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INVITED REVIEW ABSTRACT: To help reduce the gap between the cellular physiology of
motoneurons (MNs) as studied “bottom-up” in animal preparations and the
“top-down” study of the firing patterns of human motor units (MUs), this
article addresses the question of whether motoneuron adaptation contrib-
utes to muscle fatigue. Findings are reviewed on the intracellularly recorded
electrophysiology of spinal MNs as studied in vivo and in vitro using animal
preparations, and the extracellularly recorded discharge of MUs as studied
in conscious humans. The latter “top-down” approach, combined with kinetic
measurements, has provided most of what is currently known about the
neurobiology of muscle fatigue, including its task and context dependencies.
It is argued that although the question addressed is still open, it should now
be possible to design new “bottom-up” research paradigms using animal
preparations that take advantage of what has been learned with the use of
relatively noninvasive quantitative procedures in conscious humans.
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It is generally recognized that muscle fatigue (here-
after referred to as fatigue) denotes an increase in
the perceived effort necessary to exert a desired
force and an eventual inability to produce this
force.52 Both conceptually and operationally, this
definition accommodates another well-accepted def-
inition of fatigue as any reduction in the force-gen-
erating capacity of the total neuromuscular system
regardless of the force required in any given situa-
tion.14 For both definitions, it is necessary to add that
rest reverses fatigue.61

It has been known for at least a century that
fatigue can be caused by an impairment of numer-
ous physiological processes distributed throughout

the central nervous system (CNS) and peripheral
neuromuscular system.62 Among these processes, far
more is known about those occurring external to the
CNS, although much is still to be learned about
them.33 The case for CNS processes is no less com-
pelling.45,61,144 Among these, Gandevia61 recently dis-
cussed an intrinsic property of motoneurons termed
spike-frequency adaptation (hereafter termed adap-
tation). Experimentally, it involves a decline in firing
rate in the presence of a sustained, constant depo-
larizing pressure exerted on the motoneuron (MN)
by intracellular (IC) current injection. Gandevia cau-
tioned that the possibility of MN adaptation influ-
encing fatigue is diminished when extrinsic influ-
ences are exerted on the MN, particularly by
conductance changes that produce a persistent in-
ward (depolarizing) current (PIC). This creates a
plateau potential in the MN that may offset its adap-
tation.

The purpose of this article, which was written for
an interdisciplinary movement neuroscience reader-
ship, is to evaluate the possibility that MN adaptation
contributes to muscle fatigue from the perspective of
an emerging need in movement neuroscience. It is

Abbreviations: 5HT, serotonin; AHP, afterhyperpolarization; AP, adductor
pollicis muscle; CNS, central nervous system; EC, extracellular; EHL, exten-
sor hallucis muscle; EMG, electromyography/electromyographic; IC, intracel-
lular; MN, motoneuron; MVC, maximum voluntary contraction; MU, motor
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important to reduce the ever-widening gap between
the cellular physiology of MNs, as studied “bottom-
up” in surgically reduced in vitro and in vivo animal
preparations, and the “top-down” study of the firing
patterns of the motor units (MUs) supplied by MNs
in both intact conscious animals and the human. As
cautioned by Loeb,119 it is important that the former
approach using animal preparations not result in
“an almost random collection of bits of data in medias
res” which are often then used “to extrapolate to
‘principles’ having no necessary place in the greater
scheme of the organism.” Conversely, the latter stud-
ies using humans provide the possibility of learning
the control strategies for a given type of movement
and, as such, provide a challenge to the designers of
reductionist studies on animal preparations under-
taken at the cellular/molecular level of analysis.

For the present purposes, we are unaware of any
studies in which MU firing patterns have been stud-
ied during the voluntary (operant-trained), fatigue-
inducing contractions of nonhuman subjects. Thus,
the gap we are addressing is primarily between IC
microelectrode work undertaken on surgically re-
duced animal preparations and tissue and extra-
cellular (EC) macroelectrode electromyographic
(EMG) recordings made in intact humans. The lat-
ter approach has provided most of what is currently
known about the neurobiological aspects of muscle
fatigue and its context and task dependencies.

Ideas on our topic appeared in abstracts some
time ago101,102,154 but much has developed since
those presentations.79,80,82,103,130,142,143

CELLULAR MECHANISMS UNDERLYING
MOTONEURON ADAPTATION AND PERSISTENT
INWARD CURRENTS

First, it is helpful to review the ionic conductances
underlying the mammalian MN action potential and
its descending CNS control, MN adaptation, PICs
and their functional significance, and then the ex-
tent to which the latter can offset adaptation. Al-
though the emphasis below is almost exclusively on
mammalian spinal MNs, mention is briefly made of
results obtained on mammalian hypoglossal MNs
and the spinal MNs of nonmammalian vertebrates
when the results are particularly relevant to this ar-
ticle’s intent.

MN Action Potential Conductances. Figure 1 is an
update and modification of a previously published84

schematic using conventional terminology for spinal
MNs.142 It shows the conductances mediated by the
ion channels now known to generate the spike and

afterhyperpolarization (AHP) phases of the generic
mammalian MN action potential, including (pre-
sumably) that of humans. Not shown is the slow (s)
AHP that can occur in other types of mammalian
neurons.146 For the present purposes, note that the
generation of a single action potential generation
involves at least 13 conductances. There are even
more conductances that become active during and
immediately after repetitive MN discharge.

Ionotropic vs. Metabotropic Actions. The Figure 1
conductances are influenced by two types of postsyn-
aptic action on MNs: ionotropic and metabotropic
effects. Eccles and the McGeers51,128 coined these
terms. Eccles’ group showed ionotropic (voltage-
regulated) effects on mammalian spinal MNs in
their classic articles of the early 1950s.28 They are
triggered by excitatory and inhibitory postsynaptic
potentials, which operate directly on ion channels to
depolarize and hyperpolarize their parent mem-
brane, respectively. Metabotropic effects were first

FIGURE 1. Conductances underlying the spike and AHP of the
action potential of the generic adult mammalian MN. They are
shown in bold italics if known to be the primary contributor to the
action-potential phase in question. Substances in parentheses
are the better-known blockers of these conductances. For an
earlier version of this figure, see Hornby et al.84
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observed over two decades later.72,115 They involve
synaptic or hormonal inputs acting in many cases via
G-protein–coupled receptors embedded in the
membrane. They set in motion “second messenger”
IC cascades that can then indirectly modify the be-
havior of the voltage-sensitive ion channels. In the
second (1987) edition of the McGeer et al. vol-
ume,128 metabotropic action was extended to in-
clude second-messenger systems that could translo-
cate to the neuron’s nucleus and act on DNA
transcription. This latter effect, which is fundamen-
tal to the study of learning and memory within the
CNS and MN plasticity, is beyond the purview of this
article, however.

Descending and Sensory Feedback Effects on MN Con-
ductances. In anesthetized in vivo mammalian prep-
arations, the postsynaptic effects of descending com-
mand signals and sensory input via spinal reflex
pathways on MNs are largely ionotropic.21 When
descending command signals and sensory feed-
back are studied in unanesthetized (largely decere-
brate) preparations, however, a different picture
emerges.80,82 A variety of neuromodulators (i.e.,
agents that trigger metabotropic effects) are now
known to act on spinal MNs, including the mono-
amines serotonin (5HT) and norepinephrine (NE),
thyroid-releasing hormone, adenosine, substance P,
and several other neuropeptides. In addition, neu-
rotransmitters first shown to have ionotropic effects
are now known to have additional metabotropic ef-
fects (e.g., acetylcholine, glutamate, GABA82).
Therefore, as emphasized by Heckman,78 “. . .the
firing pattern produced by the ionotropic input
from a motor command or a reflex can be dramati-
cally different, depending on the level of neuro-
modulatory input to the MN.”

Activation of Neuromodulators during Movement.
The most studied descending tract neuromodulators
that affect spinal MN conductances are 5HT and NE.
These monoamines are released in the spinal cord
largely by reticulospinal tract axons whose cells of
origin are in the brainstem’s diffuse raphe nuclei for
5HT83,125 and the much more localized locus coer-
uleus for NE.5

Figure 2 shows schematically the concept of
Heckman et al.82 that the command for voluntary
movement has two components that operate tempo-
rally in parallel after their activation by a general
command from the sensorimotor cortex (and pre-
sumably its connections with the basal ganglia, cer-
ebellum, thalamus, and brainstem).

As reviewed in several chapters in Mori et al.132 (see
also Lemon and Griffiths113), the Figure 2 concept
proposes that there is a specific command that

emerges from the motor cortex to engage largely cor-
ticospinal and selected reticulospinal (and often other
extrapyramidal) tract axons. The latter’s spinal effects
are largely on spinal interneuronal circuits that, in
turn, produce ionotropic effects in spinal MNs. In par-
allel, the concept proposes a concomitant excitability
command, which presumably emerges from the senso-
rimotor cortex, basal ganglia, and midbrain to act
largely on other reticulospinal tract axons that exert
both direct and indirect (via other spinal interneuro-
nal circuitry) metabotropic (including 5HT and NE)
effects on the same MNs. Thus, this concept proposes
that the specific command for voluntary movement is
mediated in the spinal cord largely by (1) corticospinal
tract axons and (2) non-5HT and non-NE components
of reticulospinal and other descending extrapyramidal
pathways. In contrast, (3) the descending excitability
command is mediated in the spinal cord largely by way
of 5HT and NE components of the reticulospinal tract.
Recent work suggests, however, that at least some
metabotropic input to MNs arises in the spinal cord
itself (Miles and Brownstone, unpublished).

The excitability command is also activated during
controlled near-natural or fictive (in paralyzed ani-
mals) locomotion of the high decerebrate cat, such
as to also adjust cardiorespiratory activity and re-

FIGURE 2. Descending and sensory feedback control of MNs
during voluntary movement.82 Left-side connections show a cor-
ticospinal command emanating from the motor cortex (and other
brain regions) and sensory input, which converge largely on
spinal interneuronal circuits, which exert ionotropic effects on
MNs. Right-side connections show a concomitant excitability
command via reticulospinal and other extrapyramidal tracts that
exerts metabotropic effects on spinal INs and MNs. The excit-
ability pathways may activate selected spinal INs, which exert
other metabotropic effects on MNs by activating the latter’s
metabotropic (m) glutamate and muscarinic ACh receptors.
Question marks (?) and dashed arrows (- - - 3) indicate under-
studied possibilities. Reprinted from Heckman et al.82 with per-
mission of Elsevier.
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flexes to the demands of the motor task.166 For such
controlled locomotion, electrical stimulation is ap-
plied to a specific diencephalic, midbrain, or cere-
bellar site.74,133,160 These comments on controlled
locomotion serve to emphasize that the Figure 2
schema is a component of an even broader CNS
function: somatovisceral integration during the elab-
oration of movement.

When evaluating the Figure 2 concept it is nec-
essary to keep in mind that its applicability to rapidly
alternating voluntary movements is yet to be deter-
mined. Nonetheless, for the present discourse on
muscle fatigue it warrants serious consideration.

An emerging literature80,82 on the behavior of
freely moving animals suggests that the intensity and
hence force-producing capacity of a specific motor
behavior is determined by both the depolarization
pressure exerted on spinal INs and MNs by ionotropic
effects induced by specific descending motor com-
mands and the intensity/prevalence of metabotropic
effects attributable to 5HT, NE, and other neuromodu-
lators.76,92,145 Like the voluntarily commanded iono-
tropic effects on spinal MNs, the metabotropic effects
are task dependent, such that, for example, the preva-
lence/intensity of both 5HT92 and NE145 effects pre-
sumably exerted in the spinal cord vary according to
the motor and allied psychological behavior of the test
subject (for additional complexities, which are still
emerging, the reader is referred elsewhere6,57,67). An
example of the powerful behaviorally/task-dependent
neuromodulatory effect is the 5HT-induced opening
of the spinal MN’s CaL (specifically Cav1.3) channel to
produce a PIC-based plateau potential even when the
ionotropic depolarizing pressure is less than the MN’s
threshold for repetitive discharge.87 The functional sig-
nificance of this action, which occurs largely, but not
exclusively, in the MN’s dendrites22,81 is discussed be-
low.

Finally, metabotropic effects on all of the Figure 1
conductances are presumably influenced to varying
extents during the repetitive discharge associated with
fatigue. With the exception of the remarkable findings
of Fornal et al.,57 however, which are discussed below,
very little specific information is available about such
changes during fatigue, including the fatigue-task
dependencies of such presumed changes.

MN Adaptation. This phenomenon has usually been
studied when MNs are responding to sustained stim-
ulation for �30 s. Functionally, however, it is just as
important to consider what is known about adapta-
tion to repetitive stimulation.

Adaptation to Sustained Stimulation. Figure 3
shows schematically that MN adaptation to sustained

stimulation has at least two phases, and possibly sev-
eral others that may be animal species–specific (e.g.,
cat vs. turtle) or cell type–specific (e.g., spinal vs.
hypoglossal MN).11,12,28,70,130,143 For the present pur-
poses, the focus is on the initial and late adaptation
of spinal MNs as studied in adult cat reduced in vivo
preparations.29,96,97,101,102,116,155 MN adaptation in
such preparations is likely to resemble that in the
human. Reference is also made to the adaptation of
spinal MNs studied in spinal slice in vitro prepara-
tions of the young mouse130 and adult turtle70 be-
cause their adaptation patterns are at least qualita-
tively like those in the cat.87 It is also likely that
mechanisms underlying the adaptation of superior
colliculus cells of the adult guinea pig117,118 and
hypoglossal MNs of the young rat147,148,176 give a
degree of insight into analogous properties of spinal
MNs in the adult cat and human.

Initial Adaptation to Sustained Stimulation. In the
adult cat, this phase of spinal MN adaptation occurs
within the first second of repetitive MN discharge
and it has usually been attributed to AHP summa-
tion. This is thought to be brought on by increased
Ca2� entry (the 1[Ca]i in Fig. 3) leading to a
greater activation of the Ca2�-dependent K� chan-
nel responsible for the medium AHP: i.e., primarily
the KCa-SK conductance (reviews of the early litera-
ture supporting this possibility are provided else-
where7–9,71,91,98).

In contrast to the above work on adult cat MNs, a
recent carefully undertaken in vitro study on spinal
MNs of the young mouse showed that a change in the
medium AHP could not account for initial adaptation.
Rather, it was best explained by a slow inactivation of
NaT, the fast, transient Na� conductance.28,130 Interest-
ingly, this mechanism was suggested previously for the
late, but not initial, adaptation of spinal MNs in the
adult cat.116 At this stage, it is not clear if the time
course of initial and late adaptation is similar for the
spinal MNs of the adult cat and young mouse. The
latter may have an initial adaptation that lasts �100 ms
and a late adaptation that is fully expressed within the
first second of repetitive discharge (see fig. 6 in Miles et
al.130). For the moment, then, it seems best to consider
that the mechanism underlying the initial adaptation
of mammalian spinal MNs is still a partially open issue,
with the evidence favoring some species-dependent
combination of AHP summation and reduced NaT

conductance.
Later Phases of Adaptation to Sustained Stimulation.

Figure 3 shows that more mechanisms have been
proposed to underlie the later phases of adaptation
than is the case for initial adaptation. For adult cat
MNs, the most frequently emphasized ones are (1)
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an increase in the decay time of GK(Ca-SK); (2) in-
creased activity of the Na�-K� pump; (3) increased
Na� channel inactivation (both NaT and NaP); and
(4) decreased PIC attributable to decreased GCaL

and GNaP. No attempt has yet been made to weight
the relative importance of these possibilities for cat
spinal MNs. For hypoglossal MNs of the young rat,
however, a recent study showed that a diminished
NaP could not alone account for late adaptation.
This and associated other findings prompted the
authors to conclude that “. . .several types of the
membrane channels involved in generating action
potentials can and do contribute to spike-frequency
adaptation: changing the contribution of one set of
channels to spike-frequency adaptation is compen-
sated for by an increased role of another set of
channels.”176 This conclusion is in keeping with the
Figure 3 summary for cat MNs.

Adaptation to Repetitive Stimulation. There is
surprisingly little information on this topic, de-
spite the prevalence of rhythmically occurring
movements in the movement repertoire of all an-
imal species. For example, there are no such stud-
ies on cat MNs in which IC-recorded MN responses

were noted to short, repetitively delivered IC cur-
rent pulses. Such a study has been undertaken,
however, on superior colliculus cells of the adult
guinea pig.118 Figure 4 provides examples from
this study of adaptation profiles analogous to those
observed during sustained stimulation: i.e., within-
train and between-train adaptation profiles like
initial and later-phase adaptation to sustained
stimulation, respectively.

Within-Train Adaptation during Repetitive Stimula-
tion. Figure 4 shows that during each response
train of action potentials to each 570-ms stimulus
pulse there was a progressive slowing of discharge
rate. Such within-train adaptation has the appear-
ance of initial adaptation of cat MNs to sustained
stimulation. In this case, however, the apparent time
course of the AHP during the action potentials’
within-train adaptation suggested to the authors that
the latter was not attributable to AHP summation.117

It is conceivable that such adaptation was attribut-
able to a slow inactivation of NaT, as shown more
recently in mouse MNs. The latter work, however,
made use of techniques130 not available in the earlier
Llinás and Lopez-Barneo studies.117,118

FIGURE 3. Cellular mechanisms underlying initial and late adaptation of spinal MNs. (A) Distribution of sodium, potassium, and calcium
channels over the MN’s dendritic tree, soma, and axon hillock. (B) Mechanisms thought responsible for initial and late adaptation
(abbreviations as in Fig. 1). (C) Changes in the amplitude and/or decay time of GK(Ca) affect the profile of the AHP and hence the cell’s
firing rate. (D) PIC-influenced action potential (left side; thinner line) exhibiting a typical spike (rapid depolarization and repolarization)
followed by an AHP, which is reduced by the opening of L-type calcium channels (GCa-L; not shown). The right-side (thicker line) action
potential shows the effects of inactivating various ion channels and activating KM.
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Between-Train Adaptation during Repetitive Stimula-
tion. Figure 4 also shows that between-train adapta-
tion of guinea pig superior colliculus cells had a
profile suggestive of the late adaptation of cat MNs
to sustained stimulation. The authors noted this sim-
ilarity and reasoned that the mechanisms underlying
the late adaptation included a slow-activating Ca2�-
dependent K� conductance such as that shown in
Figure 3.

Another analysis quite relevant to fatigue was
undertaken on cat MNs, using EC spinal activation
of single cat MNs. This method of MN activation,
which is unique in the adaptation literature, does
not lend itself to the analysis of within-train adapta-
tion (for technical details, see p. 115 in Spielmann et
al.155). The technique is quite appropriate, however,
for analysis of late adaptation to sustained stimula-
tion and between-train adaptation to repetitive stim-
ulation. These are compared in Figure 5 for MNs
supplying fatigable, fast-twitch and fatigue-resistant,
slow-twitch MUs. The MNs supplying fatigue-resis-
tant MUs showed virtually no late adaptation to sus-
tained stimulation and, similarly, virtually no
between-train adaptation during repetitive stimula-
tion. In sharp contrast, the MNs innervating fatiga-
ble MUs showed pronounced late adaptation to sus-
tained stimulation and less, but still pronounced,
between-train adaptation to repetitive stimulation.

In summary, MN adaptation is a fundamental
neuronal process that has been studied in a variety of
animal species, both in anesthetized in vivo prepara-
tions and unanesthetized slice tissue. Initial adapta-
tion to sustained stimulation and within-train train
adaptation to repetitive stimulation bear certain
qualitative similarities, as do late adaptation to sus-
tained stimulation and between-train stimulation to
repetitive stimulation. The ionic mechanisms under-
lying the former two may be more species-dependent
than the latter two, but this possibility requires more
extensive experimentation. Also, the role MN adap-
tation plays during natural movement remains un-
known for a variety of reasons. Among these, a crit-
ical issue is the extent to which adaptation is
influenced by PICs, as reviewed below.

Functional Features of PICs. There are several re-
cent (2002-onward) reviews3,20,80,82,88 and an intrigu-
ing experimental spasticity study114 on the cellular
properties of PICs as revealed by in vivo and in vitro
studies on animals. Also, at least 13 other articles
(see below) have focused on whether PICs occur in
human spinal MNs under normal or pathophysiolog-
ical conditions. Information and viewpoints relevant
to our present purpose come largely from these
reports.

FIGURE 4. Example of within-train and between-train adaptation of a superior colliculus cell in a midbrain slice taken from an adult guinea
pig. (A) Gradual reduction in the number of IC-recorded action potentials per stimulus train generated by repeated IC current pulses of
uniform amplitude and duration. (B) Action potentials in four of the trains on an expanded time base, showing an initial (within-train)
adaptation of firing rate and a progressive diminution in the number of action potentials generated per train. (C) Plot of the number of
action potentials elicited during each response train, revealing a form of late adaptation. Modified from Llinás and Lopez-Barneo118 with
permission of the American Physiological Society.
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Studies on Reduced Animal Preparations. PICs in
mammalian tissue were first observed in heart mus-
cle cells in the early 1950s but their presence in
mammalian spinal MNs was not reported until a late
1970s’ report of Schwindt and Crill150 (for history,
see table 1 in Hornby et al.84).

Figures 6–8 demonstrate several fatigue-relevant
features of spinal MN PICs that have emerged from
study of the above preparations.

A PIC can induce self-sustained discharge in a
spinal MN (Fig. 6A). The duration of this self-sus-

tained discharge property is more pronounced in
low-threshold MNs innervating relatively nonfati-
gable, slow-twitch MUs than in high-threshold MNs,
which innervate more fatigable units (Fig. 6B).

Such PIC-induced discharge can be turned off at
the spinal level by a brief hyperpolarizing pulse as
might occur under natural conditions by reflex or
spinal pattern-generation action (e.g., as in locomo-
tion).

PIC behavior is strongly influenced by the level of
descending monoaminergic drive. Figure 7A shows

FIGURE 5. Late adaptation of cat MNs supplying fast-twitch and slow-twitch MUs during repetitive and sustained stimulation. Plotted
against time during sustained (thin lines) and repetitive (thick lines) stimulation are the mean ensemble firing frequencies for populations
of MNs supplying fast-twitch (F cells) and slow-twitch (S cells) MUs. The F cell adaptation profile (A) differed significantly for sustained
vs. repetitive stimulation, whereas the S profile (B) did not. Modified from Spielmann et al.155 with permission of Blackwell Publishing.

Table 1. Cellular mechanisms potentially underlying human MU firing patterns.

Observations in keeping with a PIC effect in spinal MNs of
animal preparations* Alternative explanations†

1. Self-sustained discharge outlasting its original stimulus 1. Long-lasting discharge can occur in spinal experimental animals with
minimal monoaminergic spinal effect‡

2. Possibility of a reverbrating spinal circuit§,34

2. Lower decrecruitment vs. recruitment forceP Force measurement contaminated by activity in synergistic and antagonistic
muscles73,108

3. Progressive decline in MU recruitment forceP Force measurement contaminated by activity in synergistic and antagonistic
muscles60

4. MU showing increased discharge rate while a
simultaneously recorded MU in same muscle remains at its
control rate

The latter MU may be experiencing firing rate saturation60

5. Increased reflex activated force not attributable to direct
muscle activation, conventional reflex effects, or increased
descending drive

See 1 and 2 above

MU, motor unit; PIC, persistent inward current.
*Recent summaries of relevant PIC citations are provided elsewhere42,60,68,69,80,84,167

†For more extensive alternative explanations, see Fuglevand et al.60

‡Observation dates back to at least early 20th C151 but relatively understudied after 193243

§Possibly first proposed in 192256 and never clearly discounted
PNot observed by Fuglevand et al.60
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that the stimulus threshold for repetitive discharge is
progressively lowered and the stimulus current–
spike frequency relationship of a spinal MN is dra-
matically increased (i.e., more discharge per unit of
excitatory depolarizing pulse) as the level of mono-
aminergic drive increases from the minimal level
observed in anesthetized animals to the moderate
level seen in the classic unanesthetized decerebrate

cat preparation, to an enhanced level when the latter
preparation is treated with an appropriate pharma-
cological agent (e.g., methoxamine, a noradrenergic
�1 agonist111). Presumably, the minimal level is even
less than that in the sleeping state,40,131 whereas the
moderate level corresponds to the conscious, alert
(premovement) state with the CNS elaborating a
pronounced but relatively fatigue-resistant antigrav-
ity posture (see fig. 2.2 in Stuart and McDonagh159).
The enhanced level probably occurs during more
forceful, fatigue-inducing muscle contractions.
When this point is considered for a population of
MNs in a spinal motor nucleus innervating a single
muscle, it can be shown by modeling that the force
output of the muscle is remarkably enhanced by
monoaminergic-induced PIC activity and that sub-
stantial force can be generated at a relatively low
level of synaptic drive to the MNs (Fig. 7B).

PIC activity is initiated largely in the MNs’ den-
drites (Fig. 7C). As a result, excitatory synaptic input,
which is more prominent in the dendrites of both
low- and high-threshold spinal MNs, is a much more
appropriate way to activate a PIC than a microelec-
trode-injected depolarizing pulse. The latter is far
more likely to occur in the MN’s soma or a soma–
dendritic junction than the dendrites themselves.26

Thus, the PIC-induced force enhancement shown in
Figure 7B is likely to be much greater under natural
circumstances, because by far the majority of the
descending command for movement, spinal inter-
neuronal pattern-generator activity, and sensory
feedback are delivered to the MNs’ dendrites than to
the soma. (Recall that the surface area of the generic
mammalian MN soma is �10% that of the cell’s
dendrites.44)

Taking the above points into account, the animal
data suggest that PIC activity in the dendrites of a
spinal MN, which produces an excitatory depolariz-
ing effect on the cell’s action potential trigger zone,
provides a remarkable gain-increasing (Fig. 8) mech-
anism for both fast- and slow-twitch MUs. In turn,
this augments MN firing rate and hence the high
and low forces produced by fast- and slow-twitch
MUs, respectively. Such dendritic PIC activity is also
a stimulus-prolonging mechanism for MNs supply-
ing slow-twitch MUs, thereby enhancing their fatigue
resistance.

A further implication of the above points is that
under conditions of moderate to high central mono-
aminergic drive, PICs are activated at or near the
threshold for MN discharge, thereby suggesting that
these currents are present in virtually all forms of
natural motor activity in conscious, freely moving

FIGURE 6. Functional effects of a PIC in a spinal MN of an
unanesthetized decerebrate cat. (A) In each panel the lower
trace shows the excitatory (depolarizing) ionotropic effect of vi-
bration-induced spindle Ia input, with action potential discharge
prevented by the IC injection of a hyperpolarizing pulse. (Spindle
Ia input is remarkably constant during such muscle vibration.)
The upper trace shows the excitatory effect when the hyperpo-
larizing pulse is removed. (A1) Shows that when the cell is
current clamped, synaptic input triggers sufficient depolarization
for action potential discharge, which continues (self-sustained
firing) after cessation of vibration. (A2) Shows that a PIC-induced
plateau potential is unmasked when the action potential dis-
charge is blocked pharmacologically. (A3) Shows that when the
cell is voltage clamped the PIC-induced plateau potential is re-
vealed. (B) In the same preparation, but with an agent added to
increase descending monoaminergic drive, the self-sustained
firing shown in (A1) is more prolonged in a low-threshold MN (B2)
than in a high-threshold MN (B1). (B3) shows that the PIC of the
latter cell decays much faster than that of the former cell. Modi-
fied from Heckman et al.80
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animals, including, presumably, the human.
Studies on Conscious Humans. The possibility that

PICs are generated in spinal MNs in the human
has been addressed in reports dating back to
199184 and several recent reports are particu-
larly noteworthy.40 – 42,59,68 – 69,80,82,84,86,99,135,167 In all
such research, PICs can be inferred only by mea-
surements of either (1) EMG activity during vol-
untary contractions in normal and CNS-damaged
subjects (in particular, the firing patterns of single
or pairs of MUs recorded simultaneously with mus-
cle force or joint torque), or (2) force or torque

generated in response to percutaneous muscle
stimulation under selected circumstances. Among
the different criteria proposed for such an infer-
ence, five have proponents in usually more than
one laboratory, with the results on humans often
similar to those obtained analogously on conscious
animals.

1. The sustained discharge of an MU that outlasts an
excitatory stimulus; i.e., self-sustained firing as for
the poststimulus MN discharge shown in Figure
6A or that in response to a chemical agent that is
an antagonist to a monoaminergic blocker.

2. A decrease in MU derecruitment force compared
to recruitment force (“hysteresis”), such as that
observed in PIC-influenced spinal MNs of the
unanesthetized decerebrate cat.

3. A progressive decline in MU recruitment force
during repeated contractions, such as that caused
by PIC behavior during the “warm-up” (“wind-
up”) of MN discharge seen in animal experi-
ments.

4. A comparison of the discharge of a tonically ac-
tive (control) unit to that of a simultaneously
recorded higher-threshold (test) unit, provided
they have tightly correlated firing patterns sugges-

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
FIGURE 7. Further functional features of PICs. (A) Average
stimulus current–spike frequency relationship of different popu-
lations of spinal MNs under progressively increasing levels of
monaminergic drive. For a minimal level of such drive (right-side
plot), a small PIC is activated, and only at a high level of IC-
injected depolarizing current. The initial slope is relatively flat
(termed “p” for the primary range of discharge). PIC onset results
in a steeper slope (“s” for the secondary range of discharge). For
a moderate level of monaminergic drive, a PIC is activated at a
lower level of stimulus current, as is the secondary range of
discharge. At this level, a further increase in stimulus current
results in a flatter tertiary (t) range of firing, thought due to the
increased conductance (shunt) of the ion channels mediating the
PIC. For an enhanced level of monaminergic drive (left-side plot),
only the s and t ranges of discharge are exhibited and discharge
begins below, at, or near the MN’s absolute threshold. (B) Model
of the nonlinear association between a progressively increasing
synaptic drive to all the MNs supplying a hindlimb muscle and the
force output of the muscle. The relationship becomes progres-
sively more sigmoidal as the level of monaminergic drive in-
creases, due largely to the activation of progressively larger
PICs. (C) Comparison of the stimulus current–spike frequency
relationship for a spinal MN under moderate monaminergic drive
in response to IC current injection (right-side plot) versus synaptic
spindle Ia input produced by muscle stretch (left-side plot; with
arrow indicating conversion from s to t range of firing). The
synaptic stimulus, which operates largely on the MNs’ dendrites,
has a much more powerful effect on the cell’s discharge than
equivalent current injection into the cell’s soma. Modified from
Heckman et al.80
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tive of the sharing of synaptic inputs. If in re-
sponse to an excitatory stimulus the test unit
shows relatively more excitatory discharge than
the control unit, it is argued that the test unit’s
MN is generating a PIC, whereas the MN of the
control unit has either reached its maximum PIC
or is not generating one.

5. A muscle force or torque response to percutane-
ous muscle stimulation, the strength of which
cannot be explained by (1) direct muscle activa-
tion by motor axons, (2) non-PIC–assisted reflex
action, and (3) increased descending voluntary
drive.

In all five of the above cases, there is certainly
clear-cut information in support of a PIC inference
derived from experimental work on animal prepara-
tions. In parallel, however, Table 1 shows alternative
explanations. Note that the latter are based on a
combination of animal experimentation and often-
neglected biomechanical considerations.

Table 1 suggests that the case for PIC develop-
ment in human spinal MNs in now quite strong,
albeit slightly overemphasized by the technical diffi-

culty of including other possibilities. Such overem-
phasis has often been the case in human experimen-
tation on normal and CNS- or peripheral nervous
system–damaged subjects when a new spinal mech-
anism has been recently established by rigorous ex-
perimentation on surgically reduced animal prepa-
rations. Previous examples dating back to at least the
1960s include, for example, the fusimotor innerva-
tion of muscle spindles, recurrent inhibition via Ren-
shaw cells, spinal presynaptic inhibition, complex
alternative spinal reflex circuitry, spinal neurophar-
macology, and neuromuscular junction malfunction
in myasthenia gravis. In these cases, examples of
initial overemphases have been reviewed and evalu-
ated.30,95,119,141 Similar initial overemphases have oc-
curred in the study of Parkinson’s disease25 and
spasticity109,162 and, presumably, many other neuro-
logical deficits. In all these and presumably all future
cases, however, animal experimentation is absolutely
essential for providing insight into potential mecha-
nisms underlying human motor behavior and for
advancing the scientific basis and efficacy of drug
and rehabilitation therapies for human movement
disorders.

Despite the alternative possibilities summa-
rized in Table 1, the case for PIC involvement in
spinal MN behavior is compelling on evolutionary
grounds alone, given that PICs are ubiquitous
throughout the mammalian CNS, including hu-
man neocortical neurons.149 The problem re-
mains, however, how to determine the relative
contribution that a variety of other spinal mecha-
nisms make to the firing patterns of MNs in con-
scious human subjects.

Does MN Adaptation Occur in the Presence of a PIC?

There is surprisingly little consideration in the liter-
ature about whether MN adaptation is obviated
when an MN is exhibiting a PIC. Figure 9 shows that
inferences are possible, however.

Figure 9A,B shows some results obtained by
Brownstone and colleagues27,29 and Spielmann’s153

additional measurements (Fig. 9C,D) on some of
their data. Brownstone compared the firing proper-
ties of cat hindlimb MNs when the unanesthetized
paralyzed high decerebrate cat was in its control
state, and when it was elaborating fictive locomotion
brought on by brainstem stimulation. The former
state is suggestive of the moderate level of monoam-
inergic drive shown in Figure 6, whereas the fictive
locomotive state involved an enhanced drive. Note
that initial adaptation (within repetitive stimulus
trains) was present in the control (Fig. 9B) but not
the fictive locomotor (Fig. 9A) state. Subsequently,

FIGURE 8. The gain-enhancing property of PICs. The tested
MNs were in spinal motor nuclei innervating three synergistically
acting cat hindlimb MNs (medial and lateral gastrocnemius, so-
leus). The Y axis shows the mean effective synaptic current (IN in
nA) impressed on the MNs’ soma by spindle Ia input (generated
by combined vibration of the three muscles) for three different
populations of MNs in (1) anesthetized cats (minimal neuromodu-
latory state), (2) the classic unanesthetized decerebrate cat
(moderate neuromodulatory state), and (3) the latter methoxam-
ine-treated preparation (enhanced neuromodulatory state). Mea-
surements were compared with each cell hyperpolarized to re-
duce activation of dendritic PIC conductances versus depolarized
to evoke a maximum PIC. The difference between the depolar-
ized and the hyperpolarized measurement approximates the PIC
effect on IN. This effect increases as the neuromodulatory drive
increases with an �fourfold increase for moderate versus mini-
mal neuromodulation, and �sixfold for enhanced versus minimal
neuromodulation. Modified from Lee and Heckman112 with per-
mission of the Society for Neuroscience.
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Brownstone and colleagues101,102 reported that later
phases of adaptation (i.e., between such stimulus
trains) was also present in the control but not the
fictive locomotor state.

A similar result to the Figure 9B one was ob-
tained during rectangular-waveform current injec-
tion in control (no monoaminergic drive) of a non-
mammalian species, the turtle. When the same MNs
were generating a PIC, only the first phase of initial
adaptation was observed.85 Somewhat similarly,
there is also a subtle, albeit extremely brief, amount
of initial adaptation in the firing patterns shown
above in Figure 6B for both low- and high-threshold

spinal MNs of the unanesthetized decerebrate cat
(i.e., classic midbrain transection; moderate mono-
aminergic drive) during similarly shaped IC current
injection.

There is an important caveat about Figure 9B,
however. The IC (largely somatic) injection of a
rectangular-shaped depolarizing pulse is not an op-
timal way to generate PIC activity (Fig. 7C). In con-
trast, in the locomotive state (Fig. 9A) the MN was
responding in a more natural manner to a slightly
slower rising excitatory locomotor drive potential
brought on by sustained brainstem stimulation. This
potential, like reflex synaptic input, is a far more

FIGURE 9. Effect of the fictive locomotor state on initial (within-train) adaptation. (A) Firing rate response (third trace) of a cat hindlimb
MN in a paralyzed high decerebrate cat preparation after the preparation was induced into fictive locomotion by repetitive electrical
stimulation of the midbrain locomotor region. The top two traces are neurograms of multiunit action potential discharge in a ventral root
filament from the ipsilateral lumbar 7 segment (top trace) and the nerve to the tibilais anterior muscle (next trace), which give indication
of fictive locomotion. (B) Response of the same MN to IC repetitive current injection of square wave depolarizing currents (upper trace).
The lowest record in A,B shows a portion of the IC record amplified in voltage and expanded in time. The MN’s response in A was
characterized by a lack of within-train adaptation in the fictive locomotor state and a reduction in the appearance and magnitude of the
AHP. (C,D) Plots of instantaneous firing rate for the responses shown in A,B. Modified from Spielmann153 using data from Brownstone.27

Motoneurons and Muscle Fatigue MUSCLE & NERVE February 2007 145



effective way of generating a PIC (being expressed
largely in the dendrites and impressed simultaneously
on the cell’s axo-somatic trigger zone). Figure 10 shows
that in the same two cells shown in Figure 6B there was
no evidence of initial adaptation when the cells were
responding to vibration-induced spindle Ia input,
which would also involve a slightly more slowly rising
depolarizing effect but more substantial PIC being im-
pressed on the cells’ trigger zone than during IC cur-
rent injection, as in Figure 6B.

In summary, there is evidence to suggest that
the development of a PIC in a spinal MN under
near-natural circumstances is likely to obviate both
the initial and later phases of adaptation. Much
further work is required, however, to substantiate
this viewpoint and explore its relevance to MN
behavior during fatigue.

STUDIES ON HUMAN MUSCLE FATIGUE

Numerous reports and reviews have raised the pos-
sibility, more-or-less in passing, that MN adaptation

limits the discharge frequency of MUs during non-
fatiguing contractions.46,58,138,139 There has been less
such consideration when interpreting the firing pat-
tern of MUs in a voluntarily activated muscle while it
is being subjected to a fatigue-inducing regimen.
Below we review such literature as it pertains to MN
adaptation with an emphasis on studies in which MU
discharge rates were actually recorded during fatigu-
ing contractions rather than inferred from force and
EMG measurements.

First, however, it is necessary to consider an issue
that is rarely discussed in the recent literature. In a
fresh (nonfatigued) human muscle of a healthy, con-
scious human subject in which MUs are discharging at
rates produced by voluntary command, there is usually
a one-to-one propagation of action potentials from an
MN’s axon to the axon’s collaterals near or within a
muscle (i.e., no axonal branch-point failure157), al-
though the animal literature suggests that such trans-
mission may occur with a relatively low safety factor.105

Similarly, there is usually one-to-one neuromuscular
transmission from each axon collateral to the single
muscle fiber it innervates.47,54,104,107,174

Both branch-point and neuromuscular transmis-
sion may occur in healthy subjects under fatiguing
conditions.39,152,156,158 This does not mean that such
transmission failure affects the entire MU, however.
To the contrary, there is recent evidence from De
Luca’s laboratory that at least during repetitive ramp
contractions (each to a 50 s-sustained target torque
plateau of 20% MVC) of the quadriceps muscle to
the point at which the required (target) force could
not be maintained, vastus lateralis MUs continued to
discharge and thereby generate force throughout
the contraction. For such behavior, the MUs must
have had a substantial number of muscle fibers that
were not subject to axonal or branch-point or synap-
tic failure.1,2 During sustained, lower-level contrac-
tions of �2% MVC, the same laboratory has pro-
vided evidence of a rotation of low-threshold MUs in
a shoulder muscle, trapezius,169 which the authors
first reasoned was attributable to changes in the
depolarization pressure exerted centrally on the
MNs as a means of protecting postural muscles from
fatigue during particularly long-sustained contrac-
tions. Subsequently, it was argued that the behavior
of low-threshold trapezius MUs during postural ac-
tivity was also attributable to a variety of spinal mech-
anisms, but not failures of axonal branch point or
axon collateral–muscle fiber transmission.1,168,170 No
comparable data are available, however, for sus-
tained or repetitive fatiguing contractions of much
higher forcefulness (e.g., 50%–100% MVC contrac-
tions).

FIGURE 10. Lack of initial adaptation in the discharge of synap-
tically activated spinal MNs under enhanced descending mono-
aminergic drive. (A) Response of a low-threshold spinal MN in
the unanesthetized decerebrate cat treated with methoxamine to
vibration-induced spindle Ia input. The upper plot of instanta-
neous spike-frequency shows no adaptation. (The initial high
spike-frequency was due to an initial single doublet discharge.)
(B) In the same study, the similar response of a high-threshold
MN. In this case, the instantaneous spike-frequency tends to
alternate between two values, thereby complicating the analysis
of adaptation. It is also conceded that for technical reasons
animal experiments have not yet been able to make use of a truly
large spindle Ia input. This figure’s plots were kindly supplied by
C.J. Heckman, using data on the cells shown in Figure 6B.
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In summary, under normal (nonpathophysi-
ological) circumstances the literature on fatigue-
induced, axonal branch-point, and axon-collateral
neuromuscular junction failure is quite sparse ex-
cept for low-force contractions, and that on fatigue-
induced neuromuscular transmission failure is quite
controversial.33,62 Presumably, both are task-depen-
dent and if they do occur, either singly or together,
they are more likely to involve the higher-threshold,
more fatigable glycolytic MUs than the lower thresh-
old, fatigue-resistant ones.39,62,152

Even in fatigue-inducing tasks in which axonal
branch point- and neuromuscular transmission fail-
ure may not be implicated, evidence of MN adapta-
tion during human muscle contractions is quite
scanty and subject to alternative explanations, as
reviewed below.

Sustained Contractions. For the question at hand, it
is convenient to consider such contractions both
when an MVC was undertaken and when the proto-
col required the elaboration of lesser contractions
set at various levels of the MVC.

Sustained MVCs. In this type of experiment, the
investigators typically use highly motivated trained
subjects in order to ensure that they (1) can indeed
elicit maximum contractions by voluntary effort, and
(2) sustain this effort for the duration of a fatigue
test.14,61 It is well known that it is far more difficult to
achieve the latter in the conscious human as com-
pared to IC current injection into MNs in experi-
ments on surgically reduced animals or slices of their
CNS. Note, however, that in the latter case there
have been understandably (i.e., for technical rea-
sons) no studies in which the IC current injection
was of sufficient strength to raise MN firing rates to
the level required for a peak sustained (tetanic)
contraction of the supplied MU. Another problem
with MVCs, whether sustained or repetitive, is
whether the discharge of single MUs can be mea-
sured unambiguously, due to interference from the
discharge of other MUs. In a few select cases there
appears to be general consensus that faithful unitary
recording was achieved during sustained MVCs: e.g.,
the unit in figure 9 of Marsden et al.,124 and the
studies of certain other investigators.24,75,121In most
other cases, however, an element of doubt is ever
present.

Bigland-Ritchie and her co-workers16,18,175 stimu-
lated interest to a considerable degree in the possi-
bility that MN adaptation contributes to fatigue dur-
ing sustained MVCs in humans. In a sense, their
work extended the earlier findings of Marsden et al.,
which were first reported in a widely read abstract123

before a full-length account124 appeared over a de-
cade later.

Figure 11A shows that as a human hand muscle,
adductor pollicis (AP), fatigued during a voluntarily
commanded 40-s MVC, there was a decline in both
muscle force (by �33%) and the mean activation
rate of populations of MUs within the muscle (about
a 45% reduction; from �27 Hz to �15 Hz). As
argued below, it seems likely that the MUs exhibiting
such a decline in discharge rate were composed of
glycolytic (fast-twitch type II) muscle fibers, which in
this muscle presumably make up �20% of the total
fiber content (see tables 2 and 4 in Johnson et al.93).

In a subsequent report, Bigland-Ritchie et al.16

proposed that “. . .during fatigue, motoneurone fir-
ing rates may be regulated by a peripheral reflex
originating in response to fatigue-induced changes
within the muscle.” The authors cautioned, however,
that “. . .the decline in motoneurone firing rates . . .
may result primarily from changes in central mo-
toneurone excitability (i.e., adaptation); the time
course of frequency changes is quite similar to that
reported by Kernell and colleagues for changes in
the discharge rates of cat single motoneurones in
response to constant current injection.” Further ex-

FIGURE 11. Comparison of force and firing rate decline in the
conscious human and the anesthetized cat. (A) The upper panel
shows force developed by the human hand muscle, adductor
pollicis, during a 40-s MVC. Throughout the contraction the force
(in Newtons, N) reduced by �33%. The lower panel shows the
concomitant drop in on-average firing rate (HZ) of MUs. Each
data point is the mean rate of a single spike train recorded from
groups of MUs, as based on a single 1-s average at various times
throughout the contraction. The on-average firing rate dropped by
�45%. (B) The upper panel shows the force developed by a
fast-twitch fatigable MU in a cat hindlimb muscle, medial gastroc-
nemius, during 40-s of IC current injection into the unit’s MN. The
lower panel shows the reduction in the MNs’ firing rate, which can
clearly be attributed to adaptation. This reduction was also
�45%. The fall in force (80%) was greater, however. Redrawn
from parts of figures in Bigland-Ritchie et al.18 (A) and Kernell and
Monster97 (B) with permission of Blackwell Publishing (A) and
Springer-Verlag (B).
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periments, with added controls, led Bigland-Ritchie
and colleagues175 to assert more strongly that:
“. . .motoneuron firing rates are inhibited by some
reflex originating from the muscle.” They went on to
reflect that: “It is unclear what additional role
changes in central motoneuron excitability may play
in regulating motoneuron discharge rates during
voluntary contractions.”

Figure 11B is from a study on deeply anesthetized
cats.97 In this work, MNs of a hindlimb muscle, me-
dial gastrocnemius, were activated by a sustained IC
current injection set 5 nA above the threshold for
steady-state discharge.96,97 As in Figure 11A, the sus-
tained stimulus produced a decline in both MU
force and MN discharge rate, with the latter clearly
attributable to adaptation.

Presumably, the relative similarity in the dis-
charge rate declines shown in Figure 11A and B was
a key factor when the possibility was first raised by
the Bigland-Ritchie group that adaptation might
contribute to fatigue in conscious humans. There
are two caveats about this comparison, however.
First, in Figure 11A the period of MN/MU activation
in the human study began clearly with an MVC,
which was sustained as fatigue ensued. In Figure
11B, however, an initial MN firing rate of 29 Hz for
an MN supplying a fast-twitch MU in a study on
anesthetized cats would not produce a maximum
MU contraction, but rather about a 40% MVC (for
references on cat medial gastrocnemius MN/MU
properties, see Burke31). A more valid comparison
would require either activating cat MNs by synaptic
activation, diminishing the forcefulness of the hu-
man sustained contraction (to �40% MVC), or rais-
ing the initial stimulus strength of the IC current
injection to produce an initial firing rate of �100 Hz
in an MN supplying a fast-twitch MU in the cat.
Unfortunately, such requisite information is not yet
available.

A second caveat about the Figure 11 comparison
is that it is highly likely that the unanesthetized
human MNs of Figure 11A were generating PICs
(i.e., due to relatively high monoaminergic “tone”),
whereas the anesthetized cat MNs were clearly not.
As such, the decline in human MN firing rates shown
in Figure 11A were possibly not attributable to MN
adaptation, whereas this was indeed the cause of the
decline shown in Figure 11B for the cat MN.

Early on, Bigland-Ritchie et al.16 thought the in-
hibitory reflex lowering MU discharge rate during a
sustained MVC took origin in the fatigue-induced
activation of Group III and IV metabolic muscle
afferents: “They . . . seem ideally suited to mediate a
reflex which may modulate motoneurone firing rate

in fatigue.” In that report, and subsequently,175 how-
ever, the possibility was not discounted that the af-
ferent limb of the inhibitory reflex involved sensory
input from low-threshold mechanoreceptors, muscle
spindles, and Golgi tendon organs. Recently, Butler
et al.32 have again raised the latter possibility for
muscle spindle input. Their study involved noting
the responses of MUs in human elbow flexor mus-
cles to corticospinal stimulation during MVCs and
ischemia of the test muscle group. Their results
ruled out an inhibitory reflex attributable to Group
III–IV afferents. Rather, they proposed that the ob-
served reduction in MU firing rate was due to (1)
MN adaptation; (2) dysfacilitation of MN discharge
via reduced muscle spindle discharge, which has
been observed in humans during fatigue23,122; or (3)
both.

Macefield et al.121 provided de novo information
on the firing rates of MUs in a human toe muscle,
EHL (extensor hallucis longus), during a fatiguing
MVC that was sustained for up to 120–150 s. In this
study it was indeed possible to record unambigu-
ously the discharge of single MUs during a full MVC.
It was shown that the mean firing rate did not
change appreciably as force dropped. One of the
reasons proposed by the authors for this finding,
which is unique in the human MU literature, was the
lack of adaptation of MNs supplying slow-twitch
MUs, as observed previously in hindlimb MNs of the
cat.97,155 The number of slow-twitch (SO or type I)
fibers in EHL has not yet been counted. In a previ-
ous study, however, those authors showed that the
contractile properties of such MUs were like those of
the human soleus muscle,120 which is composed of
�86%–89% SO fibers.93

It seems likely that there is no inconsistency be-
tween the findings on AP, a human hand muscle,18,19

and EHL, a human toe muscle.121 There is evidence,
albeit limited, of differences in the organization and
properties of the segmental control system (spinal
circuitry, reflex connectivity, neuromechanical prop-
erties of motor units) for upper and lower limbs, and
proximal and distal limb muscles. Among several
examples, two striking ones are (1) the greater
strength of Renshaw cell effects on MNs supplying
proximal than distal MUs in the cat163,171 and the
nonhuman primate and human,90 and (2) faster
twitch contraction times for the human AP muscle59

than EHL120 and soleus11 MUs even though the rel-
ative percentage of SO fibers is similar in all three
muscles. The latter comparison must also take into
account, however, that the corticospinal tract has
more prevalent monosynaptic connections with AP
MNs than with MNs supplying EHL and soleus.
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In summary, there is no clear-cut evidence that
MN adaptation contributes to fatigue during sus-
tained MVCs. To the contrary, there is hard evidence
that such adaptation does not occur in a toe muscle
with a high proportion of SO MUs.120,121 Also,
fatigue-induced MU firing-rate declines in the hu-
man upper limb18 are now better explained by other
segmental control mechanisms.32

It also deserves mention that in the MN study of
Kernell and Monster96 on anesthetized cats “. . .sev-
eral cells were encountered that were unable to de-
liver a maintained discharge of several seconds in
response to constant stimulation.” This type of be-
havior has also been seen in human MUs (see, e.g.,
fig. 7.3 in McComas127), but it is rarely commented
on. Similarly, some MNs in the Kernell and Mon-
ster96 sample, which discharged for �10 s but �4
min in response to constant-current IC injection set
5 nA above the threshold for repetitive discharge,
resumed their firing after a short “rest” period in
response to IC pulses set at �3 nA above the initial
stimulus strength. This type of behavior resembles
that observed in some of the human forearm MUs
studied by Peters and Fuglevand.140 In the latter
case, however, the authors could not exclude the
possibility that “. . .excitatory drive may diminish
during maximal voluntary effort.” These various
findings suggest that much is yet to be learned about
MN adaptation during sustained stimulation in both
anesthetized animal preparations and conscious hu-
mans.

Sustained, Submaximal Voluntary Contractions. As
mentioned earlier, the study of MN adaptation in
animal preparations by noting a decline in firing rate
following the IC injection of a constant-strength de-
polarizing current into an MN supplying a fast-twitch
MU has never involved an initial firing rate that
would produce peak tetanic force in the MU. Rather,
the published literature suggests that the maximum
such force would be �40% of the unit’s peak force.
Therefore, it would be of interest to know whether
MN adaptation is a feature of human MU firing
patterns during submaximal voluntary contractions
(sub-MVCs) sustained until the requested (target)
force begins to decline. In evaluating this literature,
it is helpful to remember that in such contractions
there is evidence of motor unit substitution but not
rotation. Rotation requires that the same motor unit
be recruited again subsequently, whereas substitu-
tion means that a motor unit is derecruited and
other motor units are recruited.169,170 It is still some-
what uncertain, however, whether rotation is possi-
ble once force has begun to decline.

At first glance, it would seem that a sustained
sub-MVC (at least an isometric one) involves a pro-
gressive increase in the excitatory drive to the rele-
vant MNs and an in-parallel reduction in MU firing
rate, which may or may not be linear. Although
literature supporting these generalities is indeed
available, the situation becomes more complex if the
full literature is examined.1,2,4,39,49,63–66,106,126,129,137

Although a declining MU firing rate is the most
prevalent finding in the above studies, there are just
as valid examples in them of MUs whose firing rate
either remained unchanged or increased through-
out, or during part of the sub-MVCs. Several of these
reports emphasize that the variable MU discharge
behavior is attributable in part to different fatigue-
inducing muscle activation regimens (e.g., different
test muscles with different percentages of the different
muscle fiber types; different activation protocols; and
high- vs. low-force sub-MVCs). This is not surprising
because fatigue mechanisms in the CNS and pe-
ripheral neuromuscular system are task depen-
dent.52,61,89,134

Common to virtually all of the above literature is
the lack of claim that the excitatory drive to the
active MNs remained constant throughout the dura-
tion of the sustained contraction. As such, it is not
possible to assert assuredly that MN adaptation ac-
counted in part for a declining MN firing rate, even
though it may well be a factor, even in the face of a
changing excitatory drive to the active MNs.

Repetitive Contractions. Figure 5 shows that within-
train (like initial) and between-train (like late) MN
adaptation are clearly evident in studies on MNs
supplying fast-twitch but not slow-twitch cat MUs
when subjected to repetitive IC current injection.
Such results raise the question as to whether compa-
rable data (i.e., MU firing rate) are available in the
human literature on repetitive contractions that fea-
tured epochs of constant or near-constant force. Ac-
cordingly, we searched in the literature for such
studies, looking in particular for fatiguing protocols
in which the repeated contractions were sustained at
a constant force for 1-s to 10-s periods and were
repeated at intervals �5 s. In such studies, it is
conventional to use the term “endurance time” for
the time throughout which the requested (target)
%MVC can be maintained. This time also signals the
time in the fatigue test when the force of a MVC
equals the target force. It has invariably been found
that the surface EMG of the active muscle(s) in-
creases progressively throughout the fatigue test,
thereby indicating that the excitatory drive to the
active MNs is also progressively increasing. This is
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not the case, of course, for experimental work on
MN adaptation in animal preparations, which has
invariably involved use of constant-strength IC stim-
ulation of the tested MNs.

Repetitive MVCs. To our knowledge, no such
studies have been undertaken. There are, however,
repetitive MVC studies in the literature that made
use of measurements of force (or torque) and whole-
muscle EMG but not MU firing patterns.94,136

Repetitive Sub-MVCs. There are several studies
on the force (or torque) and EMG during such
contractions,50 but not including measurements on
MU firing patterns. One study included the latter
measurements but they were not reported for the
maintained portions of each contraction, but rather
during the contractions’ ramp-up and ramp-down
phases.53 Thus, for the present purposes, it seems
sufficient to comment on five studies that have pro-
vided data relevant to the question at hand. In none
of these studies were measurements provided on MU
firing rates during the steady-state phase of the indi-
vidual contractions (i.e., a test like that for within-
train MN adaptation). Rather, one of the foci in
these studies was the change in MU firing rate
throughout the sustained phases of the fatiguing
task, i.e., like the between-train MN adaptation dis-
cussed above.

First, Bigland-Ritchie et al.15 used a refined ver-
sion of the Figure 12A test,14 which was described
initially in 1981.13 The test muscle was a human
thigh muscle (quadriceps) and produced the result
shown in Figure 12B. The subjects undertook iso-
metric, near-rectangular, sustained contractions for
brief periods (6 s; �0.5 s rise and fall times; �5 s
sustained phases) with a following 4-s rest period
until the sustained target force of 50% or 30% MVC
could no longer be attained. Between the sub-MVCs
brief MVCs were measured at regular intervals, as
were responses to a single supramaximal stimulus
pulse or a train of 8 pulses at 50 Hz.

Figure 12B shows that (1) mean MU firing rate,
which was calculated indirectly, increased through-
out the test, and (2) concomitantly, there was an
increase in the surface EMG, which suggested that
the excitatory drive to the active MNs increased
throughout the test. The authors emphasized that
their MU sampling technique did not allow delinea-
tion of the MU types active throughout the fatigue
test but they favored the possibility that higher-
threshold MUs were recruited in the test’s later
phases.

Thomas and del Valle161 subsequently repeated
this fatiguing protocol on the human biceps brachii
of both intact and spinal cord–injured patients. The

target force of the repetitive contractions was set at
50% MVC. The MVC force was tested every 5 min
until it equaled the target force (i.e., the endurance
time). Multiple single MU firing patterns were re-
corded and identified individually. The results on

FIGURE 12. The effect of a repetitive sub-MVC fatigue test on
grouped MU firing patterns. (A) Sketch of the fatiguing protocol
(test). The subjects perform repetitive sub-MVCs and inter-
posed MVCs of the test muscle (see text for details) until the
sustained phase of the MVCs can no longer maintain the target
force (termed the endurance time, which occurs at the so-
called point of fatigue). (This test was first described in 198113

with some refinements introduced subsequently.14,15,17) (B)
The effect of this test when applied in five subjects to the thigh
muscle, quadriceps, using repetitive 30% sub-MVCs, which
could be maintained at this levels for �50 min. The test MVCs
reduced to 50% of their control value in 35 min (X axis, 50%
contractile failure). Plotted are the surface-rectified EMG
(SRE) and the mean � SD firing rates (spike frequency) of
different populations of single MUs recorded for very brief
periods at �5-min intervals throughout the test. Also shown at
0 time is the mean (�26 HZ) � SD firing rate of another
population of MUs recorded during control (prefatigue test)
MVCs. Mean MU firing rate increased throughout the test and,
concomitantly, there was an increase in the surface EMG. The
latter suggests that the excitatory drive to the active MNs
increased throughout the test. Modified from Bigland-Ritchie
and Woods14 (A) and Bigland-Ritchie et al.15 (B) with permis-
sion of Blackwell Publishing (B).
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control subjects relevant to this article are shown in
Figure 13. As in the earlier study,15 the MVC de-
clined throughout the fatigue test and the surface
EMG increased, both progressively. The mean MU
firing rate did not change significantly, however. By
the endurance time, the mean MU firing rate to
achieve the reduced MVC equaled that required to
meet the target 50% MVC, thereby indicating that
the MUs were operating at their maximum possible
firing rate.

The third study of interest is that of Christova
and Kossev.37,38 MU firing patterns were recorded
while the subjects performed repetitive isometric
ramp-and-hold contractions set at 30%–50% of the
control (prefatigue) MVC, with each contraction
lasting 14 s37 or 16 s.38 The results of these two
studies can be considered together. There was a
subtle tendency for MU firing rate to decrease as
fatigue ensued (i.e., a tendency for between-train
MN adaptation), but there was no significant differ-
ence between the MU firing rate during the steady-
state phase of the beginning and ending contraction
of their fatigue test. In their first report,37 it was
argued that late MN adaptation like that observed in
the anesthetized cat96,97 “. . .probably played an es-

sential role only at the beginning of the task (during
the first 3-4 cycles of the fatigue task).” They attrib-
uted the decline in firing rate during subsequent
cycles to a variety of other segmental motor mecha-
nisms. In their second report,38 those authors em-
phasized the possibility that, in addition to spinal
reflex mechanisms, it is probable that the “CNS
modulates the gain of reflex pathways in addition to
the common central drive to optimize the activity of
individual MUs which are in different functional
states during prolonged muscle contractions.” Bel-
haj-Saif et al.10 initially promulgated this viewpoint
on the basis of their study of the firing patterns of
motor cortex cells in nonhuman primates while
making repetitive fatiguing sub-MVCs of elbow flex-
ors.

Finally, in a study by Carpentier et al.35 on the
human first dorsal interosseus muscle, the fatigue
test was rather like that of Christova and Kossev.37,38

It consisted of repetitive isometric ramp-and-hold
contractions set at 50% of the control (prefatigue)
MVC, with each contraction lasting 16 s interposed
with 4-s rest periods. Throughout this task the sur-
face EMG increased progressively, again indicating
that the central excitatory drive to the MNs also

FIGURE 13. The effect of a repetitive sub-MVC fatigue test on single MU firing patterns. This study employed virtually the same fatiguing
protocol as shown in Figure 12A. In all plots, mean parameter values for the four subjects are shown by symbols with a vertical bar
indicating the standard error. (A) While the target 50% MVC of the triceps brachii muscle (open triangles) was maintained up to the
endurance time, the test MVCs (open circles), which were interposed at 5-min intervals, decreased progressively until their mean force
level matched the target force. (B) Correspondingly, the test muscle’s surface EMG declined progressively for the test MVCs (open
circles) but rose progressively for the target 50% MVCs (open triangles) until they equaled each other. (C) Mean MU firing rate (spike
frequency) was more-or-less unchanged throughout the sustained phases of the target contractions (open triangles) but declined
progressively during the test MVCs (open circles). (D) During the sustained phases of the target force contractions, MU firing rates (spike
frequency) rose progressively as a function of the firing rate during the control (prefatigue) MVC (crosses). The results are quite similar
to those observed previously in the Figure 12B study,15 but have the advantage that the MU firing patterns are for individual units rather
than transitorily recorded populations of units. Modified from Thomas and del Valle161 with permission of Elsevier.
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increased. The study included a comparison of the
firing rate patterns of MUs whose activation thresh-
old prior to the fatigue test was �25% vs. 25%–50%
vs. �50% of the MVC. Figure 14 shows that only the
lowest threshold group showed a decline in firing
rate throughout the fatigue test and the highest-
threshold group actually showed an increase. The
authors commented on the fact that although their
lower-threshold units were the ones to show a de-
cline in firing rate, the previous work of Kernell and
Monster97 on cat MNs had shown that lower-thresh-
old MNs exhibited no late adaptation. Their conclu-
sions seemed to favor a role for MN adaptation in
the fatigue-induced behavior of their high-threshold
MUs rather than a more prominent role for sensory
feedback, which they believed caused the decline in
firing rate observed in their low-threshold units.

Summary. The above review of selected studies on
human muscle fatigue provides no clear-cut evi-
dence supporting the inference that MN adaptation
is a factor as fatigue ensues in a variety of motor tasks

undertaken by healthy conscious humans. Rather,
given the strong possibility of PICs in the active MNs
of humans, we would argue that in those fatigue-
inducing tasks in which a decline in MU firing rates
has been observed, the possibility of a declining
muscle spindle input is now at the forefront,32 al-
though the evidence supporting this supposition is
far from complete. There is also need to further
evaluate the possibility that changes in Golgi tendon
organ input100 and recurrent inhibition77,173 may
also be implicated (for review, see Windhorst and
Boorman172). Finally, the role of supraspinal com-
mand signals in augmenting the excitatory drive to
fatiguing MNs10 and possibly altering the gain of
spinal reflexes deserves further attention. It is most
likely that in studies on human MU firing patterns,
however, the design of a fatigue test for humans that
permits inference of any of these possibilities will be
no less difficult than designing a fatiguing task that
can test unambiguously for a role for MN adapta-
tion.

CONCLUDING THOUGHTS

Some standardization of fatigue-inducing protocols
and the test muscle would help in human MU stud-

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
FIGURE 14. Progressive changes in the firing rate of three MUs
in the first dorsal interosseus muscle throughout a repetitive
sub-MVC fatigue test. The task consisted of repetitive ramp-up,
hold at 50% MVC, ramp-down contractions (see the text for
further details). The duration of the fatigue test (defined as the
endurance time) was until the muscle could no longer maintain
the target force during the sustained phase of each individual
contraction. (A) Each firing rate (spike frequency) point is the
average during the 10-s sustained phase of three successive
contractions. The MUs had different activation thresholds: aster-
isk, 7.4%; filled circle, 42%; and filled triangle, 54% of the MVC.
For the highest threshold (Œ) unit, the two ending open circles (E)
show that in the later phases of the test, the unit was only active
during the ramp-up phase of the contractions and not during the
sustained phases. This MU’s firing pattern differed markedly from
that of the two lower-threshold units. (B) Mean (�SE) spike
frequency (again during the 10-s sustained phase of three suc-
cessive contractions) at the onset (■), middle (crosshatched),
and end (�) of the fatigue test for MUs with a recruitment thresh-
old that was �25% (A group), 25%–50% (B), and �50% (C) of
the control MVC. The latter group did not commence their dis-
charge until some time into the fatigue test. Accordingly, the firing
rates shown are for their sustained phases after their onset of
activation (■), the highest rate measured subsequently (cross-
hatched), and at the end of the fatigue test (�). Only the lowest
threshold units exhibited a significant decline in their firing rate by
the end of the fatigue test, whereas the highest-threshold units
exhibited a significant increase in their firing rate after their dis-
charge had begun. Asterisk indicates a significant difference to
the prefatigue condition (P � 0.05). Modified from Carpentier et
al.35 with permission of Blackwell Publishing.

152 Motoneurons and Muscle Fatigue MUSCLE & NERVE February 2007



ies such that different results from different labora-
tories could not be attributed simply to the task-
dependency of the fatigue process. Even if such a
standardization of human MU research effort was to
occur, however, it is likely that the present gap will
continue to widen between cellular physiology un-
dertaken in animal preparations and systems physi-
ology undertaken on MU firing patterns in con-
scious humans. One strategy that would help narrow
this gap would be for the cellular approach in animal
preparations to accommodate the difficulties that
are inherent in noninvasive human studies and to
take advantage of what the latter studies have con-
tributed to current understanding of the neurobiol-
ogy of muscle fatigue. Three such approaches are
suggested below.

Stimulus Profile for Studying MN Adaptation. Cur-
rently, the animal literature on MN adaptation is
restricted to experiments in which the IC-injected
current to produce repetitive MN discharge has
been rectangular in shape. Such abruptly rising
currents cannot be simulated in human experi-
mentation. The reverse is quite feasible, however,
in animal research, using both in vitro slices of
spinal cord and in vivo, surgically reduced animals
in both an unanesthetized (decerebrate) and anes-
thetized state. Such research can take advantage of
agents that block the mechanisms that are cur-
rently thought responsible for the initial and later
phases of adaptation (Fig. 3).

Effects of Descending Monoaminergic Effects on MN

Adaptation. It would be of great interest to repeat
the Kernell and Monster stimulus protocol,96,97

using a decerebrate cat preparation in the absence
and presence of a descending monoaminergic
drive comparable to that degree known to occur
during active muscle contractions (for relevant
approaches, see Heckman et al.82). Such studies
should include analyses of IC-recorded MN firing
patterns during fictive locomotion that extend on
Brownstone’s seminal findings.29,102 In the ab-
sence of descending monoaminergic drive, it is
likely that the discharge of high-threshold cat
hindlimb MNs would be like that shown above in
Figure 11B (i.e., exhibiting both initial and late
adaptation), whereas no such adaptation would be
seen when descending monoaminergic drive gen-
erated sufficient PIC to offset it (as in Fig. 10).

Another approach, which is already under way, is
to explore the nature of descending monoaminergic
input to the spinal cord during various motor tasks
undertaken by freely moving cats,164,165 including

one that produces muscle fatigue.57 Admittedly,
these studies have to infer that EC recordings made
in brainstem structures are indeed from serotoner-
gic neurons and that the recorded cells’ projections
include one to the spinal cord. Nonetheless, the
recent finding that the activity of medullary neurons
in n. raphe and n. pallidus diminishes when the cats
run on a treadmill to the point of fatigue is worthy of
special consideration.57 Such a result raises the pos-
sibility that as fatigue ensues not only does a reduced
descending serotonergic drive dysfacilitate motor
output but, in addition, it enables MN spike fre-
quency adaptation and thereby exacerbates fatigue.
The overall exercise-induced role of serotonin and
other monoamines in the control of movement is
quite multifaceted, however.36,45,48

Effects of Fatigue on the Firing Patterns of MNs and

MUs in Nonhuman Primates. In recent years two
approaches have considerably advanced the possi-
bility of studying cellular mechanisms as the non-
human primate elaborates fatiguing contractions.
First, the Fetz laboratory showed that it is possible
to obtain EC recordings of spinal interneuron dis-
charge and relate such firing patterns to both the
firing patterns of motor cortex cells corticopetally
and MUs corticofugally.55 Second, the Maton lab-
oratory has showed that operant conditioning can
be used to generate fatigue in elbow flexor mus-
cles and study the firing patterns of motor cortex
cells as fatigue ensues.10 A combination of these
techniques, together with appropriate neurophar-
macology to vary the level of descending monoam-
inergic drive as monkeys undergo fatiguing con-
tractions, could provide answers to several of the
issues raised above.
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Landau, Erik Stålberg, and Robert Young for clinical insights.
Finally, we thank Patricia Pierce for technical and editorial help.

NOTE ADDED IN PROOF

Recently, it has been reported that provisional
PICs can be demonstrated in MNs supplying hind-
limb muscles in adult rats anesthetized with a mix-
ture of ketamine and xylazine (Button et al. J
Physiol (Lond) 2006;573:663– 667) and that there
is an inverse relation between PIC amplitude and
the extent of MN adaptation (fig. 3 in Button et al.
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J Appl Physiol 2006; in press). Future studies will
be required to determine whether these important
findings generalize across vertebrates.
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AANEM MONOGRAPH ABSTRACT: Monitoring of peripheral nerve function is important during
the surgical treatment of peripheral nerve and plexus lesions, allowing for
rapid assessment of the integrity of the roots, plexus, and nerves. The
results of this monitoring assist the surgeon in the overall approach to
treatment of these lesions. There are, however, many technical challenges
to providing this neurophysiological information in an accurate and rapid
fashion. This study assesses the equipment and techniques involved in
intraoperative peripheral nerve monitoring and describes its use in the more
common clinical scenarios.
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Electrophysiological monitoring of peripheral
nerves during surgery is an extremely valuable pro-
cedure that provides vital, real-time information to
the surgical team. Preoperative electrophysiological
testing provides the surgeon with valuable data to
assist with decision-making; however, there is infor-
mation that simply cannot be obtained from these
studies, and intraoperative studies help bridge this
gap. Monitoring of peripheral nerves during surgery
has been described and studied for nearly 40
years21,22 and has been the subject of several re-
views14,30,31,33 as well as a monograph.2 Intraopera-
tive monitoring (IOM) requires a skilled and knowl-
edgeable team of physicians and technologists who
ensure rapid and accurate acquisition and interpre-
tation of electrophysiological data. It also requires a
good working relationship with the entire surgical
team. Communication with the surgeons is vital in
assisting decision-making between divergent surgical
plans. Accurate and timely communication with the

anesthesiologist is also important as certain anes-
thetic agents can have detrimental effects on elec-
trophysiological studies. Having a peripheral nerve
IOM plan prior to surgery is ideal to maximize the
efficiency and utility of the studies.

The uses for peripheral nerve IOM monitoring
include: (1) identifying peripheral nerves; (2) localiz-
ing pre-existing disease processes along the course of a
nerve; (3) determining the functional continuity across
a pre-existing lesion, prior to detection by other elec-
trophysiological means; (4) determining likelihood of
nerve root avulsion; (5) identifying targets for nerve
biopsy; and (6) monitoring and thereby preventing
damage to intact nerves during surgery.

This review provides background on the equip-
ment and techniques used for intraoperative periph-
eral nerve and plexus monitoring and an interpre-
tation of the findings obtained thereby. The use of
nerve conduction studies (NCSs), needle electro-
myography (EMG), and evoked potentials (EPs) is
considered. For the purpose of this review, the term
“peripheral nerve” applies to nerve distal to the spi-
nal cord, and also distal to the intervertebral fora-
men (spinal root/nerve, plexus, peripheral nerve).
The application of these electrodiagnostic (EDX)
techniques is described for specific clinical scenar-
ios. The use of IOM involving cranial nerves has
recently been reviewed and is not addressed.12

TECHNIQUES

Nerve Conduction Studies. NCSs are performed with
stimulation and recording of motor, sensory, or
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mixed nerves, yielding a nerve action potential
(NAP). Potentials can also be recorded over muscle
[compound muscle action potentials (CMAPs)] or
centrally over spine or scalp (EPs). Many factors
dictate which of these (or what combination) are
used, and this, in turn, dictates the type of equip-
ment necessary and the regimen of anesthesia that
should be utilized.

Intraoperative peripheral nerve stimulation is
usually performed directly on the surgically exposed
nerve. A bipolar stimulator is held in place by the
surgeon with the cathode directed toward the re-
cording electrodes. The interelectrode distance is
usually 3 mm, although the distance is dictated by
the size of the nerve. A larger nerve such as the
sciatic nerve demands a larger interelectrode dis-
tance, such as 7 mm. The proper orientation of the
stimulating electrodes is important, and visual con-
firmation of correct placement by the IOM physician
or technologists in the operating room is useful. If
the bipolar orientation is not possible, monopolar
stimulation can be performed with the cathode on
the nerve and the anode some distance away. This
should generally be avoided, however, as stimulation
cannot be focused precisely, and the current may
spread to adjacent nerves as well as farther down the
nerve being studied. Bipolar stimulation results in
less current spread and is therefore preferred. An-
other possible technique is using a tripolar stimulat-
ing electrode.22,34 In tripolar stimulation, a single
cathode is situated between two anodes. This further
focuses the site of stimulation while minimizing the
stimulus artifact. The size of the stimulating elec-
trodes should be in concert with the size of the
nerve. Special stimulating electrodes, some with
hooks or very small pointed tips, often need to be
used with this technique. During stimulation, the
nerve should be elevated out of the surgical field to
avoid contact with excessive fluid, which effectively
reduces the stimulus received by the underlying
nerve. Our stimulating electrodes are made of a
silver solder alloy and are gas-sterilized or autoclaved
after surgical procedures.

The amount of stimulation required to depolar-
ize the underlying axon is less than that needed for
percutaneous stimulation. Excessive stimulation
must be avoided in order to limit current spread
down the stimulated nerve and to other nearby
nerves and muscles.

Excessive stimulation also increases the stimulus
artifact, which becomes a larger problem as the dis-
tance between stimulating and recording electrodes
is lessened. A square-wave pulsed stimulus with a
duration of 0.05 ms and intensity of only a few

milliamperes (1–5) is usually sufficient for depolar-
ization of the axonal membrane in a supramaximal
fashion. Of note, short-duration stimulation of this
type is more likely to preferentially activate motor
axons.36 For constant-voltage stimulation, intensities
of 25–50 V are used.25 It is important to remember
that, in diseased nerves, higher stimulus intensity
may be needed to reach threshold. It is our practice
to increase the stimulus intensity up to 20–25 mA if
no response is obtained initially. These higher inten-
sities, however, result in increased stimulus artifact
and likely evoke volume-conducted responses rather
than true NAPs (see below). Since the size of the
NAP is small (microvolts), averaging one to five re-
sponses is often helpful (although when a response
is present, it is usually visible after the first stimulus).
When there is no visible twitch from the muscle and
no elicited electrical response, it is imperative to
ensure that stimulation is indeed occurring. The
stimulating electrodes then are placed on a nearby
known functioning nerve or muscle to assess for
twitch. Even in the setting of neuromuscular block-
ing agents, direct stimulation of muscle should result
in a twitch.

NAP recording takes place along the course of
the stimulated nerve. The distance between the cath-
ode and the active recording electrode should be at
least 4 cm to minimize stimulus artifact. The inter-
electrode distance is 3–5 mm, with a wider separa-
tion used when there is a longer distance between
the cathode and recording electrode. This allows for
the longer traveling wave to pass completely under
the active electrode before passing under the refer-
ential electrode. The farther the separation, how-
ever, the more likely it is that extraneous noise and
stimulus artifact will differ at the two recording elec-
trodes and will not be rejected as common mode
signals by the differential amplifier. The nerve
should be lifted out of the surgical field as at the site
of stimulation. The recording electrodes are held in
place by the surgeon and visual confirmation of the
correct orientation (active electrode toward the
cathode) should be obtained. The size of the record-
ing electrodes should match the recording nerve. A
three-pronged electrode with a ground–active–refer-
ential arrangement has also been used. Electrodes
can be used for either stimulating or recording,
depending on whether they are connected to the
amplifier or stimulator. Bipolar point electrodes are
generally used for stimulation and the curved hook
electrodes for recording. The ground electrode is a
flat metal plate that is placed under the patient and
is separate from the ground used for cautery.
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Since the NAP waveforms contain frequencies in
the 1-kHz range, it is appropriate to use filter set-
tings of 5–10 Hz for the low-frequency (high-pass)
filter and 2–3 kHz for the high-frequency (low-pass)
filter. Occasionally, it is helpful to increase the high-
frequency filter to better separate the NAP waveform
from stimulus artifact.34 The NAP amplitude is usu-
ally less than 100 �V, so a gain of 20–50 �V per
division is utilized. The latency will depend on the
length between stimulating and recording elec-
trodes. A simple guide is 1 ms per 5-cm distance
(assuming 50-m/s conduction velocity). A time base
of 0.5 ms per division is reasonable, but should be
increased for longer distances.

When the goal of intraoperative peripheral nerve
studies is to determine the functional continuity or
the exact location of a peripheral nerve lesion, stim-
ulation and recording will need to be performed on
either side of the lesion. The orientation may vary
depending on the accessibility to the nerve. When
assessing for continuity, it is important to realize that
the presence of only a few large myelinated axons
can produce a response with a relatively normal
conduction velocity, latency, and threshold; there-
fore, it is most useful to assess the amplitude of the
NAP to determine the number of functioning axons
across a lesion. A NAP proves the existence of a large
number (over 4000) of functioning, medium-sized,
myelinated axons.21 Stimulation is usually per-
formed proximal to the lesion, with recording distal.
When localizing lesions, recording electrodes are
generally placed proximally and the stimulating elec-
trodes are moved from proximal to within, and then
distal to, the suspected lesion, assessing for a change
in morphology of the waveform when a step is made
into or across the lesion.

Recording CMAPs has the advantage of amplifi-
cation of responses as each axon innervates and
activates hundreds to thousands of muscle fibers.
Amplitudes are measured in millivolts, as opposed to
microvolts in NAP and EP recordings. CMAP record-
ing is performed with surface (as in routine NCSs),
subcutaneous, or intramuscular electrodes. Subcuta-
neous recordings are performed with electroen-
cephalographic (EEG) needles placed above or into
the muscle of interest. Fine, longer, intramuscular
wires placed with the use of a hollow needle can also
be utilized. Both intramuscular and subcutaneous
recordings limit the size of the recording area,
thereby reducing extraneous noise in the recording.
Intramuscular recordings record from a small part of
a muscle and therefore reflect activity in a fraction of
the axons that might be stimulated intraoperatively.
They also tend to introduce more extraneous noise

than subcutaneous EEG electrodes and are not suit-
able for IOM if the amount of innervation to a
muscle is important to measure. This technique is
most often utilized for deep muscles or muscles that
are smaller or where selective recording is difficult
(e.g., rhomboids, laryngeal muscles). Subcutaneous
EEG electrodes are favored at the authors’ institu-
tion given the ease of placement and quiet record-
ings and the ability to better quantify the number of
functioning axons.

Evoked Potentials. Responses from stimulation of
peripheral nerve can also be recorded from the spi-
nal cord and cortex as somatosensory evoked poten-
tials (SEPs). Stimulation of peripheral nerve will de-
polarize both motor and sensory axons; however,
selective orthodromic recording from central sen-
sory pathways ensures that only the large-fiber/dor-
sal-column pathway is assessed, just as it does with
percutaneous stimulation in routine SEPs. Since the
goal for intraoperative SEPs (in most cases) is to
assess nerve root continuity, stimulation is per-
formed as close to the intervertebral foramen as
possible. The cathode is directed proximally and
recording is performed from the cervical spine level
via either a nasopharyngeal electrode or from a nee-
dle electrode placed directly on the lamina in the
cervical spine. Scalp EEG electrodes are placed at
C3� and C4� with Fz as a reference (international
10–20 system). These responses are small in ampli-
tude, so many stimuli must be averaged—typically
20–50 stimulating at 1.1–1.9 Hz. Stimulus intensity is
typically between 10 and 20 mA. The presence of a
central response (scalp or cervical spine) indicates
the continuity of the dorsal root in cases where
avulsion is questioned.15,26 Although this does not
directly test the ventral root, its separate continuity is
often assumed when a response is obtained.26 Lack
of a response argues for dorsal nerve root avulsion or
disruption, especially when NAPs can be recorded
from the corresponding spinal nerve or plexus ele-
ment. In a pure preganglionic lesion affecting the
dorsal roots, the cell body and peripheral sensory
axons are still intact and a peripheral NAP would be
expected, usually with normal conduction velocity.

Motor evoked potentials (MEPs) from transcra-
nial electrical stimulation can be recorded peripher-
ally at the intervertebral foramen, at the same loca-
tion as stimulation for SEPs. Anodal stimulation is
utilized with a short-duration (0.05 ms), rapid-rise-
time stimulus using subcutaneously placed EEG elec-
trodes at C3 and C4. Single or several (2–5) stimuli
with an interstimulus interval of 1 ms are given with
an intensity of 200–600 V. Direct nerve recording is
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performed with the bipolar electrodes described
above, usually placed onto the spinal nerve as close
to the exit from the intervertebral foramen as possi-
ble. A response indicates continuity of the ventral
root, whereas absence of a response suggests root
avulsion or nonfunctioning axons.35 Neuromuscular
paralysis is often employed to eliminate volume-
conducted muscle artifact from neck and proximal
arm muscles. Excessive stimulus artifact can also be a
problem given the short distance between stimulat-
ing and recording electrodes. Occasionally, it is nec-
essary to move the recording electrodes distally onto
brachial plexus elements to obviate this artifact. The
polarity of the stimulus can also be reversed and
several stimuli averaged in an attempt to reduce the
stimulus artifact by phase cancellation. The MEP
latency is typically in the neighborhood of 8 ms when
recording from the cervical roots.

MEPs can also be recorded from muscle using a
surface, subcutaneous, or intramuscular electrode.
The size of a response in this situation may have
more to do with the distance between any depolar-
izing muscle fibers and the recording electrodes
than with the actual number of functioning axons.
Although a response does indicate continuity or re-
innervation to the particular muscle, it cannot prove
the continuity at individual roots: even with lack of
continuity of one root (e.g., C5), a MEP could still be
recorded over a muscle (e.g., biceps) due to inner-
vation by another root (C6). Also, a MEP recorded
from muscle may be due to only minimal reinnerva-
tion of a few axons that may not result in meaningful
recovery. An absent MEP recorded over muscle does
not disprove continuity or reinnervation across a
lesion as there may be regenerating axons that have
not yet reached the muscle. An absent muscle re-
sponse cannot distinguish between a pre- and a post-
ganglionic lesion. The most accurate ways of predict-
ing nerve (especially root) continuity and axonal
regeneration are the procedures of recording MEPs
over the nerve roots and evaluating for proximal
NAPs.

In both SEP and MEP recordings, it is desirable
to have a “normal” control to confirm the correct
functioning of all equipment and the reliability of
the study. This ideally would entail study of a spinal
nerve known to be functional by clinical examina-
tion, radiological studies, or preoperative electro-
physiological studies, with the expectation of SEP
and MEP responses. An absent response would indi-
cate a technical problem that would need to be
remedied before further testing is undertaken.
Along the same lines, when there is concern regard-
ing a false-positive response (e.g., a volume-conducted

muscle response in the MEP study), recording of a
spinal nerve from a known avulsed ventral root is
helpful; a response there confirms a likely false-pos-
itive response from the other root. A neuromuscular
blocking agent could also be used to make this dis-
tinction. If the waveform in question disappears or
decreases in size, a volume-conducted response is
most likely. Given the limited surgical exposure in
most cases, however, this control neurophysiological
assessment can be difficult or impossible to accom-
plish. As an alternative, the contralateral limb can be
tested by stimulation of the median nerve at the
wrist, checking for SEPs over the cervical spine and
scalp. A MEP can be recorded over a limb muscle
[biceps or abductor digit minimi (ADM)]. The re-
cording electrodes over the ADM can also be used to
record a CMAP with peripheral (wrist) stimulation
in the monitoring of neuromuscular blockade.

In choosing which technique (SEP or MEP) should
be used for monitoring purposes, it is important to
realize that, from a surgical reconstruction perspective,
the continuity of the ventral roots is the most function-
ally important factor to determine. Functioning ventral
roots can be used as the proximal stump for nerve
grafting. The loss of the ventral roots as a grafting
vehicle will necessitate other transposition procedures
utilizing nerve or nerve–muscle transfers from other
territories.29,31 The continuity of the dorsal root does
not guarantee continuity of the ventral root, and vice
versa.26 A mismatch (partially avulsed dorsal or ventral
roots) was noted in 11% of roots studied by laminec-
tomy.8 In most of these instances, the ventral root was
avulsed with an intact dorsal root. A combination of
these two IOM techniques (SEP and MEP), therefore,
may be ideal.3,14

Needle Electromyography. Monitoring needle EMG
activity during surgery can give relatively noninva-
sive, real-time information regarding the status of
motor axons. A recording electrode placed in a mus-
cle can be used to identify abnormal activity, namely
neurotonic discharges. Neurotonic discharges are
high-frequency bursts of motor unit action poten-
tials (MUAPs) either firing briefly or in more pro-
longed trains.9 These bursts or trains are made up of
MUAPs firing at 30–100 Hz. Neurotonic discharges
are caused by mechanical irritation to axons, includ-
ing traction, stretch, manipulation, or saline irriga-
tion. They must be distinguished from irregular vol-
untary MUAPs occurring under light anesthesia or
from other electrode or surgical (i.e., cautery) arti-
facts. Although neurotonic discharges are sensitive
indicators of nerve irritation, their presence does
not always indicate damage to axons and their ab-
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sence does not guarantee lack of damage. Neuro-
tonic discharges are, for example, common in some
spine surgeries, although postoperative radiculopa-
thy is rare.11 It is important to note that sharp tran-
section of a nerve may produce no neurotonic dis-
charges. Neurotonic discharges are less likely to be
produced after mechanical stimulation in previously
damaged nerves. Neurotonic discharges can still be
recorded with neuromuscular blocking agents pro-
ducing up to 75% block, as measured by CMAP
amplitude.16

Free-running recording can be achieved with
subcutaneous EEG needle electrodes, often refer-
encing a nearby muscle to limit the number of chan-
nels required. One channel would have medial gas-
trocnemius referenced to anterior tibialis, the next
vastus medialis referenced to rectus femoris, and so
on. Abnormal activity may not, therefore, be local-
ized precisely to one muscle. If such localization is
vital, then each channel should be made to repre-
sent separate muscles, with two electrodes placed in
each muscle. Fine-wire electrodes can also be used,
with the active recording surface being a small bared
tip. This is most useful for deep or small muscles
(rhomboids, laryngeal muscles), especially when a
more selective recording from a single muscle is
vital. As the fine-wire electrodes record from a
smaller area of muscle, EEG electrodes are preferred
to maximize the chance of detecting neurotonic
discharges.

TECHNICAL PROBLEMS

Acquiring accurate information quickly is important
because it guides surgical decision-making. Several
potential technical problems must be understood.
Low nerve temperature is inevitable in IOM, leading
to slowed conduction velocities and higher response
amplitudes. Since temperature cannot be increased
during IOM, the effect of low temperature must
simply be kept in mind. Most analysis during IOM is
monitoring for the presence or absence of a poten-
tial or a change in a potential at a nearby recording
site. Cool temperatures during IOM will unlikely
have a significant effect on these parameters. Low
systemic blood pressure can reduce SEP and MEP
amplitudes. Peripheral ischemia from a blood pres-
sure cuff can also affect studies. If a tourniquet is in
place for more than 60 minutes, it should be re-
leased for at least 20 minutes before beginning IOM
studies. Since the operating room is an electrically
hostile environment, it is imperative to remember
that surgical instruments, beds, machines, and lights
all contribute 60-Hz interference. Limiting fluores-

cent lights, electrical motors, or cautery devices dur-
ing recording is helpful.

Anesthesia can have a major detrimental impact
on IOM, especially the use of inhalational agents
that suppress cortical excitability. For SEPs, this neg-
atively impacts scalp recordings more than cervical
spine or nasopharyngeal recordings. Anesthetic
agents reduce the effectiveness of transcranial elec-
trical stimulation in initiating a MEP. NAP record-
ings, however, are minimally affected by anesthesia.
When recording directly from muscle, neuromuscu-
lar blocking agents should be minimized or not used
at all; these agents may, however, be desirable for
NAP, SEP, or MEP studies in which muscle artifact
must be eliminated. Our preferred anesthetic regi-
men is intravenous narcotic and propofol with use of
medium-acting neuromuscular blocking agents.
Once adequate responses are obtained, low-level ha-
logenated agents can be used. Both low-level inhala-
tional agents and intravenous midazolam produce
amnesia for the surgical procedure.

Stimulus artifact can be a challenge. Ensuring
the electrodes are lifted out of a wet field is impor-
tant. The lowest stimulus intensity at the shortest
duration possible should be used to achieve supra-
maximal stimulation. The distance between stimula-
tion and recording electrodes can be increased if
exposure in the surgical field permits this. Record-
ing electrodes can be arranged in a monopolar fash-
ion with G2 in adjacent tissue perpendicular to G1.
Muscle artifact caused by volume conduction from
nearby sources can also distort the NAP. Proper
orientation of the electrodes and grounding must be
assured. Neuromuscular blocking agents can be uti-
lized to eliminate this artifact as well.

PERIPHERAL NERVE LESIONS

Peripheral nerve IOM is often performed to deter-
mine continuity across an injured segment of nerve
or for precise localization of a peripheral nerve le-
sion.

In describing focal peripheral nerve injuries,
there are two main classification systems. One, pro-
posed by Sunderland,32 uses anatomical distinctions,
whereas the other, by Seddon,28 utilizes the func-
tional status of the nerve, that is, whether there is
neurapraxia, axonotmesis, or neurotmesis. In neura-
praxia, a functional block exists to conduction of the
action potential along the nerve; the ultimate prog-
nosis is favorable given the preservation of axonal
and neural architecture. In axonotmesis, disruption
of the axon occurs with some degree of intact neural
structure, but the endoneurium is preserved. Recov-
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ery requires regrowth of axons back to their target
organ through the endoneurial tubes, following wal-
lerian degeneration. Neurotmetic lesions involve
both the axonal and neural structure, making re-
growth of the axon nearly impossible. For up to 4–7
days after a nerve injury, the distal portion of the
injured nerve will be electrically excitable. After that,
wallerian degeneration will occur back to the level of
the nerve injury. Axonal regeneration then may pro-
ceed from the lesion, moving distally at a rate of
about 1 mm per day.

More complicated is the reinnervation of the end
organ, which must occur for functional recovery.
After axons reach a muscle, there may be a delay of
several weeks to a month before reinnervation can
be detected. This is usually first detected by electro-
physiological means (nascent MUAPs), then by visi-
ble voluntary contraction.23 Depending on the dis-
tance from the lesion to the end organ, a variable
period of time must pass before clinical and electro-
physiological signs of reinnervation become appar-
ent. By the time it can be concluded that there is no
reinnervation, the opportunity for a surgical ap-
proach to reinnervation (i.e., nerve grafting) may be
lost since the best results are obtained when surgery
is performed in the first 6–12 months. With a prox-
imal sciatic lesion, 6–12 months or more would be
required to conclude there is no reinnervation to
the anterior compartment of the leg from a clinical
or standard electrophysiological measurement. A
technique for determining the likelihood of reinner-
vation (or continuity) after a peripheral nerve lesion
at an earlier time-point is therefore useful for guid-
ing surgical intervention when it will be most suc-
cessful.

Surgical decision-making in peripheral nerve le-
sions is based on the determination of functioning
axons across a lesion, or continuity. This may be
proven by clinical examination, as some preserved
motor or sensory function in the distribution of the
nerve in question indicates a lesion in continuity.
Preoperative electrophysiological assessment also
contributes to this determination as the finding of
voluntary MUAPs implies a lesion in continuity. If
neither of the aforementioned clinical or electro-
physiological findings are present, the lesion is
thought to be “complete” clinically (i.e., there is no
continuity proved) and often a surgical repair (nerve
grafting) is considered. This is a challenge because
there may not be the luxury of waiting for these
clinical or electrophysiological signs of reinnervation
to occur or not occur, before deciding on surgery. As
previously discussed, there is a time window in which
surgical intervention is more likely to be successful,

and this is typically shorter than the time it takes to
detect signs of reinnervation (if it were to occur). In
this setting, only intraoperative assessment can pro-
vide a timely determination of whether there is func-
tional continuity across a lesion. Visual inspection is
of great importance as nerve thickening and neu-
roma formation may suggest a lesion without conti-
nuity, although there is no visual way to reliably
determine physiological continuity of axons, espe-
cially regenerating ones. The presence of a NAP
across a lesion, however, remains the gold standard
by which many determine nerve continuity and,
therefore, the type of surgical approach. It is clear
that a NAP can be obtained in the setting of a lesion
that appears complete clinically by routine preoper-
ative electrophysiological testing.22 Lesions in conti-
nuity are treated with neurolysis and are not grafted;
they have a high likelihood of having a good out-
come. Lesions with no NAP transmitted are thought
to have no chance of spontaneous recovery and are
thus treated by grafting or nerve transfer.22,31

Nerve stimulation and recording is performed as
described above. Stimulation is proximal to the le-
sion, with recording distally. Ideally, the recording
electrodes are placed just proximal to, then in, and
finally distal to the lesion. Recording a NAP over
intact nerve (proximal to the lesion) helps as a con-
trol to ensure functioning of the whole IOM system.
When a NAP is recorded across a lesion, continuity
of at least 4000 axons is likely and a surgical proce-
dure limited to neurolysis is typically performed.21 In
a study by Kline et al., approximately 90% of patients
experienced a good outcome.22

If there is no NAP across a lesion, there are
essentially three possibilities. First, there may be
complete axonal disruption with no regenerating
axons across the lesion. This would necessitate resec-
tion and a nerve grafting or transfer procedure.
Second, there may be the potential for axonal regen-
eration that is being stunted by compression of fas-
cicles by scarring within the nerve itself. An internal
neurolysis can then be performed, allowing out-
growth of these regenerating axons. This carries with
it some risk for neural damage and disruption of
regenerating axons and is generally not performed.
Unfortunately, distinction between these two possi-
bilities is impossible electrophysiologically and must
be made by the surgeon, taking into consideration
the appearance of the nerve.22,27 In some settings,
although a NAP is recorded across the lesion, part of
the nerve appears significantly injured and fascicular
NAP recordings are helpful. Single fascicles are stim-
ulated; those that demonstrate continuity are left
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alone and those that do not are treated with primary
repair or fascicular grafting.33

A third explanation for the lack of a NAP across
a lesion is conduction block or neurapraxia. The
preoperative electrophysiologic evaluation should
help distinguish this, since signs of recent denerva-
tion would be minimal to absent, and CMAP ampli-
tudes evoked distal to the lesion would be normal.

Neurapraxia that does not completely block all
conduction through a lesion will lead to responses
being recorded with both proximal and distal stim-
ulation (across a lesion). Responses from the proxi-
mal site may be longer in duration (temporal disper-
sion), lower in amplitude (partial conduction
block), and arrive at the recording electrodes with a
longer latency than expected (focal slowing). Inch-
ing is a technique of stimulation at short, incremen-
tal steps across a lesion while the change in morphol-
ogy and latency of the evoked waveforms recorded
distally is assessed.5 When inching at 1-cm incre-
ments, assuming a conduction velocity of 50 m/s,
the onset of each successive waveform should be
separated by 0.2 ms. As the main goal of inching is to
localize more precisely focal lesions, it is useful in the
intraoperative setting when this localization is not
provided by preoperative electrophysiological stud-
ies.

Given the above information, it is clear that pe-
ripheral nerve IOM can be helpful when surgically
approaching a peripheral nerve lesion in which the
localization or continuity of the lesion is in doubt.
The approach to and utility of IOM of the most
common mononeuropathies is considered in what
follows.

Ulnar Nerve Entrapment at the Elbow. Ulnar neurop-
athy at the elbow (UNE) is the second most common
entrapment mononeuropathy, trailing only median
neuropathy at the wrist (carpal tunnel syndrome).
While IOM is not often used for UNE surgery, it can
be useful in certain instances. The two main anatom-
ical sites of compression at the elbow are the cubital
tunnel, formed by the two heads of the flexor carpi
ulnaris muscle, and the retroepicondylar groove be-
tween the medial epicondyle and the olecranon. The
surgical approach to compression at these two levels
is different: simple decompression with entrapment
at the cubital tunnel, and ulnar nerve transposition
or epicondylectomy if entrapment is more proximal
in the retroepicondylar groove.

Preoperative electrophysiological studies may
confirm UNE but not localize the lesion to one of
these sites.13,23 Factors that contribute to this include
variability in anatomical location of these two poten-

tial entrapment sites, selective involvement of fasci-
cles in the ulnar nerve, technical difficulties with
overstimulation (especially at the below-elbow site),
and anastomotic nerve connections. The degree of
intraoperative electrophysiological abnormalities is
often more severe than expected based on routine
preoperative studies.22 Intraoperative studies may
even show abnormalities when routine nerve con-
duction studies across the elbow are normal.17 Addi-
tionally, compression may be at a more distal site
than expected.6,7 Intraoperative ulnar nerve studies
are therefore useful when localization is needed to
guide the type and site of surgical intervention.

The ulnar nerve is usually easily exposed surgi-
cally. If possible, stimulation and recording should
be performed on a normal portion of the nerve to
ensure a working system. Then, recording proxi-
mally, the stimulating electrodes are placed at inter-
vals closer, within, and distal to the area in question.
An assessment is made for changes in amplitude,
latency, and morphology as stimulation moves into
the abnormal segment of nerve. Based on intraop-
erative ulnar nerve studies, the site of compression is
most commonly at or just proximal to the retroepi-
condylar groove/medial epicondyle.2,17,22 In fact, a
30-year study at Louisiana State University demon-
strated compressive ulnar neuropathies localized to
the epicondyle level in over 97% of cases.17 Cubital
tunnel localization was seen more frequently in
other studies.5,7 Based on these findings, the physi-
cian should begin stimulating across the epicondylar
region. If no clear abnormalities are seen, the seg-
ment of nerve across the cubital tunnel should be
assessed. If these sites are normal, it is important to
realize that the ulnar nerve can rarely be compressed
at sites distal to the cubital tunnel, within or as it
exits the flexor carpi ulnaris.4,7

Median Neuropathy at the Wrist. Median neuropa-
thy at the wrist is the most common upper-extremity
entrapment neuropathy. Routine electrophysiologi-
cal studies are excellent at confirming the clinical
diagnosis of carpal tunnel syndrome.1 As in UNE,
intraoperative studies are rarely performed given the
relative ease of the decompression procedure and
the lack of uncertainty in localization.

In one approach to intraoperative median nerve
studies, stimulation of the nerve was performed in
5-mm increments proximal to, through, and distal to
the carpal tunnel with surface recording over the
thenar eminence.2 The most abnormal segment with
respect to focal slowing or conduction block corre-
sponded to the segment of the most abnormal-
appearing nerve. In the remainder of cases, the slow-
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ing involved two or more 5-mm segments. The site of
the most abnormal conduction was within the first
10–20 mm just distal to the proximal border of the
flexor retinaculum. Immediately upon release of the
median nerve in the carpal tunnel, latencies have
been noted to improve10 or remain the same.37

Another technique has been described in which
the median nerve is stimulated in the region of the
carpal tunnel with recording of the sensory digital
branches on the third digit.24 This technique has
demonstrated that the most abnormal segment
(most conduction slowing and amplitude reduction)
is the distal part of the carpal tunnel. This also
correlates with the area of highest intracarpal tunnel
pressure measurements.

Common Peroneal Neuropathy at the Knee. The
common peroneal nerve can be compressed or dam-
aged as it traverses the fibular head at the knee.
Similar to median neuropathy at the wrist and UNE,
localization with routine electrophysiological studies
is usually possible. Intraoperative peroneal nerve
studies can be performed for localization and to
determine nerve continuity.2 One large series of sur-
gically treated common peroneal neuropathies re-
vealed that often there is no transmission of a NAP
across the lesion, leading to nerve graft repairs. Most
patients in this series of 318 cases had suffered trau-
matic peroneal neuropathies. Nontraumatic cases
with compression or entrapment at the knee (51 of
318) were more likely to have recordable NAPs (42
of 51) and thus undergo neurolysis as opposed to
nerve grafting.18

USE IN BRACHIAL PLEXUS RECONSTRUCTION

Given the complexity of brachial plexus injuries in
terms of anatomy and type of injury, intraoperative
electrophysiological monitoring is essential to en-
hance clinical outcome. Brachial plexus injuries are
typically classified as preganglionic, postganglionic,
or a combination of both. The continuity of the
spinal root is likely the most important factor in
surgical planning because root avulsion is nonrevers-
ible with no chance for recovery spontaneously or
with primary anastomosis or grafting procedures. In
a suspected postganglionic injury, IOM is essential to
determine the presence of axonal continuity at a
time when CMAPs or voluntary MUAPs cannot be
detected due to lack of distal axonal regeneration.

Preoperative evaluation is important to deter-
mine the degree of both vertical (root or plexus
level) and horizontal (i.e., preganglionic vs. postgan-
glionic) involvement, but available methods are not

always adequate to make this determination. Factors
suggestive of preganglionic injury include: winging
of the scapula due to serratus anterior weakness;
presence of Horner’s syndrome; or pseudomeningo-
cele seen with myelography or magnetic resonance
imaging (MRI). Unfortunately, myelography and
MRI may not be able to clearly identify root avulsion
in some cases.8 The presence of sensory nerve action
potentials (SNAPs) on routine NCSs in a flail limb is
suggestive of a preganglionic lesion, but the absence
of these sensory responses may represent either a
postganglionic process or a mixed process with ad-
ditional root avulsion. The presence of prominent
fibrillation potentials in cervical paraspinal muscles
also suggests root avulsion, but cannot determine
the precise root level. After surgical exposure, visual
inspection may reveal the anatomical or structural
integrity of a spinal root or nerve. If, however, an
avulsed root remains intradural or, as is frequently
the case, is scarred, one may be misled into assuming
functional continuity of that spinal root or nerve. In
this case the functional continuity of the axons can-
not be determined without IOM techniques.

SEPs have been the mainstay of determining root
continuity. The presence of reproducible cervical or
cortically recorded potentials is indicative of intact
large-fiber sensory axons but does not provide infor-
mation regarding motor axons. During surgery,
baseline SEPs are recorded after stimulation of ei-
ther an intact ipsilateral nerve or root or, alterna-
tively, of the contralateral limb (usually median
nerve), to assure the recording system is working
properly. The absence of these responses from scalp
recordings can be seen with excessive inhalational
agents, although the cervical potentials should be
minimally affected. The cervical potentials are gen-
erally less reliable, however, given the possibility of
muscle artifact and the short distance between stim-
ulation and recording sites, making stimulus artifact
more of a confounder. Interaction with the anesthe-
siologist prior to beginning these recordings is crit-
ical to assure the best possible scalp responses. After
surgical exposure, direct root stimulation is per-
formed under the surgeon’s direction, with record-
ing over the scalp and cervical spine. In the recent
past, continuity at the root level, based on the pres-
ence of a reproducible SEP, was believed to correlate
with the continuity of the motor axons in the ventral
root as well. In many cases, however, this proved not
to be true in that grafting procedures led to no
peripheral reinnervation. For this reason, following
SEP studies, the ventral root axons are assessed by
means of MEP studies. If no reproducible responses
can be obtained when recording at the root level,
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this suggests a lack of continuity of the motor axons
back to the anterior horn cell, which would elimi-
nate direct root grafting or anastomosis.3,35 In this
setting, alternative surgical approaches, such as neu-
rotization and tendon or muscle transfers, may be
performed. A reproducible MEP indicates ventral
root continuity, which allows the surgeon to consider
nerve grafting procedures. A potential pitfall in MEP
recording is a volume-conducted response originat-
ing from nearby muscles rather than from the nerve
itself. Use of a short-acting paralytic agent is neces-
sary in this setting: volume-conducted muscle re-
sponses will be suppressed, whereas MEPs directly
from the nerve are unaffected.35 The assessment of
SEPs and MEPs is then carried out on the remaining
proximal roots or stumps that are not clearly avulsed
on visual inspection.

Once it is determined whether the nerve roots
are in continuity with the spinal cord, attention turns
to defining functional conduction through the pe-
ripheral segments that appear to have been injured.
Although gross or microscopic inspection can give
the surgeon some indication of fascicular preserva-
tion, IOM studies are critical to determine both the
continuity across the lesion and the proximal extent
of the process. This is best performed with NAPs. If,
on visual inspection, there is a scarred but anatomi-
cally intact segment, neurolysis only is performed
when a NAP is present. If there is no reproducible
NAP, the lesion is generally resected, followed by
nerve repair or grafting procedures. Determining
the proximal extent of the resection is critical in that
a functional fascicular structure in the proximal
stump without intervening scar tissue will allow the
greatest chance for distal growth and reinnervation.
In a pure postganglionic lesion, a NAP should be
present with stimulation and recording proximal to
the lesion. Sequential recording is then performed
moving distally at approximately 1–2-cm intervals
until the response is lost, thus identifying the most
proximal extent of functioning axons. At that point
the resection is performed followed by the grafting
procedure of the surgeon’s choice. It is important to
combine NAP with SEP and MEP recording because
a NAP could still be generated by sensory axons in
the setting of a ventral root avulsion, and this would
lead to a futile attempt at regeneration if a direct
grafting procedure was performed. Finally, once a
nerve lesion is identified, it may be clear that certain
fascicles are disrupted whereas others have pre-
served conduction. Internal neurolysis with split re-
pairs may be necessary in this setting and NAP re-
cordings to specific fascicles are critical for a
successful outcome.31

Illustrative Case Report

The following case presents the use of these IOM
techniques. A 42-year-old man presented with a flail
left arm after a snowmobile accident. Six months
after the injury, complete loss of motor and sensory
function persisted in the arm. On clinical examina-
tion voluntary contraction was possible only in the
rhomboid, trapezius, and serratus anterior muscles
and diffuse sensory loss was present throughout the
limb. Stretch reflexes were absent. A Tinel’s sign was
present in the left supraclavicular region, radiating
to the thumb. There was no evidence of Horner’s
syndrome. Routine NCSs of the left arm revealed
absent median and ulnar motor responses and a
low-amplitude median SNAP. The lateral antebra-
chial sensory response was absent. Needle examina-
tion showed dense fibrillation potentials with no
MUAPs activated in muscles in the left upper limb
plus infraspinatus. Rhomboids were normal as were
the middle cervical paraspinals. Prominent fibrilla-
tion potentials were noted in the low cervical
paraspinal muscles. These findings were consistent
with a severe left pan-brachial plexopathy with
mixed preganglionic and postganglionic injury and
probable complete root avulsion affecting the lower
segments (C8, T1, and possibly C7). There was likely
at least partial preservation of the C5 root, although
this was difficult to predict with absolute certainty as
in some cases the rhomboids may be innervated by
C4. A computed tomography myelogram was consis-
tent with left C8 and T1 nerve root avulsions. It was
felt that he likely had intact outflow from C5 and C6.
The continuity of C7 was uncertain, but given the
serratus anterior activation, this was likely to be in-
tact. Reconstructive surgery was indicated with IOM
to determine root continuity and assist with surgical
planning.

After surgical exposure, visual inspection sug-
gested that the C5, C6, and C7 roots were intact,
probably with significant postganglionic injury. The
C8 and T1 roots were visibly avulsed. Intraoperative
SEP testing with stimulation of the C5 and C6 roots
showed reproducible responses (Fig. 1A and B). Mo-
tor evoked potentials were also present on C5, C6,
and C7 roots while under a short-acting paralytic
agent (Fig. 1C–E). This confirmed that there was
both motor and sensory root continuity at C5 and C6
and at least motor root continuity at C7. Attention
then turned to determining whether there was con-
tinuity across the injured brachial plexus. No repro-
ducible response could be recorded across the up-
per or middle trunk segments, but a NAP was
present stimulating and recording proximal to this
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level (Fig. 1F). Based on these findings the following
grafting procedures were performed: C5 to axillary
nerve; C6 to musculocutaneous nerve; and C7 to
radial nerve. Also performed was a transposition of

the contralateral C7 root to the left median nerve via
a vascularized ulnar nerve graft. In this particular
case, IOM confirmed continuity of the C5–C7 roots,
which were then used as grafting vehicles, allowing
the contralateral C7 root to be used in an attempt to
achieve more distal reinnervation. It also helped to
define the proximal extent of the nerve injury.

Expected Findings with Various Injuries

Figure 2 shows various injuries along with the ex-
pected IOM findings. Figure 2A and B shows ventral
root avulsion, eliminating a grafting procedure, even
with the presence of an SEP, as in Figure 2B. A
complete postganglionic injury is depicted in Figure
2C. The SEP and MEP are present, whereas a NAP
across the plexus is not present. Stimulation and
recording in the proximal plexus yields a NAP, iden-
tifying the proximal extent of the lesion. In this
setting, nerve grafting/transfers or end-to-end anas-
tomosis would be appropriate. If a NAP is present
across elements of the brachial plexus (Fig. 2D),
only neurolysis of that segment would be performed.
A mixed lesion with sensory root avulsion and severe
postganglionic injury is shown in Figure 2E. In this
case, the utility of performing both MEP and SEP
studies is demonstrated, as absence of a SEP without
testing of the MEP could be interpreted as repre-
senting a low likelihood of a successful grafting pro-
cedure when, in reality, this is likely to be most
beneficial.

USE IN SELECTING FASCICLES FOR BIOPSY

Rarely, given a focal or multifocal process, will a
nerve biopsy be required of a proximal or nontradi-
tional nerve (i.e., not a whole sural or superficial
peroneal). Targets include nerve root, brachial
plexus, or fascicles of proximal or distal nerves.
These biopsies are useful, leading to diagnoses such
as lymphoma, focal inflammatory neuropathy, or
sarcoidosis, all of which have varying treatments and
prognoses. Clinical examination, preoperative elec-
trophysiological testing, and imaging studies with
3-Telsa MRI can all localize pathology to certain
nerves or parts of nerves (i.e., the peroneal division
of the sciatic nerve). During surgery, however, when
faced with actually removing sections of these nerves,
it is crucial to remove the part of the nerve with the
greatest chance of pathological diagnosis and least
chance of causing a new postoperative deficit. Visual
assessment made by the surgeon upon exposure of
the nerve at the time of biopsy is helpful. Electro-

FIGURE 1. Intraoperative recordings during brachial plexus ex-
ploration and reconstruction. SEP recording over the scalp and
neck, respectively, with direct intraoperative C5 root stimulation
(A) and C6 root stimulation (B). The presence of the response
supports C5 and C6 sensory root integrity. Transcortical electrical
stimulation with direct MEP recording over the C5 root (C), the C6
root (D), and the C7 root (E) supporting integrity of C5, C6, and
C7 motor roots. Nerve action potential with stimulation and re-
cording proximal to the lesion (F); no reproducible response
could be recorded across the lesion.
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physiological testing can further add to this impor-
tant assessment.

Just prior to biopsy, direct stimulation is applied to
the individual fascicles in question. An assessment is
made by the presence or absence of a downstream
twitch in muscles innervated by the nerve, or by record-
ing from muscle (surface or EEG needle electrodes) or
nerve (as a NAP) as described earlier. This allows for
the identification of functioning and nonfunctioning
fascicles. In this manner, a biopsy can be performed
with the highest diagnostic yield and lowest risk.

USE IN OPERATING ON NERVE TUMORS

Peripheral nerve tumors are rare. These are broadly
separated into neural sheath tumors and nonneural
sheath tumors. Examples of the former include be-

nign entities such as neurofibromas (with or without
neurofibromatosis type I) and schwannomas. Sarco-
mas (neurogenic, fibrosarcoma, spindle cell, syno-
vial, or perineurial sarcomas) are malignant neural
sheath tumors. Nonneural sheath tumors include
ganglion cysts, lipomas, hypertrophic neuropathy
(although some of these may be inflammatory), vas-
cular tumors, and desmoid tumors. Metastatic carci-
nomas can affect nerve; most commonly this is from
a lung or breast primary tumor. The location for
these peripheral nerve tumors varies, with the bra-
chial plexus and upper extremity being most com-
mon, followed by the lower extremity and, uncom-
monly, the lumbosacral plexus.19,20

The use of NAP recordings can be helpful intra-
operatively. A stimulator can be used to localize

FIGURE 2. Expected intraoperative recording with various lesions of the roots or plexus. (A) Complete ventral and dorsal avulsion. Preservation
of nerve action potential (NAP) due to intact sensory fibers, with MEP and SEP absent. (B) Ventral root disruption with preservation of dorsal
root. Preservation of NAP and somatosensory evoked potentials (SEP) with root stimulation but MEP absent. (C) Complete postganglionic
lesion. Preservation of SEP, MEP and NAP proximal to lesion. No NAP recorded across the lesion, indicating no evidence of functional axons
across the lesion. (D) Severe postganglionic lesion but with some regeneration through the injured segment. Note the presence of all responses,
with the exception of the compound muscle action potential amplitude, given there has not yet been end-organ reinnervation. (E) Mixed
preganglionic and postganglionic lesions.
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peripheral nerve if the architecture or anatomy is
confusing. Functioning fascicles are identified in or-
der to protect them if possible, and thereby limit
postoperative neurological deficit. In most cases,
complete tumor removal takes precedence and fas-
cicles may need to be sacrificed. Fortunately, fasci-
cles with tumor involvement are usually nonfunc-
tioning.31
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ABSTRACT: Granulomatous myositis (GM) is a rare condition that has
generally been described in association with sarcoidosis. In the absence of
sarcoidosis or other underlying disease, a diagnosis of isolated GM is
considered. Only one study has focused on the clinical difference between
isolated GM and sarcoid myopathy (SM). We report 13 cases of symptom-
atic GM; 8 had sarcoidosis. All patients with sarcoidosis had predominantly
proximal, symmetrical lower-limb weakness, and 3 subsequently developed
upper-limb or distal involvement. Three of the five patients with isolated GM
had predominantly distal muscle involvement, and two had dysphagia. Cor-
ticosteroid treatment was followed by prolonged improvement in only one
patient with sarcoidosis. One patient had acute sarcoid myositis and bene-
fited from methotrexate; other immunosuppressants and etanercept proved
ineffective in chronic sarcoid myopathy. Three of the five patients with
isolated GM responded to corticosteroid treatment. When last examined,
three patients with sarcoidosis had severe disability, whereas patients with
isolated GM showed milder weakness. Thus, SM was frequently associated
with severe disability and rarely improved after corticosteroid treatment,
whereas most patients with isolated GM improved.
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Granulomatous myositis (GM) is a rare condition,
with a prevalence of 0.5% on skeletal muscle biopsy in
one large anatomopathologic series, that may be symp-
tomatic or clinically silent.30 Most reports have con-
cerned individual case studies or small series.12,24,30

Granulomatous inflammation has generally been de-
scribed in association with sarcoidosis.10,14,35,37,39,41

However, other conditions may also be associated with
skeletal muscle granuloma, including infectious dis-
ease,6,15,28 inflammatory bowel disease,22 foreign-body
giant-cell reaction,38 malignancy (lymphoma),25 thy-
moma,16 and myasthenia gravis.27 In the absence of

sarcoidosis or other underlying disease, some clinicians
diagnose isolated GM and others an exceptional man-
ifestation of sarcoidosis.

Asymptomatic granulomatous muscle involvement
in sarcoidosis has been reported to have a prevalence
of 50%–80%,35 whereas symptomatic muscle involve-
ment is less common (1.4%–2.3%).10,35 Symptomatic
involvement may include a palpable nodular type,
which is infrequent; an acute myositis type, which is
rare and seen more commonly in early sarcoidosis; and
a chronic myopathic type, which is more common, is
slower in onset, and occurs later in life.41

Only one study has focused on the clinical differ-
ence between isolated GM and sarcoid myopathy
(SM).24 In that study of 10 patients, Mozaffar et al.
found that the four patients with sarcoidosis had
more severe proximal muscle involvement, whereas
distal myopathy was more common in idiopathic
cases. Among the eight symptomatic patients, seven
had dysphagia as a major functional difficulty during
the course of their disease.24 Little information is
available on the long-term course and prognosis of
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electromyography; GM, granulomatous myositis; MRS, modified Rankin
scale; NADH, nicotinamide adenine dinucleotide; SM, sarcoid myopathy
Key words: granuloma; granulomatous myositis; myopathy; myositis; sar-
coidosis
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isolated GM compared with SM. Consensus opinion
suggests that the response to corticosteroids in
chronic myopathy is unpredictable, whereas acute
myositis responds well.14,35 In the study by Mozaffar
et al., treatment with steroids was followed by
marked improvement in sarcoidosis, whereas pa-
tients with isolated GM did not improve.24

In light of these limited data, we conducted a ret-
rospective study of 13 symptomatic cases of GM and
reviewed the main series of SM or GM reported in the
English-language medical literature10,12,14,24,30,37,41 in
order to: (1) better describe the clinical features of
isolated GM compared with chronic SM; and (2) assess
the outcome and treatment of chronic SM and isolated
GM.

PATIENTS AND METHODS

Thirteen patients were recruited by contacting the
pathology departments of six teaching hospitals in
central and eastern France (Besançon, Clermont-
Ferrand, Dijon, Grenoble, Lyon, and Saint-Etienne).
GM was diagnosed on the basis of evidence of non-
caseating granulomas in muscle biopsy. Patients with
asymptomatic muscle involvement were excluded.

Muscle biopsy specimens were frozen in isopen-
tane cooled with liquid nitrogen. Cryostat sections
were stained with hematoxylin and eosin, adenosine
triphosphatase (ATPase), cytochrome c oxidase, nic-
otinamide adenine dinucleotide (reduced form;
NADH), Gomori-trichome, Congo red, Sudan black,
periodic acid–Schiff, acid phosphatase, and nonspe-
cific esterase. In 10 specimens the inflammatory cells
were further defined by immunohistochemical stains
for macrophages (anti-CD68) and lymphocytes (an-
ti–Leu-4/CD3). Staining for acid-fast bacilli and
fungi was also performed. We looked for rimmed
vacuoles and tubulofilamentous inclusions sugges-
tive of inclusion-body myositis. Granulomas were de-
fined as collections of inflammatory cells in which
more than 60% of the inflammatory cells were mac-
rophages or histiocytes, as judged by acid phospha-
tase, nonspecific esterase, or specific macrophage
marker staining. Some granulomas contained Lang-
erhans-type or histiocytic giant cells. Non-caseating
granulomas contained no necrosis within the cells.

Medical records were retrospectively examined for
age, gender, race, age at diagnosis, initial symptoms,
and electromyographic results. All patients were evalu-
ated by a neurologist at the time of diagnosis of their
muscle disease. Follow-up was ensured by the same
neurologists for seven patients and by internists for the
others. During follow-up, three patients were evaluated
by another specialist in internal medicine, but at the

time of examination their disease was inactive. Muscle
performance was scored on a 5-point muscle-strength
scale according to Medical Research Council recom-
mendations before and after the various treatments.
The upper-limb muscles tested were deltoid, biceps,
and triceps muscles and the extensors and flexors of
the hands and fingers. Lower-limb muscles tested were
iliopsoas, quadriceps, and triceps muscles and the dor-
siflexor and plantarflexor muscles of the feet. Separate
mean scores were given for the upper and lower limbs.
When available, specific values for serum creatine ki-
nase (CK) were noted. The presence of any feature
suggesting other causes of GM, such as tuberculosis,
brucellosis, cysticercosis, Crohn’s disease, vasculitis, my-
asthenia, thymoma, or lymphoma led to the exclusion
of the case.3 Features suggestive of tuberculosis, myas-
thenia, and autoimmune and connective tissue disor-
ders were sought using a standardized form. No pa-
tients had abdominal symptoms suggesting Crohn’s
disease; endoscopic evaluation was not systematically
performed.

Special attention was paid to major features indic-
ative of a diagnosis of systemic sarcoidosis. According
to the recommendations of Baughman et al., a diag-
nosis of sarcoidosis can be established by means of the
following criteria: (1) the presence of granuloma in a
biopsy specimen without evidence of tuberculosis, fun-
gus, malignancy, or other cause of granuloma, to-
gether with clinical features suggesting sarcoidosis,
such as bilateral hilar adenopathy on chest radiogra-
phy, erythema nodosum, uveitis, and maculopapular
skin lesions; and (2) in the absence of biopsy material,
the presence of the previously mentioned clinical fea-
tures and additional features highly consistent with
sarcoidosis, such as raised concentration of angioten-
sin-converting enzyme (ACE), bronchoalveolar lavage
fluid lymphocytosis, abnormal gallium scan, and lupus
pernio. Evidence of multiple-organ system involvement
has also been emphasized.2,18

Pulmonary sarcoid disease on chest X-ray and
computerized tomography (CT) scan was divided
into five stages: stage 0, no involvement; stage I,
isolated hilar adenopathy; stage II, hilar adenopathy
with parenchymal infiltrates; stage III, isolated pa-
renchymal infiltrates; and stage IV, fibrosis.

Cases of SM were classified as palpable nodular,
acute myositis, and chronic myopathic types.10,35,41

We analyzed treatment at the time of GM diagnosis
and subsequent management, including treatment
with corticosteroids, immunosuppressive agents, hy-
droxychloroquine, intravenous immunoglobulins, and
anti–tumor necrosis factor-�. Initial treatment was de-
fined as the treatment within the first 3 months after
diagnosis of GM. Response to treatment was classified
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as complete if the patient recovered completely, and as
partial if the 5-point muscle-strength score increased by
1 point in clinically involved muscles. Disease was con-
sidered stable if the muscle deficit did not change.
Treatment was considered a failure in all other cases.
Disability at the last medical examination was assessed
on the modified Rankin scale (MRS); the MRS is a
six-level categorization of functional independence: 0,
no symptoms; 1, symptoms but no disability; 2, slight
disability but with independence preserved; 3, moder-
ate disability but still able to walk independently; 4,
moderately severe disability; and 5, severe disability. At
the last examination, we considered an aggravation to
have occurred compared with the initial deficit, if the
5-point muscle-strength score decreased by 1 point or
more in clinically involved muscles of the upper or
lower limbs.

RESULTS

Clinical Features. Sarcoid Myopathy. Clinical fea-
tures in the eight patients with chronic SM are sum-
marized in Table 1.

Seven had known sarcoidosis, with a mean dura-
tion of 5.7 years (range: 0.5–12.5 years; median: 12.3
months) when myositis was detected.

All but one patient presented with the chronic
myopathic form. Patient 3 presented with acute my-
ositis. All patients had predominantly proximal, sym-
metrical, lower-limb weakness. Only three developed
upper-limb or distal involvement with time. None
had dysphagia. All but two patients (patients 5 and
6) had systemic general manifestations including fe-
ver, fatigue, malaise, and weight loss.

Electromyographic studies showed myopathic
changes in clinically involved muscle in all cases:
there were small-amplitude, short-duration, polypha-
sic, abundant motor unit potentials. All but one
patient had abnormal spontaneous activity with fi-
brillation potentials in affected muscles. Five pa-
tients had a repeat muscle biopsy that remained
consistent with the diagnosis of SM.

Six patients showed granulomas on biopsy from
other organs prior to muscle involvement, including
liver, lymph node, skin, and kidney. High-resolution

Table 1. Characteristics of eight patients with chronic sarcoid myopathy.

Patient

1 2 3 4 5 6 7 8

Age (years)/gender 64.5/F 69.3/F 75.4/F 50.2/F 57.8/F 57.2/F 57.5/M 45.9/M
Age at diagnosis 59.5 57.4 74.9 43.5 57.8 54.5 45 39.9
Symptom duration before

diagnosis (months)
65.6 14.2 1.2 42.6 11.1 1 2.6 4.5

Weakness
Initial Lower

proximal
Lower

proximal
Lower

proximal
Lower

proximal
Lower

proximal
Lower

proximal
Lower

proximal
Lower

proximal
Final Generalized Generalized Lower

proximal
Lower

proximal
Lower

proximal
NA Lower

proximal
Generalized

Initial deficit*
Lower 3.5 3.5 4 4.5 4.5 4.5 3.5 4
Upper 5 5 5 5 5 5 5 4.5/5

Muscle pain � � � � � � � �
CK (IU/L)† 45 140 1060 339 167 68 Normal 750
Clinical features of systemic

sarcoidosis
Lung Lofgren

syndrome,
Uveitis

Skin, lung Hyper-Ca,
chronic
renal failure

Hilar
nodes

Skin, lung Hyper-Ca,
chronic
renal
failure

Hyper-Ca,
kidney, lung

Pulmonary stage‡ II I II II I III I I
Serum ACE (IU/L)§ 70 50 37 90 58 100 83 92
Gallium scan� Positive NP Muscle,

skin
NP NP NP Positive Positive

Evidence of granulomas
in other organs

Mediastinal
adenopathy

Skin Mediastinal
adenopathy,
kidney

Bronchi,
skin

Liver,
kidney

Mesenteric
adenopathy

F, female; M, male; lower, lower limb; CK, creatine kinase; ACE, angiotensin-converting enzyme; Hyper-Ca, hypercalcemia; NA, not assessed; NP, not
performed.
*Sum score of the Medical Research Council scale for the lower and upper limbs.
†Normal �150 IU/L.
‡By radiologic (X-ray or CT) criteria (see text).
§Normal �70 IU/L.
�Gallium scan considered positive when lacrimal gland, parotid, and mediastinal uptake of gallium-67 occurred.
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chest CT indicated that four patients had stage I
pulmonary disease, three were at stage II, and one
was at stage III. Serum ACE levels were determined
in all patients, and were elevated in five (mean: 87
IU/L; normal: �70 IU/L). Gallium scintigraphy was
positive in four patients and showed evidence of
muscle involvement in one.

Isolated GM. Five patients had GM without any
evidence of systemic sarcoidosis: one woman and
four men, aged 43–79 years (mean age: 66 years).
Symptom duration at diagnosis averaged 16.1
months. Two had predominantly proximal, symmet-
rical lower-limb weakness, which was also distal and
involved the upper limbs in one. Two patients had
initial deficits involving only the distal upper-limb
muscles, becoming generalized as the disease
spread. Two patients had dysphagia localized to the
pharyngeal area. One patient presented with increas-
ing difficulties when exercising without any deficit.
All five were ambulatory at the time of the diagnosis.

Serum CK levels were increased in two patients
(250–450 IU/L). Electromyographic studies showed
myopathic changes in clinically involved muscle in
all cases. All had abnormal spontaneous activity with
fibrillation potentials in affected muscles.

Accessory salivary gland (3 patients), kidney (1
patient), and liver (1 patient) biopsies were per-
formed and did not show any granuloma. A gallium
scan was performed in one patient and was consid-
ered normal. One patient had a moderately high
serum ACE level on one occasion but no other clin-
ical or biological features suggesting sarcoidosis, and
he did not fulfill the diagnostic criteria for sarcoid-
osis.

Treatment and Outcome. Sarcoid Myopathy. Initial
treatment. At the time of the diagnosis, four of the
seven patients with known sarcoidosis were on pred-
nisone and two were on hydroxychloroquine (pa-
tients 4 and 6).

Oral prednisone (0.5–1 mg/kg/day) was used as
the initial treatment in six patients. A partial re-
sponse was observed in patients 2, 6, and 7, but no
changes occurred in the three others (patients 1, 3,
and 8). Of the responders, patient 2 subsequently
developed steroid dependence. The two remaining
patients were treated with azathioprine only but
without benefit. For patient 4, azathioprine (100
mg/day) was given, before muscle biopsy results,
both for myopathy and renal failure, because steroid
or hydroxychloroquine myopathy was suspected,
and these two drugs were discontinued. For patient
5, azathioprine (150 mg/day) was given because of
diabetes.

Subsequent treatment. Daily prednisone (0.5 mg/
kg) replaced azathioprine in patient 4; a partial re-
sponse with subsequent steroid dependence was ob-
served. Patient 5 was treated with prednisone 0.7
mg/kg/day after the failure of azathioprine. This
treatment was ineffective and destabilized the diabe-
tes.

All patients received one or more immunosup-
pressant for refractory disease or steroid depen-
dence. Patients 4 and 8 received immunosuppres-
sants also for severe renal failure and life-threatening
hypercalcemia.

Methotrexate (10 and 20 mg/week) was given to
two patients because of steroid failure (patient 1) or
steroid dependence at 20 mg/day (patient 2), but
neither benefited. Patient 8 received methotrexate
(7.5 mg/week) in fifth-line treatment, but was lost to
follow-up. Patient 3 with acute sarcoid myositis did
not respond to daily prednisone (1 mg/kg) but re-
sponded dramatically to methotrexate (10 mg/
week).

Azathioprine (50 mg/day) was given to patient 8
after steroid failure, but was ineffective. Although a
dramatic improvement was noted with daily pred-
nisone (0.7 mg/kg) in patient 6, he relapsed 4 years
later, with both SM and sensory polyneuropathy. No
response with azathioprine (200 mg/day) or pred-
nisone at 0.3 mg/kg/day was observed.

Patients 4 and 5 received mycophenolate mofetil
(1 g/day and 2 g/day, respectively), without an ef-
fect on muscle weakness. After kidney transplanta-
tion for renal failure, patient 4 was treated with
cyclosporine (3 mg/kg/day), without change in
muscle weakness. Cyclosporine was also ineffective in
patient 8 (3 mg/kg/day), although this patient had
a slight response with cyclophosphamide (1 g/m2

per month; five pulses).
Because of severe disability, patient 2 was treated

with etanercept (25 mg twice weekly) for 6 months,
without any benefit. Intravenous immunoglobulin (2
g/kg per month; three pulses) was ineffective in
patient 8.

Outcome. Mean follow-up was 5.2 years. Two pa-
tients had mild, stable disease, whereas four patients
worsened and three had severe disability (MRS 4 or
5). Two patients died of sepsis while on steroids. One
patient recovered completely. One patient, who had
both neuropathy and myositis, could not be assessed
because the deficit was mainly due to neuropathy.

Isolated GM. Oral prednisone (0.5–0.8 mg/kg/
day) was used as initial treatment for four patients:
two had a partial response; one a complete response;
and one no response. One of the three who re-
sponded subsequently developed steroid depen-
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dence. Steroid therapy was not used in one patient,
because of limited symptoms. In the patient treated
with prednisone (0.5 mg/kg/day) with only slight
improvement, azathioprine was initiated but without
any benefit. Hydroxychloroquine was given for ste-
roid resistance to one patient, but was ineffective.

Mean follow-up was 5.8 years. Three patients had
mild and stable disease, whereas one worsened. One
patient recovered completely. At the end of the fol-
low-up, no patient had severe disability. One patient
died of alcoholic cirrhosis 10 years later.

DISCUSSION

Sarcoidosis is a multisystem granulomatous disorder
of undetermined etiology, most often affecting
young adults, and usually appears in the form of
bilateral hilar lymphadenopathy, and either pulmo-
nary infiltration or skin or eye lesions. Other organs
that may be involved include peripheral lymph
nodes, liver, spleen, bones, the heart and the ner-
vous system.40 Asymptomatic muscle involvement oc-
curs in 50%–80% of patients, but symptomatic in-
volvement is infrequent.35 We found the same
characteristics of SM as in the related literature. The
average age of our patients at the onset of muscle
symptoms was 59.7 years, which is slightly older than
the 55 years found in others published series.14,24

Weakness and muscle wasting, usually bilateral
and symmetrical and more pronounced in the prox-
imal muscles of the lower limbs, were the fundamen-
tal signs of the myopathic form of muscle sarcoid-
osis, as in other series.10,14,41 No patient in our study
had an initial upper-limb or distal deficit and only
three developed it as the disease spread. No patient
had dysphagia; this symptom has rarely been de-
scribed in the publications we encountered,14 al-
though dysphagia was strikingly common in the
study by Mozaffar et al.24 In agreement with other
series, the serum CK level was quite high in some of
our patients.30,41

Little information is available concerning the
long-term course and treatment of chronic sarcoid
myopathy. Consensus opinion suggests that the re-
sponse to steroids is unpredictable. Excellent results
were obtained in some cases,12,24 but not in oth-
ers.14,29,32,37 For patients who failed to respond to
prednisone therapy and whose condition continued
to deteriorate, other drugs such as cyclophospha-
mide, cyclosporine, azathioprine, and methotrexate
have been used.12,13,19,33,34,41

Half of the patients in our study initially re-
sponded to steroids, but two subsequently developed
steroid dependence. All patients received one or

more immunosuppressants for refractory disease or
for steroid-sparing effects at some point in their
disease. Only one of the four patients who received
methotrexate responded, although two of those who
failed to respond had received a lower dose than
usually recommended in neurosarcoidosis.18 The pa-
tient who responded presented an acute form of SM.
No patient benefited from azathioprine, cyclospor-
ine, mycophenolate mofetil, or etanercept. A modest
response was obtained with cyclophosphamide in
one patient. Most of the patients experienced slow
but steady disease progression, with more rapid de-
terioration later in life. At the last medical examina-
tion, three patients had severe deficits and were
bedridden. None of these patients had inclusion-
body myositis, which rarely has been reported in
association with sarcoidosis.4,9

The discrepancy between our own and some
other studies may be due to the inclusion, in these
studies,12,24 of some cases of acute myositis, which
shows a good response to corticosteroids and a be-
nign course.26

It remains unclear whether GM represents a dis-
ease entity in its own right or an exceptional mani-
festation of sarcoidosis. Coers and Carbone first de-
scribed three cases of myopathy with granulomatous
lesions but with no clinical evidence of sarcoidosis
other than on muscle biopsy.7 However, in the study
by Crompton and Macdermott, autopsies of two pa-
tients with so-called isolated GM revealed clinically
undetected sarcoid granulomas in the lungs, spleen,
lymph nodes, and bones.8 Seemingly isolated GM in
post-menopausal women without evidence of sys-
temic sarcoidosis17,21 may represent a delayed mus-
cle manifestation occurring some time after unde-
tected systemic sarcoidosis. Such reports conflict
with the belief that an isolated GM exits, but the
work-up to identify sarcoidosis was much more lim-
ited in these earlier series than in more recent se-
ries12,24 or in the present study.

In their case series of ten patients with granu-
loma in muscle specimens, of whom two were asymp-
tomatic, Mozaffar et al. pointed out that isolated GM
was associated with milder, predominantly distal
weakness.24 We found the same features in our five
patients with isolated GM. Moreover, two presented
with dysphagia as a major functional difficulty dur-
ing the course of their disease. There were no dif-
ferences in electrophysiologic features and serum
CK level between the SM and GM patients. The GM
patients without evidence of sarcoidosis often re-
sponded to corticosteroid treatment, in contrast to
the findings by Mozaffar et al., who further noted
that patients without sarcoidosis showed little disabil-
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ity from generalized weakness and were all ambula-
tory at their last medical examination.24

In summary, the clinical features of chronic SM
and isolated GM seem to have both common and
differing features, although our study was limited by
its retrospective nature and small size. Only a large,
prospective study could allow more definite conclu-
sions. We observed that both SM and GM occurred
in patients at about 60 years of age, but female
predominance occurred only with sarcoidosis. Distal
or generalized myopathy was most frequent in pa-
tients without sarcoidosis. SM was frequently associ-
ated with severe disability. In contrast to the findings
by Mozaffar et al.,24 dysphagia was only seen in GM.
The limitation of our study and theirs may be the
relatively small size, so that the presence of a few
patients with a certain feature may skew the data as a
whole. In the present work, as in most published
studies,12,14,32,35,37 chronic SM rarely improved after
corticosteroid treatment. Only the patient with acute
sarcoid myositis benefited from methotrexate; other
immunosuppressants proved ineffective. As in stud-
ies of progressive pulmonary sarcoidosis36 and re-
fractory ocular sarcoidosis,1 therapy with etanercept
was not associated with significant improvement. We
observed that most of our patients with isolated GM
improved while on corticosteroids.

Given the failure of conventional treatment in
chronic SM, experimental treatment such as with
anti–tumor necrosis factor-� agents like infliximab
and adalimumab may be worthwhile. These drugs
have recently proved to be successful for the treat-
ment of severe or refractory systemic sarcoidosis or
neurosarcoidosis when given in combination with
methotrexate.5,11,18,23,31
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Massé S. Granulomatous myositis and myopathy associated
with Crohn’s colitis. N Engl J Med 1976;295:818–819.

23. Moller DR. Treatment of sarcoidosis—from a basic science
point of view. J Intern Med 2003;253:31–40.

24. Mozaffar T, Lopate G, Pestronk A. Clinical correlates of gran-
ulomas in muscle. J Neurol 1998;245:519–524.

25. Nakamura Y, Kurihara N, Sato A, Nakamura M, Koyama K,
Suzuki H, et al. Muscle sarcoidosis following malignant lym-
phoma: diagnosis by MR imaging. Skeletal Radiol 2002;31:
702–705.

26. Ost D, Yeldandi A, Cugell D. Acute sarcoid myositis with
respiratory muscle involvement. Case report and review of the
literature. Chest 1995;107:879–882.

27. Pascuzzi RM, Roos KL, Phillips LH II. Granulomatous inflam-
matory myopathy associated with myasthenia gravis. A case
report and review of the literature. Arch Neurol 1986;43:621–
623.

28. Pearl GS, Sieger B. Granulomatous Pneumocystis carinii myosi-
tis presenting as an intramuscular mass. Clin Infect Dis 1996;
22:577–578.

29. Pettersson T. Rheumatic features of sarcoidosis. Curr Opin
Rheumatol 1997;9:62–67.

30. Prayson RA. Granulomatous myositis. Clinicopathologic study
of 12 cases. Am J Clin Pathol 1999;112:63–68.

31. Pritchard C, Nadarajah K. Tumour necrosis factor-� inhibitor
treatment for sarcoidosis refractory to conventional treat-
ments: a report of five patients. Ann Rheum Dis 2004;63:318–
320.

32. Robberecht W, Theys P, Lammens M, Leenders J. Distal
myopathy as the presenting manifestation of sarcoidosis.
J Neurol Neurosurg Psychiatry 1995;59:642–643.

176 Granulomatous Myositis MUSCLE & NERVE February 2007



33. Seve P, Zenone T, Durieu I, Pillon D, Durand DV. Muscular
sarcoidosis: apropos of a case. Rev Med Interne 1997;18:984–
988.

34. Sharma OP. Neurosarcoidosis: a personal perspective based
on the study of 37 patients. Chest 1997;112:220–228.

35. Silverstein A, Siltzbach LE. Muscle involvement in sarcoidosis.
Asymptomatic, myositis, and myopathy. Arch Neurol 1969;21:
235–241.

36. Utz JP, Limper AH, Kalra S, Specks U, Scott JP, Vuk-Pavlovic
Z, et al. Etanercept for the treatment of stage II and III
progressive pulmonary sarcoidosis. Chest 2003;124:177–185.

37. Vital C, Vallat JM, Bergouignan M, Arné L, Martin-Bruno F.
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ABSTRACT: In order to determine whether there is any difference be-
tween voltage-gated calcium-channel antibody (VGCC-Ab)–positive and
–negative groups in Lambert–Eaton myasthenic syndrome (LEMS), we
compared the clinical and electrophysiological features between 13 patients
with VGCC-Ab and 6 VGCC-Ab–negative patients. No obvious difference
was observed in the various clinical features or findings on single-fiber
electromyography between seropositive and seronegative cases. In sero-
positive cases, the compound muscle action potential (CMAP) amplitude
was lower but the increment on post-exercise facilitation (PEF) and high-rate
stimulation (HRS) was significantly higher than in the seronegative group,
indicating that the repetitive nerve stimulation (RNS) test in the seropositive
group is more typical of LEMS and more severe. A 100% increment as the
diagnostic criterion in the routine RNS test was satisfied in all seropositive
cases but in only three seronegative cases, whereas a 60% increment as the
diagnostic criterion was found in all seronegative cases. The classic triad
(low CMAP amplitude, decrement at low rate of stimulation, and increment
at PEF or HRS) of RNS is rare, adding to the difficulty in diagnosing LEMS
in the seronegative group, and making a 60% increment criterion more
critical for the diagnosis of this disorder.

Muscle Nerve 35: 178–183, 2007

ELECTROPHYSIOLOGICAL DIFFERENCES IN
SEROPOSITIVE AND SERONEGATIVE
LAMBERT–EATON MYASTHENIC SYNDROME
SHIN J. OH, MD,1 YUKI HATANAKA, MD,1 GWEN C. CLAUSSEN, MD,1

and EMANUELE SHER, MD2

1 Department of Neurology, University of Alabama at Birmingham,
Veterans Affairs Medical Center, UAB Station, Birmingham, Alabama 35294, USA

2 Lilly Research Centre, Eli Lilly and Co., Windlesham, Surrey, UK

Accepted 17 August 2006

Lambert–Eaton myasthenic syndrome (LEMS) is a
rare autoimmune presynaptic disorder of neuromus-
cular transmission.1 Weakness results from a reduc-
tion in the release of acetylcholine from motor nerve
terminals, caused by P/Q-type voltage-gated calcium-
channel antibody (VGCC-Ab). The VGCC-Ab test is
reported to be positive in 85%–95% of cases in
LEMS.2,4 In myasthenia gravis, electrophysiological
differences have been reported between groups with
and without acetylcholine receptor antibodies.7 It is

possible that clinical and electrophysiological differ-
ences may be present between the VGCC-Ab–positive
(seropositive) and VGCC-Ab–negative (seronegative)
groups in LEMS. In the present study, we compared
the clinical and electrophysiological features in sero-
positive and seronegative LEMS to address this issue.

MATERIALS AND METHODS

A clinical diagnosis of LEMS was made when all of
the following five criteria were met: (1) symptoms of
easy fatigability or fluctuating muscle weakness; (2)
objective proximal muscle weakness; (3) absent or
decreased stretch reflexes, (4) either dysautonomia,
post-exercise improvement in muscle strength or re-
flexes, small-cell lung cancer, or a positive VGCC-Ab
test; and (5) exclusion of other causes for proximal
muscle weakness by all available clinical, laboratory,
imaging, and electrophysiological tests.10 All patients
were examined by one of the investigators (S.J.O.).
Severity of LEMS was graded according to the
strength of the hip flexor.9

Abbreviations: ADQ, abductor digiti quinti; CMAP, compound muscle ac-
tion potential; EMG, electromyography; FCU, flexor carpi ulnaris; HRS, high
rate of stimulation; LEMS, Lambert–Eaton myasthenic syndrome; LRS, low
rate of stimulation; N, N type; PEF, post-exercise facilitation P/Q, P/Q type;
RNS, repetitive nerve stimulation; VGCC-Ab, voltage-gated calcium-channel
antibody
Key words: electrodiagnosis; Lambert–Eaton myasthenic syndrome; neuro-
muscular transmission disorder; seronegative LEMS; seropositive LEMS;
voltage-gated calcium-channel antibody
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The repetitive nerve stimulation (RNS) test was
performed with the recording electrodes placed on
the abductor digiti quinti (ADQ) and flexor carpi
ulnaris (FCU) muscles following the belly–tendon
method, and the stimulating electrodes at the el-
bow.5,10 Supramaximal stimulation was given to
record the compound muscle action potential
(CMAP) at rest and after exercise (for 30 s) at low
rates of stimulation (LRS; 2, 3, and 5 Hz); a high rate
of stimulation (HRS; 50 Hz for 1 s); post-tetanic
facilitation (5-Hz response immediately after 50-Hz
stimulation); and post-tetanic exhaustion (5-Hz re-
sponse 4 min after 50-Hz stimulation). The peak-to-
peak amplitude of the CMAP was measured. The
amplitude of the CMAP at rest was compared with
the post-exercise CMAP to determine the post-exer-
cise facilitation (PEF; increment after 10–30-s exer-
cise). At LRS, the first response was compared with
the lowest CMAP among the first five responses and,
at HRS, the first response was compared with the
lowest or highest CMAP elicited in 1 s. Skin temper-
ature of the hand was maintained at or above 32°C.
The various parameters of the RNS test were com-
pared with reference values in 40 normal subjects.
The normal limit of the various parameters was de-
fined as the mean � 2 standard deviations.

Single-fiber electromyography (EMG) was per-
formed in the extensor digitorum communis muscle
according to our protocol.5 PEF and/or incremental
response at 50-Hz stimulation for 1 s was examined
in all cases.10

In the early 1990s, the N-type (N) VGCC-Ab was
tested in Sher’s laboratory in 8 patients,11 and later
the P/Q-type (P/Q) VGCC-Ab was tested in 12 pa-
tients including 2 who also had the N-type VGCC-Ab
test; N and P/Q VGCC-Ab were tested in 3 patients
through commercial laboratories.

RESULTS

Among 38 patients with LEMS whom we examined
since 1970, 36 satisfied the above clinical diagnostic
criteria of LEMS.10 The VGCC-Ab test was performed
in 19 (10 men and 9 women) of these 36 patients.
Seven of 19 patients had small-cell lung cancer (Ta-
ble 1). The VGCC-Ab test was positive in 13 (68%)
cases: in 5 (71.4%) of 7 cases of cancer-associated
LEMS, and in 8 (67%) of 12 cases without cancer.

The N VGCC-Ab test was positive in 7 (64%) of
11 tested cases: in 4 (80%) of 5 cases with cancer and
3 (50%) of 6 without cancer. The P/Q VGCC-Ab test
was positive in 9 (69%) of 13 tested cases: in 2 (50%)
of 4 cases with cancer and 7 (78%) of 9 without
cancer.

Various clinical features were compared between
seropositive and seronegative groups but no obvious
difference was observed for gender ratio, age of
onset, cancer frequency, or severity of disease (Table
1). No statistical difference was noted between the
two groups in distribution of symptoms (fatigue,
weakness of the upper or lower extremities, oculo-
bulbar symptoms, and dysautonomia) or findings

Table 1. Clinical and electrophysiological features in the VGCC-Ab–positive and –negative groups.

VGCC-Ab
positive (N � 13)

VGCC-Ab
negative (N � 6)

Gender (male:female) 6:7 4:2
Age (mean year) 51.9 54.7
Cancer 5 (38.5%) 2 (33.0%)
Power in hip flexor (MRC scale)

4 6 2
3 5 2
0–2 2 2

Repetitive nerve stimulation test: abnormal 13 6
Classic triad*

Abductor digiti quinti† 12‡ 1‡

Flexor carpi ulnaris 10 (N � 12)§ 0 (N � 5)§

Single-fiber EMG: abnormal 13 6
Mean MCD (�s) 140.1 98.2
Potential pair �53 �s (%) 85.9 89.0
Potential pair with blocking (%) 53.5 55.8

Bold numbers represent statistical significance between VGCC-Ab–positive and –negative groups.
MRC, Medical Research Council; MCD, mean consecutive difference.
*Triad: low CMAP amplitude, decrement at LRS, and increment with PEF and/or HRS.
†Abductor pollicis brevis in 1 case.
‡P � 0.001.
§N, number of tested cases (P � 0.0015).
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(weakness of the upper or lower extremities, fatiga-
ble weakness, and post-exercise facilitation in muscle
strength or reflex). Stretch reflexes were absent in 5
cases and decreased in 8 cases in the seropositive
group, and decreased in 5 cases and absent in 1 case
in the seronegative group; this difference was not
statistically significant.

The RNS tests at the time of diagnosis showed a
low CMAP amplitude in 13 (68%) patients in the
ADQ and FCU muscles, a decrement at LRS in 100%
of cases in the ADQ muscle and 94% of tested cases
in the FCU muscle, and an increment at HRS in 17
(89%) cases in the ADQ muscle and in 10 (63%) of
16 tested cases in the FCU muscle. PEF was noted in
16 (84%) cases in the ADQ muscle (Table 2). Post-
tetanic facilitation was observed in 53%–78% of
cases, as evidenced by improvement in the decre-
ment, and in 44%–47% of cases by an increase in the
amplitude. Post-tetanic exhaustion was observed in
15%–29% of cases by worsening in the decrement
and in 19% by a decrease in the CMAP amplitude.
Thus, the most sensitive diagnostic parameter was
the decrement at LRS and the poorest diagnostic
parameter was the presence of post-tetanic exhaus-
tion.

The classic triad of abnormalities in the RNS test
in LEMS (low CMAP amplitude, decremental re-
sponse at LRS, and increment in PEF or at HRS; Fig.
1 and Table 1) was observed in 12 seropositive cases
but in only 1 seronegative case in the ADQ muscle

and in 10 of 12 tested seropositive cases but in 0 of 5
seronegative cases in the FCU muscle. This differ-
ence is statistically significant.

When the RNS findings were compared between
seropositive and seronegative LEMS, a significant
difference was noted in 3 diagnostically critical pa-
rameters: CMAP amplitude, PEF, and increment at
HRS (Table 2). A significant difference was noted in
the mean values as well as in the diagnostic sensitiv-
ity. In seropositive cases, the CMAP was lower but
increments at PEF and HRS were higher than in the
seronegative group. These findings indicate that the
RNS pattern in the seropositive group is more typical
of LEMS and more severe than in the seronegative
group.

Electrophysiological confirmation of the diagno-
sis of LEMS was obtained with a single routine test in
all seropositive cases and in 0 of the 6 seronegative
cases. In all 13 seropositive cases, an increment of
�100% in PEF or HRS was achieved with a single
routine test in the ADQ or FCU muscles. In all 6
seronegative cases, the routine protocol had to be
modified or other muscles tested in order to obtain
an increment �100% on PEF or HRS. This differ-
ence was significant (P � 0.0001). In three seroneg-
ative cases, the RNS test on the peroneal nerve was
necessary to obtain more than a 100% increment.7
In the ADQ muscle, the CMAP amplitude was nor-
mal and the increment at HRS was minimal, being
60%–81%, even with 4–5-s stimulation in two cases

Table 2. Repetitive nerve stimulation test in 19 cases of Lambert–Eaton myasthenic syndrome.

Parameters

Abductor digiti quinti (N � 19) Flexor carpi ulnaris (N � 17)

Mean value Sensitivity Normal limit Mean value Sensitivity Normal limit

CMAP (mV) 3.60 13 (68%) 4.8 mV 2.56 13 (68%) 3.0 mV
VGCC-Ab� 2.56 12 (92%) 2.06 12 (100%)
VGCC-Ab� 5.39 1 (17%) 3.75 1 (20%)

PEF �248.5% 16 (84%) �37%
VGCC-Ab� �343.3% 13 (100%)
VGCC-Ab� �86.3% 3 (50%)

3HZ �32.3% 19 (100%) �6.7% �33.3% 16 (94%) �8.6%
VGCC-Ab� �38.6% 13 (100%) �32.3% 12 (100%)
VGCC-Ab� �21.8% 6 (100%) �35.5% 4 (80%)

50 HZ �257.8% 17 (89%) �43% �208.0 10/16 (63%) �95.6%
VGCC-Ab� �371.5% 13 (100%) �297.2 10 (83%)
VGCC-Ab� �62.9% 4 (67%) �30.3% 0 (N�4)

PTF: decrement �16.8% 14/18 (78%) 5% improvement* �18.1% 9 (53%) 5% improvement*
VGCC-Ab� �19.4% 9 (69%) �22.3% 7 (58%)
VGCC-Ab� 11.6% 5/5 (100%) �8.2% 2 (40%)

PTE: decrement �32.1% 5/17 (29%) 5% worsening* �27.6% 2/15 (15%) 5% worsening*
VGCC-Ab� �35.7% 2/12 (17%) �29.7% 2/12 (17%)
VGCC-Ab� �25.6% 3/5 (60%) �21.5% 0 (N�3)

Bold numbers indicate statistical significance between VGCC-Ab� and VGCC-Ab� groups at P � 0.03.
Plus symbols preceding numerical values indicate increment, negative symbols indicate decrement.
*Compared with the decrement at low-rate stimulation.
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(Fig. 2). In one case, 10-s exercise in place of the
routine protocol of 30-s exercise was necessary to
reach a higher than 100% increment in PEF: 115%
increment in 10-s exercise vs. 65% increment in 30-s
exercise.10 In two cases, HRS for 10–20 s was neces-
sary to document 100% increment, but only two of
the classic LEMS triads were satisfied, even with mod-
ification of the RNS test, because of normal CMAP
amplitude. In the first case, 1-s HRS showed 71%
increment and 10-s HRS showed 147%. In the sec-
ond case, 1-s HRS showed 37% increment and 17-s
HRS showed 100%.

Because PEF and HRS increment are the most
helpful diagnostic markers of LEMS, we analyzed the
diagnostic sensitivity of these parameters using a
60% and 100% diagnostic criterion for abnormality
in the ADQ muscle as previously proposed.10 With
the normal limit (mean � 2 SD) of 60% increment
as the diagnostic criterion, the diagnosis of LEMS
could be made in all cases by either the PEF or HRS
regardless of seropositivity. When a 100% increment
was used as the diagnostic criterion, the diagnosis of

LEMS could be confirmed in all seropositive cases
but in only 3 seronegative cases (P � 0.0055). Thus,
the 60% increment criterion is more critical when
applied to the diagnosis of seronegative LEMS.

Single-fiber EMG showed no significant differ-
ence in the various parameters, although the mean
consecutive difference was shorter in the seronega-
tive group than in the seropositive group (Table 1).

DISCUSSION

Following the example of myasthenia gravis, and on
the basis of the VGCC-Ab test, VGCC-Ab–positive
cases of LEMS can be designated as seropositive and
VGCC-Ab–negative cases as seronegative. Nakao et
al. compared the clinical features of 93 seropositive
and 17 seronegative LEMS patients in Japan and
found a significant difference in gender ratio and
frequency of small-cell lung cancer between the two
groups.4 In the seropositive group, the male/female
ratio was 4:1 and 70% of patients had small-cell lung
cancer, whereas in the seronegative group the cor-

FIGURE 1. The classic triad in the repetitive nerve stimulation test in the ADQ muscle in a patient with seropositive LEMS: (1) low CMAP
amplitude; (2) decremental response at low-rate stimulation; and (3) incremental response at high-rate stimulation or with post-exercise
facilitation. Abbreviations: CMAP, compound muscle action potential at rest; CMAP Ex, CMAP after 30-s exercise; 3 HZ, 3-HZ stimulation;
PTF, post-tetanic facilitation: 5-HZ stimulation immediately after 50-HZ stimulation; PTE, post-tetanic exhaustion: 5-HZ stimulation 4
minutes after 50-HZ stimulation; (4 mV), 4 mV of the CMAP; (�48%), 48% increment; (�36%), 36% decrement.
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responding figures were 1:1 and 12%, respectively.
In the present study, we did not find any difference
in gender ratio or frequency of small-cell lung can-
cer between the two groups; the reason for this
difference between the two series is not clear. Passive
transfer experiments have shown no difference in
miniature endplate potential amplitude and fre-
quency, or decreased quantal content of endplate
potentials, indicating that seronegative LEMS is also
an antibody-mediated autoimmune disorder.4

VGCC-Ab was positive in 13 (68%) of 19 cases in
the present study. This is clearly lower than expected
from previous reports.2–4,11 The N VGCC-Ab test was
the first serological assay to be developed for the
diagnosis of LEMS, being positive in 33%–91% of
cases.3,11 The P/Q VGCC-Ab test, the more com-
monly used test in recent years, was reported to be
positive in 85%–95% of cases.2–4 Motomura et al.
stated that N and P/Q VGCC-Ab tests are highly
specific and that the P/Q VGCC-Ab test is highly
sensitive for LEMS.3 The 64% positive rate for the N
VGCC-Ab test in our series is midway between the
range of positive rates for this assay, whereas the 69%
positive rate in P/Q VGCC-Ab in our series is much

lower than the 85%–95% reported previously.2–4

The reason for this lower rate is not clear except that
we used commercial laboratories for the P/Q
VGCC-Ab tests. It is possible that referral bias may
explain the lower rate: patients who were more dif-
ficult to diagnose with LEMS because of a negative
P/Q VGCC-Ab test were more likely to be referred to
our tertiary center.

No obvious difference in the clinical features was
observed between seropositive and seronegative
groups in our study. Considering the differences in
the RNS test between the two groups, we did expect
to find milder cases in the seronegative group, but
this was not documented. The only suggestive find-
ing for this was in the reflexes: absent reflexes were
more common in seropositive cases, whereas de-
creased reflexes were seen more frequently in sero-
negative cases, but this difference was not statistically
significant.

The RNS findings as a whole in our study are
comparable with those reported previously with a
larger number of cases.10 The most striking finding
in the RNS test between seropositive and seronega-
tive groups was a difference in the CMAP amplitude,

FIGURE 2. The atypical pattern in the RNS test for the ADQ muscle of a patient with seronegative LEMS. The RNS test in the anterior
tibialis muscle in this case showed a 307% increment at HRS, confirming the diagnosis of LEMS. Abbreviations are the same as those
in Figure 1.
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PEF, and increment at HRS. This difference was
noted in the mean values as well in the diagnostic
sensitivity, indicating a genuine difference between
the two groups. Considering that these three param-
eters are the most critical for the diagnosis of LEMS,9

it is not surprising to have observed the classic triad
of the RNS test in almost all seropositive cases, ren-
dering easy a definite diagnosis of LEMS. By con-
trast, in seronegative cases, a definite diagnosis of
LEMS was not easy because of the atypical pattern of
the RNS test, thus requiring a modified RNS test
technique in the ADQ muscle or RNS test in other
muscles,6,8 as noted in all six cases.

Our study clearly showed that the mean CMAP is
normal and the increment on HRS is minimal in
seronegative LEMS, whereas the mean CMAP is low
and the increment on HRS is marked in seropositive
LEMS. A previous study showed that the best two
indices of severity of disease are CMAP amplitude at
rest and an increment at HRS in an inverse logarith-
mic relationship, suggesting that seronegative pa-
tients have a milder form of LEMS by electrophysi-
ological criteria.9

Recently, we proposed that a 60% increment in
either the PEF or HRS test in the ADQ muscle is a
desirable alternative to the 100% increment previ-
ously considered to be the gold standard for the
diagnosis of LEMS.10 The present study showed that
a 100% increment as the diagnostic criterion of
LEMS was satisfied in all seropositive cases but in
only three seronegative cases, indicating that a 60%
increment criterion is more critical for the diagnosis
of seronegative LEMS. Our study also showed that a
60% increment criterion was met by all seronegative
cases.

Citing its high sensitivity and specificity, the P/Q
VGCC-Ab test has been used as the sole criterion for
diagnosis of LEMS in a few recent studies.12,13 Our
findings clearly support this rationale. In the sero-
negative group in which electrophysiological testing
was needed for a definite diagnosis of LEMS, our
study showed that the classic triad of abnormalities

on RNS was rare, giving rise to a double difficulty in
the diagnosis of LEMS. This is especially true if we
use the 100% increment criterion. By contrast, a
60% increment criterion is easily met in all seroneg-
ative cases. Thus, we conclude that a 60% increment
criterion on either PEF or HRS is most critical and
useful for a definite diagnosis of LEMS in seronega-
tive LEMS patients.
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ABSTRACT: One of the classic features of hemifacial spasm (HFS) is
spread of the blink reflex responses to muscles other than the orbicularis
oculi. The pathophysiological mechanisms underlying the generation of such
abnormal responses include lateral spread of activity between neighboring
fibers of the facial nerve and hyperexcitability of facial motoneurons. In this
report we present evidence for another mechanism that can contribute to the
generation of responses in lower facial muscles resembling the R1 response
of the blink reflex. In 13 HFS patients, we studied the responses induced in
orbicularis oris by electrical stimuli applied at various sites between the
supraorbital and zygomatic areas. We identified responses with two different
components: an early and very stable component, with an onset latency
ranging from 10.5 to 14.8 ms, and a more irregular longer-latency compo-
nent. Displacement of the stimulation site away from the supraorbital nerve
and towards the extracranial origin of the facial nerve caused a progressive
shortening of response latency. These features indicate that, in our patients,
the shortest latency component of the orbicularis oris response was likely
generated by antidromic conduction in facial nerve motor axons followed by
axono-axonal activation of the fibers innervating the lower facial muscles.
Our results suggest that motor axono-axonal responses are generated by
stimulation of facial nerve terminals in HFS.

Muscle Nerve 35: 184–188, 2007
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Hemifacial spasm (HFS) is a chronic disorder char-
acterized by spontaneous, unilateral, intermittent
twitching of muscles of one side of the face. Usually,
the twitching lasts for relatively short periods of sev-
eral seconds to minutes and recurs frequently during
the day.2 Hemifacial spasm is attributed to facial
nerve compression near its entry zone, at the level of
the pons, causing ectopic excitation and ephaptic
transmission.18 This theory is supported by findings
of vessels of the vertebrobasilar system pressing on or
encircling the nerve at its root exit zone, and by the
clinical improvement following surgical decompres-
sion.7,12,19 The diagnosis of idiopathic HFS is usually
made clinically, but certain patients do not show
hemifacial twitching while being examined. In these

instances, electrophysiological examination may
help in distinguishing the disorder from other ab-
normal facial movements such as blepharospasm,
tics, partial motor seizures, or neuromyotonia.10,22,23

One of the electrophysiological signs suggesting
HFS is the observation of responses in distant facial
muscles following a stimulus to a single facial motor
branch. These responses have been attributed to
ephaptic impulse transmission between different fa-
cial nerve branches.18 Another characteristic feature
is the spread of the blink reflex responses elicited by
supraorbital nerve stimulation to muscles other than
the orbicularis oculi (e.g., the orbicularis oris). This
phenomenon, reported by Roth et al. in 1990 as
“delayed responses,”20 has been attributed to lateral
spread of excitation19 at the site of the presumed
ephapsis. However, the origin of the responses ap-
pearing in the orbicularis oris to stimuli applied in
the supraorbital region in patients with HFS is still
not completely clear. The two most likely pathophys-
iological mechanisms are lateral excitation of facial
axons due to ephaptic transmission,1,5,19,21 and hy-
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perexcitability of facial motoneurons.3,11,13 Here, we
explored the possibility that a third mechanism con-
tributes also, at least in part, to the generation of the
earliest component of the response. We hypothe-
sized that the orbicularis oris R1-like responses were
in fact motor axono-axonal responses generated af-
ter excitation of terminal facial nerve branches near
the supraorbital nerve stimulation point, a phenom-
enon that was reported in patients with XII–VII
nerve anastomosis.15,16 Therefore, we performed a
step-by-step displacement of the stimulation point
from supraorbital to zygomatic sites, as in the inch-
ing technique, in patients with HFS. We reasoned
that if the orbicularis oris responses were due to
lateral spread of excitation between axons, or to
enhanced reflex excitation of facial motoneurons,
applying stimuli farther from the supraorbital nerve
would cause lengthening of the responses recorded
in the orbicularis oris, whereas the contrary would
occur if they are due to axono-axonal responses in
the facial nerve.

METHODS

Patients. We studied 13 patients (11 men, 2 wom-
en; aged 39–75 years) with a confirmed clinical di-
agnosis of HFS. The average duration of symptoms
was 6.4 years, ranging from 2 to 19 years. The spasm
affected the right side in 8 patients and the left side
in 5. One patient had a history of previous facial
palsy, without sequelae, and another patient com-
plained of pain on the same side as the spasm. Four
patients had been treated with botulinum toxin on
several occasions. In these patients, the electrophys-
iological studies were performed 4 months after
treatment. Clinical intensity of the spasm was vari-
able among patients, ranging from an occasional
abnormal twitching to a full-blown spasm lasting for
several seconds. Magnetic resonance imaging of the
posterior fossa was normal in 8 patients, and showed
an abnormal basilar artery in 2, ischemic brain le-
sions in 2, and a pineal cyst in 1.

Recording and Stimulation. Facial nerve conduction
studies were performed bilaterally. Recording elec-
trodes were attached to the nasalis muscles, and
supramaximal electrical stimuli were applied to the
facial nerve at the tragus.

Blink reflexes were studied using standard tech-
niques.8 Single square-wave pulses (0.3-ms duration)
were delivered percutaneously to the supraorbital
nerve with a constant-current stimulator at an inten-
sity sufficient to induce a stable R2 response in the
orbicularis oculi (usually two to three times the per-

ception threshold). Reflex responses were recorded
from the orbicularis oculi and orbicularis oris mus-
cles through pairs of surface electrodes attached 2
cm apart over the lower eyelid and the oral commis-
sure, respectively. The frequency band of the ampli-
fiers was set between 3 Hz and 10 kHz.

When responses were observed in the orbicularis
oris muscle, we inserted a monopolar needle elec-
trode, referenced to a surface electrode attached to
the ipsilateral earlobe, and the low-pass filter was
increased to 1–2 kHz, for a better identification of
the shape of the muscle action potential. The mo-
nopolar needle electrode was repositioned until the
recorded potential had a sharp take-off (rise time
�500 �s). Then, we applied electrical stimuli while
displacing the stimulus laterally, in steps of approx-
imately 1 cm, from supraorbital to zygomatic areas,
as described in detail elsewhere.16 Four stimuli were
applied at each stimulation site.

Data Analysis. We measured onset latency and
peak-to-peak amplitude of the compound muscle
action potential (CMAP) recorded in the nasalis
muscle from stimulation of the facial nerve on both
sides. We measured the latency and amplitude of the
responses obtained to each stimulus, and calculated
the mean and standard deviation (SD) of the re-
sponses recorded in the same muscle by electrical
stimulation over the same point in all subjects. Sta-
tistical analyses were performed with the t-test to
compare latency and amplitude of the responses
recorded on either side.

RESULTS

There were no statistically significant differences be-
tween sides regarding onset latency and amplitude
of the CMAP. Mean latency and amplitude of the
early blink reflex R1 responses of the orbicularis
oculi were not statistically significantly different be-
tween the two sides (Table 1). However, in two HFS
patients the latency of the R1 on the affected side
was greater than 2 SD above the mean calculated in
our control group.

All patients showed responses in orbicularis oris
following electrical stimulation over the supraorbital
nerve. We identified two different components: an
early short-duration stable component, and a longer-
latency, rather variable component. The onset la-
tency of the first component was 1.2–1.4 ms longer
than the R1 responses recorded in the orbicularis
oculi (Table 1). With needle recording electrodes,
these responses of the orbicularis oris occurred at a
latency ranging from 10.5 to 14.8 ms (Fig. 1). Super-
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imposition of traces showed that the responses re-
corded in the orbicularis oris to repeated stimula-
tion over the same point had a consistent latency,
without significant jitter. Such a stable short-latency
response was followed by a longer-latency response
of a more variable latency than the first component,
exhibiting large jitter and blocking.

Moving the stimulation site from supraorbital to
zygomatic points caused a progressive latency short-
ening of the early response (Fig. 2), implying a
progressive shortening of the distance between stim-
ulation and recording points. Similar to the stimuli
applied over the supraorbital nerve, stimuli applied
at any site along the line from supraorbital to zygo-
matic points induced early action potentials of a very
stable latency and shape, followed by more complex

bursts of electromyographic activity with variable
morphology and frequent jitter and blocking. In
some recordings, the late activity had the character-
istic high-frequency burst of the spasms, which could
also be seen, occasionally, in the orbicularis oculi
during standard blink reflex studies. Because of its
variability, we did not further analyze such late com-
ponents of the response.

Table 1. Data on blink reflex and orbicularis oris response to
supraorbital nerve stimulation.

Patient

Normal side HFS side

R1 R2 R1 R2
Orbicularis

oris

1 10.4 38.7 10.3 40.3 11.3
2 10.6 30.3 10.5 30.4 12.5
3 9.2 33.3 9.5 30.2 11.1
4 10.5 26.7 10.4 26.5 10.8
5 10.1 33.8 10.1 32.0 13.4
6 10.2 32.9 10.3 32.2 12.0
7 10.4 32.4 12.5* 34.5 10.9
8 9.9 27.7 9.9 27.7 11.9
9 10.8 28.8 10.5 28.0 13.5

10 9.8 28.9 9.9 23.2 10.2
11 10.6 27.1 10.6 ? 11.3
12 10.5 26.0 11.4* 30.6 10.6
13 10.3 35.9 10.3 35.4 11.9

Mean 10.26 30.96 10.47 33.0 11.64
SD 0.42 3.73 0.72 2.4 0.98

Recordings done with surface electrodes.
*Prolonged latency.

FIGURE 1. Hemifacial spasm. A burst of abnormal muscle activity of variable morphology appears after the stable first component of the
reflex response. Recording with cutaneous electrodes on orbicularis oris after supraorbital stimulation. Four responses are superimposed.

FIGURE 2. Hemifacial spasm. Reflex response in orbicularis oris
recorded with a monopolar needle after progressive lateralization
of the stimulation site from supraorbital (top traces) to zygomatic
(bottom traces) points. Three to four responses are superim-
posed for each stimulation point. In all cases, spasm-like EMG
activity appears after the first component of the response, which
is the only stable potential. The most lateral stimulation point
(bottom traces) causes a direct excitation of facial nerve fibers
directed to orbicularis oris.
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DISCUSSION

Orbicularis oris responses to electrical stimuli ap-
plied over the supraorbital region in patients with
HFS can be due to two known pathophysiological
mechanisms triggered by the activation of the su-
praorbital nerve fibers: (1) lateral axono-axonal
spread of excitation in facial nerve fibers after acti-
vation of facial motoneurons4,19,20; and (2) en-
hanced excitability of facial motoneurons innervat-
ing the orbicularis oris, which will be abnormally
activated by inputs directed selectively to other facial
motoneurons.3,12 Abnormal axonal branching is an-
other mechanism occurring in patients with periph-
eral facial palsy who underwent aberrant regenera-
tion.9,17

Based on the results of the present study, we
suggest yet another mechanism. The stimulus in-
tended to activate the supraorbital nerve may depo-
larize facial nerve terminal axons in the periorbital
region, which will carry the action potentials anti-
dromically towards the central nervous system. The
antidromic impulse may then be transmitted to
neighboring motor axons at the hypothesized site of
demyelinization through axono-axonal ephapsis,
and conducted along the facial nerve branches to
activate facial muscles other than the orbicularis oc-
uli. This hypothesis is supported by our observation
of latency shortening of the early orbicularis oris
response when we performed a progressive step-by-
step displacement of the stimultion point towards
the zygomatic region. If the orbicularis oris re-
sponses were caused by conduction through the tri-
geminofacial blink reflex circuit, an increase rather
than a decrease in the latency of the response would
have occurred when moving the stimulation point
laterally. Similar electrophysiological features were
observed previously in cases of axon reflex responses
after hypoglossal–facial nerve anastomosis,16 and
they can also be observed in postparalytic facial syn-
kinesis (unpublished results).

The larger and more variable late response may
have multiple origins, including the mechanisms of
lateral spread and motoneuronal hyperexcitability.
There may also be repetitive firing of axons abnor-
mally activated via antidromic and orthodromic im-
pulses. The coincidence of excitatory inputs from
various sources in a presumably unstable nerve zone
with demyelination–remyelination changes may in-
crease the possibility of generating repetitive firing
of axons and lead to a spasm. However, this cannot
be demonstrated with the methods used in our
study.

Our results are actually consistent with a sole
motor axono-axonal circuit for the early reflex re-
sponses induced in the orbicularis oris by stimula-
tion at the supraorbital region, although we do not
exclude the possibility that trigeminofacial reflexes
contribute to the later components of the response.
Some investigators have put forward the idea that
responses of the orbicularis oris are facial F re-
sponses, enhanced in HFS patients.6,20 The same
concept can be derived from work by Möller and
Jannetta,12 who proposed a nuclear origin of the
activity after intraoperative determination of the re-
sponse latencies. From our results, we cannot com-
pletely dismiss the possibility that the orbicularis oris
responses are actually generated in the nucleus it-
self, like the F wave. However, the possibility that
these responses are in fact due to axono-axonal
ephaptic transmission is supported by two character-
istics of the early response: its latency and its consis-
tency to repeated stimulation. We were always able to
distinguish a first component of the response with
consistently the same shape, at a latency slightly
shorter than the rest of the component. This is
consistent with a part of the response being orga-
nized at a distal site with respect to the remaining
components. The striking stability of the response
shape and latency is also more compatible with
axono-axonal transmission than with the larger vari-
ations of excitability expected at the cell body. Fi-
nally, the action potentials generated in the cell
body would be more likely to have a varied shape
than those generated by activation of a fixed number
of axons.

Most of the electromyographic features of HFS
can be easily identified in a routine examination.
However, some difficulties arise in the interpretation
of the elicited reflex responses. It is difficult to dis-
tinguish cross-transmission of impulses from en-
hanced trigeminofacial reflex responses. The appli-
cation of progressively lateral points of stimulation
when recording responses in the orbicularis oris16,19

is a quick and easy method to recognize the ephaptic
phenomenon of the hemifacial spasm and to con-
firm the clinical diagnosis. This is particularly rele-
vant in those patients in whom the HFS is not readily
apparent clinically and distinction from blepharo-
spasm or other abnormal facial movements is nec-
essary. Also, this method permits further under-
standing of the pathophysiological mechanisms
underlying HFS. The results presented here allow
for the recognition of axono-axonal ephaptic trans-
mission between motor fibers of the facial nerve as
another possible source of physiological abnormali-
ties in HFS patients. The pathophysiological mecha-
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nism proposed here should be added to those al-
ready recognized, such as lateral spread of
excitation19,20 and enhanced motoneuronal excit-
ability.14,20

This work was presented in part at the annual scientific meeting
of the American Association of Electrodiagnostic Medicine, Oc-
tober 2002, Toronto, Ontario, Canada.
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ABSTRACT: Transthyretin amyloid neuropathy of type 1 (Swedish–Portu-
guese type) is an autosomally inherited progressive disease with a Val30Met
mutation, causing generalized sensory-motor polyneuropathy. Quantitative
sensory testing (QST) quantifies thermal threshold changes in patients with
manifest general polyneuropathy, but its applicability at an early clinical
stage of a strict biochemically defined disease has not yet been shown.
Thermal QST was performed in 23 patients having a positive Val30Met
marker and clinical symptoms of peripheral small-fiber neuropathy but nor-
mal electrophysiological findings and compared to a reference group of 43
healthy volunteers, both subdivided into age groups �45 and �45 years.
Significant differences between patients and controls were found at all test
sites in both age groups, except for warm thresholds at the medial lower leg
in those �45 years. QST thus demonstrated elevated thermal thresholds
before the development of electrophysiological abnormalities, which indicate
large-fiber involvement. These findings confirm that QST is a useful method
for documentation of developing polyneuropathy.
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Transthyretin (TTR) amyloid neuropathy is a group
of autosomally hereditary diseases with a mutation in
chromosome 18, coding for transthyretin, which is
primarily formed in the liver. A variety of mutations
have been demonstrated, of which the TTR type 1
(Swedish–Portuguese type; formerly familial amyloid
neuropathy, or FAP, type 1) is the most frequent.32 It
has a Val30Met mutation, causing the amino acid
valine to be substituted by methionine.4 The muta-
tion results in the production of an incorrect albu-
min (amyloid), which is deposited inside peripheral
nerve, heart muscle, and kidney tissues.4,32 In the
final stages of the disease, most patients are severely

disabled and the condition leads to an early death
within 10 years after the first appearance of symp-
toms.2 FAP has no cure, but liver transplantation
arrests symptom development without regression in
the overall state of the disease.28,32 From a patient
perspective, it is thus most desirable that cellular
damage is detected before development of severe
organ damage.2,28,32 A biogenetic Val30Met marker
tests for the mutation,32 but as the mutation has a
low penetrability with an incidence of �2–5% in the
Swedish population,27 the diagnosis of FAP has to be
verified by other means, at present by a rectal or a
skin biopsy showing tissue deposits of amyloid on
Congo red staining.32

Some of the earliest symptoms in clinically devel-
oping FAP, when predominantly unmyelinated and
thin myelinated nerve fibers are likely to be affected,
are similar to those found in small-fiber neuropa-
thy,17 e.g., unpleasant paresthesias, numbness, or
increased warm and cold sensitivity. However, it is a
well-known clinical observation that such sensations
may also be present in disorders unrelated to neu-
ropathy, e.g., restless legs syndrome or referred sen-
sations from the musculoskeletal system. The neuro-

Abbreviations: CMAP, compound muscle action potential; CT, cold per-
ception threshold; DF, dorsal aspect of the foot; EMG, electromyography;
FAP, familial amyloidotic polyneuropathy; LL, lateral aspect of lower leg; ML,
medial aspect of lower leg; NCV, nerve conduction velocity; QST, quantitative
sensory testing; SNAP, sensory nerve action potential; TTR, transthyretin; VT,
ventral aspect of the thigh; WT, warm perception threshold
Key words: amyloidosis; quantitative sensory testing; QST; small-fiber neu-
ropathy; thermal thresholds; transthyretin
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pathic symptoms initially appear distally in the lower
extremities, while the upper extremities are
spared,32 but objective documentation of these early
neuropathic changes remain difficult. Only in later
stages, when the larger myelinated nerve fibers are
also affected, can the presence of neuropathy be
documented electrophysiologically by a slowing of
nerve conduction velocities (NCV), a decrease in
compound sensory nerve action potential (SNAP)
amplitudes, and eventually also in compound mus-
cle action potential (CMAP), and by findings of
denervation at needle electromyography (EMG).6,18,21

Thus, as FAP patients in the early clinical stages of
the disease show normal electrophysiological find-
ings, an early objective documentation of nerve fiber
damage is not possible.

Quantitative sensory testing (QST) with ther-
mometry is a noninvasive psychophysical method for
semiquantitative assessment of thermal detection
thresholds, with testing rationales analogous to those
used in auditory testing.23 QST has been used for
assessment and evaluation of presumed peripheral
small-fiber neuropathy,1,5,8,7,19,23,24,29,31 e.g., in dia-
betic7,8,16,17,19,20,23,24,29,31 or alcoholic10 neuropathy,
as well as in other neurological disorders.24,29 On the
basis of these clinical and experimental findings,
thermal QST was suggested as a method for early
detection of small-fiber dysfunction, and this notion
has also been corroborated by studies in the early
stages of diabetes.7,11,14,16,19,29 QST has been evalu-
ated in a group of patients with genetically defined
Charcot–Marie–Tooth disease type 1A,15 but no dis-
tinction was made between patients at early and later
clinical stages of the disease, and hence no conclu-
sions about the sensitivity of the QST testing could
be reached. No studies have so far been undertaken
in patients with biochemically verified Val30Met mu-
tations and developing FAP symptoms. Yet, given the
importance of finding easily performed screening
methods for early detection of FAP disease, such an
evaluation should be important.

The purpose of this study was to evaluate the
feasibility of thermal QST for early detection of func-
tional small-fiber deterioration in FAP patients hav-
ing a biochemically verified Val30Met mutation to-
gether with early clinical symptoms of small-fiber
neuropathy, but who lack the objective electrophys-
iological signs of large-fiber damage, which occur at
later stages of the disease. The aim was to compare
the separate cold (CT) and warmth (WT) percep-
tion thresholds in a group of FAP patients with those
from a reference population by evaluating thermal
data assessed with thermal QST at four test sites in

the lower extremities. A preliminary report of parts
of the data was given earlier.22

MATERIALS AND METHODS

The study followed the ethical guidelines of the
Declaration of Helsinki, and the reference group
study design was approved by our regional ethical
committee.

Reference Population (Controls). Reference thermal
thresholds were recorded in 43 subjectively healthy
volunteers, showing no signs or symptoms of gener-
alized or focal neuropathy, diabetes, cervical or lum-
bosacral disorder, or any loss of warm or cold sensa-
tion at clinical examination of the defined test sites.
The reference group was further subdivided into two
age groups, �45 and �45 years old.

FAP Patients. Thirty-one patients were referred to
the Department of Clinical Neurophysiology, Umeå
University Hospital, for first-time electrophysiologi-
cal evaluation during the period 1998–2003, in the
course of a clinical specialist evaluation of presumed
symptomatic FAP. All patients had a genetically con-
firmed Val30Met TTR mutation and positive find-
ings of amyloid deposits in skin biopsies, in combi-
nation with symptoms of peripheral sensory
neuropathy (ongoing distal subjective paresthesias
or numbness of the lower extremities) but no re-
ported subjective muscle weakness.

Eight of the patients showed electrophysiological
abnormalities in their NCV and EMG studies, as
defined below. This group was not considered fur-
ther, as only patients at an early clinical stage of FAP
were to be evaluated.

The remaining 23 patients, who reported symp-
toms of distal sensory neuropathy as defined above,
but showed no detectable electrophysiological ab-
normalities in peripheral nerves or muscles, com-
prised the identified patient group. In the further
course of their disease, following the initial exami-
nations and testing reported here, these patients
eventually all developed clinically and electrophysi-
ologically documented FAP.

Electrophysiological Testing. All patients were ex-
amined with sensory conduction studies of the sural,
median, and ulnar nerves; motor conduction and
F-wave studies of the peroneal, tibial, median, and
ulnar nerves; and bilateral concentric needle EMG
of the medial vastus and anterior tibial, as well as the
gastrocnemius and/or soleus muscles.
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The findings enabled exclusion of patients show-
ing abnormal nerve conduction studies (reduced
sensory or motor NCV in any examined nerve, re-
duced SNAP in the sural or median nerves, reduced
CMAP in the extensor digitorum communis of the
foot or the abductor pollicis brevis of the hand, or
delayed or disproportionately few F-responses to the
same muscles), or in their EMG (presence of spon-
taneously occurring positive sharp waves, fibrillation
potentials, or fasciculations; increased amplitude or
duration of compound motor unit potentials on
weak contractions; or reduced EMG interference
patterns at full voluntary contractions).

Thermal Testing. Patient QST thermal threshold
data were retrospectively retrieved from individual
patient records, while the reference QST data were
collected with the same testing algorithm from sub-
jects in the control group.

Thermal stimuli were given at four body sites in
the lower extremities; the dorsal aspect of the foot
(DF); the lateral aspect of the lower part of the leg,
midway between knee and ankle (LL); the medial
aspect of the lower part of the leg, midway between
knee and ankle (ML); and the ventral aspect of the
thigh, midway between knee and hipbone (VT)
(Fig. 1).

Thermal QST was performed according to the
method of limits,12,29,31,30 using a Modular Sensory
Analyzer (MSA Thermotest; Somedic, Hörby, Swe-
den) equipped with a 50 � 25 mm large thermoelec-
tric Peltier element.9 The testing was performed in a
quiet room, with no visual or auditory feedback to
the subject. Before testing the skin temperature was
measured with an infrared thermometer (Tempett;
Somedic, Hörby, Sweden) at the dorsal aspect of the
foot. If recorded skin temperatures were �31.5°C
the subject’s feet were heated in a warm water bath.

Thermal stimuli were delivered within the range
10–54°C, outside of which testing was aborted ac-
cording to hospital safety regulations, starting at an
adapted temperature of 32°C � 0.1°C under the
probe. Mixed stimuli were given according to the
method-of-limits12,31,30 in sequences with 10 consec-
utive cold stimuli followed by 10 consecutive warm
stimuli, with a random interstimulus interval of 4–6
s. The rate of temperature change was set to 1.0°C/s,
with a return to starting temperature at 3.0°C/s. The
subjects reported their first perception of cold or
warmth nonverbally by pressing an electrical switch,
which in turn triggered a digital readout of the
prevailing probe temperature; this was followed by
the next stimulus. In the subsequent analyses the
average of each set of 10 discriminative thermal

thresholds was recorded for each stimulation site,
expressed as the absolute difference in temperature
from the baseline temperature, �T (°C).

Subjects were given standardized instructions
about the stimulation procedure and the response
strategy, and an initial training session was given
before the testing. Before the start of each stimula-
tion sequence, subjects were informed which kind of
stimuli was to be expected.

Statistical Analyses. Statistical analyses were per-
formed with commercially available computer soft-
ware and conventional parametric and nonparamet-
ric descriptive statistics were used. To avoid
assumptions of a normal distribution of the under-
lying data, only nonparametric statistical testing was
used (the Mann-Whitney U-test).25 In all tests a sig-
nificance level of P � 0.05 was used to reject the null
hypothesis of no differences between sides or gender
within the reference group, or between thermal
thresholds of the patient and reference groups.

RESULTS

Group Characteristics. Reference thermal thresh-
olds were recorded in the control group of 43
healthy volunteers. Eleven women and 15 men
(mean 30 � 7.0, median 29, range 21–44) were
included in the younger age group, and 12 women
and 5 men (mean 53 � 4.5, median 53, range 46–
62) in the older age group.

The patient group consisted of 23 patients sub-
divided into the same two age groups: individuals
�45 years of age (7 women, 4 men; mean age 38 �
6.2, median 40, range 27–45) and �45 years (10
women, 2 men; mean 58 � 9.0, median 55, range
46–80).

Thermal Thresholds. A general qualitative observa-
tion of the analyses of the data was that the mean
WTs were systematically higher than the mean CTs at
all sites, both for the patients and reference groups,
and in both age groups. This is also clearly illustrated
in Figure 1, in which the thermal data for CT and
WT in FAP patients were compiled for each test site
and related to the thermal data from the reference
group. However, what also clearly emerges is the
overall higher thermal thresholds for the FAP group
than controls at all sites and for both warm and cold
modalities.

Table 1 shows the average thermal thresholds
among the reference group and the FAP patients.
These data confirm the qualitative observation of
higher threshold in the patient group, with thresh-
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old values generally clearly exceeding those of the
controls.

At a closer quantitative evaluation of the refer-
ence group, the highest thresholds values were ob-
served at the DF and lowest at the VT in the older

age group. The younger age group also showed the
lowest thermal thresholds at the VT, whereas the
highest thermal thresholds were seen at the LL. No
significant differences between genders or sides were
found in the subgroup �45 years, whereas in the

FIGURE 1. Box plots of data for cold (CT) and warm thresholds (WT) in FAP patients without signs of electrophysiological abnormalities
(n � 23) and in a reference group (controls, n � 43), at the dorsal foot (DF), medial (ML), and lateral (LL) parts of the lower leg, and ventral
part of the thigh (VT). Thermal thresholds are expressed as °C from an adapted starting temperature of 32°C. Boxes show median, 25th,
and 75th percentiles, and circles the outliers below/above the 10/90 percentiles. Inset shows location of the stimulation sites. Statistical
P-values for thermal threshold differences between the data sets are given in Table 1.
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subgroup �45 years significant differences were
found between sides for CT at the LL (P � 0.039)
and for WT at the ML (P � 0.013), as well as between
gender for CT at the DF (P � 0.008), and at the ML
(P � 0.029) and LL (P � 0.024). Nevertheless, the
reference thermal threshold data were not separated
with respect to side and gender in the present anal-
yses, as these nonsystematic differences were consid-
ered coincidental.

At statistical testing of differences between the
two studied groups, the patients showed significantly
elevated thresholds to both cold and warm stimuli at
a majority of the test sites. Overall, the most pro-
nounced differences were seen for CT at all sites and
in both age groups, the only exception being at the
LL in the older age group, where the change in WT
was larger. It should also be noted that almost all of
the observations with a paradoxical relative lowering
of the WT in the patient group were found to be of
no or relatively weak statistical significance (Table
1). Thus, the statistical analyses corroborate the no-
tion of a decreased temperature detection ability
among the patients compared to the reference
group (P � 0.05) in both age categories and at all
sites, except for WT at the ML in the older age group
(P � 0.06).

DISCUSSION

The main finding of the present report is that ther-
mal QST in a group of patients developing type 1
TTR amyloidotic polyneuropathy (FAP) demon-
strates generally elevated discriminative thermal
thresholds before any objective electrophysiological
signs of peripheral nerve fiber dysfunction can be
documented. Although the studied patients were

examined at a very early stage of the disease, when
they had only mild sensory symptoms, their thermal
thresholds showed systematically impaired values,
with statistically significant differences to the control
groups of corresponding ages in most comparisons.
The findings underline the usefulness of QST for
early detection of suspected peripheral sensory neu-
ropathy in general, and in patients with a hereditary
predisposition for FAP in particular.

This study examined the applicability of QST in a
homogenous group of patients, with a well-defined
and biochemically verified condition known to cause
peripheral sensory-motor neuropathy, but at an early
stage of the disease and without electrophysiological
abnormalities. The examined group of patients all
fulfilled biochemical and morphological criteria for
FAP,3,32 had subjective symptoms indicating early
ongoing peripheral neuropathy, and had normal
electrophysiological examinations. Moreover, in the
course of the disease they were clinically observed to
develop further signs and symptoms of polyneurop-
athy. Their symptoms at the time of the QST evalu-
ation are thus likely to have emanated from the
presence of a progressive neuropathy at a very early
stage, with disturbed small-fiber function. Admit-
tedly, an even stronger support for such an interpre-
tation would have been to cross-correlate the present
data with biopsy results, but this was not feasible due
to the retrospective nature of the patient data. Our
findings corroborate other reports that indicate that
QST enables early detection of peripheral nerve dys-
function,5,6,8,14,19,23 although these studies were
based on populations with less strictly classified or
staged conditions of presumed polyneuropathy than
in our study, some of which also included patients
with documented electrophysiological abnormalities.

Table 1. Cold and warm thresholds

Stimultion site

Controls, n � 43 Patients, n � 23

� 45 years � 45 years � 45 years � 45 years

CT °C
(SD)

WT °C
(SD)

CT °C
(SD)

WT °C
(SD)

CT °C
(SD)

WT °C
(SD)

CT °C
(SD)

WT °C
(SD)

Dorsal foot 1.3 (0.29) 3.6 (1.02) 2.6 (1.71) 5.9 (2.66) 6.3 (4.17) 4.2 (3.58) 5.2 (4.32) 9.4 (4.02)
p � 0.0001 p � 0.0001 p � 0.0094 p � 0.0125

Medial leg 1.6 (0.43) 3.5 (1.09) 1.6 (0.49) 4.4 (1.48) 5.6 (5.07) 8.6 (4.61) 5.0 (5.16) 6.0 (2.49)
p � 0.0001 p � 0.0001 p � 0.0001 p � 0.0642

Lateral leg 1.5 (0.48) 4.4 (1.41) 1.7 (0.78) 4.5 (1.69) 5.4 (4.17) 7.5 (3.45) 3.5 (1.63) 10.4 (5.27)
p � 0.0117 p � 0.0243 p � 0.0069 p � 0.0114

Ventral thigh 1.1 (0.29) 2.5 (0.57) 1.5 (0.63) 3.0 (0.84) 4.1 (3.29) 5.6 (2.39) 3.7 (3.37) 5.7 (3.54)
p � 0.0001 p � 0.0001 p � 0.0014 p � 0.005

Mean and SD for cold (CT) and warm thresholds (WT) in the reference (Controls) and the TTR amyloidosis (Patients) groups, separated for stimulation sites, and
divided into two age groups. Values show thermal thresholds measured as the absolute average value of the change in °C from the starting temperature (32°C).
In the patient columns, p-values were derived from non-parametric testing (Mann–Whitney) of the patient vs. control groups.
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The favorable clinical results of liver transplanta-
tion in FAP2,26,28 have highlighted the possibilities
for treatments that reduce the process of amyloid
accumulation in the tissues and hence the progress
of neuropathic changes. Likewise, emerging protein
stabilizing substances may result in pharmaceutical
symptomatic treatment. Although patients with a
verified Val30Met marker do have a fairly low indi-
vidual risk of developing clinically manifest disease,
early detection of incipient somatosensory malfunc-
tion is important, as this may eventually increase the
prospects for successful intervention, thereby pre-
serving the patient’s clinical state at a higher level of
neuromuscular function. A major implication from
the present work is that thermal QST constitutes a
valuable additional clinical tool for such early and
noninvasive screening for developing small-fiber pe-
ripheral neuropathy. A finding of abnormal thermal
thresholds in a symptomatic carrier of the Val30Met
mutation should act as an early warning sign, calling
for intensified clinical observation of the patient.
Such a finding will also give the patient an early
indication of a developing polyneuropathy. This
could act as a starting point for the process of men-
tally accepting the disease, which is important par-
ticularly in younger patients, where dissimulation or
denial often is a prominent clinical feature.

Several psychophysical methods are available for
evaluation of the human thermal sense.7,31 QST by
the method-of-limits, including determination of
separate CT and WT, was chosen in the present
report, as it offers a feasible compromise between
accuracy and speed of performance,24,31,30 which is
of major clinical importance. This method has the
disadvantage of being “reaction-time inclu-
sive.”13,24,31,30 This means that differences in the
height of the subject, as well as in mental attention,
are important for the outcome of the tests, which has
to be kept in mind during collection and evaluation
of recorded threshold data. However, this disadvan-
tage is often counterbalanced by the much shorter
time needed for performing the QST test. Thus, it is
likely that the generally higher thermal thresholds at
distal sites, both in the control and the FAP groups,
are related to the relatively longer time needed for
the afferent input to reach the CNS. During this
slightly longer period the stimulation probe temper-
ature continues to increase, before the subject ini-
tiates the digital readout of the prevailing tempera-
ture, hence resulting in somewhat larger recorded
threshold amplitudes. However, in the present study
all participants were examined under the same pro-
tocol, and any possible reaction time-related thresh-
old increments are likely to have had little or no

effect on the comparisons between groups or on the
conclusions drawn from the data.
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ABSTRACT: Neuropathy with antibodies against myelin-associated glyco-
proteins (MAG/SGPG-N) and hereditary sensorimotor neuropathy type 1
(HMSN1) are characterized by chronic demyelination with little conduction
block. Electrodiagnostic studies suggest that in HMSN1 conduction slowing
occurs uniformly along the nerve, whereas in MAG/SGPG-N it is predomi-
nantly distal. Some but not all previous reports have shown that the terminal
latency index (TLI) was useful to distinguish MAG/SGPG-N from chronic
idiopathic demyelinating polyneuropathy. We compared median TLI from 21
patients with MAG/SGPG-N with those obtained from 26 patients with
HMSN1, 20 with HMSN2, and 12 healthy volunteers. All patients with TLI
�0.26 had MAG/SGPG-N, and all patients with TLI �0.32 had HMSN1. In
the remaining patients with intermediate TLI values, ulnar distal motor
latency (DML) aided in differentiation between MAG/SGPG-N and HMSN1
with an overall sensitivity of 100% and specificity of 98%. In conclusion,
median TLI in combination with ulnar DML can further guide the demyeli-
nating neuropathy evaluation toward hereditary or autoimmune causes.
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Monoclonal gammopathy of undetermined signifi-
cance (MGUS) represents 60% of all monoclonal
gammopathies and is associated with peripheral neu-
ropathy. In a study of 56 patients with MGUS, 16
(28%) were diagnosed with peripheral neuropathy12

and among 279 patients with sensorimotor polyneu-
ropathy of unknown cause, 6% had MGUS.15 IgM is

the most common monoclonal protein abnormality
in patients with MGUS and peripheral neuropathy,
and approximately half of these patients have patho-
genic IgM antibodies (Abs) against myelin-associated
glycoprotein (MAG).18 Anti-MAG IgM Abs strongly
crossreact with peripheral nerve glycolipid sulfated
glucuronyl paragloboside (SGPG). Many patients
with neuropathy due to IgM Abs against MAG and
SGPG (MAG/SGPG-N) satisfy the diagnostic criteria
for research on chronic idiopathic demyelinating
polyradiculoneuropathy (CIDP) outlined by the Ad
Hoc Subcommittee of the American Academy of
Neurology.1 However, MAG/SGPG-N is recognized
as a separate nosological entity from CIDP. MAG/
SGPG-N has a poor response to treatment. The ma-
jority of patients with MAG/SGPG-N have later onset
of symptoms than occurs in CIDP, as well as a pro-
gressive, rather than relapsing-remitting, course.33,35

Electrophysiologically, conduction blocks character-
ize CIDP, whereas in MAG/SGPG-N conduction
block is rarely observed.

Abbreviations: CIDP, chronic idiopathic demyelinating polyradiculoneu-
ropathy; CMAP, compound muscle action potential; CV, conduction velocity;
DML, distal motor latency; ELISA, enzyme-linked immunosorbent assay; FRel
and FRwr, F-wave latency ratios at the elbow and wrist; HMSN, hereditary
sensorimotor neuropathy; MAG, myelin-associated glycoproteins; MFR,
modified F-wave latency ratio; PML, proximal motor latency; PMP-22, periph-
eral myelin protein 22; RL, residual latency; SGPG, sulfated glucuronyl para-
globoside; TLI, terminal latency index
Key words: anti-MAG antibodies; Charcot–Marie–Tooth disease; chronic
demyelinating inflammatory polyneuropathy; demyelinating neuropathy;
monoclonal gammopathy; terminal latency index
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MAG/SGPG-N and hereditary sensorimotor neu-
ropathy type 1 (HMSN1) have similar demyelinating
features on nerve conduction studies and a slow
progressive course,26 although they can usually be
distinguished clinically by the predominance of sen-
sory symptoms and older age of onset of MAG/
SGPG-N compared to HMSN1.3,9 HMSN1A is the
most common subtype of HMSN1 and is caused by
mutations in the gene encoding for peripheral my-
elin protein 22 (PMP-22), whereas HMSN1B results
from genetic abnormalities in myelin protein zero. It
can be difficult to distinguish between MAG/
SGPG-N and hereditary demyelinating neuropathies
on the basis of nerve conduction studies alone dur-
ing the initial stages of evaluation.28 Moreover, sec-
ondary axonal loss leading to low-amplitude distal
motor responses and mild slowing of conduction
velocities may confuse the picture. Earlier investiga-
tors reported that nerve conduction slowing occurs
uniformly along the entire length of the nerve in
HMSN1.13,19 Others have demonstrated a moderate
distal slowing in HMSN1.24 Typically, MAG/SGPG-N
is characterized by disproportionate distal slowing of
nerve conduction.14

Several indices calculated from nerve conduc-
tion data may be used to compare conduction in
distal and more proximal segments of the motor
nerves. Some but not all previous studies have
shown that measures of the terminal latency index
(TLI) and modified F-wave latency ratio (MFR)
are useful electrodiagnostic markers for differen-
tiating MAG/SGPG neuropathy from CIDP.2,5,29

TLI was shown to be significantly lower in patients
with anti-MAG neuropathy than in those with
CIDP.6 In the upper extremity, TLI allows compar-
ative assessment of the conduction time along the
distal (wrist-to-thenar) nerve segment with that of
the intermediate segment (elbow-to-wrist). MFR
compares the conduction time along the distal
segment of a nerve with its proximal one (spinal
cord-to-elbow). TLI can be calculated from rou-
tine nerve conduction measurements, whereas
MFR requires that F-wave latency be obtained at
the elbow. Other calculated indices that have been
used to compare proximal and distal segments
include residual latency (RL) and F-wave latency
ratios.16,34

The objective of this study was to determine
which of the electrodiagnostic measures assessing
the distal segments of the upper extremity motor
nerves could best help to differentiate anti-MAG/
SGPG neuropathy from HMSN1.

MATERIALS AND METHODS

Patient Selection. Twenty-nine patients with
chronic distal sensorimotor neuropathy and MGUS
were prospectively enrolled and gave written in-
formed consent to participate in the study, which
was approved by our institutional review board. Fol-
lowing nerve conduction studies, 21 patients with
demyelinating neuropathy and preserved distal
CMAPs (compound motor action potentials) in the
upper extremity were used for subsequent studies.
To maximize the detection of anti-MAG IgM anti-
body activity in the serum of MGUS patients, two
separate enzyme-linked immunosorbent assays
(ELISA) were performed on each sample and sam-
ples were taken on several occasions. One assay uti-
lized partially purified MAG as antigen whereas the
second utilized SGPG. Western blot assay was per-
formed if at least one of the ELISAs was positive
(Focus Diagnostics, Cypress, California).

For comparison, we examined the records of 26
patients with HMSN1, 20 patients with HMSN2, and
12 normal volunteers (NVs) who were studied in our
NINDS EMG laboratory between 1986 and 1989 by
Drs. Roger Gilliatt and Jacob Meer. All patients had
given written consent at the time of study and the
protocol had been approved by the institutional re-
view board. In these patients the diagnosis of
HMSN1 or HMSN2 was made based on family his-
tory of autosomal-dominant inheritance and nerve
conduction findings.

Electrophysiology. Median and ulnar nerve conduc-
tion studies were performed using standard record-
ing techniques at a skin temperature of 34°C. Stain-
less-steel disk electrodes (9 mm) were applied over
the thenar and hypothenar in a belly–tendon con-
figuration. Distal stimulation sites at the wrist were
located at a distance (Dwrist-to-thenar) 60 mm proximal
to the G1 electrode. Proximal stimulation site was at
the elbow for the median nerve and 4 cm distal from
the medial epicondyle for the ulnar nerve. F-waves
were obtained from distal and proximal stimulation
sites for both median and ulnar nerves. The proxi-
mal site for the median nerve stimulation was the
elbow crease and for the ulnar nerve was 3 cm above
the medial epicondyle.16 The same stimulation sites
were used in MGUS patients as in NVs and HMSN
patients.

Minimal F-wave latency was determined from at
least 10 stimulations. F-wave latency was not adjusted
for height because this information was missing and
because of lack of normative data on F-wave latency
at the elbow.
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Electrophysiological measurements from one
arm per patient in the disease groups and from both
arms in the NVs were used for analysis. Six electro-
physiological parameters were recorded: distal
CMAP amplitude, distal (DML) and proximal
(PML) motor latencies stimulating at the wrist and
elbow, respectively, forearm conduction velocity
(CV), and F-wave latencies stimulating at the wrist
(Fwr) and elbow (Fel).

Calculated Indices. The following five indices were
calculated using previously published formulas. RL17

assesses the distal portion of the nerve:

RL � DML � (Dwrist-to-thenar/CV).

Terminal latency index30 (TLI) compares wrist-
to-thenar with elbow-to-wrist CV:

TLI � (1/DML)*(Dwrist-to-thenar/CV).

F-wave latency ratio at the wrist16 (FRwr) com-
pares spinal cord–to-wrist with wrist-to-thenar la-
tency:

FRwr � (Fwr � DML � 1)/2DML.

F-wave latency ratio at the elbow16 (FRel) com-
pares spinal cord–to-elbow with elbow-to-thenar la-
tency:

FRel � (Fel � PML � 1)/2PML.

Modified F-wave latency ratio2 (MFR) compares
spinal cord–to-elbow with wrist-to-thenar latency:

MFR � (Fwr � 2PML � DML � 1)/2DML.

Statistical Analysis. Data are presented as means �
standard deviation (SD) throughout the text, tables,
and figures. Significance level was set at � � 0.05.
Mean differences among the four groups were com-
pared with one-way analysis of variance models, and
post-hoc pairwise comparisons were obtained using
Sidak tests. Recursive partitioning was applied to all
22 electrophysiological measurements (11 median
and 11 ulnar) to obtain an optimal classification and
regression tree4 (CART) for discriminating HMSN1
patients from MAG/SGPG-N patients and to deter-
mine the cutoff values for median TLI and ulnar
DML. The electrophysiological measurements iden-
tified by CART were then used to derive a logistic
regression model for diagnostic prediction and to
obtain a receiver operating curve (ROC).

RESULTS

The diagnostic groups had the following demo-
graphic characteristics: MAG/SGPG-N (n � 21, 57%
male, mean age 64.6 � 9.4 years); HMSN1 (n � 26,
58% male, mean age 38.1 � 13.7 years), HMSN2
(n � 20, 70% male, mean age 44.7 � 14.5 years),
and NV (n � 12, 58% male, mean age 32.6 � 11.3
years). Among the MAG/SGPG-N patients, 16 (80%)
had toe and foot numbness or tingling at the onset
of neuropathy, with development of significant foot
drop within 3 years of disease in 7 patients (35%). At
the time of the study, 12 patients (60%) had distal
muscle atrophy in the arms and 16 (76%) in the legs,
and distal muscle weakness was present in the arms
of 15 (71%) and legs of 19 (90%) patients. Table 1

Table 1. Measured and calculated electrophysiological parameters for median and ulnar nerves in each diagnostic group.

Diagnosis
Amp
(mV)

CV
(m/s)

DML
(ms)

Fwr

(ms)
Fel

(ms) FRel TLI MFR RL

Median nerve
MAG/SGPG-N 6.0 � 3.0 30.9 � 10.3* 10.7 � 3.3* 54 � 15* 50 � 17* 0.7 � 0.2* 0.21 � 0.06* 1.4 � 0.5* 8.5 � 2.8*
HMSN1 6.7 � 3.3 20.1 � 3.5* 8.9 � 1.6* 69 � 13* 57 � 10* 0.8 � 0.2* 0.35 � 0.07* 2.1 � 0.5* 5.8 � 1.5*
HMSN2 8.7 � 4.7 47.1 � 7.2 4.2 � 0.6 33 � 5 27 � 6 0.9 � 0.1 0.31 � 0.03 2.2 � 0.3 2.9 � 0.4
NV 13.6 � 3.2 58.2 � 3.1 3.3 � 0.4 27 � 2 22 � 1 0.9 � 0.1 0.32 � 0.04 2.5 � 0.3 2.3 � 0.4

Ulnar nerve
MAG/SGPG-N 5.4 � 2.3 32.4 � 12.1* 6.8 � 2.8* 54 � 17* 46 � 15* 0.9 � 0.2 0.33 � 0.09* 2.5 � 0.5 4.6 � 2.1
HMSN1 4.5 � 2.0 20.4 � 4.3* 7.4 � 1.3* 71 � 14* 56 � 11* 0.8 � 0.2 0.42 � 0.08* 2.5 � 0.6 4.3 � 1.1
HMSN2 6.6 � 3.8 44.0 � 8.5 3.5 � 0.5 37 � 9 31 � 8 0.9 � 0.2 0.40 � 0.07 3.0 � 0.5 2.1 � 0.5
NV 13.1 � 3.0 60.2 � 3.5 2.6 � 0.2 27 � 2 21 � 1 0.8 � 0.1 0.39 � 0.03 2.8 � 0.3 1.6 � 0.2

Amp, distal CMAP amplitude; CV, forearm conduction velocity; DML, distal motor latency; Fwr, F-wave latency at the wrist; Fel, F-wave latency at the elbow;
FRel, F-wave latency ratio at the elbow; TLI, terminal latency index; MFR, modified F-wave latency ratio; RL residual latency index; MAG/SGPG-N, neuropathy
with antibodies against myelin-associated glycoproteins and glycolipid sulphated glucuronyl paragloboside; HMSN, hereditary motor and sensory neuropathy;
NV, normal volunteers.
*Significant difference between MAG/SGPG-N and HMSN1 patients, P � 0.05.
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summarizes the measured and calculated electrodi-
agnostic indices in all four diagnostic groups. Dis-
ease duration in MAG/SGPG-N patients (mean
10.9 � 6.6 years) was not significantly associated with
any of the electrodiagnostic measurements. Patients
with MAG/SGPG-N and HMSN1 had abnormal con-
duction velocities and distal motor latencies, which
differed from healthy controls and HMSN2 patients
(Fig. 1). Distal motor response amplitudes for me-

dian and ulnar nerves were not significantly different
between the MAG/SGPG-N and HMSN1 patients.

All included MGUS patients with demyelinating
neuropathy had abnormally high serum anti-SGPG
IgM Ab titers of �1:12,800 (normal �1:400). In
addition, 11 patients had abnormally high anti-MAG
Ab levels. Western blot for anti-MAG IgM antibody
was positive in 19 of 21 patients. Median and ulnar
nerve TLI had the lowest values in MAG/SGPG-N
patients compared to other diagnostic groups. The
DML, forearm CV, TLI, and FRwr were significantly
different among the four groups of subjects for both
median and ulnar nerves. MFR, FRwr, and FRel were
not consistently different among the four groups.

Because of the overlap between the electrophys-
iological presentation of the MAG/SGPG-N and
HMSN1 groups, subsequent analyses focused on dif-
ferentiating between them. Mean age for the
HMSN1 patients was significantly younger than for
MAG/SGPG-N. Nevertheless, TLI remained signifi-
cantly different between groups after adjusting for
age, suggesting that age did not explain all the vari-
ability between the MAG/SGPG-N and HSMN1
groups.

CART analysis using the 11 median and 11 ulnar
measured and calculated parameters indicated that
the median nerve TLI alone gave an overall correct
classification of 74.5%. Patients with median TLIs
�0.26 (n � 16) were all correctly classified as MAG/
SGPG-N, and those with median TLI �0.32 (n � 19)
were correctly classified as HMSN1. Subsequent re-
cursive partitioning of 12 patients with intermediate
median TLI values (0.26 � TLI � 0.32), about 25%
of subjects, indicated that ulnar DML was the most
informative factor for discriminating between the
two disease states in this subgroup. The optimum
classification tree is presented in Figure 2. The de-
rived classification tree provided sensitivity of 100%
and specificity of 98%. A logistic regression model
with median TLI and ulnar DML as continuous fac-
tors was derived to confirm these findings and
yielded 100% sensitivity and 90.9% specificity with
the area under the ROC curve of 0.98.

DISCUSSION

We found that most patients with MAG/SGPG-N
have a low TLI for the median and ulnar nerves, as
noted by others.2,5,6,11,19 Median TLI alone was suf-
ficient to distinguish between MAG/SGPG-N and
HMSN1 with a high specificity and moderately high
sensitivity. Patients with median nerve TLI �0.26
had MAG/SGPG-N and those with TLI �0.32 had
HMSN1. But when median TLI was between 0.26

FIGURE 1. Distribution of (A) forearm motor conduction velocity,
(B) distal motor latency (DML), and (C) terminal latency index
(TLI) in the median (empty circles) and ulnar (filled circles) nerves
among the four groups of subjects. Dashed horizontal lines rep-
resent cutoff values for ulnar DML (B) and median TLI (C).
Patients with MAG/SGPG-N and HMSN1 that have intermediate
TLI values are plotted slightly to the left of the correctly classified
patients (C, empty circles). Ulnar DML values of the 12 patients
unclassified by median TLI are plotted slightly to the right of the
correctly classified patients (B, filled circles). In these patients,
ulnar DML is shorter than 7.4 ms for the MAG/SGPG-N group
and longer than 7.4 ms in all but one HMSN1 patients.
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and 0.32, about 25% of subjects could not be classi-
fied easily. These patients could be better classified
by considering ulnar DML as summarized in the
two-step diagnostic algorithm (Fig. 2). Ulnar TLI
and median and ulnar MFR when used alone in
CART did not provide the comparable high level of
correct classification for differentiating between
MAG/SGPG-N and HMSN1.

Our findings imply that the presence of a low TLI
�0.26 in the median nerve in a patient with demy-
elinating neuropathy without conduction block or
temporal dispersion should direct the diagnostic
work-up toward MAG/SGPG-N. Our results extend
previous studies that found that the median nerve
TLI was useful in differentiating MAG polyneurop-
athy from CIDP.2,5,6,29 A direct comparison of our
data with those TLI values is difficult since it is
influenced by the distal distance, which varied in
different studies. Ulnar TLI was additionally evalu-
ated in one study to increase the specificity in distin-
guishing MAG/SGPG-N from CIDP,2,6 but in our
study the combination of median and ulnar TLI did
not appreciably improve classification into MAG/
SGPG-N or HMSN1. Our results differ somewhat
from those of Trojaborg et al.,34 who reported that
residual latency was better than TLI at distinguishing
anti-MAG neuropathy patients. This may reflect the
different formula used for calculating TLI or the
smaller number of patients in that study.

Genetic testing was not available at the time of
evaluation of our HMSN1 patients. Based on a con-
sensus of similar reports, on average, 70% of patients

clinically diagnosed with HMSN1 (by examination
and nerve conduction studies) have the 1A subtype,
followed by CMTX 8.8%, 1B 2.9%, and less than 1%
for other gene mutations.25,32 In our group of
HMSN1 patients, the possibility of a patient having
CMTX was minor, as they all had a family history
suggestive of autosomal-dominant inheritance.
Thus, the probability that our HMSN1 patients carry
the PMP22 gene duplication (type 1A) is very high,
whereas a small percentage may have any of the rare
HMSN1 subtypes. Another study has found that pa-
tients with CMTX with documented connexin-32
gene mutations have a higher median nerve TLI
than those with HMSN1A.3,7 This implies that they
should be easily distinguished from patients with
MAG/SGPG-N. Among these demyelinating neurop-
athies, MAG/SGPG-N has the lowest median nerve
TLI. Hong et al.10 compared the electrophysiologi-
cal findings from eight patients with symptomatic
HNPP and six patients with CMT1A. Median TLI was
significantly lower in HNPP than in CMT1A patients,
whereas ulnar TLI was less affected. Thus, this he-
reditary neuropathy may have the greatest possibility
for TLI overlap with MAG/SPGP-N.20 The low TLI
value suggests a predominantly distal slowing of con-
duction velocity. One interesting question is why
antibodies to MAG/SGPG should lead to distal slow-
ing. A length-dependent process has been discussed
recently.8 Most morphological studies of biopsies of
human sural nerves have focused on distal segments.
No histological data have shown differences in the
distribution of MAG and SGPG between the distal
and proximal nerve segments, nor have studies of
IgM deposits in intra-epidermal nerve fibers in prox-
imal and distal areas of skin in patients with MAG/
SGPG-N.21

MAG is a member of the siglec family of sialic
acid-binding lectins and is localized in two major
areas of noncompact myelin in the peripheral
nerves: Schmidt–Lantermann incisures and paran-
odal loops. However, interactions between MAG and
axonal gangliosides, such as GD1a and GT1b, at the
ad-axonal surface of Schwann cells, are hypothesized
to regulate axon caliber through modification of the
phosphorylation state of neurofilaments. Therefore,
MAG binding to axonal gangliosides may be neces-
sary for long-term axon–myelin stability.23,27 The
IgM Abs bind to MAG predominantly in the regions
of noncompacted myelin. However, monoclonal
IgM from anti-MAG serums was also shown to bind
to compact myelin and the axon.22 The monoclonal
IgM Abs bind to HNK-1 epitope on MAG and other
myelin proteins, including SGPG. HNK-1 is also
present on myelin protein zero and PMP-22, pro-

FIGURE 2. The classification and regression tree analysis was
used to determine cutoff values for median nerve TLI and ulnar
nerve DML. A two-step algorithm can classify the 47 patients (21
with MAG/SGPG-N and 26 HMSN1) into the respective diagnos-
tic group with sensitivity of 100% and specificity of 98%.
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teins localized in regions of compact myelin and
known to be abnormal in HMSN1. Although at least
one report has shown strong IgM anti-MAG Ab bind-
ing to myelin protein zero and PMP-22 in two pa-
tients,36 it is unlikely that this binding contributes to
the pathogenesis of MAG/SGPG-N. The anti-MAG
Abs produce different patterns of myelin dysfunc-
tion in MAG/SGPG-N compared to HMSN1. One
possibility is that anti-MAG Abs lead to instability of
myelinated axons, particularly of regenerating distal
axonal sprouts.

Although several of the indices calculated in this
study include the conduction in distal nerve seg-
ments, TLI turned out to be the most sensitive at
discriminating between MAG/SGPG-N and HMSN1.
This may be because the measurements used to cal-
culate the TLI are obtained with a higher precision
and reproducibility than measures used for other
calculated indices, particularly those relying on cal-
culation of proximal conduction from F-wave laten-
cies, in which there may be some uncertainty as to
the true distance of the proximal segments. Among
the factors that limited the assessment of TLI in
some patients was the loss or profound reduction of
distal CMAP. In our data, adding the calculation of
the ulnar TLI did not increase the sensitivity in
distinguishing between MAG/SGPG-N and HMSN 1.
However, since the median nerve TLI can be re-
duced in carpal tunnel syndrome,17,31 we suggest
using the ulnar DML to provide additional confi-
dence in the diagnosis (Fig. 2). Our study did not
directly compare patients with known carpal tunnel
syndrome to patients with MAG/SGPG-N, and we do
not know whether MAG/SGPG-N increases the like-
lihood of carpal tunnel syndrome. The greater pro-
longation of the median than ulnar residual latency
raises the possibility that patients with MAG/
SGPG-N may be more susceptible to entrapment
neuropathies. Further studies are needed to deter-
mine whether comparing additional median nerve
indices can distinguish between carpal tunnel syn-
drome and MAG/SGPG-N. The diagnostic challenge
is likely to arise in the circumstance when a patient
with HMSN1 has coexistent CTS.

One limitation of our study is that the same data
were used to derive the classification tree and to
evaluate its ability to discriminate between the two
disease states. Ideally, the classification tree should
be validated externally on other patients whose mea-
surements were not used in the construction of the
model. To partially address this question, 50-fold
cross-validation indicated a 3% loss in discriminating
information. Another limitation of our study is the
relatively long duration of disease in patients with

MAG/SGPG-N. One report suggested that longer
disease duration led to progressive involvement of
more proximal segments, and less distal accentua-
tion.29 If true, TLI should be more helpful at the
early stages of MAG/SGPG-N, but longitudinal stud-
ies are needed to test this hypothesis. We did not
find a correlation between the disease duration and
TLI in MAG/SGPG-N patients.

In conclusion, the results of this study suggest
that median nerve TLI is a useful and practical index
that aids in the differentiation between MAG/
SGPG-N and HMSN1. The combination of the me-
dian TLI and ulnar DML increases the specificity
and can guide the diagnostic workup toward hered-
itary or autoimmune causes of neuropathy.

Presented in part at the meeting of the American Association of
Neuromuscular and Electrodiagnostic Medicine in Monterey, Cal-
ifornia, September 2005. Supported by the Intramural Research
Program of the NINDS, NIH.
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ABSTRACT: Cranial neuropathy is clinically uncommon in patients with
chronic inflammatory demyelinating polyneuropathy (CIDP), but there is little
information on the neurophysiological examination of cranial nerve involve-
ment. To determine the incidence of trigeminal and facial nerve involvement
in patients with CIDP, the direct response of the orbicularis oculi muscle to
percutaneous electric stimulation of the facial nerve and the blink reflex
(induced by stimulation of the supraorbital nerve) were examined in 20 CIDP
patients. The latency of the direct response was increased in 12 patients
(60%) and an abnormal blink reflex was observed in 17 patients (85%).
There was no correlation between electrophysiological findings and the
latencies of the direct and R1 responses and disease duration or clinical
grade in CIDP patients. Nevertheless, the prevalence of subclinical trigem-
inal and facial neuropathy is extremely high in patients with CIDP when
examined by neurophysiological tests.
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Patients with chronic inflammatory demyelinating
polyneuropathy (CIDP) infrequently develop cranial
neuropathy.2,4,10,12 However, the presence of clinical
or subclinical cranial nerve disorders may be de-
tected by magnetic resonance imaging (MRI) or by
histopathological studies in patients with CIDP.6,11

Cranial neuropathy may also be detected by neuro-
physiological studies. Cruccu et al.3 examined 15
patients with CIDP using the masseter inhibitor re-
flex and blink reflex, and reported abnormalities
caused by sensory trigeminal neuropathy in eight
instances. They described abnormalities in early
(R1) and late (R2) responses of the blink reflex in 11
and 7 of 29 nerves studied, respectively, but did not
describe the diagnostic criteria or correlate their
findings with any clinical features, such as severity or
duration of illness.

The blink reflex is a polysynaptic reflex response
of the orbicularis oculi muscle elicited by electrical
stimulation of the supraorbital nerve at the supraor-
bital notch. The afferent impulses are conveyed by
trigeminal sensory fibers and the output by motor
fibers of the facial nerve. The reflex is composed of
ipsilateral R1 and bilateral R2 responses and is
widely used clinically for functional evaluation of the
trigeminal nerve, facial nerve, and brainstem.5,8,9

The present study was designed to gain more
information about cranial nerve involvement in
CIDP using neurophysiological tests and to correlate
the results with clinical features of CIDP patients. We
also determined the prevalence of trigeminal nerve
or facial nerve involvements in CIDP patients.

PATIENTS AND METHODS

Subjects. We examined 20 consecutive patients (15
men and 5 women) who were treated for CIDP at
our institution from 1998 to 2004. Their ages ranged
from 11 to 67 years (mean, 42 years). CIDP was
diagnosed according to the criteria of the American
Academy of Neurology.1 All patients had symptom-
atic motor and sensory neuropathies for more than 2
months, and demyelinating polyneuropathy was di-
agnosed by conventional nerve conduction studies.

Abbreviations: CGS, clinical grading scale; CIDP, chronic inflammatory de-
myelinating polyneuropathy; CMAP, compound muscle action potential; CSF,
cerebrospinal fluid; DR, direct response; MRI, magnetic resonance imaging.
Key words: blink reflex; chronic inflammatory demyelinating polyneuropathy;
facial nerve; subclinical cranial neuropathy; trigeminal nerve
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Cerebrospinal fluid was obtained and examined in
18 patients; the remaining two patients refused the
test. CIDP patients with monoclonal gammopathy,
infection with human immunodeficiency virus, sar-
coidosis, or systemic lupus erythematosus were ex-
cluded from the study. We also examined 32 normal
adult subjects (15 men and 17 women) as a control
group. Their ages ranged from 20 to 86 years (mean,
44 years). Informed consent was obtained from all
patients and control subjects. All procedures were
approved by our institutional review board.

Nerve Conduction Study. All patients underwent
conventional nerve conduction studies. Motor con-
duction studies of the tibial or peroneal nerve and of
the median and ulnar nerves were performed bilat-
erally. The distal latencies and conduction velocities
were measured and the presence of abnormal tem-
poral dispersion or conduction block was ascer-
tained. Sensory conduction studies of the median,
ulnar, and sural nerves were performed bilaterally
and the conduction velocities and amplitude of sen-
sory nerve action potentials were measured. Median
and tibial F waves were examined bilaterally and
minimal latency was measured. Our results were eval-
uated according to published electrophysiological
criteria.1

Direct Response and Blink Reflex. The direct re-
sponse and blink reflex were examined bilaterally as
described by Kimura.8 For recording the direct re-
sponse, i.e., the compound muscle action potential
(CMAP) of the orbicularis oculi muscle, the active
surface electrode was placed under the lateral can-
thus on the orbicularis oculi muscle. The reference
surface electrode was placed over the nasal bone on
the ipsilateral side, with the ground electrode on the
chin. The room temperature was maintained at
more than 25°C. Subjects were in a supine position
with their eyes closed but were instructed to remain
awake during the test. The tests were performed
using a Viking IV EMG machine (Nicolet, Madison,
Wisconsin) with a bandpass of 20–5,000 Hz. For the
direct response, the facial nerve was stimulated per-
cutaneously using supramaximal stimuli applied just
anterior to the mastoid process, whereas for the
blink reflex the supraorbital nerve was stimulated at
the supraorbital notch while the responses of the
orbicularis oculi muscles were recorded on both
sides. The stimulus duration was 0.1 ms. The latency
was measured from the beginning of stimulation to
the onset of the reflex. The shortest latency was
evaluated in all responses. Four trials were com-

pleted in each subject and the results were reproduc-
ible in each subject.

Normal Control Values. The normal values (mean �
SD, n � 32) of the latencies of the direct, R1, ipsi-
lateral R2, and contralateral R2 responses were 3.3 �
0.4, 10.5 � 0.7, 30.4 � 3.7, and 30.3 � 4.0 ms,
respectively. There were no significant differences in
the latencies between the left and right sides. Both
direct and R1 responses had a normal distribution
pattern.

Statistical Analysis. The latencies of the direct, R1,
ipsilateral R2, and contralateral R2 responses were
compared between patients and normal subjects.
Statistical analysis was performed using the Mann–
Whitney U-test. A P-value less than 0.05 denoted the
presence of a statistically significant difference.

RESULTS

Clinical Features. At the time of examination, the
duration of CIDP ranged from 6 months to 29 years
(mean, 4.6 years). The disease had a chronic relaps-
ing course in 9 patients and a chronic progressive
course in 11 patients. Clinical disability was evalu-
ated according to the clinical grading scale (CGS).7

The CGS ranged from 2 to 6 with a mean value of
3.25. At the time of examination, two patients had
clinical hypoglossal nerve palsies and another had a
history of left facial nerve palsy. Three patients had
diabetes mellitus. Of the 18 patients who underwent
cerebrospinal fluid (CSF) examination, 3 had nor-
mal CSF values, whereas the others had high protein
levels (48–363 mg/dl, normal 15–45 mg/dl). CSF
cell counts were normal in all patients. None of the
patients had a family history of hereditary neuropa-
thies, and none underwent genetic analysis.

Nerve Conduction Studies. Nerve conduction stud-
ies showed slow conduction velocities in two or more
nerves in all patients. Seven of 20 patients showed
evidence of partial conduction block in one or more
nerves, and 18 patients had abnormal temporal dis-
persion. Furthermore, 19 of 20 patients had a pro-
longed distal latency in two or more nerves. The
F-wave was absent or prolonged in latency in all
patients. The sensory nerve conduction velocity was
decreased in 19 patients.

Direct Response to Facial Nerve Stimulation. The la-
tency of the direct response was prolonged on the
left in 11 patients and on the right in 11 patients.

204 Neuropathies in CIDP MUSCLE & NERVE February 2007



Two patients had prolonged latencies unilaterally
(Table 1).

Blink Reflex. The latency of the R1 response was
prolonged on the left side in 16 of 20 patients and
on the right in 16 patients. Only three patients had
a normal R1 response bilaterally (Table 1, Fig. 1).
The ipsilateral R2 response was abnormal on the left
in eight patients and on the right in seven, but was
normal bilaterally in 10 patients (Table 1, Fig. 1).
The contralateral R2 response was prolonged on the
left in eight patients and on the right in three, could
not be evoked in two patients, and was normal bilat-
erally in 11 (Table 1, Fig. 1). The latencies of the
direct, R1, and R2 responses in CIDP patients were
significantly prolonged compared with those of nor-
mal subjects (P � 0.001).

Clinical-Electrophysiological Correlations. There was
no significant correlation between disease duration
or CGS and direct and R1 responses.

DISCUSSION

It has been reported that CIDP is associated infre-
quently with cranial nerve involvement.2,4,10,12 Dyck
et al.4 studied 53 CIDP patients and reported that 11
had cranial nerve involvement: 4 had papilledema, 1

had scotoma, 1 had facial weakness, 2 had palatal
weakness, 2 had glossoparesis, and 1 patient had
Horner’s syndrome. Barohn et al.2 reported that 12
of 60 CIDP patients suffered from cranial nerve pal-
sies, including facial weakness in 8 patients, ophthal-
moplegia in 2, and papilledema in 2. Rotta et al.12

examined 87 CIDP patients and reported that 4 had
prominent cranial nerve involvement. Most of these
cases of cranial nerve involvement were diagnosed
clinically, suggesting that clinical involvement of the
trigeminal and facial nerves is uncommon. However,
Guibord et al.6 and Niino et al.11 detected subclinical
trigeminal nerve thickening with MRI. Furthermore,
Guibord et al.6 demonstrated onion-bulb formation
and inflammatory infiltration on histopathological
examination of a supraorbital nerve biopsy. Never-
theless, the results of neurophysiological tests have
not been described in detail, and the prevalence of
subclinical cranial neuropathies in CIDP patients is
uncertain.

Blink reflex studies enable the discrimination of
lesions of the trigeminal nerve, facial nerve, and
brainstem5 in patients with unilateral involvement of
the afferent or efferent nerves or with bilateral in-
volvement but significant differences between the
two sides. The prevalence of subclinical facial neu-
ropathy in our CIDP patients was high; an abnormal

Table 1. Results of direct response and blink reflex in CIDP patients.

Patient

Direct response
(ms)

Blink reflex (ms)

R1 Ipsilateral R2 Contralateral R2

Left Right Left Right Left Right Left Right

1 3.3 4.3 12.8* 13.1* 33.5 37.5 34.0 33.0
2 4.1 4.3 12.4* 12.8* 36.0 36.9 37.8 37.0
3 5.5* 6.6* 15.2* 15.2* 37.5 37.0 36.8 37.0
4 3.7 2.8 11.2 12.2 41.8* 41.2* 43.0* 39.6
5 5.2* 6.8* 18.2* 18.5* 43.4* 42.4* 41.4* 42.8*
6 5.5* 5.0* 18.6* 19.9* 44.4* 45.0* 43.4* 43.6*
7 7.4* 7.3* 21.8* 20.8* 58.8* 56.8* 59.6* Absent*
8 2.5 2.6 11.6 12.3 34.7 32.2 35.6 33.6
9 3.3 3.6 12.5* 11.3 27.2 29.6 26.8 26.8

10 2.9 4.2 11.3 11.2 34.2 34.1 34.4 34.2
11 5.3* 8.1* 11.0 19.4* 28.2 38.5 36.2 25.0
12 10.5* 9.9* 23.6* 24.0* 48.8* 44.8* 48.4* 43.4*
13 4.3 4.3 13.0* 13.6* 42.1* 35.7 40.0* 36.8
14 4.7* 5.1* 15.0* 15.2* 37.7 35.6 37.0 36.8
15 4.0 4.4* 12.4* 13.4* 39.4 37.7 39.2 38.2
16 4.4* 3.8 12.1* 13.2* 36.0 35.0 33.8 35.0
17 3.5 3.7 14.0* 13.5* 29.7 27.2 29.8 28.4
18 8.9* 7.1* 15.5* 13.8* 44.2* 40.4* 44.0* 40.2
19 5.7* 4.4* 14.5* 13.5* 40.8* 36.4 40.4* 38.2
20 5.1* 5.5* 13.0* 14.2* 39.1 44.2* 39.8 Absent*

CIDP, chronic inflammatory demyelinating polyneuropathy.
*Abnormal results (values are more than the mean � 2.5 SD).
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direct response was observed bilaterally in 10 (50%)
and unilaterally in 2 patients (10%). However, none
of the patients showed unilateral trigeminal nerve
involvement, based on the result of the blink reflex.

The R1 and R2 latencies were prolonged and the
responses were not evoked bilaterally in four pa-
tients (Fig. 1B), perhaps because of trigeminal nerve
or brainstem involvement in addition to bilateral
facial nerve involvement. Bilateral or unilateral pro-
longation of the R1 latency alone was observed in 10
patients (Fig. 1C). This result may be due to some
defect in the pons,5 but the R2 response is of limited
clinical value because of its inherent variability. Only
one patient (Patient 4) had a normal direct re-
sponse, slightly delayed R1 response, and a clearly
delayed R2 response pattern (Fig. 1D). This patient
possibly had medullary involvement in addition to
trigeminal or facial nerve involvement.

There is no report on neurophysiological evalu-
ation of trigeminal and facial nerves in patients with
CIDP based on current diagnostic criteria. Kimura9

reported a significant prolongation of the latencies
of the direct and R1 responses in 14 patients with
“chronic inflammatory polyneuropathy.” In that re-
port, the majority of patients probably had CIDP but
clinical details were not provided.

Cruccu et al.3 identified trigeminal dysfunction
in 15 CIDP patients by electromyographic recording
of the blink reflex and masseter inhibitory reflex.
They showed abnormalities of the blink reflex in 11
of 29 nerves, and of the masseter early inhibitory
reflex in 14 of 29 nerves in 15 patients with CIDP.
They concluded that CIDP causes subclinical dam-
age of the trigeminal nerve, especially its mandibular
branch. However, they did not propose any diagnos-
tic criteria or describe unique clinical features such
as those related to severity or duration of illness. In
the present study, we tried to gain more information
using neurophysiological tests and correlating their
results with the clinical findings of CIDP patients.

Our results suggest that involvement of trigemi-
nal and facial nerves probably occurs early during
the onset of CIDP because there were no correla-
tions between clinical disability or disease duration
and the direct response or R1 response. The study of
the blink reflex is used widely and it is an established
test. Although our study has certain limitations, the
direct response and the blink reflex are useful for
functional evaluation of trigeminal and facial nerves
in patients with CIDP, especially since the data indi-
cated a lack of correlation between clinical features
and electrophysiological findings in CIDP patients.
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ABSTRACT: Skeletal muscles in mdx mice exhibit differential degrees of
pathological changes and fibrosis. The purpose of this study was to examine
differences in various indices of collagen metabolism in skeletal muscles
with widely different functions and activity profiles in mdx mice, and to
determine whether pirfenidone would attenuate the development of fibrosis.
Mice in the pirfenidone group were orally fed pirfenidone (500 mg/kg) daily
for 4 weeks. Marked differences were noted in hydroxyproline concentration
between muscles, which could not be explained solely by the level of type I
collagen and transforming growth factor-�1 (TGF-�1) mRNA. In normal
mice, matrix metalloproteinase (MMP)-2 mRNA was significantly higher in
the gastrocnemius than in the diaphragm or genioglossus muscles, suggest-
ing that collagen degradation plays an important role in regulating collagen
accretion in skeletal muscle. In mdx mice, the levels of both MMP-2 and
MMP-9 mRNA were significantly elevated relative to control, although the
response was muscle specific. Pirfenidone treatment resulted in a significant
reduction in the level of hydroxyproline concentration across all muscles,
although the effect was small. Results from this study reveal intrinsic dis-
similarities in collagen metabolism between functionally different skeletal
muscles. Moreover, the pharmacological use of pirfenidone may be benefi-
cial in preventing fibrosis in muscular dystrophy.
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Skeletal muscle of patients with Duchenne muscu-
lar dystrophy (DMD) follows a general pathological
cascade of damage, necrosis, and fibrosis,3,4 leading
to muscle weakness and increased stiffness. The bi-
ological mechanisms responsible for the dysfunction
have not been completely elucidated, but are associ-
ated with the absence of the subsarcolemmal protein
dystrophin.12,13 Dystrophin-deficient fibers are more
susceptible to contraction-induced muscle dam-

age,25 which initiates a cascade of events, includ-
ing abnormal calcium regulation34 and inflamma-
tion.26,31

The mdx mouse is routinely used to study mech-
anisms of dysfunction in Duchenne muscular dystro-
phy (DMD) because it too lacks the dystrophin pro-
tein.12 Although all skeletal muscles are dystrophin-
deficient, the extent of pathology varies between
functionally different muscles. For example, limb
skeletal muscle from mdx mice is capable of signifi-
cant regeneration,33 whereas the diaphragm muscle
exhibits progressive and extensive necrosis and fi-
brosis similar to that observed in skeletal muscle
from patients with DMD.33 At present, it is unclear
why the rate of dysfunction and fibrosis differs be-
tween muscles.

Fibrosis begins at an early age in skeletal muscle
from mdx mice,10 and is thought to be due, at least in
part, to the elevated expression of various inflamma-
tory cytokines such as tumor necrosis factor (TNF)
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alloproteinase; mRNA, messenger ribonucleic acid; PCR, polymerase chain
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and transforming growth factor-�1 (TGF-�1) that in
turn stimulate collagen accretion.1,10,11,14,23 General
immunosuppression by prednisone has previously
been shown to reduce the level of both TGF-�1
protein and hydroxyproline concentration in mdx
mice.11 In addition, short-term TNF suppression by
Enbrel has also been effective in reducing the level
of type I collagen and TGF-�1 mRNA in mdx dia-
phragm,9 whereas neutralization of TGF-�1 by
decorin partially decreases the level of type I colla-
gen mRNA in mdx diaphragm.10 Whether excessive
inflammation is the sole reason for the development
of fibrosis in diaphragm relative to other muscles, or
whether there are other contributing intrinsic fac-
tors, is not known.

The primary purpose of this study, therefore, was
to test the hypothesis that diaphragm muscle from
9-week-old mdx mice exhibits higher levels of genes
regulating collagen metabolism [e.g., type I colla-
gen, TGF-�1, matrix metalloproteinase (MMP)-2,
and MMP-9] compared with the gastrocnemius and
genioglossus muscles, and that these differences cor-
respond with differences in collagen accretion.
These muscles were chosen because they are com-
posed of mixed fiber types and have markedly dif-
ferent functions. A secondary objective was to test
the hypothesis that the antifibrotic drug pirfenidone
(Tocris, Ellisville, Missouri) attenuates various indi-
ces of collagen metabolism in skeletal muscle from
mdx mice.

METHODS

Four-week-old male control C57BL/10ScSn and mdx
mice (Jackson Laboratories, Bar Harbor, ME) were
used in this study. This age was chosen because
muscles from mdx mice undergo significant necrosis
and inflammation at 4 weeks. Mice were provided
with water and chow ad libitum and housed in our
institutional facilities. All procedures were approved
by our institutional review board.

Following 1 week of habituation to the animal
facility, mdx mice were randomly assigned to either a
sham (mdx-sham) or pirfenidone (Tocris Bioscience,
Ellisville, Missouri) (mdx-Pir) group. Mice in the
mdx-Pir group were given pirfenidone (500 mg/kg
daily) mixed in a small amount (�350 mg) of com-
mercial peanut butter for 28 days, whereas the mdx-
sham group received an equal amount of peanut
butter without the drug. This dose of pirfenidone
was chosen because it is effective for inhibiting the
production of TNF and prevented endotoxic shock
in mice following lipopolysaccharide administra-
tion.22 At the end of the treatment period, the dia-

phragm, genioglossus, and gastrocnemius muscles
were removed and processed for analysis of hy-
droxyproline concentration, type I collagen, TGF-
�1, MMP-2, and MMP-9 mRNA. A segment of the
diaphragm was also used for measurement of in vitro
isometric contractile properties.

In Vitro Isometric Contractile Properties. Contractile
properties were assessed as previously described us-
ing a dual-channel length–force servo-control system
(Model 305B; Cambridge Technologies, Cambridge,
Massachusetts).8 A segment 3–4 mm wide was dis-
sected from the mid-costal region and mounted ver-
tically in a tissue bath containing aerated (95% O2

and 5% CO2) Krebs solution maintained at 26°C.
Platinum electrodes (1 cm � 4 cm) were used to
stimulate the muscle. Following determination of
optimal length for maximal twitch tension (Lo) us-
ing 1-Hz stimulation, stimulus intensity was in-
creased until peak twitch force (Pt) was obtained. Lo
was then measured with a micrometer accurate to
0.1 mm. Maximal isometric force (Po) was deter-
mined by measuring force output at stimulation fre-
quencies of 10, 20, 35, 50, 75, and 100 Hz (500-ms
train duration). A digital storage oscilloscope
(Model TDS420A; Tektronix, Beaverton, Oregon)
was used to display and record the force responses.
All forces were normalized for muscle CSA and ex-
pressed as N.cm�2.

High-Performance Liquid Chromatography (HPLC).

Collagen concentration was assessed by measuring
the level of hydroxyproline concentration in muscle
segments from the mid-costal region of the dia-
phragm as previously described.10,11 Samples of mus-
cle were lyophilized to constant dry weight and hy-
drolyzed in 1 ml of 6N HCl for 22–24 hours at 110°C.
The sample hydrolyzate (400 �l) was then filtered
with a 0.45-�m syringe filter and dried for purifica-
tion. Dried samples were resuspended in 1 ml of
double-deionized H2O and purified with a solid-
phase extraction medium (Oasis HLB Extraction
Cartridge; Waters, Milford, Massachusetts). The fil-
trate (10 �l) was derivatized using AccQ-fluor re-
agent (Waters). The amino acid samples were sepa-
rated by HPLC (Model 2695; Waters) using a C18

analytical column (5 �m; 3.9 mm � 150 mm, Wa-
ters) and an eluent gradient of AccQ-fluor borate
buffer (Waters) and 60% acetonitrile in water at a
flow of 1.0 ml/min. Samples were analyzed by a
scanning spectrofluorometer (Model 470; Waters)
with peak excitation 290 � and emission 395 � with
2-pmol sensitivity. The chromatograms were stored
and integrated using Millennium 32 software (Wa-
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ters). Mean values are expressed as micrograms hy-
droxyproline per milligram muscle dry weight.

Real-Time Quantitative Polymerase Chain Reaction

(PCR). The tendonous region was removed from
each muscle prior to RNA isolation. Samples for
RNA isolation were taken from the mid-belly of the
muscles. The muscle samples, which were stored in
RNA stabilization solution (RNAlater; Ambion, Aus-
tin, Texas) at �20°C, were blotted dry and then
weighed on an analytical balance (Model AG245;
Mettler-Toledo, Columbus, Ohio). Samples were
placed in individual sterile tubes containing 1 ml of
Trizol reagent (Invitrogen, Carlsbad, California)
and homogenized on ice for 30 seconds with a hand-
held homogenizer (Cole Parmer, Vernon Hills, Illi-
nois). The homogenate was incubated at room tem-
perature for 5 minutes and then centrifuged at
12,000 g at 4°C for 10 minutes to remove any insol-
uble material. The supernatant was transferred to
sterile tubes and 0.2 ml of chloroform was added.
The samples were vortexed and then centrifuged at
12,000 g at 4°C for 15 minutes to separate the phenol
and chloroform layers. The colorless upper layer
containing the RNA was transferred to new sterile
tubes. An equal volume of RNase-free 70% ethanol
was added to each sample. The RNA was further
purified using RNeasy mini-columns (Qiagen, Valen-
cia, California) according to the manufacturer’s in-
structions. RNA was eluted from the columns with
RNA storage solution (Ambion, Austin, Texas), then
diluted in RNase-free water. RNA quantity and purity
was assessed using an ultraviolet spectrophotometer.

First-strand cDNA synthesis was achieved using
1–5 �g of total RNA in a 20-�l reaction volume using
oligo-(dT)12–18 primer (Invitrogen, Carlsbad, Cali-
fornia), four dinucleotide triphosphates (dNTPs; 5
mM each), 5� first-strand buffer, 0.1 M DTT, and
SuperScript II RNase H� reverse transcriptase (In-
vitrogen). The reaction conditions were 42°C for 50
minutes and 70°C for 15 minutes.

Real-time quantitative PCR (Mx4000 Multiplex
System; Strategene, La Jolla, California) was per-
formed. The fluorescent dye SYBR Green II (Molec-

ular Probes, Eugene, Oregon) was used for detec-
tion and quantification of double-strand DNA. ROX
(Stratagene) was used as a reference dye. Forward
and reverse primers (Table 1) for type I collagen,
TGF-�1, MMP-2, and MMP-9 mRNA were designed
using Primer Express software (Applied Biosystems,
Foster City, California). The cDNAs were diluted
10-fold and a 5-�l amount used in the quantitative
PCR. Briefly, relative measures of gene expression
were determined using 50-�l reactions containing:
1.5 mM MgCl2; 0.5 �M for each primer; 200 �M for
each dNTP; PCR buffer; 0.5 �l for the SYBR Green II
(1:750 dilution) and ROX (1:500 dilution) dyes; and
1 U MasterTaq DNA polymerase (Promega, Madi-
son, Wisconsin). The thermocycle for type I collagen
and TGF-�1 included an initial incubation at 95°C
for 4 min, followed by 40 cycles of 94°C for 30 s, 60°C
for 30 s, and 72°C for 1 min. For MMP-2 and MMP-9,
an annealing temperature of 67°C rather than 60°C
was used. Each sample was run in triplicate.

Assessment of mRNA levels in each sample was
based on absolute quantification using an external
calibration curve constructed using the cloned PCR
products. The PCR product of each gene was cloned
into a pCR 2.1 TOPO vector (Invitrogen, Carlsbad,
California) and transformed into One Shot chemi-
cally competent Escherichia coli cells (Invitrogen).
Plasmids containing the cDNAs were extracted from
E. coli cells using a Wizard Plus DNA purification kit
(Promega, Madison, Wisconsin) according to the
manufacturer’s instructions. The plasmid DNA was
quantified spectrophotometrically and diluted to
make standards. A standard curve was run concur-
rently with each set of unknowns. Initial copy num-
bers of amplicons were quantified during real-time
quantitative PCR analysis based on threshold cycle
(Ct, defined as the cycle at which the baseline-
corrected normalized fluorescence is determined
to be significantly above background signal). The
threshold cycle is inversely proportional to the log
of the initial copy number. Final mRNA values
were expressed as copy number per microgram
RNA.10

Table 1. Forward and reverse primers for quantitative PCR analyses. (all sequences are read from 5� to 3�)*

Transcript (accession #) Forward Reverse

TGF-�1 (NM 011577) CCCCACTGATACGCCTGAGT AGCCCTGTATTCCGTCTCCTT
Type I collagen (NM 007743) AGACATGCTCAGCTTTGTGGATAC CGTACTGATCCCGATTGCAAAT
MMP-2 (NM 008610) TTCCCTAAGCTCATCGCAGACT TCCAAACTTCACGCTCTTGAGA
MMP-9 (NM 013599) TCCTACTCTGCCTGCACCACTAAAG CTGTACCCTTGGTCTGGACAGAAAC

*Corresponding accession numbers for Mus Musculus are listed in parentheses.
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Statistical Analyses. Diaphragm muscle contractil-
ity data and body weights were analyzed using a
one-way analysis of variance. All other data were
analyzed using a two-way (group � muscle) analysis
of variance with post hoc (Newman–Keuls) analysis.
P � 0.05 was considered statistically significant.

RESULTS

All data are presented as mean � SE. At the end of
the study, the control group weighed slightly but
significantly more than the mdx-sham and mdx-Pir
groups (25.8 � 0.4, 24.4 � 0.3, and 24.4 � 0.5 g,
respectively). Pirfenidone treatment had no impact
on body weight. During the 4-week treatment pe-
riod, the entire portion of peanut butter and drug
mixture was consumed daily by each mouse.

Mean RNA concentration is shown in Table 2.
There was a significant main effect for group (P �
0.002), muscle (P � 0.001), and interaction (P �
0.006). Group comparisons revealed that RNA con-
centration (micrograms per milligram wet weight)
was higher in mdx-sham (P � 0.009) and mdx-Pir
(P � 0.003) mice than control, whereas the mdx-
sham and mdx-Pir groups did not differ from one
another. Muscle comparisons revealed that RNA
concentration was higher in the diaphragm than the
gastrocnemius (P � 0.001) and genioglossus muscles
(P � 0.001). In addition, RNA concentration was
higher in the genioglossus than the gastrocnemius
(P � 0.02). When pairwise comparisons were made
between muscles within the control group, RNA con-
centration was significantly higher in the diaphragm
and genioglossus muscles than the gastrocnemius
muscle. A similar pattern was observed in the mdx-
sham group.

Contractile characteristics of the diaphragm are
shown in Table 3. Neither time to peak twitch ten-
sion nor time to half-relaxation differed between
groups. However, both peak twitch tension and max-
imal tetanic specific force were significantly lower in
the mdx-sham and mdx-Pir groups. Pirfenidone treat-

ment (mdx-Pir) had no impact on any of the mea-
sured contractile properties compared with the mdx-
sham group.

Hydroxyproline concentrations for diaphragm,
gastrocnemius, and genioglossus muscles are shown
in Figure 1. There was a group effect (P � 0.001),
muscle effect (P � 0.001), and interaction (P �
0.005). The hydroxyproline concentration was
higher in the mdx-sham (P � 0.001) and mdx-Pir
groups (P � 0.019) compared with control. In addi-
tion, relative to the mdx-sham group, hydroxyproline
concentration was lower in the mdx-Pir group (P �
0.023). Muscle comparisons revealed that all three
muscles differed from one another (P � 0.001 for all
three comparisons). Within the diaphragm, pairwise
comparisons indicated that hydroxyproline concen-
tration was lower in the control group than the
mdx-sham (P � 0.001) and mdx-Pir (P � 0.001)
groups, whereas the latter two groups did not differ
from one another. No group differences were noted
in either the gastrocnemius or genioglossus muscles,
although in the genioglossus muscle there was a
non-significant trend (P � 0.10) for a decrease in
hydroxyproline in the mdx-Pir group compared with
the mdx-sham group.

Mean data for type I collagen, TGF-�1, MMP-2,
and MMP-9 mRNA are shown in Figure 2. For type I
collagen, there was a group effect (P � 0.001), mus-
cle effect (P � 0.001), and interaction (P � 0.032).
The level of type I collagen mRNA was significantly
lower in the control group relative to the mdx-sham
and mdx-Pir groups, whereas the latter two groups
did not differ from one another. Comparison of
different muscles revealed that the level of type I
collagen mRNA differed between the genioglossus
and diaphragm or gastrocnemius muscles (P � 0.001
for each), but not between the diaphragm and gas-
trocnemius. Within the control group, the gastroc-
nemius muscle differed significantly from the genio-
glossus muscles, although there were no other
significant comparisons.

Table 2. Mean (�SE) RNA concentration (micrograms RNA/per
milligram wet weight) in diaphragm, gastrocnemius, and

genioglossus muscle from control, mdx-sham, and pirfenidone-
treated mdx (mdx-Pir) mice.

Group Diaphragm Gastrocnemius Genioglossus

Control 1.05 � 0.06a 0.69 � 0.05b 1.00 � 0.07a

mdx-sham 1.58 � 0.17a* 0.88 � 0.06b 0.86 � 0.11b

mdx-Pir 1.43 � 0.08a* 0.92 � 0.07b 1.17 � 0.05a,b

Within a muscle, an asterisk denotes significant difference from control.
Within a group, muscles with similar superscript letter are not significantly
different from one another.

Table 3. Mean (�SE) diaphragm muscle contractile properties for
the control, mdx-sham, and mdx-Pir groups.

Control mdx-sham mdx-Pir

TPT (ms) 30.7 � 1.7 35.0 � 2.9 32.5 � 1.1
1⁄2RT (ms) 47.5 � 2.4 48.8 � 4.3 41.0 � 1.9
Pt (N/cm2) 6.0 � 0.3* 3.7 � 0.2 3.8 � 0.4
Po (N/cm2) 15.7 � 1.2* 10.2 � 0.4 11.1 � 1.5

TPT, time to peak twitch tension; 1⁄2RT, time to half-relaxation; Pt, peak
twitch tension; Po, maximal isometric tetanic force.
*Significantly different than mdx-sham and mdx-Pir.
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The data for TGF-�1 mRNA showed a main effect
for group (P � 0.011) and muscle (P � 0.001), but
no significant interaction. Group comparisons re-
vealed that TGF-�1 was higher in the mdx-sham (P �
0.011) and mdx-Pir (P � 0.034) groups compared
with control. However, pirfenidone treatment did
not affect the level of TGF-�1 in mdx mice. Muscle
comparisons revealed that TGF-�1 differed in the
gastrocnemius compared with the diaphragm and
genioglossus (P � 0.001), whereas the latter two
muscles did not differ from one another.

With respect to MMP-2 mRNA, there was a group
effect (P � 0.001), muscle effect (P � 0.001), and
interaction (P � 0.004). Muscle MMP-2 mRNA was
higher in the mdx-sham (P � 0.001) and mdx-Pir
animals (P � 0.001) compared with control, whereas
pirfenidone treatment had no impact on MMP-2
mRNA in mdx mice. The level of gastrocnemius mus-
cle MMP-2 mRNA differed from diaphragm and ge-
nioglossus muscles (P � 0.001 for each), but there
was no difference between diaphragm and genio-
glossus muscles. Within the gastrocnemius, MMP-2
was significantly higher in the mdx-sham and mdx-Pir
groups compared with control.

Statistical analysis of MMP-9 data revealed group
(P � 0.024) and muscle (P � 0.001) effects, but not
an interaction. The MMP-9 mRNA was higher in the
mdx-sham muscles than control (P � 0.026) and
mdx-Pir (P � 0.048), but there was no difference
between the control and mdx-Pir groups. The MMP-9
level was higher in the genioglossus muscle com-
pared with diaphragm or gastrocnemius (P � 0.001
for each), whereas the latter two muscles did not
differ from one another. There were no significant
group differences within the diaphragm or gastroc-
nemius muscles. However, within the genioglossus

muscle, the MMP-9 mRNA level was higher in the
mdx-sham group than either the control (P � 0.001)
or the mdx-Pir group (P � 0.002), but there was no
difference between the control and mdx-Pir groups.

DISCUSSION

Our results reveal marked differences in the devel-
opment of fibrosis in different skeletal muscles from
mdx mice. When all muscles were pooled together,
hydroxyproline concentration was significantly lower
in the skeletal muscle from the pirfenidone-treated
mdx mice compared with the mdx-sham group, al-
though the reduction was small. Functionally, pir-
fenidone did not reverse the decrease in Po observed
in the dystrophic diaphragm.

RNA Concentration Differs between Groups and Mus-

cle. In this study, RNA concentration was signifi-
cantly higher in muscle from dystrophic mice,
whereas pirfenidone treatment had no impact on
this parameter. Such findings have been noted pre-
viously.6 We also found that the diaphragm muscle
had a significantly higher RNA content compared
with the gastrocnemius and genioglossus muscles, a
finding similar to that reported by Goldspink.6 Gold-
spink and Goldspink noted that the changes in RNA
concentration correspond with significantly higher
levels of DNA and protein synthesis,7 and this likely
contributes to the muscle hypertrophy observed
early in the course of the disease.6,24

Collagen Characteristics in Skeletal Muscles with Dif-

fering Functions. Collagen accretion in normal skel-
etal muscle is a function of collagen synthesis, secre-
tion, and degradation. In normal skeletal muscle, a

FIGURE 1. Mean (�SE) concentration of hydroxyproline (Hyp), expressed as micrograms Hyp per milligram dry weight, in diaphragm (A),
gastrocnemius (B), and genioglossus (C) muscles from 9-week-old control (C57BL/10ScSn), mdx-sham, and pirfenidone-treated mdx
(mdx-Pir) groups. Within a muscle, groups (bars) with a different letter are significantly different from one another (P � 0.05), whereas
groups with a common letter are not significantly different from one another.

212 Fibrosis in Dystrophic Muscle MUSCLE & NERVE February 2007



FIGURE 2. Mean (�SE) expression of type I collagen, TGF-�1, MMP-2, and MMP-9 mRNA (copy number/microgram RNA) in diaphragm,
gastrocnemius, and genioglossus muscles from 9-week-old control (C57BL/10ScSn), mdx-sham, and pirfenidone-treated mdx (mdx-Pir)
mice. Within a muscle, groups (bars) with a different superscript letter are significantly different from one another (P � 0.05), whereas
groups with a common letter are not significantly different from one another.
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significant portion of newly synthesized collagen is
degraded intracellularly before secretion into the
extracellular space.2,20 Extracellularly, collagen is de-
graded by collagenases such as MMP-2 (constitu-
tively expressed in skeletal muscle) and MMP-9 (ex-
pressed primarily by inflammatory cells).17 The
action of MMPs is in part affected not only by their
concentration, but also by the action of tissue inhib-
itors of MMPs (i.e., TIMPs).5 Thus, given the com-
plexity of collagen metabolism, changes in collagen
mRNA may not necessarily be reflected by similar
changes in collagen accretion and, as such, the
present data should be evaluated with caution.

Previous studies have revealed that functionally
dissimilar muscles have marked differences in the
amount and quality of fibrillar collagen.18,19,35 Con-
sistent with these findings, we observed a signifi-
cantly higher hydroxyproline concentration in the
diaphragm than the gastrocnemius. In spite of
marked differences in hydroxyproline concentra-
tion, these two muscles have similar levels of type I
collagen mRNA, suggesting that other factors con-
tribute to the general connective characteristics of
skeletal muscle. As shown in Table 1, the control
diaphragm contains about 50% more RNA per unit
wet weight compared with the gastrocnemius. As-
suming constant mRNA-to-RNA ratios in both mus-
cles, the diaphragm muscle contains approximately
50% more type I collagen mRNA per unit weight.
This difference could theoretically result in signifi-
cantly greater collagen synthesis and accretion in the
diaphragm.

A second factor that may contribute to marked
muscle differences in hydroxyproline concentration
between the diaphragm and gastrocnemius muscles
is the level of MMP-2 mRNA, which is approximately
three times higher in the control gastrocnemius
than diaphragm. Even when corrected for RNA con-
tent, total MMP-2 mRNA level is more than two times
higher in the gastrocnemius muscle compared with
the diaphragm. These results support the notion
that there is a greater turnover of collagen in this
muscle than the diaphragm. Further studies are
needed to determine the protein levels of active
MMP-2 as well as levels of the inhibitor of MMP-2.
Interestingly, the level of MMP-9 mRNA, which was
much lower than the MMP-2 level, was similar in
diaphragm and gastrocnemius muscles from control
mice.

In contrast to the gastrocnemius, the genioglos-
sus muscle has collagen characteristics similar to the
diaphragm in control muscles, as the level of hy-
droxyproline, type I collagen, TGF-�1, and MMP-2
mRNA were not significantly different. The genio-

glossus muscle, a primary upper airway dilator, has
important respiratory functions. Like the dia-
phragm, the genioglossus is recruited during the
inspiratory phase of breathing and functions to di-
late and stabilize the upper airway to prevent col-
lapse. In addition, the genioglossus is recruited dur-
ing many non-respiratory functions such as eating,
drinking, grooming, and thermoregulatory control.

Type of Muscle Influences Rate of Fibrosis in mdx Mice.

In contrast to limb skeletal muscle, the diaphragm
muscle in mdx mice undergoes progressive fibro-
sis,10,11,33 beginning at an early age. Moreover,
changes in collagen have been correlated with TGF-
�1,1,10,23 an inflammatory cytokine produced by mac-
rophages.28 In the present study, we noted that mdx
muscles in general have significantly higher levels of
hydroxyproline than control muscle, but the in-
crease is more pronounced in the diaphragm. We
had hypothesized that the mdx diaphragm would
exhibit higher levels of type I collagen and TGF-�1
mRNA relative to the gastrocnemius and genioglos-
sus muscles. Surprisingly, pairwise comparisons re-
vealed that the level of type I collagen mRNA was
similar between the mdx diaphragm and gastrocne-
mius, whereas the genioglossus muscle contained
significantly lower levels. When comparing the dia-
phragm with the gastrocnemius, the level of type I
collagen mRNA should perhaps be taken in context
with the RNA concentration. In our study, the mdx
diaphragm contained approximately 80% more
RNA per unit weight than the mdx gastrocnemius.
Thus, although the level of type I collagen mRNA
normalized per microgram RNA was similar between
the diaphragm and gastrocnemius, the total level
(per milligram tissue weight) of type I collagen
mRNA was approximately 80% higher in the dia-
phragm. Our findings support the idea that collagen
synthesis is higher in the mdx diaphragm than the
mdx gastrocnemius, although this measure does not
directly reflect collagen synthesis but rather the ex-
tent of gene transcription.

A second possible reason for the differences in
collagen concentration between these two muscles
in mdx mice is the markedly different level of MMP-2
mRNA. Although there was a trend for an increase in
this transcript in the mdx diaphragm, the mdx gas-
trocnemius muscle exhibited a dramatic increase in
the level of MMP-2 mRNA. Pairwise comparisons
within the mdx-sham group revealed that the level of
MMP-2 was higher in the gastrocnemius than dia-
phragm (P � 0.001). When corrected for RNA con-
centration, MMP-2 is almost 100% higher in the mdx
gastrocnemius muscle (per milligram tissue weight)
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than the diaphragm. It is unknown whether this
leads to a greater capacity by the gastrocnemius for
collagen degradation. However, the combined
greater diaphragm level of total type I collagen
mRNA coupled with the significantly lower level of
MMP-2 mRNA (per unit muscle weight) may result
in greater collagen accretion over the course of the
disease.

Kherif et al.17 noted that MMP-9 activity and
mRNA is transiently elevated in normal skeletal mus-
cle damaged by cardiotoxin injection. They further
reported that MMP-9 activity is significantly higher in
3-month-old mdx skeletal muscle (tibialis anterior
and extensor digitorum longus) relative to control,
although they were unable to detect the MMP-9
transcript at this time using the northern blot pro-
cedure. Whether these findings reflect MMP-9 regu-
lation at the post-translational level remains to be
determined. When all muscles were pooled for sta-
tistical analysis in our study, MMP-9 mRNA was sig-
nificantly higher in the mdx-sham group than con-
trol. Surprisingly, pairwise comparisons revealed that
the level of MMP-9 mRNA was not increased in mdx
diaphragm compared with control. However, the
data in the present study represent a single time-
point in a process that is ongoing and in a microen-
vironment that is constantly changing; furthermore,
it does not reflect MMP-9 activity. Future studies
should be employed to measure MMP-9 mRNA and
activity in diaphragm muscle over several time-points
during the lifespan of the mdx mouse.

The diaphragm and genioglossus muscles have
similar collagen concentrations. The mdx genioglos-
sus muscle exhibited only a non-significant increase
in hydroxyproline concentration in spite of a signif-
icant increase in level of type I collagen mRNA,
which was offset by a significant decrease in RNA
concentration. Surprisingly, the level of MMP-9
mRNA was higher in the genioglossus than the dia-
phragm and gastrocnemius. Additionally, the level
of MMP-9 was significantly elevated in mdx genioglos-
sus relative to control. It remains unknown whether
this increase was mirrored by increased MMP-9 ac-
tivity and subsequent collagen degradation.

It is unknown what role MMP-9 activity plays in
the pathogenesis of fibrosis in mdx skeletal muscle.
Clearly, further studies are needed to evaluate the
extent and role of collagen degradation in different
skeletal muscles from mdx mice and of the factors
that regulate both MMP-2 and MMP-9 activity.

Impact of Pirfenidone on Development of Fibrosis. A
number of pharmacological agents have been tested
in mdx mice, most of which have had little long-term

therapeutic value. In this study, we sought to test the
effect of the drug pirfenidone on the prevention of
muscle fibrosis. Pirfenidone has been effective in
preventing lung and kidney fibrosis in various ani-
mal models15,16,21,29,30,32 by suppressing the expres-
sion of TGF-�1,29,30 and TNF21 and is being investi-
gated for use in patients with idiopathic pulmonary
fibrosis.27 In the present study, we observed a small
but significant drug effect on the concentration of
hydroxyproline and the level of MMP-9 mRNA in
skeletal muscle from mdx mice, whereas the drug
had no impact on the level of type I collagen, TGF-
�1, or MMP-2 mRNA. Of the three muscles exam-
ined, only the genioglossus muscle demonstrated
trends of hydroxyproline, type I collagen, TGF-�1,
and MMP-9 mRNA in the anticipated direction, al-
though these changes were in large part (with the
exception of MMP-9) minor and non-significant.
However, pairwise comparisons within the genioglos-
sus muscle revealed that the level of type I collagen
mRNA was significantly higher in the mdx-sham
group than the control group, whereas the control
group and the mdx-Pir group did not differ from one
another. No such differences were noted in the dia-
phragm or gastrocnemius muscles. We are uncertain
why pirfenidone treatment was minimally effective in
preventing fibrosis in mdx mice, but it may have been
the result of an ineffective dose. In previous studies
demonstrating significant reductions in fibrosis,15,16

pirfenidone was delivered in pulverized chow, thus
making it difficult to determine total drug delivery.
The fact that the genioglossus muscle exhibited
trends in the appropriate direction supports this
idea. The genioglossus muscle is used during feed-
ing, is directly exposed to the drug, and as such may
have been exposed to a higher local drug concen-
tration. This thought is speculative, but further stud-
ies employing higher doses of pirfenidone seem war-
ranted.

Results from the present study reveal striking
differences in the level of hydroxyproline in various
skeletal muscles from both control and mdx mice.
Contrary to our hypothesis, these differences may
possibly be accounted for by intrinsic dissimilarities
in collagen metabolism rather than by differences in
the level of type I collagen or TGF-�1 mRNA. These
findings should provide insights into new strategies
for combating the development of fibrosis in dystro-
phic muscle. Although pirfenidone was minimally
effective in attenuating the extent of fibrosis, our
data support the need for continued testing, prefer-
ably using higher doses than those employed in this
study.
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ABSTRACT: Previous investigations of the effects of clenbuterol have
used suprapharmacological doses that induce myocyte death, alter muscle
phenotype, and do not approximate the proposed therapeutic dose for
humans. Recently, we reported that smaller doses of clenbuterol induce
muscle growth without causing myocyte death. In the present study we used
histochemical and proteomic techniques to investigate the molecular effects
of this dose. Male Wistar rats (n � 6, per group) were infused with saline or
10 �g/kg/day clenbuterol via subcutaneously implanted osmotic pumps.
After 14 days the animals’ plantaris muscles were isolated for histochemical
and proteomic analyses. Clenbuterol induced significant muscle growth with
concomitant protein accretion and preferential hypertrophy of fast oxidative
glycolytic fibers. Clenbuterol reduced the optical density of mitochondrial
staining in fast fibers by 20% and the glycogen content of the muscle by
30%. Differential analysis of two-dimensional gels showed that heat shock
protein 72 and �-enolase increased, whereas aldolase A, phosphogylcerate
mutase, and adenylate kinase decreased. Only heat shock protein 72 has
previously been investigated in clenbuterol-treated muscles. The clen-
buterol-induced increase in muscle growth was concomitant with qualitative
changes in the muscle’s proteome that need to be considered when pro-
posing therapeutic uses for this agent.
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The �2-adrenergic receptor (�2-AR) agonist clen-
buterol has a potent anabolic effect on striated mus-
cles.12,25,27,38 The increased muscle growth is mediated
through stimulation of the �2-AR9,18 and is associated
with an increased rate of protein synthesis17,30 and
decreased rates of calcium-dependent29 and adenosine
triphosphate (ATP)–dependent8,43 proteolysis. Conse-
quently, clenbuterol and similar �2-AR agonists have
been proposed as a therapeutic intervention to

counter muscle wasting concomitant with aging39 or
chronic disease.1 However, the majority of studies in
animals have used large doses (e.g., 1 mg/kg) that also
induce myocyte death.4,6,7 Muscle growth induced by
suprapharmacological doses is associated with substan-
tial transformation toward a faster-contracting, less fa-
tigue-resistant phenotype as evidenced by alterations in
myosin heavy chains35 and light chains,3 myosin
ATPase activity,45 energy metabolism,38 and contractile
characteristics.12

It is not entirely clear whether these are inevita-
ble intrinsic effects of �2-AR stimulation or purely a
consequence of using suprapharmacological doses
of clenbuterol. For example, although the anabolic
effect of clenbuterol is reported to be greater in fast
muscles,5,12,38 clenbuterol-induced anabolism is me-
diated through the �2-AR, which are greater in den-
sity in slow than fast muscles.22 Slow-twitch muscles
are also more susceptible than fast-twitch muscles to
clenbuterol’s myotoxicity,5 and so the shift toward a

Abbreviations: AR, adrenergic receptor; ATP, adenosine triphosphate;
CSA, cross-sectional area; FG, fast glycolytic; FOG, fast oxidative glycolytic;
HSP 72, heat shock protein 72; MALDI-ToF, matrix-assisted laser desorption
ionization–time-of-flight; MHC, myosin heavy chain; NADH-TR, nicotinamide
dinucleotide–tetrazolium reductase; PAS, periodic acid–Schiff; PGM, phos-
phoglycerate mutase; SO, slow oxidative
Key words: 2D electrophoresis; clenbuterol; histochemistry; mass spec-
trometry; muscle growth; muscle wasting
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faster muscle phenotype might be through the selec-
tive deletion of slow myofibers. Compatible with this,
clenbuterol has more pronounced deleterious ef-
fects on the calcium handling of the sarcoplasmic
reticulum of slow compared with fast-twitch fibers,2

and this aberrant calcium handling may be the
mechanism by which clenbuterol induces cell
death.14

Recently, we reported that the myotoxic effects of
clenbuterol can be separated from its anabolic ef-
fects by controlling the dose administered. That is,
infusion of large doses (100 �g or 1 mg/kg/day)
induced muscle growth and caused myofiber death,
whereas a lower dose (10 �g/kg/day) induced
growth without myocyte death.5 Here we attempt to
identify the subtle effects of this lower dose of clen-
buterol using traditional muscle histochemistry and
proteomic analysis, involving differential analysis of
two-dimensional (2D) gels and mass spectrometry.13

A significant advantage of this proteomic approach
is its inductive nature and inherent ability to identify
new effects or processes not previously associated
with a particular intervention.36 Our hypothesis was
based on the ideal of a pure anabolic stimulus, that
is, a quantitative increase in muscle mass through
accretion of protein without qualitative changes in
protein expression. We sought to determine whether
clenbuterol-induced muscle growth differed from
this ideal.

MATERIALS AND METHODS

Animal Husbandry. All experimental procedures
complied with the British and U.S. national guide-
lines. Male Wistar rats were bred in-house in a con-
ventional colony and the environmental conditions
were controlled at 20 � 2°C, 45%–50% humidity,
and a 12-h light (0600–1800) and dark cycle. Water
and food (containing 18.5% protein) were available
ad libitum and the daily consumptions of each indi-
vidual animal were recorded.

Animals (n � 6 per group) were infused with
either clenbuterol 10 �g/kg/day or the saline vehi-
cle only for 14 days, via subcutaneous osmotic pumps
implanted under isoflurane anesthesia, as described
previously.5 After the 14-day infusion with either
clenbuterol or saline, the animals were killed by
cervical dislocation. A segment of the mid-belly from
the plantaris was resected and mounted in transverse
section and supported with liver before being snap-
frozen in supercooled isopentane and stored at
�80°C. The contralateral plantaris was frozen in
liquid nitrogen and stored at �80°C for biochemical
analyses.

Muscle Histology. Serial cryosections (5 �m) were
cut from each muscle specimen and stained using
myosin ATPase (after pre-incubation in either acid
pH 4.35 or alkali pH 10.4 solutions16), nicotinamide
dinucleotide–tetrazolium reductase (NADH-TR), or
periodic acid–Schiff (PAS). Cryosections were
viewed (�100 magnification) by light microscopy
and were digitized using a 12-bit charge-coupled
device (1213C; DVC, Austin, Texas). One hundred
myofibers from each muscle were randomly selected
and identified as being either slow oxidative (SO),
fast oxidative glycolytic (FOG), or fast glycolytic (FG)
from myosin ATPase–stained cryosections. Cali-
brated image analysis software (Lucia; LIM, Hostivar,
Czech Republic) was used to measure myofiber
cross-sectional area (CSA), and the average mito-
chondrial density and glycogen content were esti-
mated by measuring the optical density of SO, FOG,
or FG fibers (100 each) on NADH-TR or PAS-stained
cryosections, respectively.

Protein Biochemistry. Muscles were pulverized in
liquid nitrogen and an accurately weighed portion
(�100 mg) homogenized on ice in 10 volumes of (in
millimoles): 100 NaCl, 50 Tris, 2 ethylene-diamine
tetraacetic acid (EDTA), and 0.5 dithiothreitol (pH
7.5), plus complete protease inhibitor (Roche Diag-
nostics, Lewes, UK). The protein concentration of a
5-�l aliquot of this homogenate was measured using
a modified microtiter plate version of the Bradford
assay (Sigma; Poole, Dorset, UK). The total protein
content of each muscle was then calculated by mul-
tiplying protein concentration, homogenate volume,
and the fraction of the ground portion relative to
total muscle wet weight.

Muscle homogenates were prepared for 2D elec-
trophoresis by centrifugation at 12,000 g and 4°C for
45 min. An aliquot of the supernatant (sarcoplasmic
fraction), containing 250 �g of protein, was resus-
pended in standard rehydration buffer containing 8
mol urea, 2% (w/v) 3-[(3-cholamidopropyl) dimeth-
ylammonio]-1-propanesulfonate, 20 mmol dithio-
threitol, and 0.5% (v/v) ampholytes, and loaded
onto 13-cm immobilized pH gradient (IPG) strips
(pH 3–10; GE Healthcare, Little Chalfont, UK). Iso-
electric focusing (total 52,000 volt-hours) was con-
ducted and the IPG strips equilibrated in 50 mmol
Tris-HCl (pH 8.8), containing 6 mol urea, 30% (v/v)
glycerol, 2% (w/v) sodium dodecylsulfate, and a
trace of bromophenol blue. Dithiothreitol (10 mg/
ml) was present as a reducing agent in the first
equilibration and iodoacetamide (25 mg/ml) in the
second. Proteins were electrophoresed through a
linear 12% polyacrylamide gel at 20°C; initially at a
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constant current of 15 mA per gel for 30 min and
then at 30 mA per gel. Digitized images of colloidal
Coomassie-stained gels (Bio-Safe; Bio-Rad, Hercules,
California) were analyzed using 2D expression soft-
ware (Non Linear Dynamics, Newcastle, UK). Spot
volumes were expressed relative to the total inte-
grated spot density, and those spots that changed
significantly were excised and subjected to in-gel
digestion and peptide extraction using a Mass-Prep
digestion robot (Micromass, Manchester, UK). Pep-
tides mixed with matrix (�-cyano-4-hydroxcinnamic
acid) and spotted onto a target plate were analyzed
using matrix-assisted laser desorption ionization–
time-of-flight (MALDI-ToF) mass spectrometry (Mi-

cromass, Manchester, UK) over the range 1000–
3500 thomsons. Proteins were identified from their
peptide mass fingerprint by manually searching a
locally implemented Mascot server. Search parame-
ters were restricted by taxonomic class (Rodentia)
and allowed a single trypsin missed cleavage, carb-
amidomethyl modification of cysteine, oxidation of
methionine, and an m/z error of � 250 ppm.

Statistical Analyses. Data are presented as mean �
SEM. Statistically significant differences between sa-
line- and clenbuterol-treated muscles were deter-
mined using Student’s two-tailed independent t-test

FIGURE 1. Histochemical analysis of muscle adaptation. Serial cryosections of plantaris muscle stained for myosin ATPase using an acid
(A) or alkali (B) pre-incubation and used to assign myofiber types as slow oxidative (SO), fast oxidative glycolytic (FOG), and fast
glycolytic (FG). Nicotinamide dinucleotide–tetrazolium reductase (C, D) and periodic acid–Schiff (E, F) staining demonstrates the marked
differences in mitochondrial density and glycogen content, respectively, between saline-treated (C, E) and clenbuterol-treated (D, F)
plantaris muscles. All images are �200 magnification.
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and differences were considered statistically signifi-
cant at P � 0.05.

RESULTS

At the beginning of the experiment the average
body weight of all rats was 285 � 7 g. This increased
by 8% to 311 � 10 g after infusion with saline and by
13% to 328 � 6 g with clenbuterol. Clenbuterol
significantly (P � 0.05) increased the wet weight
(271.9 � 17 mg vs. 317 � 23 mg) and total protein
content (48 � 3.2 mg vs. 56.1 � 4.1 mg) of the
plantaris. Histochemistry (Fig. 1) was used to inves-
tigate any changes in the myofiber profile, mito-
chondrial density, and glycogen content of the mus-
cles. Clenbuterol increased the CSA of all fiber types
(SO, FOG, and FG), but only the hypertrophy of the
FOG fibers was statistically significant (P � 0.05).
When calculated as total area (i.e., percent number
of myofibers multiplied by their average CSA) the
proportion of muscle composed of SO fibers was
identical between saline- and clenbuterol-treated
muscles, but the calculated total areas of FOG and
FG fibers increased by 24% and 6%, respectively
(Table 1). The density of NADH-TR staining, indic-
ative of mitochondrial content, decreased (range
10%–25%) in FOG and FG fibers, whereas the den-
sity of PAS staining of muscle glycogen decreased
(range 16%–38%) in all three myofiber types (Table
1). Differential analysis of 2D gels matched 87 pro-
tein spots, 5 of which were significantly (P � 0.01)
altered in abundance by clenbuterol (Fig. 2). Pep-
tide ion spectra were collected using MALDI-ToF

mass spectrometry and used to identify each protein
based on its peptide mass fingerprint (Table 2).

DISCUSSION

This work deepens our knowledge of the effects of
clenbuterol on skeletal muscle. By using this lower
dose, derived from our previous studies,4,5 we have
avoided the confounding influences of myocyte
death5 and gross perturbations in metabolism12 that
are associated with the use of larger doses of clen-
buterol. Proteomic analysis revealed five proteins
that were significantly altered in response to clen-
buterol 10 �g/kg/day (Table 2). Only one, heat
shock protein 72 (HSP 72), has previously been
investigated in relation to �2-agonist administra-
tion.32

Large doses of clenbuterol significantly increase
the abundance of type IIb myosin heavy chain
(MHC) in the rat plantaris and other muscles with
mixed fiber types,32,35,40 thereby increasing speed of
contraction12 and providing a useful model to inves-
tigate changes in muscle phenotype.3 In skeletal
muscle, HSP 72 is localized to SO myofibers express-
ing predominantly type I MHC.31 Interventions,
such as functional overload33 or endurance exer-
cise,11 that increase the proportion of type I fibers
also increase the abundance of HSP 72. In contrast,
the administration of large doses of clenbuterol de-
creases the expression of HSP 72,32 and this is re-
lated to the reduced proportion of type I MHC in
the clenbuterol-treated muscles. In this study, the
total area of the plantaris occupied by SO fibers

Table 1. Plantaris muscle characteristics after infusion of saline or clenbuterol.

SO FOG FG

Fiber type proportion (%)
Saline 12 � 0.3 28 � 0.6 60 � 0.6
Clenbuterol 10 � 0.9 27 � 1.1 63 � 2

Cross-sectional area (�m2)
Saline 2751 � 93 2301 � 73 4053 � 71
Clenbuterol 3292 � 37 2962 � 81* 4086 � 64

Calculated total area (arbitrary units)
Saline 330 � 13 644 � 14 2432 � 44
Clenbuterol 329 � 33 800 � 19* 2575 � 68*

Change in calculated area (%) �0.3 	24 	6
NADH-TR staining (optical density)

Saline 0.189 � 0.005 0.182 � 0.005 0.134 � 0.003
Clenbuterol 0.200 � 0.002 0.136 � 0.007* 0.122 � 0.02*

PAS staining (optical density)
Saline 0.151 � 0.003 0.259 � 0.017 0.230 � 0.012
Clenbuterol 0.127 � 0.005* 0.160 � 0.006* 0.153 � 0.004*

All data are presented as mean � SEM (n � 6 per group). Calculated total area represents the average cross-sectional area for each fiber type multiplied by
fiber type proportion (%). Data were analyzed using Student’s two-tailed t-test.
*P � 0.05, significantly different from saline control.
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(Table 1) was not changed by clenbuterol, but the
abundance of HSP 72 was increased (Table 2). Pos-
sibly, this increase in HSP 72 is one of the mecha-
nisms by which the muscle is able to resist the cell
death induced by larger doses of this agent.5

Clenbuterol has been reported to increase the
uptake of glucose and the accumulation of glycogen
in insulin-resistant skeletal muscles.34 However, in
normal healthy animals, clenbuterol caused a strik-
ing decrease in the glycogen content of the plantaris

and this was particularly evident in the FOG and FG
fibers (Fig. 1 and Table 1). Previously, glycolytic
enzymes such as phosphofructokinase have been re-
ported to either increase35 or decrease12 after admin-
istration of large doses of clenbuterol. In this study
we observed opposing changes in the abundance of
three glycolytic enzymes; whereas both fructose-
bisphosphate aldolase A (aldolase A) and phospho-
gylcerate mutase (PGM) decreased, �-enolase in-
creased, making it difficult to determine the net

FIGURE 2. Two-dimensional electrophoretic separation of sarcoplasmic proteins. Representative gel image of the soluble protein fraction
(250 �g) of plantaris muscle focused on a 13-cm IPG strip (pH 3–10) and electrophoresed through a 16-cm, 12% polyacrylamide gel.
Insets show spot densities as three-dimensional images and those protein spots (arrows) significantly different between saline- and
clenbuterol-treated muscles. Spot numbers are consistent with Table 2.

Table 2. Clenbuterol-induced changes in plantaris muscle proteins.

Spot # Protein FC (P-value) Accession no. Coverage
Mowse
score

Expect
value pI/MW

1. Heat shock protein 72 	2.2 (P � 0.01) S31716 18% 88 3.0 e�05 5.43/71,320
2. �-enolase 	2.5 (P � 0.00001) Q5XIV3 48% 153 6.1 e�11 7.08/47,470
3. Aldolase A �2.4 (P � 0.0003) Q63038 43% 187 4.1 e�15 8.39/39,700
4. Adenylate kinase �2.7 (P � 0.006) Q5EBC5 45% 84 4.8 e�05 7.66/21,780
5. Phosphoglycerate mutase �2.8 (P � 0.009) A33793 29% 91 1.0 e�04 8.85/29,036

Spot numbers correspond to those in Figure 2. Fold changes (FC) are calculated from relative differences in normalized spot density compared with saline-
infused controls. Statistical differences in the relative abundance of protein spots were determined using Student’s independent t-test. Accession no. is the
protein database entry identified after searching their peptide mass fingerprint against the mass spectrometry protein sequence database using the Mascot
search engine. The proportion of the protein sequence that was identified is reported as percent coverage and a Mowse score 
63 was statistically significant
(P � 0.05) in all cases. Expect value is the number of database matches with equal or better scores that are expected to occur by chance alone. The isoelectric
point (pI) and molecular weight (MW) are theoretical values calculated from the protein database entry.
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effect of these changes on carbohydrate metabolism.
Changes in some glycolytic enzymes may relate to
aspects of muscle physiology other than energy me-
tabolism. For example, �-enolase is localized to the
perinuclear region,28 and similar to other glycolytic
enzymes, such as lactate dehydrogenase and phos-
phogylcerate kinase,37 �-enolase might have an aux-
iliary role in transcription and DNA replication or
repair. The expression of �-enolase is decreased in
denervated muscle41 and in a model of muscle dam-
age and regeneration the abundance of �-enolase
decreases immediately after the induction of dam-
age, but is restored during regeneration.28 There-
fore, the clenbuterol-induced increase in the abun-
dance of �-enolase might be more closely associated
with its hypertrophic effects, rather than its effects
on energy metabolism.

Clenbuterol’s lipolytic and anabolic (repartition-
ing) effects may be desirable as a therapy against
metabolic disorders42 and some of the evidence col-
lected herein supports the therapeutic potential of
clenbuterol. In particular, the observed decreases in
adenylate kinase and aldolase A (Table 2) oppose
the increased concentrations of these proteins mea-
sured in skeletal muscles of obese individuals.19 Sim-
ilarly, the expression of HSP 72 was lower in the
muscle of type II diabetic individuals,24 but was ele-
vated in the present study (Table 2) after adminis-
tration of clenbuterol. Nevertheless, several of our
observations could also be used to portray a less
desirable image of clenbuterol-induced muscle
growth. That is, the clenbuterol-induced decrease in
aldolase A opposes the increased expression of this
enzyme in endurance-trained muscle,44 phospho-
glycerate mutase deficiency is associated with exer-
cise intolerance,10 and a decreased abundance of
adenylate kinase could deleteriously affect the mus-
cle’s resistance to fatigue.21 Such observations seem
to correlate well with the decreased exercise capacity
commonly reported15,20,23,25 after administration of
larger doses of clenbuterol and suggest that this
effect might still be evident after administration of
this low non-myotoxic dose.

The dose of clenbuterol used here in rats is
thought to be equivalent to the safe therapeutic dose
in humans26 and, as opposed to larger doses, does
not induce myocyte death.5 Contrary to our original
hypothesis, the muscle growth induced by this dose
was associated with alterations in the muscle’s pro-
teome. To some extent, the alterations oppose those
observed in insulin-resistant and type II diabetic
muscle and support the idea that clenbuterol might
be beneficial in such circumstances. However, clen-
buterol caused preferential hypertrophy of FOG fi-

bers and reduced the oxidative potential and glyco-
gen content of the muscle, suggesting that the
deleterious effects of clenbuterol on muscle function
may not have been negated by use of this low non-
myotoxic dose.

This research was funded by a British Heart Foundation junior
research fellowship award (FS/04/028) to J.G.B.
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ABSTRACT: Although neuropathies of the infrapatellar nerve (infrapatellar
branch of the saphenous nerve, IPBSN) have been reported clinically, no
electrophysiological method has been defined to evaluate IPBSN conduc-
tion. We therefore studied a total of 60 saphenous nerves and 60 IPBSNs
from 36 volunteers. The IPBSN was stimulated medially with a surface
electrode 2 cm below the patella. The response was recorded with a needle
electrode located close to the nerve 1 cm lateral to the femoral artery in the
inguinal region. Sensory nerve action potentials were obtained from each
subject; mean latency of the first positive peak was 8.1 � 0.9 ms, conduction
velocity was 54 � 4.4 m/s, and response amplitude was 1.3 � 1.1 �V. The
method that we describe may be an easy and useful electrophysiological
test for neuropathies of the IPBSN.
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The infrapatellar branch of the saphenous nerve
(IPBSN) is a purely sensory nerve, with sensory fibers
originating from the L3 and L4 roots. The saphe-
nous nerve originates from the posterior division of
the femoral nerve at the level of the proximal thigh
and gives rise to the IPBSN after passing through the
adductor hiatus. This nerve passes between the api-
ces of the patellar and tibial tubercles in the form of
two branches in 62% of the subjects, although ana-
tomical variations have been defined.7,8,14,16 The
IPBSN innervates the anterior aspect of the knee.
On the medial side of the knee, numerous small,
arborizing branches of the IPBSN coalesce to form
two or three main nerve trunks.3,20

IPBSN lesions may result from sport injuries, mo-
tor vehicle accidents, iatrogenic causes, and rarely
from entrapment neuropathies. Iatrogenic IPBSN
lesions are often due to medial knee operations.

They may develop following laparoscopic or open
operations in this region; IPBSN lesions may develop
in up to 75% of surgical procedures on the medial
knee.1,2,6,10,11,19,20 Entrapment of the nerve has been
reported between the sartorius tendon and the
prominent edge of the medial femoral condyle.5

IPBSN lesions usually present with numbness and
dysesthesias of the medial knee (gonyalgia pares-
thetica). Additionally, pain may develop with iso-
lated numbness and, rarely, reflex sympathetic dys-
trophy develops.1,2,8–13,19,20

Conduction studies of the saphenous nerve have
been performed by a number of investigators,4,18 but
a nerve conduction technique for studying the
IPBSN has not been available until recently. The
purpose of this study was to present a new ortho-
dromic method of nerve conduction study for the
IPBSN.

MATERIALS AND METHODS

We studied 36 healthy subjects (10 women and 26
men) after approval by the hospital ethics commit-
tee, and all subjects provided informed consent. A
total of 60 saphenous nerves and 60 IPBSNs from
these 36 volunteers were studied. Bilateral studies

Abbreviations: IPBSN, infrapatellar branch of the saphenous nerve; SNAP,
sensory nerve action potential
Key words: gonyalgia paresthetica; infrapatellar nerve; knee pain; saphe-
nous nerve; sensory nerve conduction
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were performed in 24 subjects. Mean age of the
subjects was 45 � 16 years (range, 18–78) and mean
height was 167.5 � 7.4 cm (range, 150–185 cm).
Skin temperature about the medial knee region was
30–34°C, measured with a laser thermometer (Der-
matemp; Exergen Co., Watertown, Massachusetts).
All subjects were required to have normal nerve
conduction on routine screening tests of posterior
tibial and peroneal motor nerves and sural and sa-
phenous sensory nerves for inclusion in the study.

Recording was made with subjects in a recum-
bent position with their legs extended according to
the method of Ertekin.4 Recording was made with a
sweep time of 20 ms, stimulus duration of 0.1 ms,
and stimulus intensity of 35–50 mA (bandpass filter,
20 Hz to 5 kHz). All electrodiagnostic studies were
performed using a Viking IV electromyograph
(Nicolet, Madison, Wisconsin). The femoral artery
was palpated through the inguinal region. The sen-
sory needle recording electrode (Teflon-coated nee-
dle electrode 9013L0611; Medtronic, Skovlunde,
Denmark) was inserted 2 cm lateral to the femoral
artery such that it was in close proximity to the
femoral nerve. The reference electrode was inserted
into the skin 2–3 cm lateral to the inguinal ligament.
The needle electrode was brought closer to the fem-
oral nerve until the nerve was stimulated with a
stimulus of 2.5 mA, as evidenced by movement of the
rectus femoris muscle.

The saphenous nerve was stimulated with a bipo-
lar surface electrode (Medelec Large LBS, Ref.
16893T; Oxford Medical Instruments, Old Woking,
UK) medially at the knee. The IPBSN was stimulated
with a bipolar surface electrode close to the midline
2 cm below the patella (Fig. 1). Signal averaging was
used when the sensory nerve action potential
(SNAP) was too small to be identified easily after a
single stimulus. We averaged between 20 and 80
trials (mean 36). The response was recorded from
the femoral nerve using a near-nerve needle tech-
nique in the inguinal region. The IPBSN was
blocked in four subjects in order to exclude the
possibility of spread of stimulation to the saphenous
nerve during IPBSN stimulation. The block with li-
docaine hydrochloride (40 mg) was made at two
points close to the IPBSN, one medial to the upper
side of the patella and the other on the upper side of
the sartorius muscle (Fig. 1). First positive peak and
negative peak latency and amplitudes of the SNAPs
were measured. Mean � SD of all measured quanti-
ties was calculated and t-tests were used for compar-
isons. P � 0.05 was considered statistically signifi-
cant.

RESULTS

Responses were obtained from the saphenous nerve
and IPBSN. Mean amplitude and latency of the re-
sponses in all subjects are shown in Table 1. Positive
and negative peak latency values for SNAPs of the
IPBSN were approximately 2 ms longer than the
values for the saphenous nerve (Fig. 2). Maximum
conduction velocity ranged between 43 and 65 m/s
with a mean value of 54 � 4.4 m/s for all responses
obtained from both extremities. Conduction velocity
of the IPBSN was significantly slower than that of the
saphenous nerve and the response amplitude was
significantly lower than for the saphenous nerve
(P � 0.001). The right and left IPBSNs were com-
pared, but no significant differences were found
(Table 1). The SNAP of the IPBSN had several
smaller peaks due to dispersion, usually seen in the
near-nerve recordings.

FIGURE 1. Electrical stimulation of the IPBSN through bipolar
surface electrodes near the midline, 2 cm below the saphenous
nerve and patella at the medial knee. Recording was done by a
needle electrode placed about 2 cm lateral to the femoral artery
in the inguinal region. Schematic representation is also shown of
the region where the IPBSN was blocked medial to the upper
edge of the patella and upper edge of the sartorius muscle and of
the region in which anesthesia occurred following such block
(IPBSN, infrapatellar branch of the saphenous nerve).
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The saphenous nerve and IPBSN were stimulated
again 10–15 minutes after induction of anesthesia by
injection of lidocaine. Although the SNAP of the
IPBSN disappeared, the saphenous SNAP was similar
to that before the block (Fig. 2). No complications
(i.e., hemorrhage) were observed in any of the sub-
jects.

DISCUSSION

Although the IPBSN is a small branch of saphenous
nerve, its anatomical position is of importance as it
runs just beneath the knee superficially. Therefore,
it is prone to different kinds of injuries such as those
that develop following surgical intervention on the
knee. Such iatrogenic lesions produce knee pain and
sensory loss in the sensory innervation area of
IPBSN,6 and these lesions are not uncommon.11,15,17

Isolated entrapment neuropathies of the IPBSN
have also been described and manifest with knee
pain and paresthesias (gonyalgia paresthetica).1,5,9,14

In all of these disorders, involvement of the IPBSN

must be differentiated from other causes of such
symptom by objective testing. The electrophysiolog-
ical evaluation of the IPBSN should therefore be
helpful for this purpose. We have shown that the
IPBSN can be stimulated separately from the main
trunk of the saphenous nerve and that SNAPs from
the saphenous nerve but not the IPBSN can be easily
recorded at the inguinal ligament following block of
the IPBSN by local anesthetics. This demonstrated
that no spread occurred to the saphenous nerve
following stimulation of the IPBSN (Fig. 2). Thus, it
would be possible to show isolated lesions of the
IPBSN selectively through the method we have de-
scribed. Unfortunately it is not possible to record
SNAPs of the IPBSN with surface electrodes at any
site, including the inguinal ligament level. Although
the recording method was therefore invasive, we
have not encountered any complication in our sub-
jects.

Nerve conduction velocity and SNAP amplitude
of the IPBSN is lower than for the saphenous nerve.
The IPBSN is a small nerve branch and contains
considerably fewer nerve fibers than the saphenous
nerve trunk. This may explain at least the amplitude
differences between the two nerves.
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ABSTRACT: Techniques to estimate motor unit number (MUNE) measure
the number of functioning motor units in a muscle. As amyotrophic lateral
sclerosis (ALS) is characterized by progressive motor unit loss, this disease
offers an ideal setting for the use of MUNE. Statistical MUNE was employed
in a recent multicenter trial of creatine in ALS, and was shown to be reliable,
reproducible, and to decline with disease progression. However, motor unit
amplitude stayed constant over 7 months, a finding believed to reflect an
artifact of the method. The statistical method was revised to reflect more
accurately the presence of larger motor units and employed in a 12-month
study of Celecoxib in ALS. MUNE declined by 49% in 12 months; however,
motor unit amplitude again stayed constant over the same period. Statistical
MUNE estimates motor unit number based on the variability of response to
a repeated stimulus of constant strength, with an underlying assumption that
this variability is due solely to the number of motor units responding in an
intermittent manner. Based on studies showing that single motor units in
ALS display excessive amplitude variability when stimulated repeatedly, we
show that response variability in ALS patients is in large part due to single
unit changes. Thus, we conclude that the statistical method is not an
appropriate measure of motor unit number in any disease associated with
motor unit instability.
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In the hands of an expert practitioner, motor unit
number estimation (MUNE) can be a sensitive mea-
sure of disease progression in patients with amyotro-
phic lateral sclerosis (ALS). A study comparing
MUNE longitudinally with other measures at a single
site8 showed MUNE was a more sensitive outcome
measure than strength, functional rating scale, or
vital capacity over a period of 12 months. Patients

with a more rapid decline in MUNE have a greater
risk of death than patients with slower declines.21

Disease duration has been well predicted using a
single MUNE measurement and knowledge of dis-
ease duration prior to MUNE assessment.1,2 More
recently, data have been presented suggesting that
MUNE changes more rapidly than any other physi-
ological or functional measure of upper or lower
motor neuron function in a longitudinal study of
ALS patients.14 The aforementioned studies used
either the multiple point stimulation (MPS)2,8,14 or
statistical21 technique, showing that both could be
useful in studies carried out at a single site.

Because of its relative ease of standardization and
excellent test–retest characteristics, statistical MUNE
was employed in a recently reported multicenter,
placebo-controlled clinical trial testing creatine in
ALS patients.17,18 With rigorous evaluator training,
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statistical MUNE was reliable, reproducible, and de-
clined by 23% over 6 months. However, single motor
unit (SMUP) amplitude remained stable over the
same period, in contrast to previous MUNE studies
as well as the expected physiology of ALS. This phe-
nomenon was believed to be due to motor unit
instability, which is increased in ALS.

Several modifications of the statistical method
were implemented to address this problem prior to
its use in a second multicenter trial. First, statistical
MUNE evaluates SMUP size by evaluating the vari-
ability of the response to a repeated constant-inten-
sity stimulus. Responses are recorded within preset
upper and lower amplitude limits (response win-
dow), which are usually set to include 10% of the
maximum compound muscle action potential
(CMAP) amplitude. To appropriately emphasize
larger-amplitude motor units, responses had to fill at
least two thirds of the 10% window to be acceptable.
Second, as suggested by Lomen-Hoerth and Olney,
average response to a constant stimulus was set to
occur in the lower one third of each window, so that
response distributions more closely resembled a
Poisson distribution.12 Third, when CMAP ampli-
tude fell below 2.5 mV, minimum window size was set
to 250 �V, so that response variability was more
accurately assessed when CMAP amplitude de-
clined.5 Finally, after the initial determination of
stimulus–response curve was obtained, any jump in
response from one stimulus to the next that ex-
ceeded 10% of the total CMAP amplitude was man-
ually examined to determine whether this jump rep-
resented the response of a single large motor unit
(see later).

With the aforementioned changes, statistical
MUNE was employed as a secondary outcome mea-
sure in a 12-month study comparing placebo to Cele-
coxib at a dose of 800 mg/day in patients with ALS.4

The MUNE results of this study are presented
herein.

METHODS

This study was performed by members of the North-
east ALS Clinical Trials Consortium on 163 of the
300 patients with ALS who were enrolled in a ran-
domized, double-blind, placebo-controlled trial to
test the efficacy of Celecoxib (800 mg/day) in slow-
ing the progression of ALS. MUNE was employed as
a secondary outcome measure at sites where the
necessary clinical neurophysiological expertise was
present. The institutional review boards of each of
the participating institutions approved the protocol
and consent forms. Eligible subjects were random-

ized in a 2:1 fashion to receive treatment for 12
months.

All MUNE studies were performed or directly
supervised by trained, board-certified clinical neuro-
physiologists. Patients were studied bimonthly for a
total of seven evaluations over 12 months. One of
four intrinsic hand muscles (the abductor pollicis
brevis or abductor digiti minimi on either side) was
chosen for study. The choice of muscle was made
clinically to select for a muscle that was strong but
not normal at the time of initial study. The same
muscle was studied throughout the course of the
clinical trial. If the MUNE declined to 0, that value
was taken for subsequent months, and no further
studies were performed.

Electrophysiological Method. All nerves were stud-
ied in a standardized fashion. Initially, a scan was
recorded by establishing a stimulus intensity that was
just below motor threshold and a stimulus that was
slightly greater than necessary to evoke a maximal
CMAP response, and presenting 30 equally spaced
stimuli from low to high intensities to generate a
stimulus–response curve. This curve was inspected
and any jumps in response amplitude from one stim-
ulus to the next of greater than 10% of the total
CMAP response were investigated to determine
whether they represented the response of a single
large-amplitude motor unit. This was performed by
presenting 30 stimuli of an intensity that evoked
responses bracketing the top and bottom of the
observed jump. When necessary, stimulus intensity
was varied slightly to ensure that the area of interest
was appropriately bracketed. If this procedure dem-
onstrated a gap in the stimulus–response curve of
greater than 10% of the total response, the size of
the gap was measured and it was concluded that the
gap represented a single motor unit. If no gap ex-
ceeded 10%, it was concluded that no large units
were present in that region.

Assuming no large gaps to be present and a
CMAP amplitude of greater than 2.5 mV, four re-
sponse ranges were chosen: 10%–20%, 25%–35%,
40%–50%, and 55–65% of maximal response. For
CMAP amplitudes less than 2.5 mV, response ranges
were set to be 250 �V, and were distributed through
the response range as close as possible to the afore-
mentioned ranges. For each range, a stimulus inten-
sity was determined that elicited a response in the
lower portion of that range, and that stimulus was
presented repetitively at a rate of 2 Hz. Data were
collected in groups of 30 responses, and the re-
sponse variability was the basis for calculating the
amplitude of the motor units variably firing to that
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stimulus.13 Data were evaluated visually to establish
that the response distribution encompassed at least
two thirds of the response range. If this did not
occur, the stimulus intensity was changed and vari-
ability was again assessed. A stimulus intensity could
always be identified for which response variability
met this variability criterion. In addition, if more
than 20% of responses were noted to occur outside
of the window borders, the window was widened to
accommodate these responses. Data were continu-
ously acquired at a given level until the variability of
the response-size estimate reached a standard crite-
rion, or until 300 responses had been recorded. The
preset response ranges were maintained unless re-
sponse variability was such that more than 20% of
the responses to a constant stimulus fell beyond the
range. In that situation, the response range was wid-
ened so that at least 80% of the responses were
recorded within it. The extent to which the response
range was widened varied, but the criterion of at
least 80% of responses occurring within the window
was kept constant. After data had been acquired for
all four response levels, average single motor unit
potential (SMUP) size was calculated using the
weighted average method.19

When a large unit was present in the portion of
the stimulus–response curve ordinarily employed as
previously noted, the response ranges were adjusted
to avoid that area, but SMUP size was still evaluated
in four ranges if possible. As patients became more
clinically affected, the number of ranges that could
be evaluated in standard fashion often declined;
however, it was possible to test at least one response
range until total MUNE fell to below 10. At that
point, the stimulus–response curve was used to iden-
tify specific increments that represented individual
motor units, so that MUNE could be estimated man-
ually.

When large units were identified from the stimu-
lus–response curve, the total MUNE calculation was
altered in the following way. All MUNE methods rely
on dividing an estimate of SMUP size into the max-
imum CMAP to yield the MUNE. When large units
were present, their amplitude was subtracted from
the maximum CMAP, so that a “residual MUNE” was
calculated. For example, if a patient had a maximum
CMAP of 7 mV, but two large units were identified
with amplitudes of 1.1 mV and 0.9 mV, the average
SMUP amplitude calculated from the statistical
method was divided into a residual CMAP of 5 mV,
to yield a residual MUNE. This value was added to
the number of large units identified (in this case, 2)
to yield the total MUNE. Thus, the total MUNE was
calculated using average SMUP amplitude obtained

from the evaluation of variability at up to four re-
sponse ranges, and larger motor units identified and
added into the total MUNE as well. The amplitudes
of large units manually identified were also included
in the calculation of the average SMUP amplitude.
To increase reliability, all studies were performed
twice, with electrode position kept unchanged. The
average MUNE from the two evaluations was calcu-
lated and used as the recorded measure.

All waveforms from all studies were submitted to
a single data monitor (J.M.S.) for quality assurance.
Data were excluded from the analysis if the appro-
priate response variability was not attained, if re-
sponse distribution did not approximate a Poisson
distribution, and if SMUP amplitude was measured
at 40 �V or less.

Evaluator Training, Reliability Testing. Prior to trial
initiation, a full-day, hands-on training session was
held for all participating electrophysiologists. For-
mal instructions for study performance were also
distributed. For reliability testing purposes, all
MUNE evaluators were required to study four nor-
mal control subjects in two separate sittings at least 3
hours apart. All raw data were reviewed by a single
data monitor (J.M.S.); evaluators were certified to
study subjects in the clinical trial when the data
monitor confirmed that the study was appropriately
performed, and the test–retest variability for each
normal subject was less than 20%. If a study site used
more than one MUNE evaluator, each evaluator was
independently verified; in addition, they had to each
study the same four subjects, and demonstrate an
interrater variability of less than 20%.

RESULTS

Subjects participating in MUNE evaluations num-
bered 163 out of a total of 300 patients enrolled in
the study. Fifteen sites contributed patients for
MUNE evaluation. Celecoxib had no significant ef-
fect over 12 months on any outcome measure includ-
ing MUNE; efficacy results are presented separately.4

Figure 1 shows the change in MUNE for all patients,
both combined and from the treatment and control
groups; MUNE declined by 49% from a mean of 53.7
at baseline to 27.1 at 12 months. As there were no
differences in any parameter between treated and
control patients, all results are treated as one group
in the remainder of this study. Over the same period,
SMUP amplitude remained stable, changing from a
baseline of 114.7 �V to 122.3 �V at 1 year (Fig. 2A).
Given that MUNE is a product of CMAP and SMUP
amplitude, it follows that the change in CMAP am-
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plitude over 12 months should closely resemble the
decline in MUNE. Figure 2B shows the decline in
CMAP; at baseline, mean CMAP amplitude was 6.1
mV, declining by 46% to 3.3 mV at 12 months.
Figure 3 shows the relationship between MUNE and
CMAP amplitude; as would be expected from the
observation that SMUP amplitude did not change

significantly with time, MUNE and CMAP amplitude
are linearly related, with a correlation of 0.72. Non-
linear regression analysis did not show improved fit
as compared to linear regression.

One possible explanation for the finding that
SMUP amplitude did not significantly increase over
1 year of study is that the window sizes within which
data were obtained decreased as maximum CMAP
decreased. Because window size was defined as 10%
of maximum CMAP size, windows as measured in
millivolts did indeed decline with CMAP, until
CMAP fell below 2.5 mV. At that point, window sizes
were fixed at 0.25 mV. However, decline in window
size with declining CMAP did not account for the
lack of increase in SMUP amplitude with time. The
primary investigator (J.M.S.) reviewed all raw data,
and noted that less response variability was observed
with disease progression, so that more data had to be
excluded because of estimates of SMUP amplitude
that were less than 40 �V, or because response vari-
ability did not span two thirds of the response win-
dow. Both SMUP estimates of less than 40 �V and
variability of less than two thirds of the response
window were interpreted as representing variability
of single units, and were excluded on that basis.
Further, as window sizes were fixed at 0.25 mV once
CMAP amplitude had declined to 2.5 mV or less, it is
possible to evaluate how SMUP amplitude changed
with declining MUNE values with a fixed window
size. There were 221 MUNE determinations from 72
patients with CMAP amplitudes less than 2.5 mV; the
majority of these studies were performed manually.
The relationship between statistical MUNE and
SMUP amplitude for 32 studies from 28 subjects with
CMAPs less than 2.5 mV is shown in Figure 4. From
this figure, it is clear that SMUP amplitude rose
exponentially with declining MUNE, but started
from an average SMUP amplitude that was less than

FIGURE 1. Change in MUNE over 12 months for all patients.
Error bars represent standard error of the mean. Diamonds:
patients on active treatment; squares: patients on placebo; trian-
gles: the averages of all patients.

FIGURE 2. Change in SMUP amplitude (A) and CMAP amplitude
(B) over 12 months for all patients. Error bars represent standard
error of the mean.

FIGURE 3. Relationship between MUNE and CMAP amplitude
for all patients. Data are fit to a linear distribution.

MUNE in an ALS Trial MUSCLE & NERVE February 2007 231



average for the entire patient group. SMUP ampli-
tude only becomes greater than the study average for
MUNE values less than 20. As average MUNE at
month 12 was 27.1, it is clear that the decrease in
window size was not the main reason for the lack of
change in SMUP amplitude with declining MUNE.

Due to the expected disease progression and the
effort required for participation in the study, only 70
of the original 163 patients completed 12 months of
assessment. To determine whether patient dropout
contributed to the aforementioned results, these 70
patients were analyzed separately. In this group,
MUNE fell from 53.3 to 27.1, or 49%. SMUP ampli-
tude at baseline was 117.9 �V, and was 107.4 �V at
month 12. Thus, patient dropout did not influence
the failure of SMUP amplitude to increase over time.

DISCUSSION

The results presented herein are closely concordant
with those reported in a previous trial testing creat-
ine in ALS patients. The rate of change of MUNE
was 2.2 units per month over 12 months of study, as
compared to 2.3 units per month over 6 months in
the creatine/ALS study. Similarly, SMUP amplitude
did not increase over 12 months of study, but instead
minimally declined. Multiple prior studies using
MUNE as well as a variety of other techniques dem-
onstrated that SMUP amplitude increases with dis-
ease progression in ALS. Using a multiple-site EMG
recording needle, Erminio and Buchthal7 found that
average motor unit amplitude and area increased by
approximately a factor of 10 over normal subjects in
ALS patients with severe disease. The same pattern
was confirmed using macro-EMG techniques.3,6 Us-
ing multiple-point stimulation MUNE, SMUP ampli-
tude monotonically increased over time in a sample
of ALS patients.8 Incremental MUNE applied to the

transgenic mouse model of ALS also clearly showed
an increase in SMUP amplitude with disease progres-
sion,15,20 as did MPS MUNE.16

SMUP amplitude also increased with disease pro-
gression when the statistical method was employed
by expert investigators. Lomen-Hoerth and Olney11

showed clear increases in SMUP size as MUNE de-
clined in ALS patients. Similarly, Yuen and Olney21

showed clear increases in SMUP amplitude with time
in rapidly progressing ALS patients. One possible
explanation for the discrepancy between our find-
ings and those studies is that physiologists well versed
in ALS progression anticipate the presence of large
units, and arrange the stimulus intensity so that
these units are accentuated. Although this may pro-
vide an accurate picture of changes in ALS over
time, such expectations are not easily formalized
into uniform instructions in the context of a clinical
trial.

Thus, it seems clear that the lack of change in
SMUP amplitude over time in ALS patients is a
function of the way in which the statistical MUNE
method was used in this trial. The same lack of
change in SMUP amplitude was previously reported
in the creatine/ALS trial,18 and prompted the
changes in method just reported. We conclude from
this study that requiring a minimum level of re-
sponse variability within a recording window, elimi-
nation of all SMUP estimates less than 40 �V, and
enlarging the recording window size for small CMAP
amplitudes still results in SMUP estimates that are
non-physiological.

We believe that spurious SMUP estimates occur
for two reasons. First, as the number of motor units
declines in patients with ALS, the response to a
constant stimulus is more likely to reflect the sum of
a constant number of motor units, in contrast to
normal subjects, who have a number of motor units
close to firing threshold at any given stimulus inten-
sity. Others have observed nearly constant responses
to submaximal stimulation in ALS patients, in a mod-
ification of the statistical technique in which the
responses to 500 identical stimuli are obtained.9
When this occurs in normal subjects, it is simple to
determine that the same motor neurons are firing
repetitively, as the responses are nearly invariant.
However, the combined response of a constant num-
ber of motor units firing repetitively in ALS patients
is not invariant. Recently, we reported data suggest-
ing that SMUPs from patients with ALS are unstable,
and display increased amplitude variability when
stimulated repeatedly.10 When single motor units
were repetitively stimulated, normal subjects were
noted to have an average SMUP amplitude of 124 �

FIGURE 4. Relationship between MUNE and SMUP amplitude
for all studies in which maximum CMAP was less than 2.5 mV,
and a fixed window of 0.25 mV was employed. The data are fit to
a power distribution.
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98 �V, with the standard deviation of individual
units being 4.6 �V. ALS patients had SMUPs with an
average amplitude of 470 � 341 �V, with standard
deviation of individual units averaging 43 �V. Impor-
tantly, relative response variability did not vary with
unit size; small motor units from ALS patients were
also more variable than their counterparts recorded
from normal subjects.

Is the known variability of ALS motor units great
enough to influence MUNE when using the statisti-
cal technique? The following example is illustrative.
Consider the possibility that a submaximal CMAP is
made up of 10 motor units, all of which are of
average size and variability for ALS patients. If the
standard deviation of an individual response ampli-
tude is 43 �V, then the variance is 1849; the variance
of 10 independent units of the same size firing si-
multaneously is the sum of the variance of individual
units, or 18,490. The statistical MUNE technique
calculates mean SMUP amplitude as variance di-
vided by the mean response minus the minimum
response.13 The minimum response is believed to
represent the response of all units that are firing
100% of the time to a constant stimulus. In the
aforementioned situation, let the minimum re-
sponse be defined by 2 SDs below the mean. The SD
of the combined response is 136 �V; 2 SD is 272 �V,
so that the SMUP estimate is 18,490/4700 � 4428 �
68 �V. Thus, in this example, when 10 motor units
are firing uniformly to every stimulus, the statistical
technique still estimates an SMUP amplitude well
within the physiologic range.

Motor unit instability presents somewhat of a
problem for any MUNE technique dependent on
multiple units being stimulated simultaneously. In
the incremental technique, for example, the judg-
ment of whether two slightly different responses re-
flect motor unit variability or the addition/subtrac-
tion of another motor unit can be difficult. The MPS
technique, which evaluates SMUP amplitude by av-
eraging units that are recorded in isolation, would
seem to be the least affected by this problem. Vari-
ability in the response amplitude of a single unit will
slightly increase the test–retest variability, but will
not systematically affect the SMUP estimate or the
resultant MUNE.

In the clinical trial setting, statistical MUNE of-
fered several advantages. A clear protocol could be
established with limited operator input, so that the
method was standardized from site to site. In addi-
tion, in theory, motor units could be sampled
throughout the entire stimulus–response range.
However, the experience of the creatine/ALS trial
reported previously, the currently reported data

from the Celecoxib/ALS trial, and the data on mo-
tor unit instability make it clear that the variability in
response amplitude to a submaximal stimulus is not
due solely to variability in the number of responding
motor units, but also in large part to the variability of
single unit responses. This problem can be amelio-
rated if the investigator is aware of the possibility that
a given stimulus intensity is activating a constant
number of motor units, and as a result changes the
intensity so that a large unit is variably activated.
However, this requires both a level of expertise as
well as the expectation that motor units in ALS
patients will be large, which affects the decision of
whether the variability seen in response to a constant
stimulus reflects motor unit instability or a variable
number of motor units that are responding. Unfor-
tunately, this problem renders the statistical tech-
nique inappropriate for the study of motor neuron
disease in the context of a multicenter clinical trial.

The authors thank Pharmacia/Upjohn for financial support. This
study was presented in part at the International Symposium on
ALS/MND, November 2004, Philadelphia, Pennsylvania, USA.
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University, St. Louis; J. B. Caress, MD, Wake Forest
University, Winston-Salem; W. David, MD, Hennepin
County Medical Center, Minneapolis; J. Russell, DO,
Lahey Clinic, Burlington; M. Graves, MD, University
of California, Los Angeles; L. Krivickas, MD, Tony
Amato, MD, Katherine Miosi, Massachusetts General
Hospital, Boston; H. Horak, MD, Indiana University,
Indianapolis; M. Ross, MD, University of Kentucky,
Lexington; T. Fries, MD, University of Vermont Col-
lege of Medicine, Burlington; K. Rezania, MD, Uni-
versity of Chicago, Chicago; K. Sharma, MD, Univer-
sity of Miami, Miami; C. Lomen-Hoerth, MD,
University of California, San Francisco; Daniel
Drachman, MD, Johns Hopkins University, Balti-
more.
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ABSTRACT: Mitochondrial disorders share common cellular consequenc-
es: (1) decreased ATP production; (2) increased reliance on alternative
anaerobic energy sources; and (3) increased production of reactive oxygen
species. The purpose of the present study was to determine the effect of a
combination therapy (creatine monohydrate, coenzyme Q10, and lipoic acid
to target the above-mentioned cellular consequences) on several outcome
variables using a randomized, double-blind, placebo-controlled, crossover
study design in patients with mitochondrial cytopathies. Three patients had
mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes
(MELAS), four had mitochondrial DNA deletions (three patients with chronic
progressive external ophthalmoplegia and one with Kearns–Sayre syn-
drome), and nine had a variety of other mitochondrial diseases not falling
into the two former groups. The combination therapy resulted in lower
resting plasma lactate and urinary 8-isoprostanes, as well as attenuation of
the decline in peak ankle dorsiflexion strength in all patient groups, whereas
higher fat-free mass was observed only in the MELAS group. Together,
these results suggest that combination therapies targeting multiple final
common pathways of mitochondrial dysfunction favorably influence surro-
gate markers of cellular energy dysfunction. Future studies with larger
sample sizes in relatively homogeneous groups will be required to determine
whether such combination therapies influence function and quality of life.
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Mitochondrial diseases represent a group of disor-
ders affecting mitochondrial energy transduction
and are characterized by clinical, biochemical, and
genetic heterogeneity.18 In spite of great variability
in phenotypic expression, most patients have a com-
bination of lactic acidosis, stroke or seizure, head-
aches, retinitis pigmentosa, ptosis, exercise intoler-

ance, ophthalmoplegia, cardiomyopathy, neuropathy,
and hypoacusia.16,29,38

Mitochondrial dysfunction results in a number of
cellular consequences including: (1) decreased ATP
production; (2) increased reliance on alternative
anaerobic energy sources; and (3) increased produc-
tion of reactive oxygen species (ROS).16,37 There is
no curative treatment for mitochondrial disease, and
most strategies have been designed to mitigate the
aforementioned cellular consequences.16,18 Previous
reports of therapeutic strategies in patients with mi-
tochondrial disease have examined the effects of a
single compound, such as coenzyme Q10 (CoQ10)2,4,21

or creatine monohydrate (CrM).13,14,38 Based on the
concept that mitochondrial dysfunction leads to sev-
eral cellular pathophysiological consequences,33

most therapeutic strategies for mitochondrial disor-
ders have used combination therapies (or a thera-
peutic “cocktail”) as opposed to monotherapy. Cer-
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tain studies have evaluated the efficacy of
combination therapies targeting more than one of
the three processes described above; however, these
were either case reports,8,25 open trials,1,19,20,27,32 or a
retrospective study.26

Based on evidence of potential efficacy in human
trials with mitochondrial disease or evidence from
human trials or in vitro studies showing the pro-
posed compound could mitigate one or more of the
final common pathways of mitochondrial dysfunc-
tion, we proposed to evaluate the potential therapeu-
tic efficacy of a combination of the following com-
pounds: (1) CrM (alternative energy source36 and
antioxidant30); (2) �-lipoic acid (antioxidant17 and
to enhance CrM uptake6); and (3) CoQ10 [as an
antioxidant21 and to bypass complex I of the elec-
tron transport chain (ETC)19]. We report here the
results from a randomized, double-blind, placebo-
controlled, crossover trial examining the effects of
such a targeted combination therapeutic cocktail
combining CrM, CoQ10, and �-lipoic acid in patients
with mitochondrial cytopathy.

MATERIALS AND METHODS

Patients. Seventeen patients with definite or prob-
able mitochondrial disease were recruited from the
Neuromuscular and Neurometabolic Clinic at Mc-
Master University. Diagnosis was confirmed using a
combination of clinical symptoms, fasting serum lac-
tate concentration, muscle biopsy findings (ragged-
red fibers or cytochrome c oxidase–negative fibers),
and mitochondrial DNA (mtDNA) analysis. Only pa-

tients 8, 9, and 13 did not have a DNA mutation
identified, or in the case of the patient with mito-
chondrial neurogastrointestinal encephalopathy, a
confirmatory test (elevated thymidine and reduced
thymidine phosphorylase activity); however, they all
had elevated lactate concentration, abnormal histol-
ogy, and exercise intolerance with low aerobic capac-
ity, and were considered to have a “probable mito-
chondrial cytopathy.” One patient did not complete
one arm of the study for personal reasons; conse-
quently, this patient’s data were excluded from the
analysis. The final analysis was based on 16 patients
(10 women and 6 men) who were divided into three
different groups based on their diagnosis. The char-
acteristics of the patient population are shown in
Table 1. The first group comprised three patients
with mitochondrial encephalopathy, lactic acidosis,
and stroke-like episodes (MELAS group). The sec-
ond group consisted of three patients diagnosed
with chronic progressive external ophthalmople-
gia (CPEO) and one patient diagnosed with
Kearns–Sayre syndrome (KSS), all of whom had
deletions detected in muscle-derived mtDNA
(CPEO/KSS group). The third group comprised
patients with a variety of mitochondrial disorders:
six patients with mitochondrial cytopathy, two pa-
tients with Leber’s hereditary optic neuropathy,
and one patient with mitochondrial neurogastroi-
ntestinal encephalopathy (Other group). The
study received ethical approval from our institu-
tional Ethics Board and all patients provided in-
formed, written consent.

Table 1. Patient characteristics.

Subject Sex Age (y) Height (cm) Weight (kg) Diagnosis Mutation Main symptoms

1 F 54 164 62.8 MELAS T3271C Exercise intolerance, hearing loss
2 F 31 164 85.1 MELAS T3271C Exercise intolerance, hearing loss
3 M 51 135 74.5 MELAS T3271C Stroke-like episodes, hearing loss
4 M 40 178 111.8 CPEO Deletion CPEO, Exercise intolerance
5 M 45 170 90.4 CPEO Deletion CPEO, Exercise intolerance
6 F 58 161 76.3 CPEO Deletion CPEO, Exercise intolerance
7 F 42 160 75.2 KSS Deletion CPEO, Exercise intolerance
8 F 30 157 76.6 Cytopathy Unknown Exercise intolerance, hearing loss
9 F 35 150 46.5 Cytopathy Unknown Exercise intolerance
10 F 23 167 78.2 Cytopathy T9035C Ataxia, neuropathy
11 F 40 150 71.8 Cytopathy T4452C Ataxia
12 M 45 175 85.4 Cytopathy T9035C Ataxia, neuropathy
13 F 43 141 100.5 Cytopathy Unknown Exercise intolerance
14 M 12 154 43.9 LHON G3460A Visual loss
15 F 47 150 77.4 LHON G3460A Asymptomatic
16 M 16 162 42.6 MNGIE Analysis pending Gastrointestinal pain, neuropathy

CPEO, chronic progressive external ophthalmoplegia; Cytopathy, mitochondrial cytopathy; KSS, Kearns–Sayre syndrome; LHON, Leber’s hereditary optic
neuropathy; MELAS, mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes; MNGIE, mitochondrial neurogastrointestinal encephalopathy
(absent thymidine phosphorylase activity, high thymidine levels).
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Design/Intervention. The patients participated in a
randomized, double-blind, placebo-controlled, cross-
over study, in which each participant received both the
treatment and placebo for 2 months, with a 5-week
washout period between trials. The treatment phase
comprised 3 g CrM � 2 g dextrose � flavoring
(Neotine; Avicena, Palo Alto, California), 300 mg
�-lipoic acid (Tishcon, Westbury, New York), and
120 mg CoQ10 (Qgel; Tishcon) taken daily at both
0:900 and 21:00. In the placebo phase, identical-
appearing and tasting powder (5 g dextrose � fla-
voring; Avicena) and gel capsules (soybean oil; Tish-
con) were taken as placebos.

Following a 4-h fast, patients completed testing
before and after each intervention phase at approx-
imately the same time of day (within a 2–3 h window)
for both trials.

Measurements. The height and weight of the par-
ticipants were recorded at their first visit only. All
other outcome measures were taken at all visits. The
participants underwent handgrip, ankle dorsiflexion
(at a joint angle of 90°), and knee extension strength
testing using a custom-made force transducer device
with the data fed directly into a computer containing
data acquisition and analysis software, as previously
described.38 For all strength measures, the partici-
pants were tested on their right side with the settings
individualized to hand size and held constant among
visits. For peak strength, the participants performed
three 5-s trials separated by �30 s. The value for the
trial with the best result was recorded. The partici-
pants also performed a 1-min isometric handgrip
and ankle dorsiflexion fatigue test (9 s duty: 1 s rest
cycle). Pulmonary function testing, consisting of
forced vital capacity and forced expiratory volume in
1 s, was performed using a spirometer (Koko; PDS
Instrumentation, Louisville, Colorado). Each patient
completed the spirometry at least twice at each visit
to ensure the values were consistent with their first
attempt. Bioelectrical impedance (Prism BIA 101A;
RJL Systems, Clinton Twp, Michigan) was performed
to determine body composition. Fat-free mass
(FFM), percent body fat (%BF), and total body water
(TBW) were calculated from the resistance and re-
actance using the equations supplied by the manu-
facturer.

Venous Blood Sampling and Urine Collection. Whole
blood was collected from the antecubital vein into
prechilled evacuated tubes containing either hepa-
rin (for lactate analysis) or EDTA (for the determi-
nation of CoQ10) and centrifuged at 2500 rpm for 10
min. The plasma was stored at �80°C. Each patient

provided a spot urine sample, of which �10 ml was
quickly frozen and stored at �80°C for subsequent
analysis of creatine, creatinine, 8-hydroxy-2�-deoxy-
guanosine (8-OHdG), and 8-isoprostane (8-IsoP).

Biochemical Analyses. Lactate. Plasma lactate con-
centrations were determined using the YSI 2300 Stat
Plus lactate analyzer (YSI, Yellow Springs, Ohio).
The inter- and intraassay coefficients of variation for
lactate were 2.1% and 1.7%, respectively.

CoQ10. Plasma CoQ10 concentrations were de-
termined with high-performance liquid chromatog-
raphy (HPLC) using an electrochemical detector.
Plasma (0.5 ml) was aliquoted into a 10 ml vacu-
tainer containing 1 ml of 1-propanol and 0.5 ml of
coenzyme Q9, mixed for 5 min, then centrifuged at
300g for 5 min. The sample was filtered using a
0.22-�M syringe filter and transferred to a chroma-
tography bottle for direct analysis by HPLC. The
coenzyme Q9 was added to the mixture to act as an
internal standard, as the levels of coenzyme Q9 are
negligible in human blood. The resultant sample was
injected onto a reversed-phase stainless steel column
(150 � 3 mm) RP-C18 with 3-�m packing with an
electrochemical detector (ESA, Bedford, Massachu-
setts) connected to a guard cell with a single elec-
trode (Model 5020; E � �350 mV) and a coulomet-
ric analytical cell with dual electrodes (Model 5011;
E1 � �400 mV, E2 � �300 mV). A mobile phase of
mixed and degassed methanol, 1-propanol, and eth-
anol (70:20:10) containing 50 mM of lithium acetate
as conductivity salt was used at a flow rate of 0.5
ml/min and the total run time was less than 15 min.
CoQ10 was measured first by reducing ubiquinone
(E � �400 mV) and then by oxidizing the resultant
ubiquinol (E � �300 mV). Both CoQ10 and
CoQ10H2 were detected at the last electrode at the
highest sensitivity. The correlation coefficient of the
standard curve was 0.997. The coefficient of varia-
tion was determined to be �2%.

Creatine and Creatinine. The concentrations of
creatine, creatinine, and the ratio of creatine:creati-
nine in urine were determined using HPLC. Urine
(1 ml) was aliquoted into microcentrifuge tubes and
centrifuged at 10,000 rpm for 10 min. The urine
supernatant was diluted to a 1 in 10 dilution using
ddH2O (0.1 ml supernatant to 0.9 ml ddH2O). The
diluted urine supernatant was kept at 10°C using a
refrigerated autosampler. The sample was injected
onto a 250 � 4.6 mm C18 Phenomenex 10-� Hy-
dro-RP 80 column using a Hewlett Packard LC1100
series HPLC (Agilent, Mississauga, Ontario) with the
ultraviolet detector set at � � 210 nm. The Hewlett
Packard LC1100 data analysis program generated

Mitochondrial Disease Cofactors MUSCLE & NERVE February 2007 237



the calibration curve and analyzed the resultant
data. The mobile phase was potassium dihydrogen
phosphate (20 mM) adjusted to pH 5.0 using potas-
sium hydroxide using a flow rate of 1.0 ml/min. The
coefficient of variation was 3.1%.

8-IsoP. Urinary concentrations of 8-IsoP were
determined using a commercial enzyme-linked im-
munosorbent assay (MediCorp, Montreal, Quebec)
following the manufacturer’s instructions. The cor-
relation coefficient of the standard curve was 0.988.
The coefficient of variation was 10.5%. The 8-IsoP
values are expressed relative to creatinine (g).

8-OHdG. Urine concentrations of 8-OHdG were
determined using HPLC as previously described.3
The 8-OHdG values are expressed relative to creati-
nine (g).

Statistics. Statistical analyses were performed using
either a three-way (group � treatment � time) or
two-way (group � treatment) repeated-measures
analysis of variance (ANOVA). Given the a priori
hypotheses that the combination therapy would re-
duce lactate and lower oxidative stress due to the fact
that each of the three components have antioxidant
properties, we used a one-tailed test for the oxidative
stress markers. When a significant result was found,
a Tukey HSD post-hoc test was run. All analyses were
performed using Statistica v. 5 software (StatSoft,
Tulsa, Oklahoma). A value of P � 0.05 was considered
statistically significant. All data are given as mean � SD.

RESULTS

CoQ10 and Creatine:Creatinine. As expected, the
plasma CoQ10 and urinary creatine:creatinine ratios
were significantly higher on the combination ther-
apy compared with the placebo phase of the trial.

The plasma CoQ10 concentration was 172% higher
after combination therapy (1.94 � 0.89 �g/ml) than
placebo (0.71 � 0.24 �g/ml) (P � 0.05; n � 14), and
the creatine:creatinine ratio was 600% higher
(2.45 � 2.08) than with placebo (0.35 � 0.20) (P �
0.05).

Plasma Lactate. A significant treatment � time in-
teraction was found for plasma lactate (P � 0.05,
one-tailed), where plasma lactate concentrations
were lower during the combination therapy phase,
with no effect observed during the placebo phase
(Fig. 1).

Body Composition. A significant three-way interac-
tion (group � treatment � time) was observed for
FFM, TBW, and %BF (P � 0.05) (Fig. 2), with an
increase in FFM and TBW, and decrease in %BF
significant only for the MELAS group.

Pulmonary Function. There were no effects of treat-
ment, group, or time observed for forced vital capac-
ity or forced expiratory volume in 1 s (Table 2).

Strength Measures. There were no effects of treat-
ment, group, or time for peak handgrip strength,
although there was a nonsignificant trend for peak
handgrip strength to be lower at the end of each
phase regardless of treatment (P � 0.054). There
were also no treatment, group, or time effects for
handgrip or ankle dorsiflexion fatigue (expressed as
either peak or area fatigue), or for peak knee exten-
sion strength. However, a significant two-way inter-
action (treatment � time) was observed for peak
ankle dorsiflexion strength, with a significant de-
cline in ankle dorsiflexion peak strength apparent

FIGURE 1. Plasma lactate concentrations before and after each treatment phase for each of the three groups (n � 15). *P � 0.05,
one-tailed. COMB, combination therapy; CPEO, chronic progressive external ophthalmoplegia; KSS, Kearns–Sayre syndrome; MELAS,
mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes. Black columns, combination therapy; open columns, placebo.
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following the placebo (from 31.16 � 13.68 Nm to
29.06 � 13.31 Nm) but not the combination therapy
(from 29.32 � 13.78 Nm to 29.31 �12.05 Nm) (P �
0.05, n � 16).

Urinary 8-OHdG and 8-IsoP. There was no treatment
or group effect for urinary 8-OHdG; however, a non-
significant trend for lower 8-OHdG/creatinine fol-
lowing combination treatment compared with pla-
cebo was found (3,472.05 � 1,883.06 ng/g
creatinine vs. 4,165 � 1,985.00 ng/g creatinine, re-
spectively; P � 0.065). A treatment effect was ob-
served for 8-IsoP, such that lower urinary 8-IsoP/
creatinine content was observed following the
combination therapy compared with the placebo
phase (6,572.47 � 3,356.64 ng/g creatinine vs.
7,463.43 � 3,155.23 ng/g creatinine, respectively;
P � 0.05).

DISCUSSION

Treatment with a combined therapy of CrM, CoQ10,
and lipoic acid resulted in lower resting lactate con-
centrations, prevention of a reduction in peak ankle
dorsiflexion strength, and a lowering of oxidative
stress as reflected by a significant reduction in uri-
nary 8-IsoP excretion and a directional trend in
8-OHdG excretion in all groups. In addition, positive
changes in body composition (increased FFM and
TBW, and decreased %BF) were observed for pa-
tients in the MELAS group. The combination ther-
apy had no effect on pulmonary function, peak
handgrip or knee extension strength, or handgrip or
ankle dorsiflexion percent or area fatigue.

Mitochondrial disease results from mutations
that lead to a defect in oxidative phosphorylation,
resulting in an increased reliance on nonaerobic

FIGURE 2. Measures of body composition as determined by
bioelectric impedance (n � 15). (A) Fat-free mass (FFM), (B)
total body water (TBW), and (C) percent body fat (%BF) before
and after each treatment phase for each of the three groups. *P �
0.05; **P � 0.05, one-tailed. COMB, combination therapy;
CPEO, chronic progressive external ophthalmoplegia; KSS,
Kearns–Sayre syndrome; MELAS, mitochondrial encephalopa-
thy, lactic acidosis, and stroke-like episodes. Black columns,
combination therapy; open columns, placebo.

Table 2. Pulmonary function (n � 11).

Placebo Combination therapy

Pre Post Pre Post

FVC (L)
MELAS 2.87 � 0.24 2.68 � 0.11 2.94 � 0.53 2.92 � 0.48
CPEO/KSS 3.03 � 0.19 3.04 � 0.28 3.16 � 0.22 3.08 � 0.16
Other 2.83 � 0.30 2.82 � 0.31 2.70 � 0.34 2.75 � 0.29
All 2.91 � 0.25 2.86 � 0.28 2.91 � 0.39 2.90 � 0.32

FEV1 (L/s)
MELAS 2.30 � 0.25 2.36 � 0.38 2.39 � 0.46 2.33 � 0.36
CPEO/KSS 2.60 � 0.23 2.61 � 0.23 2.73 � 0.25 2.68 � 0.30
Other 2.43 � 0.32 2.43 � 0.29 2.43 � 0.37 2.44 � 0.35
All 2.45 � 0.28 2.48 � 0.29 2.51 � 0.36 2.50 � 0.34

CPEO, chronic progressive external ophthalmoplegia; FEV1, forced expiratory volume in 1 s; FVC, forced vital capacity; KSS, Kearns–Sayre syndrome; MELAS,
mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes.
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energy sources16,38 and an elevated plasma lactate
concentration.16,29,38 Either the phosphocreatine
(PCr) system, adenylate kinase/AMP deaminase, or
glycolysis/glycogenolysis can be used to supply ATP;
however, as increased reliance on glycolysis/glyco-
genolysis results in elevated lactate,38 CrM was in-
cluded in the combination therapy used in the
present study to enhance the PCr system. The in-
crease in urinary creatine:creatinine and the lower
plasma lactate concentrations following the combi-
nation phase indirectly suggested that the CrM com-
ponent of the combination therapy may have pro-
vided an alternative anaerobic energy source for
muscle contraction.

Low levels of total creatine36 and PCr14 have been
observed in muscle from patients with mitochondrial
disease, further supporting a potential benefit from
CrM supplementation in such patients. A recent
study by Kornblum et al.14 examined the effect of
CrM supplementation on intramuscular PCr in pa-
tients with CPEO or KSS. Contrary to results previ-
ously observed in healthy subjects,6,11 CrM supple-
mentation did not result in increased intramuscular
PCr concentrations as measured by phosphorous-31
magnetic resonance spectroscopy despite significant
increases in plasma concentrations of creatine.14 A
limitation of the current study is that creatine or PCr
content was not measured in brain or skeletal mus-
cle. However, Burke et al.6 showed that when CrM
was combined with lipoic acid in healthy volunteers,
muscle PCr and total creatine concentrations were
significantly higher than when supplemented with
CrM alone. Therefore, lipoic acid may have en-
hanced CrM uptake in our patients, leading to the
observed lower resting plasma lactate concentra-
tions.

An alternative or additional explanation for the
lower lactate concentrations could be that the com-
bination therapy improved mitochondrial ATP pro-
duction. CoQ10 is an electron acceptor in the ETC
that transfers electrons from complexes I and II to
complex III.16,18,33 The goal of CoQ10 supplementa-
tion is to bypass defects in the ETC to maximize ATP
production.16 One study using cultured lymphocytes
from patients with mitochondrial cytopathy ob-
served an increase in mitochondrial ATP production
with a combination therapy that included CoQ10,
and �49% of this increase was attributed to CoQ10.19

In contrast, the results from human studies are not
conclusive, for some reports have reported a benefi-
cial effect of CoQ10 in decreasing resting plasma
lactate concentrations in patients with mitochon-
drial disease,1,2 whereas others have not.19,20,38 Un-
like previous reports, the patients in our study were

also given lipoic acid. Lipoic acid is found naturally
within the mitochondria and is an essential cofactor
for pyruvate dehydrogenase and �-ketoglutarate de-
hydrogenase.33 Lipoic acid acts as a potent antioxi-
dant31,33 and decreases a marker of oxidative stress
in healthy volunteers.17 Increased ROS scavenging
by lipoic acid could slow the “vicious cycle” that is
thought to occur in mitochondrial disease, in which
increased ROS generation leads to mutations in
mtDNA, which can exacerbate the defect in oxida-
tive phosphorylation, which leads to the generation
of more ROS.16 Thus, in combination with lipoic
acid, CoQ10 may have had the ability to increase ATP
production, resulting in decreased utilization of al-
ternative energy sources and a decrease in resting
plasma lactate concentrations.

The combination therapy attenuated the de-
crease in peak ankle dorsiflexion strength that was
observed following the placebo phase. It was hypoth-
esized that the CrM component in the combination
therapy would lead to improved strength values com-
pared with placebo, as CrM has been shown to im-
prove strength in patients with mitochondrial dis-
ease35,38 or Duchenne muscular dystrophy,34 and in
older healthy volunteers.5 Given that we did not
directly measure creatine or PCr content in the mus-
cle, we cannot conclusively state that the CrM com-
ponent of the combination therapy resulted in the
attenuation of peak ankle dorsiflexion strength.
Other studies have shown improved strength in pa-
tients with mitochondrial disease with CoQ10 supple-
mentation.4,9

Previous studies have shown improvements in
body composition with CrM supplementation.5,34

The MELAS group in the present study demon-
strated improvements in body composition—in-
creased FFM and TBW, and decreased %BF—follow-
ing the combination therapy; however, these
improvements were not seen in the patients from the
CPEO/KSS or Other groups. Patients with MELAS
demonstrate a more severe clinical phenotype than
do patients with the other forms of mitochondrial
disease represented in the other two groups in the
present study. Consequently, patients with MELAS
may have greater room for improvement with all of
the variables measured in the present study, includ-
ing body composition.

High levels of ROS and oxidative stress have been
implicated in the pathophysiology of mitochondrial
disease. Higher levels of oxidative stress have been
reported in patients with mitochondrial disease com-
pared with controls21,39 and in patients with higher
degrees of heteroplasmy for a mtDNA mutation.7 All
three compounds in the combination therapy have
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properties that would decrease oxidative stress. Cre-
atine has direct antioxidant properties in cell-free
systems15 and provides cytoprotection to mammalian
cells incubated with a variety of oxidative agents.30

CoQ10 acts as an antioxidant in lipid and mitochon-
drial membranes10,33 and may also decrease electron
leak from the ETC via its role in bypassing defects in
oxidative phosphorylation.10 Lastly, lower levels of
urinary isoprostanes were found in healthy volun-
teers following supplementation with lipoic acid.17

We observed lower 8-IsoP concentrations following
treatment with the combination therapy compared
with the placebo phase; however, only a trend for
lower levels of 8-OHdG was observed. Isoprostanes
are prostaglandin-like compounds formed by the
peroxidation of arachadonic acid.22–24 They are
chemically stable, are formed in vivo, and are a
peroxidation-specific product that is detectable at
steady-state levels in a variety of human tissues and
fluids24; all these features contribute to 8-IsoP being
considered the most reliable marker to assess oxida-
tive stress in vivo.23,24 8-OHdG is formed by the hy-
droxylation of guanosine residues and is often used
as a biomarker of ROS damage to DNA.28,39 Because
8-OHdG is a biomarker for oxidative damage to all
DNA, not only mtDNA, it is possible that the pres-
ence of the nuclear DNA may have masked or di-
luted a beneficial effect of the combined therapy for
decreasing oxidative damage to mtDNA.

Few randomized, controlled trials have examined
the effect of nutraceutical compounds in patients
with mitochondrial disease. Of those that have con-
ducted rigorous examinations, only the effect of a
single compound, such as CrM12,13,38 or CoQ10,9 has
been examined. Other studies that examined the
effect of a combined therapy1,19,20,26,27,32 did not use
the same rigorous study design as was used in our
study. As a result, direct comparison with these stud-
ies is extremely difficult, particularly when combined
with the fact that different compounds, combina-
tions, and outcome measures were examined in dif-
ferent mitochondrial disease populations. Given the
almost infinite combinations that are possible, it will
be important to employ a variety of screening meth-
ods to test potential therapies based on rational first
principles prior to clinical trial evaluation in the
future. Methodologies, such as the use of transgenic
animal models or cybrids, may prove to be useful to
evaluate the many potential combinations from the
more than a dozen compounds currently used in
“mitochondrial cocktails.”

Our results suggest that a combination therapy
with CrM, CoQ10, and lipoic acid targeting three
consequences of mitochondrial dysfunction leads to

improvements in resting plasma lactate concentra-
tions, body composition, ankle dorsiflexion strength,
and oxidative stress compared with placebo. How-
ever, because one patient group showed greater ben-
efits than did other groups with this therapy
(MELAS 	 CPEO/KSS � Other), one therapeutic
strategy may not be universally applicable to all mi-
tochondrial diseases.

This study was funded by a generous donation from Warren
Lammert and family. The coenzyme Q10 and lipoic acid were
kindly donated by Tishcon, and the creatine monohydrate was
kindly donated by Avicena.
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SHORT REPORT ABSTRACT: Nineteen healthy volunteers (median age, 25; range, 18–51
years) were enrolled in a study to obtain normative values for stimulated jitter
in the masseter muscle. Axonal microstimulation was performed via a mo-
nopolar needle electrode introduced in the masseter 2–2.5 cm above the
mandibular angle on the line connecting it with the lateral canthus. The
recording single-fiber electromyography (SFEMG) electrode was inserted
anteriorly in the twitching area of the muscle. The mean consecutive differ-
ence (MCD) values for the 426 endplates studied followed a distribution
skewed to the left, with a minimum value of 4.3 �s, maximal 44.7 �s, and a
maximum of distribution at 11 �s. Mean pooled MCD measured 16.0 �s, and
the mean of mean MCD per study was 13.6 �s. The value of the 95th upper
percentile for an individual fiber was 29.3 �s. We suggest an upper normal
limit for mean MCD per study of 21 �s and upper normal limit of MCD for
individual fibers of 30 �s. The stimulated jitter study of masseter muscle is
easy and reliable.
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Jitter measurement is essential in the diagnosis of
neuromuscular transmission defects.15 The masseter
muscle is suitable for single-fiber electromyography
(SFEMG) as it is easily and safely accessible and is
often involved in disorders of neuromuscular trans-
mission, especially those with bulbar onset.2,8,12 Our
objective was to collect normative values for jitter in
the masseter of healthy adults.

MATERIALS AND METHODS

We recruited 19 healthy volunteers (4 women, 15
men; median age, 25 years; range, 18–51). Stimu-
lated SFEMG was performed following recognized
guidelines.17 The stimulating needle cathode was
introduced in the presumed location of the masseter
motor point,6 2.5 cm above the mandibular angle on
the line that connects it to the outer canthus, and
inserted to a depth of 0.7–1.0 cm (Fig. 1). The anode

was a strip attached around the subject’s neck. Stim-
ulation was begun at 2 Hz and 2 mA, with reposi-
tioning of the needle until visible twitches of the
masseter were obtained.

The recording SFEMG needle was introduced
into the twitching part of the muscle, anterior to the
cathode to avoid blood vessels passing behind the
masseter.3,19 Once proper electrode positions were
achieved, the stimulus rate was increased to 10 Hz.
Stimulation intensity was gradually increased to 30%
suprathreshold for each axon to avoid liminal jitter.
Stable single-fiber potentials with a clear negative
peak exceeding 0.2 mV in amplitude and with a rise
time of less than 0.3 ms17 were obtained at 1–10 kHz
bandpass. Potentials with latencies over 15 ms were
rejected as likely representing late responses. Fifty
traces were obtained for each fiber and mean con-
secutive difference (MCD) was automatically calcu-
lated. Values of MCD less than 4 �s would have had
to be eliminated as resulting from direct muscle-
fiber stimulation, but we did not observe such values.

Statistical analysis was performed using the SPSS
package (Chicago, Illinois). We calculated (1) the
mean MCD value for all fibers studied (pooled mean
MCD, used to obtain the normative value for jitter in
an individual endplate), and (2) the mean MCD for
every subject and, from that, the mean value of MCD

Abbreviations: MCD, mean consecutive difference; SFEMG, single-fiber
electromyography
Key words: jitter; masseter; mean consecutive difference; normative values;
stimulated single-fiber electromyography
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per study among subjects (from which the normal
value for the mean MCD per study was derived).
Maximal normal jitter for the individual fiber and
the maximal normal MCD per study, corresponding
to the 95th percentile, were determined.

RESULTS

We obtained a total of 426 single-fiber potentials,
between 11 and 39 per muscle. One subject seemed
uncomfortable so we discontinued the study after
recording 11 fibers. In all of the other subjects we
collected at least 20 potentials.

The mean MCD for individual fibers ranges be-
tween 4.3 and 44.7 �s, with a maximum of the dis-
tribution at 11 �s. The distribution assessed by the
Liliefors test of normality is skewed to the left (test
statistics, 0.097; skewness, 0.668; kurtosis, 2.88).
There were seven outliers (fibers with MCD exceed-
ing the mean value by at least 4 SD; Fig. 2). Such a
distribution is seen in most normative data for jitter.
Median MCD of individual fiber was 14.5 �s, and the
mean MCD of individual fibers was 16.0 �s, with an
SD of 4.6 �s. Latencies of the fibers varied between
0.99 ms and 11.8 ms, with more than 90% of fibers
falling between 2.5 ms and 5 ms. MCD values were
independent of latency, confirming that liminal jit-
ter was eliminated.

Mean MCD per study ranged between 9.2 �s and
21.1 �s, with a mean of 13.6 �s and SD of 3.9 �s.

The upper normal limit for jitter of individual
fibers and for mean MCD per study is defined as the
95th percentile.17 In our material, this was 29.3 �s
for individual fibers and 21.1 �s for mean MCD per
study. For convenience, we recommend values of 30
and 21 �s, respectively, as the bounds of normality.

Using these criteria we reassessed our data. The
number of fibers with jitter exceeding 30 ms was 10,
and these were found in eight subjects (two fibers
with high jitter in one person with 39 fibers studied,
two in another with 37 fibers studied, and one fiber

FIGURE 1. Schematic illustration of stimulated SFEMG of the
masseter. The stimulating electrode was introduced 2.5 cm
above the angle of mandible along a line connecting it with the
lateral canthus, to a depth of 0.7–1 cm. The recording electrode
is inserted anteriorly in the area of muscle twitching.

FIGURE 2. Distribution of MCD for individual fibers. Outliers exceeding the mean value by 4 or more SD are shown in dark shading.
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in each of six other subjects). Fibers with increased
jitter did not exceed 5% of the number of all fibers
studied in any subject.

DISCUSSION

SFEMG remains the most sensitive diagnostic proce-
dure in disorders of neuromuscular transmission,
but it is not specific, being abnormal in, for example,
radiculopathies and neuropathies.1,15 Therefore, it is
advisable to study clinically involved muscles while
avoiding ones frequently affected by independent
peripheral lesions.

The masseter muscle seems to fulfill these re-
quirements. Bulbar onset is reported in 15%–30% of
myasthenic patients, and early fatigue on chewing
occurs in 6%.5,8 Masticatory muscles become in-
volved later in most patients, with frank weakness
and atrophy developing in 15%.9,12 Repetitive nerve
stimulation disclosed subclinical involvement of the
masseter in up to 70% of cases of ocular myasthe-
nia13; furthermore, this muscle exhibited the highest
degree of abnormality as compared with trapezius,
facial, or limb muscles.2,13,14 The motor portion of
the mandibular nerve is rarely affected by neuropa-
thies,7 so the masseter is unlikely to yield false-posi-
tive results. Considering also the easy accessibility of
the masseter, we decided to obtain control values
using a technique based strictly on well-established
guidelines for stimulated jitter.17

We defined the electrodes’ positions according
to the topography of the masseter and adjacent ves-
sels and nerves.3,6 The muscle is highly compartmen-
talized: 6 to 10 fascial strata subdivide it into thin
layers,4,19 aside from the gross division into superfi-
cial and deep fibers. This could provide for easier
selective stimulation of individual nerve twigs.

The values we obtained for stimulated jitter pa-
rameters in masseter are similar to those for facial
muscles, which the masseter resembles most closely
in the size and length of fibers.10,11 Proposed upper
limits for jitter in individual fibers and mean MCD
per study in our material are 21 �s and 30 �s,
respectively; for the orbicularis oculi the correspond-
ing values are 20 �s and 30 �s16 and for the frontalis
muscle they are 23 �s and 35 �s18; our unpublished
data on frontalis (202 fibers) suggest values of 18 �s
and 28 �s, respectively.

From the technical point of view, masseter in-
vestigation also resembles that of facial muscles. In
most cases isolation of high-quality single-fiber po-
tentials was easy. The time taken to sample 20
fibers was usually between 20 and 30 min. Subjects
tolerated the study well. We did not observe focal

hematoma, a harmless but unpleasant complica-
tion that sometimes follows SFEMG investigation
of facial muscles.

In summary, masseter muscle jitter is easily inves-
tigated with little discomfort. The muscle can be
studied routinely in patients with suspected disor-
ders of neuromuscular transmission.
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SHORT REPORT ABSTRACT: The relative preservation (sparing) of sural sensory nerve
action potentials (SNAPs) is a useful diagnostic finding in patients with acute
inflammatory demyelinating polyneuropathy (AIDP). However, recording of
sural SNAPs is not always technically feasible, especially in obese, edem-
atous, or elderly individuals. Hence, we systematically evaluated the predic-
tive values of the commonly employed SNAPs in the diagnosis of AIDP
within 2 weeks from onset of symptoms. Sensory sparing patterns and
sensory ratios of the sural, radial, median, and ulnar SNAPs of AIDP patients
were included in a retrospective and blinded analysis, and compared to
patients with diabetic polyneuropathy (DPN) and controls. Logistic regres-
sion models for the sural plus radial SNAPs/median plus ulnar SNAPs
(sensory ratio) were constructed. A sural sparing pattern was present only in
the AIDP group (34.4%, P � 0.001). A radial sparing pattern did not
discriminate the AIDP from the DPN groups. The sural/radial sensory ratio
was useful to ascertain DPN, but did not discriminate AIDP from controls.
The sensory ratio was higher in AIDP compared to DPN and controls and
was an independent predictor for AIDP. This study implies that the sensory
ratio is a useful predictor for the diagnosis of AIDP and may substitute for
sural sparing in technically difficult situations.
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The prompt diagnosis of acute inflammatory demy-
elinating polyneuropathy (AIDP) is needed to initi-
ate early treatment. Nerve conduction studies
(NCS), including late responses, play an important
role in confirming the diagnosis in up to two thirds
of patients presenting during the first 2 weeks.4 Sen-
sory NCS are also important in providing electrodi-
agnostic evidence that might distinguish primary de-
myelinating from primary axonal polyneuropathy. A
sural sparing pattern, also known as a “normal sural–
abnormal median” pattern, is widely acknowledged
to be suggestive of AIDP.6,7,19 However, there are
several limitations to the sural sparing pattern. First,
a spared sural response in isolation has low sensitiv-

ity.4 Second, the sural sensory nerve action potential
(SNAP) is often either low in amplitude or absent in
elderly patients and in those with early diabetic poly-
neuropathy.14,15 Third, technical considerations in
hospitalized patients, especially those with quadripa-
resis or on mechanical ventilation in the intensive
care unit, render it difficult to study the sural SNAP.

The utility of radial sensory NCS in evaluating
axonal polyneuropathy has been reported previous-
ly.10,17 However, the use of radial or other sensory
NCS patterns has not been addressed in predicting
the diagnosis of AIDP in patients presenting with
acute or subacute weakness. In this study, we system-
atically evaluated the utility of all potential sensory
sparing patterns in patients with early AIDP, includ-
ing a classic sural sparing pattern. In addition, we
tested models in order to establish possible predic-
tors of early AIDP when compared to axonal poly-
neuropathy (diabetic distal sensorimotor polyneu-
ropathy) and healthy subjects.

MATERIALS AND METHODS

We identified our cases and controls from the hos-
pital and electromyography (EMG) database over a

Abbreviations: AIDP, acute inflammatory demyelinating polyneuropathy; CI,
confidence interval; DPN, diabetic peripheral polyneuropathy; EMG, electro-
myography; LRM, logistic regression model; NCS, nerve conduction studies,
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10-year span. AIDP patients met the clinical diagnos-
tic criteria proposed by Asbury and Cornblath.1,5,9

All AIDP patients presented with rapid progressive
ascending generalized weakness and areflexia, with
or without ophthalmoplegia. Cerebrospinal fluid
protein concentration was elevated in the majority of
patients and further supported the diagnosis. We
excluded those patients encountered after 2 weeks
from onset of symptoms, those with variants of AIDP
(such as axonal or pure sensory varieties, and the
Miller Fisher variant), and children under 18 years
of age. We also excluded those with prior neuropa-
thy or diabetes mellitus. The comparison group con-
sisted of patients with chronic length-dependent dis-
tal sensorimotor diabetic polyneuropathy (DPN), a
population with known diabetes presenting with
chronic paresthesias with or without weakness in a
distal-to-proximal pattern, worse in the legs. All pa-
tients with DPN had evident axonal motor and sen-
sory polyneuropathy confirmed by NCS. Among the
DPN group, we excluded those with superimposed
median and ulnar entrapment neuropathies (pro-
longed median or ulnar distal latencies with abnor-
mal median–ulnar distal latency comparison stud-
ies) or those with symptoms of small-fiber
neuropathy. Because our primary goal was to study
the sensory NCS in this cohort, we accepted patients
with superimposed radiculopathy as indicated by
needle EMG examination. The control group in-
cluded healthy volunteers without prior medical ill-
nesses and with normal NCS in accordance with
normal laboratory values. At the time of data collec-
tion, institutional review board approval for healthy
volunteers’ recruitment was not required.

All NCS were performed in our EMG laboratory
using standard techniques with special attention to
skin temperature, which was maintained above 32°C.
Warming methods included warm compresses and
warm water immersion if needed. Standard motor
and antidromic sensory NCS in at least one upper
and one lower limb was performed, using percuta-
neous stimulation and recording. We measured dis-
tal latencies and amplitudes of antidromic median,
ulnar, radial, and sural SNAPs. We previously de-
fined sural sparing as either normal (�6 �V) or
relatively preserved sural SNAPs compared to at least
two abnormal upper-extremity SNAPs.4 The radial
sensory sparing pattern is defined as a normal radial
SNAP amplitude (�10 �V) or relatively preserved
radial SNAP compared to abnormal or absent me-
dian and ulnar SNAP responses. A median sensory
sparing pattern consists of normal median SNAP
amplitude (�10 �V) or relatively preserved median
SNAP compared to an abnormal or absent radial

and ulnar SNAP response; an ulnar sensory sparing
pattern is a normal ulnar SNAP amplitude (�10 �V)
or relatively preserved ulnar SNAP compared to an
abnormal or absent radial and median SNAP re-
sponse. The radial, median, and ulnar sensory spar-
ing patterns relied on two abnormal SNAPs to avoid
inadvertent inclusion of patients with concomitant
distal median or ulnar nerve entrapments in the
analysis. The sural/radial SNAP amplitude ratio
(also called SRAR) was calculated for each subject.17

We also calculated the amplitude ratio of sural plus
radial SNAPs/median plus ulnar SNAPs (also called
the sensory ratio) as continuous and binomial vari-
ables for each subject. A sensory ratio of 1 is the
cut-off for the binomial label. One of the investiga-
tors (J.R.) was blinded to the final diagnosis of each
subject in the three groups during the coding pro-
cess of the pattern of sensory sparing.

All data were averaged and compared between
groups. Fixed analysis of variance was used for statis-
tical analyses of continuous variables, and Fisher’s
exact and chi-square tests were used for categorical
variables. For stratified analyses to measure the co-
variate confounding effect, we used the Cochran–
Mantel–Haenszel test. Because of the small sample
size in the three groups, separate binomial logistic
regression models (LRMs) were fitted to determine
the independent association of significant variables
with disease category. The Hosmer and Lameshow
test was used to evaluate the goodness of fit (the
predictive ability of the models) in each LRM. All
covariates were entered using the stepwise selection
method. The receiver operating characteristic
(ROC) curve for sensory ratio was determined for
each population. The significance level was set at
P � 0.05. All statistical tests were performed using
SAS version 9.2 (SAS Institute, Cary, North Carolina)
software.

RESULTS

Among the 601 patients screened for inclusion cri-
teria, 121 were included in this analysis. The majority
of the excluded patients were diabetic with coexist-
ing entrapment syndromes in the upper limbs. In
the AIDP group, 61 patients (54% males) were in-
cluded, with a mean age of 52.7 � 20.5 years. Pa-
tients with AIDP presented within the first 2 weeks of
illness, with mean admission of 8 � 3.5 days after
onset of symptoms. In the DPN group, 37 patients
(59% males) were included, with a mean age of
65.8 � 11.9 years. Six patients with superimposed
radiculopathy were included in the DPN group. The
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23 subjects in the control group (35% males) had a
mean age of 47.1 � 15.1 years.

As anticipated, the SNAP amplitudes were higher
in the control group and in the upper extremities
(Table 1). Patients with DPN showed a larger de-
crease in SNAP amplitudes, particularly the sural
SNAP, which had a mean value of 0.16 � 0.73 �V (31
patients had an absent response). The mean SNAPs
in the AIDP group were higher in amplitude than
those in the DPN group and lower than in controls.
However, the mean radial SNAPs (16.1 � 9.8 �V)
and sural SNAPs (10.0 � 6.6 �V) were relatively
preserved in the AIDP group. Among patients with
AIDP, 34% had a sural sparing pattern, whereas
none of the DPN patients had this pattern (P �
0.0001). Radial sparing occurred in 37.8% of pa-
tients in the DPN group and 29.5% in the AIDP
group (P � 0.49). Median and ulnar sparing were
rarely present in AIDP and DPN patients, and com-
parisons between these groups did not reach statis-
tical significance. SRAR of the AIDP group was not
different from the control group (SRAR � 0.6 vs.
0.52, P � 0.05) but differed from the DPN group
(SRAR � 0.01). However, the sensory ratio (sural
plus radial SNAPs/median plus ulnar SNAPs) was
higher in the AIDP than in the DPN and control
groups (P � 0.0005). None of the patients in the
control group met the definitions of median, ulnar,
radial, or sural sensory sparing. When binomial LRMs
were constructed for the diagnosis categories, the sen-
sory ratio was the most consistent independent predic-
tor for AIDP rather than DPN [odds ratio (OR) 12.49,
confidence interval (CI) 3.14–49.6]. Similarly, the sen-
sory ratio was an independent predictor for AIDP pa-
tients as compared to the control group (OR 4.68, CI

1.66–13.2) and was not a predictor for DPN compared
to controls (OR 0.76, CI 0.45–1.17).

ROC curves for the sensory ratios were con-
structed (Fig. 1). For the first model using the con-
trol as a reference, the C-statistic for the AIDP was
0.71 (OR 1.16, CI 1.12–6.44). Similar to the first
model, in the second model, using the DPN as a
reference, the C-statistic for the AIDP was 0.71 (OR
1.16, CI 1.003–1.35). In the third model, using the
control as a reference, the C-statistic for DPN was
0.40 (OR 0.76, CI 0.49–1.17).

DISCUSSION

Unlike motor NCS, only a few studies have empha-
sized the utility of sensory NCS in AIDP,2,4,11,16 with

Table 1. Univariate analysis of sensory amplitudes and sparing patterns for each group.

Acute inflammatory
demyelinating polyneuropathy

Diabetic
polyneuropathy

Control
(healthy volunteers) P-values

Continuous (mean � SD)
Median SNAP amplitude (�V) 10.8 � 11 8.5 � 8.7 33.7 � 15 �0.0001*
Ulnar SNAP amplitude (�V) 9.63 � 90 6.08 � 7.5 27.4 � 16.4 �0.0001*
Radial SNAP amplitude (�V) 16.1 � 9.8 9.7 � 60 34.3 � 10.8 �0.0001*
Sural SNAP amplitude (�V) 10.0 � 6.6 0.16 � 0.73 18.6 � 6.7 �0.0001*
Sensory ratio 4.6 � 7 1.6 � 2.3 1.0 � 0.4 0.01*

Dichotomous (%)
Median sparing 3.3% 5.4% 0% 0.52
Ulnar sparing 1.6% 5.4% 0% 0.37
Radial sparing 29.5% 37.8% 0% 0.004*
Sural sparing 34.4% 0% 0% �0.0001*
Sensory ratio �1 67.2% 32.4% 30.4% 0.0005*

SNAP, sensory nerve action potential. Sensory ratio � sural plus radial SNAPs/median plus ulnar SNAPs. P-values refer to a comparison between the acute
inflammatory demyelinating polyneuropathy group vs. both diabetic polyneuropathy and control groups.
*Statistically significant.

FIGURE 1. Solid ROC line represents the sensory ratio compar-
ing the acute inflammatory demyelinating polyneuropathy (AIDP)
group to the control group, and the AIDP group to diabetic poly-
neuropathy (DPN) group. Dashed ROC line represents the sen-
sory ratio comparing the DPN group to the control group.
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special attention to the relative preservation of
SNAPs compared to CMAPs in the first 2–3 weeks
after AIDP onset. Reduced SNAP amplitudes in as-
sociation with variable slowing of the sensory distal
latencies are the most common abnormalities ac-
cording to sensory NCS.3,6,12,19 Our AIDP patients
had average SNAP amplitudes higher than DPN pa-
tients and lower than controls, supporting the gen-
eral impression that SNAPs are only relatively pre-
served in AIDP during the first 2 weeks after disease
onset. A normal sural SNAP with absent or reduced
median and ulnar SNAPs (sural sparing pattern) is
the most specific sensory abnormality in AIDP be-
cause it suggests a lack of length-dependent involve-
ment as seen in axonal polyneuropathy.4,6,19

In practical terms, the sural SNAP is not a con-
sistently good sensory parameter in many AIDP pa-
tients. The sural SNAP may become absent or low in
amplitude in elderly or obese individuals or in
those with leg edema or preexisting polyneuropathy.
Based on our observations, the radial SNAP may
show relative preservation when compared to the
nearby median and ulnar SNAPs in AIDP. As a result,
we tested the hypothesis that radial SNAP sparing
would be different among the three groups. It was
not surprising for the axonal DPN to show spared
radial SNAPs (37.8%, P � 0.006) compared to me-
dian and ulnar. This may have been due to the
proximal recording point of the radial compared to
the median and ulnar SNAP (snuffbox vs. digits). In
fact, a SRAR of less than 0.40 is a strong predictor of
early or mild axonal polyneuropathy, when com-
pared to an absolute sural SNAP value of less than 6
�V.10,17 In agreement with previous reports, the
mean SRAR in our DPN patients was very low
(SRAR � 0.01), suggesting a population with severe
axonal disease; however, the SRAR did not differen-
tiate those with AIDP (SRAR � 0.62) from controls
(SRAR � 0.54) and made it a less reliable test for
acute demyelinating disease. Furthermore, both of
our AIDP and control populations were above the
SRAR reference value (0.2), which was recently es-
tablished by Overbeek and colleagues.10,13 Instead,
we assessed the sensory ratio and its potential utility
in different prediction models. The sensory ratio in
controls was 1.0 and significantly different from the
notably elevated ratio in the AIDP group (mean
sensory ratio 4.6) and in comparison to the DPN
group (mean sensory ratio 1.6). Fitting for a cut-off
ratio of more than 1.0 with other sensory sparing
patterns suggests that the elevated sensory ratio is
indeed an independent predictor for AIDP. Patients
with AIDP are 12 times more likely to have an ele-
vated sensory ratio (�1) compared to DPN patients

(P � 0.0003). Similarly, patients with AIDP are 4
times more likely to have an elevated sensory ratio
(�1) than control patients (P � 0.003). The sensory
ratio did not predict DPN as compared to healthy
subjects (P � 0.2). Moreover, the sensory ratio was of
reliable sensitivity (C-statistic � 0.71) when tested
against the DPN and control groups. By contrast, the
sensory ratio was insensitive in the DPN group when
compared to the control group (C-statistic � 0.4).

In both of these ratios (SRAR and sensory ratio),
the radial SNAP amplitude is pivotal when studied in
conjunction with sural SNAP, especially if both me-
dian and ulnar SNAPs are absent. The exact mech-
anism of the relatively preserved radial SNAP in
AIDP is not well understood. Random multifocal
demyelination with conduction blocks and phase
cancellation may preferentially affect the common
median and ulnar nerve entrapment sites.8 The rel-
atively preserved radial SNAP in patients with DPN
may also be due to concurrent median and ulnar
entrapments at the wrist or, alternatively, to the
length-dependent axonopathy that affects the digital
nerves preferentially.18

We conclude that the sural sparing pattern is
specific to AIDP, although with a low sensitivity. The
diagnosis may be solidified by measuring the sensory
ratio (sural plus radial SNAPs/median plus ulnar
SNAPs). Patients with a high sensory ratio are more
likely to have AIDP. The SRAR is a helpful finding in
axonal neuropathies but was not discriminatory for
AIDP. Using the sensory ratio along with the sural
sparing pattern should enhance our ability to pro-
vide early and correct diagnosis of AIDP.

The authors thank Dr. H. Lester Kirchner and Dr. David Preston
for their helpful comments in the preparation of this manuscript.
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Guillain–Barré syndrome. Arch Neurol 2001;58:913–917.

12. Meulstee J, van der Meche FG. Electrodiagnostic criteria for
polyneuropathy and demyelination: application in 135 pa-
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SHORT REPORT ABSTRACT: Diseases involving chronic inflammation can lead to pro-
longed exposure of skeletal muscle to inflammatory cytokines such as tumor
necrosis factor � (TNF�), which may contribute to the skeletal muscle
weakness seen in these conditions. In this study we examined the effect of
a prolonged exposure to TNF� on intracellular Ca2� transients elicited in
skeletal C2C12 myotubes. A 48-h exposure to TNF� (10 ng/mL) significantly
reduced the peaks, time to peak, and rate of Ca2� decay of electrically
induced Ca2� transients elicited in C2C12 skeletal myotubes. TNF� expo-
sure had no significant effect on the resting Ca2� levels. The results of this
study indicate that prolonged exposure to TNF� decreases sarcoplasmic
reticulum Ca2� release in cultured skeletal muscle cells. This altered Ca2�

release could contribute to the muscle weakness found in conditions involv-
ing chronic inflammation.
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The inflammatory processes that accompany many
medical conditions such as congestive heart failure,
sepsis, cancer, and the inflammatory myopathies
have been shown to lead to loss of skeletal muscle
function. Recent studies have suggested that the cy-
tokine tumor necrosis factor � (TNF�), which is
released during inflammation, may play a major role
in promoting these effects.5

In skeletal muscle, tetanic force responses are
significantly decreased by a 4-h exposure to TNF�.14

TNF�-induced muscle weakness was reported to be
due to accelerated protein loss and a decrease in the
Ca2� sensitivity of the myofilaments.13,14 However,
electrically evoked Ca2� transients elicited in the
muscles before and after TNF� exposure were simi-
lar, suggesting that changes in Ca2� signaling were
not involved in the effects of TNF� on skeletal mus-
cle function.14 In cardiac muscle, alterations to Ca2�

signaling are reported to be a major factor in the loss
of contractile force induced by exposure to TNF�.

Incubation with TNF�1,11,17 and overexpression of
cardiac-specific TNF�9 have all been shown to de-
crease the size of cardiac [Ca2�] transients, which
significantly contributed to the loss in contractile
force.

TNF� levels may remain elevated for days in
response to inflammation, and it is possible that the
effects of TNF� on Ca2� signaling in skeletal muscle
may not develop within the 4-h period examined by
Reid et al.14 In this study we measured Ca2� tran-
sients in skeletal C2C12 myotubes that had been ex-
posed to TNF� for a period of 48 h and compared
them to Ca2� transients elicited in myotubes main-
tained for the same period of time under control
conditions.

MATERIALS AND METHODS

The experiments were undertaken on myotubes
from the C2C12 skeletal muscle cell line, a fast-fusing
subclone of the C2 line developed by Blau et al.4 The
myotubes were grown on glass coverslips coated with
rat tail collagen and initially maintained in culture
plates containing Dulbecco’s modified Eagle me-
dium with 10% fetal calf serum, 4 mM glutamine,
and 1% penicillin and streptomycin (Sigma, Sydney,
Australia) (aerated with 5% CO2, 95% air at 37°C).
When the cells were �60% confluent the serum
level was reduced to 2% to encourage myotube for-

Abbreviations: SR, sarcoplasmic reticulum; TNF�, tumor necrosis factor �
Key words: calcium; cytokines; inflammation; sarcoplasmic reticulum; skel-
etal muscle disease; skeletal muscle weakness; tumor necrosis factor �;
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mation. One group of plates served as a control,
while the other was exposed to TNF� (10 ng/ml)
(Sigma) for 48 h. During experimentation the cells
were maintained in physiological rodent saline con-
sisting of 138 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl2,
1.06 mM MgSO4, 12.4 mM Hepes, and 5.6 mM glu-
cose (pH 7.3, adjusted with NaOH).

The myotubes were loaded with the fluorescent
Ca2� indicator Fura-2 (Biotium, Hayward, Califor-
nia) by incubation in a physiological rodent saline
solution containing 3 �M of Fura-2AM and 0.025%
Pluronic F-127 for 45 min at �21°C.8 Ca2� measure-
ments were made with a spectrophotometer (Cairn,
Faversham, UK) attached to a Nikon inverted epiflu-
orescence microscope. Intracellular Ca2� was calcu-
lated using the following equation7:

[Ca2�] � Kd.�.(R � Rmin)/(Rmax � R)

where R is the ratio of the fluorescent emission
intensities (at 510 nm) after 340 nm and 380 nm
excitation, respectively; Rmax is the maximum ratio
recorded at saturating intracellular calcium levels;
Rmin is the minimum ratio recorded under near
Ca2�-free conditions; and � is the ratio of emission
intensities at 380 nm excitation for minimum and

maximum calcium levels. The value of Kd was at-
tained from previously published data.7 �, Rmin, and
Rmax were determined in �-escin permeabilized
C2C12 myotubes exposed to low and high levels of
free Ca2�, using a protocol similar to that described
by Jiang and Julian.10 The ratio (Ca2� signal) was
acquired at 50 Hz. The resting Ca2� levels and the
Ca2� transient amplitude and time-to-peak values
were determined using the software package pro-
vided with the spectrophotometric system (Cairn).
The resting Ca2� was measured from the section of
the Ca2� signal before stimulation commenced. The
slopes of the initial rapid relaxation phase of the
Ca2� transients were determined using the curve-
fitting program GraphPad Prism (GraphPad Soft-
ware, San Diego, California). In this study all Ca2�

transients were measured in individual myotubes
(using a fresh coverslip for each measurement) us-
ing a rectangular diaphragm device that allowed
light to be collected from a single area of interest.

Ca2� transients were elicited in the myotubes by
exposure to a supramaximal depolarizing stimulus
(square wave, pulse duration of 0.5 ms) provided by
a pulse stimulator (A-M Systems, Model 2100, Carls-
borg, Washington) in series with a power amplifier
(Ebony EP00B, Melbourne, Australia), and delivered
via platinum electrodes. The electrodes were �10
mm apart, located at the sides of the solution bath
holding the coverslip (on which the myotubes were
attached). All results are expressed as means � SEM.
Data were analyzed with unpaired Student’s t-tests
using the statistical software package GraphPad IN-
STAT; P � 0.05 was considered significant.

RESULTS

A 48-h exposure to TNF� (10 ng/mL) significantly
reduced the peaks of electrically induced Ca2� tran-
sients elicited in C2C12 skeletal myotubes, to less
than 50% of that measured in myotubes cultured in
the absence of TNF� (P � 0.0009; Table 1; Fig. 1).

Table 1. Effect of prolonged (48-h) TNF� treatment (10 ng/ml) on
the resting [Ca2�], and the time to peak (TTP), amplitude and the

slope of the fast decay phase of electrically evoked Ca2�

transients elicited in single skeletal C2C12 myotubes.

Control
(n � 15)

TNF�
(n � 15)

Resting Ca2� levels (�M) 0.072 � 0.011 0.047 � 0.008
Ca2� transient TTP (s) 0.281 � 0.044 0.102 � 0.004*
Ca2� transient amplitude

(�M) 0.429 � 0.057 0.197 � 0.019*
Slope of Ca2� transient

decay �0.472 � 0.120 �0.196 � 0.044*

*P � 0.05.

FIGURE 1. Representative traces of Ca2� transients elicited in similarly aged C2C12 skeletal myotubes under control conditions (no TNF�
exposure) and after a 48-h exposure to TNF� (10 ng/mL).
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The Ca2� transients elicited in myotubes exposed to
TNF� also had significantly lower time-to-peak val-
ues (P � 0.001; Table 1) and a slower Ca2� decay
phase, shown by a decrease in the mean slope of the
rapid Ca2� decay phase of the Ca2� transients (P �
0.044; Table 1) (Fig. 1). TNF� exposure had no
significant effect on the basal (resting) Ca2� levels
measured in the C2C12 myotubes before electrical
stimulation.

Acute exposure to TNF� had little effect on Ca2�

homeostasis in the C2C12 myotubes. In five myo-
tubes, Ca2� transients were measured both before
and after 20 min of exposure to TNF� (10 ng/mL).
No significant difference in the basal [Ca2�] level or
the peak, time to peak, or time to half relaxation of
electrically evoked Ca2� transients was found after
TNF� exposure.

DISCUSSION

The results of this study indicate that prolonged
exposure to the inflammatory cytokine TNF� can
significantly alter intracellular Ca2� signaling in skel-
etal muscle cells. This effect of TNF� on Ca2� sig-
naling, along with the reported effects of TNF� on
the function of the myofilaments, could be playing
an important role in the loss of skeletal muscle con-
tractile strength observed in diseases such as heart
failure, where circulating TNF� levels rise dramati-
cally. Similar effects could be expected in vivo, as the
TNF� concentration used in this study of 10 ng/ml
is only slightly above values reported for circulating
serum TNF� of 3 and 6 ng/ml.12,16

It is unlikely that TNF� exposure damaged the
myotubes, as the TNF�-treated myotubes readily pro-
duced multiple Ca2� transients at 0.1 Hz stimulation
over a period of minutes and the resting Ca2� levels
of the TNF�-treated myotubes were similar to con-
trols and to levels reported previously in myotubes.2,3

The decreased rate of Ca2� decay in the TNF�-
treated cells suggests that sarcoplasmic reticulum
(SR) Ca2� pump function has been compromised.
This is consistent with the effects of TNF� on cardi-
omyocytes, where TNF� exposure was reported to
inhibit the SR Ca2� pump activity.6 Decreased SR
Ca2� pump activity could also explain the decreased
peak of the Ca2� transients after TNF� exposure, as
it should result in less Ca2� accumulation and less
Ca2� available for release.
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CASE OF THE MONTH ABSTRACT: Nemaline myopathy is a rare disorder of varying severity and
genetic etiology. We present two cases, a father and son, with a novel
missense mutation in the alpha actin gene. Both have a history of early
motor impairment, with the son’s course being considerably more severe.
This pair illustrates the clinical variability of nemaline myopathy, highlighting
the possible influence of environmental and epigenetic factors. Implications
for the current classification system and prognosis are discussed.
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Nemaline myopathy is a rare congenital myopathy
with several identified genetic etiologies.1,6,7,9,10 The
clinical course has been noted to be variable, and no
clear genotypic/phenotypic relationship has yet
been identified. Intra-familial variability has been
previously described in this disorder.9,11 We present
two cases, a father and son, with a novel mutation in
the alpha actin gene but variable clinical course.
Their cases exemplify the difficulty in prognostica-
tion based on early clinical features and the possible
role of epigenetic factors in the clinical course of
patients with this disease.

CASE HISTORY

Case 1. The patient was a 7 lb 2 oz full-term male
born via spontaneous vaginal delivery without com-
plications. He was the first child born to a gravida-1,
para 0-1 mother and unrelated father. Family history
was significant for mild left-sided weakness described
as cerebral palsy in his mother, and a history of
muscle weakness and hypotonia from birth in his

father but no other paternal relatives (see case 2
below). Shortly after birth, he was noted to have
difficulty with breast-feeding and poor weight gain.
He was referred for evaluation at 5 weeks of age for
failure to thrive and hypotonia. Physical examina-
tion showed normal head circumference and length,
but weight at less than the 5th percentile, slightly
tented upper lip and small jaw, normal cranial nerve
findings, mild axial hypotonia, and reduced strength
in all extremities (on the Medical Research Council
Score, grade 4 proximally and 4� distally). Tendon
reflexes were normal at the biceps, depressed at the
patellar tendons, and absent at the Achilles’ ten-
dons; extensor responses were obtained bilaterally
on plantar stimulation.

Normal laboratory evaluations included urine or-
ganic acids, serum amino acids, and serum lactate,
pyruvate, and creatine kinase. He had negative de-
oxyribonucleic acid (DNA) studies for myotonic dys-
trophy, spinal muscular atrophy, and Prader–Willi
syndrome (normal methylation pattern). A video
fluoroscopic swallowing study showed oral phase in-
efficiency, swallow reflex delay, and inadequate air-
way protection with thin liquids resulting in frank
aspiration. He was discharged home on high-calorie
nasogastric feedings.

The patient was readmitted at 6 months of age
for apparent aspiration pneumonia requiring me-
chanical ventilation. He was extubated after several

Abbreviations: ACTA1, alpha actin gene; DNA, deoxyribonucleic acid
Key words: actin; alpha actin gene; congenital myopathy; nemaline myop-
athy; phenotypic variability
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days but then required re-intubation after a second
episode of aspiration. He underwent a Nissen fun-
doplication for moderately severe gastroesophageal
reflux and gastrostomy tube placement, at which
time a vastus lateralis muscle biopsy was also ob-
tained. Muscle biopsy was pursued at this time be-
cause of the lack of a clear diagnosis in what ap-
peared to be a potentially inherited muscle disorder.
Postoperatively, he had difficulty in weaning from
the ventilator and subsequently required placement
of a tracheostomy. The child was eventually dis-
charged and was able gradually to be weaned off all
ventilatory support by the age of 12 months. At the
age of 18 months, his tracheostomy was decannu-
lated; although he was admitted 3 weeks later for
pneumonia and required intubation, he did not re-
quire ventilatory support within 2 weeks of admis-
sion. A video fluoroscopic swallowing study showed
continued difficulties with thin liquids requiring
continued non-oral feeding.

Developmentally, at 6 months of age, he was
trying to sit, and he could reach for objects and
transfer them across the midline. He was reported to
be tracking well, had a social smile, laughed, and
cooed. His hearing and vision were normal. He
rolled over at 14 months of age. At 18 months of age,
he was pulling to a standing from a seated position
on a stool and was cruising on furniture. He could
scoot independently and stand with minimal sup-

port. Fine motor skills were notable for ability to
manipulate small wooden pegs, hold a spoon, and
remove his socks. Language skills were advanced,
with ability to sign over 60 words and put two signs
together to make sentences. He had vocalizations in
spite of his tracheostomy. He took his first indepen-
dent steps at 25 months of age. At his latest evalua-
tion at 30 months of age, his swallowing function and
oromotor strength had improved such that he no
longer required gastrostomy feedings. He had nor-
mal fine motor skills and was advancing in language
acquisition, with the ability to put three- and four-
word phrases together.

Hematoxylin and eosin staining of the muscle
biopsy revealed small round cells with moderate vari-
ation in fiber size and only rare central nuclei. Most
fibers, in both paraffin-embedded and frozen sec-
tions, contained eccentric eosinophilic globules,
concentrated at the periphery. With trichrome stain-
ing, the globules appeared as red-purple granules,
characteristic of nemaline rods (Fig. 1A). Adenosine
triphosphatase stain demonstrated type 1 fiber pre-
dominance without fiber hypertrophy. The nema-
line rods, present in both type 1 and type 2 fibers,
stained weakly with periodic acid–Schiff and adeno-
sine triphosphatase stains, but were not evident with
nicotinamide adenine dinucleotide, succinic dehy-
drogenase, or cytochrome oxidase stains. Toluidine
blue–stained semi-thin sections of the glutaralde-

FIGURE 1. Case 1. (A) Muscle biopsy with trichrome stain. The majority of muscle fibers contain large aggregates of coarsely granular
darkly staining material. (B) By transmission electron microscopy (EM), these granules appear as electron-dense sharply circumscribed
bodies that extend the length of a sarcomere. (C) At higher EM magnification, thin filaments extend from the ends of the nemaline bodies
(asterisks).
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hyde-fixed muscle contained numerous deep blue
cytoplasmic granules. On electron microscopy, no
intranuclear rods were identified. The normal sarco-
meric structure was focally disrupted by large collec-
tions of electron dense material, which in some fi-
bers replaced the entire length of the sarcomere and
represented nemaline rods (Fig. 1B). Mitochondria
were noted to be present in normal numbers and
showed normal morphology throughout the sample
(Fig. 1C).

Case 2. The father of the child (case 1) is currently
38 years old. As an infant, he had been diagnosed
with failure to thrive secondary to feeding difficul-
ties, and his mother used a syringe to feed him in
early infancy. His acquisition of motor milestones
was thought to be delayed and, specifically, he did
not begin walking until 18 months of age. Since early
childhood, he had experienced chronic nonprogres-
sive weakness, more marked proximally than distally.
Presently, he has difficulty in holding heavy objects,
fatigues with mild to moderate exertion, and has
difficulty in squatting down and rising from this
position. Cognitive function remains normal and he
completed graduate school without difficulty. At the
age of 34 years, prior to having children, he under-
went a biopsy taken from his gastrocnemius for di-
agnostic purposes and to provide information about
likelihood of recurrence in his progeny. This study
revealed a striking (95%) predominance of type 1

fibers, with occasional small atrophic fibers, and no
other structural abnormalities by light or electron
microscopy. His parents and five adult siblings (four
of whom have children) are all healthy, with no
evidence of weakness or motor delay. There is no
reported consanguinity.

Given the findings of nemaline myopathy in the
son’s muscle sample and a history in the father
suggestive of myopathy, the father’s biopsy was reex-
amined. Some, but not all, of the Richardson-stained
semithin sections of the glutaraldehyde-fixed muscle
contained scattered deep blue granules suggestive of
nemaline (Fig. 2A). By transmission electron micros-
copy, these granules proved to be nemaline bodies,
disrupting the myofilaments (Fig. 2B).

Mutational Analysis. DNA was extracted from the
peripheral blood from the child and both parents
for mutational analysis of genes associated with
nemaline myopathy. Direct sequencing of the skele-
tal muscle alpha actin gene (ACTA1) showed a TTC-
TGC (Phe375Cys) heterozygous missense mutation
in DNA from both father and son. Although this
missense mutation has not been previously identi-
fied in patients with nemaline myopathy, it was felt to
be the cause of the disease in these two individuals,
as the mutation was not found in over 200 sequenced
nondisease chromosomes. A DNA sample from the
mother did not reveal any changes in this gene.

FIGURE 2. Case 2. (A) Muscle biopsy with Richardson-stained semithin sections of the glutaraldehyde-fixed muscle includes an
occasional fiber with small darkly staining granules suggestive of nemaline bodies (arrowheads). (B) By transmission electron micros-
copy, these granules prove to be characteristic nemaline bodies focally disrupting the normal sarcomeres.
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DISCUSSION

Nemaline myopathy is a rare disorder with an esti-
mated incidence of 1 per 50,000 live births that is
characterized clinically by nonprogressive weakness,
hypotonia, and depressed tendon reflexes.8,14 Weak-
ness is typically most prominent in the bulbar, neck
flexor, and proximal limb musculature. The extra-
ocular musculature is usually spared. Congenital
forms often present with an elongated and expres-
sionless face, with a tent-shaped mouth, high-arched
palate, and retrognathia. A history of gross motor
delay is common. The majority of patients are cog-
nitively normal.14

Six forms of nemaline myopathy have been char-
acterized clinically based on severity and onset.15

These include severe congenital, intermediate con-
genital, typical congenital, childhood-onset, adult-
onset, and Amish subtypes. In reference to our two
cases, the pertinent subtypes are the intermediate
and the typical congenital. The key clinical feature
that places case 1 into the more severe of two sub-
types is the loss of independent respiration, an in-
clusion criterion for the intermediate congenital
subtype. Other inclusion criteria for this group in-
clude failure to sit or walk independently, the use of
a wheelchair before 11 years of age, and the devel-
opment of contractures in early childhood. Notably,
the clinical course of case 1 does not meet the cri-
teria of the severe congenital subtype, which typically
involves an absence of spontaneous respirations and
movements at birth as well as contractures and bony
fracture noted at birth. Case 2 is distinguished from
the childhood-onset subtype by the onset of symp-
toms (infancy rather than childhood) and the pres-
ence of facial weakness, which is not seen in the
childhood-onset form. In contrast, case 2 fits best in
the typical congenital subtype characterized by non-
progressive motor delays and weakness from infancy.

Our two related patients varied considerably
both in clinical course and pathologic findings. The
typical findings reported on muscle biopsy in nema-
line myopathy include nemaline bodies or rods in
the sarcoplasm of skeletal muscle fibers, typically
prominent on Gomori trichrome stain and rarely
visible on hemotoxylin and eosin staining. In case 1,
these bodies were quite apparent with hemotoxylin
and eosin staining. In case 2, repeat electron micro-
scopic examination of the epoxy resin tissue block
confirmed the diagnosis with the identification of
scant nemaline rods that were clearly not as preva-
lent as in his son’s biopsy. The proportion of fibers
containing rods, however, is known to vary from
patient to patient and from muscle to muscle.2 It has

also been shown that clinical severity does not cor-
relate with the concentration of the rods even
among members of the same family.4,11,16 Although
previous reports have documented instances in
which rods were not identified in the first muscle
biopsy due to sampling error,16 our cases exemplify
the importance of repeat biopsy (or more careful
reevaluation of an initial biopsy) in cases of apparent
congenital myopathy, given the potential genetic im-
plications.

The various forms of nemaline myopathy repre-
sent a genetically heterogeneous group including
both autosomal-dominant and autosomal-recessive
forms. The five causative genes identified to date all
encode components of the sarcomeric thin fila-
ments.5,6,9,10,17 Few correlations between specific mu-
tations or mode of inheritance and clinical course
have been shown. Considerable intrafamilial varia-
tion has been demonstrated.9,12 Mutations in the
gene coding for alpha actin in muscle (ACTA1), the
causative gene in our family, may account for as
many as 15%–22% of all cases.4,12 Most cases are
thought to result from spontaneous mutations, but
both autosomal-recessive and autosomal-dominant
transmission has been reported.4,9,12 Missense muta-
tions in both the recessive and dominant forms have
been found in amino acids that are highly conserved
and distributed throughout the six coding exons.9,13

Mutations in the ACTA1 gene cause dysfunction ei-
ther by altering the conformation of the �-actin
molecule leading to instability or altered function of
the protein, or by directly affecting known binding
sites that interact with other proteins including F-
actin.9,13

In our family, the missense mutation (Phe375Cys,
TTC-TGC) in the ACTA1 gene is believed to be caus-
ative and most likely arose de novo in the father, as his
parents and siblings were not affected, and he passed it
to his son in an autosomal-dominant fashion. This is
the terminal amino acid in the protein and, although
no mutations have been previously identified in this
residue, the nonconservative change suggests that it
has a significant impact on protein function.

Variability in clinical severity with ACTA1 muta-
tions within the same kindred, as seen in our family,
has been reported previously.4,9 Yet the varied sever-
ity in our two cases early in the course of the disease,
when prognostication is a key issue, illustrates the
limitations of current classification schema based on
clinical features. Based on the father’s clinical his-
tory, he would be classified as having a mild or
typical congenital form of nemaline myopathy be-
cause of his age of onset, delayed acquisition of
motor milestones, and nonprogressive course. His
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son, by contrast, would be classified as having an
intermediate congenital form of the disease, given
his need for mechanical ventilatory support. The
available prognostic data suggest that these forms
differ in survival probability.12 Specific clinical find-
ings associated with early mortality include severe
neonatal hypotonia,3 neonatal mechanical ventila-
tion, arthrogryposis, and failure of independent am-
bulation before 18 months.12 A negative correlation
has also been noted between the need for mechan-
ical ventilation during the first year and eventual
ambulation.

12

Our case 2 began walking at 18 months
and has clearly done well. Although his son’s prog-
nosis was initially guarded, he did develop indepen-
dent ambulation, albeit after 18 months of age, and
has continued to improve with regard to strength
and motor development. Without knowledge of his
father’s course, the predictions for his outcome
might have been more dire.

The phenotypic variability between patients with
different mutations in the ACTA1 gene may be due,
in part, to the site of the mutation and the nature of
the amino acid change leading to a differential effect
on function of the protein.9 However, clinical vari-
ability in patients with the same mutation suggests
that other modifying factors also affect phenotypic
expression, and may include variability in clinical
care, development of medical complications, envi-
ronmental factors, and other modifying genes such
as those involved in muscle function or integrity. In
our family, it is likely that such modifying genetic
factors and possibly complications from gastroeso-
phogeal reflux and respiratory infections contracted
during a vulnerable period contributed to respira-
tory distress and the need for tracheostomy in case 1,
as compared to the milder clinical course of his
father (case 2). As knowledge about the different
genetic etiologies of nemaline myopathy and the
epigenetic factors that influence the phenotype in
congenital myopathies increases, the current clinical
subclasses may be revised to incorporate genetic in-
fluences and provide better information regarding
prognosis in these disorders.

We thank the family for their participation, and Hayley Durling
for technical assistance with mutation detection. Nigel Laing is
supported by Australian National Health and Medical Research
Council Fellowship grant 139170.
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CASE OF THE MONTH ABSTRACT: Myotonic dystrophy type 2 (DM2) is a multisystem degener-
ative disorder with distinctive clinical and electrophysiological features. Re-
cently, genetic confirmation has become available with the identification of
the molecular defect, an expansion of a CCTG repeat located in intron 1 of
the zinc finger protein 9 (ZNF9) gene. We present two first-degree relatives
with an athletic clinical phenotype, pathological evidence of subsarcolemmal
vacuolation, and molecular genetic confirmation of DM2. When found in the
proper clinical context, athleticism and pathological subsarcolemmal vacu-
oles should not dissuade the clinician from the possible diagnosis of DM2.
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The myotonic dystrophies are a clinically heteroge-
neous and expanding group of diseases with two
known genetic subtypes: myotonic dystrophy type I
(DM1) and type 2 (DM2), previously known as prox-
imal myotonic myopathy (PROMM). Clinically, the
myotonic dystrophies are characterized by myotonia,
a progressive myopathy, the presence of subcapsular
cataracts, typical muscle histopathology, and other
systemic features such as hypogonadism, insulin re-
sistance, and hypogammaglobulinemia. They also
share an autosomal-dominant pattern of inheri-
tance. However, clinical features such as absence of
a congenital DM2 subtype, possibly milder cognitive
impairment, less hypersomnia, less muscle atrophy,
and more pronounced muscle pain in DM2 patients
provide some differentiating clinical features from
the DM1 subtype.

Another differentiating feature between DM1
and DM2 subtypes is the histopathological find-
ings. In contrast to DM1, muscle histopathology in

DM2 demonstrates type 2 fiber atrophy without
type 1 fiber atrophy.18 In addition to myopathic
features, changes suggestive of denervation such
as atrophic type 2 fibers and pyknotic nuclear
clumping can be identified in DM2.14 A patholog-
ical feature not associated with DM1, and only
rarely identified in DM2 patients, is the presence
of vacuolation. In a large series of DM2 muscle
biopsy specimens, occasional cases were identified
containing round and single-rimmed vacuoles.14

These were also identified in another family with a
myotonic myopathy associated with frontotempo-
ral dementia without DM1 or DM2 genotypes,9

now associated with mutations of valosin.5 Inter-
estingly, not all of the proposed DM2 patients
reported by Schoser et al.14 were fully character-
ized with confirmatory genetic testing for the DM2
mutation. However, the presence of vacuolization
within a myotonic myopathy is not typically
associated with a heritable form of myotonic dys-
trophy.

We describe a family of Polish extraction with
DM2 and unusual clinical, electrophysiological, and
muscle biopsy features.

CASE REPORTS

Patient 1. A 36-year-old man, of Polish origin, pre-
sented to our clinic in 2003 with the symptom of

Abbreviations: EMG, electromyography; MRC, Medical Research Council;
DM1 or 2, myotonic dystrophy type 1 or 2; PAS, periodic acid–Schiff; PCR,
polymerase chain reaction; PROMM, proximal myotonic myopathy; QP-PCR,
quadruple repeat-primed polymerase chain reaction
Key words: hereditary myopathy; muscle pathology; myotonia; myotonic
dystrophy type II; vacuoles
Correspondence to: C. Toth; e-mail: corytoth@shaw.ca

© 2006 Wiley Periodicals, Inc.
Published online 26 October 2006 in Wiley InterScience (www.interscience.
wiley.com). DOI 10.1002/mus.20685
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“freezing muscles.” He had been a competitive,
world-class speed skater. At age 21, he began to
notice difficulties in initiating his leg kick at the start
of a speed skating sprint, described as a “freezing” of
his muscles. This sensation also occurred when pre-
paring to run up a flight of stairs, and could also be
associated with an awareness of muscle spasm within
the upper legs. This “muscle-freezing” sensation
would last for up to 2 s, following which he could
continue the motor activity without further diffi-
culty. Over the past 15 years, this symptom demon-
strated mild progression, but it did not vary with
temperature, exercise, stress, alcohol, or food intake.

He denied any change in muscle strength or
bulk. He had never had myoglobinuria. Speech and
swallowing were normal. After periods of mountain
climbing, he noted muscle fatigue that was seem-
ingly out of keeping with his colleagues’ symptoms.
His past medical history was otherwise unremark-
able. He took no medications, drank very little alco-
hol in his teenage years, and did not smoke or use
illicit drugs. His family history revealed that some
family members in Poland had experienced similar
difficulties, and some individuals had also experi-
enced proximal weakness. The myopathy followed
an autosomal-dominant pattern (Fig. 1). He has a
son and daughter who are symptom-free. His
mother, who lived in Canada, was also seen in our
clinic (see later).

On examination, cognitive function and cra-
nial nerves were intact. In the limbs, his quadri-
ceps and periscapular muscle bulk appeared
slightly reduced. There was no clinical myotonia.
There was no strength deficit, even in the finger
flexor groups. The remainder of the neurological
examination was unremarkable. Laboratory stud-
ies demonstrated a normal erythrocyte sedimenta-
tion rate and blood counts, and normal calcium,
magnesium, phosphate, parathyroid hormone,
urea, creatinine, glucose, electrolytes, thyroid-

stimulating hormone, vitamin B12, and lactate de-
hydrogenase levels. An antinuclear antibody test
and serum protein electrophoresis were both neg-
ative. Serum creatine kinase levels varied between
190 and 620 U/L (normal, �200) without positive
correlation with levels of physical activity. Electro-
myography (EMG) demonstrated myotonic dis-
charges, as well as occasional positive sharp waves
in a number of regions within the right deltoid,
supraspinatus, and triceps. In these same muscles,
motor unit potentials were mildly reduced in am-
plitude and duration, with polyserrated morphol-
ogy, whereas recruitment and firing rate were un-
remarkable. His left vastus lateralis muscle was
biopsied. Genetic testing for the CTG expansion
mutation in the DMPK gene responsible for DM1
was negative.

Patient 2. The mother of patient 1 was evaluated at
age 51 years in 1991. She had been a championship
gymnast in her earlier years. She had experienced
progressive weakness for the previous 4 years. Weak-
ness was first noted as difficulty in rising from a low
chair. She also noted difficulty in walking up stairs
and in her ability to get out of bed, and reported
unexpected falls. She denied any episodes of “mus-
cle freezing.” She had no other muscle symptoms
and denied ever having had myoglobinuria.

Her examination revealed mild neck flexor and
extensor weakness, graded as 4 on the Medical Re-
search Council (MRC) scale, moderate shoulder-
girdle weakness (MRC 4�), and mild distal arm and
hand weakness (MRC 4 or 4�). Mild shoulder-girdle
muscle atrophy was noted. Examination of the lower
extremities revealed mild hip-girdle weakness, but
normal distal leg strength. Neurological examina-
tion was otherwise normal. Serum creatine kinase
levels were normal. Electrocardiogram demon-
strated a left bundle branch block and a thallium

FIGURE 1. Family tree of our patients’ family, including those in Poland (1, patient 1; 2, patient 2).
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cardiac scan demonstrated impaired cardiac output
consistent with ischemic heart disease.

Nerve conduction studies were normal. EMG
demonstrated some high-amplitude, long-duration,
polyphasic potentials within the right first dorsal
interosseous muscle in association with a mild reduc-
tion in recruitment and interference pattern. EMG
of proximal shoulder-girdle muscles demonstrated
frequent small-amplitude, short-duration, polyphasic
motor unit potentials. EMG of the paraspinal mus-
cles revealed occasional polyphasic normal-ampli-
tude motor unit potentials. No myotonia was ob-
served. Her left deltoid muscle was biopsied.

Histopathological Studies. Portions of each patient’s
muscle biopsy were allocated to several different
modalities; 6-�m cryostat sections for enzyme histo-
chemistry were prepared by “quench” freezing in
gum tragacanth using liquid nitrogen and isopen-
tane. Formalin-fixed and paraffin-embedded mate-
rial was sectioned at 4 �m. Portions of fresh muscle
were snap-frozen in liquid nitrogen and stored at
�70°C. Muscle examined using transmission elec-
tron microscopy was initially fixed in 2.5% glutaral-
dehyde, then postfixed in osmium tetroxide. After
epoxy resin embedding, 1-�m-thick toluidine blue–
stained sections were prepared for light microscopy.
Ultrathin sections from paraffin-embedded blocks
were stained with uranyl acetate and lead citrate.

Table 1 lists the light microscopic findings noted
in the biopsy specimens. Clear subsarcolemmal vacu-
oles were identified in both patients, with more nu-
merous and larger vacuoles found in patient 2. The
largest vacuoles measured 25 �m in diameter and
were negative for glycogen or lipid on cryostat sec-
tioning [periodic acid–Schiff (PAS) and oil red O
stains, respectively; Fig. 2], and were negative for
acid phosphatase as well. Sarcoplasmic reticulum

Ca2� ATPase (SERCA) protein could not be assayed.
Although inspection of light-microscopy sections
suggested that vacuoles were membrane bound, this
was not definite. In addition, smaller, more deeply
situated sarcoplasmic clear vacuoles were identified
using electron microscopy. Although patient 2 had
weakness on examination, her muscle biopsy re-
vealed fewer changes of myopathy than with patient
1. Fiber type preponderance (�90%) was of type II
fibers in the vastus lateralis muscle of patient 1 (nor-
mally expected to have 66% of fibers as type II), and
of type I fibers in the deltoid muscle of patient 2
(normally expected to have 66% of fibers as type I).

Electron microscopy revealed vacuoles within
muscle of both patients, greatest in patient 2 (Fig.
3C–E). In addition to the large subsarcolemmal
vacuoles identified with light microscopy, electron
microscopy also identified smaller clear vacuoles
both subsarcolemmally as well as deep within the
sarcoplasm (Fig. 3B–E). These vacuoles were not
membrane bound when examined with electron mi-
croscopy, and were outside the myofibrils; appear-
ances were consistent with an origin from either
dilated sarcoplasmic reticulum or portions of the
T-tubule system. Cleft muscle-fiber nuclei were seen
in both patients. Consistent with the light micro-
scopic findings, angulated atrophic fibers and py-
knotic nuclear clumps were identified in patient 1
(Fig. 3A). No definitive sarcoplasmic masses were
identified.

Molecular Genetics. A blood specimen from patient
1 was used to extract DNA for mutation analysis at the
DM2 locus. Polymerase chain reaction (PCR) amplifi-
cation using primers flanking the ZNF9 CCTG repeat
region followed by capillary electrophoresis detected a
single normal allele. Further testing by Southern blot
analysis using the restriction enzyme EcoR I and a
PCR-generated probe complementary to ZNF9 intron
1 revealed the presence of a large expanded allele of
�8 kb, confirming a diagnosis of DM2.

To provide molecular confirmation in patient 2,
DNA was extracted from an aliquot of the 1991
muscle biopsy that had been stored at �70°C. Test-
ing could not proceed by Southern blot analysis due
to insufficient quantity and quality of the DNA. How-
ever, PCR amplification was successful (PCR condi-
tions and primers available upon request). Amplifi-
cation using primers flanking the CCTG repeat
detected a single normal allele. Quadruple repeat-
primed PCR (QP-PCR) using one flanking primer
and a primer complementary to the CCTG repeat
detected an expanded allele, consistent with a clini-
cal diagnosis of DM2. QP-PCR was performed on the

Table 1. Muscle biopsy results.

Feature Patient 1 Patient 2

Fiber diameters (�m) 5–150 10–100
Internal nuclei 3� 1�
Atrophic, angulated fibers 2� 0
Atrophic fibers 2� 0
Muscle-fiber splitting 3� 1�
Fiber type preponderance

(�90%)
II I

Oxidative enzyme histochemistry Central attenuation of
reaction product

Normal

Subsarcolemmal vacuoles 1� 2�

Legend for quantitative assessment values: 3�, severe; 2�, moderate; 1�,
mild; and 0, none.
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son’s DNA and an expanded allele was also detected
in agreement with the Southern blot results.

DISCUSSION

These two first-degree relatives with genetically con-
firmed DM2 demonstrate a combination of unique
and often contrasting clinical, electrophysiological,
and pathological features. First, these patients were
both world-class athletes who participated competi-
tively in speed-skating and gymnastics, respectively. Sec-
ond, patient 1 presented with symptoms of muscle
stiffness beginning in his early 20s, whereas patient 2
presented with progressive weakness without myotonia
in her late 40s. Third, the EMG findings varied, show-
ing myotonia in patient 1 but not in patient 2 despite

the sampling of four muscles, although electrical myo-
tonia is demonstrated in 90% of genetically confirmed
DM2 patients.4 Fourth, patient 1 showed more chronic
myopathic changes in his muscle biopsy than patient 2,
even though the latter was more clinically affected.
Finally, patient 1 showed only very limited vacuoliza-
tion, whereas the vacuolization in patient 2 was highly
pronounced, perhaps suggesting an age-related phe-
nomenon. The presence of such PAS (glycogen)- and
lipid-negative subsarcolemmal vacuoles is not antici-
pated in cases of DM2, and may be an underrecog-
nized phenomenon.

The presence of subsarcolemmal vacuoles in
muscle from DM2 patients appears to be uncommon
and its relevance is uncertain. Subsarcolemmal vacu-

FIGURE 2. Muscle biopsy from patient 1 stained with hematoxylin and eosin, demonstrating variation in fiber size, internal nuclei
(arrowheads), atrophic angulated fibers, and pyknotic nuclear clumps (arrows) (A, �200) and showing preponderance of type II (dark)
fibers using ATPase 9.4 stain (B, �100). In patient 2, muscle fibers with multiple tiny vacuoles throughout the fiber were seen frequently
using hematoxylin and eosin staining (arrowhead) (C, �400). Another region the muscle biopsy in patient 2 demonstrated large
subsarcolemmal vacuoles (arrowheads) using modified trichrome staining (D, �400). Oil red O staining failed to identify any significant
lipid content within subsarcolemmal spaces (E, �400).
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oles have been identified previously in metabolic
myopathies such as McArdle’s disease,19 acid maltase
deficiency1 debrancher deficiency (glycogenosis type
3),7 and Tarui’s disease (6-phosphofructokinase de-
ficiency).15 Other myopathies may present with auto-
phagic vacuoles (amphiphilic drug-induced vacuolar
myopathies,3,8,13 hypokalemic periodic paralysis,16 and
X-linked myopathy with excessive autophagy6) or
rimmed vacuoles (inclusion-body myositis,2 oculopha-
ryngeal muscular dystrophy,17 distal myopathy with
rimmed vacuoles and hereditary inclusion-body myosi-
tis,12,17 fascioscapulohumeral muscular dystrophy,11

and forms of limb-girdle muscular dystrophies10).
Within the myotonic dystrophies, the authors are

unaware of any evidence for the presence of patho-
logical vacuoles within muscle biopsy specimens of
DM1 patients. The presence of vacuoles within mus-
cle fibers has been reported in DM2 patients, but
without characterization and possibly without ge-
netic confirmation in some cases. In one pathologi-
cal series of 57 patients suspected to have DM2, with

genetic confirmation in some cases, round and sin-
gle-rimmed vacuoles were identified in less than 10%
of muscle biopsy specimens.14 Another syndrome of
proximal myotonic myopathy without the DM2 mu-
tation, but associated with severe frontotemporal de-
mentia and cataracts, was also demonstrated to have
rimmed vacuoles on muscle biopsy.9 As further ge-
netic testing for the myotonic dystrophies becomes
available, along with characterization of additional
forms of myotonic dystrophy, other instances of in-
tramuscular vacuoles may be encountered.

In conclusion, the findings in these two patients
emphasize the protean manifestations of patients
with type 2 myotonic dystrophy and the marked
variability of the clinical, electrophysiological, and
pathological phenotypes that can be seen within the
same family. The availability of molecular genetic
testing has permitted the further understanding and
recognition of such disorders, which do not present
with expected clinical, electrophysiological, and
pathological phenotypes.

FIGURE 3. Electron microscopy, patient 1 (A,B) and patient 2 (C–E). A pyknotic nuclear clump in the muscle biopsy from patient 1 is
visible (A, �2,500). Nonmembrane-bound and essentially empty vacuoles located both deep within the sarcoplasm (B, �3,500) and
subsarcolemmally (C, �3,500; D, �15,000; E, �20,000). At higher power, the appearance of these vacuoles, located outside myofibrils,
might be consistent with an origin from either dilated sarcoplasmic reticulum or a portion of the T-tubule system.
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BOOK REVIEW

Pediatric Neurology, Principles & Practice, 4th Edition
edited by K. Swaiman, S. Ashwal, and D. Ferriero, 2407 pp.,
ill., Philadelphia, Elsevier, 2006, $399.00

Several clinical texts of child neurology are currently avail-
able, but the new fourth edition of this well-respected
book has established itself as the standard of reference.
The burgeoning of information regarding neuroscience,
molecular biology, and neurodiagnostic techniques was
reflected by the increased size of the book. The current
edition continues the two-volume, large-format presenta-
tion, albeit now with 95 chapters and 2407 pages.

The first volume considers general aspects of the neu-
rologic evaluation and development of the pre-term and
term infant through childhood. The assessment of cranial
nerves and the motor and sensory systems are considered
comprehensively and with clarity in a developmental
frame of reference. Neonatal neurology is well presented
in the section devoted to perinatally acquired and congen-
ital neurologic disorders and to the long-term sequelae
that may result in developmental delay, mental retarda-
tion, learning disabilities, convulsive disorders, and the
static encephalopathies.

The section on genetics, neurometabolic abnormali-
ties, and the neurocutaneous and allied disorders provides
an outstanding discussion of chromosomes and their po-
tential abnormalities. The remaining chapters of this sec-
tion consider the vast array of neurometabolic abnormal-
ities, many of which have only recently been described.
The neurocutaneous and related disorders are well illus-
trated in the text and are presented with particular refer-
ence to currently recognized pathogenetic factors of the
disorders. The editors have included a valuable section on
neurobehavioral disorders for the neurologist and pedia-
trician, as well as for those in the general practice of
medicine.

Two important sections of the text consider the parox-
ysmal disorders, namely, epilepsy and such non-epileptic
events as recurrent headache, breath-holding spells, syn-
cope, and abnormalities of sleep. The sections are lengthy,
describing in depth the wide variety of disorders included
in these two categories. Numerous graphs and tables are
very helpful to the reader, particularly those related to
medications used for therapeutic purposes. One chapter is
devoted to the ketogenic diet and another to the evalua-
tion of patients who are considered candidates for epilepsy

surgery. The section regarding pediatric neurophysiologic
evaluation is particularly well done; coverage is compre-
hensive, with accompanying illustrations and graphs that
add a great deal to the understanding of the subject
matter.

Cerebellar function and hereditary ataxias, and disor-
ders of movement in childhood, are lucidly presented with
appropriate tables that describe selected causes and their
treatment. The editors have included an important and
thoughtfully considered section regarding cerebral degen-
erative disorders with one chapter devoted primarily to
disorders of gray matter and another to those of white
matter. The two chapters include the historical basis of the
initial clinical descriptions of the diseases, the currently
recognized main clinical features of the diseases, the ge-
netics and known pathogenesis, as well as the methods
available for diagnosis and treatment. Additional sections
consider brain and spinal cord injuries, abnormalities of
consciousness, increased intracranial pressure, and deter-
mination of brain death in infants and children. Infection
of the nervous system, brain and spinal tumors, and vas-
cular disorders of the nervous system are also well pre-
sented.

The section on neuromuscular disorders is extensive
and includes detailed discussions of normal and abnormal
structure and function of muscle. The section also in-
cludes chapters that discuss in depth and with clarity dis-
eases of the anterior horn cells, cranial motor nerves,
peripheral neuropathies, disorders of the neuromuscular
junction, muscular dystrophies, congenital and inflamma-
tory myopathies, and the metabolic myopathies. Each
chapter is accompanied by well-placed illustrations and
tables that complement the text.

The two volumes have, indeed, established their role as
the standard reference text for child neurology. The con-
tents are complete, the prose is consistent, and there is a
profusion of well-placed clinical illustrations as well as
graphs and tables. The book is a costly investment, but it
would appear to this reviewer that such an investment is
required for all those who care for children.

Bruce O. Berg, MD

© 2006 Wiley Periodicals, Inc.
Published online 5 October 2006 in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mus.20677
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LETTER TO THE EDITOR

SYNAPTIC DYSFUNCTION DOES NOT
CONTRIBUTE TO MUSCLE WEAKNESS IN
INCLUSION-BODY MYOSITIS

Inclusion-body myositis (IBM) is a slowly progressive my-
opathy of unknown etiology. Previous reports have sug-
gested a neuromuscular transmission disorder in IBM,
using single-fiber electromyography (SFEMG). One study
reported an increased mean jitter of 83 �s compared with
an abnormality threshold of 60 �s in all of seven IBM
patients.3 Another study reported abnormal jitter in 7 of
12 patients,4 and a third reported increased jitter or block-
ing in 5 of 17 patients.2

Jitter by itself does not cause muscle weakness, but
impulse blocking does. In repetitive nerve stimulation
(RNS) studies, abnormality is due to blocking. We used
RNS to study whether neuromuscular junction (NMJ)
dysfunction contributed to the weakness in IBM.

Patients with IBM were recruited from a series of 86
patients living in The Netherlands on September 1,
1999, as reported elsewhere.1 Of these 86 patients, 5
patients could not be located, 6 died prior to assess-
ment, and 14 refused participation. Logistical reasons
further restricted inclusion to 42 patients, 37 of whom
had definite and 5 probable IBM.1 To compare the
selection of participating patients with the population
cohort, the medical records of all 86 patients were
reviewed for age (at onset), gender, and disease dura-
tion. All patients gave informed consent. The local eth-
ics board approved the study.

All 42 patients were tested prospectively. One inves-
tigator (U.B.) assessed muscle strength according to the
Medical Research Council (MRC) scale.5 RNS of the
ulnar nerve was performed with self-adhesive recording
electrodes of 28 mm � 22 mm over the hypothenar
muscles of the right hand. Before testing, skin temper-
ature was raised to �32°C with hot water baths. The
ulnar nerve was stimulated just proximal to the wrist at
1.5 times the lowest intensity, resulting in a supramaxi-
mal response. The hand and stimulator were immobi-
lized with tape.

RNS was performed in trains of 10 stimuli at 1, 3, 5, and
10 Hz. Test methods and the abnormality criterion of an

amplitude decrement of �10% have been described pre-
viously.6

The median age of the 42 IBM patients (31 men) was
69 years (range 50 – 83). The median disease duration
was 11 years (range 1–29). Male gender was over-repre-
sented in the investigated group compared with the
population group of 86 patients, which had a male-to-
female ratio of 2:1.

Eighteen patients (43%) had weakness of the hypothe-
nar muscles of MRC grade 4 or less. Mean initial com-
pound muscle action potential (CMAP) amplitude was
5.4 � 1.9 mV (range 2.5–9.9) and the mean initial CMAP
area (negative phase for both) was 13.7 � 5.7
mV.ms (range 4.8–26.6). No patient had an abnormal
CMAP amplitude decrement at any stimulation frequency,
nor was there any trend toward a decrease in mean ampli-
tude (Table 1).

Thus, although we performed RNS in a large group of
IBM patients, RNS never showed abnormalities, even
though the muscles examined were affected clinically. Al-
though the sensitivity of RNS for NMJ disorders is lower
than for SFEMG, its specificity is higher. It seems that
neuromuscular transmission in IBM was not essentially
affected and synaptic dysfunction did not contribute to

Table 1. CMAP changes during repetitive nerve stimulation
trains.*

Stimulus frequency

Minimum

Amplitude Area

1 HZ 99 � 3 (91–107) 98 � 3 (90–103)
3 HZ 99 � 3 (91–106) 98 � 2 (91–103)
5 HZ 100 � 4 (94–112) 98 � 3 (90–103)
10 HZ 105 � 5 (95–117) 102 � 4 (93–114)

CMAP, compound muscle action potential.
*Values for minimum amplitude or area indicate the lowest response
amplitude or area in a train of responses to 10 stimuli, expressed as
percentage of the first response. Data are presented as mean � standard
deviation (range).
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weakness in IBM. Therefore, we now believe the SFEMG
abnormalities in IBM are of no clinical relevance to the
weakness.

Umesh A. Badrising, MD
Jan J. G. M. Verschuuren, MD, PhD
Axel R. Wintzen, MD, PhD
J. Gert van Dijk, MD, PhD

Department of Neurology and Clinical Neurophysiology
Leiden University Medical Center
Leiden, The Netherlands
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