EMG signs in the soft palate muscle are a means to 
confirm a velopharyngeal paralysis that may be the presenting sign of an expanding 
mass in the posterior cranial fossa or a Chiari malformation.

Progressive bulbar paralysis of childhood (Fazio-Londe disease) is a very 
rare hereditary condition. The EMG findings of reduced interference pattern 
with enlarged MUPs in bulbar muscles are an important diagnostic sign of the 
disease.

Salivary stasis and dysphagia associated with trismus and neck stiffness are often 
the first clinical manifestations of tetanus. Standard motor and sensory NCSs are 
normal; H waves are easily elicited in distal muscles; F wave amplitudes are high; 
and EMG may show spontaneous high-frequency discharges.

To conclude, EMG of orofacial muscles and cranial nerves is an important diag-
nostic tool in congenital facial and bulbar weakness. By contributing to an early 
diagnosis, this orients the search for associated pathologies. Also, by assessing oral 
and facial sensorimotor dysfunctions, electrodiagnostic studies help define a thera-
peutic approach and anticipate outcome.
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Chapter 16
Motor Neuron Disease

Bhaskar Roy and Basil T. Darras

�Introduction

Spinal muscular atrophies (SMAs) are a group of genetic disorders characterized by 
progressive muscle weakness and atrophy associated with degeneration of spinal 
and, in the most severely affected patients, lower bulbar motor neurons. Classic 
proximal SMA is the most common form of SMA and the leading genetic cause of 
infant mortality [1, 2]. The incidence of SMA has been estimated to be about 1 per 
10,000 live births [3, 4]. Reports from Werdnig of the University of Graz, Austria, 
and Johann Hoffmann of Heidelberg, Germany, provided the first complete descrip-
tion of the neuromuscular phenotype of the disease and the associated loss of ante-
rior horn cells in the spinal cord, hence the older and now less commonly used 
eponym, Werdnig-Hoffman disease [5, 6]. Since then, a range of phenotypic vari-
ability has been described in autosomal recessive proximal SMA or 5qSMA and 
also in non-5q SMAs, a heterogeneous group of motor neuron diseases with various 
genetic mutations and clinical phenotypes [2, 7].

�5q Proximal SMA

Classic SMA or 5q SMA results from homozygous deletions or other mutations 
involving the “survival (of) motor neuron 1” (SMN1) gene. Patients with 5q proxi-
mal SMA harbor homozygous deletions or mutations involving exon seven of 
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SMN1, but maintain at least one copy of the paralogous gene SMN2, which helps 
compensate for SMN1 deficiency. The range of phenotypic severity of SMA, based 
on “maximal functional status achieved,” can be divided into four broad clinical 
subtypes. They represent a continuum extending from the very severe, with onset in 
utero, to the very mild, with onset during adulthood. A spectrum of severity is found 
within each of these subtypes (Table 16.1) [7, 8]. Broadly, Type I patients are “non-
sitters,” Type II patients are “sitters,” Type III patients are “walkers,” and Type IV 
are adult-onset with mild symptoms [9, 10].

�Type I SMA

SMA type I (previously known as Werdnig-Hoffmann disease) has been further 
subdivided into three groups: type IA (or Type 0  in certain reports[11]) with 
onset in utero and presentation at birth, type IB with onset of symptoms between 
birth and 3 months of age, and type IC with onset between 3 and 6 months of 
age. Infants with SMA type I have progressive proximal weakness that affects 
the legs more than the arms. They have poor head control with hypotonia, lead-
ing to a severe head lag, frog-leg posture when supine, slip through on vertical 
suspension, and draping on ventral suspension, along with areflexia. They 
are  never able to sit independently and are thus also known as “non-sitters” 
(Table 16.1). Intercostal muscle weakness with relative sparing of the diaphragm 
produces a bell-shaped chest and a paradoxical pattern of abdominal breathing. 
They exhibit tongue fasciculations and eventually develop dysphagia, risk of 
aspiration, and failure to thrive. Other cranial nerves are not as affected, although 
facial weakness does occur at later stages of the disease. Cognition is usually 
normal [1, 12, 13].

�Type II SMA

Patients with type II SMA, also known as intermediate SMA or Dubowitz disease, 
are able to sit unsupported at some point and are thus also known as sitters, but they 
are never able to walk independently (Table 16.1). The onset of symptoms is typi-
cally between 6 and 18 months of age. They have progressive proximal weakness 
affecting legs more than arms, along with hypotonia and areflexia. They also develop 
progressive scoliosis, which in combination with intercostal muscle weakness 
results in significant restrictive lung disease as they grow older. They develop joint 
contractures and can have ankylosis of the mandible [13–15]. Cognition is normal 
and verbal intelligence may be above average [16]. Patients may live into the third 
decade, but life expectancy is shortened due to the risk of respiratory compromise 
[2, 14].
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�Type III SMA

In 1956, Kugelberg and Welander described a much milder form of SMA character-
ized by prolonged ambulation [17]. Patients with type III SMA, also known as 
Kugelberg-Welander disease, are able to walk independently at some point and are 
thus also referred to as “walkers”. The onset of symptoms usually occurs after the 
age of 18 months. This subset has further been subdivided into type IIIA (onset 
between 18 months and 3 years) and type IIIB (onset after 3 years). Type III patients 
have progressive proximal weakness affecting legs more than arms and may ulti-
mately need to use a wheelchair, especially the IIIA group, but they generally 
develop minor or no respiratory muscle weakness or scoliosis. Loss of ambulation 
increases the risk of these complications. Type III patients may have tremor or poly-
minimyoclonus of the hands, which can also be seen in type II or even type I patients 
[14, 18]. Sometimes, the calves of type III patients can be prominent, and hence 
type III SMA can be confused with Becker muscular dystrophy. Creatine kinase 
levels are often elevated, usually no more than fivefold, and may lead to an errone-
ous evaluation for myopathy. Life expectancy is not significantly different com-
pared to the normal population (Table 16.1) [2, 14, 19].

�Type IV SMA

A milder, adult-onset SMA, or type IV SMA, has also been described, with onset of 
symptoms after age 21 years and essentially normal life span [10].

�Electrodiagnostic Testing in SMA

Prior to the identification of the genetic loci for SMA, electrodiagnostic studies 
were the primary diagnostic tools for suspected cases. Genetic testing has largely 
supplanted EMG for the diagnosis of SMA. However, there are circumstances in 
which EMG still plays an important role in the diagnostic evaluation. Genetic test-
ing, even when expedited, often takes several days to return results, whereas EMG 
is often available the same day, with results reportable immediately. For example, an 
undiagnosed child who is acutely ill in a critical care setting may benefit from EMG 
testing. EMG can also help point to the correct diagnosis when there are atypical 
presentations, especially in some cases of SMA type III [20], and when patients 
have non-5q related SMAs [1, 21].

Motor nerve conduction studies can be completely normal in the early stages of 
SMA [21, 22]. With the progression of the disease, nerve conduction studies typi-
cally show features of chronic motor axonal loss, specifically reduction of com-
pound muscle action potential (CMAP) amplitudes [23, 24]. Conduction velocities 
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are generally preserved, but mild slowing of conduction velocities secondary to 
loss of faster conducting fibers can be seen. Distal motor latencies and F wave 
latencies may similarly be slightly prolonged. Sensory nerve action potentials 
(SNAPs) are usually preserved throughout the course of disease, even in infants 
with SMA type I [25, 26].

CMAP amplitudes have been shown to correlate with clinical severity, age, 
functional status and progression of disease. CMAP amplitudes are most often 
reduced in SMA type I. Accordingly, SMA type II subjects have lower CMAP 
amplitudes compared to SMA type III and non-ambulatory SMA type III patients 
usually have lower CMAP amplitudes than ambulatory type III patients [23, 24]. 
In some reports, CMAP amplitudes have been shown to decline over time, specifi-
cally in SMA type II. Initial CMAP amplitude has been suggested to predict func-
tional outcome [23].

Although SMA is primarily a pure motor neuron disorder with preserved SNAPs, 
sensorimotor involvement has been described in a few cases [26, 27]. In a small 
number of infants with SMA type I, sensory action potentials can be reduced, pref-
erentially in the sural nerve, secondary to loss of sensory fibers and ganglion cells 
[22, 27, 28]. Most of the reported cases of sensory involvement in SMAs involve 
axonal neuropathy, though occasionally demyelinating neuropathy or mixed axonal 
and demyelinating features can be seen [26, 29, 30].

Motor unit number estimation (MUNE), an electrophysiologic method to 
estimate the number of lower motor neurons innervating a specific muscle, has 
shown motor unit loss in SMA patients [31–33]. The number of functional motor 
units in some patients progressively decreases, though occasionally an incre-
ment in the number of motor units has been noted, suggesting a degree of spon-
taneous recovery [23, 24, 34]. Please refer to Chap. 12 for a more detailed 
discussion of MUNE.

In addition, repetitive stimulation studies may show a decremental response with 
correction after post exercise testing [35]. Decremental responses have also been 
reported in patients with SMA types II and III at 2–3 Hz repetitive stimulation with-
out facilitation at higher frequency stimulation [35, 36]. Similarly, single fiber EMG 
may show increased jitter and blocking [37]. It is still uncertain whether these 
changes are related to a defect in neuromuscular transmission or to a secondary 
effect of chronic denervation and re-innervation. Typically, these features are 
uncommon in other motor neuron diseases with more rapid denervation and rein-
nervation, such as amyotrophic lateral sclerosis [1].

Needle EMG in SMA shows motor neuron or motor axon loss in the form of 
active denervation and chronic reinnervation. Based on the severity and stage of the 
disease, as well as the rapidity of disease progression, the proportions and patterns 
of denervation and reinnervation vary, and different electrophysiological patterns 
can be seen [38, 39].

In infants with SMA type I, needle EMG shows active denervation in the form of 
fibrillation potentials and positive sharp waves (PSWs), and residual voluntary 
motor units are mostly of normal size. Collateral reinnervation is usually absent. In 
these patients, detection of higher amplitude and normal duration MUAPs does not 
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necessarily indicate collateral sprouting. Several factors may result in such high 
amplitude, normal duration MUAPs; these factors include loss of smaller motor 
units, muscle fiber hypertrophy, and other anatomical changes such as contraction 
of motor unit cross-sectional territory with atrophy of intercalated fibers bringing 
additional motor units closer to the EMG electrode [15, 21, 38, 39].

Collateral sprouting from the adjacent nerve fibers of healthy neurons is the main 
reinnervation process that leads to type grouping in cases of partial denervation and 
reinnervation. At the stage of chronic denervation and successful collateral reinner-
vation, such as in older infants and children with milder forms of SMA, fibrillation 
potentials and PSWs, which are usually few, may even disappear. MUAPs are 
reduced in number and are of giant size [15, 21, 39]. In advanced cases with end-
stage individual muscles, MUAPs can be of reduced amplitude and duration, lose 
their clear neurogenic features, and mimic myopathic units [40].

An unusual form of spontaneous motor unit firing (MUF) at 5–15 Hz has been 
reported. These continuous potentials can be distinguished from fasciculation 
potentials by their regular pattern of firing, persistence for long periods and 
occurrence during sleep. The source of these potentials has not been defined. 
They are more frequent in SMA type I and in younger type II patients [38, 39]. 
Fasciculation potentials are absent in most cases of SMA, particularly in type I, 
but can be seen rarely in later stages of the disease in proximal muscles, particu-
larly the quadriceps [39].

Accurate assessment of EMG features can be difficult in children. They may not 
be able to cooperate fully, and hence the assessment of number, size, and firing rates 
can be limited. Secondary to slow progression of SMA, occasionally reinnervation 
can be complete, features of fibrillation and PSWs can be absent, and abnormalities 
can be found only in the MUAPs with reduced number, higher amplitude, longer 
duration and polyphasia. Occasionally, satellite potentials can also be seen. 
Moreover, in milder SMA, such as SMA type III, MUAPs can appear myopathic 
with low amplitude and many high frequency components [40]. Some forms of 
SMAs are focal, and EMG of some muscles is normal [21]. In light of the variability 
of diagnostic findings, several muscles should be tested in multiple extremities 
(including genioglossus), if tolerated by the child, to maximize the accuracy of the 
study.

It is noteworthy that in the early stages of SMA, even in the presence of early 
weakness, EMG may sometimes be normal. The typical electrophysiologic fea-
tures of SMA in those cases will emerge later [21]. Therefore, a normal EMG 
study does not entirely rule out the possibility of SMA, depending upon the cir-
cumstances including the extent of needle examination. The degree of electro-
physiological abnormality may also not accurately reflect the clinical status. Thus, 
electrophysiological features should be interpreted carefully. Occasionally, elec-
trophysiologic findings in a patient with SMA can mimic those found in other 
neuromuscular diseases, such as critical illness neuropathy or Guillain-Barré syn-
drome [29, 30]. Thus it is important to correlate EMG findings with the clinical 
context.
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�Other “Spinal Muscular Atrophies”

�Non-5q Spinal Muscular Atrophies

Non-5q SMAs are genetically heterogeneous, clinically diverse and rare compared 
to 5q SMA [41]. Phenotypic classification may be based on distribution of weak-
ness (distal, proximal or bulbar) and mode of inheritance (Table 16.2) [42, 43]. This 
classification system, however, does not include all non-5q motor axonopathies or 
neuronopathies, excludes SMA plus syndromes, and in particular excludes condi-
tions with uncertain nosology or those with no gene/locus information [41].

Table 16.2  Clinical features and EMG findings in major non-5q spinal muscular atrophies (SMA)

Gene/locus
Disease/phenotype, selected 
distinguishing features EMG findings

Distal spinal muscular atrophy/distal hereditary motor neuropathy or neuronopathy 
(DSMA/distal HMN)
Autosomal recessive
IGHMBP2 SMA with respiratory distress 

(SMARD) or diaphragmatic SMA
  �•  �Low birth weight, typically 

presents within 3–6 months of life 
with diaphragmatic paralysis

  �•  �Hypotonia, distal > proximal 
weakness, sensory and autonomic 
involvement

  �•  Ventilator dependence

  �•  �Marked reduction or complete 
absence of CMAPs (prominent 
in lower extremities)

  �•  �Similar but milder findings in 
sensory studies

  �•  �Initially EMG shows 
denervation in distal muscles, 
later diffuse changes

PLEKHG5 Lower motor neuron syndrome with 
childhood onset
  �•  �Early involvement of foot and 

hand muscles.
  �•  �Rapid progression and early loss 

of ambulation
  �•  Cranial nerves are spared

  �•  �SNAPs are present but can be 
of reduced amplitude, motor 
and sensory conduction 
velocity can be mildly slow

  �•  �EMG shows denervation 
changes

Autosomal dominant
GARS Distal SMA with upper-limb 

predominance, Type VA
Charcot-Marie-Tooth disease 2D
  �•  �Predominant upper-limb 

weakness
  �•  �Selective atrophy of the thenar 

and FDI muscles
  �•  Peroneal atrophy and weakness
  �•  �Reduced vibration senses in CMT 

2D

  �•  �Absent or markedly reduced 
CMAPs from APB

  �•  �Preserved CMAPs from ADM
  �•  �CMAP amplitudes from 

peroneal < 2 mV
  �•  �SNAP amplitudes and 

conduction velocities are 
usually normal except sural can 
be affected

  �•  �Large MUAPs, reduced 
recruitment in thenar muscles

(continued)
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Table 16.2  (continued)

Gene/locus
Disease/phenotype, selected 
distinguishing features EMG findings

BSCL2 Distal SMA with upper-limb 
predominance, Type VB
Silver syndrome/SPG17
  �•  �Hand muscle weakness and 

wasting
  �•  �Stiffness in lower limbs and foot 

deformities
  �•  �Gait abnormalities but ambulation 

usually maintained

  �•  �Reduced CMAPs with 
occasional chrono-dispersion, 
partial conduction block and 
slowing of conduction velocity

  �•  Ulnar is less affected
  �•  �Chronic denervation with large 

MUAPs
  �•  �Usually no spontaneous 

activities
Proximal spinal muscular atrophy (+/- distal involvement)
Autosomal dominant
TRPV4 Congenital Distal SMA with 

arthrogryposis, contractures, 
asymmetric atrophy and non-
progressive weakness with lower limb 
predominance
Scapuloperoneal SMA with scapular 
winging, laryngeal distribution of 
weakness, distal muscle wasting and 
absent reflexes
Charcot-Marie-Tooth, Type 2C with 
vocal cord and phrenic nerve paralysis

  �•  Normal conduction velocities
  �•  Reduced CMAPs
  �•  Polyphasic or giant MUAPs
  �•  �Predominantly motor axonal 

neuropathy

DYNC1H1, 
BICD2

SMA with lower extremity 
predominance (SMA-LED)
  �•  �Abnormal cortical development 

and epilepsy is common in 
DYNC1H1 mutation.

  �•  �Wasting and contracture is 
common in BICD2, especially 
around ankle

  �•  NCS can be normal
  �•  �Mild reduction of CMAPs 

(especially in common peroneal 
in BICD 2 mutation)

  �•  �Chronic denervation in both 
proximal and distal leg muscles 
(quadriceps are most affected in 
DYNC1H1 mutation)

Other non-5q spinal and bulbar muscular atrophies, SMA plus types
Autosomal recessive
RFT2 
(C20ORF54)

Brown-Vialetto-van Laere syndrome
Fazio-Londe disease, bulbar palsy
  �•  �Primarily involves lower cranial 

nerves
  �•  Present with ponto-bulbar palsy
  �•  �Sensorineural deafness in BVVLS
  �•  Respiratory failure

  �•  can be normal initially
  �•  �repeat testing can suggest MND

EXOCS3 
(30–40%),
VRK 1, 
TSEN54,
RARS2

Pontocerebellar hypoplasia with 
SMA,
PHC1
  �•  �Progressive microcephaly 

combined with brainstem and 
cerebellar hemispheres atrophy

  �•  �Relative sparing of the cerebellar 
vermis.

  �•  �Severe cognitive and motor 
limitations, seizures.

  �•  Anterior horn cell degeneration

  �•  Neurogenic EMG
  �•  �In most of the patients no 

neuropathy
  �•  �In some EXOSC3 negative 

patients marked reduction or 
loss of SNAPs and CMAPs 
with marked slowing of 
conduction velocity
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Table 16.2  (continued)

Gene/locus
Disease/phenotype, selected 
distinguishing features EMG findings

GLE1 Lethal arthrogryposis with anterior horn 
cell disease or lethal congenital 
contracture syndrome

X-linked recessive
Androgen 
receptor

Bulbar SMA, Kennedy disease
  �•  �Atrophy and weakness of the 

facial, bulbar and proximal 
muscles

  �•  Bulbar symptoms
  �•  Fasciculation
  �•  Mild to severe hyper-CK-emia
  �•  Gynecomastia
  �•  �Testicular atrophy and reduced 

fertility
  �•  �Weakness often starts in the lower 

extremities

  �•  �CMAPs and SNAPs are usually 
reduced with milder 
involvement of conduction 
velocities.

  �•  �In CAG repeat (≥47), CMAPs 
reduced

  �•  �In CAG repeat (≤ 47), SNAPs 
reduced

  �•  �EMG shows chronic 
denervation and reinnervation 
with abnormal spontaneous 
activities

UBA1 Infantile SMA with arthrogryposis
  �•  �White matter abnormalities on 

MRI
  �•  �Prominent motor and sensory 

involvement
  �•  Cerebellar involvement

  �•  �SNAPs and CMAPs can be 
absent

  �•  �EMG shows reinnervation or 
denervation

�Distal SMAs (DSMA)

Distal SMAs present with predominantly distal weakness. They exhibit significant phe-
notypic overlap with distal hereditary motor neuropathies or neuronopathies (dHMN).

Spinal muscular atrophy with respiratory distress type 1 (SMARD1) is caused by 
mutations in the gene IGHMBP2, which encodes the immunoglobulin μ-binding 
protein. Most patients with SMARD1 have low birth weight and present within the 
first 3 to 6 months of life with diaphragmatic paralysis, hypotonia, distal more than 
proximal weakness, and sensory and autonomic involvement, followed by ventila-
tor dependency [44, 45]. Life expectancy is usually limited primarily due to the 
severe respiratory weakness [45]. Respiratory failure between 6 weeks and 6 months 
combined with the presence of diaphragmatic eventration or preterm birth is a good 
predictor of the presence of IGHMBP2 mutations [44]. Patients with SMARD1 usu-
ally have normal serum CK levels and no primary cardiomyopathy, but severe auto-
nomic dysfunction can lead to secondary cardiovascular collapse [45, 46]. In a 
series of 141 patients with respiratory distress and diaphragmatic and intercostal 
weakness, three distinct phenotypes were noted: (1) SMARD-congenital: arthro-
gryposis multiplex congenita with associated respiratory failure at birth, (2) 
SMARD1-like: respiratory distress with onset between 6 weeks to 6 months along 
with hip flexion weakness with minimal or no movements of the distal muscle 
groups, and (3) SMARD-late: respiratory distress after age 6 months without mul-
tiple congenital contractures; however, the phenotype can be more variable [44, 47].

16  Motor Neuron Disease



208

EMG in SMARD1 shows marked reduction of or complete absence of CMAPs 
and markedly slow conduction velocities, more predominantly in the lower extremi-
ties. Similar but milder findings may be seen in sensory studies [48, 49]. Needle 
EMG initially shows a denervation pattern only in distal muscles, but diffuse 
changes can be seen later. EMG of the diaphragm, if performed, may show denerva-
tion changes [45, 48, 49].

HMN5A and Charcot-Marie-Tooth type 2D (CMT2D) are allelic conditions 
caused by mutations in GARS [50, 51]. The clinical distinction between HMN5A 
and CMT2D is usually based on whether sensory abnormalities are present [50]. 
Patients with GARS mutations usually present in their twenties with predominantly 
upper-limb weakness, most notably including selective atrophy of the thenar emi-
nence and first dorsal interosseous (FDI) muscles. The hypothenar eminence is usu-
ally spared until later in the course of the disease. Peroneal weakness and atrophy 
and reduced vibration sensation are usually present in all patients with CMT2D and 
about half of the patients with HMN5A [52]. EMG shows a motor axonopathy with 
typical features of absent or markedly reduced CMAPs recording abductor pollicis 
brevis (APB) and preserved CMAPs recording abductor digiti minimi (ADM). 
CMAP amplitudes from peroneal muscles are typically below 2  mV and below 
1  mV when leg atrophy is clinically evident. SNAP amplitudes and conduction 
velocities are usually normal, although sural SNAP amplitude can be reduced. Even 
in presymptomatic mutation-carrying individuals, large long-duration motor unit 
potentials with reduced recruitment pattern can be seen in the thenar muscles. 
Similarly, chronic partial denervation can be seen in the ADM and extensor muscles 
of the legs even in the absence of apparent muscle atrophy [50, 51].

Mutations in BSCL2 gene result in allelic phenotypes including spastic paraplegia 
with amyotrophy of hands and feet (Silver syndrome/SPG17), congenital general-
ized lipodystrophy, type 2, distal SMA with early hand involvement (dHMNV), and 
dHMN beginning in the legs (dHMNII) [53, 54]. Phenotypes can be variable, but 
common features include hand muscle weakness and wasting, gait abnormalities, 
stiffness in the lower limbs, and foot deformities. Ambulation is usually preserved 
[53]. EMG shows reduced CMAPs, predominantly in the lower extremities, with 
occasional temporal dispersion and partial conduction block, and slowing of conduc-
tion velocity in the demyelinating range, suggesting that demyelination compounds 
a presentation that is otherwise predominantly axonal. In the upper extremities, 
median nerve CMAPs and conduction velocities are typically more affected than the 
ulnar nerve. EMG shows chronic denervation with large motor unit potentials with or 
without polyphasia, and without any abnormal spontaneous activity [53].

�Non-5q SMAs with Proximal or Diffuse Weakness

SMA with lower extremity predominance (SMA-LED) is caused by dominant muta-
tions in the dynein gene (DYNC1H1) encoding a microtubule motor protein in the 
dynein-dynactin complex and mutations in BICD2, which encodes a dynein adaptor 
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protein. Features of SMA-LED with DYNC1H1 mutations include congenital or very 
early onset, severe weakness in the proximal legs, specifically quadriceps, and a 
static or minimally progressive course [43, 55]. In BICD2 mutations, onset may be in 
utero, at birth, or in early childhood. The typical presentation consists of delayed 
motor milestones, along with predominantly lower limb non-length-dependent weak-
ness, with a variable amount of wasting and contractures. Contractures are most com-
monly found in the ankle. Of note, arthrogryposis or contractures are uncommon in 
DYNC1H1mutations. In some patients, scapular winging is present. A subset of 
patients can have upper motor neuron signs, but all patients usually have stable or 
only slowly progressive lower motor neuron disease, and most remain ambulatory 
throughout their lives [56]. In contrast to DYNC1H1 mutations, abnormal cortical 
development and epilepsy are not typical features of BICD2 mutations [56, 57].

Nerve conduction studies in DYNC1H1-associated SMA-LED may be normal. 
In older patients, mild CMAP amplitude reductions in the lower extremities may 
occur. EMG usually shows chronic denervation in both proximal and distal leg mus-
cles [43]. Similar findings may be seen in BICD2-associated SMA-LED. CMAP 
amplitudes are occasionally reduced, especially in the common peroneal nerve. 
Nerve conduction velocities and SNAPs are usually normal or borderline reduced. 
Needle examination shows chronic denervation and large motor units with or with-
out polyphasia [56].

TRPV4-related disorders are another example of diverse phenotypes: (1) con-
genital distal SMA with arthrogryposis and asymmetric atrophy and weakness, in 
the lower extremities, (2) scapuloperoneal SMA with scapular winging, laryngeal 
distribution of weakness, distal muscle wasting and weakness with absent deep ten-
don reflexes, and (3) CMT2C associated with vocal cord and phrenic nerve paraly-
sis. EMG usually shows normal conduction velocities with reduced CMAP 
amplitudes and some polyphasic or giant motor units with evidence of a predomi-
nantly motor axonal neuropathy [58–62].

�Bulbar SMA

Brown-Vialetto-van Laere syndrome (BVVLS) and Fazio-Londe disease are clini-
cally overlapping motor neuron diseases involving primarily lower cranial nerves; 
they present with ponto-bulbar palsy, sensorineural deafness in BVVLS, and respi-
ratory failure. BVVLS and Fazio-Londe disease have been linked to mutations in 
the RFT2 (C200RF54) gene with defective riboflavin transport; riboflavin supple-
mentation has been reported to be helpful in some cases [63, 64]. Early in the course, 
electrophysiological testing may be normal, but repeat examinations at later time 
points may detect motor neuron disease with greater sensitivity [64–66].

Pontocerebellar hypoplasias (PCH) are rare inherited progressive neurodegenerative 
disorders with prenatal onset. To date, 7 PCH clinical syndromes have been described 
(PCH1-7) [67]. All subtypes feature progressive microcephaly combined with atrophy/
hypoplasia of brainstem and cerebellar hemispheres with relative sparing of the cere-

16  Motor Neuron Disease



210

bellar vermis. Patients have severe cognitive and motor limitations, along with seizures; 
the cerebrum is variably affected. When PCH is combined with anterior horn cell 
degeneration, the designation PCH1 is applied. PCH1 has been linked to mutations in 
the EXOCS3 gene in about 30–40% of patients and rarely has been associated with 
VRK1, TSEN54 and RARS2 mutations. EMG typically shows neurogenic changes. In 
EXOSC3 positive patients, neuropathy is usually not seen. In PCH1 with no mutation 
in known genes, marked amplitude reduction or loss of SNAPs and CMAPs can occa-
sionally be seen with marked slowing of conduction velocity [68, 69].

Other non-5q spinal and bulbar SMAs include Kennedy’s disease or X-linked 
spinal and bulbar muscular atrophy (SBMA/SMAX1), related to an expansion of a 
CAG trinucleotide repeat in the androgen receptor gene [70]. SBMA presents 
between 15 and 60 years with atrophy and weakness of the facial, bulbar and proxi-
mal muscles. It is associated with bulbar symptoms, fasciculations, mild to severe 
elevations in serum creatine kinase (CK) levels, gynecomastia, testicular atrophy, 
and reduced fertility [70, 71].Weakness often starts in the lower extremities. It is 
usually asymmetric and the dominant side can be affected in about 70% of cases 
[72, 73]. CMAPs and SNAPs usually have reduced amplitudes, with mild slowing 
of conduction velocities. In patients with longer CAG repeats (≥47), CMAP ampli-
tudes tend to be reduced, while in patients with a shorter CAG repeats (≤47), SNAP 
amplitudes are reduced. Needle EMG shows active denervation and chronic rein-
nervation, enlarged or even giant motor unit action potentials with or without poly-
phasia, satellite potentials, and reduced recruitment patterns at maximal contraction 
[71, 73, 74]. Needle EMG may be abnormal even in clinically unaffected muscles 
[75]. Motor unit numbers, measured by MUNE, may be reduced [73].

Infantile SMA with arthrogryposis with or without bone fractures, dysmorphic 
features, myopathic facies, hypotonia, areflexia, and digital contractures may repre-
sent a lethal X-linked form of SMA (SMAX2) and may be confused with SMA type 
IA. Mutations in the UBA1 gene have been detected in this group of patients [76]. A 
patient with UBA1 mutation-positive SMAX2 has been reported to be accompanied 
by white matter and cerebellar abnormalities on brain MRI, prominent motor and 
sensory system involvement, and widespread inflammatory changes on muscle 
biopsy. SNAPs and CMAPs may be absent; needle EMG usually shows active 
denervation and/or chronic reinnervation [77].

�Juvenile Amyotrophic Lateral Sclerosis (ALS)

Juvenile ALS is defined as any progressive motor neuron disease affecting both 
upper and lower motor neurons with onset at age or below 25 years (Table 16.3). 
Most of the juvenile ALS types are rare autosomal recessive, slowly progressive, 
non-fatal disorders which may affect non-motor systems as well [78]. ALS2 is a 
rare, autosomal recessive form of juvenile-onset ALS with mutations in the ALS2 
gene encoding alsin. It is a predominantly upper motor neuron (UMN) syndrome, 
with slowly progressive spasticity beginning in the lower limbs, and gradual 
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extension upwards to involve the upper limbs and bulbar muscles [79]. ALS4, 
caused by mutations in the SETX gene, is a non-fatal, autosomal dominant, juvenile-
onset dHMN with limb weakness, muscle wasting, pyramidal tract signs including 
brisk reflexes and extensor plantar responses. Bulbar and respiratory muscles are 
usually preserved [80, 81]. ALS5, linked to chromosome 15q15.1-21.1, was origi-
nally described in several kindreds from Tunisia and Germany. Patients present with 
progressive gait disturbance, mixed UMN and LMN features, and dysarthria (begin-
ning after 3–4 years); survival is generally 10–25 years from symptom onset [78, 82, 
83]. ALS6, associated with FUS (fused in sarcoma) gene mutations, can present 
with an aggressive rapid onset form of juvenile ALS [84–86]. A slowly progressive 
variant of juvenile ALS is associated with predominantly upper motor neuron 
involvement and Sig-1R (sigma-1 intracellular receptor) mutations [87, 88]. A form 
of juvenile ALS with amyotrophy of limb and bulbar muscles and UMN signs has 
been reported in a family from Utah with linkage to 6p25 and 21q22 loci [89].

Electrodiagnostic findings in juvenile ALS are similar to adult onset ALS. Reduced 
CMAPs, normal SNAPs, normal conduction velocities along with signs of an active 
muscle denervation-reinnervation process are usually seen [78, 82–86]. In ALS4 a 
graded pattern of distal muscle involvement with chronic partial denervation-rein-
nervation has been reported; reduced CMAPs and SNAPs were reported in the fam-
ily with juvenile ALS from Utah [80, 81, 89].

�Juvenile Muscular Atrophy of Distal Upper 
Extremity (Hirayama Disease)

Juvenile muscular atrophy of distal upper extremities (JMADUE), also known as 
Hirayama disease, was first described in Japan in 1959. It is a clinically distinct 
anterior horn cell disorder confined to the cervical cord (Table 16.3) [90]. The clini-
cal requirements for the diagnosis of Hirayama disease include: (1) gradual onset of 
predominantly distal weakness and atrophy of the forearm and hand muscles, (2) 
onset of symptoms between 10 years to the early 20s, (3) typically unilateral or 
unilaterally dominant signs and symptoms, (4) gradual progression for the first sev-
eral years followed by stabilization, (5) lack of any significant sensory changes, 
abnormal muscle stretch reflexes, or Babinski signs, (6) lack of symptoms in the 
lower extremities, and (7) exclusion of other disorders including spinal cord tumors, 
juvenile ALS, syringomyelia, multifocal motor neuropathy, and poliomyelitis [91, 
92]. There is an overwhelming male predominance (17:1). The intrinsic hand mus-
cles (interossei, thenar and hypothenar muscle groups) as well as the ulnar side of 
the forearm are predominantly involved. Brachioradialis and biceps brachii muscles 
are typically spared, leading to the characteristic appearance of “oblique amyotro-
phy.” Rarely (in 15% of cases), slight triceps brachii atrophy may be seen [92]. This 
condition is predominantly unilateral in approximately 70% of cases, with the 
remainder displaying bilateral upper extremity involvement. Reflexes are usually 
preserved, with occasional hyperactive muscle reflexes in the lower extremities. 
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Table 16.3  Clinical features and EMG findings in Juvenile amyotrophic lateral sclerosis, hirayama 
and acute flaccid myelitis

Etiology
Disease/phenotype, selected 
distinguishing features EMG findings

Juvenile amyotrophic lateral sclerosis

AR:
ALS2
SPG11
Sig-1R
AD:
SETX
FUS

  �•  �ALS2: UMN syndrome with 
slowly progressive spasticity 
beginning in the lower limbs

  �•  �ALS5: progressive gait 
disturbance, mixed UMN and 
LMN features, and dysarthria

  �•  �Sig-1R associated with slowly 
progressive prominent UMN 
involvement

  �•  �ALS4: limb weakness, muscle 
wasting, brisk reflexes and 
extensor plantar responses

  �•  FUS: aggressive rapid onset

  �•  �Similar to adult onset 
ALS.

  �•  �Reduced CMAPS, normal 
SNAPs, normal 
conduction velocity.

  �•  �Active muscle 
denervation-innervation 
process is usually seen.

  �•  �In ALS4 a graded pattern 
of distal muscle 
involvement.

Juvenile muscular atrophy of distal upper extremity (Hirayama disease)
Probable pathogenic 
mechanism:
Flexion myelopathy 
arising from contact 
pressure and axial 
tension during neck 
flexion

  �•  �Gradual onset of 
predominantly distal 
weakness and atrophy of the 
forearm (usually ulnar side) 
and hand muscles (interossei, 
thenar and hypothenar muscle 
groups).

  �•  �Onset of symptoms between 
10-early 20s

  �•  �Unilaterally dominant signs 
and symptoms

  �•  �Gradual progression followed 
by stabilization

  �•  �Lack of any significant 
sensory changes, abnormal 
muscle stretch reflexes, or 
Babinski signs

  �•  �Lack of symptoms in the 
lower extremities

  �•  �Low amplitude CMAPs 
of the median and ulnar 
nerves

  �•  �SNAPs are usually 
preserved

  �•  �Ulnar CMAPs more 
affected than the median 
nerve

  �•  �EMG shows fibrillation 
potentials, PSWs and 
signs of reinnervation in 
the distribution of C7-T1 
myotomes

  �•  �Chronic denervation 
changes most frequently 
found in the FDI and 
FCU muscles

Acute Flaccid Myelitis (AFM)
Polio
West nile
Entero D68, Entero 71
Echovirus
Coxsackievirus
Japanese encephalitis

  �•  �Usually a prodromal febrile 
illness

  �•  �Develops abruptly and 
progresses rapidly

  �•  �Uniformly flaccid weakness 
involving one or more limbs

  �•  Areflexia or hyporeflexia

  �•  �Sensory responses are 
usually spared

  �•  �CMAP amplitudes are 
consistently low after the 
initial 3 weeks

  �•  �Reduced recruitment and 
fibrillation potentials are 
seen persistently after the 
first week

ADM abductor digiti minimi, APB abductor pollicis brevis, CK creatine Kinase, CMAPs com-
pound motor action potentials, FCU flexor carpi ulnaris, FDI first dorsal interosseous, MUAPs 
motor unit action potentials, NCS nerve conduction studies, PSWs positive sharp waves, SNAPs 
sensory nerve action potentials
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Pyramidal tract signs are absent. Interestingly, hand muscle weakness may be worse 
at colder temperatures. Although the condition may initially progress fairly rapidly, 
in most cases progression slows, with stabilization by about 5 years after onset [92].

Flexion myelopathy, arising from contact pressure and axial tension during neck 
flexion, has been proposed as a probable pathogenic mechanism for Hirayama dis-
ease. The lower cervical cord moves forward during neck flexion, comes into con-
tact with the posterior surface of the vertebra, and becomes flattened at the contact 
segment [93]. Moreover, MRI demonstrates an anterior shift of the posterior dural 
sac and compression of the lower cervical cord consistent with “tight dural canal in 
flexion” [92, 94–97].

Nerve conduction studies often show low amplitude CMAPs at the median and 
ulnar nerves, but SNAPs are usually preserved. Typically, CMAPs of the ulnar nerve 
are more affected than those of the median nerve. Needle EMG shows evidence of 
fibrillation potentials, positive sharp waves, and signs of chronic reinnervation in 
the distribution of the C7, C8, and T1 myotomes. Electrophysiologic abnormalities 
may also be present in more proximal, non-atrophic muscles such as the deltoid and 
brachioradialis, and also in clinically unaffected contralateral hand muscles [91, 92, 
98, 99]. Chronic denervation changes are most frequently found in the first dorsal 
interosseous (FDI) and flexor carpi ulnaris (FCU) muscles [100].

�Infectious Etiologies

Occasionally, infectious diseases cause predominantly motor neuron degeneration 
with weakness. The sensory system is clinically spared. The term “acute flaccid 
myelitis” (AFM) is often used to refer to cases of acute flaccid weakness with spinal 
cord gray matter lesions on imaging or evidence of spinal cord motor neuron injury 
on electrodiagnostic testing (Table 16.3). AFM develops abruptly and progresses 
rapidly, usually after a prodromal febrile illness, with uniformly flaccid weakness 
involving one or more limbs and areflexia or hyporeflexia. Loss of bladder and 
bowel function may develop [101]. Poliomyelitis is the prototypical AFM; other 
subtypes include those associated with Hopkins syndrome, West Nile Virus, entero-
viruses, and Japanese encephalitis.

In AFM, sensory responses are usually spared. CMAP amplitudes are consis-
tently low after the first 3 weeks. After the first week, reduced recruitment and fibril-
lation potentials are seen, and this pattern persists for months [101].

�Poliomyelitis

Until the mid-twentieth century, poliomyelitis was the most common human neuro-
logic infection. With the introduction of polio vaccines, wild-type poliovirus infec-
tions were eliminated in most of the world with a major reduction in cases of more 
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than 99% since 1988 [102], though occasional outbreaks still occur in a limited 
number of countries.

Paralytic poliomyelitis is seen in 1% or less of all poliovirus infection and shows 
the highest predilection for lumbar, cervical, and medullary anterior horn cells. 
Usually there is rapid evolution of flaccid paralysis, reaching a nadir in 1–2 days. 
After the plateau phase the patient is left with residual asymmetric flaccid paralysis, 
sometimes with leg length discrepancy. Usually patients who contract the disease in 
childhood have less severe weakness and paralysis compared to adults who contract 
the disease. Children with signs of prior poliomyelitis are occasionally seen in the 
EMG laboratory with evidence for chronic reinnervation [103].

An unusual late manifestation, post-polio syndrome, can occur 15–20 years or 
more after the acute illness, and is usually characterized by gradually progressive 
and persistent new muscle weakness, fatigue, pain and atrophy in the same muscle 
groups that were involved in the acute polio infection [104].

�Asthma-Related Poliomyelitis Syndrome (Hopkins Syndrome)

In 1974, Hopkins reported a series of 10 children who developed flaccid paralysis 
4–7 days after the onset of a moderate to severe asthma attack. Afterwards, several 
cases were reported around the world. The prognosis is usually poor, and most 
patients experience a permanent flaccid paralysis [105].

�West Nile Virus

In a US-based study from 1999–2007, West Nile Virus neuro-invasive disease was 
reported in 443 children, comprising 30% of the total cohort of children with West 
Nile virus infection. Only 1% of them had isolated acute flaccid myelitis without 
encephalitis or meningitis. Similar to AFM from other viral etiologies, West Nile 
virus usually has rapid progression of flaccid paralysis with some residual paralysis, 
and the overall outcome is variable [106, 107].

�Enterovirus

Enterovirus D68 and EV71 are suspected of causing AFM, though this association 
has not been definitively proven yet. Enterovirus D68 appeared to be associated with 
an extensive 2014 outbreak of AFM in the United States. Most of these AFM patients 
experience only partial recovery, with residual persistent weakness [108, 109]. Other 
enteroviruses, such as coxsackievirus and echovirus, have been less frequently 
reported in patients with flaccid paralysis and these associations are more tenuous.
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�Japanese Encephalitis Virus

AFM also has been described with Japanese encephalitis virus infection in endemic 
areas [110].

�Conclusion

Despite the widespread availability of sophisticated genetic testing, EMG continues 
to be a valuable diagnostic tool in the assessment of motor neuron diseases. Infants 
with severe SMA may need respiratory support, and thus the first evaluation is often 
made in a critical care setting. EMG provides a rapid assessment and identifies neu-
rogenic illness with a reasonably high degree of accuracy. Genetic testing, which 
even today, takes at least a week, often much longer, to yield results, can confirm a 
suspected diagnosis. Similarly, EMG is invaluable in atypical cases of 5q SMA as 
well as in non-5q SMAs. The wide variation of phenotypes in non-5q SMAs can be 
misleading, and EMG often helps the diagnostic process. Moreover, in non-genetic 
causes of motor neuron diseases, such as Hirayama and AFM, EMG is an essential 
part of the diagnostic investigation.
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Chapter 17
Radiculopathies and Plexopathies

Megan Crone and Hugh J. McMillan

Introduction

Nerve root compression or compromise is one of the most common reasons for 
electrodiagnostic testing in adults [1]. By comparison, radiculopathy is less common 
in childhood and adolescence but remains an important diagnostic consideration 
due to its debilitating symptoms and numerous etiological considerations in this age 
group [2]. This chapter will discuss pediatric radiculopathy, brachial and lumbar 
plexopathy with particular attention paid to neonatal brachial plexus palsies 
(previously known as obstetrical brachial plexus palsies).

Radiculopathies

Nerve Root and Spinal Anatomy

Anatomically, there are 31 pairs of spinal nerve roots that include: 8 cervical, 12 tho-
racic, 5 lumbar, 5 sacral and 1 coccygeal roots. The first seven cervical nerve roots exit 
above their numerically paired vertebral body. However, since there are 8 cervical 
nerve roots and only 7 cervical vertebrae, C8 exits below the C7 vertebrae, and then 
each of the thoracic, lumbar, sacral, and the coccygeal nerves exits below the 
corresponding numerical vertebral body. Spinal roots have a dorsal (somatic sensory) 
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and ventral (somatic motor) component. The motor nerve cell bodies, also known as 
motor neurons or anterior horn cells, are located within the ventral grey matter of the 
spinal cord. In contrast, the sensory nerve cell bodies, also known as dorsal root 
ganglia, are located outside of the spinal cord (Fig. 17.1). At each spinal level, the 
dorsal root and ventral root come together just proximal to the intervertebral foramen 
to form the spinal nerve. Sensory afferent and motor efferent fibers then travel together 
as the spinal nerve root. Just distal to the intervertebral foramen each spinal nerves 
divide into two, forming the posterior and anterior primary rami. The posterior ramus 
will innervate paraspinal muscles while the anterior ramus at the cervical and 
lumbosacral levels respectively, will give rise to the brachial and lumbosacral plexus.

The spinal vertebrae and its supporting ligamentous and muscular scaffolding 
affords protection to the spinal cord and exiting nerve roots while at the same time 
offering considerable mobility and flexibility. The vertebral body is located anterior 
to the spinal cord and in the thoracolumbar segments represents the familiar ‘box-
like’ structure that is seen on radiographic images of the spine. Each vertebral body 
is separated by an intervertebral disc comprised of a viscous nucleus pulposus with 
an annulus fibrosus surrounding it in a circumferential manner. It is herniation of the 
nucleus pulposus that gives rise to most compressive radiculopathies in adults. The 
posterior spinous process and two posterolateral transverse processes represent 
three elongated bony projections to which stabilizing ligaments attach. The lateral 
pedicles connect each vertebral body to the posterior spinal and transverse processes. 
It is through the gap between each pedicle that spinal nerves exit in a space known 
as the intervertebral foramen.

Nerve roots are susceptible to the same injuries as peripheral nerves including 
compression, transection, infection, and infiltration. Congenital disorders of 

Fig. 17.1  Anatomy of the spinal cord, nerve root and vertebral body. Cross sectional (axial) view 
of the spine showing a sketch (left) and MRI T2-weighted image (right) revealing: (1) spinal cord 
(posterior columns); (2) dorsal root and dorsal root ganglion; (3) spinal nerve; (4) posterior primary 
ramus (continues to innervate paraspinal muscles); (5) ventral root; (6) anterior primary ramus 
(continues to form plexus); (7) vertebral spinous process; (8) vertebral body and intervertebral 
cartilaginous disc
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vertebral body development and alignment including hemivertebrae [3], 
spondylosis and scoliosis [4] can be associated with radiculopathy in the pediatric 
age group.

Clinical Symptoms

The key clinical features of a radiculopathy include: (1) severe back pain and para-
spinal muscle spasm; (2) pain and paresthesia radiating in a dermatomal distribu-
tion; and (3) muscle weakness.

The dermatomal pattern of sensory symptoms must be differentiated from that of 
individual peripheral sensory nerves (Fig.  17.2). Dermatomes are areas of skin 
supplied by sensory neurons arising from a single spinal root. This pattern of sensory 
innervation is of early embryonic origin as paired blocks of mesodermal tissue 
(known as somites) give rise to sensory innervation to segments or regions of skin 
in a rostrocaudal or head-to-tail axis. Dermatomal areas have been mapped [5, 6] 
and differ from cutaneous nerve supply by individual peripheral sensory nerves.

Muscle weakness due to radiculopathy also occurs in a predictable pattern. Efferent 
motor fibers originating from a single spinal root level are collectively referred to as a 
myotome. Most muscles have contributions from two or more myotomes although 
typically, one level will predominate (Figs.  17.3 and 17.4). Muscle weakness that 
corresponds to a myotomal pattern, rather than that of a single peripheral nerve lesion, 
provides an opportunity to clinically and electrophysiological differentiate root lesions 
from peripheral nerve lesions. When clinically evaluating a patient with a suspected 
radiculopathy, physicians should become accustomed to evaluating a pattern of 
weakness, pattern of sensory deficit and integrity of deep tendon reflexes with a goal of 
differentiating a patient with a radiculopathy versus a peripheral nerve lesion. Muscle 
testing that is normal in one situation and abnormal in the other is ideal for helping to 
differentiate root versus nerve lesions (Fig. 17.5). Muscles that are normal or abnormal 
in both situations are not helpful for distinguishing between the two types of lesions.

Electrodiagnostic Testing

Lesions at the spinal nerve root can result in sensory and motor symptoms since 
both fibers travel together through the intervertebral foramen. However, in cases of 
radiculopathy due to disc herniation or spondylosis (causing ventral and/or dorsal 
nerve root compression), electrodiagnostic testing can help differentiate 
radiculopathies from more distal lesions. Lesions that are proximal to the dorsal 
root ganglion will result in clinical symptoms without any abnormality on sensory 
nerve conduction studies since the sensory nerve fibers remain in continuity with 
their dorsal root ganglia and thus do not degenerate. By comparison, given the 
intramedullary location of motor neurons in the ventral spinal cord, any compressive 
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Fig. 17.3  Upper extremity: differentiating spinal root versus brachial plexus versus peripheral 
nerve lesions. Bold = predominant innervation

Nerve / Muscle Myotome Cord Trunk
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Upper
Upper
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Posterior
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Musculocutaneous
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Brachialis
Coracobrachialis
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C6C7
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Brachioradialis
Extensor carpi radialis (longus/brevis)
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Posterior
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All
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C7C8
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lesion will disrupt communications between the motor neuron and the motor nerve. 
The key electrodiagnostic finding in classic radiculopathy that permits it to be 
differentiated from plexopathies and peripheral neuropathies is the finding of intact 
sensory nerve action potential (SNAP) amplitudes confirming the proximal site of 
injury. In radiculopathies, compound motor action potential (CMAP) amplitudes 
may be reduced, F waves at appropriate myotomes may be abnormal, and needle 
electromyography (EMG) findings will typically indicate a myotomal pattern of 
denervation. Caution must be taken in the case of diseases that infiltrate or extend 
into the intervertebral foramen (e.g., malignancy, infection) since dorsal root ganglia 
may be damaged in such cases, resulting in wallerian degeneration of sensory and 
motor fibers affecting both SNAP and CMAP amplitudes.

Case Example

A 15 year old young man suffered an injury after attempting to perform a back-
ward somersault during which he landed awkwardly. Although he did not suffer 
any initial pain or symptoms, he developed severe, escalating back pain over the 
next 2  days that radiated bilaterally down the backs of both legs. He reported 
paraesthesias over the backs of his lower legs and the dorsal and plantar surfaces 
of both feet (L5 and S1 distributions). He had no bowel or bladder symptoms at 
any time and no saddle paresthesias. Due to increasing pain, he presented to 
the  emergency room for evaluation. MRI of the spine (Fig.  17.6) confirmed a 

Fig. 17.3  (continued)
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large central disc extrusion at L3/4 causing canal stenosis and impinging upon 
bilateral L5 and S1 nerve roots. He underwent L3 and L4 partial laminectomy 
with discectomy and excision of the apophyseal ring fragment. Post-operatively, 
his pain resolved but he was left with a persistent right foot drop. Neurology 
consultation 6  months after the injury confirmed the right foot drop. Muscle 

Fig. 17.4  Lower extremity: differentiating spinal root versus brachial plexus versus peripheral 
nerve lesions. Bold = predominant innervation

Nerves / Muscles Spinal Segments

Obturator
Obturator externus
Adductor longus
Adductor magnus
Adductor brevis
Gracilis

L2L3L4
L2L3L4
L2L3L4
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L2L3L4

Femoral
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Rectus femoris
Vastus lateralis/intermedius/medialis
Pectineus
Sartorius

L1L2L3
L2L3L4
L2L3L4
L2L3L4
L2L3L4

Sciatic
Adductor magnus
Semitendinosus
Biceps femoris
Semimenbranosus

L4L5S1
L5S1S2
L5S1S2
L5S1S2

Tibial
Gastrocnemius
Plantaris
Soleus
Popliteus
Tibialis posterior
Flexor digitorum longus
Flexor hallicis longus
Small foot muscles

S1S2
L4L5S1

S1S2
L4L5S1
L4L5

L5S1S2
L5S1S2

S1S2

Superificial peroneal
Peroneus longus
Peroneus brevis

L5S1
L5S1

Deep Peroneal
Tibialis anterior
Extensor digitorum longus
Extensor hallicis longus
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Extensor digitorum brevis

L4L5
L5S1
L5S1
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Superior gluteal
Gluteal medius/minimus
Tensor fasciae latae
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Inferior gluteal
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strength in his right leg (Medical Research Council scale): gluteus medius 5, 
gluteus maximus 5, iliopsoas 5, quadriceps 5, hamstrings 5-, tibialis anterior 2, 
peroneus longus 3, tibialis posterior 4-, gastrocnemius 4-, extensor hallicus lon-
gus 0. Strength testing of his left leg revealed: gluteus medius 5, gluteus maximus 

Fig. 17.5  Clinical and electrophysiological testing used to differentiate an L5 root from a com-
mon peroneal nerve lesion. This example illustrates how muscles predicated to be normal in one 
situation and abnormal in the other are the most valuable for this assessment. Muscles that are 
normal or abnormal in both situations are not helpful

Common peroneal neuropathy

Normal Abnormal

L5 radiculopathy Normal Not helpful None

Abnormal Gluteus medius       
Tensor facia latae  
Tibialis posterior           
L5 paraspinal muscle 

Not helpful

Fig. 17.6  MRI (T2-weighted imaging) and nerve conduction study findings in a 16-year-old male 
with central disc protrusion (arrow) causing bilateral L5 and S1 radiculopathies
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AH = abductor hallucis. Fib = fibrillation potential; PSW = positive sharp waves; Amp =
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5, iliopsoas 5, quadriceps 5, hamstrings 5-, tibialis anterior 4+, peroneus longus 
4+, tibialis posterior 4+, gastrocnemius 4+, extensor hallicus longus 4. Reflexes 
were intact at the patellae but absent at both ankles. Sensory testing noted 
decreased pinprick sensation at the dorsal surfaces of both feet. Nerve conduction 
studies (Fig. 17.6) were consistent with severe bilateral (right > left) L5 and S1 
radiculopathy. SNAP amplitudes were robust despite low CMAP amplitudes, 
indicating a proximal location of nerve root impingement. Late responses (bilat-
eral tibial and peroneal F-responses and bilateral tibial H-reflexes) were absent. 
Needle EMG confirmed reinnervation in proximal L5/S1 muscles (e.g., gluteus 
medius) with ongoing denervation in distal muscles. Given that axonal continuity 
was demonstrated to all muscles studied, clinical improvement was predicted 
which was indeed observed in the following 12  months. This case illustrates 
some of the key electrophysiological findings that are seen in radiculopathies.

Etiology of Radiculopathies in Children

Pediatric radiculopathies are uncommon with no good epidemiological studies 
available to estimate the incidence of this problem. Adult population studies have 
estimated an annual incidence of cervical radiculopathy to be 107.3 per 100,000 for 
men and 63.5 per 100,000 for women [7]. The incidence of lumbar radiculopathies 
has been estimated to be 1–2% in the general population [8]. Pediatric case reports 
and case series have provided some insight into the varied etiology of this problem 
in childhood. These have included trauma with or without an underlying congenital 
spine abnormality (hemivertebrae, spondolithesis, congenital scoliosis or narrowing 
of the intervertebral foramen) [3, 4], infections or mechanical compression, tumor, 
or infiltrative lesion.

The likelihood of impingement of a specific spinal nerve root is largely depen-
dent on the underlying etiology. Cervical radiculopathies are most commonly 
caused by disc calcification [9]. Over 300 pediatric cases of cervical disc calcifica-
tion have been published, most commonly involving C5-C6 or C6-C7, with few 
cases involving the thoracic or lumbar nerve roots [10]. The etiology of disc calcifi-
cation has yet to be determined, but trauma [11], infection, and inflammation [12] 
have been raised as possibilities. Although calcification may cause spinal stenosis 
and evidence of corticospinal tract involvement, less than 30% of children with 
cervical disc calcification will demonstrate clinical symptoms of radiculopathy 
[13]. Griesl syndrome is an uncommon non-traumatic complication of any inflam-
matory condition of the upper neck or otolaryngological procedure, which causes 
subluxation of the atlantoaxial joint. There may be an infectious, influenza-like 
prodrome, followed by significant neck and/or throat pain, torticollis and often 
atlantoaxial subluxation [14]. Approximately 15% of patients will experience 
neurological symptoms including a cervical radiculopathy [15]. Traumatic cervical 
radiculopathies are most commonly caused by high-speed motor vehicle accidents 
with seat belt injuries, in which high velocity traction injuries are also likely to 
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damage the brachial plexus causing avulsions of the cervical roots which will be 
discussed below.

Pediatric thoracic root disease is the least common site of a radiculopathy and 
when present, is most commonly caused by spinal arachnoid cysts. One large case 
series of patients with spinal arachnoid cysts including 31 pediatric patients noted 
36% (11/31) to involve thoracic nerve root(s), 19% (6/31) thoracolumbar, 13% 
(4/31) lumbrosacral, 13% (4/31) thoracocervical, 10% (3/31) sacral, 7% (2/31) 
lumbar, and 3% (1/31) cervical [16]. Another one case series found 5 of 15 patients 
with spinal arachnoid cysts to be children [17]. All five children had thoracic spinal 
arachnoid cysts; 2/3 of the 15 patients had associated radiculopathies with their 
arachnoid cyst; however, this was not reported for specific age groups. In pediatric 
patients, unlike the general population, spinal arachnoid cysts are more often 
intradural.

The most common cause of pediatric lumbosacral radiculopathies is disc dis-
ease, usually due to an intra-canal or intra-foraminal herniated nucleus pulposus 
[18]. Under the age of 15 years, the frequency of radiculopathy ranges from 0.05% 
in a population-based study based upon 6500 patients seen at the Mayo Clinic [19], 
to as high as 42% when comparing children referred to for disc disease at a tertiary-
care pediatric hospital [20]. The reported incidence in Japanese children who 
underwent operation for back pain was 15.4% in patients under 20 years of age and 
4.6% under 15 years [21]. Newer studies have reported an incidence ranging from 1 
to 5% in patients under the age of 20  years [22–24]. In one series, 91.4% of 
adolescent patients with lumbar disc disease complained of back and leg pain [25], 
congruent with another study in which 85.1% of adolescent patients had both 
complaints [26]. There is no clear gender predominance of disc herniation. Risk 
factors for developing lumbar disc disease include: family history, lumbar load 
(similar to our case presented above), strenuous exercise, and obesity [27]. Since 
disc herniation is relatively rare in children, other etiologies should be considered. 
These include: non-spondylotic etiologies such as juxta-facet cysts, and spondylolytic 
causes, commonly seen in athletes, with symptomatology from spondylolisthesis, 
ragged-edge osteophytes, periosteal edema, and hematomas [18]. The rare 
possibility of an intraspinal or vertebral tumor must also be considered. These most 
commonly occur in the lumbrosacral regions and can include Ewing’s sarcoma [28], 
osteoblastoma [29], childhood chordoma [30], neurofibromatosis [31], schwannoma 
[32], and Langerhans histiocytosis-X [33].

Discal cysts can be located anywhere along the lengths of the spinal cord and 
produce radiculopathies. Characteristics of discal cysts may include: symptoms of 
unilateral single nerve root compression; lesions occurring at a slightly younger 
age and at a higher intervertebral disc level than the typical disc herniation; 
minimal degeneration of the involved disc on imaging studies; communication 
between the cyst and the corresponding intervertebral disc; intralesional, bloody-
to-clear serous fluid content of the cyst; and, an absence of either disc material 
inside the cyst [34]. About 75% of patients (all-ages) with discal cysts will have 
symptoms of sciatica [35].
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Radiculopathy symptoms including back pain and paresthesias with nerve root 
thickening can be seen in systemic inflammatory disorders. Chronic inflammatory 
demyelinating polyradiculoneuropathy (CIDP) is associated with MRI evidence of 
root thickening and gadolinium enhancement (Fig. 17.7) in approximately 40% of 
affected children [36] and 60% of adults [37] although the majority of such patients 
will not complain of any clinical symptoms of nerve root involvement. Adults with 
CIDP have occasionally been reported to demonstrate symptoms of a painful 
polyradiculopathy that has been attributed to spinal nerve root impingement 
secondary to root inflammation and thickening that on rare occasions may be so 
severe as to cause lumbar stenosis [38] and even produce symptoms of spinal cord 
compression [39]. Nerve root thickening is by no means unique to 
CIDP.  Homogeneous nerve root enlargement is also reported in patients with 
Charcot-Marie-Tooth disease [40, 41], Guillain-Barré syndrome [42], and infectious 
causes including HIV and CMV [43]. Polyradiculopathy without nerve root 
thickening is also reported with: neurobrucellosis [44], herpes simplex virus [45], 
cytomegalovirus [46], herpes zoster virus [47] and Lyme disease [48]. Nodular 
nerve root thickening can be seen in neurofibromatosis-related nerve sheath tumors 
[49], neoplasias (e.g., neurolymphomatosis) [50] and granulomatous disease [51]. 
Infiltrative etiologies can also occur at any spinal level. These can include 
hematological malignancies as acute lymphoblastic leukemia or lymphoma but can 
also be seen with solid tumors such as osteosarcoma [52, 53].

Plexopathies

The brachial and lumbosacral plexi arise from mixed spinal nerves after they emerge 
from the intervertebral foramina and give rise to three main nerve trunks. The word 
plexus arises from the Latin word plectere meaning braid or twine. Neurologists and 

Fig. 17.7  MRI coronal STIR T2-weighted image of the brachial plexus in a 16-year-old patient 
with chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) showing nerve root 
thickening (arrow)
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neurophysiologists must have a thorough working knowledge of plexus anatomy in 
order to correctly localize lesions within these structures. Schematic diagrams of 
the brachial plexus (Fig. 17.8) and lumbosacral plexus (Fig. 17.9) are particularly 
useful as physicians can draw or visualize these structures when attempting to 
differentiate root from plexus from nerve lesions [54, 55].

Fig. 17.8  Schematic figure of the brachial plexus (adapted from Blumenfeld [54])
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Brachial Plexus Anatomy

The brachial plexus is located between the base of the neck and the axilla. It is divided 
into roots, trunks, divisions, cords, and nerves, although roots and nerves are not 
considered part of the actual plexus. The brachial plexus arises mainly from 4 cervical 
and 1 thoracic anterior primary rami or roots (C5 to T1). The C4 spinal root does 
provide nerve fibers to the dorsal scapular nerve which (like the long thoracic nerve) 
arises directly from roots, although the C4 root is not traditionally considered to be a 
contributor to the brachial plexus (Fig. 17.8). Two upper cervical roots (C5, C6) fuse 
to form the upper trunk; the middle root (C7) forms the middle trunk; and two lower 
cervical roots (C8, T1) form the lower trunk. Two nerves, the suprascapular and 
subclavian, arise from the upper trunk. Each trunk then divides into divisions: anterior 
and lateral. Divisions then unite to form three cords: medial, posterior and lateral 
before finally dividing into multiple terminal nerves. Careful clinical and 
electrodiagnostic testing can help to localize a lesion within the brachial plexus.

Clinical Symptoms

Brachial plexopathies can have varied presentations depending on the site of the 
lesion and underlying etiology. Since the brachial plexus eventually gives rise to all 
sensory and motor nerves of the arm and hand, lesions within the plexus cause areas 
of numbness and paresthesia, along with specific patterns of muscle weakness. Pain 
can be a predominant clinical feature for some etiologies, including trauma and 
compressive or infiltrative lesions. Other diseases such as genetic disorders, 
including hereditary neuropathy with liability to pressure palsy (HNPP), may give 
rise to painless weakness and sensory loss. Etiologies will be discussed in greater 
detail below. Like all peripheral neural elements, an intact plexus is essential for 
normal limb growth. The long-term sequela of plexus injuries early in life can 
include limb length discrepancy and orthopedic complications such as joint 
contractures and restricted range of motion, as well as malpositioned joints that 
heighten the risk of uneven wear and arthritis. Upper trunk lesions at birth (Erb 
palsy) in particular can give rise to malposition of the glenohumeral joint that 
requires long-term orthopedic monitoring and can respond to successful relocation 
of the humeral head [56]. Lower trunk lesions (Klumpke paralysis) due to traumatic 
root avulsion or tumor infiltration can give rise to an ipsilateral Horner syndrome, 
which manifests clinically as a triad of ptosis, miosis, and anhidrosis. This is 
generally attributed to injury of sympathetic preganglionic neurons at T1 that 
innervate the superior cervical ganglion; there are reports of children with C7, C8 
and/or T1 root avulsions presenting with this syndrome [57]. Early injury to 
sympathetic fibers (typically as neonatal brachial plexus injury) can manifest as iris 
heterochromia as the sympathetic fibers play an important role in normal changes in 
eye color change in the first few months of life.
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Electrodiagnostic Testing

When evaluating a patient with a potential plexopathy, neurophysiologists must per-
form sensory and motor nerve conduction studies as well as needle electromyography. 
Absent or reduced sensory nerve responses can provide important clues to the location 
of plexus lesions (Fig. 17.10) as well as to differentiate plexus lesions (where SNAP 
amplitudes are reduced or absent) from radiculopathies (where SNAP amplitudes 

Fig. 17.10   Sensory and motor nerve conduction studies to assist localizing a lesion within the 
brachial plexus
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remain intact). Nerve conduction studies and even more importantly needle EMG can 
accurately localize lesions within the plexus and aid in differentiating patterns of 
denervation from that seen in lesions affecting roots or peripheral nerves (Fig. 17.3).

Etiology of Brachial Plexopathy in Children

The potential causes of brachial plexopathies even after their localization are numer-
ous. Trauma particularly that associated with birth injuries (described below) is a 
common cause. Physicians must remain alert to non-accidental injuries, particularly 
in infants and toddlers, who may not be developmentally capable of recounting the 
circumstances of their injury [58]. Immune causes of brachial plexus neuropathy, 
also known as Parsonage-Turner syndrome can give rise to severe, abrupt-onset 
shoulder girdle pain followed by muscle weakness and amyotrophy. Although this 
is more common in adults, it has been described in children as young as 3 months 
old [59]. Other inflammatory causes of brachial plexus lesions can include Lewis-
Sumner syndrome or multifocal acquired demyelinating sensory and motor neu-
ropathy (MADSAM), an asymmetrical form of chronic inflammatory demyelinating 
polyneuropathy (CIDP) that is occasionally reported in childhood. This disorder 
may respond to intravenous immunoglobulin (IVIg) therapy [60, 61].

Hereditary brachial plexus neuralgia or hereditary neuralgic amyotrophy (HNA) is 
an autosomal dominant disorder resulting from SEPT9 gene mutations. HNA can 
mimic Parsonage-Turner syndrome. Although the initial presentation of hereditary 
neuralgic amyotrophy can occur as early as the toddler years [62], it is more common 
in late adolescence [63]. Hereditary neuropathy with liability to pressure palsies (HNPP) 
is an autosomal dominant disorder resulting from a deletion or, less commonly, a point 
mutation of PMP22. About 20% of patients with HNPP may present with a brachial 
plexopathy. Onset is typically seen around adolescence and is typically characterised by 
episodes of painless muscle weakness and paresthesias that result from focal 
demyelination. Pain and muscle atrophy—dominant features of hereditary neuralgic 
amyotrophy and immune brachial plexitis are not seen or are less severe in children with 
HNPP [64]. Electrodiagnostic testing is key since nerve conduction studies can 
demonstrate focal conduction block even in asymptomatic nerves [65]. Pediatric 
brachial plexopathy can also occur from extrinsic compression or infiltration from 
various primary or metastatic tumors including neurofibroma, sarcoma, neuroblastoma, 
lymphoma or infantile myofibromatosis [66, 67]. Although symptom onset can be 
insidious, it can also be present at birth mimicking neonatal brachial plexus palsy.

Neonatal Brachial Plexus Palsy

Neonatal brachial plexus palsy (NBPP), previously referred to as obstetrical bra-
chial plexus palsy, results from injury to the brachial plexus at or around the time of 
birth. Given the location and structure of the brachial plexus it is susceptible to 
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traction or compression injury. Although NBPP is often attributed to traumatic and/
or difficult delivery (e.g., shoulder dystocia, breech delivery, difficult vaginal extrac-
tion of a large infant) [68] the most significant risk factor for NBPP appears to be 
large infant size, specifically birth weight ≥4 kg [69, 70]. However, non-traumatic 
causes may in some cases be associated, including: uterine anomalies and fetal mal-
position (i.e., compression against maternal sacral promontory) [71, 72]. NBPP has 
been well described in deliveries with no evidence of trauma or fetal distress, 
including routine and/or early Caesarean section [73].

The incidence of NBPP is about 1.5–4 per 1000 live births [74, 75]. The major-
ity of infants (66–85%) with NBPP exhibit mild, transient symptoms resulting 
from neurapraxia or ‘bruising’ of the nerve fibers within the plexus; such infants 
will demonstrate a complete clinical recovery by around 1 month and require no 
intervention beyond routine physical therapy [76–79]. However, a smaller subset 
of infants with NBPP (15–33%) will suffer a more severe injury attributable to 
axonotmesis (partial tearing of the nerve), neurotmesis (complete tearing of the 
nerve) or the most severe, nerve root avulsion where the nerve root is torn out of 
the spinal cord (Fig. 17.11). Patients with NBPP can therefore be thought to exist 
along a continuum with more severe nerve damage not surprisingly associated 
with a lower likelihood of spontaneous recovery and a higher risk of long-term 
deficits.

Brachial plexopathies have been classified into four categories by Narakas and 
Birch [80, 81], depending upon the levels involved: Group I, C5-C6 paralysis of the 
shoulder and biceps; Group II, C5-C7 paralysis of the shoulder, biceps, and forearm 

Fig. 17.11  MRI of the spinal roots, coronal T2-weighted image sequence shows pseudomeningo-
coeles involving the right C6, C7 and C8 nerve root levels (white arrows). Axial T2-weighted 
image at the right C6 level confirms root avulsion as no nerve roots can be seen compared to the 
unaffected left side. With severe traction injuries the nerve root is pulled into the intervertebral 
foramina with associated meningeal tearing leading to nerve root edema and 
pseudomeningoceles
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extensors; Group III, C5-T1 complete paralysis of the limb and; Group IV, complete 
paralysis of the limb with Horner’s syndrome.

Although clinical examination may provide insight into the levels involved, it 
is not possible to initially differentiate neuropraxia, axonotmesis or neurotmesis. 
The true severity of NBPP becomes more apparent in 3–6 months after birth. 
Infants with moderate-to-severe OBPP due to axonotmesis or neurotmesis 
present a challenge to clinicians and surgeons. Care must be taken not to operate 
in cases where nerve regeneration is underway, however, yet similarly, surgery 
should be offered as soon as it becomes clear that spontaneous recovery is 
unlikely. There is substantial evidence that early repair of nerve lesions improves 
results [82]. Infants with profound proximal arm weakness at 3 months and are 
unlikely to show any meaningful spontaneous recovery may be offered early 
surgical intervention (i.e., microsurgical reconstruction and nerve transfer) [83] 
since infants with severe biceps weakness (i.e., inability to flex elbow against 
gravity) at 3  months show a high probability of severe residual neurological 
deficits [79, 84].

Nerve conduction studies and electromyography may be used to assist deci-
sion-making with regard to surgery, however, several limitations are noted. 
EMG of infant muscle can provide an overly optimistic view of axonal 
connectivity. There are several reasons for the discrepancy between EMG 
findings and clinical outcome in some infants. First, the muscle fiber diameter of 
a 3-month old infant is only 17 μm3 which is more than threefold smaller than 
the adult muscle fiber diameter. Due to this smaller cross-sectional area, the 
muscle of an infant contains 11 times more motor units compared to an adult. An 
EMG needle will therefore “listen” to the activity of many more motor units 
when determining the recruitment pattern of a muscle (an indicator of the 
connection between nerve and muscle). Thus, EMG in an infant may over-
estimate how well the actual connection and eventual recruitment pattern will be 
when the muscles enlarge and mature [85]. Furthermore, the disruption of nerve 
fibers (particularly sensory fibers) at a critical stage of development may increase 
the likelihood of developmental apraxia caused by impaired motor programming 
in early infancy [86].

Nerve conduction studies (NCS) can also provide important information. 
However, this testing is also more challenging in infants due to several technical 
factors. Infants typically have more subcutaneous fat, which insulates nerves. This 
can make the test less sensitive and more difficult to perform due to the need for 
higher stimulation intensity to elicit certain responses. The shorter limbs of infants 
also increase the potential for artifact, since co-stimulation of adjacent nerves can 
occur when stimulus intensity is increased. Overall, NCS/EMG can be more difficult 
to interpret in NBPP. Despite these limitations, there remains a role for NCS. A 
recent study found that when bilateral NCS were completed in infants with unilateral 
NBPP between day 10 and 60 of life, the side-to-side difference in motor amplitude 
correlated with clinical outcome [87]. It is important for EMG studies in these 
infants to be performed in an EMG laboratory where the personnel are experienced 
with examining children.
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Case Example

A 3–1/2 month old girl was evaluated for right arm weakness after a difficult deliv-
ery. Her primiparous mother had gestational diabetes in the final month of preg-
nancy. Delivery was via an induced vaginal birth at 39 weeks. Vacuum assistance 
was required for delivery. Shoulder dystocia occurred and the infant was vigorous 
at birth with no resuscitation required. Birth weight was 9 lb., 1 oz. There was no 
clavicular or humeral fracture at birth. However, decreased movement of her right 
arm was noted after birth. Parents recall that initially she had essentially no 
movement of her right arm and hand, including very little grasp with her right hand 
in the first few days of life. Her right hand strength improved in the first several 
weeks but no change was noted in proximal arm movement. She was bringing her 
left arm to her mouth but was not doing the same on the right. When maintained in 
a relaxed supine position, she tended to keep her right elbow extended and her right 
wrist and fingers flexed in the characteristic waiter’s tip position. Physical exam was 
notable for weakness of her right proximal upper extremity. She showed no clinically 
evident active movement of her right deltoid, biceps or triceps. She showed partial 
antigravity activity of wrist extension and finger extension; however, she could not 
fully extend her right arm or fingers. Right finger flexion was preserved. No 
contractures were noted. EMG confirmed little to no axonal connection to upper-
trunk innervated muscles. Her right deltoid and triceps revealed no discernable 
motor units; however, abundant fibrillation potentials and positive sharp waves were 
seen. The right biceps and infraspinatus each displayed one or two motor units. MRI 
spine and brachial plexus confirmed root avulsions at C6, C7, and C8 (Fig. 17.11). 
Subsequent surgical exploration and brachial plexus reconstruction surgery 
confirmed this finding and also noted that the C5 nerve root entered a neuroma in 
continuity.

Lumbosacral Plexus Anatomy

The lumbosacral plexus is formed by the ventral rami of the lumbar and sacral spine 
(L1 to S4) and gives rise to several large nerves in the pelvis and lower extremities 
(Fig. 17.9). The lumbosacral plexus serves as a pathway for all sensory and motor 
connections extending into the lower extremities.

Clinical and Electrodiagnostic Considerations

Lumbosacral plexopathy can be a source of severe disability for affected children. 
Symptoms may include weakness, sensory loss, and/or debilitating pain. Functional 
impairment can be severe as independent ambulation may be lost. Neurological 
abnormality associated with lesions in the lumbosacral plexus almost always extend 
well beyond the distribution of a single nerve root or peripheral nerve and symptoms 
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can be quite debilitating. Careful examination of proximal hip muscles (e.g., gluteus 
medius, gluteus maximus) is essential at differentiating lower plexus lesions from 
isolated sciatic neuropathy. Similarly, evaluating hip adductor muscles can be 
important for differentiating a lumbar plexus lesion from an isolated femoral 
neuropathy. Electrodiagnostic testing principles are similar to what has been 
described for the brachial plexus. Namely, loss of sensory and motor amplitudes are 
expected in plexus lesions which may be an important differentiating feature from a 
proximal, preganglionic nerve root injury such as compressive radiculopathies 
where sensory responses remain intact. Compared to the upper extremity, there are 
fewer sensory and motor nerves easily accessible for study in the leg. As such, 
careful electromyography is critical for localizing lesions and directing imaging 
studies in the lower extremities.

Etiology of Lumbosacral Plexopathy in Children

Lumbosacral plexopathies are exceedingly rare in childhood. Similar to the brachial 
plexus, lumbosacral plexopathies can result from a range of genetic and acquired 
conditions. Most cases will result from traumatic injury [88], including rare reports 
of birth related injury attributed to precipitous breech delivery [89]. The lumbosacral 
plexus lies in close proximity to pelvic muscles and viscera making it susceptible to 
compression from pelvic malignancy [90]. Children with neurocutaneous syndromes 
are at risk of intrinsic, expansive nerve tumors such as neurofibromas and malignant 
nerve sheath tumors [91]. Inflammatory disorders, infection, and post-infectious 
plexitis [92, 93] have also been reported.

MR imaging and ultrasonography have proven to be very helpful at imaging the 
brachial and lumbosacral plexus in infants and children [94, 95]. Despite these 
advances there is still an important role for electrodiagnostic testing in infants and 
children. Electromyography is essential for localizing and narrowing the field of 
likely injury, thereby enabling the surgeon to focus on a smaller area for exploration 
and thus reducing the duration of anesthetic required. Moreover, electromyography 
can provide important information as to whether anatomical abnormalities seen on 
imaging (e.g., foramen narrowing, mild disc bulge) are or are not causing functional 
impingement of nerve roots. Finally, it plays an essential role in decision making 
and prognostication by providing information regarding axonal continuity and 
nerve regeneration that cannot be obtained by imaging studies alone.
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Chapter 18
Acquired and Hereditary Neuropathies

Monique M. Ryan and Hugh J. McMillan

�Introduction

Peripheral neuropathies result from dysfunction of one or more components of the 
peripheral nervous system including direct damage to axons or myelin, or damage 
to Schwann cells which are responsible for myelinating segments of peripheral 
nerves. Compared to adults, peripheral neuropathies are less common in childhood 
and typically present with weakness, gross motor delay, gait abnormalities and/or 
sensory abnormalities.

Genetic neuropathies account for 30–70% of all pediatric peripheral nerve dis-
ease, thus it is not entirely clear whether inherited or acquired neuropathies are 
more common in childhood. The prevalence of hereditary peripheral neuropathy 
(Charcot-Marie-Tooth (CMT) disease) is approximately 1  in 2,500 [1–3] and is 
typically characterized by symmetrical neurologic deficits which slowly progress 
over time. Acquired neuropathies in childhood may be caused by a variety of insults, 
including trauma, but are most often inflammatory in origin, and can be either acute 
or chronic in their temporal course. In contrast to adults, children rarely have chronic 
neuropathies related to systemic diseases such as diabetes or side-effects of medica-
tion. This chapter will provide a practical approach to the clinical and electrodiag-
nostic evaluation of the child with suspected neuropathy.
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�Approach to the Childhood Neuropathies

The evaluation of a child with suspected neuropathy requires an organized, step-
wise approach which takes into consideration the broad spectrum of metabolic, 
genetic and acquired disorders that can give rise to peripheral neuropathies. The 
clinical history is helpful, giving an idea of the age and distribution of onset of 
symptoms. Parents and children rarely describe weakness, as such, at presentation; 
rather, they describe functional difficulties such as tripping, difficulty with running 
or climbing stairs, and changes in appearance of their child’s feet or ankles. Thus, 
the physical examination is key to neuroanatomical localization in such children. In 
the genetic neuropathies, sensory changes usually consist of ‘negative’ phenomena; 
numbness, loss of joint position sense and predisposition to trophic injuries. In 
acquired neuropathies ‘positive’ sensory phenomena—paraesthesia, pain, and/or 
burning sensations—often predominate. With a detailed history, physical examina-
tion, electrophysiological testing and as appropriate, biochemical testing, genetic 
testing, cerebrospinal fluid analysis, and/or neuroimaging studies, clinicians will 
increase the diagnostic yield in this broad and complex array of diseases (Table 18.1).

�Anatomical Site(s) Involved

Children with suspected neuropathy will often show clinical findings in other areas 
of the central or peripheral nervous system. By identifying abnormalities elsewhere 
along the neuraxis, one can obtain important clues to narrow the differential diagno-
sis and direct investigations.

Proper localization mandates a detailed neurologic examination with characteri-
sation of the pattern of weakness, the extent and location of sensory loss, changes in 
the deep tendon reflexes, and presence of cerebellar signs such as ataxia and 
dysdiadochokinesia.

Concomitant central nervous system involvement, including cognitive deficits or 
regression, seizures and/or psychiatric symptoms may point to systemic, genetic or 
metabolic causes of neuropathy [4, 5]. Several rare hereditary disorders of metabolism 
present during infancy or early childhood with peripheral nerve involvement and vary-
ing degrees of involvement of the central nervous system. These conditions include 
Krabbe disease, metachromatic leukodystrophy, peroxisomal disorders, Cockayne 
syndrome, giant axonal neuropathy, infantile neuroaxonal dystrophy and hereditary 
tyrosinemia. Central nervous system symptoms often overshadow the concomitant 
peripheral neuropathy in these conditions, but identification and characterization of 
the neuropathy can be helpful in narrowing the differential diagnosis. MRI of the brain 
is indicated in such cases, with additional metabolic testing to investigate for leuko-
dystrophies, mitochondrial disorders (e.g., POLG mutations), peroxisomal disorders, 
Brown-Vialetto-Van Laere (BVVL) syndrome and/or toxin exposure.
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Pertinent family history can provide further insight, including information per-
taining to inheritance patterns. In some cases a focused examination of family mem-
bers can be helpful in children with suspected neuropathies.

When cranial neuropathies are the first or dominant manifestation of a peripheral 
neuropathy, the differential diagnosis may often be narrowed accordingly. Diphtheria 
remains an important world-wide cause of acquired neuropathy with outbreaks 
reported [6]. Patients initially present with pharyngitis that is often associated with 
a grayish-white pseudomembrane in the throat. About 15% of patients develop neu-
rological complications with the first neurological symptoms being bulbar dysfunc-
tion caused by diphtheria toxin-mediated cranial nerve paralysis. Almost all patients 
who develop a demyelinating polyneuropathy will have preceding cranial nerve 

Table 18.1  Approach to the child with suspected peripheral neuropathy

1.  Anatomical site(s) that are clinically involved:
 � −  Brain
 � −  Cranial nerve(s)
 � −  Spine
 � −  Nerve plexus
 � −  Sensory ganglia
 � −  Nerve root(s)
 � −  Motor neuron
 � −  Peripheral nerve(s)
2.  Non-neurological findings

 � −  Non-neurological organ involvement
 � −  Concomitant diseases (auto-immune disease, cardiac disease)
 � −  Toxin/medication exposures
 � −  Family history, consanguinity
3.  Age at symptom onset

4.  Time course of neuropathy: acute, sub-acute or chronic

5.  Pattern of peripheral nerve involvement

 � −  Polyneuropathy
 � −  Mononeuropathy
 � −  Mononeuritis multiplex
6.  Peripheral nerve type(s) and fiber size(s) involved:
 � −  Motor
 � −  Sensory, large fiber (vibration, proprioception, two-point discrimination)
 � −  Sensory, small fiber (pain, temperature, light touch)
 � −  Autonomic
7.  Neurophysiologic features

 � −  Axonal versus demyelinating
 � −  Uniform versus non-uniform
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involvement, making this an important diagnostic clue [6]. Other infectious causes 
including Lyme disease, which often presents with a unilateral facial nerve palsy 
and less commonly with other cranial nerve involvement [7, 8]. Children with the 
Miller-Fisher variant of Guillain-Barré syndrome will present with a triad of oph-
thalmoplegia, ataxia and areflexia [9]. It is important to note that cranial neuropa-
thies may be present in traditional cases of Guillain-Barré syndrome; it is only when 
the cranial nerves constitute the predominant region of peripheral nerve involve-
ment that Miller-Fisher syndrome should be considered.

Spinal cord involvement is differentiated from peripheral neuropathies by the 
well demarcated sensory level and presence of sphincter (bowel, bladder) dysfunc-
tion. Peripheral neuropathies by contrast show a degree of nerve injury that is pro-
portion to axon length, where longer axons show more severe changes relatively 
earlier in the disease course. As a result, weakness and sensory loss resulting from 
peripheral neuropathy are initially seen in the distal lower extremities, though 
patchy radicular involvement may occur in the setting of inflammatory neuropa-
thies, giving rise to a mixed distal/myotomal pattern in some patients. Deep tendon 
reflexes are typically depressed or absent in peripheral neuropathies, while the plan-
tar responses remain flexor. Extensor plantar responses in the setting of depressed 
or absent deep tendon reflexes reflect spinal or cerebral involvement, as seen in 
Friedreich ataxia and metachromatic leukodystrophy.

�Non-neurological Findings

Non-neurological symptoms and signs can provide the clinician with important 
clues to the diagnosis of many peripheral neuropathies. Involvement of organs such 
as the liver, spleen, heart, skin and lymphatic tissues increases the likelihood of 
specific underlying diseases in children with polyneuropathy. The general physical 
examination should include the skin, abdomen and cardiorespiratory systems, look-
ing for clues suggestive of storage disorders or other inborn errors of metabolism. 
Non-neurological symptoms and signs suggestive of the aetiology of pediatric neu-
ropathies are summarised in Table 18.2.

Autonomic symptoms—cardiac arrhythmias, hypotension or hypertension, 
abnormal sweating and trophic skin changes, bowel and bladder dysfunction—may 
be seen in specific acquired and genetic neuropathies. One classic example, 
described in Chap. 17, is the Horner syndrome seen in cases of traumatic nerve root 
avulsion at the neck/shoulder.

�Age at Symptom Onset

Age of first symptom onset is a helpful clue to determining the underlying cause of 
childhood neuropathies (Table 18.3). Many hereditary or metabolic causes of poly-
neuropathy are symptomatic from birth, causing hypotonia, hypo- or areflexia, 
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contractures of major joints (arthrogryposis multiplex congenita), feeding 
difficulties, and/or motor or global developmental delay. Early-onset peripheral 
neuropathies may be isolated (e.g., congenital hypomyelinating neuropathy, which 
is a severe form of Charcot-Marie-Tooth disease) or can be associated with com-
bined peripheral and central nervous system findings (e.g., Krabbe disease, 

Table 18.2  Non-neurological findings suggestive of causation of pediatric neuropathies

Sign/symptom

Ocular Optic atrophy Mitochondrial disease (Friedreich ataxia, 
OPA1), CMT2A, CMT4A

Retinis pigmentosa Peroxisomal diseases, mitochondrial 
disorders, ataxia with vitamin E deficiency

Ophthalmoplegia Mitochondrial disorders, Miller Fisher 
syndrome

Ear Hearing loss Brown-Vialetto-van Laere syndrome, 
CMT1B, CMTX, Cockayne syndrome

Throat Pharyngitis Diphtheria
Discoloured, enlarged 
tonsils

Tangier disease

Skin Hypopigmentation Leprosy
Hyperpigmentation Adrenoleukodystrophy (buccal), diabetes 

(acanthosis nigricans)
Angiokeratomas Fabry disease
Purpura Henoch-Schonein purpura
Discoid rashes Systemic lupus erythematosus
Photosensitivity Systemic lupus erythematosus, Cockayne 

syndrome, xeroderma pigmentosum
Desquamation Arsenic poisoning
Nail changes (Mees’ lines) Arsenic and thallium poisoning

Hair Alopecia Thallium poisoning
Curly, kinking hair Giant axonal neuropathy

Cardiac Cardiomyopathy Mitochondrial disorders, Friedreich ataxia, 
ataxia with vitamin E deficiency

Conduction defects Mitochondrial disorders, glue/solvent abuse
Respiratory Diaphragmatic weakness Spinal muscular atrophy with respiratory 

distress, Brown-Vialetto-van Laere syndrome
Gastro-intestinal Abdominal pain Mitochondrial disorders, Fabry disease, 

arsenic and lead poisoning
Pseudo-obstruction Mitochondrial disorders

Systemic Lymphadenopathy Lymphoma
Hepatomegaly Tyrosinemia, hemophagocytic syndromes

Extremities Arthritis Lyme disease, Farber disease
Xanthomas Cerebrotendinous xanthomatosis

Cerebral Cognitive regression Leukodystrophies, mitochondrial syndromes, 
peroxisomal disorders, lead toxicity

Seizures Merosin-deficient congenital muscular 
dystrophy
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metachromatic leukodystrophy, giant axonal neuropathy, and mitochondrial dis-
eases). The severity of the disease phenotype can also vary significantly, particularly 
with inborn errors of metabolism.

Historically, infants with congenital hypo- or demyelinating neuropathies were 
diagnosed as having Déjerine-Sottas disease or CMT type 3 (CMT3). With advances 
in molecular genetics it has become apparent that mutations in genes causative of 
CMT1 (autosomal dominant demyelinating CMT), CMT2 (autosomal dominant 
axonal CMT), and CMT4 (autosomal recessive CMT) (Table 18.4) are allelic with 
these severe congenital neuropathies, suggesting that these neuropathies lie in a 
spectrum of severity rather than in distinct phenotypic categories.

Table 18.3  Age and temporal pattern of symptom onset in pediatric neuropathies

Congenital and infancy Childhood to adolescent onset

Acute 
onset

Guillain-Barré syndrome Guillain-Barré syndrome

Mitochondrial disorders Hereditary neuropathy with tendency 
to pressure palsies (HNPP)

Brown-Vialetto-van Laere syndrome Mitochondrial neuropathies
Toxic neuropathies
Porphyria
Diphtheria neuropathy
Tyrosinemia
Tangier disease
Infectious neuropathies

Sub-acute 
or chronic

Early-onset forms of CMT (Congenital 
hypomyelinating neuropathy, 
Déjerine-Sottas disease)

Charcot-Marie-Tooth disease

Brown-Vialetto-van Laere syndrome Chronic inflammatory demyelinating 
neuropathy

Mitochondrial neuropathies Brown-Vialetto-van Laere syndrome
Neuropathies associated with 
lysosomal storage disorder (Krabbe, 
MLD)

Mitochondrial neuropathies

Neuropathies associated with other 
inborn errors of metabolism/genetic 
disorders—giant axonal neuropathy, 
Cockayne disease, merosin-deficient 
congenital muscular dystrophy, etc.

Friedreich ataxia

Hereditary sensory and autonomic 
neuropathies

Neuropathies associated with lysosomal 
storage disorder (Krabbe, MLD, Fabry 
disease)
Neuropathies associated with other 
inborn errors of metabolism/genetic 
disorders—giant axonal neuropathy, 
Cockayne disease, merosin-deficient 
congenital muscular dystrophy, etc.
Hereditary sensory and autonomic 
neuropathies
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Table 18.4  Classification of Charcot-Marie-Tooth disease

CMT type 1: Autosomal dominant, demyelinating, 60% of all CMT
CMT1A PMP22 duplication 70–80% of all 

CMT1
Pes cavus

CMT1B MPZ mutation 5–10% of all 
CMT1

More severe weakness 
than CMT1A

CMT1C LITAF mutation 1–2% of all CMT1 Early onset
CMT1D EGR2 mutation 1–2% of all CMT1
CMT1E PMP22 point mutation <5% of all CMT1
CMT1F NEFL mutation <5% of all CMT1
HNPP PMP22 deletion <10% of all CMT1 Tendency to pressure 

palsies
CMT type 2: Autosomal dominant, axonal, 20% of all CMT cases
CMT2A1 KIF1B mutation Rare
CMT2A2 MFN2 mutation 20–30% of CMT2
CMT2B RAB7 mutation Rare
CMT2B1 LMNA mutation Rare
CMT2C TRPV4 mutation Rare
CMT2D GARS mutation Rare
CMT2E NEFL mutation Rare
CMT2F HSPB1 mutation Rare
CMT2G Unknown Rare
CMT2H/K GDAP1 mutation Rare
CMT2I/J MPZ mutation Rare
CMT2L
CMT2M DNM2 Rare
CMT2N AARS Rare
CMT2O DYNC1H1 Rare
CMT2P LRSAM1 Rare
CMT2Q DHTKD1 Rare
CMT2R TRIM2 Rare
CMT2S IGHMBP2 Rare
CMT2T DNAJB2 Rare
CMT2U MARS Rare
CMT2V NAGLU Rare
CMT2W HARS Rare

HSPB8 mutation Rare

CMT type X: X-linked, intermediate demyelinating/axonal
CMTX1 GJB1 (Cx32) mutation 90% of CMTX
CMTX2 <10% of CMTX
CMTX3 <10% of CMTX
CMTX5 PRPS1 mutation <5% of CMTX
CMT type 4: Autosomal recessive, total 5–10% of all CMT cases
CMT4A GDAP1 mutation 25% of all CMT4
CMT4B1 MTMR2 mutation Rare
CMT4B2 SBF2 mutation Rare
CMT4C SH3TC2 mutation Rare
CMT4D NDRG1 mutation Rare
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�Time Course of the Neuropathy (Acute, Sub-acute or Chronic)

Polyneuropathies can be subdivided according to how rapidly a patient’s symptoms 
progress (Table 18.3). Acute-onset neuropathies such as Guillain-Barré syndrome, 
vasculitic neuropathies, trauma, and some metabolic neuropathies (e.g., hereditary 
tyrosinemia and porphyria) can become symptomatic within days to weeks.

Guillain-Barré syndrome (GBS) is the most common form of acute flaccid 
paralysis in childhood [10]. GBS is an acute-onset, autoimmune disorder in which T 
lymphocytes invade peripheral nerves and Schwann cells, activating antibody and 
complement deposition within these structures [11]. GBS is subclassified, on the 
basis of its clinical and neurophysiological findings, as acute inflammatory demyelin-
ating polyradiculoneuropathy (AIDP), Miller-Fisher syndrome (MFS), or acute 
motor axonal neuropathy (AMAN). AIDP is the most common subset of pediatric 
GBS in the Western world, while well-documented outbreaks of AMAN occur in 
some Asian countries. MFS occurs in children but is rare in that age group. Children 
with GBS present with rapidly evolving, symmetrical muscle weakness, often associ-
ated with pain or paraesthesias, and with diminished or absent muscle tendon reflexes. 
Symptoms typically develop over several days. Children may complain of limb pain 
or paraesthesias, and these may be the primary complaints in some cases. The degree 
of weakness varies. Respiratory failure and autonomic instability are common com-
plications of pediatric GBS [10].

Metabolic causes of acute weakness include hereditary tyrosinemia and por-
phyria. Hereditary tyrosinemia is a rare autosomal recessive disease, usually pre-
senting with liver disease and Fanconi syndrome, in which some children have 
acute neurological crises that may include an acute painful axonal polyneuropathy 
[12]. Acute intermittent porphyria (AIP) is the most common form of porphyria in 
childhood, presenting with acute episodes of neuropathy and/or paralysis and respi-
ratory failure, sometimes after exposure to particular medications [13]. AIP may 
also have a GBS-like presentation in some patients [14].

Infections are an uncommon cause of neuropathy in childhood. A generalized 
motor-sensory demyelinating polyneuropathy mimicking AIDP is rarely seen after 
severe throat or skin infections with Corynebacterium diphtheria. Diphtheria is 
very uncommon in countries with universal vaccination programs [6]. Lyme disease 
follows infection with Borrelia burgdorferi, a spirochete spread by the bite of 
infected Ixodes ticks. Aside from the classic facial palsy, peripheral neuropathy is 
much less common in children than in adults with Lyme disease, and when it occurs 
it is usually transient [7]. Leprosy, the most common cause of neuropathy world-
wide, remains endemic in Southeast Asia and Mexico. Lepromatous neuropathy can 
be associated with both segmental demyelination and axonal degeneration, and 

CMT4E EGR2 mutation Rare
CMT4F PRX mutation Rare
CMT4H FGD4 mutation Rare
CMT4J FIG4 mutation Rare

Table 18.4  (continued)
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classically presents with a mononeuritis multiplex pattern. Other infections occa-
sionally associated with neuropathy include rabies and trypanosomiasis [15, 16].

Brown-Vialetto-van Laere (BVVL) syndrome and Fazio-Londe disease are clini-
cally overlapping motor neuron diseases involving primarily the lower cranial 
nerves and presenting with ponto-bulbar palsy, sensorineural deafness and respira-
tory failure, often in association with upper motor neuron signs. Most cases present 
in childhood or adolescence. BVVL and Fazio-Londe disease are caused by muta-
tions in riboflavin transporter genes, and are, in some cases, reversible with high-
dose riboflavin therapy [17].

Slower onset, more chronic pediatric polyneuropathies include the various forms 
of Charcot-Marie-Tooth (CMT) disease and chronic inflammatory demyelinating 
polyneuropathy (CIDP). The presenting symptoms include a combination of gait 
abnormalities, difficulty running, foot drop and sensory changes. Progression can 
be insidious, and it may be difficult to pinpoint the precise onset of disease. Many 
children are first referred because of orthopaedic problems such as toe walking from 
shortened Achilles tendons, cavus or planus foot deformities, and hammer toes.

Chronic inflammatory demyelinating polyradiculoneuropathy (CIDP) is distin-
guished from GBS by its more chronic nature; children with CIDP demonstrate 
progressive or relapsing-remitting weakness, usually with minimal sensory deficits, 
which evolves over no less than 4 weeks [18]. Occasional children have more rap-
idly progressive weakness mimicking GBS [19].

CMT, also known as hereditary motor and sensory neuropathy (HMSN), is the 
most common cause of hereditary polyneuropathy, with disease prevalence (for all 
CMT types) of approximately 1 in 2500 people [20]. More than 80 genes have been 
linked to CMT, which is classified on the basis of inheritance pattern and neuro-
physiologic subtype (Table 18.4).

CMT1 shows predominantly “demyelinating” features (i.e., severe slowing of nerve 
conduction), while CMT2 shows predominantly “axonal” features (i.e., low-amplitude 
sensory and motor responses, with normal conduction velocities, accompanied by 
signs of denervation and/or reinnervation on needle examination). CMT1 accounts for 
about 60% of all patients with CMT [21]. Six subtypes have been described, involving 
five genes (Table 18.4). CMT1A, which results from a 1.5-Mb duplication at 17q11.2 
involving the peripheral myelin protein 22 (PMP22) gene, accounts for 70–80% of all 
CMT1 cases. CMT1B (5–10% of all CMT1 cases) results from point mutations in the 
myelin protein zero (MPZ) gene. Other CMT1 subtypes are uncommon.

CMT type 2, the predominantly axonal form of CMT disease, also exhibits auto-
somal dominant inheritance. The overall prevalence of CMT2 is about half that of 
CMT1. The age of onset varies from childhood to late adulthood [22]. A large num-
ber of clinical subtypes, involving a similarly large number of genes, have been 
described (Table 18.4) [23]. The most common form of CMT, CMT type 2A2, is 
caused by a mutation in the mitofusin 2 (MFN2) gene, an important mediator of 
mitochondrial fusion. The remaining CMT2 genes are individually rare.

CMTX accounts for 15% of CMT cases [21]. The most common form of CMTX, 
CMTX1, is caused by mutations in the gap junction beta-1 (GJB1) gene. Affected 
males show a phenotype similar to, or more severe than, CMT1A, although weak-
ness is often of slightly later onset than in CMT1A. Female heterozygotes may be 
unaffected or may have very mild-moderate clinical symptoms.
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Genetic testing for CMT can be complex. Algorithms for sequential gene testing 
are available but have, to some extent, been overtaken by the increasing availability 
of gene panels and other forms of next generation sequencing [24]. Nevertheless it 
is important to remember that mutations in the four genes named above, PMP22, 
MPZ, MFN2, and GJB1, account for the vast majority of cases. Nerve biopsies are 
rarely required in patients suspected to have CMT, except for rare cases with unusual 
clinical features raising concern about vasculitic neuropathy, or inflammatory neu-
ropathy superimposed on underlying genetic conditions.

Although all forms of CMT typically demonstrate a chronic disease course, disease 
onset can be more rapid in some cases, particularly in CMT patients exposed to neuro-
toxic agents such as chemotherapeutic drugs (e.g., vincristine), or prolonged therapy 
with certain antibiotics (e.g., metronidazole, nitrofurantoin) [25]. Thus, it is important to 
consider the potential neurotoxicity of medications that are prescribed for these patients.

�Pattern of Peripheral Nerve Involvement

There are three common patterns of peripheral nerve injury; mononeuropathies, 
mononeuritis multiplex and polyneuropathies.

Mononeuropathies are characterized by sensory and/or motor symptoms and 
signs limited to the distribution of a single peripheral nerve. Most mononeuropa-
thies in children result from traumatic nerve injury or—less commonly—extrinsic 
compression, and will be covered in Chap. 20.

Mononeuritis multiplex is defined by sensory and/or motor symptoms involving 
two or more peripheral nerves, and separated in space and/or time. Hereditary neu-
ropathy with liability to pressure palsies (HNPP) is the most common cause of 
mononeuritis multiplex in childhood. Other causes of mononeuritis multiplex—
such as vasculitic neuropathies—are extremely rare in childhood, though leprosy is 
a common cause of this pattern of neuropathy in some regions of the world [26].

Polyneuropathy is the third general pattern of peripheral nerve disease. Most 
polyneuropathies are sensorimotor, symmetrical and length-dependent, affecting 
the longest nerves first in a “glove and stocking” distribution. The feet are affected 
first, the upper extremities being unaffected until weakness and sensory loss have 
extended rostrally from the feet towards the knees. Affected children typically pres-
ent with gait abnormalities and clumsiness, usually with minimal sensory deficits, 
with their physical examination showing length-dependent weakness and loss of the 
deep tendon reflexes. Children with longstanding weakness often develop charac-
teristic foot deformities—pes cavus or (less commonly) pes planus. As symptoms 
progress, the hands become involved, resulting in loss of grip strength and atrophy 
of the intrinsic hand muscles.

Autonomic nerve dysfunction can also be seen in some chronic polyneuropathies 
affecting small-fiber sensory nerves (e.g., diabetic neuropathies), with patients com-
plaining of cold hands and feet, hypo- or hyperhidrosis, and sometimes symptoms 
related to hypo-or hypertension.
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�Peripheral Nerve Type(s) and Fiber Size(s) Involved

Although most peripheral nerves are mixed, containing all fiber types, hereditary 
diseases can show a predilection for specific fiber types. Clinicians must ascertain if 
the patient’s symptoms point to predominant dysfunction of sensory fibers, motor 
fibers, both sensory and motor fibers (sensorimotor), and/or autonomic fibers.

Sensory-predominant neuropathies can result from large- or small-fiber nerve 
dysfunction. Standard neurophysiologic testing selectively evaluates the large fiber 
sensory afferents, which are myelinated and conduct much more quickly than small 
fiber sensory afferents. Large fiber sensory afferents carry information about vibra-
tion, proprioception, and two-point discrimination along large, myelinated Aα 
fibers. Patients with large fiber sensory dysfunction typically complain of gait 
unsteadiness and clumsiness, and have difficulty with tasks requiring intact proprio-
ception. A useful physical finding in these patients is the presence of a positive 
Romberg sign. Pediatric diseases associated with predominantly large-fiber sensory 
loss include diseases such as the autosomal recessive sensory ataxia of Charlevoix-
Saguenay (ARSACS) [27], abetalipoproteinemia [28], and Friedreich ataxia [29].

Small fiber sensory afferents include unmyelinated C-type and poorly myelin-
ated Aδ-type fibers, which carry information about pain, temperature, and light 
touch. Small fiber sensory disease must be identified on the basis of the clinical 
history and physical examination, since nerve conduction studies and electromyog-
raphy cannot evaluate the function of small fibers. Patients with small fiber sensory 
dysfunction may complain of dysesthesia (spontaneous pain), hyperesthesia  
(a heightened perception of a stimulus), allodynia (a sensation of pain elicited by a 
stimulus that is not normally painful), paresthesia (pins and needles), or hypesthesia 
(decreased perception).

Hereditary sensory and autonomic neuropathies (HSAN) are genetic disorders 
affecting nerve small fibers, resulting in varying degrees of autonomic fiber dys-
function. Affected patients present with complications of sensory loss, such as pain-
less self-mutilation—for example, that caused by biting their own lips or fingers 
while teething. Painless finger and foot ulceration may result from pressure injuries 
or unnoticed trauma. Affected children may have decreased or absent pain from 
long bone fractures or skin lacerations. Due to their selective involvement of small 
fibers in sensory nerves, most HSANs are associated with normal neurophysiologic 
testing, depending on the subtype. Clinicians therefore need to have a high index of 
suspicion for these conditions. Nerve biopsy may reveal selective loss of specific 
subpopulations of small unmyelinated nerve fibers. Genetic testing is now commer-
cially available for most of the HSANs.

Autonomic fibers innervate many visceral organs. Autonomic neuropathy can 
present with a range of clinical symptoms including orthostatic hypotension, 
syncope, sudomotor symptoms (impaired or excessive sweating), gastrointestinal 
symptoms (dysphagia, early satiety, nausea, vomiting, decreased appetite and/or 
weight loss due to impaired gastric emptying, constipation), and urinary symptoms 
(frequent micturition, impaired bladder emptying). Erectile dysfunction may be seen 
in adolescent and adult males. Nerve conduction studies cannot be used to evaluate 
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the integrity of autonomic nerves so, similarly to small-fiber sensory neuropathy, 
autonomic neuropathy is largely diagnosed by a careful history. Assessments of 
autonomic function, such as tilt table testing and assessment of the quantitative 
sudomotor axon reflex, can be performed at some highly specialized pediatric 
centers.

Some disorders give rise to a pure autonomic neuropathy, but in most there is 
overlap with sensory and/or motor neuropathies. HSAN type 3 (Riley-Day syn-
drome) is associated with significant autonomic dysfunction in addition to its sen-
sory findings. Dysautonomia is also seen in 20–40% of patients with childhood 
Guillain-Barré syndrome [10], as well as some toxic neuropathies (e.g., those asso-
ciated with vincristine and amiodarone).

Motor-predominant neuropathies are uncommon in childhood, in contrast to motor 
neuron diseases. Most children with painless progressive muscle weakness will even-
tually be found to have a disease of motor neurons or anterior horn cells, such as spinal 
muscular atrophy (SMA). Inflammatory nerve disorders, such as the Guillain-Barré 
syndrome variant acute motor axonal neuropathy (AMAN), show selective involve-
ment of motor nerves. AMAN is more common in some Asian countries and is often 
associated with antecedent Campylobacter jejuni gastroenteritis [10]. Distal heredi-
tary motor neuropathies (dHMNs) are an emerging group of hereditary disorders 
affecting motor nerves and showing clinical and genetic overlap with Charcot-Marie-
Tooth disease (CMT) type 2, distal spinal muscular atrophies (dSMAs) and hereditary 
spastic paraplegia (HSP) syndromes [30]. Motor-predominant neuropathy may 
develop after exposure to such medications as amiodarone, dapsone and tacrolimus 
[31]. Lead poisoning causes a motor neuropathy in adults, but in children is more 
likely to cause an encephalopathy with irritability and cognitive decline.

Sensorimotor polyneuropathy is the most common form of neuropathy in chil-
dren, in whom it has an extensive differential diagnosis.

�Neurophysiological Features

Nerve conduction studies (NCS) have several important functions. First, they con-
firm or exclude the presence of large-fiber peripheral nerve disease. Importantly, 
NCS selectively study large myelinated nerve fibers and therefore cannot exclude a 
small-fiber neuropathy, which requires other testing modalities for diagnosis (see 
Chap. 19). Second, NCS confirm the fiber types involved: sensory, motor or both. 
Third, it provides an assessment of the severity of an underlying neuropathy, includ-
ing whether or not axonal continuity is present. This is particularly important for 
children who have suffered a traumatic nerve injury in whom it is necessary to make 
decisions regarding the timing and need for operative repair. Finally, NCS allows 
neurophysiologists to characterize if the neuropathy is demyelinating or axonal in 
nature, or has features of both. As focal neuropathies are the subjects of Chaps. 17 
and 20, localization will not be discussed here.

Features suggestive of peripheral nerve demyelination include prolongation of 
distal latencies and slowing of nerve conduction to <75% of the normal values for 
age: in adults, this equates to conduction velocities of <38 m/s in the upper limbs, 
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and <30 m/s in the lower limbs. Normal values for nerve conduction parameters in 
childhood have been established (see Chap. 24). Slowing of peripheral nerve con-
duction may be uniform or non-uniform. Uniform slowing is characterized by a 
similar degree of demyelination in all nerves as well as at all points along each 
nerve that is studied. Uniform slowing is characteristic of most patients with heredi-
tary neuropathies. Although biopsy is rarely performed for patients suspected of 
having CMT, it typically demonstrates homogeneous or uniform involvement of all 
axons (Fig. 18.1). Since the demyelination is similar from fiber-to-fiber, the signal 
is conducted in an equally slow manner along all nerve fibers. In contrast, non-
uniform slowing reflects variable changes in nerve fibers at different points along 
their lengths. Some fibers may also be more affected than other fibers. This gives 
rise to neurophysiological phenomena known as temporal dispersion where differ-
ent fibers conduct at different rates depending upon the degree to which they have 
been affected (Fig.  18.2). Non-uniform slowing is more commonly seen with 
acquired, inflammatory demyelinating disorders (such as GBS or CIDP). Although 
rarely performed, and not required for the diagnosis of pediatric CIDP [18], the 
uneven or patchy demyelination is apparent on nerve biopsy of CIDP patients 
(Fig.18.3). Non-uniform slowing is not specific to inflammatory neuropathies and 
has been reported with some hereditary nerve disorders, such as CMTX [32] and 
metachromatic leukodystrophy. In such conditions, peripheral nerve demyelination 
may be more marked or more apparent at their most proximal sites as evidenced by 
the loss of F-waves. Distal demyelination is reflected in the prolongation of distal 
motor latencies.

Conduction block is an extreme example of non-uniform slowing, in which the 
nerve action potential is partially or wholly blocked from transmitting (Fig. 18.4). 
This is associated with a drop in amplitude of the compound muscle action potential 
recorded from that nerve across the site of the conduction block (i.e., the amplitude 
drops with proximal stimulation compared to distal stimulation). Conduction block 
is also often a sign of acquired (typically inflammatory) neuropathies, but can also 

Fig. 18.1  Sural nerve biopsy of an adolescent with CMT1A. Left: toluidine blue staining shows 
hypertrophic neuropathy that shows uniform, homogenous involvement of all axons. Stains for 
inflammatory cells (not shown) revealed no significant infiltration. Right: concentric Schwann cell 
processes surrounding a remyelinated axon. The thickness of the myelin coat is much less than that 
of a normal healthy nerve. Photo credit: Dr. Jean Michaud, Department of Pathology, Children’s 
Hospital of Eastern Ontario
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Fig. 18.2  Temporal dispersion noted in a patient with an acute demyelinating polyradiculoneuropa-
thy (AIDP) or Guillain-Barre syndrome (GBS). Tibial nerve motor responses are shown in a child 
(8 years) with AIDP (left) and are compared to a healthy child (right). Nerve conduction studies of 
the median nerve (recorded at the abductor hallicus) in the child with AIDP shows a prolonged distal 
latency (9.3 ms). The compound motor action potential (CMAP) amplitude when stimulated at the 
ankle was 1.0 mV and when stimulated at the popliteal fossa was 0.9 mV. The duration of the CMAP 
amplitude was 138% longer when stimulated at the more proximal site consistent with temporal 
dispersion. Conduction velocity was 24 ms. In the healthy child, distal latency of 4.6 ms and distal 
compound motor action potential (CMAP) amplitude 15.4 mV and conduction velocity 48 ms. The 
sensitivity and sweep speeds are identical between the two tracings

be seen with hereditary neuropathy with liability to pressure palsies (HNPP) and 
after toxin exposures (such as gasoline sniffing [33]) and diphtheria [34].

Features suggestive of axonal loss include low or absent sensory and motor nerve 
action potential amplitudes. Patients may show mild slowing of conduction velocity 
although this is typically still >75% of the lower limit of normal.

Pediatric NCS are typically performed using a hand-held stimulator and surface 
electrodes to record peripheral nerve responses in the same way that this testing is 
undertaken in adults. Electrodiagnostic testing in children requires specific 
considerations (see Chap. 3). Recording electrodes should be selected to conform to 
small hand and foot size (see Chaps. 4 and 5). Caution must be taken to ensure that 
limb temperature is monitored since anxiety and/or small limb size can increase the 
risk of limb cooling and temperature-related artifacts that may arise during testing. 
Skin temperature should be at least 32°C in the upper limb and 30°C in the lower 
limb at the time of recording [35] (see Chap. 11).

Nerve conduction testing typically begins with sensory nerve studies, as these 
require lower stimulation intensities and are better tolerated by children. Normal val-
ues are grouped by age, with conduction velocities and amplitudes increasing with 
advancing age, particularly over the first 2 years of life (Chap. 24). The selection of 
peripheral nerves amenable to NCS in infants is more limited, due to short limb and 
digit length, and a relative increase in subcutaneous fat compared to older children. 
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The sensory nerves typically studied in infants include the median, ulnar, and medial 
plantar nerves. Sural responses are difficult to record in small babies and infants. Motor 
nerves generally studied in infants include median (recording at abductor pollicus bre-
vis), ulnar (recording at abductor digiti minimi), peroneal (recording at extensor digi-
torum brevis), and tibial (recording at abductor hallucis). The common peroneal nerve 
response can be difficult to elicit in newborns due to the small size of the extensor 
digitorum brevis. This becomes technically easier after the first 12 months of age.

In children with acquired neuropathies such as GBS, the diagnostic gain of neu-
rophysiologic studies may be increased by recording late responses, such as F 
waves, which can reveal proximal demyelination that might not be identified on 
recording nerve conduction studies exclusively from distal peripheral nerve seg-
ments [10].

Electromyography is a vital part of the assessment of traumatic injury in chil-
dren. Specific injuries are commonly linked to certain mononeuropathies (e.g., axil-
lary neuropathy after anterior shoulder dislocation and radial neuropathy after 
supracondylar fracture), reflecting the mechanism of injury and proximity of nerve 
to the site of trauma in each case. In this context, nerve conduction studies and EMG 
provide important information regarding whether or not axonal continuity exists, as 
well as the presence and degree of spontaneous reinnervation, which can help pre-
dict the likelihood and time course of spontaneous recovery.

Fig. 18.3  Patient with confirmed chronic inflammatory demyelinating polyradiculoneuropathy 
(CIDP). Left: toluidine blue stained semi-thin section shows patchy population of myelinated 
fibers from one fascicle to another and within some fascicles. Right: ultrastructural study shows the 
unequal loss of myelinated fibers. Photo credit: Dr. Jean Michaud, Department of Pathology, 
Children’s Hospital of Eastern Ontario
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Needle EMG must be interpreted with some caution when evaluating neonates 
and infants with traumatic neuropathies. In children with neonatal brachial plexus 
palsies (NBPP), EMG may provide an overly optimistic view of potential for recov-
ery. There are several reasons for the discrepancy between EMG findings and clini-
cal outcome in infants. One is that the average muscle fiber diameter of a 3-month-old 
infant is only 17 μm, which is more than three-fold smaller than the adult muscle 
fiber diameter. Due to this smaller cross-sectional area, the muscle of an infant con-
tains 11 times more motor units compared to an adult. An EMG needle will there-
fore “listen” to many more motor units when recording the recruitment pattern of an 
infant’s muscle, which may lead the electromyographer to overestimate the normal-
ity of that pattern in small children [36].

�Additional Considerations

�Traumatic Nerve Injuries

Seddon proposed a classification system to categorize the severity of focal nerve 
injuries into one of three groups: neurapraxia, axonotmesis, and neurotmesis [37].

Neurapraxia, the least severe form of peripheral nerve injury, involves an area of 
segmental demyelination due to local traumatic and/or compression injury. The 
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Fig. 18.4  Conduction block noted in a patient with an acute demyelinating polyradiculoneuropa-
thy (AIDP) or Guillain-Barre syndrome (GBS). Median nerve motor responses are shown in an 
adolescent with AIDP (left) and a healthy child (right). Nerve conduction studies of the median 
nerve (recorded at the abductor pollicis brevis) in the child with AIDP shows a prolonged distal 
latency (5.7 ms). The compound motor action potential (CMAP) amplitude when stimulated at the 
wrist was 1.0 mV and when stimulated at the antecubital fossa was 0.2 mV, consistent with con-
duction block (i.e., >50% amplitude drop between distal and proximal stimulation sites). In the 
healthy child, there is a distal latency of 2.7 ms, distal compound motor action potential (CMAP) 
amplitude 7.5 mV and conduction velocity 63 ms. Note that the sensitivity is 10× greater on the left 
indicating the lower CMAP amplitudes. The sweep speed is identical between the two tracings
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myelin is disrupted, and affected fibers do not convey afferent sensory or efferent 
motor signals, but axons remain intact. Clinically, neurapraxic injury cannot be dis-
tinguished—in the acute phase—from more serious nerve injuries. Long-term out-
come is typically favourable, however, as the viable Schwann cells can repair the 
damaged segment (assuming the offending cause has been removed). Clinical and 
electrodiagnostic evidence of segmental demyelination may also be seen in patients 
with acquired (e.g., GBS) and hereditary neuropathies (e.g., HNPP). Some forms of 
drug abuse (gasoline or glue sniffing, or “huffing”) have also been reported to cause 
conduction block upon a superimposed sensorimotor polyneuropathy with demye-
linating features [33].

In axonotmesis, an intermediate form of nerve injury, some or all axons within a 
nerve fiber are transected. When an axon is cut, the segment of the axon that has 
been separated from its cell body (located in the dorsal root ganglion for sensory 
fibers, or in the anterior horn for motor fibers), degenerates through a process known 
as Wallerian degeneration. While axonotmesis is most commonly seen with trauma, 
it can also be associated with a traumatic nerve injuries, such as inflammatory neu-
ropathies, vasculitides, and toxin exposures. Although the patient’s clinical symp-
toms are immediately apparent, it takes time for the changes of denervation to 
become detectable on EMG: anywhere from days to 3–4 weeks, depending upon the 
length of the nerve and the site of injury [38]. During the Wallerian degeneration 
phase, the nerve fibers distal to the site of transection die back. During the recovery 
phase, the axon of the proximal segment regenerates, forming nerve twigs which 
grow distally, into and through the surviving neurilemmal tubes of Schwann cell 
basement membranes. The regenerating axons are then myelinated by the Schwann 
cells. With axonotmesis, some components of the nerve, including Schwann cells 
and potentially a percentage of the total nerve fibers, remain intact, subsequently 
acting as a conduit or path along which the regenerating nerve may grow. The fact 
that this path remains in place increases the likelihood that regenerating nerve fibers 
will locate and accurately reinnervate their target muscles distal to the site of nerve 
injury. Nerve regeneration proceeds at a slow pace, approximately 1 mm per day, or 
1 inch per month [39].

Needle EMG suggest axonotmesis in situations where active denervation is 
noted (fibrillation potentials or positive sharp waves) accompanied by some evi-
dence of ongoing axonal continuity (motor unit action potentials under volitional 
control). When no axonal continuity is noted, the electromyographer cannot distin-
guish axonotmesis from the most severe form of nerve injury, neurotmesis.

Neurotmesis, the most severe form of nerve injury, is characterized by complete 
transection of all nerve elements. In this situation the likelihood of spontaneous and 
meaningful reinnervation is low, as there is no path to guide the regenerating nerves.

�Mononeuropathies

Mononeuropathies are rare in children, accounting for fewer than 10% of pediatric 
referrals for electromyographic (EMG) testing [40]. In children, focal neuropathies 
affect the median, ulnar, radial, peroneal, and sciatic nerves with more evenly 
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distributed proportions than in adults, in whom 65% of focal neuropathies affect the 
median nerve, mainly due to carpal tunnel syndrome (CTS). Trauma is the most 
common cause of pediatric mononeuropathies, most often due fractures and lacera-
tions, many of which are related to sports injuries. Compressive lesions are the 
second most common mechanism for pediatric mononeuropathies, while nerve 
entrapment is relatively uncommon, in contrast to adults.

The history is generally indicative of the etiology of pediatric mononeuropathies, 
while a targeted physical examination confirms the clinical suspicion of a peripheral 
nerve lesion and localizes focal deficits. The neurophysiologic examination enables 
exclusion of generalized neuropathies, plexopathy and radiculopathy. A detailed 
electromyographic examination is particularly useful in localizing focal lesions in 
idiopathic mononeuropathies. Nerve imaging, by ultrasound or magnetic resonance 
(MR) neurography, is an invaluable adjunct to the clinical and electrodiagnostic 
examinations [41]. In children with idiopathic mononeuropathies, nerve imaging 
rules out extrinsic compression by adjacent tumors or soft tissue lesions, as well as 
intrinsic nerve lesions such as perineuriomas, schwannomas, and neurofibromata. 
Imaging can also be a useful accompaniment to electrodiagnostic testing in guiding 
the specific site of nerve biopsy, when it is not immediately evident that a standard 
site of biopsy such as the sural nerve at the ankle will be adequate. Ultrasound may 
be even more sensitive than MRI in identifying focal nerve  lesions when performed 
by a skilled technician in sonographically accessible regions [42]. Soft tissue 
changes—such as high-signal changes in atrophic muscles on STIR- and 
T2-weighted MR images- infer axonal injury rather than neurapraxia or conduction 
block, the presence of which may affect management [41]. Both ultrasound and 
MRI can be useful to guide fascicular biopsy in mononeuropathies in which the 
diagnosis remains unclear; fascicular biopsy reduces the risk that sampling a mixed 
nerve will result in iatrogenic paralysis of the innervated muscles.

�Neuroimaging in Childhood Polyneuropathies

Magnetic resonance imaging (MRI) and ultrasound can be useful complementary 
tests to NCS/EMG in children with peripheral neuropathy. Both modalities give 
excellent soft tissue resolution, are non-invasive, and do not involve ionizing radia-
tion. Both can be very useful in characterising pediatric mononeurpathies, as 
described above.

MRI is being increasingly used as a tool to aid in the diagnosis of suspected acute 
or chronic inflammatory polyradiculoneuropathies, including Guillain-Barré syn-
drome and chronic inflammatory demyelinating polyradiculoneuropathy (CIDP). 
MRI shows thickening of the cauda equina and/or thickening and gadolinium enhance-
ment of the spinal nerve roots in 90–95% of children and adults with GBS [43, 44]. 
Nerve root thickening or enhancement is seen in approximately 40% of children with 
CIDP [19, 45]. While the finding of nerve root enlargement and thickening can sup-
port a diagnosis of inflammatory neuropathy in the right clinical context, it is by no 
means specific to this disease, since nerve root thickening can also be seen in CMT 
[46] and neurofibromatosis [47], among other diseases. Characteristic cervical spine 
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and posterior fossa abnormalities are noted in older children and adolescents with 
inherited ataxias associated with neuropathies, including ARSACS (autosomal reces-
sive ataxia of Charlevoix-Saguenay). MR imaging of affected patients may show thin-
ning of the upper cervical spinal cord and progressive cerebellar atrophy particularly 
affecting the superior cerebellar folia. In contrast, patients with Friedreich ataxia have 
either normal cerebellar structures or show mild, non-specific abnormalities.
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Chapter 19
Diagnosis and Evaluation of Small Fiber 
Peripheral Neuropathy in Children

Nancy L. Kuntz

�Introduction

Clinical neurophysiologists who evaluate infants and children need to have a special 
skill set and knowledge base. This is due to the fact that the differential diagnosis of 
neurologic disorders, including small fiber neuropathies, is much broader in young 
patients and includes rare, inherited, congenital onset disorders which present pri-
marily at birth or during the early years of life. In addition, the ability of infants and 
children to communicate their experience or explain themselves is limited by their 
life experiences, their cognition/perception and their vocabulary/language skills.

Signs and symptoms of small fiber peripheral neuropathy depend on the exact 
type of nerve fiber targeted, the severity of the loss of nerve fiber function and the 
age of the child. “Small fiber” peripheral neuropathy refers to those processes which 
damage or limit the function of small unmyelinated A delta and unmyelinated C 
fibers. These fibers mediate nociception (pain), temperature and autonomic func-
tions. The types of autonomic dysfunction which can occur due to lack of function-
ing small nerve fibers include: dry eyes, dry mouth, orthostatic lightheadedness 
through a spectrum to syncope, palpitations, abnormal sweating, overheating, erec-
tile dysfunction, nausea, vomiting, constipation, early satiety, urinary frequency, 
nocturia and others [1].

In some of the inherited sensory and autonomic peripheral neuropathies, the 
residual function of sensory nerves mediating pain or temperature is so poor that 
tissue mutilation occurs without perceived pain: corneal scarring from rubbing the 
eyes; amputation of parts of the tongue post emergence of teeth; Charcot joints and 
fractures of the long bones since these children lack the normal perception of pain 
that is required to negatively reinforce activities which injure tissues during play. 
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With less severe loss of small nerve fibers, symptoms tend to appear at an older age. 
For example, one young school-aged boy was diagnosed with HSAN IV after being 
seen in a local ER for a lesion in one calf which was draining purulent material. An 
X-ray of the leg demonstrated the presence of two full length sewing needles buried 
in his calf muscles. The patient denied pain and stated he had no clue about how the 
needles got into his leg. It was strongly suspected that, because it didn’t hurt, the 
patient placed the needles in his leg muscle out of curiosity. He had already devel-
oped classical Charcot joints in both knees at the time of presentation.

Various pathologic insults preferentially impact different types of nerve fibers. 
The reasons for this are not always known. If both large and small fibers are affected 
simultaneously, it is easiest to confirm the peripheral nerve involvement by standard 
motor and sensory nerve conduction studies which document the large fiber involve-
ment and then to use the clinical symptoms to infer additional impact on the small 
fibers. However, if the symptoms are limited to small fiber involvement, then more 
specialized testing, as outlined in the rest of this chapter, is necessary to confirm the 
diagnosis.

�Signs and Symptoms of Small Fiber Peripheral Neuropathy

Clinical symptoms relating to dysfunction of small nerve fibers can be non-descript. 
The younger the patient, the less specific the complaints may be. Children with 
acquired small fiber nerve injury causing allodynia or hyperpathia tend to manifest 
behavior somewhere between irritable to hysterical, refusing to move or be touched; 
but they do not always complain of pain. Children with pain due to acquired small 
nerve fiber dysfunction can have neurologic examinations that are considered com-
pletely normal with preserved strength, muscle stretch reflexes, coordination and 
sense of touch. Standard “neurologic” tests including motor and sensory nerve con-
duction studies, MRI of brain and spine and cerebrospinal fluid examination can be 
normal, leading a clinical team to suspect an underlying conversion disorder or 
other mental health problem. A number of children with acquired inflammatory 
small fiber disorders have been placed in psychiatric facilities for evaluation prior to 
consideration of small fiber dysfunction and neuropathic pain as the cause of their 
monumental distress [2]. One patient, a 6-year-old boy, was completely unable or 
unwilling to describe his pain until the neuropathic pain was under control. Then he 
told the treating team: “There’s two things. A medium pain that’s always there. And 
bad pain like rockets blasting through my hands”.

When a peripheral neuropathy is limited to small nerve fibers, muscle tone, 
strength and muscle stretch reflexes are normal on examination. Touch, position 
sense, vibration and coordination are normal by observation and on direct examina-
tion. Temperature and pain perception should be found to be abnormal if they can 
be examined or if the level of function can be inferred by observation. With chronic 
small fiber dysfunction, skin can become dry, cracked or shiny [3]. Autonomic 
dysfunction can cause the skin to lose its ability to wrinkle in response to immersion 
in water (pruniness) [4] (Fig. 19.1).

N.L. Kuntz



267

�Methods of Testing

�Clinical

Quantitative sensory testing: The younger a child is, the more difficult it can be to 
accomplish a reliable or quantitative sensory examination. When cooperation and 
focused attention allow quantitative testing of clinical sensory thresholds (thermal 
thresholds for small fiber function), normal results are helpful. However, it has been 
demonstrated that abnormal thermal thresholds can be feigned; therefore, abnormal 
quantitative thermal thresholds are less reliable [5]. The frequency of false negative 
results for subjective pinprick thresholds in patients with objective evidence of SFN 
has been reported at 19%, higher than one might anticipate in adults [6]. Common 
sense suggests that reliability would be even less in children. Computer-assisted 
sensory examinations are used in adult patients but the same caveats apply with 
respect to false positive results, particularly with younger patients who tend to be 
more distractable.

�Neurophysiologic

Nerve Conduction Studies: Sensory nerve conduction studies assess the function of 
large myelinated sensory nerve fibers. Some disorders may affect all types of nerve 
fibers; however, if the abnormality is limited to small nerve fibers, standard sensory 
nerve conduction studies will be normal.

Contact Heat Evoked Potential (CHEP): This technique applies cycles of heat-
ing and cooling using a heat foil thermode placed over glabrus skin on an extremity 

a

b

Fig. 19.1  Finger immersion test of vasomotor sympathetic function. Hand is immersed for 30 min 
in a heated water bath. Digital pictures are taken (from left to right) at baseline and after 5, 15 and 
30 min of immersion. Pictures in (a) reflect changes in subject with small fiber peripheral neuropa-
thy. Pictures in (b) are from normal control
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while recording the evoked potential over a CZ scalp electrode. This evoked 
potential is mediated by A delta fibers and demonstrates increased latency and 
decreased amplitude in subjects with documented small fiber neuropathy as com-
pared to normal adult controls [7]. This causes no tissue injury and is considered 
non-invasive but does involve a minor degree of discomfort. There are no published 
reports using this technique in children.

Microneurography: A technique has been developed to record impulse traffic 
within peripheral nerves using specialized coated tungsten electrodes. The burst 
frequencies from single unmyelinated afferent and efferent fibers tend to be rela-
tively uniform within an individual over time. However, there are wide variations 
between individuals which make it difficult to establish reference ranges. The tech-
nique is time-consuming and requires a skilled evaluator. Movement interferes with 
the recording which is likely why this has not been applied to children. At present, 
this technique functions more as a research tool than a clinical diagnostic test [8].

�Autonomic Testing

While autonomic testing is relatively new, experience is being gained with the use 
of these techniques in children and adolescents. Normative data is being systemati-
cally gathered and it will be very helpful when this process is complete with results 
published.

Adrenergic: Short duration Head Up Tilt tests (HUT) are performed to assess the 
adrenergic support of heart rate and blood pressure in response to orthostatic stress. 
Protocols for autonomic tilt testing are simpler and shorter, and do not use infusions 
of vasoactive drugs, in contrast to cardiac tilt testing. A preceding interval of 
10–30 minutes of supine rest is required followed by passive elevation to a 70° HUT 
on a motorized tilt table. Heart rate, blood pressure and clinical well-being are 
monitored for 10 minutes. Other parameters such as end-tidal CO2, oxygen satura-
tion, respiratory rate and regional cerebral perfusion are also monitored in our labo-
ratory. With the data obtained, other causes of dizziness, such as occult 
hyperventilation or isolated cerebral hypoperfusion, can be identified. Adolescents 
frequently present with dizziness and data have been gathered on healthy controls to 
demonstrate that the range of normal heart rate responses to HUT is broader in ado-
lescents than adults [9]. Normative data from larger groups of adolescents are being 
collected at present and will be useful for clinical correlation. Adrenergic function 
can also be assessed from evaluation of blood pressure responses during a Valsalva 
maneuver. The rebound increase of blood pressure during phase II of the Valsalva 
maneuver and the phase IV overshoot of blood pressure both rely on adrenergic 
support (Fig. 19.2).

Cardiovagal: The heart rate response to deep breathing (HRDB) is a quantifica-
tion of the variation in heart rate that occurs during normal breathing— “sinus 
arrhythmia”. It is easy to perform, requiring children to use visual or auditory cues 
to pace deep breathing at 6 cycles per minute while their heart rate is recorded. The 
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mean is calculated from the maximal excursions of heart rate during the largest five 
consecutive responses. Normal values have been collected from 9 years of age and 
older with an inverse relationship between age and HRDB [10, 11]. Valsalva Ratio 
(VR) is vagally mediated and is the ratio of the highest heart rate occurring during 
a 15 second Valsalva maneuver (performed on a mouthpiece with an air leak) to the 
lowest heart rate occurring within 30  seconds of completion. Normal values in 
adults are between 1.5 and 2.9 and several studies [10, 11] have documented very 
similar findings 6–17 year olds. It is difficult to get younger children to sustain pres-
sure on the mouthpiece long enough to accomplish this measurement. Cardiovagal 
responses can be obtained by other maneuvers including squat to stand, assuming a 
squat or forcefully coughing; however, reference ranges have not been adequately 
established for these responses in either adults or children.

Electrochemical Skin Impedance: A device that uses reverse iontophoresis and 
chronoamperometry to assess sweating on the palms and soles has been demon-
strated to correlate with epidermal nerve fiber density. The Sudoscan device uses 
stainless steel plates against which palms and soles are placed for a 3 minute scan 
with the subject in a standing position [12]. This is a recently developed device so, 
despite the relative simplicity of use, there are no reports describing the use of this 
technique in children.

Heart rate variability: Measures of heart rate variability (HRV) are obtained 
by monitoring the electrocardiogram (ECG) for intervals of time between 
5 minutes and 24 hours, analyzing sequential R-R intervals. Heart rate variability 
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Fig. 19.2  Heart rate (upper tracing) and blood pressure responses (lower two traces) for a 7 year 
old girl performing Valsalva maneuver. Timing of Valsalva pressure indicated by solid bar above 
top graph. Cartoon below physiologic tracing identifies components of the blood pressure response 
to Valsalva maneuver
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is created by the naturally opposing influences of sympathetic and parasympa-
thetic tone on the sinoatrial node (cardiac pacemaker). Physiologic state and age 
affect the degree of variability [13, 14]. While cardiologists report variables relat-
ing to time domain and frequency parameters, a scatter plot of successive R-R 
intervals (Poincaré plot) creates an immediate visual image of HRV (Fig. 19.3). 
Decreased variability appears as a cigar-shaped pattern with robust heart rate vari-
ability appearing in the shape of an ice-cream cone.

Pupillometry: Basal size of the pupils and velocity of change in size reflect a 
balance between sympathetic and parasympathetic tone. Normal values have been 
collected [15]. The ambient light, medications and presence of any ocular disease 
must be taken into consideration when testing pupillary function. In addition, any 
stimuli that might trigger sudden anxiety or fear should be avoided as alterations in 
the sympathetic/parasympathetic balance will affect pupil function.

Sudomotor: Production of sweat in response to heat stress or emotional stress is 
a sympathetically-mediated autonomic function that is mediated by acetylcholine 
as the neurotransmitter. Function at the level of the peripheral axon reflex can be 
measured with quantitative sudomotor axon reflex testing (QSART/QSWEAT). A 
plastic capsule is used to focally place acetylcholine onto a patch of skin. A small 
electric current is used to iontophorese the acetylcholine through the skin where it 
stimulates the sweat glands. A retrograde impulse through the small nerves inner-
vating the sweat gland reflexively stimulates an adjacent sweat gland and the 
amount of reflex sweating generated onto an adjacent patch of skin is measured. 
Four capsules are placed along the limbs in a length-dependent fashion (foot, distal 

Fig. 19.3  Poincaré plots of heart rate variability. Normal (middle graph): “ice cream cone” shaped 
plot with labels indicating higher heart rates in circle to left, lower heart rates in circle to right, 
“line of identity” in red. ROHHAD (Rapid onset Obesity, Hypoventilation, Hypothalamic 
Dysfunction and Autonomic Dysregulation) (right graph): narrow plot, note decreased heart rate 
variability at lower heart rates. CCHS (Congenital Central Hypoventilation Syndrome) (left 
graph): narrow “cigar” shaped plot indicating decreased heart rate variability
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leg, proximal thigh and distal forearm) and stimulated simultaneously [10]. This 
technique has been used in toddlers and young children successfully; however, 
normative data are sparse under 10 years of age [11]. A different technique can be 
used to evaluate the entire central to peripheral sudomotor apparatus: 
thermoregulatory sweat testing (TST). An individual who is well-hydrated and who 
is not taking any antihistamine or other medication that suppresses sweating is 
placed in a controlled hot and humid environment. It takes 45–60 minutes in such a 
setting to increase core temperature by 1°C or to 38.0°C (whichever is higher). All 
individuals without disease will sweat under these conditions. A moisture sensitive 
powder is placed over the ventral surface of cheeks, trunk and extremities. A color-
coded response is evident, indicating where the individual subject was able to sweat 
[10]. Lesions from the hypothalamus through the spinal cord and out to focal/gen-
eralized nerve distributions can interfere with sweating. The disadvantage of the 
TST is that it requires that a special chamber or environment be fabricated to warm 
the patient. The advantage is that this procedure is non-invasive and can be repeated 
over time to follow the course of a disease (Fig. 19.4). Also, the entire ventral sur-
face of the body is being studied and focal and/or strictly length dependent abnor-
malities can be outlined (Fig.  19.5). In 2011, a decade’s worth of experience 
obtaining TSTs in children at Mayo Clinic Rochester was reviewed. Children 
between 2 and 18 years of age were examined with valid, clinically useful results 
obtained in 94% of studies [16].

Sympathetic Skin Response (SSR): Surface electrodes placed over the palm and 
sole of the feet are used to record sympathetic skin responses (SSR) [17]. A number 
of types of sensory stimuli can be used to provoke this response in sympathetic 
nerves: auditory, tactile, electrical. A novel use of SSR was described by Pereon and 
colleagues when they used auditory signals of varying intensity to determine the 
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Fig. 19.4  TST (Thermoregulatory Sweat Test) performed serially in a 6 year old boy with small 
fiber peripheral neuropathy to demonstrate ongoing clinical improvement
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hearing threshold for a child post cochlear implant [18]. SSR is non-invasive but 
habituates quickly to repeated sensory stimuli. It is usually judged on its presence 
or absence.

Vasomotor: Vasoreactivity has not been studied extensively with techniques that 
are clinically applicable. One simple test that has been developed is to look for 
wrinkling or “pruning” of the skin in response to timed water immersion or applica-
tion of a topical anesthetic under an occlusive dressing. Development of pruny skin 
is a sympathetically mediated vasoconstrictive phenomenon [4] (Fig. 19.1). Skin 
changes have been subjectively graded.

�Pathologic

Standard Nerve Histology: Peripheral nerve biopsies are a “gold standard” for eval-
uating the constituent elements of nerves. However, biopsies are invasive, require 
general anesthesia in children and leave a small functional sensory or motor deficit. 
Sural sensory nerves are traditionally biopsied just proximal to the lateral malleolus 
in diffuse or generalized processes and the ensuing clinical sensory deficit is mini-
mal and generally well-tolerated. Nevertheless, the invasive nature of this proce-
dure, and the difficulties inherent in repeating such a biopsy to assess response to 
treatment, have led to development of less invasive testing methods.

a b c

Fig. 19.5  TST (thermoregulatory sweat test). (a) Demonstrates involvement of only the distal 
foot/toes that was not detected by standard QSART testing which assesses proximal foot as most 
distal site. (b) Demonstrates length dependent anhidrosis involving both lower extremities. (c) A 
cartoon of the sweat pattern on the entire body, for the subject in (b), demonstrating trunk and 
upper extremity involvement as well
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Intraepidermal Nerve Fiber Density (IEFND): Small nerve fibers can be seen 
(and quantified) in the epidermis and in sweat glands. In adults, 3 mm full thickness 
skin biopsies are obtained under local anesthesia with a skin punch biopsy tool. 
Samples are usually taken at five sites along the limbs. Normal values for epidermal 
nerve fiber density, nerve fiber length and nerve branching density have been 
obtained from 18 to 90 years of age [19]. McArthur and colleagues obtained 3 mm 
skin punch biopsies under local anesthesia for 98 patients, eight of whom were 
between 13 and 19 years of age (mean 18 years). The IENFD at the level of the thigh 
and distal leg were both higher than in other controls aged 20–79  years of age. 
However, the thigh/distal leg ratio was the same as in all other controls up to 60 years 
of age [20]. While this type of biopsy is less invasive than a standard nerve biopsy, 
it is still invasive and more difficult to justify performing without clear normal val-
ues for young children and adolescents, especially at multiple sites.

Sweat Gland Nerve Fiber Density: Sweat glands are incidentally obtained in 
most of the skin punch biopsies done to determine IEFND [21]. Normative values 
are available for adults but not yet for children and adolescents.

Corneal Confocal Microscopy (CCM): A non-invasive method for evaluating 
nerve integrity, corneal confocal microscopy, has been used to quantify corneal 
nerve fiber density, corneal nerve fiber length and corneal nerve branch density in 
various medical conditions prone to small fiber neuropathy such as diabetes mel-
litus. Chen and colleagues evaluated a cohort of 63 patients with type I diabetes 
mellitus between 14 and 85 years of age and an equivalent number of age-matched 
controls. Motor and sensory nerve conduction studies, IENFD and CCM were 
performed on all subjects. While IEFND has been shown to detect early small 
nerve fiber injury when nerve conduction studies and quantitative sensory testing 
are still normal, CCM was shown in this study to have a slightly better sensitivity 
and specificity. CCM is non-invasive and can be scored in an automated manner 
that provides rapid results. Obtaining corneal tomographic images does not require 
undue cooperation from children and adolescents so it is a promising biomarker of 
early diabetic neuropathy [22, 23].

�Imaging

MR Neurography (MRN) with Dorsal Root Ganglion Imaging: An MRN protocol 
has been developed that allows imaging of bilateral dorsal root ganglia. This has 
been used to evaluate patients with Sjögren syndrome when other quantitative sen-
sory physiologic tests were unrevealing [24]. The imaging demonstrated enlarge-
ment of the dorsal root ganglia in affected individuals that was reversed after 
immunotherapy. The limitation for this procedure in children is the time required 
for them to be motionless during imaging, as in other magnetic resonance imaging 
studies; therefore, it would likely require anesthesia in younger children.

Ultrasound: 25 adults with small fiber peripheral neuropathy confirmed by 
IEFND and age/BMI-matched controls were studied by ultrasound. Cross-sectional 
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areas of superficial peroneal sensory and sural sensory nerves was increased in the 
subjects with SFPN as compared to controls. This technique does not provide much 
information regarding the specific etiology but may serve as a non-invasive, low 
cost initial screening approach [25].

�Genetic

If the phenotypic presentation and/or family history strongly suggest a Mendelian 
disorder and a gene test (or affordable gene test panel) is available to confirm that 
diagnosis, proceeding directly to genetic testing may be a minimally-invasive and 
cost efficient approach. There are circumstances when physiologic testing, in con-
junction with the clinical findings, will significantly narrow the differential diagno-
sis. For example, findings on nerve conduction studies and/or pupillometry  
can focus the diagnostic possibilities to the spectrum of inherited peripheral neu-
ropathies [26].

�Causes of Small Fiber Peripheral Neuropathy in Children

�Inherited

Hereditary Sensory and Autonomic Neuropathies (HSAN): There are six different 
types of HSAN which have been described and for each of which one or more gene 
mutations have been identified. HSAN I is an autosomal dominant neuropathy that 
presents during adolescence or early adulthood with painless injuries. Affected 
individuals develop length-dependent motor and sensory loss over time. Neuropathic 
pain in the lower extremities, sensorineural hearing loss, and abnormalities on 
motor and sensory NCS usually develop over time. HSAN I has been linked to 
mutations in the SPTLC1 gene [27]. All other HSAN subtypes demonstrate autoso-
mal recessive inheritance. HSAN II presents at birth or early childhood with a sig-
nificant loss of pain, temperature and touch sensation with variable autonomic 
involvement (excess sweating, tonic pupils or urinary incontinence). Nerve biop-
sies demonstrate no small myelinated fibers and decreased numbers of unmyelin-
ated fibers. Mutations in several genes have been identified as causative: WNK1, 
FAM134G, KIF1A, and SCN9A, with the FAM134G-associated cases demonstrat-
ing the most prominent autonomic symptoms [28]. HSAN III is referred to as 
familial dysautonomia or Riley-Day Syndrome and occurs in individuals of 
Ashkenazi Jewish descent. Symptoms are present from birth, including gastrointes-
tinal dysmotility, decreased pain and temperature sensation, and cardiovascular 
instability. The size and number of neurons in the dorsal root, sympathetic and 
parasympathetic ganglia are decreased at birth and progressively decline over time. 
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Nearly half of individuals with HSAN III experience clinical crises relating to 
recurrent vomiting, blood pressure instability or cardiac dysrhythmia. Absence of 
fungiform papillae on the tongue, absence of emotionally triggered overflow tears 
after 6 months of age, absence of the axon flare response after intradermal hista-
mine injection and pupillary hypersensitivity to parasympathomimetic agents are 
findings suggestive of this diagnosis [29]. HSAN IV is also known as Congenital 
Insensitivity to Pain with Anhidrosis (CIPA) and is related to mutations in NTRK1. 
Sural nerve biopsy demonstrates a complete absence of unmyelinated axons and a 
decrease in small myelinated neurons with normal density of myelinated fibers. 
The symptoms, predictably, include anhydrosis and no response to painful stimuli 
with preserved muscle stretch reflexes and muscle strength. Mutilation of the 
tongue, lips, biting of the fingertips, recurrent bony fractures leading to joint and 
limb deformity and corneal injury are common and begin early in life [30]. HSAN 
V is clinically similar to HSAN IV with decreases in small myelinated and unmy-
elinated nerve fibers due to mutations in NGF. HSAN VI has been documented in 
one family with a mutation in DST causing severe dysautonomia with absent 
muscle stretch reflexes, weakness with contractures and severe psychomotor 
retardation [28].

Paroxysmal Extreme Pain Syndromes: A number of mutations in SCN9A cause 
loss of function for individuals who then lack pain or temperature perception [31]. 
Historically, some of these individuals have performed in the circus demonstrating 
their ability to tolerate pinsticks and other insults without pain. Other mutations in 
this gene cause gain-of-function mutations in the sodium channels which lead to 
prolonged action potentials on small sensory fibers and the subjective experience of 
prolonged sharp pain with sensory activation. Paroxysms of pelvic and rectal pain 
are amongst the most frequently described symptoms. [32].

Erythromelalgia: This clinical syndrome likely includes several different dis-
crete disorders that are unified by episodes of bright red, hot and intensely painful 
distal extremities, sometimes accompanied by edema (Fig.  19.6). Sensory nerve 

Fig. 19.6  Severe 
erythromelalgia in a 2 year 
old male. Erythema and 
hyperpathia were present 
in all four extremities in a 
length dependent fashion. 
Photograph courtesy of Dr. 
Anthony J Mancini
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conduction studies are normal but the majority of affected children demonstrate 
abnormal IEFND, QSWEAT and TST results. Some, but not all, of the children with 
this presentation have been found to have mutations in SCN9A [33]. The time course 
and symmetry differentiate this from complex regional pain syndrome.

Ehlers Danlos Syndrome: Reviews of adults with Ehlers Danlos syndrome have 
documented that the majority of patients report spontaneous pain as part of their 
symptom complex. However, recent studies have also documented that these same 
patients demonstrate a decrease in their intradermal epithelial nerve fiber density 
(IENFD) consistent with a diagnosis of small fiber peripheral neuropathy [34].

A number of other genetically determined conditions are additional, rare causes 
of small fiber neuropathy in children and young adults. These include Wilson’s dis-
ease [35, 36], Fabry’s disease [37], Pompe disease [38], and familial amyloidosis 
[39]. Quantitative pupillary responses have been shown to correlate with the sever-
ity of the PHOX2B mutation in CCHS [40].

�Acquired

One of the most frequent causes of small fiber neuropathy is glucose intolerance 
(less severe degrees of glucose intolerance, frank diabetes mellitus or metabolic syn-
drome). There are individuals who develop small fiber peripheral neuropathy with 
glucose intolerance demonstrated by a 2 hour post prandial (or 2 hour GTT) test who 
have normal hemoglobin A1c levels and no other identifiable cause of small fiber 
dysfunction [41]. In adults, a full metabolic syndrome which includes hyperlipid-
emia and obesity as well as diabetes mellitus appears to be more likely to cause 
isolated small fiber peripheral neuropathies [3]. The frequency of these disorders of 
glucose tolerance causing small fiber peripheral neuropathy has not been clearly 
identified in children; however, it has been documented that autonomic dysfunction 
is an early complication of diabetes mellitus in children and young adults [42].

Autoimmune autonomic ganglionopathy (AAG), with or without antibodies to the 
α3 subunit of the acetylcholine receptor, is an acquired disorder characterized by vari-
ous combinations of neuropathic pain, orthostatic intolerance, gastrointestinal dys-
motility and photophobia [43]. In addition to abnormalities on QSWEAT, TST, 
IENFD and HUT, a characteristic abnormality has been described on pupillometry 
[44]. With normal pupillary function, the iris remains constricted as long as a bright 
light is directed toward the eye. In AAG, the pupillary constriction fatigues if a pro-
longed (e.g., 2 second) light stimulus is directed toward the eye. Pupillometry demon-
strates “escape” or redilation of the iris while the light is still directed toward the pupil.

Other acquired causes of small fiber peripheral neuropathy in children include 
thyroid dysfunction, celiac disease [45], Sjögren’s disease [46, 47], systemic lupus 
erythematosus [48], nutritional factors including elevated pyridoxal phosphate or 
mercury or deficiencies in vitamins B1 or B12 [49], HIV/hepatitis C infections 
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[50], autoimmune impact of self-directed antibodies such as anti-Hu antibodies 
[51], and rare instances of chronic inflammatory demyelinating polyradiculoneu-
ropathy (CIDP) which are selectively directed toward antigens on small nerve 
fibers [52]. Adults with restless leg syndrome [53] and fibromyalgia [54] have 
been shown to have reduced intraepidermal nerve fiber density on skin biopsy.

Children with chronic neuropathic pain have been demonstrated to have small 
fiber dysfunction. A recent series of 41 children and adolescents with disabling, 
chronic generalized pain of undetermined cause were evaluated by Oaklander and 
Klein [55]. More than half (59%) had definite and 17% had probable small fiber 
polyneuropathy (SFPN) by objective measures. 30% of skin biopsies for intraepi-
dermal nerve fiber density, 100% of peripheral nerve biopsies, and 53% of auto-
nomic function tests were diagnostic for SFPN.  QSART was abnormal in 82%, 
HUT tests were abnormal in 75%, VR was abnormal in 42% and HRDB abnormal in 
27% of these children and adolescents with chronic generalized debilitating pain. 
An autoimmune etiology was felt likely as 61% had a history of a preceding infec-
tion, 52% had a family history of autoimmunity, 33% had prior personal history of 
autoimmune disease and two more were diagnosed with autoimmune systemic dis-
ease during the ongoing evaluation (Sjögren’s syndrome and diabetes mellitus). 
Standard motor and sensory nerve conduction studies and needle electromyography 
were noncontributory when performed.

A number of potentially neurotoxic medications, useful for treatment of other 
types of disease in children and young adults, are well-documented to cause small 
fiber peripheral neuropathy. These include chemotherapeutic agents (particularly 
platinum-based compounds), the antiretroviral agents used to treat HIV infection 
[50], statins [56], TNF inhibitor medications [57] and metronidazole [58]. There is 
a single case report of an acquired acute onset small fiber neuropathy temporally 
associated with vaccination in an adult [59].

�Conclusions

While small fiber neuropathies occur less frequently in children than adults, their 
presence can be associated with significant pain and functional limitation. The 
inability of infants and younger children to describe their symptoms and cooperate 
with focused sensory examinations makes availability of specialized diagnostic 
testing for small nerve fiber function more important. There are a number of types 
of sensory and autonomic testing, outlined in this chapter, which are tolerable by 
most children and relatively non-invasive. However, normal values for these tests 
are not always available in the same young age group where they are most valuable. 
The implementation of some of the novel techniques for evaluation of small fiber 
function, such as corneal confocal microscopy, will require collaboration with 
investigators across disciplines.
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Chapter 20
Mononeuropathies

Ioannis Karakis

�Introduction

Suspected mononeuropathies are the second most common reason for referral to the 
pediatric EMG laboratory. In a large series of 2100 pediatric studies performed in a 
single tertiary center over 11 years, polyneuropathy evaluation was consistently the 
leading indication, ranging from 29% to 35% of the requested studies per year, while 
mononeuropathy evaluations constituted 13–26% of requests per year. Similarly, 
polyneuropathy and, less frequently, mononeuropathy were the prevailing abnormal 
diagnoses, ranging together from 40 to 74% of the abnormal studies per year. Overall, 
peroneal (24%) and ulnar (22%) lesions constituted approximately half of all diag-
nosed mononeuropathies, followed by median (17%), facial (9%), sciatic (9%), 
radial (8%), tibial (4%), femoral (2%), and sural (2%) neuropathies [1] (Fig. 20.1).

Mononeuropathies are seen in childhood as well as in adulthood, but as with 
other disease categories, the presentation and distribution of specific mononeuropa-
thies is often different in children compared to adults. Akin to every other field in 
neurology, evaluation of a child presenting with mononeuropathy starts with a 
detailed history and a meticulous clinical examination. Traumatic, compressive and 
entrapment etiologies are most frequently elicited on history. The clinical examina-
tion may confirm single nerve involvement, and exclude alternative musculoskeletal 
or neurological (e.g., radiculopathy or plexopathy) mimickers. When multiple 
mononeuropathies are suspected, a quest for additional historical symptoms or clin-
ical signs for a multisystemic disease (e.g., hereditary neuropathy with liability to 
pressure palsies, vasculitis, sarcoidosis, amyloidosis, leprosy, etc.) should be per-
formed. A summary of the clinical signs and differential diagnosis of the upper and 
lower extremity mononeuropathies is provided in (Tables 20.1 and 20.2).

I. Karakis, MD, PhD, MSc, FAAN, FAANEM, FAES 
Department of Neurology, Emory University School of Medicine, Atlanta, GA, USA
e-mail: ioannis.karakis@emory.edu
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The electrodiagnostic approach to potential mononeuropathies aims to 1) 
confirm the presence of a mononeuropathy, 2) exclude alternative monomelic 
(e.g., radiculopathy or plexopathy) or polymelic (e.g., mononeuritis multiplex or 
polyneuropathy) diagnoses, 3) localize the injury site, 4) assess the chronicity of 
the lesion, 5) evaluate for nerve continuity, and 6) clarify underlying pathophysi-
ological mechanisms (demyelination vs. axonal vs. mixed) that may provide 
prognostic information. During electrodiagnostic testing, the examiner should 
remember that normative values vary significantly with age for the first five years 
of life, and that side-to-side comparisons are often helpful when potential abnor-
malities arise, given that older children and adolescents often have values that 
are perceptibly robust compared to what would be expected. A summary of the 
electrodiagnostic findings and electrodiagnostic differential diagnosis of the 
most common upper and lower extremity mononeuropathies is provided in 
Tables 20.3 and 20.4.

Prognosis is heavily dependent on the underlying etiology and the associated 
pathophysiological mechanism. With the advent of sophisticated imaging modal-
ities, such as MR neurography and ultrasound as useful adjuncts to the clinical 
and electrodiagnostic examination, surgical exploration is saved nowadays for 
unclarified cases without recovery portending significant disability. Overall, 
neurapraxic lesions (i.e., segmental demyelination) are associated with auspi-
cious recovery potential, while axonotmetic (i.e., axonal damage with intact epi-
neurium) and especially neurotmetic (i.e., loss of any nerve continuity) lesions 
carry a grimmer prognosis, unless surgical repair is attempted in a timely fashion 
[2]. Physical therapy to prevent joint contractures and occupational therapy to 
improve function, use of splints and analgesia are also important during recu-
peration [3].

The following chapter reviews the electrodiagnostic approach for potential pedi-
atric mononeuropathies. Additional information on the neuromuscular aspect of 
mononeuropathies in children is available in other textbooks [4, 5].
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�Upper Extremity Mononeuropathies

�Median Nerve

�Anatomy

The median nerve is formed from the union of portions of the lateral and medial cord 
in the brachial plexus. The lateral cord is derived from the C5–C6 nerve root fibers 
from the upper trunk and C7 nerve root fibers from the middle trunk and serves pre-
dominantly sensory and proximal motor functions. The medial cord is derived 
from C8–T1 nerve root fibers through the lower trunk and serves exclusively motor 
functions. The nerve does not innervate any muscles in the upper arm, which can 
present challenges for precise localization in proximal medial neuropathies. In the 
forearm the nerve innervates the pronator teres (C6–C7), flexor carpi radialis (C6–
C7), palmaris longus (C7–T1), and flexor digitorum superficialis (C7–C8). In the 
forearm the anterior interosseous nerve branches off the main stem of the median 
nerve, providing exclusively motor innervation to the lateral head of the flexor digi-
torum profundus (C7–C8), flexor pollicis longus (C7–C8), and pronator quadratus 
(C7–C8). The remainder of the median nerve enters the wrist through the carpal tun-
nel, with the palmar cutaneous nerve branching off proximal to the carpal tunnel. It 
then provides sensation to the palmar surface of the first three digits and half of the 
fourth digit along with the dorsum of their distal phalanges, as well as motor input to 
the first two lumbricals (C8–T1), the abductor pollicis brevis (C8–T1), the opponens 
pollicis (C8–T1), and the superficial head of the flexor pollicis brevis (C8–T1).

�Etiology

Traumatic causes, typically from elbow fractures, lacerations or medical proce-
dures, are the leading culprits for proximal medial neuropathies. Entrapment from 
the fibromuscular bands such as lacertum fibrosus, the ligament of Struthers, bicipi-
tal aponeurosis, hypertrophied heads of pronator teres muscle and the sublimis 
bridge of the flexor digitorum superficialis, as well as compression from soft tissue 
or bone tumors have also been reported [6]. Additionally, the anterior interosseous 
branch can be selectively affected from idiopathic brachial plexitis [7]. Distal 
median neuropathies (a.k.a. carpal tunnel syndrome) are rare in children. Metabolic 
(e.g., mucopolysaccharidoses), genetic (e.g., familial carpal tunnel syndrome or 
hereditary neuropathy with liability to pressure palsies) and mechanical (e.g., sport 
trauma, arthritis, tenosynovitis, macrodactyly, hemophilia, tumors) disorders con-
stitute the main etiologies for carpal tunnel syndrome in children [8–10].

�Clinical Evaluation

In infants and young children or in older children with cognitive difficulties related 
to inborn errors of metabolism, sensory complaints are hard to tease out. When 
present, they conform to the palmar surface of the first three and a half digits, and in 
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proximal cases, also to the thenar eminence. Subtle symptoms such as clumsiness, 
nocturnal waking, and nibbling of the fingers should be noted. Examination will 
typically reveal atrophy and weakness in the thenar eminence (“simian hand”), and 
in proximal lesions, also of the median-innervated finger flexors (“benediction 
hand”) [4]. Tinel’s and/or Phalen’s signs may be present, though notoriously fraught 
by variable sensitivity and specificity, especially in childhood [10]. In anterior inter-
osseous neuropathies, the inability to make a round “O” with the thumb and index 
finger is a classic sign (Table 20.1).

�Electrophysiologic Evaluation

Nerve conduction studies should include SNAP recording either from one of the 
median-innervated digits (typically the second, though in infants the middle finger is 
sometimes used), CMAP recording from the thenar eminence, and needle examination 
of distal and proximal median innervated muscles. In mild carpal tunnel syndrome 
cases, the only abnormalities detected may be sensory findings, starting with peak 
latency prolongation, or median to ulnar or median to radial comparison studies. In 
more severe cases, amplitude reduction of the median sensory study and similar abnor-
malities in the median motor studies are present. In young children, normal values for 
distal latencies cannot be used due to the difficulty of standardizing distances between 
the stimulating and the recording electrodes, thus nerve conduction velocities are 
important values to calculate, when applicable. For proximal median neuropathies, sen-
sory and motor median amplitudes may be reduced with stimulation above the area of 
compression, in conjunction with normal distal latencies and reduced conduction veloc-
ity at the forearm. In contrast, nerve conduction studies are typically normal in pure 
anterior interosseous neuropathies. Needle examination can be very helpful in localiz-
ing the lesion. In demyelinating lesions affecting the motor fibers, only reduced recruit-
ment is seen, while in cases involving axonal damage, signs of denervation and/or 
reinnervation should be observed. The possibility of congenital thenar hypoplasia 
should be remembered. For this benign diagnosis, electrophysiologic testing only shows 
a reduced CMAP in the abductor pollicis brevis with normal sensory NCS and needle 
exam [11]. When sensory symptoms predominate, the differential diagnosis also 
includes a middle trunk brachial plexopathy and C6–C7 radiculopathy. When motor 
complaints dominate the clinical picture, the differential diagnosis of median neuropa-
thy also includes a medial cord/lower trunk plexopathy (e.g., thoracic outlet syndrome) 
and C8–T1 radiculopathy (Table 20.3). Thus, testing of the ulnar and radial SNAPs, as 
well the ulnar CMAP recording abductor digiti minimi is important, in addition to nee-
dle examination of non-median C6–C7 (e.g., triceps) and C8–T1 (e.g., first dorsal inter-
osseous) muscles. Finally, NCS and needle EMG results should be evaluated with 
caution when a Martin-Gruber anastomosis is present, both in distal (e.g., positive dip 
in median CMAP studies with proximal stimulation along with artificially increased 
conduction velocity at the forearm), as well as in proximal (e.g., abnormalities may be 
detected in aberrantly innervated distal ulnar muscles) median neuropathies. The clini-
cal and electrodiagnostic findings may require further investigations to pinpoint the 
underlying cause (e.g., imaging, metabolic or genetic screening, etc.).
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�Treatment and Prognosis

Management and prognosis rely heavily on the nature and degree of the underlying 
insult. Demyelinating lesions and axonal lesions with preserved continuity carry a 
better prognosis. In such cases, conservative measures with avoidance of aggravat-
ing activities, orthoses and steroid injections are typically recommended first. In 
more severe cases, surgical decompression and repair may be required [10]. In the 
setting of mucopolysaccharidoses, surgical release of carpal tunnel syndrome has 
been documented to be beneficial [12, 13].

�Ulnar Nerve

�Anatomy

The ulnar nerve is derived from nerve fibers of the C8 and T1 roots descending 
down the brachial plexus through the lower trunk and medial cord. Similar to the 
median nerve, it does not innervate muscles in the upper arm, rendering precise 
localization of proximal lesions challenging. After traveling through the epicondy-
lar groove and subsequently the cubital tunnel, it enters the forearm, where it 
innervates the flexor carpi ulnaris (C8–T1) and the medial head of the flexor digi-
torum profundus (C8–T1). In a minority of people, anastomotic ulnar fibers des-
tined for various ulnar innervated intrinsic hand muscles travel down the humerus 
within the median nerve, before crossing over the ulnar nerve above the wrist 
(Martin-Gruber anastomosis). Prior to reaching the palm, it provides cutaneous 
innervation in the dorsum of the medial hand and the last one and a half digits 
through the dorsal ulnar cutaneous branch. At the wrist, the nerve passes through 
Guyon’s canal, where it diverges into a superficial and a deep palmar branch. The 
former branch is predominantly sensory, providing sensation to the last one and a 
half digits, aside from motor input to the palmaris brevis muscle (C8–T1). The lat-
ter is exclusively motor, innervating the hypothenar muscles (abductor digiti min-
imi, opponens digiti minimi and flexor digiti minimi) and then loops around the 
palm innervating the third and fourth lumbricals, as well as  all the interossei, 
before terminating at the thenar eminence (adductor pollicis and deep head of 
flexor pollicis brevis) (all C8–T1).

�Etiology

In contrast to the adult population where it ranks second to median neuropathy, 
ulnar neuropathy is the most common upper extremity mononeuropathy in child-
hood and adolescence [1]. The most common causes include trauma (elbow frac-
tures or dislocations, lacerations, repetitive elbow movements), entrapment (cubital 
tunnel syndrome), compression (chair arm rests or bicycle handles, compartment 
syndrome and hematoma) and neural tumors [4, 14].
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�Clinical Evaluation

When present, sensory complaints localize to the fifth digit. In proximal ulnar neu-
ropathies, sensation at the dorsum of the medial side of the hand is also affected. 
Weakness and atrophy universally involves the ulnar-innervated intrinsic hand mus-
cles, though to variable degrees depending on the location of the lesion. In advanced 
cases, hand clawing may develop. For proximal ulnar neuropathies, there is also 
weakness in medial wrist flexion and flexion of the last phalanges of the last two 
digits, leading to less prominent hand clawing. There may be an inability to hold a 
piece of paper between the first and second digits without needing to flex the last 
phalanx of the thumb (Froment sign) or an inability to hold the last two digits 
together (Wartenberg sign). A Tinel’s sign at the cubital tunnel may be present in 
compressive cases in that region (Table 20.1).

�Electrophysiologic Evaluation

Nerve conduction studies of the ulnar SNAP to digit V and the dorsal ulnar cutane-
ous nerve should be performed, as well as motor nerve conduction studies of the 
FDI and the ADM; some younger children and most older children will tolerate all 
of this testing well, while a few who are anxious and cannot be easily soothed may 
end up with studies restricted to a digit V SNAP and motor study recording ADM. In 
distal ulnar neuropathies at Guyon’s canal, the dorsal ulnar cutaneous SNAP and 
occasionally the digit V SNAP are spared (pure motor distal ulnar neuropathy). In 
other cases, an abnormal digit V SNAP may be the only evidence of a distal ulnar 
neuropathy restricted to the superficial branch (pure sensory distal ulnar neuropa-
thy). When the motor branches are affected, the FDI CMAP is typically abnormal, 
whereas the ADM CMAP may be spared, depending on how distal the lesion is. In 
proximal ulnar neuropathies, there is usually conduction slowing with or without 
conduction block across the elbow, that can be further substantiated with inching 
studies. Proper and stable positioning of the elbow in a flexed position is paramount 
to avoid erroneous results, thus such meticulous testing may not be practical to per-
form in an anxious child. Distal sensory and motor potentials may be spared in 
purely demyelinating or hyperacute lesions, but are usually affected in axonal and 
mixed lesions. It is important to remember that an amplitude drop at the forearm 
may be due to a Martin-Gruber anastomosis rather than a true conduction block. 
When the question of a Martin-Gruber anastomosis arises, stimulation of the median 
nerve at the antecubital fossa while recording from the aberrantly innervated distal 
ulnar muscles can resolve the question.

Needle examination should include at least one proximal and one distal ulnar 
innervated muscle, in addition to non-ulnar innervated C8–T1 muscles. The differ-
ential diagnosis of an ulnar neuropathy typically includes a medial cord/lower trunk 
brachial plexopathy and a C8–T1 radiculopathy (Table  20.3). When the electro-
myographer is faced with an anxious child who may not tolerate examination of 
more than a handful of muscles, clinical information such as the location of a 
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fracture or other traumatic lesion helps prioritize which muscles are most important 
to examine.

In the largest study of 49 children and adolescents published to date [15], sensory 
loss at digit V was the most common complaint (89%). The predominant localiza-
tion was at the elbow (55%), followed by the forearm (23%) and humerus (14%). In 
ulnar neuropathies localized at the elbow, slowing was seen in about half of the 
cases, while conduction block was seen in a quarter. In all cases, diminished ulnar 
SNAP was the most common abnormality (71%), dorsal ulnar cutaneous SNAP was 
reduced in 55% and first dorsal interosseous CMAP was reduced half of the time. 
There was high correlation between ulnar SNAP median axon loss estimate with 
median axon loss estimate in the dorsal ulnar cutaneous SNAP and ADM and FDI 
CMAPs. Neurogenic changes were seen in the ADM and FDI in almost 79% and 
77% of the cases, as opposed to the FCU in 25% and the FDP IV in 35% of the 
cases. In proximal localizations, intrinsic hand muscles were more affected than 
proximal ulnar muscles in 52% of cases. Pathophysiology was demyelinating in 
27%, axonal in 59% and mixed in 14%. There is therefore frequent axonal and fas-
cicular injury in pediatric ulnar neuropathy, similar to adults [16]. In proximal axo-
nal lesions, sensory and motor fibers to distal muscles are predominantly affected, 
whereas in demyelinating lesions, slowing occurs twice as commonly as conduction 
block.

�Treatment and Prognosis

Treatment varies from splinting and avoidance of aggravating factors in mild com-
pressive cases, to decompression in severe entrapment cases and grafting when the 
nerve has been transected. Simple decompression is very effective, while neurolysis 
often leads to improvement [17]. As with other nerve injuries, recovery tends to be 
better with atraumatic or mildly traumatic insults to the ulnar nerve [14].

�Radial Nerve

�Anatomy

The radial nerve is one of the two terminal branches of the posterior cord of the bra-
chial plexus, carrying nerve fibers from the C5–C8 nerve roots. In contrast to the 
median and ulnar nerves, it provides branches along its course and innervates mus-
cles in the humerus. Proximal to the spiral groove, the posterior cutaneous nerve of 
the arm, motor branches to the triceps (C6–C8) and the anconeus (C6–C8), and the 
posterior cutaneous nerve of the forearm all branch off. Distal to spiral groove and 
before entering the elbow, it innervates the brachioradialis (C5–C6) and extensor 
carpi radialis longus (C5–C6). It then bifurcates into the superficial radial nerve that 
will provide sensation to the dorsum of the lateral hand and the first three and a half 
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digits, and the predominantly motor posterior interosseous nerve. The latter enters the 
forearm through the arcade of Frohse of the supinator muscle (C6–C7) and, in addi-
tion to that muscle, it innervates sequentially the extensor carpi radialis brevis (C5–
C7), the extensor digitorum communis (C7–C8), the extensor digiti minimi (C7–C8), 
the extensor carpi ulnaris (C7–C8), the abductor pollicis longus (C7–C8), the exten-
sor pollicis brevis (C7–C8) and the extensor indicis proprius (EIP) (C7–C8).

�Etiology

Radial mononeuropathies are the second most common upper extremity mononeu-
ropathy in children. Once again, traumatic causes (fractures, injections, lacerations) 
predominate followed by compression (perioperative positioning, compartment 
syndrome and hematoma) and neural tumors [4, 18, 19].

�Clinical Evaluation

The cardinal feature of a radial neuropathy is difficulty extending the fingers with or 
without concomitant wrist drop. In posterior interosseous lesions, there is partial 
preservation of wrist extension, typically with radial deviation, accounting for spar-
ing of the extensor carpi radialis longus. In such occasions, sensation in the dorsum 
of the hand is unaffected. More proximal severe lesions are associated with sensory 
deficits in the dorsum of the hand along with complete wrist drop/finger drop. 
Concomitant brachioradialis weakness suggests a lesion at the spiral groove, while 
concomitant triceps weakness suggests a lesion at the axilla. Examination of other 
major nerves of the upper extremity to exclude a brachial plexopathy or cervical 
radiculopathy should be performed carefully while the affected wrist is passively 
hyperextended; other nerves may artifactually appear to be affected when examined 
with the affected wrist in a dropped position. A Tinel’s sign at a site of blunt trau-
matic injury may be present (Table 20.1).

�Electrophysiologic Evaluation

In addition to routine nerve conduction studies in the ulnar and median nerves, the 
radial sensory response and the radial motor response to EIP with stimulation up to 
the axilla should be evaluated. Needle EMG should include posterior interosseous 
nerve muscles (e.g., finger or wrist extensors) in addition to muscles innervated by 
branches that originate below (e.g., brachioradialis) and above (e.g., triceps) the 
spiral groove. In a posterior interosseous neuropathy, the superficial sensory 
response remains intact, but the radial motor response to the EIP is impaired, with 
sparing of radial-innervated muscles above the elbow. In more proximal lesions 
with at least partial axonal involvement, the superficial sensory response and motor 
response are both affected, commonly with a superimposed conduction block 
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observed with stimulation below and above the injury site. Needle examination for 
lesions at or below the spiral groove in the upper arm spares the triceps, but affects 
the brachioradialis. For more proximal lesions, a posterior cord brachial plexopathy 
should be excluded by sampling axillary nerve muscles (e.g., deltoid or teres minor) 
and a middle trunk/C6–7 radiculopathy must be excluded by testing non-radial C6–
C7 innervated muscles (e.g., flexor carpi radialis) (Table 20.3).

In the largest pediatric study published to-date, radial neuropathy localized to the 
proximal main radial nerve in 13%, distal main radial nerve trunk in 56% and pos-
terior interosseous nerve in 31% of affected children in the cohort [18].

�Treatment and Prognosis

Treatment depends on the etiology, severity, pathophysiology and chronicity and ranges 
from conservative measures to surgical exploration and repair. Prognosis in children 
with radial mononeuropathies is also dependent on the aforementioned factors. In the 
previously published series, radial neuropathy generally had a favorable prognosis in 
both neonates [20] and children [21]. Typically the convalescent period lasted 
6–12 weeks for demyelinating lesions and up to 17 months for axonal injuries [18].

�Other Upper Extremity Nerves

�Axillary Nerve

Along with the radial nerve, the axillary nerve is the second terminal branch of the 
posterior cord of the brachial plexus. It runs in close proximity to the humeral head 
and provides sensory innervation to the lateral shoulder and motor innervation to the 
deltoid (C5–C6) and teres minor (C5–C6) muscles. Thus, injury of this nerve results 
in a patch of numbness at the lateral shoulder along with weakness in shoulder 
abduction and external rotation (Table 20.1). In children this nerve is usually injured 
in the setting of shoulder joint trauma [22]. Neurodiagnostic evaluation typically 
focuses on the affected muscles and muscles that may help exclude mimickers (e.g., 
upper trunk plexopathy or C5–C6 radiculopathy) (Table 20.3).

�Long Thoracic Nerve

The long thoracic nerve originates from the C5–C7 cervical nerve roots prior to their 
merging into the brachial plexus. It innervates the anterior serratus muscle (C5–C7), 
participating in shoulder blade stabilization. Therefore, injury to that nerve manifests 
with scapular winging that becomes more evident during anterior flexion of the arm 
(Table 20.3). Most cases in children are traumatic in origin, [21, 23] but it can also 
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represent a form fruste of brachial neuritis. Needle examination of the serratus ante-
rior should be performed with caution due to the risk of pneumothorax, and should 
not be attempted at all in an anxious or uncooperative child. It should be remembered 
that scapular winging may occur in some myopathies such as facioscapulohumeral 
muscular dystrophy, and that this muscular dystrophy may be initially asymmetric 
and can also be associated with a normal serum creatine kinase level.

�Musculocutaneous Nerve

The musculocutaneous nerve is derived from the lateral cord of the brachial plexus. 
After providing innervation to the coracobrachialis, brachialis and biceps (all inner-
vated at C5–C6), it continues in the lateral forearm as a sensory nerve. Its damage 
results in weakness of arm and elbow flexion, hand supination in a flexed elbow posi-
tion, numbness in the lateral forearm and a reduced biceps jerk. (Table 20.1) In the 
pediatric population, most causes are traumatic, [21, 24] though it can also be affected 
in cases of brachial plexitis. Electrophysiologic testing includes nerve conduction 
studies of bilateral lateral antebrachial cutaneous responses and needle examination 
of the biceps. The possibility of a C5–C6 radiculopathy, upper trunk or lateral cord 
plexopathy needs to be clinically and electrodiagnostically excluded (Table 20.3).

�Suprascapular Nerve

The suprascapular nerve is composed of C5–C6 nerve fibers that branch off the 
upper trunk of the brachial plexus to innervate the supraspinatus and infraspinatus 
muscles. When injured, this nerve results in shoulder abduction and external rota-
tion weakness (Table  20.1). Suprascapular neuropathies are usually of traumatic 
etiology and can occur proximally, at the level of the suprascapular notch, [25] lead-
ing to needle EMG abnormalities in both supra-and infraspinatus muscles (both 
C5–C6), or more distally, at the level of the spinoglenoid notch, [26] leading to 
needle EMG abnormalities only at the infraspinatus muscle. It can also be the initial 
manifestation of brachial plexitis (Parsonage-Turner syndrome). Caution should be 
exerted with testing of that muscle to avoid misinterpretation of the results due to 
the presence of the overlying trapezius muscle. Differential diagnosis includes an 
upper trunk plexopathy or C5–C6 radiculopathy (Table 20.3).

�Accessory Nerve

The spinal root of the accessory nerve is derived from anterior horn cells at C3–C4 
and enters the skull through the foramen magnum. After it unites with the cranial 
root that arises from the medulla, they both exit the skull through the jugular 
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foramen and innervate first the sternocleidomastoid muscle and subsequently the 
trapezius muscle (both C3–C4). Damage to that nerve causes inability to turn the 
head to the contralateral side, and inability with ipsilateral shoulder shrug, along 
with scapular winging upon arm abduction. (Table  20.1) As in adults, traumatic 
lesions from medical procedures at the neck (e.g., lymph node biopsy, radical resec-
tion) constitute the prevailing culprits [27, 28]. NCS can be obtained by stimulating 
Erb’s point and recording from the upper portion of the trapezius and should be 
always compared with the contralateral side; however, stimulation of Erb’s point is 
often painful and should only be attempted in children who are cooperative and not 
upset. Needle examination should include sampling of the sternocleidomastoid and 
trapezius muscles, along with other muscles that can cause scapular instability 
(Table 20.3).

�Phrenic Nerve

The phrenic nerve is formed from the ventral rami of the C3–C5 nerve roots. It fol-
lows a long route down the neck and the thorax before innervating the diaphragm 
(C3–C5) and providing sensory input to the pleura, pericardium and diaphragmatic 
peritoneum. It can be damaged from any lesion along that protracted course, proxi-
mally in the anterior horn cells, as an incipient sign of brachial plexitis or as part of 
more widespread acquired [29] or inherited polyneuropathy [30]. Unilateral lesions 
are usually asymptomatic. In some cases, clinical examination may reveal mild dys-
pnea, particularly upon recumbency, accessory respiratory muscle use, and para-
doxical movement of the abdominal wall with inspiration (Table 20.1). NCS can be 
obtained by stimulating Erb’s point and recording from the lower part of the ribcage 
and should be always compared with the contralateral side; as noted above, stimula-
tion of Erb’s point is often painful and should be performed selectively in children. 
Needle examination of the diaphragm is possible but caution should be exerted to 
avoid pneumothorax. A “sniff” test under fluoroscopy can confirm the presence of a 
phrenic nerve lesion, and imaging along the course of the nerve may provide addi-
tional information about the cause.

�Lower Extremity Mononeuropathies

�Sciatic Nerve

�Anatomy

The sciatic nerve is formed from the anterior rami of the L4–S2 nerve roots through 
the lumbosacral plexus. It passes beneath the gluteus maximus muscle and emerges 
from the pelvis through the sciatic notch, underneath the piriformis muscle, along 
with the inferior gluteal artery, its major blood supplier. As it descends in the 
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posterior thigh it provides innervation to the semitendinosus (L4–S2), semimem-
branosus (L4–S2), adductor magnus and the long and short head of the biceps 
femoris (L4–S2). All these muscles, aside from the short head of the biceps femo-
ris, are innervated by the tibial division of the sciatic nerve. The peroneal division 
lies more laterally and superficially, has limited supportive tissue and is more taut, 
rendering it more susceptible to compression and/or traction injury [31]. Thus, an 
injury to the sciatic nerve may at times mimic a peroneal neuropathy, making it 
important to examine a number of relevant muscles during needle EMG to help 
confirm the location of the lesion. The two divisions of the sciatic nerve separate 
just above the popliteal fossa into the tibial and the common peroneal nerve, with 
the exception of 10% of individuals, where this segregation can occur more proxi-
mally in the thigh.

�Etiology

The most common injury to the sciatic nerve is related to trauma from pelvic, hip or 
femoral fractures, penetrating injuries including intramuscular injections to the glu-
teus maximus, crush injuries and lacerations. Compression from prolonged immo-
bilization, lithotomy position for perineal surgical exploration, fibroids, 
endometriosis, and calcifications constitutes an additional pathogenetic mechanism. 
Individuals with hereditary neuropathy with liability to pressure palsies (HNPP) are 
also at risk of sciatic nerve injury with relatively minor trauma. Traction during 
delivery or orthopedic procedures has also been described. Ischemic insult to the 
nerve has been reported with umbilical artery catheterization, iliac artery aneurysms 
and arteriovenous malformations, congenital vascular anomalies and meningococ-
cemia. Neoplastic (neurofibroma, neuroblastoma, perineurioma, rhabdomyoma, 
bone and lymphoproliferative tumors) as well as postviral etiologies can occur [4, 
21, 32, 33]. Piriformis syndrome has been reported in children but is quite rare [34]. 
Occasionally, no cause is identified [35].

�Clinical Evaluation

Patients with sciatic injury present with weakness in foot/toe dorsiflexion and foot 
eversion (peroneal division), as well as foot/toe plantar flexion and foot inversion 
(tibial division). However, predominant impairment of the peroneal division is a 
frequent occurrence, mimicking at first glance a peroneal neuropathy. Thus, it is 
important to seek subtle signs of tibial nerve involvement. Additionally, for proxi-
mal lesions the hamstrings are affected leading to knee flexion weakness. It is para-
mount to confirm sparing of hip abduction and extension to exclude concomitant 
involvement of the gluteii muscles that would be seen in more proximal lesions that 
may mimic sciatic neuropathy, such as lumbosacral plexopathies and radiculopa-
thies. Sensory examination should reveal deficits, including painful dysesthesias, in 
both the dorsal and plantar surfaces of the foot (Table 20.2).
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�Electrophysiologic Evaluation

Electrophysiologic evaluation should include testing of both peroneal and tibial 
motor responses, as well as superficial peroneal and sural sensory responses, which 
are all typically affected. Common peroneal F waves, tibial F waves, and tibial H 
reflexes are also classically impaired, though these late responses may not always be 
practical to obtain in young children, especially H reflexes. Needle examination 
reveals abnormalities both in peroneal and tibial innervated muscles. Ideally, a 
broad selection of muscles in both territories should be examined, but children may 
sometimes tolerate only a handful of needle examinations; thus, the bare minimum 
would be examination of at least one muscle, preferably two, from each branch. The 
hamstrings should be affected, at times more prominently in the short head of the 
biceps femoris that receives peroneal fibers. Sampling of that muscle is important 
on rare occasions where the peroneal division is exclusively affected within the 
sciatic nerve. In that case, the tibial motor responses and sural sensory response will 
be largely or completely spared and the peroneal motor response would be univer-
sally reduced without conduction block or slowing across the fibular head [31]. 
Occasionally the adductors may reveal neurogenic changes due to the dual innerva-
tion of adductor magnus from sciatic and obturator nerves [31]. Quadriceps, tensor 
fascia latae and gluteii muscles should be spared, unless the culprit is a lumbosacral 
plexopathy or polyradiculopathies, with additional involvement of the respective 
paraspinal muscles in the last case scenario (Table 20.4).

In the largest study of 51 pediatric patients with sciatic neuropathies published to 
date, abnormalities in motor conduction studies were seen in 44/53 (83%) of the cases 
in the peroneal nerve, as opposed to 35/51 (67%) of the cases in the tibial nerve. 
Abnormalities in sensory conduction studies were recorded in 34/43 (79%) of the cases 
in the sural nerve and in 15/25 (60%) of the cases in the superficial peroneal nerve. 
Needle EMG was abnormal in peroneal innervated muscles in all subjects, in tibial 
nerve innervated muscles in 43/51 (84%), and in the hamstrings in 18/29 (62%) [32].

�Treatment and Prognosis

Prognosis for recovery is variable and depends on the etiology, pathophysiology and 
severity of the injury [32, 33].

�Common Peroneal Nerve

�Anatomy

The peroneal (also known as the fibular) nerve is one of the two terminal branches 
of the sciatic nerve, deriving its innervation from the anterior rami of the L4, L5, 
and to a lesser extent, the S1 nerve roots. Along its course within the sciatic nerve, 
the peroneal fibers are situated more laterally and superficially, rendering them 
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more susceptible to injury compared to their tibial counterparts. After providing a 
branch to the short head of the biceps femoris (L5–S1) at the thigh, the peroneal 
division diverges from the tibial division just above the popliteal fossa. The com-
mon peroneal nerve then wraps around the fibular head, separating into the deep 
peroneal and the superficial peroneal nerves. The deep peroneal nerve innervates 
muscles in the anterior compartment of the foreleg [tibialis anterior (L4–L5), exten-
sor digitorum longus (L4–L5), extensor hallucis longus (L4–S1), peroneus tertius 
(L4–S1)], as well as the extensor digitorum brevis (L5–S1) intrinsic foot muscles. 
The deep peroneal nerve also carries sensory input from the web space between the 
first two toes. The superficial peroneal nerve supplies the lateral compartment of the 
foreleg [peroneus longus and brevis (L5–S1)], providing sensation to the lateral calf 
and the dorsum of the foot. In 10–15% of the population, an accessory branch 
branches off the superficial peroneal nerve and participates in the innervation of the 
extensor digitorum brevis after passing behind the lateral malleolus.

�Etiology

The majority of the cases are due to injury of the nerve fibers at the fibular head. The 
most common etiologies include compression (e.g., from habitual leg crossing, 
orthopedic appliances, synovial or intraneural ganglion cysts, compartment syn-
drome), entrapment (e.g., myofascial bands), trauma (e.g., lacerations, fibular head 
fractures), neoplasms (e.g., schwannoma, perineuroma, osteochondroma, etc.), sys-
temic disease (e.g., vasculitis, diabetes, leprosy or HNPP) and abrupt weight loss 
[35]. Some cases are idiopathic. In neonates, peroneal neuropathy has been associ-
ated with stretch injury from breech presentation, intrauterine compression, umbili-
cal artery catheterization and compartment syndrome from iatrogenic local 
infiltration of intravenous fluids and/or medications [4, 21, 36].

�Clinical Evaluation

The hallmark of a peroneal neuropathy is weakness in foot dorsiflexion and ever-
sion. That is in contrast to a sciatic neuropathy, where foot inversion and plantar 
flexion, as well as knee flexion, would be at least partially affected, and an L5 radic-
ulopathy, where foot inversion, hip internal rotation and hip abduction would be also 
affected. Examination of the other major nerves of the lower extremity should be 
performed carefully upon passive hyperextension of the dropped foot. Numbness 
and pain may be reported by older children on the dorsum of the foot. A Tinel’s sign 
at the most common site of insult, the fibular head, may be present (Table 20.2).

�Electrophysiologic Evaluation

Nerve conduction studies should include evaluation of the superficial peroneal and 
sural sensory responses, the peroneal (recording from both the extensor digitorum 
brevis and the tibialis anterior muscles) and the tibial motor responses. The peroneal 
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responses are typically impaired, while the tibial are spared. That can be corrobo-
rated with testing of respective late responses when tolerated by the child, in which 
case the peroneal F responses may be affected, while the tibial F and H responses 
remain normal (H reflexes are often not well-tolerated in young children). The nee-
dle examination would ideally include at least a deep peroneal-innervated muscle, 
one superficial peroneal-innervated muscle, a tibial-innervated muscle (e.g., gas-
trocnemius) but especially one non-peroneal muscle innervated by the L5 nerve root 
(e.g., tibialis posterior, the short head of the biceps femoris, tensor fascia latae, 
gluteus medius, and L5 paraspinals). However, examination of a complete  list of 
muscles is often not practical in a young child. Thus, it is crucial to obtain a brief 
history and physical examination to determine what muscles would have the highest 
diagnostic value, and examine them in order of priority, in case the examination 
needs to be terminated prematurely. In a peroneal neuropathy at the fibular head, the 
peroneal muscles classically demonstrate variable degrees of neurogenic changes, 
while the others remain unaffected. If the peroneal injury is more proximal, the 
short head of the biceps femoris is also affected. The differential electrodiagnosis of 
a peroneal neuropathy includes a peroneal division predominant sciatic neuropathy, 
a lumbosacral plexopathy and an L5 radiculopathy [4] (Table 20.4).

As in adults, [37] there are diverse clinical and electrophysiologic presentations 
of common peroneal neuropathies in children, accounting for variable involvement 
of the deep and superficial peroneal fascicles: 1) common peroneal neuropathies 
with axonal loss; 2) common peroneal neuropathies with conduction block; 3) com-
mon peroneal neuropathies with mixed axonal loss and conduction block; and 4) 
isolated deep peroneal neuropathy [36, 38, 39]. In a large study of 53 children and 
adolescents with common peroneal neuropathy tested in a tertiary center, conduc-
tion block at the fibular head was present in 35% of cases and deep peroneal axonal 
loss in 77%, while superficial peroneal axonal loss was identified in 45%. The 
pathophysiology was predominantly axonal in 72%, mostly demyelinating in 6%, 
and mixed in 22%. Given though that the mean disease duration was >6 months in 
2/3 of these cases and that the subjects were ascertained at a tertiary care pediatric 
hospital, it is possible that mild demyelinating lesions were under-represented in 
this cohort. Predominantly demyelinating lesions at the fibular head demonstrated 
sparing of the superficial peroneal sensory nerve, while predominantly axonal 
lesions showed a moderate correlation between superficial and deep peroneal axo-
nal loss [36].

�Treatment and Prognosis

Prognosis of peroneal neuropathies is variable and is largely dependent on the 
underlying etiology and the pathophysiology of the acquired damage. Prompt rever-
sal of the igniting cause and the presence of a demyelinating lesion carry better 
prognoses, while significant axonal damage resulting in absent or low extensor digi-
torum brevis motor responses are associated with poor prognosis [38]. In cases 
where surgical repair is indicated, that should be attempted within 3–4 months of 
acute nerve injury. When improvement is not achieved, tendon transfers may help 
re-establish foot dorsiflexion [4].
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�Tibial Nerve

�Anatomy

The tibial nerve is derived from the anterior divisions of the L5–S2 nerve roots. It 
travels down the pelvis and the thigh as an individual division within the sciatic 
nerve along with the peroneal division. At the distal thigh the tibial division bifur-
cates from the sciatic nerve. It first passes through the popliteal fossa, where the 
sural nerve arises, with additional input from a communicating branch from the 
peroneal nerve. The tibial nerve then passes through the two heads of the gastrocne-
mius muscles and supplies innervation to the gastrocnemii (L5–S2), soleus (S1–
S2), tibialis posterior (L5–S1), flexor digitorum longus (L5–S1), and flexor hallucis 
longus (S1–S2) muscles of the calf. As it passes through the tarsal tunnel behind the 
medial malleolus the medial calcaneal nerve branches off to supply sensation to part 
of the sole, then the terminal tibial nerve divides into medial and lateral plantar 
nerves that innervate most of the intrinsic foot muscles (S1–S2) and sensation to 
part of the sole [5].

�Etiology

Tibial neuropathies in children are exceedingly rare [40–43]. Traumatic and entrap-
ment causes have been reported, both in the popliteal fossa as well as the ankle 
(tarsal tunnel syndrome) [43].

�Clinical Evaluation

In proximal tibial neuropathies, there is weakness and atrophy in plantar flexion of 
the toes and the foot, along with weakness in foot inversion and toe abduction. 
Painful dysesthesias in the back of the calf and the lateral and bottom (sole) surfaces 
of the foot may be reported by children who can describe their symptoms in detail. 
The ankle jerk on the affected side may be diminished or lost. In distal tibial neu-
ropathies, calf muscle strength, calf sensation, and the ankle jerk are typically 
spared. There is weakness of the intrinsic foot muscles aside from the extensor 
digitorum brevis and pain at the medial and/or lateral plantar surface. A Tinel’s sign 
may be present at the tarsal tunnel (Table 20.2).

�Electrophysiologic Evaluation

Electrophysiologic evaluation should include testing of both peroneal and tibial 
motor responses, as well as superficial peroneal and sural sensory responses. 
Additionally, for distal tibial neuropathies, evaluation of the medial and lateral plan-
tar sensory responses is indicated. Contralateral testing should be performed to 
exclude a more generalized process, such as a length dependent peripheral 
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neuropathy, and to evaluate for side to side asymmetries. Common peroneal (F) and 
tibial (F and H) late responses can also be tested when tolerated; H reflexes should 
only be attempted in awake older children and adolescents who are tolerating the 
study quite well. Needle examination should include sampling of both peroneal and 
tibial innervated muscles of the calf. For distal tibial neuropathies, evaluation of the 
medial and lateral plantar nerve muscles should be performed when tolerated, as 
well as the extensor digitorum brevis for comparison, given the frequent mild abnor-
malities seen in intrinsic foot muscles of normal patients, presumably from com-
pression due to wearing shoes. Needle examination of intrinsic foot muscles can be 
quite uncomfortable, and should only be attempted in awake pediatric patients who 
are older and are tolerating the study well up until that point.

In a proximal tibial neuropathy, the tibial CMAP is often abnormal. Depending 
on the level and intensity of the damage, the sural response may be also affected. 
The peroneal CMAP and SNAP should be spared. When examined, tibial F and H 
responses are typically prolonged or absent while the peroneal F responses are pres-
ent. Needle EMG abnormalities are confined to tibial-innervated muscles. The dif-
fential electrodiagnosis of a proximal tibial neuropathy is depicted in Table 20.4.

In a distal tibial neuropathy such as tarsal tunnel syndrome, distal latency/con-
duction velocity and often amplitudes of medial and/or lateral plantar potentials are 
impaired with normal sensory responses in more proximal nerves. The tibial CMAP 
recorded from the AH may also be affected. Similarly, tibial-innervated intrinsic 
foot muscles manifest abnormalities that are not seen in the extensor digitorum 
brevis in the foot or any of the calf muscles.

�Treatment and Prognosis

As with the other mononeuropathies, identification and reversal of the predisposing 
factor is of paramount importance and is closely linked to final outcome.

�Femoral Nerve

�Anatomy

The femoral nerve arises from the anterior rami of the L2-L4 nerve roots. The psoas 
is innervated by the spinal nerve, while the iliacus (L2-L3) is the first muscle inner-
vated by the femoral nerve. The femoral nerve then enters the thigh beneath the 
inguinal ligament through the femoral triangle providing innervation to the pectin-
eus, sartorius and quadriceps muscles (L2-L4). Two sensory branches, the anterior 
femoral cutaneous nerve and the saphenous nerve, provide cutaneous innervation to 
the anteromedial thigh and the medial foreleg and foot respectively. The lateral 
femoral cutaneous nerve arises from the L2-L3 nerve roots but branches off proxi-
mal to the formation of the femoral nerve and thus is not technically a branch of the 
femoral nerve. It innervates sensation to the lateral aspect of the thigh.
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�Etiology

Most insults occur either at the retroperitoneal pelvic space or at the inguinal liga-
ment. Pediatric femoral neuropathies have been reported in the context of periop-
erative trauma (e.g., femoral catheterization, [44] reduction of hip dysplasia, [45] 
hernia repair [46]), retroperitoneal [47] or intraneural hematomas, [48] tumors (e.g., 
neurofibroma, [49] perineurioma [50]) or without identifiable cause [35]. Meralgia 
paresthetica is caused by injury to the lateral femoral cutaneous nerve, which as 
noted above is not technically part of the femoral nerve but arises from the same 
nerve roots. Meralgia paresthetica is characterized by numbness, paresthesias, and 
pain over the lateral thigh, and is caused by various compressive injuries in the 
inguinal area, including those caused by tight clothing.

�Clinical Evaluation

The patient usually presents with inability to flex the hip and extend the knee, 
noticed primarily upon walking upstairs. When reportable, sensory abnormalities 
localize at the anterior thigh and medial foreleg and foot. When sensory loss is 
restricted to the anterolateral thigh and no weakness is evident, the possibility of 
meralgia paresthetica should be considered. When the motor branches of the femo-
ral nerve are affected, the knee jerk is dropped on the affected side. The adductors 
should be spared unless a lumbar radiculopathy or plexopathy is the culprit 
(Table 20.2).

�Electrophysiologic Evaluation

In addition to routine NCS of the affected lower extremity, evaluation of the femoral 
CMAP recording from the quadriceps and the saphenous SNAP is desirable, though 
it may be difficult to obtain these responses, especially in young children. Both 
nerves can be technically challenging to study and are not routinely evaluated; 
therefore, any abnormalities should be compared to the contralateral unaffected 
extremity. Needle EMG should reveal abnormalities in some or all femoral inner-
vated muscles, depending on the level of the injury, sparing the adductors and the 
lumbar paraspinals (Table 20.4). EMG will typically be normal in cases of meralgia 
paresthetica as the lateral femoral cutaneous nerve cannot easily be evaluated 
directly, but neurophysiological studies are often still warranted to exclude injury to 
the femoral nerve or other lumbosacral structures.

�Treatment and Prognosis

In cases of complete nerve disruption, exploration and nerve repair should be con-
sidered [51]. In partial injuries, conservative management with analgesia, physical 
therapy and clinico-electrophysiologic monitoring is recommended first, [5] unless 
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other surgical indications exist (e.g., progressive compressive lesion or hemody-
namic instability from retroperitoneal hematoma). Meralgia paresthetica often 
responds to conservative measures, including wearing looser clothing.

�Other Lower Extremity Nerves

Pediatric focal mononeuropathies have also been rarely reported in the obturator 
[52], pudendal, lateral femoral cutaneous [53–57], posterior femoral cutaneous, 
sural [58], saphenous [59], superior and inferior gluteal, iliohypogastric, ilioingui-
nal and genitofemoral nerves. Their clinical evaluation is depicted in (Table 20.2). 
Electrodiagnostic testing should aim to confirm the clinical diagnosis by stimulat-
ing and recording from the affected nerve and sampling affected muscles, and by 
investigating the pertinent differential diagnosis by testing nerves and muscles that 
share similar anatomical pathways more proximally. Unfortunately, electrophysio-
logic evaluation of many of these nerves is either technically challenging or impos-
sible due to their small caliber and location in proximity to adipose tissue, and 
therefore an accurate diagnosis is frequently dependent exclusively on clinical (his-
tory, exam and diagnostic nerve blocks) or radiological (US, MR neurography) 
grounds.
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Chapter 21
Neuromuscular Junction Disorders

Wendy K.M. Liew

Pediatric neuromuscular junction disorders are less common in children compared 
to adults, but both autoimmune and inherited subtypes of this disease category occur 
in the pediatric age group. Neuroanatomically, these can either be classified into 
presynaptic, synaptic or postsynaptic disorders. Symptoms occur when there is a 
disruption in the normal synthesis, storage, or release of acetylcholine, the micro-
anatomy of the synapse, the acetylcholinesterase enzyme, or the function of the 
acetylcholine receptor complex. The specific clinical manifestations are dependent 
on the pathophysiology and severity of the disorder. The hallmarks of neuromuscu-
lar junction disorders are weakness and fatiguability, especially with extraocular 
muscles and bulbar muscles. However, due to the rarity of the condition and the 
overlap of the major symptoms with other neuromuscular or metabolic disorders, 
making the diagnosis can be quite challenging, from first conception of the possibil-
ity to confirmatory testing, especially as several of the classic diagnostic tests have 
limitations with regard to sensitivity. It is also frequently difficult to differentiate 
these disorders from one another, especially in children. Electrodiagnostic studies 
can be a valuable tool in not only detecting the presence of a disorder involving the 
neuromuscular junction, but also differentiating the type of neuromuscular disor-
ders using a combination of nerve conduction studies, repetitive stimulation studies, 
exercise testing and needle EMG.  Single fiber EMG and stimulated single fiber 
EMG are techniques that are also valuable in these evaluations. The results can then 
aid the pediatric neurologist in selecting the appropriate serologies or genetic tests 
to help confirm a definitive diagnosis in these patients.

With respect to etiology, neuromuscular junction disorders can be divided into 
autoimmune, metabolic, toxic and congenital syndromes. The most commonly 
encountered subtypes in children are the autoimmune and congenital syndromes.
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�Physiology of a Normal Neuromuscular Junction

The neuromuscular junction forms the nerve-muscle synapse and connects the motor 
nerve axon with the skeletal muscle. Though an individual motor neuron and its primary 
axon typically innervate multiple muscle fibers, the axon will divide into a number of 
terminal branches, each of which is connected to an individual muscle fiber by a neuro-
muscular junction (NMJ). At the end of each branch is a small swelling called the ter-
minal bouton. The terminal bouton contains choline acetyltransferase (required for the 
synthesis of ACh), multiple vesicles of acetylcholine, and transmembrane voltage-gated 
calcium channels (VGCCs) that mediate the release of ACh into the synaptic cleft [1, 2].

Each synaptic vesicle in the terminal bouton contains approximately 10,000 mol-
ecules of ACh, which is defined as one quantum of ACh. The primary clusters of 
these vesicles congregate near the presynaptic membrane in close proximity to the 
voltage-gated calcium channels that mediate ACh release into the synaptic space. 
These vesicles are immediately available for release. An action potential that moves 
down the axon to the terminal bouton triggers an influx of calcium ions through the 
voltage-gated calcium channels. The calcium influx in turn triggers fusion of the 
synaptic vesicle membrane with the presynaptic membrane before the quantum of 
ACh is released into the synaptic space [1, 3, 4]. Larger quantities of vesicles (the 
“secondary” store) are located further away from the presynaptic membrane and are 
mobilized closer to the membrane as additional acetylcholine is needed. Lastly, 
there is a “reserve” store of more than 100,000 quanta of ACh and these are situated 
even more remotely, in the motor axon and cell body.

Upon release from the synaptic vesicles, ACh diffuses across the synaptic space 
to the postsynaptic membrane and binds with acetylcholine receptors (AChR), trig-
gering an influx of cations, mostly sodium ions, through channels within these recep-
tors. This leads to local depolarization that activates sodium channels located deeper 
in the junctional folds, resulting in a further influx of sodium ions that launches the 
muscle action potential, which spreads along the muscle fiber and is the immediate 
trigger for muscle fiber contraction. ACh is metabolized by acetylcholinesterase.

Neuromuscular transmission operates via an “all or none” mechanism. If the 
nerve impulse fails to induce an end plate potential above threshold, muscle fiber 
contraction will not occur. Such failure of neuromuscular transmission is known as 
“blocking” for individual muscle fibers and results in muscle weakness when a sig-
nificant number of NMJs are “blocked”.

�Approach to a Child with a Neuromuscular  
Transmission Disorder

In any child suspected of having a neuromuscular junction disorder, the electrodiag-
nostic evaluation includes routine nerve conduction studies (NCS), low frequency 
repetitive motor nerve stimulation (RNS), needle electromyography (EMG) and in 
some cases, single-fiber electromyography (SFEMG), particularly a variant known 
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as stimulated single-fiber electromyography (SSFEMG). For additional details 
regarding these techniques, please refer to Chap. 6 on repetitive nerve stimulation 
and Chap. 10 on single fiber EMG. There are practical considerations that are unique 
to the pediatric population. The repetitive stimulation studies cause more discomfort 
than standard nerve conduction studies, and young children may not be able to per-
form the exercise tasks of specific muscles that are required in some sophisticated 
repetitive nerve stimulation protocols. SFEMG and SSFEMG may also be associated 
with some discomfort, depending on the approach used. Both are more technically 
challenging in children compared to adults. Strategies to maximize the diagnostic 
yield while minimizing discomfort include performing low frequency repetitive 
stimulation at rest only, given evidence that post-exercise measurements may not 
often increase the diagnostic yield substantially, and using SSFEMG, which requires 
minimal cooperation from the child aside from lying reasonably still for a period of 
time. In the United States, specially trained child life specialists, when available, can 
help distract and soothe young children. Such approaches will often enable the exam-
iner to perform an accurate and informative series of studies without sedation or 
general anesthesia. A suggested approach to the diagnostic evaluation of children 
with suspected disorders of neuromuscular transmission is listed in Table 21.1.

Table 21.1  A protocol for the evaluation of suspected disorders of neuromuscular transmission in 
children

1.  Routine sensory and motor nerve conduction studies
  �  •  At least one upper and one lower extremity
  �  •  It is preferable to focus on symptomatic extremities
2.  Repetitive nerve stimulation
  �  •  Low frequency repetitive stimulation studies on at least 1 distal and 1 proximal site
  �  •  �In younger children with limited cooperation, focus on obtaining high-quality baseline 

studies at rest rather than being distracted by exercise testing, as the latter will usually 
lead to further declines in cooperation

  �  •  �If baseline studies do not yield a clear decrement, a cooperative child or adolescent 
should perform voluntary exercise for 1 min, which will be followed by repetitive nerve 
stimulations at 1–4 min post exercise to seek signs of decremental responses

  �  •  �If a decrement is present on either baseline or exercise testing, a cooperative child 
should perform voluntary exercise for 10 seconds, followed by repetitive nerve 
stimulation to evaluate for postexercise facilitation

3.  Needle electromyography
  �  •  Routine needle EMG in distal and proximal muscles, focusing on symptomatic muscles
  �  •  �A myopathic pattern will suggest either a presynaptic disorder of the neuromuscular 

junction or the alternative diagnosis of myopathy, depending the context of other 
findings in the study

4.  Stimulated single-fiber EMG (SSFEMG)
  �  •  �Stimulated single fiber EMG is preferred over traditional single fiber EMG studies in 

children since considerable cooperation, namely sustained muscle contraction, is 
required for the latter to be carried out

  �  •  �SSFEMG may be used as a secondary evaluation when the studies above do not yield 
sufficient diagnostic information, however some electromyographers prefer to use 
SSFEMG as a primary screen
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�Single Fiber EMG

SFEMG is the most sensitive test in detecting defects in the neuromuscular junction 
[5, 6]. A variant of this procedure, stimulated single-fiber EMG (SSFEMG), is much 
easier to perform in children compared to the traditional SFEMG approach. Details 
of this technique may be found in Chap. 10.

�Congenital Myasthenic Syndromes

Congenital myasthenic syndromes are a heterogeneous group of disorders that 
classically present at birth, but may also present later in childhood [7–10]. These 
syndromes are typically classified according to the neuroanatomical localization of 
the defect: presynaptic, synaptic, and post synaptic. Infants usually present with 
various combinations of generalized hypotonia, weakness, respiratory distress, epi-
sodic apnea, and feeding difficulties. Symptoms are often exacerbated by crying 
and feeding, with improvement after sleeping. Respiratory symptoms may be inter-
mittent, in some cases presenting as brief resolved unexplained events (BRUEs), 
previously known as acute life threatening events (ALTEs). Older children will clas-
sically present with a combination of fatiguable or fluctuating ptosis, ophthalmople-
gia, and motor difficulties caused by muscle weakness. Prenatal symptoms may 
include reduced fetal movements and polyhydramnios due to dysphagia; the former 
may result in arthrogryposis that is apparent at birth. The range of clinical presenta-
tions is broad, from severe, life-threatening disease at birth to mild symptoms with 
onset later in childhood. The differential diagnosis for the presentations at both ends 
of the spectrum is broad and there are no easily detected serum biomarkers, in con-
trast to the antibody tests available for autoimmune disorders of the neuromuscular 
junction, often leading to difficulties in pinpointing the diagnosis. Distinctive clini-
cal and electrophysiologic features may help the clinician distinguish between the 
different syndromes, as noted below.

Congenital myasthenic syndromes are caused by mutations in genes that are 
expressed at the neuromuscular junction. Such mutations disrupt the normal signaling 
that occurs between the motor axon and the muscle fiber. Mutations in CHRNE are 
responsible for more than half of the cases. Mutations in RAPSN, CHAT, COLQ, and 
DOK7 account for many of the others. As in other categories of inherited disorders 
associated with multiple genetic loci, there remain cohorts of patients who do not have 
mutations identified in the known causative genes. Table 21.2 shows a classification of 
known causative genes based on the neuroanatomical site of defect, and Table 21.3 
correlates electrophysiologic and clinical findings with specific subtypes. Postsynaptic 
CMSs are more frequent than the presynaptic or synaptic CMSs, in large part due to 
the high incidence of CHRNE mutations. The inheritance of congenital myasthenic 
syndrome is usually autosomal recessive. Less commonly, these diseases may also be 
inherited in an autosomal dominant pattern, typically a result of de novo spontaneous 
mutations.
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�Presynaptic Congenital Myasthenic Syndrome

The hallmarks of presynaptic congenital myasthenic syndrome include episodic 
apnea resulting from respiratory distress and bulbar weakness. These episodes may 
be triggered by fever or intercurrent illness. Neonatal, infantile and juvenile forms 
have been described, primarily associated with mutations in CHAT [11–13].

Low frequency repetitive nerve stimulation at 3 Hz typically results in a signifi-
cant decremental response (greater than 10%) (Fig.  21.1), though some patients 
may not manifest this classic electrophysiologic abnormality. A mild incremental 
response has also been reported in a small group of patients [12, 14].

Lambert Eaton-like congenital myasthenic syndrome is distinct from Lambert 
Eaton myasthenic syndrome in that the former is genetic in origin, albeit without 
identified mutations to date, while the latter is autoimmune in origin, as in adults. 
Both are extremely rare in childhood. The classical nerve conduction findings in 
both include a low compound muscle action potential at rest, with an incremental 
increase after high frequency repetitive stimulation or voluntary exertion [15, 16]. 
The genetic etiology of Lambert Eaton-like congenital myasthenic syndrome pre-
sumably affects the presynaptic region, though this will only be confirmed structur-
ally when genetic mutations are confirmed for this disorder.

�Synaptic Congenital Myasthenic Syndrome

Endplate acetylcholinesterase deficiency of the motor plate and abnormal laminin 
β2 chain can each cause synaptic congenital myasthenic syndrome, with the former 
being more common.

Table 21.2  Genes associated with 
congenital myasthenic syndrome

Presynaptic
 � •  CHAT

Synaptic
 � •  COLQ

 � •  LAMB2

Postsynaptic
 � •  CHRNA, CHRNB, CHRND, and CHRNE
 � •  CHRNG (this subunit is expressed exclusively 
in utero)

 � •  RAPSN

 � •  DOK7

 � •  MUSK

 � •  SCN4A

 � •  AGRIN

 � •  GFPT1

 � •  PLEC1
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Recessive mutations in COLQ cause defects in a subunit of acetylcholinesterase, 
leading to endplate acetylcholinesterase deficiency [17, 18]. Acetylcholinesterase 
hydrolyses acetylcholine after its action at the cholinergic synapse. Defective ace-
tylcholinesterase is unable to bind to acetylcholine and its receptor, leading to pro-
longed exposure of the receptor to acetylcholine. This prolonged exposure results in 
several damaging consequences at the neuromuscular junction, including desensiti-
zation of the ACh receptor to acetylcholine [19].

In laminin β2 chain congenital myasthenic syndrome caused by mutations in 
LAMB2 [20], the pathophysiology has been postulated to be an abnormal formation 
of the neuromuscular junction.

Low frequency repetitive nerve stimulation at 3 Hz usually demonstrates a dec-
remental response in the compound muscle action potential, with confirmation of 
the diagnosis by the identification of mutations in COLQ and LAMB2.

�Postsynaptic Congenital Myasthenic Syndrome

Mutations in the genes encoding the α, β, δ and ε subunits of the acetylcholine 
receptor and various proteins that interact with the acetylcholine receptor lead to 
postsynaptic defects of the neuromuscular junction. The other proteins include 
rapsyn, tyrosine kinase 7 and muscle-specific tyrosine kinase. Within this subgroup, 
there is significant heterogeneity and overlap in clinical presentations and electro-
physiologic findings [7, 11, 21].

Mutations of genes causing defects in acetylcholine receptors can be classi-
fied into two subtypes: those that reduce the expression of AChR without altering 
its kinetic properties, and those that do alter its kinetic properties. The latter may 
be further subdivided into slow channel mutations and fast channel mutations. 
Slow channel mutations increase the synaptic response to acetylcholine while 
fast channel mutations decrease the synaptic response to acetylcholine [22]. 
More recently, it has been found that certain novel subtypes of postsynaptic con-
genital myasthenic syndrome do not fall into any of these three categories, 

a

b

Fig. 21.1  At 3 Hz 
repetitive stimulation, 
presynaptic neuromuscular 
diseases may show either 
(a) no decrement or (b) a 
decrement of greater than 
10% of the compound 
motor action potential 
amplitude by the fourth 
stimulation
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including those associated with mutations in SCN4A (which encodes a sodium 
channel) [23], AGRIN (whose protein product aggregates ACh receptors) [24], 
CHRNG (which is associated with Escobar syndrome, recently confirmed to be 
caused by neuromuscular junction defects, but without ongoing postnatal weak-
ness or fatigability as CHRNG is only expressed in the fetal form of the ACh 
receptor) [25, 26]; and PLEC1 (which is associated with concomitant muscular 
dystrophy and epidermolysis bullosa) [27, 28].

For those patients with postsynaptic disorders who have ACh receptor deficiency 
without altered ACh receptor kinetics, the most common mutations occur in 
CHRNE, which encodes the ε subunit of the acetylcholine receptor; mutations have 
also been reported in such a context for CHRNB, CHRND, RAPSN, DOK7, MUSK, 
and GFPT1. The clinical phenotype of this subgroup includes hypotonia, ptosis, 
ophthalmoplegia, fatiguable weakness, dysphagia, and respiratory difficulties. 
Skeletal deformities such as arthrogryposis and/or scoliosis are usually present [7, 
11, 21]. The inheritance pattern is autosomal recessive. The primary electrophysio-
logic finding is a decremental response on low frequency repetitive stimulation, thus 
there is a not a distinct electrophysiologic signature for this subgroup.

Slow-channel CMS is an autosomal dominant disorder that is associated with 
mutations in CHRNA, CHRNB, CHRND, and CHRNE, and may present at any age 
[22, 29, 30]. Patients present with ptosis, ophthalmoplegia, neck weakness, and 
distal muscle weakness. The weakness tends to affect the upper limbs more than the 
lower limbs, and may be asymmetric after exertion [29, 31]. An electrophysiologic 
hallmark of slow-channel syndromes is a repetitive CMAP after single stimulation. 
Thus, the sweep speed should be adjusted after performing standard motor nerve 
conduction studies in children suspected of this diagnosis to seek cryptic second 
CMAPs that on first glance may not appear on the screen. In nerve conduction stud-
ies, there is a decremental response to both low and high frequency repetitive stimu-
lation, with a greater decremental response to high frequency repetitive stimulation. 
Conventional needle EMG may show a myopathic pattern [11, 32]. As slow-channel 
CMS has distinct electrophysiologic findings, patients with a suggestive pattern of 
weakness along with a dominant pattern of inheritance should have the complete 
electrophysiologic evaluation that is described, when feasible.

Fast-channel CMS is an autosomal recessive condition that is associated with 
mutations in CHRNA, CHRND, and CHRNE, and presents in infancy. Clinical signs 
include ptosis, ophthalmoplegia, dysphagia, and muscle weakness [21, 31]. Repetitive 
stimulation studies demonstrate a decremental response, which improves with voli-
tional muscle contractions [22, 31]. When it is feasible to stimulate voluntary con-
tractions in patients under examination, it is worth re-checking repetitive stimulation 
studies after volitional movement in an attempt to find signs of fast-channel CMS.

�Myasthenia Gravis

Myasthenia gravis is an acquired autoimmune disorder, in contrast to the inherited 
congenital myasthenic syndromes. Autoimmune myasthenia gravis is caused by 
autoantibodies directed against different proteins at the motor end plate, most 
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commonly the acetylcholine receptor (AChR). Other autoantibodies that have been 
associated with myasthenia gravis are IgG autoantibodies to muscle-specific kinase 
(MuSK), striated muscle protein, or low density lipoprotein receptor-related protein 
[33–35]. These autoantibodies disrupt the neuromuscular junction via various mech-
anisms. One mechanism is binding of the antibody to the acetylcholine receptor, 
decreasing the number of functional acetylcholine receptors and disrupting the nor-
mal function of the postsynaptic neuromuscular transmission by causing an acceler-
ated degradation of the AChR. Another mechanism is blocking of the binding sites of 
the AChR by the antibody. A third is via deposition of complement. Some cases of 
myasthenia gravis are associated with antecedent infections, but many cases are not 
associated with a clear infectious trigger for the autoimmune reaction. In rare cases, 
drugs such as penicillamine may trigger autoimmune myasthenia gravis.

The child with myasthenia gravis may present with either primary ocular or gen-
eralized symptoms. Differences in clinical phenotypes have been described between 
Western and Eastern countries, with the former having a predisposition to general-
ized subtype. Patients in East Asia most often experience the primary ocular sub-
type, and onset is usually prepubertal. The hallmarks of myasthenia gravis are 
fatiguability and fluctuating symptoms. Symptoms are often worse at the end of the 
day or after exertion, with milder symptoms at the beginning of the day or after 
naps. Onset most frequently occurs in the elementary (primary) school years and 
during adolescence; however, onset has been reported as early as 15 months.

Classical clinical symptoms include ocular findings such as fatiguable ptosis, 
ophthalmoplegia, generalized weakness and bulbar weakness. Ocular symptoms are 
present in approximately 90% of children with myasthenia gravis. Ptosis, strabis-
mus, and ophthalmoplegia may be unilateral or bilateral. There may also be differ-
ing severity between the eyes. It is important for the clinician to recognize 
myasthenic crisis, which is a life-threatening condition that occurs in children as 
well as adults, resulting from weakness of the bulbar and respiratory muscles. 
Mentation of the patient is preserved. A patient with myasthenic crisis requires 
admission to the intensive care unit as respiratory support with mechanical intuba-
tion may be needed on short notice. An increased incidence of co-morbid autoim-
mune disorders such as thyroid disorders, rheumatoid arthritis, diabetes and lupus, 
are seen in both the patients and their first-degree family members.

The diagnosis of autoimmune myasthenia gravis remains a clinical one, but it is 
most convincing when abnormalities are found on at least one of the following confir-
matory diagnostic tests: autoantibody titers, edrophonium test, ice pack test, low fre-
quency repetitive stimulation, or stimulated single fiber EMG [33]. The edrophonium 
test and the ice pack test are not as sensitive or specific as the serological and electro-
physiologic studies. Single fiber EMG is usually reserved for selected patients where 
previous investigations have been negative or equivocal, but in some centers this test 
modality is used successfully as the primary screen for children. Muscle biopsy may 
reveal small accumulations of lymphoid cells but these are not specific for myasthenia 
gravis. Electron microscopy demonstrates a simplification of the postsynaptic mem-
brane, with a reduction in AChR at the neuromuscular junction. Immunostaining may 
demonstrate IgG deposits and complements deposition at the motor end plates. These 
specialized tests are generally not indicated in majority of the cases, and muscle 
biopsy is not a good clinical diagnostic test for myasthenia gravis.
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The aim of therapy for autoimmune myasthenic gravis is to improve neuromus-
cular transmission. This is achieved by increasing the amount of active acetylcho-
line with acetylcholinesterase inhibitors and/or immunomodulation via 
corticosteroids, intravenous immunoglobulins, plasmapheresis, azathioprine, and/or 
mycophenolate [36, 37]. More recently rituximab has been used in some children 
with therapeutic effect [38]. The three standard immunomodulatory treatments that 
are available in the pediatric population are corticosteroids, plasmapheresis and 
immunoglobulin [39–41]. Long-term corticosteroid therapy is associated with sig-
nificant side effects such as weight gain, short stature and bone demineralization. A 
study comparing the efficacy of plasmapheresis and intravenous immunoglobulin in 
children has shown that both appear to be comparable in terms of efficacy and are 
reasonable alternatives to corticosteroids not only in the acute setting, but also as 
maintenance therapy, with children showing more consistent responses to plasma-
pheresis [33, 42]. In children with generalized myasthenia gravis who are not 
responding to a combination of acetylcholinesterase inhibitors and immunomodula-
tory therapy, the current literature supports thymectomy. Thymectomy performed 
within 12 months of symptom onset appears to be associated with more favorable 
outcomes [43, 44]. The role of thymectomy in patients with anti-MuSK myasthenia 
gravis and ocular myasthenia gravis is not well defined. There have been controver-
sies regarding the timing of thymectomy in younger children due to the role of 
thymus in the development of immune system, however, isolated reports have docu-
mented good outcomes without apparent negative consequences for the immune 
system in children as young as 17 months [45].

On standard nerve conduction studies, motor and sensory nerve responses are 
usually normal in myasthenia gravis. Repetitive nerve stimulation studies will often 
demonstrate one or more of the following characteristic features: (1) decrement in 
CMAP amplitude of at least 10% by the fourth stimulation on low frequency stimu-
lations, with partial or complete recovery by the tenth stimulation; (2) post-exercise 
facilitation/recovery after brief maximal muscle contraction for 10 seconds; and/or 
(3) exaggerated decrement after 1 minute of muscle contraction. Repetitive stimula-
tion is usually applied to at least one distal and one proximal motor nerve. Ideally, 
nerves innervating clinically affected muscles should be tested. Abnormal repetitive 
stimulation studies confirm the presence of a disorder of the neuromuscular junc-
tion, but such findings are not specific to myasthenia gravis. The sensitivity of repet-
itive stimulation studies is approximately 80% for generalized myasthenia gravis 
and approximately 50% for ocular myasthenia gravis, for children [33] as well as 
adults. This sensitivity is reduced when the studies are performed on distal or strong 
muscles.

Single fiber electromyography (SFEMG) and, in children particularly, stimu-
lated single fiber electromyography (SSFEMG) is the most sensitive electrophysi-
ologic test for the detection of deficient neuromuscular transmission, but this test 
modality does not differentiate between different types of neuromuscular junction 
disorders, and may also be abnormal in other types of neuromuscular disorders 
entirely. The primary abnormalities seen in SFEMG are increased jitter and block-
ing, which become more apparent with higher stimulation frequencies; the latter 
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finding is suggestive of a post-synaptic defect. In the proper clinical context, such 
findings are consistent but not specific for a postsynaptic defect of the neuromuscu-
lar junction [46]. Sensitivity of SFEMG is greater than 95% in both generalized and 
ocular myasthenia gravis, especially when facial muscles are tested.

�Infantile Botulism

Infantile botulism is classically recognized by the acute presentation of hypotonia 
and descending weakness in infants, usually in the first 6 months of life. More than 
60% of reported botulism cases are infantile, accounting for approximately 75 cases 
per year in the United States [47].
Clostridium botulinum is an obligatory anaerobic, gram positive, spore forming 

rod. Spores of Clostridium botulinum are found in soil, agricultural products, house-
hold dust and certain foods, especially honey [48]. In the United States, spores and 
thus infant botulism are endemic in the mid-Atlantic region, parts of Utah, and parts 
of California. The spores are generally harmless to older children and adults; how-
ever, in infants, the spores have the ability to multiply and produce botulinum toxin 
in the gut due to the immature gut flora at that age. These toxins target and inactivate 
proteins that are involved in the release of synaptic vesicles in the presynaptic ter-
minal, resulting in a disturbance of neuromuscular transmission. Most C. botulinum 
strains produce one of seven known botulinum toxin types (A–G) [49]. Infantile 
botulism typically results from strains that produce botulinum types A and B. It has 
been postulated that different botulinum subtypes cause neuromuscular paralysis of 
different durations, resulting in a range of recovery times [47, 50].

The first symptom is typically decreased stooling frequency or frank constipa-
tion [51]. Pupillary light reflexes, extraocular and bulbar muscles are often affected 
early, the latter manifesting with a hypophonic cry and poor suck. This is followed 
by a progressive, descending weakness, frequently resulting in respiratory failure 
from the weak bulbar and respiratory muscles. The length of time between the pre-
sentation of the first symptom and time of most marked weakness is variable and 
can range from less than 24 hours to greater than a week.

Examination typically shows dilated pupils with sluggish pupillary light reflexes. 
There may be ptosis, ophthalmoplegia, facial weakness with drooling and a reduced 
gag reflex. Affected infants are hypotonic and weak, especially at the neck flexor 
muscles. Tendon reflexes may be normal, reduced or absent. Consciousness is usu-
ally not affected unless the infant is in respiratory failure.

Botulism should be included in the differential diagnosis, along with sepsis and 
metabolic disorders, in any infant presenting with feeding difficulties, hypotonia, 
weakness and respiratory difficulties. Early recognition, timely supportive care with 
mechanical ventilation if indicated, and treatment often result in full recovery and 
an excellent prognosis.

Definitive confirmation is obtained via detection of the organism or toxin in stool 
specimens, however receiving results often takes days, or sometimes even weeks 
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depending on the laboratory running the test. Given the distinctive clinical features, 
electrophysiology will often help confirm the diagnosis, which will help with prog-
nosis and also decision-making regarding whether to order the botulism immune 
globulin treatment, which is quite expensive but cost-effective when administered 
early in the course, based on the resulting shortening of critical care and hospital 
stays [52].

In routine nerve conduction studies, infants frequently have reduced CMAP 
amplitudes. Sensory nerve action potentials, distal latencies and conduction veloci-
ties are usually normal.

Low frequency repetitive nerve stimulation studies at 2–3 Hz produce a modest 
decremental response, although responses can be variable, and a decrement may be 
difficult to detect with confidence when the baseline CMAP has a significantly 
reduced amplitude. The characteristic finding in infantile botulism is an incremental 
facilitation of CMAP amplitudes at high frequency repetitive nerve stimulation 
rates of 20–50 Hz. Post-exercise exhaustion is usually absent in botulism, and is 
difficult to test in infants anyway. Such high stimulation rates are uncomfortable and 
distressing for the infants, thus some form of sedation or anesthesia is needed, 
which is relatively accessible in a critical care setting. EMG may demonstrate low 
amplitude, polyphasic motor units, with fibrillations, and positive sharp wave poten-
tials [53]. It is important to perform accurate repetitive stimulation studies whenever 
possible as the other findings are suggestive of a myopathic pattern, and the repeti-
tive stimulation studies may be the sole finding to point towards a disorder of the 
neuromuscular junction rather than a myopathy in these cases.

Single-fiber EMG demonstrates increased jitter and blocking which improves as the 
stimulation frequency increases. This finding is consistent with a presynaptic defect.

�Organophosphate Poisoning

Organophosphates, which are commonly used in agricultural settings as pesticides, 
are sometimes accidentally ingested. Some of the substances in this category have 
been banned as chemical weapons, indicating how potent they are. Organophosphates 
block cholinesterases, including acetylcholinesterase, thus leading to overstimula-
tion of the motor endplate and a disorder of neuromuscular transmission. The clini-
cal presentation is characterized by prominent cholinergic symptoms, accompanied 
by muscle weakness that may be profound. Atropine is the most easily accessible 
antidote in most circumstances.

The electrophysiology of organophosphate poisoning is more complex than for 
other disorders of the neuromuscular junction. On single stimulation, repetitive 
CMAPs may be seen [54], as in slow channel congenital myasthenic syndromes. 
Low frequency repetitive stimulation does not typically induce a decrement in the 
CMAP amplitude, whereas high frequency repetitive stimulation induces a 
decrement-increment response [54]. There are only rare case reports of organophos-
phate poisoning in children. One report noted a delayed onset of a radiculopathy 
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with absent F waves that recovered later in the course [55], suggestive of a phenom-
enon called organophosphate-induced delayed polyneuropathy that was been docu-
mented in greater detail in adults [56]. However, as this is a single pediatric case and 
some of the details were disputed [57], it is not clear how generalizable these elec-
trophysiologic findings are for children with organophosphate poisoning.
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Chapter 22
Myopathies and Myotonic Disorders

Jiri Vajsar, Hernan D. Gonorazky, and James J. Dowling

Myopathies are a clinically and genetically heterogeneous group of disorders with 
a wide spectrum of symptom onset and severity as well as a range of morbidity and 
mortality. In childhood, myopathies are most commonly due to genetic mutations, 
with acquired disease being a less frequent cause [1]. Currently, with the evolution 
of molecular diagnostics and the application of next generation sequencing technol-
ogy, along with the use of muscle MRI/ultrasound and muscle biopsy, the role of 
electromyography (EMG) in myopathies has diminished, but retains significant util-
ity when the differential diagnosis also includes neuromuscular diseases that are not 
primarily myopathic, disorders of the neuromuscular junction, as well as myotonic 
disorders [2, 3]. The clinical history and physical examination are crucial to orient 
the electrophysiologic (EDX) study. The age of onset, pattern of inheritance, distri-
bution of muscle weakness, presence of axial or limb contractures, presence of oph-
thalmoplegia, myopathic facies, cardiomyopathy or accompanying dermatological 
lesions are some of the features to have in mind when deciding to pursue EDX and 
for determining the specifics of the EDX study.

Clinically, myopathies present as pure motor syndromes (with the exception of 
congenital myotonic dystrophy (cDM1) and some congenital muscular dystrophies, 
which can have prominent central nervous system (CNS) involvement). Depending 
on the age of onset, they can be classified as congenital, most frequently presenting 
as neonatal hypotonia (i.e., congenital myopathies, congenital muscular dystro-
phies, congenital myotonic dystrophy type 1) or have an onset later in childhood. 
Beyond infancy the child will usually have a history of gross motor developmental 
delay and/or difficulties walking, frequent tripping and falls. The distribution is usu-
ally symmetric except for diseases such as facioscapulohumeral muscular dystro-
phy (FSHD) and Pompe disease, among others. Although myopathies are usually 
described to have a proximal distribution of weakness, a predominant distal 
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involvement can be present in disorders such as myotonic dystrophy type 1 (DM1) 
or myofibrillar myopathies and in some cases of congenital myopathies [4, 5]. The 
presentation of bulbar symptoms with myopathic facies should direct the diagnosis 
towards congenital myopathies or cDM1. The involvement of extraocular muscles 
is an important clue, since they are compromised in a small group of diseases, such 
as centronuclear myopathies, recessive forms of RYR1-related myopathy, mitochon-
drial disorders, and neuromuscular junction disorders (NMJ) [2]. A history of rhab-
domyolysis, defined as an acute muscle breakdown, with myalgia, pigmenturia, 
elevated serum creatine kinase (CK) triggered by exercise, heat or medications 
should alert the clinician to a primary genetic cause for myopathy, especially if there 
are recurrent episodes [6]. The complications after administration of volatile anaes-
thetic gases and/or depolarizing muscle relaxants, such as succinylcholine, related 
to symptoms such as muscle rigidity, hyperthermia, elevated CK and multisystemic 
failure is a classical history of malignant hyperthermia, which is usually related to 
mutations in the gene RYR1, though malignant hyperthermia or similar syndromes 
have been associated in a minor proportion with other genes [7–9]. It is also impor-
tant to determine if symptoms such as fatigue, weakness or muscle cramps are asso-
ciated with exercise, or fasting. These should suggest a primary metabolic disorder 
or potentially a NMJ disorder, though many patients with myopathies and dystro-
phies also complain of easy fatigability and/or myalgias [6].

With markedly elevated serum CK (>5 × upper limit of normal) the diagnosis of 
metabolic, autoimmune or dystrophic muscle disease should be suspected 
(Fig. 22.1). However, there is no direct correlation between CK levels and the sever-
ity of EMG findings. One will usually see an increase in CK when there is inflam-
mation or necrosis of the myofibers and as these disorders may ultimately lead to 
the detachment of myofibers from the neuromuscular junction, the needle EMG 
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often shows the presence of fibrillations and positive sharp waves (PSW) [10]. 
Importantly, normal CK levels do not rule out muscle disease. Disorders of the neu-
romuscular junction (e.g., botulism) and some forms of congenital myopathies may 
be associated with fibrillation potentials, positive sharp waves, and “myopathic” 
appearing motor unit potentials (MUAP), often in the context of a normal CK level 
[11–13]. While mild serum CK elevation (2–5 × upper limit of normal) can reflect 
muscle disorders, this can also be seen with motor neuronopathies (e.g., spinal mus-
cular atrophy) or polyneuropathies (Charcot-Marie-Tooth disease) due to the sec-
ondary loss of muscle that occurs with motor nerve atrophy [14]. For patients in 
whom there is a high clinical suspicion of Duchenne muscular dystrophy (DMD), 
FSHD, or DM1, the best practice is to request genetic testing as the first step toward 
obtaining a definitive diagnosis [15–17]. For other suspected genetic muscle dis-
eases, the decision to pursue genetic testing first or instead a muscle biopsy is an 
evolving one. Particularly as the cost for genetic testing continues to drop, it is 
rapidly becoming the first choice test for all or most childhood muscle diseases with 
a suspected genetic cause.

�Electrophysiologic Evaluation

EDX evaluation for muscle disorders in the pediatric population can be challeng-
ing and is usually used to differentiate between primary muscle disorders and mim-
ics such as NMJ diseases. The EMG diagnostic yield for neurogenic diseases and 
NMJ disorders is high in young children. A recent large retrospective study of 
myopathies (age range 6 months to 18 years) showed that EMG is similarly highly 
sensitive for detecting abnormalities in documented myopathies (91% sensitive), 
but less specific in terms of distinct diagnoses (67%) [18]. However, different 
cohorts, particularly those that include infants being evaluated for neonatal hypo-
tonia, have shown that the yield for diagnosis of myopathy with only EMG may be 
low, with a high frequency of false-negative results. The reason for such a low 
diagnostic yield is unclear. Possible explanations include technical issues, patchy 
distribution of myopathic findings, the lower number of muscles often sampled in 
infants and young children versus adults, and the difficulty of distinguishing 
between expected small MUAPs in infants versus MUAPs that are truly myopathic 
[10, 19, 20].

The usual protocol for myopathy should include one sensory and one motor 
nerve conduction study with an accompanying F response in one upper and one 
lower limb. For needle EMG, it is ideal to study at least two distal and two proximal 
muscles in the upper and lower extremities and at least one paraspinal muscle or the 
genioglossus. However, in practice the number of muscles studied in children is 
generally fewer, depending on circumstances such as the tolerance of the individual 
child. The use of sedatives like propofol can improve the quality and tolerability of 
some aspects of the study, however this must be balanced with the loss of active 
patient recruitment and reduced or absent visualization of MUAPs in a sedated or 
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anesthetised patient [21]. Thus, it is generally recommended to perform the majority 
of studies in children without sedation or general anesthesia, as explained in greater 
detail in Chap. 3.

One has to keep in mind that there can be a transient mild elevation of CK after 
an EMG study. Therefore, measuring the CK right after the EMG is not recom-
mended if it is possible to have blood drawn for the test another day, though the 
elevation typically doesn’t exceed 1.5× of baseline. Another precaution is to avoid 
performing a muscle biopsy in a muscle where a needle EMG was recently per-
formed since the needle can generate a mild inflammation at the site of the 
recording.

EDX findings can be divided into 6 different groups that can assist with generat-
ing a differential diagnosis (Fig. 22.2).

	1.	 Combined myopathies with neuropathies
	2.	 Myopathic pattern with no spontaneous activity
	3.	 Myopathic pattern with predominant fibrillation discharges
	4.	 Myopathic pattern with myotonia
	5.	 Myopathic pattern with complex repetitive discharges
	6.	 Myopathies with normal EDX
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�Nerve Conduction Studies

Nerve conduction studies should be normal in myopathies, except in cases with 
severe muscle wasting where decreased compound muscle action potential (CMAP) 
amplitude may be observed. In the setting where there is a low CMAP amplitude and 
normal sensory nerve action potential (SNAP) amplitudes, one should also consider 
a disorder of neuromuscular transmission (especially presynaptic NMJ disorders 
such as Lambert-Eaton syndrome) as well as disorders of motor neurons and/or 
motor nerves. Lambert-Eaton myasthenic syndrome (LEMS) is rare in the paediatric 
population but it has been reported in a handful of cases associated with paraneo-
plastic or autoimmune disorders [22–25]. Testing should include a single supramaxi-
mal stimulation delivered before and after short (10-second) exercise. Presynaptic 
NMJ disorders such as LEMS will classically demonstrate a dramatic post-exercise 
facilitation, namely a > 60–100% increase in CMAP amplitude above baseline val-
ues [26, 27]. When such a diagnosis is under consideration, it is helpful to perform a 
repetitive nerve stimulation study (RNS) (see Chap. 6) with a proper protocol that 
includes the evaluation of the presynaptic NMJ disorders (see Chap. 21).

The existence of both a neuropathy and myopathy should suggest a more limited 
differential diagnosis that includes mitochondrial disorders, congenital muscular 
dystrophies such as those associated with mutations in LAMA2 (which can produce 
a demyelinating peripheral neuropathy), and more rarely LMNA (which rarely is 
also associated with a type 2 form of Charcot-Marie-Tooth disease) and COL6 
(where some cases of subclinical neuropathy have been observed), rare cases of 
glycogenosis type 3, Marinesco-Sjögren syndrome, myofibrillar myopathies, or 
injuries due to toxins (Fig. 22.2) [28–32].

�Insertional Activity

Increased insertional activity in myopathies results from of muscle fiber irritability. 
Fiber necrosis, inflammation and/or fiber splitting can produce a “functional denerva-
tion” which is a partial detachment of a segment of the myofiber from its motor end-
plate. This represents the muscle-fiber equivalent of what is seen in denervation. In 
advanced stages of the disease with severe fatty replacement of the muscle, the inser-
tional activity may appear more normal. However, increased insertional activity in iso-
lation without other abnormalities is of unclear significance, and care should be taken 
not to base a neurophysiologic diagnosis entirely on increased insertional activity alone.

�Spontaneous Activity

Fibrillation potentials and positive sharp waves (PSW) are the usual findings in 
neurogenic processes producing denervation. However, for the reason noted above, 
they can be frequently present in different muscle disorders and thus should not be 
relied on to distinguish between neurogenic and myopathic diseases.
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Fibrillation potentials are usually up to 2 ms in duration and less than 100 μV in 
amplitude, with bi or triphasic morphology and an initial positive deflection. They 
have a regular frequency and the sound is usually described as “raindrops on a tin 
roof”. Positive sharp waves (PSWs) are biphasic waves with an initial sharp positive 
deflection followed by a slow negative wave. The amplitude can be from 50 μV up to 
1 mV. As with fibrillation potentials, they are regular in frequency and the sounds 
emanating from loudspeakers are described as dull pops, given their longer durations. 
The frequency of fibrillation potentials or PSWs is usually between 0.5 and 10 Hz and 
rarely up to 30 Hz. In muscle disorders, they result from segmental necrosis of the 
myofiber splitting in at least two fragments, one of which is separated from the motor 
plate. Therefore in those myopathies where the inflammation and necrosis is a typical 
finding in the muscle biopsy (inflammatory myopathies, dystrophies), it is common 
to observe fibrillation potentials and PSWs at the time of the EMG (Fig. 22.3a).

Another common finding is the presence of  complex repetitive discharges 
(CRDs) due to irritability of the fibers (Fig. 22.3b). They are caused by ephaptic 
activation of a group of myofibers that will provoke an abrupt onset and abrupt end 
of the electrophysiological phenomenon. They have uniform frequency (5–100 Hz), 
morphology and amplitude and are stable in configuration. They are also known as 
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Fig. 22.3  (a) Fibrillation potentials and positive sharp waves in myopathies are caused by a partial 
detachment of the nerve terminal from the motor endplate due to segmental necrosis of the myofi-
ber, producing a “denervated” healthy fragment. On EMG, they are biphasic or triphasic with an 
initial positive wave and a regular rhythm with a frequency up to 30 Hz. (b) Complex repetitive 
discharges are secondary to ephaptic firing of a group of myofibers. The MUAPs are regular and 
stable with an acute onset and stop. (c) Myotonia is caused by spontaneous rhythmic firing of one 
fiber. It has a characteristic waxing and waning morphology in amplitude and frequency and it 
produces a typical sound on the loudspeakers reminiscent of a “dive bomber” or “motorcycle”
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pseudomyotonic discharges given their resemblance to myotonic discharges, how-
ever, we avoid the use of this term due to potential confusion that can result. Unlike 
myotonic discharges, CRDs do not have a waxing and waning configuration. The 
sounds produced by CRDs have been likened to machine or machine gun noises. 
This finding can be seen in both myopathic and neurogenic disorders and usually 
indicates a long standing process with associated atrophy of large groups of muscle 
fibers that are in close proximity to one another. CRDs by themselves do not indi-
cate a specific diagnosis or class of diagnoses.

A third common finding in myopathies is myotonia (Fig. 22.3c). It is important 
to differentiate between those disorders that produce clinical and electrophysiologi-
cal myotonia (i.e., DM1, myotonia congenita and some forms of periodic paralysis) 
with the ones that produce only electrophysiological myotonia (i.e., some centro-
nuclear myopathies and metabolic disorders such as Pompe disease) [33] (Fig. 22.2).

Finally, cramps can be associated with underlying metabolic myopathies such as 
glycogen storage disorders (e.g., McArdle disease) or disorders of fatty acid oxida-
tion (e.g., carnitine palmitoyltransferase II deficiency). Cramps in these cases result 
from sustained contraction or impaired relaxation resulting from energy failure and/
or ion channel dysfunction. Whereas physiological cramping will be associated 
with high frequency firing of one or more MUAPs (20–150  Hz), patients with 
metabolic myopathy or channelopathies may demonstrate electrical silence during 
needle EMG. Hence, as this specific muscle symptom does not actually correspond 
to an electrophysiologic cramp, some have advocated that it be referred to as a con-
tracture [10].

�Voluntary Contraction

The motor unit potential in myopathies is characterized by a smaller morphology 
and early recruitment due to a dropout of muscle fibers from a motor unit, hence the 
need to recruit more motor units to generate a specific amount of muscle force. In 
general the recruitment pattern is appropriate for the firing frequency or activation 
(defined as the ability of a motor unit to increase the firing rate), but increased for 
the amount of force being generated. In general, the ratio is 1:5; that means, at a 
firing rate of 5 Hz only one motor unit should be recruited, at 30 Hz there should be 
at least 6 different motor units on the screen (Fig. 22.4a). In myopathies, since there 
are fewer contractile myofibers per motor unit, to generate a given amount of force, 
it requires a higher amount of active motor units. So, with a slight contraction of the 
muscle, there will be an inappropriately high number of firing MUAPs, correspond-
ing to a higher number of active motor units (Fig. 22.4b). Traditionally, this finding 
could only be assessed by the neurophysiologist performing the study who can feel 
the amount of force generated by a muscle. Accordingly, with the loss of fibers for 
each motor unit, the amplitudes and durations of the MUAPs will be small, with 
frequent polyphasia and unstable morphologies (Fig. 22.5), due to loss of synchron-
icity of activation of the myofibers within a motor unit [34].
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Although the findings in minimal voluntary contraction in the setting of a muscle 
disease is what is traditionally termed a “myopathic pattern”, small MUAPs may 
also be found in neuromuscular junction disorders such as botulism, or during 
early  re-innervation after severe neurogenic process [12, 34]. However, the early 
recruitment pattern is present only in true myopathies [10], and thus assessment of 
recruitment pattern is often crucial to the interpretation of a study in which small 
motor units are observed.
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Fig. 22.4  Recruitment pattern. (a) Normal Motor Unit (MU) recruitment. The ratio of firing fre-
quency (activation) to the number of different muscle action potentials (MUAPs) (recruitment) is 
approximately 5:1. When the firing rate of the first MUAP (I) is 10 Hz, a second MU is recruited 
(II). By 15 Hz, a third MU starts firing (III), and so forth. (b) Myopathic MU recruitment pattern. 
The loss of myofibers causes that under a mild muscle contraction there is an inappropriate higher 
number of activated MU, seen in the screen by different MUAPs at early stages of muscle activa-
tion. This is defined as early recruitment. However, the firing ratio is still appropriate at 5:1 produc-
ing an interference pattern but with reduced amplitude secondary to small MUs. (c) Neuropathic 
MU recruitment pattern. Since there is a loss of MU (II) the recruitment is reduced and the remain-
ing MU are forced to fire at a higher frequency. At maximal contraction at approximately 30 Hz 
there are only 2 MU activated. This produces an abnormal ratio of 15:1. Also observe the nerve 
sprouting by MU I and III to reinnervate the muscle fibers of MU II. This produces a polyphasic, 
long duration, high amplitude MUAP. (d) Central MU recruitment pattern. Central involvement 
will produce an abnormal activation. The recruitment ratio will still be normal at 5:1, however 
there is an impaired ability to increase the firing rate. (UMN, upper motor unit)
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�Clinical and Electrophysiological Description 
of Selected Muscle Disorders

As the overall goal of the present book is to describe EMG patterns specifically in 
the pediatric population, the childhood myopathies discussed below were selected 
as examples of electrodiagnostic patterns, and are not meant to comprise a compre-
hensive discussion of all muscle disorders.

�Myopathic Pattern With Fibrillations

As mentioned earlier, fibrillation potentials in myopathies are mainly due to inflam-
mation and necrosis of the myofibers. In children, this is mainly due to inflamma-
tory myopathies and dystrophies.

a b c

Fig. 22.5  Motor unit action potentials. (a) Normal MUAP. (b) Myopathic MUAP, due to the loss 
of myofibers the MUAPs are small and of short duration. Unstable and polyphasic potentials are 
secondary to malfunction of remaining myofibers. (c) Neuropathic MUAP.  Nerve sprouting to 
denervated muscle fibers. This leads to a bigger MUAP of longer duration and polyphasic pattern 
due to lack of synchronicity with the newly incorporated myofibers
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�Juvenile Dermatomyositis

While in adults there is a higher proportion of patients with polymyositis than derma-
tomyositis, in children the converse is true, with dermatomyositis being by far the most 
common inflammatory myopathy in childhood [35, 36]. Juvenile dermatomyositis is a 
chronic autoimmune disease characterized by limb girdle weakness, with involvement 
of neck flexors and extensors muscles and pathognomonic skin rashes. It is a multisys-
tem disorder affecting primarily the muscle and skin due to a capillary vasculopathy. 
There is a predominance in females that ranges from 2:1 to 5:1 [21, 35, 37].

The diagnostic criteria include symmetrical limb girdle weakness, heliotrope 
dermatitis and/or Gottron’s papules, increased CK (though it is important to note 
that some patients may have normal values), muscle biopsy consistent with diagno-
sis (the characteristic finding is the perimysial atrophy of muscle fibers) and an 
abnormal EMG [38]. In acute-subacute stages EMG shows prominent presence of 
fibrillation  potentials and or positive sharp waves, with short small MUAPs and 
early recruitment. In long standing forms it is possible to find CRDs. These findings 
are more evident in proximal and paraspinal muscles. This last muscle group is the 
most sensitive and should be evaluated when there is no abnormal finding in other 
muscles [39]. In more chronic cases the MUAPs may have long durations and 
increased amplitudes, mimicking a neurogenic disorder. The NCVs are normal 
unless there is severe muscle atrophy in which case decreased CMAP amplitudes 
will be observed in conjunction with normal sensory responses.

Currently, EMG and muscle biopsy are not used as frequently for diagnosis of 
dermatomyositis as in the past, as they are considered invasive studies [40]. Muscle 
MRI has proven to be a useful method for the diagnosis of dermatomyositis and as 
a biomarker for treatment response, usually revealing increased T2 signals in 
affected muscles and subcutaneous tissues [41].

The main therapy is immunosuppressive medications such as corticosteroids, 
methotrexate or cyclosporine. In some patients who require prolonged corticoste-
roid use, a secondary proximal muscle weakness may develop, reflecting a steroid 
myopathy that is associated with selective type 2 fiber atrophy. EMG can be used in 
such cases to help differentiate among a relapse, refractory dermatomyositis, or a 
steroid myopathy since dermatomyositis is associated with increased spontaneous 
activity whereas steroid myopathy is not (see normal EDX group Fig. 22.2) [42].

�Duchenne Muscular Dystrophy (DMD)

DMD is the most common form of muscular dystrophy in childhood [43]. Since it 
is an X-linked disorder it typically affects males, with heterozygous female carriers 
sometimes showing mild cardiac and muscle symptoms in adulthood; exception-
ally, females will have more dramatic phenotypes such as in the setting of concomi-
tant Turner syndrome, unfavorable X-linked inactivation, or relevant chromosomal 
translocation [44]. DMD most commonly results from an out-of-frame deletion or 
duplication within the DMD gene, or less commonly, a frameshift or nonsense 
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mutation. Patients exhibit progressive proximal muscle weakness and contractures, 
eventually losing independent ambulation, developing cardiomyopathy and later 
death from cardiorespiratory complications [43]. The diagnosis is confirmed with 
genetic testing. When DNA testing is negative, muscle biopsy may be required to 
evaluate for the possibility of a mimicking disorder [45]. Typical muscle biopsy 
findings include absent dystrophin staining with characteristic dystrophic changes 
(e.g., split fibers, increased internalized nuclei, regenerating fibers, and replacement 
of muscle by fat and connective tissue). In some cases, it may be necessary to extract 
RNA to find direct evidence for cryptic splicing defects [46]. Published databases 
can also guide clinicians as to whether specific mutations are or are not known to be 
pathogenic, and clinical genetic test reports increasingly make use of such databases 
to reduce the reporting of the dreaded “variants of unknown significance”. High 
serum CK levels (typically >20–150 × the upper limit of normal) should trigger the 
suspicion for this diagnosis, particularly when there is clinical onset after 1.5 years 
of age, toe-walking, pseudohypertrophy of the calves, and/or a positive Gowers sign 
[45]. EDX is rarely used in the diagnostic evaluation for Duchenne muscular dys-
trophy. In those rare instances when it is performed, nerve conduction studies will 
be normal, while needle EMG may reveal abnormal insertional activity, fibrillation 
potentials and PSW, with myopathic motor units and an early recruitment pattern, 
especially in proximal symptomatic muscles. With advancing disease, the CMAP 
amplitude will decrease, insertional activity will diminish, and the myopathic find-
ings will become more apparent due to progressive muscle atrophy. In endstage 
muscle it may be difficult to find areas where motor units can be consistently 
recruited and evaluated.

Becker muscular dystrophy (BMD) also results from dystrophin mutations. 
However, unlike DMD, patients with BMD show some residual protein expression 
and activity, due to the association in most cases with in-frame deletions, duplica-
tions, and point mutations [43]. Consequently, patients have a milder symptomatol-
ogy with a later onset compared to DMD.

DMD management requires a multidisciplinary approach. Corticosteroids have 
been used to slow disease progression, improving and preserving muscle strength 
and function, prolonging independent ambulation, and delaying the onset of com-
plications such as scoliosis, respiratory decline and cardiomyopathy [45, 47]. Other 
therapies are emerging with the goal of improving the expression of dystrophin 
through novel molecular mechanisms. Such novel therapies include ones that trans-
form an out-of-frame to an in-frame mutation via exon skipping induced by an 
antisense oligonucleotide that was recently provisionally approved by the US Food 
and Drug Administration; other novel therapies are in development [47–50].

�Pompe Disease

Glycogen storage disease type II, also known as Pompe disease or acid maltase 
deficiency, is an autosomal recessive lysosomal glycogen storage disorder. It has 
two main phenotypes, an early onset form presenting during infancy and 
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characterized by generalized hypotonia, weakness, macroglossia, cardiomegaly, 
hepatosplenomegaly, failure to thrive, and respiratory insufficiency [51]. The late 
onset form presents with progressive muscle weakness in both pediatric and adult 
populations that often mimics the phenotype of limb-girdle muscular dystrophy 
with frequent respiratory complications but usually without heart involvement [52]. 
The late onset patients are more difficult to recognize since the presentation can 
include a limb girdle muscular dystrophy pattern, an asymmetric scapular winging, 
ptosis, and/or asymptomatic hyperCKemia [53]. The muscle biopsy usually shows 
vacuoles positive for glycogen with PAS staining, but there are also atypical cases 
without glycogen accumulation [54, 55]. The serum CK is usually elevated, particu-
larly in the infantile form of the disease (<10× upper limit of normal). Due to the 
phenotypic variability of this disease, particularly in the later onset form, EDX stud-
ies can provide important clues for the diagnosis. NCS are normal except in 
advanced cases with severe muscle atrophy. Needle EMG may demonstrate fibrilla-
tion potentials and PSW as well as myotonic discharges. This is seen in paraspinal 
muscles in half of the children and two-thirds of adults with this disease. The exami-
nation of this group of muscles is important since it may be the only site revealing 
abnormalities in the EDX [56]. It is important also to mention that this group of 
patients has electrophysiological myotonia but no clinical signs of it. The diagnosis 
is usually confirmed by analyzing the enzyme activity in the blood using a dried 
blood spot testing, followed by genetic testing [52]. The advent of enzyme replace-
ment therapy (ERT) has changed the outcome of the infantile onset patients. Without 
ERT the early onset has a high mortality with death by the age of 1 year [51]. ERT 
has also improved symptomatology for patients with late onset Pompe [57].

�Myopathic Pattern with no Spontaneous Activity

�Congenital Muscular Dystrophies

The congenital muscular dystrophies (CMD) are a heterogeneous group of disor-
ders. The diagnosis is usually made by the clinical exam, CK levels, which can 
range from normal to 6–10× high, brain MRI, and immunohistochemical staining in 
the muscle biopsy. An abnormal brain MRI may be seen in a subset of CMD patients, 
especially the dystroglycanopathies and merosinopathies. Muscle biopsy shows 
dystrophic features and may show abnormalities on immunohistochemical staining 
for merosin and or alpha-dystroglycan (aDG). It is the second most common reason 
for requests for EMG studies in floppy infants admitted to the NICU for suspected 
primary muscle disorders, after congenital myopathies [58]. The most common 
CMD subtype is MDC1A (primary merosin deficiency) [59]. The findings include 
generalized weakness, early contractures and respiratory insufficiency, high serum 
CK, diffuse white matter changes on brain MRI and deficient merosin on muscle 
biopsy [43, 59]. Partial merosin deficiency can be seen in some patients with LAMA2 
mutations and also in the alpha-dystroglycanopathies due to abnormalities in 
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protein glycosylation of aDG. The findings include increased CK and frequent eye 
and brain malformations that range from abnormalities in the posterior fossa to lis-
sencephaly. The most severe classic phenotypes are muscle-brain-eye disease, 
Walker-Warburg syndrome and Fukuyama CMD [60]. Other CMDs include the 
rigid spine syndrome due to mutations in SEPN1 and the collagen VI related myop-
athies (Bethlem myopathy and Ullrich CMD). The latter is characterized by con-
genital hip dislocation, congenital torticollis, and joint hyperlaxity with development 
of early contractures and scoliosis and generalized muscle weakness [61].

Nerve conduction studies are usually normal except for patients with primary 
merosin deficiency. In this group there is a slowing in the conduction velocities 
of the motor nerves with normal amplitude and normal sensory studies [62]. 
Motor neuropathy is often associated with severe form of MDC1A. Also there 
has been a report of borderline low NCVs in a young patient with Ullrich CMD 
(due to mutations in COL6) [63]. EMG does not demonstrate the abnormal spon-
taneous activity that can be seen in other primary myopathies and more signifi-
cantly in neuropathies. The typical “myopathic” potentials when demonstrated 
are usually present in more proximal muscles. One report describes brief repeti-
tive decreasing discharges in distal muscles post-electrical stimulation. These 
were of high frequency (90–300 Hz) and short duration (median 61.5 ms) with 
the shape of single motor response. They were not elicited by muscle percussion 
and were different from myotonia due to the lack of the waxing and waning 
feature [63].

�Congenital Myopathies

Congenital myopathies are a heterogeneous group of inherited muscle diseases that 
vary in age of onset, clinical features, morbidity and mortality. Although the classi-
cal description is of patients with onset in infancy, they can present in a wide range 
of ages. Signs that can help to establish the diagnosis include: lack of antigravity 
movements, ophthalmoplegia, ptosis, high arched palate, arthrogryposis, hip dys-
plasia, and lower facial muscle weakness with open tented mouth. The serum CK is 
typically within the normal range but can be slightly elevated. The diagnosis has 
been historically established by muscle biopsy, as the different types are classified 
according to pathological findings. As genetic testing has become more widely 
available there is a trend to classify them by gene, since numerous genes are 
now associated with multiple phenotypes and histopathological findings [2]. The 
different histological subtypes include:

Core myopathy. The muscle biopsy reveals areas lacking enzyme activity with 
oxidative stains such as SDH and NADH, hence, devoid of mitochondria. This cat-
egory may further be subdivided into central core disease due to dominant muta-
tions in the RYR1 gene (90% of cases), minicore myopathy without ophthalmoplegia 
due to mutations in SEPN1 and minicores with ophthalmoplegia due to recessive 
mutations in RYR1 [64]. Other rare causes of core myopathy including mutations in 
MYH7, ACTA1, and CCDC78.
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Congenital fiber-type disproportion. This term refers to the presence of  signifi-
cantly smaller type I fibers compared with type II without features suggestive of other 
subtypes of congenital myopathy. A pure CFTD is associated with mutations in RYR1, 
SEPN1, ACTA1, TPM2 and TPM3. Clinically, CFTD overlaps with other types of con-
genital myopathies, but the phenotype is typically milder than the other subtypes [64].

Nemaline myopathy (NM) is diagnosed when the classic nemaline rods are 
observed on Gomori trichrome stain and on electron microscopy of a muscle biopsy 
specimen. Clinically, there is severe congenital NM, intermediate congenital NM, 
typical congenital NM, childhood/juvenile onset NM and adult-onset NM. There 
are at least 11 genes within this group. The most common are those in NEB causing 
a recessive disease and in ACTA1 causing a dominantly inherited NM, typically due 
to de novo mutations. The characteristic features in this group include bulbar mus-
cle involvement, a myopathic face (open mouth, tented lips, excessive drooling), 
and a high arched palate, with preservation of extraocular movements [64].

Centronuclear myopathy (including myotubular myopathy)  can be caused by 
mutations in six genes identified to date (MTM1, DNM2, BIN1, SPEG, TTN, and 
RYR1). Muscle biopsy is characterized by centralized nuclei in at least 25% of the 
fibers with abnormal central oxidative aggregate staining with SDH and 
NADH.  Certain genes are associated with particular features on muscle biopsy. 
With DNM2 mutations there is often a “spoke on wheel” appearance with oxidative 
stains. BIN1 mutations tend to present with clusters of central nuclei. Necklace 
fibers have been related to mutations in MTM1 and correspond with internalised 
nuclei within a desmin positive stain ring [64].

EDX in congenital myopathies has a sensitivity of 36% in infants (<2 years of age) 
with a false negative rate of 25%. The presence of a “myopathic pattern” in a newborn 
is extremely low [20, 65]. The use of EMG in this age group has been largely replaced 
by muscle biopsy and genetic studies, but in some cases EMG may still yield useful 
diagnostic information. In patients >2 years of age there are no characteristics findings 
for most of the congenital myopathies. The NCS are normal with normal F-responses. 
The needle EMG will show MUAPs of small amplitude, short duration and polypha-
sic potentials with an early recruitment and no spontaneous activity [65]. Centronuclear 
myopathies can represent an exception since fibrillations, positive sharp waves, and 
more rarely complex repetitive discharges can be seen on needle EMG [13, 66]. The 
association of myopathic and myotonic findings have been reported in nemaline 
myopathy [33]. Abnormal repetitive nerve stimulation testing and other features of a 
NMJ disorder have been observed in cases of congenital myopathy, including those 
due to mutations in DNM2, MTM1, RYR1, TPM2, TPM3 and KLHL40 [67–72].

�Myotonic Disorders

Clinical myotonia is a symptom and sign found in a subgroup of neuromuscular 
disorders. It is caused by muscle ion channel abnormalities and presents with stiff-
ness or cramping in involved muscles. Myotonia may be detected clinically after 
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forced eye closure, leading to delay in eye opening or by making a fist followed by 
difficulty releasing the grip. Percussion myotonia can be elicited by tapping the 
thenar muscle, as well as the quadriceps, gastrocnemius or tongue. Myotonia usu-
ally decreases with repeated muscle contractions (positive “warm-up” phenome-
non) in contrast to paramyotonia (“paradoxical myotonia”) in which muscle 
relaxation becomes progressively delayed with repetitive contractions. This is an 
important clinical distinction that can help to differentiate these two types of myo-
tonic disorders.

Historically, myotonias were classified accordingly to their clinical features and 
inheritance patterns. More recently, genetic testing has further defined the different 
types (Table 22.1).

Needle EMG in the detection of myotonia plays a very important role as electri-
cal myotonia is quite often more easily detected than clinical myotonia. Myotonic 
potentials are recorded after insertion or movement of the EMG recording electrode 
in relaxed muscle or on percussion next to the needle. It presents as trains of rhyth-
mic firing of grouped motor unit potentials in the form of positive waves or fibrilla-
tion potentials with waxing and waning frequency and amplitude with firing ranges 
of 20 to 80 Hz and amplitudes from 10 to 1000 μV [73]. Audio profile of the dis-
charges has been characterized as that of dive bomber airplane, motorcycle, or chain 
saw engine [74].

�Dystrophic Myotonias

The most common is myotonic dystrophy type 1 (DM1) and myotonic dystrophy 
type 2 (DM2) and they both share prominent clinical and electrical myotonia.

DM1 is an autosomal dominant disease caused by a CTG trinucleotide expansion 
in the untranslated region of the dystrophia myotonica-protein kinase (DMPK) gene 
on chromosome 19q13.3 [75–77]. Anticipation is characteristic in this disease with 
an increasing number of CTG repeats in subsequent generations, especially with 

Table 22.1  Common genetic causes of myotonia

Diseases Gene Locus

Clinical myotonia and electrical myotonia
 � Myotonic dystrophy type 1 DMPK 19q13.3
 � Myotonic dystrophy type 2 (proximal myotonic 

myopathy)
ZNF9 3q21.3

 � Myotonia congenita CLCN1 7q34
 � Schwartz-Jampel syndrome HSPG2 1p36.12
Clinical paramyotonia and electrical myotonia
 � Hyperkalemic periodic paralysis SCN4A 17q23
 � Paramyotonia congenita SCN4A 17q23
Electrical myotonia without clinical myotonia
 � Acid maltase deficiency GAA 17q25.3
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maternal inheritance, with large CTG repeats of 1000–4000 typically occurring in 
the congenital form of DM1. Although cranial muscle weakness and wasting and 
predominantly distal muscles weakness and wasting are the main features of this 
disease along with myotonia, other systems can be involved leading to cognitive 
dysfunction, hypersomnia, dysphagia, cardiac arrhythmias, muscle pain, cataracts, 
respiratory insufficiency, insulin resistance and diabetes, and cancer [78, 79]. The 
childhood-onset form of DM1 can present as early as the neonatal period with mus-
cle weakness and respiratory insufficiency and although these children improve 
with time, they have long term global developmental delays.

Needle EMG shows myotonic discharges most prominently in the distal mus-
cles, usually with characteristic waxing and waning frequency. There are often 
myopathic motor unit potentials although they can be obscured by myotonic dis-
charges. The characteristic clinical features with or without the help of EMG stud-
ies will point to myotonic dystrophy but the definite diagnosis and type is made 
through DNA testing. Of note, clinical and electrical myotonia are rarely evident at 
birth, and may not develop until later in childhood.

The management of DM1 involves ensuring adequate nutritional intake and 
monitoring for cataracts, cardiac arrhythmias and sleep disturbances (i.e., central or 
obstructive apneas) that can lead to day time fatigue. Developmental delay and later 
cognitive impairment are typical of children with cDM1. As such, modifications are 
typically required to their learning plan both due to learning problems and fine 
motor difficulties that can ensue. Genetic counseling should be offered to all 
families, especially as individuals with DM1 are usually able to reproduce and thus 
are at risk of transmitting the mutation to their offspring. Precautions are required 
during anesthesia. Mexiletine is helpful to reduce clinical myotonia and rehabilita-
tion approaches are needed in cDM1 [80].

DM2 is an autosomal dominant disease caused by a CCTG repeat expansion in the 
zinc finger protein 9 gene (ZNF9) on chromosome 3q21 [81–83]. There is no con-
genital form and the adult patients have both clinical and electrical myotonia, early 
cataracts and weakness which is more proximal than distal, and calves can be enlarged 
[84–86]. Proximal muscle pain is common and the patients can develop similar sys-
temic involvement as in DM1 with memory loss, glucose intolerance, dysphagia, 
hypogonadism and cardiac arrhythmias but overall DM2 tends to be more benign 
than DM1 [84, 87]. EMG reveals myotonic discharges but they can be quite brief and 
less intense than in DM1 and associated myopathic potentials are more proximal than 
distal. Diagnosis is confirmed by DNA testing and there is no clear correlation 
between the number of CCTG repeats and the onset or severity of the disease.

�Non-dystrophic Myotonias

Thomsen Myotonia Congenita

This is an autosomal dominant disease caused by mutations in the muscle chloride 
channel 1 (CLCN1) gene on chromosome 7q34. Clinically, there is transient muscle 
stiffness, mostly painless, without weakness. It begins in early childhood or infancy 
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and the myotonia becomes more obvious after prolonged rest and there is a “warm 
up” effect (i.e., improvement with repeat exercise). Children may be described as 
clumsy in addition to being stiff and their muscles will show increased bulk, most 
likely due to sustained muscle contractions. Myotonia can be present on grip testing 
and muscle percussion. It may increase with strong emotions, pregnancy, hypothy-
roid disease, and depolarizing anesthetic agents [88–90]. Needle EMG examination 
shows myotonic discharges [88, 90]. Another useful finding is a transient reduction 
in the CMAP amplitude that can be observed with 3 Hz repetitive nerve stimulation 
or after brief isometric exercise (see Chap. 6).

�Becker Myotonia Congenita

Autosomal recessive mutations in CLCN1 gene cause Becker’s myotonia congenita. 
Clinically, this disorder is associated with more severe myotonia than Thomsen’s 
myotonia congenita. In severe cases of myotonia, the patients can have transient 
immobility after being startled, in particular after a few minutes of rest. EMG shows 
the same findings as in Thomsen’s myotonia congenita. Management is similar for 
all of the myotonic chloride channelopathies and consists of symptomatic treatment 
of myotonia with mexiletine or other medications and physical therapy with stretch-
ing exercises in order to minimize possibly developing joint contractures [90]. Life 
span in both Thomsen and Becker myotonia congenita is normal.

�Schwartz-Jampel Syndrome

Schwartz-Jampel syndrome is also known as chondrodystrophic myotonia and pres-
ents with severe myotonia, short stature, muscle hypertrophy, joint contractures, bone 
disease as well as ocular and facial abnormalities [91, 92]. It is caused by mutation in 
the HSPG2 gene encoding perlecan, a heparin sulfate proteoglycan [93]. Clinically, 
there is no warm-up phenomenon for the myotonia. The needle EMG findings can 
resemble neuromyotonia or even complex repetitive discharges since it does not show 
the typical waxing and waning character that is typical of myotonic discharges.

�Sodium Channelopathies

Paramyotonia Congenita

Paramyotonia congenita is an autosomal recessive disease caused by mutations in the 
α-subunit of the muscle sodium channel encoded by the SCN4A gene on chromosome 
17q23 [94–96] and can clinically overlap with hyperkalemic periodic paralysis. 
Myotonia or weakness is exacerbated by cold or exercise and warming decreases the 
stiffness. It develops in infancy or childhood and the attacks of myotonia and weak-
ness decrease by middle age. Needle EMG shows widespread myotonic discharges 
that are more pronounced in distal muscles and with exercise and cooling [97, 98]. 
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Exercise or slow repetitive nerve stimulation can stimulate a drop in the CMAP 
amplitude [88, 99, 100]. Management includes cold exposure avoidance and symp-
tomatic treatment of myotonia. Mexilitine can also provide symptomatic relief and 
improvement of clinical myotonia [101].

Myotonia Fluctuans and Myotonia Permanens

Myotonia fluctuans and permanens are autosomal dominant diseases due to SCN4A 
mutations. The latter is characterized by severe and continuous myotonia while the 
former is a mild disease and myotonia varies in severity from day to day.

Acetazolimide-responsive Myotonia

This is an autosomal dominant channelopathy due to SCN4A gene mutations which 
starts in childhood. Generalized myotonia that is often accompanied by muscle pain 
is triggered by potassium ingestion, fasting, and in some cases with cold and is 
relieved by acetazolimide therapy [102]. The myotonia paradoxically worsens with 
repeat activity. Needle EMG reveals myotonic discharges that are minimally respon-
sive to cold temperatures [102].

Hyperkalemic Periodic Paralysis With Myotonia

This is an autosomal dominant sodium channelopathy due to mutations in SCN4A 
gene that can also present in infancy and childhood and clinically overlaps with 
paramyotonia congenita. Attacks of weakness typically begin in the morning before 
breakfast and resolve slowly within 15–90 minutes. Precipitants for the attacks are 
strenuous exercise, emotional stress, cold exposure, and ingestion of glucocortico-
steroids, alcohol or potassium. The serum potassium level is normal between the 
episodes but increases during the episode. The myotonia is episodic and presents 
between attacks of weakness. Needle EMG examination may be normal between 
the attacks but in some kindreds it may reveal myotonia [103]. Prolonged exercise 
may reduce the CMAP amplitude in distal muscles [104]. Management involves 
avoidance of triggers. Oral glucose and insulin in severe cases may suppress 
impending attacks. Hydrochlorothiazide and carbonic anhydrase inhibitors may 
help prevent attacks [105–107].

Other Disorders that can be Associated With Myotonia

Other disorders may have associated myotonia, although usually not as a 
presenting feature. Electrical myotonia has been recorded in neuromuscular 
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diseases such as polymyositis and inclusion body myositis, Pompe disease, myo-
tubular or centronuclear myopathy, nemaline myopathy, caveolinopathy, malig-
nant hyperthermia, hypothyroidism and severe denervation [73, 74, 108]. In 
some of these, complex repetitive discharges may be mistaken for electrical 
myotonia. Rarely, electrical myotonia can be caused by medications such as clo-
fibrate, propranolol, penicilamine, cyclosporine and 2,4 dichlorophenoxyacetic 
acid [103].

�Electromyography in Myotonic Disorders

Electrical myotonia is the most useful finding on EMG examination while NCS are 
often normal. Needle EMG can confirm the presence, severity and distribution of 
electrical myotonia and show additional myopathic features. Cold temperatures can 
prolong electrical myotonia bursts in myotonia congenita (Thomsen disease) and 
paramyotonia congenita while extremely cold temperatures may eliminate electri-
cal myotonia and voluntary motor unit potentials in paramyotonia congenita [88, 
97, 109]. Myotonic discharges are more easily evoked in DM1 than in DM2 [110]. 
There are additional several specialized tests that may assist in the diagnosis of 
disorders associated with myotonia: repetitive nerve stimulation, the short and long 
exercise tests and the provocative cold test.

Low frequency repetitive stimulation may trigger a CMAP decrement in para-
myotonia congenita and Thomsen and Becker diseases [90, 99, 104].

The short exercise test entails brief exercise of the muscle in question for 
10–30  seconds. Baseline CMAP amplitude is compared with post-exercise 
CMAP amplitude. The most precipitous decline is observed in paramyotonia 
congenita, particularly after cooling. Chloride channelopathies tend to have a 
decline in the first post-exercise CMAP and muscle cooling does not change 
this pattern [111]. DM1 will also show a decrease in CMAP while DM2 will 
not [112].

In the long exercise test as described by McManis et al. [104] the patient will 
maximally contract the adductor digiti minimi for 5 minutes with 3–4 seconds of 
rest every 15 seconds. In all forms of periodic paralysis, there is a decrease in the 
CMAP over time. The CMAP decrement in patients with hyperkalemic (and hypo-
kalemic) paralysis differs from patients with paramyotonia congenita. In the former, 
the amplitude increases immediately after exercise and then declines slowly over 
the course of 15–30 minutes. In patients with paramyotonia congenita, there is a 
rapid decline in CMAP amplitude followed by a slow increase back to baseline over 
next hour. Myotonia congenita patients also may show decrements after exercise 
testing but this does not tend to be consistent.

Cold in the cooling test provokes weakness in patients with paramyotonia con-
genita. The CMAP amplitude drop in this disorder is greater than 75% after cooling 
the limb muscle for 15–30 minutes at 15 °C [113, 114].
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�Pharmacological Treatment

�Antiarrhythmic Medications

Mexiletine Hydrochloride

Mexiletine hydrochloride is a class 1B anti-arrhythmic medication derived from 
lidocaine. It has been used in treatment of both non-dystrophic and dystrophic myo-
tonias as well as both sodium and chloride channelopathies [115]. Mexiletine is 
believed to enhance fast inactivation of sodium channels and improvement in the 
chloride channelopathies probably results from nonspecific blockade of normal 
sodium channels [116, 117]. A randomized, double-blind, placebo controlled, cross 
over trial of mexiletine 200 mg three times daily in 59 adults (unpublished data) 
confirmed improvement in patient-reported stiffness, quality-of-life measures and 
quantitative measures of myotonia in non-dystrophic myotonias [118, 119]. 
Similarly, a double-blind, placebo controlled trial demonstrated mexiletine in a dose 
of 150–200 mg three times daily to be an effective antimyotonia therapy in DM1 
patients [80, 120, 121]. Laryngospasm in an infant with SCN4A mutation was also 
relieved by mexiletine [122]. Baseline cardiac evaluation is recommended prior to 
initiating mexiletine, particularly in patients with cardiac or EKG abnormalities 
since there is an increased risk for arrhythmogenesis with this medication [123].

Tocainide is a class 1b antiarrhythmic agent, also derived from lidocaine. It has a simi-
lar effect on sodium channel function as mexiletine but it can cause more serious side 
effects [124]. Flecainide has been also used in patients with SCN4A mutations [125].

Antiepileptic Medications

Carbamazepine and phenytoin have sodium channel blocking properties, including 
the sodium channels found in skeletal muscle sarcolemma. The former has been 
preferred in children due to a lower side effect profile; they both have been reported 
to improve myotonia symptoms and signs [126, 127].

Antidepressant Medication

Imipramine, clomipramine and amitriptyline were previously used in the treatment 
of myotonia, but have been almost entirely supplanted by the above medications 
[128–130].

Acetazolimide

Acetazolamide is a carbonic anhydrase inhibitor and diuretic that increases the renal 
clearance of sodium and potassium and limits the entry of potassium in the muscle 
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cells [131]. It increases chloride conductance through muscle voltage-gated chlo-
ride channels [132]. It has been used in most of the non-dystrophic myotonias and 
helps to prevent muscle weakness, pain and paralytic attacks [109, 131, 133].

Other Medications

Dantrolene has been observed to reduce hand myotonia in a child with Thomsen’s 
myotonia congenita [134]. The use of nifedipine, a calcium channel blocker and 
antihypertensive medication, was associated with mild improvement in myotonic 
dystrophy patients [135].
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Chapter 23
Neuromuscular Complications 
in the Critically Ill Child

Hugh J. McMillan and Jahannaz Dastgir

Neurophysiologists may be asked to evaluate a child in the pediatric intensive care 
unit (PICU) with muscle weakness, hypotonia, or inability to recover from an 
underlying disease at the expected rate. Some children may be difficult to wean 
from mechanical ventilation or fail multiple attempts at extubation.

Children in the intensive care unit can be very difficult to exam electrophysio-
logically due to the frequent use of sedative or paralytic medications as well as the 
placement of intravenous lines and endotracheal intubation. Children may demon-
strate difficulty cooperating with aspects of the physical examination due to an 
associated encephalopathy or due to anxiety, discomfort and/or side effects of 
medication. Neurophysiological testing can be particularly helpful in cases where 
a lower motor neuron disorder is suspected. It can provide important localizing 
information, thereby narrowing the list of potential diagnoses and justifying 
appropriate genetic testing, magnetic resonance imaging and/or biopsy to be pur-
sued as indicated [1]. Moreover, electromyography (EMG) can typically be 
obtained quickly at most pediatric tertiary care hospitals, which can be important 
for some acquired conditions such as infantile botulism where early treatment is 
preferred.
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�Weakness in Children Admitted to the PICU

Children admitted to the pediatric intensive care unit (PICU) can demonstrate 
clinical weakness for a variety of reasons. Symptoms could be attributable to the 
acute presentation of a neuromuscular disorder such as Guillain-Barré syndrome 
or botulism, or an exacerbation of a chronic neuromuscular disease where clini-
cal decompensation has been triggered by an intercurrent illness. Medications 
can adversely affect the function of muscles, nerves, and the neuromuscular 
junction, particularly in children with an underlying neuromuscular disease. 
Acquired diseases such as critical illness polyneuropathy (CIP) or critical illness 
myopathy (CIM) can also develop during hospitalization. Lastly, central nervous 
system disease can also produce weakness which is often but not always associ-
ated with a decreased level of consciousness, seizures and/or problems with 
higher order function such as language. This latter category is beyond the scope 
of this chapter which will focus upon neuromuscular complications in the criti-
cally ill child.

This chapter will provide a brief summary of the common and/or treatable causes 
of neuromuscular disease in the critically ill child; review critical illness polyneu-
ropathy and myopathy and discuss the complications of medications in children 
with neuromuscular disease in the critical care setting.

�Clinical Symptoms of Neuromuscular Disease 
in Early Childhood

Weakness that begins in utero can result in arthrogryposis multiplex congenita, 
defined as the presence of two or more congenital joint contractures. Fetal limb 
movements are necessary to avoid contracture formation, thus reduced mobility due 
to neuromuscular weakness as well as brain lesions or uterine/environmental factors 
can give rise to contractures. Polyhydramnios can be an indicator of impaired fetal 
swallowing due to bulbar weakness.

Infants may present with clinically evident weakness immediately after birth or 
within the first few months of life after an apparent period of normalcy. Symptoms 
can include feeding difficulty with ensuing failure to thrive, failure to attain expected 
gross motor milestones including development of head control or bringing hands to 
the mouth as well as symptoms of respiratory distress or respiratory failure such as 
that seen with a “brief resolved unexplained event (BRUE)”, previously known as 
an “acute life threating event” (ALTE) [2].

Older children and adolescents may also be evaluated in the PICU with key dis-
eases covered below.

H.J. McMillan and J. Dastgir



357

�Anterior Horn Cell

Children with disorders affecting the anterior horn cell or motor neurons will pres-
ent with progressive muscle weakness due to the loss of motor neurons. The pres-
ence or absence of contractures as well as the involvement of other cranial nerves 
can provide important diagnostic clues. Electrodiagnostic test results will classi-
cally reveal robust sensory nerve action potential (SNAP) amplitudes with variable 
reductions in compound motor action potential (CMAP) amplitudes. 
Electromyography will also show classic neurogenic changes with reduced num-
bers of high amplitude rapidly firing motor units visible.

Spinal muscular atrophy (SMA) type I is a common cause of infantile hypotonia 
[3], occurring in about 1 in 11,000 individuals [4]. It is common for infants with SMA 
type I to show symptoms of gross motor delay and hypotonia in the first few months 
of life. The clinical phenotype is quite characteristic and early recognition of this 
disease is imperative in light of a new disease-modifying therapy [5]. Joint contrac-
tures are uncommon in SMA type I. Respiratory symptoms are common with infants 
demonstrating a characteristic ‘bell-shaped’ chest and paradoxical abdominal breath-
ing. Most pediatric centers will have ready access to genetic testing for 
SMA. Nevertheless, EMG can also provide supportive evidence given the pattern of 
abnormalities that indicate anterior horn cell or motor neuron involvement (Table 23.1). 
SMA type I has been reported to mimic critical illness neuropathy, illustrating the 
importance of complete neurophysiological testing whenever possible [6].

Other diagnostic considerations in this age group could include riboflavin trans-
porter deficiency or Brown-Vialetto-Van Laere syndrome or Fazio Londe Syndrome. 
Although children typically present in the toddler-years, onset is well documented 
in the first few months of life [7]. SMA with respiratory distress (SMARD) can also 
show phenotypic overlap with SMA, although less severe phenotypes without respi-
ratory involvement have been increasingly reported in the literature. Congenital 
amyoplasia is another example of an early-onset disease affecting motor neurons 
[8]. Given that this disease is highly discordant among monozygotic twins [9, 10] it 
is generally thought to be an acquired disruption of fetal blood vessels and subse-
quent motor neuron development. Limb contractures are symmetric and typically 
involve all four limbs [11]. Shoulders are adducted and internally rotated, with 
elbows extended and wrists flexed, a characteristic arm position that bears some 
clinical resemblance to the arm position in Erb palsy except that in amyoplasia this 
arm position is maintained by joint contractures [12]. Needle EMG in affected chil-
dren has identified symmetric, segmental anterior horn cell disease with an apparent 
predilection for the upper cervical myotomes (C5–6). Unlike other anterior horn cell 
disorders causing arthrogryposis, amyoplasia is associated with a relatively good 
long term outcome. Children demonstrate normal language development and nor-
mal or above-average intelligence [11]. With proper physiotherapy and orthopedic 
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interventions approximately 60–80% of children will eventually acquire indepen-
dent ambulation [11, 13]. Associated non-neurologic features include mid-facial 
capillary hemangioma, micrognathia, and genital, bowel and spine anomalies [9].

Older children and adolescents can also become critically unwell with motor 
neuronopathies. Acquired conditions are an important consideration, particularly in 
children who have travelled and/or have been previously well. Wildtype poliovirus 
infection has been largely eradicated but does remain endemic in three countries: 
Nigeria, Afghanistan and Pakistan with documented transmission to neighboring 
nations [14]. Given the ease of international air travel, polio must remain a diagnos-
tic consideration, particularly in regions where vaccination rates may be subopti-
mal. Patients with acute poliovirus infection are typically asymptomatic or exhibit 
mild fever and gastrointestinal symptoms. Very few patients (<1%) develop central 
nervous system involvement (aseptic meningitis and/or paralytic disease). Other 
“polio-like” viruses share a similar affinity for anterior horn cell and brainstem 
motor nuclei. Presentations resembling that of poliomyelitis have been reported for 
enteroviruses [15], echoviruses [16], herpes simplex virus 1 [17], West Nile virus 
[18], Epstein–Barr virus [19] and human immunodeficiency virus [20]. Anterior 
horn cell disorders are covered in detail in Chap. 16.

�Peripheral Nerve

Children with peripheral nerve disorders will most commonly demonstrate clinical 
signs of both sensory and motor involvement. Electrodiagnostic testing may reveal 
either demyelinating changes (prolonged latencies, slowed conduction velocities, 
temporal dispersion and conduction block) or axonal loss (low or absent SNAP 
and CMAP amplitudes). The documentation of sensory involvement is important 
to differentiate diseases of peripheral nerve from other lower motor neuron lesions. 
Since young children and critically ill patients may have difficulty cooperating 
with sensory testing, electrodiagnostic testing is particularly important in this 
regard.

Neonatal polyneuropathies are relatively rare, comprising only about 5% of all 
cases of neonatal hypotonia [21]. Many genes showing both dominant and recessive 
inheritance patterns have been linked to congenital or early-onset Charcot-Marie-
Tooth (CMT) disease [22]. As such, many of the congenital hypomyelinating neu-
ropathies that had previously been classified as CMT type 3 or Dejerine-Sottas 
disease are now known to be caused by some of the same genes that cause CMT 
type 1 (autosomal dominant, demyelinating), CMT type 2 (autosomal dominant 
axonal form) and type 4 (autosomal recessive). Nerve conduction studies can be 
particularly helpful at directing the choice of genetic testing since neuropathy genes 
are not consistently included on genetic test panels for suspected primary muscle 
disease. Mitochondrial and other metabolic diseases can also present with infant-
onset polyneuropathies. Acquired disorders can cause peripheral nerve dysfunction 
at birth. Guillain-Barré syndrome also known as acute inflammatory demyelinating 
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polyneuropathy has been diagnosed at birth due to the passive transfer of maternal 
auto-antibodies [23–25]. However, these inflammatory disorders are much more 
common in older children and adults. Among adult ICU patients with EMG confir-
mation of neuromuscular disorders, 13% were diagnosed with acute or chronic 
inflammatory demyelinating polyradiculoneuropathy [26]. While EMG is an impor-
tant diagnostic criterion for GBS, abnormalities may take time to become apparent 
on neurophysiological testing [27]. Adult patients with clinical symptoms of GBS 
who undergo neurophysiological testing 1 week after symptom-onset will show: 
prolonged or absent H-reflexes (100% patients) and F-responses (84%), prolonged 
motor distal latencies (61%), temporal dispersion (58%) and conduction velocity 
slowing (52%) [27]. Prolonged F-wave latencies are also one of the earliest abnor-
malities detected in children with GBS [28]. As such, obtaining late responses 
should be considered in all patients with suspected GBS. One cautionary note for 
the critically ill patient is the observation that anesthetic agents do have the potential 
to attenuate or abort late responses [29, 30]. As such that this is a reminder that 
neurophysiological finding should not be interpreted in isolation.

Many patients will require admission to ICU since respiratory failure occurs in 
16–17% of affected children [28, 31] compared to 25–30% of affected adults [32]. 
Autonomic symptoms, including variability in heart rate, blood pressure and thermo-
regulation can also be seen in 20–40% of affected children and in rare situations can 
be the cause of death [33]. Peripheral neuropathies are covered in detail in Chap. 18.

�Neuromuscular Junction

Transient neonatal myasthenia gravis can be seen in approximately 10% of infants 
born to mothers with autoimmune myasthenia gravis [34]. Infants will typically 
demonstrate sucking, swallowing and respiratory difficulties within the first 
24  hours of life. Management is typically supportive as most infants will fully 
recover within weeks. Rarely, infants can present with more severe clinical symp-
toms including congenital contractures [35, 36]. Repetitive nerve stimulation 
(RNS), discussed in Chap. 6, can be particularly helpful at diagnosing this acquired 
condition (Table 23.1).

Infantile botulism does not present at birth, but has been diagnosed in infants as 
young as a few days old [37, 38]. More commonly, infants will present between 
1–6 months old. This age group is particularly vulnerable since the immature gut 
lacks the protective bacterial flora and bile acids which inhibit Clostridum growth 
[39]. Infants will typically present with constipation followed by progressive feed-
ing difficulty (due to bulbar weakness), ophthalmoplegia including sluggish pupil-
lary responses, descending paralysis, and apnea. RNS is also helpful at diagnosing 
this condition particularly higher frequency (20–50 Hz) RNS which can demon-
strate an incremental CMAP due to the presynaptic nature of this problem. Early 
diagnosis is important since treatment with human botulism immune globulin can 
hasten recovery and reduce the overall duration of hospitalization [40].
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Congenital myasthenic syndrome typically presents at or shortly after birth, 
though there are rare reports of patients presenting in adolescence [41, 42]. 
Typical clinical features include onset at birth or early childhood and fatigable 
weakness particularly affecting oculobulbar musculature. Classic electrophysio-
logic findings include abnormal decrement on RNS and/or increased jitter on 
stimulated single fiber EMG testing (SFEMG) [43]; the latter is covered in Chap. 
10. Some infants with congenital myasthenic syndrome due to choline acetyl-
transferase (CHAT) mutations can present with sudden episodes of apnea that can 
be triggered by infection [44]. Care must be taken to differentiate congenital 
myasthenic syndrome from autoimmune myasthenia gravis in young children so 
as to avoid the inappropriate use of immunosuppressant therapies and the with-
holding of medications such as 3,4 di-aminopyridine, salbutamol and/or fluox-
etine that may show benefit in some cases [45]. Gene panels are becoming more 
widely available for patients who demonstrate clinical and electrophysiological 
evidence for CMS.

Autoimmune juvenile myasthenia gravis (JMG) can also present with fati-
gable ptosis, ophthalmoplegia, dysarthria, dysphagia and generalized skeletal 
muscle weakness. Unlike CMS, this condition is due to an acquired autoim-
mune cause. RNS and/or SFEMG are important for helping establishing a diag-
nosis. Whereas antibodies to the nicotinic AChR are found in 80% of adults 
with myasthenia gravis [46], only 50% of prepubertal and 70% of peripubertal 
JMG patients have anti-AChR antibodies [47], most likely due to the more fre-
quent occurrence of ocular myasthenia in prepubertal children and generalized 
myasthenia in peripubertal adolescents. Anti-MuSK antibodies also do not 
appear to be as common in JMG [48]. Intravenous immunoglobulin (IVIG) or 
plasma exchange (PLEX) can be used in the acute management of myasthenia 
gravis. Caution must be taken when initiating corticosteroid therapy in weak 
patients who are not yet intubated since increased weakness may occur within 
the first 1–2 weeks of corticosteroid treatment, potentially precipitating a myas-
thenic crisis [49]. Disorders of neuromuscular transmission are covered in detail 
in Chap. 21.

�Muscle

Primary disorders of muscle are a more common cause of neonatal hypotonia. One 
series reported that myopathies comprised 20% of all causes of neonatal hypotonia 
as well as 75% of causes of ‘peripheral’ hypotonia [21]. Muscle disorders can 
include the following groups of disorders which can be grouped into the following 
large categories: congenital myopathies, congenital muscular dystrophies, congeni-
tal myotonic disorders, and metabolic myopathies. Electrophysiological testing will 
reveal normal sensory responses as well as normal or reduced CMAP amplitudes 
and EMG evidence of myopathic units. Muscle disorders are covered in detail in 
Chap. 22.
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�Critical Illness Polyneuropathy and Myopathy

Critical illness polyneuropathy (CIP) and critical illness myopathy (CIM) are 
neuromuscular disorders that develop during the course of a critical illness. This 
is one of the key features that allow patients with CIP to be differentiated from 
patients presenting with an acute motor sensory axonal neuropathy (AMSAN), 
namely the axonal variant of Guillain-Barré syndrome [50]. In CIP, patients do 
not show a preceding history of sensory or motor deficits. Moreover, they must 
have an associated critical illness that seems to trigger the underlying neuromus-
cular disease [51] with onset of weakness in the 1–2 weeks following the critical 
illness [52].

Critical illness polyneuropathy (CIP) and CIM can be difficult to differentiate on 
clinical and electrophysiological testing [26]. However there are some distinguish-
ing features (Table 23.2). Since CIP and CIM can co-exist in the same patient, some 
authors have grouped them together as critical illness polyneuromyopathy (CIPNM) 
or critical illness myopathy and neuropathy (CRIMYNE) [53].

In adults, CIP and CIM are the most common neuromuscular conditions that 
develop during an ICU admission and diagnostic criteria have been created to per-
mit them to be distinguished from other diseases as well as, whenever possible, 

Table 23.2  Key features differentiating critical illness myopathy and critical illness polyneuropathy

Critical illness myopathy Critical illness polyneuropathy

Clinical Triggered by critical illness Triggered by critical illness
Limb weakness Limb weakness (distal)
Onset after PICU admission Onset 1–2 weeks after PICU 

admission
Serum CK Normal or elevated Normal
NCS Decreased CMAP amplitudes Decreased CMAP amplitudes

Preserved SNAP amplitudes Decreased SNAP amplitudes
EMG Myogenic changes (low amplitude 

motor units with or without fibrillation 
potentials)

Neurogenic changes (large 
amplitude motor units with 
abundant fibrillation potentials)

Decreased excitability on direct 
stimulation

Muscle biopsy 
Histology

Loss of ATPase reaction in type I fibers Acute & chronic denervation 
changes (i.e. angular fibers, 
fiber-type grouping)

Type II fiber atrophy common
Necrotizing myopathy with 
vacuolization
Destruction of thick myosin filaments

Ultrastructure Selective loss of thick (myosin) 
filaments
Disorganization of myofibrils

Nerve biopsy Fiber loss and primary axonal 
degeneration

CK creatine kinase, CMAP compound motor action potential, SNAP sensory nerve action potential
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from each other [51]. One center reviewed all patients admitted to ICU over 15 years 
who had neuromuscular disease confirmed by neurophysiological testing. Of this 
group, 13% patients had CIP and 41% had CIM [26]. The incidence of CIP/CIM in 
children is less clear. A prospective study of all children (3 months to 17 years old) 
admitted to the PICU of a pediatric tertiary care hospital identified generalized mus-
cle weakness in 1.7% (14/830) patients [54]. Children with pre-existing 
neuromuscular diseases and Guillain-Barré syndrome were excluded from this 
cohort. Of the remaining children showing weakness who underwent electrophysi-
ological testing, about half (4 out of 7) showed low CMAP amplitudes and most (4 
out of 5) had myopathic units evident upon EMG analysis. When one considers the 
difference in study design of the adult [26] and pediatric [54] studies (including 
versus excluding patients GBS) the overall incidence of CIPM appears similar in 
the two groups, accounting for about half of all patients with confirmed neuromus-
cular disease in this setting.

Many adult and pediatric patients who develop CIPM have undergone a solid 
organ or bone marrow transplant, suffered a traumatic injury (e.g., head injury, 
burns) and/or have had one or more episodes of bacterial sepsis [26, 54]. The use 
of corticosteroids and neuromuscular blocking agents is also common. Although 
the precise mechanism of CIPM is not known, it is believed to result from a sys-
temic inflammatory response syndrome (SIRS) provoked by a severe systemic 
infection or trauma [51]. Patients exhibit profound changes in cellular and humoral 
immune responses altering the microcirculation throughout the body. At the 
microscopic level, mitochondrial dysfunction occurs with the loss of normal 
ATPase staining in type 1 fibers of a muscle biopsy [51, 54]. Endothelial damage 
may result in the disruption of the vasa nervorum with resulting ischemia of axons. 
In muscles this can cause disruption of the function and structure of the basic 
contractile unit and, in more severe cases, areas of necrosis and vacuolar changes 
[51]. This evidence of microstructural damage and mitochondrial dysfunction 
seen on biopsy is congruent with the high rate of long-term morbidity seen in 
adult patients who have suffered CIM [55, 56]. Prospective studies of adult ICU 
patients indicate that CIPM occurs in about 50-70% of patients suffering from 
systemic inflammatory response syndrome [57, 58]. As such, milder cases of 
CIPM may even be more prevalent than that reported by Lacomis [26] and Banwell 
[54]. Phrenic nerve conduction studies and needle EMG of the diaphragm and 
chest wall muscles have been recommended in adult patients with suspected 
CIPM [51]; however, these particular studies are not commonly performed in 
pediatric EMG.

�Drugs Exacerbating Underlying Neuromuscular Diseases

Medications or toxins can exacerbate underlying disorders of nerve, muscle and 
neuromuscular transmission.
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�Chemotherapy Induced Peripheral Neuropathy

Chemotherapeutic agents such as vincristine have been reported to cause significant 
toxicity in patients with Charcot-Marie-Tooth disease.

Most individuals will not report symptoms of a vincristine-induced sensorimotor 
neuropathy until after a minimum cumulative dose of vincristine 5–8 mg has been 
administered [59]. However patients with Charcot-Marie-Tooth disease will show 
marked sensitivity to this chemotherapeutic agent with dramatic sensory symptoms 
or even a Guillain-Barré-like phenotype apparent after a cumulative dose of only 
2 mg [59, 60]. On rare occasions CMT has presented in previously asymptomatic 
patients after receiving vincristine to treat lymphoma [61, 62]. Reports exist of 
adults with no prior neurological symptoms progressing to quadriplegia and bulbar 
palsy after vincristine therapy [62]. As such, hereditary neuropathies must be con-
sidered among individuals showing extreme sensitivity to this drug.

The chronic use of other medications that pose a potential risk for exacerbating 
CMT including metronidazole, nitrous oxide, HMG co-reductase inhibitors 
(‘statins’), nitrofurantoin and phenytoin [59].

�Neuromuscular Blockade

Neuromuscular blocking agents bind to acetylcholine receptors post-synaptically, 
thereby inhibiting the action of the neurotransmitter acetylcholine. This blocks neu-
romuscular transmission, resulting in paralysis of the muscle. These medications 
are aimed at preventing movement in an intubated patient to avoid self-extubation 
and/or self-injury. Since they do not possess any sedative or amnestic properties, 
they are routinely used with other medications.

Children with underlying renal or hepatic dysfunction may take longer to clear 
these medications during which time they may appear clinically weak and show 
electrophysiological evidence of reduced or absent CMAP amplitudes.

Patients with disorders of neuromuscular transmission such as myasthenia gravis 
have a reduction in the total number of acetylcholine receptors. As such, they show 
increased sensitivity to non-depolarizing neuromuscular blockers [63]. For surger-
ies requiring muscle relaxation, it if often necessary to adjust the dosing of these 
medications in such patients [64].

�Malignant Hyperthermia

Malignant hyperthermia (MH) is a pharmacogenetic syndrome of skeletal muscle 
associated with a hypermetabolic response to volatile anesthetic gas (e.g., halo-
thane, sevoflurane) and the depolarizing muscle relaxant succinylcholine. Rarely, 
MH can also be triggered by heat or vigorous exercise.
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An episode of MH is characterized by muscle rigidity, rhabdomyolysis, hyper-
thermia, tachycardia, hyperpnea, metabolic acidosis and hyperkalemia. Uncontrolled 
MH can lead to severe hyperthermia and rhabdomyolysis. Progressive muscle 
breakdown results in hyperkalemia and myoglobinuria which can cause acute renal 
failure and life-threatening electrolyte abnormalities and cardiac arrhythmia.

Most patients with MH susceptibility show no evidence of muscle dysfunction prior 
to their exposure to anesthetic. There is a smaller subset of MH susceptible patients 
who show clinical signs of a congenital myopathy associated with mutations in RYR1 
or CACNA1S. Most patients with King-Denborough syndrome, central core disease 
and/or multiminicore disease show MH susceptibility. As such, it is paramount that 
neuromuscular clinicians and anesthesiologists be aware of this risk and follow MH 
precautions for any child with suspected congenital myopathy that includes avoidance 
of potential anesthetic triggers. MH is a medical emergency that necessitates immedi-
ate action to prevent progressive tissue destruction and risk of death. When MH is 
suspected, inhaled anesthetics must be stopped and succinylcholine must not be re-
administered. Dantrolene, the only known antidote, should be administered and active 
cooling initiated. Careful monitoring of blood electrolytes, gas and creatinine kinase as 
well as monitoring urine output and cardiac rhythm is required. Critical care monitor-
ing is required for at least 24 hours due to risk of morbidity [65].

Muscular dystrophies including Duchenne muscular dystrophy (DMD) and 
Becker muscular dystrophy (BMD) have been associated with an MH-like reaction 
triggered by volatile anesthetic agents with or without succinylcholine. Patients 
exhibited hyperthermia, hyperkalemia and hyperCKemia (>40,000  U/L) that 
responded to dantrolene [66, 67]. Genetic testing for RYR1, CACNA1S and STAC3 
were negative in each case [66]. Some patients with DMD have also tested positive 
to the caffeine-halothane contracture test [68]. Although this may not fall within the 
strict definition of malignant hyperthermia, MH precautions should nevertheless be 
applied to all patients with muscular dystrophies and other inherited myopathies.

�Technical Considerations in the Pediatric Intensive Care Unit

Neurophysiologists are commonly faced with several challenges in the ICU that can 
include limited access to typical stimulation and recording sites due to the need for 
intravenous access, peripheral edema, and difficulty maintaining limb temperatures 
in the desired range. This can result in artifacts, which are discussed in detail in 
Chap. 11. In order to minimize the influence of 60 Hz interference from other elec-
trical sources it is important to disconnect as many electronic devices as possible, 
in consultation with the primary team and nursing staff. In the sedated patient it can 
be difficult to recruit motor units, which can make distinguishing a myopathic from 
neuropathic process more difficult. It is important to document at what time boluses 
of paralytic medications were given since the neuromuscular blockade can artifi-
cially depress CMAP amplitudes. Caution should be exercised when applying elec-
trical stimulus near an intravascular line that could lie in close proximity to the heart.
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Chapter 24
Normal Values Tables

Peter B. Kang

There is a long history and a significant corpus of published literature on normal 
values for nerve conduction studies in adults [1–3]. The earliest attempts to codify 
normal values for nerve conduction studies in the pediatric population date to the 
1960s [4, 5]. Since then, a number of other studies have been published, as cited in 
Tables 24.1, 24.2, and 24.3.

Reference values for nerve conduction studies and needle electromyography in 
children have historically been difficult to determine in a true healthy cohort, as the 
discomfort of the test, albeit mild, introduces ethical issues that limit the ability to 
collect such data on a large scale in a prospective manner. However, data on ranges of 
normal values have been published, and those data have been collected, compared, 
and distilled to yield the following tables for sensory responses (Table 24.1), motor 
responses (Table 24.2) and F-responses (Table 24.3). Much of the data in the source 
literature are presented as means with standard deviations; in those cases, two standard 
deviations from the mean were used to determine the upper limit of normal in the case 
of latencies and lower limits of normal in the case of amplitude or conduction velocity. 
For focal neuropathies, consideration can also be given to comparing the response in 
the affected limb to that of the contralateral, unaffected side.

Children over the age of five years old have generally been found to have normal 
values in the adult range, thus these tables range from birth to 5 years, with standard 
adult values also listed to provide perspective. As a general rule of thumb for con-
duction velocities, a full term neonate has normal values about half those of an 
adult, and these gradually increase with age until 3–5 years, when adult values are 
reached. F response latencies do not mature until later, as they are heavily depen-
dent upon a patient’s height. When the data show normal values that may go beyond 
adult values, the adult values are presented.
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Table 24.1  Suggested normal values for sensory nerve conduction studies

Age Amplitude (μV) Conduction velocity (m/s)

Median nerve

Term newborn ≥3.5 ≥22
0–1 month ≥3.5 ≥24
1–3 months ≥5 ≥25
3–6 months ≥5 ≥32
6–12 months ≥5 ≥33
1–2 years ≥9 ≥41
2–4 years ≥13 ≥45
4–6 years ≥14 ≥48

Ulnar nerve

34–36 weeks gestation – ≥10
Term neonate ≥4 ≥13
2–4 weeks ≥6 ≥17
1–3 months ≥6 ≥20
3–6 months ≥6 ≥26
6–12 months ≥6 ≥28
1–3 years ≥6 ≥29
4–6 years ≥6 ≥33

Sural nerve

Term neonate Any response ≥18
0–1 month Any response ≥21
1–3 months Any response ≥23
3–6 months Any response ≥26
6–12 months Any response ≥30
1–2 years ≥6 ≥34
2–4 years ≥6 ≥38
4–6 years ≥6 ≥41

Medial plantar nerve

Term neonate ≥10 –
1–6 months ≥15 ≥35
6–12 months ≥15 ≥40
1–2 years ≥15 ≥40

Note: Data are derived from material in [6–13]. Nearly all the source articles used the orthodromic 
approach [6–13], but data from an antidromic study [8] was also determined to be valuable to 
include both due to the frequent use of that approach and also in light of the paucity of published 
data. Some values are marked “any response” due to large standard deviations in the source data. 
Of note, sural nerve responses are often difficult to elicit in infants
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Table 24.2  Suggested normal values for motor nerve conduction studies

Age
Distal latency 
(ms)

Amplitude  
(mV)

Conduction velocity  
(m/s)

Median nerve

23–29 weeks gestation Any response ≥7
29–33 weeks gestation Any response ≥16
33–38 weeks gestation ≤3.8 Any response ≥19
Term neonate (38–42) ≤3.5 ≥2.5 ≥20
2–4 weeks ≤3.0 ≥2.5 ≥23
1–6 months ≤3.0 ≥3.5 ≥30
6–12 months ≤3.0 ≥2.3 ≥35
12–18 months ≤3.0 ≥3.7 ≥40
18–24 months ≤3.0 ≥3.7 ≥45
2–3 years ≤3.1 ≥2.0 ≥47
3–4 years ≤3.1 ≥2.0 ≥48
4–5 years ≤3.2 ≥3.0 ≥49
Adult ≤4.5 ≥4.1 ≥49

Ulnar nerve

34–37 week gestation ≤3.0 – ≥15
Term neonate ≤3.5 ≥1.0 ≥20
0–1 months ≤3.5 ≥2.0 ≥20
1–6 months ≤3.0 ≥2.5 ≥30
6–12 months ≤2.5 ≥3.0 ≥35
1–2 years ≤2.5 ≥3.0 ≥40
2–3 years ≤2.5 ≥3.0 ≥45
3–4 years ≤2.5 ≥3.0 ≥50
4–5 years ≤2.7 ≥3.0 ≥50
Adult ≤3.7 ≥6.0 ≥50

Peroneal (fibular) nerve

Term neonate ≤4.5 ≥0.5 ≥20
0–1 months ≤4.5 ≥0.5 ≥20
1–6 months ≤3.2 ≥0.5 ≥27
6–12 months ≤3.2 ≥0.7 ≥36
1–2 years ≤3.2 ≥0.7 ≥38
2–3 years ≤4.1 ≥0.9 ≥39
3–4 years ≤4.1 ≥1.0 ≥40
4–6 years ≤4.1 ≥1.3 ≥40
Adult ≤6.5 ≥2.0 ≥40

Tibial nerve

23–29 weeks – – ≥6
29–33 weeks – – ≥9
33–38 weeks ≤4.7 – ≥13
Term (38–42 weeks) ≤4.1 ≥0.9 ≥17
1–3 months ≤4.0 ≥1.2 ≥20

(continued)
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Table 24.2  (continued)

Age
Distal latency 
(ms)

Amplitude  
(mV)

Conduction velocity  
(m/s)

3–6 months ≤3.5 ≥1.2 ≥25
6–9 months ≤3.5 ≥3.4 ≥30
9–12 months ≤3.5 ≥3.4 ≥32
1–3 years ≤4.0 ≥4.8 ≥33
3–6 years ≤4.7 ≥4.8 ≥40
Adult ≤6.1 ≥4.4 ≥40

Note: data are derived from material in [8–17]. Note that distal latencies tend to follow a “U-shaped” 
curve during infancy, most likely due to the competing influences of myelination and lengthening 
of distances between landmarks. Based on the published literature [9, 12, 13], mean median motor 
amplitudes rise steadily through childhood, but the standard variation peaks during the toddler 
years, leading to a dip in expected minimum amplitudes during that period. One can speculate that 
the excessive movement of the toddlers led to the higher standard deviations, but that is not certain. 
Adult values are adapted from [2]. Expected young adult values are often higher than the standard 
adult values listed above [2], but for simplicity adult values are not divided by age categories as the 
focus is on pediatric values in this table

Table 24.3  Suggested normal values for F-wave response minimum latencies

Age Minimum latency (ms)

Median nerve

0–1 months ≤22
1–6 months ≤20
6–12 months ≤20
1–2 years ≤20
2–4 years ≤20
4–6 years ≤22
6–14 years ≤28
Adult ≤33

Ulnar nerve

0–1 months ≤22
1–6 months ≤19
6–12 months ≤18
1–2 years ≤18
2–4 years ≤19
4–6 years ≤22
Adult ≤33

Peroneal nerve

0–1 months ≤35
1–6 months ≤28
6–12 months ≤29
1–2 years ≤30
2–4 years ≤34
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Age Minimum latency (ms)

4–6 years ≤36
6–14 years ≤43
Adult ≤57

Tibial nerve

0–1 months ≤28
1–6 months ≤25
6–12 months ≤26
1–2 years ≤28
2–4 years ≤31
4–6 years ≤35
Adult ≤57

Note: data are derived from material in [9, 11–13]. Note that the F response latencies tend to follow 
a “U-shaped” curve during childhood due to the competing influences of myelination and length-
ening of the extremities with age. Adult values are adapted from [18]

Table 24.2  (continued)
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Chapter 25
Case Presentations

Hugh J. McMillan

Case 1

Clinical Summary

A 16-year-old, right-handed young man presented with left hand weakness. He was 
an accomplished musician who would spend long hours playing piano, cello and 
guitar. He first noted mild left hand weakness 12 months prior to presentation. His 
symptoms worsened and he stopped playing piano and cello about 6 months prior 
to presentation. He continued to play guitar, but noticed increased difficulty holding 
more complicated chords with his left hand. He could still fasten small buttons and 
tie his shoe laces. He has not experienced any sensory symptoms or neck pain. His 
right arm and both legs were asymptomatic. He was not taking any medications. His 
past medical history was unremarkable, with no prior trauma, no fever or other 
infectious symptoms, no bowel or bladder symptoms, and no dysphagia. Family 
history was unremarkable. He did well academically.

On physical examination, he was an alert and well-appearing young man. Height 
was 50th percentile and weight was 75th percentile. General medical examination 
was normal. Cranial nerve examination was unremarkable. Motor exam revealed 
moderate muscle wasting of his left hypothenar and thenar eminences as well as his 
left first dorsal interosseous (FDI). No fasciculations were noted. Muscle bulk was 
otherwise intact. Muscle strength testing revealed the following in his left upper 
extremity, using the Medical Research Council (MRC) scale: deltoids 5, 
supraspinatus 5, infraspinatus 5, biceps 5, triceps 5, pronator teres 5, supinator 5, 
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Table 25.1

Nerve conduction studies
Normal Right Left Normal Right Left

Sensory Motor
Median Median (at wrist to APB)
  PL (ms) <3.2 2.6 2.1   DML (ms) <4.2 3.7 3.9
  SNAP (mV) >14.0 29.0 35.8   CMAP (mV) >3.9 12.4 7.9
Ulnar   CV (m/s) >50 56 55
  PL (ms) <3.3 2.0 Ulnar (at wrist to ADM)
  SNAP (mV) >9.0 25.1   DML (ms) <3.4 2.5 3.0
Dors Ulnar Cut   CMAP (mV) >5.9 11.5 5.4
  PL (ms) <3.3 1.3   CV (m/s) >50 61 59
  SNAP (mV) >4.0 16.1 Radial (proximal forearm to EIP)
Radial   DML (ms) 4.4 4.3
  PL (ms) <2.9 2.2   CMAP (mV) 5.4 3.2
  SNAP (mV) >11.0 38.7   CV (m/s) 63 50
MAC
  PL (ms) <3.3 1.3 1.7
  SNAP (mV) >4.0 13.1 8.5

Concentric needle EMG

Side Muscle Root Insert Fib PSW Amp Dur Poly Recruit
Left First dorsal 

interosseous
C8–T1 Incr 2+ Nml Incr Incr Nml 2- to 3-

Left Flexi carpi 
radialis

C6–C7 Incr Nml 1+ Incr Incr 1+ 1-

Left Flex pollicus 
longus

C7–C8 Incr Nml 3+ Incr Nml Nml 1-

Left Extensor digit 
comm

C7–C8 Incr 1+ 1+ Incr Nml Nml 2- to 3-

Left Biceps C5–C6 Nml Nml Nml Nml Nml Nml Nml
Left Triceps C6–C8 Nml Nml Nml Incr Incr 1+ 1-
Right First dorsal 

interosseous
C8–T1 Nml 1+ Nml Incr Incr Nml 1-

Right Abductor 
pollicus brev

C8–T1 Nml Nml Nml Incr Incr 1+ 1-

Right Extensor digit 
comm.

C7–C8 Nml Nml Nml Incr Incr 1+ 1-

Left Vastus lateralis L2–L4 Nml Nml Nml Nml Nml Nml Nml
Left Tibialis anterior L4–L5 Nml Nml Nml Nml Nml Nml Nml

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, EDB extensor digitorum 
brevis, AH abductor hallucis, Fib fibrillation potential, PSW positive sharp wave, Amp amplitude, 
Dur duration, Poly polyphasic, Recruit recruitment pattern
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EDC 4-, EIP 4-, EPB 3, FPL 4+, APB 4, FDI 4-, ADM 4-, FDP (2nd digit) 4, FDP 
(5th digit) 4-. Right upper extremity strength was normal. Lower extremity strength 
testing was normal. Deep tendon reflexes were intact (2+) throughout. Plantar 
responses were flexor, bilaterally. Sensory testing (pin-prick, cold, vibration and 
propriocepton) was normal. A mild intention tremor was noted in his left upper 
extremity. Routine MRI of the cervical-spine and brachial plexus revealed no 
abnormalities.

Neurophysiological testing revealed the following (Table 25.1).
Nerve conduction studies provided electrophysiological evidence for a disorder 

affecting motor nerves, motor neurons or ventral roots at the C7/8/T1 level 
(left > right). Given the patient’s age and clinical progression (over many months), 
Hirayama syndrome was considered. There was no prior illness to point to an 
infectious myelitis. There was no family history and no clinical evidence of upper 
motor neuron involvement to suggest juvenile amyotrophic lateral sclerosis.

One additional study was performed to confirm the diagnosis.
Hirayama disease is characterized by insidious onset of distal weakness and atro-

phy of hand muscles. Symptoms typically progress for several years before stabiliz-
ing. Onset is typically in the late teenage years or early 20’s, similar to this patient. 
Findings are most often unilateral but can appear bilateral in a smaller proportion of 
patients. The mechanism of injury is thought to be focal trauma and ischemia of the 
anterior horn cells at the level(s) where the spinal cord is compressed against the 
vertebrae (Fig. 25.1c). Nerve conduction studies may show low ulnar and/or median 
CMAP amplitudes. Since this affects only motor neurons, sensory responses remain 
unaffected. Differential diagnosis includes: poliomyelitis, juvenile amyotrophic lat-
eral sclerosis (ALS), spinal muscular atrophy (SMA) or spinal cord lesions (syrinx, 
tumor).

Fig. 25.1  MRI of the cervical spine, T2-weighted sagittal sequences (Fig  25.1) with flexion-
extension views confirmed Hirayama disease. (a) revealed a mild loss of normal cervical spine 
lordosis. Extension view (b) revealed CSF anterior to the spinal cord. Upon neck flexion (c), MRI 
demonstrates loss of CSF spaces and compression of the cord at C5–6

a b c
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Case 2

Clinical Summary

A 3 year old girl presented with a 4 week history of foot pain. The pain was ini-
tially thought to be intermittent and was particularly bothersome at bedtime. She 
became increasingly irritable. Her gait became abnormal 1–2 weeks prior to pre-
sentation, as she began to walk with both feet inverted which had been attributed to 
increasing foot pain. She also began falling more frequently. On the day of presen-
tation and hospitalization, she refused to walk and appeared unable to bear weight 
on her legs. No bowel or bladder incontinence was noted. Her medical history was 
otherwise unremarkable. Birth history and neurodevelopmental history had been 
unremarkable.

Physical examination noted an alert but irritable girl. Height was 50th percen-
tile and weight was 50th percentile. General medical examination was unremark-
able. Cranial nerve examination was unremarkable. Muscle bulk was intact. 
Muscle strength testing revealed proximal and distal weakness of her upper and 
lower extremities. When placed in a standing position she could bear weight on 
her legs (with knees locked) but was unable to take any steps. She complained of 
back pain when standing. Deep tendon reflexes were reduced to absent in the 
upper and lower extremities. Plantar responses were flexor, bilaterally. Sensory 
testing showed decreased response to tickle and pin-prick. No sensory level was 
noted.

Serum CK was 48 U/L (normal <175 U/L).
Nerve conduction studies provided electrophysiological evidence for a senso-

rimotor polyneuropathy with demyelinating features (Table 25.2). The waveforms 
for the left median nerve and tibial nerve motor conduction studies revealed delayed 
distal onset latencies as well as temporal dispersion (Fig.  25.2). Late responses 
(F-responses, H-reflex) were not performed given low CMAP amplitudes observed. 
Left median and tibial motor CMAPs showed temporal dispersion (Fig. 25.2 above).

Additional testing included the following:
Lumbar puncture revealed CSF leukocytes 1/hpf (normal <5), CSF erythrocytes 

0/hpf, CSF protein 1.07 g/L (normal 0.15–0.6 g/L) and CSF glucose 3.7 mmol/L 
(normal 2.0–4.4 mmol/L).

MRI of the spine revealed nerve root enhancement.
Given the clinical, electrophysiological and biochemical evidence she was diag-

nosed with Guillain-Barré syndrome (see Chap. 18). She was treated with intrave-
nous immunoglobulin (IVIG) 1  g/kg for each of two consecutive days. She 
demonstrated signs of clinical recovery within days and was able to walk cautiously 
7  days later. Her physical examination was entirely normal when re-examined 
4 months later.
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Table 25.2

Nerve conduction studies
Normal Left Normal Left

Sensory Motor
Median Median (at wrist to APB)
  SNAP (μV) >13.0 NR   DML (ms) <3.1 22.8
  CV (m/s) >45   CMAP (mV) >3.9 0.1
Ulnar   CV (m/s) >48 14
  SNAP (μV) >6.0 NR Ulnar (at wrist to ADM)
  CV (m/s) >29   DML (ms) <2.5 23.3
Superficial peroneal   CMAP (mV) >3.0 0.3
  SNAP (μV) >6.0 NR   CV (m/s) >50 27
  CV (m/s) >38 Tibial (ankle to AH)
Sural   DML (ms) <4.7 18.1
  SNAP (μV) >6.0 NR   CMAP (mV) >4.8 0.2
  CV (m/s) >38   CV (m/s) >40 26

Concentric needle EMG

Side Muscle Root Insert Fib PSW Amp Dur Poly Recruit
Left Tibialis anterior L4–L5 Nml Nml Nml Nml 1+ 1+ 1-

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, EDB extensor digitorum 
brevis, AH abductor hallucis, Fib fibrillation potential, PSW positive sharp wave, Amp amplitude, 
Dur duration, Poly polyphasic, Recruit recruitment pattern

Fig. 25.2  The waveforms for the left median nerve and tibial nerve motor conduction studies 
(above) revealed evidence for delayed distal motor onset latency and temporal dispersion
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Case 3

Clinical Summary

After undergoing cardiac surgery, a 10-year-old boy awoke complaining of numb-
ness of the plantar and dorsal surfaces of his left foot. He also had weakness of his 
left lower extremity.
Physical exam of his left leg on post-operative day #1 noted: gluteus maximus 5, 
gluteus medius 5, hamstrings 5, tibialis anterior 1, peroneus longus 1, gastrocnemius 
1, tibialis posterior 1, extensor halluces longus 1. Left patellar reflex 2+, left ankle 
reflex was absent. Sensation was reduced over the left tibial and peroneal 
distributions; however, sensation was intact over the left saphenous distribution. 
MRI brain was performed due to post-operative concern of potential ischemic brain 
injury. However, brain imaging was entirely normal.

He showed improvement in his symptoms during the 4 weeks between his car-
diac surgery and his presentation for electrophysiological testing. He was now able 
to walk and bear weight on his left leg; however, he noted persistent weakness. He 
states that when he touches his left foot this sensation has improved. He notes mark-
edly decreased sensation to the left plantar surface of the foot; however, he states 
that sensation over the left dorsal surface of the foot has improved.

On physical examination 1 month after the surgery, he was noted to be an alert 
and well-appearing boy. Height was 90%ile and weight 70%ile. Cranial nerves were 
intact. Muscle strength of his left leg was as follows (according to the Medical 
Research Council scale): gluteus maximus 5, gluteus medius 5, hip flexors 5, 
adductors 5, hamstrings 4, tibialis anterior 4+, tibialis posterior 4, peroneus longus 
4+, gastrocnemius 3, EHL 4, toe flexors 4-. Mild atrophy was noted to his left EDB 
and left gastrocnemius. Strength testing of right leg was normal. Deep tendon 
reflexes were graded as 2+ at the patellae bilaterally, 2+ at the right ankle, and 0 at 
the left ankle. Sensation was decreased over the sole of the left foot in the tibial 
nerve distribution. However, sensation appeared intact over the saphenous and 
common peroneal distributions. He was able to walk with no discernable foot drop. 
He could not rise up on his heels on the left side. He also was unable to do a toe raise 
when standing on his left foot alone. Neurophysiological testing 1  month after 
surgery revealed the following (Table 25.3).

Neurophysiological testing, specifically the pattern of abnormality on needle 
EMG, provided evidence for a left sciatic neuropathy. Given his clinical 
improvement, a large proportion of the injury was attributed to neurapraxia; 
however, his mild persistent weakness and evidence of denervation in sciatic-
innervated muscles also indicated some degree of axontnesis. The intact superficial 
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peroneal and sural SNAP amplitudes as well as the intact common peroneal nerve 
(EDB) and tibial (AH) CMAP amplitudes also suggest that axontmesis was a 
relatively minor component of the overall injury.

The lack of clinical or electrographic changes in the left gluteus medius (L5-root, 
superior gluteal nerve innervated muscles) or left paraspinal muscles (L5-root) were 
helpful for excluding the possibility of a left lumbosacral or nerve root injury.

Clinical re-examination 6 months post-operatively demonstrated full recovery.

Table 25.3

Nerve conduction studies
Normal Left Normal Left

Sensory Motor
Median Median (at wrist to APB)
  PL (ms) <3.2   DML (ms) <4.2 3.0
  SNAP (μV) >14.0   CMAP (mV) >3.9 7.9
Ulnar   CV (m/s) >50 58
  PL (ms) <3.3 2.3 Common peroneal (ankle to EDB)
  SNAP (μV) >9.0 27.3   DML (ms) <6.0 3.4
Superficial peroneal   CMAP (mV) >2.4 6.3
  PL (ms) <3.8 2.4   CV (m/s) >40 48
  SNAP (μV) >5.0 15.0 Tibial (ankle to AH)
Sural   DML (ms) <6.0 4.5
  PL (ms) <4.2 2.3   CMAP (mV) >3.9 10.8
  SNAP (μV) >5.0 12.0   CV (m/s) >40 44

Concentric needle EMG

Side Muscle Root Insert Fib PSW Amp Dur Poly Recruit
Left Medial 

gastrocnemius
S1–S2 Incr 1+ 2+ Nml Incr Incr 1-

Left Tibialis anterior L4–L5 Incr 1+ 1+ Nml Incr Incr 1-
Left Biceps femoris 

(short)
L5–S1 Incr 1+ 1+ Nml Incr Incr 1-

Left Biceps femoris 
(long)

L5–S2 Incr 1+ 2+ Nml Incr Incr 1-

Left Gluteus medius L4–S1 Nml Nml Nml Nml Nml Nml Nml
Left Paraspinal muscle 

(L5)
L4–S1 Nml Nml Nml Nml Nml Nml Nml

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, EDB extensor digitorum 
brevis, AH abductor hallucis, Fib fibrillation potential, PSW positive sharp wave, Amp amplitude, 
Dur duration, Poly polyphasic, Recruit recruitment pattern
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Case 4

Clinical Summary

A 9-year-old boy was evaluated for coordination problems and frequent falling. 
His parent noted him to have ‘always been clumsy’. However, over the past 
1–2 years it has become more evident. Over the past few months he had fallen 
three times in the shower, bringing the curtain down with him when he fell. He has 
done well academically. He has had increasing problems keeping up with his peers 
in sports, particularly skating. He reports no paresthesiae or pain. No weakness 
was reported; he can run up a set of stairs or climb up one foot per step. His parents 
had noted subtle voice changes; he has been noted to speak more slowly and 
hesitantly. Past medical history was otherwise unremarkable. His neurodevelopment 
was appropriate. He was on no regular medication. Family history was 
unremarkable.

Physical examination noted a boy with height at 25th percentile and weight at 
50th percentile. General medical exam was notable for slight pes cavus and early 
hammertoeing. Cranial nerve examination was notable only for mild dysarthria. 
Muscle strength testing was entirely normal. Complete areflexia was evident. 
Plantar responses were extensor, bilaterally. Heel contractures were noted; with his 
knees straight his ankles could be passively dorsiflexed to neutral position only. 
Sensory testing confirmed decreased vibration sense at both toes. Proprioception 
was diminished. Cold and fine touch was intact. He demonstrated sensory ataxia, 
with difficulty touching his nose with his eyes closed. The Romberg test was 
positive; he swayed considerably. He could not perform a tandem gait. He could not 
stand on one leg (either side).

Nerve conduction studies demonstrated electrophysiological evidence for a 
severe sensory neuropathy or ganglionopathy (Table 25.4).

This pattern of selective sensory loss without pain can be due to many conditions 
including vitamin or other micronutrient deficiencies (e.g., vitamin B12 or E, 
copper) as well as vitamin toxicity (vitamin B6) or drug toxicity (tamoxifen, 
cisplatin). Genetic conditions including Friedrich ataxia and spinocerebellar ataxias 
(SCA4), as well as a-β-lipoproteinemia or mitochondrial diseases. Autoimmune and 
paraneoplastic causes are rare but important cases in childhood.

Genetic testing confirmed >100 GAA expansions within the FRDA gene, consis-
tent with the diagnosis of Friedreich ataxia.

Echocardiogram also identified a mild cardiomyopathy.
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Table 25.4

Nerve conduction studies
Normal Right Normal Right

Sensory Motor
Median Median (at wrist to APB)
  PL (ms) <3.2   DML (ms) <4.2 3.3
  SNAP (mV) >14.0 NR   CMAP (mV) >3.9 9.2
Ulnar   CV (m/s) >50 52
  PL (ms) <3.3 Ulnar (at wrist to ADM)
  SNAP (mV) >9.0 NR   DML (ms) <3.4 2.7
Superficial peroneal   CMAP (mV) >5.9 7.4
  PL (ms) <3.8   CV (m/s) >50 57
  SNAP (mV) >5.0 NR Common peroneal (ankle to EDB)
Sural   DML (ms) <6.0 4.5
  PL (ms) <4.2   CMAP (mV) >2.4 3.5
  SNAP (mV) >5.0 NR   CV (m/s) >40 43

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, EDB extensor digitorum 
brevis, AH abductor hallucis, Fib fibrillation potential, PSW positive sharp wave, Amp amplitude, 
Dur duration, Poly polyphasic, Recruit recruitment pattern.

Fig. 25.3  Biochemical testing noted serum CK 344 U/L (normal <175 U/L). MRI brain (Fig. 25.3) 
identified a small mid-line subarachnoid cyst in the posterior fossa (a; arrow) that was determined 
to be an incidental finding. There was no cerebellar atrophy, although later re-examination did 
show mild thinning of the cervical spinal cord (b; arrow)​

a b
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Case 5

Clinical Summary

A 2-year-old boy was referred for progressive muscle weakness over at least 4 months. 
He began sitting independently at 6–7 months of age and took his first independent 
steps at 14 months. He had been more hesitant with walking compared to other chil-
dren and has had a definite decline in his muscle strength particularly over the past 
4 months. His parents believed that his right leg was slightly weaker than the left leg. 
He had difficulty rising from a seated to a standing position. He was able to walk for 
at least 5 minutes, but fatigued afterwards and the falling became more frequent. He 
had a tendency to lock his knees when walking. He could not lower himself to the 
ground, compensating by attempting controlled falls onto his knees. He was not 
experiencing sensory symptoms, including pain. There were no diurnal fluctuations 
of his symptoms. He was not experiencing dysphagia, ptosis, dysarthria, dysconju-
gate gaze, back pain, or bowel or bladder symptoms. Medical history was otherwise 
unremarkable. He was born at term after an uneventful pregnancy.

Physical exam noted his height to be 90th percentile and weight 85th percentile. 
He was well-appearing, and general medical examination was unremarkable. 
Cranial nerve exam was unremarkable. His palate was not high arched. His tongue 
bulk and power were normal with no fasciculations seen. Muscle strength testing 
noted definite weakness in the lower extremities. His quadriceps were most affected 
with quadriceps strength 3 bilaterally on the Medical Research Council scale. Hip 
flexors also seemed weak at 4-. He demonstrated ankle dorsiflexion and plantar 
flexion. He had good grip strength. He was able to reach with both arms in the air. 
Deep tendon reflexes were 2+ at the biceps, 0 at the patellae, and 1+ at the ankles. 
Abdominal reflexes were absent. Plantar responses were flexor, bilaterally. Sensory 
testing appeared intact (he withdrew to tickling on his feet).

MRI brain and spine was unremarkable. Serum CK was 122  U/L (normal 
<175 U/L).

Neurophysiologic testing provided evidence for a diffuse disorder affecting 
motor nerves or motor neurons (Table 25.5).

Motor neuropathies or neuronopathies in childhood are most commonly attribut-
able to spinal muscular atrophy. Other diagnostic considerations (covered in Chap. 
16) could include other genetic causes (e.g., spinal muscular atrophy with respira-
tory distress or SMARD) and non-5q SMA.  Acquired conditions could include 
poliomyelitis or a polio-like infection as well as toxins (e.g., dapsone). Diagnostic 
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considerations in older children could also include Hirayama syndrome or juvenile 
amyotrophic lateral sclerosis (ALS).

Genetic testing in this patient revealed 0 copies of SMN1 and 4 copies of SMN2, 
confirming the diagnosis of spinal muscular atrophy (SMA). Given that he was 
ambulatory and had 4 copies of SMN2, his phenotype was deemed most consistent 
with SMA type III.

Table 25.5

Nerve conduction studies
Normal Right Left Normal Right Left

Sensory Motor
Median Median (at wrist to APB)
  PL (ms) <3.2 1.8   DML (ms) <4.2 2.5
  SNAP (μV) >14.0 27.0   CMAP (mV) >3.9 4.1
Ulnar   CV (m/s) >50 53
  PL (ms) <3.3 Common peroneal (ankle to EDB)
  SNAP (μV) >9.0   DML (ms) <6.0 3.8 3.4
Superficial peroneal   CMAP (mV) >2.4 2.4 2.1
  PL (ms) <3.8   CV (m/s) >40 45 45
  SNAP (μV) >5.0 Tibial (ankle to AH)
Sural   DML (ms) <6.0 3.3 4.1
  PL (ms) <4.2 1.8 1.7   CMAP (mV) >3.9 2.5 2.3
  SNAP (μV) >5.0 14.6 14.9   CV (m/s) >40 42 48

Concentric needle EMG

Side Muscle Root Insert Fib PSW Amp Dur Poly Recruit
Right Tibialis anterior L4–L5 Incr 1+ 1+ Incr Incr 1+ 1-
Right Vastus lateralis L2–L4 Incr 3+ 2+ Incr Incr 1+ 2-
Right Vastus medialis L2–L4 Incr 3+ 2+ Incr Incr 3+ 2-
Right Iliopsoas L2–L3 Incr 1+ 1+ Incr Incr 1+ 1-
Right Adductor longus L2–L4 Incr 2+ 2+ Incr Incr 1+ 1-
Left Vastus lateralis L2–L4 Incr 3+ 3+ Incr Incr 1+ 2-
Right Biceps C5–6 Nml 1+ Nml Nml Incr 1+ 1-

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, EDB extensor digitorum 
brevis, AH abductor hallucis, Fib fibrillation potential, PSW positive sharp wave, Amp amplitude, 
Dur duration, Poly polyphasic, Recruit recruitment pattern
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Case 6

Clinical Summary

A 12-year boy was referred for progressive weakness over at least 6 months. He 
had a known history of autistic spectrum disorder but was able to communicate 
verbally. He initially developed problems eating. He was taking longer to fin-
ish his dinner, demonstrated decreased appetite with progressive weight loss. 
He had occasional episodes of choking when eating solid foods. Over the next 
2–3 months his mother noted that he appeared to be moving his eyes less, turning 
his head to look at objects. In the month prior to hospital admission he developed 
generalized fatigue and muscle weakness. Pregnancy and birth histories were 
unremarkable. Neurodevelopment was significant for language delays but his 
gross motor and fine motor milestones progressed appropriately. Family history 
was unremarkable.

Physical exam on admission noted a thin, underweight boy. His height was 15th 
percentile and weight just below 3rd percentile. Vital signs were stable. He had a 
marked hypophonia and had an inaudible laugh. On cranial nerve exam, his pupils 
were equal and reactive to light. Fundi were normal with no papilledema. He had 
markedly decreased extraocular eye movements with mild ptosis and no nystagmus. 
He demonstrated ocular apraxia—needing to turn his head to fixate on an object as 
he was unable to generate normal saccadic pursuits. Facial movements were 
decreased. The orbicularis oculi were weak (forced eye closure could be broken) 
and his orbicularis oris were also weak (he could not whistle or puff out his cheeks). 
He was able to smile but it was less expressive than normal. Corneal reflexes were 
intact. Palate, uvula and tongue movements were normal. Muscle strength testing 
revealed the following, according to the Medical Research Council scale: neck flex-
ors 4-, deltoids 4-, biceps 4, triceps 4, gluteus medius 4-, and distal muscles were 
intact. Deep tendon reflexes were reduced at 1+. Sensation was intact. Coordination 
testing was normal.

Serum CK was 38 U/L (normal <175 U/L). MRI brain was negative.
Neurophysiological testing provided evidence for a disorder affecting neuromus-

cular transmission (Table 25.6). Repetitive nerve stimulation (3 Hz) of the left ulnar 
nerve (at ADM), left median nerve (at APB) and left spinal accessory nerve (at tra-
pezius) all showed an abnormal decrement, defined as a >10 % decrease in CMAP 
amplitude between the first and the fifth (or fourth) stimulation (Fig.  25.4). His 
serum anti-AChR antibody titre was negative at <0.20 nmol/L (normal <0.40 nmol/L); 
however his serum anti-MuSK antibody titre was markedly elevated at 1:5120 (nor-
mal <1:10) consistent with the diagnosis of juvenile myasthenia gravis (see Chap. 
21). His CT chest was negative with no evidence for thymoma or thymic hyperpla-
sia. He was treated with IVIG 1 g/kg (x2 doses), and began pyridostigmine and 
prednisone therapies. Doses were gradually increased to pyridostigmine 7 mg/kg/
day and prednisone 20 mg/daily. Mycophenolate mofetil was started. He remained 
on IVIG 1 g/kg (q4-weeks), pyridostigmine, prednisone 20 mg/day and mycophe-
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Table 25.6

Nerve conduction studies
Normal Left Normal Left

SensorySensory Motor
Median Median (at wrist to APB)
  PL (ms) <3.2 1.7   DML (ms) <4.2 3.1
  SNAP (μV) >14.0 69.5   CMAP (mV) >3.9 5.1
Ulnar   CV (m/s) >50 56
  PL (ms) <3.3 1.3 Ulnar (wrist to ADM)
  SNAP (μV) >9.0 43.9   DML (ms) <3.4 2.5
Radial   CMAP (mV) >5.9 2.2
  PL (ms) <2.9 1.8   CV (m/s) >50 52
  SNAP (μV) >11.0 19.6 Common peroneal (ankle to EDB)
Superficial peroneal   DML (ms) <6.0 4.0
  PL (ms) <3.8 1.8   CMAP (mV) >2.4 1.1
  SNAP (μV) >5.0 19.6   CV (m/s) >40 52
Sural Tibial (ankle to AH)
  PL (ms) <4.2 2.1   DML (ms) <6.0 3.0
  SNAP (μV) >5.0 35.9   CMAP (mV) >3.9 11.1

  CV (m/s) >40 48

Repetitive nerve stimulation (3 Hz)
Trial # Amplitude 1 (mV) Amplitude 5 (mV) Difference (%)

Left ulnar nerve (to abductor digiti minimi)

Baseline 3.65 2.67 −27.0
Post-exercise (immediate) 3.57 2.56 −28.3
Post-exercise (1-min) 3.53 2.69 −23.7
Left median nerve (to abductor pollicis brevis)

Baseline 4.75 3.43 −27.7
Post-exercise (immediate) 4.04 3.18 −21.4
Post-exercise (1-min) 3.99 3.26 −18.4
Left spinal accessory nerve (to trapezius)

Baseline 2.13 1.60 −24.9
Post-exercise (immediate) 2.25 1.75 −22.2
Post-exercise (1-min) 2.29 1.79 −22.1

Concentric needle EMG

Side Muscle Root Insert Fib PSW Amp Dur Poly Recruit
Left Deltoid C5–C6 Nml Nml Nml Nml Nml Nml Nml
Left Tibialis anterior L4–L5 Nml Nml Nml Nml Nml Nml Nml
Left Ext digitorum 

brev
L5–S1 Nml Nml Nml Nml Nml Nml Nml

Left Abd Hallucis S1–S2 Nml Nml Nml Nml Nml Nml Nml

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, EDB extensor digito-
rum brevis, AH abductor hallucis, Fib fibrillation potential, PSW positive sharp wave, Amp ampli-
tude, Dur duration, Poly polyphasic, Recruit recruitment pattern.
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nolate mofetil 750 mg 2x/day. He demonstrated slow but constant improvement of 
symptoms over the following months. His swallowing improved and his weight 
increased to 10th percentile. By 6  months after initiation of immunomodulation 
therapy, he was able to run without fatigue; at this time he began slowly weaning-off 
predisone. His neurological exam was entirely normal 9-months later. He remains 
in remission 18-months later on mycophenolate mofetil monotherapy. His symp-
toms of marked oculobulbar weakness for many months prior to the onset of more 
generalized weakness is typical of juvenile myasthenia gravis associated with anti-
MuSK antibodies.

Fig. 25.4  Repetitive nerve stimulation (RNS) at 3 Hz of the left ulnar nerve (to abductor digiti 
minimi) shows a significant decrement (>10%) when the compound motor action potential 
(CMAP) of wave #1 and wave #5 are compared at baseline (blue); immediately after exercise 
(green) and 1-min after exercise (red). RNS is discussed in Chap. 6
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Case 7

Clinical Summary

A 12-year-old right-handed young woman was referred for possible myopathy. She 
had bilateral calf pain for about the past 3–4 years. Her pain was exacerbated by 
exercise and it was commonly experienced during gym class. She reported that if 
she ran or sprinted, her muscles became tight with spasms or cramps. She also noted 
similar symptoms with her hands. Her symptoms worsened with initial activity or 
with short bursts of exercise. Low intensity, cardiopulmonary exercise such as walk-
ing was less troublesome. Her handwriting was okay and she did not have problems 
with her hands “freezing up” while writing. Cold worsened her symptoms slightly. 
She reported no muscle weakness, diplopia, dysphagia, dysarthria, pigmenturia or 
hematuria. Medical history was otherwise unremarkable. Neurodevelopmental 
milestones were appropriate. She did well academically. Her mother recalled that 
she walked and reached developmental milestones at similar ages as her peers. Her 
younger sibling had similar symptoms.
On physical examination, her height was 50–75th percentile and weight 90th per-
centile. General medical examination was unremarkable. Cranial nerve exam was 
unremarkable. There was no evidence of eyelid paramyotonia with repeated force-
ful contraction of orbicularis oculi. Muscle strength testing revealed the following 
according to the Medical Research Council scale: neck flexors 4, deltoids 5, biceps 
5, triceps 5, flexor pollicus longus 5, first dorsal interosseous 5, iliopsoas 4, quadri-
ceps 4+, tibialis anterior 5, gastrocnemius 5. Hypertrophy of the biceps and gastroc-
nemius muscles was appreciated. Deep tendon reflexes were normal. Plantar 
responses were flexor, bilaterally. Ankle flexion was full with no contractures. Grip 
myotonia was present, along with percussion myotonia at both thenar eminences. 
Sensory testing (fine touch, cold, and vibration) was intact. There was no 
dysmetria.

Serum CK was 435 U/L (normal <175 U/L).
Her neurophysiologic studies demonstrated electrophysiological evidence for a 

primary disorder of muscle given the abundant myotonic discharges noted on 
concentric needle EMG (Table  25.7).  Although nerve conduction studies were 
unrevealing, the short exercise test (see Chap. 6) showed a >20% drop in CMAP 
amplitude that rapidly recovered. This pattern of abnormality supported a chloride 
channelopathy (given the rapid recovery of CMAP amplitude) rather than a sodium 
channelopathy (which typically shows a more prolonged drop in CMAP amplitude).
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Table 25.7

Nerve conduction studies
Normal Right Normal Right

Sensory Motor
Median Median (at wrist to APB)
  PL (ms) <3.2 1.8   DML (ms) <4.2 3.1
  SNAP (μV) >14.0 73.5   CMAP (mV) >3.9 14.8
Superficial peroneal   CV (m/s) >50 54
  PL (ms) <3.8 2.9 Tibial (ankle to AH)
  SNAP (μV) >5.0 14.9   DML (ms) <6.0 5.1
Sural   CMAP (mV) >3.9 14.8
  PL (ms) <4.2 3.7   CV (m/s) >40 43
  SNAP (μV) >5.0 22.0

Repetitive nerve stimulation
Trial # Amplitude 1 (mV) Amplitude 5 (mV) Difference (%) Comment (Hz)

Right ulnar nerve (to abductor digiti minimi)

Baseline 10.5 10.7 +2.7 3
Post-exercise 
(immediate)

10.3 10.5 +1.9 3

Post-exercise 
(1-min)

10.7 10.9 +1.8 3

Short exercise test
Trial # Onset (ms) Amplitude (mV) CMAP (%)a

Right median nerve (to abductor pollicus brevis)

Baseline 3.2 17.6 mV 100
Exercise x10-s

Post-exercise (immediate) 3.6 14.0 79.5
Post-exercise (10-s) 3.2 17.3 98.3
Post-exercise (20-s) 3.2 17.1 97.2
Post-exercise (30-s) 3.2 16.8 95.5
Post-exercise (40-s) 3.1 17.0 96.5
aRelative to baseline

Concentric needle EMG

Side Muscle Root Ins Fib PSW Amp Dur Poly Recr Comment
Right Biceps C5–C6 Incr Nml Nml Nml Nml Nml Nml Myotonia+
Right Vastuslat L2–L4 Incr Nml Nml Nml Nml Nml Nml Myotonia+

BoldBold = abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, EDB extensor digito-
rum brevis, AH abductor hallucis, Fib fibrillation potential, PSW positive sharp wave, Amp ampli-
tude, Dur duration, Poly polyphasic, Recruit recruitment pattern

H.J. McMillan
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Genetic testing confirmed mutations in both CLCN1 genes consistent with the 
diagnosis of myotonia congenita.

Case 8

Clinical Summary

An 11-year-old right-handed boy presented with right arm weakness following a 
traumatic injury. He was active in competitive dirt biking. On the day of the accident, 
he had lost control of his bike and crashed into a jump landing on his right side. He 
may have briefly lost consciousness for about 30 seconds but when he began moving 
he had excruciating pain in his right arm. His parents stated that when his jersey was 
being taken off the pain suddenly subsided, which may have represented reduction 
of a right shoulder dislocation. X-rays of his right clavicle and upper arm revealed 
no fractures. CT head and cervical spine revealed no abnormalities. He had 
bothersome pain during the two months following the injury. He reported pain in the 
region of his right levator scapula region that extended to his right glenohumeral 
joint. He also noticed severe proximal right arm weakness. He also noted persistent 
numbness in the right upper and lateral arm. No hand weakness was noted. Past 
medical and family histories were unremarkable.

Physical exam revealed an alert and cooperative boy. General medical examina-
tion was unremarkable. His cranial nerves were intact. His right deltoid had a 
strength of 3 on the Medical Research Council scale, with marked wasting of that 
muscle. His strength was otherwise normal at the right trapezius, supraspinatus, 
infraspinatus, rhomboids, biceps, triceps, brachioradialis, wrist extensors, wrist 
flexors, extensor digitorum communis, flexor pollicis longus, first dorsal interosse-
ous, abductor digiti minimi, and  abductor pollicis brevis. Left arm strength was 
intact. No wasting was noted over his scapula, and there was no scapular winging. 
Reflexes were normal at the brachioradialis, biceps, and triceps, bilaterally. Sensory 
testing revealed absent fine touch and absent cold sensation in a 5 × 5 cm (2″ × 2″) 
patch over the right proximal arm.

Neurophysiological testing performed 2 months after the injury revealed the fol-
lowing (Table 25.8).

The nerve conduction studies and EMG revealed electrophysiological evidence 
for a severe right axillary neuropathy. Given the intact right median sensory response 
(C5/6; upper trunk) and right lateral antebrachial cutaneous nerve (upper trunk, 
lateral cord) as well as the absence of any denervation in right biceps and 
infraspinatus (upper trunk) and triceps (posterior cord) there was no evidence for a 
brachial plexopathy.

Although he had marked reduction in recruitment, there was evidence for axonal 
continuity pointing to axontmesis. His symptoms gradually improved over the 
ensuing 9 months with normal strength noted at that time.

25  Case Presentations
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Table 25.8

Nerve conduction studies
Normal Right Left Normal Right Left

Sensory Motor
Median Median (at wrist to APB)
  PL (ms) <3.2 2.4   DML (ms) <4.2 3.1 3.0
  SNAP (mV) >14.0 14.4   CMAP (mV) >3.9 11.2 9.7
Ulnar   CV (m/s) >50 57 56
  PL (ms) <3.3 2.1
  SNAP (mV) >9.0 10.2
Lateral antebrachial cutaneous
  PL (ms) <3.3 1.4 1.4
  SNAP (mV) >5.0 8.3 4.6
Medial antebrachial cutaneous
  PL (ms) <3.3 1.3
  SNAP (mV) >4.0 9.8

Concentric needle EMG

Side Muscle Root Insert Fib PSW Amp Dur Poly Recruit
Right Biceps C5–C6 Nml Nml Nml Nml Nml Nml Nml
Right Deltoid C5–C6 Incr 2+ 2+ Nml Incr Incr 3-
Right Infraspinatus C5–C6 Nml Nml Nml Nml Nml Nml Nml
Right Triceps C6–C8 Nml Nml Nml Nml Nml Nml Nml

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, Fib fibrillation poten-
tial, PSW positive sharp wave, Amp amplitude, Dur duration, Poly polyphasic, Recruit = recruit-
ment pattern

H.J. McMillan
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Case 9

Clinical Summary

A 15-year-old right-handed young woman was referred for a history of bilateral 
hand numbness for about 12 months. She initially had intermittent numbness of the 
fourth and fifth digits of both hands (left hand greater than right). However, her 
symptoms worsened such that for the past 3 months, she now experiences constant 
numbness of the left fourth and fifth digits. Symptoms at the right fourth and fifth 
digits remained intermittent. She awoke about every 2 hours at night as a result of 
numbness and pain in the forearm. She had a tendency to sleep with her elbows 
flexed. She also enjoyed playing the piano but was only able to play for about 15–20 
minutes at a time before the pain became bothersome and forced her to stop. Her 
lower extremities were not involved. Past medical history was otherwise 
unremarkable. General medical health is otherwise unremarkable. 
Neurodevelopmentally she has progressed well and she does extremely well 
academically. Family history was significant for her father experiencing bilateral 
carpal tunnel in his early 20s that was treated with decompressive surgery in his late 
20s. He has not had any other problems, though he was noted to have high arched 
feet.
On physical examination, she was an alert and well appearing young woman. Height 
was 75th percentile and weight 75th percentile. General medical examination was 
unremarkable. Cranial nerve examination was unremarkable. Muscle strength 
according to the Medical Research Council scale was 4/5 at the first dorsal 
interosseous and abductor digiti minimi bilaterally, while the left abductor pollicis 
brevis was 4+. Muscle strength was otherwise normal in the upper and lower 
extremities, including the following muscles: deltoid, biceps, triceps, wrist 
extensors, wrist flexors, flexor pollicis longus, iliopsoas, quadriceps, hamstrings, 
tibialis anterior, gastrocnemius, extensor hallucis longus, and extensor digitorum 
brevis. No wasting was observed at the intrinsic foot muscles. There was no pes 
cavus, but mild hammertoeing was evident. Deep tendon reflexes were normal at the 
biceps, triceps, patella, and ankle jerk. Plantar responses were flexor, bilaterally. 
Sensory testing revealed decreased fine touch sensation in the ulnar distribution 
bilaterally with both the dorsal and palmar surfaces of her hands affected. Splitting 
of the ring finger was noted in the right hand. No definite splitting of the ring finger 
was noted in the left hand. There was normal cold sensation, and normal 
proprioception in the upper and lower extremities.

Neurophysiological testing revealed the following (Table 25.9):
Nerve conduction studies and EMG revealed electrophysiological evidence for 

the following: 1) bilateral ulnar neuropathies that appeared to localize to the elbow; 
2) left median neuropathy that localized to the wrist. Mild demyelinating changes 
were also noted in the leg.

Nerve conduction studies showed findings that supported the diagnosis of hered-
itary neuropathy with liability to pressure palsy (HNPP). The studies confirmed 
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conduction slowing across multiple compression sites (carpal tunnel, cubital tunnel 
as well as across the fibular head). As is typical of adolescents and young adults 
with HNPP, electrophysiological findings were noted at some compression sites 
(across the fibular head) that were not associated with any clinical changes.

Genetic testing confirmed a PMP22 deletion consistent with HNPP.

Table 25.9

Nerve conduction studies
Normal Right Left Normal Right Left

Sensory Motor
Median Median (at wrist to APB)
  PL (ms) <3.2 3.0 3.3   DML (ms) <4.2 3.8 4.4
  SNAP 
(mV)

>14.0 13.1 12.7   CMAP (mV) >3.9 10.3 4.5

Ulnar   CV (m/s) >50 56 55
  PL (ms) <3.3 Ulnar (at wrist to ADM)
  SNAP 
(mV)

>9.0 NR NR   DML (ms) <3.4 3.0 3.3

Sural   CMAP (mV) >5.9 6.3 4.9
  PL (ms) <4.2 5.1   CV (m/s) >50 55/34a 54/27a

  SNAP 
(mV)

>5.0 3.9 Peroneal (at ankle to EDB)

  DML (ms) <6.0 6.7 6.8
  CMAP (mV) >2.4 3.7 7.1
  CV (m/s) >40 42 38

aIndicates velocity in forearm (from below elbow to wrist)/across elbow (from above to below 
elbow)

Concentric needle EMG

Side Muscle Root Insert Fib PSW Amp Dur Poly Recruit
Left Abd Pollicus Brev C8–T1 Nml Nml Nml Nml Nml 1+ Nml
Left Pronator Teres C6–C7 Nml Nml Nml Nml Nml Nml Nml
Left First Dors Inteross C8–T1 Incr Nml 1+ Incr Incr Incr 1-
Left Ext Digit Brev L5–S1 Nml Nml Nml Nml Incr 2+ Nml

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, Fib fibrillation poten-
tial, PSW positive sharp wave, Amp amplitude, Dur duration, Poly polyphasic, Recruit = recruit-
ment pattern

H.J. McMillan
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Case 10

Clinical Summary

A 15-year-old right-handed young woman was referred for a 2-month history of 
right-sided foot-drop. Her symptoms progressed over 3–4 weeks before reaching a 
nadir. She thinks there may have been slight improvement over the past couple 
weeks with regards to her ankle strength. She has not experienced tripping, 
stumbling, back pain, or knee pain. She reported some paresthesiae on the dorsal 
aspect of the right foot. There was no trauma around the time of onset. She had a 
tendency to sit crosslegged a great deal of the time. She has not had any transient 
weakness or sensory loss involving any other limbs. Past medical history is 
unremarkable. Family history is non-contributory.
On physical examination, she was an alert, well-appearing young woman. Cranial 
nerve examination was unremarkable. Muscle strength testing of the right lower 
extremity showed the following, according to the Medical Research Council scale: 
iliopsoas 5, gluteus medius 5, hip abductors 5, quadriceps 5, hamstrings 5, tibialis 
anteior 4- peroneal longus 4, tibialis posterior 5, gastrocnemius 5, extensor hallucis 
longus 3, extensor digitorum brevis 3. Muscle wasting was noted at the right 
extensor digitorum brevis. Left lower extremity strength was normal. Deep tendon 
reflexes were normal at the biceps, brachioradialis, triceps, patellae, and ankles. She 
had a positive Tinel sign at the right fibular head. She had decreased light touch 
sensation over the dorsal aspect of her right foot, which she estimated was about 
60% of the sensation on the other side. Neurophysiological testing revealed the fol-
lowing (Table 25.10).

Nerve conduction studies showed electrophysiological evidence for a right pero-
neal neuropathy that appeared to localize around the fibular head region. Given the 
intact strength and the absence of EMG abnormalities when studying other L5-root 
innervated muscles (i.e., L5-paraspinals, gluteus medius, tibialis posterior) there 
was no evidence for a right L5 radiculopathy. The absent superficial peroneal nerve 
sensory response as well as the focal slowing and amplitude drop across the fibular 
head also pointed to the fibular head region as the site of compression.

MRI knee was obtained. There was no evidence for an extrinsic nerve compres-
sion (e.g., ganglionic cyst) and no evidence for an intrinsic nerve tumor. The etiol-
ogy was deemed to be right peroneal neuropathy resulting from chronic leg-crossing. 
The patient made a concerted effort to avoid this and her symptoms resolved.
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Table 25.10

Nerve conduction studies
Normal Right Normal Right

Sensory Motor
Superficial peroneal Common peroneal (ankle to EDB)
  PL (ms) <3.8   DML (ms) <6.0 5.7
  SNAP (μV) >5.0 NR   CMAP (mV) >2.4 2.0/1.8/0.6a

Sural   CV (m/s) >40 55/32b

  PL (ms) <4.2 3.5 Tibial (ankle to AH)
  SNAP (μV) >5.0 12.1   DML (ms) <6.0 4.3

  CMAP (mV) >3.9 12.0
  CV (m/s) >40 43

aIndicates CMAP amplitude in leg when stimulated at the ankle/below knee/above knee 
revealing an >50% amplitude drop across the fibular head consistent with conduction block
bIndicates conduction velocity in the leg when measured: between below knee and ankle/above 
knee and below knee indicating conduction slowing across the knee

Concentric needle EMG

Side Muscle Root Insert Fib PSW Amp Dur Poly Recruit
Right Tibialis anterior L4–L5 Incr 1+ 3+ Nml 1+ 1+ 2-
Right Peroneus longus L5–S1 Incr 1+ Nml Nml 1+ 1+ 1-
Right Tibialis posterior L5–S1 Nml Nml Nml Nml Nml Nml Nml
Right Medial 

gastrocnemius
S1–S2 Nml Nml Nml Nml Nml Nml Nml

Right Extensor Dig 
Brevis

L5–S1 Incr 1+ 1+ Nml 1+ 1+ 2-

Right Biceps femoris 
(short)

L5–S2 Nml Nml Nml Nml 1+ 1+ Nml

Right Gluteus medius L5–S1 Nml Nml Nml Nml Nml Nml Nml
Right Paraspinal (L5) L4–S1 Nml Nml Nml Nml Nml Nml Nml

Bold  =  abnormal. Abbreviations: PL peak onset latency, SNAP sensory nerve action potential, 
DML distal motor onset latency, CMAP compound motor action potential, Fib fibrillation poten-
tial, PSW positive sharp wave, Amp amplitude, Dur duration, Poly polyphasic, Recruit = recruit-
ment pattern.

H.J. McMillan
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Chapter 26
Epilogue

Peter B. Kang and Hugh J. McMillan

When we completed our training in clinical neurophysiology, many textbooks still 
referred to nerve conduction studies and electromyography (EMG) as relatively 
novel diagnostic tests. Indeed, despite the important foundations laid by giants in 
the history of medicine such as Duchenne in the nineteenth century, EMG only 
came into widespread clinical use in the latter half of the twentieth century, in part 
due to the advances in computer technology that occurred during that time. Pediatric 
EMG remained a small niche for much of that period. However, an increasing num-
ber of child neurologists have embarked upon fellowship training in this field, and 
it is now expected that all major pediatric hospitals will have access to this diagnos-
tic test. EMG will remain an important tool in modern medicine for the foreseeable 
future. For many children, neurophysiological testing provides a rapid means of 
confirming if weakness or gait difficulty is indeed attributable to a disorder affecting 
motor neurons, peripheral nerves, neuromuscular junction, or muscle.

Since the turn of the century, we have witnessed tremendous advances in genetic 
testing including: increased availability of testing and increased speed of obtaining 
test results, as well as improved access to comprehensive gene panels and whole 
exome sequencing (WES). For example, in cases of suspected spinal muscular atro-
phy it is now common to proceed directly to genetic testing. However, in critically 
ill infants and children with atypical presentations of spinal muscular atrophy or 
many other suspected neuromuscular diseases, neurophysiological testing remains 
an extremely valuable test. In other cases, the identification of a sensorimotor 
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polyneuropathy versus a myopathy or disorder of neuromuscular transmission may 
direct the clinician to consider specific gene panels. With the advent of enormous 
neuromuscular panels that cover all these categories, EMG can help with the 
interpretation of these comprehensive genetic test reports, especially as the 
oftentimes baffling variants of unknown significance (VUS) that appear will persist 
for the foreseeable future.

Moreover, neurophysiological testing continues to play a key role in the correct 
diagnosis and management of numerous acquired neuromuscular disorders. Nerve 
conduction studies help fulfill important diagnostic criteria for the evaluation of 
suspected acute or chronic inflammatory demyelinating polyradiculoneuropathies. 
Similarly, EMG can provide evidence of muscle inflammation in children with der-
matomyositis, and repetitive nerve stimulation or single fiber EMG can assist with 
the diagnosis of autoimmune juvenile myasthenia gravis.

Neurophysiological testing provides invaluable information in acquired focal 
neuropathies. The localization provided by this test modality allows imaging studies 
to be focused on smaller areas of potential injury. This has important implications 
both from a patient safety perspective by reducing anesthetic time for young chil-
dren undergoing MRI but also economic implications by reducing unnecessary 
sequence acquisition and imaging time. Intraoperative monitoring has provided a 
dynamic way of monitoring the integrity of the peripheral and central nervous sys-
tems during surgery which allows for the early detection of nerve or root injury and 
affords an opportunity to reduce patient morbidity associated with increasingly 
sophisticated and delicate surgical procedures. In traumatic neuropathies, EMG 
provides important information regarding the presence or absence of axonal conti-
nuity which can help differentiate axonotmesis from neurotmesis. Since axonotme-
sis shows a greater potential for spontaneous peripheral nerve regeneration and 
reinnervation this may provide support for watchful waiting as opposed to earlier 
surgical exploration and nerve grafting.

Specialized tests such as motor unit number estimation (MUNE) have been 
developed for specific applications. MUNE has become an important outcome mea-
sure in clinical trials of patients with spinal muscular atrophy (SMA), helping pro-
vide another objective means of documenting response to treatment.

EMG is now an established and maturing field, with an extensive body of litera-
ture that supports the performance and interpretation of this test throughout the 
world. Pediatric EMG is increasingly acquiring the same stature, with a rapidly 
growing supply of both pediatric neurophysiologists and peer-reviewed research 
articles that enable this diagnostic test modality to be applied rigorously and gently 
to children of all ages, usually without sedation or general anesthesia. Despite the 
stunning recent advances in genetic testing and imaging technologies, EMG yields 
a unique diagnostic dataset that will remain relevant and useful in the care of chil-
dren for many decades to come.

P.B. Kang and H.J. McMillan
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A
Accessory nerve. See Spinal accessory nerve
Acetylcholine, 18, 71, 144, 145, 270, 312, 

317, 320, 365
Acetylcholine receptors, 18, 144, 312, 317, 

319, 365
Acetylcholinesterase, 70, 71, 74, 141, 311, 

312, 315–317, 320
Acetylcholine stores, 76
Acid maltase deficiency. See Pompe disease
Actin, 18, 19
Action potential, 15–18, 34–36, 50–53, 71–73, 

75, 76, 78, 83, 91, 118–120, 141,  
147, 149, 152, 154, 185, 203,  
210, 212, 275, 312

Acute flaccid paralysis, 252
Acute inflammatory demyelinating 

polyradiculoneuropathy.  
See Guillain-Barre syndrome

Amyotrophic lateral sclerosis, juvenile, 
210–212, 381, 389

Anatomic variability, 140, 143–144
Anomalous innervation patterns, 143
Antidromic, 35, 37, 40–42, 44–46, 54, 83, 

142, 147, 148, 374
Artifact

age, 139–140
electrical interference, 144
height, 143
medication induced, 98
operator dependent, 145–149
temperature, 140–142
weight, 142

Asymmetric crying facies, 191
Autonomic neuropathies-acquired, 250
Autonomic testing, 268–272, 277

A-waves, 54, 89
Axillary nerve, 297
Axonal waves. See A-waves
Axontnesis, 384

B
Blink response, 184–185
Botulism, infantile, 63, 195, 321–322,  

359, 360
Brachial plexus

anatomy, 232, 233, 238
compressive, 233
Narakas classification, 236
sensory contributions, 233
traumatic, 233

Brown-Vialetto-van Laere syndrome. 
See Riboflavin transporter deficiency

Buchtal, F., 9, 158

C
Carpal tunnel syndrome (CTS), 45, 141, 262, 

291–293
Cerebral monitoring intraoperatively,  

100–102
Charcot, Jean-Marie, 7
Charcot joints, 265, 266
Charcot-Marie-Tooth disease (CMT), 64, 205, 

231, 249, 250, 256, 329, 331, 365
genetic causes, 69, 215, 341, 388

Chronic inflammatory demyelinating 
polyradiculoneuropathy (CIDP),  
63, 64, 143, 231, 253, 259, 262,  
277, 359

Common peroneal nerve. See Peroneal nerve
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Complex repetitive discharges, 78, 201, 330, 
332, 340, 343, 345

Concentric EMG
needle, 158
recording area, 158

Concentric macroEMG, 157–168
Conduction block, 16, 17, 47, 61, 62, 64, 65, 

85, 142, 146, 206, 208, 235, 257, 
260–262, 294–296, 301, 303, 358, 400

Congenital facial weakness, 181, 190, 194
Congenital myasthenic syndrome. See 

Myasthenic syndrome, congenital
Contact heat evoked potential (CHEP), 

267–268
Cortical mapping intraoperatively, 101, 102
Cranial nerves, 12, 53, 106, 181–187, 191, 

193, 195, 196, 200, 205, 206, 209, 247, 
248, 253, 357, 379, 382, 384, 386, 388, 
390, 393, 395, 397, 399

Critical illness myopathy (CIM), 176, 356, 
363–364

Critical illness polyneuropathy (CIP), 356, 
363–364

D
Demyelination

non-uniform slowing, 64, 257
uniform slowing, 64, 257

Dermatome, 11, 107, 223
Dermatomyositis, 195, 336, 402
Diphtheria, 247, 249, 250, 252, 258
Dorsal column mapping, intraoperatively, 105
Dorsal ulnar nerve-sensory nerve studies,  

258, 267
Dubowitz disease. See Spinal muscular 

atrophy type II
Duchenne, G.B., 4–8
Duchenne muscular dystrophy (DMD),  

151, 172, 174, 329, 336–337, 366
Dysphagia

acquired, 195–196
congenital, 194–195

E
Electrical impedance myography

methodology, 169
technical considerations, 169–170, 177

Electrochemical skin impedance, 269
Electromyography

contraindications, 115
facial muscles, 183–184
infant feeding evaluation, 188–189

Endoneurium, 14
Ephaptic transmission. See Complex repetitive 

discharges
Epineurium, 14, 17, 182, 282
Erb palsy, 233, 357
Erb, Wilhelm, 7
Erythromelalgia, 275–276
Excitatory post-synaptic potentials (EPSP), 18

F
Facial nerve (CN VII)

normal conduction velocity for age, 253
normal latencies for age, 253

Facial palsy
acquired, 192–194
unilateral, 193

Fazio-Londe disease. See Riboflavin 
transporter deficiency

Femoral nerve, 305–307
Fibrillation potentials, 17, 78, 117, 196, 201, 

203, 204, 212, 213, 238, 261, 329, 331, 
332, 335–338, 341, 363

F-wave(s)
methodology, 88
normal values for age, 376–377

F-wave latency, minimum, 83–87

G
Galvani, L., 3, 4
Genioglossus muscle, 116, 127, 186–187

normal EMG interference pattern, 184
Glossopharyngeal nerve (CN IX), 12
Guillain-Barre syndrome (GBS), 90, 196, 252, 

253, 257–262, 359, 364
Guyon canal, 293, 294

H
Heads up tilt test. See Tilt test
Hemifacial malformation syndromes, 191
Hereditary motor sensory neuropathy. 

See Charcot-Marie-Tooth disease
Hereditary sensory and autonomic neuropathy 

(HSAN), 255, 256, 266, 274–275
genetics, 255

Hereditary brachial plexus neuralgia, 235
Hereditary neuropathy with liability to 

pressure palsy (HNPP), 63, 64, 233, 
235, 250, 251, 254, 258, 261, 300,  
302, 397, 398

Hirayama syndrome, 381, 389
Hoffman reflex. See H-reflex
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Hopkins syndrome, 213, 214
Horner syndrome, 233, 237, 248
H-reflex, 54, 91, 92, 229, 359, 382

methodology, 92
HyperCKemia, 207, 338, 366
Hypoglossal nerve (CN XII), 74, 186, 187

normal conduction velocity for age, 253

I
Inferior gluteal nerve, 286
Intraepidermal nerve fiber density (IEFND), 

273, 276, 277
Ion channels

ligand gated, 18
voltage gated, 15, 77

J
Jitter, 123, 125–130, 132–134
Jones, H. R., 10

K
Kennedy disease, 207
Klumpke palsy, 233
Kugelberg-Welander disease. See Spinal 

muscular atrophy type III

L
Lambert, E.H., 8–10, 63
Lateral plantar nerve

causes of injury, 304, 305
sensory conduction studies, 304, 305

Lewis Sumner syndrome, 64, 235
Long exercise test, 69–79, 345
Long thoracic nerve, 233, 297–298
Lumbar plexopathy

anatomy, 238
etiology, 239

Lumbosacral plexus, 222, 232, 238, 239, 299
Lyme disease, 193, 231, 248, 249, 252

M
MacroEMG

needle, 158, 159
recording area, 158

Malignant hyperthermia syndrome, 328, 365
Martin-Gruber Anastomosis, 140, 143, 

292–294
Medial plantar nerve

causes of injury, 37, 259
sensory conduction studies, 37

Median nerve
anatomy, 291
causes of injury, 291
motor conduction studies, 292
sensory conduction studies, 292

Microneurography, 268
Miller-Fisher syndrome (MFS), 193, 194,  

248, 252
Moebius syndrome, 191–192, 194
Mononeuritis multiplex, 63, 247, 253,  

254, 282
Mononeuropathy, 50, 60, 90, 247, 281, 282, 

293, 296
Monopolar EMG

needle, 158
recording area, 158

Motor neuron disorder, 203, 355
Motor unit action potential (MUAP)

amplitude, 118–120, 153, 154, 158, 159, 210
duration, 203, 204
morphology, 162
patterns of abnormalities, 78
recruitment, 205, 334

Motor unit number estimation (MUNE)
calculation, 152–154
methodology, 151, 203

M-response, 54, 83
Muscle fibre types, 12
Muscular dystrophies, congenital, 327, 331, 

338–339, 361, 362
Musculocutaneous nerve, 298
Myasthenia gravis, 69, 70, 74, 123, 131, 132, 

192, 193, 195, 318–321, 359, 360,  
362, 365

Myasthenic syndromes, congenital, 69, 70, 75, 
77, 129, 131, 192, 193, 314–318,  
322, 362

genetics, 314, 315
Myelin protein zero (MPZ), 16, 253
Myelitis, infectious

enterovirus, 213, 214
Japanese encephalitis, 212, 213, 215
West Nile virus, 213, 214

Myopathy
congenital, 118, 162, 166, 340, 366
insertional activity, 331
myotonia, 118, 333, 341
nerve conduction findings, 315
recruitment patterns, 116, 119, 120, 190, 210
spontaneous activity, 330
treatment, 336

Myosin filaments, 19, 363
Myotome, 11, 99, 107, 212, 213, 223, 225, 

226, 357
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Myotonia, 69, 77–79, 118, 192, 330, 332, 333, 
338–347, 393–395

Myotonic dystrophy, type I, 327, 328, 341

N
Neonatal brachial plexus palsy (NBPP), 

235–237
Nerve root

anatomy, 221–223
avulsion, 233, 236

Neuromuscular junction (NMJ), 11, 18, 32, 
50, 63, 65, 69–71, 73–75, 117, 
123–134, 192, 196, 311–323, 327–329, 
334, 356, 359–362, 401

Neuropraxia, 17, 237
Neurotmesis, 17, 236, 237, 260, 261, 402

O
Obstetrical brachial plexus palsy. See Neonatal 

brachial plexus palsy
Obturator nerve, 301
Orbicularis oculi-normal EMG interference 

pattern, 184
Orbicularis oris-normal EMG interference 
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