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M
uscle disorders are regularly encountered by
neurologists and clinical neurophysiologists.
Nerve conduction studies are either normal or

reveal reduced compound muscle action potential
(CMAP) amplitudes. Needle electromyography (EMG)
may reveal spontaneous activity (fibrillations or positive
sharp waves), myopathic motor units and abnormal
recruitment patterns. Structural muscle changes (varia-
tion in fibre size and a predominance of smaller fibres)
contribute to the ‘myopathic’ EMG. Some muscle disor-
ders however are due to muscle fibre membrane ion chan-
nel dysfunction. Increased muscle fibre membrane
excitability may result in spontaneous discharges, clinical-
ly manifesting as myotonia or stiffness. Reduced excitabil-
ity may cause slowing or failure of action potential prop-
agation, which may manifest as weakness or paralysis. In
a similar way to nerve excitability studies, the pathophys-
iological consequences of ion channel mutations on mus-
cle membrane function can be assessed using neurophys-
iological techniques, complementing advancing knowl-
edge of the genetic and molecular defects and of clinical
phenotypes.

For muscle contraction to occur, conduction of action
potentials along the muscle fibre membrane is dependent
upon normal membrane excitability. Depolarisation is
mediated by the Nav1.4 Na+ channel, product of the
SCN4A gene. Calcium ions are subsequently released
from the sarcoplasmic reticulum mediating excitation-
contraction coupling. Chloride channels (encoded by
CLCN1), which have high conductance near the resting
membrane potential, stabilise it in the resting and post-
excitation state.

Assessments of CMAP morphology, muscle fibre con-
duction velocity (MFCV) and short and long exercise tests
can all be helpful in assessing membrane function. Action
potential propagation velocity along the muscle fibre
membrane (MFCV) can be estimated by cross-correlation
of surface recorded EMG1 or invasive methods.2-4

In myotonias, exercise can trigger, relieve or aggravate
symptoms, so it can be used as a neurophysiological func-
tional test, to aid diagnosis. The short exercise test, first
described by Streib et al is useful in investigating myoton-
ic disorders.5 Repeated brief exercises are followed by rest
and serial supramaximal CMAP recordings. The long
exercise test, described by McManis et al is useful for the
assessment of suspected periodic paralysis.6

To illustrate the potential utility of EMG techniques the
following will describe recent work relating to the non-
dystrophic myotonias and critical illness myopathy, where
these investigations have been used.

Myotonias
Muscle fibre hyperexcitability is the fundamental abnor-
mality in myotonia, resulting in spontaneous trains of
action potentials, which with contraction coupling results
in delayed relaxation. Myotonic discharges arise from sin-
gle muscle fibres. They show rapid firing, waxing and

waning of frequency and amplitude, and may be facilitat-
ed by mechanical stimuli. However, myotonic discharges
are not diagnostically distinctive according to cause. In
the absence of prominent clinical myotonia, electrical
myotonia is observed in, amongst others, acid maltase
deficiency, congenital myopathies, hypothyroidism and
polymyositis. These conditions may also possess motor
unit and recruitment abnormalities on EMG.

Routine assessment of myotonia relies upon needle
EMG revealing myotonic discharges. Neurophysiological
provocative tests including repetitive nerve stimulation,7

short and long exercise tests, can help distinguish the
main phenotypes.

Broadly divided into two groups, variants of myotonia
congenita (MC) are caused by dominant or recessive muta-
tions of the chloride channel gene (CLCN1). Myotonia
increases after periods of rest and declines with repetition of
exercise (warm up phenomenon). Mutations of the alpha
subunit of the voltage gated skeletal muscle sodium channel
gene (SCN4A) have been found to cause paramyotonia con-
genita (PC), where myotonia conversely is induced by exer-
cise or cold. Clinical history and examination is frequently
enough to be able to guide genetic testing, however it is
sometimes unreliable or the phenotype unclear, for exam-
ple, some SCN4A mutations produce myotonia without an
increase after exercise, mimicking MC.8

Recent studies have addressed the utility of the short and
long exercise tests in the non-dystrophic myotonias and
have found them to be helpful in supporting the diagnosis
and guiding genetic testing. Fournier et al studied patients
with identified ion channel mutations, using a modified
form of the short exercise test.9 Instead of the originally
described 10 minute rest period between tests, they used
three brief exercise periods separated by only 1 minute
each. In patients with myotonia congenita, Fournier, like
Strieb previously, noted an initial decline in CMAP ampli-
tude following exercise which gradually improved with fur-
ther exercise, similar to the clinically recognised warm-up
effect. Based on the findings they defined five electrophysi-
ological groups, which distinguished between sodium,
chloride and calcium channel mutations and also between
subgroups of sodium channelopathies. The first three
groups related to myotonic syndromes, which were distin-
guishable using repeated short exercise tests. The reported
sensitivity of the repeated short exercise test was about
85%. Further work studying 54 patients with myotonia
identified sodium or chloride channel mutations, describ-
ing increased sensitivity (approaching 90-100%) of the
short exercise test when combined with muscle cooling.10

The patterns recorded correlate with the clinical symp-
toms. Those with PC due to the most common sodium
channel mutations displayed a pattern of post exercise
decreasing CMAPs, aggravated by repetition. Cold aug-
ments this decline in excitability. The common mutations
impair inactivation of the channels and an increase in the
sustained current, causing increased membrane excitabil-
ity and myotonia or reduced excitability with paralysis,
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depending upon the degree of depolarisation.11-13 Cooling induces mem-
brane depolarisation by slowing ion channel kinetics; hence in PC, cold
has a depolarising effect, causing myotonia and then inexcitability.14,15 At
room temperature almost all MC patients with recessive chloride channel
mutations displayed a transient decrease in the CMAP when the short
exercise test was performed after rest, which improves after short exercise
test repetition, akin to the warm-up phenomenon. However, those with
dominant mutations generally (86%) did not show this reduction follow-
ing exercise under normal conditions but the majority (75%) did once
there had been exposure to cold.

Fournier et al suggested that EMG can guide specific ion channel gene
testing and that combining exercise tests with cold exposure improves the
sensitivity. Prospective studies testing this hypothesis should be per-
formed. Studies should also look at reproducability and at the usefulness
of such testing in patients with these mutations but milder phenotypes.

Critical illness myopathy (CIM)
In contrast to hyperexcitability causing myotonia, muscle inexcitability
has been demonstrated in critical illness myopathy.16,17 Differentiating
between a myopathy and neuropathy can be challenging in the intensive
care unit. The differential diagnosis in ICU also includes Guillain Barré
syndrome and myasthenia gravis for example. In a series of 92 patients
with neuromuscular disorders acquired in the ICU, a myopathy consis-
tent with CIM was three times as common as axonal polyneuropathy and
is increasingly recognised.18 Careful neurophysiological examination can
differentiate these conditions. The ratio of the CMAPs recorded following
direct muscle stimulation and motor nerve stimulation has been used to
distinguish myopathy and neuropathy in ICU patients, this is however
only semi-quantitative and has potential disadvantages.17,19 Early in CIM
paralysis there are fibrillation potentials and positive sharp waves on
EMG. Recruitment and motor unit potentials appear myopathic.
Subsequently the muscle becomes inexcitable. Myosin loss demonstrated
on biopsy cannot explain muscle fibre membrane inexcitability and its
loss lags behind the development of weakness.20,21

We recently demonstrated acquired dysfunction at the level of the mus-
cle fibre membrane in critical illness myopathy, akin to that seen in some
inherited channelopathies.4 We found that in 90% of CIM patients, com-
pared to controls, the CMAP duration recorded from either abductor hal-
lucis (AH) or abductor pollicis brevis (APB) was significantly prolonged,
exceeding the control mean + 2 SD in either or both the median or tibial
responses. The morphology of the abnormal CMAP is also distinctive,
being smoothly contoured and the positive phase is often replaced by a
long negative phase (Figure 2). Other pathologies can cause CMAP dura-
tion prolongation e.g. demyelinating neuropathies; however the mor-
phology is then typically irregularly dispersed (desynchronised) and asso-
ciated with other nerve conduction abnormalities.

To further understand the underlying pathophysiology of this phe-
nomenon we looked at MFCV, using an invasive technique. It was signif-
icantly slowed in CIM, the mean being 2.3m/s compared to 4.0m/s in

controls. Some muscles and fibres were inexcitable or indirectly demon-
strated muscle fibre conduction block. An inverse relationship between
MFCV and CMAP duration was found, which was also proportional to
the clinical severity. Hence the smooth CMAP contour probably reflects
slowed and dispersed but synchronous depolarisation of muscle fibres. A
paired stimulation technique was used to assess the refractory period of
individual muscle fibres in vivo, which suggested a longer refractory peri-
od, CIM mean 4.7ms compared to controls mean of 2.5ms. CK is almost
always normal or only mildly elevated in CIM.4,19 In fact CK is dispropor-
tionately low for the degree of weakness, supporting the notion that
weakness is due to dysfunction rather than structural change at onset. In
the critically ill, the resting membrane potential may become depolarised
due to generalised cellular dysfunction22 or other factors.23 In keeping with
this hypothesis, in an animal model of CIM, inactivation of voltage
dependant sodium channels has been demonstrated, which results in
reduced sodium currents.24-26

Hypokalaemic periodic paralysis (HPP) type 2, due to SCNA4 muta-
tions, results in sodium channel dysfunction. In HPP, MFCV is reduced
interictally and further declines during attacks of paralysis.27,28 Early on
during paralytic episodes fibrillation potentials are present indicating
depolarised membranes.29 Paralysis arises following membrane depolari-
sation triggered sodium channel inactivation, rendering the muscle inex-
citable.8 In CIM it is presumed that a similar depolarising shift in mem-
brane potential, due to either a generalised cellular dysfunction or the
prescence of circulating factor or factors, contributes to sodium channel
dysfunction and a similar dynamic pattern of electrophysiology. The neu-
rophysiological findings in CIM and HPP share common themes. The
parallels suggest a similar pathophysiology at the membrane level,
although in CIM this is precipitated at least by a degree of acquired chan-
nel dysfunction. Functional polymorphisms in human cardiac muscle ion
channels can mediate arrhythmia susceptibility,30,31 and it would therefore
be interesting to look for these Na+ channel polymorphisms in CIM
patients. The parallels help our understanding of these conditions and
might afford therapeutic possibilities. 

Work on the basic pathophysiological mechanisms, has improved our
understanding of critical illness myopathy and may also help its recogni-
tion, diagnosis and monitoring. In addition to fibrillations and a myo-
pathic EMG, the synchronous dispersion of the prolonged CMAP is char-
acteristic. Weaker patients have lower MFCV or inexcitable fibres on
direct muscle stimulation and longer CMAP durations.  

Conclusion
Limited studies have been performed in both CIM and in the myotonias.
Further work should address reliability and reproducibility, and should
investigate the interplay between genetics, neurophysiology and pheno-
types. Understanding the precipitants of dysfunction also requires clarifi-
cation. Our understanding and ability to accurately diagnose both com-
mon and rare muscle disorders related to sarcolemmal hyperexcitability
or hypoexcitability is improving. The neurophysiological assessment can
play an important role in this respect, providing accurate and timely diag-
nosis in the ICU and by directing genetic testing, which is more expensive
and time consuming.

Neurophysiology Article
CM

AP
 a

m
plt

ud
e 

(%
)

10
se

c 
ex

er
cis

e

10
se

c 
ex

er
cis

e

10
se

c 
ex

er
cis

e

Figure 1: Example of Short exercise test result with the effect of cooling in a MC patient
suggestive of a recessive Chloride channel mutation.

Figure 2: CMAPs recorded from a normal control (above) and from a patient with CIM
demonstrating ‘synchronised dispersion’, which is the combined result of slowing of muscle
fibre conduction velocities and widening of its range. Note the absence of the positive phase
and the ‘long tail’.
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