462e-14 clubbed feet may be present. Most patients exhibit progressive weak-
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ness, some requiring wheelchairs. Progressive external ophthalmoplegia with ptosis and varying degrees of extraocular muscle impairment
are characteristic of both the neonatal and the late-infantile forms. A
third variant, the late childhood–adult form, has an onset in the second
or third decade. Patients have full extraocular muscle movements and
rarely exhibit ptosis. There is mild, slowly progressive limb weakness
that may be distally predominant (some of these patients have been
classified as having Charcot-Marie-Tooth disease type 2 [CMT2;
Chap. 459]).
Normal or slightly elevated CK levels occur in each of the forms.
Nerve conduction studies may reveal reduced amplitudes of distal
compound muscle action potentials, in particular in adult-onset
cases that resemble CMT2. EMG studies often give distinctive results,
showing positive sharp waves and fibrillation potentials, complex and
repetitive discharges, and rarely myotonic discharges. Muscle biopsy
specimens in longitudinal section demonstrate rows of central nuclei,
often surrounded by a halo. In transverse sections, central nuclei are
found in 25–80% of muscle fibers.
A gene for the neonatal form of centronuclear myopathy has been
localized to Xq28; this gene encodes myotubularin, a protein tyrosine
phosphatase. Missense, frameshift, and splice-site mutations predict
loss of myotubularin function in affected individuals. Carrier identification and prenatal diagnosis are possible. Autosomal recessive forms
are caused by mutations in BIB1 that encodes for amphyphysin-2,
whereas some autosomal dominant cases, which are allelic to a form
of CMT2, are associated with mutations in the gene that encodes
dynamin-2. No specific medical treatments are available at this time.

DISORDERS OF MUSCLE ENERgY METABOLISM
There are two principal sources of energy for skeletal muscle—fatty
acids and glucose. Abnormalities in either glucose or lipid utilization
can be associated with distinct clinical presentations that can range
from an acute, painful syndrome with rhabdomyolysis and myoglobinuria to a chronic, progressive muscle weakness simulating muscular
dystrophy.
gLYCOgEN STORAgE AND gLYCOLYTIC DEFECTS
Disorders of glycogen Storage Causing Progressive Weakness • αGlucosidase, or acid maltase, deficiency (PomPe’s disease) Three clinical
forms of α-glucosidase, or acid maltase, deficiency (type II glycogenosis) can be distinguished. The infantile form is the most common, with
onset of symptoms in the first 3 months of life. Infants develop severe
muscle weakness, cardiomegaly, hepatomegaly, and respiratory insufficiency. Glycogen accumulation in motor neurons of the spinal cord
and brainstem contributes to muscle weakness. Death usually occurs
by 1 year of age. In the childhood form, the picture resembles muscular dystrophy. Delayed motor milestones result from proximal limb
muscle weakness and involvement of respiratory muscles. The heart
may be involved, but the liver and brain are unaffected. The adult form
usually begins in the third or fourth decade but can present as late as
the seventh decade. Respiratory failure and diaphragmatic weakness
are often initial manifestations, heralding progressive proximal muscle
weakness. The heart and liver are not involved.
The serum CK level is 2–10 times normal in infantile or childhoodonset Pompe’s disease but can be normal in adult-onset cases. EMG
examination demonstrates a myopathic pattern, but other features are
especially distinctive, including myotonic discharges, trains of fibrillation and positive waves, and complex repetitive discharges. EMG
discharges are very prominent in the paraspinal muscles. The muscle
biopsy in infants typically reveals vacuoles containing glycogen and
the lysosomal enzyme acid phosphatase. Electron microscopy reveals
membrane-bound and free tissue glycogen. However, muscle biopsies in late-onset Pompe’s disease may demonstrate only nonspecific
abnormalities. Enzyme analysis of dried blood spots is a sensitive
technique to screen for Pompe’s disease. A definitive diagnosis is
established by enzyme assay in muscle or cultured fibroblasts or by
genetic testing.

Pompe’s disease is inherited as an autosomal recessive disorder
caused by mutations of the α-glucosidase gene. Enzyme replacement
therapy (ERT) with IV recombinant human α-glucosidase has been
shown to be beneficial in infantile-onset Pompe’s disease. Clinical
benefits in the infantile disease include reduced heart size, improved
muscle function, reduced need for ventilatory support, and longer life.
In late-onset cases, ERT has not been associated with the dramatic
response that can be seen in classic infantile Pompe’s disease, yet it
appears to stabilize the disease process.
other GlycoGen storaGe diseases with ProGressive weakness In debranching enzyme deficiency (type III glycogenosis), a slowly progressive form of muscle weakness can develop after puberty. Rarely,
myoglobinuria may be seen. Patients are usually diagnosed in infancy,
however, because of hypotonia and delayed motor milestones, hepatomegaly, growth retardation, and hypoglycemia. Branching enzyme
deficiency (type IV glycogenosis) is a rare and fatal glycogen storage
disease characterized by failure to thrive and hepatomegaly. Hypotonia
and muscle wasting may be present, but the skeletal muscle manifestations are minor compared to liver failure.
Disorders of glycolysis Causing Exercise Intolerance Several glycolytic
defects are associated with recurrent myoglobinuria: myophosphorylase deficiency (type V glycogenosis), phosphofructokinase deficiency
(type VII glycogenosis), phosphoglycerate kinase deficiency, phosphorylase kinase deficiency (type IX glycogenosis), phosphoglycerate mutase
deficiency (type X glycogenosis), lactate dehydrogenase deficiency (glycogenosis type XI), and β-enolase deficiency. Myophosphorylase deficiency, also known as McArdle’s disease, is by far the most common
of the glycolytic defects associated with exercise intolerance. These
glycolytic defects result in a common failure to support energy production at the initiation of exercise, although the exact site of energy
failure remains controversial.
Clinical muscle manifestations in these conditions usually begin
in adolescence. Symptoms are precipitated by brief bursts of highintensity exercise such as running or lifting heavy objects. A history
of myalgia and muscle stiffness usually precedes the intensely painful
muscle contractures, which may be followed by myoglobinuria. Acute
renal failure accompanies significant pigmenturia.
Certain features help distinguish some enzyme defects. In McArdle’s
disease, exercise tolerance can be enhanced by a slow induction phase
(warm-up) or brief periods of rest, allowing for the start of the
“second-wind” phenomenon (switching to utilization of fatty acids).
Varying degrees of hemolytic anemia accompany deficiencies of both
phosphofructokinase (mild) and phosphoglycerate kinase (severe). In
phosphoglycerate kinase deficiency, the usual clinical presentation is a
seizure disorder associated with mental retardation; exercise intolerance is an infrequent manifestation.
In all of these conditions, the serum CK levels fluctuate widely and
may be elevated even during symptom-free periods. CK levels >100
times normal are expected, accompanying myoglobinuria. All patients
with suspected glycolytic defects leading to exercise intolerance should
undergo a forearm exercise test. An impaired rise in venous lactate is
highly indicative of a glycolytic defect. In lactate dehydrogenase deficiency, venous levels of lactate do not increase, but pyruvate rises to
normal. A definitive diagnosis of glycolytic disease is made by muscle
biopsy and subsequent enzyme analysis or by genetic testing.
Myophosphorylase deficiency, phosphofructokinase deficiency, and
phosphoglycerate mutase deficiency are inherited as autosomal recessive disorders. Phosphoglycerate kinase deficiency is X-linked recessive.
Mutations can be found in the respective genes encoding the abnormal
proteins in each of these disorders.
Training may enhance exercise tolerance, perhaps by increasing
perfusion to muscle. Dietary intake of free glucose or fructose prior to
activity may improve function but care must be taken to avoid obesity
from ingesting too many calories.
LIPID AS AN ENERgY SOURCE AND ASSOCIATED DEFECTS
Lipid is an important muscle energy source during rest and during prolonged, submaximal exercise. Fatty acids are derived from

