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The term neuromuscular disease defines disorders of the motor
unit and excludes influences on muscular function from the brain,
such as spasticity. The motor unit has four components: a motor
neuron in the brainstem or ventral horn of the spinal cord; its
axon that, together with other axons, forms the peripheral nerve;
the neuromuscular junction; and all muscle fibers innervated by
a single motor neuron. The size of the motor unit varies among
different muscles and with the precision of muscular function
required. In large muscles, such as the glutei and quadriceps
femoris, hundreds of muscle fibers are innervated by a single
motor neuron; in small finely tuned muscles, such as the stapedius
or the extraocular muscles, a 1. :7 ratio may prevail. The motor
unit is influenced by suprasegmental or upper motor neuron
control that alters properties of muscle tone, precision of move-
ment, reciprocal inhibition of antagonistic muscles during move-
ment, and sequencing of muscle contractions to achieve smooth,
coordinated movements. Suprasegmental impulses also augment
or inhibit the monosynaptic stretch reflex; the corticospinal tract
is inhibitory rlpon thir r"fl.".

Diseases of the motor unit are common in children. These neu-
romuscular diseases may be genetically determined, congenital or
acquired, acute or chronic, and progressive or static. Because spe-
cific therapy is available for many diseases and because of genetic
and prognostic implications, precise diagnosis is important;
laboratory confirmation is required for most diseases because of
overlapping clinical manifestations.

Many chromosomal loci have been identified with specific neu-
romuscular diseases as a result of genetic linkage studies and the
isolation and cloning of a few specific genes. In some cases, such
as Duchenne muscular dystrophy, the genetic defect has been
shown to be a deletion of nucleotide seouences and is associated
with a defective protein product, dystrophin; in other cases, such
as myotonic muscular dystrophy, the genetic defect is an expan-
sion or repetition, rather than a deletion, in a codon (a set of
three consecutive nucleotide repeats that encodes for a single
amino acid), with many copies of a particular codon, in this
example also associated with abnormal mRNA. Some diseases
Dresent as autosomal dominant and autosomal recessive traits in
different pedigrees; these distinct mendelian genotypes may result
from different genetic mutations on different chromosomes
(nemaline rod myopathy) or may be small differences in the same
gene at the same chromosomal locus (myotonia congenita),
despite many common phenotypic features and shared
histopathologic findings in a muscle biopsy specimen. Among the
several clinically defined mitochondrial myopathies, specific
mtDNA deletions and IRNA point mutations are recognized. The
inheritance patterns and chromosomal and mitochondrial loci of
common neuromuscular diseases affecting infants and children
are summarized in Table 507-1.

CtINICAt MANIFESTATIONS

Examination of the neuromuscular system includes an assessment
of muscle bulk, tone, and strength. Tone and strength should not
be confused: Passive tone is range of motion around a ioint; active
tone is physiologic resistance to movement. Head lag when an
infant is pulled to a sitting position from supine is a sign of weak-
ness, not of low tone. Hypotonia may be associated with normal

Table 505-1). A few specific clinical features are important in the
diagnosis of some neuromuscular diseases. Fasciculations of
mulcle, which are often best seen in the tongue, are a sign of de-
nervation. Sensory abnormalities indicate neuropathy. Fatigable
weakness is characteristic of neuromuscular iunctional disorders'

myopathy. Contractures of muscles, whether Present at birth or

developing later in the course of an illness, occur in both myo-

myopathies.
The thorax of infants with congenital neuromuscular disease

often has a funnel shape, and the ribs are thin and radiolucent,
due to intercostal muscle weakness during intrauterine growth.

This phenomenon is characteristically found in infantile spinal
muscular atrophy but also occurs in myotubular myopathg
neonatal myotonic dystrophy, and other disorders (Fig. 505-1).
Because of the small muscle mass, birth weight may be low for
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I-igure rr06- I Type 1 spinal muscular atrophy (Verdnig-Hoffmann
disease): characterisrrc posrures in 6wk old (A) and 1 yr old 1B) infants
with severe weakness and hvpotonia from birth. Note the frog-leg posture
of  the lower Imbs and internal  rotat ion ("1ug handle")  (A) or  exrernal
rotation /B/ at the shoulders. Note also intercostal recession, especially
evident in B, and normal facial expressions. (From Yolpe l: Neurology of
the Newborn,4th ed.  Phi ladelphia,  rJ?B Saunders,  2001, p 645.)
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BRAINSTEM STROKE

BRAINSTEM ENCEPHAI.ITIs

A(UTE ANTERIOR POIIOMYETITIS
[aused by poliovirus
(aused by other neurotropic viruses

ACUTE MYEI.OPAIHY
Space-orcupying lesions
Acute transverse myelit s

PERIPHERAT NEUROPATHY
Gu illain-Bani syndrom..
Post-rabres vaccine neuropathy
Drphtheritic neuropathy
Heavy metals, biologic toxins,0r drug irtoxicati0n
Arute intermittent porphyria
Vasculiti( neuropathy
Iritical illness neuropathy
Lymphomatous neuropathy

DISORDERS OF NEUROMUS(UI.AR TRANSMISSION
l\.4yasthenia gravis
Bioloqir or industrial toxins

DISORDERS OT MUsff
Hypokalemia
Hypophosphatemia
Inflammatory myopathy
Acute rhabdomyolysis
Trich nosis
Periodic paralyses
From Hughes RA(,tamblath DR:6ui arn-Bane syndrane Llnet2005;366:1653 1666

and systemic metabolic diseases, and Down syndrome, or they
may be nonspecific neuromuscular expressions of malnutrition or
chronic systemic illness. A prenatal history of decreased fetal
movements and intrauterine growth retardation is often found in
patients who are symptomatic at birth. Developmental disorders
tend to be of slow onset and are progressive. Acute flaccid paral-
ysis in older infants and children has a different differential
diagnosis (Table 606-3).

LABORATORY FINDINGS

SERUM ENZYMES. Several lysosomal enzymes are released by
damaged or degenerating muscle fibers and may be measured in
serum. The most useful of these enzymes is the creatine kinase
(CK), which is found in only 3 organs and may be separated into
corresponding isozymes: MM for skeletal muscle, MB for cardiac
muscle, and BB for brain. Serum CK determination is by no
means a universal screening test for neuromuscular disease
because many diseases of the motor unit may not be associated
with elevated enzymes. The CK level is characteristically elevated
in certain diseases, such as Duchenne muscular dystrophy, and
the magnitude of increase is characteristic for particular diseases.

M0LECULAR GENETIC MARKERS. Many DNA markers of heredi-
tary myopathies and neuropathies are available from blood
samples. If the clinical manifestations suggest a particular disease,
these tests may provide a definitive diagnosis and not subject the
child to more invasive procedures, such as muscle biopsy. Other
molecular markers are available only in muscle biopsy tissue.
Genetic blood tests, whether ordered individually or in "panels,"
are expensive and may be excluded from health insurance plans.

NERVE C0NDUCTI0N VELOCITY (NCV). Motor and sensory nerve
conduction may be measured electrophysiologically by using
surface electrodes. Neuropathies of various types are detected by
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decreased conduction. The site of a traumatic nerve injury may
also be localized. The nerve conduction at birth is about half of
the mature value achieved by age 2 yr. Tables are available for
normal values at various ages in infancy, including for preterm
infants. Because the NCV study measures only the fastest con-
ducting 6bers in a nerve, 80"/" of the total nerve fibers must be
involved before slowing in conduction is detected.

ELECTR0MY0GRAPHY {EMG). EMG requires insertion of a needle
into the belly of a muscle and recording the electric potentials in
various states of contraction. It is less useful in pediatrics than in
adult medicine, in part because of technical difficulties in record-
ing these potentials in young children and in part because the best
results require the patient's cooperation for full relaxation and
maximal voluntary contraction of a muscle. Many children are
too frightened to provide such cooperation. Characteristic EMG
patterns distinguish denervation from myopathic involvement.
The specific type of myopathy is not usually definitively diag-
nosed, but certain specialized myopathic conditions, such as
myotonia, may be demonstrated. An EMG may transiently raise
the serum CK level.

EMG combined with repetitive electrical stimulation of a
motor nerve supplying a muscle to produce tetany is useful in
demonstrating myasthenic decremental responses. Small muscles,
such as the abductor digiti quinti of the hypothenar eminence,
are used for such studies.

IMAGING 0F MUSCLE. Imaging of muscle using ultrasonographS
CT scans, and MRI are used in many neuromuscular diseases.
r07hile these methods are not always definitively diagnostic, in
experienced hands, they provide a supplementary means of fol-
lowing the progression of disease over time. MRI is quite useful
in identifying inflammatory myopathies of immune (dermato-
myositis) or infectious (viral, bacterial, parasitic) origin. MRI is
the study of choice to image the spinal cord or nerve roots and
plexus (e.g., brachial).

MUSCTE B|OPSY. The muscle biopsy is the most important and
specific diagnostic study of most neuromuscular disorders, if the
definitrve diagnosis of an hereditary disease is not provided by
molecular genetic testing in blood. Not only are neurogenic and
myopathic processes distinguished, but also the type of myopa-
thy and specific enzymatic deficiencies may be determined. The
vastus lateralis (quadriceps femoris) is the muscle that is most
commonly sampled. The deltoid muscle should be avoided in
most cases because it normally has a 50-807o predominance
of type I fibers so that the distribution patterns of fiber types are
difficult to recognize. Muscle biopsy is a simple outpatient
procedure that may be performed under local anesthesia with or
without femoral nerve block. Needle biopsies are preferred in
some centers, but are not percutaneous and require an incision
in the skin similar to open biopsy; numerous samples must be
taken to conduct an adequate examination of the tissue, and they
provide inferior specimens. The volume of tissue from a needle
biopsy is usually not adequate for supplementary biochemical
studies, such as mitochondrial respiratory chain enzymes; a small,
clean, open biopsy is therefore advantageous.

Histochemical studies of frozen sections of the muscle are
obligatory in all pediatric muscle biopsies because many con-
genital and metabolic myopathies cannot be diagnosed from
paraffin sections using conventional histologic stains.
Immunohistochemistry is a useful supplement in some cases, such
as for demonstrating dystrophin in suspected Duchenne muscu-
lar dystrophy or merosin in congenital muscular dystrophy. A
portion of the biopsy specimen should be fixed for potential elec-
tron microscopy, but ultrastructure has additional diagnostic
value only in selected cases. Muscle biopsy sample interpretation
is complex and should be performed by an experienced patholo-
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gist. A portion of frozen muscle tissue should also be routinely
saved for possible biochemical analysis (mitochondrial
cytopathies, carnitine palmityltransferase, acid maltase).

NERVE B|OPSY. The most commonly sampled nerve is the sural
nerve, a pure sensory nerve that supplies a small area of skin on
the lateral surface of the foot. Whole or fascicular biopsy speci-
mens of this nerve may be taken. 

'When 
the sural nerve is severed

behind the lateral malleolus of the ankle, regeneration of the
nerve occurs in >90"/o of cases so that permanent sensory loss is
not experienced. The sural nerve is often involved in many neu-
ropathies whose clinical manifestations are predominantly motor.

Electron microscopy is performed on mosr nerve biopsy spec-
imens because many morphologic alterations cannot be ap-
preciated at the resolution of a light microscope. Teased fiber
preparations are sometimes useful in demonstrating segmental
demyelination, axonal swellings, and other specific abnormalities,
but this time-consuming procedure is not done routinely. Special
stains may be applied to ordinary frozen or paraffin sections of
nerve biopsy material to demonstrate myelin, axoplasm, and
metabolic products.

ELECTROCARDI0GRAPHY (ECG). Cardiac evaluation is important if
myopathy is suspected because of involvement of the heart in
muscular dystrophies and in inflammatory and metabolic
myopathies. ECG often detects early cardiomyoparhy or con-
duction defects that are clinically asymptomatic. At times, a more
complete cardiac work-up, such as echocardiography and con-
sultation with a pediatric cardiologist, may be indicated. Serial
pulmonary function tests also should be performed in muscular
dystrophies and in other chronic or progressive diseases of the

Prasad AN, Prasad C: The floppy infant: Contribution of genetic and meta
bolic disorders. Brain Deu 2003:27:457476.

MYOGENIC REGULATORY GENES AND GENETIT
TOGI OF INHERITED DISEASES OF MUSCTE
(TABTE 607-1)

A family of four myogenic regulatory genes shares encoding tran-
scription factors of "basic helix-loop-helix" (bHLH) proteins
associated with common DNA nucleotide sequences. These genes
direct the differentiation of striated muscle from any undifferen-
tiated mesodermal cell. The earliest bHLH gene to program the
differentiation of myoblasts is myogenic factor 5 (MyfS). The
second gene, myogenlz, promotes fusion of myoblasts to form
myotubes. Herculin (also known as MYF5) and MYODL are the
other two myogenic genes. Myf| cannot support myogenic dif-
ferentiation without myogenin, MyoD, and MYF6. Each of these
four genes can activate the expression of at least one other and,
under certain circumstances, can autoactivate as well. The
expression oI MYF5 and of hercullz is transient in early onroge-
nesis but returns later in fetal life and persists into adult life. The
human locus of the MYODL gene is on chromosome 11, very
near to the domain associated with embryonal rhabdomyosar-
coma. The genes encodingMyfS and herculin are on chromosome
12 and that for myogenin is on chromosome 1. The myogenic
genes are activated during muscle regeneration, recapitulating the
developmental process; MyoD in particular is required for myo-
genic stem cell (satellite cell) activation in adult muscle. PAX3
and PAXT genes also play an important role in myogenesis and
interact with each of the four basic genes mentioned above.
Another gene, myostatin, is a negative regulator of muscle devel-
opment by preventing myocytes from differentiating. The precise
role of the myogenic genes in developmental myopathies is not
yet fully de6ned. Satellite cells in mature muscle that mediate
regeneration have the same somitic origin as embryonic muscle
progenitor cells.

607.1 . MvorueuuR MYo HY

The term myotubular myopathy implies a maturational arrest of
fetal muscle during the myotubular stage of development at 8-
15 wk of gestation. It is based on the morphologic appearance of
myofibers: A row of central nuclei lies within a core of cytoplasm;
contractile myofibrils form a cylinder around this core (Fig. 607-
1). Many challenge this interpretation and use the more neutral
term centronuclear myopathy when referring to this myopathy.
This term is too nonspecific because internal nuclei occur in many
unrelated myopathies.

PATH0GENESIS. Persistently high fetal concentrations of vimentin
and desmin are demonstrated in myofibers of infants with
myotubular myopathy, although not reproduced in cultured
myocytes of patients. These intermediate filament proteins serve
as cytoskeletal elements in fetal myotubes, attaching nuclei and
mitochondria to the sarcolemmal membranes to Dreserve their
central positions. As intracellul ar organization changes with mat-
uration, the nuclei move to the periphery and mitochondria are
redistributed between myofibrils. At the same time, vimentin and
desmin diminish. Mmentin disappears altogether by term, and
desmin remains only in trace amounts. Persistent fetal vimentin
and desmin in muscle fibers may be one mechanism of "matura-
tional arrest." A secondary myasthenia-like defect in neuromus-
cular transmission also occurs in some infants with myotubular
myopathy. Myocytes of patients co-cultured with nerve in vitro
develop normal innervation and mature normally, not reproduc-
ing the in vivo pathologic changes.

CtlNlCAt MANIFES IONS. Decreased fetal movements may
occur in late gestation. Polyhydramnios is a common complica-

A heterogeneous group of congenital neuromuscular disorders is
sometimes known as the congenital myopathies, but in some of
these disorders, the assumption that the pathogenesis is primar-
ily myopathic is unjustified. Most congenital myopathies are non-
progressive conditions, but some patients show slow clinical
deterioration accompanied by additional changes in their muscle
biopsy specimen. Most of the diseases in the caregory of con-
genital myopathies are hereditary; others are sporadic. Although
clinical features, including phenotype, may raise a strong suspi-
cion of a congenital myopathy, the definitive diagnosis is deter-
mined by the histopathologic findings in the muscle biopsy
specimen. In conditions for which the defective gene has been
identified, the diagnosis may be established by the specific
molecular genetic probe on lymphocytes. The morphologic and
histochemical abnormalities differ considerably from those of the
muscular dystrophies, spinal muscular atrophies, and neu-
ropathies. Many are reminiscent of the embryologic development
of muscle, thus suggesting possible defects in the genetic regula-
tion of muscle development.
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DI5EASE

Duchenne/Becker muscular dystrophy
Emery-Dreifu ss muscular dystrophy
Myotonic musrular dystf0phy (Steinert)
Facioscapulohumeral muscular dystrophy
Limb-qirdle muscular dystrophy
Limb-girdle muscular dystrophy
C0ngenital muscular dystrophy with merosin defrciency
Congenital mLls(ular dystrophy (Fukuyama)
l\4yotubular myopathy
Myotubuiar myopathy
Nemaline rod myopathy (NEM1)
Nemaline rod myopathy (NEM2)
Nemaline rod myopathy (N[M3)
Nemaline rod myopathy (N[M4)
Nemaline rod myopathy (NtM5)
[ongenital muscle fi ber-type disproportion
[entra core disease
Myotonta (ongenrta (Thomsen)
Myoton a congenita (Becker)
Paramyotonia iongenita
Hyperkalemic periodic paralysis
Hyperkalemic periodic paalysis
Glycogenosis il (Pompe; acid maltase deficiency)
6lycogenosis V (McArdle; myophosphorylase defi ciency)
Glycogenosis Vl1 (Tarui; phosphofruookinase defr ciency)
Glycoqenosis lX (phosphoglycerate kinase defr crency)
Glycogenosis X (phosphoglycerate mutase defi ciency)
Glycoqenosis Xl (laoae dehydrogenase defi oenry)
Mrscle carnitine defi ciency
M!scle carnit ne palmityltransferase deficienry 2
Spinal muscuiar atrophy (Werdnig-Hoffmann; Kugeiberg-Welander)
Familial dysautonomia (Riley-Day)
ileredrtary m0t0r-sefs0ry neuropathy ((harcot-Marie-Tooth; Delerine Sottas)
Hereditary motor sens0ry neuropathy (axonal type)
Hereditary m0t0r sens0ry neuropathy ([harcot Marie-Tooth-X)
l\4it0(h0ndrial my0pathy (Kearns-5ayre)
Mitochondrial mppathy (MtRRF)
Mitochondrial mppahy (MELAS)

t ion because of pharvngeal weakness of rhe fetus and inabi l i tv to
swallow amniotic t luid. At birth, affected infants have a thin
musc lc  mass  invo lv ing  ar ia l ,  l imb g i rd le ,  and d is ra l  musc les ;
sevcrc general ized hvpotonia; and dif fuse lveakness. Respiratory
efforts mav be ineffect ive, requir ing venti lator,v support.  Ciavage
feeding may be required because of weakness of the muscles of
sucking arrd deglut ir ion The testes are ot len undescended. Facial
muscles rnay be weak, but infants do not have the characterisr ic
f ircies of myotonic dvstrophy. Ptosis may be a prominent feature.
Ophthalmoplegia is observed in a few cases. The palate may be
high. The tongue is thrn, but fasciculat ions are nor seen. Tendon
stretch ref leres are weak or absent. Myotubular myopathv is not
assocrated r,vi th cardiomyopathy; mature cardiac muscle f ibers
normally have central nuclei.  Congenital anomalies of the central
nervous system or of other systems are not associated.

Olcler chi ldren and adults may develop centronuclear myopa-
thv with variable weakness. The relat ion of this disorder to the
\ c \ c r e  n e ( ' n a t r l  d i r e a s e  r r  u n c e r t a i r t .

LAB0FATIIRY FINUIN(3S. Serum levels of crearine kinase (CK) are
nonnal. F. lectromyographv (EMG) does not show evidence of
denervationl results are usually normal or show minimal non
specific myopathic features in early infancy. Nerve conducrion
velocity may be slow but is usuallv normal. The electrocardio-
gram (ECG) appears normal. Chest radrographs show no
cardiomegaly; the r ibs may be thin.
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i l lAGffO5ls The muscle biopsy l indings are diagnostic at birth,
even in Dremature infants. More than 90"/" of muscle f ibers are
small  ani have central ly placed, large vesicular nuclei in a single
row. Spaces between nuclei are f i l led u' i th sarcoplasm contr inirrg
mitochondria. Histochemical stains for oxidative etrzymatic
activi ty and glycogen reveal a central distr ibution as in fetal
myotubes. The cyl inder of myofibri ls shows mature histocherni-
cal dif ferentiat ion with adenosine tr iphosphatase stains. The con-
nective t issue of muscle, spindles, blood vessels, intramuscular
nerves, and motor end plates are mature. Ultrastructural features
in neonatal myotubular myopathy, other than those that defirre
the disease, are also mature. Vimentin and desmin show strong
immunoreactivi ty in muscle f ibers in myotubular myopath,v and
no demonstrable activrty in normal term neonatal rnuscle. The
molecular senetic marker in blood is avai lable and is useful not
onl,v for confirming the diagnosis but also for early prenatal
diagnosis.

GtNETieS. X-l inked recessive inheritance is the most frequenr
trait rn this disease affecting boys. The mothers of affected infants
are cl inical ly asymptomatic, but their muscle biopsy specimen
shows minor alterat ions. Genetic l inkage on the X chromosome
has been local ized to the Xq28 site, a locus dif ferenr from the
Xp21 gene of l)uchenne and Becker muscular dystrophies. A
delet ion in the responsible MTM1 gene has been identi f ied. I t
encodes a protein cal led myotubularin. This gene belongs to a
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Figure 607-1. A, Cross section of muscle from a 14 wk old human fetus; B, normal full-term neonate; and C term neonate wirh Xlinked recessive myotubular
myopathy. Myofibers have large central nuclei in the fetus and in myotubular myopathy, and nuclei are at the periphery of the muscle fiber
in the term neonate as in the adult (hematoxvlin and eosin. x500).

family of similar genes encoding enzymatically active and inac-
tive forms of phosphatidylinositol-3-phosphatases that form
dimers. The pathogenesis is in the regulation of enzymatic acriv-
ity and binding to other proteins induced by dimer interactions.
Although only a single gene is involved, 5 distinct poinr muta-
tions of the MTMI gene out of 242 known mutations account
for only 27"/o of cases; many different alleles may produce the
same clinical disease. Other, rarer, centronuclear myopathies also
are known, some being autosomal dominant or recessive and
affecting both sexes and others being sporadic and of unknown
genetics. The recessive forms are sometimes divided into an early-
onset form with or without ophthalmoplegia and a late-onset
form without ophthalmoplegia. Autosomal dominant forms are
usually mild and may not presenr clinically until adult life as
diffuse, slowly progressive weakness and generalized muscular
pseudohypertrophy.

TREATMENT. Only supportive and palliative treatmenr is
available.

PBOGNOSIS, Abort75"/" of severely affected neonates die within
the first few weeks or months of life. Survivors do not experience
a progressive course but have major physical handicaps, rarely
walk, and remain severely hypotonic.

601.2 o GoNGENTTAT MuscrE Flsrn-Type
DrspnoponrroN (CMFIDI

This condition occurs as an isolated congenital myopathy but
also develops in association with various unrelated disorders
that include nemaline rod disease, Krabbe disease (globoid cell



leukodystrophy) early in the course before expression of the
neuropathy, cerebellar hypoplasia and certain oiher brain mal-
formations, fetal alcohol syndrome, some glycogenoses, multiple
sulfatase deficiency, Lowe syndrome, rigid spine myopathy, and
some infantile cases of myotonic muscular dystrophy.

PATH0GENESIS. The association of CMFTD with cerebellar
hypoplasia suggests that the pathogenesis may be an abnormal
suprasegmental influence on the developing motor unit during the
stage of histochemical differentiation of muscle between 20 and
28 wk of gestation. Muscle fiber rypes and growth are determined
by innervation and are mutable even in adults. Although CMFTD
does not actually correspond with any normal stage of develop-
ment, it appears to be an embryologic disturbance of fiber type
differentiation and growth.

CtlNlCAt MANIFESTATIONS. As an isolated condition not associ-
ated with other diseases, CMFTD is a nonprogressive disorder
present at birth. Patients have generalized hypotonia and weak-
ness, but the weakness is usually not severe and respiratory dis-
tress and dysphagia are rare. Contractures are present at birth in
25o/" of patients. Poor head control and developmental delay for
gross motor skills are common in infancy. Valking is usually
delayed until 1 8-24 mo but is eventually achieved. Because of the
hypotonia, subluxation of the hips may occur. Muscle bulk is
reduced. The muscle wasting and hypotonia are proportionately
greater than the weakness, and the child may be stronger
than expected during examination. Cardiomyopathy is a rare
complication.

The facies of children with CMFTD often raise suspicion, espe-
cially if the child is referred for assessment of developmental delay
and hypotonia. The head is dolichocephalic, and facial weakness
is present. The palate is usually high arched. Thin muscles of the
trunk and extremities give a thin, wasted appearance. The phe-
notype is very similar to that of nemaline myopathy, that also
includes CMFTD as part of the pathological picture. Patients do
not complain of myalgias. The clinical course is nonprogressive.

IAB0RAT0RY FINDINGS. Serum CK, ECG, EMG, and nerve
conduction velocity results are normal in simple CMFTD. If
other diseases are associated, laboratory investigation of those
conditions discloses the specific features.

DIAGNOSIS. CMFTD is diagnosed by muscle biopsy that shows
disproportion in both size and relative ratios of histochemical
fiber types: Type I fibers are uniformly small, and type II fibers
are hypertrophic; type I fibers are more numerous than type II
fibers. Degeneration of myofibers and other primary myopathic
features are absent. The biopsy is diagnostic at birth.

GENETICS. Many cases of simple CMFTD are sporadic, although
autosomal recessive inheritance is well documented in some fam-
ilies and an autosomal dominant trait is suspected in others. The
genetic basis is heterogeneous in hereditary forms; a mutation in
the insulin receptor gene at 1,9p1,3.2 is reponed. Translocation
t(10;l7l was seen in one family. XJinked transmission with
linkage ro Xp23.l2-plt.4 andXqI3J-q22.1 also is described.
In 3 unrelated families with CMFTD, a heterozygous missense
mutation of the skeletal muscle cl-actin gene (ACTAI) was
demonstrated, but this genetic defect probably represents a
minority. In CMFTD associated with cerebellar hypoplasia, the
genetic effect is on cerebellar development and the muscular
expression is secondary.

TREATMENT. No drug therapy is available. Physiotherapy may be
helpful for some patients in strengthening muscles that do not
receive sufficient exercise in daily activities. Mild congenital con-

Ghapter Ol r Deyelopmental Disorderc of Musclo I 21i:17

tractures often respond well to gende range of motion exercises
and rarely require plaster casting or surgery.

607.3 o NEMAUNE RoD MvopnrmY

Nemaline rods (derived from the Greek nema, meaning "thread")
are rod-shaped, inclusion-like abnormal structures within muscle
fibers. They are difficult to demonstrate histologically with con-
ventional hematoxylin-eosin stain but are easily seen with special
stains. They are not foreign inclusion bodies but rather consist
of excessive Z-band material with a similar ultrastructure (Fig.
507-21. Chemically, the rods are composed of actin, d-actinin,
tropomyosin-3, and the protein nebulin. Nemaline rod formation
may be an unusual reaction of muscle fibers to injury because
these rod structures have rarely been found in other diseases.
They are most abundant in the congenital myopathy known as
nemaline rod disease. Most rods are within the myofibrils (cyto-
plasmic), but intranuclear rods are occasionally demonstrated by
electron microscopy.

CtlNlCA[ MANIFES l0NS. Neonatal, infantile, and juvenile
forms of the disease are known. The neonatal form is severe and
usually fatal because of respiratory failure since birth. In the
infantile form, generalized hypotonia and weakness, which can
include bulbar-innervated and respiratory muscles, and a very
thin muscle mass are characteristic (Fig. 607-3). The head is
dolichocephalic, and the palate high arched or even cleft. Muscles
of the jaw may be too weak to hold it closed (Fig. 607-4).
Decreased fetal movements are reported by the mother, and
neonates suffer from hypoxia and dysphagia; arthrogryposis may
be present. Infants with severe neonatal and infantile nemaline
myopathy have facies and phenotype that are nearly indistin-
guishable from that of neonatal myotonic dystrophS but their
mothers have normal facies. The juvenile form is the mildest and
is not associated with respiratory failure, but the phenotype,
including facial involvement, is similar.

LABORATORY FINDINGS. Serum CK level is normal or mildly
elevated. The muscle biopsy is diagnostic. In addition to the
characteristic nemaline rods, it also shows CMFTD or at least
fiber type I predominance. In some patients, uniform type I fibers
are seen with few or no type II fibers. Focal myofibrillar degen-
eration and an increase in lysosomal enzymes have been found in
a few severe cases associated with progressive symptoms. Intranu-

Figve 607-2. Electron micrograph of the muscle from a patient shown in
Figwe 607-4. Nemaline rods (nr) are seen within many myofibrils. They are
identical in composition to the normal Z bands (z) (x6'000).
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Figure 607-.3. Back of a 13 yr old gir l  with juveni le form of nemaline rod
disease. The paraspinal muscles are very thin, and winging of the scapulae
rs evident The muscle mass of the extremities is also greatly reduced both
proximally and distal ly.

clear nemaline rods correlate with the most severe cl inical man-
ifestat ions. They are demonstrated by electron microscopy.

GENETICS. Autosomal dominant and aurosomal recessive forms
of nemaline rod disease occur, and an X-l inked dominant form
in girls also may occur. Five genes are associated with this

Figure 6O7-1. Infantile form of nemaline rod disease in a 5 yr old boy. Facial
weakness and generalized muscle wasting are severe. The head is dolicho-
cephalic The mouth is usually open because the masseters are too weak to lift
the mandible against gravity for more than a few seconds.

condition. One autosomal dominant nemaline rod myopathy
(NEM1) has been mapped to the tq21-23 locus; the responsible
TPM3 gene produces defective a-tropomyosin. Another genetic
mutation (NEM2) at the 2q2L.2-q22 locus produces nebulin, a
large molecule also needed for Z-band integrity, and is transmit-
ted as an autosomal recessive trait. NEM3 is due to a -actin defect
and both autosomal dominant and recessive varieties occur at the
same 1,q42.1, locus. NEM4 is an autosomal dominantly inherited
defect of B-tropomyosin at 9q1.3. The o- and B-tropomyosin
defects are tare and account for only 3o/o of patients with nema-
line myopathy. NEM5 is an autosomal recessive troponin-T
defect at 1.9q13, but has been found only in the Amish
popurauon.

TREATMENT AND PROGN0SIS. Therapy is supportive. Survivors
are confined to an electric wheelchair and are usually unable to
overcome gravity. Both proximal and distal muscles are involved.
Gastrostomy may be needed for chronic dysphagia. In the juve-
nile form, patients are ambulatory and are able to perform most
tasks of daily living. 

'Weakness 
is not usually progressive, but

some patients have more difficulty over time or enter a phase of
progressive weakness. Cardiomyopathy is an uncommon
complication. Pneumonia occurs frequently.

607.4 o CENTRAT Gone DrsensE AND
MrtrlcoRr MvopRrnv

This disease is transmitted as either an autosomal dominant or
recessive trait, both caused by the same abnormal gene at the
19q73.1 locus. The gene programs the ryanodine receptor
/RYRI/, a tetramere receptor to a nonvoltage-gated calcium
channel in the sarcoplasmic reticulum. Mutations in this gene
are also the cause of malignant hyperthermia. Infantile hypoto-
nia, proximal weakness, muscle wasting, and involvement of
facial muscles and neck flexors are the typical features in both
the dominant and recessive forms. Contractures of the knees,
hips, and other joints are common, and kyphoscoliosis and
pes cavus frequently develop, even without much axial or
distal muscle weakness. There is a high incidence of cardiac
abnormalities. The course is nonprogressive, except for the
contractures.

The disease is characterized pathologically by central cores
within muscle fibers in which only amorphous, granular cyto-
plasm is found with an absence of myofibrils and organelles.
Histochemical stains show a lack of enzymatic activities of all
types within these cores. The serum CK value is normal in central
core disease except during crises of malignant hyperthermia (see
Chaoter 610.2\.

Cintral core disease is consistently associated with malignant
hyperthermia, which may precede the diagnosis of central core
disease. All patients should have special precautions with pre-
treatment by dantrolene before an anesthetic agent is adminis-
tered. Salbutamol treatment in a few children with central core
disease has demonstrated improved strength and forced vital
capacity over a 6-mo period; this observation requires further
documentation.

Variants of central cores, called minicores and multicores, are
described in some families, but minicore myopathy is a different
genetic disease. Cases with a similar mutation in the RYR1 gene
are reported, but others have a defective selenoprotein-N
(SEPNI/ gene, the latter also implicated in rigid spine myopathy.
Children with this disorder are hypotonic in early infancy and
have a benign course but often develop progressive kyphoscolio-
sis or a rigid spine in adolescence. In one variant, external oph-
thalmoplegia also is present. Rare cases of minicore myopathy
also show hypertrophic cardiomyopathy.
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Most myofibrillar myopathies are not symptomatic in childhood,
but occasionally older children and adolescents may show early
symptoms of nonspecific proximal and distal weakness. An infan-
tile form also occurs and may cause mild neonatal hypotonia and
weakness with disproportionately severe dysphagia and respira-
tory insufficiency, at times leading to early death. It is nonpro-
gressive, however, and some patients show improvement in later
infancy and early childhood, acquiring the ability to swallow by
3 yr of age. Cardiomyopathy may be a complication in a minor-
ity. The diagnosis is by muscle biopsy: some sarcomeres of
myofibers have disorganization or dissolution of myofibrils, adja-
cent to other areas of normal sarcomeres within the same fiber.
These zones are associated with streaming of the Z bands and
focally increased desmin intermediate filaments, myotilin, and o-
B-crystallin. Immunocytochemical and ultrastructural study of
the muscle biopsy tissue is required. Mutation in the desmin gene
is implicated as the etiology. An associated mitochondrial defect
is detected in some patients.

607.6 o BRAIN MRuoRrtaRnoNs AND
Muscu Drvnoptrlerur

Infants with cerebellar hypoplasia are hypotonic and develop-
mentally delayed, especially in gross motor skills. Muscle biopsy
is sometimes performed to exclude a congenital myopathy. A
biopsy specimen may show delayed maturarion of muscle, fiber-
type predominance, or CMFTD. Other malformations of the
brain may also be associated with abnormal histochemical pat-
terns, but supratentorial lesions are less likely than brainstem or
cerebellar lesions to alter muscle development. Abnormal
descending impulses along bulbospinal pathways probably alter
discharge patterns of lower motor neurons that determine the his-
tochemical differentiation of muscle at 2018 wk of gestation.
The corticospinal tract does not participate because it is not yet
functional during this period of fetal life. In several congenital
muscular dystrophies, including the Walker-Warburg syndrome,
Fukuyama disease, and muscle-eye-brain disease of Santavuori,
major cerebral malformations are present, such as pachygyria and
lissencephaly.

607.7 o AMYoPTASTA

Congenital absence of individual muscles is common and is often
asymmetric. A common aplasia is the palmaris longus muscle of
the ventral forearm, which is absent in 307' of normal subjects
and is fully compensated by other flexors of the wrist. Unilateral
absence of a sternocleidomastoid muscle is one cause of congen-
ital torticollis. Absence ol one pectoralis major muscle is part of
the Poland anomalad.

When innervation does not develop, such as in the lower limbs
in severe cases of myelomeningocele, muscles may fail to develop.
ln sacral agenesis, the abnormal somites that fail to form bony
vertebrae may also fail to form muscles from the same defective
mesodermal plate, a disorder of induction resulting in segmental
amyoplasia. Skeletal muscles of the extremities fail to differenti-
ate from embryonic myomeres if the long bones do not form.
Absence of 1 long bone, such as the radius, is associated with
variable aplasia or hypoplasia of associated muscles, such as the
carpi flexor radialis. End-stage neurogenic atrophy of muscle
is sometimes called amyoplasia, but this use is semantically
lncorrect.
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Generalized amyoplasia usually results in fetal death, and live-
born neonates rarely survive. A mutation in 1 of the myogenic
genes is the suspected etiology because of genetic knockout
studies in mice, but it has not been proven in humans.

607.8 o MUSCUTAR DYSGENESIS (PROTEUS
Synonomr Mvo HYI

The Proteus syndrome is a disturbance of cellular growth involv-
ing ectodermal and mesodermal tissues. The cause is unknown,
but it is not a mendelian trait. It presents as asymmetric over-
growth of the extremities, verrucous cutaneous lesions, angiomas
of various types, thickening of bones, hemimegalencephaly, and
excessive growth of muscles without weakness. Histologicallg
the muscle is a unique muscular dysgenesis. Abnormal zones are
adiacent to zones of normal muscle formation and do not follow
anatomic boundaries. The disorder may be due to abnormal
paracrine growth factors.

607.9 o BENTGN Gotucrrurru HYPoToNIA

Benign congenital hypotonia is not a disease but is a descriptive
term for infants or children with nonprogressive hypotonia
of unknown origin. The hypotonia is not usually associated
with weakness or developmental delay, although some children
acquire gross motor skills more slowly than normal. Tendon
stretch reflexes are normal or hypoactive. There are no cranial
nerve abnormalities, and intelligence is normal.

The diagnosis is one of exclusion after results of laboratory
studies, including muscle biopsy and imaging of the brain with
special attention to the cerebellum, are normal lTable 606-21.
No known molecular genetic basis for this syndrome has been
identified.

The prognosis is generally good; no specific therapy is required.
Contractures do not develop. Hypotonia persists into adult life.
The disorder is not always as "benign" as its name implies
because a common complication is recurrent dislocation of joints,

especially the shoulders. Excessive motility of the spine may result
in stretch injury, compression, or vascular compromise of nerve
roots or of the spinal cord. These are particular hazards for
patients who perform gymnastics or who become circus per-
formers because of agility of joints without weakness or pain.

607.10 . ARTHRocRYPosts

Arthrogryposis multiplex congenita is not a disease but is a
descriptive term that signifies numerous congenital contractures
(see Chapter 581).
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The term dystrophy means abnormal growth, derived from the
Greek trophe, meaning "nourishment." A muscular dystrophy is
distinguished from all other neuromuscular diseases by four
obligatory criteria: It is a primary myopathy; it has a genetic
basis; the course is progressive; degeneration and death of muscle
fibers occur at some stage in the disease. This definition excludes
neurogenic diseases such as spinal muscular arrophy, nonheredi-
tary myopathies such as dermatomyositis, nonprogressive and
non-necrotizing congenital myopathies such as congenital muscle
fi ber-type disproportion (CMFTD), and nonprogressive inherited
metabolic myopathies. Some metabolic myopathies may fulfill the
definition of a progressive muscular dystrophy but are not tradi-
tionally classi6ed as dystrophies (muscle carnitine deficiency). All
muscular dystrophies may evenrually be reclassified as metabolic
myopathies once the biochemical defects are befter defined.

Muscular dystrophies are a group of unrelated diseases, each
transmitted by a different genetic trair and each differing in its
clinical course and expression. Some are severe diseases at birth
that lead to early death; others follow very slow progressive
courses over many decades, may be compatible with normal
longevity, or may not even become symptomatic until late adult
life. Some categories of dystrophies, such as limb-girdle muscu-
lar dystrophy, are not homogeneous diseases but rather syn-
dromes encompassing several distinct myopathies. Relationships
between the various muscular dystrophies are resolved by mole-
cular genetics rather than by similarities or differences in clinical
and histopathologic features.

608.1 o Ducxerurue AND BEcKER
MuscuuR DvsrRopurrs

Duchenne muscular dystrophy is the most common hereditary
neuromuscular disease affecting all races and ethnic groups. fts
characteristic clinical features are progressive weakness, intellec-
tual impairment, hypertrophy of the calves, and proliferation of
connective tissue in muscle. The incidence is 1 : 3,600 liveborn
infant boys. This disease is inherited as an X-linked recessive trait.

The abnormal gene is at the Xp21 locus and is one of the largest
genes. Becker muscular dystrophy is the same fundamental
disease as Duchenne dystrophS with a genetic defect at the same
locus, but clinically it follows a milder and more protracted
course.

CtlNlCAt MAltllFESTATl0NS. Infant boys are only rarely sympto-
matic at birth or in early infancy although some are mildly hypo-
tonic. Early gross motor skills, such as rolling over, sitting, and
standing, are usually achieved at the appropriate ages or may be
mildly delayed. Poor head control in infancy may be the 1st sign
of weakness. Distinctive facies are not a feature because facial
muscle weakness is a late event. lfalking is often accomplished
at the normal age of about 12 mo, but hip girdle weakness may
be seen in subtle form as early as the 2nd yr. Toddlers may assume
a lordotic posture when standing to compensate for gluteal weak-
ness. An early Gowers sign is often evident by age 3 yr and is
fully expressed by age 5 or 5 yr (see Fig. 597-2). A Trendelen-
burg gait, or hip waddle, appears at this time.

The length of time that a patient remains ambulatory varies
greatly. Some patients are confined to a wheelchair by 7 yr of age;
most patients continue to walk with increasing difficulty until age
10 yr without orthopedic intervention. With orthotic bracing,
physiotherapy, and sometimes minor surgery (Achilles tendon
lengthening), most are able to walk until age 12 yr. Ambulation
is important not only for postponing the psychological depres-
sion that accompanies the loss of an aspect of personal indepen-
dence but also because scoliosis usually does not become a maior
complication as long as a patient remains ambulatory, even for
as little as t hr per day; scoliosis often becomes rapidly progres-
sive after confinement to a wheelchair.

The relentless progression of weakness continues into the 2nd
decade. The function of distal muscles is usually relatively well
enough preserved, allowing the child to continue to use eating
utensils, a pencil, and a computer keyboard. Respiratory muscle
involvement is expressed as a weak and ineffective cough, fre-
quent pulmonary infections, and decreasing respiratory reserve.
Pharyngeal weakness may lead to episodes of aspiration, nasal
regurgitation of liquids, and an airy or nasal voice quality. The
function of the extraocular muscles remains well preserved.
Incontinence due to anal and urethral sphincter weakness is an
uncommon and very late event.

Contractures most often involve the ankles, knees, hips, and
elbows. Scoliosis is common. The thoracic deformity further com-
promises pulmonary capacity and compresses the heart. Scolio-
sis usually progresses more rapidly after the child becomes
nonambulatory and may be uncomfortable or painful. Enlarge-
ment of the calves (pseudohypertrophy) and wasting of thigh
muscles are classic features. The enlargement is caused by hyper-
trophy of some muscle fibers, infiltration of muscle by [at, and
proliferation of collagen. After the calves, the next most common
site of muscular hypertrophy is the tongue, followed by muscles
of the forearm. Fasciculations of the tongue do not occur. The
voluntary sphincter muscles rarely become involved.

Unless ankle contractures are severe, ankle deep tendon reflexes
remain well preserved until terminal stages. The knee deep tendon
reflexes may be present until about 6 yr of age but are less brisk
than the ankle jerks and are eventually lost. In the upper extrem-
ities, the brachioradialis reflex is usually stronger than the biceps
or triceps brachii reflexes.

Cardiomyopathy, including persistent tachycardia and myocar-
diac failure, is seen in 50-80% of patients with this disease. The
severity of cardiac involvement does not necessarily correlate
with the degree of skeletal muscle weakness. Some patients die
early of severe cardiomyopathy while still ambulatory; others in
terminal stages of the disease have well-compensated cardiac
function. Smooth muscle dysfunction, particularly of the gas-
trointestinal tract, is a minor, but often overlooked. feature.
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Intellectual impairment occurs in all patients, although only
20-30% have an IQ <70. The majority has learning disabilities
that still allow them to function in a regular classroom, particu-
larly with remedial help. A few patients are profoundly mentally
retarded, but there is no correlation with the severity of the
myopathy. Epilepsy is slightly more common than in the general
pediatric population. Dystrophin is expressed in brain and retina,
as well as in striated and cardiac muscle, though the level, is lower
in brain than in muscle. This distribution may explain some of
the CNS manifestations. Abnormalities in cortical architecture
and of dendritic arborization may be detected neuropathologi-
cally; cerebral atrophy is demonstrated by MRI late in the clini-
cal course. The degenerative changes and fibrosis of muscle
constitute a painless process. Myalgias and muscle spasms do not
occur. Calcinosis of muscle is rare.

Death occurs usually at about 78-20 yr of age. The causes of
death are respiratory failure in sleep, intractable heart failure,
pneumonia, or occasionally aspiration and airway obstruction.

In Becker muscular dystrophy, boys remain ambulatory until
late adolescence or early adult life. Calf pseudohypertrophn car-
diomyopathS and elevated serum levels of creatine kinase (CK)
are similar to those of patients with Duchenne dystrophy. Learn-
ing disabilities are less frequent. The onset of weakness is later in
Becker than in Duchenne dystrophy. Death often occurs in the
mid to late 20s; fewer than half of patients are still alive by age
40 yr; these survivors are severely disabled.

IABORAT0RY FINDINGS. The serum CK level is consistently greatly
elevated in Duchenne muscular dystrophg even in presympto-
matic stages, including at birth. The usual serum concentration
is 15,000-35,000 ru/L (normal <150 ru/L). A normal serum CK
level is incompatible with the diagnosis of Duchenne dystrophy,
although in terminal stages of the disease, the serum CK value
may be considerably lower than it was a few years earlier because
there is less muscle to degenerate. Other lysosomal enzymes
present in muscle, such as aldolase and aspartate aminotrans-
ferase, are also increased but are less specific.

Cardiac assessment by echocardiography, electrocardiography
(ECG), and radiography of the chest is essential and should be
repeated periodically. After the diagnosis is established, patients
should be referred to a pediatric cardiologist for long-term
cardiac care.

Electromyography (EMG) shows characteristic myopathic fea-
tures but is not specific for Duchenne muscular dystrophy. No
evidence of denervation is found. Motor and sensory nerve
conduction velocities are normal.

DIAGNOSIS. Blood polymerase chain reaction (PCR) for the dys-
trophin gene mutation is the primary test, if the clinical features
and serum CK are consistent with the diagnosis. If the blood PCR
is diagnostic, muscle biopsy may be deferred, but if it is normal
and clinical suspicion is high, the more specific dystrophin
immunocytochemistry performed on muscle biopsy sections
detects the 13 of cases ihat do not show a PCR abnormality.
Immunohistochemical staining ol frozen sections of muscle
biopsy tissue detects differences between the rod domain, the car-
boxyl-terminus (that attaches to the sarcolemma), and the amino-
terminus (that attaches to the actin myofilaments) of the large
dystrophin molecule, and may be prognostic of the clinical course
as Duchenne or Becker disease, More severe weakness occurs
with truncation of the dystrophin molecule at the carboxyl- than
at the amino-terminus. Confirmation of the diagnosis by either
blood PCR or muscle biopsy should be done in every case.
Dystroglycans and other sarcolemmal regional proteins, such as
merosin and sarcoglycans, also can be measured because they
may be secondarily decreased.

The muscle biopsy is diagnostic and shows characteristic
changes (Figs. 608-1 and 608-2). Myopathic changes include

biopsy of a 4 yr old boy with Duchenne muscular dys-
and hypertrophic muscle fibers are seen, and some fibers
. Connective tissue (c) between muscle fibers is increased

(hematorylin and eosin, x400).

segmental necrosis at another level' allowing calcium to enter the

site of breakdown of the sarcolemmal membrane and trigger a

contraction of the whole length of the muscle fiber. Calcifications

within myofibers are correlated with secondary p-dystroglycan

deficiency.
The decision about whether muscle biopsy should be per-

formed to establish the diagnosis sometimes presents problerns.

If there is a family history of the disease' Particularly in the case

of an involved brother whose diagnosis has been confirmed' a

sis confirmed to ensure that another myopathy is not mas-

querading as Duchenne dystrophy. The most common muscles

sampled are the vastus lateralis (quadriceps femoris) and the
gastrocnemlus.

GENETIC ET|OL0GY AND H0GENESIS' Despite the X-linked

recessive inheritance in Duchenne muscular dystrophy, about

3Oo/o of patients are new mutations' and the mother is not a

carrier, The female carrier state usually shows no muscle weak-

of increase is usually in the magnitude of hundreds or a few thou-

sand but does not have the extreme values noted in affected

males. Prepubertal girls who are carriers of the dystrophy also

have increased serum CK values, with highest levels at 8-t2yr

of age. Approximately 20% of carriers have normal serum CK

valuEs. If the mother of an affected boy has normal CK levels, it

is unlikely that her daughter can be identified as a carrier bymea-

suring CK. Muscle biopsy of suspected female carriers may detect



2542 e PART XXVII * Neuromuscular Oisorders

&

;  r : i r : , .  , . , ; r  . '  Dvs t roph in  i s  demon-

s t ra ted  by  immunoh is tochen ica l  reac-
t i v r ty  m the  musc le  l r iops ies  o f  a  normal
te rm male  neonare  fA) ,  a  101 ' r  o ld  bov
wi th  l imb-g i rd le  r ruscu la r  dvs t rophy
(B) ,  a  6  y r  o ld  boy  w i rh  Duchenne mus-
cu la r  dys t rophy  fC) ,  and a  I  0  v r  o ld  boy
with Becker mnscular dvstrophy (D/

In  the  normal  cond i t ion  and a lso  in
non-X l inkec l  rnuscu la r  dysr roph ies  in
which dvstrophin is not affected, the
sacro lemmal  membrane o f  every  l iber  i s
s t rong lv  s ra ined,  inc lud ing  ar roph ic  and
hyper t roph ic  f ibers .  In  Duchenne dys-
trophl-, most rryolibers cxpress no
detec tab le  dys t rophrn ,  bu t  a  few sca t
te red  f ibers  known as  " rever fan t  6bers"
show near  normal  immunoreac t iv i t y  In
Becker musculrr dystrophy, the abnor
mal  dvs t roph in  molecu le  i s  expressed as
th in ,  pa le -s ra in ing  o f  the  sarco lemma i r r
which reactivity varies not only between
myofibers but also along the crrcumfer
ence o f  ind iv idua l  f ibers  (x250) .

an addrt ional l0' . ] , i ,  in whom serum CK is nor elevarcd; a specif ic
l ienc-t ic cl iagnosis using PCR on peripheral blood is definit ive.
Sorne fcmale carr iers mtlv suffer cardloml'opathv without rveak-
ncss of str latecl lnuscles.

rclatcd to the N-acrin bndrng srre of c-acrinin; the second
dourarn is thc largcsr, rvirh 2,800 ar-nino acids. and conrains rranv
repeats, giving i t  a characrerist ic rod shape; a rhird o.sreinc-r ich
domain  rs  re la tcc l  ro  rhe  carboxv l  te rminus  o f  c r -ac t in in ;  and the
f ina l  carborv l - te rmrr - ra l  d r111111n '  o f  40 t )  amino ac ids  rs  unrque
t-o dvsrrophin and ro a dvsrrophin-related prorein encoded by
cnromosorne b .

The molecu la r  de fec ts  in  rhe  dys t roph inoparh ies  la r \ :  in r ra
gen ic  de le t ions ,  dup l rca t ions ,  o r  po in t  mura t ions  o f  nuc leor ides .

typ ic  o r  c l in ica l  var ia r ions  are  exp la ined l rv  rhe  a l te ra t ion  o f  the
translatronai reading trame of mRNA, which resr-r l ts in unstable,

Becker forms but ranges from a severe neonatal muscular dys-

trophy to asvmptolnatic chi ldren with persisrent elevation of
serum CK leve ls  >1 .000 IU/L .

Analysis of the dystrophin protein requires a muscle biopsy and
is demonstrated by rWestern blor analysis or in t issue sectiorls by
immunohistochemical methods using either f luorescence or l ight
microscopy of antidvstrophin anrisera (see Fig. 608-2). In classic
Duchenne dystrophn levels of <3o/" r>f normal are found; in
Becker muscular dystroph,v, rhe molecular weight of dystrophin
is recluced t<t 20-90"h of normal in 80% of parienrs, but in 15%
thc dystrophin rs of normal size but reduced in quantirn and.5%
have an abnormally large protein caused by excessive duplica-
t ions or rcpeats of codons. Selectivc immunoreactivi tv of dif fer-
ent parts of rhe dystrophin molecule in sections of muscle biopsy
material dist inguishes the Duchenne and Becker forms (Fig.
60U-3) .  The demonsr ra t ion  o f  de le t ions  and dup l ica t ions  a lso
can bc made from blood sarnples by the rr.rore rapid PCR, which
identi f ies as many as 987o of delet ions by ampli fying 18 erons
bnt cannot dctecr dupl icarions. The diagnosis can thus be con-
f irmecl at thc molecular genetic level from either the muscle
biopsv uraterial or from peripheral blood, although as many as
'/3 of boys with Duchenne or Becker dysrrophy have a false-
norrral blood PCR; al l  cases of dystrophinoparhy are dete*ed by
rnuscle biopsy.

Thc same methods of DNA analysis from blood samples may
be applied for carr ier detection in female relat ives at r isk, such
as sisters and cousins, and to derermine whether the mother is a
carrier or whether a new mutation occurred in the embrvo. Pre-
natal diagnosis is possible as early as the I 2th rvk of gesri tron hv
sampling chorronic vi l l i  for DNA analysis by Southern bkrt or
l ' ( .R and is confirn'red rn aborted fetuses with Duchenne dvstro-
phy by immunohistochemistry for dystrophin in muscle.

TfiEATMENT. There is neither a medical cure for this disease nor
a mcthod of slowir-rg i ts progression. Much can be done to treat
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i n f luenz l  r  i l us  au t l  o thcr  r ( )L r t inc  \ ' . rL ! in . r t i ( )ns  r re  inc l i c r t tec l .
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sedentary children burn fewer calories than active children and
because of depression as an additional factor, these children tend
to eat excessively and gain weight. Obesity makes a patient with
myopathy even less functional because part of the limited reserve
muscle strength is dissipated in lifting the weight of excess sub-
cutaneous adipose tissue. Dietary restrictions with supervision
may be needed.

Physiotherapy delays but does not always prevent contractures.
At times, contractures may actually be useful in functional reha-
bilitation. If contractures prevent extension of the elbow beyond
90 degrees and the muscles of the upper limb no longer are strong
enough to overcome gravitS the elbow contractures are func-
tionally beneficial in fixing an orherwise flail arm and in allow-
ing the patient to eat and write. Surgical correction of the elbow

process of muscle fiber degeneration.
Other treatment of human patients with Duchenne dystrophy

involves the use of prednisone, prednisolone, deflazacort,or other

osteoporosis, may offset this advantage or even result in greater
weakness than might have occurred in the natural course of the

avoided because they induce myopathy by altering the myotube
abundance of ceramide.

608.2 . EMERy-DREtFuss Muscuun DysrRoprv

Emery-Dreifuss muscular dystrophy, also known as scapuloper-
oneal or scapulohumeral muscular dystrophy, is a rare X-tint ed

mosome. Another, rarer, form of Emery-Dreifuss dystrophy is
transmitted as an autosomal dominant trait and is localiied at
1q. This form may present quite late, in adolescence or early adult
life, _although the muscular and cardiac symptoms and signs are
similar, and sudden death from venrricular fibrillation is i risk.

Clinical manifestations begin berween 5 and 15 yr of age, but
many patienrs survive to late adult life because of the slow pro-
gression of its course. Hypertrophy of muscles does not occur.

Iar dystrophies.

Nonspecific myofiber necrosis and endomysial fibrosis are seen
in the muscle biopsy. Many centronuclear fibers and selective his-
tochemical type I muscle fiber atrophy may cause confusion with
myotonic dystrophy. The defective gene in the X-linked form is
called emerin and, unlike other dystrophies in which the defec-
tive gene is expressed at the sarcolemmal membrane, emerin is
expressed at the inner nuclear membrane; this protein stabilizes
the nuclear membrane against the mechanical stresses that occur
during muscular contraction. Emerin may be demonstrated
immunocytochemically in the muscle biopsy for definitive diag-
nosis. Emerin also may be tested as a genetic marker in blood.
The defective protein in the autosomal dominant form is called
lamin-A and lamin-C, proteins rhat constitute part of the nuclear
lamina, a fibrous layer on the inner nuclear membrane. Several
subtypes and different murations are demonstrated.

Treatment should be supportive, with special attention to
cardiac conduction defects, and may require medications or a
pacemaker.

608.3 . MYOTONIC MUScUIAR DYSTROPHY

Myotonic dystrophy (Steinert disease) is the second most
common muscular dystrophy in North America, Europe, and
Australia, having an incidence of 1 :30,000 general population.
It is inherited as an autosomal dominant trait. Classic myotonic
dystrophy (DM1) is caused by a cytosine-thymine-guanine (CTG)
trinucleotide expansion on chromosome 19q13.3 in the 3'
untranslated region of DMPK, the gene that encodes a serine-
threonine protein kinase. A second form (DM2) is associated with
unstable CTG repeat expansion on chromosome 3q2t ol an
intron of the zinc finger 9 protein gene. Still a third, late form
(DM3) is identified, at locus 75q21-q24.

Myotonic dystrophy is an example of a genetic defect causing
dysfunction in multiple organ systems. Not only is striated muscle
severely affected, but smooth muscle of the alimentary tract and
uterus is also involved; cardiac function is altered; and patients
have multiple and variable endocrinopathies, immunologic defi-
ciencies, cataracts, dysmorphic facies, intellectual impairment,
and other neurologic abnormalities.

CLINICAI MANIFESTATI0NS. In the usual clinical course, exclud-
ing the severe neonatal form, infants may appear almost normal
at birth, or facial wasting and hypotonia may already be early
expressions of the disease. The facial appearance is characteris-
tic, consisting of an inverted V-shaped upper lip, thin cheeks, and
scalloped, concave temporalis muscles (Fig. 50S-a). The head
may be narrow, and the palate is high and arched because the
weak temporal and pterygoid muscles in late fetal life do not exert
sufficient lateral forces on the developing head and face.'Weakness 

is mild in the first few years. Progressive wasting of
distal muscles becomes increasingly evident, particularly involv-
ing intrinsic muscles of the hands. The thenar and hypothenar
eminences are flaftened, and the atrophic dorsal interossei leave
deep grooves between the fingers. The dorsal forearm muscles
and anterior compartment muscles of the lower legs also become
wasted. The tongue is thin and atrophic. IUflasting of the sterno-
cleidomastoids gives the neck a long, thin, cylindric contour.
Proximal muscles also eventually undergo atrophy, and scapular
winging appears. Difficulty with climbing stairs and Gowers sign
are progressive. Tendon stretch reflexes are usually preserved.

continue into adulthood. It is rare for patients with myotonic dys-



Figure 608-4. Facial weakness, inverted V-shaped upper lip, and loss of muscle
mass in the temporal fossae are characteristic of myotonic muscular dystro-
phy, even in infancy, as seen in this 8 mo old girl.

trophy to lose the ability to walk even in late adult life, although
splints or bracing may be required to stabilize the ankles.

Myotonia, a characteristic feature shared by few other
myopathies, does not occur in infancy and is usually not clini-
cally or even electromyographically evident until about age 5 yr.
Exceptional patients develop it as early as age 3 yr. Myotonia is
a very slow relaxation of muscle after contraction, regardless of
whether that contraction was voluntary or was induced by a
stretch reflex or electrical stimulation. During physical examina-
tion, myotonia may be demonstrated by asking the patient to
make tight fists and then to quickly open the hands. It may be
induced by striking the thenar eminence with a rubber percussion
hammer, and it may be detected by watching the involuntary
drawing of the thumb across the palm. Myotonia may also be
demonstrated in the tongue by pressing the edge of a wooden
tongue blade against its dorsal surface and by observing a deep
furrow that disappears slowly. The severity of myotonia does not
necessarily parallel the degree of weakness, and the weakest
muscles often have only minimal myotonia. Myotonia is not
a painful muscle spasm. Myalgias do not occur in myotonic
dystrophy.

The speech of patients with myotonic dystrophy is often artic-
ulated poorly and is slurred because of the involvement of the
muscles of the face, tongue, and pharynx. Difficulties with
swallowing sometimes occur. Aspiration pneumonia is a risk in
severely involved children. Incomplete external ophthalmoplegia
may sometimes result from extraocular muscle weakness.

Smooth muscle involvement of the gastrointestinal tract results
in slow gastric emptying, poor peristalsis, and constipation. Some
patients have encopresis associated with anal sphincter weakness.
Women with myotonic dystrophy may have ineffective or abnor-
mal uterine contractions during labor and delivery.

Cardiac involvement is usually manifested as heart block in the
Purkinje conduction system and arrhythmias rather than as
cardiomyopathy, unlike most other muscular dystrophies.

Endocrine abnormalities involve many glands and appear at
any time during the course of the disease so that re-evaluation of
endocrine status must be done annually. Hypothyroidism is
common; hyperthyroidism may occur rarely. Adrenocortical
insufficiency may lead to an addisonian crisis even in infancy.
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Diabetes mellitus is common in patients with myotonic dystro-

baldness is also characteristic in males and often begins in
adolescence.

Immunologic deficiencies are common in myotonic dystrophy.
The plasma IgG level is often low.

Cataracts occur frequently in myotonic dystrophy. They may
be congenital, or they may begin at any time during childhood
or adult life. Early cataracts are detected only by slit-lamp exam-
ination; periodic examination by an ophthalmologist is recom-
mended. Visual evoked potentials are often abnormal in children
with myotonic dystrophy and are unrelated to cataracts. They are

neurons.
A severe congenital form of myotonic dystrophy aPpears in a

minority of involved infants born to mothers with myotonic dys-
trophy. All patients with this severe congenital disease to date
have had the DM1 form. Clubfoot deformities alone or more
extensive congenital contractures of many ioints may involve all
extremities and even the cervical spine. Generalized hypotonia

compromises respiration. Inability to empty the rectum may

compound the problem.

IABORATORY FINDINGS. The classic myotonic electromyogram is

not found in infancy but may appear in toddlers or during the

early school years. The levels of serum CK and other serum
enzymes from muscle may be normal or only mildly elevated in

the hundreds (never the thousands).
ECG should be performed annually in early childhood. Ultra-

sound imaging of the abdomen may be indicated in affected
infants to detirmine diaphragmatic function. Radiographs of

the chest and abdomen and contrast studies of gastrointestinal

motility may be needed.
Endocrine assessment should be undertaken to determine

thyroid and adrenal cortical function and to verify carbohydrate
metabolism (glucose tolerance test). Immunoglobulins should be

examined. and, if needed, more extensive immunologic studies

should be performed.

DIAGN0SIS. The primary diagnostic test is a DNA analysis of

blood to demonstrate the abnormal expansion of the CTG repeat.

Prenatal diagnosis also is feasible. The muscle biopsy specimen

in older children shows many muscle fibers with central nuclei

and selective atrophy of histochemical type I fibers, but degener-

ating fibers are usually few and widely scattered, and there is little

or no fibrosis of muscle. Intrafusal fibers of muscle spindles are

also abnormal. In young children with the common form of the

disease, the biopsy specimen may even appear normal or may at
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least not show n'ryofiber necroses, which is a str iking contrast
with Duchenne muscular dvsrrophy. ln the severe neonatal form
of myotonic dystrophy, the muicle hiopsy reveals maturational
arrest in various stages of development in some and congenital
muscle f iber-rype disproport ion in orhers. I t  is l ikely that the
sarcolemrnal mernbrane of muscle f ibers not onlv has abnormal
proper t ie \  o t  c lecr r i ca l  po l r r i za t ion  l .u r  i s  a l ro  incapab lc  o f
responding to trophic inf luences of the motor neuron. Muscle
biops,v is nor usuallv required for diagnosis, which in tvpical cases
can be based on the cl inical manifestat ions.

genetic defect in myotonrc muscnlar dystrophy is
e  l9  a t  the  19q13 locus .  I t  cons is rs  o f  an  expan-
M gene that encodes a serine-threonine kinase

(DMPK), with nr.rmerous repeats of rhe CTG codon. Expansions
range from .50 to >2,000, with rhe normal al leles of this gene
ranging in size fron-r.5 to 37; rhe largcr the expansion is, the more
severe the cl inical expression, with the largest expansions seen in
the severe neonaral forrn. Rarely, the disease is associated with
no detectable repeats, perhaps a spontaneous correction of a
previous expansion but a phenomenon st i l l  incompletelv under-
stood. Another r lvotonic dvstrophy (PROMM) is a cl inical enti ty
l inked to at leasr 2 dif ferent 'chromosomal loci rhan classic
myoronic dvsrrophr but I  rhar shares a common unique patho-
genesis in being mediated bv a murant rnRNA. Defects in RNA
sp l ic ing  cxp la in  rhe  insu l in  res is r rnce  rn  rnyoron ic  dys t roph ies  as
wel l  as  the  myoton ia .

Both cl inrcal trnd genetic expression may vary between sibl ings
or between an affectecl parenr and chi ld. In rhe severe neonatal
form of the disease, the mother is rhe transmirt ing parent in 947"
of cases, a fact not explained bv increased male infert i l i ty alone.
Genetic analvsis reveals that such iniants r-rsual ly have many
more repeats of the CTG codor.r rhan do parients with rhe more
classic form of rhe disease. Myoronic dysrrophy often erhibits
a pattern of anticipation in which each successive generarion
has a tendencv to be rnore ser, 'erelv rnvolved than the previous
generanon.

TREATMENT. There is no specrf ic medical rrearmenr, but the
cardiac, endocrinc, gasrrointestinal,  and ocular complications can
often be treated. Phvsiotherapv and orrhopedic treatment of con-
tractures in the neonatal form of the disease mav be beneficial.

Myotonia may be diminished, and function may be restored
by drugs that raise the depolarization threshold of muscle
membranes, such as mexiletine, phenytoin, carbamazepine,
procainamide, and quinidine sulfate. These drugs also have
cardiotropic effects; thus, cardiac evaluation is important before
prescribing them. Phenytoin and carbamazepine are used in doses
similar to their use as anticonvulsants (see Chapter 593.4); serum
concentrations of 40-80 pmol/L for phenytoin and 35-50 pmol/L
for carbamazepine should be maintained. If a patient's disability
is caused mainly by weakness rather than by myotonia, these
drugs wil l  be of no value.

OTHER MY0T0NIC SYNDR0MES. Most parients with myotonia
have myotonic dystrophy. Myotonia is not specific for this disease
and occurs in several rarer condit ions.

Myotonic chondrodystrophy (Schwartz-Jampel disease) is a
rare congenital disease characterized by generalized muscle
hypertrophy and weakness. Dysmorphic phenotypical features
and the radiographic appearance of long bones are reminiscenr
of Morquio disease (see Chapter 88), but abnormal mucopoly-
saccharides are not found. Dwarfism, joint abnormalities, and
blepharophimosis are present. Several parienrs have been the
products of consanguinitn suggesting autosomal recessive inher-
irance. The muscle protein perlecan, encoded by the S/S1 gene, a
large heparan sulfate proteoglycan of basement membranes and
cartilage, is defective in some cases of Schwartz-Jampel disease
and explains both the muscular hyperexcitability and the
chondrodysplasia.

EMG reveals continuous electrical activitv in muscle fibers
closely resembling or identical to myotonia. Muscie biopsy
reveals nonspecific myopathic features, which are minimal in
some cases and pronounced in others. The sarcotubular system
is di lated.

Myotonia congenita (Thomsen disease) is a channelopathy
(Table 608-1) and is characterized by weakness and general ized
muscular hypertrophy so that affected chi ldren resemble body-
builders. Myotonia is prominent and may develop at age 2-3 yr,
earl ier than in myotonic dystrophy. The disease is cl inical ly stable
and is apparently not progressive for many years. Muscle biopsy
specimens show minimal pathologic changes, and the EMG
ciemonstrates myotonia. Various famil ies are described as
showing either autosomal dominant (Thomsen disease) or reces-

DISORDER

Chloride channelopathres
Myotonia congenita

Thomsens disease
Eeckers disease

Sodium channelopathies
Paramyotonia congenita
Hyperkalemrc periodic paralysis
Hypokalemic periodic paralysis

Potassium-aggravated myotonias
ivlyotonia fluctuans
Myotonia permanens
Acetaxolamide+esponstve my0t0nia

[akium channelopathies
Hypokalemic periodic paralysis

Schwartz-jampel syndrome (chondrodystrophir myot0nia)
Rippling musde disease
Anderson's syndrome
Brody's disease
Malignant hypenhermia

ATPase, adenosiie tri ph0sphatase; 8\4G, el ectr0my0gra m

PANERN OT ruilIffT TEATURTS

Myotonia
Myotonia and weaknes

Paramyotonia
Periodi( paralysis with myotonia and paramyotonia
Periodk paralysis

Myotonia
Myotonia
l\4yotonia

Periodrc paralysis
Myotonia; dysmorphic
Muscle mounding/stiffiress
Penodic panlysis, cardiac anhythmia, distrnctive facies
Delayed relaxation, no EMG myotonia
Anestheticinduced delayed relaxation

IilHTRlTANG

Autosomal dominant
Autosomal recessive

Autosomal dominant
Autosomal dominant
Autosomal dominant

Autosomal dominant
Autosomal dominant
Autosomal dominant

Autosomal dominant
Autosomal recessi\/e
Autosomal dominant
Autosomal dominant
Autosomal re(essive
Autosomal dominant

CHROMOSOMT

7q35
7935

1 iq13 1-13  3
1iq13 1-13,3
17q13 1-13  3

17q13 l-13 3
17q13 1-13 3
1/q13,1-13 3

1q31-32
1q34 1-36 1
lq41
11q23
16p12
19q13,1

GENE

CL(I
(L(1

'CNA4A
(NA4A

5(NA4A

,CNA4A
S(NA4A
SCNA4A

Dihydropyridine receptor
Perlecan
[aveolin-3
K[NJ2-Ki12 1
talcium ATPase
Ryanodine receptor

Fr0m Goldman L, Ausiello D:killextb\ak 0f Medkine,22nd ed philad€iphja,WB Saundes,2004,p 2192



sive (Becker disease. not to be confused with Becker/Duchenne
muscular dystrophy) inheritance. Rarely, myotonic dystrophy
and myotonia congenita coexist in the same family. Both the
autosomal dominant and autosomal recessive forms of myotonia
congenita have been mapped to the same 7q35 locus. This
gene is important for the integrity of chloride channels of the
sarcolemmal and T:tubular membranes.

Paramyotonia is a temperature-related myotonia that is aggra-
vated by cold and alleviated by warm external temperatures.
Patients have difficulty when swimming in cold water or if they
are dressed inadequately in cold weather. Paramyotonia con-
genita (Edenburg disease) is a defect in a gene at the t7q13.1-
13.3 locus, the identical locus identified in hyperkalemic periodic
paralysis. By contrast with myotonia congenita, paramyotonia is
a disorder of the voltage-gated sodium channel due to a muta-
tion in the o subunit. Myotonic dystrophy also is a sodium chan-
nelopathy (see Table 508-1).

In sodium channelopathies, exercise produces increasing
myotonia, whereas in chloride channelopathies, exercise reduces
the myotonia. This is easily tested during examination by asking
patients to close the eyes forcefully and open them repeatedly; it
becomes progressively more difficult in sodium channel disorders
and progressively easier in chloride channel disorders.

608.4 O UMB.GIRDTE MUScUIAR DYSTROPHIES

This term encompasses a group of progressive hereditary
myopathies that mainly affect muscles of the hip and shoulder
girdles. Distal muscles also eventually become atrophic and weak.
Hypertrophy of the calves and ankle contractures develop in
some forms, causing potential confusion with Becker muscular
dystrophy. Sixteen genetic forms of limb-girdle dystrophy are
now described, each at a different chromosomal locus and
expressing different protein defects. Some include diseases classi-
fied with other traditional groups, such as the lamin-A./C defects
of the nuclear membrane (see Emery-Dreifuss muscular dystro-
phy, above), and some forms of congenital muscular dystrophy.

The initial clinical manifestations rarely appear before middle
or late childhood or may be delayed until early adult life. Low
back pain may be a presenting complaint because of the lordotic
posture resulting from gluteal muscle weakness. Confinement to
a wheelchair usually becomes obligatory at about 30 yr of age.
The rate of progression varies from 1 pedigree to another but is
uniform within a kindred. Although weakness of neck flexors and
extensors is universal, facial, lingual, and other bulbar-
innervated muscles are rarely involved. As weakness and muscle
wasting progress, tendon stretch reflexes become diminished.
Cardiac involvement is unusual. Intellectual function is generally
normal. The clinical differential diagnosis of limb-girdle muscu-
lar dystrophy includes juvenile spinal muscular atrophy
(Kugelberg-Welander disease), myasthenia gravis, and metabolic
myoparhies.

Most cases of limb-girdle muscular dystrophy are of auto-
somal recessive inheritance, but some families express an
autosomal dominant trait. The latter often follows a benign
course with little functional impairment.

The EMG and muscle biopsy show confirmatory evidence of
muscular dystrophg but none of the findings is specific enough
to make the definitive diagnosis without additional clinical crite-
ria. In some cases, adhalen, a dystrophin-related glycoprotein of
the sarcolemma, is deficient; this specific defect may be demon-
strated in the muscle biopsy by immunocytochemistry. Increased
serum CK level is usual, but the magnitude of elevation varies
among families. The ECG is usually unaltered.

In one autosomal dominant form of limb-girdle muscular dys-
trophg a genetic defect has been localized to the long arm of
chromosome 5. In the autosomal recessive disease, it is on the
long arm of chromosome 15. A mutated dystrophin-associated
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protein in the sarcoglycan complex (sarcoglycanopathy) is
responsible for some cases of autosomal recessive limb-girdle
muscular dystrophy. Adhalen is c-sarcoglycan; other limb-girdle
dystrophies due to deficiencies in B-, y-, and 8-sarcoglycan also
occur. In normal smooth muscle, c-sarcoglycan is replaced by e-
sarcoglycan and the others are the same.

Another group of limb-girdle dystrophies are caused by allelic
mutations of the dysferlin (DYSF/ gene, another gene expressing
a protein essential to structural integrity of the sarcolemma'
though not associated with the dystrophin-Slycoprotein complex.
DYSF interacts with caveolin-3 or calpain-3, and DYSF deficiency
may be secondary to defects in these other gene products. Auto-
somal recessive (Miyoshi myopathy) and autosomal dominant
traits are documented. Both are slowly progressive myopathies
with onset in adolescence or young adult life and may affect distal
as well as proximal muscles. Cardiomyopathy is rare. Chronically
elevated serum CK in the thousands is found in dysferlinopathies.
Ultrastructure shows a thickened basal lamina over defects in the
sarcolemma and replacement of the sarcolemma by multiple
layers of small vesicles. Regenerating myofibers outnumber
degenerating myofibers. These disorders were formerly called
hyperCKemia and rippling muscle disease, the latter sometimes
confused with myotonia.

608.5 . FAcroscAPutoHUMEBAL
Muscuun DvstRopxv

Facioscapulohumeral muscular dystrophy, also known as
Landouzy-Deierine disease, is probably not a single disease entity
but a group of diseases with similar clinical manifestations. Auto-
somal dominance is the rule; genetic anticipation is often found
within several generations of a family, the succeeding more

severely involved at an earlier age than the preceding. The fre-
quency is 1 : 20,000. The genetic mechanism in autosomal dom-
inant facioscapulohumeral dystrophy involves integral deletions
of a 3.3-kb tandem repeat (D424) in the subtelomeric region at
the 4q35 locus. A closely homologous 3.3-kb repeat array at the

subtelbmeric locus 10q25, with chromosomal translocation or

sequence conversion between these two regions, possibly predis-

poies to the DNA rearrangement causing facioscapulohumeral
dystrophy.

CtINICAL MANIFES l0NS. Facioscapulohumeral dystrophy
shows the earliest and most severe weakness in facial and shoul-
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and kyphoscoliosis are common complications of axial muscle
involvement. Calf pseudohypertrophy is not a feature.

Facioscapulohumeral muscular dystrophy may also be a mild
disease causing minimal disability. Clinical manifestations may
not be expressed in childhood and are delayed into middle adult
life. Unlike most other muscular dystrophies, asymmetry of weak-
ness ls common.

Serum levels of CK and other enzymes

of severarthousand.r.tii'#fli?:T3:#.x,.T'ii,n'ji"#':il:
anticipated findings are usually normal. EMG reveals nonspecific
myopathic muscle porentials. Diagnostic molecular testing in
both individual cases and within families is indicated for
prediction.

embraced by the term FSH dystrophy. Muscle biopsy and EMG
also distinguish the primary myopathy from a neurogenic disease
with a similar distribution of muscular involvement. The general
histopathologic findings in the muscle biopsy material are exten-
sive proliferation of connective tissue between muscle fibers.

polymyositis, there is no evidence of autoimmune disease, and
steroids and immunosuppressive drugs do not alter the clinical
course. A precise histopathologic diagnosis has important thera-
peutic implications. Mononuclear cell "inflammation" in a
muscle biopsy sample of infants younger than Zyr is usually
facioscapulohumeral dystrophy.

Physiotherapy is of no value in regaining strengrh or
progressive weakness or muscle wasting. Footdrop
may be treated by orthopedic measures. Cosmetic

improvement of the facial muscles of expression may be achieved
by reconstructive surgery, which grafts a fascia lata to the zygo-
matic muscle and to the zygomatic head of the quadratus labiae
superioris muscle.

608.6 o CoNGENITAT MuscurAR DysrRopHy

The term congenital muscular dystrophy is misleading because all
muscular dystrophies are genetically determined. It is used to
encompass several distinct diseases with a common characteris-
tic of severe involvement at birth but that ironicallv usuallv
follow a benign clinical course. Autosomal recessive inheritancl
is the rule.

CtINICAL MANIFESTATI0NS. Infants often have conrracrures or

three collagen VI genes, each at a different locus.

The Fukuyama type of congenital muscular dystrophy is the
2nd most common muscular dystrophy in Japan (after Duchenne
dystrophy); it has also been reported in children of Dutch,
German, Scandinavian, and Turkish ethnic backgrounds. In the
Fukuyama varietg severe cardiomyopathy and malformations of
the brain usually accompany the skeletal muscle involvement.
Signs and symptoms related to these organs are prominent: car-
diomegaly and heart failure, mental retardation, seizures, micro-
cephaly, and failure to thrive. The genetic defect in Fukuyama
congenital muscular dystrophy has been identified at the 8q31-
33 locus in Japanese patients.

Neurologic disease may accompany forms of congenital mus-
cular dystrophy other than Fukuyama disease. Mental and neu-
rologic status are the most variable features; an apparently
normal brain and normal intelligence do not preclude the diag-
nosis if other manifestations indicate this myopathy. The cerebral
malformations that occur are not consistently oi or. type and
vary from severe dysplasias (holoprosencephaly lissencephaly) to
milder conditions (agenesis of the corpus callosum, focal hetero-
topia of the cerebral cortex and subcortical white matter, cere-
bellar hypoplasia). Congenital muscular dystrophy is a consistent
association with cerebral dysgenesis in the Walker-Warburg
syndrome and in muscle-eye-brain disease of Santavuori. The
neuropathologic findings are those of neuroblast migratory
abnormalities in the cerebral cortex, cerebellum. and brainstem.
Mutations in genes of O-mannosylation of a-dystroglycan, essen-
tial for neuroblast migration in the fetal brain, have been demon-
strated: POMTL and POMGnTI. Another separate form of
congenital muscular dystrophy is characterized by microcephaly
and mental retardation.

marginal increases are sometimes found. EMG shows nonspecific
myopathic features. Investigation of all forms of congenital
muscular dystrophy should include cardiac assessment and an
imaging study of the brain. Muscle biopsy is essential for the
diagnosis.

DIAGNOSIS. Muscle biopsy is diagnostic in the neonatal period or
thereafter. An extensive proliferation of endomysial collagen
envelops individual muscle fibers even at birth, also causing them
to be rounded in cross-sectional contour by acting as a rigid
sleeve, especially during contraction. The perimysial connective
tissue and fat are also increased, and the fascicular organization
of the muscle may be disrupted by the fibrosis. Tissue cultures of
intramuscular fibroblasts exhibit increased collagen synthesis, but
the structure of the collagen is normal. Muscle fibers vary in
diameter, and many show central nuclei, myofibrillar splitting,
and other cytoarchitectural alterations. Scattered degenerating
and regenerating fibers are seen. No inflammation or abnormal
inclusions are found.

Immunocytochemical reactivity for merosin (a,2 chain of
laminin) at the sarcolemmal region is absent in about 40% of
cases and normally expressed in the others (Figs. 508-5 and 608-
6). Merosin is a protein that binds the sarcolemmal membrane
of the myofiber to the basal lamina or basement membrane. Its
defect is a mutarion of the LAMA2 gene at the 6q22-q23 locus.
Merosin also is expressed in brain and in Schwann cells. The pres-
ence or absence of merosin does not always correlate with the
severity of the myopathy or predict its course, but cases with
merosin deficiency tend to have more severe cerebral involvement
and myopathy. Adhalen (o-dystroglycan) may be secondarily
reduced in some cases. Collagen VI is selectively reduced or
absent in Ullrich disease.

TBEATMENT. Only supportive therapy is available.
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Figure 608-5. Quadriceps femoris muscle biopsy of a 6 mo old girl with congenital muscular dystrophy associated with merosin (crzlaminin) deficiency' A, His-

tologically, the muscle is infiltrated by a great proliferation of collagenous connective tissue; myofibers vary in diameter, but necrotic fibers are rare. B, Immuno-

cytochemical reactivity for merosin (cr2-laminin) is absent in all fibers, including the intrafusal myofibers of a muscle spindle seen at bottom' C,

Dystrophin expression (rod domain) is normal. Compare with Figures 608-2, 608-3, and 608-6.

Figure 608-6. Quadriceps femoris muscle biopsy specimen of a 2 yr old girl with congenital muscular dystrophy. A, The fascicular architecture of the muscle is

seierely disrupted, and muscle is replaced blfat and connective ii..r"; ih. remaining small groups of myofibers of variable size are seen, including a muscle

spindle at top. B, Me.osi. expression is normal in both extrafusal fibers of all sizes and in intrafusal spindle fibers. The severity of the myopathy does not relate

to the presence or absence of merosin in congenital muscular dystrophy. Compare with Figure 608-5'

*
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t inism, the Kocher-Debr6-S6m6laigne syndrome, is characterized
by generalized pseudohypertrophy of weak muscles. Infants may
have a Herculean appearance reminiscent of myotonia congenita.
The serum creatine kinase (CK) level is elevated in hypothyroid
myopathy and returns to normal after thyroid replacement
therapy.

Results of muscle biopsy in hypothyroidism reveal acure myo-
pathic changes, including myofiber necrosis and sometimes
central cores. In hyperthyroidism, the muscle biopsy specimen
shows only mild, nonspecif ic myopathic changes without necro-
sis of myofibers.

Both rhe cl inical and pathologic features of hyperthyroid
myopathy and hypothyroid myopathy resolve after appropriate
treatment of the thyroid disorder. Many of the sysremic symp-
toms of hyperthyroidism, including myoparhic weakness
and ophthalmoparesis, improve with the administrat ion of B
blockers.

Hyperparathyroidism (see Chapter 574). Most patienrs with
primary hyperparathyroidism develop weakness, fat igabi l i ty, fas-

THYROID MYOPATHIES (SEE ALSO PART XXV,
sEcTroN 2.)

Thyrotoxicosis causes proximaI weakness and wasring accompa-
nied by mvopathic eletromyographic changes. Thyroxine brnds
to myofibri ls and, i f  in excess, impairs conrracri le funcrron.
Hyperthyroit l ism may also in. iuce myasrhenia gravis and
hypokalemic periodic paralysis.

Hypothyroidism, whether congenital or acquired, consistently
produces hypotonia and a proximal distr ibution of weakness.
Although muscle wasting is most characteristic, one form of cre-
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ciculations, and muscle wasting that are reversible after removal
of the parathyroid adenoma. The serum CK and muscle biopsy
remain normal, bur rhe electromyography may show nonspecific
myopathic features. A minority of patients develop myotonia that
could be confused wirh mi'otonic dystrophy.

STEROID-INDUCED MYOPATHY

Both natural Cushing disease and iatrogenic Cushrng syndrome
due to exogenous cort icosteroid administrat ion may cause
painless, symmetrical,  progressive proximal weakness, increased
serum CK levels, and a myopathic electromyogram and muscle
biopsy specimen (see Chapter 578). Myosin f i laments may be
selectively lost. The 9cr-fluorinated steroids, such as dexametha-
sone, betamethasone, and tr iamcinolone, are the most l ikely tcr
produce steroid myopdthy. Dexamethasone alters the abundance
of ceramides in mvotubes in developing muscle. In patients with
dermatomyosit is or other myopathies treated with steroids, i t  is
sometimes dif f icult  to dist insuish refractoriness of the disease
from steroid-induced weakneis, especial ly after long-term steroid
administration. All patients who have been taking steroids for
long periods develop reversible type lI myofiber atrophy; this is
a steroid effect but is not steroid myopathy unless it progresses
to become a necrotizing myopathy. At greatest risk in the pedi-
atric age group are children requiring long-term steroid therapy
for asthma, rheumatoid arthri t is, dermatomyosit is, lupus, and
other autoimmune or inf lammatorv diseases. and in the treatment
of leukemia and other hematoloeic diseases. In addit ion tcr
steroids, acute or chronic toxic myopathies may occur from other
drugs (Table 609-1).

Hyperaldosteronism (Conn syndrome) is accompanied by
episodic and reversible weakness srmilar to that of periodic paral-
ysis. The proximal myopathy may become irreversible in chronic
cases. Elevated CK levels and even myoglobinuria sometimes
occur during acute attacKs.

Chronic growth hormone excess (sometimes illicitly by ado-
lescent athletes) or in acromegaly produces atrophy of some
myofibers and hypertrophy of others, and scattered myofiber
degeneration. Despite augmented protein synthesis induced by
growth hormone, it impairs myofibrrllar ATPase activity and
reduces sarcolemmal excitabi l i ty, with a result of diminished,

fi:T: 
,nr" increased, strength to correspond to the larger muscle
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The differential diagnosis of metabolic myopathies is noted in
Table 610-1.

610.1 . PrRroorc PnRRlysrs (Pornssrurvr-Rrmrr0)

Episodic, reversible weakness or paralysis known as periodic
paralysis is associated with transient alterations in serum potas-
sium levels, usually hypokalemia but occasionally hyperkalemia.

Chapter 610 r Metabolic Myopathies r 255t

All familial forms of periodic paralysis are caused by mutations
in genes encoding voltage-gated ion channels in muscle: sodium,
calcium, and potassium (Table 608-1). During attacks, myofibers
are electrically inexcitable, although the contractile apparatus can
respond normally to calcium. The disorder is inherited as an auto-
somal dominant trait. It is precipitated in some patients by a
heavy carbohydrate meal, insul in, adrenaline including that
induced by emotional stress, hyperaldosteronism or hyperthy-
roidism, administrat ion of amphotericin B, or ingestion of
l icorice. The defective genes are at the 17q13.1-13.3 locus in
hyperkalemic periodic paralysis, the same as in paramyotonia
congenita, and at the 1q31-32 locus in hypokalemic periodic
paralysis.

Attacks often begin in infancy and the disease is nearly always
symptomatic by 10 yr oI age, affecting both sexes equally. In
chi ldhood, periodic paralysis is an episodic eventi  patients are
unable to move after awakening and gradually recover muscle
strength during the next few minutes or hours. Muscles that
remain active in sleep, such as the diaphragm and cardiac muscle,
are not affected. Patients are normal between attacks, but in adult
life rhe attacks become more frequent, and the disorder causes
progressive myopathy with permanent weakness even between

il::ii. 
The usual frequency of attacks in childhood is once a

Alterations in serum potassium level occur only during acute
episodes and are accompanied by T:wave changes in the electro-
cardiogram. Hypokalemia may be due to alterations in caicium
gradients. The creatine kinase (CK) level may be mildly elevated
at those times. Plasma phosphate levels often decrease during
symptomatic periods. Muscle biopsy findings are often normal
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between attacks, but during an attack a vacuolar myopathy is
demonstrated. Pathologic changes in the periodic paralyses are
similar whether the disease is due to a sodium or potassium
channel defect, suggesting that they may result from the recur-
rent paralytic state rather than the specific channelopathy. The
vacuoles are dilated sarcoplasmic reticulum and invaginations of
the extracellular space into the cytoplasm, and they may be 6lled
with glycogen. Hypoglycemia does nor occur.

TREATMENT. Paralytic attacks of hypokalemic periodic paralysis
are best treated by the oral administration of potassium or even
fruit juices that contains potassium. A low sodium intake and the
administration of acetazolamide, 125-250 mg bid or tid in
school-age children, often is effective in abolishing artacks or at
least reducing their frequency and severity. Spironolactone, in a
dose of 100-200 mglday PO in school-aged children may be ben-
eficial as well.

610.2 o MAUGNANT HvpERTHERMIA

(See also Chapters 76 and 607.4.)
This syndrome is usually inherited as an autosomal dominant

trait. It occurs in all patients with central core disease but is not
limited to that particular myopathy. The gene is at the 19q13.1
locus in both central core disease and malignant hyperthermia
without this specific myopathy. At least 1.5 separate murations in
this gene are associated with malignanr hyperthermia. The gene
programs the ryanodine receptor, a tetrameric calcium release
channel in the sarcoplasmic reticulum, in apposition to the
voltage-gated calcium channel of the transverse tubule. It occurs
rarely in Duchenne and other muscular dystrophies, in various
other myopathies, and in an isolated syndrome not associated
with other muscle disease. Affected children sometimes have
peculiar facies. All ages are affected, including premature infants
whose mothers underwent general anesthesia for cesarean
sectron.

Acute episodes are precipitated by exposure to general anes-
thetics and occasionally ro local anestheric drugs. Patients sud-
denly develop extreme fever, rigidity of muscles, and metabolic
and respiratory acidosis; the serum CK level rises to as high as
35,000 IU/L. Myoglobinuria may result in tubular necrosis and
acute renal failure.

The muscle biopsy specimen obtained during an episode of
malignant hyperthermia or shortly afterward shows widely scat-
tered necrosis of muscle fibers known as rhabdomvolvsis.
Between attacks, the muscle biopsy specimen is normal'unless
there is an underlying chronic myopathy.

It is importanr to recognize patients at risk of malignant hyper-
thermia because the attacks may be prevented by administering
dantrolene sodium before an anesthetic is given. Identification of
patients at risk, such as siblings, is done by the caffeine contrac-
ture test: A portion of fresh muscle biopsy tissue in a saline bath
is attached to a strain gauge and exposed to caffeine and other

610.3 o GrYcocENosEs

(See also Chapter 87.1.)
Glycogenosis I (von Gierke disease) is not a true myopathy

because the deficient liver enzyme glucose-5-phosphatase is not
normally present in muscle. Nevertheless, children with this
disease are hypotonic and mildly weak for unknown reasons.

Glycogenosis II (Pompe disease) is an autosomal recessively
inherited deficiency of the glycolytic lysosomal enzyme acid
maltase. Of the 12 known glycogenoses, type II is the only one
with a defective lysosomal enzyme. The defective gene is at locus
17q23. Two forms are described. The infantile form is a severe
generalized myopathy and cardiomyopathy. Patients have car-
diomegaly and hepatomegaly and are diffusely hypotonic and
weak. The serum CK level is greatly elevated. A muscle biopsy
specimen reveals a vacuolar myopathy with abnormal lysosomal
enzymatic activities such as acid and alkaline phosphatases.
Death in infancy or early childhood is usual.

The late childhood or adult form is a much milder myopathy
without cardiac or hepatic enlargement. It may not become clin-
ically expressed until later childhood or early adult life but may
be symptomatic as myopathic weakness and hypotonia even in
early infancy. Even in late adult-onset acid maltase deficiency,
more than lz of the patients report diffculties with muscle
strength dating from childhood.

The serum CK level is greatly elevated, and the muscle biopsy
findings are diagnostic even in the presymptomatic stage. The
diagnosis of glycogenosis II is confirmed by quantitative assay of
acid maltase activity in muscle or liver biopsy specimens. A rare
KM variant of the milder form of acid maltase deficiencv mav
show muscle acid maltase activity in the low normal rangl witir
only intermittent decreases to subnormal values, but the muscle
biopsy findings are similar although milder. In another form,
Danon disease, transmitted as an X-linked recessive trait at the
Xq24 locus, the primary deficiency is lysosomal membrane
protein-2 (LAMP2) and results in hypertrophic cardiomyopathg
proximal myopathy, and mental retardation.

Glycogenosis III (Cori-Forbes disease), deficiency of debran-
cher enzyme (amylo-1,5-glucosidase), is more common than is
usually diagnosed, and is generally the least severe. Hypotonia,
weakness, hepatomegaly, and fasting hypoglycemia in infancy are
common, but these features often resolve spontaneously, and
patients become asymptomatic in childhood and adult life.
Others experience slowly progressive distal muscle wasring,
hepatic cirrhosis, recurrent hypoglycemia, and heart failure. This
more serious chronic course is particularly seen in the Inuit pop-
ulation (Eskimos). Minor myopathic findings including vacuola-
tion of muscle fibers are found in the muscle biopsy specimen.

Glycogenosis fV (Andersen disease) is a deficiency of brancher
enzyme, resulting in the formation of an abnormal glycogen
molecule, amylopectin, in the liver, reticuloendothelial cells, and
skeletal and cardiac muscle. Hypotonia, generalized, weakness,
muscle wasting, and contractures are the usual signs of myopathic
involvement. Most patients die before age 4 yr because of hepatic
or cardiac failure. A few children without neuromuscular mani-
festations have been described.

Glycogenosis V (McArdle disease) is due to muscle phospho-
rylase deficiency inherited as an aurosomal recessive trait at locus
11q13. Exercise intolerance is the cardinal clinical feature. Phys-
ical exertion results in cramps, weakness, and myoglobinuria, but
strength is normal between attacks, The serum CK level is ele-
vated only during exercise. A characteristic clinical feature is lack
of the normal rise in serum lactate level during ischemic exercise
because of inabiliry to convert pyruvate to lactate under ana-
erobic conditions in vivo. Myophosphorylase deficiency may
be demonstrated histochemically and biochemically in the
muscle biopsy tissue. Some patients have a defect in adenosine
monophosphate-dependent muscle phosphorylase-b-kinase, a



phosphorylase enzyme activator. Muscle phosphorylase defi-
ciency was the first neuromuscular disease to be diagnosed by
MR spectroscopy, that shows that intramuscular pH does not
decrease with exercise and there is no depletion of ATPase. but
the phosphocreatine concentrat ion fal ls excessively. This nonin-
vasive technique may be useful in some patients if the radiologist
is experienced with the disease.

A rare neonatal form of myophosphorylase deficiency causes
feeding difficulties in early infancy, may be severe enough to result
in neonatal death, or may follow a course of slowly progressive
weakness resembling a muscular dystrophy.

The long-term prognosis is good. Patients must learn to mod-
erate their physical activities, but they do not develop severe
chronic myopathic handicaps or cardiac involvement.

Glycogenosis WI (Tarui disease) is muscle phosphofructoki-
nase deficiency. Although this disease is more rare than glyco-
genosis V, the symptoms of exercise intolerance, clinical course,
and inability to convert pyruvate to lactate are identical. The dis-
tinction is made by biochemical study of the muscle biopsy spec-
imen. It is transmitted as an autosomal recessive trait at the
1cenq32 locus.

610.4 o MlrocHoNDRrAL MYo HrEs

(See also Chapters 87.4 and 598.2.)
Several diseases involving muscle, brain, and other organs are

associated with structural and functional abnormalities of mito-
chondria, producing defects in aerobic cellular metabolism, the
electron transport chain, and the Krebs cycle. The structural aber-
rations are best demonsirated by electron microscopy of the
muscle biopsy sample, revealing abnormally shaped cristae and
fusion of cristae to form paracrystalline structures. Histochemi-
cal study of the muscle biopsy specimen reveals abnormal clump-
ing of oxidative enzymatic activity, scattered myofibers with loss
of cytochrome-c oxidase activity, sometimes increased neutral
lipids because of impaired lipid metabolism, and ragged red
muscle fibers with accumulations of membranous material
beneath the muscle fiber membrane, best demonstrated by special
stains. These characteristic histochemical and ultrastructural
changes are most consistently seen with point mutation in mito-
chondrial transfer RNA. The large mitochondrial DNA (mtDNA)
deletions of 5 or 7.4 kb (the single mitochondrial chromosome
has 16.5 kb) are associated with defects in mitochondrial
respiratory oxidative enzyme complexes, if as few as 27" ol the
mitochondria are affected, but minimal or no morphologic or his-
tochemical changes may be noted in the muscle biopsy specimen,
even by electron microscopy; hence, the quantitative biochemical
studies of the muscle tissue are needed to confirm the diagnosis.
Because most of the subunits of the respiratory chain complexes
are encoded by nuclear DNA (nDNA) rather than mtDNA,
mendelian autosomal inheritance is oossible rather than mater-
nal transmission as with pure mtDNA point mutatrons.

Several distinct mitochondrial diseases that primarily affect
striated muscle or muscle and brain are identified. These can be
divided into the ragged red fiber diseases (Kearns-Sayre, MELAS

[mitochondrial encephalopathS lactic acidosis, and strokelike
symptoms] syndrome, MERRF [myoclonic epilepsy and ragged
red fibersl syndrome, progressive external ophthalmoplegia syn-
dromes) that are associated with a combined defect in respiratory
chain complexes I and IV, and non-ragged fiber diseases (Leigh
encephalopathS Leber hereditary optic atrophy) that involve
complex I or IV alone or, in children, the common combination
of defective comolexes III and V. Kearns-Sayre s\tnd.ron e is char-
acterized by the'triad of progressive external ophthalmoplegia,
pigmentary degeneration of the retina, and onset before age
20yr. Heart block, cerebellar deficits, and high cerebrospinal
fluid protein content are often associated. Visual evoked poten-
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tials are abnormal. Patients usually do not experience weakness
of the trunk or extremities or dysphagia. Most cases are sporadic.

Chronic progressiue external opbthalmoplegia may be isolated
or accompanied by limb muscle weakness, dysphagia, and
dysarthria. A few patients described as having ophthalmoplegia
plus have additional central nervous system involvement. Auto-
somal dominant inheritance is found in some pedigrees, but most
cases are sporadic.

MERRF and MELAS syndromes are other mitochondrial dis-
orders affecting children. The latter is characterized by stunted
growth, episodic vomiting, seizures, and recurrent cerebral insults
causing hemiparesis, hemianopia or even cortical blindness, and
dementia. The disease behaves as a degenerative disorder, and
children die within a few years.

Other "degenerative" diseases of the central nervous system
that also involve myopathy with mitochondrial abnormalities
include Leigh subacute necrotizing encephalopathy (see Chapter
87.41 and cerebrohepatorenal (Zellweger) disease (see Chapter
86.2). Another recognized mitochondrial myopathy is
cytochrome-c oxidase defi ciency. Oculopharyngeal muscular dys-
trophy is also fundamentally a mitochondrial myopathy. Mito-
cbondial depletion syndrome of eaily infancy is characterized
by severely decreased oxidative enzymatic activities in all 5 of the
complexes; in addition to diffuse muscle weakness' neonates and
young infants may show multisystemic involvement, with failure
of liver, kidney, and heart functions; encephalopathy; and some-
times bullous skin lesions or generalized edema. Many other rare
diseases with only a few case reports are suspected of being mito-
chondrial disorders. It is also now recognized that secondary
mitochondrial defects occur in a wide range of non-mitochon-
drial diseases, including inflammatory autoimmune myopathies'
and some cerebral malformations, and also may be induced by
certain drugs and toxins, so that interpretation of mitochondrial
abnormalities as primary defects must be approached with
cautron.

mtDNA is distinct from the DNA of the cell nucleus and is
inherited exclusively from the mother; mitochondria are present
in the cytoplasm of the ovum but not in the head of the sperm,
the only part that enters the ovum at fertilization. The rate of
mutation of mtDNA is 10 times higher than that of nDNA. The
mitochondrial respiratory enzyme complexes each have subunits
encoded either in mtDNA or nDNA. Complex II (succinate dehy-

this reason, mitochondrial diseases of muscle may be transmitted
as autosomal recessive traits rather than by strict maternal trans-
mission, even though all mitochondria are inherited from the
motner.

In Kearns-Sayre syndrome, a single large mtDNA deletion has
been identified, but other genetic variants are known; in MERRF
and MELAS syndromes of mitochondrial myopathg point muta-
tions occur in transfer RNA (see Table 507-1'\.

There is no effectiue treatment of mitocbondrial cytopathies,
but various "cocktails" are often used empirically to try to over-
come the metabolic deficits. These include oral carnitine supple-
ments, riboflavin, coenzyme Qro, ascorbic acid (vitamin C),
vitamin E, and other antioxidants. Although some anecdotal
reports are encouraging, no controlled studies that prove efficacy
have been published.

610.5 o LrPrD MYo HtEs

(See Chapter 86.4.)
Considired as metabolic organs' skeletal muscles are the most

important sites in the body for long-chain fatty acid metabolism
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because of their large mass and their rich density of mitochon-
dria where fatty acids are metabolized. Hereditary disorders of
lipid metabolism that cause progressive myopathy are an impor-
tant, relatively common, and often treatable group of muscle dis-
eases. Increased lipid within myofibers is seen in the muscle
biopsy of some, but not all, mitochondrial myopathies and is a
constant, rather than an unpredictable, feature of specific dis-
eases. Among the ragged red fiber diseases, Kearns-Sayre syn-
drome always shows increased neutral lipid, whereas MERRF
and MELAS syndromes do not, a useful diagnostic marker for
the pathologist.

Musclc carnitine dcficienqt is an autosomal recessive disease
involving defcient transport of dietary carnitine across the
intestinal mucosa. Carnitine is acquired from dietary sources but
is also synthesized in the liver and kidneys from lysine and
methionine; it is the obligatory carrier of long- and medium-chain
fatty acids into muscle mitochondria.

The clinical course may be one of sudden exacerbations of
weakness or may resemble a progressive muscular dystrophy with
generalized proximal myopathy and sometimes facial, pharyn-
geal, and cardiac involvement. Symptoms usually begin in late
childhood or adolescence or may be delayed until adult life. Pro-
gression is slow but may end in death.

Serum CK level is mildly elevated. Muscle biopsy material
shows vacuoles filled with lipid within muscle fibers in addition
to nonspecific changes suggeitive of a muscular dystrophy. Mito-
chondria may appear normal or abnormal. Carnitine measured
in muscle biopsy tissue is reduced, but the serum carnitine level
rs normal.

teatment stops rhe progression of the disease and may even
restore lost strength if the disease is not too advanced. It consists
of special diets low in long-chain fatty acids. Steroids may
enhance fatty acid transporr. Specific therapy with L-carnitine
taken orally in large doses overcomes the intestinal barrier in
some patients. Some patients also improve when given supple-
mentary riboflavin, and other patients seem to improve with
propranolol.

Systemic camitine d.eficienqt is a disease of impaired renal and
hepatic synthesis of carnitine rather than a primary myopathy.
Patients with this autosomal recessive disease experience pro-
gressive proximal myopathy and show muscle biopsy changes
similar to those of muscle carnitine deficiency: however. the onset
of weakness is earl ier and may be evident 'at birth. Endocard-
ial fibroelastosis also may occur. Episodes of acute hepatic
encephalopathy resembling Reye syndrome may occur. Hypo-
glycemia and metabolic acidosis complicate acute episodes.

The concentration of carnitine is reduced in serum as well as
in muscle and liver. A similar clinical syndrome mav be a com-
plication of renal Fanconi syndrome because of excessive urinary
loss of carnitine or loss during chronic hemodialysrs.

Treatment with L-carnitine improves the maintenance of blood
glucose and serum carnitine levels but does not reverse the ketosis
or acidosis or improve exercise capacity.

Muscle camitine palmitoybransferase (CPT) d.eficienqt pre-
sents as episodes of rhabdomyolysis, coma, and elevated serum
CK level that may be indistinguishable from Reye syndrome. CPT
transfers long-chain fatty acid acyl coenzyme A residues to car-
nitine on the outer mitochondrial membrane for transoort into
the mitochondria. Exercise intolerance and myoglobinuria .esem-
ble glycogenoses V and VIL The degree of exercise that triggers
an attack varies among individuals, ranging from casual walliing
to strenuous exercise. Myoglobinuria is an inconstant feature.
Fasting hypoglycemia may occur. Some patients present only in
late adolescence or adult life with myalgias. Genetic transmission
is autosomal recessive, due to a defect on chromosome 1 at the
1p32 locus. Administration of valproic acid may precipitate acure
rhabdomyolysis with myoglobinuria in patients with CPT defi-
ciency; it should be avoided in the treatment of seizures or
migraine if they occur.

610.6 o VIIAMIN E DenqrncY MYOPATHY

Deficiency of vitamin E (cr-tocopherol, an antioxidant also impor-
tant in mitochondrial superoxide generation) in experimental
animals produces a progressive myopathy closely resembling a
muscular dystrophy. Myopathy and neuropathy are recognized
in humans who lack adequate intake of this antioxidant. Patients
with chronic malabsorption, those undergoing long-term dialy-
sis, and premature infants who do not receive vitamin E supple-
ments are particularly vulnerable. Treatment with high doses of
vitamin E may reverse the deficiency. Myopathy due to chronic
hypervitaminosis E also occurs.
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This chronic disease is characterized by rapid fatigability of stri-
ated muscle. The most frequent cause is an immune-mediated
neuromuscular blockade. Tlie release of acerylcholine (ACh) into
the synaptic cleft by the axonal terminal is normal, but the post-
synaptic muscle membrane or motor end plate is less responsive
than normal. A decreased number of available ACh receptors is
due to circulating receptor-binding antibodies in most cases of
acquired myasthenia. The disease is generally nonhereditary and
is an autoimmune disorder. A rare familial myasthenia gravis is
probably an autosomal recessive trait and is not associated with
plasma anti-Ach antibodies. One familial form is a deficiency of
motor end plate ACh, designated AChE. Infants born to myas-
thenic mothers may have a transient neonatal myasthenic syn-
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drome secondary to placentally transferred anti-ACh receptor
antibodres, drstinct from congenital myasthenia gravis (Table
6 1 1 - 1 ) .

CLINICAL MANIFESTATI0NS. Three cl inical variet ies are dist in-
guished in childhood: juvenile myasthenia gravis in late infancy
and childhood, congenital myasthenia, and transient neonatal
myasthenia. In the juvenile form, ptosis and some degree of
extraocular muscle weakness are the earl iest and most constant
signs. Older chi ldren may complain of diplopia, and voung chi l-
dren may hold open their eyes with their fingers or thumbs if the
ptosis is severe enough to obstruct vision. The pupillary responses
to l ight are preserved. Dysphagia and facial weakness are also
common, and in early infancy, feeding difficulties are often the
cardinal sign of myasthenia. Poor head control because of weak-
ness of the neck flexors is also prominent. Involvement may be
l imited to bulbar- innervated muscles, but the disease is systemic
and weakness involves l imb-eirdle muscles and distal muscles of
the hands in most cases. Fasi iculat ions of muscle, myalgias, and
sensory symptoms do not occur. Tendon stretch reflexes may be
diminished but rarely are iost.

Rapid fatigue of muscles is a characteristic feature of myas-
thenia gravis that dist inguishes i t  from most other neuromuscu-
lar diseases. Ptosis increases progressively as patients are asked
to sustarn an upward gaze for 30-90 sec. Holding the head up
from the surface of the examining table while lying supine is very
difficult, and gravity cannot be overcome for more than a few
seconds. Repetitive opening and closing of the fists produces
rapid fatigue of hand muscles, and patients cannot elevate their
arms for more than L-2 min because of fatigue of the deltoids.
Patrents are more symptomatic late in the day or when tired. Dys-
phagia may interfere with eating, and the muscles of the jaw soon
tire when an affected child chews.

If untreated, myasthenia gravis is usually progressive and may
become life threatening because of respiratory muscle involve-
ment and the risk of aspiration, particularly at times when the
child is otherwise ,n*ell *ith atr ,tpp.t respiratory tract infec-
tion. Familial myasthenia gravis usually is not progressive.

Infants born to myasthenic mothers may have respiratory
insufficiency, inability to suck or swallow, and generalized hypo-
tonia and weakness. They may show little spontaneous motor
activi ty for several days to weeks. Some require venti latory
support and feeding by gavage during this period. After the
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abnormal antibodies disappear from the blood and muscle t issue,

the infants regain normal strength and are not at increased risk

of developing myasthenia gravis in later childhood. This syn-
drome of transient neonatal myastbenia grauis is to be distin-

suished from a rare and often hereditary congenital myasthenia
gravis not related to maternal myasthenia that is nearly always a
permanent disorder without spontaneous remission (see Table

611-1.).
Three presynaptic congenital myasthenic syndromes are recog-

nized, al l  as autosomal recessive traits; some of these have
anti-MuSK antibodies. These chi ldren exhibit  weakness of
extraocular, pharyngeal, and respiratory muscles and later show
shoulder girdle weakness as well. Episodic apnea is a problem in

congenital myasthenia gravis. Another synaptic form is caused by

absence or marked deficiency of AChE in the synaptic basal

some adults, rarely coexist with myasthenia gravis in children;
nor do carcinomas of the lung occur, which produce a unique
form of myasthenia in adults, Eaton-Lambert syndrome. Postin-
fectious myasthenia gravis in children is transitory and usually
follows a varicella-zoster infection in 2-5 wk as an immune

response.

LAB0RAT0RY FINDINGS AND DIAGNOSIS, Myasthenia gravis is 1

of the few neuromuscular diseases in which electromyography
(EMG) is more speciGcally diagnostic than a muscle biopsy. A

Jecremental response is seen in response to repeti t ive nerve st im-

ulation; the muscle potentials diminish rapidly in amplitude until

the muscle becomes refractory to further stimulation. Motor

nerve conduction velocity remains normal. This unique EMG

pattern is the electrophysiologic correlate of the fatigable weak-

ness observed clinically and is reversed after a cholinesterase

inhibitor is administered. A myasthenic decrement may be absent
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or difficult to demonstrate in muscles that are not involved clin-
ically. This feature may be confusing in early cases or in patients
showing only weakness of extraocular muscles. Microelectrode
studies of end plate potentials and currents reveal whether the
transmission defect is presynaptic or postsynaptic. Special elec-
trophysiologic studies are required in the classification of con-
genital myasthenic syndromes and involve the estimation of the
number of ACh receptors per end plate and in vitro study of end
plate function. These special studies and patch-clamp recordings
of kinetic properties of channels are performed on special biopsy
samples of intercostal muscle strips that include both origin and
insertion of the muscle but are only performed in specialized
centers. If myasthenia is limited to the extraocular muscles,
levator palpebrae and pharyngeal muscles, evoked-potential
EMG of the muscles of the extremities and spine, diagnostic in
the generalized disease, usually is normal.

Anti-ACh antibodies should be assayed in the plasma but are
inconsistendy demonstrated. About 13 of affected adolescents
show elevations, but anri-ACh receptor antibodies are only occa-
sionally demonstrated in the plasma of prepubertal children.
Many luvenile myasthenics who show no anti-ACh antibodies in
serum have instead antibodies against the receptor tyrosine kinase
(MuSK), which also is localized at the neuromuscular junction
and appears essential to fetal development of this junction. Many
cases of congenital myasthenia gravis are due not to a refractory

Other serologic tests of autoimmune disease, such as antinu-
clear antibodies and abnormal immune complexes, should also
be sought. I f  these are posit ive. more extensive autoimmune
disease involving vasculitis or rissues other than muscle is likely.
A thyroid profile should always be examined. The serum creatine
kinase (CK) level is normal in myasthenia gravis.

The heart is not involved, and electrocardiographic findings
remain normal. Radiographs of the chesr often reveal an enlarged
thymus, but the hypertrophy is nor a thymoma. It may be fur-
ther defined by tomography or by CT scanning of the anterior
meolastrnum.

The role of conventional muscle biopsy in myasthenia gravis is
limited. It is not required in most cases, but about 77To of
patients show inflammatory changes somerimes called, Iymphor-
rhages that are interpreted by some physicians as a mixed
myasthenia-polymyositis immune disorder. Muscle biopsy tissue
in myasthenia gravis shows nonspecific type II muscle fiber
atrophy, similar to that seen with disuse atrophy, steroid effects
on muscle, polymyalgia rheumatica, and many other conditions.
The ultrastructure of motor end plates shows simplification of
the membrane folds; the ACh receptors are located in these post-
synaptic folds, as shown by bungarotoxin (snake venom), which
binds specifically to the ACh receptors.

A clinical test for myasthenia gravis is administration of a
short-acting cholinesterase inhibitor, usually edrophonium chlo-
ride. Ptosis and ophthalmoplegia improve within a few seconds,
and fatigability of other muscles decreases.

RECOMMENDATIONS ON THE USE OF CHOTINESTERASE INHIBITOBS
AS A DIAGNOSTIC TEST FOR MYASTHENIA GRAVIS IN INFANTS AND
CHILDREN

FOR CHILDREN 2 YR OF AGE OR OLDEB
I . Child should have a specific fatigable weakness that can be measured, such as ptosis of the

eyelids, dysphagia, or inability of cervical muscles to support head; nonspecific generalized
weakness without cranial nerve motor defi(its is not a (riterion.

2. An intravenous infusion should be started to enabl€ the administration of medications in the
event of an adverse reaction.

3. Electrocardiographic monitoring during test is recommended.
4. A dose of atropine sulfate (0.01 mg/kg) should be available in a syringe, ready for lV admin-

istration at the bedside during the edrophonium teslto block acute muscarinic effects ofthe
cholinesterase inhibitor (mainly abdominal cramps and/or sudden dianhea from increased
peristalsis, profuse bronrhotrarheal secretions that may obstruct the airway,or, rarely, cardiac
anhythmias, if needed.Some physicians pretreat all patients with atropine before adminis-
tering edrophonium, but this is not recommended unless there is a history ofreaction t0 tests.
Remember that atropine may ouse the pupib to be dilated and fixed for as long as 14 days
after a single dose, and the pupillary effects of homatropine may last 4-7 days.

5. Edrophonium chloride (Tensilon) is administered intravenously. Initially, a test dose of
0.04 mg/kg k given to ensure that the patient does not have an allergic reaction or is other-
wise very sensitive to muscarinic side effects. lf this test dose is well tolerated, the diagnos-
ti( dose adminiiteled is 0.1-0.2 mg/kg (maximum single dose is 10 mg regardless ofweight;
in children weighing <30 kg,2 mg is the maximum dose;a gpical dose for a 3-5 yr old rhild
is 5 mg).These same doses may be given intramuscularly or subrutaneously, but these routes
are not recommended because the results are much more variable due to unpredictable
absorption, and the test may be ambiguous u falsely negative.

6. Effeds should be seen within l0 sec and disappear within 120 sec; weakness is measured
(e.9., distance between upper and lower eyelids before and after administration, degree of
extenal ophthalmoplegia, ability to swallow a sip of watel).

7. Long-acting cholinesterase inhibitors, such as pyridostigmine (Mestinon) are generally not as
useful for the arute asseJsment of myasthenic weakness. The prostigmine test may be used
(as outlined later) but may not be as definitively diagnostk as the edrophonium test.

FOR INFANTS YOUNGER THAN 2 YR OF AGE
1. lnfants ideally should have a specific fatigable weakness that can be measured, such as ptosis

ofthe eyelids, dysphagia, and inability of cervical muscles to support head; nonspecific gen-
eralized weakness without cranial nerve motor deficits k less easy t0 assess results but may
be a criterion at times.

2. An lV infusion should be started as a rapid route for medications in the event of an adverse
effect ofthe test medi(ation.

3. Electrocardiographir monitoring is recommended during test.
4. Pretreatment with atropine sulfate to block the muscarinic effects of the test medi(ation is

not recommended but should be available at the bedside in a prepared syringe. lf needed, it
should be administered intravenously in a dose 0f0.1 mg/kg.

5. Edrophonium is not recommended for use in infants; its effect is too brieffor objedive assers-
ment and an increased inddenre of acute cardia( anhythmias k reported in infants, espe-
cially neonates, with this drug.

6. Prostigmine methykulfate (Neostigmine) is administered intramuscularly at a dose of 0.04
mg/kg; if the result is negative or equivocal, another dose of 0.04 mg/kg may be adminis-
tered 4 hr after the fint dose (a gpkal dose is 0.5-1.5 mg). The peak effect is seen in 20-
,O min. Intravenous prostigmine is (ontraindicated because of risk of cardiac anhythmias,
induding fatal ventilcular fibrillation, especially in young infants.

7. Long-acting cholinesterase inhibitors administered orally, such as pyridostigmine (Mestinon),
are generally not as useful for the acute assessment of myasthenic weakness because onret
and duration are less predictable.

Where should test be performed? The setting may be the emer-
gency department, hospital ward, or, at times, a physician's office;
the important issue is preparation for potential complications
such as cardiac arrhythmia or cholinergic crisis, as previously
outlined.

TREATMENT. Some patients with mild myasrhenia gravis require
no treatment. Cholinesterase-inhibiting drugs are the primary
therapeutic agents. Neostigmine methylsulfate (0.04 mg/kg) may
be given intramuscularly every 4-6hr, but mosr patients tolerate
oral neostigmine bromide, 0.4 mg/kg every 4-6 hr. If dysphagia
is a major problem, the drug should be given about 30 min before
meals to improve swallowing. Pyridostigmine is an alternative;
the dose required is about 4 times greater than that of neo-
stigmine, but it may be slightly longer acting. Overdoses of
cholinesterase inhibitors produce cholinergic crises; arropine
blocks the muscarinic effects but does nor block the nicotinic
effects that produce additional skeletal muscle weakness. In the
rare familial myasthenia gravis caused by absence of end plate
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AChE, cholinesterase inhibitors are not helpful and often cause
increased weakness; these patients can be treated with ephedrine
or diaminopyridine, both of which increase ACh release from ter-
minal axons.

Because of the autoimmune basis of the disease, long-term
steroid treatment with prednisone may be effective, Thymectomy
should be considered and may provide a cure. Thymectomy is
most effective in patients with high titers of anti-Ach recepror
antibodies in the plasma and who are symptomatic for <Zyr.
Thymectomy is ineffective in congenital and familial forms of
myasthenia gravis. Treatment of hypothyroidism usually abol-
ishes an associated myasthenia without the use of cholinesterase
inhibitors or steroids.

Plasmapheresis is effective treatment in some children, partic-
ularly those who do not respond to steroids, but plasma exchange
therapy may provide only temporary remission. Intravenous
immunoglobulin (IVIG) is sometimes beneficial and might be
tried before plasmapheresis because it is less invasive. Both
plasmapheresis and IVIG appear to be most effective in patients
with high circulating levels of anti-Ach receptor antibodies.
Refractory patients may respond to rituximab, a monoclonal
antibody to the B-cell CD20 antigen.

Neonates with transient maternally transmitted myasthenia
grauis require cholinesterase inhibitors for only a few days or
occasionally for a few weeks, especially to allow feeding. No
other treatment is usuallv necessarv.

COMPIICAT|0NS. Children with myasthenia gravis do not toler-
ate neuromuscular blocking drugs, such as succinylcholine and
pancuronium, and may be paralyzed for weeks after a single dose.
An anesthesiologist should carefully review myasthenic patients
who require a surgical anesthetic. Also, certain antibiotics may
potentiate myasthenia and should be avoided; these include the
aminoglycosides (gentamicin and others).

PR0GNOSIS. This is difficult to predict. Some patients undergo
spontaneous remission after a period of months or yearsl others
have a permanent disease extending into adult life. Immunosup-
pression, thymectomy, and treatment of associated hypothy-
roidism may provide a cure.

OTHER CAUSES 0F NEUR0MUSCULAR BIOCKADE. Organophos-
phate chemicals, commonly used as insecticides, may cause a
myasthenia-like syndrome in children exposed to these toxins (see
Chapter 58).

Botulism results from ingestion of food containing the toxin of
Clostridium botulinum, a gram-positive, spore-bearing, anaero-
bic bacillus (see Chapter 207l.Honey is a frequent source of con-
tamination. The incubation period is short, only a few hours, and
symptoms begin with nausea, vomiting, and diarrhea. Cranial
nerve involvement soon follows, with diplopia, dysphagia, weak
suck, facial weakness, and absent gag reflex. Generalized hypo-
tonia and weakness then develop and may progress to respira-
tory failure. Neuromuscular blockade is documented by EMG
with repetitive nerve stimulation, Respiratory support may be
required for days or weeks until the toxin is cleared from the
body. No specific antitoxin is available. Guanidine, 35 mg/kg/
24 hr, may be effective for extraocular and limb muscle weakness
but not for respiratory muscle involvement.

Tick paralysis is a disorder of ACh release from axonal termi-
nals due to a neurotoxin that blocks deoolarization. It also affects
large myelinated motor and sensory nerve fibers. This toxin is
produced by the wood tick or dog tick, insects common in the
Appalachian and Rocky Mountains of North America. The tick
embeds its head into the skin, usually the scalp, and neurotoxin
production is maximal about 5-6 days later. Motor symptoms
include weakness, loss of coordination, and sometimes an
ascending paralysis resembling Guillain-Barr6 syndrome. Tendon

reflexes are lost. Sensory symptoms of tingling paresthesias may
occur in the face and extremities. The diagnosis is confirmed by
EMG and nerve conduction studies and by identifying the tick'
The tick must be removed completely, and the buried head not
left beneath the skin. Patients then recover completely within
hours or days.

611.2 o SPTNAL MuscumR RoPHtEs

Spinal muscular atrophies (SMAs) are degenerative diseases of
motor neurons that begin in fetal life and continue to be pro-
gressive in infancy and childhood. The progressive denervation
of muscle is compensated in part by reinnervation from an adia-
cent motor unit, but giant motor units are thus created with sub-
sequent atrophy of muscle fibers when the reinnervating motor
neuron eventually becomes involved. Upper motor neurons
remain normal.

SMA is classified into a severe infantile form, also known as
Werdnig-Hoffmann disease or SMA type 1; a late infantile and
more slowly progressive form, SMA type 2; and a more chronic
or juvenile form, also called Kugelberg-Welander disease, or SMA
type 3. A severe fetal form that is usually lethal in the perinatal
period has been described as SMA type 0. These distinctions are
ilinical and are based on age at onset, severity of weakness, and
clinical course; muscle biopsy does not distinguish types I and 2,

although type 3 shows a more adult than perinatal pattern of
denervation/reinnervation. The type 0 may show biopsy features
more similar to myotubular myopathy because of maturational
arrest; scattered myotubes and other immature fetal fibers also

are demonstrated in the muscle biopsies of patients with rypes 1

ing from motor neuron degeneration more in the brainstem than
the spinal cord.

ETl0t0GY. The cause of SMA is a pathologic continuation of a
process of programmed cell death that is normal in embryonic
life. A surplus of motor neuroblasts and other neurons is gener-

ated from primitive neuroectoderm, but only about Yz survive and

mature to-become neurons; the excess cells have a limited life

cycle and degenerate. If the process that arrests physiologic cell
death fails to intervene by a certain stage, neuronal death may

continue in late fetal life and postnatally' The survivor motor
neuron gene /SMN) arrests apoptosis (programmed cell death) of
motor neuroblasts. Unlike most genes that are highly conserved
in evolution, SMN is a uniquely mammalian gene.

CtlNlGAt MANIFESTATI0NS. The cardinal features of SMA type 1

are severe hypotonia (Fig. 611-1); generalized weakness; thin
muscle mass; ibsent tendon stretch reflexes; involvement of the
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f  isurc ( r l l '1  Tlpe 1 spinal  muscular  atrophy (Werdnig-Hoffmann disease).  Cl inrcal  mani festat ions
infant with severe u'eakness and hvpotonia from birth Note the marked weakness of the limbs and
(B).  (From Volpe J:  Nezrolog t  of  the Newborn,4th ed Phi ladelphia,  WB Saunders,  2001, p.  544 )

of weakness of limb and axial musculature in a 5 wk old
trunk on ventral suspension /A) and of neck on pull to sit

deglut i t ion develop later. Scol iosis becomes a major complication
in many patients u' lrh long survival.

Kugelberg-Welander disease is the mildest SMA (type 3), and
patlents may appear normal in infancv. The progressive weakness
is proximal in distr iburion, part icularly involving shoulder girdle
muscles. Patients are ambulatory. SvmDtoms of bulbar muscle
weakness are rare. About 25% of patienis with this form of SMA

movements may be masked by a thick pad of subcutaneous fat.
Fascicularions are besr observed in the tongue, where almost no
subcutaneous connective t issue separates the muscular layer from
the epirhel ium. I f  the intr insic l ingual muscles are contracted,
such as in crying or when the tongue protrudes, fasciculat ions are
more dif f icult  to see than when the tonsue is relaxed.

The outstretched fingers of children *lttr Slfa often show a
characterist ic tremor owing to fasciculat ions and weakness. I t
should not be confused wiih a cerebellar rremor. Myalgias are
not a feature of SMA.

The heart is nor involved in SMA. Intel l igence is normal, and
children often appear brighter than their normal peers because
the effort they cannor pur inro physical acriviries is redirected to
intel lectual development, and they are often exposed to adult
speech more than to juveni le language because of the social reper-
cussions of the disease.

LABORAT0RY FINDINGS. The serum CK level may be normal bur
more commonly rs mildly elevated in the hundreds. A CK level
of several thousand is rare. Results of motor nerve conduction
studies are normal, except for mild slowing in terminal stages of
the disease, an important feature distinguishing SMA from
peripheral neuropathy. EMG shows f ibr i l lat ion potentials and
other signs of denervation of muscle.

mplest, mosr definitive diagnostic test is a mol-
ker in blood for the SMN gene. Muscie biopsy
ristic pattern of perinatal denervation that is

unlike that of mature muscle. Groups of giant type I fibers are

mixed with fascicles of severely atrophic fibers of both histo-
chemical types (Fig. 611,-2). Scattered immature myofibers resem-
bling myotubes also are demonstrated. In juvenile SMA, the
pattern mav be more similar to adult muscle that has undergone
many cycles of denervation and reinnervation. Neurogenic
changes in muscle also may be demonstrated by EMG, but the
results are less definitive than by muscle biopsy in infancy. Sural
nerve biopsy sometimes shows mild sensory neuropathic changes,
and sensory nerve conduction velocity may be slowed; hypertro-
phy of unmyelinated axons also is seen. At autopsS mild degen-
erative changes are seen in sensory neurons of dorsal root ganglia
and in somatosensory nuclei of the thalamus, but these alterations
are not perceived clinically as sensory loss or paresthesias. The
most pronounced neuropathologic lesions are the extensive neu-
ronal degeneration and gliosis in the ventral horns of the spinal
cord and brainstem moror nuclei, especially the hypoglossal
nucleus.

|igure 611-f. Muscle biopsy of neonate with infantile spinal muscular
arrophy. Groups of giant type I (darkly stained) 6bers are seen within muscle
fascicles of severely atrophic fibers of both histochemical types. This is the
characteristic pattern of perinatal denervation of muscle Myofibrillar ATPase,
preincubated at pH 4.5 (x400).
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GEilETICS. Molecular genetic diagnosis by DNA probes in blood
samples or in muscle biopsy or chorionic villi tissues is available
not only for diagnosis of suspected cases but also for prenatal
diagnosis. Most cases are inherited as an autosomal recessive
trait. The incidence of SMA is 10-15 per 100,000 live births,
affecting all ethnic groups; it is the 2nd most common neuro-
muscular disease, following Duchenne muscular dystrophy. The
incidence of heterozygosity for autosomal recessive SMA is
1 : 50. The genetic locus for all 3 of the common forms of SMA
is on chromosome 5, a deletion at the 5q11-q13 locus, indicat-
ing that they are variants of the same disease rather than differ-
ent diseases. The affected SMN gene contains 8 exons that span
20 kb, tebmeric and centromeric exons that differ only by 5 bp
and produce a transcript encoding 294 amino acids. Another
gene, the neuronal apoptosis inhibitory gene (NAIP), is located
next to the SMN gene and in many cases there is an inverted
duplication with 2 copies, telomeric and centromeric, of both
genes; isolated mutations or deletions of NA/P do not produce
clinical SMA and generate a mostly nonfunctional isoform
lacking the carboxy-terminus amino acids encoded by exon 7.
Milder forms of SMA have more than 2 cooies of SMN2. and in
late-onset patients with homozygous deletion of the SMNl gene,
there are 4 copies of SMN2. An additional gene mapped to
llql3-qZt in SMA may help explain early respiratory failure in
some patrents.

Infrequent families with autosomal dominant inheritance are
described, and a rare XJinked recessive form occurs. Carrier
testing by dose analysis is available.

TREATMENT. No medical treatment is able to delay the progres-
sion. Supportive therapy includes orthopedic care with particular
attention to scoliosis and joint contractures, mild physiotherapy
and mechanical aids for assisting the child to eat and to be as
functionally independent as possible. Most children learn to use
a computer keyboard with great skill but cannot use a pencil
easily.

611.3 o 0THER Moron Neunon DrseRsrs

Motor neuron diseases other than SMA are rare in children.
Poliomyelitis used to be a major cause of chronic disability, but
since the routine use of polio vaccine, this viral infection is now
rare (see Chapter 246). Other enteroviruses, such as Coxsackie
and Echo viruses, or the live polio vaccine virus may also cause
an acute infection of motor neurons with symptoms and signs
similar to poliomyelitis, although usually milder. Specific poly-
merase chain reaction tests and viral cultures of cerebrospinal

Li'*Xi:.0:Xti:stic. 
Motor neuron infection with the west Nile

A iuvenile form of amyotrophic lateral sclerosis is rare. Upper
motor neuron loss as. well as lower motor neuron loss is evident
clinicallS unlike SMA. The course is progressive and is ultimately
fatal.

Pena-Shokeir and Marden-Walker syndromes are progressive
motor neuron degenerations associated with severe arthrogrypo-
sis and congenital anomalies of many organ systems. Pontocere-
bellar hypoplasias are progressive degenerative diseases of the
central nervous system that begin in fetal life; one form also
involves motor neuron degeneration resembling an SMA, but the
SMN gene or chromosome 5 is normal.

Motor neurons become involved in several metabolic diseases
of the nervous system, such as gangliosidosis (Tay-Sachs disease),
ceroid lipofuscinosis (Batten disease), and glycogenosis II (Pompe
disease), but the signs of denervation may be minor or obscured
by the more prominent involvement of other parts of the central
nervous system or of muscle.

Chapter 612 I Hereditary Motor-Sensory Neuropathies I 255!l

Disorders of Neuromuscular Transmission

Andrews PL: Autoimmune myasthenia gravis in childhood. Semin Neurol

2004;24:1,01-11.0.
Barisic N, Miiller JS, Paucic-Kirincic E, et al: Clinical variability of CMS-EA

(congenital myasthenic syndrome with episodic apnea) due to identical

CHAT mutations in two infants. Eur J Paediatr Neurol 2005;9:7-72.
Dalakas MC: Intravenous immunoglobulin in autoimmune neuromuscular

diseases. J AMA 2004;29 1 :2367 -237 5.
Felice KJ, DiMario F, Conway SR: Postinfectious myasthenia gravis: Report

of 2 cases. J Child Neurol 2005;20:441'444.
Harper CM: Congenital myasthenic syndromes. Semin Neurol 2004;24:

711.-].23.
Maselli RA, KongDZ, Bowe CM, et al: Presynaptic congenital myasthenic

syndrome due to quantal release deficiency. Neurology 2001;57:279-289.

Scherer K, Bedlack RS, Simel DL: Does this patient have myasthenia gravis?

J AMA 200 5 ;29 3 :1.906-191'4.
Schmidt C, Abicht A, Krampfl K, et al: Congenital myasthenic syndrome due

to a novel missense mutation in the gene encoding choline acetyltransferase.
Neuromuscul D isor d 2003 :L3:24 5 -251'.

Vincent A, McConville J, Farrugia ME, et al: Seronegative myasthenia gravis.

Semin N eur ol 2004 ;24:L25-133.
lfylam ME, Anderson PM, Kuntz NL, Rodriguez V Successful treatment of

refractory myasthenia gravis using rituximab: A pediatric case report. ,f
P ediatr 200 3;l 4 3 :67 4-677.

Zafeiiou DI, Pitt M, de Sousa C: Clinical and neurophysiological character-
istics of congenital myasthenic syndromes presenting in eaily infancy' Brain
Deu 2004;26:47-52.

Spinal Muscular Atrophies

Chung BHI Wong VCN, Ip P: Spinal muscular atrophy: survival pattern and

f unctiona I status. P e diatr i cs 2004; 1 1 4 :e548-e5 5 3'
Grohmann K, Varon R, Stolz P, et al: Infantile spinal muscular atrophy with

respiratory distress type 1 (SMARDI). Ann Neurol 2003;54:779-724.
Hardart MKM, Truog RD: Spinal muscular atrophy-type 

'1. 
Atch Dis Child

2003r88:848-850.
Kizilates SU, Talim B, Sel K, et al: Severe lethal spinal muscular atrophy variant

with arthrogryp osis. Pediatr Neurol 200 5 ;32:201-204.
Nadeau A, Anjou GD, Debray FG, et al: A newborn with spinal muscular

atrophy type 0 presenting with a clinicopathological picture of centronu-
clear myopathy. Can J Neurol Sci 2005;32(Suppl 1):545.

Souchon F, Simard LR, Lebrun S, et al: Clinical and genetic study of chronic
(types II and III) childhood onset spinal muscular atrophy. Neutomuscul

Disord 1996;6:419424.
Tachi N, Kikuchi S, Nozuka N, et al: A new mutation of IGHMBP2 gene in

spinal muscular atrophy with respiratory distress type 1" Pediatr Neurol

2005;32:288-290.

The hereditary motor-sensory neuropathies (HMSNs) are a group
of progressive diseases of peripheral nerves. Motor components
generally dominate the clinical picture, but sensory and auto-
nomic involvement is expressed later.

612.1 o Penonrnl Muscuun ArRoPltY
{Gxnncor-MARtE-To0rH Dtsnnsr; HMSN Tvpe l}

This disease is the most common genetically determined neu-
ropathy and has an overall prevalence of 3.8/100'000. It is trans-
mitted as an autosomal dominant trait with 83% expressivity;
the L7p1L.2 locus is the site of the abnormal gene. Autosomal
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recessive transmission also is described, bur is rarer. The gene
product is peripheral myelin protein P22 (PMP22\. A much rarer
X-linked HMSN type I results from a defect at the Xq13.l locus.
causing mutations in the gap junction protein connexin-32.

CtlNlCAt MANIFESTATI0NS, Most patienrs are asympromatic until
late childhood or early adolescence, but young children some-
times manifest gait disturbance as early as the 2nd yr. The per-
oneal and tibial nerves are the earliest and most severely affected.
Children with the disorder are often described as being clumsy,
falling easily, or tripping over rheir own feer. The onset of symp-
toms may be delayed until after the 5th decade.

Muscles of the anterior compartment of the lower legs become
wasted, and the legs have a characteristic stork-like contour. The
muscular atrophy is accompanied by progressive weakness of
dorsiflexion of the ankle and eventual footdrop. The process is
bilateral but may be slightly asymmetric. Pes cavus deformities
invariably develop due to denervation of intrinsic foot muscles,
further destabilizing the gait. Atrophy of muscles of the forearms
and hands is usually not as severe as that of the lower extremi-
ties, but in advanced cases contractures of the wrists and fingers
produce a claw hand. Proximal muscle weakness is a late mani-
festation and is usually mild. Axial muscles are not involved.

The disease is slowly progressive throughout life, but parienrs
occasionally show accelerated deterioration of function over a
few years. Most patients remain ambulatory and have normal
longeviry alrhough orrhotic appliances are required to stabilize
the ankles.

Sensory involvement mainly affects large myelinated nerve
fibers that convey proprioceptive information and vibratory
sense, but the threshold for pain and temperature may also
increase. Some children complain of tingling or burning sensa-
tions of the feet, but pain is rare. Because the muscle mass is
reduced, the nerves are more vulnerable to trauma or compres-
sion. Autonomic manifestations may be expressed as poor vaso-
motor control with blotching or pallor of the skin of the feet and
inappropriately cold feet.

Davidenkow syndrome is a variant of HMSN type I with a
scapuloperoneal distriburron.

slow as 20% of normal conduction time. In new cases without a
family history, both parents should be examined, and nerve con-
duction studies should be performed.

Electromyography (EMG) and muscle biopsy are not usually
required for diagnosis, but they show evidence of many cycles of
denervation and reinnervation. Serum creatine kinase level is
normal. Cerebrospinal fluid (CSF) prorein may be elevated, but
no cells appear in the CSF.

The definitive molecular generic diagnosis may be made in
blood.

Stabilization of the ankles is a primary concern. In
stiff boors that extend ro rhe m;d-calf ofren suffice,

particularly when patients walk on uneven surfaces such as ice
and snow or stones. As the dorsiflexors of the ankles weaken
further, lighrweight plastic splints may be custom made to extend
beneath the foot and around the back of the ankle. They are worn
inside the socks and are not visible, reducing self-consciousness.
External shortJeg braces may be required when footdrop
becomes complete. Surgical fusion of the ankle may be consid-
ered in some cases.

The leg should be protected from traumatic injury. In advanced
cases, compression neuropathy during sleep may be prevented by
placing soft pillows beneath or between the lower legs. Burning
paresthesias of the feet are not common but are often abolished
by phenytoin or carbamazepine. No medical treatmeht is avail-
able to arrest or slow the progression.

612.2 o PERONEAT MUScUIAR ATROPHY
(Axonnr Tvpr)

This disease is clinically similar to HMSN type I, but the rate of
progression is slower and the disability is less. EMG shows den-
ervation of muscle. Sural nerve biopsy reveals axonal degenera-
tion rather than the demyelination and whorls of Schwann cell
processes typical in type I. The locus is on chromosome 1. at 1p35-
p35; this is a different disease than HMSN type I, alrhough both
are transmitted as autosomal dominant traits.

612.3 o Dr.lrRrnr-So s DtsEAsE {HMSN Tvpe lll)

This interstitial hypertrophic neuropathy of autosomal dominant
transmission is similar to HMSN type I but is more severe. Symp-
toms develop in early infancy and are rapidly progressive. Pupil-
lary abnormalities, such as lack of reaction to light and, Argyll
Robertson pupil, are common. Kyphoscoliosis and pes cavus
deformities complicate about 35% of cases. Nerves become pal-
pably enlarged at an early age.

The onion-bulb formations seen in the sural nerve biopsy spec-
imen are more pronounced. Hypomyelination also occurs.

The genetic locus of 17p11..2 is identical to that of HMSN type
I or Charcot-Marie-Tooth disease. The clinical and pathologic
differences may be phenotypical variants of the same disease,
analogous to the situation in Duchenne and Becker muscular dys-
trophies. An autosomal recessive form of Dejerine-Sottas disease
is also described but is incompletely documented.

612.4. RoussY-[Ew Synonour

This syndrome is defined as a combination of HMSN type I and
cerebellar deficit resembling Friedreich ataxia, but it does not
have cardiomyopathy.

612.5 o REFSUM DrsrRsr

(See Chapter 86.2.)
This rare disease is due to an enzymatic block in p-oxidation

of phytanic acid to pristanic acid. Phytanic acid is a branched-
chain fatty acid that is derived mainly from dietary sources:
spinach, nuts, and coffee. Levels of phytanic acid are greatly ele-
vated in plasma, CSF, and brain tissue. The CSF shows an albu-
minocytologic dissociation with a protein concentration of
100-600 mgldL.



Clinical onset is usually berween 4 and 7 yr of age, with inter-
mittent motor and sensory neuropathy. Ataxia, progressive neu-
rosensory hearing loss, retinitis pigmentosa and loss of night
vision, ichthyosis, and liver dysfunction also develop in various
degrees. Motor and sensory nerve conduction velocities are
delayed. Treatment is by dietary management and periodic
plasma exchange.

612.6 . FABRY Drsrnsr

(See Chapter 85.4.)
This rare X-linked recessive trait results in storage of ceramide

trihexose because of deficiency of the enzyme ceramide trihex-
osidase, which cleaves the terminal galactose from ceramide tri-
hexose (ceramide-glucose-galactose-galactose), resulting in tissue
accumulation of this trihexose lipid in central nervous system
(CNS) neurons, Schwann cells and perineurial cells, ganglion cells
of the myenteric plexus, skin, kidneys, blood vessel endothelial
and smooth muscle cells, heart, sweat glands, cornea, and bone
marrow. It is due to a missense mutation disrupting the crystal-
lographic structure of a-galactosidase A.

CLINICAL MANIFESTATIONS. The presentation is in late childhood
or adolescence, with recurrent episodes of burning pain and
paresthesias of the feet and lower legs so severe that patients are
unable to walk. These episodes are often precipitated by fever or
by physical activity. Oblective sensory and motor deficits are not
demonstrated on neurologic examination, and reflexes are pre-
served. Characteristic skin lesions are seen in the perineal region,
scrotum, buftocks, and periumbilical zone as flat or raised red-
black telangiectases known as angiokeratoma corporis diffusum.
Hypohidrosis may be present. Corneal opacities, cataracts, and
necrosis of the femoral heads are inconstant features. The disease
is progressive. Hypertension and renal failure are usually delayed
until early adult life. Recurrent strokes result from vascular wall
involvement. Death often occurs in the 5th decade owing to cere-
bral infarction or renal insufficiencS but a significant morbidity
already occurs in childhood despite the absence of major organ
failure.

IAB0RATORY FINDINGS. Motor and sensory nerve conduction
velocities are normal to only mildly slow, showing preservation
of large myelinated nerve fibers. CSF protein is normal. Protein-
uria is present early in the course.

Pathologic features are usually first detected in skin or sural
nerve biopsy specimens. Crystalline glycosphingolipids appear as
zebra bodies in lysosomes of endothelial cells, in smooth
myocytes of arterioles, and in Schwann cells, best demonstrated
by electron microscopy. Nerves show a selective loss of small
myelinated 6bers and relative preservation of large and medium-
sized axons, contrasting to most axonal neuropathies in which
large myelinated fibers are most involved.

Assay for the deficient enzyme may be performed from skin
fibroblasts, leukocytes, and other tissues. This test permits detec-
tion of the asymptomatic female carrier state and provides a reli-
able means of prenatal diagnosis.

TREATMENT. See Chapter 86.4 lor specific therapy of Fabry
disease. Medical therapy of painful neuropathies includes man-
agement of the initiating disease and therapy directed to the neu-
ropathic pain independent of etiology. Pain may be burning or
associated with paresthesias, hyperalgesia (abnormal response to
noxious stomach), or allodynia (induced by non-noxious stimuli)
(see Chapter 77). Neuropathic pain is often successfully man-
aged by tricyclic antidepressants; selective serotonin reuptake
inhibitors are less effective. Anticonvulsants (carbamazepine,
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phenytoin, gabapentin, lamotrigine) are also effective as are nar-
cotic and non-narcotic analgesic agents.

612.1o GnNT AxotrtRl- NeURoPRTHY

This rare autosomal recessive disease with onset in early child-
hood is a progressive mixed peripheral neuropathy and degener-
ation of central white matter, similar to the leukodystrophies.

variety of neuronal cell types and is localized to the Golgi appa-
ratus and endoplasmic reticulum.

The diagnosis is established by microscopic examination of

scalp hair and by MRI and MRS of the brain; it is confirmed by

sural nerue biopsy and/or by genetic studies' if available, of the

GAN gene.

612.8. CONGENITAT HYPOMYETINATING NCUNO HY

This disorder is a lack of normal myelination of motor and

sensory peripheral nerves but not of CNS white matter. It is not

a degenerati,on or loss of previously formed myelin, thus differ-

entiaiing it from a leukodystrophy. Schwann cells are preserved,

and axons are normal. Cases in siblings suggest autosomal reces-

sive inheritance. Mutations in the MTMR2, PMP22, EGR2, and

MPZ genes have been demonstrated in various children with this

neuropathy; hence, it is a syndrome rather than a single disease'

The condition is present from birth; hypotonia and develop-

mental delay are the hallmark clinical findings. Many patients

present clinically as having congenital insensitiviry to pa-in.^Cranial 
nerves are inconsistently involved, and respiratory dis-

tress and dysphagia are rare complications. Tendon reflexes are

absent. Arthrogryposis is present at birth in at least 72 of the cases.

It is uncertain whether the condition is progressive; myelination

nerve. Treatment is suPPortive.

612.9 o ToMAculous NEURoPATHY

This hereditary neuropathy is characterized by redundant over-
production of myelin around each axon in an irregular segmen-
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tal fashion so rhat tomaculous ( i .e.,  sausage-shaped) bulges occur
in the individual myelinated nerve f ibers. The nerves are par-
t icularlv prone ro pressure palsies, and parients present with
recurrent mononeuropathies secondarv to minor trauma. I t  ts
t ransmi t ted  as  an  au tosomal  dominant  t ra i t ,  and the  locus  has
been ident i f iec l  a t  l7p l  l .2 .  Sura l  nerve  b iopsy  is  d ragnost ic ,  bur
special "teasecl f iber" preparations should be made to demon-
strate the mr' 'el in :rbnormali tres most clearly. The genetic defect is
a delet ion of exons in rhe PMP22 gene. Treatment is supporrive.

612,10 .  LEUKODYSTROPHIES

Several herecl i tarv degenerative diseases of white matter of the
CNS also car-rse peripherir l  neuropirrhv. The mosr important are
Krabbe disease (globoid cel l  ler-rkodvsrrophy), rnerachromaric
leukodvs t rophv ,  and adreno leukodvs t rophr '  (see  Chapter  86) .
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Antimetabolic and immunosuppressive drugs, such as vin-
crist ine, cisplat in, and pacl i taxel,  produce polyneuropathies as
complications of chemotherapy for neoplasms. This " iatrogenic"
cause is the most frequent et iology of toxic neuroparhies in chi l-
dren. I t  is usually an axonal degeneration rather than primary
demyelination, unl ike autoimmune neuropathies.

Chronic uremia is associated with roxic neuroDathv and
myopathy. The neuropathy is caused by excessive levels of 'circu-
lat ing parathyroid hormone. Reduction in serum pararhyroid
hormone levels is accompanied by cl inical improvement and a
return to normal of nerve conduction velocity.

Biologic neurotoxins are associated with t ick paralysis, diph-
theria, botul ism, and the variants of paralyt ic shel l f ish poisoning.
I-yme disease, West Ni le virus, leprosy, herpes viruses (Bell  palsy),
and rabies also produce peripheral nerve- or anterior horn
cel l- induced weakness or paralysis. Various inborn errors of
metabolism are also associated with peripheral neuropathy from
metaboli te toxlcity or deficiencies (See Part X and Table 613-1\.

and humans, and. i f  used as spravs rn closed spaces, thei '  may be
inhaled and induce lerhtrrgr ' ,  vonrir ing, seizures, and neuropathy,
part icularlv wirh recurrenr or long-term exposure. rWorking ado-
lescents and chi ldren in devekrping countr ies are also ai r isk.
Puffer f ish poisoning, usuallv bi '  ingestion of even cooked f ish
meat contaminated with the venom, produces Guil lain-Barr6
syndrome.

METAIS

Arsenic (insecticide, herbicide)
Lead (paint, batteries, pottery)
Mercury (metallic, vapor)
Thallium kodentrcida)

O(CUPATIONAUII{DUSTRY

Arrylamide (grouting, fl occulation)
[arbon disulfrde (solvent)
tyanide
Dichlorophenoxyacetate
Dimethylaminopropionitrite
Ethylene oxide (gas sterilization)
Hexacarbons (glue, solvents)
0rganophosphates (insecticides, petroleum additive)
Polychlorinated biphenyls
Tetrachlorbiphenyl
Trichloroethylene

DRUGs
Amiodarone
(hloramphenirol
(hloroquine

tisplatin
[okhicine
Dapsone
Ethambutol
Ethanol
Gold
Hydralazine
lsoniazid
Metronidazole
Nrtrofurantoin
Nu(leosides (antiretroviral aqents ddt, ddl, d4T)
Penirillamine
Pentamidine
Phenytoin
Pyridoxine (excesive)
Stilbamidine
Suramin
Thalidomide
Vincristine

METABOI.IC DISORDERS

Fabry disease
Krabbe disease
Leukodystrophies
Porphytia
Tanqier disease
Tyrosinemia
Uremia
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Involvement of small, lightly or unmyelinated autonomic nerve
fibers may be seen in many peripheral neuropathies; the auto-
nomic manifestat ions are usually mild or subcl inical.  Certain
autonomic neuropathies are more symptomatic and demonstrate
varying degrees of involvement of the autonomic nervous system
regulation of the cardiovascular, gastrointestinal, genitourinary,
thermoregulator,v, sudomotor, and pupillomotor systems.

The dif ferential diagnosis is noted in Table 614-1. Autonomic
nervous svstem functional tests are noted in Table 614-2. The

GUTLtATN-BARRf SYNDR0ME (G8S) (CHAPTER 615)

l{on-GBS Autoimmunity
Paraneoplastlc (type I antineuronal nudear antibody)
Lambert-Eaton syndrome
Antibodies to neuronal nlcotinc acetylcholine recepton
Antibodies t0 P/Q type cakium channels
0ther autoantibodies
5ystemrc lupus erythematosus

Her€ditary
Type I autosomal dominant
Type ll autosomal recessive (Morvan disease)
Type lll autosomal recesrve (Riley-Day)
Type lV autosomal recesive (rongenital insensitivity t0 pain with anhidrosit
Type V absence of pain

Metabolic
Fabry disease
Diabetes mellitus
Tangier disease
Porphyria

lnfectious
HIV
(hagaldisease
Botulism
Leprosy
Diphtheria

0ther
Triple A (Allgrove) syndrome
Navalo lndian neuropathy
Multiple endoaine neoplasia type 2b

Toxins (see Table 613-l)

Both sympathetic and para5ympathetic divislons ofthe autonomic nervous system are involved in all tests of
autonomic function

CARDIAC PARASYMPATHETIC NERVOUS SYSTEM FUI'l(Il0N
Heart rate variability with deep respiration (respiratory sinus anhythmia); time-domain and frequency-

domain assesments
Heart rate resp0nse t0 Vdlsalva maneuver
Heart rate response to standing

SYMPATHETI( ADRENERGIC FUNCTIOII
Blood presure response to upright po$ure (standing or tilt table)
Blood oressure resoonse t0Valsalva maneuver
i\Iiaoneurography

SYMPAT}ITTIC CHOTINERGI( FUNCTION
Thermoregulatory sweat testing
Quantitative sudom0tor-axon reflex test
Sweat imprint methods
5ympathetic skin response

t(0m Freeman R: Autonomic periphenl neuropathy. l In@t 2 1365.1259-127 0

PROEITM

0rthostatic hypotension

Gastroparesis
Hypomotility
lJrinary dysfunction
Hyperhidtosis

general treatment of acquired autonomic dysfunction includes

treating the primary disorder (systemic lupus erythematosus,
diabetes) and long-term management of specific organ system
manifestations (Table 614-3). Acute fluctuations of autonomic
symptoms may be seen in Guillain-Barr6 syndrome. Rapid fluc-
tuations of hypertension or tachycardia changing to hypotension
or bradycardia should be managed carefully and with very short-
acting medications.

614.1 . FRtvulrRt DvsRutoluotutn

Famil ial  dysautonomia (Riley-Day syndrome) is an autosomal
recessive disorder that is common in Eastern European Jews,
among whom the incidence is 1/10,000-20'000, and the carr ier

state i i  est imated to 6e 1Yo. I t  is rare in other ethnic groups. The
defectrve gene is at the 9q31-q33 locus. The famil ial  dysautono-
mia gene is identified as IKBKAP, with aberrant splicing and a
trunCated protein. This and other autonomic neuropathies are
often regarded as neurocristopathies because the abnormal target
tissues are largely derived from neural crest.

PATH0L0GY. This disease of the peripheral nervous system is

characterized pathologically by a reduced number of small un-
mvelinated nerve fibers that carry pain, temperature, and taste

sensations and that medrate autonomic functions. Large myeli-
nated afferent nerve fibers that relay impulses from muscle spin-

dles and Golgi tendon organs also are deficient' The degree of

demonstrable anatomic change in peripheral and especially auto-

nomic nerves is variable. Fungiform papil lae of the tongue (taste

buds) are absent or reduced in number. The number of parasym-
pathetic ganglion cells in the myenteric plexuses is reduced. There
is terminal vessel hyperperfusion in tissues, despite an overall
hypoperfusion of organs and extremities.

CLINICAL MANIFES l0NS. The disease is expressed in infancy by
poor sucking and swallowing. Aspiration pneumonia may occur.
Feeding difficulties remain a major symptom throughout child-
hood. Vomiting crises may occur. Episodic somnolence may occur
in infants. Excessive sweating and blotchy erythema of the skin

are common, especially at mealtime or when the child is excited.

Infants are vulnerable to heatstroke. Episodic hyperhidrosis is due

to chemical hypersensitivity of the remaining reduced number of

sudomotor axons rather than of the sweat gland secretory cells.

Breath-holding spells followed by syncope are common in the 1st

5 yr. As affected children become older, insensitivity to pain

becomes evident and traumatic injuries are frequent. Corneal

ulcerations are common. Newly erupting teeth cause tongue

ulcerations. Walking is delayed or clumsy or appears ataxic

because of poor sensory feedback from muscle spindles. The

ataxia is probably related more to deficient muscle spindle feed-

back and to vestibular nerve dysfunction than to cerebellar
involvement. Tendon stretch reflexes are absent' Scoliosis is a

serious complication in the maiori ty of patients and usually is

TIIEATMTNT

Volume and sa t supplements
Fluorohydrocortisone (minera 0c0(icoid)
l\,4idodrine (0-aqonist)
Pfokineti( agents (metad0prarnide, d0mperid0ne, erythr0mycin)
Fiber, laxatives
Timed voiding; bladder catheterizat 0n
Anticholinergic agents (qlycopyrrolate, propanthdine)
I|]tracl.]taneous botul!sm toxin
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progressive. Overflow tearing with crying does not normally
develop until 2-3 mo of age but fails to develop after that time
or is severely reduced in children with familial dysautonomia.
There is an increased incidence of urinary incontinence. Brady-
cardia and other cardiac arrhythmias may occur, and some
patients require a cardiac pacemaker.

About 407" of patients have generalized maior motor seizures,
some of which are associated with acute hypoxia during breath
holding, some with extreme fevers, but most without an appar-
ent precipitating event. Body temperarure is poorly controlled;
both hypothermia and extreme fevers occur. Intellectual function
is usually impaired but is unrelated to epilepsy. Puberty is often
delayed, especially in girls. Understature may occur, but growth
velocity can be accelerated by rreatment with growth hoimone.
Speech is often slurred or nasal.

After 3 yr of age, autonomic crises begin, usually with attacks
of cyclic vomiting lasting24-72 hr or even several days. Retch-
ing and vomiting occur every 15-20 min and are associated with
hypertension, profuse sweating, blotching of the skin, apprehen-
sion, and irritability. Prominent gastric distention may occur,
causing abdominal pain and even respiratory distress. Hemateme-

increased. Plasma level of dopamine B-hydroxylase (the enzyme
that converts dopamine to epinephrine) is diminished. Sural nerve
biopsy shows a decreased number of unmyelinated fibers. Elec-
troencephalography is useful for evaluaring seizures.

a normal infant reacts more intensely to histamine, a l :10,000
dilution should be used. Instillation of 2.5"/" methacholine into

available for definitive diagnostic tesring.

may be required by some children. Blood pressure moniroring
may be important in some cases. A promising genetic approach
to treatment, although not standard therapy at this time, is the
use of a polyphenol to regulate the expression of IKBKAP tran-
scrlpts.

PBOGN0SIS. Most patients die in childhood, usually of chronic
pulmonary failure or aspiration.

614.2 o 0THER Aurononltrc NrunopRrnres

MYENTEBIC PTEXUS NEUROPATHIES. Aganglionic megacolon
(Hirschsprung disease) is a failure of embryonic development of
parasympathetic neurons in the submucosal and myenteric
plexuses of segments of the colon and rectum. Nerves between
the longitudinal and circular layers of smooth muscle of the gut
wall are hypertrophic; ganglion cells are absent (see Chapter
329).

C0NGEItllTAt INSENSITIVITY T0 PAIN AND ANHIDR0SIS. This
hereditary disorder of uncertain genetic transmission affects boys
much more frequently than girls and presents in early infancy.
Patients have episodes of high fever related to warm environ-
mental temperatures because they do not perspire. Frequent
burns and traumatic injuries result from apparent lack of pain
perception. Intelligence is normal. Nerve biopsy reveals an almost
total absence of unmyelinated nerve fibers that convey impulses
of pain, temperature, and autonomic functions. Some cases of
hypomyelinating neuropathy present clinically as congenital
insensitivity to pain (see Chapter 612.8). The sympathetic skin
response as an electrophysiologic study is a reliable diagnostic
test in cases associated with a mutation at rhe TrKA receptor for
nerve growth factor.

REFTEX SYMPATHETIC DYSTROPHY. This disorder is a form of local
causalgia, usually involving a hand or foot but not correspond-
ing to the anatomic distribution of a peripheral nerve (see
Chapter 157.2). A continuous burning pain and hyperesthesia are
associated with vasomotor instability in the affected zone, result-
ing in increased skin temperarure, erythema, and edema due to
vasodilatation and hyperhidrosis. In the chronic state, atrophy of
skin appendages, cool and clammy skin, and disuse atrophy of
underlying muscle and bone occur. More than 1 extremity is occa-
sionally involved. The pain is disabling and is exacerbated by the
movement of an associated joint, although no objective signs of
arthritis are seen; immobilization provides some relief. The most
common preceding event is local trauma in the form of a contu-
sion, laceration, sprain, or fracture that occurred days or weeks
earlier.

Several theories of pathogenesis have been proposed to explain
this phenomenon. The most widely accepted is reflexive overac-
tivity of autonomic nerves in response to injurS and regional
sympathetic blockade often affords temporary relief. Physiother-
apy also is helpful. Some cases resolve spontaneously after weeks
or months, but others continue to be symptomatic and require
sympathectomy. A psychogenic component is suspected in some
cases but is difficult to prove.

Anderson SL, Qiu J, Rubin BY EGCG corrects aberrant splicing of IKAp
mRNA in cells from patients with familial dysautonomia. Biochem Biophy
Re s Commun 2003:310:527 -633.

Axelrod FB: Familial dysautonomia. Muscle Nerue 2004:29:352-363.
Freeman R: Autonomic peripheral neuropathy. Lancet 200 5 ;365 :1259-i.27 0.
Gold-von Simson G, Rutkowski M, Berlin D, et al: Pacemakers in patients

with familial dysautonomia-a review of experience with 20 patients. Clin
Autonom Res 2005;15:15-20.



Hilz MJ, Axelrod FB, Bickel A, et al: Assessing function and pathology in
familial dysautonomia: Assessment of temperature perception, sweating and
cutaneous innervation. Brain 2004'127 :2090-2098.

Kamboj MK, Axelrod FG, David R, et al: Growth hormone treatment in chil-
dren with familial dysautonomia. / Pediatr 2004;144:63-67.

Guillain-Barr6 syndrome is a postinfectious polyneuropathy
involving mainly motor but sometimes also sensory and auto-
nomic nerves. This syndrome affects people of all ages and is not
hereditary. The disorder closely resembles experimental allergic
polyneuritis in animals. Most patients have a demyelinating neu-

::;ff:1.rj:, 
primarily axonal degeneration is documented in

CLINICAL MANIFESTATI0NS. The paralysis usually fol lows a non-
specific viral infection by about 10 days. The original infection
may have caused only gastrointestinal /especially Campylobacter
jejuni, but also Helicobacter pylori) or respiratory tract (espe-
cially Mycoplasma pneumoniae) symptoms. 

'West 
Nile virus also

may cause Guillain-Barr6-like syndrome, but more frequently
causes motor neuron disease similar to poliomyelitis. Guillain-
Barr6 syndrome is reported following administration of vaccines
against rabies, inf luenza pol iomyeli t is (oral),  and possibly the
conlugateo menlngococcal vaccrne.

Weakness begins usually in the lower extremities and progres-
sively involves the trunk, the upper limbs, and finally the bulbar
muscles, a pattern known as Landry ascending paralysis. Proxi-
mal and distal muscles are involved relatively symmetrically, but
asymmetry is found in 9"/" of patients. The onset is gradual and
progresses over days or weeks. Part icularly in cases with an
abrupt onset, tenderness on palpation and pain in muscles is
common in the initial stages. Affected children are irritable.
Weakness may progress to inability or refusal to walk and later
to flaccid tetraplegia. Paresthesias occur in some cases. The dif-
ferential diagnosis of acute weakness is noted in Table 606-3.

Bulbar involvement occurs in about half of cases. Respiratory
insufficiency may result. Dysphagia and facial weakness are often
impending signs of respiratory failure. They interfere with eating
and increase the r isk of aspirat ion. The facial nerves may be
involved. Some young patients may exhibit  symptoms of viral
meningitis or meningoencephalitis. Extraocular muscle involve-
ment is rare, but in an uncommon variant, oculomotor and other
cranial neuropathies are severe early in the course. Miller-Fisher
syndrome consists of acute external ophthalmoplegia, ataxia, and
areflexia. Papilledema is found in some cases, although visual
impairment is not clinically evident. Urinary incontrnence or
retention of urine is a comolication in about 20"/" of cases but is
usually transient. Miller-Fisher syndrome overlaps with Bicker-
staff brainstem encephalitis, which also shares many features with
Guillain-Ba116 syndrome with lower motor neuron involvement
and may indeed be the same basic disease.

Tendon reflexes are lost, usually early in the course, but are
sometimes preserved until later. This variability may cause con-
fusion when attempting early diagnosis. The autonomic nervous
system may also be involved in some cases. Lability of blood pres-
sure and cardiac rate, postural hypotension, episodes of profound
bradycardia, and occasional asystole occur. Cardiovascular mon-
itoring is important. A few patients require insertion of a tem-
porary venous carolac pacemaKer.

Chronic relapsing polyradiculoneuropathy (sometimes called
chronic inflammatory demyelinating polyradiculoneuropathy) or
chronic unremitting p olyrad.iculoneurop atby are chronic vari-
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eties of Guillain-Barr6 syndrome that recur intermittently or do
not improve for a period of months or years. AboutTo/o of chil-
dren with Guillain-Barr6 syndrome suffer an acute relapse.
Patients are usually severely weak and may have a flaccid tetraple-
gia with or without bulbar and respiratory muscle involvement.

Congenital Guillain-Barr,i syndrome is described rarely, pre-
senting as generalized hypotonia, weakness, and areflexia in
an affected neonate, fulfilling all electrophysiologic and cere-
brospinal fluid (CSF) criteria, and in the absence of maternal neu-
romuscular disease. Treatment may not be required, and there is
gradual improvement over the first few months and no evidence
of residual disease by 1 yr of age. In one case, the mother had
ulcerative colitis treated with prednisone and mesalamine from
the 7th mo until delivery at term.

LAB0RAT0BY FINDINGS AND DIAGN0SIS. CSF studies are essential
for diagnosis. The CSF protein is elevated to more than twice the
upper limit of normal, glucose level is normal, and there is no
pleocytosis. Fewer than 10 white blood cells/mm3 are found. The
results of bacterial cultures are negative, and viral cultures rarely
isolate specific viruses. The dissociation between high CSF protein
and a lack of cellular response in a patient with an acute or
subacute polyneuropathy is diagnostic of Guillain-Ba116
synorome.

Motor nerve conduction velocities are greatly reduced, and
sensory nerve conduction time is often slow. Electromyography
shows evidence of acute denervation of muscle. Serum creatine
kinase (CK) level may be mildly elevated or normal. Antigan-
glioside antibodies, mainly against GM1 and GD1, are sometimes
elevated in the serum in Guillain-Barr6 syndrome, particularly in
cases with primarily axonal rather than demyelinating neuropa-
thy, and suggest that they may play a role in disease propagation
and/or recovery in some cases (Table 61,5-l). Muscle biopsy is
not usually required for diagnosis; specimens appear normal in
early stages and show evidence of denervation atrophy in chronic
stages. Sural nerve biopsy tissue shows segmental demyelination,
focal inflammation, and wallerian degeneration but also is usually
not required for diagnosrs.

Serologic testing for Campylobacter and Helicobacter
infections helps establish the cause if results are positive but
does not alter the course of treatment. Results of stool cultures
are rarely positive because the infection is self-limited and only
occurs for about 3 days, and the neuropathy follows the acute
gastroentefltrs.

TREATMENT. Patients in early stages of this acute disease should
be admitted to the hospital for observation because the ascend-
ing paralysis may rapidly involve respiratory muscles during the
neti 24hr. Patients with slow progression may simply be

observed for stabilization and spontaneous remission without

ANTIEOOIE5

Unknown
GM1, GN41 b,6D1A
GMl, GM1 b, GD1a, GalNacGDla
GDlb

GQl b,6Tr a
b | | a

GQI b, G[41, GM1 b, GDla,6alNacGDl a

Acute infl ammatory demyelinating polyradrculoneuropathy
Acute motor and sensory axonal neuropathy
Acute motor axonal neuropat|ly
Acute sensory neuronopathy
Acute pandysautooomta

Reqional variants
Fisher syndrome
0ropharyngeal

0verlap
Fisher/6uillain-Band overlap

syndrome

Fr6m H ugh es RA[; Ireatment 0f Gu i] lai n Ba rr( synd rome wilh corticosteroids. Lack 0f benefrtl lrnref 2004J63:1 8 1 - 1 82
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treatment. Rapidly progressive ascending paralysis is treated with
intravenous immunoglobulin (IVIG), administered lor 2,3, or 5
days. A commonly recommended protocol is IVIG 0.4 gnlkg/day
for 5 consecutive days. Plasmapheresis, and/or immunosuppres-
sive drugs are alternatives, if IVIG is ineffective. Steroids are not
effective. Combined administration of immunoslobulin and inter-
feron is effective in some patients. Supportive care, such as res-
piratory support, prevention of decubiti in children with flaccid
tetraplegia, and treatment of secondary bacterial infections, is
lmportant.

Chronic relapsing polyradiculoneuroparhy or unremitr ing
chronic neuropathy is also treated with IVIG. Plasma exchange,
sometlmes requiring as many as 10 exchanges daily, is an alter-
native. Remission in these cases may be sustained, but relapses
may occur within days, weeks, or even after many months;
relapses usually respond to another course of plasmapheresis.
Steroid and immunosuppressive drugs are another alternative,
but their effect iveness is less predictable. High-dose pulsed
methylprednisolone given intravenously is successful in some
cases. The prognosis in chronic forms of the Guillain-Barr6 syn-
drome is more guarded than in the acute form, and many patients
are left  with major residual handicaps.

Even if Campylobacterjejuni infection is documented by stool
culture or serologic tests, trearment of the infection is nor neces-
sary because i t  is self- l imited, and the use of antibiot ics does not
alter the course of the polyneuropathy.

For the treatmenr of chronic neuropathic pain following
Guillain-Ba116 syndrome, gabapentin is more effective than
carbamazepine, and the requirement for fentanyl is reduced.

PR0GN0SIS. The cl inical course is usually benign, and sponra-
neous recovery begins within 2-3 wk. Most patients regain fuli
muscular strength, although some are left with residual weakness.
The tendon reflexes are usually the last functron to recover.
Improvement usually follows a gradient inverse to the direction
of involvement, with recovery of bulbar function first and lower
extremity weakness resolving last. Bulbar and respiratory muscle
involvement may lead to death if the syndrome is nor recognized
and treated. Although prognosis is general ly good with the major-
itv of children recovering completely, three clinical features are
predictive of poor outcome with sequelae: cranial nerve involve-
ment, intubation, and maximum disabi l i ty at the t ime of presen-
tation. An electrophysiologic feature of conduction block is
predictive of good ourcome. Long-term follow-up studies of
patients who recover from an attack of Guillain-Barr6 syndrome
reveal that many do have some permanenr axonal loss, with or

trophysiologic studies do not necessarily predict the long-term
outcome.
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Bell palsy is an acute unilateral facial nerve palsy that is not asso-
ciated with other cranial neuropathies or brainstem dysfunction.
It is a common disorder at all ages from infancy through adoles-
cence and usually develops abruptly about 2 wk after a sysremic
viral infection. The preceding infection is due to the herpes
simplex virus, varicella-zoster virus, Epstein-Barr virus, Lyme
disease, mumps virus, Mycoplasma (Table 6t5-l). Active or reac-

Ammache Z, Afini AK, Brown CK, et al: Childhood Guillain-Barr6 syndrome:
Clinical and electrophysiologic features predictive of outcome. I Chtld
Neuro I 2007;1, 6:47 7 483

Bradshaw DY, Jones HR: Pseudomeningoencephalitic presenration of pediatric
Gui l la in-Barr6 syndrome. J Chi ld Neurol  2001;15:505-508.

Centers for Disease Control and Prevention: Cluster of tick paralysis cases-
Colorado,  2006. MMWR 2006;5 5 :933-936.

Dornonville de la Coeur C, Jakobsen J: Residual neuropathy in long-rerm
population-based follow-up of Guillain-Ba116 syndrome Neurology
2005l'64:246-253.

England JD, Asbury AK: Peripheral neuropathy Lan cet 2004;3 63 :21 S l-21 61.
Hiraga A, Mori M, Ogawara K, et al: Recovery patterns and long-term prog-

nosis for axonal Guillain-Barrd syndrome. J Neurol Neurosurg Psychiatry
200 5 :7 6 :7 19-7 22: comment 622.
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Trauma
Tumor
Nypertension
Gui lain Band syndrome
5arcoidosrs
Melkenson Rosenthal syndrome'
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tivation of herpes simplex or varicella-zoster virus may be the
most common cause of Bell palsy. The disease may occasionally
be a postinfect ious al lergic oi i --une demyelinating facial neu-
ritis. It also may be a focal toxic or inflammatory neuropathy and
has been associated with ribavirin and interferon-a therapy for
hepatitis C.

CtlNlCAt MANIFES l0NS. The upper and lower portions of the
face are paretic, and the corner of the mouth droops. Patients are
unable to close the eye on the involved side and may develop an
exposure keratitis at night. Taste on the anterior ')[ of the tongue
is lost on the involved side in about 72 of cases; this finding helps
to establish the anatomic limits of the lesion as being proximal
or distal to the chorda tympani branch of the facial nerve. Numb-
ness and paresthesias do nbt usually occur, but ipsilateral numb-
ness of the face is reported in a few cases and probably is due to
viral (especially herpes) or postviral immunologic impairment of
the trigeminal and the facial nerved. Several grading systems have
been devised for Bell palsy: the Sunnybrook, House-Brackmann,
and Yanagihara systems.

TBEATMENT. Oral prednisone (1 mg/kg/day fot L wk, then a 1-wk
taper) started within the first 3-5 days results in improved
outcome. Because of the recovery of herpes simplex virus in the
neural fluid of the 7th nerve, some also recommend adding oral
acyclovir or valacyclovir to the prednisone therapy. Surgical
decompression of the facial canal, theoretically to provide more
space for the swollen facial nerve, is not of value. Physiotherapy
to the facial muscles is recommended in some chronic cases with
poor recovery, but the efficacy of this treatment is uncertain. Pro-
tection of the cornea with methvlcellulose evedroos or an ocular
lubricant is especial ly importani at night. Some plastic surgeons
use botulinum toxin to treat chronic unilateral ptosis. but this
has little application in pediatric patients.

PROGNOSIS. The prognosis is excellent. More than 857o of cases
recover spontaneously with no residual facial weakness; another
'L}Yo 

have mild facial weakness as a sequela; only 5oh are left
with permanent severe facial weakness. In patients who do not
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recover within a few weeks (chronic), electrophysiologic exami-
nation of the facial nerve helps to determine the degree of neu-
ropathy and regeneration. In chronic cases, other causes of facial
neuropathy should be considered, including facial nerve tumors
such as schwannomas and neurofibromas, infiltration of the facial
nerve by leukemic cells or by a rhabdomyosarcoma of the middle
ear, brainstem infarcts or tumors, and traumatic iniury of the
facial nerve.

FACIAL PATSY AT BIRTH. This is usually a compression neuropa-
thy from forceps application during delivery and recovers spon-
taneously in a few days or weeks in most cases. Congenital
dbsence of tbe depressor angularis oris muscle causes facial
asymmetry, especially when an affected infant cries. It is not a
facial nerve lesion but is a cosmetic defect that does not interfere
with feeding. Infants wtth Mijbius syndrome may have bilateral
or, less commonly, unilateral facial palsy; this syndrome is usually
caused by symmetric calcified infarcts in the tegmentum of the
pons and medulla oblongata during mid-gestation or late fetal
li{e, although it rarely may be a developmental anomaly of the
brainstem.
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