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Preface

The field of clinical neurophysiology has expanded with the development of new approaches,
techniques, and studies over the last two decades. In many cases, new neurophysiologic proce-
dures and interpretations have allowed more accurate diagnosis, aided in diagnosis, and set the
gold standard for diagnostic confirmation in numerous neurological disorders. Thus, clinical
neurophysiology has grown and increasingly gained respect due to its diagnostic acumen. With
this growth has come a wide diversity of subspecialty skills. Each subspecialty lends itself to
focused research and, in many cases, clinical certification. In this regard, neurophysiologists
skilled in sleep studies, for example, would find themselves unlikely to spend much of their
time evaluating complex electromyography (EMG) cases. Pediatric or adult training creates
another layer of differentiation so that the interpretation of an electroencephalogram (EEG) in
an infant or child differs greatly from that of an adult. A lack of information focused on pedi-
atric clinical neurophysiology exists, with most texts written largely with the adult patient in
mind. This book uniquely bridges that gap by providing information from a pediatric perspec-
tive in various aspects of clinical neurophysiology. Contributors to this book are thought leaders
and researchers in their respective fields of clinical neurophysiology. Each has provided discus-
sion in their subspecialty area with a pediatric focus emphasizing diagnostic neurophysiologic
techniques. Each chapter emphasizes a different focused area of neurophysiology and brings
together the clinical and technical information needed for understanding. Chapters are devoted
to pediatric sleep disorders, epilepsy, febrile seizures, and nonepileptic paroxysmal disorders.
Other chapters are devoted to pediatric muscular dystrophies, EMG, brachial plexopathies,
and peripheral neuropathy. A chapter devoted to intraoperative monitoring is included along
with other chapters on evoked potentials and autonomic disorders. In several chapters, multiple
authors have contributed, each providing aspects related to their research or area of unique
expertise.

This book will serve as an excellent reference for the clinical provider as well as for train-
ees and technologists in gaining greater knowledge in the various subspecialty areas of clinical
neurophysiology.

Www.Ebook777.com
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X Preface

I want to thank the contributors of this book who, through their passion for the field of
clinical neurophysiology, devoted much time to writing and sharing their wealth of informa-
tion. Additionally, none of the research or clinical data would be possible without the patients
who entrusted their care to us. Of course, the time devoted to research and dedication to the
field of clinical neurophysiology would not be possible without the encouragement of mentors
and the support of our families. My parents’ encouragement has been invaluable throughout my
life. I dedicate this book to them and to my sons Nadeem and Corey who taught me how deep
love can be. Never stop following your dreams, my darlings.

Gloria M. Galloway, MD, FAAN
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EEG Monitoring in
Neonatal Epilepsies

Lekha M. Rao, MD

Joyce H. Matsumoto, MD
Jason T. Lerner, MD

Marc R. Nuwer, MD, PhD

Electroencephalographers often approach neonatal studies with trepidation. Neonatal studies
vary from traditional electroencephalograms (EEGs) in both technical and visual aspects. Half
of the full electrode set is used, placed at double distance, and the recording lasts for 60 minutes
in order to catch a full sleep-wake cycle. Extra electrodes are also essential for interpreting the
recording, such as ocular leads, chin electromyogram (EMG), and cardiac and respiratory mon-
itoring. When interpreting the neonatal EEG, the paper speed is slowed to 15 mm/sec in order
to more easily recognize the slower delta frequencies, which dominate in neonatal records. The
low-frequency filter is set to 0.5 Hz in order to clearly interpret slow eye movements (1). Sensi-
tivity is often lowered below the standard 7 mv/sec, given that amplitudes are not as high and
scalp impedance is lower. Although these differences exist, with experience and knowledge of
these EEG differences, interpretation in this age group is readily accomplished.

Much of the trepidation associated with the interpretation of neonatal EEG stems from the
fact that “normal” background is somewhat of a moving target. Findings that are acceptable at
30 weeks conceptional age (CA) are grossly abnormal at 36 weeks. Therefore, neonatal EEG is
best interpreted by first noting the infant’s current CA and then recognizing the characteristics
that should be present in the EEG background of a normal neonate. CA is calculated by adding
the estimated gestational age at birth to the current chronologic age (in weeks). If not given the
correct gestational age, an age range can be estimated based on recognized patterns.
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NEONATAL EEG BACKGROUND

Neonatal EEG studies should be systematically evaluated, with interpretation phrased in terms
of several key features:

B Continuity
B Amplitude
B Symmetry
B Interhemispheric synchrony

B Normal named patterns

In extreme prematurity, normal electrographic findings are typically discontinuous, with bursts
of continuous cerebral activity separated by intervals of relative quiescence and lower ampli-
tude. This discontinuity improves with age, with the interburst interval becoming progressively
shorter and higher in amplitude as the baby approaches full term. By 40 to 44 weeks CA, the
EEG background becomes continuous in both wake and sleep (2).

Differentiation between wake and sleep states initially appears around 30 weeks CA. By
definition, the infant is awake whenever his/her eyes are open and asleep when eyes are closed.
Sleep is further subdivided into active sleep (AS, characterized by irregular respirations, occa-
sional limb movements, and rapid horizontal eye movements) and quiet sleep (QS), character-
ized by deep, regular respirations and paucity of limb/trunk movement. Electrographically,
wakefulness and AS in infants more than 30 weeks CA demonstrate fairly continuous cerebral
activity, developing into a characteristic mixed frequency, moderate-amplitude activité moy-
enne pattern.

Because neonatal background abnormalities may become most apparent during deeper
sleep stages, a complete assessment of the EEG background requires thorough evaluation of
QS. To this end, continuous EEG (cEEG) provides a significant advantage over routine EEG
in ensuring that a generous sample of QS is captured for review. As the invariant, nonreactive
pattern of burst suppression seen in extremely preterm infants transitions into more defined
wake-sleep stages around 30 weeks CA, the final remnants of EEG discontinuity linger in
QS. As development proceeds, QS discontinuity gradually resolves, with gradual improve-
ment in the duration and amplitude of the interburst activity. Between 30 and 32 weeks CA,
QS activity consists of a tracé discontinue pattern in which periods of cerebral activity are
separated by nearly isoelectric periods of quiescence with voltage less than 25 uV. With time,
the voltage of the interburst intervals gradually increases such that by 35 to 36 weeks CA,
QS typically transitions to a tracé alternant pattern, in which cerebral activity is consistently
maintained above 25 puV but cycles between higher-amplitude bursts and more quiescent peri-
ods. The interburst amplitude continues to increase until no periods of relative quiescence
are perceived, and a continuous slow-wave sleep pattern is fully established around 44 weeks
CA (3.4).

Bursts of activity appearing in one hemisphere within 1.5 seconds of the other hemi-
sphere are considered to be synchronous. Prior to 30 weeks CA, cerebral activity occurs nearly
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simultaneously in both the right and left hemispheres, a phenomenon described as a hypersyn-
chrony (5). The reason for early interhemispheric hypersynchrony is unknown, though it has
been postulated to be related to prominent thalamic drivers without significant cortical input.
Following 30 weeks, occasional asynchronous bursts are seen, which progressively diminish
until 100% synchrony is reestablished around 37 weeks CA.

BACKGROUND PATTERNS
A. Excessive sharps
B. Excessive discontinuity
C. Brief ictal/interictal rhythmic/repetitive discharges (BIRDs)
D. Other patterns (depressed/undifferentiated, low voltage)
EEG background findings (Table 1.1) are also frequently employed to assess the functional

integrity of the neonatal brain and to aid in the evaluation of neurologic prognosis. At the same
time, however, many patterns are nonspecific and of uncertain clinical significance.

TABLE 1.1 EEG Background in Prematurity

CONCEPTIONAL MAXIMUM EEG BACKGROUND FEATURES
AGE (WEEKS) INTERBURST
DURATION (SEC)

24-25 60 No sleep organization or reactivity

27-30 35 Discontinuous in both wake and sleep, some
reactivity

31-33 20 Differentiation between active and quiet sleep
patterns

Wake and active sleep: mixed frequency
continuous (activité moyenne)

Quiet sleep: interburst intervals amplitude nearly
isoelectric, <25 pV (trace discontinue pattern)

34-36 10 Wake and active sleep: mixed frequency
continuous (activité moyenne)

Quiet sleep: Interburst intervals increase in
amplitude, eventually exceeding 25 pV (trace
alternant pattern)

37-40 6 Wake and active sleep: mixed frequency
continuous (activité moyenne)

Quiet sleep: Interburst intervals continue to
increase in amplitude, increasing continuity (trace
alternant) transitioning to continuous slow-wave
sleep pattern

Source: Adapted from Refs. 5, 8, 9.
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Excessive Sharps

Temporal sharp transients are normally seen during sleep in the term neonate, are often bilat-
eral and asynchronous, and should be surface negative in polarity. If they occur in runs, are
unilateral, or appear in wakefulness, they are more likely to be considered abnormal. Sharp
waves occurring outside of the temporal or centrotemporal regions would also be considered
abnormal. No official criteria exist in which temporal sharps are defined as excessive, and it has
been proposed that greater than 13 over the course of a 60-minute recording in a term neonate
would be considered excessive [criteria adapted from (6,7)].

Excessive Discontinuity

In the term neonate, periods of attenuation during QS should not exceed 2 to 4 seconds in dura-
tion. Interburst intervals longer than this are considered excessively discontinuous. This pattern
can be associated with dysmaturity or incorrect gestational dating but can also be a nonspecific
marker for neonatal encephalopathy.

Brief Ictal/Interictal Rhythmic/Repetitive Discharges

First described by Shewmon in 1990, this pattern is considered interictal but on the ictal spec-
trum. It usually occurs in the context of electrographic seizures and is characterized by a run of
epileptiform discharges with evolution but lasting less than 10 seconds. Their clinical signifi-
cance is not yet completely understood, but given their presence in neonates with seizures, they
may be associated with neurologic morbidity.

Depressed/Undifferentiated or Low Voltage

A depressed and undifferentiated pattern (Figure 1.1) is most commonly associated with severe
underlying neurologic injury to the cortical generators of electrocerebral activity. Low voltage
is considered to be background activity persistently less than 10 uV without normal background
features. The recording will also show poor reactivity, no alteration in frequencies with external
stimulation, and no sleep-wake cycling.

SEIZURE DETECTION

Seizure is the most common neurologic disorder in the neonatal period. There are numerous
potential etiologies for neonatal seizures, and timing of presentation as well as electrographic
findings can be of potential use in elucidating their etiology. Seizures can be transient due to an
acute injury, markers of an underlying genetic or metabolic disorder, or signs of an underlying
structural abnormality.

EEG evaluation and confirmation of seizure activity is particularly important in the neonatal
population, given the high rate of subclinical or subtly clinical seizures and because newborns
may often have unusual movements that can be mistaken for seizure activity. For instance, a
systematic video review of 526 electrographic seizures in nine infants revealed that only 34%
of seizures were associated with clinical manifestations, and only 27% of these clinical seizures
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FIGURE 1.1 A 38-week-old baby boy born via emergency Caesarean-section (C-section)
for polyhydramnios and nonreassuring fetal heart tracings with severe hypoxic-ischemic
encephalopathy. Background shows low voltage (<10 pV) without reactivity.

(9% of overall seizures) were recognized by nursing staff. Of more concern, 73% of “seizures”
documented by the neonatal intensive care unit (NICU) nursing staff were not epileptic sei-
zures. Rather, the events marked by NICU nursing were not epileptic in nature. Instead, these
movements commonly consisted of likely nonepileptic events such as jitteriness, mouthing, and
fisting (10). Therefore neonatal seizure quantification solely by clinical observation is plagued
by both high false-positive and high false-negative rates. To ensure an accurate assessment of
seizure detection and treatment response, EEG monitoring is essential.

Subclinical Seizures

EEG confirmation of seizure cessation following anticonvulsant treatment is also recom-
mended. Neonates are particularly vulnerable to the phenomenon of electroclinical uncou-
pling, in which clinical evidence of seizure activity ceases, following the administration of
seizure medications, while subclinical electrographic seizure activity continues unabated.
Although subclinical seizures are known to occur in critically ill children and adults (11,12),
features of chloride homeostasis unique to the immature brain contribute to a high likeli-
hood of electroclinical uncoupling. The potassium-chloride cotransporter (KCC2), which
is the predominant type of chloride channel in the adult brain, transport chloride ions out-
side of neurons and have a hyperpolarizing effect. In contrast, the predominant chloride
channel in the immature brain is the sodium-potassium-chloride cotransporter (NKCC1),
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which transports chloride ions into neurons and has a depolarizing effect. Gamma aminobu-
tyric acid (GABA), a neurotransmitter that activates chloride channels, can therefore have a
paradoxically excitatory effect in developing neurons due to the predominance of NKCCl1
channels (13). Because the transition from NKCC1 to KCC2 chloride channels occurs in a
caudal-to-rostral progression, GABA initially becomes inhibitory in subcortical structures
such as the brainstem and basal ganglia while remaining excitatory in the cortex. Commonly
used medications such as phenobarbital, which exert their effects through GABA agonist
activity, may therefore suppress brainstem motor output, while allowing electrographic sei-
zure activity to continue in the cortex.

The high risk of subclinical seizures has been well documented in the NICU population
(14-17). For instance, cEEG monitoring of neonates randomized to initial treatment with either
phenobarbital or phenytoin demonstrated that while 24 of 50 infants responded completely to
the first seizure medication administered, 15 of the remaining 26 neonates (58%) demonstrated
electroclinical uncoupling, with suppression of clinical seizure activity during all or the major-
ity of posttreatment electrographic seizures (18).

Neonatal Seizure Semiology

Seizure semiology in the newborn is variable but can be grouped into the following catego-
ries: clonic, tonic, and myoclonic (Table 1.2). These are focal, repetitive, and cannot be sup-
pressed by the examiner. Due to incomplete myelination, infants cannot generate generalized
tonic-clonic seizures, but they can have multifocal seizures that can appear generalized to the
untrained or inexperienced examiner. Infants can also have generalized epileptic spasms that
are hypothesized to be more subcortically driven.

Because infants often have repetitive movements which can be difficult to interpret, EEG is
often relied upon to distinguish stereotyped or rhythmic movements as epileptic or nonepilep-
tic. Oral automatisms, bicycling, roving eye movements, and other nonrhythmic but repetitive
movements are often seen in critically ill infants. Without clear electrographic correlate, these
had been previously termed clinical only seizures, but are now more commonly presumed to be

TABLE 1.2 Neonatal Seizure Types

MOVEMENT LOCALIZATION/CLINICAL ELECTROGRAPHIC
TYPE CORRELATE
Clonic Focal rhythmic jerking of an extremity Yes

Nonsuppressible

Tonic Focal sustained extension or flexion of an extremity Yes

Not able to overcome with external manipulation

Sustained extension of the whole body Not usually
Myoclonic Single jerk or multiple nonrhythmic jerks of an Usually
extremity
Spasms Focal or generalized Yes

Flexor, extensor, or mixed flexor-extensor
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nonepileptic in nature. These movements tend to occur more often in encephalopathic infants
and are also associated with poor prognosis (19).

Role of Amplitude-Integrated EEG

The use of amplitude-integrated EEG (aiEEG) is now growing in the NICU, because it offers an
opportunity for continuous monitoring of cerebral activity in a manner that can be interpreted at
the bedside by the neonatologist rather than requiring a certified electroencephalographer. With
the growing use of therapeutic hypothermia for hypoxic-ischemic encephalopathy (HIE) in the
NICU, aiEEG has become more widely used concurrently in monitoring for seizures and change
in background activity.

aiEEG differs from conventional EEG in that it involves the use of only four electrodes and
relies on the trending of voltage and comparison between the two hemispheres. The timescale
is also broader, with the evaluation of 8 to 12 hours of data on one screen, as opposed to 20 to
30 seconds per screen of a conventional EEG.

Background activity on conventional EEG can be assessed using continuity, amplitude, and
symmetry, all of which can also be assessed on aiEEG in a different manner. Interburst interval
cannot be precisely interpreted with this method, but voltage over time is averaged in order to
give arange of activity, which can then be interpreted. This is tightly linked to amplitude, where
the peak-to-peak interval of minimum and maximum voltage ranges is represented as band-
width. If the minimum voltages are consistently less than 5 pV and maximum less than 10 pV,
this is considered a low-voltage, suppressed background. Normal activity is considered to be a
minimum voltage of greater than 5 uV and maximum voltage greater than 10 pV.

Seizures are detected on aiEEG as a relative increase in overall amplitude over a given
period of time. These can be detected by relative increases of the peak-to-peak amplitude with
narrow bandwidth. Some indication of localization can be inferred if this occurs only in one
hemisphere. Overall seizure burden can also be inferred, based on the number of peaks of
increased voltage peaks. (20)

However, a limitation of condensing this data and relying on voltage alone is that aiEEG
can be ripe with artifact. When the baby is handled and high-amplitude electrode artifact is
generated, this will appear as an amplitude spike on aiEEG. Similarly, when continuous exter-
nal artifacts such as EKG rhythm occur in the setting of a low-voltage, suppressed background,
this can be misrepresented as a normal voltage range on aiEEG.

aiEEG has been shown in studies to be sensitive, but not very specific for the identification
of an abnormal background and seizures (21). Regardless, given the ease of use, the wide-
spread availability, and the ability for bedside interpretation, aiEEG has now become part of
the standard of care during therapeutic hypothermia for HIE of the newborn (22-24). Studies
have shown that the use of aiEEG may even be beneficial in that neonates are being treated for
seizures only with electrographic confirmation, rather than purely on a clinical basis (25).

TRANSIENT OR “BENIGN” NEONATAL SEIZURES
Hypoxic-Ischemic Encephalopathy

HIE is the leading cause of seizures in the neonatal period, with an incidence of 2 to 5 per
1,000 live births. Seizures have been found in up to 80% of this population, but this may be an
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underestimation, given that continuous EEG monitoring is not routinely used. aiEEG is often
used in the NICU to fulfill the need for continuous electrographic monitoring.

Therapeutic hypothermia has also become the standard of care in the treatment of infants
with HIE and has been shown to improve neurodevelopmental background. Evaluation of back-
ground activity can be useful for prognostication in infants with HIE. Persistently abnormal
background activity without evidence of improvement over time is more likely to be associated
with a worse neurodevelopmental outcome. A normal background or improvement in back-
ground is less likely to be associated with poor neurodevelopmental outcome.

Recent studies have shown a high incidence of seizures in infants undergoing therapeutic
hypothermia for HIE, up to 40% to 60%, with 35% to 75% of these being subclinical (26,27) (Fig-
ure 1.2). The burden of seizures is highest in the first 24 to 48 hours, with a natural decline after
72 hours (28). It is presumed that a higher burden of seizures is associated with worse neurodevel-
opmental outcome; however, this is a topic of much debate, as infants with more severe HIE are
also likely to have more refractory seizures. Additionally despite advances in antiepileptic drug
development, relatively few advances have been made in the treatment of seizures due to HIE, and
many treatments also have potential unwanted side effects in the developing brain (29,30).

Benign Familial Neonatal Convulsions

Benign familial neonatal convulsions are often seen around the fifth day of life, giving them
the frequently used descriptive term of “fifth day fits.” Most are associated with a mutation in
the KCNQ?2 gene coding for a voltage-gated potassium channel, which has autosomal trans-
mission, but other potassium channels as well as the sodium channel, such as SCN2A muta-
tion, have also been implicated (31). There is often a family history of neonatal seizures, and
the electrographic background is frequently normal but can show excessive discontinuity and
excessive sharp transients. These were initially termed benign because there was thought to be
no long-term consequence, although recent studies have shown that this is not always the case.
KCNQ?2 mutations have also been associated with Ohtahara syndrome, and the phenotype can
be variable, with seizures persisting well beyond the neonatal period (32,33).

Stroke

Perinatal stroke is also a common cause of neurologic morbidity in the newborn period. The
majority are arterial ischemic, although at least 30% can be venous in nature (34). Seizures
are a common presentation of neonatal arterial ischemic stroke; up to 72% present with sei-
zures (35). In a neonate with persistently unilateral seizures, arterial ischemic stroke should be
strongly considered as an etiology and neuroimaging should be undertaken.

Hypoglycemia and Other Reversible Causes

Neonatal hypoglycemia is a frequent complication of infants of mothers with gestational diabetes,
but can also be seen in well neonates with poor feeding. The occipital lobes are particularly at
risk because of the high metabolic demand of the visual cortex. Persistent focal seizures can be
seen emanating from either posterior quadrant. Imaging can show diffusion restriction in the areas
affected, partly due to frequent seizures and increased local metabolism and partly due to watershed
ischemia. These areas can later undergo laminar necrosis and develop the appearance of ulegyria.
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FIGURE 1.2 A 41+1-week-old baby boy with hypoxic-ischemic encephalopathy and
meconium aspiration syndrome on selective hypothermia therapy, with seizures starting on
the first day of life. This recording shows a seizure starting at T4.
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Other electrolyte and metabolic disturbances can also precipitate seizures in the neonatal
period, similar to adults. Hypomagnesemia, hypocalcemia, hyponatremia, and hyperbilirubi-
nemia can also lead to neonatal seizures. In these instances, correction of the underlying etiol-
ogy is necessary to effectively treat the seizures (34).

CATASTROPHIC EPILEPTIC ENCEPHALOPATHIES

There are several conditions presenting in the neonatal period which have been termed “cata-
strophic,” in that they are associated with frequent seizures and severe interictal background
abnormalities which, without prompt remedy, almost inevitably result in poor neurodevelop-
mental outcome (Table 1.3).

Ohtahara Syndrome

Ohtahara syndrome, also known as early infantile epileptic encephalopathy with suppression-
burst presents in early infancy. Initial symptoms are seen within the first 3 months, frequently
within the first 2 weeks. Clinically this presents with brief (less than 10 seconds) tonic spasms
(generalized or focal), which occur independently or in clusters. Other seizure types including
focal seizures, hemiconvulsions, or tonic-clonic seizures are seen in approximately 33%. Most
cases are related to a variety of structural brain lesions, although metabolic and genetic disor-
ders have been reported. Mutations associated include syntaxin binding protein 1 (STXBP1),
Aristaless-related homeobox (ARX), sodium channel SCN2A, and KCNQ2 (36-39).

The typical EEG pattern is a consistent (wake and sleep) “suppression-burst” pattern with
periods of diffuse amplitude suppression alternating with bursts of high amplitude spike and
polyspike discharges.

Diagnosis of Ohtahara syndrome is based on the clinical picture and EEG findings. The
prognosis is poor, with many affected children dying in infancy. Survivors have developmental
impairment and many have chronic seizures or evolve into Lennox-Gastaut or West syndrome.
Anti-seizure medications are used; however, there is no specific evidence-based therapy known.
Surgery has been performed for cases with clear focal lesions (40).

TABLE 1.3 Neonatal Epilepsy Syndromes

EPILEPSY SYNDROME INTERICTAL EEG BACKGROUND  SEIZURE TYPES
Ohtahara syndrome Burst-suppression (wake and Tonic spasms
sleep) Focal
Tonic-clonic

Early myoclonic epilepsy of Burst-suppression (more prominent Multifocal myoclonic
infancy in sleep)

Malignant migrating partial  Multifocal sharps Focal, arising from

seizures of infancy multiple regions

Pyridoxine-dependent Continuous spike-wave Infantile spasms

epilepsy Burst suppression Multifocal myoclonic
Focal

Tonic
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Early Myoclonic Epilepsy of Infancy

Early myoclonic epilepsy of infancy (EMEI) was described shortly after Ohtahara syndrome
and there are a number of similarities between them. EMEI also begins within the first 3
years, although it can present as early as a few hours after birth. Clinically this begins with
focal myoclonus that can shift between different body parts often in an asynchronous and
random pattern. A wide range of focal seizures (anything from tonic posturing to autonomic
signs) is very common and tonic spasms are also seen. There is a range of underlying disorders
associated with EMEI including structural lesions and metabolic and genetic abnormalities. In
contrast to Ohtahara syndrome, diffuse cortical atrophy, rather than focal structural lesions, is
typically seen. A variety of metabolic abnormalities have been associated, in particular, non-
ketotic hyperglycinemia (41). Mutation of the v-erb-a erythroblastic leukemia viral oncogene
homologue 4 (ErbB4), which is associated with cortical migration, is also related (42).

The typical EEG pattern of EMEI is similar to the suppression-burst pattern seen in
Ohtahara syndrome; however, in EMEI the suppression-burst pattern is not continuous and
occurs more prominently (or exclusively) in sleep. The myoclonic seizures are not generally
associated with changes on the EEG.

EMEI is also diagnosed clinically and treated with antiseizure medications. Additionally
treatment of the underlying metabolic disorder may be helpful. The prognosis of EMEI is also
very poor, with 50% of patients dying by 3 years and the survivors having severe developmental
impairment (40).

Malignant Migrating Partial Seizures of Infancy

Malignant migrating partial seizures of infancy (MMPSIs) present in the first 6 months of life
with multifocal, bilateral, independent seizures. Seizures are very difficult to control and are
associated with progressive developmental impairment and a decrease in the head circumfer-
ence. The underlying etiology is unknown; however, it is likely genetic. Mutations have been
found in a number of genes including SCNIA, phospholipase C beta 1 (PLCBI), KCNTI, and
TBCID24.

The ictal EEG shows focal seizures initiating from different locations in both hemispheres
that “migrate” from one area to another (Figure 1.3).

MMPSI is diagnosed by clinical presentation along with the typical EEG pattern and has
a poor prognosis. Status epilepticus is common and may be related to patients dying in the first
2 years of life (43).

OTHER EPILEPSY SYNDROMES PRESENTING IN NEONATES

Hemimegalencephaly (HME) is a severe developmental brain anomaly characterized by the
overgrowth of one hemisphere. This is associated with epilepsy, psychomotor retardation, and
contralateral motor defect. Seizure types include focal motor seizures, asymmetric tonic or
clonic seizures, and epileptic spasms. HME is one of the causes of Ohtahara syndrome (Fig-
ure 1.4) and West syndrome and is associated with a variety of genetic abnormalities and neu-
rocutaneous syndromes; however; it may be an isolated syndrome.



12 W Clinical Neurophysiology in Pediatrics

Patients with West syndrome associated with HME may have a unique EEG background
called hemihypsarrhythmia (high amplitude, poorly organized with multifocal spikes over the
affected side only) (Figure 1.4).

(text continues on page 16)
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FIGURE 1.3 (A) A 40+1-week-old baby boy with seizures starting on the first day of life,
consisting of clonic movements of any extremity. This shows a seizure over the right
posterior quadrant. (continued)
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FIGURE 1.3 (continued) (B) Seizures arose from all electrodes, often with a new seizure emerging
amidst the existing seizure at a noncontiguous electrode. This demonstrates seizures occurring
independently at C3 and C4, as evidenced by nonsynchronous frequencies. (continued)
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FIGURE 1.3 (continued)
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FIGURE 1.4 (continued) (C) The patient had focal left-body tonic seizures, as demonstrated
here with a buildup of sharply contoured alpha over the occipital region, which then spreads
anteriorly and builds in amplitude. (continued)

Diagnosis of HME is based on imaging including asymmetry of the hemispheres and ven-
tricles, loss of gray-white differentiation, neuronal heterotopia, thick cortex, and abnormalities
in the gyri, basal ganglia, and internal capsule. The clinical course and prognosis is dependent
on seizure control, the severity of the affected side, the ability of the contralateral side to com-
pensate, and early surgery (44).
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FIGURE 1.4 (continued)

METABOLIC EPILEPSIES

Pyridoxine-dependent epilepsy was first described by Hunt and colleagues in 1954. This syn-
drome is unique in that it is severe but treatable, and thus early recognition is of tantamount
importance. This syndrome has an estimated birth incidence between 1:400,000 and 1:750,000.
Seizures can be prenatal in onset and can include multiple seizure types, including infantile
spasms and focal, multifocal myoclonic, and tonic seizures. There can also be an associated
encephalopathy, which may manifest as tremulousness, irritability, or hypothermia. The base-
line EEG will show a continuous spike-wave or burst-suppression pattern. Diagnosis is estab-
lished by giving an intravenous dose of 100-mg pyridoxine during EEG monitoring, which
will often lead to the resolution of epileptiform activity and improvement of the background
(Figure 1.5). The response is often seen rapidly, although delayed responses have also been
reported. Relapses can occur after a median of 9 days if pyridoxine therapy is withheld, and
therefore patients need to remain on lifelong therapy (45).

Folinic acid-responsive seizures are another treatable cause of neonatal seizures. EEG
background features and seizure types can be similar to pyridoxine-dependent seizures, and
concurrent pyridoxine dependency can occur within individuals. Seizures respond to 2.5- to
5-mg folinic acid given twice daily, and daily doses should be added for patients with an incom-
plete response to pyridoxine treatment.
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FIGURE 1.5 (A) A 40+5-week-old baby boy who presented with “jitteriness” and
episodes of flexor spasms 3 hours after birth. Initial background was discontinuous and
asynchronous. (B) After pyridoxine administration, the background normalized, becoming
synchronous and continuous.
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Pediatric Febrile Seizures

Charuta N. Joshi, MBBS, FRCPC
Thoru Yamada, MD, FACNS

In this chapter, we discuss the basics of febrile seizures and the controversies pertaining to
them and provide insights into the understanding of these seizures from the Consequences of
Prolonged Febrile Seizures in Childhood (FEBSTAT) study.

Febrile seizures are generally defined as seizures occurring in the presence of a fever
higher than 100.4°F in the absence of central nervous system infection, metabolic disturbance,
or a previous history of afebrile seizures (1). These are the most common types of convulsive
events in infants and young children under 5 years of age and remain the most common child-
hood neurological emergency affecting 2% to 5% of children. The typical age of the occurrence
is between 3 months and 5 years with a peak incidence at 9 to 20 months. The prevalence is
3% to 7% in children up to 7 years, with the above range due to the variability in definition and
inclusion criteria in different settings (2). Febrile seizures are classified as simple or complex
(Table 2.1) (3). Febrile status epilepticus is a febrile seizure lasting more than 30 minutes and
is an extreme form of a complex febrile seizure. It constitutes 5% of febrile seizures (4) and
contributes to 25% to 30% of pediatric status epilepticus (5).

ETIOLOGY

Febrile seizures are thought to be an age-specific phenomenon. These are genetically and
environmentally modified (6). Febrile seizures are more common in monozygotic (7) than
dizygotic twins (9%—-22% versus 11%), and by linkage analysis, several loci have been asso-
ciated with febrile seizures (FEB 1-FEB 11) (8). Some of these, among other loci, are on
chromosome 8q13-q21 (FEBI1), 19p (FEB2), 2q23-q24 (FEB3 or SCN1A,), 5q14-q15 (FEB4),
6q22-q24 (FEBS), 18pll (FEB6), 21q22, 5q31.1-q33.1, 3p24.2-p23, and 19q13.1 (SCNI1B).
These genes encode for various proteins, which are involved in the electrical activity of
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TABLE 2.1 Classification of Febrile Seizures

FEBRILE SEIZURE DURATION TYPE OF SEIZURE RECURRENCE IN
TYPE 24 HOURS
Simple <15 min Generalized None

Complex >15 min Focal > once

neurons, such as sodium channels (SCN1A/SCNI1B) or the receptors for the transmitter
gamma-aminobutyric acid (GABRG2 in the region 5q34). These genes are also frequently
affected in other febrile seizure—related epileptic syndromes, such as generalized epilepsy
with febrile seizures plus (GEFS+) and severe infantile myoclonic epilepsy (Dravet syn-
drome) as described later.

As far as environmental influences are concerned, risk factors implicated include increasing
temperature, fever mediators, genetic factors, and hyperthermia-induced hyperventilation with
alkalosis. Although all rat/mouse models of seizures seize with hyperthermia, the threshold tem-
perature needed to cause the seizure varies, with different strains implicating genetic factors.
Febrile seizure susceptibility is modified by genes coding sodium channels, gamma-aminobutyric
acid (GABA) A receptors, and interleukins. Fever and hyperthermia (after hot water baths or with
anticholinergic medications) are both associated with the release of interleukin 1 in the brain (9),
which then increases neuronal excitability via glutamate and GABA (10,11).

Fever induced by human herpes virus 6 (HHVO6) infection is highly associated with febrile
seizures (12). Hyperthermia-induced hyperventilation and therefore alkalosis seems to provoke
neuronal excitability (9), contributing to seizure pathophysiology where latency between fever
and seizure is greater than 30 minutes (9).

SHOULD CHILDREN WITH FEBRILE SEIZURES BE VACCINATED?
DO VACCINATIONS CAUSE FEBRILE SEIZURES?

Vaccine administration is the second leading cause of febrile seizures. Febrile seizure occur-
rence in children is a serious concern because it leads to public apprehension of vaccinations
(13). Seizures following vaccination are most likely associated with the febrile episode and not
with vaccination itself. Vaccination causes febrile seizure onset in approximately one-third of
the patients with Dravet syndrome (14). The condition of vaccine-associated encephalopathy
is poorly defined. However it is thought to be a clinical state where a previously well infant
develops seizures and encephalopathy soon after vaccination. In a seminal paper by Berko-
wicz et al., out of 14 patients with vaccine-associated encephalopathy, 11 were found to have
mutations in their sodium channel and all 14 had a diagnosis of a specific epilepsy syndrome,
suggesting that the concept of vaccine-associated encephalopathy may be more a myth than
a fact (15). According to a recently published position statement by the Italian league against
epilepsy (16), although it is apparent that vaccines for diphtheria-tetanus-pertussis (DTP) and
measles-mumps-rubella (MMR) are at a higher risk for febrile seizures, the rate of febrile
seizures is similar in children with and without a personal history of previous febrile seizures.
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Vaccine-induced febrile seizures are no more frequent than febrile seizures with any other
cause of fever. The risk of nonfebrile seizures following vaccine-induced febrile seizures is not
higher than in children who have not shown vaccine-induced febrile seizures.

EVALUATION OF FEBRILE SEIZURES

The main role of the physician responding to a child with a febrile seizure is to investigate
for the cause of fever and rule out meningitis. The latest American Academy of Pediatrics
(AAP) guideline (17) unfortunately focuses only on simple febrile seizures and states that in
the evaluation of simple febrile seizures, serum electrolytes, complete blood count, calcium,
and phosphorus should not be considered. A CT scan and an electroencephalogram (EEG) are
not indicated in the evaluation of simple febrile seizures. A lumbar puncture is indicated in any
child who appears ill or has signs of meningismus. In general, children under 12 months of age
may not exhibit signs of meningitis and a low threshold should be maintained for doing a lum-
bar puncture. In children between the ages of 6 months and 18 months, lumbar puncture may
be considered when pretreated with antibiotics and when children are deemed to be deficient
in their immunizations for Haemophilus influenzae type B or Streptococcus pneumoniae or
documentation for these vaccinations is incomplete.

No such guidelines exist for complex febrile seizures. The role of neuroimaging in com-
plex febrile seizure (not status epilepticus) is limited. In a retrospective review by Teng et al. of
76 children with complex febrile seizures, none was found to have any intracranial pathology.
On the other hand in a prospective study of 159 children with a first febrile seizure and a brain
MRI completed within 7 days, Hesdorffer et al. found abnormalities in 20 of the 159 children.
However children who had both a focal as well as a prolonged seizure were more likely to have
an abnormality (n = 14) on MRI imaging such as focal cortical dysplasia or abnormality on
white matter signal. This suggested that the MRI abnormality was perhaps predisposing the
patient to seizures in the setting of a fever (18,19). In a more recent study evaluating the role of
emergent new imaging (CT scan) in the emergency room (ER) after a complex febrile seizure
(20), 268 patients with complex febrile seizures had emergent imaging completed. Of these
268 patients, only 4 patients had an abnormality: Two had intracranial hemorrhage, one had
acute disseminated encephalomyelitis, and one patient had focal cerebral edema; three of these
patients had obvious abnormalities like bruising suggesting nonaccidental trauma and then on
neurological examination, had nystagmus or altered mental status.

The role of EEG in the workup of febrile seizures is also controversial. An EEG may
remain slow for up to 7 days after a febrile seizure. In a recent case control study of 36 patients
with febrile seizures who had abnormal EEG compared to 87 patients with normal EEG after
febrile seizures (21), 9/36 with EEG abnormalities were more likely to have epilepsy. In a recent
Cochrane review, no randomized controls trials were found to show evidence for the use of
EEG after a complex febrile seizure. Guidelines do not exist to assist in the understanding of
when an EEG may be valuable in these patients (22).

Lumbar puncture guidelines in complex febrile seizures are no different from those for
simple febrile seizures, meaning that a lumbar puncture is indicated in any child who appears
ill or has signs of meningismus or has incomplete or unclear documentation of immunization.
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FEBRILE STATUS EPILEPTICUS

Febrile status epilepticus is defined as a febrile seizure lasting more than 30 minutes and may be
conceived as an extreme form of a complex febrile seizure. Risk factors for developing febrile
status epilepticus include younger age at onset of febrile seizure, lower temperature at onset
of seizure, and longer duration of recognized temperature before onset of febrile seizure (23).

PROGNOSIS OF FEBRILE SEIZURES

After a single febrile seizure, the risk of recurrence is 30%. After two or more febrile seizures,
the risk increases to 50%. Other risk factors for recurrence include young age at onset, a history
of febrile seizures in a first-degree relative, low degree of fever while in the emergency depart-
ment, and a brief duration between the onset of fever and the initial seizure (24,25). Risk of
future epilepsy after simple febrile seizures is negligible at 1% to 2.4% and that after a complex
febrile seizure is 4% to 6%. Risk factors for future epilepsy include complex febrile seizure,
developmental delay, and family history of epilepsy. These risk factors are different from the
risk factors for febrile seizure recurrence (younger age at onset, lower temperature at time of
febrile seizure, and family history of febrile seizures) (26-28).

MANAGEMENT OF SIMPLE AND COMPLEX FEBRILE SEIZURES

Parental education is critical in further management of febrile seizures. Parents should be edu-
cated about seizure first aid and also be trained to administer rescue medication at home for
seizures lasting 5 minutes. Medications used in the prehospital termination of seizures include
rectal diazepam (0.3—0.5 mg/kg/dose) and buccal or intranasal midazolam (0.2—0.3 mg/kg/dose).
Emergency seizure management will be the same in patients with febrile seizures as patients
with afebrile seizures (29). After securing airway, breathing, and circulation in a patient still
actively seizing, an intravenous benzodiazepine is administered as the first line of treatment
followed by an intravenous load of a second-line drug—which may vary from hospital to hos-
pital (at our institution we use intravenous fosphenytoin given as 20-30 phenytoin equivalents/
kg/dose). Although prophylactic antipyretics may give a patient symptomatic comfort, they do
not prevent the occurrence of febrile seizures (30). In addition, prophylactic anticonvulsant
medications are not indicated in the treatment of febrile seizures (31).

FEBRILE SEIZURES AS THE PRESENTING FEATURE OF OTHER EPILEPSIES

Febrile seizures may be the presenting feature of Dravet syndrome, GEFS+, and PCDHI9
(Table 2.2) and may also be seen in a subset of patients who develop future mesial temporal
sclerosis (2,32,33). The association of febrile seizures and future hippocampal sclerosis remains
a topic of much debate. Febrile seizures in school-aged children may be seen in association with
a recently recognized entity called febrile infection—related epilepsy syndrome (FIRES).

FEBSTAT STUDY

Febrile status epilepticus occurs in 5% of patients with febrile seizures. The FEBSTAT study
was designed to prospectively examine the association between prolonged febrile seizures and
the development of hippocampal sclerosis and associated temporal lobe epilepsy, one of the
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TABLE 2.2 Epilepsy Syndromes That May Start With Fever-Induced Seizures

CHARACTERISTICS DRAVET PCDH19 FIRES
SYNDROME
Sex predilection None Females None
Age of onset Less than Generally School-aged
1 year less than children
1 year
Classic presenting Repeated Strong family Repeated Repeated
history hemiclonic or history of febrile  seizure seizures shortly
generalized or nonfebrile clusters with  after a febrile
status seizures in two fever illness that
epilepticus generations later evolve into
refractory status
epilepticus
Development Initially Usually normal Variable, Normal till
normal, later initially onset of status
regression normal, but epilepticus, but
possible later mostly later significant
associated impairment
with delay

most controversial issues in epilepsy. FEBSTAT is a prospective, multicenter study. Inclusion
criteria are children, aged 1 month to 6 years of age, presenting with a febrile seizure last-
ing 30 minutes or longer, based on ambulance, emergency department, and hospital records,
and parental interview. At baseline, procedures include an MRI study and EEG recording
done within 72 hours of status, and a detailed history and neurologic examination. Baseline
development and behavior are assessed at 1 month. The baseline assessment is repeated, with
age-appropriate developmental testing at 1 and 5 years after enrollment as well as at the devel-
opment of epilepsy and 1 year after that. Telephone calls every 3 months document additional
seizures. Two other groups of children are included: a “control” group consisting of children
with a first febrile seizure ascertained at Columbia University and with almost identical base-
line and 1-year follow-up examinations and a pilot cohort of febrile status epilepticus from
Duke University (24). Initial results of the study have been published and these results are
described in the following text.

FEBSTAT identified risk factors for first febrile status epilepticus. Compared with children
with simple febrile seizures, febrile status epilepticus was associated with younger age, lower
temperature, and longer duration (1-24 hrs) of recognized temperature before febrile seizures,
female sex, structural temporal lobe abnormalities, and first-degree family history of febrile
seizure. Compared with children with other complex febrile seizures, febrile status epilepticus
was associated with low temperature and longer duration (1-24 hrs) of temperature recognition
before febrile seizure (23). In another paper detailing the association of hippocampal sclerosis
and febrile status epilepticus (34), 226 patients were evaluated with an MRI within 7 days of
febrile status epilepticus and 1 year later. In 22 children, T2 hyperintensity was noted acutely,
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maximum in Sommer’s sector (Sommer’s sector is sector CAl in the hippocampus. It is exqui-
sitely sensitive to hypoxic injury and is frequently involved in the pathology of temporal lobe
epilepsy). On follow-up MRI, 10 of these 22 patients had hippocampal sclerosis at 12 months
and reduced hippocampal volume. Compared with controls of simple febrile seizures, patients
with febrile status epilepticus with normal acute MRIs had an abnormal ratio of right-to-left
hippocampal volume, smaller hippocampi initially, and reduced hippocampal growth. This
study could not however make immediate conclusions of these findings with relationship to
future temporal lobe epilepsy.

The FEBSTAT study suggests that infection with HHV-6B is commonly associated with
febrile status epilepticus (12). Of the initial cohort of patients, 136 underwent a nontraumatic
lumbar puncture to confirm that febrile status epilepticus is rarely associated with pleocytosis
(35).

Nordli et al. showed that out of 199 children in this study with an EEG within 72 hours of
febrile status epilepticus, 45% (90) were abnormal, with the most common abnormality being
focal slowing (47) or attenuation (25). Epileptiform abnormalities were present only in 6.5%
(13) EEGs. In addition, focal EEG slowing or attenuation was associated with T2 signal abnor-
mality on MRI in these patients (36).

CONTROVERSY: DO FEBRILE SEIZURES CAUSE TEMPORAL LOBE EPILEPSY?

A causal relationship between long-duration febrile seizures and temporal lobe epilepsy is dif-
ficult to demonstrate or refute in humans due to the inability to control for genetic factors or
other preexisting factors (perinatal injury, other developmental anomalies). However there are
several recent studies of note, which argue for a link between long-duration febrile seizures and
subsequent development of temporal lobe epilepsy.

Falconer et al. (37) in a study of patients who had surgery for intractable temporal lobe epi-
lepsy found that 30% of the patients with mesial temporal sclerosis had a preceding history of
febrile seizures in childhood. Subsequently out of a cohort of 666 children with febrile seizures
followed prospectively, 6% developed epilepsy (26). Berg et al. (28) evaluated 428 children
prospectively and found that developmental abnormalities, complex febrile seizures, and a fam-
ily history of epilepsy were associated with future unprovoked seizures in 6% of the cohort.
This would suggest that a preexisting brain abnormality in addition to a genetic predisposition
may predispose to complex febrile seizures and future epilepsy. The finding that hippocampal
sclerosis is associated more frequently with developmental anomalies like focal cortical dys-
plasia and/or heterotropia suggests genetic predisposition. This is also suggested by a study of
familial mesial temporal lobe epilepsy (38) in which 52 asymptomatic relatives of patients with
familial mesial temporal lobe epilepsy were studied and 18 were found to have a hippocampal
abnormality on MRI. A recent study looked at genome-wide association comparing 1,018 study
patients with mesial temporal lobe epilepsy and hippocampal sclerosis with 7,552 controls.
A sodium channel gene cluster of chromosome 2q24.3 within an intron in the SCNIA gene was
found in a significant number of patients with mesial temporal lobe epilepsy and hippocampal
sclerosis and a history of febrile seizures (39). In a review, Dube (40) pointed out that there is
little evidence for short-duration febrile seizures causing an adverse impact on the human brain.
In another paper, Dube et al. (41) developed an experimental animal model of prolonged febrile
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seizures in 10- to 11-day-old rats (an age when hippocampal development approximates that of

human infants). In this model, prolonged early-life febrile seizures led to the development of

spontaneously recurrent seizures in 35% of rats.

We currently do not have biomarkers to define with any degree of certainty which child

with prolonged febrile seizures may be at risk for the development of future epilepsy. Future
studies may help answer some of these important questions.
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Epileptic and Nonepileptic
Paroxysmal Events in Childhood

Jorge Vidaurre, MD

Paroxysmal events (epileptic and nonepileptic) are commonly encountered in general pediatric
and neurology practices. Epileptic events or seizures refer to a transient occurrence of signs
and/or symptoms due to abnormal excessive or synchronous neuronal activity in the brain (1).
Paroxysmal nonepileptic events (PNEs) also manifest as a transient occurrence of stereotyped
or somewhat stereotyped clinical episodes, but they are not associated with paroxysmal, exces-
sive cortical activity.

In children admitted to epilepsy units for long-term video-electroencephalogram (EEG)
monitoring, about 22% to 43% may receive the diagnosis of PNEs (2—4). This diagnosis is even
more common in children who are neurologically impaired (4,5), as hyperkinetic movement
disorders, spasticity, attention deficit, and staring are more prevalent complaints. Children with
autism and developmental delay with or without cerebral palsy may represent a diagnostic
challenge (3).

A detailed history and physical examination is helpful in clarifying the etiology of these
episodes, but often this clinical differentiation is not an easy task and specific tests such as
long term video-EEG or polysomnograms are needed, in order to arrive at a specific diagnosis
(6,7). Furthermore, epileptic and nonepileptic events may coexist in the same patient, making
diagnosis even more challenging.

The use of video-EEG can distinguish the nature of these paroxysmal events in most cases
4,8,9).

Epileptic and nonepileptic events share many common characteristics that can make dif-
ferentiation difficult (Table 3.1), even for the more experienced neurologist. Clinicians have to
rely often on the history provided by parents, as the events are not directly witnessed during
the short clinic visit.
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TABLE 3.1 Common Features of Epileptic and Nonepileptic Events

Intermittent, periodic occurrence

Sudden change in what is considered normal behavior for the child
Daytime and nighttime occurrence

Stereotyped or somewhat stereotyped symptomatology

Usually short in duration

Cause of concern for parents

Identification and accurate classification of the event is extremely important, as treatment
is based on the presumptive etiology. Many children referred to tertiary epilepsy centers are
misdiagnosed as epileptic and placed unnecessarily on antiepileptic medication (2,4,10). The
incorrect diagnosis of epilepsy can add significant stress to the family and impose unnecessary
limitations on the child.

The clinical manifestations of PNEs are highly variable. These may include hypermo-
tor features (paroxysmal movement disorders, shuddering attacks, benign sleep myoclonus),
behavioral or motor arrest (staring, apnea), alteration in consciousness (syncope, breath-holding
events), sensory phenomena (hallucinations, migraine), mixed manifestations (syncope with
convulsive features), or other symptoms (cyclic vomiting).

Some PNEs may occur exclusively during wakefulness (psychogenic nonepileptic seizures
[PNESs], shuddering attacks) and others take place during sleep (parasomnias).

Age of presentation is an important factor in the differential diagnosis, as certain PNEs are
prevalent in specific age groups, for example, “benign sleep myoclonus” is observed in neo-
nates and young infants and PNES occurs mainly in older children and adolescents.

As a result of this highly variable clinical presentation and symptomatology, it is easy to
perceive the difficulties in making an accurate diagnosis during the first clinic visit. Short
periods of inattention in children with attention deficit disorder (ADD) or autism can be con-
fused with absence seizures, and parasomnias may be difficult to distinguish from seizures of
frontal lobe origin. On the other hand, epileptic syndromes such as “benign occipital epilepsy”
presenting with episodes of vomiting or headaches can be misdiagnosed as gastroesophageal
reflux disorder or migraine.

This chapter presents a review of some of the most frequent nonepileptic events encoun-
tered in clinical practice. The clinical characteristics and features that may help in correct
identification of the episodes are described.

EVENTS WITH MOTOR MANIFESTATIONS AS THE MAIN CLINICAL FEATURE
Benign Neonatal Sleep Myoclonus

Benign neonatal sleep myoclonus (BNSM) is a benign condition characterized by repetitive,
usually synchronous myoclonus involving the extremities. The jerks occur exclusively during
sleep and remit when the child is aroused. This condition usually starts in the first 2 weeks of
life and resolves spontaneously by 3 months of age with no neurological sequelae (11).
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The true prevalence is unknown as cases may be underrecognized (12,13). The jerks
involve the distal portion of the upper extremities (flexion of fingers, wrist, and elbow) and
usually spare the face (11,14,15). The myoclonic jerks are more frequent during quiet sleep (15)
and may occur in short clusters, recurring every few seconds (16). The jerks do not stop with
restraint, but can be activated by rocking the baby in a head-to-toe direction (17,18).

It is important to differentiate this benign condition, as BNSM can be confused with neo-
natal seizures and the patients placed on anticonvulsants (18). The diagnosis should be made
by history and careful clinical observation. The occurrence of myoclonus during sleep and its
disappearance by arousal in a neonate should raise the suspicion for this benign condition.

Jitteriness

Jitteriness is one of the most common involuntary movements encountered in full-term babies.
Jitteriness consists of rhythmic tremors of equal amplitude around a fixed axis. The etiology
of the condition is not clearly defined in the majority of cases, but it has been associated with
electrolyte abnormalities or maternal drug use. Jitteriness is observed very early in the neonatal
period and diminishes markedly by the second week of life.

The prevalence can be about 44% in large urban centers (19). There is a positive association
of maternal marijuana and possibly cocaine use with neonatal jitteriness (19,20). These infants
also demonstrate visual inattention and irritability compared with nonjittery infants. The jittery
movements can be differentiated from seizures because they are commonly stimulus sensitive
and may terminate with passive flexion of the baby. Rarely, jitteriness can occur immediately
after the neonatal period (21).

Benign Myoclonus of Early Infancy

Benign myoclonus of early infancy (BMEI) was described for the first time in 1976 by Fejer-
man (22,23). The first descriptions included children with events resembling infantile spasms
without abnormalities in the EEG. The clinical entity consisted of jerks of the neck and upper
limbs leading to flexion or rotation of the head and abduction of limbs and no changes in con-
sciousness. Patients with brief tonic flexion of the limbs, shuddering, and loss of tone or nega-
tive myoclonus have also been included as part of the syndrome. Age of presentation is usually
between 3 and 8 months.

Newer attempts to redefine the clinical spectrum of the syndrome include different types
of motor phenomena such as myoclonic jerks, spasms and brief tonic contractions, shuddering,
and atonia.

BMEI can be confused with “epileptic” infantile spasms. For most cases, this differentiation
is not difficult. There is lack of hypsarrhythmia or EEG abnormalities in BMEI in contrast to epi-
leptic infantile spasms, which often have a characteristic EEG pattern. Also in contrast to infantile
spasms, development in BMEI is normal, and the events subside by 6 to 30 months of age (24).

Shuddering Attacks

Shuddering attacks are benign nonepileptic events of infancy consisting of rapid “shivering” of
the shoulders, head, and occasionally the trunk.
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The attacks may involve mild stiffening of the upper extremities with very fine low-ampli-
tude tremors of 8 to 10 cycles per second (cps), usually lasting less than 5 seconds (25). The
child may adopt a characteristic posture of flexion of the head, elbows, trunk, and knees with
abduction of the elbows and knees (26). Parents describe the event “as if water was poured
down the child’s back.” Shivering attacks usually occur during playtime and may be precipi-
tated by excitement.

It is believed that prevalence of events is low, but in a large series of children with nonepi-
leptic events, shuddering attacks represented 7% of all cases (3). The pathophysiology is not
understood, but a relationship with essential tremor has been postulated (26), and propranolol
has been used as treatment (27). Further studies did not find an association between essential
tremor and shuddering attacks (28).

The distinction between seizures, especially brief generalized and myoclonic seizures
should not represent a diagnostic challenge. Shuddering attacks have precipitating factors and
there is no alteration in consciousness or postictal state.

Stereotypies

Similar to tics, stereotypies are repetitive, purposeless, ritualistic movements that can be exac-
erbated by stress, excitement, or even boredom. Stereotypies usually affect the body and arms
(arm flapping, body rocking). They can occur in normal children as well as in children with
autism spectrum disorder (29) and syndromes associated with mental retardation.

The presence of precipitating factors and the fact that they can stop if the child is distracted
can help in differentiating these movements from epileptic events.

Tics

Tic disorder is another common condition affecting about 1% of the population. Tics are sud-
den, rapid, brief movements (motor tics) or sounds (vocal tics). Tics may be simple or complex,
involving different muscle groups or presenting with a complex sequence of movements. On
occasions, tics can cause self-injury.

Tics are classified as transient tic disorder (duration of symptoms lasting less than 1 year)
or chronic motor or vocal tics (lasting more than 1 year). Tourette syndrome is the most com-
mon cause of tics and includes motor and one or more vocal tics, although not necessarily
concurrent. Tics must occur intermittently for more than 1 year (30). Children diagnosed with
Tourette may face different comorbidities, including attention deficit hyperactivity disorder,
obsessive-compulsive disorder, and behavioral difficulties (31).

The motor manifestations of tics are florid. The movements usually start on the face (blink-
ing or gestures) and later they may involve the trunk and extremities. The nature of movements
can be tonic, clonic, or even myoclonic, creating diagnostic confusion.

Some features are helpful in making the distinction between tics and epileptic events. Tics
are often preceded by a sensation of discomfort, which is alleviated after execution of the tic
(32). Patients can also suppress their tics. Tics can occur multiple times a day and become more
frequent during periods of stress, boredom, or excitement.
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Independently, the prognosis of children with Tourette is favorable. The worst period is
around 10.6 years of age (33), with improvement or disappearance of tics in the majority of
affected patients.

Treatment with behavioral therapy or habit reversal is promising (34). Medications are used
in selected cases, especially if tics are causing problems with self-esteem or injury.

Paroxysmal Dyskinesias

The paroxysmal dyskinesias as a group can, at times, be confused with epileptic events, as they
share common features including the following:

1. Paroxysmal, intermittent episodes of involuntary movements

2. Events may be preceded by premonitory symptoms or “auras”

3. Symptoms may respond to antiepileptic medications

In contrast to epilepsy, affected children do not have alteration in consciousness during the
attacks and the EEG is normal.

The paroxysmal dyskinesias can be classified by the circumstances in which they occur as
follows:

Paroxysmal kinesigenic dyskinesia (PKD), typically affects children from middle child-
hood to early adolescence. The etiology may be idiopathic or secondary to other neurological
conditions, such as stroke or multiple sclerosis. PKD is characterized by involuntary move-
ments (usually dystonia chorea or ballismus). The attacks are short in duration and they are
precipitated by movement. There is no loss of consciousness during the episodes, and generally
patients respond well to antiepileptic drug treatment (35,36). Premonitory symptoms, usually
abnormal gastric sensations, are reported by patients. In some pedigrees, PKD has been associ-
ated with infantile convulsions (37).

Paroxysmal nonkinesigenic dyskinesia (PNKD) is a disorder of early childhood, but can
manifest in the early 20s. The attacks may be longer than the episodes observed in PKD, lasting
hours or days (38), and do not have to be associated with movement. Problems with speech have
also been reported at the time of the attack, but there are no changes in the level of conscious-
ness. Patients may respond better to clonazepam than to sodium channel blockers (38). Parox-
ysmal exertion-induced dyskinesia is a movement disorder triggered by prolonged exercise (39)
and affects mainly the legs, with attacks lasting about 5 to 30 minutes.

Paroxysmal hypnogenic dyskinesia consists of attacks of chorea or dystonia occurring in
non-rapid eye movement (NREM) sleep. The frequency is variable and duration is usually less
than 1 minute. Frontal lobe seizures, especially “autosomal dominant frontal lobe epilepsy”
may present with similar clinical features (40,41), and many cases of paroxysmal hypnogenic
dyskinesias may actually represent epileptic events. Distinction between a true movement dis-
order and epilepsy may be difficult in those cases, as frontal lobe seizures may lack an ictal
EEG correlate and the interpretation is difficult, due to excessive movement artifact. A high
index of suspicion for seizures is recommended for nocturnal dystonic events, especially if
episodes are stereotyped in nature.
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Psychogenic Nonepileptic Seizures

PNESs are paroxysmal events, involving clear changes in behavior or consciousness, similar
to epileptic seizures, but without associated abnormal cortical discharges. The prevalence of
PNES is estimated between 2 and 33 per 100,000 (42) and comprises about 20% to 30% of the
patients referred for diagnostic video-EEG monitoring (43).

PNES can be encountered in young children, but it is more prevalent in adolescents (43).
There also appears to be a female predominance in the latter group, whereas in younger patients,
boys can be more commonly affected.

There are signs that can help in differentiating nonepileptic from epileptic seizures (44):

1. High frequency of seizures
Resistance to antiepileptic drugs
Specific triggers

Occurrence in the presence of an audience or in a physician’s office

A

Multiple complaints, including fibromyalgia and chronic pain

There are also specific features of the episode that can help in distinguishing PNESs from
epileptic seizures. These features are irregular and asynchronous motor phenomena, waxing
and waning symptoms, pelvic thrusting, weeping, preservation of awareness with generalized
motor activity, or eye closure during the events.

Clinical manifestations of PNES may be different in the pediatric population. Quiet unre-
sponsiveness or “catatonic” state is a common manifestation in children (10,43). Tremor is also
a common feature (10,45), in addition to negative emotions (45), eye closure or opening, and
events with minor motor activity. Pelvic thrusting and major motor activity are more prevalent
in adults (46).

Many children have associated psychiatric comorbidities including other conversion/mood
disorders, anxiety and school refusal, along with psychosocial stressors, including physical and
sexual abuse (47).

Video-EEG is an important tool in making an early diagnosis and therefore designing a
treatment plan (Figure 3.1), which includes psychological support. The prognosis of PNES in
children is more favorable (48).

Sandiffer Syndrome

Gastroesophageal reflux in infants can cause symptoms that are different from those in adults.
The symptoms are variable and consist of crying, irritability, sleep difficulties, and back arch-
ing (49). Sandiffer syndrome is a more extreme posturing of the head and neck, manifesting as
intermittent spells of opisthotonic posturing associated with reflux and hiatal hernia (50). The
occurrence of the events during or after feedings is a clue to the diagnosis.

Hyperekplexia

Hyperekplexia is a disorder associated with an exaggerated startle response with delayed habit-
uation, elicited at times by minor auditory or tactile stimuli (nose tapping or air blowing on the
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FIGURE 3.1 Ten-year-old boy with typical PNES captured on video-EEG monitoring. EEG
shows a clear posterior dominant rhythm (green arrow), despite movement artifact (black
arrow). Clinical episode consisted of asymmetric shaking of extremities, associated with
pelvic thrusting. Patient remained with eyes closed during the event. Average montage,
amplitude 7 uvV/mm, 10-seconds screen.

Abbreviations: EEG, electroencephalogram; PNES, psychogenic nonepileptic seizures.

face), in association with other symptoms such as hyperalert gaze, marked stiffness, violent
rhythmic jerks, and breath-holding episodes (51). This is a relatively benign disorder, but in
severe cases, the symptoms can cause apnea or interfere with feedings. The condition can be
easily mistaken for epilepsy, as nocturnal myoclonus can be part of the clinical picture (52). In
hyperekplexia, the EEG is normal and patients usually improve with clonazepam at doses of
0.1-0.2 mg/kg/day (53). This neurological condition can be inherited in an autosomal dominant
fashion. Most mutations have been identified in the GLRAI gene encoding the alpha 1 subunit
of the glycine receptor (54,59).

Self-Gratification Disorder

Self-gratification disorder or infantile masturbation is considered a variant of normal behavior
and an important consideration in the differential diagnosis of seizures. Symptoms may include
dystonic posturing, sweating, grunting, and rocking (56). This is a benign and self-limited
behavior that often disappears by 2 years of age (57).

EVENTS WITH SENSORY MANIFESTATIONS AS THE MAIN CLINICAL FEATURE
Migraine

Migraines, especially when preceded by an aura, can be mistaken for seizures. This is not sur-
prising, as auras represent a focal cortical and/or brainstem dysfunction. Occasionally, migraine
auras may not be followed by a headache, creating even more confusion.
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The most common aura is visual. Auras consist of scintillating scotomata or flickering,
zigzag patterns in the center of the visual field with gradual progression to the periphery (58).
Less frequently, auras may also manifest as paresthesias affecting one side of the body, motor
deficits, confusion, or cerebellar symptoms, such as syncope, vertigo, and ataxia. Impairment
of body image and visual analysis of the environment (Alice in Wonderland syndrome) have
been reported (59).

There are certain characteristics that are helpful in distinguishing migraines from epileptic
events. In migraines, the aura develops gradually for over more than 4 minutes, and two or more
symptoms occur in succession. Headaches follow the aura with a symptom-free period of about
60 minutes (60). A positive family history of migraine is usually encountered.

Seizures of occipital origin may manifest with visual symptomatology, but circular shapes
appear to predominate and the duration of symptoms is short, from 5 to 30 seconds (61). The
postictal headache may be diffuse rather than unilateral (62).

Panic Attacks

Panic attacks are primarily a psychiatric disorder, consisting of recurrent episodes of a sudden,
unpredictable overwhelming sensation of fear with a myriad of symptoms including dizziness,
shortness of breath, nausea, depersonalization, and paresthesias. During the attack, fear of
dying and autonomic symptoms, such as palpitations, are usually present. Patients may inter-
pret typical symptoms of anxiety as dangerous, creating an exaggerated response.

Seizures can also manifest with anxiety or fear, especially seizures of temporal or even
parietal lobe origin (63), at times making the differentiation between panic attacks and seizures
more difficult. Both can occur spontaneously without warning, but ictal fear usually is brief,
lasting a few seconds, in contrast to the prolonged duration of panic attacks, usually lasting
minutes to hours (64).

Hallucinations

Hallucinations can occur in children and may be visual, auditory, or involve abnormal sensa-
tions. Hallucinations are not necessarily an indication of psychosis. They can be related to
physical abuse or the use of psychotropic medications, and a detailed history becomes neces-
sary. As mentioned earlier, hallucinations associated with seizures usually consist of simple
forms, smells, or sounds, and they are of short duration. The events are also stereotyped and
brief (seconds), only rarely persist longer (65).

EVENTS ASSOCIATED WITH CHANGES IN THE LEVEL OF CONSCIOUSNESS OR
ALERTNESS AS THE MAIN CLINICAL FEATURE

Staring Events

Staring spells are among the most common nonepileptic events observed in the pediatric popu-
lation, making up to 15% of the patients referred for video-EEG monitoring (3). These events
consist of vague facial expression, behavioral arrest, and fixed vision at one point. Children
may not react to hand waving but the spell can be interrupted by stronger stimulation (3).
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A typical scenario involves a child usually sitting or lying in bed quietly at the time of the
event. These episodes occur more frequently in children with developmental delay or neuro-
logical handicap and epilepsy. Parents of children with ADD or autism may frequently report
staring events, and the diagnosis of absence or complex partial seizures may be entertained.
A detailed medical history is helpful in differentiating epileptic from nonepileptic events. The
presence of automatisms, aura, upward eye movements, limb twitches, and urinary inconti-
nence favors epileptic seizures (66,67). The lack of interruption of playing, responsiveness to
touch, and initial identification by a teacher or health care professional rather than by a parent
favors nonepileptic staring (67).

Breath-Holding Spells

Breath-holding spells (BHSs) are common pediatric conditions, which may occur in up to 27%
of children (68,69). BHSs have a distinctive sequence of clinical features. There is a precipitat-
ing event, which is usually a mild trauma (commonly to the head) or provocation, resulting in
crying. Subsequently, the child becomes silent during the expiratory phase, followed by color
changes and loss of consciousness. The child may adopt an opisthotonic posture with upward
eye deviation. After the event is over, the child may go to sleep. Two clinical types are recog-
nized, based on skin color changes: cyanotic and pallid type. Cyanotic spells are more common
with a ratio of 5:3 (70). Mixed types can also occur.

BHS presents in children between 6 months to 4 years of age, but younger and older patients
have been reported. Median age of onset is between 6 and 12 months and the frequency of
attacks is variable, with a median frequency of daily to weekly attacks (70). The attacks usually
resolve by 3 to 4 years of age.

The pathophysiology is not completely understood, but involves a vagal mediated cardiac
inhibition with significant bradycardia and asystole in the pallid type. This can be elicited
by ocular compression, a procedure not recommended in current practice. The EEG during
an attack shows generalized rhythmic slowing, followed by electrical attenuation and slowing
again, with subsequent recovery of normal background activity (Figure 3.2) (71).

The cyanotic type may involve increased intrathoracic pressure due to a Valsalva maneu-
ver with associated hypocapnia (72), but bradycardia can also be present, and the two types
of spells can occur in a single patient, suggesting some common mechanisms. An autosomal
dominant mode of inheritance with reduced penetrance is postulated (73).

The attacks usually are short, but frightening to parents. Longer events can produce “reflex
anoxic seizures” and, in rare cases, status epilepticus. This may create confusion and BHS may
be deemed to be epileptic in nature. The presence of precipitating factors, crying, and family
history of similar events favors the diagnosis of BHS.

The treatment is directed mainly at reassurance about the benign nature of the events. The
relationship between BHS, anemia, and effectiveness of iron therapy has been documented
(74-76). Piracetam is another drug that showed to be safe and effective in controlling the spells
(77,78). For patients with severe and frequent spells associated with seizures and prolonged
asystole, cardiac pacemakers have been used (79).
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FIGURE 3.2 Twenty-month-old boy with pallid breath-holding events. EEG demonstrates
bradycardia (black arrow) after episode of crying, followed by prolonged, 20-seconds
asystole (black line). EEG during that period shows generalized background slowing,
followed by diffuse electrical suppression, associated with opisthotonic posturing of

the child (inserted picture). After the event, heart rate returns to baseline (gray arrow).
Longitudinal montage, amplitude 150 peak-to-peak, 30-seconds screen.

Syncope

Syncope is a transient, abrupt loss of consciousness due to reduction in global cerebral perfu-
sion. The most common cause of syncope is “vasovagal.” The true incidence of syncope is diffi-
cult to estimate due to variation in definition and underreporting in the general population (80).
The median peak of the first syncope is around 15 years of age. Convulsive movements may be
described in all types of syncope related to cerebral hypoxia and this may lead to a misdiagno-
sis of seizures (81). The EEG may show a pattern of slowing—attenuation—slowing or a “slow
pattern” (Figure 3.3A—B). Stiffening and loss of consciousness develop during the slow phase
and persist during the flat portion of the EEG. Myoclonic jerks occur when the EEG is slow
(82). Clues in the differential diagnosis include precipitating factors, premonitory symptoms,
and postictal events, such as tongue biting (83).

Situations commonly encountered in syncope are upright posture, emotionally induced
events, and being in crowded places. The myoclonic jerks observed in syncopal episodes usu-
ally occur after loss of consciousness, whereas in epilepsy they appear at the same time (81). In
syncope, motor manifestations are usually short-lived and postictal symptoms are not common.

If syncopal attacks occur during exercise or there is family history of heart disease or the
presence of palpitations, an EKG should be ordered. A tilt table test is not necessary to make
the diagnosis in most instances (81).
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FIGURE 3.3B (A) Sixteen-year-old girl with history of vasovagal syncope. EEG during tilt
table tests shows a normal background at the time patient was in the upright position.
HR: 112. Bipolar montage, amplitude 7 uV/mm, 30-seconds screen. (B) This tracing is a
continuation from the previous EEG on Figure 3.3A. EKG lead shows bradycardia (HR 60)
immediately after patient was tilted. EEG demonstrates posterior slowing (gray arrows)
followed by generalized higher-amplitude delta activity (black arrow). Patient had transient
alteration of consciousness with associated upward eye deviation and pallor. Bipolar
montage, amplitude 7 uV/mm, 30-seconds screen.

Abbreviations: EEG, electroencephalogram; HR, heart rate.
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Narcolepsy/Cataplexy

Cataplexy is a symptom associated with the diagnosis of narcolepsy. The disorder is character-

ized by muscle weakness triggered by emotions. There is a strong association with centrally
mediated hypocretin (orexin) deficiency and with HLA-DQBI1*0602 (84).
Children who present with a lack of responsiveness due to excessive sleepiness can be

incorrectly diagnosed as having absence seizures, and cataplexy may be misdiagnosed as

atonic or other types of epileptic attacks. Videotape recordings of the events can be helpful in
clarifying the etiology of the episodes (85).

SLEEP-RELATED EVENTS

The parasomnias as a group are among the most frequent sleep disorders encountered in the
pediatric population.
The most common parasomnias in children are the following:

Disorders of arousal (from NREM sleep): These events usually occur in the first half of
the night, 1 to 2 hours after falling asleep. NREM sleep disorders are highly prevalent in
children between the ages of 3 and 13 years and usually disappear by adolescence (86,87).

Disorders of arousal may be mistaken for epileptic seizures and they include:

A. Sleepwalking. During sleepwalking, children may walk or wander around the room.

They can go to the parent’s room or other places in the house. During the episode, chil-
dren may be partially responsive.

. Night terrors. During these events, the child may wake up and scream with a frightened

look. Autonomic symptoms including tachycardia, pupillary dilatation, and sweating
accompany the event.

Confusional arousals consist of partial awakenings in which the child remains con-
fused and unresponsive, despite appearing to be awake.

Parasomnias associated with REM sleep: One of the common parasomnias that occur in
REM sleep in children is nightmares. These are frightening dreams in which the child usu-
ally has a recollection of the event.

Other parasomnias such as sleep enuresis can also create confusion, as parents may
interpret these events as nighttime seizures, especially in children with epilepsy.

There are other paroxysmal events, such as cyclic vomiting, tremors, and rage attacks,
which occur less frequently and can also be mistaken for epileptic events.

As mentioned earlier, a clinical history with attention to detail is extremely important to
formulate an appropriate diagnosis and differentiate between epileptic and nonepileptic
events.

With the advent of new technology and widespread use of iPhones, these episodes can
now be captured on digital videos, thus facilitating the diagnosis.

There will always be cases in which this differentiation is not easy to accomplish, and
other tests including video-EEG may be required in order to make a specific diagnosis.
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EEG Interpretation in
Childhood Epilepsies

Charuta N. Joshi, MBBS, FRCPC
Thoru Yamada, M D, FACNS

In this chapter we address the electroencephalography (EEG) of pediatric epilepsies. The
epilepsies of premature babies or neonates are beyond the scope of this chapter.

PAROXYSMAL DISCHARGES AND SEIZURE DIAGNOSIS

In evaluating the EEG of a patient with possible seizures, we may see interictal epileptiform
discharges (IEDs) and/or nonspecific paroxysmal discharges, with or without focal or diffuse
slowing. IEDs, represented by spike or spike-wave discharges, are the most sensitive and spe-
cific markers for the diagnosis of seizures. In a routine EEG (a recording of approximately
30 min) the chance of recording a clinical seizure (ictal) event is rather rare, unless the patient
is having frequent seizures or is in status epilepticus. Thus, we often rely primarily on IEDs for
the diagnosis of epilepsy.

The likelihood of detecting IEDs varies, depending on seizure type, age, and seizure
frequency. An EEG that includes sleep or is recorded after sleep deprivation increases the
yield of IEDs. Generally, greater seizure frequency is associated with higher yield of IEDs
(1). IEDs are also recorded more often in children than in adults. Detection of IEDs differs,
depending on the origin of the epileptiform activity: If a relatively small area of cortex is
involved as the epileptogenic zone, IEDs may not be detected by scalp electrodes. Also,
epileptiform activity arising from deep brain structures such as the medial temporal lobe,
subfrontal lobe, or interhemispheric medial cortex may not be readily recorded by scalp
electrodes.

The specificity of IEDs is determined by the incidence of IEDs in the normal population
(false-positive), compared with that in patients with epilepsy. IEDs are found in 1.9% to 3.5%
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of healthy children (2,3) and 0.5% of healthy adults (4). Specificity also varies depending on
the type of IEDs: Only about 40% of the patients with benign rolandic spikes of childhood or
benign epilepsy of childhood with centrotemporal spikes (BECTS) and 50% of patients with
childhood epilepsy with occipital paroxysms (benign occipital spikes of childhood) have a
history of seizures (5). Also IEDs elicited by photic stimulation and generalized spike-wave
discharges are less correlated with seizure history compared to focal spikes. Multifocal IEDs
and focal IEDs, especially at the midline, frontal, and anterior temporal regions are highly
(75%-95%) correlated with clinical seizures (5,6). Overall, the incidence of detecting IEDs
during the first EEG in adult epilepsy patients is about 30% to 50% (7,8). In children less than
10 years old, the incidence is about 80%. Overall, repeating the EEG once increases the yield
an additional 20% to 30% (7,8).

THE EPILEPSIES

Certain forms of epileptic seizure disorders have special clinical and EEG characteristics
irrespective of their etiologies. The International Classification of Epilepsies and Epileptic
Syndromes were proposed by the Committee on Classification and Terminology of the Interna-
tional League Against Epilepsy (9). This classification is based on two principles, distinguish-
ing first between localized (focal) and generalized epilepsies and second between idiopathic
and symptomatic etiologies.

Normal or near-normal background activity is characteristic of idiopathic epilepsy, and
slowing of background activity or multifocal epileptiform activity are suggestive of symptom-
atic epilepsy. Focal background abnormality and/or focal polymorphic delta activity are likely
correlated with symptomatic epilepsy.

Localized (Focal) Epilepsies and Syndromes

In the localized epilepsies and syndromes, examples of the idiopathic type include benign child-
hood epilepsy with centrotemporal spikes (rolandic spikes or BECTS and childhood epilepsy
with occipital paroxysms (benign childhood occipital lobe epilepsy). Symptomatic localized
epilepsies and syndromes include frontal, parietal, and temporal or occipital lobe seizures that
are secondary to focal pathology.

The localization of an epileptogenic focus often determines the character of the seizures.
To some extent, it is possible to speculate on the clinical manifestation of seizures based on the
localization and waveform of epileptiform activity. Conversely, it may be possible to postulate
the localization and waveforms of epileptiform activity based on clinical seizure types.

Benign Epilepsy of Childhood With Centrotemporal Spikes

Spikes maximally recorded from central or midtemporal electrodes have been described as
BECTS or benign rolandic epilepsy. The waveform is more commonly “sharp” rather than a
true spike, having a triphasic configuration with a prominent negative peak, preceded and fol-
lowed by small positive peaks. The negative field centered at the central or midtemporal elec-
trode is commonly associated with positive fields in the frontal region (Figure 4.1 A—B). These
discharges are often unilateral but one-third of the patients have bilateral independent foci.
Sleep (non-rapid eye movement [non-REM]) greatly increases the spikes and about one-third
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FIGURE 4.1 (A) Benign childhood epilepsy with centrotemporal spikes (BECTS) in a 12-year-old
girl with a history of nocturnal generalized tonic-clonic convulsions with postictal aphasia and
right arm weakness (Todd’s paralysis). Electroencephalogram (EEG) showed spikes maximum at
C3 (marked by *). Note the maximum negative (N) field at C3 and positive (P) field at contralateral
frontal regions shown by three-dimensional (3D) topographic mapping (maps were made at

the negative peak marked by X). (B) Benign childhood epilepsy with centrotemporal spikes
(BECTS) in a 10-year-old boy with a history of nocturnal generalized tonic-clonic convulsions.
Electroencephalogram (EEG) showed spikes maximum at T4 (marked by *). Note the maximum
negative (N) field at T4 and positive field (P) at contralateral frontal region shown by three-
dimensional (3D) topographic mapping (maps were made at the negative peak marked by X).

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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of the patients have spike discharges only in sleep (10). Also, unilateral spikes in the awake
state may progress to bilaterally independent spikes in sleep. Rolandic spikes tend to decrease
progressively with age and eventually disappear by the midteen years (11). The onset of seizures
usually occurs between 4 years and adolescence. Consistent with the dramatic increase of spike
discharges in sleep, about 80% of seizures occur exclusively in sleep (12).

Clinically, seizures initially consist of unilateral paresthesias of tongue, lips, cheek, and
gum and/or unilateral tonic-clonic activity of facial and pharyngeal/laryngeal muscles contra-
lateral to the side of the spike focus. The ictal discharges often start with an initial electrodecre-
mental pattern followed by rhythmic spike bursts with subsequent spike-wave discharges. The
seizure ends without postictal slowing, unless the seizure evolves to a generalized tonic-clonic
convulsion, which is not uncommon.

Not all spike discharges from central regions are benign. Some features help to distinguish
benign rolandic epilepsy from symptomatic (nonbenign) epilepsy. As shown in Figures 4.1A-B,
benign rolandic spikes are tangentially oriented with a negative field just behind the rolandic
fissure, either at or close to the central or midtemporal electrode, and a positive field over the
frontal region. In symptomatic epilepsy, spikes have often radially oriented distribution; thus
the negative field spreads diffusely over a wide scalp region (12). Focal slowing (corresponding
to the side of spikes) is absent in benign rolandic epilepsy but it is often present in symptom-
atic epilepsy (Figure 4.2). When a rolandic spike is maximum at the midtemporal electrodes,
differentiation of temporal lobe epilepsy with spikes at T3/T4 electrode from benign rolandic
epilepsy can be more difficult. In this case, additional electrodes between C3/C4 and T3/T4
(C5/C6 according to the expanded 10-20 system) help to distinguish the two: Rolandic spikes
are maximum at C5/C6, whereas symptomatic temporal lobe seizures likely have a maximum
at T3 or T4 (13).

Childhood Epilepsy With Occipital Spikes

There are two types of seizures categorized in this entity: late onset, originally described by
Gastaut (14) (Gastaut type) and early onset, more recently described by Panayiotopoulos (15),
and now referred to as Panayiotopoulos syndrome. Affected children are neurologically nor-
mal in both types. Family history of epilepsy is positive in more than one-third of the patients
for the late-onset type but negative for the early-onset type. In the late-onset variant, age of
seizure onset ranges from 15 months to 17 years with a peak age of 7 to 9 years (16). In the
early-onset variant, onset is between 1 and 14 years with a peak age of 3 to 6 years (17).

In the late-onset type, seizures almost always begin with visual symptoms (blindness,
scintillating scotoma, visual hallucinations, or illusions). The seizure is usually brief, lasting
only a few to several seconds. Half of the patients complain of severe migraine-like headache
associated with nausea and vomiting (14). Thus, differentiation from migraine headache may
be sometimes difficult. The prognosis is good overall but less favorable than that of BECTS.

In the early-onset type, seizures lack characteristic visual symptoms but consist of a variety
of autonomic symptoms including “feeling sick,” paleness, nausea, vomiting, cyanosis, myosis,
or mydriasis, and cardiopulmonary irregularities. The seizure lasts much longer (5-10 min)
than the late-onset type and often ends with a hemiconvulsion, Jacksonian march, or general-
ized motor activity. About one-third of the seizures occur in sleep. Nearly all patients become
seizure-free by age 12 years (17).
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FIGURE 4.2 Spike discharges at left central and midtemporal region in a 6-year-old boy
with a history of focal seizure involving the right arm. Note the spike discharges maximum at
left central and midtemporal region and also the increased delta and decreased background
activity over the left hemisphere. This is unlikely to be benign childhood epilepsy with
centrotemporal spikes (BECTS).

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

EEG abnormalities are indistinguishable between the Gastaut or the Panayiotopoulos type
of seizures. Spikes consist of high-amplitude surface negativity (200-300 uV), often followed by
a small positive and negative slow wave (Figure 4.3). These occur singly or more commonly in
serial, semirhythmic bursts with a unilateral or bilaterally independent appearance. Eye opening
tends to abolish the spike wave and eye closing may precipitate the burst. However, neither repeti-
tive photic stimulation nor hyperventilation precipitates epileptiform discharges (16). As with
BECTS, sleep (non-REM) increases the discharges, but less prominently as compared to BECTS.

About one-fourth to one-third of the patients have other epileptogenic abnormalities includ-
ing generalized spike-waves or BECTS (16,18) (Figure 4.4). The ictal EEG consists of rhyth-
mic spike discharges starting from one occipital region evolving into rhythmic theta-delta that
spreads to the contralateral occipital region (Figure 4.5).

Benign childhood occipital lobe epilepsy must be differentiated from other occipital spikes.
Many patients with congenital or acquired amblyopia are found to have occipital spikes, but
the morphology of the spike is much faster (“needlelike spike”) than that of benign childhood
occipital epilepsy (19). Occipital spikes may also occur in idiopathic generalized seizure patients
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FIGURE 4.3 Childhood epilepsy with occipital paroxysms (benign occipital lobe epilepsy) in
a 4-year-old boy whose seizures manifest as seeing “flashing light.” Note the high-amplitude
occipital spikes at O2 electrode.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

with photoparoxysmal response (20) (Figure 4.6A—B). Patients may have localization-related
seizures with vivid visual hallucinations (21). Although many “pure” simple partial seizures fail
to show ictal discharges, partial seizures of occipital origin tend to show well-localized ictal
EEG activity and the patient often is able to describe his/her visual hallucinatory event in detail.

Generalized Epilepsies

Idiopathic generalized epilepsies and syndromes include absence seizures (childhood and juve-
nile) and juvenile myoclonic epilepsy (JME). West syndrome and Lennox-Gastaut syndrome
(LGS) are examples of generalized epilepsy of a symptomatic type.

Primary Generalized Epilepsies

Generalized epileptiform discharges appear in both hemispheres simultaneously with similar
configuration, symmetric amplitude, and synchronous timing between homologous electrodes.
Timing between anterior and posterior discharges may differ slightly within the same hemi-
sphere. When discharges consistently have a higher amplitude in one hemisphere or generalized
discharges are consistently preceded by focal discharges, this suggests a focal onset to a second-
arily generalized seizure type, but clear-cut differentiation between a primary and secondary
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FIGURE 4.4 Two coexisting types of benign paroxysm—benign rolandic spike of childhood
(BECTS) and childhood epilepsy with occipital paroxysm (benign occipital childhood
epilepsy) in a 10-year-old girl with a history of generalized tonic-clonic seizures. Note the
two independent BECTS at C3/T3 and C4/T4.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

9 FB-Fp2

generalized seizure pattern is not always clear-cut. Distinction between ictal and interictal pat-
terns in absence seizures is also not as clear as that of a focal seizure. Often, the EEG associated
with a clinical seizure may be simply a longer and more rhythmic repetition than interictal IEDs.

ABSENCE EPILEPSY The discovery of 3 Hz spike-wave bursts in association with petit mal or
absence seizures by Gibbs, Davis, and Lennox (22) in 1935 was the first major epoch in the
history of EEG and the electrographic diagnosis of epilepsy. This is characterized by rhythmic
cycles of spike-wave complexes at a frequency of about 3 Hz, usually lasting a few to several
seconds. The spike-wave complexes are generally maximum in the frontal region and may start
with a frequency 3 to 3.5 Hz and end with a frequency 2 to 3 Hz (Figure 4.7). The initial com-
plex may have a polyspike-wave pattern. Although the bursts seem to be synchronous between
the two hemispheres, detailed analysis with a faster sweep recording shows that the spikes in
one hemisphere may randomly precede those in the other hemisphere by a few milliseconds
(23). The discharges tend to be inhibited by eye opening or increased vigilance. Hyperventila-
tion often precipitates the bursts associated with clinical absence seizures in 50% to 80% of the
patients (24). Intermittent photic stimulation induces spike-wave bursts in about one-fifth of the
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FIGURE 4.5 Ictal discharges in childhood epilepsy with occipital paroxysm (benign occipital
childhood epilepsy) in an 11-year-old girl with ictal manifestation of blindness, nausea, and
migraine-like headache. Note the rhythmic spike-wave discharges initially originating from O1
electrode with subsequent spread to other electrodes. Also there were independent spikes at
T6 electrode, which became synchronized with the occipital spikes as the seizure progressed.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

patients with absence epilepsy (25). Non-REM sleep also increases the number of spike-wave
complexes, which tend to become more irregular with polyspike-wave patterns (26). REM sleep
decreases the number of bursts to a frequency slightly less than the waking state (26). Valproic
acid and ethosuximide, commonly used medications for absence seizures, tend to decrease the
number of spike-wave bursts (27) and also attenuate activation by photic stimulation (28).

In patients with absence epilepsy, background activity is usually normal, but slowing can
occur in a minority of patients. Generally, about 20% to 40% of patients with absence sei-
zures show 3 Hz rhythmic delta bursts in the occipital regions (occipital intermittent rhythmic
delta activity [OIRDA]) (Figure 4.8), and the incidence of OIRDA is much higher in children
between 6 and 10 years (29). Visible clinical seizures can usually be observed when spike-
wave bursts last more than 4 to 5 seconds. Symptoms are characterized by staring, impaired
responsiveness, and behavior arrest. Impaired responsiveness can occur with spike-wave bursts
as short as 3 seconds. Responsiveness returns abruptly to normal at the end of the spike wave.
Detailed psychophysiological testing of such patients found decreased reaction time even dur-
ing a brief spike-wave burst without an associated overt clinical seizure (30). Automatisms with



4: EEG Interpretation in Childhood Epilepsies M 53

TBENS  1323:310000:01:48] [SENS "7 MF 50 TC 0.1 CAL *S0]
TN Pam *3 ACFIL *OFF Reler. ‘OFF Maset OFF

ok mm Wm’\ﬂ \ , /',f-iﬁ\
. S —

(A)

FIGURE 4.6 (A) Occipital spikes in a 34-year-old man with a history of generalized tonic-
clonic convulsions since childhood. Note the spike discharges are maximum at O1 electrode
(indicated by *). (B) This patient also had a photoparoxysmal response at 17 Hz with the
initial occipital polyspikes time-locked to the flashes, followed by generalized irregular
spike-wave bursts.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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FIGURE 4.7 Spike-wave bursts of 3 Hz associated with absence seizure in a 7-year-old boy
(childhood absence). Note that spike-wave bursts started with a frequency slightly faster
than 3 Hz and ended with a frequency slightly slower than 3 Hz.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

lip smacking, chewing, fumbling, or mild myoclonus (eyelid twitches) resembling a temporal
lobe seizure may be seen (31). The frequency of eyelid twitches is usually 3 Hz coinciding with
3 Hz spike waves. Some patients may have prominent eyelid myoclonus with faster frequency
of 4 to 10 Hz. This is referred to as Jeavons syndrome (eyelid myoclonia with absences) (32).
Some patients may have decreased postural tone. It is the technologist’s role to examine the
presence or absence of impaired responsiveness and to note the patient’s behavior changes dur-
ing spike-wave bursts. Absence seizures are classified into two types based on the age of onset.

Childhood Absence Epilepsy Onset of epilepsies is from 3 to 12 years. EEG and clinical
presentation can assist in predicting the prognosis. Patients with an EEG showing 3 Hz OIRDA
have a smaller risk of developing tonic-clonic seizures in the future (33). Absence seizures with-
out myoclonus have a higher chance of remission than those with myoclonus (34).

Juvenile Absence Epilepsy The onset of juvenile absence epilepsy (JAE) is around 10
to 12 years or even later. The spike-wave bursts tend to be of a slightly faster frequency than
3 Hz and may have polyspike components (Figure 4.9). This group of patients is more likely to
develop generalized tonic-clonic seizures or myoclonic seizures (35).
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FIGURE 4.8 An example of occipital intermittent rhythmic delta activity (OIRDA) in a 9-year-
old boy with a history of absence seizures. Note the occipital dominant 3 Hz spike-wave
burst (shown by oval circle) mixed with 3 Hz OIRDA (shown by rectangular box).

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

GENERALIZED TONIC-CLONIC EPILEPSIES Multiple spike-wave (polyspike-wave) bursts lasting
less than 1 to several seconds are usually an interictal expression of a generalized seizure
(Figure 4.10A-B). The interictal EEG of idiopathic (primary) generalized tonic-clonic epilep-
sies consists of a variety of waveforms, which are more irregular and of a faster frequency
than the 3 Hz rhythmic spike-wave discharges seen in absence seizures. In addition, spike-
wave bursts often include multiple spikes (polyspike). Spike-wave bursts are usually, but not
always, symmetric and synchronous. Asymmetric bursts, however, do not necessarily exclude
the possibility of primary generalized epilepsy. In fact, it is often difficult to differentiate pri-
mary from secondary generalized epilepsy, especially in the case of frontal lobe epilepsy. In
some patients, focal spike discharges, such as “rolandic spikes,” may coexist with generalized
spike-wave bursts. In such cases, it is not possible to determine if the patient has a seizure of
focal onset with secondary generalization or has both partial and primary generalized epi-
lepsy. There are two features, which may help point toward a diagnosis of primary generalized
epilepsy. One is a photoparoxysmal response (Figure 4.11A—B), and the other is generalized
spike-wave bursts resembling K-complexes (Figure 4.12A-B). Like K-complexes, spike-wave
bursts act as an arousal pattern. In some, generalized spike-wave bursts may be precipitated
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FIGURE 4.9 Spike-wave bursts of 3 Hz with initial polyspike component in an 18-year-old
girl (juvenile absence). The patient had absence seizures in the past and recently started
having generalized tonic-clonic convulsions.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

by arousal stimuli, similar to the K-complex. In some patients, especially in children who tend
to have “spiky” K-complexes, the differentiation between the two could be difficult. These
features were studied in detail by Niedermeyer, who introduced the concept of “dyshormia”
in which primary generalized spike-wave bursts and K-complexes share the same generating
mechanism producing generalized burst activity (36).

Onset of the ictal event in a generalized seizure consists of low-voltage, rhythmic beta-
range fast activity, with progressively increasing amplitude and decreasing frequency
(Figure 4.13A-B). This is followed by generalized spike-wave bursts, which become progres-
sively slower in frequency and less rhythmic toward the end of the seizure. The EEG becomes
suppressed during the immediate postictal period and is then followed by the appearance of
postictal delta activity. Clinically, the initial fast activity corresponds with the tonic phase and
the subsequent spike-wave bursts coincide with the clonic phase of the seizure. During the ictal
events, EEG activities are largely obscured by muscle and movement artifacts, making it dif-
ficult to differentiate a genuine seizure from a pseudoseizure. The presence of postictal flatten-
ing or slowing provides evidence of a genuine seizure. Conversely, immediate normalization of
the EEG favors a pseudoseizure, especially when the patient is unconscious or confused.
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FIGURE 4.10 Somewhat irregular, bilaterally synchronous generalized spike-wave bursts

of 4 to 6 Hz, maximum at midline (A) in a 30-year-old woman with a history of generalized
tonic-clonic convulsions as well as myoclonic seizures since childhood. The patient also had
more irregular polyspike-wave bursts during stage two sleep (B).

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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FIGURE 4.11 Generalized irregular spike-wave bursts (A) in a 10-year-old boy with a

history of absence seizures and a recent grand mal seizure. Photic stimulation produced
photoparoxysmal response at 16 Hz frequency flashes with generalized irregular spike-wave
bursts (B).

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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FIGURE 4.12 (A) Bilaterally diffuse synchronous and symmetric spike-wave bursts with
bifrontal dominance in a 31-year-old man with a history of grand mal seizures since
childhood. Note that the spike-wave bursts were followed by spindles. (B) With the
exception of the spikes, the epileptiform bursts had similar waveform and distribution with
K-complex induced by noise.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

JUVENILE MYOCLONIC EPILEPSY This was originally described by Janz as impulsive petit mal
(37) and may be referred to as juvenile myoclonic epilepsy of Janz. JME is the most common
type of seizure among idiopathic generalized epilepsies. Close to half of the patients have a
family history of epilepsy (37). As the name implies, seizures usually begin in adolescence.
The majority of patients (>90%) also have generalized tonic-clonic convulsions. Both myo-
clonic and generalized tonic-clonic convulsions tend to occur within 1 to 2 hours after awak-
ening. A history of absence seizures coexists with or precedes myoclonic seizures in about
one-third of the patients (38).

Interictal EEG patterns consist of generalized polyspike and polyspike-wave discharges with
frontocentral predominance (Figure 4.14A). These patterns are not distinguishable from other
idiopathic generalized epilepsies but may include more polyspike components. Like other idio-
pathic seizures, background activity is usually normal. Spike-wave or polyspike-wave bursts are
usually faster than the typical 3 Hz spike-waves seen in absence seizures, but in some patients,
2.5 to 3 Hz spike-wave bursts may occur that are indistinguishable from typical absence seizures.
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FIGURE 4.13 (A) A generalized ictal event in a 25-year-old man with a history of grand

mal seizures since childhood. Note the sudden flattening of electroencephalography (EEG)
activity at the onset, followed by beta activity peeking through the massive electromyogram
(EMG) artifact during the tonic phase of seizure. (B) Toward the end of the seizure, ictal
discharges changed to periodic spike-wave discharges, which were contaminated by
muscle artifact (clonic phase). Afterward, there was postictal suppression of EEG activity.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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Hyperventilation may activate epileptiform activity in JME but less often as compared to
absence seizures. About 30% to 40% of the patients also have photoparoxysmal seizures (Figure
4.14B) (39). Photosensitive epilepsy is three to four times more common in girls than in boys (39).
In contrast to other types of epilepsy, epileptiform activity tends to decrease in sleep but markedly
increases shortly after awakening. The ictal pattern is indistinguishable from interictal epilepti-
form activity in most cases but may have a greater number of polyspikes with higher amplitude.

Symptomatic Generalized, Multifocal Seizures or Syndromes

Lennox-Gastaut Syndrome

W.G. Lennox (40) and later H. Gastaut (41) described the clinical and electroencephalographic
features of this disorder. LGS represents characteristic triads comprising (a) severe general-
ized seizures, (b) mental retardation, and (c) an EEG showing slow spike-and-wave (SSW)
complexes. The SSW complexes consist of biphasic or triphasic sharp or spike waves followed
by high-voltage (300-400 uV or greater) slow waves (Figure 4.15). Frequency of SSW com-
plexes is between 1.5 and 2.5 Hz and is slower and often more irregular than the 3 Hz spike-
wave complexes associated with idiopathic absence epilepsy. The bursts are usually bilaterally
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FIGURE 4.15 Generalized 2 Hz spike-wave bursts in an 18-year-old mentally disabled male
with a history of intractable generalized tonic-clonic, tonic, and atypical absence seizures

(Lennox-Gastaut syndrome). Note the high-voltage slow (2 Hz) spike-and-wave complexes
associated with abundant irregular delta-theta activity in this awake EEG.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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synchronous but may show shifting or persistent asymmetries. Asymmetric bursts may be asso-
ciated with a unilateral lesion (42). In contrast to idiopathic absence epilepsy, which is usually
associated with normal background activity, background activity in LGS is slow in more than
70% of the patients (43). Unlike the 3 Hz spike-wave discharges of absence seizures, both
hyperventilation and photic stimulation are less effective in eliciting spike-wave discharges
(44). In sleep, SSW complexes may become polyspike-wave discharges (44). Also paroxysmal
fast activity is common during sleep (45). In addition to SSW, focal or multifocal epileptiform
discharges may be seen in some patients (46).

Median age of seizure onset in LGS is about 1 year and SSW complexes appear by 3 years.
Greater than 75% have more than one type of seizure. The most common seizures are tonic sei-
zure and atypical absence. Tonic seizures tend to appear at an earlier age and consist of sudden
flexion of the hips, upper trunk, and neck, as well as arm abduction, elevation, or semiflexion.
Because the seizure resembles infantile spasms, it can be considered a mature form of infan-
tile spasms (47). Tonic seizures are associated with paroxysmal fast activity, often preceded
by EEG flattening. The clinical distinction between typical and atypical absence seizures is
not always clear but some features distinguish them. In atypical absence, impairment of con-
sciousness is incomplete, rendering the transitions between normal activity and seizure activity
unclear. Other symptoms such as eyelid or mouth myoclonus, changes in muscle tone, excessive
salivation, and automatisms are common in atypical absence.

Ictal EEG change in atypical absence may be difficult to distinguish from the interictal
pattern because both are represented by SSW complexes. The ictal pattern, however, tends to
be more rhythmic, more widely distributed, and lasts longer than the interictal event (44). Other
seizure types in LGS include clonic or tonic-clonic, atonic, myoclonic, and infantile spasms.
The least common seizure is partial complex seizure.

INFANTILE SPASMS, SALAAM SPASMS, AND WEST SYNDROME Gibbs and Gibbs (48) first coined
hypsarrhythmia (hyps means mountainous) to characterize the EEG pattern of “very high-voltage”
(usually greater than 500 V) irregular, asynchronous delta slow waves associated with multifocal
spikes (Figure 4.16A). Spikes may be obscured by high-amplitude delta activity. The chaotic high-
amplitude slow wave activity may be intermittently replaced by a relatively low-amplitude pattern
(partial flattening) lasting 1 to 2 seconds. Because of exceedingly high-amplitude slow waves,
waveforms are typically truncated in a recording using routine sensitivity (S = 7). Also, spikes
are often hidden among large slow waves, and multifocal spikes are better visualized by using a
shorter time constant (higher low-frequency filter) (Figure 4.16B). Typical hypsarrhythmia is com-
mon in younger infants, and over time the degree of abnormality tends to lessen to produce more
organized activity with greater synchrony and symmetry and lower amplitude (49). The pattern
may become modified, in which generalized sharp and slow-wave bursts become more synchro-
nous within one hemisphere or between the two hemispheres (50). In cases of large focal lesions
such as cysts or porencephaly, the hypsarrhythmic pattern may be unilateral (asymmetric hypsar-
rhythmia) or associated with persistent focal spikes or sharp waves (Figure 4.17). These variations
may be classified as modified hypsarrhythmia. The hypsarrhythmic pattern is much more com-
mon in non-REM sleep than in the awake state or REM sleep (51). In non-REM sleep, bursts may
become associated with longer attenuation periods. Hypsarrhythmia is commonly, but not always,
associated with the clinical syndrome of infantile spasms or West syndrome (52). Infantile spasms
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FIGURE 4.16 (A) Hypsarrhythmia in an 18-month-old microcephalic boy with infantile
spasms. Note the high-amplitude irregular delta activity mixed with multifocal spikes and
characteristic brief episodes of quiescence between bursts. (B) The evidence of multifocal
and scattered spikes are better visualized by eliminating slow waves using a shorter time
constant (0.03 seconds) or lower filter setting of 5 Hz (A and B are the same EEG samples).

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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FIGURE 4.17 Modified hypsarrhythmia in an 8-month-old girl with a history of group B
streptococcal meningitis at 2 weeks of age. The patient had frequent body jerks representing
infantile spasms. Note the high-amplitude irregular spike-wave discharges from the right
hemisphere, with brief flattening periods between bursts.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

may also be seen in patients with Aicardi syndrome with a distinct EEG pattern characterized by
completely asynchronous burst suppression and multifocal spikes (Figure 4.18) (53). Seizures
consist of brief flexion of the neck, trunk, and extremities. This sudden flexed motion is called a
Jjackknife seizure or salaam attack. Seizures tend to occur in clusters shortly after awakening. The
most common ictal EEG pattern associated with flexion spasms is sudden cessation of paroxysmal
activity replaced by low-voltage fast activity or flattening of EEG activity, termed an electrodec-
remental seizure (Figure 4.19A—B). Other ictal patterns include frontal-dominant, high-amplitude
rhythmic delta bursts or, less commonly, generalized spike- or sharp-wave complexes.

The majority (>95%) of infantile spasms begin before the age of 1 year. Etiologies are
diverse and include hereditary metabolic disorders, intrauterine infection, cerebral dysgenesis,
tuberous sclerosis, hypoxic encephalopathy, etc. After adrenocorticotropic hormone (ACTH) or
prednisone therapy, more than 60% of the patients improve dramatically with normalization of
the EEG (54). Hypsarrhythmia disappears by 5 years; the EEG becomes normal in about half of
the patients, while others continue to show various epileptiform discharges, focal, multifocal,
or generalized including an SSW pattern (LGS). Normalization of the EEG does not necessar-
ily indicate a normal neurologic state; nearly 90% of the patients remain disabled by epilepsy
and other neurological deficits including severe mental impairment.
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FIGURE 4.18 Electroencephalogram (EEG) of Aicardi syndrome in a 15-month-old girl with
infantile spasms and hypsarrhythmic EEG. Note the gross asynchrony of EEG patterns
between the two hemispheres.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.

Landau-Kleffner Syndrome
This syndrome, first described by Landau and Kleffner (55), is diagnosed based on characteris-
tic clinical presentation and EEG abnormalities. Landau-Kleffner syndrome (LKS) affects 3- to
9-year-old children who were previously in good health. The first clinical sign is aphasia, which
progressively worsens. Speech becomes progressively less intelligible and is eventually limited
to only a few words (56). Hyperactivity and personality changes may appear as the aphasia
worsens. About two-thirds of the patients have seizures of various types, including myoclonus,
partial motor, akinetic/atonic, atypical absence, and generalized tonic-clonic convulsions (56).
The EEG in LKS is characterized by abundant epileptiform activity that is extremely variable
in both location and volume; because of the characteristic deterioration of speech function, one
may assume that the dominant hemisphere (left) is primarily affected. In some cases, the epilepti-
form activity indeed affects preferentially the left temporal region. But surprisingly, the majority
of cases show variable patterns ranging from unifocal to multifocal and generalized spike waves.
In the early stages of the illness, epileptiform activity may appear only in sleep. As the disease
progresses, EEG abnormalities change considerably in terms of location, abundance, and pattern.
Eventually, spikes and spike-wave discharges become more or less continuous, resulting in an
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FIGURE 4.19 (A) Electrodecremental seizure associated with infantile spasms (ictal event)

in a 2.5-year-old child with a history of hypoxic encephalopathy and severe developmental

delay. Note the sudden flattening of electroencephalographic (EEG) activity accompanied

by beta activity with concomitant increase of muscle tone artifact associated with body and

arm jerks. (B) Interictal hypsarrhythmic pattern of this patient.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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FIGURE 4.20 Dramatic electroencephalographic (EEG) change from awake (A) to asleep (B)
state in a 9-year-old boy with the diagnosis of Landau-Kleffner syndrome. Note the sporadic
sharp wave discharges from the left hemisphere (indicated by the * in A) in the awake state
and the more or less continuous generalized spike-wave bursts becoming electrographic
status epilepticus in sleep (B).

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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appearance of “electrographic status epilepticus” in sleep (Figure 4.20A-B). This EEG feature
is similar to that seen in the syndrome of continuous spikes and waves during slow-wave sleep
(CSWS) (57). In fact, LKS and CSWS overlap in both clinical and electrographic features.

Despite the severe degree of clinical as well as EEG abnormalities, many patients recover,
with normal EEG and seizure remission, but some degree of language dysfunction may persist
(56,58).

Continuous Spike and Wave During Slow-Wave Sleep

CSWS was first described by Patry (59). The syndrome is characterized by continuous spike
and wave activity during non-REM sleep (56,60) and is sometimes referred to as epilepsy with
electrical status epilepticus during slow sleep (ESES) (Figure 4.21A-B) (60). The age of onset
ranges from 1 to 12 years, but most occur around 8 years. Two-thirds of the patients are neuro-
logically normal before onset. In time, most patients have frequent seizures (generalized tonic-
clonic, atypical absence, and atonic) and have a significant decline in IQ with deterioration in
language, impaired memory, reduced attention span, and behavioral changes with aggression
or psychosis (56,60).

Epileptiform activity consists of generalized SSWs (1.5-2.5 Hz) as well as focal or multifo-
cal spikes, which are sporadic in the waking state. In sleep, spike-wave bursts become nearly
continuous (CSWS pattern), occupying more than 85% of the total non-REM sleep time (60).
The CSWS pattern persists for 1 to several years. Similar to LKS, the EEG then tends to nor-
malize and seizures remit spontaneously in most patients. However, recovery of neurological
deficit and behavior is often incomplete and about one-half of the patients remain profoundly
impaired (56,60).

Subacute Sclerosing Panencephalitis

Subacute sclerosing panencephalitis (SSPE) is a sequel of the measles infection and has become
extremely rare because of mandatory immunization. The periodic burst activity in SSPE con-
sists of high-amplitude slow waves mixed with sharp waves, occasionally including spike
discharges, maximum in the frontocentral region (Figure 4.22A). The bursts repeat at 4- to
15-second intervals (61) and tend to be more prominent during the awake state. Because of the
relatively slow periodicity, a slower sweep speed (20-30 sec/page) makes it easier to rate the
repetition (Figure 4.22B). Patients with SSPE often have myoclonus coinciding with the EEG
bursts. Background activity becomes slow as the disease progresses. The origin of the periodic
discharges has been debated as either thalamic (62) or cortical (63).

Progressive Myoclonic Epilepsy

There are several clinical entities that account for progressive myoclonic epilepsies. They are
myoclonic epilepsies with ragged red fibers (MERRF syndrome) (64), Lafora disease (65),
Unverricht-Lundborg disease (Baltic myoclonic epilepsy) (66), neuronal ceroid lipofuscinosis
(Batten disease) (67), and sialidosis (cherry-red spot myoclonus syndrome) (68). These syn-
dromes are characterized by myoclonic seizures, progressive ataxia, and dementia secondary to
degenerative central nervous system (CNS) disease with metabolic derangement. In all forms
of progressive myoclonic epilepsies, epileptiform activity consists of generalized spike-waves,
polyspike-waves, and multifocal spikes. Background activity becomes progressively slower as
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FIGURE 4.21 (A) Continuous spike-wave discharges during slow-wave sleep (CSWS) in

a 7-year-old with a history of generalized tonic-clonic seizures mostly during sleep and
atypical absence associated with drop attacks. Note the continuous right-greater-than-
left parasagittal-dominant spike-wave bursts in sleep. (B) These discharges are much less
prominent in the awake state.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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FIGURE 4.22 (A) Generalized periodic discharges in a 15-year-old boy with a diagnosis of
subacute sclerosing panencephalitis (SSPE). Note the two bursts of irregular delta waves
occurring in about 5-second intervals (indicated by arrows). (B) Because of slow recurrence, the
periodicity was not clear with the routine sweep speed of 10 seconds/page, but this became
more evident (indicated by arrows) with a slower sweep speed of 30 seconds/page. (The first 10
seconds in Figure B are actually represented by Figure A at a faster sweep of 10 seconds/page.)

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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the disease process progresses. Photoparoxysmal responses are common in patients with Lafora
disease, Unverricht-Lundborg disease, and Batten disease. In Batten disease, single or low-fre-
quency intermittent photic stimulation characteristically produces prominent spike discharges
at occipital electrodes with a one-to-one relationship with the light flash (67) (Figure 4.23).

Rasmussen Encephalitis

These seizures consist of refractory focal motor seizures or prolonged episodes of epilepsia par-
tialis continua, associated with progressive hemiatrophy with contralateral hemiparesis (69,70).
EEG shows more or less continuous ictal spike discharges associated with focal motor seizures
or epilepsia partialis continua. In some cases, no ictal discharges may be detected despite obvi-
ous clinical seizures if the seizure discharges arise from a deep source or limited cortical zone.
The diagnostic criteria were outlined by a recent European conference based on clinical, EEG,
and MRI findings. This consists of (a) clinical focal seizures with or without epilepsia partialis
continua and unilateral cortical deficit, (b) EEG showing unilateral slowing with or without epi-
leptiform activity and unilateral seizure onset, and (c) MRI demonstrating unihemispheric corti-
cal atrophy and at least one either gray or white matter hyperintensity or atrophy of the caudate
(70). The treatments include autoimmune treatment, limited cortical excisions, lobectomies, or
hemispherectomies, but hemispherectomy seems to be the most effective treatment (70).
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FIGURE 4.23 Photic stimulation-induced spikes in a 5-year-old boy with a diagnosis of
Batten disease. The time-locked spikes with slow photic stimulation is characteristic of this
diagnosis.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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Autosomal Dominant Nocturnal Frontal Lobe Epilepsy

Clinical manifestations of this epilepsy include sudden awakening with violent movement, dys-
tonic or tonic posturing, and hyperactive behavior. The event resembles night terror or noctur-
nal paroxysmal dystonia. EEG may be normal or may show frontal slowing or spikes. The ictal
EEG may show rhythmic frontal-dominant discharges, but more importantly there may be no
overt EEG changes associated with the event (71).

Multifocal Independent Spikes Syndrome

This is defined by three or more independent spike foci arising from various locations (72)
(Figure 4.24) and commonly appears between age 4 and 7 years. This could occur after hypsar-
rhythmia or LGS. EEG is usually associated with slow background activity and multifocal
spikes in the awake state which may become more frequent and more synchronized in sleep.
The clinical seizures often appear as tonic spasms, but generalized tonic-clonic seizures or
focal seizures are possible (73). The EEG, especially with normal background activity, may
show dramatic improvement in time with normal neurologic finding.
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FIGURE 4.24 Multifocal sharp and spike discharges in a 4-year-old boy with a history of
partial complex seizures and generalized tonic-clonic convulsions. There are at least four
spike foci appearing as single or repetitive transients from P3, C4, T3, and T6 electrodes
(shown by * marks) independently.

Source: From Ref. (74). Yamada T, Meng E. Practical Guide for Clinical Neurophysiologic Testing: EEG.
Philadelphia, PA: Wolters Kluwer/Lippincott Williams & Wilkins, 2010; with permission.
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The Evaluation of Pediatric
Sleep Disorders

Deborah C. Lin-Dyken, MD
Mark Eric Dyken, MD

Sleep is a major component of a child’s life. About half of early childhood is spent sleeping.
Rapid changes occur in the development and maturation of the neurologic structures respon-
sible for sleep in the early years of life, resulting in a fairly predictable progression of sleep
patterns. However, disruption of these processes can lead to developmental, behavioral, and
cognitive consequences, which can be either helped or hindered by a caregiver’s responses
and actions. In addition, a child’s sleep difficulties can have effects on other family members,
including parents and siblings and can impair the child’s daytime functioning in school and
social and emotional development. It is important, therefore, to understand what is normal
and abnormal in childhood sleep, and when sleep disorders occur how to appropriately assess
and treat them in an attempt to significantly improve not only the child’s life but also those of
their families (1).

Common sleep concerns for children include not enough sleep, disrupted sleep, and, less
commonly, too much sleep. These problems can present as difficulties with sleep initiation and
maintenance, sleep at inappropriate times, and abnormal activity or behaviors during sleep. All
of these can lead to daytime behavioral problems, including inattention, irritability, and learn-
ing difficulties.

Evaluation of pediatric sleep disorders consists of obtaining a detailed pediatric sleep his-
tory, performing a sleep-focused physical examination, and in select cases, obtaining and inter-
preting a pediatric polysomnogram (PSG). Each of these components, as well as case studies of
common pediatric sleep disorders, are discussed in the following text.
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HISTORY

In addition to a standard pediatric medical history, a sleep history should also be reviewed.
Obtaining a history of the presenting sleep problem in children requires interviewing the care-
takers, who are typically the parents. This often adds a layer of complexity that is typically
not seen in adult patients, who usually give their own history. Often the pediatric patient is not
concerned about sleep, but rather it is the parents who are voicing the complaint.

A helpful mnemonic device for gathering a history of sleep symptoms is BEARS (Bedtime,
Excessive daytime sleepiness, Awakenings, Regularity, Snoring) (2). Starting with dinnertime is
a useful way to start asking a sleep history, including inquiring if any caffeinated beverages are
consumed, the time that dinner is usually eaten, and how is it structured—ie, does the family sit
down together at the table? Following dinner, what activities does the child do? When does the
child start the bedtime ritual, and what does the child do? Many children have a bath as a part of
the bedtime activities, but for some, this may be very stimulating and cause them to have difficul-
ties settling down. Also, sometimes children can get a “second wind” or schlafbereitschaft. This
is a brief burst of energy that usually lasts around 20 minutes and occurs just before sleep readi-
ness. Often parents allow their children to watch TV before going to sleep, and many children
even have T'Vs in their bedrooms. Evening TV shows are frequently stimulating and can increase
sleep latency. A much better strategy is to encourage parents to spend time reading bedtime sto-
ries together with their children. When does the child typically fall asleep and how long does that
take from the time lights are turned off? If they do not fall asleep immediately, what do they do
during that time? What conditions are needed for the child to fall asleep, and are they able to initi-
ate sleep on their own or do they need the presence of the parent or someone (or something) else?

Questions should also be asked of the sleep environment. Is the child in a crib, toddler bed,
a bunk bed, or a regular bed? Does the child share a bed or bedroom, and if so with whom?
Does he or she sleep with pets? How dark and how quiet is the bedroom? Most children sleep
better in a darkened environment, but some anxious children may do better with a dim night
light. What is the temperature of the room? An ideal bedroom should be a bit on the cool side
but not uncomfortably cold. How close, or far, is the child’s bedroom from the parents’ room?
This can indicate how easy or difficult it may be for the parents to hear what happens in the
child’s room at night.

Do the children sleep through the night? If not, when and how often do they wake up?
What do they do during the waking? Do they go back to sleep on their own, or do the parents
have to put them back to sleep? Do they snore and if so, how loud is it? Do they gasp, choke,
or stop breathing? Do they wet the bed? Are they quiet or restless? Do they sleep in unusual
positions? When do they wake up? Do they wake up on their own, or do parents have to wake
them up? How easy or difficult is it to wake the child up? How long does it take for the child
to become wide awake? Is the child refreshed upon awakening or still tired? How many hours
do the children sleep at night? Do they nap during the day and if so, at what times and for how
long? While young children typically nap during the day, pediatric sleepiness scales have been
published and can help provide an objective measure of daytime sleepiness (3).

Finally, a detailed sleep diary should be kept. While this may need to be completed by
the parents and some of it may have to be their best estimates, it can still provide significant
information, especially over an extended period of time, typically about 2 weeks. The sleep
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diary should be in a graph form, with times noted for in bed, asleep, awake, and out of bed. Any
unusual events, such as sleepwalking, should be noted.

PHYSICAL EXAMINATION

While many, if not most, children with sleep problems have normal physical and neurologi-
cal examinations, there are several important findings that should be assessed. Vital signs and
measurements (height, weight, head and neck circumference, heart rate, blood pressure, and
respiratory rate) should be obtained and plotted on standardized growth charts. The body mass
index (BMI; weight in kilograms [kg]/square of height in meters) should be calculated and also
plotted, as both obesity and relative emaciation can associate with obstructive sleep apnea (OSA)
in certain childhood syndromes. A detailed oropharyngeal evaluation should be performed, with
attention to the tonsil size, palate elevation, posterior airway size, tongue size and thickness, and
dentition. The Mallampati scales are often used to describe the posterior airway size (4). The
nasopharynx should also be examined, with attention to nasal obstruction and septal deviation.
Any significant craniofacial features should be noted, such as jaw size, midface hypoplasia,
or “adenoidal facies” (5). In addition to the neck circumference, any neck masses or thyroid
enlargement should also be assessed. Cardiopulmonary evaluation should note any respiratory
abnormalities such as wheezing, rales, or rhonchi, and a persistently split S2 can indicate pulmo-
nary hypertension (6). Breathing patterns, including mouth breathing and nasal speech should be
noted if present. The neurological examination should also include a brief developmental assess-
ment as well as any behavior concerns, such as tiredness, hyperkinesis, or attention problems.

POLYSOMNOGRAPHY

PSG describes a procedure of objective, simultaneous recording of many different physiologic
parameters (electroencephalogram [EEG], electrooculogram [EOG], and electromyogram
[EMG]) during sleep (7). In 1875, Caton performed the first EEG animal studies, and in 1929
Berger published recordings from humans (8—11). The first continuously recorded all-night
EEG sleep studies by Loomis et al. in 1937 were followed by the discovery of rapid eye move-
ment (REM) sleep by Aserinsky and Kleitman in 1953, which showed the utility of the EOG
(12,13). In 1967, Jovet’s associating REM sleep with hypotonia justified the present use of EMG
for PSG (14). In 1968 the combination of EEG, EOG, and EMG allowed for formal PSG and
the first published standardized technique for scoring sleep stages by Rechtschaffen and Kales
(15). Presently, PSG analysis allows the differentiation of three specific non—rapid eye move-
ment (NREM) sleep stages; stage NI (NREM 1), stage N2 (NREM 2), stage N3 (NREM 3),
and stage R, REM sleep (16).

For children younger than 2 months of age, the PSG is scored using the accepted criteria of
Anders, Parmalee, and Emdee (17). Four EEG patterns are described during full-term neonatal
sleep: (a) low voltage irregular (LVI); low voltage (14-35 uV), fast theta (5—8 Hz) with signifi-
cant slow (1-5 Hz) activity, (b) high voltage slow (HVS); continuous, rthythmic 50-150 uV, slow
activity, (c) trace alternant (TA); 3- to 8-second bursts of HVS, separated by similar periods
of attenuated mixed frequency activity, with occasional rapid low-voltage and 2 to 4 Hz sharp
wave activity, and (d) mixed (M); LVI and HVS mixed, with little periodicity.
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Clinical observations and EEG patterns define (a) quiet (NREM) sleep; eyes closed (behav-
ioral/physiological quiescence) and EEG pattern of HVS, TA, or M, (b) active (REM) sleep;
eyes closed (rapid eye movements, with facial, limb, and body movements) and EEG pattern of
LVI and M (rarely HVI), and (c) indeterminate sleep (not meeting the criteria for quiet or active
sleep) often during the transition from active to quiet sleep (17). Infant sleep onset is associated
with active (REM) sleep (50% of a newborn’s total sleep time); LVI is an EEG pattern unique to
this stage of sleep. Although quiet (NREM) sleep is characterized by an HVS pattern on EEG,
the TA pattern is unique to this sleep stage in younger infants.

In children, 2 to 3 months post-term, standard child/adult nomenclature for stages W
(wake), N1, N2, N3, and R can often be used, as V-waves (defining stage N1 sleep) often appear
within 2 to 3 months, sleep spindles and K-complexes (defining stage N2 sleep) appear within
2 to 3 and 4 to 6 months, respectively, and slow wave activity (SWA; defining stage N3 sleep)
appears within 2 to 5 months. The occipital EEG, dominant posterior thythm (DPR) during
restful wakefulness upon eye closure, attenuates with eyes open and when falling asleep. The
DPR at 3 to 4 months is 3.5 to 4.5 Hz; at 5 to 6 months, 4 to 6 Hz; and by 3 years, 7.5 to 9.5 Hz
(normal adult values, 8—13 Hz, are defined as alpha rhythm).

In addition to V-waves and loss of DPR, stage N1 sleep is also defined by a general low-
voltage, mixed frequency pattern on EEG, with slow roving eye movements on EOG and occa-
sionally hypnagogic hypersynchrony. In stage R sleep there is a general low-voltage mixed
frequency pattern that appears around 3 Hz at 7 weeks post-term, 4 to 5 Hz at 5 months, 4 to
6 Hz at 9 months, 5 to 7 Hz at 1 to 5 years, and from 5 to 10 years, 8 to 13 Hz, with a variable
heart and respiratory rate, relatively frequent phasic muscle twitches, grimaces, and vocal-
izations. In a sleeping child, 2 to 6 months old, if there are no sleep spindles, K-complexes,
SWA, or characteristics of stage R sleep, the sleep stage can be given the general designation
N (NREM).

A PSG study should last a minimum of 6 hours, but optimally 8 or more hours for children,
who typically sleep longer than adults. They should be conducted during the child’s normal
sleep times, ie, beginning in the early evening and lasting through to the next morning. Proper
patient and parent preparation is crucial and will alleviate anxiety about the procedure and
improve compliance. A tour of the laboratory can significantly ease tension for both the child
and the parent. The sleep laboratory environment should be child-friendly, but also simulate
a home environment as much as possible and should be light and sound attenuated. Patient
setup should be done in a separate room from the sleep room to avoid unpleasant conditioning
effects. The technician working with pediatric patients should be comfortable with children
and parents, and realize that it may take more time, effort, and patience to gain a child’s trust
and cooperation. Rushing or forcing children to do something they do not want to do is rarely
successful and usually counterproductive. Often, using distraction (watching a video or TV
show) during electrode application can be helpful, along with providing a small incentive, such
as a small toy, for completion of the setup.

SPECIFIC SLEEP DISORDERS

The third edition of the International Classification of Sleep Disorders (ICSD), published in 2014,
describes 7 major categories of sleep disorders with 2 appendices, describing approximately
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TABLE 5.1 Topic Outline From the International Classification of Sleep
Disorders, Third Edition

1. Sleep-related breathing disorders
i. Obstructive sleep apnea disorders
a. Obstructive sleep apnea, pediatric

2. Central disorders of hypersomnolence
i. Narcolepsy

3. Parasomnias

i. NREM-related parasomnias
a. Confusional arousals
b. Sleepwalking
c. Sleep terrors

ii. REM-related parasomnias
a. REM sleep behavior disorder
b. Recurrent isolated sleep paralysis

4. Sleep-related movement disorders
i. Sleep-related bruxism
ii. Sleep-related rhythmic movement disorder

5. Sleep-related medical and neurological disorders
i. Sleep-related epilepsy

Source: Adapted from American Academy of Sleep Medicine. International Classification of Sleep
Disorders, 3rd ed. Darien IL: American Academy of Sleep Medicine, 2014.

75 different diagnoses (18). This chapter addresses major diagnoses for which clinical neuro-
physiological monitoring techniques are useful (see Table 5.1).

SLEEP-RELATED BREATHING DISORDERS
Obstructive Sleep Apnea

In 1978, utilizing the PSG, Guilleminault et al. coined the term apnea index (the average num-
ber of apneas and hypopneas per hour of sleep) to precisely define the presence and severity
of OSA (19). In 2007 the American Academy of Sleep Medicine (AASM) published the first
pediatric standard definition for hypopnea, allowing for the routine reporting of the apnea-
hypopnea index (AHI; the average number of apneas plus hypopneas per hour of sleep) in
children (20). Today, the AHI is “the key measure used for case identification, for quantifying
disease severity, and for defining disease prevalence in normal and clinical populations” (21).

PSG monitoring for OSA mandates the use of transcutaneous or end-tidal PCO2 (partial
pressure of carbon dioxide) monitoring for children less than 13 years (16). There are specific
recommended standards for scoring obstructive respiratory events in children less than 18
years of age although depending on the child’s relative physical level of maturity, the sleep
scoring expert can choose to use adult standards for patients greater than 13 years (16). An
obstructive apnea in a child is scored when there is a 90% reduction of amplitude on the ther-
mal airflow channel for a duration of two missed breaths when compared to baseline but con-
tinued respiratory effort. An obstructive hypopnea is defined as greater than 30% reduction in
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the nasal pressure transducer channel from baseline, for a duration of greater than two missed
breaths, with greater than 3% oxygen desaturation or the event is associated with an arousal.

CENTRAL DISORDERS OF HYPERSOMNOLENCE
Narcolepsy

Narcolepsy is defined in the ICSD as either type 1 or type 2 (with and without cataplexy,
respectively), and is associated with periods of irrepressible sleep or sleepiness for at least 3
months (18). In type 1 there is one or both of the following:

1. Cataplexy and a mean sleep latency (MSL) of less than or equal to 8 minutes and two or
more sleep-onset REM periods (SOREMPs) on a mean sleep latency test (MSLT; 4-5 day-
time 20-min nap attempts separated by approximately 2-hour intervals, performed the day
following overnight PSG). A SOREMP within 15 minutes of sleep onset on the preceding
PSG may replace one SOREMP on the MSLT.

2. Cerebrospinal fluid (CSF) hypocretin-1 concentration less than or equal to 110 pg/mL (or <
1/3 of normal mean values).

Type 2 follows these criteria except there is no cataplexy and the CSF hypocretin-1 has either
not been measured or is greater than 110 pg/mL or greater than one-third of the mean normal.

The onset of type 1 narcolepsy is usually after 5 years, peaking at 15 years. Typically, sleepi-
ness is followed within a year by cataplexy, with hypnagogic hallucinations, sleep paralysis, and
insomnia potentially gradually developing over years. In young children, sleepiness can present
as excessively long night sleep or as a resumption of previously discontinued daytime naps.

Almost all patients with cataplexy are positive for the human leukocyte antigen (HLA) sub-
type DQB1*0602, compared with 12% to 38% of the general population. Although anticipation
of reward is a common precipitant, cataplexy may present atypically in young children where it
can be severe at disease onset and may occur with weakness of face, eyelids, mouth, and tongue
protrusion (“cataplectic facies”) not clearly associated with emotion (22).

Hyperactive behavior, poor school performance, inattentiveness, lack of energy, and hal-
lucinations can lead to psychiatric misdiagnosis of depression and schizophrenia. In addition,
depending upon the child’s verbal capabilities, sleep paralysis and hypnagogic hallucinations
can be difficult to confirm. Finally, precocious puberty, obesity, REM sleep behavior disorder
(RBD; and REM without atonia) can also manifest at symptom onset.

There are no normative MSLT values for children less than 6 years. As such, CSF hypocre-
tin-1 measurements may prove invaluable as 90% to 95% of type 1 patients have undetectable
or low CSF hypocretin-1 levels. In children, the minimum 7 hours of sleep recommended for
adults on the preceding PSG should be longer.

There is evidence that in type 1 narcolepsy during prolonged “global” cataplectic attacks
(with quadriparesis and areflexia), the PSG can show a “REM sleep pattern” with EOG bursts
of rapid eye movements, atonic EMG electrical silencing, and EEG patterns with low-voltage
mixed frequency activity and sporadic sawtooth waves (Figure 5.1) (23-27). In patients with
frequent attacks, provoking and documenting the clinical exam and PSG findings during a
cataplectic attack can prove useful.
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FIGURE 5.1 PSG rap|d eye movement (REM) patterns generated by a 17-year-old boy with
narcolepsy type 1 clearly contrast with his normal waking study (top left) and show general
atonia on EMG, with REM on EOG (top right and bottom left and right). While preparing

for a routine diagnostic overnight PSG the patient complained of paralysis and stated in a
very hypophonic, rather dysarthric manner “I think I’'m having a hypnagogic hallucination,”
while demonstrating a classic REM-PSG pattern with a marked paucity of muscle tone on
chin EMG, with EEG sawtooth waveforms, and rapid eye movements on the EOG (bottom
left). This patient’s REM patterns were indistinguishable when visual comparisons were
made between studies recorded during events that represented cataplexy (top right), sleep
paralysis with a hypnagogic hallucination (bottom left), and normal sleep (bottom right).

Abbreviations: EOG, electrooculogram; EMG, electroencephalogram; LOC, left outer canthus; PSG,
polysomnography; ROC, right outer canthus.

Source: Adapted from Ref. (24). Dyken ME, Yamada T, Lin-Dyken DC, et al. Diagnosing narcolepsy
through the simultaneous clinical and electrophysiologic analysis of cataplexy. Arch Neurol.
1996;53:456-460; with permission.

PARASOMNIAS

The ICSD describes parasomnias as undesired physical phenomena, associated with sleep,
often with central nervous system (CNS) activation, evidenced as an elevation of autonomic
and skeletal muscle activity, and occasionally an experiential element (18).

In the ICSD, parasomnias have been divided into four major categories: the NREM-related
parasomnias, the REM-related parasomnias, other parasomnias, and isolated symptoms and
normal variants (Table 5.1).

As suggested by the ICSD classification scheme, many parasomnias associate specifically
with stages N3 and R sleep (28,29). Normally, there is a preponderance of stage N3 sleep in the
first third of the night, and stage R sleep in the last third of the sleeping period (Figure 5.2) (28).
This makes the sleep history helpful, because when a parasomnia consistently occurs soon after
sleep onset, or just before waking, the differential diagnosis narrows.

Although a single PSG may not capture a suspected parasomnia, PSG correlates often sug-
gest the diagnosis. When a parasomnia is captured, attention should focus on the PSG data and
the clinical presentation immediately prior to, during, and following the event. The differential
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FIGURE 5.2 This histogram shows the general progression of sleep stages throughout
a relatively normal night of sleep in a young adult, with the majority of consolidated stage
N3 sleep occurring early in the night (as depicted by the asterisk) and the majority of
consolidated/relatively prolonged stage R sleep occurring in the early morning hours (as
depicted by the dagger) relatively close to the expected waking time.

Source: Modified from the educational slide set “Sleep Disorders;” Scope Publications, The Upjohn
Company, 1983.

diagnosis frequently includes seizures and a variety of sleep-related movement disorders not
otherwise classified as parasomnias. The documentation of a specific sleep stage, an ictal (sei-
zure) EEG pattern, and behaviors characteristic of a parasomnia or seizure with split-screen,
video-PSG is mandated for accurate diagnosis.

NREM-Related Parasomnias

Confusional Arousals

Confusional arousals in children classically occur early in the night during the first or sec-
ond period of N3 sleep (27,28). They can last minutes to hours and can occur during daytime
naps (30). Although confusional arousals are common and benign in children, they may pre-
dispose to adolescent sleepwalking (31). Violent behavior can occur if there is an attempt to
awaken them. Two variants of the adolescent/adult type disorder include morning sleep inertia
(sleep drunkenness) occurring primarily from light NREM sleep and abnormal sexual, at times
assaultive, behavior (sexsomnia) (32,33).

The prevalence of confusional arousals from age 3 to 13 years has been reported at 17.3%
(30). Predisposing factors include stress, anxiety, sleep deprivation, untreated OSA, and bipolar
and depressive disorders (30). A genetic predisposition may be exacerbated by stressors that
include sleep deprivation and drug use (34).
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Sleepwalking
The PSG tracing in Figure 5.3 shows sleepwalking from stage N3 sleep (see technician’s note,
“get up walking”). Sleepwalking classically occurs at the end of the first or second period
of stage N3 sleep (29,31). The differential diagnosis includes seizures and other sleep-related
movement disorders not considered parasomnias. Adolescent sleepwalking may be preceded by
early childhood confusional arousals (31). As a single PSG may not capture sleepwalking, the
history and PSG capture of confusional arousals support a sleepwalking diagnosis.
Sleepwalking can be precipitated by stress and major depressive disorders (MDDs). Reyn-
olds et al. reported that almost 90% of the patients with MDD show some sleep-related EEG
disturbance, most commonly, alterations in N3 sleep (35). Espa et al., in a controlled study of
11 subjects with sleepwalking or sleep terrors, showed increased slow-wave sleep “intensity”
with increased total time and percentage of total sleep time and fragmentation of stage N3 sleep
(36). Increased stage N3 sleep intensity was hypothesized to inhibit full arousal from N3 sleep,
predisposing to sleepwalking and sleep terrors.

Sleep Terrors
The PSG tracing in Figure 5.4 captures a classical stage N3 sleep terror from a 16-year-old girl
with recurrent sleep spells with combative behavior (during one she fell down the stairs and
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FIGURE 5.3 This PSG tracing captures a classical sleepwalking event from stage N3 sleep
(see the technician’s note, “get up walking”).

Abbreviations: A1, left ear; C, central; ECG, electrocardiogram; EMG, electromyogram; ET, ears tied;
IC, intercostal EMG; LA, left arm; LL, left leg; LOC, left outer canthus; NA, nasal airflow; O, occipital;
OA, oral airflow; RA, right arm; RL, right leg; ROGC, right outer canthus; SAO,, oxygen saturation; T;
temporal, TM, thoracic movement.

Source: Modified from Ref. (28). Dyken ME, Yamada T, Lin-Dyken DC. Polysomnographic assessment of
spells in sleep: nocturnal seizures versus parasomnias. Semin Neurol. 2001;21:377-390; with permission.
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FIGURE 5.4 A 16-year-old girl with recurrent spells of nocturnal combative behaviors for
which she was amnestic. This figure shows the split screen video analysis of the PSG, which
captured a classical sleep terror that began in stage N3 sleep.

Source: From Ref. (37). Dyken ME, Lin-Dyken DC, Boyle J. Vignette 8; Sleep terrors, In: Chokroverty
S, Thomas RJ, eds. Atlas of Sleep Medicine: Second Edition. Philadelphia: Elsevier Saunders;
2014:386-387; with permission.

chipped a few teeth) (37). During the PSG spell she tore off electrodes, and the technician’s
restraining efforts exacerbated combative physical activity and screaming, for which the patient
was later amnestic.

Sleep terrors differ from confusional arousals in that they are often associated with signifi-
cant autonomic hyperactivity and signs of fear, frequently with bloodcurdling screams. Sleep
terrors (pavor nocturnus in children) are abrupt episodes from sleep, associated with motor
agitation, vocalization, and extreme fear, often with screaming and crying (29,31). Autonomic
hyperactivity is often evidenced by diaphoresis, mydriasis, tachypnea, and tachycardia (31).
Although patients appear alert, attempts at interaction are usually unsuccessful and may pro-
long the spell (29,31).

The onset of sleep terrors ranges between 4 and 12 years of age, with a prevalence in up
to 6.5% (31). Although they usually resolve in adolescence, the prevalence may reach 2.6% in
the adult population up to 65 years (31). Precipitants include medications, stress, illness, insuf-
ficient sleep, and altered sleep schedule or environment. Sleep terrors are usually not associated
with psychopathology in children (31,38). Although patients are generally amnestic for spells
of sleep terror, some can recall feeling fear or threat as an episode resolves. This can lead to
clinophobia (fear of going to bed) and sleep-onset insomnia (psychophysiological; conditioned
insomnia), a stress that could exacerbate further sleep terrors (39).
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Diagnostic aids include a sleep diary, actigraphy, and PSG. PSG can provide a definitive
diagnosis if a typical event is captured arising out of N3 sleep (29,31,39). However, a PSG may
not capture the sleep terror. Some experts believe PSG documentation of confusional arousals
supports the diagnosis of sleep terrors when clinically suspected (29).

Treatment centers on patient, family, and caregiver education. Detailed description should
be given regarding gently directing the patient back to bed, and avoiding attempts to awaken
them as this generally exacerbates fear, confusion, and the potential for injury (39,40). The fam-
ily should avoid discussing the events with the patient in the mornings after the events occur
as it could engender psychosocial stress (40). Scheduled awakenings should be considered if
episodes occur at a consistent time during the night (39,41). This involves gently awakening the
patient 15 to 30 minutes prior to the usual onset of the episode (39,41). Medications are rarely
used. If the events become dangerous or highly disruptive, imipramine or low-dose clonazepam
(starting dose, 0.5 mg) at bedtime has been reported to be potentially beneficial (39).

REM-Related Parasomnias

REM Sleep Behavior Disorder

RBD occurs in REM sleep in association with violent, directed behavior, frequently leading
to injury, followed by spontaneous report of detailed dreams corresponding with observed
movements (isomorphism) (28,42,43). Although, primarily affecting elderly males, it has been
reported in children and adolescents (44).

In adults, RBD may be the initial manifestation of a synucleinopathy, a group of neuro-
degenerative disorders that includes Parkinson’s disease (PD), and in children RBD has been
linked to juvenile PD (43,45). In children, RBD has also been associated with various neuro-
logical disorders with putative brainstem lesions, including infiltrating tumors of the pons and
cerebellar astrocytomas (46,47).

In normal REM sleep, large-amplitude movements do not occur because uninhibited REM-
on cells in the brainstem with caudally directed neuronal tracts lead to atonia (48,49). In RBD, a
lesion may affect the brainstem structure in humans, analogous to the subcoeruleus area (SCA)
in the cat (Figure 5.5) (49,50). From animal studies, it has been hypothesized that degeneration
of the SCA disrupts descending tracts that normally cause atonia/paresis, thus allowing violent
behaviors during REM (“dreaming/paralyzed”) sleep.

PSG criteria for RBD demands the presence of REM without atonia, as characteristic
behaviors are captured in only 8% of adults (Figure 5.5) (42,43,51). RBD is also associated with
periodic limb movements in sleep (75% of adult patients) (43). Clonazepam can control RBD in
up to 90% of adults, and in an account of five cases of childhood RBD, 0.25 mg led to complete
resolution of nighttime disturbances (52-54). It has been speculated that clonazepam may act
preferentially through serotonergic-like inhibition of excitatory motor systems (54).

Recurrent Isolated Sleep Paralysis

Although classically associated with narcolepsy, at least one episode of sleep paralysis occurs
in 40% of the general population (18,55). Isolated events may last minutes, while spells that
tend to recur can last hours (56). Sleep paralysis can be precipitated by stress, sleep deprivation,
and apnea (57). Sleep paralysis can associate with hallucinations that include the presence of an
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FIGURE 5.5 This parasagittal section of the brain and brainstem shows the suspected
pathology explaining RBD, based upon the recently proposed “flip-flop” model of sleep
state transitions by Saper et al. (48). In normal REM sleep, glutamatergic REM-on cells

in what would be considered the SCA in cats and the sublaterodorsal nucleus in rats (an
area presently not well defined in humans), directly and indirectly (through the nucleus
gigantocellularis, one of the ventromedial groups of the reticular nuclei in the medulla
oblongata) cause hyperpolarization of anterior horn cells in the spinal cord, resulting in
atonia. From animal studies, it has been hypothesized that in RBD, degeneration of the SCA
disrupts descending tracts that would normally lead to atonia/paresis, thus allowing violent
behaviors during REM (dreaming/paralyzed) sleep. Black circles and lines indicate nuclei
and neuronal tracts normally inhibited during REM sleep; gray circles and lines indicated
nuclei and neuronal tracts normally activated during REM sleep; rectangle indicates
proposed lesion site in RBD.

Abbreviations: GABA, gamma-aminobutyric acid; RBD, rapid eye movement sleep behavior disorder;
SCA, subcoeruleus area.

Source: From Ref. (49). Dyken ME, Afifi AK, Lin-Dyken DC. Sleep-related problems in neurologic
diseases. Chest. 2012;141:528-544; with permission.

intruder (an incubus), or an out-of-body experience (58). In severe cases, therapy has included
tricyclic antidepressants and selective serotonin reuptake inhibitors (56).

SLEEP-RELATED MOVEMENT DISORDERS
Restless Legs Syndrome and Periodic Limb Movements in Sleep

Restless legs syndrome (RLS) is classically described as a sleep-related movement disorder
although it is a sensorimotor problem defined by the waking symptoms (defined by the acro-
nym URGE) that includes the urge to move the legs, that is worsened by rest, relieved by
going (movement of the limb), and is worst in the evening (18,31). It is only associated with
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sleep-related movements that are known as periodic limb movement in sleep (PLMs) in 80%
to 90% of the cases (18,31). Disruption of sleep onset and maintenance can lead to insomnia,
sleepiness, memory and motivational problems, and potentially to anxiety and depression.

Pediatric prevalence rates for RLS are 2% to 4% (moderate to severe in approximately
0.5% to 1%) (18). Boys and girls are affected equally until the late teens where the prevalence
is approximately two times greater in women (18). Pediatric RLS is highly familial, with up to
92% of the cases reporting affected family members.

The typical age of onset for the periodic limb movement disorder (PLMD; where PLMs
significantly affects sleep) is unknown, but it has been reported to occur as early as infancy.
There is potential concern that PLMs-associated overactivity of the sympathetic nervous sys-
tem may lead to a higher risk of vascular disease (59). About 70% of the children with RLS
demonstrate greater than 5 PLMs per hour on PSG study (18,31).

Therapy has been based largely on a dopamine deficiency for the hypothesis regarding the
etiology of RLS and PLMs (60). There is also a high prevalence of iron deficiency with these
problems, which may be explained by the fact that iron is a cofactor for tyrosine hydroxylase in
dopamine production (61). In such cases iron replacement is recommended, otherwise dopami-
nergic therapy is generally considered the treatment of choice (61,62).

Sleep-Related Bruxism

Sleep bruxism is stereotypic teeth-grinding movements during sleep, often seen in normal chil-
dren, with a prevalence up to 17% (31). It is divided into a primary form (most often seen in
healthy children) and a secondary form (often seen in children with disabilities) (63). Up to 50%
of the patients have a family history of bruxism. Bruxism is associated with two types of jaw
contractions: tonic/isolated sustained contractions and rhythmic masticatory muscle activity,
which appears as a series of repetitive jaw clenchings (31). Bruxism can lead to dental dam-
age, temporal-mandibular injuries, facial pain, headaches, and insomnia, although the natural
course is usually benign (64,65).

Sleep-Related Rhythmic Movement Disorder

Rhythmic movements of the body during drowsy wakefulness and sleep are common in normal
infants and children, occurring in 59% of the infants at 9 months, in 33% of the children at 18
months, and in 5% by 5 years (31). The formal diagnosis of sleep-related rhythmic movement
disorder (RMD) can only be considered if the movements interfere with sleep, impair daytime
function, or result in injury. Most patients with sleep-related rhythmic movements are normal,
but in older children there may be a higher association with intellectual disabilities, and there
have been reports of soft-tissue injuries, with significant injury being rare (66).

In RMD, the subtypes of movements include body rocking, headbanging, and head rolling
(less commonly body rolling, leg banging, or leg rolling), often in association with rhythmic
humming or inarticulate oral sounds (31). The movement frequency is between 0.5 and 2.0
movements per second and the duration of repetitive movements is generally less than 15 min-
utes (18).

One study of six children with RMD found that 3 weeks of controlled sleep restriction with
the concomitant use of hypnotics during the first week of therapy led to an almost complete
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FIGURE 5.6 Immediately after and before respective episodes of headbanging, a young girl
with rhythmic movement disorder stopped moving for a period of time, which allowed the
recognition of stage N2 (NREM) sleep with characteristic K-complexes (as depicted by the
2 black arrows) with negative sharp waves followed by positive components (total duration
lasting > 0.5 seconds).

Abbreviations: A left ear; A, right ear; C, central; ECG, electrocardiogram; EMG, electromyogram; LL,
left leg; LOC, left outer canthus O, occipital; RL, right leg; ROC, right outer canthus; T, temporal.

Source: From Ref. (66). Dyken ME, Lin-Dyken DC, Yamada T. Diagnosing rhythmic movement disorder
with video-polysomnography. Pediatr Neurol. 1997;16:37-41; with permission.

resolution of pathological movements (67). The authors of that paper believed their results sug-
gested that the RMD is a voluntary, self-soothing behavior.

In 1997, a video-PSG study of children 1 to 12 years of age, referred for the evaluation of vio-
lent nocturnal behavior, characterized the movement, responsiveness, and sleep stage during each
spell (66). Thirty-seven periods of headbanging, body rocking, and leg banging occurred during
sleep; 26 were associated with stage N2 sleep, one appeared in stage N3 sleep, one occurred in
stage REM sleep, whereas only nine events were recognized in NI sleep (see Figure 5.6).

SLEEP-RELATED MEDICAL AND NEUROLOGICAL DISORDERS
Sleep-Related Epilepsy

Nocturnal frontal lobe epilepsy (NFLE) is a sleep-related epilepsy with a mean age of onset of
14 +/- 10 years, characterized by seizures that occur predominately during sleep, with 34% of
the patients reporting occasional seizures (similar to their sleep seizures) during wakefulness
(68). The neurological examination is normal in up to 92% of all cases and although there are
no major clinical differences between the sporadic and the autosomal dominantly inherited
form of NFLE, diurnal behavioral problems including impulsivity, aggression, and hyperactiv-
ity have been reported in some forms of NFLE in relation to mutations of the subunits of the
nicotinic acetylcholine receptor (69).



FIGURE 5.7 Sleep-related epilepsy. Of the 40 stereotypical spells captured during a 10-year-old girl’s sleep video-EEG, only one showed
rhythmic theta activity from the right frontal region (as shown by the arrows in the EEG channels enclosed by the rectangular boxes in the first
picture frame) prior to a clinical spell, which was characterized by a sudden frightened awakening and yelling for “Daddy” (see the second
picture frame), followed by crouching on bended hands and knees and subsequently (see the third picture frame) clutching her father.

Source: From Ref. (70). Dyken ME, Lin-Dyken DC. Seizure, parasomnia or behavioral disorder? In: Culebras A, ed. Case Studies in Sleep Neurology;
Common and Uncommon Presentations. New York, NY: Cambridge University Press; 2010;193-199; with permission.
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NFLE is associated with brief hypermotor seizures, with marked autonomic activation and
stereotypical arousals with emotive vocalizations and bending and rocking of the body that
often suggest a parasomnia or waking behavior (28,68,69). The firm diagnosis is also com-
plicated by the fact that the EEG is often normal and may only show epileptiform discharges
during an actual nocturnal event (see Figure 5.7) (70). In one study carbamazepine abolished
all seizures in 20%, with a significant reduction in seizure activity by at least 50% in another
48% of the patients treated (68).

CONCLUSIONS

Sleep comprises approximately half of the time spent in early childhood. Maturation of the neu-
rological structures responsible for sleep normally leads to a fairly predictable progression of
sleep patterns; nevertheless disruption of this process can lead to negative consequences. Sleep
disorders in children can present as difficulties with sleep initiation and maintenance, inappro-
priate sleep, and undesired behaviors. The appropriate evaluation of pediatric sleep disorders
requires a detailed pediatric sleep history, a focused physical examination, and in some cases
PSG to assure accurate diagnosis and proper therapeutic intervention.
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Pediatric Muscular Dystrophies
and Myopathies: The Role of
Neurophysiology, Genetics,
and Ancillary Testing
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A traditional approach to diagnostic evaluation in neuromuscular disease centers on a thorough
clinical history, physical examination, family history, and ancillary tests such as serum creatine
kinase (CK) levels, neurophysiology, and muscle biopsy. The discovery of the DMD gene as
the cause for Duchenne muscular dystrophy (DMD) in 1987 initiated the genetic era in neuro-
muscular disorders. The ever-increasing availability of genetic testing is challenging traditional
approaches to diagnosis. Current paradigms for pediatric muscular dystrophies and myopa-
thies continue to follow the traditional approach with respect to the clinical history, physical
examination, and family history to narrow the differential diagnosis to one or a few disorders
that can then be tested directly with a genetic test (1). For common disorders with distinctive
phenotypes such as DMD, myotonic dystrophy, facioscapulohumeral dystrophy (FSHD), and
spinal muscular atrophy (SMA), genetic testing has become a first-line test based on clinical
history and examination.

The development of new, rapid, inexpensive, and expansive sequencing technology, termed
next-generation sequencing (NGS) is further challenging traditional approaches and early use
of sequencing is becoming more accepted (2). As the role of genetic testing becomes more
prominent, the role played by ancillary testing has diminished. In this chapter, we review the
role of ancillary testing and genetics in the evaluation of patients with suspected neuromuscular
disease and discuss the changing paradigms presented by emerging genetic technologies.
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CLINICAL EVALUATION/EXAMINATION

Evaluation of a child with a suspected myopathy or muscular dystrophy starts with a thorough
history and physical examination. Differential diagnosis is shaped by clinical features, age at
onset, and a dominant, recessive, or X-linked inheritance pattern (3). A number of different
classification and diagnostic schemes have been proposed (4,5). These algorithms are compli-
cated, however, by the ever increasing number of overlapping disorders.

Recognition of the relative frequency of disorders can guide the differential diagnosis
by prioritizing more common diagnoses. DMD, FSHD, and myotonic dystrophy are substan-
tially more common than any of the limb-girdle muscular dystrophies (LGMDs), congenital
muscular dystrophies (CMDs), or congenital myopathy phenotypes in most populations (6).
These more common diagnoses are often identifiable by clinical features, which prompt
appropriate confirmatory genetic testing. Among CMDs, collagen VI-related muscular
dystrophies (COL6-RDs) are most common except in Japanese populations where Fuku-
yama muscular dystrophy predominates due to a common founder mutation in the FKTN
gene (7,8). COL6-RDs accounted for almost half of the genetically confirmed CMD patients
in one study in the United Kingdom, with merosin-deficient CMD and alpha-dystroglycan-
related CMD also relatively common, accounting for nearly 20% and 30% of the cases,
respectively (8). RYRI-related central core myopathies are the most common congenital
myopathies in the United Kingdom, accounting for half of the genetically confirmed cases,
with SEPNI and ACTAI each accounting for 16% of the genetically confirmed congenital
myopathies (9).

In the newborn period, patients with neuromuscular disorders typically present with muscle
weakness, hypotonia, and joint contractures. Discrimination of neuromuscular vs. nonneuro-
muscular etiology in the hypotonic infant can be complex; however, infants with encephalopa-
thy, seizure, or abnormal movements are suggestive of a central rather than peripheral etiology
(10,11). Respiratory and feeding difficulties are common in both neuromuscular and nonneu-
romuscular disorders. A history of polyhydramnios and decreased fetal movements is common
during pregnancy in patients with neuromuscular diseases. Normal cognitive functioning in
the newborn period supports a neuromuscular diagnosis. Since it is common, evaluation of any
hypotonic infant should include the consideration of congenital myotonic dystrophy. Examina-
tion of the mother for clinical features of myotonic dystrophy may assist in making a diagnosis
in the child. It should be noted that the mother is often unaware of her diagnosis until the birth
of an affected child.

Clinical features can assist in narrowing a differential diagnosis. Centronuclear myopathy
or nemaline myopathy patients often have profound facial weakness in the neonatal period
particularly in the lower face (5). Ptosis and ophthalmoparesis are also common features seen
in severe congenital myopathies in the newborn period. Distal hyperlaxity and abnormal scar
formation suggest a COL6-RD. Scoliosis and spinal rigidity are prominent features in myopa-
thies related to SEPNI, LAMA2, LMNA, collagen VI, and RYRI. Cardiac involvement can be a
clue to guide the differential diagnosis. Cardiac involvement is seen in some cases of 77N- and
MYH7-related myopathies but is generally uncommon in most congenital myopathies (12,13).
Cardiac findings are common in DMD, Emery-Dreifuss muscular dystrophy (EDMD), and
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myotonic dystrophy, but onset is usually in adolescence or adulthood, despite the onset of skel-
etal muscle weakness much earlier. Among CMD patients, FKRP- and FKTN-related muscular
dystrophies are most commonly associated with cardiac problems.

ANCILLARY STUDIES

Creatine Kinase

Serum CK is often the first test performed for suspected neuromuscular disorder and can lead
directly to specific genetic testing in the setting of typical presentations of common disorders,
such as DMD. CK is an enzyme with wide expression in many tissues but is enriched in tissues
specialized for rapid energy metabolism such as skeletal and cardiac muscle. An elevation in
CK suggests disruption of the permeability of the sarcoplasmic membrane, allowing CK to
leak from the cytoplasm. Disruption of the sarcoplasmic membrane is common in dystrophic
disorders associated with mutations in the dystroglycan-associated complex (DAC) such as
dystrophin, alpha-dystroglycan, merosin, and the sarcoglycans.

In DMD, CK elevations are often 10 to 100 times the upper limit of normal (ULN), and
combined with a typical clinical presentation, leave little doubt of a neuromuscular diagno-
sis. CK elevations are present even in presymptomatic boys with DMD. Newborn screening
based on CK elevations has been proposed to facilitate early diagnosis. In one large-scale
trial, 37,000 newborns were screened for DMD based on elevated CK levels in routine blood
spots. Six DMD cases and three LGMD cases were identified based on CK levels greater
than 2,000 U/L (14). While newborn screening has not been systematically adopted, the
development of gene-specific therapies such as nonsense read-through and exon skipping
suggests the importance of early identification of these patients. In the absence of newborn
screening, the first symptoms in patients with DMD can be identified as young as 2 years
of age; however diagnosis is delayed until a mean of 4.7 years, a diagnostic delay that is
unchanged in 25 years (15,16). Simple changes in practice such as early evaluation of the CK
in patients with gross motor delay decreases the time to diagnosis in these patients.

CK elevation in asymptomatic and paucisymptomatic individuals is more complicated.
Variations between individuals based on gender, race, and age are well established (17). Many
factors unrelated to neuromuscular disease can cause elevations in CK (18). Systemic causes
for CK elevation include viral illness, trauma, physical exertion, and endocrine disorders (espe-
cially thyroid and parathyroid). Medications such as HMG-CoA reductase inhibitors (statins)
are a common cause of elevated CK. Other common medications that can cause CK elevation
include fibrates, antiretrovirals, beta-blockers, and isotretinoin. Further, CK can be elevated as
a secondary factor in patients with neurogenic disorders such as SMA or amyotrophic lateral
sclerosis (ALS), particularly during periods of rapid denervation.

While reported normal ranges vary between laboratories, current evidence-based data
suggests ULN of 97.5th percentile for serum CK. Patients with CK elevations greater than
1.5 times ULN based on age and race should be evaluated for a possible neuromuscular disorder
(325 U/L for non-black females, 504 U/L for non-black males, 621 U/L for black females, and
1201 U/L for black males) (19).
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Clinical Neurophysiology

Clinical neurophysiology or electrodiagnosis is often obtained early in the evaluation of chil-
dren with suspected neuromuscular disorders and is considered an extension of the physical
examination. Electrophysiology consists of three individual studies, nerve conduction studies
(NCSs) assessing the integrity of sensory and motor nerves, repetitive stimulation assessing the
integrity of the neuromuscular junction, and routine needle electromyography (EMG) to assess
the integrity of muscle architecture. Technical aspects of these tests are detailed elsewhere
in this volume and are especially important to consider when NCSs/EMGs are performed in
infants (20). Of note, peripheral nerves structurally mature with age, with an increase in the
number of large fibers from birth to 8 years and complete myelination by 5 years. Thus, nerve
conduction values for amplitude and conduction velocities must be adjusted for age (21).

Routine needle EMGs/NCSs are associated with a degree of discomfort, and studies in
children are usually limited to the extent of muscles studied, with the selection of those most
likely to be diagnostic (proximal muscles in suspected myopathic disorders). The use of dis-
posable smaller “facial electrodes” ensures a sharp point and small needle diameter. Topical
anesthetic or light sedation can facilitate studies in poorly cooperative children. Routine studies
require active contraction of muscles, and graded voluntary muscle activation is challenging in
the pediatric population. Measurement of neuromuscular transmission jitter can be performed
without patient cooperation by electrical stimulation of nerve branches (22). Repetitive nerve
stimulation is usually performed when congenital myasthenia gravis is suspected. A more sen-
sitive measurement of neuromuscular junction transmission is by the measurement of jitter by
single-fiber EMG and its variations (23).

Children with low tone, weakness, gait abnormalities, or other symptoms and signs typi-
cal of neuromuscular disease are often referred for EMG/NCS as a first step in the evaluation.
EMG/NCS primarily separates peripheral neuropathies or motor neuropathies from primary
muscle disorders. In one review of 122 children under the age of 3 years with hypotonia and
weakness, NCS and EMG were supportive of SMA in 48%, CMD in 16%, and neuropathy in
8% (24). In another large case series, 39% of the cases referred for pediatric EMG/NCS showed
neurogenic findings and were ultimately diagnosed as primary neurogenic disorders (25). In
that same series, muscle disorders were ultimately diagnosed in 10% of the cases and included
congenital myopathies, CMDs, DMD, and others. A central nervous system (CNS) disorder
was diagnosed in 26%, and 22% ultimately lacked a neurologic diagnosis. It should be noted
that in many cases of myopathy, EMG findings may be normal or show neurogenic changes. In
one series, mild-to-moderate neurogenic changes were the only EMG findings in 36% of the
patients ultimately diagnosed with a myopathy (26).

For patients with suspected myopathic disorders, the utility of the EMG/NCS is primar-
ily to exclude neuropathic conditions, provide objective evidence of myopathy, characterize
the distribution (distal vs. proximal, and symmetry), and identify targets for muscle biopsy
(27). While EMG findings can confirm the presence of a myopathic disorder, EMG can-
not determine underlying pathologic processes, and a muscle biopsy or genetic testing is
necessary to make a specific diagnosis, which is altered in many myopathies, by document-
ing changes in motor unit action potential waveforms. Abnormal spontaneous discharges
include fibrillation potentials and positive sharp waves. These occur in both neuropathic and
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myopathic disorders and thus are not discriminating. The presence of myotonic discharges
is traditionally associated with myotonic disorders (myotonic dystrophies, myotonia and
paramyotonia congenital, and channelopathies), but they were also encountered in other
forms of muscle disease (28). A 12-year review of 2,234 children revealed that 11 had myo-
tonic discharges without other abnormalities on EMG that contributed to the diagnosis of
myotonia congenital, paramyotonia congenital, congenital myopathy, and Pompe disease
(29). Another group of eight patients had both myotonic discharges and myopathic motor
units, which led to the diagnoses of congenital myopathy and non-Pompe glycogen storage
diseases.

Characteristic findings in myopathic disorders include short-duration, polyphasic, and low-
amplitude motor unit potentials (22). It is important to note that interpretation of motor unit
waveforms in children younger than 2 years requires experience because muscle fibers are of
lesser diameter, and normal motor units may appear myopathic (30). Fibrillation potentials,
positive sharp waves, and myopathic motor units are observed in most muscular dystrophies
and myopathies including LGMD, EDMD, FSHD, myotonic dystrophy, congenital myopathy,
and, inflammatory myopathies (31). While NCSs are usually normal in primary muscle dis-
ease, some disorders such as merosin-deficient CMD may show slow motor conduction veloci-
ties without signs of denervation (32-34). Further, there may be a progression of motor nerve
slowing over time in an individual patient (35). With myotonic dystrophy type 1, there is a mild
and mostly subclinical neuropathy (36).

EMG can supplement other studies such as muscle biopsy. Among 17 children undergo-
ing surgical procedures for the repair of clubfoot deformities without preoperative diagnoses,
EMG combined with muscle biopsies at the time of surgery were helpful showing 70% with
myopathic features (37). Data from a Mayo Clinic review of 72 children who had both an EMG
study and a muscle biopsy showed that EMG was 91% sensitive and 67% specific in identify-
ing myopathic disorders (28). Forty-six percent had an abnormal EMG study and a myopathic
disorder (biopsy or genetic testing); 17% had an abnormal EMG but no pathologic or genetic
testing evidence of a myopathic disorder; 4% had a normal EMG but a metabolic myopathic
disorder; and 36% had normal studies. Congenital myopathies were the most commonly identi-
fied disorders in this review. All had abnormal EMG studies. While myotonic discharges are
readily identified in adults with myotonic dystrophy, EMG findings in infants with congenital
myotonic dystrophy may be absent months to years after birth, and the discharges may be
sparse and atypical (ie, of shorter duration) (31).

Electrical Impedance Myography

Electrical impedance myography (EIM) is a noninvasive and painless procedure that assesses
changes in muscle structure by passing low-intensity alternating current through one set of sur-
face electrodes and recording the voltages with another set of surface electrodes (38). Changes
in muscle composition including atrophy, edema, and fibrosis can be identified with EIM since
these changes alter the underlying conductance of the muscle tissue. EIM has been used to
characterize SMA and can successfully differentiate types 2 and 3 SMA (39). Furthermore,
EIM has been proposed as a method to grade the severity and follow the progression of muscle
disease and may become an important outcome for clinical trials. In this respect, EIM has been
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shown to distinguish boys with DMD from healthy subjects, and EIM measurements correlated
with functional outcomes in boys with DMD (40).

Muscle Biopsy

A muscle biopsy is warranted in a child with weakness when CK elevation and/or myopathic
features on EMG, imaging, or physical examination are present. Historically, most muscular
dystrophies and myopathies were defined by features on the muscle biopsy, and muscle biopsy
has been the mainstay of diagnostic testing (41). Muscle biopsy can be diagnostic of a specific
disorder in many cases, including DMD, merosin-deficient CMD, sarcoglycanopathies, and
dystroglycanopathies. Congenital myopathies such as central core myopathy, nemaline myopa-
thy, and central nuclear myopathies are defined primarily by their histologic appearance and
were considered distinct clinical entities until the identification of the genes underlying these
disorders. Significant heterogeneity within myopathy subtypes and overlap between them has
blurred the distinctions between disorders that were once thought to be distinct.

Selection of the muscle for biopsy should be guided by the distribution of weakness.
A moderately affected muscle is preferred since very weak muscle shows severe changes that
obliterate specific findings. Muscle imaging by ultrasound or MRI can direct selection of the
biopsy site and avoid sampling of muscle that is either too severely affected or relatively unaf-
fected (42). Muscle biopsy can be obtained through an open incision (43) or using a specialized
needle (44). Needle biopsy procedures have the advantage of being less invasive and leaving a
smaller scar but has the disadvantage of limited visualization of the sampling site and technical
difficulty in very young children. Muscle biopsy samples should be taken immediately to the
processing laboratory on saline-moistened gauze. Immersion of the sample or attempts to wash
the sample can result in significant tissue artifacts.

Once in the laboratory, samples are split, with half fixed in formalin and half frozen to
preserve enzymatic activity. Detailed handling procedures and utility of the different stains are
outside the scope of this chapter but are well reviewed in the literature (45,46). Hematoxylin
and eosin (H&E) and modified Gomori trichrome stains are routinely performed to evaluate
overall tissue architecture and organization. Adenosine triphosphatase (ATPase) stains allow
distinction of type 1 and type 2 fibers. Nicotinamide adenine dinucleotide tetrazolium reduc-
tase (NADH-TR), succinic dehydrogenase (SDH), and cytochrome oxidase (COX) are used to
evaluate enzyme activity and distribution within the muscle fibers. Additional immunohisto-
chemical stains are selected depending on the clinical question and include stains for sarcolem-
mal proteins such as dystrophin, sarcoglycans, dysferlin, caveolin, merosin, and others.

Normal muscle structure shows polygonal muscle fibers with peripherally located nuclei.
Fibers are uniform in size and shape and surrounded by a thin layer of connective tissue (endo-
mysium) (Figure 6.1). It should be noted that fiber size is dependent on age. An average fiber
size of 15 pm is expected in neonates, gradually increasing to 50 um in adolescent children
and adults (41). Muscle biopsies in neonates are often deferred until after 6 months of age due
to difficulty in interpretation because of the small fiber size. Discrete bundles of muscle fibers
(fascicles) are surrounded by a connective tissue layer, the perimysium, which also contains
nerve fibers and blood and lymphatic vessels. Fascicles are bundled together by a thick connec-
tive tissue layer, the epimysium, which is contiguous with the tendon sheath.
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FIGURE 6.1 Normal muscle demonstrating polygonal fibers of uniform size with peripherally
placed nuclei (hematoxylin and eosin [H&E] stain).

Histopathology in muscular dystrophies is generally distinct from myopathies by the promi-
nence of dystrophic features such as fibrosis, fatty infiltration, and necrosis (Figure 6.2); how-
ever, severe, early-onset congenital myopathies may also have a dystrophic appearance (47,48).
Myopathic features commonly seen in muscle biopsies include central displacement of nuclei,

FIGURE 6.2 Dystrophic muscle biopsy from a 4-year-old boy with DMD. Note the marked
variation in fiber size, hypertrophic fibers, necrotic fibers, and fibrosis (hematoxylin and
eosin [H&E] stain).
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atrophy or hypertrophy of fibers, degenerating/regenerating fibers, fibrosis, and fatty replace-
ment. These features are somewhat nonspecific and can be seen in many different myopathic
disorders. Congenital myopathies may have specific findings such as central cores, nemaline
rods, or central nuclei (Figure 6.3). In many cases, congenital myopathies are defined by their
histologic appearance, but genetic discoveries continue to blur distinctions between them. Spe-

cific histopathologic features are suggestive of more targeted diagnoses and can direct the
selection of genetic tests.

©
FIGURE 6.3 Muscle biopsy section from a patient with (A) nemaline myopathy
demonstrating prominent cytoplasmic inclusions on Gomori trichrome stain, (B) central core
myopathy demonstrating areas of central clearing in NADH-TR stain, and (C) centronuclear

(myotubular) myopathy demonstrating immature fibers with predominantly centrally placed
nuclei on hematoxylin and eosin (H&E) stain.
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Muscle Imaging

Muscle imaging is an increasingly important tool in the evaluation of patients with suspected
neuromuscular disorders. Imaging techniques including ultrasound (US), MRI, and CT have
the advantage over neurophysiology and biopsy of being noninvasive and readily available at
most centers. The use of muscle imaging in clinical settings is largely focused on the targeting
of muscle biopsy and pattern recognition in the guidance of differential diagnosis. Research
applications are advancing rapidly and are focused on the use of imaging markers of disease
progression. In this regard, development of quantitative techniques has been an especially
important area of investigation.

Ultrasound

Muscle US was first introduced in the 1980s and was promoted as a tool for a more accurate
selection of muscle biopsy site (42,49,50). In recent years, US has been used increasingly as a tool
for pattern recognition to aid in differential diagnosis (51). Normal muscle has low echodensity
resulting in a black appearance on US. Underlying connective tissue appears bright, outlining
the epimysial and perimysial architecture. In longitudinal orientation, the pennation pattern of
individual muscles can be identified, and in the transverse plane, the muscle has a more speckled
appearance. Bone, subcutaneous fat, and vascular structures can also be easily detected. Echoden-
sity increases with age as muscle is replaced by fibrous connective tissue and fat.

In patients with suspected neuromuscular disorders, US can be used to assess both echo-
genicity (degree of fibrosis, fatty replacement, and overall degeneration of the muscle archi-
tecture) and size (atrophy/hypertrophy) of muscle. Specific features can be identified in some
disorders, including a “central cloud” phenomenon in the rectus femoris in patients with COL6-
RD and marked sparing of the rectus femoris in RYR/-related myopathies (Figure 6.4) (52,53).

(A) (B)

FIGURE 6.4 Ultrasound image of rectus femoris in patients with (A) RYR1-associated
myopathy and (B) collagen VI-related muscular dystrophy (COL6-RD). Note the sparing of
rectus femoris and marked increase in echogenicity in other muscle groups in the patient
with RYR1-associated myopathy. In COL6-RD, the rectus is affected centrally and spared
peripherally. The resulting “central cloud” phenomenon is pathognomic of COL6-RD. In both
cases, the normal bone echo is obscured by the involved muscle.

Source: Image courtesy of Jahannaz Dastgir, MD, Columbia University.
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Evaluation of deeper muscles in patients with severe disease may not be possible with US due
to echogenicity of more superficial muscles. In very severely affected muscle, the underly-
ing bone echo, which is very prominent in normal muscle US, can be completely obliterated.
Prominence of the bone shadow has been used as a marker for grading the echodensity of the
overlying muscle (50).

US has the advantage of portability, low cost, and immediate availability in the clinic set-
ting. Serial evaluations can noninvasively identify progression. However interpretation is highly
dependent on the skill of the examiner. In addition, technical differences related to equipment
and different system settings complicate interrater reliability. US has the unique advantage of
being a dynamic study, allowing the examiner to visualize movements in the muscle including
fasciculations (54).

Computed Tomography

CT of muscle can be performed rapidly and can detect changes in muscle size and volume and
structure. Myopathic changes in muscle tissue are characterized by fibrosis and fatty replace-
ment and are easily identifiable on CT as areas of low attenuation. CT, however, has poor soft-
tissue contrast to differentiate inflammatory changes (edema) (55). The main disadvantage of
CT is the radiation exposure, which has led to a decline in its routine use (55).

Magnetic Resonance Imaging

MRI has largely replaced CT since it offers significantly better spatial resolution and requires
no radiation exposure. While necessary sequences for MRI take longer to obtain compared with
CT, most can be completed in a relatively short time frame. Typical MRI protocols for muscle
imaging include T1-weighted, T2-weighted, and fat-suppressed (short tau inversion recovery
[STIR]) images through hips, thighs, and calves. In most cases these studies can be done with
little or no sedation in 15 to 30 minutes in children over 5 years old; however, sedation may be
required for imaging in younger children.

Normal muscle is intermediate in signal intensity on all sequences. Evidence of muscle
disease such as fatty replacement of muscle and fibrosis can be identified easily on T1- and
T2-weighted scans as areas of increased signal. Edema, which can precede these more chronic
changes, can be distinguished from fibrosis and fatty infiltration on fat-suppressed, STIR
images as areas of increased signal. Standardized rating scales have been proposed but are not
widely used clinically (56—58). Quantitative measures of fatty infiltration and fibrosis are active
areas of investigation with an interest in developing reliable indicators of progression, but these
are not used routinely in clinical setting (59-61).

From an imaging perspective, muscle can change in a limited number of ways (mass, shape,
and signal intensity). Chronic myopathy results in fatty replacement without atrophy, while
denervation results in atrophy. Since muscle changes in MRI are limited, a pattern recognition
approach combining imaging characteristics and clinical features is most helpful. Changes in
muscle can be described in four basic areas (62): (a) distribution and symmetry—focal vs. dif-
fuse involvement, (b) morphology—size (atrophy, hypertrophy, pseudohypertrophy) and shape
of muscle, (c) T1 changes—fatty replacement, usually diffuse in later stages and patchy in early
stages of disease, and (d) T2 changes—Ilargely due to edema suggesting inflammation.
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Rapid advancement in the identification of genetic mutations associated with neuromuscu-
lar disease has led to the increasing complexity of differential diagnosis. Variability between
patients even with the same disease makes pattern recognition difficult, and MRI is supple-
mental rather than diagnostic. To assist in differential diagnosis, pattern recognition algorithms
have been developed to identify muscles or muscle groups that are affected or those that are
spared in congenital myopathies (63), muscular dystrophies with rigidity of the spine (64), and
LGMDs (65). While most imaging protocols involve only the hips, thighs, and calves, protocols
have been introduced for upper limb-girdle and whole-body MRIs (66,67). These techniques
are not widely available but may shed future light on pattern recognition when a more diverse
group of muscles are imaged, including postural and facial muscles.

Imaging Findings in Specific Disorders

Duchenne and Becker Muscular Dystrophies

MRI of muscle in DMD and Becker muscular dystrophy (BMD) patients shows prominent
involvement in the proximal leg, long head of biceps femoris, vastus lateralis, and rectus femo-
ris. Biceps and gluteus maximus are less involved and progress more slowly over time (68). In
the lower leg, there is greater involvement of posterior muscles (gastrocnemius greater than
soleus) than anterior compartment muscles (anterior/posterior tibialis). Severity of MRI find-
ings in DMD patients has been correlated with the severity and degree of fibroadipose tissue
replacement in biopsy samples from extensor digitorum brevis muscle (69). MRI findings in
BMD have been described and include prominent involvement of gluteal muscles, adductor
magnus, long head of biceps femoris, semimembranosus, and the vasti; however, this pattern
was not sufficiently distinct to clinically separate BMD from LGMD (70).

Congenital Myopathies/Muscular Dystrophies

Specific patterns have been identified for some CMD and congenital myopathy phenotypes. In
some cases, imaging findings can directly inform confirmatory genetic testing and obviate the
need for muscle biopsy.

Patients with myopathies due to RYR/ mutations include a broad clinical spectrum from
severely affected infants to mildly affected adults. Histopathologic findings are diverse and can
include central core disease, multi-minicore disease, congenital fiber-type disproportion, and
others. In contrast to the variability in clinical phenotypes, imaging characteristics are simi-
lar in most patients regardless of clinical and histopathologic findings (71). Imaging features
include prominent involvement of the gluteal muscles, adductor magnus, sartorius, and vastus
interomediolateralis and the sparing of rectus femoris and adductor longus (Figure 6.5) (72,73).
These findings are easily identifiable by both US and MRI. There is some overlap with SEPN1-
related myopathies, given severe involvement of the sartorius compared to gracilis, but sparing
the posterior thigh muscles and vasti differentiates them (64). Patients with susceptibility to
malignant hyperthermia due to RYR/ mutations in the absence of other clinical features have
normal imaging (73).

Atrophy of the sartorius with preservation of the rectus femoris is the hallmark of rigid
spine muscular dystrophy type 1 (RSMD1) due to SEPNI mutations (73). Posterior thigh mus-
cles and adductor magnus are also involved while other muscle groups are spared (64). Lower
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FIGURE 6.5 Transverse T1-weighted image through the thigh of a patient with RYR1-
associated myopathy demonstrating sparing of the rectus femoris.

Source: Image courtesy of Jahannaz Dastgir, MD, Columbia University.

leg muscles are less severely affected, and on whole-body MRI, sternocleidomastoid muscles
are severely affected, which may be a pathognomonic feature (66). In milder cases with SEPN1
mutations, the sartorius may be the only significantly involved muscle by imaging features
and may be difficult to identify due to severe atrophy. Overlapping clinical disorders such as
CMD due to LMNA mutations are distinguished from SEPN/-related disorders by sparing of
the sartorius.

Patients with COL6-RD such as Bethlem myopathy (BM) and Ullrich congenital muscu-
lar dystrophy (UCMD) show diffuse involvement of posterior and lateral thigh muscles with
relative sparing of the sartorius, gracilis and adductor longus. COL6-RD patients have a char-
acteristic rim of abnormal signal in the vastus lateralis and gastrocnemius with sparing of the
central areas (52,74). Involvement of the rectus femoris is prominent centrally (Figure 6.6). This
phenomenon, termed central shadow or central cloud in the rectus femoris is pathognomonic
in COL6-RD patients and is identifiable on all imaging modalities. In nemaline myopathy
patients with mutation in NEB, rectus femoris is the most affected, with significant involve-
ment of the tibialis anterior (63). Involvement of the tibialis anterior may be out of proportion
to clinical involvement (66).

Imaging characteristics of other congenital myopathy and muscular dystrophy phenotypes
are less well characterized. Patients with ACTA I mutations have broad clinical phenotypes and
no specific imaging pattern; however, involvement of the lower leg is less significant than that
seen in patients with NEB mutations. EDMD due to a mutation in emerin is distinguished from
EDMD due to a mutation in lamin A/C by disproportionate involvement of the medial head of
gastrocnemius (75).
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FIGURE 6.6 Transverse T1-weighted image through the thigh of a patient with Ullrich
congenital muscular dystrophy demonstrating characteristic “central cloud” in the rectus
femoris and rimming of vastus lateralis. Note also relative sparing of the sartorius and gracilis.

Source: Image courtesy of Jahannaz Dastgir, MD, Columbia University.

Limb-Girdle Muscular Dystrophy

LGMD is a genetically and clinically heterogeneous group of disorders characterized by weak-
ness in the shoulder and hip flexors. Patterns of specific muscle involvement in LGMD iden-
tifiable by muscle imaging have been suggested (55,73); however, clinical, histological, and
imaging findings are largely overlapping. Imaging characteristics are most distinctive early in
the course of disease before motor impairment becomes severe (65).

Patients with LGMD2A due to mutations in CAPN3 show early involvement of gluteal,
posterior/medial thigh, adductors, and semimembranosus. With clinical progression, involve-
ment is more diffuse but the vastus lateralis, sartorius, and gracilis are spared to some extent
(76). LGMD2B due to DYSF mutations show a more diffuse pattern than LGMD2A. Patients
with DYSF mutations can have either LGMD or a distal myopathy phenotype, Myoshi myopa-
thy. In both cases, muscle involvement is diffuse, but the calf muscles are the earliest and most
severely affected (73). LGMD2I due to mutations in FKRP is the most common LGMD in
North American and European populations. Muscle involvement in the thigh is reminiscent of
that seen in LGMD?2A, but selective involvement of the medial gastrocnemius and soleus in the
lower leg is seen in LGMD2A but is absent in LGMD2I (77). In contrast, sarcoglycanopathy
(LGMD2C-2F) and dystrophinopathy patients showed early involvement of the anterior thigh
and little involvement of the lower leg, differentiating them from other LGMDs (55,73).

GENETIC TESTING

Genetic testing in neuromuscular disease began with the discovery of mutations in the DMD gene
as the cause for DMD in 1987 (78). Since then, the number of genes associated with neuromuscular
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phenotypes has grown rapidly. A comprehensive list of neuromuscular genes and phenotypes
is maintained in the GeneTable of Neuromuscular Disorders (www.musclegenetable.fr) (79).
The 2014 version of the GeneTable includes 685 different neuromuscular phenotypes associ-
ated with 360 different genes. New genes are identified regularly, with 27 new genes added
in 2014. Application of genetic discoveries in the clinical setting was slow at first, but with
the accelerating discovery of new genes and rapid improvement of the sequencing technology,
genetic diagnosis has become an important part of the workup for any patient presenting with
neuromuscular weakness.

Funding for genetic testing varies by country and by insurance coverage. Third-party pay-
ers and even many physicians have been hesitant to pursue genetic testing since specific treat-
ments for most neuromuscular disorders are not available. Coverage often is dependent on a
demonstration of clinical utility. Given the increasing complexity of genetic testing, inclusion
of a genetic counselor early in the diagnostic evaluation can often facilitate education for fami-
lies, insurance preauthorization, and identification of appropriate genetic tests.

In most cases, genetic testing is sent to specialized laboratories. Laboratories vary widely
in cost and quality, even for the same test, and care must be taken to select both the lab and
the genetic test appropriately. Sequencing panels are emerging using both traditional and NGS
approaches. These panels can be helpful for disorders with significant heterogeneity but can be
wasteful if clinical and diagnostic features suggest a more specific diagnosis. Selection of the
appropriate genetic test and appropriate laboratory for testing can be facilitated by a number of
online resources including the Genetic Testing Registry at the National Institute of Health and
www.genetests.org.

From a diagnostic standpoint, genetic testing offers a definitive diagnosis. The clinical
utility of a definitive diagnosis for patients and families in the midst of a prolonged diagnostic
odyssey is difficult to understate. An accurate genetic diagnosis facilitates genetic counseling
and estimation of recurrence risk, guides appropriate surveillance, and avoids unnecessary
and costly testing. Clinical utility is demonstrated by a significant impact on both survival and
quality of life for patients with disease-specific surveillance facilitated by accurate genetic
diagnosis (80,81). Furthermore, development of specific treatments depends on having well-
characterized, genetically distinct groups of participants. Participation in most clinical trials
requires a genetic diagnosis. The benefits of genetic testing must be balanced with the costs,
which can be high, especially if multiple genetic tests are required. The rapid evolution of NGS
technologies and rapid drop in cost of sequencing will ultimately change this balance in favor
of early genetic testing.

As early as the year 2000, genetic testing was recommended as a first-line test, before
either EMG/NCS or muscle biopsy in cases of suspected DMD/BMD, EDMD, FSHD, myo-
tonic dystrophy, and congenital myotonias (31). Standards of care have been developed in recent
years for DMD, congenital myopathies, CMDs, myotonic dystrophy, and others. Appropriate
application of these standards depends on accurate and specific genetic diagnosis, even when a
diagnosis is already made by biopsy or other means (80,82—84). Genetic testing as a first-line
test is the current standard for DMD, myotonic dystrophy type 1, and SMA in patients with
typical clinical presentations (82—85).


http://www.musclegenetable.fr
http://www.genetests.org.
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Disorders such as COL6-RD have distinctive clinical features. These findings, which are
easily recognizable in the clinic include weakness in the presence of proximal contractures and
distal joint laxity and skin changes, and should prompt appropriate genetic testing (86). Genetic
testing early in the evaluation speeds the diagnosis and avoids more invasive diagnostic tests
such as EMG/NCS and muscle biopsy.

Selection of genetic tests may depend on regional factors. In Japan, Fukuyama-type CMD
(FCMD) is the most common CMD, accounting for almost half of the cases (7,87,88). The high
number of FCMD patients in Japanese populations has been traced to the insertion of a 3-kb
retrotransposon in the FKTN gene in a founder 102 generations ago (88). The high prevalence
of this founder mutation in Japanese populations (1/188 individuals) suggests that molecular
testing should be performed early in the evaluation of CMD patients in Japanese populations
but should be a later consideration in other populations where FKTN mutations are more rare.

Complications of Genetic Testing in Neuromuscular Disorders

Genetic testing is complicated by the large size of many of the genes involved in neuromuscular
disorders. These include some of the largest genes in the human genome including 77N, DMD,
NEB, and RYRI. Sequencing of these genes by traditional methods (Sanger sequencing) is time-
consuming and very expensive. Initial efforts at molecular diagnosis identified mutational hot
spots where disease-causing mutations clustered, ie, exons 44 to 51 in the DMD gene for DMD
and the C-terminal transmembrane domain of the RYR/ gene for central core myopathy (78,89).

To save costs, many clinically available tests for these large genes screen only mutational
hot spots, and failure to identify a mutation does not rule out a disorder associated with one of
these genes. Technological improvements have made comprehensive analysis of these genes
possible and have led to the identification of significant mutations throughout these very large
genes (90-92). Titin, encoded by the TTN gene, the largest gene in the human genome, encom-
passing 364 exons in a 100-kb-long transcript was first associated with tibial muscular dystro-
phy, due to mutations in the M-line domain (93). For some time, sequencing of the TTN gene
focused primarily on this region of the gene. With newer technologies that allow sequencing
of the entire gene, a variety of skeletal muscle and cardiac phenotypes have been associated
with mutations throughout the TTN gene, but no clear genotype-phenotype association has
emerged (92).

Genetic and Phenotypic Heterogeneity

In many cases, patients with suspected neuromuscular disorders have few distinguishing fea-
tures and a large number of potential genetic etiologies. Genetic diagnosis in these cases is
complicated by high levels of clinical and genetic heterogeneity. Rather than simplifying the
diagnostic approach, the rapid discovery of new genes in these disorders has only added to the
known heterogeneity and blurred what appeared to be specific genetic associations in early
genetic studies. Among the genes causing LGMD phenotypes, for example, the 2014 GeneTable
lists 8 autosomal dominant and 21 autosomal recessive genes. A dominant, recessive, or X-linked
family history may guide a differential; however, in some cases such as COL6-RD, inheritance
may follow a dominant or recessive pattern depending on the specific mutation (94).
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Increasingly, disorders such as COL6-RD that were thought to be specific phenotypes
show a broad spectrum of involvement. UCMD was first described in the 1930s as a syn-
drome with weakness from early infancy and a mix of proximal joint contracture and distal
joint hyperlaxity (95). Forty years later, BM was described as a slowly progressive congenital
myopathy presenting with contracture in the elbows, ankles, and long finger flexors and onset
in later childhood or adolescence (96). It was not until the genetic era that mutations in col-
lagen VI were identified as the cause for both disorders (97,98). With increasing experience in
genotype-phenotype correlations, a spectrum of clinical phenotypes is now recognized that
spans from severe UCMD to mild BM cases, with most cases intermediate between the classi-
cally described phenotypes (99).

A striking example of the phenotypic variability from a single gene comes from muta-
tions in the nuclear envelope protein lamin A/C encoded by the LMNA gene (OMIM 150330).
Mutations in LMNA cause a diverse set of neuromuscular and nonneuromuscular phenotypes
including EDMD, LGMDI1B, a severe CMD with dropped head, Charcot-Marie-Tooth type 2B1
(CMT2BI1), dilated cardiomyopathy 1A (CMDI1A), familial partial lipodystrophy, Dunnigan
type 2 (FPLD2), and Hutchinson-Gilford progeria syndrome (100). In turn, EDMD, a fairly
specific clinical entity characterized by progressive weakness in a scapulo-peroneal-humeral
distribution, early contractures in ankles and elbows, and cardiomyopathy can be caused by as
many as three different genes, EMD, FHLI, and LMNA (101). In each case, the clinical pheno-
type is identical. Family history can help to narrow the search for the causative gene, but inheri-
tance can be difficult to assess in small families and may not be completely informative since
both EMD and FHLI are X-linked and LMNA can be either autosomal dominant or recessive.

Duchenne and Becker Muscular Dystrophy

Soon after the identification of the DMD gene in 1987 (78), clinical genetic tests quickly became
available; however, this testing was technically challenging and costly. Due to the large size of
the DMD gene, clinically available tests did not include a comprehensive analysis of the entire
gene but focused on mutational hot spots where deletions were common. With the development
of newer sequencing strategies, genetic diagnosis for DMD became widely available from the
early 2000s (90). As genetic testing has become more readily available in the clinic, genetic
testing for DMD has become a standard part of the workup for most cases. For DMD, the cur-
rent standard for genetic testing consists of stepwise analysis for deletion/duplication mutations
followed by direct sequencing of all 79 exons in cases where a deletion or duplication is not
identified (84). Genetic testing is usually sent early in the evaluation of boys with appropri-
ate clinical presentation and elevation in CK and obviates the need for muscle biopsy or other
diagnostic tests.

Using current technology, a genetic diagnosis can be made in more than 95% of the cases
where clinical history and elevated CK suggest a diagnosis of DMD (90,102). Deletion or dupli-
cation mutations in the DMD gene are the most common and are identified in 72% of the cases,
while nonsense mutations are identified in 17% patients (103). Generally speaking, BMD and
DMD can be differentiated based on the reading frame rule. Nonsense mutations and deletions
or duplications that disrupt the reading frame result in a DMD phenotype. Missense mutations
and deletion or duplication mutations that leave the reading frame intact result in BMD.
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Genetic testing for DMD is readily available in most developed countries and genetic test-
ing has become the standard of care in patients with appropriate clinical presentation (84).
Muscle biopsy and other testing should be limited to unusual cases or cases where genetic test-
ing fails to identify a mutation. Even in cases where muscle biopsy has been done and suggests
DMD due to absent dystrophin expression, current care guidelines suggest that genetic diagno-
sis is mandatory (84). Given the development of mutation-dependent therapies such as nonsense
read-through and exon skipping, the importance of an accurate and early genetic diagnosis is
becoming even more critical (104,105).

Mutations in the DMD gene are de novo in one-third of affected boys with the remaining
two-third inheriting their mutation from their carrier mothers (106). Once a mutation has been
identified in an affected boy, carrier testing for the mother is critical. With a high recurrence
risk (50% for sons of carrier mothers), and many mothers still of childbearing age at the initial
diagnosis, appropriate genetic counseling can give important guidance to family planning deci-
sions. As with any genetic test, a normal finding on carrier testing does not exclude the pos-
sibility that an individual might pass the mutation to future offspring due to the possibility of
germ-line mosaicism. In DMD, the risk that an individual with negative carrier testing has the
mutation in the germ line has been estimated at 8.6%, resulting in a 4.3% chance that she will
pass the mutant allele to future offspring (107). Technologies such as preimplantation diagnosis
are available to families where carrier status has been confirmed. Daughters of carrier mothers
are at 50% risk for carrier status and should be appropriately counseled about recurrence risk.
Carrier testing should be offered when potential carriers are of appropriate age to consent to
testing.

It should also be noted that female carriers of DMD mutations can have a variety of mani-
festations of disease, including a full DMD phenotype (108). In most cases clinical features are
mild and include myalgias and fatigability, but progressive cardiomyopathy has been described
(109). Since carriers can have some manifestations of disease, especially cardiac, establishment
of recurrence risk and identification of carrier status can inform medical decision making and
surveillance for carriers (110).

Congenital Myopathies

Diagnosis in the congenital myopathies has traditionally centered on findings in the muscle
biopsy. Histopathologic classes including nemaline myopathies, core myopathies, centro-
nuclear myopathies, and myopathies with congenital fiber-type disproportion have been well
described (5). In each case, multiple genes have been identified with each histopathologic group
(Table 6.1). Nemaline myopathy is caused by mutations in nebulin (NEB) in up to half of the
cases and ACTAI in 20% to 25% of the cases; however, as many as six other genes can cause a
myopathy with nemaline rods (5). Since these disorders lack clinical or histopathologic features
to differentiate them, genetic sequencing is necessary to make a specific diagnosis. Clinical
features can sometimes narrow the differential diagnosis to a smaller group of genes. The
presence of ophthalmoplegia in a patient with centronuclear myopathy on biopsy suggests a
mutation in MTMI, RYRI, or DNM2. Cardiac involvement in a patient with otherwise non-
specific myopathy suggests a TTN or MYH7 mutation. Sequencing of many of these genes is
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TABLE 6.1 Overview of Genes Associated With Congenital Myopathies

GENE PROTEIN INHERITANCE BIOPSY UNIQUE FEATURES
NEMALINE MYOPATHIES
ACTAT Alpha actin, AD, AR NR, C, CFTD 20-25% of nemaline
skeletal muscle myopathy; 50% of severe
neonatal cases
KBTBD13 Kelch repeat AD NR, C Rare; slow voluntary
and BTB movements; spares face
(POZ) domain
containing 13
CFL2 Cofilin 2 AR NR Rare; only 3 families
(muscle) reported
KLHL40 Kelch-like family AR NR Severe neonatal, often
member 40 lethal
NEB Nebulin AR NR Most common nemaline
myopathy; 50% of
cases
TNNTT1 Slow troponin T AR NR Only reported in Amish
families
TPM2 Tropomyosin2  AD NR, CFTD Also seen in congenital
(beta) arthrogryposis, pterygia
TPM3 Tropomyosin 3  AD, AR NR, CFTD Common cause of CFTD

without nemaline rods

CORE MYOPATHIES

RYR1 Ryanodine AD, AR C, CFTD Most common core
receptor 1 myopathy; usually
(skeletal) AD; associated with

susceptibility to
malignant hyperthermia

MYH7 Myosin, heavy  AD CN May have cardiac
polypeptide 7, involvement
cardiac muscle,
beta
SEPN1 Selenoprotein AR CN, CFTD Multi-minicore;
N1 axial weakness and

respiratory involvement
out of proportion to
weakness

TTN Titin AR CN May have cardiac
involvement

CENTRONUCLEAR MYOPATHIES

BIN1 Amphiphysin AR CN
DNM2 Dynamin 2 AD CN

(continued)
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TABLE 6.1 Overview of Genes Associated With Congenital Myopathies (continued)

GENE PROTEIN INHERITANCE BIOPSY UNIQUE FEATURES
CENTRONUCLEAR MYOPATHIES
MTM1 Myotubularin X-linked CN Myotubular myopathy.

Prominent central nuclei
is the characteristic
feature histologically.
Similar features are
seen in patients with
congenital myotonic
dystrophy. Clinical
features and family
history usually
differentiate the two
disorders.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; C, cores or multi-minicores;
CFTD, congenital fiber-type disproportion; CN, central nuclei; NR, nemaline rods.

complicated by the large size of the genes, which can make genetic testing cost-prohibitive.
Nebulin is especially notable in this respect, with 183 exons.

Congenital Muscular Dystrophies

CMD includes a group of disorders that vary widely in clinical features but share dystrophic
features on muscle biopsy (Table 6.2). A combination of clinical features and ancillary testing
such as muscle imaging and biopsy can direct specific genetic testing. COL6-RDs are the most
common CMDs and present with distal joint hyperlaxity and proximal joint contractures. The
presence of skin changes such as keloid scars and hyperkeratosis pilaris with distal laxity should
prompt the consideration of a COL6-RD, even without biopsy or imaging tests. Patients with
merosin-deficient CMD are not easily distinguished from other CMDs clinically but are readily
identified by the absence of merosin on muscle immunohistochemistry. In these cases, genetic
testing targeted to the LAMA 2 gene is readily available and confirms the diagnosis at a molecular
level. The most genetically diverse group of CMDs is due to defects in the glycosylation of alpha-
dystroglycan. These disorders include a spectrum from very severe in the Walker-Warburg and
muscle-eye-brain phenotypes to the relatively mild LGMD phenotypes. While a disruption of
glycoslylation of alpha-dystroglycan can be readily identified on muscle biopsy samples, distinc-
tion between the 12 or more genes identified to date including FKTN, POMTI, POMT2, FKRP,
POMGNT]I, ISPD, GTDC2, B3GNTI1, GMPPB, LARGE, DPM1, DPM2, ALGI13, B3GALNT?2,
and TMEMS is only accomplished by sequencing each of the genes.

Next-Generation Sequencing

Given the increasing complexity of genetic diagnosis including the increasing number of genes
per phenotype and increasing numbers or phenotypes per gene and the inherent difficulty of
sequencing many of the very large genes associated with neuromuscular disorders, selection
of an appropriate genetic test can be very difficult. The dramatic expansion of sequencing
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TABLE 6.2 Overview of Genes Associated With Congenital Muscular Dystrophies

SUBTYPE

GENE(S)

INHERITANCE CLINICAL FEATURES

Merosin

LAMA2 AR

Most never achieve independent
ambulation. Peripheral neuropathy in
later childhood. Normal intelligence
despite abnormality in white matter
on brain MRI. 30% with seizures.
Milder phenotypes possible with
partial deficiency.

Collagen VI

COL6AT, AD, AR
COLG6A2,
COL6A3

Milder BM and severe UCMD
phenotypes, but most patients
intermediate. Distinguishing
features are marked distal
hyperlaxity with proximal
contractures. Skin changes include
keloid formation, hyperkeratosis
pilaris, and soft palms and soles.
CK may be normal to mildly
elevated.

Alpha-
dystroglycan

FKTN, POMT1, AR
POMT2, FKRP,
POMGNTT,

ISPD, GTDC2,
B3GNT1,

GMPPB,

LARGE, DPM1,
DPM2, ALG13,
B3GALNT2,

TMEMS5

Defect in glycosylation of alpha-
dystroglycan. Broad spectrum

of clinical phenotypes from very
severe Walker-Warburg syndrome
and muscle-eye-brain disease to
milder limb-girdle MD phenotypes.
CNS involvement can be profound
in severe cases and includes
cobblestone lissencephaly, severe
mental retardation, and seizures.
Fukuyama subtype due to FKTN
mutation is common in Japan
because of ancestral mutation.
FKRP most common in other
populations.

Rigid spine

SEPN1 AR

Broad spectrum of severity
including overlap with congenital
myopathy phenotypes. CMD
phenotype with early spinal
rigidity and weakness in neck,
postural muscles. Early respiratory
compromise is typical and
precedes loss of ambulation.

RYR1

RYR1 AR/AD

On spectrum with congenital
myopathy phenotypes caused by
RYR1 including central core, multi-
minicore, and congenital fiber-type
proportion. May present with early
scoliosis and loss of ambulation.

(continued)
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TABLE 6.2 Overview of Genes Associated With Congenital Muscular Dystrophies
(continued)

SUBTYPE GENE(S) INHERITANCE CLINICAL FEATURES

Laminopathy LMNA AR CMD phenotype includes neonatal
onset of severe weakness for
neck/postural muscles (dropped
head syndrome) with early loss
of ambulation. Other phenotypes
include EDMD, FPL, LGMD, dilated
cardiomyopathy, CMT disease,
and Hutchinson-Gilford progeria
syndrome.

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; BM, Bethlem myopathy;

CK, creatine kinase; CMD, congenital muscular dystrophy; CMT, Charcot-Marie-Tooth; CNS, central
nervous system; EDMD, Emery-Dreifuss muscular dystrophy; FPL, familial partial lipodystrophy;
LGMD, limb-girdle muscular dystrophy; MD, muscular dystrophy; UCMD, Ullrich congenital
muscular dystrophy.

capacity afforded by NGS techniques will likely result in a shift in traditional diagnostic para-
digms, since many genes (or all genes) can be sequenced simultaneously at a relatively low cost.

The Human Genome Project was launched in 1990, just 3 years after the discovery of the
DMD gene, with a goal to sequence the entire human genome. Sequencing for the Human Genome
Project started with traditional Sanger sequencing methods and ended by taking advantage of
increasing computing power and high-throughput “parallel” sequencing techniques. Using these
techniques, sequencing the first full human genome cost an estimated $300 million and involved
the efforts of many hundreds of scientists. The completed sequence was published in 2004 (111).

Taking advantage of lessons learned in sequencing the first human genome, new technolo-
gies emerged to greatly amplify the efficiency and parallelization of the sequencing. These
advances in sequencing technology, broadly termed next-generation sequencing have allowed
a dramatic decrease in the cost per base for sequence generation and has led to a rapid accelera-
tion in the development of sequencing applications (112,113). A variety of technologies have
emerged but all take advantage of the ability to rapidly sequence millions of short fragments of
DNA (or cDNA) in a parallel fashion. Among the first to use NGS technologies, Lupski et al.
identified a variant in the SH3TC2 gene in a family with CMT neuropathy by whole genome
sequencing at an estimated cost of $50,000 per genome (114). Continued rapid development of
these technologies has been promoted by the National Institutes of Health (NIH) and others
with a goal toward providing a complete genome sequence for under $1,000 (115). Realization
of these goals is anticipated to result in dramatic changes in the utilization of DNA sequencing
in both clinical and research applications. While the issues of obtaining sequence data have
been largely addressed, issues of data analysis including data storage, patient privacy, insur-
ability, and handling of incidental findings remain significant (116—118).

Targeted Gene and Exome Sequencing
While NGS technology has made sequencing of the whole genome feasible, targeted NGS
approaches have simplified some of the complex data analysis issues and allowed a more
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straightforward application for clinical use. Using this approach, samples of interest are sub-
jected to an enrichment step during sample preparation that restricts the sequenced DNA to
only those areas of interest. For exome sequencing, the targeted sequences are the exons of all
genes. The exome sequence covers 30 million bases in 180,000 exons from 23,000 genes or
about 1% of the total human sequence. Within that 1% of the genomic sequence is an estimated
85% of the pathogenic mutations. Thus exome sequencing can significantly limit the search
space and at the same time identify mutations in almost every gene without a priori knowledge
of the phenotype.

A number of different exon capture technologies are available. All have gaps in coverage,
and analysis of the resulting sequence data should acknowledge the possibility that some genes
or exons may not be well covered (119). With current exome capture technologies, most leave
10% of exomes poorly covered and 3% of exons not targeted at all. Gaps in exome coverage
are somewhat systematic and reflect difficulties in hybridization due to high guanine-cytosine
(GC) content and other factors in the primary sequence. Rapid development in these areas is
expected to improve coverage; however, gaps are likely to remain.

Beyond exome sequencing, strategies have been developed to target different disorders
by limiting the number of exons in the enrichment step to a relatively small number of genes
of interest. Targeted gene panels such as this take advantage of the capacity of the sequenc-
ing technology to cover a large number of genes and yet limit the search for mutations to
those genes with a relationship to the phenotype of interest (120). In one study, 267 genes
selected from the Muscle GeneTable were selected for sequencing in eight myopathy patients
with known molecular diagnoses and eight patients with neuromuscular disorders but without
a molecular diagnosis (121). Pathogenic mutations were identified in 13 of the 16 patients with
a variety of neuromuscular disorders.

For disorders where genetic and phenotypic heterogeneity is the rule, genetic testing using
panels of neuromuscular genes will likely change the diagnostic approach. This approach is
likely to include genetic testing at a much earlier point, perhaps even before the use of ancillary
tests such as EMG/NCS, imaging, and muscle biopsy, especially as costs for sequencing by
exome or by targeted sequencing drop below those of traditional tests. Clinical use of targeted
sequencing panels is rapidly evolving and targeted NGS panels for neuromuscular disorders
are currently available from a number of commercial labs. Selection of the appropriate panel
requires careful review of the genes included on the panel and assessment of clinical pheno-
type. A panel for 8 to 10 genes associated with nemaline myopathy, for example, may be suf-
ficient if nemaline rods are identified on muscle biopsy. However, if the clinical phenotype and
ancillary tests are less specific, a larger, more diverse panel may be more appropriate.

Difficulties of NGS

Despite its enormous potential, there are pitfalls in using NGS. Sequencing using these tech-
nologies is inherently less precise on a per-base level than traditional Sanger sequencing. Ana-
lytical tools such as those to assess the quality of the base calls and repeated sequencing of the
same base in different reads (read depth) can help to overcome this imprecision, but there can
be systematic errors. These errors can usually be handled by a detailed look at the primary data
and by validation of identified mutations by Sanger sequencing. NGS can miss some mutations
due to technical reasons inherent in the technology. Expansions of triplet repeats such as the
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ones causing myotonic dystrophy, for example, are not identifiable using NGS due to the repeti-
tive nature of the sequence and difficulties in aligning short reads to a repetitive sequence. Fur-
ther, chromosomal rearrangements and large deletions can be difficult to identify using NGS.

Interpretation of variants of unknown significance (VUSs) is a problem for any genetic
sequencing technology but is a particular problem when using NGS due to the sheer magnitude
of the sequencing. In an exome sequencing study, an individual may have as many as 20,000 to
30,000 variants from the reference sequence. Filtering rare but benign variants from potentially
pathogenic variants is difficult. A number of bioinformatic analyses are available to assess
pathogenicity of variants. Locus-specific databases such as the Leiden Muscular Dystrophy
pages highlight variants with known pathogenicity (www.dmd.nl). Tools such as the Single
Nucleotide Polymorphism database (dbSNP), the Exome Variant Server, and 1000 Genomes
Project can help to identify rare variants that have been previously identified in other popula-
tions (122—124). Analytic tools including SIFT (sorting intolerant from tolerant) and PolyPhen2
(polymorphism phenotyping) use conservation of the locus and biochemical disruption of the
altered amino acid to the peptide to predict pathogenicity of a particular variant (125,126).
Inclusion of DNA from parents and other family members can help to characterize the variant
as benign, VUS, or pathogenic, based on segregation of the variant with the phenotype. Most
commercial NGS tests include this type of segregation analysis. Taken together, these tools can
be used to filter and classify variants identified in an individual or family and narrow the search
for a potentially pathogenic mutation.

Given the complexity of the analysis, there are a number of cases where whole genome
or exome sequencing has failed to identify a mutation when it was indeed present. In these
cases, the bioinformatic tools failed to properly classify a variant as pathogenic. In one recently
published case, a family with clinical symptoms typical of BM presented after obtaining their
own whole genome sequencing (127). Several variants were identified in genes associated with
neuromuscular disorders, but none fully explained the phenotype. Reassessment of the clinical
phenotype including imaging gave additional weight to the possibility of a collagen VI mutation.
Traditional Sanger sequencing was performed and a pathogenic mutation in COL6A3, typical
of BM was identified. In this case, the whole genome data was reanalyzed, given the known
mutation in COL6A3, and it was determined that the variant was indeed present in the whole
genome sequence but was misclassified by bioinformatics analysis. The authors concluded that
the sequence data must be matched with careful phenotypic analysis and understanding of clini-
cal aspects of the suspected disorder in order to come to an appropriate interpretation of the data.

CONCLUSION

Current approaches to the diagnosis of neuromuscular disorders focus on careful clinical exam-
ination and application of ancillary tests to define probable disorders that are then confirmed
by genetic testing. The role of clinical neurophysiology is limited primarily to distinguish-
ing muscle disorders from nerve disorders. In the process, certain abnormalities, such as the
presence of myotonic discharges can support a limited range of potential diagnoses. In recent
years, the number of genetic tests has markedly increased. However, there remain disorders
not diagnosed by commonly available tests. The rapid evolution of sequencing technology that
allows sequencing of the entire genome or exome at a relatively low cost is likely to change
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diagnostic strategies in these situations. Rapid discovery of new genes involved with neuro-
muscular disease and broad overlap of phenotypes will prompt earlier application of broad
sequencing strategies such as exome sequencing or sequencing of large targeted gene panels.
While the importance of ancillary tests such as neurophysiology, muscle biopsy, and imag-
ing will likely be diminished in diagnostic application, they will likely become increasingly
important in treatment and monitoring applications. Recent advances in EIM and imaging for
muscle disorders have focused on quantitative measures, which will have great application in
the monitoring of treatments and progression of these disorders.
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Clinical Evaluation in Pediatric
Peripheral Neuropathies

Zarife Sahenk, MD, PhD, FAAN

In comparison to adults, peripheral neuropathies in the pediatric age group are a highly hetero-
geneous group of disorders. These disorders, however, share similarities with the adult patient
in that a pattern recognition approach is required, based on pathobiological considerations
ultimately leading to diagnosis and appropriate management. The diagnostic approach will
rely heavily on careful history taking, skillful physical exam including detailed family history
supplemented by electrodiagnostic studies as well as molecular and metabolic analysis, and
occasionally sural nerve biopsy. Compared to the adult population, while peripheral neuropathy
is less common, the inherited forms represent a much larger proportion of childhood neuropa-
thies including various types of Charcot-Marie-Tooth (CMT) neuropathies (30%—70%) (1,2).
Neuropathological studies of experimental toxic neuropathies from the 1970s were essen-
tial to understanding the evolution of “distal axonopathy” and set the foundation for formulat-
ing a classification of peripheral nerve disorders according to the anatomical site most altered
(3-6). This morphologic classification approach, based on experimental evidence, has been
endorsed widely since then and has proven clinically useful (7,8). Based on the anatomical
site of involvement, disorders of peripheral nerve include those that affect the neuron’s cell
body or neuronopathies and those affecting the peripheral process or peripheral neuropathies.
The peripheral neuropathies can largely be subdivided into axonopathies and myelinopathies.
A length-dependent distal axonal disease or “dying back neuropathy” is the most common pre-
sentation of neuropathic disorders. Regardless of the underlying cause, the final common path,
distal axonal degeneration occurs in a fairly stereotypic manner. As in the adult population,
most axonal diseases present with distal axonopathy resulting from pathologic changes first
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occurring in a multifocal manner in the distal portions of long and large-diameter axons. It is
important to recognize that this pattern is valid for many genetic conditions affecting periph-
eral as well as central nervous system (CNS) axons. Moreover, most CMT patients including
those with primary Schwann cell genetic defects present with a clinical phenotype of length-
dependent axonal disease. The so-called secondary axonal pathology in hereditary myelinopa-
thies, thought to result from impaired Schwann cell support of axons is now well recognized,
representing an important feature that directly correlates with the clinical disability (9-13).
Another less common pattern of distal axonal degeneration is central-peripheral distal axo-
nopathy found in spinocerebellar degenerations such as Friedreich’s ataxia, the best-studied
example of an inherited system degeneration (6). Some forms of hereditary spastic paraplegia
that again are characterized by a distal axonal degeneration are confined predominantly to the
CNS, representing the central distal axonopathy (14). Each of these disorders has distinct clini-
cal features that enable neurologists to recognize the various patterns of the disease process.
Once a particular pattern is established, further laboratory studies can be performed to confirm
the clinical impression. Detailed history, exam, and electrophysiological studies should assist
the clinician in determining the differential diagnosis and appropriate direction for investiga-
tion. This review only focuses on the diagnostic approach based on clinical presentation of the
most common infantile and childhood polyneuropathies and comments on those rare ones with
simple clinical clues.

CLINICAL APPROACH

During history taking and clinical examination of a child with suspected neuropathy, the cli-
nician should follow a framework to extract information that will establish the pattern of an
ongoing disease process. This could be achieved with the following approach:

Which Systems and Nerve Fiber Size Are Involved?

The aim of the clinician should be to determine if the child’s symptoms and signs are most
compatible with predominant dysfunction of motor, sensory, or both, pure sensory, autonomic,
or some combination of these. Motor fibers are composed of heavily myelinated large-diameter
Ao axons. Sensory modalities on the other hand are transmitted by two sets of axons, referred
to as “small fibers “and “large fibers” based on their diameters. Pain, temperature, and light
touch modalities are carried by the small-diameter and unmyelinated C-type axons and thinly
myelinated Ad-type fibers, while vibration and position sense are carried by the large-diameter
sensory afferents. Predominantly, large-fiber distal axonopathy is the most common type of
disease process and presents as length-dependent distal motor fiber involvement along with sig-
nificant large-fiber sensory deficits leading to impaired or absent sensory nerve action poten-
tials, or SNAPs. The prototype of such a pattern is seen in CMT disease, referred to as classic
CMT. It should be noted, however, that although large fiber sensory deficit predominates, the
disease process does affect small fibers to a lesser extent, giving rise to a pan-modality sensory
dysfunction involving large fibers to a greater extent than small fibers.
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Pure motor neuropathies are uncommon in childhood. Progressive muscle weakness
without sensory symptoms should suggest a disease of motor neurons such as spinal muscular
atrophy (SMA), an autosomal recessive (AR) motor neuronopathy of childhood (15). Patients
with pure motor distal weakness with a clinical phenotype of axonal CMT neuropathy with
no discernible sensory involvement are now classified as distal hereditary motor neuropathies
(dHMNSs) and distal spinal muscular atrophies (dSMAs) (16,17). Diagnosing these conditions
depends on the associated upper motor neuron findings, age of onset of symptoms, and fam-
ily history. dHMNs represent about 10% of all inherited neuropathies and cover a spectrum
of clinically and genetically heterogeneous diseases characterized by the selective involve-
ment of motor neurons. The disease usually begins in childhood or adolescence with weakness
and wasting of distal muscles of the anterior tibial and peroneal compartments. Subsequently,
weakness and atrophy of the proximal muscles of the lower limbs and/or of the distal upper
limbs may ensue.

While some peripheral neuropathies may present with only motor symptoms, the clini-
cian can usually find evidence of sensory involvement on neurologic examination, or the
patients themselves may report paresthesias or pain. The best examples of this scenario include
acquired autoimmune neuropathies, Guillain-Barré syndrome (GBS), and chronic inflamma-
tory demyelinating polyneuropathy (CIDP). In these disorders, information obtained from
the pattern of distribution and temporal evolution of the weakness are crucial for directing
the diagnostic workup as discussed further in this chapter. Multifocal motor neuropathy as
a variant of CIDP appears to be a very rare condition in childhood, reported to occur with a
similar pattern of asymmetric distal upper extremity weakness and conduction block as seen
in adults (18,19).

Sensory prominent neuropathies may impair small-fiber or large-fiber functional modali-
ties or both. Assessment of sensory dysfunction can be challenging and unreliable early in
life; therefore, confirmational evidence by clinical history from the parents is critical. Sensory
examination in the cooperative older age group will require careful inquiry to differentiate
diminished or lack of sensation (numbness) from altered sensation (tingling/paresthesia) or pain.
Neuropathic pain can be described as burning, dull and poorly localized, presumably transmit-
ted by C nociceptor fibers, or a sharp and lancinating type, relayed by Ad fibers. If severe
pain is a prominent feature of presentation, painful peripheral neuropathies due to peripheral
nerve vasculitis or GBS must be considered because these disorders are potentially treatable.
Vasculitic neuropathies are very rare in children, but have been reported in adolescents with
Wegener granulomatosis, systemic lupus, and Henoch-Schonlein purpura (20-23). The pain in
vasculitic neuropathy is generally distal and asymmetric in the most severely involved extrem-
ity. It is important to determine the pattern of peripheral nerve involvement as mononeuropa-
thy in which the sensory and/or motor deficit is confined to a single nerve distribution versus
mononeuritis multiplex, defined by sensory and motor symptoms involving two or more nerves,
and developing acutely or subacutely. In general, entrapment neuropathies such as those occur-
ring in hereditary neuropathy with a predisposition to pressure palsies (HNPPs) are typically
painless in the pediatric age group. This is in contrast to adults in whom one-third report the
development of neuropathic pain several years after the initial onset of painless neuropathic
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symptoms (24). Children with GBS commonly present with severe back pain associated with
symmetric numbness and paresthesias in the extremities. A well-established genetic condition
associated with neuropathic pain is Fabry disease (25). Episodic crises of severe hand or foot
pain in males with Fabry disease typically present in early childhood, whereas the disease in
female carriers often presents in late adolescence or adulthood. Other conditions associated
with severe neuropathic pain include situations where nerve damage has occurred, eg, posttrau-
matic pain, phantom limb pain, postchemotherapy pain, some chronic conditions or infections
such as HIV/AIDS, and complex regional pain syndrome (26,27).

Although neuropathic pain is a relatively common feature of diabetic neuropathy in adults,
among children with diabetes, the complications do not progress to the point that painful neu-
ropathy would be of concern. On the other hand, recent studies have shown that almost half
of the children with type 1 diabetes have subclinical large- and small-fiber neuropathies (28).
Overt autonomic neuropathy is rare in childhood and adolescence, while subclinical signs of
autonomic dysfunction in cardiovascular nerve function testing and pupillometry are common
and can be found soon after diabetes diagnosis (29). Duration of diabetes, poor glycemic con-
trol, and the presence of aldose reductase gene polymorphisms constitute risk factors for auto-
nomic neuropathy in young people (30). Puberty may accelerate autonomic dysfunction.

Most inherited sensory neuropathies present with reduced or absent sensation. History
may provide examples of the child having had painless hand or foot lacerations, blisters, or
cellulitis. This is the typical presentation of the rare forms of hereditary sensory neuropathies
or hereditary sensory autonomic neuropathies (HSNs/HSANS). In extreme cases, children may
present with self-inflicted injury or limb mutilation. Clinicians should be aware of this since
electrophysiology will fail to detect neuropathy due to predominantly small-fiber involvement.

HSANs comprise the rarest subgroup within the hereditary neuropathies and are clinically
and genetically heterogeneous. Although by definition, HSANs impact the development, sur-
vival, function, and migration of sensory autonomic nerves, in some autosomal dominant (AD)
forms that present in the second and third decades, clear distal weakness may be present, giv-
ing rise to the classical CMT phenotype. This group designated as HSAN I includes SPTLC!
(encoding serine palmitoyl transferase long-chain base subunit 1) and RAB7 (encoding RAS-
associated protein RAB7) mutations presenting with a prominent sensory, minimal autonomic,
and variable motor involvement (31). Interestingly, neuropathic pain can be a distinguishing
clinical feature in that patients with SPTLCI mutations often have neuropathic pain, while
those with RAB7 mutations do not (32,33). In contrast, the AR forms usually have an early or
congenital onset and commonly present with striking sensory and autonomic abnormalities or
in some rare cases as pure autonomic disorders. Well-characterized recessive forms include
HSAN II, an early-onset ulcero-mutilating sensory neuropathy (34); HSAN III, Riley-Day
syndrome or familial dysautonomia presenting as a predominantly autonomic disorder with
congenital onset, (35); and HSAN IV, congenital insensitivity to pain with anhidrosis (CIPA),
with characteristic features of recurrent episodic fevers due to anhidrosis, absence of reaction
to painful stimuli, self-mutilating behavior, and mental retardation (36). A very rare entity
designated as HSAN V is caused by mutations in nerve growth factor beta and presents with
a phenotype closely related to CIPA, but in contrast, patients do not display prominent mental
retardation, and the disease onset is in childhood.
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The other important sensory abnormality that significantly narrows the differential diag-
nosis is severe proprioceptive loss. The prototype example is Friedreich’s ataxia, a central
peripheral distal axonopathy classically presenting with increasing clumsiness, gait ataxia, or
tremor in early adolescence. The ataxia results from distally prominent progressive degenera-
tion of the long tracts in the CNS (spinocerebellar and corticospinal) as well as central and
peripheral projections of dorsal root ganglia neurons. During the course of the disease, sensory
nerve action potentials and nerve conduction velocities (NCVs) may become undetectable due
to predominately large myelinated fiber degeneration.

Sensorimotor polyneuropathies comprise the largest group of childhood neuropathies
encompassing the most common hereditary and treatable acquired autoimmune demyelinating
neuropathies. The distribution of the patient’s weakness and the temporal evolution of disease
are crucial for an accurate diagnosis as delineated in the following text.

What Is the Distribution of Motor Weakness?

The crucial task for the examiner is to extract the relevant information and localize the weakness
as (a) only involving the distal extremities or (b) involving both proximal and distal extremities
and assessing if the weakness is focal/asymmetric or symmetric. The finding of weakness in
both proximal and distal muscle groups in a symmetrical fashion is the hallmark for acquired
immune demyelinating polyneuropathies, both the acute form (GBS) and the chronic form
(CIDP). This clinical presentation is in perfect line with the histopathological site of involve-
ment since in these entities (acquired myelinopathy), segmental demyelination occurs randomly
all along the peripheral nerves including the nerve roots with innervation of proximal limb
muscles. Good recovery from an acquired monophasic myelinopathy is common, and patients
are usually left with little or no residual weakness. In contrast, in cases of CIDP characterized
by a relapsing remitting course, partially treated or refractory cases can occur and in these
cases, secondary axonal loss is common. This axonal loss may result in distally prominent
residual weakness in a length-dependent manner. The examiner should consider this possibility
in children with a long-standing history of distal greater than proximal muscle weakness that is
more pronounced in the lower extremities.

Focal or asymmetric weakness is also a feature that helps to narrow the diagnostic pos-
sibilities. Traumatic injury or nerve compressions are common causes of mononeuropathies.
HNPPs or familial brachial plexus neuropathies can present with focal, asymmetric leg or arm
weakness, or with multifocal nerve involvement, but they rarely occur in childhood. The pres-
ence of unilateral motor and sensory signs confined to one extremity is much more likely to be
due to a simple entrapment, compressive neuropathy, or radiculopathy (37,38).

Predominant lower extremity symmetrical distal weakness is the most common distri-
bution pattern of weakness seen in hereditary neuropathies. If a patient presents with both
symmetrical sensory and motor findings involving the distal lower extremities first, with or
without associated distal weakness in the upper extremities, the disorder generally reflects a
length-dependent distal axonopathy. The recognition of this classic CMT phenotype cannot be
overemphasized because it occurs in both the so-called “demyelinating” forms, CMT1 where
axonal loss is secondary and in CMT2 forms with primary axonopathy.
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Exceptions to the classic CMT phenotypic presentation are rare. Among the rare types
of AD CMT?2, BSCL2/seipin mutations are known to present with predominant upper limb
involvement (39). Distal atrophy in the upper extremities and spastic legs are notable features
of Silver syndrome; in 33% of the cases, presentation is that of atrophy in the upper limbs only
(40). So far, the second gene known to cause predominant involvement of the small hand mus-
cles is the GARS gene responsible for synthesizing glycyl tRNA synthetase. GARS mutations
cause CMT2D, also called distal spinal muscular atrophy type V (ASMA-V) characterized by
atrophy and weakness of hand muscles, which can be asymmetric (41).

Is There Evidence for Upper Motor Neuron Involvement and/or
Other Associated Clinical Features?

Upper motor neuron signs and other associated clinical features may help narrow the differ-
ential diagnosis. Among them, the mitofusin 2(MFN2) gene is an important one with muta-
tions causing the most common form of axonal CMT, CMT2A and representing currently
about 20% of all AD CMT?2 cases (42). Patients with MFN2 mutations commonly present
with an early childhood onset and severe CMT phenotype; classical CMT phenotype in a
later age group is less common. Unique mutations in MFN2 were described initially in six
families (also designated as hereditary motor and sensory neuropathy, HMSN VI with optic
atrophy) presenting with early childhood onset and severe symptoms including proximal
weakness and vocal cord paralysis (43). Optic atrophy usually presents subacutely and may
improve. Several publications expanded the CMT2A phenotype to include cases with spastic-
ity (44), cognitive impairment and mitochondrial dysfunction (45), severe early-onset axonal
neuropathy with compound heterozygous MFN2 mutations (46), and severe neuropathy with
fatal encephalopathy (47).

In addition to MFN2 mutations, other rare CMT2 neuropathies with AD gene defects in
GDAPI, and NEFL, are known to have pyramidal features. Recessive cases of GDAPI muta-
tions represent the most common CMT4 with greater than 40 mutations usually associated with
a severe clinical phenotype with early onset (neonatal or infancy) and disabling hand and foot
deformities occurring toward the end of the first decade. Loss of autonomy occurs in the sec-
ond decade with the development of proximal muscle weakness. Hoarse voice and vocal cord
paralysis may be part of the phenotype in some cases (48). TRPV4 is another gene, recently rec-
ognized to present with a wide range of features including vocal cord and respiratory involve-
ment, congenital dSMA, and scapuloperoneal spinal muscle atrophy (49).

Finally, the overall investigation of a child presenting with a peripheral neuropathy is
incomplete without a careful search for evidence of CNS involvement. A history of seizures,
visual impairment, developmental delay, regression of motor milestones, cognitive impairment,
especially language, intellectual acquisition, or behavioral changes including increasing irri-
tability or hyperactivity provide important clues that must heighten suspicion for a metabolic
disorder concomitantly affecting the CNS and peripheral nervous system. Poor weight gain and
loss of developmental milestones, and multisystem disease (cardiac, renal and liver) should alert
the clinician for possible mitochondrial disease. Other well-recognized clues include orange-
colored tonsils for Tangier disease, tendinous xanthomas for cerebrotendinous xanthomatosis,
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kinky hair for giant axonal neuropathy (GAN), angiokeratomas for Fabry disease, and hyper-
pigmentation of the buccal mucosa or axilla for adrenoleukodystrophy.

What Is the Age of Onset and Temporal Evolution?

Of obvious importance is the age of onset, duration, and evolution of symptoms and signs.
Polyneuropathies in the neonatal group are exceedingly rare. However, when faced with a
newborn with extreme hypotonia and weakness, congenital hypomyelinating neuropathy
(CHN) is usually included in the differential diagnosis. Molecular testing is recommended
to rule out SMA first, and if the electrophysiologic studies suggest a peripheral neuropathy, a
nerve biopsy may be required to establish the diagnosis. In the pregenetic era of HMSN classi-
fication, severely affected children with early-onset demyelinating polyneuropathy of infancy
were classified as having HMSNIII, also called CHN or Dejerine-Sottas disease (DSD), and
in some current classifications, this group is referred to as CMT3. This group, originally pre-
dicted to be mainly AR now includes patients with de novo AD mutations in the genes that
commonly cause AD CMT1 (PMP22, myelin protein zero [MPZ], and early growth response
2 [EGR?2]). It is now advocated to refer to these patients as having severe CMT1 although this
is not universally agreed upon and the terms CMT3, CHN, and DSD are still commonly used.
It should also be kept in mind that several lysosomal storage disorders can present with an
infant-onset polyneuropathy and concomitant profound CNS symptoms; these include globoid
cell leukodystrophy (GCL), metachromatic leukodystrophy (MLD), and peroxisomal disor-
ders such as infantile Refsum disease.

The temporal evolution is important for determining genetic versus acquired disease pro-
cess. Does the disease have an acute (days—4 wks), subacute (4—8 wks), or chronic (>8 wks)
course? Is the course monophasic, progressive, or relapsing? In general, these sets of questions
apply to both adult and pediatric populations. A subacute initial course is more common for
CIDP in children than adults.

GBS is the most common acute-onset rapidly evolving weakness in childhood and gen-
erally referred to as acute inflammatory demyelinating polyradiculoneuropathy (AIDP). The
Miller Fisher variant presents with ophthalmoplegia, ataxia, and areflexia. Another subtype is
referred to as acute motor axonal neuropathy (AMAN), characterized by acute paralysis and
loss of reflexes without sensory loss caused by an antibody- and complement-mediated attack
on the axolemma of motor fibers in contrast to AIDP in which the antigenic target is myelin
proteins. AMAN patients in most cases have antecedent infection with Campylobacter jejuni
and usually have a poor outcome compared with patients with GBS (50). In the majority of
children with GBS, symptoms typically develop over several days and may include back and/or
extremity pain and paresthesias. Respiratory failure and autonomic symptoms are less common
compared to adults with GBS. CIDP differs from GBS by its more chronic progression evolving
over at least 1 to 2 months (51). Children with CIDP may demonstrate either a progressive or a
relapsing course. Although many patients exhibit a slow insidious onset of weakness and sen-
sory loss, it is not unusual for an acute-onset presentation that clinically mimics GBS in about
one-fifth of the cases (52,53). Unlike GBS, paresthesia may be more common in children with
CIDP, while back pain, autonomic symptoms, or respiratory failure are rare.
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The most common CMT forms, CMT1A and CMTX, generally present in early adoles-
cence with symptoms of distal muscle weakness (foot drop) and atrophy and evolve slowly over
years.

Is There Evidence for Hereditary Neuropathy?

In patients with a chronic, very slowly progressive distal weakness over many years, with very
little in the way of sensory symptoms, the first step is to determine whether the patient has a
genetic neuropathy. A history of delayed motor milestones, toe walking, ankle-twisting epi-
sodes, and poor performance in sports compared to peers may be clues to an underlying slowly
progressive CMT/hereditary neuropathy. Particular attention to the family history should be
made to inquire about foot deformities and entrapment neuropathies in immediate relatives. On
examining the patient, the clinician must look carefully at the feet for arch and toe abnormali-
ties (high or flat arches, hammertoes, overlapping toes, inability to spread the toes) and look at
the spine for scoliosis. In suspicious cases, it may be necessary to perform both neurologic and
electrophysiologic studies on family members. A genetic neuropathy diagnosis can be straight-
forward when there are an affected parent and child, making either AD or X-linked (if there
is no definite male-to-male transmission) inheritance more likely or when there are multiple
affected siblings from a consanguineous marriage, making AR inheritance likely. X-linked
inheritance should always be kept in mind unless there is unequivocal evidence of male-to-male
transmission. Even if there is no family history, families are small, or extensive family histories
are not available, it is important not to rule out an inherited neuropathy if the clinical features
raise the possibility. It should be kept in mind that these apparently sporadic patients may have
mutations in the common AD genes (including in some cases, de novo dominant mutations) and
less commonly in the AR genes.

Is the Neuropathic Process Superimposed on a Preexisting
Asymptomatic Hereditary Neuropathy?

In rare cases, clinicians may face a challenge with the diagnosis and management of chil-
dren who develop an autoimmune demyelinating polyneuropathy or a rapidly evolving severe
chemotherapy-induced toxic neuropathy superimposed on a preexisting asymptomatic CMT.
A history of distal greater than proximal weakness and distal sensory symptoms that are more
pronounced in the lower extremities and that evolve over 1 to 2 months is characteristic of
atypical CIDP superimposed on a preexisting asymptomatic distal axonopathy, which in most
cases has a genetic basis. The clinician should consider this possibility especially in the pres-
ence of minor/obvious foot deformities and conduct further diagnostic studies as outlined in the
illustrative case report.

Length-dependent distal axonopathies secondary to chemotherapy have a dose-dependent
onset and stereotypic evolution with well-recognized cumulative effects of dosing and con-
comitant agents. A rapidly evolving distal weakness with paresthesias predominating in lower
extremities outside the range of the expected neurotoxicity profile of a chemotherapeutic drug
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ILLUSTRATIVE CASE REPORT

Clinical History: A 14-year-old male with high arches and hammertoes first noticed
changes in his feet and some difficulties with running approximately 5 years prior to
presentation. One year prior, he had a gastrointestinal iliness associated with weight
loss, proteinuria, and an elevated C-reactive protein (CRP). Subsequently he had
progressive gait difficulties to the point of losing his balance, and generalized weak-
ness. His mother reported more recent loss of functional abilities, difficulties getting
up from the floor, frequent falls due to foot drop, and muscle loss and weakness.

Examination Highlights: His manual muscle testing using Medical Research
Council (MRC) scale revealed grade 4 proximal weakness in the upper and lower
extremities and ankle dorsiflexor strength of 3-. He was areflexic throughout. Sen-
sory exam revealed significantly decreased vibration and position sense loss and
less prominent pin appreciation at the toes. Electrophysiological studies revealed
evidence of a chronic, length-dependent, sensorimotor demyelinating polyneu-
ropathy with secondary axonal features. The findings were relatively symmet-
ric, with evidence of temporal dispersion and conduction block suggesting an
acquired condition. His cerebrospinal fluid (CSF) protein was elevated at 129 mg/
dL with no white blood cells (WBCs).

Sural nerve biopsy revealed severe nerve fiber loss and the presence of wide-
spread onion bulb formations, typical of an underlying Charcot-Marie-Tooth type
I. In addition, there were many medium-to-large-diameter axons, which either
lacked compacted myelin or contained a very thin layer of myelin indicative of
recently occurring demyelination/remyelination events. In this clinical setting,
these findings are compatible with an acquired chronic demyelinating neuropathy
superimposed on a preexisting hereditary neuropathy. He responded to intrave-
nous immunoglobulin (IVIG) and steroids within 3 weeks, with muscle strength
returning to normal in 3 to 4 months.
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should alert the clinician for the possibility of underlying neuropathy. Typically, continuation
or further worsening of symptoms can occur for some weeks after cessation of the offending
drug. Amongst them, vincristine, a chemotherapeutic agent used for the treatment of leukemia,
lymphoma, and solid tumors is extremely toxic for patients with either demyelinating or axonal
forms of CMT (54-56). Therefore, it is not unusual for a patient with no past history of CMT
to develop a severe polyneuropathy after a few doses of vincristine; if evidence of underlying
CMT is suspected, vincristine should be discontinued to avoid additive damage. Routinely, neu-
rologists should consider all concomitant and previously used medications when investigating
a child with an underlying neuropathy.

ELECTRODIAGNOSTIC TESTING

Nerve conduction study (NCS) and needle electromyogram (EMG) are important in order to
obtain objective information regarding the specific peripheral nerve fibers involved (sensory,
motor, or mixed), the type of injury (demyelinating, axonal, or combined), and the severity of
the neuropathy. Demyelinating features include prolongation of distal latencies and slowing of
NCYV less than 38 m/s in the upper extremity motor nerves. Conduction velocity slowing may
be uniform, implying that the myelin abnormalities are similar along the length of the axon as
the typical feature of primary demyelinating disorders that develop due to Schwann cell genetic
defects. Nonuniform slowing is more commonly seen in acquired demyelinating disorders such
as GBS or CIDP in which the myelinopathy is secondary to an autoimmune attack. Conduction
block, considered a sign of secondary myelinopathy, can also be seen with HNPP and toxin
exposure (57,58).

Needle EMG, performed in children under sedation or when awake is important in defin-
ing motor unit changes suggesting a possible neurogenic disease (large amplitude rapidly fir-
ing) or a possible myopathic lesion (smaller amplitude and polyphasic). The electromyographer
needs to use judgment in obtaining the most necessary information, limiting testing to specific
sites most likely to provide an accurate diagnosis and avoiding excessive study that does not
provide further information.

NERVE BIOPSY

With recent advances in molecular testing, nerve biopsy is rarely required as a diagnostic test
and is only performed in children if histopathologic examination of nerve tissue should provide
important and useful information. If the patient is suspected to have a vasculitic neuropathy,
it is imperative to obtain tissue diagnosis before initiating immunosuppressant therapy. Other
circumstances in which the information from nerve biopsy may be important in formulating a
management plan include cases of possible atypical CIDP superimposed on subclinical CMT.
In rare cases of AR, early-onset CMT nerve biopsy may offer information directing the clini-
cian toward a genetic diagnosis, such as focally folded myelin sheaths that are unique features
of CMT4B caused by gene mutations in myotubularin 2 and 13 (MTMR2, MTMR13) (59,60).
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FIGURE 7.1 Electron micrograph of a sural nerve from a 5-year-old Indian girl with

a history of difficulty running and proximal weakness since the age of 1 year. She

was born with pas planus and “kinky hair” and walked around 14 to 15 months of

age. Exam revealed normal cognition, slow running, and areflexia. She was unable

to toe walk and had markedly diminished muscle bulk in her legs, particularly the
posterior compartment. Nerve biopsy demonstrated no significant fiber loss but

several abnormally enlarged “giant axons” with diameter up to 25 ym packed with
neurofilaments. GAN diagnosis was confirmed with identification of R242X homozygous
mutation in exon 4 of gigaxonin gene. She later developed predominant large-fiber
sensory loss, bilateral foot drop, ataxic gait, and dysmetria consistent with central
peripheral distal axonopathy. Nerve biopsy remains a useful diagnostic test in centers
without access to genetic testing for GAN and in children with ataxia, neurodegeneration
and neuropathy without kinky hair.

Until whole genome sequencing becomes readily available at a low cost, it is justifiable to
perform nerve biopsy in selected cases in which the information can be diagnostic. The rare
condition, GAN, which presents with a clinical phenotype of central peripheral distal axo-
nopathy, is one of those conditions (Figure 7.1) with a unique histopathological feature show-
ing neurofilament-packed swollen (giant) axons. It needs to be emphasized that the clinicians
requesting the procedure should be aware of the highly specialized requirements for surgical
removal, fixation, and the processing of nerve biopsy specimens in order to ensure its diagnos-
tic yield and freedom from handling artifacts. Therefore, it is recommended that nerve biopsies
be carried out at centers with the experience and expertise to appropriately process and provide
a diagnostic service.

Early and late childhood—onset and adolescent pediatric peripheral neuropathies are
grouped according to temporal evolution of symptoms, pathological site and pattern of involve-
ment, and key clinical and genetic features in Tables 7.1 and 7.2.
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TABLE 7.1 Early Childhood-Onset Pediatric Peripheral Neuropathies

TEMPORAL
EVOLUTION
OF

SYMPTOMS

DISORDERS

PATHOLOGICAL SITE/
PATTERN OF INVOLVEMENT

KEY CLINICAL/
DIFFERENTIATING FEATURES

GENETIC DEFECT/PROTEIN
BIOLOGICAL FUNCTION

Guillain-Barré syndrome

Acquired/autoimmune
myelinopathy (large fiber
predominant; motor sensory)

Symmetric proximal and distal
weakness with sensory loss

Mitochondrial (Leigh

Predominant myelopathy

Progressive psychomotor

Different mitochondrial and

axonopathy, sensory and
motor

sék()::(:i{(e syndrome/ -NARP) (caused by SURF1 retardation, hypotonia, nuclear gene mutati(?ns _
onset mutations); sensory and weakness, ataxia, optic atrophy, have been reported in Leigh
motor, CNS > PNS ophtha|mop|egia, nystagmus, syndrome (SURF7, the most
Predominantly central- dystonia, evidence of brainstem | common nuclear gene involved;
peripheral distal axonopathy | dysfunction, lactic acidosis, pes | MTATP6, the most common
(Caused by MTATP6 mutations) cavus, absent ankle jerks mitochondrial gene mvolved)
CMT3(DSD/CHN) Distal axonopathy secondary | Severe CMT1 phenotype usually de novo AD mutations in the
to hereditary myelinopathy presents as floppy infant at or genes that commonly cause
(large fiber predominant; shortly after birth AD CMT1 (PMP22, MPZ, and
sensory < motor) EGR2; rare AR cases)
CMT4 Earlier onset and much severe AR, comprises 5%-10% of all
Myelinopathy and than other CMTs; demyelinating CMT cases
Insidious axonopathy length and axonal phenotypes
onset/slow CMT4A dependent, motor sensory Usually early onset and severe GDAP1 mutations (25% of all
progression vocal cord and diaphragm paralysis | CMT4 cases)
CMT2A Length-dependent distal Onset before age 5, often in infancy, | AD, MFN2 mutations

with rapidly progressive weakness
throughout childhood. Severe
distal weakness and atrophy below
knees and elbows; early proximal
weakness; planus foot deformity;
optic atrophy up to 20% of cases

(comprises 30% of CMT2
cases, 3% of infantile
neuropathies)
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TABLE 7.1 Early Childhood-Onset Pediatric Peripheral Neuropathies (continued)

progression

TEMPORAL | DISORDERS PATHOLOGICAL SITE/ KEY CLINICAL/ GENETIC DEFECT/PROTEIN
EVOLUTION PATTERN OF INVOLVEMENT | DIFFERENTIATING FEATURES BIOLOGICAL FUNCTION
OF
SYMPTOMS
HSAN IIA Reduction in sensory Inability to feel pain, temperature, | AR, caused by mutations in the
neurons and touch sensations and WNKT1 gene
autonomic disturbances
HSAN 1IB Loss of nociceptive neurons | Impairment of the autonomic AR, caused by mutations in the
by apoptosis function. Chronic ulcerations and | FAM134B gene
multiple injuries to fingers and
feet, autoamputation
HSAN III (RDS) Progressive sympathetic and | Onset at birth, prominent Germline point mutation in
sensory neuron loss dysautonomic features ILP1/IKBKAP gene causing
o impairment of postmigratory
Insidious sensory and sympathetic
onset/slow

neuron survival and target
tissue innervation

HSAN IV (CIPA)

Absence or deficiency

of C and AJ fibers in the
epidermis, absent or
hypoplastic dermal sweat
glands without innervation

Onset at infancy, lack of pain, self-
mutilation, anhidrosis, and mild
intellectual disability

AR, mutation of NTRK1
accounts for all cases of
properly classified CIPA

HSAN V

Absence of nociceptive
sensory innervation;
selective absence of small
myelinated fibers

Onset at birth or early infancy,
loss of deep pain, heat, and cold.

Repeated severe injuries, normal
intelligence

AR, mutations in the NGFf
gene leading to production of
an abnormal protein, cannot
bind to receptor

(continued)
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TABLE 7.1 Early Childhood-Onset Pediatric Peripheral Neuropathies (continued)

predominant; motor sensory,
cerebellar tracts involvement)

prominent progressive weakness,
impaired position, vibration;
Babinski sign, ataxia, nystagmus,
dysarthria, small stature, kinky
hair

TEMPORAL | DISORDERS PATHOLOGICAL SITE/ KEY CLINICAL/ GENETIC DEFECT/PROTEIN
EVOLUTION PATTERN OF INVOLVEMENT | DIFFERENTIATING FEATURES BIOLOGICAL FUNCTION
OF
SYMPTOMS
Krabbe disease CNS > PNS myelinopathy, Infantile phenotype (onset AR, mutations in galc
myelin-independent > 6 months—95% of known gene resulting in beta-
axonopathy—due to toxic cases); hyperirritability, episodic galactosylceramidase
psychosine accumulation fever, marked hypertonicity. deficiency, impaired
Late infantile (onset 6 mos-3 degradation of some lipids
yrs), irritability, psychomotor
regression, stiffness, ataxia, and
loss of vision
- Metachromatic CNS > PNS myelinopathy, Late infantile (onset < 3 years of AR, lysosomal sphingolipid
Insidious . .
onset/slow leukodystrophy neurqnopathy—due to_ age), most common form includes stora_ge disorder, caused by a
- sulfatide storage causing abnormal movement patterns, deficiency of arylsulfatase A
progression : . . o
functional impairment gait disturbances, developmental
regression
Giant axonal Central peripheral distal Onset < 7 yrs; delayed early AR, mutations in gigaxonin
neuropathy axonopathy (large fiber milestones, distal lower limb gene lead to slowdown in

ubiquitin-mediated protein
degradation. Interaction
between gigaxonin and
intermediate filament
degradation is proposed

Abbreviations: AR, autosomal recessive; CIPA, congenital insensitivity to pain with anhidrosis; CMT, Charcot-Marie-Tooth disease; CNS, central nervous
system; DSD/CHN, Dejerine-Sottas disease/congenital hypomyelination neuropathy; EGR2, early growth response 2; FAM134B, Family with sequence
similarity 134, member B; SURF1, surfeit locus protein 1; GDAP1, ganglioside-induced differentiation-associated protein 1; HSAN, hereditary sensory
autonomic neuropathy; ILP1/IKBKAP, inhibitor of kappa light polypeptide gene enhancer in beta cells, kinase complex-associated protein; MPZ, myelin

protein zero; MFN2, mitofusin 2; MTATP6, mitochondrial ATP synthase 6; NGFp, nerve growth factor 3; NTRK1, neurotrophic tyrosine kinase, receptor type

1; PMP22, peripheral myelin protein 22; PNS, peripheral nervous system; RDS, Riley-Day Syndrome; WNK1, WNK lysine deficient protein kinase 1.
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TABLE 7.2 Late Childhood-to-Adolescent-Onset Pediatric Peripheral Neuropathies

myelinopathy (large fiber
predominant; motor sensory)

weakness with sensory loss

TEMPORAL | DISORDERS PATHOLOGICAL SITE/PATTERN | KEY CLINICAL/DIFFERENTIATING GENETIC DEFECT/
EVOLUTION OF INVOLVEMENT FEATURES PROTEIN BIOLOGICAL
OF FUNCTION
SYMPTOMS
Guillain-Barré Acquired/autoimmune Symmetric proximal and distal
syndrome myelinopathy (large fiber weakness with sensory loss
predominant; motor sensory)
HNPP Hereditary myelinopathy Early adulthood presentation with AD, PMP22 deletion
painless mononeuropathy commonly
involving peroneal or ulnar nerve; less
commonly with recurrent paresthesia,
painless brachial plexopathy or
polyneuropathy
Vasculitic Acquired/autoimmune Distal weakness with sensory loss;
Acute/ : . ; .
subacute neuropathy yasculquthy causing Te,egmental asymmetric, neuropathic pain at onset
onset ischemic |psult, Wallerian
degeneration
Porphyria Motor-predominant axonopathy | Childhood porphyrias typically with AD, defects in the heme
photosensitivity and unique skin biosynthetic pathway.
lesions Subtypes include acute
intermittent porphyria,
hereditary coproporphyria,
and variegate porphyria
CIDP Acquired/autoimmune Symmetric proximal and distal

(continued)
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TABLE 7.2 Late Childhood-to-Adolescent-Onset Pediatric Peripheral Neuropathies (continued)

dependent distal axonopathy

sensory loss—rare in childhood

TEMPORAL | DISORDERS PATHOLOGICAL SITE/PATTERN | KEY CLINICAL/DIFFERENTIATING GENETIC DEFECT/
EVOLUTION OF INVOLVEMENT FEATURES PROTEIN BIOLOGICAL
OF FUNCTION
SYMPTOMS
CMT1 Length-dependent distal Classic CMT phenotype with
axonopathy secondary to demyelinating-range NCVs
CMT1A hereditary myelinopathy (large AD, PMP22 duplication
fiber predominant; sensory < (70% of CMT1 cases)
CMT1B motor) AD, MPZ mutations (5%-—
10% of CMT1 cases)
CMT2 Length-dependent distal Classic CMT phenotype with axonal- | AD, comprises 20% of all
axonopathy (large fiber range NCVs CMT cases
predominant; sensory < motor)
CMTX Length-dependent distal Classic CMT phenotype with X-linked, 15%-20% of al
axonopathy secondary to mutation-dependent variable severity | CMT cases
Insidious CMTX1 hereditary myelinopathy (large and demyelinating—range .NCVs in GJBT mutations (90% of all
onset/slow fiber predominant; sensory < males; milder phenotype in females CMTX cases)
; motor) with intermediate-range NCVs
progression
dHMN Predominantly motor length- Symmetric distal weakness without AD forms (HSPB1, HSPBS,

BSCL2 mutations)

Friedreich ataxia

Central-peripheral distal
axonopathy (large fiber
predominant; sensory < motor)

Limb and truncal ataxia and

absent tendon reflexes in the legs
present within 5 yrs of presentation;
dysarthria, signs of pyramidal tract
eventually occur. Cardiomyopathy,
diabetes may develop in later life

AR, loss of function due
to GAA trinucleotide
repeat expansion in FXN
gene encoding a small
mitochondrial protein,
involved in iron-sulfur
clusters, iron chaperoning,
and storage, and control
of iron-mediated oxidative
damage
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TABLE 7.2 Late Childhood-to-Adolescent-Onset Pediatric Peripheral Neuropathies (continued)

progression

severely. Presenting features: burning
pain, hypohidrosis/hyperhidrosis,
strokes, angiokeratoma, proteinuria, or
cardiomyopathy. Loss of temperature
sensation in the hands and feet, and
reduced tolerance to cold; episodic
painful crises or chronic pain starting
distally in extremities exacerbated

by exercise and heat; autonomic
neuropathy symptoms

TEMPORAL | DISORDERS PATHOLOGICAL SITE/PATTERN | KEY CLINICAL/DIFFERENTIATING GENETIC DEFECT/
EVOLUTION OF INVOLVEMENT FEATURES PROTEIN BIOLOGICAL
OF FUNCTION
SYMPTOMS
Insidious Fabry disease Small-fiber distal axonopathy Onset between ages 3 and 10 yrs, X-linked;
onset/slow with boys affected earlier and more glycosphingolipidosis

caused by deficiency of

a lysosomal hydrolase,
alpha-galactosidase

A, required for the
degradation of
globotriaosylceramide

in multiple cell types
resulting in a multisystem
disorder. Pathophysiology
not fully understood: Gb3
deposition in neurons of
DRG vs chronic nerve
ischemia secondary to
Gb3 deposition within the
endothelial cells of the
blood vessels supplying
nerve fibers

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; BSCL2, Bernardinelli-Seip congenital lipodystrophy type 2; CIDP, chronic inflammatory
demyelinating polyneuropathy; CMT, Charcot-Marie-Tooth disease; CMTX, X-lined CMT; dHMN, distal hereditary motor neuropathy; DRG, dorsal root
ganglia; FXN, frataxin; GAA, guanine adenine adenine; GJB1, gap junction Beta 1; HNPP, hereditary neuropathy with liability to pressure palsies; HSPB1,
heat shock 27-kDa protein 1; HSPB8, heat shock 22-kDa protein 8; MPZ, myelin protein zero; NCV, nerve conduction velocity; PMP22, peripheral myelin

protein 22.
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EMG Considerations in
the Pediatric Patient

Gloria M. Galloway, MD, FAAN

FEAR AND DISCOMFORT

Performing electrodiagnostic procedures in pediatric patients can be challenging in part
because the test can be uncomfortable but more importantly because the young child will be
fearful of a new procedure and not understand what will be involved. Therefore having a real-
istic expectation of the patient’s (and parents’) level of cooperation is necessary. In some cases,
electrodiagnostic evaluations in young children and infants may be limited due to limits on
patient and parent tolerance. This is particularly true in very small children and infants.

MYOPATHIC DISORDERS

One situation in particular where electrodiagnostic testing can be difficult in a small child is
in the workup of suspected myopathic disorders. In these studies, much patience in obtaining
motor unit analysis is needed and can be more time-consuming than a young child (or parent)
can tolerate. Several studies have evaluated the role and accuracy of an electromyogram (EMG)
in the diagnosis of neuromuscular disorders in children and infants. EMG has also been com-
pared to muscle biopsy in diagnostic specificity and sensitivity of the procedures. In a majority
of these studies, the accuracy of diagnosis with EMG improves in older children compared to
the very young, likely mainly due to the level of tolerance of the procedure. However, EMG
remains most difficult in the case of myopathic disorders in infants and very young children (1).

Ghosh and colleagues evaluated over a several-year period the diagnostic sensitivity
of EMG in pediatric patients between the ages of 6 months and 18 years who underwent both
EMG and muscle biopsy evaluations in cases of suspected myopathic disorders. A myopathic
EMG was defined as having motor potentials that are of short duration, low amplitude, and
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polyphasic along with rapid recruitment. In their population, the most common diagnoses in
decreasing order of frequency were congenital myopathy, metabolic myopathy, muscular dys-
trophy, genetically confirmed myopathy, myopathy undefined, and inflammatory myopathy.
The authors concluded from their experience and comparisons that pediatric electromyography
was 91% sensitive and 67% specific in diagnosing myopathic disorders with metabolic myopa-
thies most commonly missed using EMG in this patient population (2).

THE ROLE OF GENETIC TESTING

One would expect the use of genetic testing in the diagnosis of muscular disorders to correspond
to a decrease in the use of EMG in the pediatric population. However, this may not always be
the case. In a study at Boston Children’s Hospital (3) over a 10-year period from 2001 to 2011,
a total of 2,100 studies were evaluated. In their review, the volume of studies actually increased
from approximately 160 to 250 studies/year, with a trend toward studying older children. Refer-
ral for EMG was predominately from neurologists, including neuromuscular specialists. One
reason for this is that with the possibility of genetic diagnosis, an EMG may be considered more
useful in its ability to allow screening when these disorders are suspected. This screening may
mitigate the expense of genetic testing to those disorders in which there is greater likelihood of
a valid genetic diagnosis, a change to a health care plan of action, or a family’s decision to have
additional children. Also important in this process is that in many cases, genetic testing may
not be reimbursed by a patient’s health insurance plan. In this way, genetic testing along with
EMG used to screen for myopathy in these patients may allow additional options available for
the patient and family. In this Boston Children’s Hospital study, polyneuropathies and mononeu-
ropathies were the most common reason for referral. They found that 57% of the studies were
normal, but EMG was able to provide diagnostically useful information in 94% of the cases.

EMG IN CLINICAL TRIALS

Using EMG parameters to follow a patient’s response to treatment or course of disease is being
used increasingly in clinical trials. In pediatric multicenter clinical trials in spinal muscular
atrophy (SMA), using the maximum ulnar compound muscle action potential (CMAP) ampli-
tude and area has been shown to provide a valid and reliable outcome measure that significantly
correlates with clinical motor function. CMAP amplitude and area therefore have potential
value as measures to evaluate and follow disease status in the trials of pediatric patients (4).

USE OF SEDATION

Adding to the challenge of performing these procedures in young children and infants is the
fact that frequent pain assessments and the need for adequate pain control are often stipu-
lated by the facility or institution and can be the subject of health performance survey data
as part of the patient satisfaction score known as HCHAPS (Hospital Consumer Assessment
of Healthcare Providers and Systems) (5). These surveys are increasingly used to judge the
performance of a facility and are accessible to the public for review and scrutiny. Therefore,
an incentive exists for each health care facility to merit a high score on survey data of patient
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satisfaction. Health care providers are encouraged to provide a “pain-free environment” and
this may be at odds with the ability to perform complete and adequate electrodiagnostic evalu-
ations in young children. The use of sedation can interfere with the complete evaluation of
interference patterns, and depending on the level of sedation, motor unit analysis can be sig-
nificantly impacted. More so than in studies in adult patients, preparation of the environment
along with an honest discussion about expectations with the parents and child is needed in
order to accomplish an appropriate study. Importantly it should be communicated to the par-
ent and child that some level of discomfort should be expected. Since voluntary movements
can interfere with the ability to adequately evaluate spontaneous resting activity, successful
evaluation can only be obtained in a calm child. The use of conscious sedation during electro-
diagnostic procedures in infants and children requires additional staffing to meet most regula-
tory requirements. This includes a provider skilled (and certified) in sedation procedures to be
present for monitoring oxygen and vitals throughout the procedure and for a period thereafter.
Additionally this provider needs to not be the provider performing the electrodiagnostic pro-
cedure. Although the use of conscious sedation is possible while obtaining nerve conduction
studies, the child would need to be awake for the EMG component of the study. In general,
the use of sedation significantly prolongs the total test time. Once the sedation wears off, it
can be frightening for a young child to awaken and find an uncomfortable procedure about to
begin, making cooperation often even less likely. In these cases, a realistic expectation would
be that only limited information will be possible from the study. Motor unit analysis can be
possible only with patience, a knowledgeable sedating team, informed parents, and a coopera-
tive child (6).

DISEASE ETIOLOGIES

In some instances, neuromuscular disorders compare similarly in children and adults with little
variation. One example of this is in the case of critical illness myopathy or critical illness
polyneuropathy. Critical illness polyneuropathy and critical illness myopathy are associated
with generalized weakness along with respiratory compromise and difficulty in weaning from
mechanical ventilation. This has been reported in approximately 30% of the patients hospital-
ized for more than 3 days with a life-threatening illness (7). Since clinically and electrophysi-
ologically polyneuropathic and myopathic features can be seen in the same patient, the disorder
is often referred to as critical illness polyneuropathy and myopathy (CIPNM) (8).

In contrast, in many cases, the underlying etiological factors underlying a disorder vary sig-
nificantly in infants and children compared to the adult population. An example of this is seen
prominently with mononeuropathies. Mononeuropathies represent one of the most common
sources of referrals for electrodiagnostic evaluation in the adult population but are less com-
mon in pediatrics. In children when carpal tunnel syndrome is seen in association with trigger
finger and joint stiffness, a suspicion for mucopolysaccharidoses should be raised. Mucopoly-
saccharidoses are associated with joint stiffness and swelling and can also be associated with
contractures (9).

Additionally, the more common sites for mononeuropathies are different in young children.
Carpal tunnel and ulnar neuropathy make up the majority of adult mononeuropathy referrals
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in the outpatient setting with early presentation of paresthesias and progression to motor weak-
ness. In contrast, in pediatric patients, sciatic mononeuropathy may account for 25% of all
such cases (10). In the majority of these cases, the presentation is that of motor weakness. The
underlying etiology of sciatic mononeuropathy may include trauma and injury from surgical
causes and less commonly vascular or neoplastic processes. Other etiologies include prolonged
extrinsic compression and immobilization. As in adults, the prognosis for recovery depends
on the electrodiagnostic findings and degree of severity. Idiopathic etiologies may result from
orthopedic surgeries or after prolonged compression with a cast. In most of these cases, pero-
neal followed by tibial nerve—innervated muscles are involved. Use of intraoperative EMG
monitoring during surgical procedures in which the sciatic nerve is at risk of injury may reduce
the risk of nerve-related injury. The severity can be evaluated both clinically and electrodiag-
nostically. The presence of reinnervation is a good prognostic sign as is the presence of normal-
amplitude nerve action potentials (NAPS). Other rare causes of sciatic mononeuropathy include
intraneural perineurioma of the sciatic nerve, which is treatable and has an indolent course.
Electrodiagnosis and imaging with MRI in the appropriate clinical setting of intraneural peri-
neurioma provide the correct diagnosis (11). Vascular etiologies are uncommonly seen as the
cause of sciatic neuropathies in children but when present, may be due to vasculitis, emboliza-
tion, or infectious etiologies (12).

Carpal tunnel syndrome or median neuropathy at the wrist is the most common mono-
neuropathy of adulthood but uncommon in children. It is characterized by paresthesias in the
hand overlying the first three digits and can be associated with hand weakness and wrist pain.
Electrophysiological findings include slowing of nerve conduction velocity at the palm-to-wrist
segment along with latency prolongation at the wrist. In adults most often, this disorder is
due to repetitive use of the hands and can be seen commonly in those with diabetes, other
endocrine conditions, connective tissue disorders, and in pregnancy. In children however, in
mucopolysaccharidoses and mucolipidoses, trauma to the median nerve, malformations of the
wrist, brachial plexopathy, obesity, and inherited susceptibility to pressure palsies (PMP 22
gene deletion) are all possible as etiologies. In addition, family history of median neuropathy at
the wrist is commonly seen (13).

Another example of different underlying etiologies for the same clinical condition in chil-
dren compared to adults is in the case of acute axonal peripheral polyneuropathy. Toxic eti-
ologies account for more than 50% of cases of acute axonal peripheral polyneuropathies in
children, a larger percentage than in adults. In the case of purely sensory peripheral neuropathy,
diabetes is responsible for most cases in children, whereas in adults, a purely sensory periph-
eral neuropathy necessitates a thorough diagnostic investigation for other etiologies including
paraneoplastic disorders. Autoantibodies to gangliosides GM1, GM1b, GDla, GDla, or galNac-
GDla may be present is some children with acute motor axonal neuropathy and their clinical
presentations are similar to those seen in adult patients (14). When these ganglioside markers
are present in children, recovery from the neuropathy may be prolonged. In contrast to axo-
nal neuropathies, pediatric cases of childhood multifocal acquired demyelinating sensory and
motor neuropathy have been reported with and without conduction block on electrophysiologi-
cal studies. These cases may respond to intravenous immunoglobulin (IVIG) therapy with more
favorable long-term outcomes.
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CLINICAL COURSE, ELECTRODIAGNOSIS, AND OUTCOME

Another consideration when interpreting EMG findings in children is that the same clinical condi-
tion may have very different presentations, electrodiagnostic findings, and outcomes. An example
of this is with pediatric thoracic outlet syndrome. In these cases, vascular compromise is much
more common than in adults. There is significant clinical and electrodiagnostic involvement and
surgical rib resection is likely to result. In addition, a significant number of these cases are due to
hypercoagulable disorders (15). Another example of the variability seen in children is in children
with Guillain-Barré syndrome, the presentation may be that of leg pain and gait disturbance, but
prognosis for complete recovery with IVIG is good (16). In the newborn and infant age group, often
the presentation is that of muscle weakness or of a floppy infant. In this scenario, the differential
diagnosis is wide and includes spinal muscular atrophy type 1, poliomyelitis (not so often in devel-
oped nations), as well as hereditary myopathies, infantile botulism, and Guillain-Barré syndrome.

Another potentially devastating disorder with a different clinical course in children is that
of chronic inflammatory demyelinating polyneuropathy (CIDP). CIDP is characterized by
clinical weakness, increased cerebrospinal fluid protein, and electrophysiological evidence of
demyelination with varying degrees of axonal involvement. It is much less common in children
than in adults, and in general, children tend to have a more severe and rapidly progressive
course. Children, however, often show a more rapid improvement after therapy and ultimately
have a more favorable overall outcome. Favorable response to IVIG or plasmapheresis is typi-
cal. However, in those patients who are not responsive to IVIG or plasmapheresis, a more pro-
longed course of recovery is found and variable responsiveness to other immune modulating
treatments is also seen (17).

Neuromuscular junction disorders in children generally have a more severe clinical presen-
tation than that seen in adults. Clinical presentations include floppy infant and apnea episodes
leading to a broad differential diagnosis and can delay diagnosis and treatment (18). The genetic
abnormalities involved in these disorders are numerous, so genetic screening without EMG
confirmation is impractical. Neuromuscular junction disorders in children include the congeni-
tal myasthenic syndromes and autoimmune myasthenia gravis, which are uncommon. Stimu-
lated single-fiber electromyography (stim SFEMG) of a proximal muscle such as the orbicularis
oculi has a high sensitivity and specificity for diagnosis and although technically more difficult
to do, at least in older children it may be very well tolerated.

Understandably, EMG in pediatric patients can be more challenging than in adults due to
limitations in tolerance. Having an understanding of the limitations of the study in each case
and maximizing the ability to obtain as much information as possible can be realized with
informed parents and a sedating team when sedation is needed or required. Engaging both the
parents and the sedating team in furthering the cooperation of the child is optimum and a key
to the successful completion of EMG studies in these patients.
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Clinical Neurophysiology in
Pediatric Peripheral Neuropathy

Gloria M. Galloway, MD, FAAN

This chapter provides descriptions of the electrophysiology involved in a variety of inherited
and acquired peripheral neuropathies in the pediatric population. Although not meant to be
an exhaustive list, it provides a review of the electrophysiology involved and although clinical
features are included here to complete the discussion, the clinical aspects should be reviewed
in greater detail in Chapter 7. A summary of inherited and acquired peripheral polyneuropa-
thies is included in Table 9.1.

Peripheral neuropathy can present in a variety of ways in children. Symptoms can include
sensory paresthesias and distal weakness, and when severe or chronic, distal atrophy can also
be present. Sensory paresthesias often begin in the distal extremities, particularly the lower
extremities first. These sensations can be described as burning, shooting, or throbbing in
nature. In some patients, these sensations can be evoked or worsened by a physical stimulus
such as touching the affected extremity or the touch of a blanket, and in some patients there
is a hypersensitivity to cold or heat, referred to as allodynia or hyperalgesia. The paresthesias
and the distal weakness can cause functional loss and disability. In general, many periph-
eral neuropathies progress over time and greater involvement can occur over more proximal
regions of the body. Peripheral neuropathies may be chronic or acute in onset and therefore the
progression differs, depending on the etiology involved. Many etiologies are shared with adult
forms of the disease; however, clinical features, electrophysiology, treatment, and outcomes
can differ significantly from the adult forms. Pain in pediatric peripheral neuropathy may in
some cases be undertreated (1). This may be due to a lack of familiarity with this condition
in children resulting in a delay in referral for specialty evaluation and hesitancy in medication
treatment.
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TABLE 9.1 Electrophysiology Summary Table

NEUROPATHY ELECTROPHYSIOLOGY

HMSN Slow nerve conduction velocities and prolonged latency.
On EMG, increased polyphasic motor unit activity and
variable abnormal spontaneous activity.

HNPP Slow nerve conduction velocities in sensory and motor
nerves; significant latency prolongation; mild to no
amplitude loss. Nerve conduction slowing is more
pronounced across typical compression sites. Motor
units are long duration with increased polyphasia.

CMT Significantly slow nerve conduction velocities;
prolonged distal latency in motor and sensory nerves.
In many cases, sensory nerve responses cannot
be obtained at all. Amplitude loss. Distal abnormal
spontaneous activity can be variably seen.

HSAN Significant symmetric sensory amplitude loss; loss of
Sensory responses; sensory velocities may be normal.
Normal motor conductions.

Subtype 4 Normal or mild reductions in sensory amplitude; mild
prolongation of distal latencies. QST will demonstrate
markedly abnormal temperature thresholds.

Spinal muscular Motor axon loss without significant conduction slowing

atrophies or latency changes; generally sparing of sensory nerves.
Fasciculations and findings in several myotomes help to
support the diagnosis.

Mitochondrial Amplitude loss; mild slowing of nerve conduction

deficiency velocity.

Lysosomal and Amplitude loss in motor and sensory nerves without

glycogen storage abnormal findings. Muscle fiber irritability is on needle

disorder EMG particularly in proximal muscles.

Giant axonal Significantly reduced motor amplitudes with mild-

neuropathy to-normal conduction velocities and absent sensory
responses.

Sickle cell disease Abnormalities on QST; in general, normal nerve

conduction studies.

GBS Latency prolongation; nerve conduction slowing;
amplitude loss. Often F responses are prolonged or
absent. Muscle fiber irritability can be seen but may be
missed if the study is done before 10 to 14 days after
the onset.

Nutritional and malabsorption Amplitude loss in motor nerves.

Chemotherapy Motor amplitude loss.

DPN Slowing of nerve conduction velocities involving motor
and sensory nerves along with latency prolongations,
and when severe, amplitude loss can be seen as well.

Abbreviations: DPN, diabetic peripheral neuropathy; EMG, electromyogram; GBS, Guillain-Barré
syndrome; HMSN, hereditary motor and sensory neuropathy; HNPP, hereditary neuropathy with liability
to pressure palsy; HSAN, hereditary sensory autonomic neuropathy; QST, quantitative sensory testing.
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INHERITED PERIPHERAL NEUROPATHIES

Peripheral polyneuropathies presenting in children may be hereditary in nature due to genetic
mutations in one or more peripheral nerve proteins. When expressed in the infant or early
neonatal period, these may be part of a developmental syndrome and the congenital neuropa-
thy may be one of many abnormalities present in that patient. In other cases, the peripheral
neuropathy is expressed as the presenting symptom in later childhood with weakness, sensory
loss, frequent falls, pain, or recurrent palsies. These later forms of peripheral neuropathy are
discussed here.

Hereditary Motor and Sensory Neuropathies

In hereditary motor and sensory neuropathies (HMSNSs), either demyelination or axonal loss can
predominate. With demyelination, Schwann cell loss (see Chapter 7) results in segmental demye-
lination pathologically. Electrophysiology findings include slowing of nerve conduction velocities
with prolongation of latency measures on electrophysiological testing. Electromyography (EMG)
will demonstrate increased polyphasic motor unit activity due to the chronic nature of the disorder
over time. As the name “polyphasic” implies, these motor units are the ones with multiple phases
of long duration but generally ongoing abnormal spontaneous activity is not characteristic. There
are multiple known subtypes of HMSNSs linked to mutations at the peripheral myelin protein 22
(PMP22) on chromosome 17p.

Hereditary Neuropathy With Liability to Pressure Palsy

Hereditary neuropathy with liability to pressure palsy or HNPP is one subtype and is associated
with a deletion on chromosome 17p11.2-12. It is an autosomal dominant disorder. Nerve con-
duction studies show slowing of nerve conduction velocities in sensory and motor nerves along
with significant latency prolongation with mild to no amplitude loss. There is more pronounced
slowing noted over areas where focal nerve compression can occur such as over the peroneal
nerve across the fibula head. Early in the disease process, abnormal spontaneous activity may
be seen. Motor unit changes can include long duration and increased polyphasia. Pathologi-
cally, one sees demyelination of nerves, and the affected nerves are described as tomaculous or
sausage-shaped figures due to focal irregularities of the myelin sheath.

Charcot-Marie-Tooth Disease

Charcot-Marie-Tooth disease (CMT) is a form of HMSN and is the most common hereditary
peripheral polyneuropathy with an incidence of 1/2,500. CMT has several different subtypes
with characteristic associated features. CMT is associated with the clinical onset of distal sen-
sory loss, weakness, hyporeflexia or areflexia, and pes cavus foot deformities. It is also associ-
ated in the majority of pediatric patients with pain and can effect quality-of-life measures (2).
It varies in severity from mild functional impairment to significant disability. CMT1A is the
most common form of CMT disease and is responsible for an estimated 50% of CMT cases. It
is due to the overexpression of the PMP22 gene. Electrophysiologic testing reveals significant
slowing of nerve conduction velocities even in young children, and prolongation of distal latency
is seen in motor and sensory nerves. In many cases, sensory nerve responses cannot be obtained
at all. Over the first two decades, amplitude loss occurs as well with axonal involvement. The
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axon loss will be associated with more involved motor weakness. Distal abnormal spontaneous
activity can be variably seen.

The second most common form of CMT is X-linked Charcot-Marie-Tooth (CMTX) and
is responsible for approximately 10% of all CMT cases. It is associated with mutations in the
gap junction protein beta 1 gene (GJB1 encoding for connexin-32.2 protein). Current research
is aimed at evaluating the benefit of neurotrophic factors in CMT disorders on the progression
of disease (3).

Hereditary Sensory and Autonomic Neuropathies

Hereditary sensory and autonomic neuropathies (HSANS) are of five subtypes, all character-
ized by impairment in sensation due to loss of unmyelinated and small myelinated peripheral
nerve fibers. Autonomic involvement can be seen as well. Electrophysiologic testing can reveal
significant symmetric amplitude loss in sensory nerves distally (sural), and when severe, there
is loss of sensory nerve responses but nerve conduction velocities may be normal. Motor con-
ductions are typically normal. Subtype IV is associated with pain insensitivity. This condition
can be associated with injuries due to loss of sensation to pain, oral mutilation, fractures, and
anhidrosis. This condition can be very functionally debilitating, and delay in diagnosis can
cause severe morbidity (4). The intradermal histamine test demonstrates lack of a normal axon
flare response and is consistent with a diagnosis of HSAN. Since large myelinated fibers are
generally not impacted significantly, electrophysiology testing may be normal or reveal mild
reductions in sensory amplitude and mild prolongation of distal latencies. Quantitative sensory
testing will be markedly abnormal for temperature thresholds.

Spinal Muscular Atrophies

The most common forms are autosomal recessive and are due to homozygous deletion of exon
7 in the SMNI gene. The SMN gene produces an SMN protein involved in mRNA synthesis
affecting motor neurons of the spine and peripheral nervous system. The severity of the disor-
der depends on the extent of involvement of other exons on the SMN/ gene and the number of
copies of SMN2 present. If more than two copies of SMN2 are present, it mitigates the severity
of the disorder. Involvement in infancy (SMAI) is usually the most severe form of the disease
with respiratory compromise and early death. SM A2 typically has onset after 6 months of age
and severity is variable, with some patients continuing into adulthood. The mildest form is
SMA3 with onset in adolescence typically with motor weakness and slower overall progres-
sion of disease. Electrophysiological findings in these forms include motor axon loss without
significant conduction slowing or latency changes and generally sparing of sensory nerves. The
presence electrophysiologically of fasciculations and the presence of findings in several myo-
tomes help to support the diagnosis.

Mitochondrial Deficiency Neuropathies

Mitochondrial deficiency neuropathies are due to abnormalities in the mitochondrial DNA.
These usually reveal significant amplitude loss on electrophysiological testing, with mild slow-
ing of nerve conduction parameters seen. These usually present in later childhood and are
progressive. They may also present with ophthalmoplegia. These can present uncommonly in
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infancy and depending on the number and type of mutations, can include more systemic fea-
tures including lactic acidosis, stroke symptoms, and encephalopathy (MELAS), ataxia, and
external ophthalmoplegia.

Lysosomal and Glycogen Storage Disorders

Although classically described as a muscle disorder, Pompe’s disease is a glycogen storage
disease type II disorder also known as acid maltase deficiency (5). It is called acid maltase
deficiency because it encompasses mutations in the gene encoding the lysosomal enzyme acid
alpha glucosidase or GAA and is inherited in an autosomal recessive pattern. As a result of
this mutation, an abnormal accumulation of glycogen of normal structure occurs within the
lysosomes of various organs and in particular in skeletal, hepatic, and cardiac muscle in infants.
The storage of glycogen occurs also in the central and peripheral nervous systems. Electro-
physiologic findings typically involve motor nerves with amplitude loss, while sensory nerves
do not typically show abnormal findings. Muscle fiber irritability is seen on needle EMG, par-
ticularly in proximal muscles (6).

Giant Axonal Neuropathy

Giant axonal neuropathy (GAN) is a rare pediatric neurodegenerative disease characterized by
“giant” axons pathologically. These giant axons are caused by accumulations of intermediate
filaments. GAN is associated with severe and chronic progression. Onset of disease clinically
is by age 3 years, with progressive systemic involvement and respiratory compromise typically
by the third decade. Central nervous system (CNS) involvement includes ataxia, oculomotor
apraxia, and dysmetria. Patients may also have dysarthria and hearing loss (7). This disorder
is an autosomal recessive disease with mutations in the GAN gene, which encodes for a protein
called gigaxonin, involved in cytoskeleton support. Nerve conduction testing reveals signifi-
cantly reduced motor amplitudes with mild-to-normal conduction velocities and absent sensory
responses.

Sickle Cell Disease

Sickle cell disease is an autosomal recessive disorder in which pain is known to occur during
crisis. However, reports of neuropathic pain symptoms are described in approximately 40% of
sickle cell patients, independent of sickle cell crisis. Symptoms increase in intensity with longer
disease duration. The pain is described as thermal hyperalgesia and can be seen in adolescent
patients along with abnormalities on quantitative sensory testing. Electrophysiology reveals the
presence of a small fiber neuropathy (8).

ACQUIRED PERIPHERAL NEUROPATHIES

Guillain-Barré Syndrome

In contrast to inherited peripheral nerve disorders, Guillain-Barré Syndrome (GBS) is the most
common acquired cause of acute flaccid paralysis in children, with the potential for delay in
diagnosis, given the variable presentation. It typically presents after a gastrointestinal or respi-
ratory infection in more than half of all patients, and weakness is symmetric and ascending in
onset. Distal pain and paresthesias may more prominently accompany the weakness in children.
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Areflexia and cranial nerve involvement is typical. Ataxia in children is a common feature. The
Miller Fisher variant of ophthalmoplegia, areflexia, and ataxia may be seen as well. Other pedi-
atric variants include a presentation with acute respiratory failure; quadriparesis with respira-
tory compromise; more prominent proximal weakness at onset; preserved peripheral tendon
reflexes; acute inflammatory purely motor neuropathy (AMAN); and a presentation of severe
autonomic involvement including hypertension and headache. GBS is thought to arise from a
variety of infectious agents resulting in B-cell and T-cell activation and production of antibod-
ies directed at peripheral nerve antigenic proteins (9). The electrophysiologic findings mimic
the clinical findings with involvement of sensory and motor nerves. Variable degrees of axonal
along with demyelinative characteristics are seen with latency prolongation, nerve conduction
slowing, and amplitude loss. Often F responses are prolonged or absent, suggesting proximal
nerve involvement. Muscle fiber irritability can be seen but may be missed if the study is done
before 10 to 14 days after the onset. Elevated protein levels in cerebrospinal fluid (CSF) and
enhancement of peripheral nerve roots and cauda on MRI may be seen. Treatment involves
respiratory monitoring and treatment as needed and attention to autonomic parameters includ-
ing pulse, blood pressure and orthostatic hypotension as significant autonomic impairment can
occur. Treatment with intravenous immunoglobulin (total of 2 g/kg given over 2—4 days) or
plasmapheresis is the mainstay of therapy resulting in a decrease in circulating autoantibodies
and speedier rate of recovery. GBS in children may progress more rapidly than in adults, but
generally have a good prognosis for full recovery within several months after onset.

Nutritional and Malabsorption Syndromes

Nutritional and vitamin deficiencies including B12, folate, and thiamine can be associated with
a peripheral neuropathy, often axonal in nature. These deficiencies may happen due to gastro-
intestinal diseases such as Crohn’s, malnutrition, or alcohol use. In adolescents, these vitamin
deficiencies can be seen with anorexia nervosa, an eating disorder characterized by starvation,
vomiting, and severe weight loss (10). Vitamin E deficiency can be associated with a distal
motor neuropathy and mutation in the alpha-tocopherol transfer protein gene. Electrophysi-
ologic findings include neurogenic motor units and low-amplitude to absent motor responses
on nerve conduction testing (11). Vitamin E deficiency and peripheral neuropathy have also
been shown to occur in patients with cystic fibrosis. Cystic fibrosis is an autosomal recessive
multisystem disorder affecting 1/3,200 live births. The peripheral neuropathy is responsive to
vitamin E supplementation.

Chemotherapy-Induced Peripheral Neuropathy

With improvements in pediatric cancer, chemotherapeutic agents have been more widely used
in pediatric patients. These patients report the development of neuropathic symptoms. An
example is that of vincristine-induced neuropathy in the treatment of acute lymphoblastic leu-
kemia (ALL). ALL is the most common pediatric cancer responsible for 30% of all cases under
the age of 14 years. Clinically, patients typically present 2+ years after chemotherapy and may
have paresthetic complaints and loss of ankle reflexes on clinical exam (12). Electrophysiologic
findings include predominately motor amplitude loss.
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Diabetic Peripheral Neuropathy

As in adults, the most common form of peripheral neuropathy due to diabetes in children is
a distal symmetric sensory-motor form. Most pediatric patients with diabetic peripheral neu-
ropathy (DPN) are asymptomatic but have subclinical disease based on clinical examination
and electrophysiology studies. There is increased risk with type 1 diabetes more than 5 years or
with post-pubertal type 2 diabetics. Nerve conduction testing reveals slowing of nerve conduc-
tion velocities involving motor and sensory nerves along with latency prolongations, and severe
amplitude loss can be seen as well (13).

Peripheral neuropathies in pediatric patients have a variety of clinical and electrophysi-
ologic presentations. In some cases, these presentations are similar to those found in adults.
In other cases, the pediatric presentation is unique. Determining whether the underlying
process is inherited or acquired can be done based on clinical and family history. Electro-
physiology can support the clinical diagnosis and help guide the determination of etiologic
factors. In some cases, EMG can be used to monitor treatment outcomes or progression of
disease.
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EMG in Pediatric Brachial Plexopathy

Jaime R. Lopez, MD

Peripheral nerve injury can occur at any age and as such can involve a variety of structures
including the brachial plexus. Brachial plexopathy is a general term used to indicate injury to
the brachial plexus. The term does not specify the cause of the injury, and the etiology could be
traumatic, vascular, inflammatory, or other. It also does not specify the specific anatomic area
of the brachial plexus that is involved. However, of all of the plexopathies, brachial plexopa-
thies are the most common and represent a variety of disorders. Electrodiagnostic testing is an
important component in the clinical assessment of brachial plexopathies and can provide accu-
rate localization of the brachial plexus regions affected and shed light on the possible patho-
physiologic processes involved. Recognized as an extension of the neurologic examination,
electrodiagnostic testing can provide objective evidence of specific muscle involvement that is
not always clinically obvious, provide objective confirmation of abnormal muscles identified
on physical examination, show active denervation and reinnervation changes in affected mus-
cles, identify patterns consistent with demyelinating and axonal pathology, estimate severity of
the pathology, and also provide for the possibility of serial examinations over time to objec-
tively assess clinical progress and help with guiding management and establishing prognosis.

Electrodiagnostic testing of the brachial plexus can be a complicated and difficult task pre-
cisely because of its complicated anatomy and anatomic location. It is considered to be the most
complex peripheral nervous system structure, and its superficial location, relatively large size,
and position between the neck and upper extremity places it at risk for a variety of disorders,
especially trauma. In order to be able to perform accurate and comprehensive electrodiagnostic
testing, a clear understanding of the regional and brachial plexus anatomy is essential. In addi-
tion, a working knowledge of the disorders affecting the brachial plexus is helpful in formulat-
ing an electrodiagnostic interpretation of the findings.
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ANATOMY

When a patient is referred for electrodiagnostic testing of possible brachial plexopathy, the elec-
tromyographer can use the tools available, such as sensory and motor nerve conduction stud-
ies (NCSs) in conjunction with needle electromyographic (EMG) examination to distinguish
between a radiculopathy, plexopathy, a more distal neuropathy, and mononeuropathy multiplex.
In the case of a brachial plexopathy, electrodiagnostic testing can localize the lesion within the
brachial plexus. In order to be able to do this, the electromyographer must have an excellent
understanding of the brachial plexus anatomy. The following will provide an overview of the
anatomy of the brachial plexus. It is intended to be a review relevant to electrodiagnostic assess-
ment and not a comprehensive anatomical review, which is beyond the scope of this chapter. For
a detailed review of the brachial plexus anatomy, the reader is referred to Wilbourn (1).

The brachial plexus is a triangular-shaped structure, which lies between two mobile struc-
tures, the neck and upper extremity. It extends from the spinal cord to the axilla, its average length
is 15.3 cm, and it has a 2 to 1 ratio of connective-to-neural tissue composition (2,3). The brachial
plexus is derived from the ventral roots of C5 through T1 and is sequentially divided into five
components: roots, trunks, divisions, cords, and terminal nerves (Figure 10.1). There are five
roots, C5 to T1; three trunks: upper, middle, and lower; six divisions: three anterior and three pos-
terior; three cords: lateral, posterior, and medial; and several terminal branches (Tables 10.1-10.2).

ROOTS TRUNKS |DIVISIONS | CORDS , BRANCHES

I
i Dorsal scapular 1
-~ !

thoracic

Medial
pectoral
Medial
brachial
cutaneous Medial
antebrachial
cutaneous

FIGURE 10.1 The components of the brachial plexus: roots, trunks, divisions, cords, and
major terminal branches.

Source: From Ref. (4). Simmons Z. Electrodiagnosis of brachial plexopathies and proximal upper
extremity neuropathies. Phys Med Rehabil Clin N Am. 2013;24:13-32.

Thoracodorsal
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TABLE 10.1 Brachial Plexus Composition

NEURAL STRUCTURE NUMBER COMPONENT

Roots 5 C5-T1

Trunks 3 Upper, middle, lower
Divisions 6 3 anterior, 3 posterior
Cords 3 Lateral, posterior, medial
Terminal Several Nerves
Roots

The neural elements of the brachial plexus have their origin from the C5 through the T1 levels
of the spinal cord. The most proximal exit the spinal cord as dorsal and ventral rootlets; they
come together, forming the dorsal and ventral roots. Both dorsal and ventral roots then fuse
together to form a mixed (sensory and motor fibers) spinal nerve at a point just distal to the
dorsal root ganglion (DRG). After exiting the intervertebral foramen, the spinal nerve then
branches posteriorly into the posterior primary rami and continues as the anterior primary
rami. The anterior primary rami, considered to be the roots of the brachial plexus, are located
immediately external to the intervertebral foramina and emerge from between the anterior and
middle scalene muscles. In regard to the overall root contribution to the brachial plexus, each of
the C6, C7, and C8 roots contributes approximately 25% of its neural elements, and the remain-
der is provided by the C5 and T1 roots (2). It should also be understood that the percentage of
motor and sensory fiber composition of each root varies. Typically, C5 and C6 roots contain
the largest percentage of motor fibers, while C7 and T1 have the least. Sensory fibers are found
in greatest numbers in the C7 root, followed by C6, C8, T1, and C5, in descending order (3).
As is to be expected, anatomic variation exists. “Prefixed plexus” is a term used when there is
contribution from C4 and minimal contribution from T1. In these cases, nerve contributions to
the brachial plexus are shifted one level superiorly (4). There is also a “postfixed plexus”; this
exists when there is minimal contribution of C5 and significant contribution from T2. In this
case, nerve contribution to the brachial plexus is shifted one root level inferiorly. Finally, the

TABLE 10.2 Upper Extremity Nerves With Corresponding Cord Origin

LATERAL CORD MEDIAL CORD POSTERIOR CORD
Lateral pectoral Medial pectoral Upper subscapular
Musculocutaneous Medial brachial cutaneous Lower subscapular

Lateral antebrachial cutaneous Medial antebrachial cutaneous | Thoracodorsal

Ulnar Axillary
Median Radial
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brachial plexus is considered expanded when root contribution comes from C4 through T2. It is
important to note that there are two nerves that originate directly from the nerve roots:

1. Long thoracic nerve; origin: directly from C5, C6, and sometimes from C7 anterior primary
rami; innervation: serratus anterior muscle.

2. Dorsal scapular nerve; origin: C5 root and can sometimes have contribution from C4 or C6;
innervation: levator scapulae and major and minor rhomboid muscles.

Important note: Clinical involvement of these muscles, in the form of weakness and/or
EMG abnormalities, indicates a very proximal lesion, usually at the root level. From an EMG
perspective, it is important to recall that the cervical paraspinal muscles are innervated by the
posterior primary rami, indicating that their innervation comes directly from the root level.

Preganglionic sympathetic fibers reach the sympathetic ganglia after exiting via the ante-
rior primary rami and white rami communicantes.

Sympathetic ganglia send postganglionic fibers to C5 through T1 spinal nerves via gray
rami communicantes.

Trunks

The three trunks (upper, middle, and lower) are located in the posterior cervical triangle behind
the clavicle and sternocleidomastoid. The upper trunk is formed by the union of the C5 and C6
anterior primary rami. The middle trunk is the continuation of the C7 anterior primary ramus,
whereas the lower trunk is formed by a merger of the C8 and T1 anterior primary rami. There
are two terminal nerves originating from the upper trunk: the suprascapular nerve and the
nerve to the subclavius muscle. No significant terminal branches originate from the middle or
lower trunks.

Divisions
Progressing distally, each trunk divides into an anterior and posterior division, all located
behind the clavicle. There are no terminal nerve branches that arise from the divisions.

Cords

There are three cords, which are formed from the six divisions. Their names are derived from
their location in relation to the course of the second segment of the axillary artery. The cords
begin at or just distal to the clavicle and lie below the pectoralis major in the proximal axillary
region, near the axillary lymph node chain and the major vascular structures to the arm. The
cords are formed in the following manner:

Lateral Cord

B Upper trunk anterior division

B Middle trunk anterior division

B Contains C6 to C7 sensory and CS5 to C7 motor fibers

B Has no CS sensory fibers
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Medial Cord
B Lower trunk anterior division
B C8 and T1 sensory fibers present

B C8 and T1 motor fibers present

Posterior Cord

B Upper, middle, and lower trunk posterior divisions
B C5 to C7 sensory fibers present

B C5 to C8 motor fibers present

B No C8 sensory fibers present

Several nerves arise from the cords and these are summarized in Table 10.2.

Terminal Nerves

The location of these neural structures is in the distal axilla and includes the median, ulnar, and
radial nerves and in some descriptions, also includes the musculocutaneous and axillary nerves
(3). There is no clear consensus regarding when the terminal nerves become peripheral nerves.
However, this has been defined as 3 cm beyond the cord or at the point where the nerves exit
the axilla (5,6).

Brachial Plexopathy Classification

Although brachial plexopathies can arise from many causes and be classified in several ways,
perhaps the best method of classification is according to the area of involvement. One method
is to divide the plexopathies in the following manner:

1. Supraclavicular
a. Roots
b. Trunks
2. Retroclavicular
a. Divisions
3. Infraclavicular
a. Cords
b. Terminal nerves

This classification scheme has practical, clinical utility because the incidence, severity,
prognosis, and lesion type vary according to the area involved (3).

B Supraclavicular are more common and

Are usually due to closed traction injuries
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Tend to be more severe as greater force is required to produce these injuries

Are associated with poor outcome; except for those involving the upper trunk from which
patients tend to have better recovery

Supraclavicular plexus lesions are further subdivided into

1. Upper
a. C5 and C6 roots
b. Upper trunk
i. More commonly due to demyelinating conduction block
ii. Closer to the muscles innervated
iii. Extraforaminal
2. Middle
a. C7root
b. Middle trunk
3. Lower
a. C8 and T1 roots
b. Lower trunk

Infraclavicular plexus lesions are not further divided because there appear to be no regional
differences in lesion type, severity, incidence, and prognosis.

PATHOPHYSIOLOGY

Injury to the brachial plexus is caused by a variety of disorders similar to those of the other
peripheral nervous system structures. The type of pathologic injury can be classified into two
main types: axon loss and demyelination. As a result, these can produce three types of patho-
physiologic changes: conduction slowing, conduction block, and conduction failure (7).

Axonal Degeneration and Axon Loss

In general, and regardless of the region affected, axon loss is the most common pathology
encountered in brachial plexopathies. Essentially, any type of injury, if sufficiently severe, can
destroy nerve fibers, regardless of size and of whether the axons are myelinated or unmyelin-
ated. When considering focal lesions producing axonal loss, it is important to take into account
the concept of Wallerian degeneration. Because the entire axonal segment of the axon distal
to the lesion is separated from the cell body, it undergoes Wallerian degeneration. Obviously,
this will affect all the structures innervated by those axons. Clinically, the symptoms associ-
ated with axon loss can be conceptualized as negative and positive. Negative symptoms can be
thought of in terms of losing function such as weakness and atrophy if motor axons are lost.
Sensory loss of all modalities occurs if sensory axons are lost. Positive symptoms of motor axon



10: EMG in Pediatric Brachial Plexopathy 167

loss include fasciculations, myokymia, and cramps. Pain can be observed as a result of small-
fiber sensory axon loss and paresthesia from large-fiber sensory axonal injuries.

In the case of a complete axonal lesion, conduction block is present at the site, and electrical
stimulation of the neural structure will yield the following:

B Proximal stimulation generates no response

B Distal stimulation generates responses, which decrease in amplitude with each succeeding
day

Motor fibers 2 to 3 days
Sensory fibers 5 days

This phenomenon is present as long as the distal nerve stump is capable of impulse conduc-
tion; 6 days for motor fibers and 8 to 9 days for sensory fibers. At approximately day 11, con-
duction failure is present, and no motor or sensory responses are elicited due to the advanced
degeneration of the distal stump.

Focal Demyelination

Injuries that are of a type insufficient to produce axon loss may still be sufficient to produce
injury to myelinated axons, causing focal demyelination. This type of pathology is localized
and does not affect other, proximal or distal, areas of the nerve segment. However, conduction
slowing and conduction block can arise from this type of pathology, and the resulting conduc-
tion abnormality depends on the severity of the demyelination.

Focal demyelinating conduction slowing is less severe and is further characterized by:

B All nerve impulses cross the lesion, but the impulse transmission velocity is reduced.

B Weakness, atrophy, or sensory deficits are not seen because the nerve impulses are able to
reach their destination.

B [t can produce positive phenomena such as fasciculations, myokymia, cramps, and
paresthesias.

B If differential slowing is present along the nerve, then nerve impulse synchrony will be
affected, and this can manifest as altered vibration, position, and light touch sensation, as
well as changes in muscle stretch reflexes. This occurs because these require synchronized
volleys.

Focal demyelinating conduction block is a much more severe condition because it blocks
nerve impulses from crossing the lesion. This condition is similar to conduction failure encoun-
tered with axonal degeneration, and the clinical manifestations are essentially the same. It can
involve any area of the plexus. Although in many cases it is clinically indistinguishable from
conduction failure, there are three major differences between the two (Table 10.3):

Causes of Brachial Plexopathies

Brachial plexopathies are caused by a variety of conditions and these can affect any part of
the brachial plexus. As such, it is useful to divide the disorders into those, which are localized
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TABLE 10.3 Conduction Block Versus Conduction Failure

CONDUCTION ATROPHY  SENSORY DURATION

ABNORMALITY

Conduction block Rare Restricted to large Short, with faster full
myelinated fibers recovery due to lack of
resulting in position, Wallerian degeneration

vibration, and touch
abnormalities. There is
no effect on pain and
temperature

Conduction failure Yes Yes, all modalities Long and slow, with
imperfect recovery

to the supraclavicular region and those localized to the infraclavicular regions. Some com-
mon brachial plexus disorders, not limited to children, affecting these regions are listed in
Table 10.4.

TABLE 10.4 Brachial Plexopathies in Adults
COMMON ETIOLOGIES OF BRACHIAL PLEXOPATHY

Traction

= Fall

m Trauma

m Sports

= Motor vehicle accidents

m Surgery

Compression
m Backpacks
m Crutches

m Hematoma, aneurysm, arteriovenous malformation

Lacerations from penetrating injuries
m Gunshot

m Knife

Ischemia

Radiation therapy

Thoracic outlet syndrome

Brachial neuritis

m Parsonage-Turner syndrome
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In regard to children, Table 10.5 shows the diagnoses reported in the literature with the
number and percent, as appropriate, identified at Children’s Hospital, Boston, in over a 15-year
period (n = 54) (8). Other causes not listed in Table 10.5 have been reported in the literature
such as bilateral thoracic outlet syndrome (due to anterior scalene muscle impingement) (9),
axillary nerve injury (10), and aortic stent implantation (11). In the pediatric population, similar
to the adult population, trauma is recognized to be the most common cause of brachial plexopa-
thies. As opposed to the numerous causes of adult traumatic brachial plexopathy, the etiology
in children is most commonly due to one condition, obstetric brachial plexus palsy (OBPP).
This is by no means the only cause, but it is the most common, with others occurring primarily
in adolescence. OBPPs occur in 0.5 to 5.1 per 1,000 newborns (12). The most common type of
OBPP is Erb’s palsy, resulting in damage to the upper trunk or lateral cords. Klumpke’s palsy,
isolated hand paralysis combined with Horner’s syndrome, is due to lower trunk or medial
cord (C8-T1) injury and occurs much less frequently. Some have questioned its existence as an
OBPP disorder. In their review of the literature, which included 3,508 cases of brachial plexus
palsy, Al-Qattan and colleagues (13) found only 20 cases (0.6%) labeled as Klumpke’s palsy. In
addition, they found none in the 235 cases they reviewed from their own center. Their conclu-
sion was that Klumpke’s palsy is a rare phenomenon and that recovering global brachial plexus
palsy can be misdiagnosed as Klumpke’s palsy (14). However, a recent report provides excel-
lent documentation of this condition in a 3.5-year-old child born via vaginal delivery with his
right arm in a compound presentation, his arm presented along with his head (12).

TABLE 10.5 Pediatric Brachial Plexus Lesions

DIAGNOSIS/PATHOLOGY BOSTON
EXPERIENCE (%)
Perinatal onset (OBPP) 36/54 (66%)
Osteomyelitis associated (proximal humerus) 1/54 (2%)
Battered child/child abuse 1/54 (2%)

Idiopathic brachial plexopathy (neuralgic amyotrophy)

Hereditary brachial plexopathy

Hereditary neuropathy with liability to pressure palsies

Trauma—cycling 4/54 (7%)
Trauma—falls 2/54 (4%)
Trauma—automobile 1/54 (2%)
Trauma—sports 1/54 (2%)
Trauma—backpacks

Trauma—gunshot 1/54 (2%)
Crutches 1/54 (2%)
Miscellaneous—heroin

Indeterminate 6/54 (11%)

Abbreviation: OBPP, obstetric brachial plexus palsy.
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Obstetric brachial plexopathies are typically identified at birth. Nerve fiber involvement
corresponds to five patterns (15):

1. C5 to C6: Erb’s palsy, approximately 50%
2. C5 to C7: Erb’s-plus palsy; “waiter’s tip” position
a. Adduction and internal rotation of arm
b. Forearm extension and pronation
c. Wrist and finger flexion
d. Approximately 35%
3. C5 to T1: Some finger flexion sparing
4. C5 to T1: Flail arm and Horner’s syndrome

5. C8 to T1: Klumpke’s palsy (isolated hand paralysis and Horner’s syndrome)

Of note, root avulsion is more common in lesions involving C8 to T1 fibers, while postgan-
glionic lesions are more common with lesions involving C5 to C7 fibers.

In general, weakness on neurologic examination follows the following pattern of altered
movement in the newborn:

1. Shoulder abduction: deltoid; C5
. External rotation: infraspinatus; C5
. Elbow flexion: biceps: C5 to C6

2
3
4. Forearm supination: supinator; C5 to C6
5

. Wrist and finger extensions: C6 to C7

The biceps reflex is absent, and it is difficult to ascertain sensory deficits at this age. Dia-
phragmatic weakness will be present if the C4 root is involved; if so, it is usually right sided.

Even though OBPP has been known for many years, first described in 1764, management
of this disorder is controversial (3). The pathophysiologic mechanism of injury ranges from
mixed demyelination and axon loss to avulsion, which is complete axon loss. Fortunately, these
injuries in children are less severe than traction injuries in adults. Some reviews suggest that
spontaneous recovery occurs in over 90% of the cases, but the range reported from full recov-
ery extends from 4% to 95.7% (16). Much of this discrepancy is due to the variations in the
definition of full recovery. Regardless, it is safe to say that the natural history of this disorder
is unknown (15). Nonetheless, electrodiagnostic studies, specifically EMG, can have a role in
guiding therapy.

The two major concerns regarding OBPP are etiology and prognosis. Historically, EMG
has not been as helpful as one would expect regarding these two issues. EMG can identify the
pathophysiologic mechanisms of injury to the nerve, such as demyelination and axon loss, but
it does not provide a direct clinical diagnosis of the cause of the pathophysiologic changes. In
many cases, EMG can provide an estimate as to when the injury likely occurred, which can
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help in searching for the cause of the injury. However, in regard to OBPP, EMG has not pro-
vided a clear indication as to the onset of injury. In adults, fibrillations are typically detected
at 10 to 14 days, with maximal loss of compound muscle action potential (CMAP) at 4 to 5
days and of the sensory nerve action potential (SNAP) at 10 days. Unfortunately, this does not
appear to hold true for the neonate. It is postulated that fibrillations could appear at 1 to 2 days
after injury, the CMAPs maximally reduced within 24 hours, and the SNAPs at 48 hours (16)
(Table 10.6).

The reasons postulated for the differences noted between neonates and adults are that the
time of fibrillation appearance is in inverse correlation to the volume of denervated nerve seg-
ment distal to the lesion. Calculations based on known nerve lengths and diameters in babies
indicate that the appearance of fibrillations may be shortened by a factor of 7.5 to 10 times com-
pared to adults (15). Animal studies also show that active denervation changes are seen within
24 hours of brachial plexus section in 2-day old piglets and 5 to 8 days in adult pigs (16). There
seems to be no controversy regarding needle EMG findings of changes. Thus, if these changes
were seen in the first week after birth, they would indicate a likely prenatal cause.

Historically, using EMG to assess prognosis has been difficult and the results unreliable.
Being able to establish prognosis is important in the management of patients with OBPP and
critical when identifying those who will require surgical intervention. Obviously, surgeons
would like to avoid operating on patients whose lesions are likely to heal spontaneously and
reserve surgery for those who are unlikely to recover. The currently accepted practice is to
clinically follow the patients and assess for improvement. If there is no useful function of the
biceps at 3 months after birth, then surgery should be performed. At best, this clinical practice
delays surgery for 3 months, which is unfortunate because if surgery could be done earlier,
then better outcomes would likely occur. Unfortunately, EMG is not a popular prognostic tool
because the findings have been inaccurate. In many cases, the EMG findings at 3 months after
birth in children without deltoid and bicep function have been referred to as “overly optimis-
tic” because the EMG often shows a sporadic or mixed pattern without the usual findings of
active denervation such as profound fibrillations, positive sharp waves, and absent motor unit
action potentials (MUAPs). Therefore, the recruitment pattern can have enough activity so as
not to recommend surgery. One reason attributed to this discrepancy is that the recording area
of the EMG needle is as large in infants as in adults, such that approximately 11 times more
MUAPs will be recorded in an infant, given the same proportion of functional motor units and
discharge rates (17). Regardless, this discrepancy has limited the use of EMG in many of these
cases. However, a recent study using EMG demonstrated that absence of MUAPs in the deltoid

TABLE 10.6 Onset of EMG and NCS Changes: Adults and Neonates

EMG/NCS CHANGES ADULTS NEONATES

Fibrillations 10-14 days 1-2 days

CMAP maximal reduction 4-5 days 24 hours

SNAP maximal reduction 10 days Approximately 48 hours

Abbreviations: CMAP, compound muscle action potential; SNAP, sensory nerve action potential.
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and biceps at 1 month of age correlated strongly with lack of recovery of biceps function at 3
months of age (18). This further suggests that EMG can be an objective and earlier predictor of
biceps function at 3 months. This may allow for expansion of the role of EMG and encourage
earlier referral for EMG testing and perhaps eventually lead to earlier surgical intervention in
these patients with poor prognosis for recovery.

ELECTRODIAGNOSTIC STUDY OF THE BRACHIAL PLEXUS

In regard to electrodiagnostic studies, I will limit the discussion when using this term to the
use of EMG and NCS. When evaluating the brachial plexus using electrodiagnostic techniques,
extensive testing using NCS (motor and sensory) and needle EMG is required, including com-
paring results to the contralateral involved limb. This is the typical strategy in adults and with
varying success in adolescents. However, extensive testing in an infant is usually not possible
unless done under anesthesia. In infants, the choice of which muscles to sample is critical. If the
infant has an upper plexus lesion on neurologic exam, then testing the deltoid, biceps, and tri-
ceps muscles should be done first. Comparing deltoid and biceps can help differentiate between
root and plexus lesions.

B In C5 to C6 root lesions, deltoid and biceps will be abnormal.

B In plexus lesions, only one of the muscles (deltoid/biceps) may be abnormal.

If the neurologic exam points to a lower brachial plexopathy, then a distal muscle, such as
the first dorsal interosseous muscle, should be tested first. Once this has been done, further
needle examination of other muscles will be needed as well as motor and sensory NCSs. I will
outline a general protocol for the electrodiagnostic study of the brachial plexus.

Performing EMG and NCS in children presents a different set of challenges than those
encountered in adults. Infants and toddlers have reduced tolerance to pain, move and withdraw
during the procedure, and are unable to relax their muscles to command. Adolescents are able
to understand the purpose of the testing and can cooperate with the instructions provided
during the procedure. However, some may still have difficulty in fully relaxing their muscles,
especially the paraspinal muscles, during needle EMG testing. Topical anesthetic creams,
which can help reduce the pain, are used in some laboratories. However, dependent on the
age of the child, ability to cooperate, pain tolerance, and overall clinical state of the patient,
conscious sedation and, rarely, general anesthesia may be necessary to obtain reliable data.
Nonetheless, in the great majority of cases, it is possible to perform an adequate study yielding
reliable data.

Electrodiagnostic study of brachial plexopathies requires extensive NCS and needle EMG.
In addition, contralateral studies, to compare side-to-side results, are frequently necessary.
Unfortunately, because of technical limitations, testing may be much reduced in children.
Regardless, an adequate electrodiagnostic examination requires NCS of motor and sensory
nerves as well as needle EMG. This is important because each of those different modalities
provides different and unique information. For example, root avulsion is felt to exist if the
SNAPs are preserved in a patient with clinical sensory loss. However, in some children with
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traumatic brachial plexopathies, the injury may affect both the nerve roots and plexus. In this
situation, the SNAPs may be absent because the plexus is involved even though root avulsion
is present (8).

Motor NCSs

Motor NCSs are primarily useful for assessing motor nerve axonal loss or dysfunction. The
CMAP is a good indicator of the degree of axonal injury or associated demyelination. It is
important to recall that in plexopathies, the motor NCS will only be abnormal if the nerve
originates from the affected trunk or cord. In many instances, motor NCSs require testing of
nerves not routinely examined. As an example, routine examination of upper limb motor nerves
involves testing of the median and ulnar nerves. Both of these nerves provide information only
of the lower trunk, medial cord, and C8 to T1 nerve roots. Therefore, motor NCS of other less
commonly tested nerves may be necessary. Information on the upper trunk, lateral cord, and
C5 to C6 roots can be obtained by testing the musculocutaneous nerve and recording from
the biceps. These studies can be technically more challenging, especially in infants and have
a wider range of amplitude responses, making interpretation more difficult. In addition, motor
NCSs are usually normal in plexopathies but may have reduced CM AP amplitude due to axonal
loss or conduction slowing. Thus, comparing CM AP amplitude to the contralateral uninvolved
side is useful. A 50% amplitude reduction of the involved side compared to the same nerve on
the contralateral side is considered abnormal (19). Table 10.7 shows the motor nerves and cor-
responding muscle recording sites where NCS can be performed. Unfortunately, some of these
less commonly performed motor NCSs cannot be adequately performed in infants due to the

TABLE 10.7 Motor Nerves and Corresponding CMAP Recording Sites

AREA OF THE BRACHIAL PLEXUS MUSCLE RECORDING SITE

Upper trunk
m Musculocutaneous Biceps
m Axillary Deltoid

m Lateral cord-musculocutaneous Biceps

Middle trunk/posterior cord
m Axillary Deltoid

m Radial Anconeus, extensor digitorum communis, extensor
indicis proprius

Lower trunk/medial cord
= Median Abductor pollicis brevis

m Ulnar Abductor digiti minimi, first dorsal interosseous

Lower trunk/posterior cord

= Radial Extensor indicis proprius
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short distances between the stimulation and recording sites. In these situations, assessment of
motor involvement relies on needle EMG.

Sensory NCSs

In addition to motor NCS, testing sensory nerves is essential in assessing brachial plexopathies.
Typically in injuries to the plexus, SNAP amplitudes are abnormally reduced. This is due to the
sensory fibers being injured distal to the DRG. This is in contrast to nerve root injuries where
the injury occurs proximal to the DRG, thus preserving the SNAP. However, as previously
mentioned, combined root and plexus lesions resulting from trauma can occur, especially in
infants and children.

Similar to motor NCS, SNAP amplitude change is the most common parameter affected in
plexopathies. Side-to-side comparisons are also important, especially when trying to identify
mild abnormalities. A 50% amplitude reduction of the SNAP compared to the same from the
uninjured nerve contralateral limb is considered to be abnormal. This holds true even if the
absolute amplitude is in the normal range (19). Of course, the determination of which sensory
nerve to study should reflect the clinical findings and the dermatome involved. As is the case
in most conditions in neurology, a careful neurologic examination, including the distribution of
sensory loss, muscle stretch reflex changes, and muscle weakness, will guide the electromyog-
rapher regarding which nerve to test.

When choosing which sensory nerve to test, it is important to understand the innervation
pattern of each nerve, which can be a complex task. Each of the commonly tested nerves, which
include the median, ulnar, superficial radial, and lateral antebrachial cutaneous (LAC), have
specific neural pathway innervations patterns, which are useful in localizing the area of the
plexus involved. For example, NCS of the LAC assesses the pathway, which extends from the
lateral cord to the upper trunk, the C6 anterior primary ramus, the spinal nerve, and finally the
DRG. All the other sensory nerves have distinct neural pathways, with the median nerve being
the most complicated through the brachial plexus (3). The following, Table 10.8, summarizes
the innervation pathway patterns of the different sensory nerves, including the percentage of
root contribution.

In comparison to routine median and superficial radial nerve (SRN) SNAPs recorded from
digit 2 and snuffbox, respectively, the median and LAC SNAPs recorded from digit 1 are more
sensitive for detecting abnormalities. This occurs because the middle trunk contributes fibers
to the median nerve innervating digit 2 and the SRN innervating the snuffbox. Superficial
radial SNAP can help distinguish upper trunk from lateral cord lesions, especially when used
in conjunction with median nerve SNAPs recorded from the thumb. In this case, the routine
median nerve SNAP will be abnormal in both upper trunk and lateral cord injuries, but if the
SRN SNAP is preserved, then it indicates that the lesion involves the lateral cord, since it does
not contribute to the SRN SNAP.

For lower trunk lesions, the ulnar and medial antebrachial cutaneous (MAC) are the most
important nerves to test. Both are derived from the lower trunk and medial cord (see Table 10.8),
and the ulnar SNAP is as sensitive as the MAC in identifying lower trunk lesions. In cases of
separate ulnar neuropathies, MAC SNAPs can be used to assess for lower trunk or medial cord
lesions. When assessing the less frequently tested nerves, LAC and MAC, SNAPs should be
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TABLE 10.8 Sensory Nerve Innervation Pathway Patterns

TRUNK ELEMENT DRG CORD ELEMENT DRG
Upper trunk Lateral cord

m LAC C6 (100%) m LAC C6 (100%)
m Median (thumb) C6 (100%) m Median (thumb) C6 (100%)
m Superficial radial C6 (60%) m Median (index finger) C6 (100%)
m Median (index finger) C6 (20%) m Median (middle finger) C6 (80%)
m Median (middle finger) C6 (10%) m Superficial radial C6 (60%)
Middle trunk Posterior cord

m Median (index finger) C7 (80%) m Superficial radial C7 (40%)
m Median (middle finger) C7 (70%)

m Superficial radial C7 (40%)

Lower trunk Medial cord

m Ulnar (little finger) C8 (100%) m Ulnar (little finger) C8 (100%)
= MAC T1 (100%) = MAC T1 (100%)
m Median (middle finger) C8 (20%) m Median (middle finger) C8 (20%)

Abbreviations: LAC, lateral antebrachial cutaneous; MAC, medial antebrachial cutaneous.

obtained from the corresponding nerves from the uninvolved contralateral limb to allow for
side-to-side comparisons.

Electromyography

Needle EMG is an important, essential, and critical component of the electrodiagnostic assess-
ment of brachial plexopathies. It provides complementary information to that obtained by motor
and sensory NCS and together can provide a more thorough evaluation of brachial plexopathy.
Whereas NCS limits our ability to completely assess the brachial plexus, there is no such limi-
tation with EMG. There are sufficient and multiple muscles available to allow assessment of
each anatomic region of the brachial plexus (Table 10.5). EMG can provide objective evidence
regarding the presence and extent of a lesion; estimate severity; detect active, ongoing dener-
vation; identify the presence or absence of reinnervation, in many instances before it can be
identified on physical examination; and help in determining prognosis.

In order to more precisely localize the abnormal brachial plexus region, extensive needle
EMG testing is often needed. Generally, in older children and adolescents, this is possible at
a level similar to adults. However, because of poor cooperation, this is not usually possible in
young children and in infants. In addition, needle EMG testing of paraspinal muscles to screen
for nerve root involvement is a necessary part of the EMG assessment of brachial plexopathies.
Although in infants the information obtained from testing of the paraspinal muscles may be
more important due to the possibility of nerve root avulsion due to OBPP, infants and toddlers
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are the age group where this examination is the most challenging. The difficulty in performing
needle EMG in this group lies in attempting to assess insertional activity for the presence of
active denervation changes such as fibrillation and positive sharp waves, as well as in analyzing
MUAPs during voluntary muscle activation. The goal of EMG in brachial plexopathy is to show
the involvement of multiple muscles innervated by a common brachial plexus element but dif-
ferent nerves. Obviously, muscles corresponding to neural innervations outside of the brachial
plexus region identified should also be studied so as to exclude other conditions such as multiple
mononeuropathies, polyneuropathies, or radiculopathies. To briefly review, in axonal injuries,
the earliest finding on needle EMG is decreased MUAP recruitment, followed by denervation
changes (fibrillation potentials and positive sharp waves). The temporal onset of these changes
was discussed earlier in this chapter (see Table 10.6). Reinnervation changes, characterized
by long-duration, high-amplitude, polyphasic MUAPs can be typically detected within 3 to 6
months after an acute injury. In some instances, serial EMG studies are necessary in order to
assess for reinnervation or any evidence of recovery. In cases where recovery is not occurring,
surgical exploration for possible nerve grafting is an option. Intraoperative testing using a variety
of electrophysiologic techniques can be used to assess nerve function and help localize lesions.

SPECIFIC DISORDERS OF THE BRACHIAL PLEXUS

As previously noted, trauma is the most frequent cause of brachial plexopathies in children,
with most being diagnosed as OBPP. This condition was discussed earlier and will not be
reviewed here. This is also not intended to be a detailed, comprehensive account of all or a
majority of the causes of brachial plexopathies. Instead, this will be a brief review of some of
the brachial plexopathies, which have been reported in the past.

Trauma

Head and arm position is important in determining susceptibility of the different brachial
plexus structures to traumatic closed injury.

B When the arm is positioned to the side of the body and there is a force that causes excessive
shoulder depression, this force will be transmitted to the upper trunk (C5-C6 roots).

B If the force is applied to the axilla while the arm is overhead, then the force is directed and
transmitted to the lower (C8-T1) roots.

In older children, especially teenagers, traumatic brachial plexopathies are due to a vari-
ety of different causes, with cycling accidents, falls, motor vehicle accidents, and sports being
the most common (8). Football is associated with a specific type of brachial plexopathy, the
“burner” or “stinger.” These typically occur with tackling or blocking where the shoulder is
depressed by the impact. The head often is deviated to the contralateral side. The character-
istic symptoms are burning shoulder pain, which radiates to the arm and hand, lasting 3 to
10 seconds, followed by a few minutes of weakness. In a study by Robertson and colleagues
(20) of 10 college football players, they found that mild weakness of external rotation and
abduction of the arm was detected on physical examination. Nine patients had mild biceps
weakness and moderate-to-severe weakness of external rotation, and arm abduction was seen



10: EMG in Pediatric Brachial Plexopathy 177

in two patients. In addition, mild-to-minimal weakness lasting up to 9 months was seen in
three patients. Median and ulnar motor and sensory NCS were normal as was needle EMG
of cervical paraspinal muscles in all patients. However, in all patients, fibrillations and sharp
waves were seen in one or more muscles. Overall, the results of the clinical examination and
EMG indicated injury to the upper trunk of the brachial plexus. The authors indicated that the
mechanism of injury was traction and stretch of the upper trunk of the brachial plexus. Interest-
ingly, they also reported that approximately 50% of the 65 players on their traveling football
squad experienced one or more episode of burning paresthesia during a season.

Another cause of traumatic brachial plexopathy in children, which may not be initially
considered, is physical abuse. This usually occurs as an acute brachial plexopathy in younger
children where no clear predisposing condition, such as febrile illness or independently wit-
nessed accident, is present. Jones (1996) described a case of traumatic brachial plexus injury in
a 15-month-old infant with sickle cell trait with a history of a fall. Median and ulnar NCS were
normal, but fibrillations and decreased MUAPs were seen in the right biceps and deltoid and
normal findings in the triceps and infraspinatus. Neurologic examination 3 months later was
normal. However, 5 months after the initial presentation, the mother reported that the child had
recurrent right arm weakness, and physical examination identified severe biceps and deltoid
weakness with moderate triceps weakness. Although trauma was denied, the social worker
confirmed recurrent child abuse, described as the child being picked up by the arm, twirled
overhead and then being thrown by the parent. As this case dramatically illustrates, physical
abuse should be considered, especially in cases of recurrent, unexplained episodes of brachial
plexopathies.

Idiopathic Brachial Plexopathy

Idiopathic brachial plexopathy (IBP) differs from the more common causes of brachial plexopa-
thies due to structural injuries or lesions. Although no etiologies are clearly implicated in this
condition, it is considered to be an immune-mediated disorder. IBP has a characteristic clinical
pattern and can affect multiple nerves but predominantly affects nerves innervating the shoul-
der girdle. Approximately a third of the patients can have bilateral involvement. There often
are minimal sensory abnormalities and, as opposed to structural lesions, the sensory NCS may
be normal.

Hereditary Brachial Plexus Neuropathy

Hereditary brachial plexus neuropathy (HBPN) is an autosomal dominant disorder with onset
usually between 6 and 18 years of age but can occur as early as 3 years of age. Children with this
disorder can have recurrent episodes of pain in the shoulder and arm, followed by weakness and
atrophy, and then gradual recovery. Although the clinical features of this disorder are similar to
those of IBP, there are clear differences. Dunn and colleagues (21) described this disorder in 12
members of three families and found the following differences: close-set eyes; recurrent attacks
of brachial plexopathies, which are rare in adults with sporadic brachial plexus neuropathy;
initial manifestation in childhood, which is unusual in the sporadic condition; and males and
females equally affected, in contrast to a predominance of males in the nonfamilial condition.
They also reported electrodiagnostic findings of normal motor conduction velocities in affected
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nerves or mild slowing in the peripheral segments. However, the median and radial nerve SNAPs
showed abnormally low amplitude in the acutely affected arms. In addition, denervation was
seen in the acutely weak muscles in some patients. In some cases, evidence of denervation asso-
ciated with normal motor nerve conduction was found, likely due to a proximal lesion.

CONCLUSION

Even though brachial plexopathies are not very common in children they, nonetheless, exist,
and electrodiagnostic testing with NCS and EMG is very useful in helping establish a diag-
nosis, assisting in guiding therapy, and assessing prognosis. It is also important to emphasize
that proper interpretation of these studies requires understanding and knowledge of brachial
plexus anatomy and how lesions within the brachial plexus affect NCS and EMG findings.
Although its utility in OBPP, the most common type of childhood brachial plexopathy, has been
questioned, more recent data suggests that EMG may provide an earlier, objective predictor of
poor recovery and help identify these children at an earlier stage for consideration of surgical
intervention. In older children, EMG and NCS are useful in helping localize the area of abnor-
mality within the brachial plexus, providing functional and pathophysiologic information, and
assisting with treatment and management of the underlying disorder. Overall, EMG and NCS
are indispensable components in the evaluation of brachial plexopathies in children, and despite
perceptions of technical difficulties and limitations in infants and toddlers, these studies are
necessary in order to provide a comprehensive assessment.
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Intraoperative Considerations
in the Pediatric Patient

Gloria M. Galloway, MD, FAAN

CNS MYELINATION

The value of neurophysiological intraoperative monitoring (NIOM) in reducing the risk of
injury to neural structures has been well documented in the literature (1,2). However, perform-
ing NIOM in young children and infants requires special considerations as compared to those
of adults. Central nervous system (CNS) myelination is not complete until approximately age
3 years, and in this age group, there is also significant sensitivity to the effects of volatile anes-
thetic agents.

MULTIMODALITY MONITORING

The use of multimodality monitoring in a variety of surgeries, including complex spinal defor-
mity surgeries, has become the standard of care at most institutions. Multimodality indicates
that several different methods for monitoring pathways are utilized, often monitoring differ-
ent or complementary pathways as listed in Table 11.1. The goal of multimodal monitoring is
increased sensitivity and specificity in detecting changes during the operative procedure from
baseline values, thereby helping to prevent neurological impairment (1). In a large retrospective
review by Emerson, multimodality monitoring and monitoring of selected modalities in pedi-
atric orthopedic spinal cases demonstrated “accurate detection of permanent neurologic status
in 99.6% of 3,436 patients and reduced the total number of permanent neurologic injuries to
6” (2). Intraoperative considerations in the use of these modalities in cases of pediatric NIOM
comprise the topic of this chapter.

Multimodality monitoring can be used in the resection of intramedullary spinal cord
tumors, accounting for less than 10% of CNS tumors in the pediatric population. They can
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TABLE 11.1 List of Monitoring Modalities for use in the OR
MONITORING MODALITIES

SSEP

TcES

BAER

EMG

Cortical stimulation
EEG

Abbreviations: BAER, brainstem auditory evoked response; EEG, electroencephalogram; EMG,
electromyogram; OR, operating room; SSEP, somatosensory evoked potential; TCES, transcranial
electric motor stimulation.

involve any area of the spinal cord as well as the cervical-medullary junction (3). NIOM using
multimodalities is sensitive in determining the potential for neurological compromise. Modali-
ties include dorsal column mapping, somatosensory evoked potentials (SSEPs), and transcra-
nial motor evoked potentials (4). Modalities chosen are similar to those for adult patients, but
increased stimulus intensity and, in the case of transcranial electric motor stimulation (TcES),
use of longer pulse trains may be needed in the very young due to immaturity of the involved
tracts.

Somatosensory Evoked Potentials

SSEPs are elicited by electrical stimulation to a mixed peripheral nerve usually and recorded
over the dorsal root entry zone, brainstem, and sensory cortical areas. SSEPs correspond to
the posterior column medial lemniscus spinal system. This system has synaptic connections
in the ventral posterior lateral (VPL) nuclei of the thalamus. From the VPL, fibers traverse
the internal capsule to the primary sensory cortex at the postcentral gyrus. Upper extremity
representation is along the lateral cortex and representation of the lower extremities is along
the medial and parasagittal area. The effect of anesthesia on NIOM is particularly apparent
with SSEPs, in which amplitude is reduced and latency is prolonged as an effect. This is most
prominently seen with inhalational agents and the effects are most pronounced for potentials
generated from the cortex (cortical potentials), with potentials arising from brainstem genera-
tors (brainstem potentials) being more resistant to the effects of anesthesia. These effects are
also more pronounced in children and the very young. Therefore, attention in the operating
room (OR) to the choice and dosing of anesthetic agents is important in order to have successful
NIOM in this age group.

Transcranial Electric Motor Stimulation

TcES of the motor cortex is accompanied by recording from peripheral extremity muscles
after stimulation. Due to lack of complete myelination of the corticospinal tracts in very young
patients, higher-voltage thresholds and longer pulse trains during TcES are generally needed.
Additional limitations include the inability to use needle or screwlike electrodes in a child if
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the anterior fontanelle is not closed, which occurs typically by 18 months of age. Addition-
ally, TcES generally should not be performed in the presence of a ventriculoperitoneal (VP)
shunt or other intracranial hardware or in patients with poorly controlled seizures due to the
slightly increased risk of seizures in certain patients with transcranial stimulation. Addition-
ally, it may also be necessary to evaluate further the infant or child suspected of having other
CNS or genetic disorders, which may interfere with the ability to perform NIOM or to obtain
adequate responses. The usefulness of neurophysiological monitoring has been shown during
complex spine procedures in cases of congenital deformities given the significant potential for
neurological compromise. In these cases, monitoring with TcES occurs with comparison to
baseline amplitude of ongoing motor potentials obtained during the surgery. TcES under gen-
eral anesthesia during surgery requires the use of several pulses given as a train or multipulse
stimulation in order to elicit a response in the peripheral muscle being recorded. Using TcES
may result in modification of the surgical case especially when a greater than 50% decrement
is seen in motor evoked potential (MEP) amplitude compared to baseline values. Modifying
the surgery based on the neurophysiological monitoring can result in reduction in neurological
weakness postoperatively (5).

Brainstem Auditory Evoked Responses

Brainstem auditory evoked responses (BAERs) involve an acoustic stimulus and recording of
several waveforms (I-V are typically used in clinical practice) recorded from the scalp. Each
waveform has several generators, but for clinical purposes, each is predominately attributed to
a specific anatomic source allowing for reasonable interpretation of findings. Because myelina-
tion is not complete at a younger age, these waveforms do not reach adult values until approxi-
mately age 3 years. Intraoperatively, this may not be significant as long as the waveform is
recordable; then subsequent recording will be compared to that baseline value. In cases of
Arnold Chiari 2, malformation repair with decompression brainstem auditory monitoring may
be useful (6), and in some neurophysiology reports, the use of the blink reflex is considered
useful for monitoring as well (7).

Cortical Stimulation

In clinical settings in which epilepsy surgery and brain mapping is needed, higher-intensity
stimulation protocols than those in adults will likely be needed in pediatric patients in order to
identify the eloquent cortex. For the same reasons outlined earlier when using TcES on a young
patient, cortical stimulation requires higher stimulation parameters due to lack of complete
myelination of cortical tracts in this age group.

EMG Monitoring

Electromyogram (EMG) monitoring can be done with different approaches. One method
is monitoring of evoked muscle responses during surgical manipulation in order to identify
whether the surgical manipulation is too close in proximity to neural tissue. The other method
is one in which a stimulus evoked response is given in order to elicit a muscle response. In order
for reliable monitoring of EMG signals during NIOM, it is imperative that no neuromuscular
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blockade be given. Most anesthetic agents can be used safely; however, propofol has been
reported to cause the development of intense muscle spasms during selective dorsal rhizotomy
(SDR) procedures.

Selective Dorsal Rhizotomy

More commonly in pediatric patients, a procedure referred to as selective dorsal rhizotomy
(SDR) is utilized in cases of spasticity nonresponsive to medical management and often in the
case of spastic cerebral palsy. At spinal levels L2 to S2, the surgeon divides each dorsal root
into individual rootlets followed by selective stimulation of each rootlet in sequence. Neuro-
physiologic monitoring is performed so that as each rootlet is stimulated, the response can be
graded as to the degree of abnormality seen both clinically and by EMG recording. Depend-
ing on the degree of abnormality, the surgeon will selectively sever dorsal rootlets in order to
decrease facilitatory afferent input. SDR partially removes sensory input so the degree of motor
tone is reduced but the patient is not left hypotonic.

Pedicle Screw Placement
Another situation in which EMG monitoring is utilized in pediatric patients involves scoliosis
repair typically involving spinal fusion along with pedicle screw placement. In this situation,
EMG is recorded from muscles innervated at the levels in which the pedicle screws are placed.
The presence of an EMG response or compound muscle action potential (CMAP) after stimula-
tion of the pedicle screw indicates that a breach within the pedicle wall is present and readjust-
ment of the pedicle screw is needed. An intact pedicle wall should not allow the production of
a CMAP after stimulation of the screw.

EMG recording from muscles of the lower limbs and anal sphincter may be useful in cases
of tethered cord repair and can be used along with SEP recording of the lower limbs.

Tumor Resection

Additionally, EMG monitoring with free-run EMG recording or after nerve stimulation may
be used in cases in which cranial or peripheral nerves are at risk of injury such as with tumor
resection. In these cases, avoidance of neuromuscular blockade and anesthetic considerations
as in other situations in a pediatric patient are needed. In these situations, recording of EMG
activity indicates to the surgical team that their surgical interventions are in close proximity to
or risking the integrity of neural tissue and that adjusting surgical exploration or resection away
from that area would avoid neural injury.

EEG Monitoring

Pediatric AVM

Endovascular treatment of pediatric arteriovenous malformations (AVM) can incorporate mul-
timodality monitoring using SSEPs, brainstem auditory evoked potentials (BAEPs), MEPs,
electroencephalography (EEG), and in some cases EMG in order to monitor and help localize
motor cranial nerves and nuclei. Intra-arterial amobarbital sodium injection of a feeding vessel
is done prior to embolization of that vessel, and if this injection results in a significant change
in the evoked potentials (EPs), EEG, or the patient’s physical examination, then a different
vessel is instead evaluated for embolization. The assumption is that the change in EPs or EEG
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occurred after testing because that vessel was likely supplying normal brain and should not be
embolized (8).

Pediatric Moyamoya Disease
Pediatric Moyamoya disease is a progressive occlusive disease involving the terminal internal
carotid artery (ICA) but can be extensive and involve the proximal middle cerebral artery, anterior
cerebral artery, and posterior cerebral artery resulting in cerebral ischemia. There may be enlarge-
ment of perforating vessels in the basal ganglia in order to compensate for the occlusive disease.
In order to increase cerebral blood flow, revascularization is done most commonly by anas-
tomosing the superior temporal artery to a branch of the middle cerebral artery. During this
revascularization procedure, there is significant risk of cerebral ischemia; so multimodality
monitoring with EEG and SSEPs can be utilized to assess cortical function during the anas-
tomosis and allow for surgical modifications if needed (8). In the very young patient, EEG
patterns vary in regard to rate and amplitude compared to adult patients. In recanalization
procedures, the ongoing EEG is compared to the patient’s own baseline intraoperative study for
detection of any changes.

Congenital Cardiac Disease

Congenital cardiac disease is a leading cause of mortality in the pediatric population. The inci-
dence of congenital heart defects is 2% to 10% per 1,000 live births. Despite the advancements
in technique, congenital heart disease still remains the leading cause of death in all patients
with congenital defects and responsible for 10% to 60% rate of neurological compromise dur-
ing cardiac surgery (9). Cardiopulmonary bypass surgery (CPB) utilizing intraoperative EEG
recording along with other measures of functional status have demonstrated usefulness in
improving neurological outcomes. EEG is a useful monitoring modality; as it is a sensitive
measure of the effects of cerebral blood flow, it can be applied noninvasively and continuously
recorded. This appears to be supported by a study by Kimatian and colleagues (10). Their evi-
dence suggested that the addition of NIOM to EEG was associated with a significant change
in the intraoperative management of pediatric patients on CPB. Their findings indicated that
increases to the use of donor blood were made during the surgery in order to maintain a higher
hematocrit level during the bypass period, and this decision was based upon the neurophysi-
ological data. They also noted improvements in postoperative neurologic function with these
higher hematocrit levels. Higher hematocrit levels between 25% and 35% have been shown to
be associated with improvements in neurological development at 1 year in infants after CPB.
The researchers indicated that there were behavioral changes in the surgical team as a result
of the NIOM monitoring with a lower tolerance for maintaining a low hematocrit and greater
likelihood of using donor blood in these infants during CPB.

Pediatric patients undergoing NIOM require changes to anesthetic technique and in some
cases, techniques used for neurophysiologic monitoring as well. Additionally, the clinical sce-
narios may be particular to their age of onset. In all cases, the goals of NIOM are to reduce
the risk of neurological complications and permanent neurological deficit. Selecting the appro-
priate monitoring modalities, and in many cases multimodality monitoring, is necessary in
order to most effectively monitor the neural pathways at risk of injury and prevent neurological
compromise.
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Evoked Potentials in Pediatric
Brainstem Lesions

Ze Dong Jiang, MD

The human brainstem consists of the midbrain, pons, and medulla, contains 9 of the 12 cranial
nerves, and is crossed by the ascending, descending, and cerebellar pathways and their nuclei as
well as the reticular formation. Lesions in the brainstem may affect auditory and somatosensory
pathways. Evoked potentials (EPs) or evoked responses (ERs) are electrical potentials recorded
from the nervous system after the presentation of sensory stimuli. EPs are small electrical
events arising from neural tissue and occurring in response to abrupt sensory stimulation. Audi-
tory and somatosensory (and visual) stimuli are the methods of stimulation used commonly for
clinical evoked potential studies. They consist of a series of waves that reflect the sequential
activation of neural structures along the sensory pathways.

In current clinical application, there are two main types of sensory EPs used to assess
the functional status of the brainstem. These are short-latency or brainstem auditory evoked
responses (BAERs) and the short-latency somatosensory evoked potentials (SSEPs). BAERs
and SSEPs provide sensitive measures of the central conduction functions of the auditory and
somatosensory input systems at different levels of the central nervous system (CNS). BAER is
the major objective test used in the detection of intrinsic or extrinsic lesions of the brainstem
and play a major role in the testing of hearing. SSEPs have the capacity to evaluate both the
peripheral nervous system and CNS from the distal peripheral nerves to the sensory cortex.
The other important sensory potentials are visual evoked potentials (VEPs) that are often used
in ophthalmologic assessment. In clinical application, evaluation with EPs are often less costly
than other evaluation techniques such as MRI.

BAERs are also referred to as brainstem auditory evoked potentials (BAEPSs) or auditory
brainstem responses (ABRs). The responses have been widely used in pediatric, particularly
neonatal, neurology to study and assess the hearing or auditory function and neuropathology
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that may involve the brainstem auditory pathway (1-3). Following brief acoustic stimuli (usu-
ally broadband clicks), the brainstem responses are detected by averaging the electroencephalo-
gram (EEG) immediately after each of several thousand stimuli. The submicrovolt deflections
in a recorded BAER occur in the first 10 minutes after the stimuli. The first wave component
(wave I) in a BAER waveform recorded in normal adults occurs within 2 minutes after acoustic
stimuli, with a cochlear microphonic and subsequent compound action potential from the audi-
tory nerve. The following BAER components (waves II to V) occur within the first 7 to 9 min-
utes in adults and are of brainstem origin. Although the exact generators of the BAERs are not
precisely localized, in general, the waveforms in clinical use are attributed to distinct brainstem
regions for applicable purposes of interpretation. Wave I1I is thought to be of lower pontine gen-
eration, and wave V is thought in general to have lower midbrain generation (Figure 12.1). Wave
I is a near-field response (meaning that the source of generation is close to the site of recording)
and is recorded at the ear or mastoid electrode and generated by the peripheral nervous system.
All the following waves are far-field responses (generated far from site of recording), generated

AC

vi 1 i
CN? L

DCN

VCN

Cochlea

FIGURE 12.1 Neural origin of BAER components.

Abbreviations: VIII N, auditory nerve; AC, auditory cortex; BAER, brainstem auditory evoked response;
DCN, dorsal cochlear nucleus; E, extracranial; |, intracranial; IC, inferior colliculus; LL, lateral
lemniscus; MGN, medial geniculate nucleus; NTB, trapezoid body; SOC, superior olivary complex;
VCN, ventral cochlear nucleus.
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in the brainstem but recorded at the scalp. Because of the immaturity of the brainstem auditory
pathway, the latencies of BAER wave components in infants are longer than in adults, while the
amplitudes are generally smaller than in adults. After birth, over time, BAER wave latencies
and interpeak intervals are shortened or decreased while wave amplitudes are increased. This
maturational process continues until early childhood.

One important advantage of BAERSs is that they are unaffected by sleep state or sedation.
This has led to a wide interest in using BAERS in pediatric audiology and neurology to assess the
functional status or integrity of both peripheral and central, specifically brainstem, auditory path-
ways (1-3). In addition to assessing auditory function, the BAERs have been extended to quanti-
tatively evaluate neural integrity and maturation of the immature brainstem and detect brainstem
lesions in many pathological conditions that affect the brainstem auditory pathway. More recently,
the maximum length sequence (MLS) has been introduced in pediatric neurology to record and
analyze BAERs. This relatively new technique, which can exert a more stressful physiological/
temporal challenge to brainstem auditory neurons, has been documented to improve the detection
of brainstem lesions in pediatric, particularly neonatal, neuropathology (1,2,4).

SSEPs are also used to evaluate brainstem function. They can be elicited by mechanical
stimulation, but in clinical application, SSEPs are elicited by electrical stimulation of peripheral
nerves, which produces larger and more robust responses than mechanical stimulation. The
stimulation sites typically used for clinical diagnostic SSEP studies are the median nerve at
the wrist, the common peroneal nerve at the knee, and/or the posterior tibial nerve at the ankle.
Recording of the SSEPs to stimulation of the ulnar nerve at the wrist is useful for intraoperative
monitoring when the midcervical spinal cord or parts of the brachial plexus are at risk. Record-
ing electrodes are placed over the scalp, spine, and peripheral nerves proximal to the stimula-
tion site. The series of waves generated in a SSEP waveform reflect the sequential activation of
neural structures along the somatosensory pathways. SSEPs are used for clinical diagnosis in
patients with various neurologic diseases that affect the somatosensory pathways and for intra-
operative monitoring during surgeries that place parts of the somatosensory pathways at risk. An
abnormal SSEP can result from dysfunction at the level of the peripheral nerve, plexus, spinal
root, spinal cord, brainstem, thalamocortical projections, or primary somatosensory cortex. The
SSEP components generated in the brainstem and in the cerebral cortex are mediated entirely by
the dorsal columns (posterior columns) of the spinal cord, the fasciculus cuneatus for upper limb
SSEPs and the fasciculus gracilis for lower limb SSEPs. Lesioning of the dorsal columns of the
spinal cord rostral to the root levels where the afferent somatosensory activity enters the spinal
cord abolishes the SSEPs generated in the brain. However, the SSEPs can persist, following
lesions of the anterolateral spinal cord. Diseases of the dorsal columns in which joint position
sense and proprioception are impaired are invariably associated with an abnormal SSEP.

The latencies of SSEP components are, in general, shorter in infants and children than in
adults and change progressively with growth and maturation. The latency changes predomi-
nantly reflect linear growth with elongation of the peripheral nerves and central somatosen-
sory pathways. These effects are counterbalanced partially by myelination and increase in fiber
diameters, which produce faster conduction velocities, and partially by maturation of synaptic
transmission. The latter effects operate until age 6 to 8 years, at which time central conduction
times (CCTs) have reached adult levels, and further latency changes are due to changes in stature.
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SSEP test is an accurate clinical tool to measure somatosensory conduction. The findings
can inform us about the presence and extent of a particular disease or injury that affects the
somatosensory nerve system. It can be used to monitor the progression of neurological disease
and neuropathology, and a patient’s status during surgery near the spinal cord or in the intensive
care unit in cases of brain injury. SSEPs are also a valuable electrophysiological tool to evaluate
brainstem lesions that affect the somatosensory pathway in the brainstem.

The advance of sophisticated neuroradiologic imaging has had a great impact on the clini-
cal use of EPs, with fewer diagnostic EP studies performed than in the pre-MRI and early MRI
era. Nevertheless, EPs remain valuable as electrophysiological diagnostic measures in many
clinical situations. Among the EPs, BAERs are most affected by brainstem lesions. Over the last
three decades, BAERs have been the focus of noninvasive electrophysiological examinations of
the functional integrity of the brainstem in pediatric neurology. Compared with SSEPs, VEPs,
and the long- and middle-latency auditory evoked potentials (LAEPs and MAEPs), BAERs
are simpler to record and are unaffected by sleep state or sedation, which makes the responses
particularly suitable for use in very young infants and sick children. Numerous clinical studies
have documented that BAERs are an important tool and adjunct to detect neuropathology that
involves the brainstem auditory pathway in a wide range of pediatric and neonatal diseases.
This chapter is mainly focused on the clinical application of BAERS in the diagnosis and man-
agement of brainstem lesions in some common pediatric, particularly neonatal, problems.

TECHNICAL FACTORS IN THE ASSESSMENT OF BAERS
Click Intensity and Repetition Rate

For the purpose of neurologic assessment, it is crucial to clearly and reliably identify wave I in the
recorded BAER waveforms, which will allow accurate calculation of I-III interpeak interval and
I-V interpeak interval—the so-called brainstem conduction time (BCT) and the most important
and commonly used BAER variable to reflect brainstem function. Wave I can be enhanced by
changing the stimulus parameters (eg, increasing stimulus intensity, decreasing stimulus repetition
rate), using an ear canal or tympanic electrode or transtympanic electrocochleography (ECochG).
In patients with peripheral auditory deficits, the simple way to enhance wave I is to increase
stimulus intensity. For infants with a BAER threshold within the normal range (<20 dB nHL),
the intensity of click stimuli used to elicit conventional BAERSs is usually between 70 and 80 dB
nHL. For infants with a BAER threshold greater than 20 dB nHL, the intensity of clicks should be
increased as appropriate in order to collect a well-formed BAER waveform.

For MLS BAER testing, the click repetition rates used are much higher than those used in
conventional BAER, ie, the BAERSs obtained using conventional averaging methods. This results
in an increased perception of loudness of the stimulus trains due to temporal integration. There-
fore, the click intensity should be relatively lower than that used in conventional BAER. A click
intensity level at 45 to 55 dB above the BAER threshold of each subject is usually the best method
to obtain a satisfactory MLS BAER waveform, with well-formed waves I, III, and V. Thus, 60
or 65 dB nHL is usually best for infants with a normal BAER threshold (<20 dB nHL) (1,4). For
infants with a BAER threshold greater than 20 dB nHL, the intensity of clicks should be increased
to at least greater than 40 dB above the threshold of each individual infant. This will ensure
BAER waves I, 111, and V to be clearly identified in the recorded waveforms. For infants with a
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threshold greater than 45 dB nHL, however, it is often difficult to obtain well-formed and reliable
waves I, III, and V at any high click intensities. For group comparison, it is important to ensure
that there is no significant difference between groups in the click intensity level above the thresh-
old of individual subjects in order to compensate for individual differences in hearing sensation
and for the influence of sensation level on wave latencies, amplitudes, and interpeak intervals.

In some clinical situations, infants with neuropathology that affects the brainstem auditory
pathway may not show any apparent BAER abnormalities at conventionally used repetition
rates of clicks, eg, 11/sec or 21/sec. Increasing the stimulus rate could be a useful “stimulus
challenge test” to improve the detection of some neuropathology that may not be shown by the
BAERSs recorded with relatively slow stimulus rates (1,4). However, a significant increase in
click rate, eg, 91/sec, in conventional BAERs can degrade the recorded BAER waveform mor-
phology, and, in turn, can cause difficulty in accurate and reliable identification and measure-
ment of BAER wave components.

MLS Technique

The MLS is a relatively new technique to record and analyze BAERSs (1,2,4-10). It can exert a
more stressful physiological/temporal challenge to brainstem auditory neurons, thus potentially
improving the detection of neuropathology that may not be detected by conventional BAERSs
(1,4). The MLS technique allows the presentation of stimuli at much higher rates (up to 1,000/
sec or even higher) than is possible with conventional averaging methods. Since the higher rates
provide a much stronger temporal/physiological challenge to auditory neurons and permit a more
exhaustive sampling of physiological recovery or “fatigue” than is possible with conventional
stimulation, this technique can potentially enhance the sensitivity of BAERSs in the diagnosis of
neuropathological conditions. In the past decade, MLS has been documented to be a valuable
technique to enhance the diagnostic value of BAERSs, particularly for some early or subtle neuro-
pathology, which may not be detected by conventional examination and investigations (1,4,6—16).
The repetition rates of clicks for eliciting MLS BAERSs are usually 91/sec, 227/sec, 455/
sec, and 910/sec (1,4). Jiang proposed that in terms of detecting neuropathology that involves
the brainstem auditory pathway, MLS BAER abnormalities are better detected with high-rate
stimulation, typically 455/sec and 910/sec. The highest rate of 910/sec is very “stressful.” How-
ever, this rate can cause some alteration in the elicited MLS BAER waveform, which may result
in difficulty in accurate and reliable identification and measurement of waves I and V. The
rate 455/sec usually elicits well-formed MLS BAER waveforms, and appears to be “stressful”
enough for the brainstem auditory neuron as to significantly enhance the detection of neuro-
pathology. Therefore, 455/sec is the preferred rate of the four click repetition rates for clinical
application (1). Due to temporal integration, the perception of loudness of the stimulus trains
increases as the repetition rate is increased. Thus, a click intensity of 80 dB nHL or higher is
intolerable for subjects with normal hearing. Even 70 dB nHL tends to be too loud for some
subjects, particularly when the test is of a long duration (2,6). In addition, at such high click
intensities, the recorded MLS BAER waveforms are often distorted or deteriorated.

Measurement of BAER Variables

The schematic measurement of various BAER components in children and adults is shown in
Figure 12.2. Usually, the major point on a wave component that produces the greatest amplitude
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FIGURE 12.2 Measurement of (MLS) BAER wave components in children.

Abbreviations: amp, amplitude; BAER, brainstem auditory evoked response; IPI, interpeak interval; lat,
latency; MLS, maximum length sequence.

is selected as the peak of the wave. In some recordings, the top portion of a BAER wave is
rounded or consists of a couple of small peaks, and there is no sharp peak of maximum ampli-
tude that can be picked as the wave peak. A general solution is to extend lines from the two
slopes of the wave component to a point where the two lines intersect. This point is then taken
as the peak of the wave. There are several other methods to pick the peak, but all have certain
limitations. The selection of methods is largely dependent on the particular waveform.

The latency of a BAER wave is the time interval between the onset of the stimulus presen-
tation and the appearance of a wave peak in the waveform. There are three major BAER wave
latencies (wave I, III, and V latencies). Interpeak interval is the relative measure calculated as
the time between the peaks of two different BAER waves. There are three interpeak intervals,
including I-V, I-111, and III-V, and an interval ratio of III-V over I-III intervals (ie, III-V/I-III
interval ratio) to reflect the relative changes in the two small intervals. The amplitude of a
BAER wave is the measurement of the voltage difference between the peak and the preceding
or following trough of a wave. The amplitude of wave I is measured from the positive peak of
wave I to the negative trough immediately after the peak. Since the trough after wave III is
considerably variable, it is not reliable to use the trough to measure the amplitude of wave II1.
Instead, the amplitude is measured between the peak of wave I1I and the immediate preceding
trough of wave III. The amplitude of wave V is measured from the positive peak of wave V to
the major negative trough immediately after the peak. With the amplitudes of BAER waves I,
III, and V, relative amplitude ratios (ie, V/I and V/III amplitude ratios) are then calculated to
reflect the relative changes in these amplitudes. In newborns and young infants, there is often
considerable variation in the amplitude of wave I, which in turn significantly affects the reli-
ability of the diagnostic value of the V/I amplitude ratio (13). To minimize this variation, the
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amplitude of wave I in young infants is measured from its peak to the lowest trough between
waves I and III. The amplitude of wave III in young infants is measured from the peak of wave
I1I to the lowest trough between waves I and III (1,13).

BAER Abnormalities in Brainstem Lesions

In brainstem lesions, the typical BAER abnormality is an abnormal increase in I-V interpeak
interval, along with an increase in wave V latency. Intervals I-III and/or III-V may also be
increased, depending on the location of the lesion in the brainstem and the nature of the pathol-
ogy. For instance, wave V latency and I-V interval were found to be significantly increased in
both infants with chronic lung disease (CLD) and infants after perinatal asphyxia (14). CLD
infants showed a significant increase in the I1I-V interval but a generally normal I-III interval
at all click rates, whereas infants after asphyxia showed a significant increase in both III-V and
I-III intervals. Interval I-III was shorter and the III-V/I-III interval ratio was greater in CLD
infants than in asphyxiated infants. Thus, CLD infants had a major increase in the more central
BAER component (III-V interval), with no appreciable increase in the more peripheral compo-
nent (I-III interval). In contrast, asphyxiated infants had a significant increase in both central
and peripheral components (I-III and III-V intervals). These differences indicate that neonatal
CLD affects the central regions of the brainstem more, whereas perinatal asphyxia affects both
peripheral and central regions. This difference is likely related to the difference in the nature of
pathology between CLD and asphyxia (14,15).

Compared with BAER wave latencies and interpeak intervals, the amplitudes of BAER
wave components have a relatively large intersubject variability. Nevertheless, under well-con-
trolled and consistent testing conditions, the amplitudes of BAER waves, particularly wave
V, are useful variables to reflect the functional status of brainstem auditory neurons (17-22).
The amplitudes can be reduced in some brainstem lesions, but not in others. For instance, the
amplitude of BAER wave V was significantly reduced in perinatal asphyxia, but not in neo-
natal CLD, suggesting that there is major neuronal impairment in the auditory brainstem in
asphyxia but not in CLD (13,19). This difference may be, at least partly, related to the difference
in the nature of hypoxia associated with the two problems; the hypoxia in CLD is chronic and
sublethal, which does not exert a major effect on brainstem neurons, but the hypoxia, which is
associated with ischemia, in perinatal asphyxia is often acute and lethal and is detrimental to
brainstem neurons.

HYPOXIC-ISCHEMIC ENCEPHALOPATHY

In infants with hypoxic-ischemic encephalopathy after perinatal asphyxia, lesions of the
brainstem can be noted on MRI, with several distributive patterns of hypoxic-ischemic injury.
There are often subtle but definite uniform symmetric brainstem lesions (23). Asphyxiated
infants can manifest selective brainstem injury and exhibit palsy of the lower brainstem cra-
nial nerves. Early histopathologic studies have shown that following perinatal asphyxia, or
hypoxia-ischemia, there are discrete brainstem lesions involving auditory centers, including
loss of neurons with gliosis or ischemic cell changes in the inferior colliculus and superior
olivary complex (24). In fetal primates, asphyxic injury of the inferior colliculus was found to
be one of the earliest effects of acute total asphyxia.
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Since the late 1970s, BAERs have been used to examine functional impairment in the
neonatal brainstem in infants after perinatal asphyxia. More recently, the responses have also
been used to assess some therapeutic (eg, brain cooling) effect on the brainstem after hypoxia-
ischemia (25). The BAER abnormalities in infants after hypoxia-ischemia include increased
wave latencies and interpeak intervals, reduced wave amplitudes, and decreased V/I amplitude
ratio, suggesting hypoxic-ischemic brainstem lesions (18,26). In conventional BAERs, a moder-
ate increase in the click rate from 21/sec to 51/sec may not significantly improve the detection
of BAER abnormalities, but a significant increase to 91/sec could (Figure 12.3) (26). In MLS
BAER, the abnormalities are more pronounced at very high repetition rates (455/sec and 910/
sec) than at lower rates (Figure 12.4) (6,7,13,27,28).

In term infants after hypoxia-ischemia, there are characteristically dynamic changes in the
BAERSs during the first month after birth, typically seen in the I-V interval (Figure 12.5). Jiang
et al found that on the first day after birth, wave III and V latencies and I-V and III-V interpeak
intervals are increased significantly, particularly at higher click rates (7,26). The abnormalities
reach a peak on the third day after birth. Thereafter, the increased wave latencies and intervals
recover progressively. These BAER variables approach normal values on day 15. By the end of
the first month, the BAER abnormalities almost completely recover, although III-V and I-V
intervals remain slightly increased (7,26). The dynamic changes, which are particularly obvious
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FIGURE 12.3 BAER recordings at 21/sec, 51/sec, and 91/sec clicks in a normal term infant
(A) and an asphyxiated term infant (B). Wave latencies and intervals are increased, and wave
V amplitude reduced, mainly at 91/sec, in infant B.

Abbreviation: BAER, brainstem auditory evoked response.
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FIGURE 12.4 MLS BAER recordings made from a normal term infant (A) and two term
infants after severe asphyxia (B and C) on day 3 after birth. Compared with normal infant A,
the amplitudes of waves |, lll, and V in infant B are all reduced at all click rates, particularly
of wave V at high rates. In infant C, BAER wave latencies, intervals, and wave amplitudes
are basically normal at 91/sec clicks. As click rate is increased, the latencies and intervals
are increased, and the amplitudes of wave | and, particularly, of wave V are significantly
reduced.

Abbreviations: BAER, brainstem auditory evoked response; MLS, maximum length sequence.

in MLS BAER, demonstrate a general trend of functional impairment of the neonatal brainstem
after perinatal asphyxia, reflecting a specific time course of pathophysiological changes in the
brainstem during the acute phase of hypoxic-ischemic brain damage (7). The impairment pro-
gresses shortly after birth, reaches a peak on the third day, and tends to recover progressively
thereafter. The first week, particularly the first 3 days, is a critical period of hypoxic-ischemic
brainstem damage. Two weeks after birth, the damage recovers significantly and largely returns
to normal. By 1 month, the damage almost completely recovers in most cases.

This characteristic time course provides important information for studying and imple-
menting any timing intervention or therapeutic measures to protect the neonatal brain and
reduce further hypoxic-ischemic damage (7,26). The progression and deterioration of the
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abnormalities in BAERs during the first 3 days after birth indicate that early intervention dur-
ing the critical first few days might prevent further hypoxic-ischemic brainstem damage or
reduce the deterioration of damage. The time course could be used as a reference to monitor
cerebral function, assess the responses of the brain to neuroprotective and/or therapeutic inter-
ventions, and help to judge the value of therapeutic interventions. The time course also provides
a valuable time frame for recording BAERSs in infants after perinatal hypoxia-ischemia. The
first recording can be made on the first day after birth for the early detection of hypoxic-
ischemic brain damage and for assessment of the severity of the damage. The second recording
can be made at approximately day 3 to examine whether the damage has deteriorated or not.
The third recording can be made on days 7 to 10 to assess any significant recovery. The fourth
recording can be made at 1 month to examine whether the damage has largely resolved and the
MLS BAER has returned to normal.

Figure 12.5 shows dynamic change in the I-V interval of MLS BAER during the first
month after birth in a group of term infants after perinatal asphyxia (7). On day 1, the interval
increased significantly at all repetition rates of clicks used (91-910/sec), especially the higher
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FIGURE 12.5 Means and standard errors of the I-V interval at different repetition rates of
clicks (=40 dB above BAER threshold) during the first month after birth in term infants after
hypoxia-ischemia. The symbols in sequence from left to right represent the data of infants
after hypoxia-ischemia on day 1, normal control infants on days 1 to 3, infants after hypoxia-
ischemia on days 3, 5, 7, and 10, the control infants on days 10 to 15, infants after hypoxia-
ischemia on days 15 and 30, and the controls on day 30.

Abbreviation: BAER, brainstem auditory evoked response.
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rates. On day 3, all these latencies and intervals increased further and differed more signifi-
cantly from the normal controls. Thereafter, the latencies and intervals decreased progressively.
On day 7, wave V latency and all intervals still differed significantly from the controls. These
dynamic changes were more significant at higher rates of clicks than at lower rates. On days
10 and 15, all intervals decreased significantly. On day 30, all wave latencies decreased to the
values in the normal controls on the same day. The intervals also approached normal values,
although III-V and I-V intervals still increased slightly. These dynamic changes demonstrate a
general time course of brainstem pathophysiology after perinatal asphyxia; the hypoxic-isch-
emic brain damage persists during the first week, with a peak on day 3, and recovers progres-
sively thereafter. By 1 month, the damage has largely resolved. The first week, particularly the
first 3 days, is a critical period of hypoxic-ischemic brain damage, and early intervention may
prevent or reduce deterioration of the damage.

There are limited reports that used SSEPs to assess perinatally hypoxic-ischemic brainstem
lesions. Gibson et al. (1992) studied the median nerve SSEPs in 30 asphyxiated term infants over
the course of their encephalopathy and until discharge (29). Three types of responses were noted:
normal waveform, abnormal waveform, or absence of cortical response. During the follow up,
nine infants died of their asphyxial illness and one of spinal muscular atrophy. Of the 20 survi-
vors, 3 had cerebral palsy (CP), 4 had minor abnormalities, and 13 were neurodevelopmentally
normal. The early SSEP results were closely correlated with the outcome. All 13 infants with
normal outcome had normal SSEPs by 4 days of age, whereas those with abnormal or absent
responses beyond 4 days had abnormal outcomes.

Using multimodality evoked potentials (MMEPs), Scalais et al. (1998) assessed cerebral
function in 40 hypoxic-ischemic term or near-term neonates during the first week of life in
order to predict the neurological outcome (30). A three-point grading system registered mild,
moderate, or severe abnormalities in SSEPs, BAERs, and VEPs. At 24 months of corrected
age, the infants were assessed with a blind protocol to determine neurological development.
Grade 0 fVEPs and SSEPs were associated with a normal neurological status in 100% of the
infants. Abnormal SSEPs or a total grade (VEPs + SSEPs) >1 were not associated with normal
outcomes. Normal BAERs did not predict a normal outcome, but severely abnormal BAERs
did predict an abnormal outcome. There was a significant correlation between EP (VEPs +
SSEPs) grade, Sarnat stage, and clinical outcome. Compared with Sarnat scoring, both fVEPs
and SSEPs are more accurate as prognostic indicators. EPs (VEPs + SSEPs) also are more
accurate in predicting the ultimate neurological outcome.

The predictive value of early EP testing for neurodevelopmental outcome after perinatal
asphyxia seems to be rather limited. Recently, Julkunen et al. (2014) studied SSEPs, BAERs, EEG,
and Doppler in 30 asphyxiated term infants during the first 8 days (31). Cerebral blood flow veloci-
ties (CBFVs) were measured from the cerebral arteries using pulsed Doppler at 24 hours of age.
EEG, EPs, Doppler findings, symptoms of hypoxic-ischemic encephalopathy, and their combina-
tion were evaluated in predicting a 1-year outcome. An abnormal EEG background predicted a
poor outcome in the asphyxia group with a sensitivity of 67% and 81% specificity and an abnor-
mal SSEP with 75% and 79%. Combining increased systolic CBFV with abnormal EEG or SSEP
improved the specificity, but not the sensitivity. The predictive values of abnormal BAER and VEP
results were poor. A normal EEG and SSEP predicted a good outcome in the asphyxia group with
sensitivities from 79% to 81%. The combination of normal EEG, normal SSEP, and systolic CBFV
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less than 3 standard deviations (SD) predicted a good outcome with a sensitivity of 74% and 100%
specificity. The authors concluded that combining abnormal EEG or EP findings with increased
systolic CBFV did not improve prediction of a poor 1-year outcome in asphyxiated infants. A nor-
mal SSEP and normal EEG combined with systolic CBFV less than 3 SD at about 24 hours can be
valuable in the prediction of normal 1-year outcome for term infants after asphyxia.

BILIRUBIN ENCEPHALOPATHY

Infants with bilirubin encephalopathy are lethargic, hypotonic, or hypertonic. They manifest a
high-pitched cry, opisthotonus, seizures, and may even die. Patients surviving kernicterus have
severe permanent neurologic symptoms (choreoathetosis, spasticity, hearing loss, ataxia, men-
tal retardation). Less severe injury is associated with mild neurological abnormalities, including
hearing loss. BAER has long been used as an important tool to study and evaluate bilirubin
neurotoxicity in the brain and the auditory system and assess therapeutic (phototherapy and
exchange transfusions) effect on the impaired brainstem and auditory function in neonatal
hyperbilirubinemia (32-38). The majority of investigators found an increase in wave latencies
and the I-V interval, although a few others reported no significant BAER abnormalities. In our
BAER study of 90 term neonates with hyperbilirubinemia, 18% had an abnormal increase in
the I-V interval, suggesting brainstem impairment (39). We further noticed that the increase is
more significant in MLS BAERSs than in conventional BAERs (Figure 12.6) (40). Both I-III
and III-V intervals were increased significantly at higher rates of 455/sec and 910/sec. These
BAER abnormalities were generally more significant at higher levels of total serum bilirubin
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FIGURE 12.6 Boxplot of I-V interpeak intervals (bold line across the box, median; box,

25th and 75th centile; extensions, the largest and smallest values) at various click rates in
neonates with HBN and age-matched normal controls. The |-V interval is longer in neonates
with HBN than in age-matched normal controls at all click rates, which was particularly
obvious at 455/sec and 910/sec.

8.0

7.21

o
~

o
o

|-V interval (ms)

b
©

Abbreviation: HBN, hyperbilirubinemia.
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than at lower levels (Figure 12.7), suggesting that the severity of BAER abnormalities and, in
turn, auditory brainstem impairment is related to, though not completely in parallel with, the
severity of hyperbilirubinemia. In addition, BAER wave amplitudes in neonates with hyperbili-
rubinemia are often reduced, suggesting that brainstem auditory electrophysiology is depressed
(20,41). These BAER abnormalities are valuable markers or indicators of bilirubin ototoxicity
or neurotoxicity. The degrees of these abnormalities are correlated with the severity of neonatal
hyperbilirubinemia, though they may not precisely indicate the severity. The neurotoxic effect
of hyperbilirubinemia on the auditory system could be transient, provided prompt treatment
is initiated. Following exchange transfusions, the BAER abnormalities in infants with severe
hyperbilirubinemia usually promptly returns to normal or near normal (37,42,43). The prompt
recovery of BAERSs following the decrease in the level of blood bilirubin further indicates that
BAER is a sensitive test to assess the neurotoxic effect of neonatal hyperbilirubinemia and
provide a valuable guide for early recognition and close monitoring of bilirubin neurotoxicity.
There is controversy over the use of SSEPs in assessing bilirubin neurotoxicity, as the lem-
niscal pathways that generate the SSEPs are not involved in kernicterus. Silver et al. (1996)
described postnatal development of SSEPs in Gunn rats and the effect of jaundice (44). They
found no effect of jaundice on the SSEPs in young jaundiced (jj) rats (1628 d). However, adult
(3—4 months) jj rats had prolonged latencies and decreased amplitudes of the P2 component of
the SSEPs compared with adult nonjaundiced (Jj) rats. These changes in the SSEPs of jaundiced
rats may reflect a synaptic lesion in these animals, possibly due to cumulative and/or progressive
damage induced by bilirubin during the first 3 months of life. After sulfadimethoxine adminis-
tration, marked latency prolongations (2%—6%) were observed in the early components of SSEPs
in young (3-wk-old) jj (but not Jj) rats, as early as 2 hours after injection. These changes, which
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FIGURE 12.7 Scatterplot of the I-V interval at 455/sec, with regression line against TSB.
The interval is increased with the increase in TSB level.

Abbreviation: TSB, total serum bilirubin.
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became more severe (4%—10%) with time, seem to be mostly peripheral. It appears that the
SSEP may be a sensitive marker for the massive entry of bilirubin into the nervous system and
could serve as part of an evoked potential battery (in addition to VEPs and BAERS) in assessing
bilirubin-induced neurotoxicity in jaundiced newborns and infants (44).

In 16- to 17-day-old jaundiced (jj) Gunn rats, Shapiro (2002) analyzed serial BAERs and
SSEPs up to 8 hours after acute bilirubin toxicity (45). SSEPs to median nerve stimulation were
recorded from surface electrodes over the brachial plexus (Erb’s) and contralateral parietal
cortex and subtracted to obtain CCT. No significant change was seen in CCT in the SSEPs,
whereas the BAERs were significantly abnormal and even abolished in some rats. When the
injection of sulfonamide induced significant peripheral and central BAER abnormalities in
jaundiced rats, no SSEP abnormalities occurred. The authors concluded that the SSEPs can
assess proprioception but not other somatosensory functions or sensory integration, and BAER
findings can sensitively reflect selective acute bilirubin toxicity for the auditory brainstem.

BRONCHOPULMONARY DYSPLASIA

Neonatal CLD, particularly bronchopulmonary dysplasia (BPD)—a severe type of CLD, is a
major lung disease and one of the greatest risk factors of neurologic impairment and develop-
mental deficits in very preterm or very low-birth-weight infants (46,47). BAERs were not stud-
ied in neonatal CLD or BPD until recent years (14,15,19,48). In conventional BAERSs, infants
with neonatal CLD show an increase in wave V latency and in I-V and III-V interpeak inter-
vals (Figure 12.8) (48). In MLS BAERSs, although there are no major abnormalities in wave
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FIGURE 12.8 BAER recordings at term at different rates of clicks in a normal term infant (A,
female) and a very preterm infant with neonatal CLD (B, female, 29-wk gestation). Compared
to the recordings in the term infant, the very preterm infant with CLD shows an increase

in wave V latency, I-V, and, particularly, llI-V intervals at all the 21/sec, 51/sec, and 90/sec
clicks, with no abnormality in the amplitudes of BAER waves |, lll, and V at any click rates.

Abbreviations: BAER, brainstem auditory evoked response; CLD, chronic lung disease.
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I and III latencies and I-III intervals, wave V latency, I-V and particularly III-V intervals,
and III-V/I-III interval ratios are all increased significantly (Figures 12.9 and 12.10) (14,15).
The fundamental abnormality is a significant increase in I1I-V interval, a BAER variable that
reflects the functional status of the more central regions of the brainstem. These abnormal find-
ings in BAER and particularly MLS BAER indicate that CLD or BPD exerts a major damage
to myelination and synaptic function of the more central regions of the immature brainstem
(14,15). On the other hand, peripheral neural function is relatively intact, suggesting normal
neural conduction along the more peripheral or caudal regions of the brainstem. No major
abnormality can be seen in the amplitudes of MLS BAER wave components (Figures 12.9 and
12.10). It appears that neonatal CLD or BPD does not cause any major damage to neuronal
function. The abnormalities in CLD infants mostly resolve several weeks after term.

Jiang et al. found distinct differences in the BAER and MLS BAER abnormalities between
neonatal CLD or BPD and perinatal asphyxia. In infants after asphyxia, there is a significant
increase in both peripheral (I-III interval) and central (III-V interval) components of BAERs and
MLS BAERs (Figure 12.10) (6,7,14,26). This indicates that perinatal asphyxia affects both the
peripheral and central regions of the brainstem, whereas neonatal CLD or BPD affects the more
central regions of the brainstem, with no significant effect on the peripheral regions (14,15,48).
In addition, infants after perinatal asphyxia show significant reduction in the amplitude of wave
V at higher rates of clicks. This suggests that there is also major neuronal impairment in the
brainstem after asphyxia, in contrast to no major neuronal impairment in CLD or BPD (13,19).

BRAINSTEM GLIOMAS

Brainstem gliomas are tumors arising from glial cells and mostly seen in children or adoles-
cents. The tumors account for approximately three-fourths of the brainstem tumors in children.
They are highly invasive, infiltrating the brainstem, which often makes total surgical removal
impossible. BAER test is a valuable neurodiagnostic method, particularly when auditory path-
ways are primarily involved and when diagnosis via neuroradiology or clinical findings is not
conclusive. BAERs and SSEPs, as electrophysiological measures, provide information on the
functional status of the CNS, specifically the brainstem, whereas CT and MRI, as conventional
neuroradiology, shows the structure.

BAERs are useful in follow up of the effect of the preoperative chemotherapy or the pro-
gression of the inoperable tumors. BAERSs also proved effective in the assessment of postopera-
tive neurological complications. For example, bilateral symmetrical prolongation of interpeak
intervals and wave V reduction occur in postoperative occlusive hydrocephalus, with clinical
signs of increased intracranial pressure. Unilateral prolongation of interpeak intervals occurs
during irradiation or chemotherapy after medulloblastoma removal as signs of cerebral edema.

From mid-1970s till late 1990s, there were a number of reports on BAERs and SSEPs in
pediatric patients with brainstem tumors. When the lesion involved the pons, almost all cases
showed abnormal BAERSs. For example, Nodar et al. (1980) described BAERSs in seven children
(aged 2.5 to 13 years) with diagnosed brainstem neoplasms, including one with astroepen-
dymoma, one with medulloblastoma, one with intraparenchymal ependymoma, and two with
glioma (49). No tumor type was specified for the other two patients. All children showed some
of the following BAER abnormalities, including absolute wave latency, wave latency difference
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FIGURE 12.9 MLS BAER recordings from a normal control (A), an infant with CLD (B), and
an infant after perinatal asphyxia (C). Compared to the control (A), the infant with CLD (B)
shows a significant increase in |-V and, particularly, Ill-V intervals, but no major amplitude
reduction for all waves |, lll, and V; the infant after asphyxia (C), however, shows a significant
increase in all |-V, I-lll, and lll-V intervals and a major amplitude reduction for all waves,
particularly for wave V at very high rates (455/sec and 910/sec).

Abbreviations: BAER, brainstem auditory evoked response; CLD, chronic lung disease; MLS,
maximum length sequence.

between ears, wave I-V interval, response stability, amplitude, morphology, and presence of
waves. In each case, the BAER test results clearly indicated the site of the lesion as determined
by CT and observation during surgery. In 14 children with clinical and radiological evidence
of brainstem glioma, Weston et al. (1986) found that all with pontine involvement (13 of the
14) had abnormalities of wave V (delayed latency, reduced or absent amplitude) (50). BAER
abnormalities were consistently found in the stimulus ear ipsilateral to the tumor, though they
were not invariably related to tumor size. The findings were consistent with intrinsic brainstem



8.5
7.5
6.5
5.5
4.5
3.5

4.8
4.2
3.6
3.0

2.4
1.8

4.5
3.9
3.3
2.7

2.1
1.5

FIGURE 12.10 Boxplot of BAER interpeak intervals (bold line across the box, median;
box, 25th and 75th centile; extensions, the largest and smallest values) at various click

12: Evoked Potentials in Pediatric Brainstem Lesions

A
21 91 227 455 910
Click Rate (/sec)
B
—— !!II %
s il = .
21 91 227 455 910
Click Rate (/sec)
c

91 227 455
Click Rate (/sec)

910

203

rates in normal term infants (A), infants with CLD (B), and infants after asphyxia (C). Interval

I-V is similar in CLD infants and asphyxiated infants, although the interval in both groups
is significantly longer than in normal controls (A). Interval I-1ll in asphyxiated infants is
significantly longer than in CLD infants whose I-lll interval is similar to that in normal

controls at all click rates 21/sec to 910/sec (B). In contrast, the llI-V interval in CLD infants is
significantly longer than in asphyxiated infants at all click rates 21/sec to 910/sec, although

the interval in both groups is significantly longer than in normal controls (C).

lesions in all except one case with a glioma, which was shown to be located predominantly in

the medulla oblongata.

Rotteveel et al. (1985) reported their comprehensive clinical study of the contribution of

SSEPs and BAERs in the primary diagnosis and follow-up of 26 children with infratentorial
and supratentorial tumors (51). The 14 infratentorial tumors included six medulloblastomas (all
but one in the fourth ventricle), four gliomas, two arachnoid sarcomas, two astrocytomas, and

a ganglioneuroblastoma. The 12 supratentorial tumors were three craniopharyngiomas, three
astrocytomas (grade I, 11, and III) in different regions, an optic nerve astrocytoma, a lipoma,
an ependymoma, a chromophobe adenoma, a germinoma, and an unspecified tumor in the left
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thalamus. Occasional BAER abnormalities in the supratentorial group were associated with
brainstem dysfunction secondary to intracranial pressure effects (eg, compression of inferior
colliculus). The majority of children in the infratentorial group had BAER abnormalities, includ-
ing delayed interpeak intervals and total absence of waves. Abnormalities were not uncom-
mon for BAERSs elicited by stimulation of the ear contralateral to the tumor (pressure of effect).
Tumors near the eighth nerve typically produced asymmetric findings, whereas symmetric find-
ings were related to tumors in the midline fourth ventricle region. Serial BAERs had clinical
value in documenting the progression of pathophysiologic changes, including development of
hydrocephalus. The authors emphasize the clinical importance of BAERs by stating that large
tumors are easy to detect, but removal surgically is difficult or impossible. With BAERs, it may
be possible to detect small tumors in some cases, which permits effective surgical therapy. The
BAERs were sensitive for supratentorial pressure effects and for local and distant posterior fossa
tumor effects. The SSEPs, especially the specific complex, showed a latency increase in patients
with supratentorial and brainstem mass lesions involving, directly or distantly, the somatosen-
sory tracts. In the follow-up of children, EPs offer a good method of detecting tumor recurrence,
whereas neuroradiological procedures may be obscured by surgical or radiation artifacts.

Fischer et al. (1982) summarized BAER findings for a group of 66 patients with various
CNS tumors, including eight meningiomas, two fourth ventricle ependymomas, five cerebellar
tumors, two third ventricle colloid cysts, a craniopharyngioma, a cyst, a pinealoma, an astrocy-
toma, a germinoma, and over 40 unspecified tumors involving the brainstem (52). The effect of
posterior fossa meningiomas and cerebellar tumors on the BAERs depended on the size of the
tumor and its location relative to auditory structures. CT information was generally more useful
than BAERSs in characterizing location and size. The authors stated that useful, and sometimes
unique, diagnostic information was obtained from BAERs for 36 patients, including the evi-
dence of a tumor by BAERSs before CT scanning.

In 1997, Fukuda et al. described SSEPs elicited by median nerve stimulation in 17 patients
with brainstem tumor (53). Of a total of 35 SSEP records in these patients, 13 had a normal
CCT; eight, prolonged CCT; nine, abolished N20 potential; four, abolished N20 and N18 poten-
tials; and one, abolished N20, N18, and P14 potentials. These SSEP groups were correlated
with the size and location of the brainstem tumor on MRI. N20 potentials were unchanged
in latency in patients with small localized gadolinium (Gd)-enhanced lesions, but were abol-
ished in patients with tumors extending to the dorsal pons and the upper medulla oblongata.
The extent of nonenhanced low-intensity lesions did not correlate with the changes in the N20
potentials. The degree of the impairment of the N20 potentials reflected the severity of the
clinical symptoms. The N20 potential can evaluate brainstem dysfunction caused by brainstem
tumor. In four patients whose extensive tumors (one Gd-enhanced lesion, three low-intensity
lesions) involved not only the pons but also the medulla oblongata, the N18 potentials, probably
generated from the medulla oblongata, were abolished.

SUPRATENTORIAL MASS LESIONS

Supratentorial mass lesions may produce neurological dysfunction by two mechanisms: cere-
bral hemispheric damage from the primary lesion itself and secondary brainstem damage from
displacement, tissue compression, swelling, and vascular stasis. Early in 1980, MacKay et al.
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(1980) conducted an animal experiment to examine BAER changes due to acutely expanding
mass lesions (54). In anesthetized cats, after posterior fossa balloon catheters were inflated
slowly, there were reliable BAER changes, which occurred before the Cushing response and
were reversible by balloon deflation. Since BAER changes precede the agonal changes of the
Cushing response, serial BAER recording in patients with known or suspected posterior fossa
masses may be useful in the management of these lesions.

In 1993, Inao et al. quantitatively measured brainstem distortion and neural dysfunction in
25 cases of chronic subdural hematoma (55). The horizontal and rotational brainstem displace-
ments were measured on axial and coronal MRI in all patients preoperatively, and BAERs were
obtained in 11 cases. BAER wave latencies and I-V interpeak interval were increased, which
was correlated with septum shift. The increased wave V latency indicated that brainstem rota-
tion in the coronal plane reflects upper brainstem dysfunction most closely. The correlation
between brainstem displacement shown on MRI and the increase in BAER wave latencies and
I-V interval demonstrated a good relationship between anatomical and physiological changes in
the brainstem that are associated with supratentorial lesions.

Krieger et al. (1993) examined the clinical relevance of BAERS, along with pupillary responses
and intracranial pressure monitoring, in 55 comatose patients (9—70 years) with acute supratentorial
mass lesions (56). BAERs were rated “bilaterally normal,” “unilaterally abnormal,” or “bilaterally
abnormal.” BAER categories correlated significantly with pupillary abnormalities and increased
intracranial pressure but did not predict outcome. Increased intracranial pressure was associated
with abnormalities in BAERs. The authors concluded that BAERs can be used to support the
clinical relevance of abnormal pupillary status and increased intracranial pressure but have no
prognostic value. Examination of BAERS, along with pupillary response and intracranial pressure
monitoring, provides useful information for managing patients with supratentorial mass lesions.

Later, Krieger et al. (1995) examined the relevance of serial BAERs and SSEPs and clinical
parameters (pupillary response and intracranial pressure) in patients with acute supratentorial
mass lesions (57). BAER and SSEP results were ranked into three categories: (a) normal on
both sides; (b) abnormal or absent on one side; and (c) EPs on both sides abnormal or absent.
BAER results were correlated with intracranial pressure values during and at the termination
of intracranial pressure therapy and with pupillary findings only at the time of termination of
intracranial pressure therapy. No correlation was found between SSEPs and clinical param-
eters. Pupillary responses indicated a good or poor recovery during and at the termination of
intracranial pressure therapy. BAERs and intracranial pressure values distinguished between
good and poor outcome only at the termination of intracranial pressure therapy. SSEPs did not
predict outcome. Thus, shortly after the manifestation of supratentorial mass lesions, the results
of EPs and clinical parameters indicate increased intracranial pressure and incipient transten-
torial herniation but do not predict sequelae. After institution of effective therapy, BAER and
pupillary abnormalities are valuable prognostic predictors. In contrast, SSEPs reflect neither
therapeutic efficacy nor outcome.

CEREBRAL PALSY (CP)

CP, a motor disease in children, is characterized by nonprogressive but varied neurologic defi-
cits, including cerebellar ataxia, athetosis and spasticity, and sometimes associated neurologic
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disorders (epilepsy and mental retardation). CP is often associated with various adverse prena-
tal or perinatal risk factors, eg, asphyxia, extreme prematurity, retarded growth, viral infections
in utero, and neonatal meningitis. The most common specific risk factor is cerebral anoxia-
hypoxia occurring in utero, at delivery, or immediately following birth. It is important to real-
ize, however, that most children with these risk factors do not have subsequent evidence of CP,
and, conversely, most of the children with CP have had none of the risk factors.

As CP is a motor disease, normal findings would be expected for sensory EPs. However,
abnormal BAER findings have been reported by some investigators (17,58,59). SSEPs (and
VEPs) have also been studied by some investigators in children with CP and some abnormali-
ties were found (60,61). Nevertheless, due to the lack of full cooperation by the children with CP
during these tests, it is difficult to obtain reliable SSEP data and the results may vary consider-
ably. By comparison, BAER testing does not necessarily require full cooperation of the subject,
which makes it particularly suitable for children with CP who cannot fully cooperate with any
test. Using BAERSs, some investigators have devoted their studies to detect auditory and brain-
stem abnormalities or deficits in children with CP (17,58,59,62—64). These investigators have
explored some BAER abnormalities in these children. Among the abnormalities, a major find-
ing is an amplitude reduction in BAER late wave components (17,58,59). This interesting find-
ing indicates that brainstem auditory electrophysiology is depressed in children with CP. The
amplitude reduction is mainly seen in children who survived perinatal or postnatal asphyxia,
though it is also seen in those who had other heterogeneous etiologies.

In children with CP, the BAER waveform, particularly the later components, tends to be
depressed, which occurs in about 40% of the children (59). The main response abnormality is a
significant reduction in the amplitude of wave V. On the other hand, abnormal findings in the
interpeak intervals are rare. These findings are in contrast to common findings in the responses
in infants and children with progressive neurologic abnormalities following conditions such as
perinatal asphyxia and BPD, whereby the major BAER abnormality is a significant increase
in I-V and, particularly, ITI-V intervals (1). Other abnormalities in children with CP include
decreased V/I amplitude ratio, missing waves, prolonged I-V interval, and increased interau-
ral difference in the I-V interval. These findings indicate that some children with CP have a
depressed auditory electrophysiology, which may be due to decreased or altered neural firing or
synchrony in the auditory brainstem. On the other hand, neural transmission along the auditory
brainstem in CP is largely intact and rarely compromised, although it could be damaged at the
active stages of original neuropathology such as perinatal asphyxia that results in CP. In infants
after perinatal asphyxia, the amplitude reduction in wave V was persistent during the first
month after birth. Therefore, the reduction appears to be persistent during the postnatal period
in children who have CP. The persistent reduction in wave V amplitude in early life might be a
valuable early indicator for developing CP later.

Jiang and Tierney (1996) found that in the majority of children who survive asphyxia,
whether it occurred perinatally or postnatally, BAERs were normal, without any significant
abnormality. However, a small proportion of the children had BAER abnormality, suggesting
a residual brainstem lesion (17). The major abnormality was a reduction in wave V amplitude,
followed by a decrease in the V/I amplitude ratio and a prolongation of the I-V interval. Miss-
ing waves were also seen in a few children. On the other hand, abnormalities in BAER wave
latencies and interpeak intervals were rare. Amplitude reduction was less significant for BAER
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waves I and 111, ie, waves prior to wave V. The abnormal BAER results or patterns could be
categorized into five patterns, which are shown in Figure 12.11. The most frequently seen pat-
terns were pattern A (combined wave V amplitude reduction and V/I amplitude ratio decrease)
and pattern B (combined wave V amplitude reduction and/or V/I amplitude ratio decrease and
I-V interval prolongation). Other abnormal patterns (C, D, and E) were relatively rare. Thus,
the commonest BAER abnormality was the amplitude reduction in wave V, often accompa-
nied by a decrease in V/I amplitude ratio or a prolongation in the I-V interval. The prevalence
of prolonged I-V interval was less than half of the amplitude reduction in wave V. Appar-
ently, perinatal and postnatal asphyxia can exert a long-term effect on the brainstem, result-
ing in residual neuronal dysfunction of the brainstem, evidenced by the significant reduction
in wave V amplitude, but it does not appear to exert any major long-term effect on neuronal
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FIGURE 12.11 Abnormal patterns of the central BAER components in children who survive
asphyxia. The dashed traces are the age-matched controls. (A) Combined wave V amplitude
reduction and V/I amplitude ratio decrease. (B) Combined wave V amplitude reduction and/
or V/I amplitude ratio decrease and I-V interval prolongation. (C) Wave V amplitude reduction
only. (D) V/I amplitude ratio decrease only. (E) |-V interval prolongation only.



Free ebooks ==> www.Ebook777.com

208 M Clinical Neurophysiology in Pediatrics

transmission, evidenced by the normal I-V interval in most cases. These findings are quite dif-
ferent from those seen shortly after the episode of asphyxia where the major abnormality in
BAER measures usually is a prolonged I-V interval, followed by reduced wave V amplitude and
V/T amplitude ratio. The prolonged I-V interval seen in the acute phase of asphyxia recovers
much faster than the reduced amplitude of wave V. It seems that asphyxia is unlikely to exert
any major long-term effect on nerve conduction and synaptic transmission or myelination in
the brainstem.

Following perinatal asphyxia, there are discrete brainstem lesions involving auditory cen-
ters, including loss of neurons with gliosis or ischemic cell changes in the inferior colliculus and
superior olivary complex (24). The major underlying mechanism for the persistent reduction of
wave V amplitude is most likely to be fewer generating neurons and/or fewer fibers conduct-
ing the volley in the generators of the BAER wave V following hypoxic-ischemic insults to the
brainstem. Wave V originates in the high pons or low midbrain. Compared to the earlier BAER
waves I to IV, wave V has its origin in the most rostral part of the auditory brainstem. The per-
sistent reduction of wave V amplitude in children with CP after asphyxia suggests that compared
to the more caudal regions, the lesion in the rostral regions of the brainstem is more profound
and/or that the recovery of the damaged neurons in the rostral brainstem is more incomplete or
retarded.

OTHER DISORDERS

There are a number of other pediatric disorders that may directly or indirectly involve the
brainstem, resulting in abnormalities in EPs, particularly BAERs. These include infections
and inflammatory diseases (eg, meningitis, brain abscesses, viral infections, Kawasaki dis-
ease, fungal infections), neurodevelopmental disorders (eg, hydrocephalus, myelomeningocele
and Arnold-Chiari malformation, autism), metabolic diseases (eg, storage diseases, phenylke-
tonuria, diabetes mellitus, maple syrup urine disease, mitochondrial encephalomyopathies),
degenerative diseases (eg, sclerosing panencephalitis, hereditary motor sensory neuropathy
[Dejerine-Sottas disease]). In the following text are two samples of storage diseases: Leigh’s
syndrome and Gaucher’s disease.

Leigh’s Syndrome

Mitochondrial disorders are a varied collection of progressive diseases that have in com-
mon morphological, biochemical, and/or genetic abnormalities of the mitochondria. Features
include the accumulation of mitochondria and metabolic disorders. Among the others, Leigh’s
syndrome (a subacute necrotizing encephalopathy that can affect the brainstem tegmentum)
has been widely studied with BAERs (65—69). The responses are often markedly abnormal,
including prolonged wave latencies and interpeak intervals. Sakai et al. (2004) reported two
sisters (age 4 and 11 years) with Leigh’s syndrome with a T8993G point mutation of mitochon-
drial DNA (67). Clinical medical findings included low-density areas in the basal ganglia and
posterior limb of the internal capsule by CT, high levels of lactate and pyruvate in the spinal
fluid, muscle weakness, ataxia, retinitis pigmentosa, epileptic seizures, and mental retardation.
The children were referred to the authors because they responded poorly to sounds. The older
sister yielded essentially normal BAER findings. Hearing sensitivity, however, progressively
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worsened in the younger sister, associated with delayed BAER latencies. BAER threshold fluc-
tuated remarkably during a 3-year follow-up, suggesting that her hearing problems may well
have been caused by both cochlear nerves and retrocochlear or brainstem lesions.

In 1993, Yoshinaga et al. described a case of a 7-month-old girl with Leigh’s syndrome
diagnosed with neurophysiologic, radiologic, enzymatic, biochemical, and molecular studies
(68). Over time, the patient developed additional clinical symptoms of brainstem dysfunction
(irregular respiration and dysphagia), hypotonia, and then seizures and tonic spasms. Blood
analysis showed elevated levels of lactate and pyruvate and a mitochondrial DNA point muta-
tion at 8993 in the patient and the mother. BAER abnormalities were among the first clinical
signs found in this patient. Later in 2003, to assess the utility of BAERS in diagnosing brain-
stem changes in patients with Leigh’s syndrome, Yoshinaga et al. performed a longitudinal
study of five patients with Leigh’s syndrome using both BAER and neuroimaging techniques
(CT and MRI; 69). The brainstem components of the initial BAERs were abnormal in all five
patients. In four patients, these abnormal findings preceded any clinical signs of brainstem
impairment. Improvements in clinical findings were reflected in improvements in BAER find-
ings in three patients. In one of these three patients, improvements in clinical findings were also
reflected in improvements in MRI findings. In the other two patients, MRI findings showed
no improvements, despite the improvements in clinical findings. In two of the patients, BAERs
clearly revealed functional improvements in the brainstem, which were not revealed by MRIL
Therefore, BAERSs are an essential diagnostic technique for patients with Leigh’s syndrome.

With SSEPs and BAERs, Araki et al. (1997) evaluated brainstem dysfunction in a girl with
Leigh’s syndrome (65). Serial analysis of BAERs and SSEPs showed progressive disturbances
of the brainstem wave components. The authors also performed neuroradiological and other
neurophysiological tests, including brain MRI, single-photon emission computed tomography,
electrically elicited blink reflexes, and all-night polysomnography and detected many abnor-
malities. They concluded that the multimodality tests in combination with neuroradiologic
examinations are useful for assessing brainstem dysfunction in patients with Leigh’s syndrome.

Gaucher’s Disease

This is a rare lipid storage disease due to an enzyme deficiency and the accumulation of gan-
glioside (cerebroside) in the nervous system as well as the viscera (liver, spleen, lungs). There is
diffuse neuronal damage and progressive and marked CNS dysfunction (eg, muscle paralysis),
which usually commences at 6 months of life. The infants often die at 1 year. The patients show
gross BAER abnormalities (70-74). Kaga et al. (1982) recorded serial BAERs from an infant
with Gaucher’s disease (72). The disease started at 3 months. The infant first showed stridor,
strabismus, failure to thrive, and inguinal hernia, and then muscular rigidity, ocular palsies, and
respiratory failure. The initial BAER recordings at 6 months revealed a prolongation or increase
in the latencies of waves I, II and III, and disappearance of waves after wave IV. Subsequent
BAER recordings at 8 months showed that these wave latencies became further prolonged and
wave components after wave 111 disappeared as neurologic status deteriorated. He died of respi-
ratory failure due to central origin developed. In autopsy, there was no obvious structural dam-
age in the auditory brainstem, suggesting that metabolic and electrophysiologic changes precede
histopathologic changes. In a later study, Kaga et al. (1998) correlated abnormal BAER findings
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(only wave I and wave II were recorded) with neuropathology (73). An autopsy revealed there
were Gaucher’s cells in the cerebrum and thalamus, dorsal brainstem gliosis, and pathologic
cells in the superior olivary complex with marked gliosis in the cochlear nucleus.

In eight children with type III Gaucher’s disease, Campbell et al. (2003) found a diverse col-
lection of BAER abnormalities, including absence of all waves except wave I (a common pattern)
and delays in later waves (III and V; 70). The abnormalities progressively deteriorated, reflecting
underlying subclinical brainstem deterioration. To detect early subclinical nervous dysfunction in
Gaucher’s disease type 1, Perretti et al. (2005) examined multimodality EPs in 17 patients with
the disease. Five patients (31.2%) showed clear BAER abnormalities, the most frequent abnormal-
ity being a bilateral increased I-I1I interpeak latency (75). SSEP abnormalities were seen in three
patients (18.7%), including an increased N13-N20 interval in two patients and an irreproducible N13
wave in one patient. In addition, the authors found a delayed latency of the P100 wave in VEPs in
four patients (25%), and the central motor evoked potential was abnormal in nine patients (69.2%).
The multimodal evoked potential approach provides information about nervous subclinical dam-
age in Gaucher’s disease type 1 and helps early detection of subclinical neurologic dysfunction.

CONCLUSION

Lesions in the human brainstem may affect the auditory and somatosensory pathways. BAERs
and SSEPs are the two main types of ERs to evaluate the functional status of the auditory and
somatosensory input systems at different levels of the CNS. In clinical application, evalua-
tion with the two methods are often less costly than other evaluation techniques such as MRIL
BAERs are the most commonly used electrophysiological test to detect intrinsic or extrinsic
lesions of the brainstem and has been widely used in pediatric, particularly neonatal, clinics.
The BAERSs are unaffected by sleep state or sedation. This significant advantage has led to the
wide use of BAERs in pediatric neurology to assess the functional integrity of the brainstem
and detect brainstem lesions in many pathological conditions that affect the brainstem auditory
pathway. SSEPs are useful for clinical diagnosis of brainstem lesions in patients with vari-
ous neurologic diseases that affect the somatosensory pathways in the brainstem. The SSEP
components generated in the brainstem are mediated entirely by the dorsal columns (posterior
columns) of the spinal cord, the fasciculus cuneatus for upper limb SSEPs and the fasciculus
gracilis for lower limb SSEPs. Diseases of the dorsal columns in which joint position sense and
proprioception are impaired are invariably associated with an abnormal SSEP.

Among the EPs, BAERs are most affected by brainstem lesions. Over the last three
decades, BAERSs have been the focus of noninvasive electrophysiological examinations of the
functional integrity of the brainstem in pediatric neurology. Compared with SSEPs (and other
evoked potentials, eg, VEPs), BAERs are simpler to record and are unaffected by sleep state
or sedation. These advantages make BAERs particularly suitable for use in very young infants
and sick children. Numerous clinical studies have documented that BAERs are an important
tool and adjunct to assess and detect neuropathology that involves the brainstem auditory path-
way in a wide range of pediatric diseases. As a relatively new technique, the MLS BAER
has recently been introduced in pediatric, particularly neonatal, neurology. There is increasing
evidence suggesting that the MLS is a promising technique to enhance the diagnostic value of
BAERs for brainstem lesions in pediatric neuropathology and to provide valuable information
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for the clinical management of brainstem lesions. In terms of simplicity of clinical application,

conventional BAERs remain a very useful test for pediatric brainstem lesions, whereas MLS

BAER is recommended to enhance the detection of some early or subtle neuropathology that
may not be detected with conventional BAERs (1,4). More clinical studies of MLS BAER are
warranted in a wide range of pediatric diseases that may result in brainstem lesions.
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Evoked Potentials in Adolescent
Idiopathic Scoliosis: Intraoperative
Neurophysiological Monitoring

Ronald G. Emerson, MD

Surgical correction of scoliosis entails the risk of neurological injury. The risk varies with etiol-
ogy, nature of the curve, and the type of procedure. For adolescent idiopathic scoliosis (AIS),
the overall risk of neurological injury is under 0.5%j; it is higher when accompanied by hyper-
kyphosis, a Cobb’s angle over 90°, or involves a combined anterior/posterior surgical procedure
or revision surgery (1-3). Scoliosis of other etiologies, for example, congenital scoliosis and
neuromuscular scoliosis also carry greater risks (4).

Intraoperative neurophysiological monitoring (IONM) has been effective in reducing the
risk of neurological injury during spinal deformity surgery by quickly detecting incipient injury
and allowing the surgeon and anesthesiologist to take appropriate measures. The Therapeutics
and Technology Assessment Subcommittee of the American Academy of Neurology and the
American Clinical Neurophysiology Society have affirmed the ability of IONM, with somato-
sensory evoked potentials (SSEPs) and motor evoked potentials (MEPs), to effectively predict
adverse neurological outcomes (5). Early on, Nuwer (6) demonstrated that monitoring of SSEPs
during scoliosis surgery was accompanied by a nearly three-fold reduction in the rate of persis-
tent severe postoperative neurological deficits.

SSEP was initially proposed as a monitor of spinal cord function during spinal surgery
in 1977 (7). By 1991, SSEPs were recognized as superior to the wake-up test for detection of
spinal cord injury during scoliosis surgery (8); a series of 1,168 cases at Royal Orthopedic Hos-
pital, Forbes (8), encountered no false-negatives and suggested that SSEP monitoring was more
sensitive than, and should replace, the wake-up test. Nuwer’s 1995 multicenter study of over
51,000 monitored cases of scoliosis surgery confirmed the very low (0.063%) false-negative
rate of SSEP monitoring.
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Occasional false-negatives have occurred, and will occur, during spinal cord monitoring
based on SSEPs alone. This happens for two reasons: (a) SSEPs are mediated by the dorsal col-
umns of the spinal cord; SSEP monitoring directly reflects their integrity. SSEPs monitor the
function of other pathways, including motor pathways, only indirectly. Ischemia, compression,
and blunt trauma generally affect spinal cord function widely, allowing the SSEP to function
as an effective surrogate for “global” cord function (9—13). This relationship, however, can fail,
causing SSEPs to inadequately detect injury to spinal motor pathways (14). (b) SSEPs can, at
times, be difficult to monitor reliably for a variety of reasons, including electrical interference,
electromyogram (EMG) artifact, anesthetic effects, and as a consequence of baseline pathol-
ogy. First described in 1980 by Merton and Morton (15), MEPs are now employed routinely,
along with SSEPs, for monitoring spinal cord integrity during scoliosis surgery. The concurrent
use of both techniques allows detection of injury confined to either motor or sensory pathways.
In addition, they provide an important level of safety through redundancy, should one or the
other monitoring modality fail. They also provide complementary information, as they may be
differentially affected by, for example, anesthetic agents and blood loss, and can respond with
different sensitivity and speed to intraoperative spinal cord injury.

SOMATOSENSORY EVOKED POTENTIALS
Physiological Basis

SSEPs are recorded by stimulating a peripheral nerve, usually the posterior tibial or peroneal
nerve for lower extremity (LE) SSEPs and the median or ulnar nerve for upper extremity
(UE) SSEPs, and recording over the scalp using electrode derivations designed to selec-
tively record signals generated in the brainstem and in the primary sensory cortex. Cortical
SSEPs are acquired using bipolar scalp-to-scalp derivations, whereas brainstem SSEPs are
recorded using scalp-to-noncephalic derivations. It is helpful to record both brainstem and
cortical SSEP signals because while each can serve as a monitor of dorsal column func-
tion, anesthetic agents and electrical interference in the operating room (OR) affect the two
classes of signals differently. Cortical SSEPs are relatively resistant to muscle noise and
electrical artifacts but can be suppressed by anesthetic agents. Brainstem SSEPs are much
more susceptible to electrical noise and EMG artifact, but they are largely unaffected by
anesthetic drugs.

Brainstem Signals
Brainstem SSEPs to UE and LE stimulation are quite similar (Figure 13.1), differing largely by
latency, which reflects the length of the afferent pathway. SSEPs consist of a positivity, reflect-
ing activity in the caudal medial lemniscus, followed by a longer-duration negativity (P14 and
N18 for UE SSEPs, P31 and N34 for LE SSEPs) (16—18). Brainstem SSEP signals are conducted
electrically through the brain and cerebrospinal fluid (CSF) to the scalp; they project over the
entire scalp, and thus are easily recorded by any scalp electrode referred to any noncephalic
electrode.

In the OR, a cervical reference electrode is commonly used for recording brainstem SSEPs.
The recorded signal is often called a “cervical” response, reflecting the common misconcep-
tion that the cervical electrode is the principal “active” electrode in the scalp-cervical pair.
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FIGURE 13.1 Upper and lower extremity brainstem somatosensory evoked potentials,
recorded from Fpz to a noncephalic reference. The responses are similar in appearance and
consist of a positivity (P14 and P31) generated in the caudal medial lemniscus, followed by a
negativity (N18 and N34), reflecting synaptic activity in the rostral brainstem.

While for UE SSEPs, an electrode over the lower cervical spine can add a postsynaptic cervical
contribution (19), for LE SSEPs, the cervical electrode serves only as an “inactive’ noncephalic
reference.

Cortical Signals

The scalp topography and polarity of the cortical components of UE and LE SSEPs differ,
in part, because of the different locations of the hand and foot regions of the homunculus on
the lateral hemispheric convexity and within the interhemispheric fissure, respectively. Corti-
cal activation following median or ulnar nerve stimulation produces a negativity (N20) over
the contralateral centroparietal scalp, overlying the hand area. UE SSEPs are recorded from
an electrode on the contralateral centroparietal scalp (CPc) referred to a similarly positioned
ipsilateral electrode (CPi). This arrangement allows for electronic removal of the underlying
brainstem signals, detected by both electrodes, and recording of the cortical signal in isolation
(16) (Figure 13.2). CPc-CPz may offer superior performance in the OR (20); the CPz reference
provides for similar subtraction of underlying brainstem signals but with lower noise due to
the shorter interelectrode distance. CPz-Fz is another commonly employed alternative. In this
derivation, N20 signal amplitude may be enhanced by an approximately synchronous positivity
often registered by the Fz electrode; in some patients, however, Fz may also introduce “noise”
in the form of frontally maximal anesthetic-induced EEG activity (20).

The situation for LE SSEPs is more complicated because the cortical location of the foot
area varies considerably between people, from deep within the hemispheric fissure in some
to near to the top of the fissure in others. In the former case, the LE cortical SSEP consists
of a negativity (N38) over the contralateral hemisphere and a (approximately) simultaneous
positivity (P38) over the ipsilateral hemisphere. In the latter situation, only a positivity (P38)
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FIGURE 13.2 Left ulnar nerve somatosensory evoked potential (SSEP), recorded referential
and bipolar derivations. The bipolar derivation (CP4-CP3) records the cortical SSEP in
isolation, by electronically subtracting the brainstem potential (CP3-EPc) from the composite
cortical plus brainstem potential (CP4-EPc).

is recorded at the vertex (21). LE SSEP scalp topographies of most individuals fall between
these two extremes. For this reason, two or more channels are usually devoted to recording
LE cortical SSEPs. For standard laboratory recordings, Cz-Fpz and Ci-Fpz are commonly
used, selected to ensure detection of the P38 in each of its two extreme positions (Figure 13.3).
In the OR, MacDonald observed that optimal recordings are often obtained using Cz-CPc or
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FIGURE 13.3 Two normal topographic variants of the P38 cortical somatosensory
evoked potential (SSEP) following right tibial nerve stimulation. In variant A, a prominent
positivity is recorded at the vertex, and very little is recorded over the lateral scalp; in
variant B, a prominent positivity is recorded over the scalp ipsilateral to the stimulated
limb and very little is recorded at the vertex. In the latter case, an approximately
synchronous negativity (N38) is often recorded over the contralateral centroparietal scalp
(not shown).
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CPZ-CPc derivations. These derivations tend to produce high signal-to-noise ratio recordings
because they employ short interelectrode distances, do not use a frontal reference, and often
combine contributions from both the P38 and N38 signals (22).

Distal Monitors

The adequacy of peripheral nerve stimulation is confirmed by recordings of the afferent vol-
ley, from Erb’s point for UE SSEPs and in the popliteal fossa for tibial nerve LE SSEPs. While
SSEPs can be recorded from the lumbar spine, reflecting postsynaptic activity in the lumbar
enlargement of the spinal cord (N22) (23), and are important for outpatient diagnostic testing,
they are not generally used for intraoperative monitoring.

Monitoring Setup

Both UE and LE SSEPs are usually monitored during scoliosis surgery. Since the region of spi-
nal cord at risk is usually below the cervical cord, UE SSEPs function as “systemic” controls,
that is, reflecting the effects of anesthesia, hypotension, or hypovolemia, rather than surgically
related injury. On occasion, the cervical cord may be within the region at risk, for example, in
patients with coexistent cervical cord abnormalities (24) or when orthopedic instrumentation
extends to the cervical spine. Additionally, UE SSEPs are effective for detection of brachial
plexus injury related to surgical positioning (25,26).

Stimulation

Either surface disk electrodes or subdermal needle electrodes may be used for stimulation.
For longer cases, needle electrodes tend to be more reliable; for patients with large circumfer-
ence extremities, needle electrodes may be necessary for effective stimulation. For UE SSEPs,
either median or ulnar nerve SSEPs may be recorded. Median SSEPs generally provide higher-
amplitude, more robust signals for monitoring. Ulnar SSEPs can be sensitive to cervical cord
injury below C6 that would go undetected by median SSEPs as well as to positioning-related
brachial plexus stretch injuries. They are also useful for detecting intraoperative injury of the
ulnar nerve at the elbow.

For LE SSEPs, the tibial nerve is stimulated at the ankle. Alternatively, the common pero-
neal nerve (common fibular nerve) may be stimulated near the fibular head or in the popliteal
fossa. The common peroneal nerve stimulation is technically more difficult and causes more
patient movement than tibial nerve stimulation. Nonetheless, it can be a suitable alternative
if the tibial nerve is difficult to stimulate. Also, it can be useful to record common peroneal
SSEPs of patients in whom the popliteal fossa potential to tibial nerve stimulation is difficult to
monitor; loss of scalp-recorded tibial SSEPs but preservation of peroneal SSEPs would imply
a peripheral problem (eg, stimulation failure) rather than a spinal cord problem related to the
surgery.

Constant current simulators are preferred to constant voltage stimulators because of their
ability to better compensate for variations in contact resistance. Stimulation rates of approxi-
mately 5 Hz are usually optimal (27), avoiding rates that are harmonically related to the power
line frequency (60 Hz in North America). Higher rates may be used but they may produce
lower-amplitude cortical responses. Lower rates usually offer no advantage and slow signal
averaging; occasionally, however, particularly in patients with neurological abnormalities, rates



220 Clinical Neurophysiology in Pediatrics

between 1.5 and 3 Hz may improve responses. Stimulation intensity should be supramaximal.
In healthy patients, stimulus intensities of 20 mA are often adequate; higher intensities, how-
ever, may be used as needed. Interleaved left/right stimulation may be employed, but simultane-
ous right and left stimulation should be avoided.

Recording
Subdural needle electrodes are generally used for recording. They maintain good contact over
lengthy operations, and, if dislodged, are easily replaced. Standard EEG disk electrodes may
also be used and should be applied with collodion.

Multichannel montages that include both cortical and brainstem channels should be used.
It is important to include multiple cortical channels to account for known variations in signal
scalp topography and to provide redundancy in case of electrode loss. Similarly, multiple brain-
stem channels can be helpful as they provide some redundancy for these typically “noisier”
electrode derivations. It can be helpful to obtain recordings from a larger number of channels
at baseline and then select a montage optimized to the patient’s scalp signal topography and to
the noise environment (20,22).

For UE SSEPs, a suggested montage is:

CPc-CPi
CPc-Fpz
CPc-CPz
Fpz-CS5
CPi-CS5
EPi-EPc

For LE SSEPs, a suggested montage is:

CPz-Fpz
CPi-CPc
CPz-CPc
Fpz-CS5
CPi-CS5
PF1-PF2

Electrical interference, particularly at the frequency of power line alternating current
(60 Hz in the North America), often presents a challenge to obtaining technically satisfac-
tory recording in the OR. Equipment such as blood warmers, motorized patient tables, and
operating microscopes are important sources of electrical noise. Care should be taken to run
lead wires to avoid proximity to interference sources, when possible. It is often very helpful
to twist or braid scalp-recording leads to maximize common mode rejection of power line
interference.

Band-pass filters of 30—1,000 Hz (-6 dB) are most commonly employed. However, most of
the energy for SSEPs lies between 30 and 500 Hz, and high-frequency filters of 500 or even 300
Hz may be used effectively for monitoring, decreasing noise with only minimal effect of wave-
form morphology. Lower low-pass settings below 30 Hz offer no advantage and increase noise.
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Typically, several hundred trials are averaged per recorded response. The number of tri-
als that must be averaged is determined largely by the amount of noise present. Sometimes, as
few as 100 trials will suffice, while at other times, many more will be necessary. If an average
becomes contaminated by a particularly high-noise trial, it may be necessary to “clear” the
average and begin again.

Anesthesia

Cortical SSEP signals are susceptible to attenuation by general anesthetic agents. Halogenated
inhalations agents (eg, isoflurane, desflurane, sevoflurane) attenuate and also increase the
latency of the N20 upper and P37 lower extremity SSEPs; nitrous oxide has similar effects
(28-31) (Figure 13.4). The combined effect of nitrous oxide and halogenated agents appears
to be greater than similarly potent doses of either drug alone (32). Infants and young children
tend to be especially susceptible to these effects (33). Most intravenous agents (eg propofol,
opioids, dexmedetomidine, benzodiazepines) have similar, but notably less prominent, effects
(28,31,34). The degree of attenuation varies with not only the agent and the dose but also var-
ies remarkably among patients (Figure 13.5). In some patients, ketamine and etomidate can be
effective for enhancing SSEP cortical signals (35-37).

Brainstem SSEPs signals (P14 and N18 for upper extremities, P31 and N34 for lower
extremities), by contrast, are essentially unaffected by anesthetic agents in clinically relevant
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FIGURE 13.4 Effect of nitrous oxide on cortical lower extremity somatosensory evoked
potentials (LE SSEPs). In a patient receiving balanced anesthesia with 70% nitrous oxide,
0.35% isoflurane, and propofol 35 ug/kg/min, the P38 cortical signal is barely detectable.
When nitrous oxide is decreased to 0%, P38 quickly becomes dramatically larger. Holding
nitrous oxide constant and decreasing isoflurane would have had a similar but slower effect,
the speed reflecting isoflurane’s greater solubility in blood.



222 Clinical Neurophysiology in Pediatrics

S AAMARE
sSS= VAR YAR
SS=—=—— Ry
S SN AB VAL
ﬁ N %wr
= s S
K SN W M\

© 2014 RGE

FIGURE 13.5 Interpatient variability of the effect of anesthetic agents on cortical
somatosensory evoked potentials (SSEPs). Patients A and B both received balanced
anesthesia with 50% nitrous oxide, 0.5% isoflurane, and propofol 35 ug/kg/min. Cortical
SSEPs are markedly suppressed in patient A but are sufficiently preserved in patient B

to permit effective monitoring. Brainstem signals (arrows) are unaffected in both patients.
Patient A received intermittent boluses of vecuronium to eliminate EMG artifact and permit
monitoring of the brainstem SSEP.

concentrations (34) (Figures 13.4 and 13.5). Brainstem SSEPs can be technically difficult to
monitor, however, being more susceptible to contamination by both electrical noise and muscle
artifact. The latter is a consequence of the long interelectrode distances required by scalp-to-
noncephalic derivations as well as the location (often on the back of the neck) of the reference
electrode. Neuromuscular blocking (NMB) agents can be used to eliminate EMG artifact and
are sometimes necessary for monitoring brainstem SSEPs (Figure 13.6). Apart from techni-
cal issues, brainstem SSEPs may be difficult to record at baseline in patients with preexistent
myelopathies.

Either cortical or brainstem SSEPs can be sufficient for monitoring spinal cord function,
as each serves as an indicator of dorsal column function. Their complementary strengths and
weaknesses combine to enhance the reliability and flexibility of SSEP monitoring. Although
some authors have recommended omitting brainstem SSEPs from routine SSEP monitoring
protocols because they often have low signal-to-noise ratios and can be difficult to record (20),
routine incorporation of brainstem channels in SSEP monitoring protocols adds flexibility and
places fewer constraints on anesthetic choice. If cortical signals are robust, brainstem signals
may be disregarded in favor of more rapid surgical feedback based on the cortical signals. If,
however, for an individual patient and anesthetic protocol, brainstem responses are the most
robust signals, then they should be used preferentially because they will, in fact, provide for the
best and most rapid feedback to the surgeon.
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FIGURE 13.6 Use of neuromuscular blocking agents to facilitate monitoring based on
brainstem somatosensory evoked potentials (SSEPs) in a 12-year-old with neuromuscular
scoliosis and cerebral palsy, undergoing scoliosis surgery. Patient was receiving 0.25%
isoflurane along with propofol 100 ug/kg/min. Cortical SSEPs are barely present and not
monitorable. Following the administration of vecuronium, muscle artifact in the Fpz-CS5
channel is eliminated and the brainstem SSEP becomes monitorable (arrow).

MOTOR EVOKED POTENTIALS
Physiological Basis

MEP monitoring during spinal surgery is performed by transcranial electrical stimulation of
the motor cortex and recording the compound motor potential (CMAP) from muscle (M-wave)
in the arms and legs. In direct spinal cord recordings, a single transcranial electrical stimulus
can be seen to generate a series of efferent volleys: an initial single D (or direct)-wave followed
over several milliseconds by a series of I (or indirect)-waves. D-waves result from direct activa-
tion of pyramidal cell axons. I-waves, in contrast, reflect firing of pyramidal cells in response
to inputs from interneurons, themselves activated by transcranial electrical stimulation (38).
Since no synapses are involved in D-wave generation, they are relatively resistant to anesthetic
effects; I-waves, in contrast, are suppressed by most general anesthetics.

Under general anesthesia, a single transcranial electrical stimulus is generally insufficient
to fire spinal cord alpha motor neurons and elicit an M-wave. Instead, a rapid train of several
transcranial electrical stimuli, typically 1 to several milliseconds apart, is required. The stimu-
lus train elicits a corresponding train of D-waves plus some I-waves. The resultant synaptic
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FIGURE 13.7 Temporal summation by a spinal motor neuron. Each volley (corresponding
to a D-wave or |I-wave) causes further depolarization of the alpha motor neuron until it finally
reaches threshold and fires, causing the innervated muscle fibers to fire.

inputs temporally summate, causing alpha motor neurons to reach threshold, fire, and produce
the M-wave MEP (39) (Figure 13.7).

Recently, it has been shown that two sequential trains, separated by an appropriate inter-
train interval (ITI), can often substantially enhance M-wave MEPs (Figure 13.8). The mecha-
nism for this enhancement likely involves polysnaptic facilitatory circuits, both at the spinal
and cortical levels. Proper timing of the trains is important because an incorrectly selected ITI
can result in inhibition, rather than facilitation (40).

Monitoring Setup

Both UE and LE MEPs are usually monitored. As is the case with SSEPs, when the region
of the spinal cord at risk is below the cervical cord, UE MEPs serve as “systemic” controls,
reflecting the effects of anesthesia, neuromuscular blockade, hypotension, and hypovolemia.

Stimulus Dual Train MEP
Train 1 Train2 CMAP 1 CMAP 2

1 l

-
_/

20 msec
© 2014 RGE

FIGURE 13.8 MEP facilitation by dual-train stimulation. Two stimulus trains are delivered,
the second 20 milliseconds after the beginning of the first. Each train elicits an M-wave, the
second much larger than the first.
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Stimulation
MEP stimulation may be performed using subdermal needle or corkscrew electrodes, or elec-
troencephalogram (EEG)-type disk electrodes secured with collodion. Electrodes are most often
placed at C1/C2 or C3/C4 scalp locations (41). C3/C4 locations can be more effective but also tend
to elicit more face and jaw movement. Although MEPs are usually generated bilaterally, D-waves
and hence M-waves are most reliably elicited by anodal stimulation (42). For monitoring, there-
fore, stimulator polarity is set so that the anode is contralateral to the recorded muscles; stimula-
tor polarity is then switched when recording from the opposite side. Alternatively, the anode may
be placed at Cz, with the cathode at Fz; with this arrangement, both legs may be effectively stimu-
lated simultaneously, but UE muscle activation may be more difficult. In practice, it is useful to
test several stimulating electrode placements and select the best one for the individual patient.

M-waves are relatively large signals, often several hundred microvolts, so signal averaging
is not needed. On the other hand, M-wave amplitude and morphology can vary from stimula-
tion to stimulation, reflecting spontaneous fluctuation of the motor pool excitability. In some
patients, this trial-to-trial variability of M-wave MEPs can be pronounced and can require
several repeated stimuli to properly characterize (Figure 13.9).

Either constant-voltage or constant stimulators can be employed; constant-voltage MEP
stimulators are more common, largely for historic and regulatory reasons. Pulse train parameters

RTA
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i
i

© 2014 RGE 10 msec

FIGURE 13.9 Variability of motor evoked potentials obtained sequentially under identical
anesthetic and hemodynamic conditions. Anesthesia was achieved using propofol 125 ug/
kg/min; mean arterial pressure was 60 mmHg.

Abbreviation: RTA, right tibialis anterior.
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should be optimized for the patient. In some patients, as few as three pulses may suffice; in
others, six to eight may be needed. ITIs of 2 to 4 milliseconds are usually optimal (43—45).
For dual-train stimulation, facilitation is greatest with I'TIs of 10 to 20 milliseconds and again
between 100 and 1,000 milliseconds (40).

Recording

Subdermal or intramuscular needle electrodes, 2 to 3 cm apart, are used to record MEPs from
the muscle belly. Belly tendon derivations can be used, but the longer interelectrode distance
can be a source of added noise. For spinal cord monitoring, the most robust MEP signals are
generally recorded from distal muscles controlled principally by the corticospinal tract. Abduc-
tor pollicis brevis and first dorsal interosseus for the upper extremity and adductor hallucis and
tibialis anterior for the lower are commonly employed. Reliable MEPs can often be obtained
from other muscles as well, and it can be helpful to include these in the selection of muscles
for monitoring. For spinal cord monitoring, each muscle MEP serves as a surrogate for motor
pathway integrity, probably because of the small size of the corticospinal tract and the likeli-
hood that injury will affect many of its axons.

Specific muscles, including proximal muscles and anal sphincter, can also be monitored
for the purpose of detecting nerve root injury. While this can be effective, MEP nerve root
monitoring is also more difficult and less reliable than MEP monitoring of spinal cord function.
MEP monitoring of nerve root function is heavily dependent upon adequacy and stability of the
particular muscle’s baseline response; its reliability is further constrained by the confounding
effects of multisegmental innervation (46).

Spinal cord D-waves are not monitored during scoliosis surgery because of the possibility
of spurious amplitude changes resulting from movement of the epidural recording electrode
with respect to the spinal cord during spinal deformity correction (47).

Safety

Transcranial MEP monitoring is a safe procedure. Tongue bite and patient movement are the
major risks. Twenty-five instances of tongue laceration were reported in a series of 18,862 MEP
cases. Twenty-one were self-limited, requiring no intervention; only four required suturing (48).
A soft bite block (eg, rolled gauze pads) should be used to prevent the tongue from coming in
contact with the teeth. Patient movement is common with MEP stimulation, although it can
often be minimized by appropriate adjustment of stimulation parameters (stimulation intensity,
number of pulses). It is important to coordinate stimulation with the surgeon so that move-
ment does not occur, for example, when surgical instruments are close to neural structures. No
movement-related injuries were reported in a series of more than 18,000 cases involving MEP
monitoring over 15 years (48).

Epilepsy, shunts, cerebral lesions, skull defects close to stimulating electrodes, and
implanted devices have been cited in the past as relative contraindications to transcranial elec-
trical MEP (49). None, however, has been proven to result in complications related to MEP
monitoring, and in many centers these do not presently preclude MEP monitoring (48,50). For
individual patients, of course, the benefits of MEP monitoring need to be assessed, relative to
potential risks.
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Seizures can theoretically be produced by MEP stimulation. Although after discharges
have been reported to occur following transcranial electrical stimulation (51), clinical sei-
zures, if they occur, are very rare. Five seizures were reported, some possibly coincidental,
in a review of 15,000 published and unpublished MEP cases (49). No seizures were reported
in another series of 18,862 cases, including 35 patients with a history of prior seizures (48).
A history of seizure should not ordinarily be considered to be a contraindication to MEP
monitoring. The anesthesiologist should, however, be prepared to treat a seizure, should one
occur. If a seizure does occur, the risks and benefits of continuing MEP monitoring should
be evaluated. At some centers, concurrent EEG monitoring is performed, but its role has not
been established.

Anesthesia

While D-waves are largely unaffected by commonly used anesthetics, these agents attenu-
ate cortical I-waves (52) and also suppress spinal motor neurons (53). M-wave MEPs are par-
ticularly sensitive to both the halogenated inhalational agents and nitrous oxide (53,54). They
are generally less severely affected by propofol and dexmedetomidine, and total intravenous
anesthesia (TTVA), based on these agents combined with an opioid (eg, fentanyl, remifentanil)
is commonly recommended for MEP monitoring (34,55). Nonetheless, modest doses of halo-
genated inhalational agents (generally < %2 minimum alveolar concentration [MAC]) or nitrous
oxide can often be compatible with MEP monitoring (56-59). In our experience, dual-train
MEP stimulation further facilitates flexibility in anesthetic selection (Figure 13.10). Low-dose
ketamine can also be helpful, particularly in young children. While ketamine does not directly
affect MEPs, it also does not inhibit I-waves. It can facilitate MEP monitoring by allowing
lower doses of other anesthetics to be used (59,60). As with SSEPs, sensitivity to the suppressive
effects of anesthetic agents varies considerably between patients.

MEPs can be particularly sensitive to changes in anesthetic doses; boluses of anesthetic
agents can transiently attenuate or even abolish responses. Even boluses of opioids, which
in general only mildly affect MEPs (59), can also occasionally produce transient prominent
attenuation. Stable anesthesia is ideal; when anesthetic adjustments are necessary, it is impor-
tant that these be tracked and correlated with monitoring changes. Anesthetic changes that are
likely to attenuate MEPs, and particularly their administration as boluses, are best avoided at
times when close monitoring of MEPs is critical.

NMB agents can be useful for improving SSEP signal quality, reducing patient move-
ment, and perhaps reducing the incidence and severity of tongue bite injuries. If neuromuscular
blockade is used, it must be partial, and the degree of blockade must be carefully monitored
and titrated (48,59,61). The NMB agent should be given by a continuous infusion, because even
small boluses tend to obliterate or substantially attenuate MEP signals (Figure 13.11). Most cen-
ters avoid the use of NMB agents in conjunction with MEP monitoring (59). In our experience,
we have found that very low doses of vecuronium, titrated to three to four twitches on a “train
of four” testing, can often notably improve SSEPs, particularly the brainstem signals, while not
detracting from the quality of MEP recording (Figure 13.12).
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FIGURE 13.10 Dual-train stimulation can provide resilience to anesthetic effects on motor
evoked potentials (MEPs). In a 12-year-old undergoing scoliosis surgery, anesthesia was
provided using propofol 70 ug/kg/min and 0.3% isoflurane. Shortly after correction was
achieved, 50% nitrous oxide was added, causing loss of the MEP response to the first train
(thin arrow). Confusion, and a possible “false-positive” alert, were avoided by preservation
of the response to the second stimulus train (thick arrow).

Abbreviation: RAH, right abductor hallucis.

INTERPRETATION

Preoperative Evaluation

SSEPs are routinely performed extraoperatively as part of the routine clinical evaluation of var-
ious neurological disorders. Extraoperative interpretation is based largely on interpeak laten-
cies, reflecting conduction times between the various generators of the SSEPs signals. For UE
SSEPs, these include EP-P14, P14-N20, and EP-N20, reflecting conduction times between Erb’s
point and the lower brainstem, between the lower brainstem and cortex, as well as the overall
conduction time between Erb’s point and cortex, respectively. For LE SSEPs, these include
N22-P31, P31-P38, and N22-P38, reflecting, respectively, conduction times between lumbar
spinal cord and lower brainstem, lower brainstem and cortex, and the overall conduction time
between the lumbar cord and cortex. Interpretation is based on comparison of a patient’s latency
values to normative data as well as differences between interpeak latencies measured follow-
ing right- and left-sided stimulation. While the absence of expected signals also constitutes an
abnormality, waveform amplitudes vary considerably among normal individuals and, as such,
are generally not used in routine outpatient testing.
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FIGURE 13.11 Obliteration of motor evoked potentials (MEPs) by a small bolus of
vecuronium. Forty minutes after receiving 6 mg of vecuronium for intubation, the patient had
four of four twitches, and well-formed MEPs were obtained. The MEPs were then transiently
abolished by a 1-mg bolus of vecuronium.

Abbreviations: RAH, right abductor hallucis; RLG, right lateral gastrocnemius; RTA, right tibialis anterior.

In the early days of intraoperative monitoring, it was common to obtain extraoperative
SSEP recordings as a guide to what to expect in the OR. Although this practice continues to be
advocated by some (62), it has been abandoned by many, in favor of simply relying on baselines
obtained intraoperatively. This author generally favors the latter practice. In the absence of
outpatient sedation, intraoperative recordings are usually of better technical quality; indeed,
the brainstem P31 signal is frequently not recordable in unsedated outpatient recordings. Often,
the most important information derived from baseline recording relates to the effect of anes-
thetics agents and can be assessed only in the OR. Preoperative assessment of MEPs, using
transcranial magnetic stimulation, has been suggested (63). While this is feasible and could be
useful in some cases, Food and Drug Administration (FDA)-approved devices are not currently
available.

In patients with AIS, SSEPs and MEPs are generally easy to obtain in the OR. While
preoperative SSEPs could detect spinal cord abnormalities, such as Chiari malformations and
syrinxes, that are occasionally present in patients with AIS (62), structural assessments are best
made by using structural imaging techniques.

That said, baseline latency-based SSEP abnormalities may be common in AIS, their
reported prevalence varying from about 15% to nearly 100%. The abnormities appear to be
subtle, however, and are best revealed using height-adjusted normative data and specifically
evaluating interpeak intervals (62,64,65). Machida reported SSEP abnormalities in 97 of 100
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FIGURE 13.12 Motor evoked potentials (MEPs) and somatosensory evoked potentials
(SSEPs) recorded during surgery for adolescent idiopathic scoliosis (AIS) in a 12-year-old
child receiving a vecuronium infusion at 1 mg/kg/hr, along with propofol and isoflurane.
Train-of-four testing demonstrated three to four twitches. Robust MEPs were maintained,
and with easily monitored brainstem SSEPs.

Abbreviations: RAH, right abductor hallucis; RAPB, right abductor pollicis brevis; RTA, right tibialis
anterior.

AIS patients, finding the P31-P38 interpeak latency to be prolonged following stimulation of
the tibial nerve ipsilateral to the concavity of the curve (65). This observation, which suggests
a sensory system abnormality rostral to the lower brainstem, may provide an important clue to
the pathogenesis of AIS. Indeed, disturbed somatosensory function and balance abnormalities
have been described in AIS patients with abnormal SSEPs (64,66).

Intraoperative Interpretation

For intraoperative monitoring, each patient’s responses are evaluated with respect to baseline
signals, that is, the patient serves as his own control. This contrasts with standard laboratory
testing, where patients’ responses are evaluated relative to normative population-based data.
Baselines are obtained at the beginning of the case; it is often necessary to reestablish the
baseline during the case, to account, for example, for changes in anesthesia. Even at constant
anesthetic doses, both SSEPs and MEPs can change over time, a phenomenon known as “anes-
thetic fade.” Over hours, SSEP latencies are often seen to gradually increase and amplitudes
to gradually decrease (67). Similarly, MEP threshold stimulation voltage commonly increases
slowly over hours. The effect can be more striking in myelopathic patients (68). The mechanism
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for anesthetic fade is uncertain. It is seen both with lipid-soluble (eg, propofol), as well as lipid-
insoluble (eg, N,0) agents, and may be explained by slower time courses for some anesthetic
effects, such as prolongation of refectory periods, than others (68).

For SSEPs, the generally accepted “alarm criteria” are a 50% decrease in amplitude or a
10% increase in latency from baseline (69). Loss of SEP amplitude and degradation of signal
morphology are the most common consequences of intraoperative spinal cord injury, which
causes conduction block or desynchronization; latency changes are distinctly less prominent. In
contrast to extraoperative testing, SSEP amplitude is therefore the most important parameter to
monitor. It is a serious error to conclude that everything if okay simply because latencies have
remained stable.

The 50% amplitude 10% latency alarm criteria are empirically based and are best used
as a guide, rather than a strict threshold above which it can be assumed that no adverse events
have occurred. For one, noise can make it difficult to reliably distinguish a 60% from a 40%
change from baseline. Further, it can be helpful to alert the surgeon to new, albeit smaller, SSEP
changes that exceed their observed prior variability during the case. This approach can facili-
tate more accurate identification of the cause of SSEP changes and better affords the surgeon
the option of acting immediately or taking a “wait and see” approach (70).

There is no firm consensus on the alarm criteria for MEP monitoring. Suggested criteria
include the presence or absence of a response, various percent loss of response amplitudes,
decrease of M-wave complexity or duration, and increase in stimulus intensity required to
elicit M-waves (71). Latency criteria are not useful (72). The complexity of MEP interpretation
reflects, in part, the integrative role of the motor neurons in generating M-waves, requiring the
temporal summation of descending volleys, as well as the trial-to-trial variability of MEPs.
Complete loss of M-wave does not necessarily indicate complete loss of spinal cord motor
function; indeed, M-waves can be lost when D-wave amplitude decreases by 30% to 50%, often
resulting in a transient postoperative motor deficit (72).

Although complete disappearance of the MEP has been a widely employed alarm criterion,
once M-waves are lost, it is impossible to judge the degree of D-wave loss without direct spinal
cord recording. It would seem, therefore, that a somewhat less strict alarm threshold is desirable
to best ensure that the surgeon is notified before a possible “point of no return.” Given the com-
monly encountered degree of MEP variability, a 50% amplitude decrease criterion would likely
cause too many false-positive notifications. The American Clinical Neurophysiology Society
has suggested amplitude reduction of 75% to 90% as a reasonable threshold for alarm (41).

The combined use of SSEPs and MEPs affords robust monitoring of spinal cord function
during spinal deformity surgery. The two modalities rely on different signals, are mediated by
different pathways, are monitored using different leads and cables, and may be differentially
affected by anesthetic agents. Yet, both are usually affected by traumatic, compressive, and
ischemic injury to the spinal cord. This redundancy can be critical to continued monitoring
during real-life situations commonly encountered in the OR, which cause one or the other
modality to fail or to become unreliable. If, for example, a bolus of propofol obliterates MEPs,
monitoring could continue based on subcortical SSEP and perhaps cortical SSEP signals. If
muscle or electrical artifact obscures the SSEPs, the much larger CMAP signals would likely
permit continued MEP monitoring.



232 W Clinical Neurophysiology in Pediatrics

SSEP monitoring does not disturb the surgical field and can be performed continuously;
MEP monitoring can produce movement and must be coordinated with the surgeon. On the
other hand, feedback to the surgeon based on SSEPs is necessarily delayed by the time required
to average a sufficient number of trials to produce an interpretable response; depending on
accompanying noise, this can be several minutes. MEP monitoring does not require averaging
and results are instantaneous. As such, provided that MEPs are recorded sufficiently frequently,
they can provide for quicker and more accurate identification of causes of surgical injury and
allow for faster intervention. Additionally, MEPs are often inherently more sensitive, detecting
injury before SSEPs are affected (Figure 13A—H); simultaneous loss of SSEPs and MEP may
signal a more severe injury. In this manner, the routine combined use of the two modalities
contributes importantly to the safety of spinal deformity surgery.

Although, in the past, monitoring has focused on a “critical period” following correction,
it is now clear that MEP and SEP changes reflecting incipient spinal cord injury can, and do,
occur at any time during spinal deformity surgery. For this reason, monitoring should continue
throughout the entire procedure, including during closure (73).

Example Case

Figure 13.13 illustrates a typical case of loss of SSEPs and MEPs during scoliosis surgery,
with return of signals following modification of the correction. The patient is a 12-year-old girl
undergoing posterior instrumentation for correction of AIS under total intravenous anesthesia,
using propofol and fentanyl, plus partial neuromuscular blockade. Well-formed cortical (aster-
isk) and brainstem (arrow) SSEPs as well as MEPs are present at baseline (9:56, Figure 13A).

By 16:05 (Figure 13B), correction has been achieved with placement of the first rod. As
the second rod is placed, MEPs are lost on the left as well as in a single right LE muscle (VL)
(arrows). SSEPs are unchanged. The surgeon is informed who begins removing the rods. For
spinal cord monitoring, the response from each muscle serves as surrogate for right or left
spinal cord motor function. Monitoring of responses from multiple muscles is useful, not only
because of redundancy, in case one recording fails but also because responses from the muscles
that are more difficult to stimulate (higher stimulation threshold voltage) can be lost first, and
provide an “early warning” of possible further deterioration.

Within several minutes (Figure 13C), MEPs are completely lost on both sides, while SSEPs
remain unchanged. Only by 16:13 (Figure 13D), 8 minutes after the initial MEP loss, do SSEPs
become attenuated bilaterally. MEPs often detect compromise of spinal cord function faster
than SSEPs, in part because of the time required for SSEP signal averaging but also because
they commonly prove to be more sensitive to spinal cord injury.

By 16:21 (Figure 13E), with rods removed, MEPs have returned, and SSEPs are returning.
Note that the first of the three superimposed SSEPs to be acquired (arrows) is of somewhat
lower amplitude than the subsequent two recordings. At 16:43 (Figure 13F), the surgeon begins
reinserting the rods, now shaped to achieve less aggressive correction of the scoliosis deformity.
Six minutes later (Figure 13G), MEPs are again lost bilaterally; SSEPs remain unchanged. The
surgeon is informed, the rods are released, and MEPs return (Figure 13H). Note that the first of
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FIGURE 13.13 A series of “screen shots” from a posterior instrumentation and fusion
procedure for correction of scoliosis (see text for details). In each figure, three sets of
superimposed tibial somatosensory evoked potentials (SSEPs) and two lower extremity
motor evoked potentials (MEPs) are shown, with MEPs having been acquired following each
of the first two sets of SSEPs. The labeled times correspond to the time of the first MEP.
Right and left SSEPs were obtained simultaneously. VL, TA, and MG correspond to vastus
lateralis, tibialis anterior, and medial gastrocnemius muscles, respectively. Ulnar SSEPs and
abductor pollicis brevis MEPs as “systemic controls” are not shown, and they remained
stable throughout the entire case. (continued)
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FIGURE 13.13 (continued) A series of “screen shots” from a posterior instrumentation and
fusion procedure for correction of scoliosis (see text for details). In each figure, three sets
of superimposed tibial somatosensory evoked potentials (SSEPs) and two lower extremity
motor evoked potentials (MEPs) are shown, with MEPs having been acquired following each
of the first two sets of SSEPs. The labeled times correspond to the time of the first MEP.
Right and left SSEPs were obtained simultaneously. VL, TA, and MG correspond to vastus
lateralis, tibialis anterior, and medial gastrocnemius muscles, respectively. Ulnar SSEPs and
abductor pollicis brevis MEPs as “systemic controls” are not shown, and they remained
stable throughout the entire case. (continued)
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FIGURE 13.13 (continued)
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FIGURE 13.13 (continued) A series of “screen shots” from a posterior instrumentation and
fusion procedure for correction of scoliosis (see text for details). In each figure, three sets
of superimposed tibial somatosensory evoked potentials (SSEPs) and two lower extremity
motor evoked potentials (MEPs) are shown, with MEPs having been acquired following each
of the first two sets of SSEPs. The labeled times correspond to the time of the first MEP.
Right and left SSEPs were obtained simultaneously. VL, TA, and MG correspond to vastus
lateralis, tibialis anterior, and medial gastrocnemius muscles, respectively. Ulnar SSEPs and
abductor pollicis brevis MEPs as “systemic controls” are not shown, and they remained
stable throughout the entire case.

the three superimposed SSEP recordings to be obtained does, in fact, show attenuation of the
right brainstem (asterisk) and cortical (arrows) responses.

Rods are then reinserted, configured to achieve still less correction. This time, MEPs and
SSEPs remain stable. Signals remain stable through closing (Figure 131), and the patient awak-
ens from anesthesia with intact spinal cord function.
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Autonomic Disorders in Children

Nancy L. Kuntz, MD
Theresa Oswald, BS, M'S
Pallavi P. Patwari, MD

In the human body, the autonomic nervous system (ANS) regulates fundamental, involuntary
functions. The ANS is involved in temperature regulation, digestion, maintaining upright pos-
ture, control of breathing, and circulation. Practitioners of most medical specialties can benefit
from understanding autonomic function and from the potential diagnostic insight provided by
quantitative autonomic testing. Traditionally, care for children with ANS dysregulation (ANSD)
has been distributed among a variety of subspecialists based on the primary affected organ sys-
tem. As understanding of ANSD in children expands, so does the need for pediatric-focused
autonomic specialists and centers.

Over the past several decades, objective and noninvasive techniques have been developed
and standardized in adults to evaluate the functioning of cardiovagal, adrenergic, and sudo-
motor aspects of the ANS (1). With this review, we aim to provide an overview of existing
experience with noninvasive testing of autonomic function in children and to outline areas of
promising future development.

SPECIAL CONSIDERATIONS FOR AUTONOMIC TESTING IN CHILDREN

At different ages, children and adolescents are frequently unable or unwilling to provide a
cogent description of their clinical symptoms. In the youngest children, the barrier is frequently
limited by expressive language. In school-aged children, their primal need to not embarrass
themselves and to avoid being “different” creates a barrier to their self-reporting. Adolescents
tend to be extraordinarily self-absorbed, reporting all of the innate sensations occurring in their
bodies making it difficult, given their different personalities, to know whether the reported
symptoms are normal or alarming. It is in this context that laboratory testing of autonomic func-
tion in children and adolescents becomes important. Objective findings that can demonstrate
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normal or altered function in one of the autonomic pathways can be helpful diagnostically. This
data can also serve to monitor changes in function over time. An understanding of the child’s
age and developmental stage are key to anticipating a child’s ability to tolerate and cooperate
with autonomic testing. For example, certain aspects of testing include lying completely still
during the application of low currents to the skin (sudomotor testing) or maintaining sustained
increase in intrathoracic pressure (Valsalva maneuver)—tasks that can sometimes be challeng-
ing for cooperative adults. Further, during analysis and interpretation of results, consideration
should be given to the developmental and maturational changes in the nervous system from
infancy through adolescence. The development of age- and gender-matched normative data has
been and remains a central goal. The organ systems and types of autonomic testing pertinent to
children and adolescents are listed in Table 14.1.

To be maximally useful in children, autonomic testing should be brief, have instructions
that are easy to understand and carry out, and be nonintrusive/nonpainful. This is particularly
important as there is much work to be accomplished establishing normal control values in
healthy children under 10 years of age.

TABLE 14.1 ANS Regulation by System and Available Autonomic Testing

ORGAN SYSTEM ANS COMPONENT AUTONOMIC TEST
Cardiovascular Cardiovagal - HR ;. HRg,, HRSQ
- VR
- HRV
Adrenergic - Valsalva maneuver
- HUT
- SSR
- Biochemical (catecholamine levels)
Vasomotor - Digit wrinkle
Respiratory Control of breathing - Exogenous ventilatory challenges

including chemoreception Awake and asleep physiologic testing

Skin Sudomotor - QSART

-TST
Ophthalmologic Pupillary - Pupillography
Gastrointestinal Enteric - Gastric scintigraphy

- Colonic transit

Urologic Sympathetic - Urodynamics

Parasympathetic - Bladder US

Abbreviations: ANS, autonomic nervous system; HR;, heart rate response to deep breathing; HR,
heart rate response to squatting; HR,, heart rate response to standing (30:15 ratio); HRV, heart rate
variability; HUT, head up tilt; QSART, quantitative sudomotor axon reflex test; SSR, sympathetic skin
response; TST, thermoregulatory sweat test; US, ultrasound; VR, Valsalva ratio.
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RATIONALE FOR AUTONOMIC TESTING IN PEDIATRICS

Quantitative ANS testing allows for the development of a deeper understanding of the inter-
relationship of multisystem features of ANSD and the associated clinical significance of dys-
function in these physiologically intertwined systems. Laboratory autonomic testing is most
effective when it is paired with a clinical evaluation that includes ANS-focused questions.
Based on the preliminary evaluation, the pediatric clinician may find that there are children
in whom the diagnostic question is related to autonomic control over a specific organ system
or that broad screening of autonomic function is appropriate in order to determine whether a
symptom is due to isolated, widespread, and/or evolving autonomic dysfunction. Autonomic
testing is indicated in congenital autonomic disorders as well as for the growing number of
recognized diseases for which autonomic dysfunction is an acquired phenomenon (Table 14.2).

TABLE 14.2 Classification of Pediatric Autonomic Nervous System Dysregulation

CLASSIFICATION

EXAMPLES OF DISORDERS/DIAGNOSES

Developmental/genetic

Alacrima, anhidrosis, adrenal insufficiency (AAAS)
Congenital central hypoventilation syndrome (CCHS)
Dopamine beta-hydroxylase (DBH) deficiency

Fabry’s disease

Hereditary sensory and autonomic neuropathies,
including familial dysautonomia

Hirschsprung’s disease

Menkes syndrome

Norepinephrine transporter (NET) deficiency syndrome
Rett syndrome

Shapiro’s syndrome

Acquired

Autoimmune

Guillain-Barré syndrome
Autoimmune neuropathy/ganglionopathy

Postural orthostatic tachycardia syndrome

Paroxysmal disorders

Autonomic storm (post central nervous system insult)
Mast cell disorders

Recurrent syncope

Pheochromocytoma

Postural orthostatic tachycardia syndrome

Abdominal migraine, cyclic vomiting

(continued)
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TABLE 14.2 Classification of Pediatric Autonomic Nervous System Dysregulation
(continued)

CLASSIFICATION EXAMPLES OF DISORDERS/DIAGNOSES
Disorders with associated autonomic dysregulation

Autism

Chronic fatigue syndrome
Cyclic vomiting syndrome
Diabetes mellitus
Migraine

Mitochondrial cytopathies

Rapid-onset obesity with hypothalamic dysfunction and
autonomic dysregulation

The development of noninvasive, child-friendly autonomic testing methods and obtaining
normative data for children of both genders is ongoing. As this is accomplished, we need to
acknowledge that the process of performing autonomic testing can change autonomic tone in
children and adolescents and use care when selecting the test to be performed and the normal
values to be used (2).

TEST DESCRIPTIONS

Cardiovagal

Cardiovagal function refers to the dynamic, coordinated impact of the parasympathetic compo-
nent of the autonomic system in regulating heart rate (HR) and blood pressure (BP) in response
to challenges. These physiologic challenges effect changes in cardiac output and venous return,
while being affected by intravascular volume and posture. Standardized testing methods
include measurement of HR and BP responses to deep breathing, Valsalva maneuver, and posi-
tion change (sit to stand, stand to squat, and squat to stand).

Heart Rate Response to Deep Breathing

The HR response to deep breathing (HR ;) essentially provides a systematic and objective
measure of the normal physiologic change in HR in response to breathing (“sinus arrhyth-
mia”). With a combination of verbal coaching and visual pacing, subjects are asked to breathe
slowly and deeply at 5 to 6 times per minute. HR during eight cycles (inspiration and expira-
tion each taking 5 seconds) is recorded and the largest five consecutive responses are marked
(Figure 14.1). HR ; is calculated as the mean of the consecutive differences between maximal
and minimal HR. Normative values exist for ages greater than 9 years, with reported inverse
relationship of HR , with age (1,3). Specifically, normative values from 10 to 29 years of age in
the Mayo Autonomic Lab are 14 to 41 (5th and 95th percentile, respectively) (1). HR , has been
used to identify children with presymptomatic trypanosomiasis infections in Peru (4).
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FIGURE 14.1 shows an HR_; recording in a normal 7-year-old girl with respiration monitored
on the top trace and heart rate on the lower trace.

Valsalva Ratio

A stereotyped Valsalva maneuver must be performed to calculate the Valsalva ratio (VR),
which measures the vagal component of the baroreflex. For this test, the subject is resting and
supine, with continuous HR and finger BP monitoring and is then asked to maintain a fixed
expiratory pressure (40-50 mmHg) for 15 seconds by blowing into a mouthpiece with a partial
air leak. The VR is the ratio between the maximum HR occurring during the maneuver and the
lowest HR occurring within 30 seconds of the maximal HR. VR appears to be a less sensitive
measure of cardiovagal dysfunction than HR , in adults. Normal values are 1.5 to 2.9 (Sth and
95th percentile, respectively) and do not vary with age or gender in adults (1). In children, nor-
mative data for healthy children appear to be similar to reported values in adults with Longin et
al. finding the 5th and 95th percentile values to be 1.4 and 2.7, respectively, for 6- to 11-year-old
children and 1.3 and 2.8, respectively, for 12- to 15-year-olds (5). Other pediatric investigators
report slightly lower VR values with a mean of 1.65 in 6- to 15-year-olds (4) and a mean value
of 1.5 in 10- to 17-year-olds (3). In pediatric practice, it is important to consider that small finger
size may limit ability to obtain BP values and that children may have difficulty with maintain-
ing the sustained intrathoracic pressure required to successfully complete this test.

HR Response to Standing

For this test, the subject has his/her HR continuously monitored in a supine position for a
baseline interval, then gets to an upright position without assistance, followed by continued
cardiac monitoring for 2 minutes. The HR response to standing (HRg, or 30:15 ratio) is the
ratio between the R-R interval at the 30th beat while standing and the 15th beat while stand-
ing. This has not been used as widely as the HR . Though children tend to stand up quickly
and more uniformly (as compared to adults who have notable variability in time to stand),
they also tend to be more fidgety, causing variability in response due to altered venous return
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from muscle contraction and to excessive movement causing recording artifact. Normative
data (with some variation in protocols) has been published for children as young as 4 years of
age (3-5).

HR Response to Squatting

The baroreflex involves a negative feedback response to changes in BP and can be tested nonin-
vasively with continuous HR and finger BP monitoring while asking the patient to change posi-
tion. With the heart rate response to squatting (HR), the patient is asked to stand for 3 minutes
and then squat for 1 minute, which causes an abrupt increase in BP. An attenuated baroreflex
response with HRq, has been shown in adult diabetic patients with autonomic neuropathy (6,7).
Another maneuver, which involves starting in a squatting position, then standing for 1 minute
can be used to evaluate the baroreflex response for initial orthostatic hypotension (8). There are
no published normal values for children.

HR Variability

Measures of HR variability (HRV) are acquired noninvasively through monitoring of electro-
cardiogram (ECG) for various intervals (from 5 minutes to 24 hours) and analyzing R-R inter-
vals. HRV can be reported as time domain or frequency parameters. HRV reflects the neural
influences upon HR at the level of the cardiac pacemaker (sinoatrial node), which are due to
naturally opposing sympathetic and parasympathetic signals. These measures are influenced
by physiologic state; so, interpretation of HRV values should be made with consideration of
behavioral state: active versus quiet sleep and awake versus asleep state. It has been shown that
HRYV varies with age (8,9), reinforcing the importance of broadly applicable age-matched nor-
mal reference values (2,5). HRV can also be evaluated through visualization of Poincaré plots
(scatter plots of successive R-R intervals). Decreased HRYV, a sign of autonomic dysfunction,
would demonstrate a narrow scatter pattern as opposed to a normal “ice cream cone” pattern
indicating increased variability at slower HRs with longer R-R intervals (Figure 14.2).

Adrenergic

Head-Up Tilt

Tilt table testing has been widely used by cardiologists and physiologists for the evaluation of
orthostatic tolerance. All protocols require that the lower extremities be passively restrained
with feet planted on a footboard so that no muscle tension is required to maintain the upright
posture as this would affect the physiologic status. Generally with head-up tilt (HUT), the
patient is initially at rest, supine for 10 to 30 minutes, then passively elevated (motorized tilt
table) to 70° HUT. HR, BP, and clinical status are then monitored for another 10 to 30 minutes.
HUT performed in autonomic laboratories tends to be of shorter duration and performed with-
out intravenous (IV) pharmacologic challenges typically used in cardiology testing. Adoles-
cents without history of orthostatic intolerance experience a higher incidence of near fainting
during cardiac HUT than adults, particularly when IV lines are placed and IV infusions are
used (10,65). Recent studies have demonstrated that the 95th percentile for HR increment was
43 bpm in 106 healthy children from 8 to 19 years of age. While the HR increment was mildly
higher in children referred for orthostatic intolerance, there was considerable overlap between
controls and patients (11). Galland and coworkers have published data on young infants who
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FIGURE 14.2 Poincaré plots. CCHS (left graph): narrow “cigar”-shaped plot (first reported
by Marilyn Woo); normal child (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 (right graph): narrow plot, note decreased heart rate variability at
lower heart rates.

Abbreviations: CCHS, congenital central hypoventilation syndrome; ROHHAD, rapid-onset obesity
with hypothalamic dysfunction, hypoventilation, and autonomic dysregulation.

had simulated HUT testing while propped in HUT within their prams (12). They observed the
effect of a 60° HUT on 60 full-term infants who were studied at 1 and 3 months of age. They
noted that the HRV increased between 1 and 3 months of age, was reduced in prone as com-
pared to supine sleeping position, and higher in active sleep compared to quiet sleep. There was
no influence of a maternal history of cigarette smoking.

This data emphasizes the need for the development of normative data and unique diagnos-
tic criteria in children and adolescents (11). Clearly, using adult norms (with 20-bpm increase in
HR with upright posture) would create a significant pool of “false-positive” HUT in adolescent
subjects.

Our autonomic laboratory monitors oxygen saturation, end-tidal CO,, respiratory rate, and
regional cerebral perfusion (rSO,) via near-infrared spectroscopy (NIRS) as well as beat-to-
beat HR and BP during our HUT. These data are very useful as changes in physiology and
tendency to progress to syncope have been reported with hyperventilation. Martinon-Torres
and colleagues (13) monitored end-tidal CO, during HUT in 34 children (mean age 10 yrs)
referred for evaluation of syncope and noted that the time from onset of tilt and from onset of
clinical symptoms to syncope were both significantly longer in children who were noted to
hyperventilate. It was felt that this might identify a subgroup of children who would respond
differently to preventive measures. Rao (14) demonstrated failure of cerebral autoregulation in
syncope by monitoring NIRS during HUT. In our laboratory, we have demonstrated poor cere-
bral perfusion during postural orthostatic tachycardia syndrome (POTS)-associated “foggy”
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mental status with preserved peripheral BP. Figure 14.3 demonstrates the HR, BP, and cerebral
perfusion responses to HUT in several adolescents with orthostatic intolerance. Note the wide
swings in monitored vital HR and BP in the first and second set of tracings, which are fre-
quently noted in POTS. The third set of tracings demonstrates failure of cerebral autoregulation
in an adolescent with POTS.

Valsalva Maneuver (BP Response During Phases Il and V)

A stereotyped Valsalva maneuver (see description under “Valsalva Ratio”) can also provide
information regarding adrenergic function. In normal individuals, four phases of change in
BP are observed: Late phase II and phase IV provide the most information about adrenergic
function. Early phase II consists of a decline in BP followed by late phase II, which is an alpha-
adrenergic—mediated arterial vasoconstriction leading to recovery of BP toward/above baseline
levels. Phase I'V consists of a BP overshoot of baseline (beta-adrenergic mediated) followed by
gradual return of BP to baseline. With the Valsalva maneuver, BP is affected by a combination
of mechanical factors such as intrathoracic and intra-abdominal pressure changes, changes in
peripheral vascular resistance, as well as cardiovagal and adrenergic tone. Insight regarding
cardiac adrenergic tone can be obtained from qualitative assessment of the arrest of the fall and
subsequent increase in BP in late phase II and assessment of the increase in BP (with overshoot
past baseline) seen in phase IV. There is limited experience in evaluating this phenomenon
in children, as the youngest (and most ill) children have more difficulty in maintaining the
required expiratory pressure for 15 continuous seconds. The two lower lines on Figure 14.4
outline systolic and diastolic BP during a Valsalva maneuver in a 7-year-old girl, with arrows
noting late phase II and phase IV changes in BP demonstrating intact adrenergic function in
this young girl.

Sympathetic Skin Response

The sympathetic skin response (SSR) reflects the degree of activity in the sympathetic ner-
vous system and is based on skin conductance that can be recorded over the palm of the hand
and the sole of the foot in response to sensory or electrical stimuli (see Figure 14.5). SSR has
been used to establish hearing thresholds after cochlear implants (15) as well as to monitor
response to enzyme replacement therapy in individuals with Fabry’s disease (16). Assessing
SSR with different stimuli (electrical, thermal, inspiratory gasp, or auditory) has been used to
objectively identify the preserved sensory fibers in familial dysautonomia (FD or HMSN III)
(17) Many factors can affect the SSR such as skin temperature and stimulus strength as well as
the patient’s emotional state and ability to be surprised (18). A limitation of this test is that the
response habituates and tends to be “all or none” rather than a graded response.

Sudomotor

Quantitative Sudomotor Axon Reflex Test

Quantitative sudomotor axon reflex test (QSART) was developed in the Autonomic Labora-
tory at Mayo Clinic, Rochester, and provides information about sweat glands and postgan-
glionic sympathetic nerve fibers. The QSWEAT is a commercially available, Food and Drug
Administration (FDA)-approved device (based on QSART technique), which measures evoked
sweat volumes. QSWEAT requires surface placement of quarter-sized disks through which a
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FIGURE 14.3 (A) Vasovagal response. Ten-year-old male with progressive decline in HR,
BP, and cerebral regional saturation values in association with abdominal pain, nausea, and
poor color/perfusion of face and neck. (continued)
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FIGURE 14.3 (continued) (B) Postural orthostatic tachycardia syndrome (POTS). Ten-year-
old female demonstrates a 45-bpm increase in HR from baseline with stable BP during HUT.
(continued)
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FIGURE 14.3 (continued) (C) POTS with drop in cerebral perfusion. Fourteen-year-old
female demonstrating a regional cerebral perfusion (rSO,) decrease in the first minute of
HUT and then rebounding above baseline after return to the horizontal position.

Abbreviations: BP, blood pressure; HR, heart rate; HUT, head-up tilt; NIRS, near-infrared
spectroscopy.
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FIGURE 14.4 Upper tracing records heart rate and two lower tracings record beat-to-beat
changes in blood pressure during voluntary Valsalva maneuver in a 7-year-old girl.

low-intensity constant current stimulus is passed for iontophoresis of acetylcholine through the
skin and stimulation of sudomotor sympathetic axons. The impulse travels antidromically to an
axon branch point and then orthodromically back down to synapse on the muscarinic receptor
on an eccrine sweat gland. The same capsule is used to provide acetylcholine for iontophoresis,
guide the constant current stimulus, and collect data regarding the volume of local sweat pro-
duction. Capsules are typically placed at four sites (foot, distal leg, proximal leg, and forearm)
and simultaneous stimulation provides information regarding sudomotor function along the
extremities at various postganglionic axonal lengths (1). However, it is possible to have focal or
regional sudomotor dysfunction that will not be identified with this technique. Sweat volumes
are affected by age, gender, hydration status, and anticholinergic medication. These techniques
have been used diagnostically in children down to 2 years of age (personal observation). How-
ever, normative data has not been systematically developed for individuals less than 20 years of
age. Staiano et al. reported forearm QSART responses of 2.8 + 1.3 mV amplitude in 11 healthy
children between 4 and 10 years of age and 2.9 + 1.2 mV amplitude in eight healthy children
from 10 to 17 years of age (3).

Thermoregulatory Sweat Test

The thermoregulatory sweat test (TST) is a sensitive, established autonomic test of central
and peripheral sympathetic sudomotor function. By applying moisture-sensitive powder to
the entire anterior aspect of a body, sweat production over the forehead, lower face, torso,
and extremities can be evaluated (see Figure 14.6) (19). It has proven value in the diag-
nosis of small-fiber neuropathy, autonomic failure, focal and multifocal neuropathies, and
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FIGURE 14.5 Sympathetic skin response from right hand and foot with left median nerve
stimulation.

ganglionopathies. The utility of this test in the evaluation of pediatric disorders has not been
well studied. However, in 2011, Kuntz et al. reviewed the experience at Mayo Clinic, Roch-
ester, relating to TST in over 200 children 2 to 16 years of age—demonstrating that TST was
well tolerated in children and adolescents with valid, clinically relevant results obtained in
93.5% of the patients studied (20). TST, in children, was particularly useful in the evaluation
of small-fiber peripheral neuropathies, myelopathies, multifocal or patchy peripheral nerve
involvement, and disorders of sweating including anhidrosis and hyperhidrosis. In children
and adolescents, TST was valuable for the assessment of small-nerve fiber function as it
required less cooperation than quantitative sensory testing and was less invasive than mul-
tiple epidermal nerve fiber layer biopsies. Figure 14.7 demonstrates how TST can define
abnormalities of sweating in children.
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FIGURE 14.6 Fifteen-year-old female with distal anhidrosis suggestive of distal sudomotor

or small-fiber nerve dysfunction.

Pupillography

Actions of the smooth muscles of the iris cause changes in pupil size. Pupillometry provides
noninvasive, detailed measures of pupil size and response to light, with pupil dilation and
constriction, respectively, indicating relative sympathetic and parasympathetic responsiveness

Hyperhidrosis and Anhidrosis

Fourteen-year-
old with 5+ years of execessive sweating
from hands, feet, and axillae. Images
above taken before-heat, show the
resting sweat distribution in purple. After
heating, the remainder of body

sweat profusely.

Dx: Primary Focal Hyperhidrosis

Six-year-old female also with
excessive hand sweating. Above
image taken after heat exposure
revealed widespread anhidrosis

with compensatory hand hyperhidrosis.
Dx: Chronic Idiopathic Anhidrosis

FIGURE 14.7 Examples of thermoregulatory sweat test in children with excessively sweaty

hands and feet.
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FIGURE 14.8 Parasympathetic and sympathetic pathways involved in pupillary control.

Source: Adapted from Patwari PP, Stewart TM, Rand CM, et al. Pupillometry in Congenital Central
Hypoventilation Syndrome (CCHS): Quantitative evidence of autonomic nervous system dysregulation.
Pediatr Res. 2012;71(3):280-285, copyright 2012 by International Pediatric Research Foundation, Inc.
(IPRF).

(Figure 14.8). Daluwatte and colleagues (63,64) have published normative values for pupillary
responses in children. Accordingly, quantitative pupil measurements have recently been used
to evaluate ANSD in various conditions including autonomic neuropathies (21,22), enuresis
(23), heart failure (24), diabetes (25,26), and pediatric autonomic disorders such as FD (27) and
congenital central hypoventilation syndrome (CCHS) (28).

Studies investigating the use of pupillometry have often used a 30- to 40-millisecond dura-
tion light flash (29,30); however, there is the need for a longer flash in some groups of patients.
Patients with autoimmune autonomic ganglionopathy (AAG) have been found to have prema-
ture pupil redilation (31). These patients require a 2-second flash.

Use of pupillometry to measure autonomic regulation requires attention to ambient room
light and ocular pathology or anterior visual pathway disease, which alter the afferent pathways.
The patient must be cooperative (able to maintain stable eye position during the recording).
Environmental triggers (loud noises or any type of stimulation that can cause anxiety or fear)
can affect the sympathetic/parasympathetic balance.

Enteric

The process of eating (from perception of food through digestion to defecation) requires intact
autonomic (sympathetic, parasympathetic, and enteric) function. Salivary secretion is under
both sympathetic and parasympathetic control with inhibition and stimulation of salivary gland
output, respectively. As the parasympathetic system is activated, gastric and pancreatic secre-
tion increases. With elegant coordination, enteric motility is also enhanced. Most often, altered
enteric autonomic function becomes apparent through altered gastrointestinal (GI) motility:
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delayed or enhanced stomach or intestinal transit time with symptoms of vomiting, early sati-
ety, abdominal distention, abdominal pain, diarrhea, or constipation.

The options for the evaluation of GI transit are increasing as technology advances. For the
purposes of this review, we will focus on GI emptying studies and colonic transit studies that
can be performed in the pediatric patient. An excellent review of the adult clinical experience
with autonomic testing of GI function has been recently published (32).

In children, differential diagnosis needs to include potential congenital anomalies. In chil-
dren with constipation, GI dysmotility, or unexplained abdominal pain, Hirschsprung’s disease
(HSCR) (absence of ganglion cells due to failure of migration) needs to be considered. Evalua-
tion for HSCR starts with barium enema to determine the presence and location of a transition
zone. If barium enema is suggestive of HSCR, then rectal biopsy is indicated to identify the
absence of ganglion cells. A subset of children with HSCR have been found to have signs of
ANSD relating to pupillary, cardiovascular, and sudomotor function (3). Further, HSCR can be
found in pediatric autonomic disorders, such as in CCHS (33).

Gastric Scintigraphy

For scintigraphy, the patient is required to ingest a standardized amount of radiolabeled solid
or liquid material (mixed with palatable items) with sequential imaging to determine the rate of
emptying. Gastric scintigraphy would be indicated for the evaluation of unexplained vomiting,
early satiety, or food intolerance suggestive of gastroparesis. Small-bowel and colonic scintig-
raphy can be performed but require longer duration of evaluation and lack standardization with
limited normative data even in adults.

Colonic Transit With Radiopaque Markers

Ingestion of radiopaque markers is in use for the evaluation of colonic transit time by following
the number of retained markers via abdominal radiograph over several days. Normative values
are available for children (34-36).

Urologic

Urodynamic studies including the measurement of postvoid residual volume can be performed
in children and adolescents to evaluate sympathetic and parasympathetic function. Recent
articles outline the use of videourodynamic studies and uroflow/electromyography (EMG)
for differentiating between common voiding disorders in children (37,38). Most interestingly
for those interested in autonomic dysfunction in children and adolescents, the commonly
observed voiding disorders, which occur without identifiable anatomic lesions of the spinal
cord or spinal roots, are termed “nonneurogenic voiding disorders.” These disorders appear to
involve poor coordination or balance between activation of the bladder smooth muscle, blad-
der neck, urinary sphincters, and pelvic floor. These would logically be disorders involving
some combination of dysfunction in the central and peripheral autonomic pathways control-
ling voiding. Since “nonneurogenic” is a misleading term, these disorders could be considered
autonomic disorders affecting voiding rather than nonneurogenic voiding disorders (personal
observation).
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Vascular

Skin Wrinkling

The clinical phenomenon of glabrous skin with sweat glands (finger tips and soles of the feet)
wrinkling or “pruning” in response to prolonged immersion in water has been observed for
decades—with the first report as a potential test of autonomic function in 1977 (39). Recent
studies in adults have demonstrated that this is a sympathetically mediated vasoconstrictive
phenomenon (40,41). Other studies have replicated the same phenomenon by placing a topical
anesthetic such as EMLA™ under an occlusive dressing (42,43). None of these methods have
been studied systematically in children or adolescents.

OTHER CLINICAL APPLICATIONS
Identification of Risk Factors for Autonomic Dysregulation

Johansson et al. (44) documented increased sympathoadrenal activity in childhood (fraction-
ated urinary catecholamines, higher baseline HR and greater increment in HR after mental
arithmetic/stress test) in healthy children with a history of preterm or small-for-gestational-age
(SGA) birth.

EARLY DETECTION AND MONITORING OF COMPLICATIONS
OF SYSTEMIC DISEASE

Diabetes

Varechova and colleagues (45) demonstrated a decreased threshold to capsaicin-induced cough
reflex in diabetic children with subclinical autonomic neuropathy and have suggested this as a
screening test for autonomic neuropathy in diabetic children.

Cabhill and colleagues (46) studied pupillography and response to pilocarpine (0.1%) and
cocaine (4%) in 72 children with type I diabetes, 60 children with type II diabetes, and 120
age-matched controls. Smaller dark-adapted pupil size and denervation hypersensitivity to pilo-
carpine were noted in the diabetic patients even when VR testing of cardiovagal function was
normal. This was recommended as an inexpensive way to detect early diabetic autonomic neu-
ropathy (DAN).

Boysen et al. (47) tested 20 patients with diabetes I between 10 and 19 years of age and
report that HRV measures and baroreflex sensitivity (BRS) were more sensitive at detecting
abnormalities in diabetic patients than HR , or the 30:15 ratio. They speculated that incomplete
cooperation or effort in some of the 136 control children studied may have led to the abnormali-
ties noted with the later studies.

It remains to be seen whether early signs of autonomic dysregulation can be identified and
used as a target for improved diabetic control in the pursuit of decreased long-term cardiac and
renal complications of diabetes.

Screening for Other Systemic llinesses

Trypanosomiasis
Bowman and colleagues (4) studied 38 children with confirmed but presymptomatic Trypano-
soma cruzi infection in Peru and demonstrated blunted cardiovagal responses as compared to
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control children for the Valsalva maneuver (ratio of longest to shortest R-R interval), the cold
pressor, and orthostatic tests. These simple, community-based tests requiring no expensive or
high-technology equipment could serve well for screening programs.

Behcet’s Disease

Borman et al. (48) documented abnormalities in HR variability and SSR in 70 Behcet’s disease
patients (primarily adults). While these abnormalities were primarily subclinical, there was a
correlation between these changes and elevation of inflammatory markers, suggesting a rela-
tionship with disease activity.

Wilson’s Disease

Soni et al. (49) studied 30 patients (mean age 19 years, range 11-47) with Wilson’s disease
and noted that 70% reported at least one autonomic symptom such as abnormal sweating, heat
intolerance, early satiety, constipation, postural dizziness, bladder incontinence, palpitation,
syncope, diarrhea, and dry mouth/dry skin. On testing, they noted increased HR at rest and
decreased VRs and HR ;. The SSR latency was significantly higher, and 10% of this cohort
had absent SSR in at least one extremity. Parasympathetic and sympathetic deficits were both
observed, with the former more prominent.

Asthma
Emin et al. (50) demonstrated a direct relationship between the severity of atopic asthma and
the degree of abnormality in HRV and SSR in 77 children from 7 to 12 years old. Autonomic
testing was suggested as a cost-effective manner to assess disease severity in cases of pediatric
asthma.

High BP

Fitzgibbon et al. (51) studied 11- to 14-year-old children with high BP (HBP) (1) and normal
BP (85) and calculated high-frequency (HF) and low-frequency (LF) power spectrum and BRS
from 5 minutes of beat-to-beat BP and HR data. Children with HBP (> 95th percentile but not
clinically hypertensive) demonstrated reduced autonomic regulation.

Obstructive Sleep Apnea

Montesano et al. (52) evaluated 18 children between 6 and 16 years of age who were undergoing
evaluation for obstructive sleep apnea (OSA) and compared their autonomic test results (VR,
HR_,, HR 30:15, HUT BP response) with age-matched controls. The children with OSA dem-
onstrated higher baseline BP and HR, greater increments in BP with HUT, and lower HR vari-
ability with deep breathing. These findings suggest an increase in sympathetic tone in children

with OSA, and long-term implications need to be further evaluated.

IDENTIFYING UNDERLYING PATHOPHYSIOLOGY OF CLINICAL DISORDERS
Harlequin Syndrome/Flushing

Bremner and colleague (62) evaluated pupillary responses in 38 patients with Harlequin syn-
drome and noted Horner syndrome ipsilateral to the side with impaired facial sweating and



14: Autonomic Disorders in Children 259

flushing in two-thirds of the patients. Ten percent of the patients had a previously undetected
mass lesion in the chest or neck presumably affecting the superior cervical ganglion or sympa-
thetic chain.

Cyclic Vomiting Syndrome

Chelimsky et al. (53) studied six children between 6 and 16 years of age with classical cyclic
vomiting syndrome and noted normal HR , and Valsalva maneuver. Sudomotor (QSART) test-
ing was abnormal in all patients. Response to HUT demonstrated greater than 30 bpm increase
in HR in all six children and a vasodepressor change in BP in three who developed dizziness.
Autonomic testing therefore demonstrated sudomotor and sympathetic abnormalities, but not
parasympathetic abnormalities, in a small cohort of children with cyclic vomiting syndrome.

Syncope/Orthostatic Intolerance

Martinon-Torres and colleagues (13) monitored end-tidal CO, during HUT in 34 children
(mean age 10 yrs) referred for evaluation of syncope and noted that the time from onset of tilt
and from onset of clinical symptoms to syncope were both significantly longer in children who
were noted to hyperventilate. It was felt that this might identify a subgroup of children who
would respond differently to preventive measures.

Singer et al. (11) performed an important study, which recruited 106 individuals under 20
years of age with good health and compared their HUT results (usually 5 minutes of tilt though
a subset was tilted out to 10 minutes) with those of 654 patients of the same age who had been
referred for testing due to clinical problems relating to orthostatic intolerance or lightheaded-
ness. They observed that the HR increment in normal control children and adolescents was
higher than previously estimated: The 95th percentile for the S-minute orthostatic HR incre-
ment among normal controls was 43 bpm using HR averaged over 30 seconds. Further, an
excessive orthostatic HR was considered to be 130 to 140 bpm in children 13 years of age or
younger and greater than 120 bpm in adolescents 14 years and older. The authors suggested
using the term “orthostatic symptoms without tachycardia” for symptomatic individuals who
did not meet these criteria.

Antiel and colleagues (54) studied 31 patients between 12 and 17 years of age who pre-
sented with dyspepsia. A 10-minute HUT was performed as part of their clinical evaluation.
Fifty percent of the 21 patients who demonstrated at least a 30-bpm increase in HR with HUT
reported orthostatic dizziness as a daily complaint, while only 30% of the 10 patients with
lower increases in HR with HUT reported orthostatic symptoms. The severity of the clinical
GI symptoms and the results of gastric emptying did not relate to the amount of orthostatic
tachycardia. While there is overlap between individuals with GI dysmotility and orthostatic
intolerance, it is not universal and the magnitude of symptoms do not vary directly within an
individual.

Longin et al. (55) studied 55 children with neurocardiogenic syncope and presyncope from
5 to 15 years of age and compared results of orthostatic testing in response to a 5-minute HUT
and to 5 minutes of active standing with results from age-matched controls. HRV measures
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differed significantly from controls during tilt testing, with no overlap between LF power and
total power calculated in control children and those with a history of neurocardiogenic syncope.

Characterization of Fiber-Type Involvement in Peripheral Neuropathies

Hilz (56) and colleagues demonstrated SSR changes in 13 patients with FD with different
sensory stimuli used to evoke the responses. In patients with FD, preserved SSR in response
to electrical stimuli with impaired or absent response to thermal stimuli confirmed small-fiber
dysfunction.

Houlden et al. (57) studied 131 individuals with a wide spectrum of inherited peripheral
neuropathies. Pupillary abnormalities were rare in hereditary neuropathy with liability to pres-
sure palsy (HNPP) and Charcot-Marie-Tooth (CMT) I, but CMT II showed frequent and varied
pupillary dysfunction. This was felt to be a differentiating finding between these two types of
inherited neuropathy. Individuals with Refsum’s disease and hereditary sensory and autonomic
neuropathies also had abnormalities on pupillary testing.

Detecting Small-Fiber Dysfunction—Particularly as Cause of Pain Syndromes in
Children and Adolescents

Oaklander and Klein (58) studied 41 consecutive children and adolescents with debilitating,
unexplained widespread pain syndromes. A high fraction of autonomic tests were abnormal
in this group (27% with decreased HR ,
abnormal HUT, and 82% with abnormal QSART). Only two patients had a sural nerve biopsy;
both (100%) were abnormal, and 11 of 37 (30%) who underwent skin biopsies for determina-

42% with abnormal Valsalva maneuver, 75% with

tion of nerve fiber density were abnormal. The noninvasiveness of the autonomic tests as well
as the ability to repeat testing to assess treatment response strongly recommended consid-
eration of autonomic testing for the evaluation of significant, unexplained widespread pain
syndromes.

Abdominal Pain or Gl Dysmotility

One recently described syndrome, the “4A” syndrome (adrenocortical insufficiency associ-
ated with achalasia, alacrima, and autonomic symptoms) can present with either abdominal
pain/gastroesophageal motility problems or orthostatic intolerance (59). This can present from
preschool years through adult life and has been associated with mutations in AAAS, a GTP-
binding protein-linked hormone receptor. In addition to the symptomatic GI and orthostatic
issues, patients have been demonstrated to lack normal HRV on HR , and VR testing and to
have abnormalities of pupillary responsiveness.

Safder and colleagues (60) evaluated 76 children with functional abdominal pain on tilt
table testing. They noted that the group of children whose symptoms were reproducible on
HUT benefited more from treatment with fluids and fludrocortisone than those whose symp-
toms were not reproduced on the tilt test.

Safder et al. (61) recorded surface EMG over the gastric region (electrogastrography) in
49 adolescents undergoing HUT testing (25 meeting criteria for POTS and an age-matched
group that did not meet POTS criteria). The two groups did not differ with respect to supine
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gastric activity. However, the adolescents meeting POTS criteria had significantly increased
gastric activity in the upright HUT position. This data suggests an etiologic mechanism for the
abdominal symptoms in children with POTS.

FUTURE DIRECTIONS

Using new technologies to develop faster, less intrusive methods of measuring autonomic func-
tion will be very useful in infants, children, and adolescents. This clearly has to be followed by
collection of data from adequate cohorts of healthy children to allow precision in the interpreta-
tion of developmental changes over growth and aging.

SUMMARY

Many clinical disorders involve changes in the autonomic nervous system. It is important that
pediatricians and pediatric specialists have the support available to evaluate, diagnose, and
monitor autonomic involvement in the myriad of appropriate clinical problems that occur in
children. While autonomic testing has an important role in detecting, diagnosing, and monitor-
ing treatment, it is critical that it be performed using well-established protocols with adequate
normative controls to facilitate interpretation.
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Clinical Neurophysiology: Future Role
In Pediatric Neurologic Disorders

Aatif M. Husain, MD

Clinical neurophysiology (CNP) offers a unique method of analyzing the nervous system.
Though the anatomy can be visualized in many different ways, the best and most common way
of evaluating the function of the nervous system is with CNP. Most often, neurophysiologic pro-
cedures are used to help diagnose neurologic diseases. Though neurophysiologic abnormalities
are often nonspecific, neurophysiologists are called upon to help confirm suspected diagnoses
or suggest elusive ones. The field is growing rapidly, as evidenced by the increase in the number
of publications each year (1).

The future role of CNP in pediatric (and adult) neurologic diseases will most certainly
evolve from where it is today. Advances in neuroimaging and molecular and genetic testing
have allowed much more specific diagnoses than allowed by CNP procedures. This coupled
with advances in technology and the availability of new procedures is making the future of
CNP more exciting than its past was. In this chapter, some ways in which CNP will evolve and
the factors responsible for it are discussed. The discussion is not meant to be comprehensive,
and many innovative CNP techniques are not reviewed due to space limitations. However, some
of the more significant ways that CNP will be used in the future are noted.

HISTORICAL PERSPECTIVE

CNP has evolved much in the last 75 years. In the middle of the last century, though much had
already been learned about electrical activity in the nervous system, clinical applications of
neurophysiologic techniques were still in their infancy. Early neurophysiologists used machines
and electrodes they made themselves (2,3). Oscilloscopes were used to display signals, and
special paper was used to create hard copies (4). In the early and mid-20th century, the true
utility of diagnostic CNP had yet to be realized. At the time, electroencephalography (EEG)
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and electromyography (EMG) were still research tools available only in large universities. That
these tools could be used to diagnose many neurologic conditions had not yet been fully appre-
ciated. Indeed, some of the initial diagnostic applications ended up not being as useful as origi-
nally thought; early investigators thought EEG would be helpful in determining the etiology of
various psychopathologies (5).

In the latter part of the last century, CNP matured as a discipline and its value in the diag-
nosis of many neurologic conditions became well established. It was the primary method of
objectively viewing the nervous system. The use of evoked potentials (EPs) allowed neurophys-
iologists the opportunity to analyze parts of the nervous system that were difficult to evaluate
with other available methods, such as the spinal cord. Specialized training became necessary
to properly interpret these tests so that accurate diagnostic information could be obtained from
them. Certification examinations were created to test practitioners’ proficiencies (6).

With maturity came the recognition that there were limits to the diagnostic utility of neu-
rophysiologic testing. Despite their increasing popularity and utility, it was recognized that
abnormalities detected by neurophysiologic tests were often nonspecific. This was particularly
true for abnormalities detected with EPs (7). Moreover, in some situations, the sensitivity was
limited as well. This was demonstrated by the relatively low sensitivity of a single EEG in diag-
nosing epilepsy (8). Another less well-recognized example is the low sensitivity and specificity
of the multiple sleep latency test (MSLT) in the diagnosis of narcolepsy (9). These limitations
were not unique to CNP; all tests used in medical diagnosis have limitations of sensitivity and
specificity.

The improvements in electronics and integration of computers in medical testing allowed
additional remarkable advances in CNP. Better amplifiers and commercially available equip-
ment brought standardization to the field. Computers allowed the ability to digitize CNP data
that were previously analog. Instead of paper, digital methods of displaying and storing data
became available. Not only did this allow neurophysiologic tests to be done over longer periods
of time, it reduced costs as well (10). The digitization of data also allowed better analysis and
quantification.

Even as CNP matured and its vital place in neurologic diagnosis became established,
there was evolution in its use. With the introduction and rapid development of neuroimaging,
there became available another method of visualizing the nervous system. While neurophysi-
ologic tests demonstrated physiologic injury, neuroimaging visualized anatomical changes.
One example of now CNP was affected by neuroimaging was in the field of EPs. In the 1970s,
EPs were the primary method of “visualizing” abnormalities in multiple sclerosis (MS) and
detecting silent lesions (7). With the introduction of magnetic resonance imaging (MRI), the
value of EPs diminished, and MRI along with cerebrospinal fluid analysis became the stan-
dard for investigating and diagnosing MS (11). Other advances have also had an impact on
CNP. The development and availability of molecular and genetic testing has allowed many
conditions to be precisely diagnosed. While CNP tests have proved to be sensitive, they are
rarely specific for a particular condition. Many genetic and metabolic neurologic disorders
could only be suggested by neurophysiologic tests, while molecular and genetic testing have
made specific diagnoses possible. The utility of EEG and EMG in the diagnosis of these dis-
orders has evolved (12,13).
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Neuroimaging, molecular and genetic testing, and other advances have affected the use of
all types of CNP procedures. In response, CNP has evolved and continues to evolve. Much like
the pioneers of the early 20th century, the neurophysiologists of today are pushing the limits of
neurophysiologic testing.

BETTER TECHNIQUE, BETTER ANALYSIS, BETTER INTERPRETATION

As the available equipment for performing neurophysiologic tests improves, the techniques for
performing these tests have matured as well. Digital EEG acquisition techniques have allowed
obtaining of data from many more electrodes in better detail. Better amplifiers have allowed
improved sampling and signal resolution that was unheard of previously. Instead of 21 elec-
trodes usually placed on the scalp, the dense array EEG uses 125 or more electrodes to generate
data to help with the localization of seizure foci (source localization) (14,15). Further refine-
ment of these techniques will lead to even better localization of ictal onset zones, which in turn
will lead to better treatment for patients with epilepsy.

Concurrently, invasive EEG recordings have also improved. This type of EEG provides
more than diagnosis—it aids in treatment as well. Rather than the conventional strip and grid
electrodes, microelectrodes that are placed closer together are able to acquire data from much
smaller areas of the cortex (16). Better electrode quality and recording characteristics also are
allowing the detection of ultra-high and infra-slow frequency EEG activity. The correlation of
these brain waves to pathology is being defined. Stereo-EEG is yet another advancement in
invasive EEG recordings. Several stereotactically implanted depth electrodes can reach areas
of the brain that are not accessible to subdural electrodes (17). These electrodes can localize
epileptic zones more precisely. More widespread use of such techniques will lead to better
treatment outcomes.

New methods are being used in EMG as well. Surface EMG was previously thought to
add no additional value to needle analysis (18). However, with improved techniques and equip-
ment, a more recent study found value in this technique, which offers a painless way of analy-
sis of nerves and muscles (19). High-density surface EMG represents further enhancement of
this technique. High-density analysis allows assessment of muscle fiber physiology that previ-
ously was not possible (20). While the diagnostic utility of this is not fully defined, continued
research into noninvasive ways of neuromuscular assessment will lead to better diagnostic tools
that will be more readily accepted by patients.

Many people believed that EPs had been supplanted by other imaging modalities. However,
once again, with improved stimulation and recording techniques, EPs are now being applied
for more refined assessment of the nervous system and are also finding utility in the diagnosis
of nonneurologic conditions. Multifocal visual evoked potentials (mfVEPs) involve stimula-
tion of small sectors of the visual field. This allows a more precise analysis of the optic nerve
(21). Though still a research tool, mfVEP may prove to be a sensitive way to assess for optic
neuritis in MS and various ophthalmologic disorders. Event-related potentials (ERPs) have long
been thought of as useful in studying cognitive processing. Recent studies are showing utility
of these diagnostic tests in neuropsychological disorders (21). More refinement of the various
types of ERPs may lead to their adoption in diagnostic testing and monitoring therapeutic inter-
vention in these conditions.
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These are only a few ways in which currently established neurophysiologic tests may evolve
in the future. There are many other examples in which technical advances and improved under-
standing of the procedures are pushing the boundaries of how these tests are currently used.

QUANTIFICATION OF DATA

The availability of digital acquisition of neurophysiologic data has allowed its quantification.
Quantification involves processing the data through various algorithms to generate maps that
reveal characteristics of the underlying data that are not evident on visual analyses of raw
data. This has best been applied to EEG. Quantitative EEG has different meaning for different
neurophysiologists. One way quantitative EEG has been used is to create “brain maps” of EEG
data that has been processed. These brain maps change, based on various cognitive processes
and can be measured when performing various tasks. In this way, it can also help monitor the
effects of various therapeutic or other interventions (22). Brain maps will likely become a more
valuable way of assessing higher cognitive functioning.

One of the most clinically useful applications of quantitative EEG has been in the analysis
of long-term or continuous EEG (cEEG). Hours of data can be reviewed expeditiously by ana-
lyzing the quantitative EEG. This is particularly true of pediatric cEEG studies (23). Though
many neurophysiologists continue to feel that review of the raw EEG is essential, the quantita-
tive analysis certainly adds another dimension to interpretation. As the number of cEEG stud-
ies increases, algorithms for quantitative analysis improve, and the reviewers for raw EEG are
limited, the need for and desirability of quantitative EEG will increase in the future.

Algorithms are also being used to quantify the number of functioning motor axons. This
is process is known as motor unit number estimation (MUNE). Though MUNE has been done
for many decades, recently, decomposition-enhanced spike-triggered averaging MUNE has
been developed that uses computer algorithms. These quantitative assessments will prove to be
valuable in studying disease evolution and response to treatment.

IMPROVED TEMPORAL RESOLUTION

Neurophysiologic studies traditionally have been done for short periods of time. Routine EEGs
are typically 20 to 30 minutes, while neonatal EEGs are usually 60 minutes. EMGs provide
neurophysiologic assessment of the peripheral nervous system at a finite time. Outside of video
EEG (VEEG) monitoring, polysomnography (PSG) used to be the longest neurophysiologic
test, lasting several hours. In the last 15 years, the utility of cEEG has become increasingly
clear. Many more critically ill patients are found to be seizing when long-term EEG testing
is performed as compared to 30- to 60-minute tracings (24—26). Investigations are suggesting
that there may be features that are evident within the initial few minutes of the EEG that deter-
mine the likelihood of finding seizures later (27). cEEG tracings are often continued for 24 to
48 hours when a suspicion for seizures is present and longer if seizures are found. Pediatric
and adult practitioners are realizing the need for cEEG monitoring, and it is rapidly becoming
necessary for large hospitals to offer this type of monitoring. In addition to detecting more sei-
zures, this improved temporal resolution is also revealing EEG patterns not appreciated before,
such as stimulus-induced rhythmic, periodic, or ictal discharges (SIRPIDs) (28). The need for

Www.Ebook777.com



http://www.ebook777.com

15: Clinical Neurophysiology: Future Role in Pediatric Neurologic Disorders M 269

cEEG monitoring will continue to increase, and neurophysiologists will discover new patterns
of EEG, the significance of which will have to be investigated.

The need for long-term analysis is also being realized in the assessment of sleep. While
PSGs are multihour studies, they still only typically evaluate one night of sleep. Often a single
night in a sleep laboratory does not reveal typical sleep. Long-term sleep-wake assessments in
the form of actigraphy are becoming more popular. Not only can this test reveal abnormalities
in circadian physiology, it can be useful to document hours of sleep over a multiweek period.
This type of information may be necessary in various diagnostic evaluations, such as to deter-
mine the amount of sleep obtained before an MSLT (29). The need for assessing the sleep-wake
schedule over several days to weeks is being recognized for various pediatric behavioral sleep
disorders as well. The importance of sleep assessment can be realized by the popularity of
commercially available devices that track exercise and sleep times (eg, FitBit®, others). The true
sensitivity and utility of long-term sleep analysis will be further clarified in the future.

Other neurologic diseases with fluctuating signs and symptoms could also benefit from
long-term neurophysiologic analysis. One such condition is myasthenia gravis. Though several
neurophysiologic tests are available for diagnosis and determining the response to treatment,
these tests are typically done at a given moment in time. Neurophysiologists may want to evalu-
ate this and similar disorders over hours to days to get a better understanding of disease fluc-
tuations that may not be evident clinically. Subtle subclinical changes may become evident that
foretell clinical decompensation and allow early intervention.

EXPANDING THE SPHERE OF CLINICAL NEUROPHYSIOLOGY

The future of CNP will include an expanding sphere of how the nervous system is evalu-
ated neurophysiologically. This will involve using traditional neurophysiological procedures
and using them in new ways and using innovative techniques for evaluation. An example of
an innovative use of a traditional neurophysiological test is the use of EPs in neurophysiologic
intraoperative monitoring (NIOM). The application of EPs in NIOM enabled neurophysiolo-
gists to reduce the morbidity of many surgical procedures (30-32). NIOM continues to expand,
and neurophysiologists are called upon to participate in many types of surgeries in which the
nervous system is at risk. This field will continue to expand, limited only by the number of
neurophysiologists wanting to pursue it (33).

Noninvasive brain stimulation is another exciting area of growth for neurophysiologists.
Transcranial magnetic stimulation (TMS), a type of noninvasive brain stimulation, has evolved
from being a research technique to being both a diagnostic and therapeutic tool. Moreover, it
brings together and enhances collaboration between researchers from many different disci-
plines. TMS has allowed neurophysiologic assessment of pathways that were previously not
possible in awake subjects (34). It has increased the pathophysiologic understanding of many
neurologic disorders (35). Recalcitrant psychiatric disorders have also been treated with TMS
(36). Moreover, it can also be used in the assessment of efficacy of drugs. This exciting neuro-
physiologic modality is just beginning to be integrated into clinical practice, and the future will
see it increasing in popularity.

Magnetoencephalography (MEG) is another technique that has been available for decades,
but more recently, its utility in evaluating patients for epilepsy surgery has become better
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defined. It serves as a useful complement to EEG in localizing neocortical epileptic zones (37).
There are other uses for MEG as well. It has been used to study cognitive processes in fetuses
and infants. Detection of problems can lead to earlier and more effective early intervention
programs (38). The clinical availability of commercial MEG has certainly fueled its progress.
Future neurophysiologists will be poised to further exploit this technology to help patients.

New techniques are also becoming available to investigate muscles and nerves. Electri-
cal impedance myography (EIM) uses electricity to image muscles. Though currently still a
research tool, EIM may lead to better diagnostic testing and longitudinal assessment of neu-
romuscular disorders (39). More research in the future will enable this technology to become
integrated into clinical practice.

NEW DISEASES, BETTER ASSESSMENTS

The future of CNP will see neurophysiologists using their tools to assess conditions that have
not traditionally been evaluated with neurophysiologic methods. TMS offers one of the best
ways to study the pathophysiology of movement disorders like Parkinson’s disease (PD) and
dystonia (35). This technique has allowed investigators to study various symptoms of these
conditions in detail, which hopefully will lead to better and more targeted therapies.

Various pain syndromes lend themselves well for analysis by neurophysiologic meth-
ods. Cortical hyperexcitability and hypoexcitability, also referred to as “dysexcitability,” has
been studied with EPs and TMS (40). Though conflicting results have been found, several
theories about pathogenesis have emerged. Further investigations into this and other pain syn-
dromes with newer techniques may bring these disease states into the clinical domain of the
neurophysiologist.

Psychiatric conditions such as depression can be treated with TMS. Evaluation of some
psychiatric conditions with TMS and other types of neurophysiologic tests may reveal clues
to their pathophysiology. Conversion disorder and hysteria have been studied with a variety of
neurophysiologic procedures, including cognitive EPs, EEGs, and MEGs. These studies have
led to several theories that explain the cause of hysterical paralysis (41). More studies of this
type will yield insights into the pathophysiology of not only neurologic but psychiatric condi-
tions as well.

NEUROPHYSIOLOGY AS A BIOMARKER

Perhaps one of the most exciting advances in CNP has been the use of various neurophysiologic
procedures as biomarkers of disease progression and severity. Though seemingly a natural fit,
EEG has not been used much as a biomarker in treatment trials for seizures until recently. This
is not surprising given the uncertain relationship between interictal abnormalities, epilepsy
disease severity, and seizure control. With the availability of cEEG monitoring and the realiza-
tion of frequent seizures in critically ill patients, the role of EEG as a biomarker has become
possible. Recently a multicenter, randomized trial comparing the efficacy of antiepileptic drugs
(AEDs) in the treatment of nonconvulsive seizures was completed (42). This was the first study
to use EEG as a biomarker to evaluate the relative effectiveness of AEDs in critically ill patients.
Other trials are already underway using EEG as a biomarker for treatment response of super
refractory status epilepticus (SRSE) (43). SRSE is a diagnosis based on EEG, so it is certainly
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logical that treatment trials would use EEG as a measure of treatment success. The use of EEG
is not without challenges, however. Interpretation of this test is still largely subjective; at times,
consensus on what constitutes pathology (seizures) may be elusive. The use of EEG as a bio-
marker in epilepsy and status epilepticus studies has just started. The future hopefully will see
many more similar clinical trials.

EPs have also found utility as biomarkers in clinical trials (44). MS/optic neuritis trials
have used pattern reversal VEP to assess myelination of the optic nerve (45). Optic nerve con-
duction (VEP P100 latency) changes were used in a clinical trial as an objective way to compare
the degree of remyelination with active drug versus placebo (46).

TMS has also been used as a biomarker. It has been combined with EMG and EEG to
study the effect of drugs on muscles and the brain (47). TMS-EMG and TMS-EEG studies are
also being used to predict which patients may respond to a particular therapy. This field is in
its infancy, and in the future, it may enable physicians to better select medications for certain
diseases.

The role of CNP in clinical trials is just being appreciated. Neurophysiologic tests offer an
objective method of assessing symptoms that are currently assessed only subjectively. This may
help remove a lot of noise from clinical trials and enable demonstration of therapeutic effect
more clearly and with fewer subjects. Neurophysiologists will be well served in pursuing the
use of neurophysiologic procedures as biomarkers in the assessment of therapy for neurologic
and psychiatric disorders.

NONSCIENTIFIC INFLUENCES

Like any other medical discipline, nonscientific issues will also affect the future of CNP. Fore-
most among these influences are economic issues. Reimbursements for neurophysiologic pro-
cedures unfortunately affect how and how often they are performed. Favorable reimbursements
may see an overuse of various procedures, while cuts may limit their availability. The last sev-
eral years have seen government regulators reduce reimbursements for EMG/NCS (nerve con-
duction studies) and NIOM (48,49). How much this will affect patient care remains to be seen. It
will undoubtedly have an immeasurable effect on students considering a career in CNP. These
economic issues are most acute in the United States, but other practice settings are not immune
to this either. Clearly, these issues will affect the future of CNP, but exactly how is unclear.

Naturally, clinical training in CNP will affect the future of the field as well. Though coun-
tries vary on how training is imparted, most developed countries have an organized process by
which trainees can obtain specialization in this field. In the United States, formal fellowship
programs provide the requisite training that is overseen by regulatory agencies. However, many
training programs provide education in the more established disciplines in CNP, such as EEG
and EMG. Few focus on fields such as NIOM or TMS (33). Professional trade organizations
also provide education in CNP, and recently they have recognized the value in having programs
in emerging CNP disciplines. More education in all areas of CNP and in research methods will
be critical in ensuring further development of this field.

Education and training are important for not only physicians but also technologists. CNP
technology has become too complex for the physicians to also serve as technologists, as was
the case in the era of the pioneers of the field (50). Though board certification/registration
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examinations at basic and advanced levels are available for technologists, formal training pro-
grams are few and the number of graduates produced insufficient to maintain and grow CNP
departments. Such is the situation in the United States; elsewhere in the world, the shortage of
qualified technologists is even more acute. Training individuals on the job to perform these
highly complex procedures often fills this void. While this helps ameliorate an acute shortage,
it is not a viable long-term solution. Neurophysiologists will have to direct their attention to this
problem urgently. Appropriate training programs, perhaps at a bachelor’s or master’s level, will
be important to create and encourage a constant stream of qualified, professional technologists.
Without this support staff, further progress in CNP will be greatly hampered.

CONCLUSIONS

The era of using CNP simply to diagnose neurologic disorders is coming to a close. No longer
will neurophysiologists be content with providing a differential diagnosis for a condition or
even diagnosing a disease; they will be using their procedures in many other ways. More tradi-
tional CNP tests will be used in novel ways to more accurately diagnose diseases. Long-term
use of these tests will provide longitudinal data on disease progression. New neurophysiologic
procedures are opening new chapters in diagnosis, management, and treatment of neurologic
and psychiatric diseases that had not previously been evaluated with CNP. Abnormalities
detected on neurophysiologic tests are being used as biomarkers of disease; these can be used
in clinical trials and other ways to monitor the progression of a disease or response to treatment.
Nonscientific influences will also affect CNP. The future of CNP is bright, and there remain
many exciting opportunities for research, education, and teaching for young neurophysiologists.
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absence seizures, 51-54
acid maltase deficiency, 157
active sleep, 2
acute axonal peripheral polyneuropathy, 150
ADD. See attention deficit disorder
Aicardi’s syndrome, 65
alEEG. See amplitude-integrated EEG
Alice in Wonderland syndrome, 36
alpha-dystroglycan, 99
ALS. See amyotrophic lateral sclerosis
amplitude-integrated EEG, 6-7
amyotrophic lateral sclerosis, 99
ANSD. See autonomic nervous system
dysregulation
aristaless related homeobox (ARX), 10
Arnold-Chiari malformation, 208
arterial ischemic stroke, 8
AS. See active sleep
attention deficit disorder, 30, 37
autism, 37, 208, 244
autonomic nervous system dysregulation, 241
autonomic testing in children, 241-242
abdominal pain or GI dysmotility, 260-261
adrenergic tests, 246248
autonomic dysregulation, risks identification
for, 257
autonomic neuropathy in diabetic children,
screening test for, 257

Behcet’s disease, screening test for, 258
of cardiovagal function, 244-246
characterization of fiber-type involvement in
peripheral neuropathies, 260
colonic transit with radiopaque markers, 256
cyclic vomiting syndrome, 259
to detect small-fiber dysfunction, 260
enteric tests, 255-256
gastric scintigraphy, 256
Harlequin syndrome/flushing, 258-259
head-up tilt test, 246248
heart rate response
to deep breathing, 244-245
to squatting, and standing, 245-246
variability, 246
high BP, screening test for, 258
obstructive sleep apnea, screening test for, 258
pupillometry, 254-255
quantitative sudomotor axon reflex test,
248-252
rationale for, 243244
screening test for autonomic neuropathy in
diabetic children, 257
severity of atopic asthma, screening test for,
258
skin wrinkling, 257
sudomotor tests, 248254
sympathetic skin response, 248, 253
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autonomic testing in children (cont.)
syncope/orthostatic intolerance, 259-260
thermoregulatory sweat test, 252-254
Trypanosoma cruzi infection, screening test
for, 257-258
urologic studies, 256
Valsalva maneuver, 248
Valsalva ratio, 245
Wilson’s disease, screening test for, 258
autosomal dominant nocturnal frontal lobe
epilepsy, 73
axon loss and degeneration, 166—167

BAER. See brainstem auditory evoked responses
Baltic myoclonic epilepsy. See Unverricht-
Lundborg disease
Batten disease, 69, 72
Becker muscular dystrophy, 107
clinical genetic tests, 112-113
BECTS. See benign epilepsy of childhood with
centrotemporal spikes
benign epilepsy of childhood with centrotemporal
spikes, 46—48
benign myoclonus of early infancy, 31
benign neonatal sleep myoclonus, 30-31
Bethlem myopathy, 108
BHS. See breath-holding spells
bilateral thoracic outlet syndrome, 169
bilirubin encephalopathy, 198-200
BMD. See Becker muscular dystrophy
BMEI See benign myoclonus of early infancy
BNSM. See benign neonatal sleep myoclonus
BPD. See bronchopulmonary dysplasia
brachial neuritis, 168
brachial plexopathies, 161
in adults, 168
brachial plexus, anatomy, 162-166
causes of, 167-172
conduction block vs conduction failure, 168
electrodiagnostic studies of brachial plexus,
172-176
hereditary brachial plexus neuropathy, 177-178
idiopathic brachial plexopathy, 177
motor unit action potentials, 171-172
onset of, 171
pathologic injury related to brachial plexus,
166-172

trauma, cause of, 176—177
brachial plexus
anatomy, 162
cords, 164-165
divisions, 164
method of classification, 165-166
roots, 163—-164
terminal nerves, 165
trunks, 164
upper extremity nerves with corresponding
cord origin, 163
electrodiagnostic study of, 172-176
pathologic injury related to, 166—172
axon loss and degeneration, 166—167
causes of, 167-172
focal demyelination, 167
brain abscesses, 208
brainstem auditory evoked responses, 183,
187-189. See also motor evoked potentials;
somatosensory evoked potentials
abnormalities
in brainstem lesions, 193
in infants after hypoxia-ischemia, 194-197
bilirubin encephalopathy, 198—-200
of brainstem gliomas, 201-204
of bronchopulmonary dysplasia, 200-201
of cerebral palsy, 206208
click intensity and repetition rate, 190-191
of Gaucher’s syndrome, 209-210
in infants after perinatal asphyxia, 194
in infants with chronic lung disease (CLD),
193
latencies, 192
of Leigh’s syndrome, 208-209
maximum length sequence (MLS) technique,
189-192, 194-196, 198, 200-202,
210-211
of supratentorial mass lesions, 205
useful variables to reflect the functional status
of brainstem auditory neurons, 193
variable measurements, 191-193
breath-holding spells, 37-38
bronchopulmonary dysplasia, 200-201
bruxism, 89

cardiopulmonary bypass surgery, 185
carpal tunnel and ulnar neuropathy, 149



carpal tunnel syndrome, 150
cataplexy, 40
CCHS. See congenital central hypoventilation
syndrome
cEEG. See continuous EEG
central nervous system (CNS) myelination, 181
Charcot-Marie-Tooth disease, 154, 155-156
CMT4, 138
CMTI1A, most common, 142, 155
CMT2A, CMT4A, 138
CMTI and CMT2, 142
CMTIB, 142
CMT3(DSD/CHN), 138
X-linked, CMTX and CMTX]1, 142, 156
Charcot-Marie-Tooth type 2B1, 112
chemotherapy-induced peripheral neuropathy, 158
cherry-red spot myoclonus syndrome.
See sialidosis
childhood absence epilepsy, 54
childhood epilepsy
with occipital paroxysms, 46
with occipital spikes, 48-50
chronic fatigue syndrome, 244
chronic inflammatory demyelinating
polyneuropathy, 129, 141, 151
CIDP. See chronic inflammatory demyelinating
polyneuropathy
CIPNM. See critical illness polyneuropathy and
myopathy
clinical neurophysiology
future of, 269-270
historical perspective, 265-267
improved temporal resolution, 268-269
neurophysiologic procedures as biomarkers of
diseases, 270271
nonscientific issues, 271-272
quantification of data, 268
role in clinical trials, 271
techniques for, 267-268
clonazepam, 87
CMAP. See compound muscle action potential
CMDIA. See dilated cardiomyopathy
CMT. See Charcot-Marie-Tooth disease
CNP. See clinical neurophysiology
COL6A3 gene, 119
colonic transit with radiopaque markers, 256
COL6-RD, 111-112, 115
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compound muscle action potential, 171
confusional arousals, 40, 84
congenital central hypoventilation syndrome,
255
congenital muscular dystrophies, 115
genes associated with, 116-117
congenital myopathies, 101, 107-109
clinical genetic tests, 113—115
genes associated with, 114-115
continuous EEG, 2. See also
electroencephalography
continuous slow-wave sleep pattern, 2
continuous spike-wave discharges during slow-
wave sleep, 69-70
CPB. See cardiopulmonary bypass surgery
critical illness myopathy, 149
critical illness polyneuropathy and myopathy,
149
CSWS. See continuous spike-wave discharges
during slow-wave sleep
cyclic vomiting syndrome, 244, 259

DAC. See dystroglycan-associated complex
dbSNP. See Single Nucleotide Polymorphism
database
Dejerine-Sottas disease, 208
dHMN. See distal hereditary motor neuropathies
diabetes mellitus, 208, 244
diabetic peripheral neuropathy, 159
dilated cardiomyopathy, 112
distal hereditary motor neuropathies, 129, 142
distal spinal muscular atrophies, 129
DMD. See Duchenne muscular dystrophy
DMD gene, 97, 111-113
DPN. See diabetic peripheral neuropathy
Dravet syndrome, 22, 24-25
dSMA. See distal spinal muscular atrophies
Duchenne muscular dystrophy, 97. See also
Becker muscular dystrophy; muscular
dystrophies
CK elevations, 99
clinical genetic tests, 112—113
imaging findings, 107
muscle biopsy, 102-103
dying back neuropathy, 127
dystroglycan-associated complex, 99
dystrophin, 99
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early myoclonic epilepsy of infancy, 10-11, 17
prognosis of, 11
EDMD. See Emery-Dreifuss muscular dystrophy
EEG. See electroencephalography
EIM. See electrical impedance myography
electrical impedance myography, 101-102, 270
electrodecremental seizure, 65
electrodiagnostic studies of brachial plexus,
172-176
comparison of deltoid and biceps, 172
electromyography, 175-176
motor NCSs, 173-174
sensory NCSs, 174175
electroencephalography, 1, 267, 270-271. See also
electromyography; neonatal EEG studies
absence seizures, 51-54
autosomal dominant nocturnal frontal lobe
epilepsy, 73
Batten disease, 69, 72
benign epilepsy of childhood with
centrotemporal spikes, 46—48
as a biomarker for treatment response of SRSE,
270
cardiopulmonary bypass surgery (CPB), 185
childhood absence epilepsy, 54
childhood epilepsy with occipital spikes,
48-50
continuous spike-wave discharges during slow-
wave sleep, 69-70
epilepsy with electrical status epilepticus
during slow sleep, 69
generalized tonic-clonic seizures, 55-59
juvenile absence epilepsy, 54
juvenile myoclonic epilepsy of Janz, 59-62
Lafora disease, 69, 72
Landau-Kleffner syndrome, 66—69
Lennox-Gastaut syndrome, 62—63
localized epilepsies and syndromes, 4650
modified hypsarrhythmia of infantile spasms,
63-65
multifocal independent spikes syndrome, 73
myoclonic epilepsies with ragged red fibers
syndrome, 69
myoclonic jerks, 38
paroxysmal discharges and seizure diagnosis,
45-46

pediatric arteriovenous malformation, 184
pediatric Moyamoya disease, 185
primary generalized epilepsies, 50—-62
progressive myoclonic epilepsies, 69—72
Rasmussen encephalitis, 72
salaam attack, 63—-65
sialidosis, 69
subacute sclerosing panencephalitis, 69, 71
symptomatic generalized, multifocal seizures
or syndromes, 62—73
Unverricht-Lundborg disease, 69, 72
West syndrome, 63—65
electromyography, 1, 100, 175-176, 267. See also
electroencephalography
of axonal injuries, 176
clinical course and outcomes in children, 151
in clinical trials, 148
electrodiagnostic findings, 151
fear and discomfort, issues of, 147
in genetic testing, 148
needle EMG testing of paraspinal muscles,
175-176
pedicle screw placement, 184
selective dorsal rhizotomy, 184
in studying etiological factors, 149-150
tumor resection, 184
use of sedation, 148—149
in the workup of suspected myopathic
disorders, 147-148
EMETL. See early myoclonic epilepsy of infancy
Emery-Dreifuss muscular dystrophy, 98. See also
Becker muscular dystrophy; Duchenne
muscular dystrophy; muscular dystrophies
electromyography studies, 101
EMG. See electromyography
epilepsy with electrical status epilepticus during
slow sleep, 69
epileptic encephalopathies, catastrophic
early myoclonic epilepsy of infancy (EMEI),
11
malignant migrating partial seizures of infancy
(MMPSIs), 11
Ohtahara syndrome, 10
ErbB4. See erythroblastic leukemia viral
oncogene homologue 4
ERP. See event-related potentials



erythroblastic leukemia viral oncogene
homologue 4, 11
ESES. See epilepsy with electrical status
epilepticus during slow sleep
event-related potentials, 267
evoked potentials/evoked responses. See also
motor evoked potentials
of bilirubin encephalopathy, 198-200
brainstem auditory evoked responses, 187-193
of brainstem gliomas, 201-204
of bronchopulmonary dysplasia, 200201
of cerebral palsy, 205-208
of Gaucher’s syndrome, 209-210
of hypoxic-ischemic encephalopathy, 193-198
of Leigh’s syndrome, 208-209
somatosensory evoked potentials, 187,
189-190, 197-198
of supratentorial mass lesions, 204-205
Exome Variant Server, 119

Fabry disease, 143
facioscapulohumeral dystrophy, 97
clinical evaluation, 98
nerve conduction studies, 101
familial neonatal convulsions, 8
FCMD. See Fukuyama-type CMD
febrile infection—related epilepsy syndrome, 24
febrile seizures, pediatric
EEG, role of, 23
epilepticus, 24
etiology, 21-22
evaluation of, 23
FEBSTAT study, 24-26
and infection with HHV-6B, 26
link with temporal lobe epilepsy and
hippocampal sclerosis, 2627
lumbar puncture guidelines in complex, 23
management of simple and complex, 24
neuroimaging, role of, 23
as presenting feature of other epilepsies, 24
prognosis of, 24
risk factors for, 25
in school-aged children, 24
vaccination and, 22-23
fever-induced seizures, epilepsy syndromes may
start with, 25
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FIRES. See febrile infection—related epilepsy

syndrome
focal demyelination, 167
folinic acid—-responsive seizures, 16

Friedreich’s ataxia, 128, 131, 142

FSHD. See facioscapulohumeral dystrophy
Fukuyama-type CMD, 111
fungal infections, 208

GAN. See giant axonal neuropathy
Gastaut syndrome, 48
gastric scintigraphy, 256
Gaucher’s syndrome, 209-210
GEFS+, 24-25
generalized tonic-clonic seizures, 55-59
GeneTable of Neuromuscular Disorders, 110
genetic testing in neuromuscular disease, 109-119
complications with, 111-112
of congenital muscular dystrophies, 115
a diagnostic standpoint, 110
of DMD, 112113
funding for, 110
interpretation of variants of unknown
significance (VUSs), 119
levels of clinical and genetic heterogeneity,
111-112
next-generation sequencing, 115-119
targeted gene and exome sequencing, 117-118
use of EMG, 148
Genetic Testing Registry, 110
1000 Genomes Project, 119
giant axonal neuropathy, 140, 154, 157
glycogen storage disease type II disorder, 157
Guillain-Barré syndrome, 138, 141, 151,
154, 157-158

hallucinations, 36
HBPN. See hereditary brachial plexus neuropathy
head-up tilt test, 246248
cerebral perfusions, 247, 251
postural orthostatic tachycardia syndrome,
248,250
vasovagal response, 249
heart rate response
to deep breathing, 244-245
to squatting, 246
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heart rate response (cont.)
to standing, 245-246
variability, 246
hemimegalencephaly, 11
hereditary brachial plexus neuropathy, 177-178
hereditary motor and sensory neuropathy, 154,
155-156, 208
hereditary neuropathy with liability to pressure
palsy, 141, 154, 155
hereditary sensory autonomic neuropathies
(HSANS ), 130, 154, 156
HSAN ITA and HSAN IIB, 139
HSAN III (RDS), 139
HSAN IV (CIPA), 139
HSANYV, 139
hereditary sensory neuropathies (HSNs), 130
heterotropia, 26
HIE. See hypoxic-ischemic encephalopathy
hippocampal sclerosis, 26
HME. See hemimegalencephaly
HMG-CoA reductase inhibitors (statins), 99
HMSN. See hereditary motor and sensory
neuropathy
HNPP. See hereditary neuropathy with liability
to pressure palsy
Horner’s syndrome, 169-170
HSAN. See hereditary sensory autonomic
neuropathy
hydrocephalus, 208
hyperbilirubinemia, 10
hyperekplexia, 34-35
hypersomnolence, central disorders of
narcolepsy, 82—83
parasomnias, 83—-84
sleep terrors, 85-87
sleepwalking, 85
hypersynchrony, 3
hypocalcemia, 10
hypocapnia, 37
hypoglycemia
in infants of mothers with gestational
diabetes, 8
neonatal, 8—10
hypomagnesemia, 10
hyponatremia, 10
hypoxic-ischemic encephalopathy, 7-8, 193—198.
See also neonatal seizures

hypsarrhythmia, 63—65

IBP. See idiopathic brachial plexopathy

idiopathic brachial plexopathy, 177

IEDs. See interictal epileptiform discharges

infantile masturbation. See self-gratification
disorder

infraclavicular plexus lesions, 166

interhemispheric hypersynchrony, 3

interictal epileptiform discharges, 45-46

intraoperative neurophysiological monitoring,
185, 215

intravenous immunoglobulin therapy, 150-151

IONM. See intraoperative neurophysiological
monitoring

IVIG. See intravenous immunoglobulin therapy

jackknife seizure, 65

JAE. See juvenile absence epilepsy
jitteriness, 31

juvenile absence epilepsy, 54

juvenile myoclonic epilepsy of Janz, 59-62

Kawasaki disease, 208
K-complexes, 55, 59
Klumpke’s palsy, 169-170
Krabbe disease, 140

Lafora disease, 69, 72
Landau-Kleffner syndrome, 66—69
Leiden Muscular Dystrophy database, 119
Leigh’s syndrome, 208-209
Lennox-Gastaut syndrome, 10

EEG of, 62-63
LGMD. See limb-girdle muscular dystrophies
limb-girdle muscular dystrophies

CK elevation, 99

clinical evaluation, 98

electromyography studies, 101

imaging findings, 109

MRI scans, 107
LKS. See Landau-Kleffner syndrome
LLAEP. See long-latency auditory evoked

potentials

LMNA gene, 112
long-latency auditory evoked potentials, 190
lysosomal and glycogen storage disorder, 154, 157



magnetoencephalography, 269-270
major depressive disorders and sleepwalking, 85
malignant migrating partial seizures of infancy,
11, 17
maple syrup urine disease, 208
MEG. See magnetoencephalography
MEDP. See motor evoked potentials
merosin, 99
MERREF syndrome. See myoclonic epilepsies
with ragged red fibers syndrome
metabolic epilepsies, 17-18
metachromatic leukodystrophy, 140
mfVEPs. See multifocal visual evoked potentials
middle-latency auditory evoked potentials, 190
migraines, 35-36, 244
mitochondrial cytopathies, 244
mitochondrial deficiency neuropathies,
154, 156-157
mitochondrial encephalomyopathies, 208
mitochondrial (Leigh syndrome/-NARP), 138
MLAE-P. See middle-latency auditory evoked
potentials
MMERP. See multimodality evoked potentials
MMPSI. See malignant migrating partial seizures
of infancy
modified hypsarrhythmia of infantile spasms,
63-65
motor evoked potentials, 183-184, 215-216.
See also evoked potentials/evoked
responses
case example, 232-237
commonly used anesthetics, 227
D-waves, 223, 225, 231
intraoperative interpretation, 230-232
monitoring setup, 224-226
M-waves, 223-225, 231
preoperative evaluation, 228-230
recording procedure, 226
safety, 226227
of spinal cord D-waves, 226
during spinal surgery, 223
stimulation, 225-226, 228
multifocal independent spikes syndrome, 73
multifocal visual evoked potentials, 267
multimodality evoked potentials, 197
multiple spike-wave (polyspike-wave) bursts,
55-59
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muscle biopsies in neonates, 102—104
immunohistochemical stains used, 102
interpretation of fibers, 102
myopathic features in, 103-104

muscular dystrophies, 107-108. See also

Duchenne muscular dystrophy; limb-
girdle muscular dystrophies; pediatric
muscular dystrophies and myopathies
Becker, 107, 112-113
congenital, 115-117
Emery-Dreifuss, 98, 101
rigid spine muscular dystrophy type 1, 107
Ullrich congenital, 108
myelomeningocele, 208
myoclonic epilepsies with ragged red fibers
syndrome, 69
myoclonic jerks, 38
myotonic dystrophy, 97, 99

narcolepsy, 40
neonatal EEG studies
amplitude, 2
brief ictal/interictal rhythmic/repetitive
discharges, 3
continuity, 2
depressed/undifferentiated or low voltage, 4
differentiation between wake and sleep, 2
excessive discontinuity, 3
excessive sharps, 3
interhemispheric synchrony, 3
sleep stages, 2
neonatal epilepsy syndromes, 17
neonatal seizures
amplitude-integrated EEG (aiEEG), usage, 6—7
detection, 4-5
prematurity, EEG background in, 5
semiology, 6
subclinical seizures, 5—-6
transient or benign, 7-10
types, 7
nerve conduction studies
motor, 173-174
sensory, 174-175
neuronal ceroid lipofuscinosis. See Batten disease
neurophysiological intraoperative monitoring, 269
brainstem auditory evoked responses, 183
central nervous system (CNS) myelination, 181
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neurophysiological intraoperative monitoring
(cont.)
congenital cardiac disease, 185
EEG monitoring, 184-185
EMG monitoring, 183-184
pediatric arteriovenous malformation, 184
pediatric Moyamoya disease, 185
pedicle screw placement, 184
selective dorsal rhizotomy, 184
somatosensory evoked potentials, 182
transcranial electric motor stimulation,
182-183
tumor resection, 184
use of multimodality monitoring, 181-185
NFLE. See nocturnal frontal lobe epilepsy
night terrors, 40
NIOM. See neurophysiological intraoperative
monitoring
nocturnal frontal lobe epilepsy, 90-92
non-Pompe glycogen storage diseases, 101
NREM sleep disorders, 40

nutritional and malabsorption syndromes, 154,

158

OBPP. See obstetric brachial plexus palsy
obstetric brachial plexopathies, 170
obstetric brachial plexus palsy, 169-170
obstructive sleep apnea, 79, 81-82, 258
Ohtahara syndrome, 10, 17

diagnosis of, 10

EEG pattern, 10
OSA. See obstructive sleep apnea

Panayiotopoulos syndrome, 48
panic attacks, 36
parasomnias, pediatric, 40, 83—84
NREM-related
confusional arousals, 84
sleep terrors, 85—-87
sleepwalking, 85
REM-related
recurrent isolated sleep paralysis, 87-88
REM sleep behavior disorder, 87
Parkinson’s disease, 87
paroxysmal dyskinesias, 33

paroxysmal events (epileptic and nonepileptic)

associated with changes in, consciousness or
alertness level, 36—40
associated with REM sleep, 40
common features of, 30
diagnosis, 29
long term video-EEG, 29
with motor manifestations as main clinical
feature, 30-35
with sensory manifestations as main clinical
feature, 35-36
sleep-related events, 40
paroxysmal hypnogenic dyskinesia, 33
paroxysmal kinesigenic dyskinesia, 33
paroxysmal nonepileptic events
age of presentation, 30
clinical manifestations, 30
common features of, 30
diagnosis, 29
during wakefulness, 30
paroxysmal nonkinesigenic dyskinesia, 33
Parsonage-Turner syndrome, 168
PCDHI9, 24-25
PD. See Parkinson’s disease
pediatric arteriovenous malformation, 184
pediatric Moyamoya disease, 185
pediatric muscular dystrophies and myopathies
ancillary studies, 99-109
CK elevations, 99
clinical evaluation/examination, 98—99
clinical neurophysiology or electrodiagnosis,
100-102
CT of muscle, 106
electrical impedance myography, 101-102
electromyography studies, 100—101
genetic testing, 109-119
histopathology, 103
identification of genetic mutations, 107
MRI of muscle, 106-107
muscle biopsy, 102-104
muscle imaging, 105-107
nerve conduction studies, 100-101
ultrasound of muscles, 105-106
pediatric polysomnogram, 77
pediatric sleep disorders
bruxism, 89
categories of, 80—81



central disorders of hypersomnolence, 82—83

confusional arousals, 84

history, 78-79

nocturnal frontal lobe epilepsy, 90-92

parasomnias, 83—88

periodic limb movement disorder, 89

physical and neurological examinations, 79

polysomnography, 79-80

recurrent isolated sleep paralysis, 87-88

-related breathing disorders, 81-82

-related medical and neurological disorders,
90-92

-related movement disorders, 88—90

-related rhythmic movement disorder, 89-90

REM sleep behavior disorder, 87

restless legs syndrome, 88—89

sleepwalking, 85

pediatric thoracic outlet syndrome, 151
pedicle screw placement, monitoring of, 184
perinatal stroke, 8

periodic limb movement disorder, 89
peripheral neuropathies, pediatrics

axonopathies and myelinopathies, 127
clinical evaluation, approach
challenge with diagnosis and management,
134-136
determining systems and nerve fiber size
involved, 128
finding onset age, and evolving symptoms,
133
hereditary neuropathy, evidence for, 134

motor weakness distribution, determination,

131-132
upper motor neuron involvement, evidence
for, 132
early childhood—onset, 138-140
electrodiagnostic testing, 136
electrophysiology involvement in
acquired, 157-159
inherited, 155-157
summary, 154
inherited sensory neuropathies, 130-131
late childhood-to-adolescent-onset, 141-143
nerve biopsy, 136-137
pure motor neuropathies, 129
sensory prominent neuropathies, 129-130

Index

phenylketonuria, 208
photosensitive epilepsy, 62
piracetam, 37
PKD. See paroxysmal kinesigenic dyskinesia
PKND. See paroxysmal nonkinesigenic
dyskinesia
PLMD. See periodic limb movement disorder
PNE. See paroxysmal nonepileptic events
PNES. See psychogenic nonepileptic seizures
Pompe’s disease, 157
porphyria, 141
progressive myoclonic epilepsies, 69—72
PSG. See pediatric polysomnogram
psychogenic nonepileptic seizures, 34-35
clinical manifestations, 34
differentiating nonepileptic from epileptic
seizures, 34
pupillometry, 254-255
pyridoxine-dependent epilepsy, 10, 17

QS. See quiet sleep
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QSART. See quantitative sudomotor axon reflex

test

quantitative sudomotor axon reflex test, 248-252

quiet sleep, 2

Rasmussen encephalitis, 72

recurrent isolated sleep paralysis, 87-88

reflex anoxic seizures, 37

REM sleep behavior disorder, 87

restless legs syndrome, 88—89

rigid spine muscular dystrophy type 1, 107

RLS. See restless legs syndrome

RSMDI. See rigid spine muscular dystrophy
type 1

RYRI-related myopathies, 105

salaam attack, 63—-65

Sandiffer syndrome, 34

sarcoglycans, 99

sciatic mononeuropathy, 150

sclerosing panencephalitis, 208

SDR. See selective dorsal rhizotomy

seizure detection, neonatal EEG studies, 4-7
amplitude-integrated EEG, 7
prematurity data, 5
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seizure detection, neonatal EEG studies (cont.)
seizure semiology, 67
subclinical seizures, 5—6
selective dorsal rhizotomy, 184
self-gratification disorder, 35
sensory nerve conduction studies, 174—175
SEPNI-related myopathies, 107
shuddering attacks, 31-32
sialidosis, 69
sickle cell disease, 154, 157
Single Nucleotide Polymorphism database, 119
sleep bruxism, 89
sleep disorders. See pediatric sleep disorders
sleep enuresis, 40
sleep-related epilepsy
nocturnal frontal lobe epilepsy (NFLE),
90-92
sleep-related movement disorder
periodic limb movements in sleep, 88—89
restless legs syndrome, 88—89
rhythmic (RMD), 8§9-90
sleep terrors, 85—-87
clinical features, 86
onset of, 86
sleepwalking, 40, 85
SMA. See spinal muscular atrophy
sodium channel (SCN2A), 10
somatosensory evoked potentials, 187, 189-190,
215-216
anesthetic agents and, 221-222
bilirubin encephalopathy, 199-200
of brainstem gliomas, 201, 203-204
brainstem signals, 216-217
case example, 232-237
of cerebral palsy, 206
cortical signals, 217-219
distal monitors used, 219
of Gaucher’s syndrome, 210
intraoperative interpretation, 230-232
of Leigh’s syndrome, 208-209
lower extremity, 221
monitoring setup, 219-221
of perinatally hypoxic-ischemic brainstem
lesions, 197-198
physiological basis, 216223
preoperative evaluation, 228-230

recording procedure, 220-221

of spinal cord function, 222

stimulation setup, 219-220

of supratentorial mass lesions, 205

use of neuromuscular blocking agents,

222-223
spinal muscular atrophy, 97, 154, 156
SSEP. See somatosensory evoked potentials
SSPE. See subacute sclerosing panencephalitis
staring spells, 3637
stereotypies, 32
stim SFEMG. See stimulated single-fiber
electromyography

stimulated single-fiber electromyography, 151
storage diseases, 208
subacute sclerosing panencephalitis, 69, 71
supraclavicular plexus lesions, 166
sympathetic skin response, 248, 253
syncope, 38-39
syntaxin binding protein 1 (STXBP1), 10

TcES. See transcranial electric motor
stimulation
thermoregulatory sweat test, 252-254
thoracic outlet syndrome, 168
tic disorder, 32-33
motor manifestations of, 32
transient, 32
TMS. See transcranial magnetic stimulation
Tourette syndrome, 31-33
transcranial electric motor stimulation, 182183
transcranial magnetic stimulation, 269, 271
transient or “benign” neonatal seizures
arterial ischemic stroke, 8
familial neonatal convulsions, 8
hypoglycemia, 8—10
hypoxic-ischemic encephalopathy (HIE), 7-8
perinatal stroke, 8
transtympanic electrocochleography, 190
traumatic brachial plexopathies, 176-177
TST. See thermoregulatory sweat test
tumor resection, EMG monitoring of, 184

UCMD. See Ullrich congenital muscular
dystrophy
Ullrich congenital muscular dystrophy, 108
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Unverricht-Lundborg disease, 69, 72 VEP. See visual evoked potentials
urologic studies in children, 256 video-EEG monitoring, 29, 34, 36, 40

PNES, 34
vaccine-associated encephalopathy, 22 staring spells, 36
vaccine-induced febrile seizures, 22-23 visual evoked potentials, 187, 197, 271
Valsalva maneuver, 248
Valsalva ratio, 245 Wallerian degeneration, 166
vasculitic neuropathy, 141 West syndrome, 10, 65
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