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Introduction
Disorders of the peripheral nervous system can be divided into four major categories, based on anatomic
localization: (1) motor neuron diseases; (2) neuropathies; (3) disorders of the neuromuscular junction; and (4)
myopathies, including muscular dystrophies. Despite many stunning advances in biomedical sciences over the
past several decades, the history and physical examination remain the foundation of a medical evaluation,
especially in neurology. Laboratory testing and radiography contribute valuable data to an evaluation, but an
accurate clinical context is key to approaching conundra such as ambiguous genetic test results. It is important to
know the strengths and limitations of new genetic technologies such as whole exome sequencing.
Laboratory testing
Muscle enzymes
Muscle enzymes are among the most useful laboratory tests in the evaluation of potential neuromuscular
disorders. The most well-known of these is the creatine phosphokinase (CPK), also known as the creatine kinase
(CK) level. This enzyme is normally found in small amounts in serum, but may be released in large quantities
when muscle membrane breakdown occurs. Mild elevations in CK levels are non-specific and may be a normal
variant or may be associated with several types of neuromuscular disease, including spinal muscular atrophy.
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Moderate to severe elevations in CK levels are usually associated with primary muscle disease .
Pathology
Muscle and nerve biopsies continue to be important tools for the diagnosis of many neuromuscular disorders.
Genetic testing has changed the distribution of patients who are referred for these tests. Advances in genetics
and biochemistry have enhanced the sophistication of biopsy interpretation, as immunohistochemistry of biopsy
sections can detect protein deficiencies that indicate a specific genetic defect. Hematoxylin and eosin (H&E) is a
dye-based stain that highlights general muscle fiber size and morphology, as well as the nuclei. Inflammation and
fibrosis will be evident on H&E. Gomori trichrome, another dye-based stain, highlights fibrotic tissue.
Histochemical stains include ATPase, NADH, periodic acid-Schiff (PAS), and oil red O. ATPase stains at pH 4.3,
4.6, and 9.4 delineate fiber types. Mitochondria stain prominently on NADH stains. Abnormal accumulations of
glycogen are visible on PAS staining. Lipid droplets appear on oil red O stains. Proteins that are commonly
stained on immunohistochemistry include dystrophin, merosin, emerin, and -, -, -, and δ-sarcoglycans.
Electrophysiology
Nerve conduction studies and needle electromyography (collectively referred to as EMG) comprise an essential
tool in the diagnosis of peripheral nerve disorders, disorders of the neuromuscular junction, and some
3
myopathies . The nerve conduction portion of the test can measure parameters such as amplitude and
conduction velocity for both sensory and motor nerves, and distal latencies for motor nerves. Late responses that
may be tested include F responses and H reflexes, though the latter are seldom checked in children due to the
discomfort. Needle examination can detect abnormal spontaneous activity, as well as measure the morphology
and recruitment patterns of voluntary motor units.
EMG can help determine whether there is a neuropathy present, and if so, provide further information, including
physiology (demyelinating versus axonal), anatomy (motor versus sensory, generalized versus focal), and
chronicity. Inherited and acquired neuropathies often display different characteristics on EMG studies. Repetitive
stimulation on nerve conduction studies can detect the presence of a neuromuscular junction defect.
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Neuromuscular junction defects may also be detected via a specialized technique called single fiber EMG .
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Stimulated single fiber EMG may be used in children to diagnose neuromuscular junction disorders . EMG can
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detect some myopathies, though not as consistently as muscle biopsy. Distinct patterns of abnormal
8
spontaneous activity such as myotonia, though uncommon, will narrow the differential diagnosis considerably .
Advances in genetic testing and immunohistochemistry of biopsy specimens has led to a change in the
distribution of pediatric patients who are referred for these studies. In particular, Duchenne and Becker muscular
dystrophies are now primarily diagnosed with genetic testing and these patients are rarely referred to the EMG
laboratory. Spinal muscular atrophy is now usually diagnosed with genetic testing, though in some instances
where the diagnosis must be confirmed rapidly, EMG still plays a significant role in the evaluation of these
patients. In cases of suspected Charcot-Marie-Tooth disease, it is still important to obtain EMG data in many
9
cases prior to genetic testing . EMG remains useful in a wide variety of neuromuscular disorders, and the
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availability of this test can facilitate the identification of the correct diagnosis in many cases .
Next Generation Sequencing – Promises and Limitations
Genetic testing, in the correct clinical context, can provide definitive proof of certain diagnoses. It is also in most
cases non-invasive, requiring only DNA extracted from blood leukocytes or saliva. Targeted sequence capture is
the most widely adopted next generation sequencing technology in clinical settings. This approach entails the
use of oligonucleotide probes that target coding regions of selected genes, which are then sequenced in parallel.
This has led to the proliferation of accurate diagnostic genetic test panels that include dozens of genes, offered at
much lower costs than were previously possible with Sanger sequencing technology.
The exome, which comprises only 1% of the genome sequence, is estimated to harbor 85% of disease-causing
mutations in humans. Whole exome sequencing involves the use of oligonucleotide probes that target all coding
regions of genomic DNA, which are then sequenced in parallel. This approach presents certain advantages,
including lower cost and smaller datasets compared to whole genome sequencing. Whole exome sequencing
may on occasion detect small variants that could be missed by whole genome sequencing because consistent
greater depth of coverage is more easily achieved for the much smaller portion of the genome that is targeted.
Whole exome sequencing has become widely available for clinical genetic testing.
Whole genome sequencing is accomplished by the generation of genomic DNA libraries, followed by amplification
and massively parallel sequencing of all the DNA fragments, including coding and non-coding regions. Without
the need to select coding regions as is done in targeted sequence capture and whole exome sequencing, the
sequencing portion of whole genome sequencing is technically simpler. However, downstream data storage and
analysis are more difficult, due to the much greater volume of raw data generated. The cost continues to be
higher than for whole exome sequencing. It is also more challenging to ensure consistent depth of coverage
across this much larger dataset, and such technical limitations have raised concerns about the use of whole
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genome sequencing in clinical settings .
Next generation sequencing produces sequence data with greater efficiency than Sanger sequencing, but it is
important to keep in mind some limitations of this new technology. Next generation sequencing does not solve
the problem of the dreaded “variant of unknown significance”; if anything, the problem is exacerbated as more
sequence data yields more of these variants. Continued generation and posting of data that help distinguish
pathogenic mutations from benign variants will help alleviate this problem. Another limitation of next generation
sequencing is that there are significant types of mutations, some very common, that cannot easily be detected by
this technology. Examples in the field of pediatric neuromuscular disorders include the single exon and multi
exon deletions and duplications in dystrophin (DMD) commonly found in Duchenne and Becker muscular
dystrophies, the PMP22 duplication that is the most common mutation found in Charcot-Marie-Tooth disease, the
deletion of exons 7 and 8 in SMN1 commonly found in spinal muscular atrophy, the trinucleotide repeat expansion
within DMPK that is associated with myotonic dystrophy type 1 (DM1), and the contraction of the D4Z4 region of
4q35 found in facioscapulohumeral muscular dystrophy type 1 (FSHD1). Whole exome and genome sequencing
primarily detects single nucleotide substitutions and small insertions and deletions up to 8-10 nucleotides, with
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less consistent detection of larger genetic variations . As a result of these and other factors such as variable
depth of coverage, the diagnostic yield of clinical exome and genome sequencing is currently estimated to be only
13, 14
25%
for Mendelian diseases. For more defined phenotypes such as limb-girdle muscular dystrophy (LGMD)
15, 16
the yield of exome sequencing has been ~40%
. Thus, knowledge of genotype-phenotype correlations will
continue to play a key role in the diagnostic process. Several thorny ethical issues have arisen regarding next
17
generation sequencing, especially with regard to reporting of incidental findings and matters of privacy .
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Duchenne muscular dystrophy – established and experimental therapies
Clinical care for Duchenne muscular dystrophy (DMD) has become more standardized internationally in recent
18-20
years
. Steroid treatment of DMD should start early, though the optimal age of initiation of this therapy remains
21, 22
controversial
. Oral prednisone stabilizes or improves strength, and in many cases prolongs the ambulatory
23
phase of the disease by 1-3 years . The synthetic steroid Deflazacort was recently approved by the US Food
and Drug Administration. Deflazacort is preferred by some clinicians and some families as weight gain is often
24
less prominent than with prednisone , with the exception of asymptomatic cataract formation, which tends to be
20, 25, 26
worse with Deflazacort
. Dietary supplements have generally been found to be ineffective.
Cardiac and respiratory complications are almost universal in the later stages of the disease, and one of these
constitutes the immediate cause of death in most cases. Cardiac manifestations include cardiomyopathy and
cardiac arrhythmias. The progression of cardiomyopathy may be slowed by the use of drugs such as ACE
inhibitors (particularly lisinopril), angiotensin receptor blockers (particularly losartan), and β-blockers. Recognition
27
and treatment of cardiac complications remain uneven . Progressive respiratory failure occurs from a
combination of decreased lung capacity and function. Non-invasive ventilatory support is now commonly used to
28
counteract this decline, and is a major factor in the increased life expectancy of affected boys/men .
Cognitive delays often occur in individuals with DMD, although individual outcomes vary and many children have
29
intact intelligence . Certain cognitive areas (i.e., verbal memory, digit span, and auditory comprehension) are
more affected than others. The incidence of behavioral issues, ranging from attention deficit hyperactivity
30, 31
disorder to autism spectrum disorder, seems to be higher in boys with DMD compared with their peers
.
Many studies in both animal models and human subjects have investigated potential new approaches to therapy
32
in DMD . Experimental approaches that have recently been investigated in human clinical trials include gene
33
34
35
36
therapy , antisense oligonucleotide therapy , myostatin inhibition , and stop codon readthrough therapy . A
37
recent human clinical trial of follistatin, a myostatin antagonist, showed promise . Among these, eteplirsen is first
38
across the finish line, achieving US Food and Drug Administration approval in 2016 based on a pivotal study .
But the story will continue, as it is becoming clear that a multi-pronged strategy, such as the ones used for many
cancers, are likely to yield maximum benefit in affected individuals.
References
1.
Wroblewski F. The clinical significance of transaminase activities of serum. Am J Med 1959;27:911-923.
2.
Soltan HC, Blanchaer MC. Activity of serum aldolase and lactic dehydrogenase in patients affected with
Duchenne muscular dystrophy and in their immediate relatives. J Pediatr 1959;54:27-33.
3.
Pitt M. Paediatric electromyography in the modern world: a personal view. Dev Med Child Neurol
2011;53:120-124.
4.
Stalberg E, Trontelj JV, Schwartz MS. Single-muscle-fiber recording of the jitter phenomenon in patients
with myasthenia gravis and in members of their families. Ann N Y Acad Sci 1976;274:189-202.
5.
Stalberg EV, Sanders DB. Jitter recordings with concentric needle electrodes. Muscle Nerve
2009;40:331-339.
6.
Pitt M. Neurophysiological strategies for the diagnosis of disorders of the neuromuscular junction in
children. Dev Med Child Neurol 2008;50:328-333.
7.
Tidswell T, Pitt MC. A new analytical method to diagnose congenital myasthenia with stimulated singlefiber electromyography. Muscle Nerve 2007;35:107-110.
8.
Shah DU, Darras BT, Markowitz JA, Jones HR, Jr., Kang PB. The spectrum of myotonic and myopathic
disorders in a pediatric electromyography laboratory over 12 years. Pediatric neurology 2012;47:97-100.
9.
Karakis I, Gregas M, Darras BT, Kang PB, Jones HR. Clinical correlates of Charcot-Marie-Tooth disease
in patients with pes cavus deformities. Muscle Nerve 2013;47:488-492.
10.
Karakis I, Liew W, Darras BT, Jones HR, Kang PB. Referral and diagnostic trends in pediatric
electromyography in the molecular era. Muscle Nerve 2014;50:244-249.
11.
Dewey FE, Grove ME, Pan C, et al. Clinical interpretation and implications of whole-genome sequencing.
Jama 2014;311:1035-1045.
12.
Biesecker LG, Green RC. Diagnostic clinical genome and exome sequencing. N Engl J Med
2014;370:2418-2425.
13.
Yang Y, Muzny DM, Xia F, et al. Molecular findings among patients referred for clinical whole-exome
sequencing. Jama 2014;312:1870-1879.

© 2017 The American Academy of Neurology Institute.

14.
Lee H, Deignan JL, Dorrani N, et al. Clinical exome sequencing for genetic identification of rare
Mendelian disorders. Jama 2014;312:1880-1887.
15.
Reddy HM, Cho KA, Lek M, et al. The sensitivity of exome sequencing in identifying pathogenic mutations
for LGMD in the United States. J Hum Genet 2017;62:243-252.
16.
Reddy HM, Hamed SA, Lek M, et al. Homozygous nonsense mutation in SGCA is a common cause of
limb-girdle muscular dystrophy in Assiut, Egypt. Muscle Nerve 2016;54:690-695.
17.
Kang PB. Ethical issues in neurogenetic disorders. Handbook of clinical neurology 2013;118:265-276.
18.
Bushby K, Finkel R, Birnkrant DJ, et al. Diagnosis and management of Duchenne muscular dystrophy,
part 1: diagnosis, and pharmacological and psychosocial management. Lancet Neurol 2010;9:77-93.
19.
Bushby K, Finkel R, Birnkrant DJ, et al. Diagnosis and management of Duchenne muscular dystrophy,
part 2: implementation of multidisciplinary care. Lancet Neurol 2010;9:177-189.
20.
Moxley RT, 3rd, Ashwal S, Pandya S, et al. Practice parameter: corticosteroid treatment of Duchenne
dystrophy: report of the Quality Standards Subcommittee of the American Academy of Neurology and the Practice
Committee of the Child Neurology Society. Neurology 2005;64:13-20.
21.
Dubowitz V, Kinali M, Main M, Mercuri E, Muntoni F. Remission of clinical signs in early duchenne
muscular dystrophy on intermittent low-dosage prednisolone therapy. Eur J Paediatr Neurol 2002;6:153-159.
22.
Kinali M, Mercuri E, Main M, Muntoni F, Dubowitz V. An effective, low-dosage, intermittent schedule of
prednisolone in the long-term treatment of early cases of Duchenne dystrophy. Neuromuscular disorders : NMD
2002;12 Suppl 1:S169-174.
23.
Griggs RC, Moxley RT, 3rd, Mendell JR, et al. Duchenne dystrophy: randomized, controlled trial of
prednisone (18 months) and azathioprine (12 months). Neurology 1993;43:520-527.
24.
Griggs RC, Miller JP, Greenberg CR, et al. Efficacy and safety of deflazacort vs prednisone and placebo
for Duchenne muscular dystrophy. Neurology 2016;87:2123-2131.
25.
Biggar WD, Gingras M, Fehlings DL, Harris VA, Steele CA. Deflazacort treatment of Duchenne muscular
dystrophy. J Pediatr 2001;138:45-50.
26.
Campbell C, Jacob P. Deflazacort for the treatment of Duchenne Dystrophy: a systematic review. BMC
Neurol 2003;3:7.
27.
Spurney C, Shimizu R, Morgenroth LP, et al. Cooperative International Neuromuscular Research Group
Duchenne Natural History Study demonstrates insufficient diagnosis and treatment of cardiomyopathy in
Duchenne muscular dystrophy. Muscle Nerve 2014;50:250-256.
28.
Ishikawa Y, Miura T, Ishikawa Y, et al. Duchenne muscular dystrophy: survival by cardio-respiratory
interventions. Neuromuscular disorders : NMD 2011;21:47-51.
29.
Cotton S, Voudouris NJ, Greenwood KM. Intelligence and Duchenne muscular dystrophy: full-scale,
verbal, and performance intelligence quotients. Dev Med Child Neurol 2001;43:497-501.
30.
Hendriksen JG, Vles JS. Neuropsychiatric disorders in males with duchenne muscular dystrophy:
frequency rate of attention-deficit hyperactivity disorder (ADHD), autism spectrum disorder, and obsessive-compulsive disorder. Journal of child neurology 2008;23:477-481.
31.
Wu JY, Kuban KC, Allred E, Shapiro F, Darras BT. Association of Duchenne muscular dystrophy with
autism spectrum disorder. Journal of child neurology 2005;20:790-795.
32.
Liew WK, Kang PB. Recent developments in the treatment of Duchenne muscular dystrophy and spinal
muscular atrophy. Therapeutic advances in neurological disorders 2013;6:147-160.
33.
Mendell JR, Campbell K, Rodino-Klapac L, et al. Dystrophin immunity in Duchenne's muscular dystrophy.
N Engl J Med 2010;363:1429-1437.
34.
Mendell JR, Rodino-Klapac LR, Sahenk Z, et al. Eteplirsen for the treatment of Duchenne muscular
dystrophy. Ann Neurol 2013;74:637-647.
35.
Wagner KR, Fleckenstein JL, Amato AA, et al. A phase I/IItrial of MYO-029 in adult subjects with
muscular dystrophy. Ann Neurol 2008;63:561-571.
36.
Bushby K, Finkel R, Wong B, et al. Ataluren treatment of patients with nonsense mutation
dystrophinopathy. Muscle Nerve 2014;50:477-487.
37.
Mendell JR, Sahenk Z, Malik V, et al. A phase 1/2a follistatin gene therapy trial for becker muscular
dystrophy. Mol Ther 2015;23:192-201.
38.
Mendell JR, Goemans N, Lowes LP, et al. Longitudinal effect of eteplirsen versus historical control on
ambulation in Duchenne muscular dystrophy. Ann Neurol 2016;79:257-271.

© 2017 The American Academy of Neurology Institute.

