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INVITED REVIEW ABSTRACT: Sympathetic neural control of cardiovascular function is es-
sential for normal regulation of blood pressure and tissue perfusion. In the
present review we discuss sympathetic neural mechanisms in human car-
diovascular physiology and pathophysiology, with a focus on evidence from
direct recordings of sympathetic nerve activity using microneurography.
Measurements of sympathetic nerve activity to skeletal muscle have pro-
vided extensive information regarding reflex control of blood pressure and
blood flow in conditions ranging from rest to postural changes, exercise, and
mental stress in populations ranging from healthy controls to patients with
hypertension and heart failure. Measurements of skin sympathetic nerve
activity have also provided important insights into neural control, but are
often more difficult to interpret since the activity contains several types of
nerve impulses with different functions. Although most studies have focused
on group mean differences, we provide evidence that individual variability in
sympathetic nerve activity is important to the ultimate understanding of these
integrated physiological mechanisms.
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In an era when the importance of integrative systems
physiology is reemerging into the spotlight of bio-
medical science, the sympathetic nervous system can
be viewed as the ultimate integrator of systems phys-
iology in control of cardiovascular function. It is
literally impossible to consider systemic control of
the cardiovascular system without integrating the
roles and prominence of sympathetic neural mech-
anisms into any proposed scheme. Indeed, one of
the most exciting aspects of measuring sympathetic
neural activity is the ability of the investigators to see
integrative physiology “in action” every time they do
an experiment.

Our goal in the present review is to synthesize
evidence regarding the physiological and pathophys-

iological roles of sympathetic nerve activity that are
central to the understanding of integrated human
cardiovascular function. We will primarily focus on
work involving microneurographic measurements of
sympathetic nerve activity, but also on evidence from
norepinephrine spillover studies and other comple-
mentary techniques, where appropriate. For more
detailed explanation of microneurographic method-
ology, or for more in-depth discussion of studies not
covered here, the reader is referred to several other
reviews on related topics.50,117,122,201

BASIC ANATOMY AND PHYSIOLOGY OF THE
SYMPATHETIC SYSTEM

The sympathetic neural innervation of the heart
and peripheral circulation originates primarily
from the intermediolateral cell column of the spi-
nal cord. Sympathetic preganglionic neurons have
cell bodies in the thoracic and upper lumbar re-
gions. The short preganglionic fibers synapse at
paravertebral or visceral (prevertebral) ganglia.
The postsynaptic neurons have longer axons that
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pathetic nerve activity; SSNA, skin sympathetic nerve activity
Key words: blood pressure; cardiovascular; circulation; hypertension; sym-
pathetic nervous system
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extend to target organs such as heart, blood ves-
sels, and sweat glands. In humans, most vascular
sympathetic nerves cause vasoconstriction; their
primary transmitter is norepinephrine but, in ad-
dition, they release several cotransmitters (e.g.,
neuropeptide Y).

The relationship between pre- and postgangli-
onic impulse activity is complex.127 There are many
more postganglionic than preganglionic neurons; in
humans the ratio may be as high as 200:1. It is
predicted that in human paravertebral ganglia a sin-
gle preganglionic neuron may synapse with around
4,000 postganglionic neurons, and there are at least
20 preganglionic inputs converging on each post-
ganglionic cell body. Usually, however, only one (or
very few) of these inputs forms a “strong” synapse on
the postganglionic neuron, i.e., has a high safety
factor for transmission of impulses. The likelihood
of synaptic transmission due to summation of “weak”
preganglionic inputs is low, at least in paravertebral
ganglia.

For a long time it was believed that the sympa-
thetic system was undifferentiated so that the
strength of sympathetic activity varied in parallel in
nerves to different tissues. With the introduction of
microneurographic recordings of human skin and
muscle sympathetic activity, it immediately became
clear that this concept was erroneous, and today it is
generally accepted that the sympathetic system is
highly differentiated, and that each sympathetic sub-
division is governed by its own specific reflexes.

Sympathetic Innervation of Skeletal Muscles. Be-
cause the skeletal muscle circulation makes up a
large proportion of cardiac output, both at rest and
during physical activity, the neural control of this
circulation is fundamental to systemic hemodynam-
ics. Human muscle sympathetic nerve activity
(MSNA) consists only of vasoconstrictor impulses,
the outflow of which is modulated from central ner-
vous sites and from a large number of peripheral
receptor populations, the most important of which
are listed in Table 1.

Data on resting MSNA and responses to various
types of perturbations have provided substantial
mechanistic information about baroreflex control of
blood pressure, about intraindividual sympathetic
responsiveness, and about changes with aging and
disease. Recently, the study of interindividual vari-
ability in MSNA and its relationship to other aspects
of hemodynamic control has also given important
insight into blood pressure regulation and the bal-
ance of factors that keeps blood pressure normal in
spite of substantial differences among individuals.

Sympathetic Innervation of the Skin. Compared to
muscle, the sympathetic innervation of the skin in
humans is more complex, since cutaneous sympa-
thetic nerves include four different fiber types: vaso-
constrictor, vasodilator, sudomotor, and pilomotor.
The fibers are mainly involved in thermoregulation
but can also be activated from other peripheral re-
ceptor stations and the central nervous system (Ta-
ble 1). Cutaneous sympathetic vasoconstrictor
nerves are tonically active in thermoneutral environ-
ments,14 and changes in the activity of these nerves
are responsible for the minor variations in skin
blood flow that occur during normal daily activities
in the absence of significant hyperthermia. Sympa-
thetic vasodilator nerves do not exhibit resting tone,
and are only activated during increases in body core
temperature. Once activated, however, vasodilator
impulses are responsible for 80%–90% of the large
increases in skin blood flow seen in conditions of
hyperthermia. Sympathetic vasodilator fibers act via
a mechanism that involves cholinergic cotransmis-
sion,106 although acetylcholine itself is not the main
mediator, since atropine does not block active vaso-
dilation in the skin.106,112 Such observations have
brought into question whether vasodilator and sudo-
motor nerves are in fact one nerve type; this issue
remains unresolved. Sympathetic sudomotor nerves
are cholinergic, and an increase in their activity
during hyperthermia causes sweat release. Sympa-
thetic pilomotor nerves are the least well understood
and so far no recordings have been made from
human pilomotor fibers. In the second part of this
review we will discuss the challenges to interpreta-
tion of skin sympathetic nerve activity (SSNA) that

Table 1. Receptors and simple maneuvers that influence
sympathetic nerve traffic.

SSNA MSNA

Temperature receptors in
CNS and skin

Arousal and stress
Respiration
Cardiopulmonary receptors
Sleep
Pain

Arterial baroreceptors
Cardiopulmonary receptors
Systemic chemoreceptors
Intramuscular mechano- and

metaboreceptors
Respiration/apnea
Vestibular receptors
Laryngeal receptors
Stretch receptors in the

urinary bladder
Temperature receptors in

CNS and skin
Pain
Arousal and stress
Sleep

SSNA, skin sympathetic nerve activity; MSNA, muscle sympathetic nerve
activity; CNS, central nervous system.

596 Sympathetic Nerve Activity MUSCLE & NERVE November 2007



arise from the simultaneous existence of these four
sympathetic nerve types in the skin.

MEASUREMENT OF SYMPATHETIC NEURAL ACTIVITY
IN HUMANS

Microneurography. In the 1960s, Hagbarth and
Vallbo201 developed the microneurographic tech-
nique for direct measurement of action potentials in
myelinated nerve fibers of awake human subjects.
The method soon proved to be useful also for re-
cordings from unmyelinated sympathetic nerve fi-
bers.76 The technique involves the insertion of a
tungsten microelectrode with a tip of a few microns
into a suitable peripheral nerve, and for sympathetic
recordings the peroneal nerve (innervating the
lower leg) is a common choice. Most sympathetic
recordings are multifiber recordings (multiunit ac-
tivity) but impulses in single sympathetic fibers (sin-
gle unit activity) can also be monitored.117

A typical characteristic of sympathetic nerve fibers
is that they display spontaneous activity and, since ac-
tivity in neighboring fibers is usually synchronized, sym-
pathetic multiunit activity occurs as “bursts” of impulses
separated by silent periods. A typical multiunit record-
ing of muscle sympathetic nerve activity is shown in
Figure 1. To interpret such records, it is necessary to
take into account a time delay between the neurogram
and tracings of cardiovascular variables. This time delay
is brought about mainly by the slow conduction veloc-
ity of the postganglionic sympathetic impulses (see
below). The bursts occur in different temporal patterns
in skin and muscle nerve branches; responses induced
by certain maneuvers also differ. These characteristics
provide sufficient information for reliable differentia-

tion between multiunit MSNA and SSNA. Identifica-
tion of single fiber activity is more difficult, and this is
especially so for sympathetic nerve fibers innervating
the skin.

When recording from only one type of nerve
fiber (e.g., muscle vasoconstrictor fibers) the multi-
unit activity (displayed in an “integrated” neurogram
with a time constant of 0.1 s, cf. Fig. 1) provides
useful quantitative information on the average
strength of activity. In contrast, information from
multiunit activity containing more than one type of
impulses (e.g., from both muscle and skin sympa-
thetic fibers) is difficult to interpret since the action
potentials from the different fibers cannot be sepa-
rated in the neurogram.

In a constant electrode site the strength of mul-
tiunit activity is quantified by counting the number
of bursts and their areas (or amplitudes) in the
integrated neurogram (no. of bursts � average burst
area � total MSNA). An important limitation, how-
ever, is that burst area/amplitude can only be used
in an unchanged electrode site. If the electrode
moves during the recording or interindividual com-
parisons are required, only the number of bursts can
be used. Single unit recordings are analyzed in the
original neurogram and provide information about
impulse frequency and discharge characteristics in
an individual fiber, and how such characteristics vary
between fibers. Single unit discharge frequency can
be given as average frequency over a longer time or
as instantaneous frequency (i.e., frequency calcu-
lated from the interval between two succeeding
spikes). In addition, it may be useful to relate firing
to the number of cardiac intervals by calculating the
probability of firing for a unit (� % cardiac intervals
associated with spikes) and the probability of multi-
ple spikes in a cardiac interval (in % of all cardiac
intervals with spikes). Methodological details are
provided elsewhere.65,117,200,207

Measurements of Noradrenaline Spillover. In addi-
tion to microneurography, measurements of nor-
adrenaline spillover from sympathetic nerves (pio-
neered by Murray Esler and colleagues in Mel-
bourne50,53) have provided important new information
on sympathetic activity. The rationale is that each sym-
pathetic nerve impulse releases a certain amount of
noradrenaline from the nerve endings, a small fraction
of which “spills over” into the circulation. The tech-
nique allows assessment both of whole-body noradren-
aline spillover and of regional spillover from visceral
nerves that are inaccessible to microneurography. Spill-
over measurements do not provide the same time res-
olution as microneurography but give good indirect

FIGURE 1. Typical “integrated” (mean voltage) record of multiunit
muscle sympathetic nerve activity (MSNA) with simultaneous
electrocardiogram (ECG) and arterial pressure (AP) tracing from
a healthy human subject, showing bursting pattern and relation-
ship of MSNA to the cardiac cycle. Solid arrows show the rela-
tionship between a given cardiac cycle and the corresponding
burst of MSNA. Baroreflex latency (shown by the dashed arrow)
is usually calculated from the R wave associated with the systolic
pulse wave to the peak of the MSNA burst (the peak taken as the
start of inhibition).
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estimates of the average strength of sympathetic activity
over a couple of minutes.

MUSCLE SYMPATHETIC NERVE ACTIVITY

Physiology. Resting Activity. In microneurographic
multiunit recordings the amount of spontaneous
resting activity is similar in arm and leg nerves, but
there are large interindividual differences, and burst
incidence may vary from less than 5 up to close to
100 bursts per 100 heartbeats.25,58,192 In a given sub-
ject the number of bursts is reproducible over a long
time, which makes it possible to monitor long-term
changes in MSNA, both in the context of diseases
and therapeutic interventions. However, since food
intake increases resting activity,57 reliable data are
obtained only if no food intake is allowed for at least
2 h prior to the recording. Since both subjects in
pairs of homozygotic twins have similar MSNA levels,
the interindividual differences are likely to be of
genetic origin.211 At the single fiber level, resting
firing frequency is �0.4 Hz, probability of firing
�30%, and probability of multiple spikes �30%.117

A high multiunit burst incidence at rest is due to a
higher number of active sympathetic fiber; firing
frequencies are similar in subjects with high and low
burst incidence.120

When measured simultaneously, MSNA and nor-
adrenaline spillover in the heart210 or the kidney213

in subjects at rest have shown significant positive
correlations. Thus, it appears that the interindi-
vidual differences in resting sympathetic traffic are
similar in nerves to these three hemodynamically
important tissues. Similar results were obtained in
recent studies in rabbits in which muscle, cardiac,
and renal sympathetic activities were recorded simul-
taneously.100,101 This parallelism is probably a main
explanation of why the plasma concentrations of
noradrenaline in forearm venous blood correlate
with MSNA at rest: the noradrenaline concentration
reflects spillover, not only from muscle nerves but
also from nerves to other tissues that have similar
interindividual differences in sympathetic activity.

Dynamic relationship to blood pressure. The most
striking and best-known attribute of MSNA is its
close, dynamic relationship to blood pressure and its
involvement in blood pressure regulation by way of
the arterial baroreflex. Within a given individual,
short-lasting spontaneous variations in blood pres-
sure cause marked opposing changes in MSNA,
which act to reverse or “buffer” the changes in pres-
sure. It is this negative feedback mechanism that
induces the characteristic cardiac rhythmicity and
the inverse relationship between variations of pres-

sure and nerve traffic.191,201,206,207 Accordingly, if the
afferent activity from the baroreceptors is prevented
from reaching the sympathetic preganglionic neu-
rons, both these characteristics are eliminated.61,188

When studying arterial baroreflex effects on MSNA,
it is necessary to compensate for the delay (latency)
in the baroreflex arc. Usually this latency is calcu-
lated as the time from the R-wave of the electrocar-
diogram and the peak of the appropriate sympa-
thetic burst (the peak is interpreted as the start of
the sympathetic inhibition brought about by the sys-
tolic pressure wave).59,191 The details of arterial
baroreflex control of MSNA are still incompletely
understood, but there is evidence suggesting that the
mechanism controlling MSNA burst occurrence dif-
fers from that controlling burst strength.108

It is not fully clarified how and from which
baroreceptors the afferent beat-to-beat information
is conveyed to the brainstem. The pressure parame-
ter that correlates best to variations of MSNA is the
end diastolic blood pressure.191 However, since a
burst starts to occur before the end diastolic blood
pressure is reached, some other factor, closely re-
lated to end diastolic blood pressure, is likely to be
primary. Our recent finding of a systematic relation-
ship between cardiac output and MSNA25 suggests
that stroke volume or cardiac interval are key param-
eters and, if so, both arterial and cardiopulmonary
receptors may be involved.

The intraindividual relationship between MSNA
and arterial pressure can be modified by a number of
factors, including, but not limited to, age, posture,
hypoxia, hydration, exercise, female reproductive hor-
mones, and arousal.23,43,79,129,143,191 To characterize
such modifications it is useful to evaluate the sensitivity,
or responsiveness, of the arterial baroreflex. The most
common approach is the so-called “modified Oxford”
technique,23,46,160 which involves intravenous injections
of sequential boluses of nitroprusside and phenyl-
ephrine. The vasoactive drugs induce changes of
blood pressure that are counteracted by opposite
changes of sympathetic activity. Less common meth-
ods are to use steady-state infusions of the vasoactive
substances96 or to determine baroreflex sensitivity
from spontaneous blood pressure variations.108 The
spontaneous variations of resting blood pressure and
MSNA can also be quantified in a “threshold vari-
ability diagram” that defines the mean baroreflex
setpoint and its variability.108 Another approach in-
volves directly changing transmural pressure at the
carotid sinus using neck pressure and suction. The
usefulness of this approach is limited by the simulta-
neous counteracting influence of aortic baroreceptors.
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Chronic resting levels of blood pressure: long-term inter-
actions between MSNA and blood pressure. At rest, the
number of sympathetic bursts in MSNA may vary
10-fold or more among normal healthy sub-
jects.25,26,179,191 Variables such as age, sex, body mass
index, and growth hormone activity have been
found to influence or correlate with resting MSNA,
but even if these factors are taken into account, the
large interindividual variability remains. In contrast
to the close inverse intraindividual relationship be-
tween MSNA and blood pressure, the interindividual
relationship between mean levels of MSNA and
blood pressure at rest is weak216 or absent.25,26,179,191

Recently, Narkiewicz et al.139 showed that the corre-
lation was completely absent in healthy subjects be-
low the age of 40 years, whereas in older subjects
there was a significant positive relationship between
MSNA and blood pressure (discussed later). Thus,
young people may have very high or very low resting
levels of MSNA and still have similar blood pressures.
This is particularly perplexing in light of the fact that
measurement of the number of bursts in MSNA
(bursts/min or bursts/100 heartbeats) is extremely
reproducible in a given subject58 over months and
even years. So the lack of relationship between
MSNA and blood pressure among individuals is not
due to a day-to-day variability of resting sympathetic
traffic.

A possible explanation for this lack of relation-
ship between MSNA and blood pressure in young
subjects might be an inverse relationship between
resting levels of MSNA and resting levels of sympa-
thetic nerve activity to other vascular beds, which
would “balance out” the variable vasoconstrictor in-
fluence of MSNA, such that net effects on blood
pressure would be minimal. There is, however, no
experimental support for this alternative: resting
MSNA was found to correlate well with norepineph-
rine spillover to the heart and the kidney, as well as
with whole-body norepinephrine spillover.210,213

These findings suggested that, at rest, MSNA is a
good index of whole-body sympathetic vasoconstric-
tor activity, and did not solve the mystery as to why
(or how) MSNA does not correlate well with resting
blood pressure.

We recently undertook a series of studies to clar-
ify why MSNA at rest is not related with resting blood
pressure. The two main contributors to mean arte-
rial pressure are cardiac output and total peripheral
resistance and we hypothesized that the variability in
MSNA at rest was balanced by a reciprocal variability
in resting cardiac output. That is, if MSNA is a good
indicator of whole-body sympathetic nerve activity at
rest and is therefore important for determining total

peripheral resistance, then if people with high
MSNA have low cardiac output, or vice versa, the two
main contributors to blood pressure would balance
each other, resulting in minimal interindividual dif-
ferences in pressure. The results showed that there
was indeed an inverse relationship between resting
MSNA and resting cardiac output (Fig. 2). There was
also a strong positive correlation between resting
levels of MSNA and total peripheral resistance, sup-
porting the idea that MSNA is a major contributor to
total peripheral resistance at rest. Furthermore, our
data suggested inhibitory influences of both cardiac
output and stroke volume on baroreflex control of
MSNA which might provide the mechanistic basis for
our findings.25

In a second series of experiments, we tested the
hypothesis that variability in vascular adrenergic re-
sponsiveness also contributes to the integrated bal-
ance of factors that keeps blood pressure normal in
spite of wide interindividual variability in sympa-
thetic nerve activity.26 We found an inverse relation-
ship between resting MSNA and forearm vascular
responsiveness to norepinephrine and tyramine.
This was particularly striking when responses to tyra-
mine were quantified based on arterio-venous differ-
ences in norepinephrine: individuals with lower
MSNA had greater vasoconstrictor responses for a
given amount of local norepinephrine release (Fig.
3). These findings suggest that vascular adrenergic
responsiveness is downregulated in proportion to
the level of resting MSNA.26

FIGURE 2. Inverse relationship between MSNA at rest (ex-
pressed as bursts/100 heart beats) and cardiac output (CO)
among young healthy male subjects. We hypothesize that this
inverse relationship helps to balance the potential pressor effects
of higher MSNA, contributing to the lack of relationship between
MSNA and blood pressure in young healthy individuals. From
Charkoudian et al., 2005; reprinted with permission.
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There has been some suggestion that tonic vari-
ability in the contribution of nitric oxide to resting
vascular tone might also contribute to the normal
regulation of blood pressure in individuals with
widely varying MSNA.179 In a recent study, we found
that systemic inhibition of nitric oxide synthesis with
L-NMMA caused greater increases in arterial pres-
sure in individuals with higher resting MSNA. How-
ever, we could not support the idea that this was due
to a greater contribution of nitric oxide to vasodila-
tion in these individuals; changes in total peripheral
resistance were similar between low and high MSNA
subjects.24 A possible explanation might be that that
the role of nitric oxide in buffering the variability in
resting sympathetic nerve activity is quantitatively
much less important than that of variability in car-
diac output itself.

Modifiers of MSNA. Since MSNA displays cardiac
rhythmicity, the maximum outflow of MSNA bursts
from the central nervous system is one burst for
every cardiac cycle. Although a change of the num-
ber of bursts/min (burst frequency) or a change of
burst strength are likely to induce changes of muscle
vasoconstriction, it is unclear whether the relation-
ships are linear. One difficulty is that a change of
burst frequency may be due to a change of the
number of bursts/100 heart beats (burst incidence)
or to a change of heart rate. Since burst duration is
prolonged in cardiac intervals of long dura-
tion,209,215 it is unclear whether the two ways of
changing burst frequency will lead to identical
changes of the number of vasoconstrictor impulses
and the degree of vasoconstriction. A second uncer-

tainty is that changes of single fiber firing frequen-
cies may be due to a change in the probability of
firing or a change in the probability of multiple
firing.117,137 Multiple spikes in a single heartbeat
(burst) increase the irregularity of firing and (for a
given number of spikes) this may increase the de-
gree of vasoconstriction.144

Short-Term Modifiers. Posture. Movement from
supine to seated to standing posture results in pro-
gressive increases in sympathetic neural activity.15

These increases are part of normal baroreflex re-
sponses aimed at the maintenance of cerebral per-
fusion pressure during gravity-induced decreases in
venous return. Usually, assumption of the upright
posture does not lead to significant changes in arte-
rial pressure; this is particularly true if the individual
can move his or her legs, in which case the pumping
action of leg muscles minimizes the decrease of ve-
nous return. The increase in MSNA between lying
and sitting is a combined effect of unloading of the
arterial baroreceptors in the carotid sinuses and un-
loading of central volume receptors (cardiopulmo-
nary receptors), whereas the increase between sitting
and standing is thought to be predominantly a car-
diopulmonary reflex effect.

Experimentally, the sympathetic neural responses
to posture/orthostasis are often evaluated using either
head-up tilt or lower body negative pressure (LBNP),
with simultaneous recording of MSNA. LBNP results in
pooling of blood in the lower extremities and can be
applied in a graded fashion to quantify baroreflex
responsiveness. Both head-up tilting121 and LBNP190

result in increases in MSNA that are dependent on
both the severity (degree of tilt or amount of negative
pressure) and duration of the perturbation. Recent
data show that arterial baroreflex sensitivity increases
during head-up tilt163 and, furthermore, during sus-
tained upright posture, there is a continuous increase
of MSNA that is related to a progressive decrease in
stroke volume.63

There has been some debate regarding the reflex
influences of cardiopulmonary baroreceptors on
sympathetic control of the circulation. In short, the
controversy relates to the interpretation of data from
studies in which sympathetic reflex responses oc-
curred in the absence of obvious changes in arterial
pressure. Thus, when low-level LBNP was applied,
peripheral vasoconstriction occurred prior to detect-
able changes in arterial pressure, suggesting involve-
ment of cardiopulmonary receptors sensing changes
in central blood volume.95 Later studies have found,
however, that even if mean blood pressure does not
change, there may be changes of pulse pressure or
stroke volume,113,198 raising the possibility that defor-

FIGURE 3. Relationship between resting MSNA and vascular
adrenergic responsiveness (FBF � forearm blood flow) to three
doses of tyramine, shown as a function of the arterio-venous (AV)
difference in norepinephrine (NA) at each dose. Note that for
each level of endogenous norepinephrine, the high MSNA group
had less vasoconstriction than the group with low MSNA. From
Charkoudian et al., 2006; reprinted with permission.
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mation of arterial pressure receptors nevertheless is
responsible for the response.

Another important factor controlling MSNA with
changes in posture is the vestibulosympathetic re-
flex. This reflex has been studied extensively by Ray
and colleagues using a head-down rotation model
during simultaneous measurement of MSNA. In-
creases in MSNA, but not of SSNA, occur during
head-down rotation in the prone position.153,156,176

These reflex increases appear to be mediated via
engagement of the otolith organs. For further review
of this topic, the reader is referred to Ray and Mona-
han156 and Ray and Carter.153

Breathing. Respiration has complex effects on
MSNA. An early observation was that bursts are more
likely to occur during expiration than during inspi-
ration.76 Subsequently, Eckberg et al.47 demon-
strated that MSNA is highest at end-expiration and
lowest at end-inspiration during normal breathing in
healthy subjects. Seals et al.171 extended these find-
ings and reported that the modulatory effect of nor-
mal tidal breathing is enhanced during deep, low-
frequency breathing, and that both the starting lung
volume and the rate of change of lung volume influ-
ence the extent to which MSNA changes in a given
breath. A later study from the same group reported
that approximately 70% of MSNA in a given breath
occurs when the lung is at lower volumes—either in
the first half of inspiration or in the latter half of
expiration.172

Part of the within-breath influence is thought to
be related to changes in intrathoracic pressure, re-
sulting from changes in pulmonary transmural pres-
sure, which alter venous return and therefore influ-
ence baroreceptor afferent firing. Additionally, data
from lung transplant patients indicate that impor-
tant inhibitory influences of lung inflation come
from pulmonary vagal afferents.107,172 Furthermore,
respiratory blood pressure variations may influence
MSNA via arterial baroreflex mechanisms. Finally,
static increases in lung volume cause sustained in-
creases in MSNA, thought to be due to unloading of
cardiopulmonary baroreceptors and not to changes
in arterial pressure.119

MSNA also responds to chemoreceptor activa-
tion80,140,185; thus, any changes in breathing pattern
which alter arterial partial pressure of oxygen or
carbon dioxide will substantially alter firing of mus-
cle sympathetic nerves. Hypercapnia is a strong stim-
ulus for sympathoexcitation. For example, Somers et
al.185 showed that although both isocapnic hypoxia
and hyperoxic hypercapnia caused increases in
MSNA, the increases were twice as great in the hy-
percapnic condition. Halliwill et al.80 found that iso-

capnic hypoxia increased resting MSNA and blood
pressure, and reset baroreflex control of MSNA to
higher blood pressures, although sensitivity of
baroreflex control was not altered.

Most respiratory studies relate to dynamic mod-
ulation of MSNA, but recently it was shown that
healthy subjects with high respiratory rates have
higher long-term levels of resting MSNA than sub-
jects with low respiratory rates.142 Another interest-
ing observation is that 4 weeks stay at an altitude of
5,250 m leads to a marked increase of resting MSNA,
an effect which is still present 3 days after return to
sea level.81 Along the same lines, even short, re-
peated periods of hypoxia have been found to lead
to prolonged increases of resting MSNA.34,116 The
underlying mechanisms are unclear.

Exercise. In addition to mechanoreceptors di-
rectly involved in the muscle contractions, skeletal
muscles also contain mechano- and chemoreceptors
of importance for blood flow and blood pressure
regulation. The chemoreceptors are activated by in-
tramuscular acidosis and accumulation of several
types of metabolites, and the mechanoreceptors by
mechanical deformation. In addition, if the intra-
muscular temperature increases during exercise, this
may also augment the reflex increase of sympathetic
activity, presumably by a sensitization of the intra-
muscular afferent nerve endings.154 The action po-
tentials are conveyed in group III and IV muscle
afferents to the spinal cord and the brainstem, where
central sites of integration of cardiovascular effects
during exercise are localized. Details are provided
elsewhere.37,102,178,182

Exercise is associated with redistribution of blood
flow and increases in cardiac output, vascular resis-
tance, and blood pressure and, depending on inten-
sity and type of exercise, reflex mechanisms and
central command contribute to different degrees.
During isometric hand muscle contractions there is
a successive increase of MSNA,123 which starts after
30–60 s and is due primarily to activation of intra-
muscular chemo- and mechanoreceptors (the so-
called exercise pressor reflex). In addition, animal
studies have demonstrated increases in sympathetic
activity in cardiac124 and renal203 nerves. Central
command (which refers to an activation of brain-
stem cardiovascular centers occurring in parallel
with the activation of the motor centers), by contrast,
causes only small increases of MSNA during sus-
tained handgrip contractions. In contrast, the in-
crease of MSNA during intermittent hand contrac-
tions is to a large extent due to activation via central
command. This was shown by an elegant experiment
in which the contribution of muscle chemoreceptors
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was eliminated/minimized by blocking the muscular
contractions with curare.204

At one time it was thought that arterial barore-
flex control of sympathetic nerve activity was atten-
uated during exercise, but the finding of exercise-
induced increases in both MSNA and blood
pressure123 confirmed previous indirect evidence
that, instead, baroreflex control of MSNA is reset to
a higher operating range of blood pressures.
Whether, in addition, the sensitivity of the barore-
flex is altered during exercise is unclear. Using neck
suction and neck pressure to alter carotid barorecep-
tor firing during one-legged dynamic leg exercise,
Keller et al.104 found an attenuation of the vascular
response to MSNA in the exercising leg but no dif-
ferences in overall carotid baroreceptor control of
blood pressure during exercise compared to resting
conditions. By contrast, data obtained during iso-
metric handgrip contractions by Ichinose et al.88–90

indicate that there is an increased sensitivity of arte-
rial baroreflex control of MSNA.

In contrast to the acute effects of exercise, most
studies of resting MSNA or sympathetic responses to
various perturbations have found little or no effect
of exercise training.28,169,173,193

Mental stress. In conscious subjects, a sensory
stimulus causing arousal is known to induce sympa-
thetic activation and vasoconstriction in several vas-
cular beds, the result being a transient blood pres-
sure increase. In MSNA, however, such stimuli
inhibit one or two sympathetic bursts43 which, pre-
sumably, leads to an increase of muscle blood flow.
This sympathoinhibition occurs in �50% of healthy
subjects, and, in a given individual, the effect is
reproducible over several months,44 suggesting that
it is a robust phenomenon, characteristic for the
individual. In syncope patients who are phobic to
blood and injury the inhibition is exaggerated com-
pared to that seen in nonphobic syncope patients or
healthy controls.45 This raises the possibility that the
“normal” interindividual variability also is related to
interindividual differences in personality.

The sympathoinhibitory effect of sensory stimuli
is most likely a central neural response, since the
latency to the inhibition is too short for a peripheral
reflex effect. Since the inhibition occurs primarily if
the stimulus is delivered during a time window cor-
responding to the systolic pressure wave, the sensory
stimulus probably potentiates the effect of the affer-
ent baroreceptor discharge. Also in support of an
interaction between sensory and afferent barorecep-
tor activity is the observation that after acute barore-
ceptor deafferentation an arousal stimulus evokes a
burst in MSNA,61 in contrast to the inhibition seen

when baroreceptors are intact.43 The sympathoinhi-
bition in response to sensory stimuli has cardiovas-
cular counterparts: in subjects without inhibition the
stimulus induces a greater blood pressure increase
than in subjects with inhibition.44 The functional
significance of the response is most likely “prepare to
fight or flee!”. Large increases of blood flow to the
peripheral musculature are required during ener-
getic movement159 and an early start of muscle vaso-
dilatation may increase the chance of a successful
fight or flight.

Hemodynamic studies have shown that experi-
mentally induced emotional stress leads to vasodila-
tion in the forearm but not in the calf.6,11,39,78,163 The
underlying mechanisms probably involve a combina-
tion of sympathetic withdrawal and nonsympathetic
nitric oxide–mediated vasodilation, the relative con-
tributions of which may vary among individuals. In
this context, microneurographic studies have pro-
duced conflicting results. In one study in which
stress was induced by a few minutes of mental arith-
metic or the Stroop color word conflict test, there
was a reduction of leg MSNA (peroneal nerve) over
the initial 30–60 s followed by an increase, the
strength of which was influenced by task difficulty
and the subject’s emotional state.17 Halliwill et al.78

reported that sympathetic nerve activity to the fore-
arm (radial nerve) also decreased during mental
stress. Those investigators also showed that substan-
tial vasodilation remained during blockade of adren-
ergic neurotransmission (bretylium plus phentol-
amine) and during stellate ganglionic block. Earlier
work from Dietz et al.39 suggested that a major mech-
anism for vasodilation during mental stress is local
nitric oxide release.

In contrast to the above, increases in leg MSNA
(peroneal nerve) during mental stress have been
observed in other studies.4,21,83 In the study by Carter
et al.21 the increase of activity was potentiated by
simultaneous stimulation of vestibular receptors by
head-down rotation. In a more recent study from the
same laboratory, however, leg MSNA did not in-
crease during a 5-min period of mental arithmetic.20

Simultaneous recordings of MSNA in arm and
leg nerves have also given conflicting results. In one
study, arm and leg MSNA differed markedly with no
change in the arm and a successive increase in the
leg,4 whereas in the other study,20 MSNA did not
increase in either nerve.

Several factors may contribute to the discrepan-
cies among studies. From an experimental point of
view, emotional reactions often include a varying
degree of muscle tension and body movements. As a
result, the change in MSNA may be a combined
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effect of a primary autonomic reaction and a reac-
tion related to the muscle contractions. The propor-
tions of the two effects are likely to vary among
studies. In addition, EMG or movement artifacts may
occur in the neurogram resulting in a low yield of
reliable quantitative data from the microneuro-
graphic recordings. Furthermore, the vasodilator re-
sponse to mental stress is highly variable among
individuals.39 Finally, from a functional point of view,
there may well be clear interindividual differences
between the “responsiveness” to experimentally in-
duced stress: a test that is stressful to some subjects
may not be so to others. Such differences are likely
to result not only in differences in motor and auto-
nomic reactions but also in differences in plasma
adrenaline concentrations, which is another factor
known to affect MSNA.151

Sleep. During normal, non–rapid eye movement
sleep, blood pressure and heart rate decrease succes-
sively, and there is a concomitant decrease in MSNA.
Rapid eye movement sleep, however, is associated
with a clear increase of sympathetic activi-
ty.86,133,147,174 In addition, a K-complex occurring
during stage 2 sleep is associated with a distinct burst
in MSNA followed by a transient blood pressure
peak.86,147,196 This is interesting because K-com-
plexes are considered to be indicators of arousal. In
agreement with this, an auditory stimulus delivered
during sleep evokes one or two strong MSNA
bursts174 and a pressor response that is primarily
caused by increases in peripheral vascular resis-
tance.133 This arousal-induced sympathetic excita-
tion during sleep is in marked contrast to the arous-
al-induced inhibition that occurs in the awake
state.43 The reason for the excitation during sleep
may be a transient weakening of arterial baroreflex
inhibition. In the study of Morgan et al.,133 periods
of disordered breathing or apnea caused similar
acute sympathoexcitation. It is unclear whether
these effects of arousal during sleep contribute to
the chronic sympathoexcitation seen in conditions
such as obstructive sleep apnea (discussed below).

Long-Term Modifiers. Aging. Normal human
aging is associated with progressive increases in rest-
ing activity of sympathetic nerves to skeletal muscle,
heart, and the splanchnic area (but not to the kid-
ney).170 Fagius and Wallin58 estimated the increase
in resting MSNA to be about 1 burst/min per year.
The age-related increase occurs in both men and
women; in fact, women seem to have more marked
increases in MSNA with aging,126,139 which may be
related to the fact that younger women have, on
average, lower levels of resting activity than
men.143,175 (As the number of bursts cannot increase

above 100 bursts/100 heart beats, starting at a lower
number means a greater capacity to increase with
age.) Since subjects above (but not below) age 40
years show a significant correlation between resting
levels of MSNA and blood pressure139 (Fig. 4), it
seems likely that the age-related increase of MSNA
contributes to the increase of blood pressure. How-
ever, the age-related increase in sympathetic nerve
activity is not necessarily associated with hyperten-
sion, perhaps because peripheral vascular respon-
siveness to alpha-adrenergic stimulation is decreased
in older men.36,40 Additionally, there is an age-re-
lated inverse relationship between MSNA and serum
levels of insulin-like growth factor I,194 the signifi-
cance of which is unclear.

Altered baroreflex control mechanisms may be
responsible for the increase in sympathetic neural
outflow seen in older humans. Initial studies (based
on the modified Oxford technique) indicated that
baroreflex sensitivity was unchanged in older sub-
jects.46,125 However, older subjects have reduced re-
sponsiveness to vasoactive substances,40,97 which was
an important confounding factor in those studies.
To minimize this problem, Jones et al.96 compared

FIGURE 4. Relationships between MSNA and mean blood pres-
sure (MAP) in men and women of different ages. Note the lack of
relationship between MAP and MSNA in both men and women
below the age of 40. In contrast, there is a positive relationship
between these two variables in both sexes over the age of 40.
From Narkiewicz et al., 2005; reprinted with permission of the
American Heart Association.
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increases of blood pressure induced by phenyleph-
rine, before and after ganglionic blockade with tri-
metaphan (i.e., with and without the presence of
sympathetic nerve activity). Using the difference in
pressor responses as a measure of the degree of
baroreflex inhibition of MSNA, they found clear
evidence of reduced inhibition in older subjects.

Another possible mechanism underlying the age-
related increase of MSNA is an increased central
sympathetic drive. There is experimental support
also for this alternative: when comparing healthy
men age 20–30 years and 60–75 years, subcortical
brain noradrenaline spillover is almost three times
higher in the older group.51 Why the central sympa-
thetic drive increases is unclear but lifestyle-related
stressors may contribute. Consistent with this idea,
Timio et al.199 showed that nuns living in a secluded
environment do not develop an age-related blood
pressure increase and live longer than a well-
matched control group, living in an ordinary West-
ern-style society in the same geographical area.

Sex and female reproductive hormones. In general,
young women appear to have lower resting MSNA
than men,54,98,143,175 although some have found no
difference between sexes.64 Some variability may be
related to menstrual-cycle phase, as women in the
midluteal phase, when estrogen and progesterone
are high, have higher resting MSNA compared to
the same women studied in the early follicular
phase, when these hormones are low.129 The possi-
bility that elevated reproductive hormones may in-
crease MSNA in women is also supported by studies
showing sympathetic hyperactivity during normal
early and late pregnancy.72

There is also evidence that baroreflex control of
sympathetic nerve activity is affected by reproductive
hormone status during the menstrual cycle. Thus,
the sensitivity of baroreflex control of MSNA was
greater in the midluteal than early follicular
phase.129 In contrast, intake of estrogen and proges-
tin in the form of oral contraceptives was not asso-
ciated with increased baroreflex sensitivity.130 The
difference between exogenous and endogenous hor-
mones may have been due to differences in relative
bioactive concentrations of hormones.

Acute sympathoexcitation during static handgrip
exercise is weaker in women than men.54,98 To eval-
uate whether estrogen might be responsible for the
gender differences, Ettinger et al.55 compared
women in the early follicular (low estrogen and pro-
gesterone) and preovulatory (high estrogen, low
progesterone) phases of the menstrual cycle. There
was no difference in baseline MSNA, but the preovu-
latory phase was associated with attenuated sympa-

thoexcitatory responses. In contrast to the findings
in static exercise, the increase in MSNA during dy-
namic handgrip exercise showed no gender differ-
ence.54,98 Furthermore, nonexercise sympathoexcit-
atory responses (e.g., evoked by cold pressor test or
mental stress) have not been found to differ between
the sexes.54,98

Race. Although much remains unknown about
influences of race on control of MSNA, available
evidence suggests some differences among racial
groups. Pima Indians were found to have lower rest-
ing MSNA than age- and weight-matched Caucasian
subjects.187,197 This is in contrast to black men, who
have, on average, higher resting MSNA compared to
white men and women.1 Although in whites obesity
is associated with an increase in MSNA, lean black
men were shown to have levels of MSNA that were
similar to obese black men and women, and to obese
white men and women.1

Acute increases in MSNA during cold pressor
tests were greater in normotensive blacks than
whites.16 The differences in resting MSNA, and in
acute sympathoexcitation, may be relevant to the
likelihood of developing hypertension, which is
known to be lower in Pima Indians and higher in
blacks compared to Caucasians. In this context, it is
also of interest that vascular responsiveness to sym-
pathetic activity may be augmented in black com-
pared to Caucasian subjects.155

Pathophysiology. Congestive Heart Failure. Con-
gestive heart failure is associated with marked in-
creases in resting MSNA.62,115 At the single-fiber level
there is an increased firing frequency due to an
increased probability of firing, whereas the probabil-
ity of multiple firing is normal.118 The degree of
increase of multiunit activity is related to the level of
the heart failure, and in severe cases a burst inci-
dence of 100 bursts/100 heart beats (one burst for
each cardiac cycle) is not uncommon. Burst inci-
dence, however, is not a sensitive indicator of the
severity of heart failure; very high values may occur
also in patients with mild or moderate failure. There-
fore, new methods of analyzing the neurogram have
been developed, which provide more sensitive mea-
sures for interindividual comparisons in patients
with high burst incidences.146,195

Studies of norepinephrine spillover have indi-
cated that sympathetic nerve activity to the heart and
the kidney are markedly elevated as well.82 The in-
crease in SNA to the heart precedes the increases of
MSNA and renal noradrenaline spillover.162 Thus,
the heart is exposed to an increased noradrenaline
load for a longer time than other tissues and in-
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creased cardiac noradrenaline spillover is a main risk
factor for patients with severe cardiac failure.103

Such findings have provided the mechanistic basis
for the utility of �-adrenergic blockade in these pa-
tients, which decreases mortality by up to 30%.52

Several mechanisms may contribute to the high
levels of sympathetic activity. Initially, a reduced ar-
terial baroreflex sensitivity was thought to be impor-
tant, but current opinion holds that the main defect
is impaired cardiopulmonary reflex regulation.62

Some patients with heart failure have sleep apnea,
which may contribute to the increase of MSNA also
in the awake state.186 Furthermore, there is evidence
for exaggerated sympathetic responses to rhythmic
exercise in heart failure, presumably because of in-
creased accumulation of metabolic byproducts (mus-
cle hypothesis).178

Cardiac transplantation in heart failure patients re-
sults in a rapid reduction of resting MSNA: nerve ac-
tivity was shown to be decreased as soon as 1 month
after surgery and remained at the same (lower) level
after 12 months, regardless of whether the patients
developed posttransplant hypertension.161

Hypertension. Essential hypertension. Most, but
not all, studies of sympathetic nerve activity in essen-
tial hypertension indicate increased resting activity
of sympathetic nerves innervating skeletal muscle
(i.e., MSNA),3,69,165,220 heart, and kidneys.165

With regard to our recent findings of a balance of
factors contributing to normal blood pressure regula-
tion (i.e., MSNA, cardiac output, and adrenergic re-
sponsiveness),25,26 it is likely that individuals with essen-
tial hypertension are “out of balance” with regard to
one or more of these factors. For example, resting
MSNA exhibits a wide range in normotensive individ-
uals, such that a high level of resting MSNA cannot be
defined as “pathological.” However, in a hypertensive
individual the level of MSNA may be too high when
viewed in the context of cardiac output and vascular
adrenergic responsiveness. Taking all elements of the
cardiac output–MSNA balance into account may also
help to explain previously contradictory reports re-
garding whether individuals with hypertension have
higher sympathetic nerve activity compared to healthy
controls.75,158,168

In patients with essential hypertension, the sym-
pathetic nervous system appears to have an exagger-
ated responsiveness to chemoreflex activation via
hypoxia or hypercapnia.141,184 This was most striking
during voluntary apnea, when the increase in MSNA
in hypertensives was shown to be 12 times that seen
in healthy controls.184 In borderline hypertensive
patients, increased MSNA responses to low-grade

LBNP have also been reported and interpreted as an
increased sensitivity of cardiopulmonary reflexes.158

Several mechanisms may contribute to the initi-
ation of chronic hypertension, and genetic factors
are likely to be important. Available evidence, how-
ever, is difficult to interpret. For example, offspring
of hypertensive patients and normotensive controls
were found to have similar resting levels of MSNA
but the hypertensive offspring had stronger MSNA
responses to mental stress than the control group.145

However, the cold pressor test evoked weaker blood
pressure and MSNA responses in subjects with a
strong family history of hypertension.114 Interest-
ingly, some patients with essential hypertension have
been reported to have neurovascular compression at
the rostral ventrolateral medulla and increased levels
of MSNA at rest.167 As neurovascular compression with
increased MSNA has also been found in normotensive
subjects,181 it remains unclear whether there is a patho-
genetic link to essential hypertension.

Renovascular hypertension. Patients with renovas-
cular hypertension due to renal artery stenosis have
increased resting MSNA.131 Johansson et al.92 inves-
tigated a large group of patients with microneurog-
raphy and the noradrenaline spillover technique
and found elevated levels of both MSNA and total
body noradrenaline spillover in these patients.
There is also a report of increased cardiac norepi-
nephrine spillover in such patients.152

Increased sympathetic nerve activity, however, is
not limited to renal artery stenosis: patients with
polycystic kidney disease and hypertension have also
been found to have increased MSNA,111 regardless
of functional status of the kidney. Similarly, resting
MSNA was increased in hypertensive patients with
chronic renal failure with native kidneys but the
increase was not present in patients who had under-
gone bilateral nephrectomy.27

The mechanism underlying the increased sympa-
thetic drive in renal disease is likely to be related to
the renin-angiotensin system. Consistent with this
idea is the evidence that both angiotensin-convert-
ing enzyme inhibitors and angiotensin II blockers
have been found to reduce resting levels of blood
pressure and MSNA.110

Other forms of hypertension. Increases of MSNA
have been reported in hypertension during pregnan-
cy,74,166 preeclampsia,73,166 and pulmonary artery hy-
pertension,202 but not in primary hyperaldosteron-
ism with hypertension.131

Obstructive Sleep Apnea. Obstructive sleep apnea
is associated with large elevations in resting MSNA.18,183

This is true both during sleep and while individuals are
awake during the day, despite normal arterial oxygen
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saturation and normocapnia during wakefulness.183

There is also evidence of impaired arterial baroreflex
control of sympathetic19 and vagal13 activities. The
mechanism underlying the chronic sympathoexcita-
tion may be related to the apnea-related episodes of
hypoxia and hypercapnia. Initial evidence came from
findings of prolonged sympathoexcitation after hypox-
ia,219 and recently Monahan et al.132 showed that re-
peated end-expiratory apneas led to prolonged in-
creases of MSNA that were due to a shift of the
baroreflex operating point to higher blood pressures.
Interestingly, acute or chronic treatment with contin-
uous positive airway pressure at night reverses both the
sympathoexcitation138 and the hypertension217 associ-
ated with obstructive sleep apnea. For a review of sym-
pathetic mechanisms in obstructive sleep apnea, see
Narkiewicz and Somers.140

Studies of single unit sympathetic neural activity
in obstructive sleep apnea patients have shown that
the chronic sympathoexcitation in these patients
might involve different mechanisms from those in
congestive heart failure.49 Although both patient
populations show similar increases in probability of
firing of individual neurons (�50% compared to
�30% in normal subjects), patients with obstructive
sleep apnea also exhibit increased probability of
multiple firing of a single neuron within an individ-
ual cardiac cycle.

Syncope. Syncope is a sudden transient loss of
consciousness and postural tone due to cerebral hypo-
perfusion and may have multiple causes. An occa-
sional, neurally mediated syncope (often called vasova-
gal syncope) may be triggered in otherwise healthy
subjects by different stressors (e.g., by stimulation of
sensory or visceral afferents, changes of posture, or
emotional reactions) and is characterized by an abrupt
cessation of sympathetic nerve activity,180,212 causing
marked peripheral vasodilation.

Withdrawal of sympathetically mediated vasocon-
striction is thought to be a main reason for the
profound systemic vasodilation that leads to hypo-
tension and subsequent syncope, but it is probably
not the only mechanism.7 Another possibility is that
circulating epinephrine contributes to vasodilation
via activation of vascular beta-adrenergic receptors.
However, Dietz et al.38 showed that neither total
adrenergic blockade (� � �) nor L-NMMA (� nitric
oxide synthase inhibition) blocked the large vasodi-
lator response observed during syncope induced by
progressive LBNP. Their data are consistent with the
idea that sympathetic withdrawal alone does not me-
diate the entirety of the peripheral vasodilator re-
sponse during syncope, but additional mechanisms
remain unclear.

The mechanisms behind the abrupt withdrawal
of sympathetic vasoconstrictor activity during syn-
cope are also incompletely understood77,135 and in-
terindividual differences have been reported, espe-
cially during experimentally induced syncopal
reactions.134 Patients with recurrent orthostatic syn-
cope have been found to have reduced arterial
baroreflex sensitivity during head-up tilt.29 This
agrees with a case report by Iwase et al.91 of altered
properties of MSNA bursts (variable durations and
baroreflex latencies) prior to syncope. Similarly, Ka-
miya et al.99 found evidence of altered spectral char-
acteristics of the MSNA signal during the 60 s pre-
ceding a syncopal event. In a recent study, patients
with recurrent syncope who were phobic to blood/
injury were found to have prolonged MSNA inhibi-
tions in response to surprising somatosensory stimu-
li.45 The findings are compatible with altered central
nervous mechanisms but the specific explanation of
why a fully compensated circulation is transformed
to a highly unstable system is still unknown.

Syncope with sudden withdrawal of MSNA has
also been reported after carotid sinus massage30,180

and glossopharyngeal neuralgia with syncope.214 In
these cases, a likely mechanism is that an exagger-
ated afferent discharge from the arterial barorecep-
tors causes vasodilatation, bradycardia, or asystole.
Syncope may also occur in the rare condition of
dopamine beta-hydroxylase deficiency.109,157 Such
patients suffer from severe orthostatic hypotension
because they lack the enzyme activity necessary for
conversion of dopamine to noradrenaline. The re-
sult is that total body noradrenaline spillover is very
low and neurally induced vasoconstriction virtually
nonexistent. Interestingly, they have high resting lev-
els of MSNA and qualitatively normal responses to
provocations.109,157

Ischemic Heart Disease. The effects of ischemic
heart disease and myocardial infarction on MSNA
were studied in a series of articles by Mary and
coworkers.66,67,85 Patients with stable coronary ar-
tery disease had normal MSNA; however, after
uncomplicated acute myocardial infarction MSNA
was elevated for several months compared both
with normal controls and patients with stable cor-
onary artery disease.67 Patients with unstable an-
gina had increased MSNA compared to healthy
controls but less so than after myocardial infarc-
tion.66 Patients who had been hypertensive prior
to the myocardial infarction had greater and more
long-lasting sympathetic hyperactivity than pa-
tients who had been normotensive prior to the
infarction.85 Whether the level of MSNA during a
myocardial infarction or the time course of reduc-
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tion after infarction has prognostic value is un-
clear.

Obesity and Diabetes. The relationships among
obesity, metabolic hormones, and sympathetic nerve
activity have attracted considerable interest in recent
years, from both physiological and clinical points of
view.35,56,136 Increases in body weight and associated
adipose tissue accumulation are associated with in-
creases in resting MSNA in human subjects164; this
chronic sympathoexcitation is thought to contribute
to the increased risk for cardiovascular disease in
obese individuals.2,70,71 Sympathoexcitation in obese
subjects likely also influences fat metabolism: stimu-
lation of cutaneous sympathetic nerves was shown to
stimulate lipolysis in a group of healthy women.42

Normotensive obese individuals have been shown to
have MSNA that is, on average, more than twice as
high as normotensive lean individuals matched for
age.70 This elevated MSNA was reduced by a 16-week
hypocaloric diet that resulted in weight loss in obese
individuals.71 Similar findings were obtained in a
group of obese women with borderline hyperten-
sion.5

The mechanisms for obesity-associated sympa-
thoexcitation may involve blunted baroreflex-medi-
ated sympathoinhibition in obese subjects, which
could contribute to higher resting levels of activity.70

Interestingly, the influence of obesity appears to be
specific to the type of obesity: accumulation of vis-
ceral fat, which carries a greater risk for develop-
ment of cardiovascular disease, is also associated with
greater increases in total MSNA compared to indi-
viduals with less abdominal visceral fat.2 This obser-
vation may also provide further insight into mecha-
nisms of obesity-mediated sympathoexcitation. Since
leptin is released from fat cells, and the total adipose
tissue mass was similar in the two groups, the total
leptin levels were similar between the two groups.
Therefore, the higher MSNA seen in the group with
visceral obesity must have been due to some mech-
anism other than leptin. The relationship between
sympathetic nerve activity and leptin is reviewed by
Eikelis and Esler.48

Obesity is associated with an increased risk of
metabolic diseases, in particular type 2 diabetes.
Type 2 diabetes is associated with significant in-
creases in resting MSNA, which may contribute to or
augment the cardiovascular risk associated with con-
ditions such as hypertension, which often occur in
individuals with type 2 diabetes.87 The mechanisms
for the changes in type 2 diabetes are unknown, but
may involve an influence of insulin to cause sympa-
thoexcitation. For example, euglycemic hyperinsu-
linemia was associated with progressive increases in

MSNA in healthy control subjects.8 In contrast, type
1 diabetes is associated with a significant decrease in
the number of bursts, by about half,84 and the repro-
ducibility of MSNA measurement appears to remain
consistent with that in nondiabetic control subjects.

Polyneuropathy is a common complication of
diabetes. If a patient has diabetic polyneuropathy, a
methodological difficulty is that failure to find sym-
pathetic activity in microneurographic recordings is
much more frequent than in healthy subjects.60 Pre-
sumably, this is because the neuropathy leads to a
successive reduction of conducting sympathetic
nerve fibers.

SKIN SYMPATHETIC NERVE ACTIVITY

Physiology. Resting Activity. Although skin sympa-
thetic nerve activity (SSNA) occurs in bursts, these
bursts have a much more variable duration, they may
have more than one peak, and although they often
display a respiratory rhythmicity, they are generally
not coordinated with the cardiac cycle (i.e., arterial
baroreflex influence is weak or absent). The variabil-
ity makes it difficult both to define the start and end
of some bursts and to evaluate the significance of
differences in number of bursts. Furthermore, un-
like MSNA, which includes only vasoconstrictor
nerve fibers, SSNA can encompass any of four nerve
types: vasoconstrictor, vasodilator, sudomotor, and
pilomotor. This makes it more challenging to inter-
pret measurements of SSNA as they relate to down-
stream effector function.

In this context, some investigators have quanti-
fied differences among different types of skin sym-
pathetic bursts. The results show that, on average,
sudomotor bursts have higher conduction veloci-
ties59 and shorter duration10 than vasoconstrictor
bursts. However, the variability among bursts results
in a large overlap in duration between the two burst
types, such that this parameter cannot be used for a
reliable distinction between sudomotor and vasocon-
strictor bursts.

The innervation of human skin by sympathetic
vasodilator nerves has been recognized since the
1930s, when Grant and Holling68 demonstrated that
nerve blockade prevented the large increases in skin
blood flow seen during core hyperthermia. Micro-
neurographic recordings, however, have provided
little information on the character and control of
the vasodilator impulses. Intraneural microstimula-
tion has shown that efferent sympathetic activity can
induce cutaneous vasodilation,12 but whether the
effect was due to activity in sudomotor fibers or a
separate set of vasodilator fibers is unclear. Sugenoya
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et al.189 studied the temporal relationship between
SSNA bursts in the peroneal nerve and succeeding
signs of vasodilation and sweating on the dorsum of
the foot in mildly heated subjects. They reported
that 75% of all bursts contained both vasodilator and
sudomotor impulses. In a similar way, bursts in non-
heated subjects very often contain a mixture of su-
domotor and vasoconstrictor impulses. Such find-
ings reinforce the idea that quantitative data on the
relationship between SSNA and blood flow are diffi-
cult to interpret.

Some studies have attempted to compare resting
levels of SSNA between groups of subjects. The in-
terpretation of such results is also difficult. SSNA is
easily activated by all kinds of sensory stimuli,
arousal, and perceived stress and, therefore, record-
ings have to be made in a relaxed environment in
which all sensory stimuli are minimized. In addition,
SSNA has a thermoregulatory function, which means
that the strength and composition of the multiunit
activity is very sensitive to changes of ambient and
internal temperatures. Therefore, before resting lev-
els of SSNA can be compared, subjects have to be
completely calm and fully adapted to a standardized
thermal setting, a precaution which rarely has been
achieved.

As a consequence of these difficulties, most sig-
nificant advances in our understanding of neural
control of skin blood flow have been obtained by
nonneural measurements and pharmacological or
other interventions (e.g., local bretylium treatment
to specifically block neurotransmission from norad-
renergic nerve terminals).

Modifiers of SSNA. Body temperature. In hu-
mans, the skin is a major effector organ for physio-
logical thermoregulation: increases in skin blood
flow and sweating during hyperthermia represent
the major avenue of heat dissipation, and decreases
in skin blood flow are important for decreased heat
loss during body cooling. Thermoregulatory sweat-
ing is mediated by sympathetic cholinergic innerva-
tion of eccrine sweat glands in the skin. Vasoconstric-
tion during body cooling and vasodilation during
body heating are primarily neurally mediated events,
with some role for local effects of temperature as
well.22,94 Thus, it makes sense that measurement of
SSNA shows increases in activity during whole-body
heating, presumably reflecting increases in sudomo-
tor or active vasodilator activity to the skin.10,218 Mea-
surement of skin blood flow in combination with
nerve blockade or local bretylium for blockade of
noradrenergic neurotransmission have indicated
that active cutaneous vasodilation is responsible for

as much as 80%–90% of the substantial cutaneous
vasodilation observed during whole-body heating.93

SSNA also increases during body cooling, reflecting
increases in vasoconstrictor activity.10,32 Interestingly,
the overall extent of increase in SSNA is often similar
between whole-body heating and whole-body cooling.
During body cooling, burst duration is longer, which
may be due in part to slower conduction velocity in
vasoconstrictor than in sudomotor fibers.59 In addi-
tion, the spectral characteristics of SSNA exhibit differ-
ences between normothermia/cooling and whole-
body heating conditions,32 which may reflect
differential central modulation of activity in vasocon-
strictor, sudomotor, and vasodilator fibers.

Simultaneous recordings of SSNA in arm and leg
nerves have shown that, in some nerves, there is a
marked parallelism between arm and leg sympa-
thetic discharges under certain thermal conditions
and differences in other nerves or thermal situa-
tions.9,149

Posture and blood pressure. The challenges re-
garding interpretation of SSNA are particularly evi-
dent in the literature regarding SSNA responses to
orthostatic and baroreflex stimuli. Measurements of
skin blood flow in both normothermic and hyper-
thermic conditions have clearly shown reflex vaso-
constriction in the skin during LBNP.31,33,105 In con-
trast, the majority of studies have not found changes
in SSNA during baroreflex stimuli including LBNP,
tilt, and vasoactive drug boluses either in normother-
mia or hyperthermia,33,205,218 although SSNA in one
study was shown to decrease during both tilt and
LBNP in hyperthermic subjects.41

During hyperthermia, a lack of change in SSNA
may be because of reciprocal changes in different
nerve types: decreases in vasodilator or sudomotor
neural signals are offset by increases in vasoconstric-
tor neural activity during LBNP. If this is the case, it
remains somewhat confusing that bretylium treat-
ment (which prevents noradrenergic neurotransmis-
sion) does not alter the reflex cutaneous vasocon-
striction that is seen during application of LBNP
during whole-body heating.31,105 This latter finding
would suggest that withdrawal of active vasodilation
is primarily responsible for the cutaneous vasocon-
striction.

One possibility is that there is some regional
specificity to SSNA measurement with regard to
baroreflex influences: in all studies in which SSNA
has shown no change with baroreflex stimuli, SSNA
was measured in the leg, whereas skin blood flow is
usually measured in the arm. In the only study in
which SSNA was measured in the arm during mild to
moderate body heating combined with LBNP or
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head-up tilt, a decrease in SSNA occurred during
both maneuvers.41

Another way in which body position may affect
SSNA relates to an influence of local pressure due to
body position when lying down. When applying me-
chanical pressure on one side of the body, the con-
tralateral/ipsilateral ratios of sweating and sudomo-
tor SSNA are increased.148 The results suggested that
the effects are due to a spinal sudomotor reflex.

Mental stress. All stimuli associated with emo-
tional reactions co-activate skin vasoconstrictor and
sudomotor nerve traffic; even mild stimuli, such as a
surprising noise, induces a distinct burst containing
both types of impulses. In fact, startle stimuli are
regularly used to test whether a putative nerve re-
cording site contains SSNA. An individual’s thermal
bias influences the relative proportion of the two
types of impulses in arousal responses: vasoconstric-
tor impulses dominate in a cold and sudomotor
impulses in a warm environment.10 Specific work
regarding the influence of mental or emotional
stress on SSNA, however, is sparse.

Congestive heart failure. Unlike MSNA, sympa-
thetic nerve activity to the skin does not appear to be
elevated in patients with congestive heart failure,
suggesting that this disease affects sympathetic neu-
ral control differentially.69,128,177 Although SSNA at
rest appears to be similar between congestive heart
failure patients and control subjects, the responses
of SSNA to metaboreflex stimulation appears to be
altered/augmented in this patient group.177 Silber et
al.177 showed that increases in SSNA during rhythmic
handgrip exercise were similar in congestive heart
failure and controls, but that the increases during
post-handgrip circulatory arrest were augmented in
the patient group. This augmented responsiveness
was associated with augmented peak levels of H� and
H2PO4

� in the congestive heart failure group during
post-handgrip circulatory arrest, as assessed by nu-
clear magnetic resonance spectroscopy. SSNA did
not increase during post-handgrip circulatory arrest
in control subjects.177

OVERALL SUMMARY AND CONCLUSIONS

During the last decades knowledge about sympa-
thetic neural function in humans has improved
dramatically. Quantitative data from microneuro-
graphic recordings of sympathetic traffic, primarily
in muscle nerves, and measurements of noradrena-
line spillover from nerves to some visceral tissues
have provided novel information on physiological
control of the cardiovascular system under a variety
of conditions and ages. Studies of patients with dis-

eases such as hypertension and cardiac failure have
contributed to a better understanding of underlying
pathophysiological mechanisms. Thus far, most stud-
ies have involved comparisons of groups of subjects,
but recent results hint that, in the future, analysis of
the variability in physiological characteristics among
individuals may lead to further insight into central
nervous control of the circulation.25,208
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INVITED REVIEW ABSTRACT: The Miller Fisher syndrome (MFS), characterized by ataxia,
areflexia, and ophthalmoplegia, was first recognized as a distinct clinical
entity in 1956. MFS is mostly an acute, self-limiting condition, but there is
anecdotal evidence of benefit with immunotherapy. Pathological data remain
scarce. MFS can be associated with infectious, autoimmune, and neoplastic
disorders. Radiological findings have suggested both central and peripheral
involvement. The anti-GQ1b IgG antibody titer is most commonly elevated in
MFS, but may also be increased in Guillain–Barré syndrome (GBS) and
Bickerstaff’s brainstem encephalitis (BBE). Molecular mimicry, particularly in
relation to antecedent Campylobacter jejuni and Hemophilus influenzae
infections, is likely the predominant pathogenic mechanism, but the roles of
other biological factors remain to be established. Recent studies have
demonstrated the presence of neuromuscular transmission defects in asso-
ciation with anti-GQ1b IgG antibody, both in vitro and in vivo. Collective
findings from clinical, radiological, immunological, and electrophysiological
techniques have helped to define MFS, GBS, and BBE as major disorders
within the proposed spectrum of anti-GQ1b IgG antibody syndrome.
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The Miller Fisher syndrome (MFS) was first de-
scribed clinically in 1956.40 The original article had
postulated it as an unusual variant of acute idio-
pathic polyneuritis, implying a strong relation with
the Guillain–Barré syndrome (GBS). The classic
triad consisted of ophthalmoplegia, ataxia, and
areflexia in an acute setting, and was first recognized
by Collier in 1932.34

In this review, published information on all as-
pects of MFS will be summarized and discussed,
mostly in a chronological fashion, to provide a com-
prehensive account of developments pertaining to
this condition. As such, origins of the proposed anti-
GQ1b IgG antibody syndrome, comprising MFS,
GBS, and Bickerstaff’s brainstem encephalitis
(BBE), will also be apparent.

SEARCH STRATEGY AND CRITERIA

References for this review were identified by
searches of PubMed from 1971 to April 2006 with
the terms “Miller Fisher syndrome,” “Fisher syn-
drome,” “Fisher’s syndrome,” “Guillain–Barré syn-
drome,” “Bickerstaff’s brainstem encephalitis,” and
“anti-GQ1b antibody.” Due to the extensiveness of
this topic, prioritization was given to publications
relevant to MFS. Selective data on GBS were in-
cluded. Case reports were selected based on origi-
nality. Other materials were from the author’s own
files. Only articles in the English language were in-
cluded.

DIAGNOSIS

For the clinician, a diagnostic approach in confront-
ing the varied features comprising diplopia, dysar-
thria, facial asymmetry, motor incoordination, sen-
sory disturbances, and weakness due to long-tract
involvement is most relevant. Unfortunately, increas-
ing knowledge of MFS and related disorders from
antibody-specificity studies, in relation to clinical syn-
dromes, have made discrete characterization diffi-
cult. Various formes frustes and overlap syndromes
are increasingly reported, which expand the under-
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standing of this clinical spectrum. A logical clinical
approach would be to consider MFS, GBS, and BBE
as separate initial categories and rationalize existing
overlapping features. Before the advent of anti-
GQ1b IgG testing (Table 1), the diagnosis of these
conditions was largely clinical, assisted by imaging
and electrophysiological studies.

In considering MFS as a disease entity, research-
ers or clinicians may choose to characterize it from
several starting points: clinical features, antibody
profile, infective triggers, or a combination of these.
It is widely accepted that anti-GQ1b IgG antibody is
present in well over 90% of MFS patients, and is
absent in normal subjects or disease controls.

CLINICAL FEATURES

The classic clinical triad originally described a com-
bination of central and peripheral involvement. This
led to constructive debates on the existence of a
single lesion site.

In the largest reported series,105 comprising 50
consecutive MFS patients, strict entry criteria of
acute ophthalmoplegia, ataxia, and areflexia, with-
out major limb weakness or other signs suggesting
central nervous system involvement, were applied.
Antecedent respiratory symptoms occurred in 76%
and gastrointestinal symptoms in 4%. The median
interval between infection onset and development of
neurological symptoms was 8 days. Overall, 89% had
elevated anti-GQ1b IgG antibodies. A median inter-
val of 12–15 days was found between neurological
onset and the beginning of recovery. By 6 months,
all patients were free from ataxia and ophthalmople-
gia. No deaths were reported. Table 2 summarizes
the neurological signs and symptoms in these pa-
tients. Comparison made with another large series
did not reveal differences, suggesting fairly uniform
clinical features.

Clinically, MFS is mostly a self-limiting condi-
tion.105 However, cases progressing to respiratory

failure and requiring mechanical ventilation have
been described,14 particularly in children.6,10,133

Other serious complications reported include co-
ma,97 ballism,118 cardiomyopathy from dysautono-
mia,124 lactic acidosis,150 and pain.79,100 Recurrence
of MFS,16,69,95,125,143,145,152 sometimes showing differ-
ent phenotypes at different times, has been well
documented.51

Ophthalmological and Cranial Nerve Features. The
clinical features of MFS are of great clinical interest,
particularly the ophthalmological aspects. Apart
from visual impairment from optic neuritis,22,23,33,160

other ophthalmological abnormalities include diver-
gence paralysis,130 lid retraction, upper lid jerks, in-
ternuclear ophthalmoplegia, convergence spasm,
Parinaud’s syndrome, defective vestibulo-ocular re-
flex,2 chronic ophthalmoplegia,134 areflexic mydria-
sis, convergence failure,21,24 and acute angle clo-
sure.159 Isolated abducens nerve palsy was suggested
to be a mild form of MFS in a recent study.159 The
facial nerve was involved in 45.7% of patients in one
series.12

Ataxia. The origin of ataxia in MFS is of profound
clinical interest. The original study by Fisher40 pro-

Table 2. Comparison of two large published clinical series
on MFS.

Mori et al.
(n � 50)105

Lyu et al.
(n � 32)93

Mean age NM 45 years
Median age 40 years NM
Gender Male

preponderance
No gender
difference

Season Spring Spring
Upper respiratory infection 76% 56%
Acute gastroenteritis 4% 0%
Median time to nadir 6 days 5.5 days

Clinical features (%)
Pupillary abnormalities 42 NM
Ptosis 58 59
Facial palsy 32 50
Bulbar palsy 26 59
Limb weakness 20 25
Limb dysesthesia 24 34
Superficial sensory loss 20 50
Trigeminal dysfunction NM 16
Abnormal vibratory and

deep sensation
18 NM

Micturition disturbance 8 3

All patients had ataxia, areflexia, and ophthalmoplegia.
No significant differences in clinical features were found between the two
series (unpaired t-test, P � 0.3).
NM, not mentioned.

Table 1. Clinical spectrum of the anti-GQ1b antibody syndrome.

Disorder Clinical features
Anti-GQ1b antibody

frequency

MFS Ataxia, areflexia,
ophthalmoplegia40

Up to 95%76

GBS Weakness, sensory loss,
areflexia, cranial
neuropathy164

Up to 26%22

BBE Ophthalmoplegia, ataxia,
hypereflexia or disturbed
consciousness120

Up to 66%120
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posed selective involvement of Ia-afferent neurons.
Early case studies correlated abnormalities of Ia-
afferent fibers with the severity of ataxia, suggesting
this process is indeed involved in its development.165

Ropper and Shahani138 suggested that disparity be-
tween proprioceptive information from muscle spin-
dles and kinesthetic information from joints may be
a mechanism of ataxia, based on abnormalities of
peripheral nerves. Employing postural body sway
analysis, Kuwabara and colleagues82 concluded that
MFS patients have dysfunction of the proprioceptive
afferent system, and that sensory ataxia may be
caused by selective involvement of muscle-spindle
afferents.

Anti-GQ1b monoclonal antibody immunostain-
ing of human dorsal root ganglion has been demon-
strated, but its physiological significance remains un-
certain.81 Direct staining of Ia afferents with anti-
GQ1b IgG antibody has not been demonstrated to
date.

In ataxic GBS, distal paresthesias, areflexia, and
sensory ataxia have been documented. Some cases,
however, showed features suggesting cerebellar-type
ataxia. Ataxic GBS may progress to typical GBS,
where limb weakness predominates. In a large series
of 340 cases with anti-GQ1b IgG antibody positivity,
6 cases were consistent with the ataxic form of GBS.
Anti-GQ1b IgG antibody from these patients cross-
reacted with GT1a, suggesting that autoantibodies
with the same fine specificity were seen in MFS and
ataxic GBS.175

In a large series of 445 patients with GBS, anti-
GD1b IgG without cross-reactivity with other glyco-
lipids was present in 9 cases, all with sensory distur-
bance and 1 with cerebellar ataxia.102 Other GBS
cases reported subsequently had sensory ataxia and
similarly elevated anti-GD1b IgG antibody.168,175 As
GD1b was found to localize to primary sensory neu-
rons in humans, these reports seem to favor both
cerebellar and sensory involvement as causes for the
ataxia.

Immunological evidence of cerebellar involve-
ment would be of interest for explaining the ataxia
in MFS. A 1-year study using immunocytochemical
staining of human cerebellum described selective
staining of the molecular layer with sera from 3 MFS
or GBS patients who had elevated IgG anti-GQ1b
antibody levels.80 Western blot analysis also revealed
increased levels of anti-cerebellar antibodies in MFS
patients when compared with GBS patients or
healthy controls.60 These findings suggest the pres-
ence of immunologically mediated cerebellar dys-
function in MFS, but more studies are needed to
further define the role of anti-GQ1b IgG antibody, as

well as the underlying immunological mechanism of
cerebellar dysfunction in MFS.

In summary, the issue of ataxia in MFS has not
been fully explained. It is possible that the relative
predominance of anti-GQ1b or anti-GD1b IgG anti-
bodies may contribute to the ataxia, but further
studies in large series will help to resolve these issues.

Areflexia. Areflexia is a clinical sign suggesting pe-
ripheral nervous system involvement. It forms part of
the clinical triad of MFS, and is an overlapping clin-
ical feature with GBS. In the largest series of MFS
reported to date, all patients demonstrated loss of
reflexes and, over a 4–6-month period of follow-up,
two thirds still showed abnormally depressed tendon
reflexes.105 The presence of areflexia corroborates
electrophysiological studies demonstrating periph-
eral nerve dysfunction,66,67 including axonal neurop-
athy41 and abnormal conduction in peripheral sen-
sory fibers.47 These findings were very similar to
those seen in GBS.

CLINICAL ASSOCIATIONS

MFS with an immunological basis has been de-
scribed in association with autoimmune and neoplas-
tic conditions. It has been reported in conjunction
with systemic lupus erythematosus,13,54 Hashimoto’s
thyroiditis,132 Still’s disease,37 Hodgkin’s disease,139

leptomeningeal signet cell carcinomatosis,109 and
lung carcinoma.35 Tacrolimus therapy has also been
associated with MFS developing in a patient receiv-
ing a cadaveric liver transplant.71 However, these
anecdotal reports do not in themselves qualify MFS
as a paraneoplastic manifestation or rheumatologi-
cal disorder.

EPIDEMIOLOGY

The annual incidence of MFS has been estimated at
0.09 per 100,000 population and onset is most com-
mon in spring. However, large epidemiological stud-
ies on MFS remain scarce, and the majority of pub-
lished data have been culled from studies on GBS.
An incidence of MFS making up 25% of GBS pa-
tients was recorded in a Japanese series published in
2001.105 A retrospective 11-year hospital study in Tai-
wan noted an unusually high percentage (18%) of
MFS among GBS patients, most commonly in win-
ter.172 A separate 14-year retrospective review re-
corded 7 MFS cases among 96 (7%) cases classified
as GBS.25 This was in contrast to a prospective Italian
study, which recorded 4 MFS cases from among 138
GBS patients (3%).15 There is thus anecdotal evi-
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dence to suggest a higher proportion of MFS among
GBS patients in the Far East. The exact reasons
remain speculative, but may be related to host fac-
tors and genetic factors. In addition, uniform defi-
nition of diagnostic criteria for MFS, as well as those
for GBS and BBE, will enable future epidemiological
studies to estimate incidence more accurately.

Of the few reports addressing MFS in children,
one study58 quoted MFS as being diagnosed in 2 of
23 (9%) GBS cases. Both patients recovered with no
residual deficits.

PATHOLOGY

Few reports of autopsies on MFS patients have been
published, reflecting the mostly self-limiting clinical
course. Two autopsy reports failed to find a central
nervous system lesion129,137; one described demyeli-
nating peripheral neuropathy, suggesting that MFS
falls within the spectrum of acute inflammatory poly-
neuropathy,133 similar to GBS. Histological examina-
tion has demonstrated segmental demyelination and
axonal swelling in peripheral and oculomotor
nerves, in addition to mild chromatolytic changes
and pyknosis of the midbrain in a 64-year-old woman
with recurrent MFS.9 A 1992 review documented 6
autopsied patients: 3 showed inflammatory brain-
stem lesions and 2 had demyelination of the cranial
nerves.12 Hence, the evidence of central pathology is
limited and has been derived mostly from radiolog-
ical or electrophysiological studies.

RADIOLOGICAL FINDINGS

The advent of magnetic resonance imaging (MRI)
has contributed greatly to our understanding of
MFS. To provide a balanced comparison of central
and peripheral involvement, I have arbitrarily in-
cluded cranial nerve findings as peripheral lesions.

Imaging is unremarkable in most cases of MFS.
The earliest reports of MRI findings associated with
MFS showed lesions in the brainstem42,158 and III
nerve nucleus on T2-weighted sequences,53 provid-
ing evidence supporting central involvement. Other
reports have described spinocerebellar tract lesions
in the lower medulla,162 and lesions in the midbrain,
pons, and middle cerebellar peduncle.32 This may
suggest an immune-mediated breach of the blood–
brain barrier, as demonstrated in previous cerebro-
spinal fluid studies.149

Peripheral lesions reported in MFS included le-
sions in the lumbosacral roots,128 cauda equina, pos-
terior column of the spinal cord,61 III or IV cranial
nerves,57,107,157 and dorsal root ganglia.84

In comparison to typical GBS, there are abun-
dant reports of central lesions on MRI. With im-
proved imaging methods, it is likely that more le-
sions will be reported, lending support to the
multifocal nature of this condition.

ELECTROPHYSIOLOGICAL ASPECTS

Early studies employing nerve conduction studies
demonstrated peripheral sensory conduction abnor-
malities.47,67 Subsequent studies, including use of
the blink reflex,142 highlighted axonal neuropathic
changes and cranial motor dysfunction,41,144 suggest-
ing some differences from the electrophysiological
features of GBS. The presence of evoked potential
abnormalities (visual, auditory, somatosensory) has
provided electrophysiological evidence of combined
central and peripheral lesions in this condi-
tion.46,160,169 Four MFS patients progressing to severe
tetraparesis showed reduced amplitudes of com-
pound muscle action potentials, additionally sug-
gesting electrophysiological differences from classic
demyelinating GBS.70 Quantitative cardiovascular
autonomic function tests may be subclinically abnor-
mal in both the parasympathetic and sympathetic
components.94

Electroencephalographic findings were normal
in all three patients in one adult series,66 whereas
two case reports in the pediatric age group demon-
strated slowing of background rhythm. Abnormali-
ties appeared to be mild and non-specific in
MFS.10,97

The increasing awareness of combined central
and peripheral involvement in anti-GQ1b IgG anti-
body–positive MFS has prompted further investiga-
tion into this issue.121 Using serial transcranial mag-
netic stimulation, the prolonged subclinical central
motor conduction time, a reflection of corticospinal
dysfunction, was shown to reduce and normalize in
tandem with clinical recovery in anti-GQ1b IgG an-
tibody–positive MFS.91 A reversible corticobulbar
motor conduction time abnormality was also dem-
onstrated in one MFS patient exhibiting dysarthria.92

These findings highlight the presence of clinical and
subclinical functional lesions in anti-GQ1b IgG anti-
body–positive classic MFS patients or patients with
MFS features, in addition to other clinical signs. The
findings also strengthen the relationship between
MFS and the related disorder of BBE, where upper
motor neuron signs may coexist with ophthalmople-
gia, ataxia, or an alteration of consciousness.

The role of anti-GQ1b IgG antibody in central
nervous system lesions, as demonstrated by electro-
physiological and radiological studies, is uncertain.
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Indeed, in BBE, where upper motor neuron–type
lesions and sensorium changes are most frequently
encountered, up to 66% of patients have this anti-
body. Much work remains to be done to uncover its
actions at different levels of the nervous system. In
addition, it remains to be determined whether the
role of anti-GQ1b IgG antibody in the central ner-
vous system is similar to that in the peripheral ner-
vous system. How significant is the involvement of
other antibodies? These are intriguing questions,
and their answers may provide further insight into
this group of disorders.

There is evidence that anti-GQ1b IgG antibodies
have pathogenic effects at the neuromuscular junc-
tion in vitro. Using single-fiber electromyography,
patients with acute ophthalmoparesis and elevated
anti-GQ1b IgG antibody were shown to have abnor-
mal jitters, which improved with clinical recovery,86

providing the first reported evidence of neuromus-
cular transmission defect in patients with MFS. Sim-
ilar observations in an anti-GQ1b IgG antibody–neg-
ative patient were made by separate investigators,141

suggesting that other antibodies may be involved.
Employing high-frequency repetitive nerve stimula-
tion,87–89 a presynaptic neuromuscular transmission
defect was demonstrated in anti-GQ1b IgG anti-
body–positive MFS patients90 up to 3 months after

clinical presentation. This corroborates in vitro find-
ings of presynaptic structural derangements occur-
ring in the nerve terminal,50 as opposed to a tran-
sient nerve-blocking phenomena. Such an effect was
not seen in antibody-negative cases, thus providing
further evidence of anti-GQ1b IgG antibody–related
presynaptic dysfunction in MFS patients. Most re-
cently, using abnormal single-fiber electromyogra-
phy of the extensor digitorium communis muscle of
an MFS patient, findings further validated the previ-
ously mentioned electrophysiological studies.83

Although the electrophysiological studies may be
non-specific and correlational, the findings provide
important functional information linking immuno-
logical and clinical data in MFS (Fig. 1).

TREATMENT

It is relevant to note that the half-lives of IgM and
IgA are 5 and 6 days, respectively. The half-life of
IgG, by comparison, is 21 days. Plasmapheresis is
effective at shortening the clinical course of GBS,
which reaches a nadir by 8–9 days. This suggests that
the presence of IgG is the predominant factor in the
development of GBS. The median time to nadir in
MFS is 5–6 days,105 indicating a somewhat shorter
time to maximal clinical deficit.

FIGURE 1. Summary of possible protean effects of anti-GQ1b IgG antibody as evaluated by various electrophysiological techniques in
MFS patients.
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There are no randomized, double-blind, placebo-
controlled trials pertaining to the treatment of MFS.
This again is likely related to its self-limiting clinical
course and low incidence. Nonetheless, immuno-
modulatory treatments similar to those used in GBS
have been reported anecdotally. In a large series of 50
consecutive cases, no beneficial effect was shown in
patients who received plasmapheresis compared with
those who received no immunotherapy.104

The use of plasmapheresis85,96,171 with success has
mostly been described in case reports, as was the use
of intravenous immunoglobulin.181 However, the lat-
ter should be used judiciously; a case of cerebral
infarction was reported during treatment of an MFS
patient,161 and posterior reversible encephalopathy
has also occurred.108

Employment of immunoadsorption in a trypto-
phan-immobilized column was effective in reducing
anti-GQ1b IgG antibody titers from patients’ se-
ra.123,180 Willison et al. provided in vitro rationale for
immunoadsorption plasma exchange by showing
that synthetic disialygalactose immunoadsorbents
deplete anti-GQ1b IgG antibodies from MFS-associ-
ated human sera.166 This provides the impetus for
more research into developing immunotherapies
with greater antibody specificity and binding effi-
cacy.

Future therapeutic directions could be focused
on use of novel agents acting at various levels of the
immunological cascade or at motor nerve terminals.

Although MFS and GBS are related disorders,
they have different clinical courses and antibody
profiles. The present immunomodulatory treat-
ments of MFS are largely translated from experi-
ences with GBS. To establish convincingly the effi-
cacy of these treatments would require large,
prospective clinical trials.

At present, clinical discretion should be employed
as to when treatment can be instituted in the absence
of established guidelines. MFS is self-limiting, but it is
reasonable to consider treatment in cases with rapid
progression of limb, bulbar, or respiratory weakness.

CAMPYLOBACTER AND OTHER INFECTIONS

Like GBS, MFS has been reported to follow infec-
tions. Molecular mimicry4,62 has been shown to be
the likely mechanism by which infective agents trig-
ger an immunological reaction.

MFS has been associated with Q fever,38 and with
infection with Mycoplasma pneumoniae,99 human im-
munodeficiency virus,7 Campylobacter jejuni,3,31,43,110

Epstein–Barr virus,146 Hemophilus influenzae,75 Pastu-
ella multocida,11 Helicobacter pylori,30 aspergillus,39

Streptococcus aureus, cytomegalovirus, varicella-zoster
virus, and mumps virus.156 However, a large prospec-
tive case–control serological study has shown that
associated infective agents remain unknown in the
majority of cases.72

Of the multiple antecedent infections reported
in MFS, C. jejuni infection, as in GBS, has been the
most well studied.78 In a large, prospective case–
control study, comprising 96 GBS and 7 MFS pa-
tients,135 evidence of C. jejuni infection was present
in 2 of the 7 MFS patients, and was associated with
axonal degeneration, slow recovery, and residual dis-
ability. C. jejuni GBS is commonly associated with
formation of IgG antibodies against GM1, GM1b,
GD1a, or GalNAc-GD1a.177

Jacobs et al.62 isolated C. jejuni from 3 MFS pa-
tients, all with high anti-GQ1b IgG antibody titers,
and demonstrated cross-reactivity of these antibodies
with surface epitopes of C. jejuni strains by enzyme-
linked immunosorbent assay inhibition techniques.
The findings support the hypothesis of molecular
mimicry between bacteria and nerve tissue. In an-
other series, C. jejuni was isolated from 3 MFS pa-
tients with anti-GQ1b IgG, which cross-reacted with
sialidase-sensitive epitopes in the lipopolysaccharide
fractions, supporting the hypothesis that anti-GQ1b
IgG antibodies are induced during preceding C. je-
juni infection.64 There was further evidence to sug-
gest that GBS and MFS induced long-lasting elevated
titers of IgG1 and IgG3 antibodies, as compared with
IgG2 in normal controls, suggesting that specificity
of antibody isotype may be determined by preceding
C. jejuni infection.63 Schwerer et al.147 showed that,
in MFS following respiratory infection, IgG3 was the
major antibody detected, in contrast to IgA,76 IgM,
or IgG2, following gastrointestinal infections. A Jap-
anese study determined that Penner’s serotype 2 of
C. jejuni causing enteritis was particularly associated
with MFS,122 in contrast to Penner’s serotype 19,
which mainly triggered GBS.155,173

Recent research on C. jejuni has focused on its
genetic aspects. A Campylobacter gene (cstII) was
found to be associated with immune-mediated neu-
ropathy by the demonstration that cstII sialic acid
transferase was a crucial determinant in the synthesis
of GQ1b epitope.163 Oligoclonal expansions of T
cells bearing particular types of T-cell receptor V
beta and V delta genes frequently occur in GBS/
MFS, suggesting a role of T-cell mediation.77 Em-
ploying Campylobacter knockout mutants and associ-
ation studies of lipo-oligosaccharide biosynthesis
gene locus with expression of ganglioside-mimicking
structures, it was shown that specific bacterial genes
are crucial for induction of anti-ganglioside antibod-
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ies.44 Koga et al.74 demonstrated that patients in-
fected with C. jejuni Asn51 polymorphism were more
often positive for anti-GQ1b IgG antibody and
showed ataxia. In contrast, patients with C. jejuni
Thr51 were more frequently positive for anti-GM1
and anti-GD1a IgG antibody, and these patients
manifested weakness predominantly. This finding
suggested that genetic polymorphism of C. jejuni
determines autoantibody reactivity and clinical pre-
sentation in GBS/MFS.

MOLECULAR MIMICRY

Molecular mimicry represents a major pathogenic
mechanism, and understanding this process may
have important implications for treatment.

Studies of molecular mimicry in MFS, in relation
to anti-GQ1b IgG antibody, have been carried out
with strategies similar to those in GBS. Yuki et al.175

isolated two strains of C. jejuni from patients with
anti-GQ1b IgG antibody. The monoclonal antibod-
ies cloned reacted with both lipopolysaccharide frac-
tions, implying that the lipopolysaccharide of C. je-
juni bears GQ1b epitopes, and mimicry between
GQ1b and C. jejuni lipopolysaccharide has occurred.
Salloway et al.140 isolated lipopolysaccharide from C.
jejuni (serotype O:10) from an MFS patient and dem-
onstrated that its terminal trisaccharide epitope con-
sisted of two molecules of sialic acid linked to galac-
tose, reflecting the terminal region of human GD3
ganglioside, which is also present in the lipopolysac-
charide of neuropathic O:19 strains of C. jejuni. This
suggests a possible role in molecular mimicry of this
trisaccharide. In a separate study,8 the lipopolysac-
charide of the OH 4384 strain of C. jejuni contained
GM1 and GD1a-like epitopes. Immunization of mice
with lipopolysaccharides of this strain induced
monoclonal antibodies with GQ1b reactivity. It was
further demonstrated4 that one of the four rabbits
injected with lipopolysaccharides from two MFS-
related C. jejuni strains produced anti-GQ1b IgG
antibody. These findings further attest to the pres-
ence of molecular mimicry in the autoimmune de-
velopment of MFS preceded by C. jejuni infection.
However, animal experiments have demonstrated
differences in the specificity of anti-ganglioside anti-
body responses between rabbits immunized with li-
popolysaccharides from the same Campylobacter
strain, suggesting that lipopolysaccharides only
partly determine anti-ganglioside antibody specific-
ity. Other strain-specific and host-related factors may
contribute.4

Koga et al.75 found serological evidence of H.
influenzae in 7% of 70 consecutive MFS patients, all

with antecedent respiratory tract infection. Anti-
GT1a IgG antibody cross-reactivity with GQ1b was
present in all the patients. Their anti-GQ1b mono-
clonal antibodies bound to the lipopolysaccharides
extracted from H. influenzae samples, suggesting that
this lipopolysaccharide contained GT1a epitope.
Molecular mimicry may thus be the likely mecha-
nism for development of MFS after H. influenzae
infection. Recent studies have suggested, however,
that H. influenzae isolation may not always be indic-
ative of its causal role in MFS/GBS, and testing for
other infections should be undertaken during clini-
cal management.73 There is also evidence to suggest
that antibodies to the vacuolating cytotoxin of Heli-
cobacter pylori show homology with membrane ion-
transport proteins, suggesting a role in MFS patho-
genesis.30 Research into GBS/MFS has extended to
cellular lipidomics, where differential effects on
phospholipids activity with anti-GM1 vs. anti-GQ1b
antibody was demonstrated in patients’ sera.55

In summary, collective evidence from bacterio-
logical and immunological studies strongly supports
molecular mimicry as the major pathogenic mecha-
nism, but the presence of other genetic and host
determinants is becoming apparent. With advances
in biochemical and cellular technology, there will be
significant new developments in this field of disease
pathogenesis.

ANTI-GQ1b IgG ANTIBODY

Gangliosides are glycosphingolipids that contain a
sialic acid residue of N-acetylneuraminic acid at-
tached to the terminal galactose of an oligosaccha-
ride core. They play a role in plasma membrane and
cell functions. The hydrophilic carbohydrate struc-
ture is exposed extracellularly, and is capable of
acting as an autoantibody target. The ganglioside
GQ1b (Fig. 2) is abundant in cranial nerves supply-
ing extraocular muscles and the presynaptic neuro-
muscular junction, which is devoid of a blood–nerve
barrier. This may render it vulnerable to autoim-
mune attack. The corresponding antibody, anti-
GQ1b, is IgG in class and its titer rapidly decreases
with clinical resolution of MFS.

Anti-GQ1b antibody is well known to be associ-
ated with MFS.126 Anti-GQ1b IgG antibody titers
peak at clinical presentation and decline rapidly dur-
ing the course of recovery. However, some studies
have measured its titer over the first 2 weeks after
onset and found that anti-GQ1b IgG antibody activ-
ity reflected clinical severity scores, especially oph-
thalmoplegia.45,103 Anti-GQ1b IgG antibody fre-
quently cross-reacts with ganglioside GT1a, as well as
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GD3 and GD1b.179 Such demonstrated specificity
can be useful to the managing clinician, who can
consider testing for the presence of anti-GQ1b IgG
antibody activity or antibodies to these related
epitopes, as markers for identification of MFS or its
formes frustes. Longitudinal testing has shown that
anti–C. jejuni IgG and IgA antibody titers parallel
that of anti-ganglioside antibodies, indicating that C.
jejuni infection triggers antibody production.116 Anti-
GQ1b IgG antibody positivity, occurring in various
frequencies, has been reported in MFS, GBS, and
BBE.5,117 From the clinical standpoint, anti-GQ1b
IgG antibody positivity is most highly correlated with
ophthalmoplegia,154 but an association with ataxia
from binding to dorsal root ganglia81 has been doc-
umented. Associations with pure ataxia36,106 or iso-
lated ophthalmoplegia174 have also been described.
Anti-GQ1b IgG antibody testing was found to be
statistically superior to cerebrospinal fluid examina-
tion for MFS diagnosis in the first 3 weeks of presen-
tation.111 These clinical studies point to the presence
of a range of manifestations, from isolated ophthal-
moplegia to the classic triad of MFS, in anti-GQ1b
IgG antibody–positive patients.

It should be noted that the notion of an anti-
GQ1b IgG antibody syndrome was not intended as a
new diagnosis, but rather as recognition of a close
etiological relation between MFS, GBS, and BBE.117

IMMUNOLOGICAL ASPECTS

Although MFS, like GBS, is an immune-mediated
condition, it remains uncertain as to how antibody
mediation can be translated to motor manifesta-
tions. Increased activity of anti-GQ1b IgG antibody
was shown to be present in most cases of MFS,29,167

and anti-GQ1b mouse monoclonal antibody immu-
nostained the paranodal region of extramedullary
III, IV, and VI cranial nerves. The paranodal regions
are important for nerve impulse conduction. It was
also demonstrated with anti-GQ1b monoclonal anti-
body that staining of GQ1b occurred specifically and
was densely localized in the paranodal myelin sheath
of cranial nerves III, IV, and VI, but not in other
central nervous system structures.27 Cranial nerve III
was shown to contain a larger amount of GQ1b than
spinal nerves roots, suggesting a role of anti-GQ1b
IgG antibody in ocular manifestations of MFS.28

The motor effects of anti-GQ1b IgG antibody
remain poorly understood. Roberts et al.136 first in-
vestigated the effects of anti-GQ1b IgG antibody–
positive sera on mouse phrenic nerve–diaphragm
preparations, and showed that miniature endplate
potential frequencies increase, decline rapidly, and
then cease after nerve stimulation, suggesting failure
of neuromuscular transmission from nerve terminals
in MFS. Patch-clamp techniques have shown that
reversible presynaptic neurotransmitter release
blockade may contribute to muscle weakness in
MFS,18 possibly due to the interference of calcium
inflow or proteins in the exocytic apparatus.19

Further studies using similar methods followed,
showing that anti-GQ1b IgG antibody binds to the
neuromuscular junction, inducing a massive quantal
release of acetylcholine, resembling effects of the
neurotoxin alpha-latrotoxin. Experiments with com-
plement-deficient sera suggested that anti-GQ1b IgG
antibody acts in conjunction with activated comple-
ment in the alternate pathways.20,131 It was subse-
quently shown that circulating IgG antibodies in
MFS could induce neuromuscular blockade at the
presynaptic and postsynaptic levels.17 Using immu-
nofluorescence, electron microscopy, and micro-
electrode recording, complement-mediated ultra-
structural axon terminal and perisynaptic Schwann-
cell destruction were demonstrated.49,115

These findings have led to studies on interven-
tion. Intravenous immunoglobulin is commonly
used in the treatment of many immune-mediated
diseases, but the underlying mechanisms of action
are not well understood. It inhibits binding of anti-
GQ1b IgG antibody to GQ1b and prevents comple-
ment activation in ex vivo mouse models.65 Calpain

FIGURE 2. Molecular structure of ganglioside GQ1b, depicting
the ceramide portion within the plasma membrane, and the car-
bohydrate structures exposed to extracellular fluid. Shaded: N-
acetylneuraminic acid; grid: galactose; dots: N-acetylgalac-
tosamine; lines: N-acetylglucosamine.
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inhibitors may limit calcium influx and have been
demonstrated to reduce ultrastructural nerve termi-
nal damage in mouse hemidiaphragm treated with
anti-GQ1b IgG antibody, complement, or alpha-lat-
rotoxin.114 Most recently, use of AP7070 (Microco-
cept), a complement activation inhibitor, was shown
to prevent the membrane attack complex cascade
formation both in vitro and in vivo,48 suggesting a
role for nerve terminal neuroprotection in GBS or
MFS. It remains to be seen whether these novel
findings can be translated to human trials in the
treatment of MFS and its related disorders.

Apart from anti-GQ1b, other antibodies associ-
ated with development of MFS include anti-
GT1a,48,59,113,151,175 anti-LM1,52,170 and anti-GD3,178

but anti-GM1 antibody titer elevation seems uncom-
mon.98 Anti-GQ1b IgG antibody in MFS shows ex-
ceptionally high cross-reactivity with ganglioside
GT1a,148 but anti-GT1a antibody without GQ1b re-
activity is less commonly observed. In particular, the
ataxic form of GBS has anti-GT1a as a common
antibody.176 Ataxic GBS has also been reported to be
associated with anti-GM1b and anti–GalNacAc-GD1a
IgG antibodies.119 Cross-reaction of anti-GQ1b IgG
with GD1b was particularly evident in MFS patients
with impaired proprioception.153 Detection of anti-
ganglioside antibody by agglutination assay may be
as useful a rapid method as enzyme-linked immu-
nosorbent assay.1 Although testing for anti-GQ1b
IgG antibody is significant, recent studies have high-
lighted the clinical importance of ganglioside com-
plexes by showing that anti–GQ1b/GM1-positive
MFS patients were less likely to develop sensory dis-
turbances.68

A study of anti-GQ1b IgG antibody–positive sera
of MFS and GBS patients did not reveal any associ-
ation of human leukocyte antigen types with immu-
noresponse of anti-GQ1b IgG antibody.26 Elevated
levels of interferon-gamma and T-helper 1 were
found,56 in keeping with other studies suggesting
T-cell mediation in MFS pathogenesis.77 Reduced
cerebrospinal fluid levels of hypocretin-1 were found
in 5 of 12 (42%) MFS patients. As hypocretin-1 is
known to be associated with sleep–wake cycles, fur-
ther studies will help elucidate whether such patients
have disturbances in this physiological process.112

In summary, the pathogenesis of MFS is most
strongly associated with anti-GQ1b IgG antibody,
and research into its treatment has been directed at
the effects of this antibody. However, it has moved
beyond this area, and downstream processes in the
immunological cascade may emerge as promising
targets for future therapeutic intervention strategies.
It can be speculated that research findings in this

direction may also have relevance for other post-
infectious immunologically mediated medical condi-
tions.

REFERENCES

1. Alaedini A, Briani C, Wirguin I, Siciliano G, D’Avino C, Latov
N. Detection of anti-ganglioside antibodies in Guillain–Barré
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and Guillain–Barré syndrome. J Neuroimmunol 1995;61:85–
88.

27. Chiba A, Kusunoki S, Obata H, Machinami R, Kanazawa I.
Ganglioside composition of the human cranial nerves, with
special references to pathophysiology of Miller Fisher syn-
drome. Brain Res 1997;754:32–36.

28. Chiba A, Kusunoki S, Obata H, Machinami R, Kanazawa I.
Serum anti-GQ1b IgG antibody is associated with ophthal-
moplegia in Miller Fisher syndrome and Guillain–Barré syn-
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syndrome requiring a cardiac pacemaker in a patient on
tacrolimus after liver transplantation. Ann Pharmacother
2005;39:1124–1127.

72. Koga M, Gilbert M, Li J, Koike S, Takahashi M, Furakawa K, et
al. Antecedent infections in Fisher syndrome: a common
pathogenesis of molecular mimicry. Neurology 2005;64:1605–
1611.

73. Koga M, Koike S, Hirata K, Yuki N. Ambiguous value of
Hemophilus influenzae isolation in Guillain–Barré and Fisher
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Guillain–Barré and Fisher syndromes. Lancet Infect Dis
2001;1:29–37.

179. Yuki N. Molecular mimicry between gangliosides and lipo-
polysaccharides of Campylobacter jejuni isolated from patients
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ABSTRACT: Excitability measurements on human motor and sensory
nerves have provided new insights into axonal membrane changes in pe-
ripheral nerve disorders. The aim of this study was to establish an in vivo rat
preparation suitable for threshold tracking of sensory nerve action potentials
(SNAPs) to model clinical sensory nerve excitability studies. In Sprague–
Dawley rats anesthetized with ketamine and xylazine, current stimuli were
applied to the base of the tail and SNAPs recorded from distal needle
electrodes. Multiple excitability data were obtained as previously described
for human nerves and compared to recordings from the motor tail axons and
to sensory recordings from human median and ulnar nerves. The pattern of
excitability changes in rats was broadly similar to that in humans, although
some parameters differed significantly. Individual recordings were stable for
at least 3 h. These data show that the rat tail enables excitability properties
of sensory as well as motor axons to be studied experimentally, e.g., in
models of nerve disease and during pharmacological interventions.
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Assessment of nerve excitability in human periph-
eral nerves provides insight into peripheral nerve
function and underlying axonal membrane proper-
ties. Using the noninvasive technique of threshold
tracking in human peripheral nerves, multiple nerve
excitability measures can be obtained by monitoring
the changes in threshold current required for 40%
of a maximal compound action potential during
various stimulation protocols: (1) during changes of
stimulus duration (strength–duration relationship);
(2) during long-lasting subthreshold polarizing cur-
rent pulses (threshold electrotonus, current–thresh-
old relationship); or (3) following a single supra-
maximal stimulus (recovery cycle). The availability
of a standardized battery of these threshold tracking
techniques in an automated excitability testing pro-
tocol (trond recording protocol4,5) has improved
clinical applicability of nerve excitability tests and
has proved extremely helpful in identifying and

characterizing axonal membrane properties under
normal conditions and in peripheral nerve dis-
ease.8,10

The molecular mechanisms that underlie these
axonal membrane properties in humans are imper-
fectly understood, and animal models can contrib-
ute greatly to improving understanding. For exam-
ple, an in vivo rat model for recording threshold
electrotonus in motor axons was described by Yang
et al.20 using the rat tail. This model has recently
been used to help identify the molecular nature of
the slow potassium current in motor axons, since the
contributions of this current to accommodation to
100-ms subthreshold depolarizing currents and to
late subexcitability were blocked by the specific
KCNQ channel blocker XE991.19 However, no
method has yet been described for applying stan-
dardized multiple nerve excitability recordings to rat
sensory nerves in vivo.

Establishing a model for sensory trond record-
ing in vivo is warranted for two reasons. First, nerve
excitability properties in human sensory nerves are
distinct in some respects from human motor nerves
(such as lower rheobase, different stimulus response
slope, less superexcitability, and refractoriness dur-
ing recovery cycle) and their excitability changes
during activity-dependent hyperpolarization or isch-
emia are regulated differentially.1,6,7 Thus, the un-

Abbreviations: CMAP, compound muscle action potential; ISI, interstimulus
interval; RRP, relative refractory period; SNAP, sensory nerve action potential;
TEd (TEh), depolarizing (hyperpolarizing) threshold electrotonus
Key words: membrane potential; recovery cycle; sensory nerve action po-
tential; superexcitability; threshold electrotonus
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derlying molecular mechanisms and ion-channel
regulation might be distinct and this can only be
investigated in separate animal models of motor and
sensory nerve excitability. Second, some neuropa-
thies preferentially impair sensory axons, and may
therefore require studies on sensory axons in an
animal model to gain insights into the disease-
induced changes in axonal membrane properties
involved.

Therefore, in the present study we applied the
standardized protocol for multiple measures of
nerve excitability that is used clinically5 to peripheral
sensory nerves in a rat model. The aim of the study
was to establish a tool that would be suitable for
experimental sensory nerve excitability recordings
and for subsequent studies with pharmacological in-
tervention in peripheral nerve disease models or in
genetically modified animals. We also compared the
excitability properties in rat sensory axons with those
in rat motor axons and in human sensory axons.

MATERIALS AND METHODS

Animals. Experiments were performed in adult fe-
male Sprague–Dawley rats weighing 250–300 g ob-
tained from B&K Universal (Hull, UK). All experi-
mental procedures were carried out under license
from the U.K. Home Office, following approval by
the Ethical Review Panel of the Institute of Neurol-
ogy. After the recording session the animal was killed
by an overdose of anesthetic.

Subjects. Eighteen healthy human volunteers
(nine women, nine men; median age, 28 years;
range 21–45 years) were recruited to study excitabil-
ity parameters in the median and ulnar sensory
nerve. The study was approved by the Joint Research
Ethics Committee of the National Hospital for Neu-
rology and Neurosurgery and the Institute of Neu-
rology, London. Written informed consent was ob-
tained from all subjects.

Compound Action Potential Recordings in Rat Periph-

eral Nerves. Rats were anesthetized with an initial
dose of 90 mg/kg IP ketamine and 10 mg/kg IP
xylazine to produce deep anesthesia. To maintain
the level of anesthesia, supplementary doses, equal
to one-third of the initial dose, were administered as
required. The lower back aspect was shaved and the
rat was placed prone on a heated under-blanket,
which was controlled by a rectal thermistor probe to
keep the body temperature close to 37°C. The
method of peripheral nerve excitability testing is
similar to that described recently for rat motor tail

nerves.19,20 Nonpolarizable Ag/AgCl disk electrodes
(Red Dot, 3M Health Care, Borken, Germany) were
used for stimulation. The cathode was attached to
the lateral aspect of the tail base. The anode was
placed on the skin of the hip. Stainless steel needle
electrodes were used for recording and grounding.
To record compound muscle action potentials
(CMAPs), the electrode was inserted into the ipsilat-
eral aspect of the tail muscle 50–60 mm distal to the
stimulating electrode. To record SNAPs the elec-
trode was inserted into the ipsilateral aspect of the
tail skin, �100 mm distal to the stimulating elec-
trode. The reference electrode was inserted nearby.
A ground electrode was inserted between the stimu-
lating and recording electrodes. The temperature of
the skin was measured with a thermocouple placed
adjacent to the stimulating electrode. Signals were
amplified and filtered (2 Hz–2 kHz) (Disa EMG
amplifier type 14C13; Skovlunde, Denmark) and
line interference was removed with an online noise
eliminator (HumBug; Quest Scientific, North Van-
couver, Canada). Signals were digitized by a
DAQ2000 A/D board (Iotech; Cleveland, Ohio) at a
sampling rate of 10 kHz. Stimulation was controlled
by a personal computer running qtracs software
(written by H. Bostock, © Institute of Neurology,
London) connected to the data acquisition unit and
the stimulator (DS5 prototype; Digitimer, Welwyn
Garden City, UK).

Separation of Motor and Sensory Action Potentials.

The lower part of Figure 1 shows four recordings
made from the same rat tail. CMAP recordings were
made from site 1 with 1 ms stimuli, set supramaximal
to record maximum peak-to-peak CMAP amplitude
(trace 1A), and during threshold tracking to evoke a
target response close to 40% of the maximum (trace
1B). The recordings in traces 2A and 2B were made
more distally, at site 2, with stimulus currents of
lower amplitude and 0.5-ms duration, and at higher
gain. By careful positioning of the recording elec-
trodes it was usually possible to record a maximal
SNAP peak-to-peak response, as in trace 2A, without
distortion due to overlap with the low-level CMAP
(asterisked). The SNAPs appeared earlier than the
CMAPs because of the synaptic delay at the neuro-
muscular junction and slower conduction in the mo-
tor nerve terminals. When the stimulus was further
reduced to track the target response level (trace 2B),
contamination by CMAP was usually not detectable.
However, when the test stimuli were superimposed
on strong hyperpolarizing currents during recording
of the current–threshold relationship, and at short
interstimulus intervals during the recovery cycle,
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contamination by CMAPs could interfere with
threshold tracking.

Compound Action Potential Recordings in Human Me-

dian Nerve. Recordings were performed as de-
scribed by Kiernan et al.5 Briefly, the stimulus
currents were applied via nonpolarizable elec-
trodes (Red Dot, 3M Health Care) with the cath-
ode over the median or ulnar nerve at the wrist,
and the anode about 10 cm more proximal. Sur-
face electrodes (disposable ring electrodes; Viasys
Healthcare, Old Woking, UK) were attached to the
index or little finger as recording electrodes. The
temperature of the skin was measured with a ther-
mocouple placed adjacent to the stimulating elec-
trode. The stimulation protocol was as described
below.

Protocol of Multiple Nerve Excitability Measures.

Multiple nerve excitability measurements were re-
corded by using the threshold tracking program
qtracs (Windows qtrac v1.0.0; © Institute of Neu-
rology, London). Two qtracs protocols were used:
the trondcsw protocol was used for sensory nerve
recordings with test stimulus pulse width of 0.5 ms,
and the trondcmw protocol was used for motor
nerve recordings with a pulse width of 1 ms. Sweep
duration was 230 ms and the test stimulus was deliv-
ered at regular intervals of 0.8 s. Both protocols
enable the threshold changes to be monitored dur-
ing various stimulation procedures on multiple
channels in an automated fashion. They differ from
the earlier trondx protocols described by Kiernan
et al.4,5 only in the method of estimating strength–
duration time constant and rheobase. Instead of

FIGURE 1. Schematic diagram of method of recording from rat tail and representative action potential waveforms. (A) Recording
arrangement, showing positions of nonpolarizable stimulation electrodes and needle electrodes for motor (1) and sensory (2) action
potentials. (B) CMAPs (1) and SNAPs (2) recorded from the same rat tail at different levels of stimulus current (indicated). Plots 1A and
2A indicate maximal action potentials, with lines indicating peak-to-peak amplitude measurement. Arrows indicate onset of stimulus
artifact. Plots 1B and 2B are examples of action potentials recorded while threshold tracking, in which the computer adjusted the stimulus
level on a trial-by-trial basis to match the amplitude to the target response level (indicated by horizontal gray lines). The asterisk in Plot
2A indicates a low-level CMAP that started to appear when the SNAP was close to maximal.
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using stimulus–response curves for two different
stimulus durations, a single stimulus–response curve
was recorded (0.5 ms stimulus duration for sensory,
1 ms for motor). A target response amplitude was set
to the steepest part of the stimulus–response curve
between 30% and 50% of the maximum response,
and then a 5-point strength–duration relationship
(0.5 to 0.1 ms for sensory fibers, or 1.0 to 0.2 ms for
motor) was recorded for the target response by
threshold tracking. Threshold electrotonus, cur-
rent–threshold relationship, and recovery cycle were
recorded as previously described,4,5 with the thresh-
old to the test stimulus alone monitored throughout
the recording and compared with the threshold al-
tered by conditioning currents.

Data Analysis. The trond recordings were ana-
lyzed and plotted with qtracp. This program en-
ables automated analysis of multiple excitability pa-
rameters. First the raw stimulus and response values
for each stimulus condition were used to estimate
the threshold stimulus required to elicit the target
response. These data were then used for further
statistical analysis and for plotting, as previously de-
scribed for human excitability data.4,5 One MEM
(multiple excitability measures) file was generated
from one trond recording and contained, in addi-
tion to the threshold estimates plotted as in Figure 2,
a list of 32 derived excitability parameters that were
used for statistical analysis. Several MEM files were
indexed in an MEF file, and qtracp also provides
for statistical comparisons between groups of record-
ings specified by the MEF files. Parameters were
assumed to be normally distributed unless they failed
the Lilliefors test for normality (P � 0.05%). Mean
parameter values were compared between groups
using parametric tests for normally distributed and
nonparametric tests for nonnormally distributed
data. Parameter variability is indicated by the stan-
dard deviation (SD) or interquartile range (IQR).
Statistical significance was assumed with P � 0.05.

RESULTS

Sensory Nerve Excitability Parameters in Rat Tail Sen-

sory Nerves. Nerve excitability parameters derived
from SNAP recordings of the tail nerves in Sprague–
Dawley rats are summarized in Figure 2, column A,
and compared with equivalent data from rat motor
axons (column B) and human median sensory axons
(column C). The mean rat peak SNAP amplitude
was 30 � 1.8 �V (mean � SD; n � 8). Strength–
duration time constants for SNAP recordings (Fig.
2.A1) ranged from 0.28 to 0.7 ms (mean 0.39, me-

dian 0.32, IQR 0.30–0.43 ms). Figure 2.A2 illustrates
the threshold changes during the threshold electro-
tonus recording. In response to the 40% depolariz-
ing current pulses (plotted upwards), after the initial
fast threshold change, threshold reduction reached
a peak (56 � 4.6%) at around 10 ms after the onset
of the current pulse and returned to a steady state
after around 50 ms (48 � 3.9%). With the hyperpo-
larizing current pulses, after the initial fast threshold
change, threshold reduction fell continuously to a
minimum at 100 ms (�125 � 11% for 40%). On
termination of the polarizing current pulses, thresh-
old overshoot was observed in most but not all re-
cordings and was generally small (3.6 � 2.5% thresh-
old reduction after hyperpolarization). Figure 2.A3
illustrates the current–threshold relationship. The
increase in slope with depolarizing currents (upper
right) indicates outward rectification, and the
smaller increase in slope with hyperpolarizing cur-
rents (lower left) indicates inward rectification. This
recording is incomplete, since in most cases the sen-
sory threshold during strong hyperpolarizing currents
was high enough that the SNAP became contaminated
by a low-level CMAP (cf. Fig. 1.2A) and complete cur-
rent–threshold relationships were only recorded in two
animals. Figure 2.A4 shows the mean changes in
threshold during the recovery cycle. Again, in some
SNAP recordings there was contamination by CMAPs
at short interstimulus intervals, so that complete recov-
ery cycles were only recorded in four animals. Late
subexcitability was small, with a maximum (1.9 �
0.9%) at an interstimulus interval (ISI) of around 50
ms. At shorter intervals it was preceded by the period of
superexcitability, which reached a peak threshold
change of �15.7 � 3.2% at �3 ms. Unlike in human
recordings, the nerves were already slightly superexcit-
able at the shortest interval of 2 ms in the standard
protocol.

Comparison of Rat Sensory Nerve Excitability Parame-

ters with Rat Motor Data. Column B of Figure 2
summarizes nerve excitability parameters derived
from eight CMAP recordings of rat tail motor nerves,
stimulated at the same site as the sensory nerves. The
mean peak amplitude of the CMAPs was 4.5 � 1.5
mV (mean � SD; n � 8), about 100 times greater
than the peak SNAP amplitude. The strength–dura-
tion time constants for motor axons (Fig. 2.B1) were
not significantly different from the sensory axons
(mean 0.40 ms, median 0.28, IQR 0.25–0.29; P �
0.38, Mann–Whitney test). The threshold electroto-
nus (B2) and recovery cycle data (B4) correspond
closely to that previously found in Wistar rats.19 As
far as comparison between sensory and motor nerve
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FIGURE 2. Multiple excitability measurements from three preparations. Column A, rat tail sensory axons. Column B, rat tail motor axons.
Column C, human median sensory axons. Row 1, charge–duration relationship. Row 2, threshold electrotonus. Row 3, current–threshold
relationship. Row 4, recovery cycle.
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excitability measures in the rat model is concerned,
absolute values from threshold electrotonus cannot
be directly compared between the sensory and the
motor recordings since stimulus durations were dif-
ferent. However, Figure 2 shows that the time course
and pattern of these excitability changes observed in
sensory axons were similar to those observed in mo-
tor axons. Nerve excitability parameters that were
clearly distinct in sensory from motor recordings
were observed during the recovery cycle recording
(Fig. 2A4,B4). There was less subexcitability in sen-
sory axons (1.9 � 0.9% in sensory vs. 4.7 � 1.8% in
motor axons; P � 0.01; unpaired t-test with Welch
correction) and sensory axons were on average su-
perexcitable rather than refractory at an ISI of 2 ms
(�7.4 � 8% change in threshold in sensory nerves,
compared with 15.3 � 10% in motor axons; P �
0.05; Mann–Whitney test).

Comparison of Rat Sensory Nerve Excitability Parame-

ters with Human Sensory Data. To test whether the
nerve excitability parameters obtained for the rat in
vivo model resemble those in humans, we compared
rat sensory nerve excitability data with sensory me-
dian nerve and sensory ulnar nerve recordings in 18
healthy control subjects, using the same trond re-
cording protocol as used in the animal studies.
These new sensory recordings were very similar to

those described previously for the median nerve.5

There was little difference between the median and
ulnar recordings, so only the median data is illus-
trated in Figure 2C. Comparing columns A and C in
Figure 2, the patterns of nerve excitability plots ob-
tained for rat sensory tail axons are qualitatively
similar to those in human studies, and the variability
of the measurements was, if anything, less. However,
absolute values derived from the recordings in the
rat model differed significantly from the human
data, as shown more clearly in Figure 3.

The threshold electrotonus waveforms in Figure
3A were on average similar in rat (filled circles) and
human (open circles) studies but threshold reduc-
tions during depolarizing currents were less pro-
nounced in the rat. Thus TEd (10–20 ms) (i.e., the
mean threshold reduction 10–20 ms after the start of
the 40% depolarizing current) was 56% in rat and
67% in human median sensory nerve recordings
(P � 0.001; unpaired t-test Welch corrected). TEd
(90–100 ms) was 46% in the rat and 52% in the
human median sensory nerve recordings (P � 0.01).
During a 100-ms hyperpolarizing current, TEh
(10–20 ms) was �71% in rat and �83% in human
recordings (P � 0.0001), whereas TEh (90–100 ms)
was not significantly different between rat and hu-
man median sensory nerve recordings (P � 0.68;

FIGURE 3. Threshold electrotonus and recovery cycle in rat and human sensory nerves. (A) Threshold electrotonus. Note that threshold
changes in the rat recordings are less pronounced (small arrow) and the overshoot after a 100-ms hyperpolarizing current is much less
(long arrow) in the rat compared to the human recordings. (B) Recovery cycle. Note that the degree of superexcitability in the rat
recordings is similar to the human sensory recordings, whereas the relative refractory period is shorter (short arrow), and there is less late
subexcitability (long arrow). Filled circles, mean values of recordings from rat sensory tail nerves (n � 8). Open circles, human median
sensory nerves (n � 18). Open triangles, human ulnar sensory nerves (n � 18).
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Mann–Whitney test). After a 100-ms hyperpolarizing
current, recovery to baseline values was slower in rat
recordings and overshoot was less pronounced.
Mean TEh (overshoot) was 3.6 � 2.5% in rat and
19 � 3.9% in human median sensory nerve record-
ings (P � 0.0001). Figure 3B shows that the amount
of superexcitability in the rat sensory recording was
comparable to the degree of superexcitability mea-
sured in human median or ulnar sensory nerve re-
cordings. Features that were significantly distinct in
the rat sensory from the human median sensory
nerve recordings were relative refractoriness (P �
0.001) and amount of late subexcitability (P �
0.001). These findings are in line with the data for
motor axons: less pronounced threshold changes
during TE recordings and less pronounced late sub-
excitability during the recovery cycle are exhibited
by rat tail motor axons19 in comparison with human
motor axons.4

Stability of Individual Recordings. To test the stabil-
ity of the recordings from rat sensory tail nerves, we
repeated them at 30-min intervals for up to 3 h. We
addressed this question since pharmacological inter-
vention studies might require repeated recordings
within the same animal. Figure 4 shows one example
of repeated threshold electrotonus (A) and recovery
cycle (B) recordings, and the stability of important
excitability parameters over time. Similar recordings
were obtained from two other animals. Mean values
for peak SNAP, strength–duration time constant,
TEd (10–20 ms), TEd (peak), TEh (90–100 ms),
TEd (90–100 ms), superexcitability (%), and late
subexcitability (%) were similar when baseline values
were compared to values after 180 min (n � 3;
Wilcoxon matched pairs test). For example, peak
superexcitability was �17.3 � 1% at baseline and
�16.8 � 1.2% after 180 min (n � 3; mean � SD; no
significant difference between groups, Wilcoxon
matched pairs test). In summary, these data indicate
stability of the recordings for at least 3 h (last time-
point investigated).

DISCUSSION

This study describes in vivo measurements of multi-
ple excitability parameters in peripheral sensory ax-
ons in the rat. The patterns of excitability change
resemble in many respects those previously de-
scribed for human sensory nerves, suggesting that
the rat tail may provide a useful model for clinical
studies of excitability properties of human sensory
axons. However, there are substantial differences in
some excitability parameters, and others could not

be measured consistently in this preparation because
of contamination by motor action potentials.

The rat tail was used because the long conduc-
tion distance available allows sensory and motor re-
sponses to be separated on the basis of latency, and
because the tail permits noninvasive stimulation of
motor and sensory axons with nonpolarizable elec-
trodes, which are essential for accurate recording of
responses to polarizing currents. For this model to
be useful, it is not necessary that the individual ex-
citability parameters be indistinguishable from those
in human peripheral nerve, but only that they show
comparable features, ascribable to the function of
corresponding active and passive membrane proper-
ties. For example, when motor axons are subject to
100-ms subthreshold depolarizing currents, the re-
duction in threshold reaches a maximum after
10–20 ms, and is then followed by a slow increase in
threshold, i.e., accommodation (Fig. 2, row 2). Al-
though this accommodation is less in rat than hu-
man motor fibers (as it is less in rat than human
sensory fibers in Fig. 3A), the family resemblance
makes it highly likely that corresponding ion chan-
nels (shown to be KCNQ2 potassium channels in
large rat motor axons19) are responsible. In the same
way, the family resemblance between the plots in
Figure 2 makes it likely that the rat tail can provide
a useful model for human sensory nerves.

The differences in the recovery cycles shown in
Figure 3B are more substantial. The relative refractory
period (RRP) is much shorter in the rat, and in future
studies it will be necessary to extend the recovery cycle
measurements to intervals as short as 1 ms to record
refractoriness adequately. The reason for this discrep-
ancy between rat and human cutaneous sensory axons
is unclear. Refractoriness is sensitive to temperature,
but the skin temperatures in the rat were similar to
those in the humans (32.7 � 0.75°C vs. 33.5 � 0.89°C,
respectively). The refractory period is closely related to
action potential duration, since the membrane poten-
tial has to become repolarized before inactivation of
sodium channels is removed and they can generate a
fresh action potential. In mammalian myelinated ax-
ons, action potential duration depends primarily on
sodium channel inactivation, as nodal fast potassium
conductance is small.17,18 Although an increased nodal
fast potassium conductance could help shorten action
potential duration, it is unlikely that this would reduce
the RRP, since RRP also depends on superexcitability,
which would be reduced. Our data therefore suggest
that sodium channel inactivation may be faster in rat
than human sensory axons. No such species difference
was found by Reid16 when voltage clamp measure-
ments on human nodes of Ranvier (that included so-

634 Nerve Excitability in Rat MUSCLE & NERVE November 2007



dium channel inactivation kinetics) were compared
with corresponding data from rat nodes.14 However, in
those studies motor and sensory fibers were not distin-
guished, and the RRP is longer in rat motor than rat
sensory axons (Fig. 2A4,B4). Further studies are
needed to determine the cause of this surprising spe-
cies difference in recovery cycle recordings, but we
note that similarly short RRPs have been recorded
from rat cutaneous A-fibers in an in vitro skin–nerve
preparation (unpublished observations; Maurer, Bos-
tock, and Koltzenburg).

Strength–duration time constants in human sen-
sory axons have regularly been found to be longer
than those in motor axons,12,15 a difference attrib-
uted to a greater level of persistent sodium current at
the resting potential in sensory axons.2 In our rat
recordings, however, motor and sensory strength–
duration time constants were not significantly differ-
ent. This may reflect in part a high variability of the
rat time constant estimates, but sensory strength–

duration time constants were significantly shorter in
rat than human recordings (P � 0.001).

These discrepancies between rat and human
nerve excitability measurements indicate that the rat
model has to be used with caution as a tool for
understanding clinical observations, especially those
concerning refractoriness and strength–duration
time constant. However, the recordings are repro-
ducible and stable over at least 3 h, and faithfully
reproduce many of the characteristics of human sen-
sory nerve excitability.

Comparison with Other Methods. Experimental
nerve excitability testing in rodents has previously
been described for motor axons in vivo13,19,20 and for
unmyelinated axons in vitro.3,9,11 In the present
study, trond recordings were performed in vivo in
anesthetized animals. This has the advantage over in
vitro recordings in that normal blood supply and
perfusion of the nerve is maintained. Thus, the ax-

FIGURE 4. Stability of individual TROND recordings in rat sensory tail nerves. Top, seven superimposed recordings of threshold
electrotonus (A) and recovery cycle (B) made from the same tail at half-hour intervals. Bottom, plots of four key SNAP parameters,
showing absence of any trend over time.
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onal microenvironment remains relatively undis-
turbed, which is important for preserving resting
membrane potential and other functions that
strongly depend on membrane potential, which in-
clude all nerve excitability properties. Another ad-
vantage of in vivo nerve recordings is that the nerve
is preserved in a good condition to be harvested
afterwards for histological and immunohistochemi-
cal procedures. This allows nerve excitability
changes to be correlated with nerve histology (e.g.,
the degree of fiber loss in neuropathy models) or
with the detection, quantification, and cellular local-
ization of an axonal membrane protein of interest
(e.g., an ion channel protein). In addition, since the
in vivo recordings are only minimally invasive, re-
peated recordings can be made from the same
nerve, allowing longitudinal studies to monitor the
development of pathology in nerve disease models
and their changes during treatment.

As described in clinical studies,5 one limitation of
the trond sensory recording is that threshold track-
ing may become impossible in cases of small SNAP
amplitudes, e.g., in severe experimental neuropathy
models. For accurate threshold tracking, the signal-
to-noise ratio must be sufficiently large that the tar-
get response remains above the noise level. The
software allows the signal-to-noise ratio to be im-
proved by averaging, but this extends the recording
period. Also, interference of the tracking of the
SNAP by a concomitant motor response can disturb
the in vivo trond recording, which is not the case
with in vitro recordings. The in vivo preparation
allows the study of the immediate impact of drugs or
other pharmacological interventions administered
by the IP or IV route at therapeutic doses.19 How-
ever, the dosage is limited by toxicity, and the con-
centration of the drug reaching the axons cannot be
controlled. This is in contrast to the in vitro bath
recordings with desheathed nerves or spinal roots,
where the nerve environment can be controlled
much more directly, in particular by the relatively
rapid administration and removal of drugs.3,9,11 The
in vitro preparations also avoid the possibility that
the anesthetics used for the in vivo nerve recordings
may have an effect on nerve excitability.

In conclusion, our study shows that minimally
invasive threshold tracking of SNAPs as well as
CMAPs is possible using the rat tail, allowing multi-
ple excitability parameters of sensory and motor ax-
ons to be assessed in vivo. This model may be useful
for pharmacological studies and studies in nerve
disease models.

Supported by The Wellcome Trust.
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ABSTRACT: The baroreflex maintains a stable blood pressure (BP) by
dynamically adjusting heart rate (vagal component) and total peripheral
resistance (adrenergic component). Vagal baroreflex sensitivity (BRS-v) is
widely used but no methodology existed to quantitate adrenergic baroreflex
sensitivity (BRS-a) until we developed the indices of BP recovery time (PRT)
and BRS-a. The aims of this study were to generate a normative database
and to evaluate whether there is an age effect on the cardiovagal and
adrenergic sensitivities. We evaluated recordings of heart rate (HR) and BP
in 255 normal subjects during the Valsalva maneuver (VM) and determined
both BRS-v and BRS-a sensitivities. PRT increased with age whereas all
other parameters declined with age. The adrenergic parameters correlated
well with each other but not significantly with BRS-v. The results indicate that
both BRS-a and BRS-v become blunted with increasing age and that these
indices behave independently of each other.
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The baroreflex is responsible for maintaining a stable
blood pressure (BP) in spite of changes in body posi-
tion.2,7 Changes in position, such as standing from a
lying position, result in a reduction in venous return to
the heart. Baroreceptors are unloaded and the barore-
flex, by adjusting heart rate (vagal component) and
total peripheral resistance (sympathetic adrenergic
component), prevents a change in BP.15 Neurologic
disease such as multiple system atrophy, pure auto-
nomic failure, or the autonomic neuropathies result in
lesions of the baroreflex and there is ensuing ortho-
static hypotension, supine hypertension, and loss of
diurnal variation in BP.9 Baroreflex sensitivity (BRS) is
widely used to quantitate the vagal component of the
reflex.13 However, in disorders such as the autonomic
neuropathies, the adrenergic component may be dif-
ferentially or selectively involved.9 Although the mea-

surement of orthostatic BP or plasma norepinephrine
increment in response to standing provides indices of
adrenergic function,3,6 their sensitivity and specificity
are relatively poor. Currently, quantitative evaluation
of adrenergic function requires microneurogra-
phy,4,5,15 a method that is too invasive and time con-
suming for routine clinical use.

We have recently described an index of the adren-
ergic component of the baroreflex, the BP recovery
time (PRT).18 We then described a more complete
evaluation that relates PRT to the BP change that
drives PRT,17 hence generating an index of adrenergic
baroreflex sensitivity, and validated the method against
directly recorded muscle sympathetic nerve activity
(MSNA) from microneurographic recordings during
Valsalva maneuver (VM).17 The aims of this study were:
(1) to provide normative data on PRT and other pa-
rameters of adrenergic baroreflex sensitivity; (2) to
evaluate the effect of age and gender on the adrener-
gic component of the baroreflex; and (3) to study
whether there is a differential effect of age on the
cardiovagal and adrenergic components.

MATERIALS AND METHODS

We evaluated 255 normal subjects, primarily of
northern European descent, of either gender who

Abbreviations: BP, blood pressure; BRS, baroreflex sensitivity; BRS-a, ad-
renergic baroreflex sensitivity; BRS-v, vagal baroreflex sensitivity; HR, heart
rate; HRDB, heart rate response to deep breathing; II-E, early phase II; II-L, late
phase II; MSNA, muscle sympathetic nerve activity; PRT, blood pressure
recovery time; VM, Valsalva maneuver; VR, Valsalva ratio
Key words: adrenergic; age; baroreflex sensitivity; cardiovagal; Valsalva ma-
neuver
Correspondence to: P. A. Low; e-mail: low@mayo.edu

© 2007 Wiley Periodicals, Inc.
Published online 24 July 2007 in Wiley InterScience (www.interscience.wiley.
com). DOI 10.1002/mus.20853

Adrenergic Baroreflex and Age MUSCLE & NERVE November 2007 637



were free of disorders or medication known to
affect autonomic function. All subjects underwent
routine autonomic testing to evaluate cardiovagal
and adrenergic function, and no coffee, food, or
nicotine was permitted for 4 h before the test-
ing.9,10 Heart rate (HR) was derived from contin-
uously recorded standard three-lead ECG (Ivy Bio-
medical, model 101; Branford, Connecticut).
Arterial BP was continuously measured at the fin-
ger using beat-to-beat photoplethysmographic re-
cordings (Finapres blood pressure monitor 2300;
Ohmeda, Englewood, Ohio).

The heart rate response to deep breathing
(HRDB) and the VM were performed with the
subject supine. For HRDB subjects were instructed
to pace their breathing at a rate of 10 s per
breath.8 Compliance to the breathing rate was
established using an oscillating light (WR Medical
Electronics, Stillwater, Minnesota). For the VM,
subjects were instructed to maintain a column of
mercury at 40 mmHg for 15 s via a tube with an air
leak (to ensure an open glottis). The maneuver
was repeated until two reproducible responses
were obtained. We utilized strict criteria for an
acceptable maneuver. We excluded: (1) expiratory
pressure less than 30 mmHg or 10 s; (2) nonpro-
ducible qualitative configuration of phases; and
(3) a “flat-top” response or the response with sys-
tolic pressure of early phase II (II-E) or phase III
above baseline.

The baseline values of BP (systolic, diastolic, and
mean) were determined for all subjects over a 30-s

interval directly preceding the VM. PRT was defined
as time in seconds from the valley of phase III until
BP returned to baseline.18 Adrenergic baroreflex
sensitivity was defined in two ways, the standard
(BRS-a) and the alternative (BRS-a1), as illustrated in
Figure 1.17 BRS-a was defined as the systolic BP dec-
rement associated with phase III divided by PRT.
BRS-a1 was defined as systolic BP decrement divided
by PRT, of which BP decrement was the BP fall in
phase II-E plus three-fourths of the amplitude of
phase III.17 The amplitude of phase III was measured
from the end of late phase II (II-L) to the valley of
phase III.1 In addition, the parameters of vagal
baroreflex sensitivity (BRS-v), expressed as the slope
of regression of heart period over systolic BP during
phase II-E, Valsalva ratio (VR, i.e., the ratio between
the highest HR reached in phase II and the lowest
HR of phase IV reflex bradycardia), and HRDB were
also measured for each subject. Finally, the products
of BRS-v with BRS-a and with BRS-a1 were calculated
as global measures for baroreflex function and de-
noted BRS-g and BRS-g1, respectively.

Data Analysis and Statistics. Percentiles were calcu-
lated following the methods described by O’Brien
and Dyck.12 We began by taking a base 10 loga-
rithm transformation of the dependent variables
because they were found to be skewed. To evaluate
whether a dependent variable was related to age,
we fit a model with both age and age squared.
Since for none of the endpoints was the squared
term significant, we removed this term from the
model. With the linear age term in the model, we
then tested whether gender was significant. The
final models were found to involve age only. To

FIGURE 1. A blood pressure profile during Valsalva maneuver
illustrates the calculating of BRS-a and BRS-a1. BRS-a was defined
as the systolic BP decrement associated with phase III (bottom of
phase III to baseline; highlighted) divided by PRT. BRS-a1 was
defined as systolic BP decrement divided by PRT, where BP dec-
rement was the BP fall in phase II-E (A) plus three-fourths of the
amplitude of phase III (B).

Table 1. Demographic, heart rate response to deep breathing,
and Valsalva ratio data.

N Mean � SD

Age (years) 175 43.6 � 16.1
Male 79 44.1 � 15.7
Female 96 43.2 � 16.5

Height (cm) 166 170.3 � 9.7
Male 73 177.8 � 7.6
Female 93 164.4 � 6.6

Weight (kg) 169 77.0 � 16.7
Male 75 87.4 � 16.1
Female 94 68.8 � 11.9

HRDB 167 19.9 � 9.0
Male 77 19.0 � 8.5
Female 90 20.8 � 9.4

Valsalva ratio 175 1.94 � 0.41
Male 79 1.90 � 0.38
Female 96 1.98 � 0.43
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evaluate whether variability about the mean de-
pended on age, we calculated the Spearman non-
parametric rank correlation between the absolute
value of the residuals and age. To evaluate
whether variability varied by gender, we per-
formed a Wilcoxon rank-sum test comparing the
absolute value of residuals for men and women.
We did not find that variability depended on age

or gender, and therefore proceeded to calculate
z-scores and percentiles following steps 5–7 out-
lined by O’Brien and Dyck.12 Finally, the base 10
logarithm of the dependent variables was undone
for the reporting of percentiles. The associations
between measurements were evaluated using
Spearman’s nonparametric rank-order correla-
tion, denoted by rho, due to skewness. For all tests,

Table 2. Regression of barosensitivity indices with age and gender.

Dependent
variable

Intercept
coefficient

Age coefficient � SE
(P-value)

Coefficient of
determination (r2)

Age2

P-value*
Gender
P-value†

Log10 PRT �0.195 0.005 � 0.001 (�0.001) 0.094 0.286 0.332
Log10 BRS-a 1.462 �0.002 � 0.001 (0.023) 0.029 0.599 0.868
Log10 BRS-a1 1.722 �0.003 � 0.001 (0.014) 0.034 0.964 0.340
Log10 BRS-v 1.115 �0.007 � 0.001 (�0.001) 0.238 0.622 0.480
Log10 BRS-g 2.557 �0.009 � 0.001 (�0.001) 0.266 0.995 0.472
Log10 BRS-g1 2.837 �0.010 � 0.001 (�0.001) 0.225 0.771 0.192

*Based on a model with age and age2.
†Based on a model with age and gender.
The unit is seconds for PRT, mmHg/s for BRS-a and BRS-a1, ms/mmHg for BRS-v, and ms/s for BRS-g and BRS-g1.

Table 3. Clinically relevant percentiles of the parameters of baroreflex sensitivity.

Age (by decade)

Percentile 20 30 40 50 60 70

PRT(s)
2.5 0.21 0.24 0.27 0.30 0.33 0.38
5 0.27 0.30 0.33 0.37 0.42 0.47
95 2.39 2.68 3.01 3.38 3.79 4.25
97.5 2.89 3.24 3.63 4.08 4.57 5.13

BRS-a (mmHg/s)
2.5 11.6 11.0 10.5 10.1 9.6 9.2
5 12.9 12.3 11.8 11.2 10.7 10.2
95 56.8 54.3 51.8 49.5 47.3 45.1
97.5 61.1 58.4 55.7 53.2 50.8 48.6

BRS-a1 (mmHg/s)
2.5 15.1 14.1 13.1 12.2 11.4 10.7
5 17.2 16.1 15.0 14.0 13.1 12.2
95 129.2 120.6 112.5 105.0 98.0 91.5
97.5 182.6 170.4 159.1 148.5 138.5 129.3

BRS-v (ms/mmHg)
2.5 3.5 3.0 2.6 2.2 1.9 1.6
5 4.4 3.8 3.2 2.7 2.3 2.0
95 20.6 17.5 14.9 12.7 10.8 9.2
97.5 22.3 19.0 16.2 13.8 11.7 10.0

BRS-g (ms/s)
2.5 91 74 60 49 40 32
5 95 78 63 51 42 34
95 623 506 412 335 272 221
97.5 810 658 535 435 353 287

BRS-g1 (ms/s)
2.5 116 92 73 58 46 37
5 136 108 86 68 54 43
95 1680 1334 1060 842 669 531
97.5 2123 1687 1340 1064 845 671
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P-values less than 0.05 were considered significant.
Continuous variables are expressed as mean �
standard deviation.

RESULTS

Of our recordings from 255 subjects, 175 recordings
were accepted for analysis—79 from men and 96 from
women. The excluded data were mainly comprised of
VM with a “flat-top” response, i.e., where BP changes
failed to fall below baseline. Demographic, HRDB, and
VR data are presented in Table 1.

Gender and Age Effect on Parameters of Baroreflex

Sensitivity. As mentioned above, the final models
were found to involve age only. Male and female
data were therefore combined. Each of the log-trans-
formed baroreflex sensitivity parameters were found
to be linearly associated with age. The age coefficient
for PRT was positive, indicating that PRT increased
with age, and negative for all other parameters

(BRS-a, BRS-a1, BRS-v, BRS-g, and BRS-g1), suggest-
ing that baroreflex sensitivity of both adrenergic and
cardiovagal components decreased with age. Sum-
maries of the regression models used to calculate
percentiles are shown in Table 2. The 2.5th, 5th,
95th, and 97.5th percentiles for each parameter by
decades are listed in Table 3. Figure 2 illustrates the
parameters of PRT, BRS-a, BRS-a1, and BRS-v as a
function of increasing age.

Correlations between Each Parameter of Baroreflex

Sensitivity. There were no significant correlations
between BRS-v and the parameters of the adrenergic
component of baroreflex sensitivity (PRT, BRS-a,
and BRS-a1). As expected, correlations among pa-
rameters of adrenergic baroreflex sensitivity were
significant (Table 4).

Correlations between Parameters of Baroreflex Sensi-

tivity and Hemodynamic Indices of VM. We correlated
the parameters of baroreflex sensitivity to some in-
dices of interest of VM including phase II-L (i.e., the
increment of BP during phase II-L) and phase IV
(i.e., the highest BP above baseline in phase IV)
because these two indices have been widely used as
indicators of adrenergic function. The correlations
between phase II-L and the parameters of PRT,
BRS-a, BRS-a1, and BRS-g1 were significant. Phase IV
also had significant correlations with these parame-
ters in addition to BRS-v. The correlation coeffi-
cients are listed in Table 5.

Correlations between Vagal Component of Baroreflex

Sensitivity and HRDB. HRDB, known to be a pure car-
diovagal index, had strong correlations with BRS-v
(rho � 0.53, P � 0.001), BRS-g (rho � 0.51, P �
0.001), and BRS-g1 (rho � 0.42, P � 0.001), but no
significant correlation with PRT, BRS-a, or BRS-a1.

FIGURE 2. Indices about baroreflex sensitivity as a function of
increasing age. Lines show the 2.5th, 5th, 95th, and 97.5th
percentiles

Table 4. Correlations between the parameters of baroreflex sensitivity.

PRT BRS-a BRS-a1 BRS-v BRS-g BRS-g1

PRT — �0.49* �0.85* �0.10
(P � 0.18)

�0.43* �0.73*

BRS-a — 0.71* �0.09
(P � 0.23)

0.59* 0.47*

BRS-a1 — �0.07
(P � 0.38)

0.42* 0.71*

BRS-v — 0.70* 0.60*
BRS-g — 0.82*
BRS-g1 —

*P � 0.001.
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DISCUSSION

In a previous study, we documented that PRT pro-
vides a good quantitative index of adrenergic barore-
flex sensitivity and validated it against patients with
different severities of adrenergic failure.18 Consider-
ing the antecedent BP decrement (that drives PRT)
is different with each VM, an improved method that
relates PRT to the antecedent BP change was intro-
duced. The intuitive index is the ratio of BP deficit at
the beginning of recovery and PRT (phase III) yield-
ing BRS-a. In the study of Schrezenmaier et al.,17 it
was found that PRT correlates better with MSNA
from phase II-E and phase III combined than from
each phase alone. MSNA in phase II-E comprises a
larger response than MSNA in phase III by 25%.
Thus, the formula was modified with the numerator
as the BP fall in early phase II-E plus 75% of an
additional fall in BP due to phase III (BRS-a1).

The effect of age on cardiovagal function has
been reported previously.11 BRS-v reflects the cardio-
vagal component of the reflex and had a negative
age coefficient in regression analysis. PRT was pro-
longed with age and both BRS-a and BRS-a1 de-
creased with age, suggesting that the adrenergic
component also becomes blunted with age. How-
ever, the coefficients of determination for PRT,
BRS-a, and BRS-a1 in our age model were relatively
low compared with BRS-v, although they were all
significant. This may imply that the adrenergic part
is more robust during the aging process. However,
there are some confounding factors to be consid-
ered. The main stimulus for vasoconstriction (i.e.,
responsible for BP recovery) is the preceding BP
decline in phase II-E,17 which was reported to in-
crease with age in previous studies1,14 and also in this
study. Thus, although adrenergic baroreflex sensitiv-
ity is diminished during aging, aging is associated
with a larger stimulus to activate adrenergic vasocon-
striction. The effect is more obvious in BRS-a and
BRS-a1 than in PRT because the former have BP
decline in the numerator. Additionally, the BP re-
covery curve is nonlinear and the recovery of BP is
likely a combined result of baroreflex-mediated va-
soconstriction and elastic recoil.

The indices of phase II-L and phase IV have been
well accepted as indices to track adrenergic activa-
tion. Phase II-L is mainly a result of �-adrenergic
activation.16 The mild to moderate correlations be-
tween phase II-L and the parameters that reflect
adrenergic barosensitivity (PRT, BRS-a, and BRS-a1)
rather than vagal component (BRS-v) support this
notion. In contrast, the mechanism of phase IV is
more complex, as it is more dependent on cardiac
than peripheral adrenergic tone.16 There was signif-
icant correlation between phase IV and BRS-v as well
as the parameters pertaining to the adrenergic com-
ponents (PRT, BRS-a, and BRS-a1), suggesting the
interplay of �-adrenergic, �-adrenergic, and vagal
activities in phase IV.

The indices of adrenergic barosensitivity (PRT,
BRS-a, and BRS-a1) correlated well with each other,
but not with BRS-v. This observation is consistent
with a previous report that there is no correlation
between adrenergic sympathetic activity and vagal
baroreflex gains.15 These findings are also consistent
with clinical and laboratory observations that each
component may be selectively or differentially in-
volved in certain autonomic disorders. What are the
practical implications of these findings? First, the
better correlation of BRS-a1 than BRS-a with phase
II-L, as well as the correlations with microneurogra-
phy, suggest that BRS-a1 is the better index. Second,
PRT remains an excellent index and, because of its
ease of application, is suitable for routine use,
whereas BRS-a1 is more appropriate for research
quantitation.
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ABSTRACT: The decremental response of the compound muscle action
potential (CMAP) to provocative tests is not characterized in genetically verified
myotonic disorders. We therefore studied the relationship between decremental
responses and mutation type in 10 patients with recessive myotonia congenita
(rMC), two with paramyotonia congenita (PMC), nine with myotonic dystrophy
type 1 (DM1), four with DM2, and 14 healthy people. CMAPs were measured at
rest, just after a short exercise test (SET), and during short, 5- and 10-HZ,
repetitive nerve stimulation (RNS) trains at 32°C and at 20°C. The degree of
decrement was not related to the severity of clinical myotonia. Controls and
PMC patients had similar responses when warm, but with cooling PMC patients
had a persistent decrement of CMAPs. In the rMC patients the decremental
responses were related to the type of mutation of the CLCN1 gene, as a
decrement was encountered in the T268M, R894X, IVS17�1 G�T, K248X,
and 2149 del G, but not with the IVS1�3 A�T, F167L, or dominant A313T
mutations. In DM1 patients there was no relationship between decrement and
CTG repeats. The degree of partial inexcitability in myotonic muscle membrane
therefore depends on the mutation type rather than degree of clinical myotonia.
RNS at 10 HZ is more sensitive than SET for demonstrating abnormalities in
rMC patients when warm; differences are less marked when cold, which is
useful to diagnose PMC. Provocative tests are therefore useful in myotonias to
demonstrate muscle inexcitability, which depends on the chloride or sodium
channelopathy.
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Diagnosis of myotonic disorders is often made by
clinicians in electrodiagnostic laboratories, but dis-
tinction of the various disorders associated with myo-

tonic discharges has largely been based on a combi-
nation of clinical features and genetic patterns. DNA
testing has certain shortcomings: it can take several
weeks to obtain the results, the mutation cannot
always be identified, certain myotonic disorders
(e.g., those found in the context of a paralytic at-
tack) may be secondary to acquired diseases, and, in
some regions, the cost of analysis may be prohibitive.
Certain clinical signs may be distinctive but, in addi-
tion, some myotonic disorders may have character-
istic changes in their muscle membrane excitability,
with a decrement in electrically elicited compound
muscle action potential (CMAP) amplitude follow-
ing repetitive nerve stimulation (RNS),1,3,15 short
exercise,21,23 or long exercise.12,16 Most of the early
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studies used RNS trains and found decremental re-
sponses (or progressive decrease in amplitude) in
the CMAPs of patients with myotonia congenita
(MC) or myotonic dystrophy. Attempts to define the
distinguishing features of the CMAP decrement in
small series of patients showed that (1) some decre-
ment of the CMAP occurred in all forms of myotonia
when the duration of nerve stimulation was long
enough,1 (2) a large decrement occurred especially
in recessive MC,1,3,15,20,21,23 and (3) the presence of a
decrement varied according to the specific mutation
type in MC.4,5,8

Besides RNS studies, exercise tests have also
proved useful in the differential diagnosis of myo-
tonic syndromes. Recent studies of patients with
nondystrophic myotonic syndromes showed that
chloride and sodium channel mutations can be dis-
tinguished by combining repeated short with long
exercise tests8 and with cold.9 However, little is
known about the relative sensitivity of RNS and ex-
ercise in distinguishing myotonic syndromes.

We recently defined the responses in healthy
subjects to a short exercise test (SET) and during
short RNS trains when warm and cold.13 We have
now examined the electrophysiological responses in
patients with several types of dystrophic and nondys-
trophic myotonias with the same standardized pro-
tocol in order to determine whether muscle mem-
brane dysfunction correlates with genetic features of
the underlying myotonia.

MATERIALS AND METHODS

Patients. Twenty-five patients with a known myo-
tonic disorder were recruited by personal contact.
The patients were assigned to one of four groups
(Table 1) on the basis of clinical manifestations,
family history, and DNA testing or ancillary tests
according to established criteria published by the
European NeuroMuscular Center (http://www.en-
mc.org/nmd/diagnostic.cfm). Ten had recessive
MC (rMC), two had paramyotonia congenita (PMC),
nine had myotonic dystrophy type 1 (DM1), and
four had a proximal myotonic myopathy (PROMM
or dystrophia myotonica type 2, DM2). In the 10
rMC patients (from eight different families) the
mode of inheritance was compatible with an autoso-
mal-recessive trait and initial symptoms were present
in the first decade; in nine the diagnosis was con-
firmed by determination of the mutations in one or
both alleles of the muscle chloride channel gene
(CLCN1). The two PMC patients from two different
families were the only affected members among the
family, and both harbored a mutation in the muscle

sodium channel gene (SCN4A). The nine DM1 pa-
tients (from eight different families) all had the
DM-associated chromosome 19 CTG repeat. The
four DM2 patients (from two families, one previously
published11) all had a CCTG expansion in intron 1
of the ZNF9 gene on chromosome 3. All patients
were medication-free for �1 month before the ex-
periments. Our Medical Ethics Committee approved
the study and all subjects gave written informed
consent.

Electrophysiology. Clinical examination and elec-
tromyographic studies with nerve conduction studies
were performed on a separate day prior to the pro-
tocol evaluation. None of the patients had per-
formed strenuous exercise before the examination.
All studies were performed using a Viking IV ma-
chine (Nicolet Viasys Healthcare, Madison, Wiscon-
sin) according to a standardized protocol described
previously.13 In short, CMAPs were recorded from
the abductor digiti minimi (ADM) muscle of the
right hand with surface steel disc electrodes. The
ulnar nerve was stimulated supramaximally at the
wrist and two to five CMAPs were recorded at rest to
ensure a stable baseline response. The ADM muscle
was then exercised for 10 s, corresponding to the
short exercise test (SET), and stimulated immedi-
ately after its cessation and then once every 10 s for
1 min. After 5-min rest, a 10-s RNS train was deliv-
ered at 5 Hz. After another 5-min rest, a 5-s RNS
train was delivered at 10 Hz. Temperature was main-
tained above 32°C (range 32.2–34.6°C) for the first
part of the protocol. The muscle was then cooled to
20–25°C and the three previous steps were repeated.
Cooling below 25°C (range 19.7–24.6°C) was ob-
tained with immersion of the hand for 5 min in cold
tap water with electrodes being retaped to their orig-
inal site, which had been defined by pen marks. At
the end of the study the muscle was rewarmed to
above 32° by immersion of the hand in warm water,
and two single CMAPs were obtained at rest to check
for reversibility of the cold-induced changes in
CMAPs. A surface temperature probe located 1 cm
from the recording electrode recorded cutaneous
temperature constantly. All healthy and myotonic
subjects underwent the entire protocol except that the
youngest PMC patient participated in only part of the
protocol (warm and cold CMAPs at rest, warm SET).

Statistics. Relative changes in amplitude, duration,
and area at different temperatures and before and
after provocative tests were calculated in the same
way as in controls.13 CMAP amplitude measurements
were made from baseline to negative peak, but for
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Table 1. Demographic, phenotype, and mutations found in the patients.

Patient no. Sex Age
Mutations or no. of CTG

repeats Warming-up
Transient

weakness

Muscle bulk (H,
hypertrophic; A,

amyotrophic)
Hand

weakness
Hand

myotonia

Recessive myotonia congenita
1 M 19 IVS1�3 A�T �/�

(intron 1, splicing);
F167L �/� (exon 4,
missense)

� � 0 0 �

2 M 19 T268M �/� (exon 7,
missense); R894X
�/� (exon 23,
nonsense)

�� � H �� 0 ��

3 M 39 T268M �/� (exon 7,
missense); possible
missing second
mutation

�� � H �� 0 ��

4 F 33* IVS17�1 G�T �/�
(intron 17, splicing)

�� � H � 0 �

5 M 37* IVS17�1 G�T �/�
(intron 17, splicing)

�� � H �� 0 �

6 M 29† K248X �/� (exon 6,
nonsense); 2149 del
G (exon 17,
frameshift)

�� �� H �� � �

7 F 26† K248X �/� (exon 6,
nonsense); 2149 del
G (exon 17,
frameshift)

�� �� H �� � ��

8 M 32 F167L �/� (exon 4,
missense); possible
missing second
mutation

0 0 0 0 0

9 M 38 no mutation found in
CLCN1

0 0 0 0 0

10 F 35 A313T �/� (exon 8,
missense, dominant)

0 0 H � 0 �

Paramyotonia congenita (PMC)
11 M 57 R1448H 0 0 0 0 0
12 M 12 T1700_E1703del 0 0 0 0 �

Dystrophia myotonica type 1 (DM1)
13 M 39 500 0 0 A� � �
14 M 22 670 0 0 0 � �
15 F 51 870 0 0 A� � �
16 F 49 300 0 0 A� � �
17 F 56 670 � 0 A�� � �
18 F 36 670 � 0 0 � �
19 M 46 670 � 0 A� � �
20 M 28 200 � 0 0 � �
21 F 58 670 � 0 A� � �

Dystrophia myotonica type 2 (DM2)
22 F 48 CCTG expansion 0 0 0 0 0
23 M 61 CCTG expansion 0 0 A� � �
24 M 54 CCTG expansion 0 0 A� � 0
25 F 58 CCTG expansion 0 0 0 0 �

Mutations are in the gene coding for the muscle chloride channel (CLCN1) in patients 1 to 10 and for the muscle sodium channel gene (SCN4A) in patients 11
and 12. Hand myotonia was evaluated both by exercise or percussion. NF, all exons screened and no mutations found; 0, no (absent); �, mild; ��, obvious
findings.
*Family 1.
†Family 2.

Differentiating Myotonic Disorders MUSCLE & NERVE November 2007 645



the RNS studies, change in amplitude was measured
from peak to peak. Area and duration of the nega-
tive phase of the CMAP were measured from onset to
baseline crossing. Median values were calculated be-
cause of the small numbers of subjects and because
a parametric distribution could not be assumed. The
Wilcoxon signed-rank test was used to determine
significance in relative changes from baseline and in
differences between the warm and cold conditions.
To compare the absolute values at warm and cold
conditions, the Mann–Whitney rank-sum test was
used, as electrodes were removed for cooling and
rewarming in water. Differences were considered
significant with a probability of P � 0.05.

RESULTS

Patients. The basic characteristics, main clinical
data, and genetic status of the patients are shown in
Table 1. The warming-up phenomenon was seen in
most rMC patients, and paradoxical myotonia exclu-
sively in PMC patients. The severity of hand weakness
and myotonia varied widely among patients, except
in the DM1 group, where weakness of hand muscles
and myotonia were always encountered.

Eight different mutations (three missense, two non-
sense, one frameshift, two splice site mutations) of the
CLCN1 gene were found in the nine patients classified
as rMC and in the woman (patient 10) with the mildest
form of myotonia, a fluctuating myotonia occurring
only during her three pregnancies. Among the nine
rMC patients, six (patients 1, 2, and 4–7) had a “full”
recessive genotype (one homozygous mutation or two
different heterozygous mutations) highly in favor of
recessive MC (or Becker generalized myotonia); two
patients had only one heterozygous mutation, with that
mutation being reported as recessive MC mutation,
thus suggesting that a second heterozygous mutation

may have escaped molecular analysis; and in one, no
CLCN1 mutation was found, thus weakening the diag-
nosis of MC.

The six patients with the “full” recessive MC ge-
notypes, and one patient with only one recessive
mutation (patient 3) presented with the warming-up
phenomenon and had stereotypic transient weak-
ness at rest. This correlation did not seem to be
influenced by the type (missense, nonsense, splicing,
frameshift) or the pattern of combination of CLCN1
mutations. In one (patient 8) with only one recessive
missense mutation in CLCN1, there was no warming
up or transient weakness at rest. One dominant mis-
sense mutation (A313T) was found in patient 10 with
the pregnancy-induced myotonia, an already recog-
nized cause of fluctuating myotonia.14 This molecu-
lar finding corresponds to the diagnosis of dominant
MC (Thomsen type).

CMAPs Evoked at Rest. The CMAP parameters ob-
tained at rest are shown in Table 2. When subjects
were warm their CMAPs did not differ from controls.
After cooling there was a tendency for the median
amplitude, area, and duration to increase in the rMC
and DM groups, but contrary to the findings in
controls,13 the magnitude of this increase was not
significant (Table 2). In the two PMC patients there
was a 30% decrease in both amplitude and area and
a 60% increase in duration of the CMAPs. After
rewarming, the median parameters were not signifi-
cantly different from the first values obtained at
baseline, except for the two PMC patients, for whom
neither amplitude, area, or duration recovered
within the 2 min that followed.

Short Exercise Test (SET). When warm and just after
the SET, there was a significant increase in the me-

Table 2. CMAP parameters in the 14 controls and 25 myotonic patients.

Control rMC PMC DM1 DM2

Warm Cold Warm Cold Warm Cold Warm Cold Warm Cold

Amplitude (mV) 10 13.7† 10.5 12 9.6 7.1* 8 12.2 7.5 6.2
Range 7.5;13.9 9.4;20.2 8;15.5 9.1;20.6 8.8;10.4 6.3;8 4;13.4 5.7;17.4 6;8.6 5.8;7.8
P to control — — n.s. n.s. n.s. �0.001 n.s. n.s. �0.05 �0.05

Area (mVms) 34.1 52.7† 27.8 43.1* 25.9 17.8* 28.8 50.1* 21 33
Range 20.2;44.9 35.9;86 18.6;45 24.6;96.8 22.3;29.5 16.5;19.2 14.6;45.8 18.9;78.7 20.2;24 20.2;58.4
P to control — — n.s. �0.05 n.s. �0.05 n.s. n.s. �0.05 �0.05

Duration (ms) 5.7 8.3† 5.3 6.8* 5.15 8† 7.2 8.8 6.3 8.5*
Range 4.6;7.2 5.8;12.4 3.9;6.6 5.2;10.3 4.8;5.5 8;8.1 6.4;10.6 7.3;12.1 5.9;7.4 7.8;14.7
P to control — — �0.05 �0.01 �0.05 �0.05 �0.001 n.s. n.s. n.s.

P to controls indicates statistical differences between patients and controls. Statistical differences between values obtained when warm and then at cold
temperatures: *P � 0.01; †P � 0.01; ns, not significant.
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dian value of CMAP amplitude in controls13 and in
PMC patients, no change in the DM2 group, and a
significant decrease in the rMC and DM1 groups
(Supplementary Fig. 1). No control subject showed a
decrement in amplitude. A few myotonic patients
showed a normal potentiation (two rMC, two DM1,
one DM2), so that a decrement was not completely
sensitive for myotonic disorders. Of the rMC pa-
tients, eight had a decrement; a decrement exceed-
ing 40% was only seen in patients 3, 6, and 7, and did
not resolve within 30 s as in the other patients and
controls.

CMAP area also tended to decrease more in myo-
tonias than in controls and PMC patients (greater
than �20% in 0 controls; six rMC; all DM1, and two
DM2 patients). The shortest CMAP durations after
SET were obtained in the rMC and DM1 groups
(�25% reduction as compared to controls in two
rMC and eight DM1). When the SET was repeated
after cooling (Fig. 1) there was a highly significant
decrease in the median value of CMAP amplitude
and area in the rMC and PMC groups, but not in
controls or DM groups. Six patients had a decrease
of greater than 40%, all in the rMC or PMC groups.
This decrement resolved within 30 s in the rMC
group, but no resolution was seen during the 60-s
observation period after the SET in the PMC pa-
tients.

Repetitive Nerve Stimulation. When warm, there was
a significant increase in amplitude, a decrease in
duration of the 20th and 50th CMAPs (Supplemen-
tary Fig. 2), and no change in area in controls and in
the PMC patients. A significant decrease in ampli-
tude and areas was recorded in the rMC group at
5-Hz and 10-Hz stimulation, the decrease being
greater than 40% in six (patients 2–7) at 10 Hz. In
the DM groups, no significant changes occurred in
amplitude and area.

When the RNS was repeated with cooling, no
statistical changes in the median value of CMAP
amplitude were observed in controls or DM groups,
but the amplitude was significantly decreased in the
rMC and PMC groups. The decrease was �40% in 5
of the 10 rMC and in the PMC patients, with changes
observed at 10 Hz but not at 5 Hz. In the DM1 group
a significant decrease in CMAP duration was ob-
served.

Correlations between SET, RNS, and Genotype.

Changes in CMAP parameters were similar after SET
and RNS. However, the sensitivity to the provocative
tests was not the same, and varied according to the
type of myotonic disorder. When a decrement in
amplitude or area was clearly abnormal (i.e., not
seen in controls) following SET, the decrement was
also abnormal after cooling and RNS trains at 10 Hz
after warming and cooling, but within the rMC
group these results varied. A decrement greater than
40% was indeed observed in three patients following
SET while warm, two other patients had an abnormal
decrement following SET in the cold. One further
patient had an abnormal decrement during RNS
trains at 10 Hz in warm and cold conditions. In this
group we therefore found rMC patients with and
without a decremental response, perhaps depending
on the type of mutations or mutation combinations:
a decrement was encountered in patients 2–7, with
mutations T268M, R894X, IVS17�1 G�T, K248X,
and 2149 del G, but not in patients 1, 8, and 10 with
different mutations such as IVS1�3 A�T, F167L,
and A313T (Fig. 2). Interestingly, there was no cor-
relation in disease severity and provocative test re-
sponse (Table 1). It is worth noting that the decre-
ment was reproducible in the four rMC patients
tested on 2 different days. For the two sibling pairs in
the rMC group, no influence of sex was observed in
family 1 (patient 4, woman; patient 5, man) or family
2 (patient 6, man; patient 7, woman).

In the two PMC patients, an abnormal and per-
sistent (see above) decrement was only seen after
cooling, to either SET or RNS; when warm, the
responses were similar to control subjects. In DM
patients the decrement varied widely during the
tests, and the only consistent observation was a non-
significant negative correlation in the magnitude of
the amplitude of the decrement when warm and
cold with the number of CTG repeats.

DISCUSSION

We have demonstrated that provocative tests may
induce transient or persistent abnormal changes in

FIGURE 1. Percent change in CMAP amplitude obtained after
SET in controls and 25 myotonic patients. Note there are DM1
patients who have a postexercise decrement of up to 30%, and
therefore a decrement greater than 40% is needed to be specif-
ically encountered in rMC patients (patients 3, 6, and 7).
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CMAP parameters in myotonic patients. These
changes are variable in magnitude and type, and
correspond to a partial inexcitability of the myotonic
muscle membrane. This study confirms previous
data published before genetic investigations were
performed, provides information on the usefulness
of several provocative tests, and shows that they can
discriminate between different groups of myotonic
disorders depending on the genotype.

Responses to Cooling the Recorded Muscle at Rest.

In healthy controls, we have previously demon-
strated a potentiation of almost 30% in the three
measured CMAP parameters following supramaxi-
mal stimulations at temperatures between 20–25°C,13

and hypothesized a reduced functioning of the
Na�-K� pump to explain this phenomenon. No dif-
ference was observed between the rMC and DM1
patients and controls; in the four DM2 patients,
cooling induced a mild reduction in CMAP ampli-
tude with no change in area.

In the two PMC patients, cooling induced a sig-
nificant and persistent reduction of CMAP ampli-
tude and area, in agreement with earlier electrophys-
iological results.19,24 These patients had the R1448H
and T1700_E1703del mutations, respectively, in the
muscle sodium channel gene. This muscle inexcit-
ability points to a possible dysfunction of the voltage-
gated channel gating process recently demonstrated
in PMC, in which cold induces malfunction of Na�

channel gating kinetics,2 with a shift in the steady-
state activation curve to hyperpolarized potentials at
lower temperatures. The resulting increase in the
window current, slower inactivation and faster recov-
ery after inactivation may explain the pronounced
clinical symptoms when cold.17 The overall result is
an enhanced and prolonged Na� influx into muscle
cells, causing sustained depolarization of the cell
membrane. Although the number of PMC patients is
small, our results suggest that provocative tests after
cooling could be a simple way to discriminate a
subset of PMC due to sodium channel mutations
from other myotonic syndromes.

Effects Induced by RNS and SET. The decrement in
CMAP amplitude and area demonstrated when
warm in the rMC and DM patients is in agreement
with the findings of Streib et al.21,23 The decrement
was previously linked to the concept of transient
weakness, defined by a sudden lapse in power during
sustained activity after rest, which was described as a
very early disabling feature of rMC.1,6,18 However, we
found that the presence of a decrement did not
correlate with disease severity, type of mytonia, or
associated signs, in agreement with what has also
been described by others.1,3,5

Two new findings were observed in the present
study. First, a large decrement could be demon-
strated when warm in two thirds of our rMC group
following a 10-Hz RNS train but was present in only
one third of the cases following SET. Although RNS
trains are less comfortable for patients, our results
clearly suggest that RNS is more sensitive than SET
in defining rMC patients with mutant chloride chan-
nels that induce partial inexcitability. Changes were
not statistically significant at 5 Hz and therefore RNS
should be performed at 10 Hz.13 Second, the decre-
ment was larger in rMC than DM patients, with a
decrement larger than 40% clearly indicating rMC
patients.

In the PMC patients, no decrement was recorded
by SET or RNS when muscle was warm, arguing
against the idea that some degree of inexcitability
can be encountered in PMC patients.16,22 In our
study, persistent inexcitability was only observed ei-

FIGURE 2. Correlation between the presence of a decrement
and mutation type in the rMC group. Patients 1–4 were examined
twice on alternate days, with the same results. Genotypes includ-
ing mutations T268M, R894X (patients 2, 3), IVS17�1 G�T
(patients 4, 5), K248X and 2149 del G (patients 6, 7) induce an
obvious decrement after RNS trains at 10 HZ, but genotypes
F167L �/� and IVS1�3 A�T � (patients 1, 8), and the dominant
A313T mutation, are not associated with a decremental re-
sponse. The decrement was not uniform when present. No cor-
relation was found between decrement and clinical signs (Table
1). The 20th and 50th CMAPs were compared with the first
CMAP percent changes in area.
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ther by SET or RNS when muscles were cold. These
results are in agreement with recent studies in a
large series of PMC patients demonstrating (1) vari-
able changes in CMAP amplitude after a first SET at
room temperature, and (2) drastic declines in CMAP
amplitude and area when SET is repeated8 or com-
bined with cooling.9 The combined effect of cold
and SET could enhance the biophysical alterations
induced by certain muscle sodium channel muta-
tions, leading to a persistent membrane depolariza-
tion and muscle inexcitability.

Overall, our results confirm the usefulness of
SET and of RNS for discriminating between rMC
and DM and for recognizing PMC patients in cold
conditions, thereby enhancing the diagnostic sensi-
tivity of the tests.

Correlations between rMC, DM, and Genotype. In
rMC, it has been suggested that CMAP decrement
may be related to variation of CLCN1 alleles,5,8,9

which include many types of mutated alleles (non-
sense, splice site mutations, frameshift mutations,
missense mutations) and combinations. Our results
also suggest such a relationship, as a decrement was
encountered in individuals (1) with homozygosity or
compound heterozygosity for nonsense, splice site,
and/or frameshift mutations, resulting in genotypes
that probably lead to low or null expression of the
CLCN1 channel through decay of nonsense tran-
scripts (mutations IVS17�1 G�T, K248X, and 2149
del G), or (2) with the T268M or R894X mutations,
which probably lead to the expression of specific
missense or truncated channel subunits. In contrast,
no decrement was observed in individuals with com-
pound heterozygosity for IVS1�3 A�T and F167L,
which probably lead to the expression of F167L
dimers only, or simple heterozygosity for the domi-
nant A313T mutation, which leads to mixed expres-
sion of mutated A313T subunits and wildtype sub-
units (Fig. 2). Other missense mutations may be
located in different areas of the channel subunits
and result in variant electrophysiological properties
for CLCN1 homodimers or heterodimers. This was
clearly shown for missense mutations affecting the
gate selectivity of the channel.10 The influence of
mutation type on CMAP decrement needs to be
confirmed and refined by further studies. It is possi-
ble that the same mutation may be associated with
various RNS responses, in the same way that carriers
of the R894X mutation exhibit different phenotypes,
with a recessive or dominant expression.7

RNS responses may also vary within a family due
to a differential allelic expression in dominant ped-
igrees.4 In the DM1 patients, we were surprised to

encounter an inverse correlation between the decre-
ment and the number of CTG repeats, although this
trend was not significant. As severity of DM1 disease
is correlated with the number of repeats, the ex-
pected response would be an increase in decrement
with increasing repeats. However, decrement is di-
rectly related to the transient postexercise weakness
and not to severity of the disease. One explanation
could be the extent of the dystrophic process that
masks the functional changes observed by decre-
ment, but this needs to be studied with a larger
group of patients.

We thank Drs. Eric Berrut, Michel R. Magistris, and François
Ochsner for allowing us to examine their patients.
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ABSTRACT: We determined the prevalence of muscle acetylcholine re-
ceptor (AChR) antibodies in patients with adult-acquired generalized myas-
thenia gravis (MG), the seroconversion rate at 12 months, and the preva-
lence of muscle-specific tyrosine kinase (MuSK) antibody among
persistently seronegative patients. We identified 562 consecutive Mayo
Clinic patients with MG based on clinical and electrophysiological criteria. At
presentation, 508 patients (90.4%) tested positive for AChR binding or
AChR modulating antibodies. After 12 months, 15.2% of initially seronega-
tive patients had become seropositive, yielding a seronegativity rate of 8.2%
(95% confidence interval: 6.2–9.6%). Among seronegative patients not re-
ceiving immunosuppressants, 38% were MuSK antibody-positive and 43%
were seropositive for nonmuscle autoantibodies. Classification as seroneg-
ative MG should be reserved for nonimmunosuppressed patients with gen-
eralized MG who lack muscle AChR binding, AChR modulating, or MuSK
antibodies at presentation and at follow-up of at least 12 months.
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Nicotinic acetylcholine receptors (AChR) of inner-
vated skeletal muscle are the principal interaction
sites for pathogenic autoantibodies in patients with
acquired myasthenia gravis (MG). Pathogenic mech-
anisms documented for this autoantibody include
complement-mediated destruction of the postsynap-
tic AChR-bearing membrane in muscle, accelerated
degradation of AChR initiated by cross-linking

through binding of bivalent IgG,7,25 and, least com-
monly, blockade of the neurotransmitter binding
site on AChR.1,18 The assay employed most com-
monly to detect AChR antibody in serum is a radio-
immunoprecipitation assay, initially reported to de-
tect AChR antibody in �87% of MG patients.30

The seronegativity frequency reported subsequently
has ranged from 7% to 34% for all acquired MG
patients, and from 6%–25% for generalized
MG.6,23,26,30,35,37,39,40 It is agreed universally that
AChR antibody is detected least frequently in pa-
tients whose MG is restricted clinically to extraocular
muscles or who are in clinical remission.26,29,30,40,42

The mean onset age of generalized MG in AChR
antibody–negative patients is younger than in AChR
antibody–positive patients,2 but a caveat in assessing
seronegativity rates is that inclusion of juvenile cases
increases the risk of inadvertently including congen-
ital myasthenic syndromes because those patients
present most frequently in childhood. Their neuro-
logical presentations and electromyographic abnor-
malities often resemble those of acquired MG and
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net at http://www.mrw.interscience.wiley.com/suppmat/0148-639X/
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the family history may be uninformative because
most congenital syndromes are autosomal-recessive
traits.10

Observations that plasma exchange and immu-
nosuppressant therapy benefit some seronegative
MG patients,15,33 and that serum IgG from such pa-
tients may impair neuromuscular transmission when
injected into mice,4,34 suggested that some seroneg-
ative cases are autoantibody mediated. This sugges-
tion was confirmed when antibodies to MuSK were
identified as a novel marker for a variant of autoim-
mune MG.11,17,31,36 MuSK is the muscle postsynaptic
membrane receptor for the neurotrophic factor
agrin and promotes stable integration of AChR at
that site.12 MuSK antibody has been reported in
�40% of seronegative generalized MG patients of all
ages. This form of autoimmune MG is benefited by
plasmapheresis and other immunomodulating ther-
apies. Most patients lack thymic pathology and most
reports suggest thymectomy is not benefi-
cial.11,21,22,36,38 For three decades, “seronegative MG”
has been defined as the occurrence of clinical and
electrophysiological evidence of acquired general-
ized MG in the absence of AChR antibody detected
by a single assay employing detergent-solubilized hu-
man skeletal muscle as the source of AChR (and
125I-�-bungarotoxin as a tracer for AChR immuno-
precipitation). Sensitivity is optimal with antigen de-
rived from a combination of innervated and dener-
vated primate muscle14 and is lower when the
antigen source is a human muscle cell line express-
ing only fetal-type AChR.3 Results for assays of mus-
cle AChR-modulating antibody25 have not been
taken into consideration in determining the fre-
quency of seronegativity in patients with acquired
MG. Furthermore, most studies have included pa-
tients undergoing treatment with immunosuppres-
sants, which can cause apparent seronegativity.24 Re-
sults of serological evaluation repeated at 12 months
or more after onset of MG symptoms have rarely
been reported for patients who are initially seroneg-
ative to determine whether AChR binding or AChR
modulating antibodies are detectable later.

In this study we assessed the prevalence of both
of these autoantibodies to determine the rate of
seronegativity in a large cohort of patients present-
ing to the Neuromuscular Clinic at Mayo Clinic
(Rochester, Minnesota) with symptoms and signs
consistent with generalized autoimmune MG begin-
ning in adulthood. We report clinical, electrophysi-
ological, and serological characteristics in MG pa-
tients whom we classified as seronegative.

MATERIALS AND METHODS

Patients. This retrospective study was approved by
our Institutional Review Board. Study subjects were
ascertained through detailed review of records for all
patients whose final diagnosis coded in the Mayo
Clinic Electromyography Laboratory (in the period
January 2, 1987, to August 21, 2000) was MG or a
myasthenic syndrome. Clinical observations, neuro-
logical deficits, electrophysiological findings, and se-
rological and radiological results were abstracted.
Patients classified as having acquired MG had the
following attributes compatible with that diagnosis:
(1) clinical history; (2) objective weakness on physi-
cal examination (including, but not limited to, ocu-
lar muscle); and (3) electromyographic abnormali-
ties, either 10% decrement in the compound muscle
action potential amplitude or area during 2-Hz re-
petitive stimulation of at least two nerves, or wide-
spread motor unit potential (MUP) variation or ab-
normal single-fiber EMG (SFEMG) in at least one
cranial or limb muscle. When SFEMG was employed,
either the frontalis, extensor digitorum communis,
or any other clinically involved muscle was examined
as long as established normal reference values for
that muscle were available for our laboratory. A pos-
itive edrophonium (Tensilon) test or improvement
of muscle strength by oral acetylcholinesterase inhib-
itor were considered supportive, but not essential,
diagnostic criteria.

Patients were excluded from the study if: (1) the
final neurological diagnosis was other than MG (e.g.,
neuropathy, radiculopathy, motor neuron disease,
myopathy, or Lambert–Eaton syndrome); (2) the
clinical history or electrophysiological studies (in-
cluding microelectrode studies in some cases) were
consistent with a congenital myasthenic syndrome;
(3) the neurological symptoms began before age 17
years; (4) the final diagnosis was uncertain on the
basis of clinical and electrophysiological findings; or
(5) serological testing was not done.

We recorded age, sex, and all serological data.
For seronegative patients, we recorded details of
neurological history and examination, electrophysi-
ological data, and history or clinical evidence of
autoimmunity. We tested available sera additionally
for MuSK antibody and other organ-specific and
nonorgan-specific autoantibodies. We classified pa-
tients clinically according to recommendations of
the Myasthenia Gravis Foundation of America
(MGFA)19 and we graded neurological deficits by a
modified Neuropathy Impairment Score (NIS), us-
ing the following clinical scale for assessment of
muscle strength compared to normal for age and
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sex: 0, normal strength; 1, mild weakness (25%
weaker than normal); 2, moderate weakness (50%
weaker than normal); 3, severe weakness (75%
weaker than normal); and 4, unable to generate any
force.8 We summated the scores for each of 22 mus-
cle groups bilaterally to obtain a total score between
0 and 176. This scale has been validated in patients
with peripheral neuropathy9 and was used to assess
the efficacy of 3,4-diaminopyridine in patients with
Lambert–Eaton syndrome.32 We present the greatest
severity score recorded for each patient.

Serological Tests. Tests were performed in the
Mayo Clinic’s Neuroimmunology Laboratory. AChR
binding antibody was detected by immunoprecipita-
tion assay using 125I-�-bungarotoxin to label AChRs
solubilized in Triton X-100 from membranes of am-
putated ischemic human skeletal muscle.14 AChR-
modulating antibody was determined by a bioassay
in which the patient’s serum is incubated with a
monolayer of cultured human myogenic cells for
16 h at 37°C before adding 125I-�-bungarotoxin to
determine the percent loss of surface AChR.18 Stria-
tional antibodies were detected by enzyme immuno-
assay using human skeletal muscle sarcomeric pro-
teins as antigen.5,14 Neuronal voltage-gated calcium
channel antibodies of P/Q-type and N-type were
detected by immunoprecipitation using 125I-�-
conopeptide MVIIC or 125I-�-conopeptide GVIA as
ligands to label the respective channel proteins sol-
ubilized in digitonin from membranes of autopsied
human cerebral cortex.27 MuSK antibody was de-
tected by immunoprecipitation using 125I-labeled re-
combinant extracellular domain of human MuSK.17

RESULTS

A total of 562 patients fulfilled criteria for classifica-
tion as adult-acquired generalized MG. The mean
onset age was 51.9 years (range, 17–87 years) and
302 patients (54%) were male. At symptom onset, 39
patients (6.9%) had MG that clinically was ocular
restricted (MGFA Class I), but electrophysiological
findings were compatible with generalized MG; 302
patients (53.7%) had mild generalized MG (MGFA
Class II); 211 patients (37.5%) had moderate gener-
alized MG (MGFA Class III), and 10 patients (1.8%)
had severe generalized MG (MGFA Class IV). Figure
1 illustrates the serological findings for this cohort at
diagnosis and at 12 or more months after diagnosis.
At initial testing, 508 patients (90.4%) had positive
serology for AChR antibodies: 500 had AChR bind-
ing antibody (98.4%; values ranged from 0.05–3,295
nmol/L; Fig. 2), and 450 had AChR modulating

antibody (88.4%; values ranged from 37%–100%
AChR loss). Eight of these 508 patients were consis-
tently seropositive for AChR modulating antibody
only. Thus, the frequency of seronegativity for AChR
antibodies at initial testing was 9.6% (54 of 562). Of
this seronegative group, 19 patients (35%) were re-
ceiving immunosuppressant therapy. Among the
whole group of 562 patients, 200 (35.6%) had stria-
tional antibodies upon initial testing (titers ranged
from 120–122,880). One patient of the 54 who were
seronegative for AChR antibodies was seropositive
for striational antibody.

A follow-up serum specimen was available for 33
of the 54 initially seronegative patients; 21 were un-
available for follow-up evaluation (including the sin-
gle patient who was seropositive for striational anti-
body without AChR antibodies). For those with
follow-up serum, the mean onset age was 46.7 years
(range 31–82 years), 21 patients (61%) were female;
at onset 3 (9%) belonged to MGFA Class I, 17 (52%)
to Class II, and 13 (39%) to Class III. For the 21
patients without follow-up serum, the mean onset
age was 50.3 years (range 17–81 years), 14 (67%)
were female, and at onset 2 (10%) belonged to
MGFA Class I, 11 (52%) to MGFA Class II, and 8
(38%) to MGFA Class III. All patients in both groups
had normal chest computed tomography (CT) with-
out evidence of thymoma or thymic hyperplasia.
Thus, the two groups did not differ in terms of mean
onset age, sex, duration of symptoms, severity
(MGFA classification), proportion with disease clin-
ically restricted to extraocular muscles, proportion
taking immunosuppressant medication when serum
was drawn, or chest CT evidence of thymic hyperpla-
sia. Five of the 33 patients whose serological testing

FIGURE 1. Serological evaluation of 562 adult patients at pre-
sentation of acquired generalized myasthenia gravis and at 12
months or later.
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was repeated 12 months or more after initial testing
had positive results: three had AChR binding anti-
body only and two had AChR modulating antibody
only. None of the five seroconverted patients had
received immunosuppressant therapy. If this ob-
served 15.2% rate of seroconversion at 12 months is
presumed for the 21 initially seronegative patients
who lacked a follow-up serum specimen at 12
months, we estimate three more seropositive pa-
tients (95% confidence interval [CI]: 3–27) and a
total of 8 (95% CI: 5–24) seropositive among 54
patients who were seronegative at initial testing. This
yields an overall seronegativity rate of 8.2% for mus-
cle AChR antibodies (95% CI: 5.9%–10.5%). This is
likely a high estimate because 35% of the initially
seronegative patients were receiving immunosup-
pressant medication at the time of testing.

Among the 28 patients whose follow-up serology
remained negative, seven were receiving immuno-
suppressant medication. Removal of those seven pa-
tients from consideration identified 21 individuals
among the initial study group who were unequivo-
cally seronegative at 12 months after clinical diagno-
sis. Table 1 summarizes their clinical characteristics.
None were seropositive for P/Q-type or N-type cal-
cium channel antibodies. Eight patients (38%) were
seropositive for MuSK antibody; seven of those were
female (88%). The mean age at MG onset for MuSK
antibody-positive patients was 38 years (range 31–
48). All had generalized weakness affecting ocular,

bulbar, and trunk muscles with or without limb in-
volvement. The mean maximal modified NIS score
was 38.4 (range 18–52). A myasthenic crisis was re-
corded for two patients. Six patients had significant
decrement during repetitive nerve stimulation (only
two in noncranial muscles). Electrophysiological ab-
normality in two patients was detected only by single-
fiber EMG. All had normal chest CT scans.

The 13 seronegative patients who lacked MuSK
antibody were older (mean age of MG onset 51.3
years; range 34–82 years) and six were female
(46%). The mean maximal modified NIS score dur-
ing follow-up was 21.5 (range 5–44). No patient had
a myasthenic crisis. Eleven had weak extraocular and
limb muscles, with or without bulbar and truncal
muscle involvement. Weakness in the remaining two
patients was restricted to extraocular muscles clini-
cally, but EMG abnormalities in limb muscles were
consistent with generalized MG (varying motor unit
potentials on needle EMG or abnormal SFEMG, see
Materials and Methods). Eight patients had signifi-
cant decrement on repetitive nerve stimulation (five
in noncranial muscles). The other five patients had
abnormalities on SFEMG, and three of them had
varying motor unit potentials on needle EMG. The
thymus in all 13 patients was normal for age by chest
CT scanning.

We have summarized the treatments, outcomes,
and immunological characteristics for the 21 patients
identified as unequivocally seronegative in a supple-
mentary table at http://www.mrw.interscience.wiley.
com/suppmat/0148-639X/suppmat/. Six of the eight
MuSK antibody-positive patients received immunosup-
pressant therapies and all responded favorably.
Thymectomy was performed in two patients; histology
was normal for age in both patients and no clinical
improvement ensued for the single patient treated with
thymectomy without immunosuppressant medication.
Five MuSK antibody-positive patients (63%) had evi-
dence of coexisting autoimmunity: three had an unre-
lated autoimmune disease, one had a family history of
autoimmune disease, and two had coexisting organ-
specific or nonorgan-specific autoantibodies: thyro-
globulin antibody (one); thyroid peroxidase antibody
(one); and antinuclear antibody (one). Six of the 13
patients lacking MuSK antibody received immunosup-
pressant medications and all responded favorably.
Thymectomy was performed in four patients (three of
the four also received immunosuppressant therapies)
and histology was normal for age in all of them. The
single patient treated with thymectomy without immu-
nosuppressant medication had satisfactory clinical im-
provement. Ten of the 13 patients lacking MuSK anti-
body (77%) had evidence of coexisting autoimmunity:

FIGURE 2. Serum values for muscle AChR binding antibody
measured by radioimmunoprecipitation of 125I-�-bungarotoxin-
complexed AChR solubilized from ischemic limb muscle from
several patients (mostly diabetic). All sera yielding values greater
than 0.02 nmol/L were retested and tested additionally with 125I-
�-bungarotoxin alone. The latter value was subtracted from the
final results to exclude false-positive results.14 The median value
for the 500 patients who were seropositive in this assay was 6.62
nmol/L (range 0.03–3295 nmol/L). None of 178 adult healthy
control subjects (male and female, age 18–83) were positive.
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Table 1. Clinical features, treatments, and outcomes in patients with adult-acquired generalized MG and seronegativity for AChR
antibodies.

Patient
number

Sex/age
at onset

MGFA
class

Worst
mNIS Crises Treatment

Treatment
response

Evidence for autoimmunity

Coexisting
disease

Autoantibodies
detected

Family
history

1 F/48 IIIa 48 No AChE inhibitor,
azathioprine

Improved None MuSK Yes

2 F/42 IIb 18 No AChE inhibitor,
prednisone

Improved Graves’
disease, DM-
1

MuSK, Tg, TPO No

3 F/35 IIa 32 Yes Thymectomy Unchanged Raynaud’s
phenomenon,
lichen planus

MuSK No

4 F/31 IIb 36 No AChE inhibitor,
prednisone

Improved Hashimoto’s
thyroiditis

MuSK No

5 F/34 IIIb 52 Yes AChE inhibitor,
prednisone

Improved None MuSK No

6 F/35 IIIb 50 Yes AChE inhibitor,
prednisone

Improved None MuSK No

7 M/41 IIb 38 No Thymectomy,
AChE
inhibitor,
prednisone,
azathioprine

Minimal
manifestation

None MuSK, ANA No

8 F/39 IIb 33 No AChE inhibitor Improved None MuSK No
9 M/68 I 8 No AChE inhibitor Improved Raynaud’s

phenomenon
None No

10 F/44 IIIa 44 No Thymectomy,
AChE
inhibitor,
azathioprine

Improved None None No

11 M/34 IIa 22 No AChE inhibitor Unchanged None Tg, GAD65 No
12 F/48 I 5 No None Unknown Pernicious

anemia,
Hashimoto’s
thyroiditis

GPC, GAD65,
Tg, TPO

No

13 F/65 IIa 18 No AChE inhibitor,
prednisone

Improved Graves’ disease Tg, TPO Yes

14 M/82 IIIa 25 No AChE inhibitor,
azathioprine

Improved None AMA, SMA No

15 F/35 IIb 21 No Thymectomy,
AChE
inhibitor,
azathioprine

Improved Rheumatoid
arthritis

RF Yes

16 M/41 IIa 19 No AChE inhibitor Improved None None No
17 M/67 IIb 22 No AChE inhibitor,

prednisone
Partial

remission
Hashimoto’s

thyroiditis
None Yes

18 M/50 IIb 20 No Thymectomy,
AChE
inhibitor

Improved None None None

19 F/36 IIIb 43 No Thymectomy,
AChE
inhibitor,
prednisone,
azathioprine

Improved Hashimoto’s
thyroiditis

None None

20 F/50 IIa 15 No AChE inhibitor Minimal
manifestation

Graves’ disease Tg, TPO None

21 M/47 IIa 18 No AChE inhibitor Minimal
manifestation

None SMA None

AchE, acetylcholinesterase; AMA, antimitochondrial; GAD65, glutamic acid decarboxylase-65; GPC, gastric parietal cell; MGFA, Myasthenia Gravis Foundation
of America; mNIS, modified Neuropathy Impairment Score; MuSK, muscle-specific kinase; RF, rheumatoid factor; SMA, smooth muscle antibody; Tg,
thyroglobulin; TPO, thyroperoxidase.
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seven had an unrelated autoimmune disease and seven
had coexisting organ-specific or nonorgan-specific au-
toantibodies: thyroglobulin antibody (four); thyroid
peroxidase antibody (three); GAD65 antibody (two);
smooth muscle antibody (two); gastric parietal cell an-
tibody (one); antimitochondrial antibody (one); or
rheumatoid factor (one).

We performed additional testing on stored se-
rum from 23 of the 28 initially seronegative patients
who failed to fulfill our strict criteria for seronega-
tivity either because a 12-month follow-up specimen
was lacking (21 patients) or because they were re-
ceiving immunosuppressant medication at the time
of testing (seven patients). None had P/Q-type or
N-type calcium channel antibodies. Serum was avail-
able from eight patients for MuSK antibody testing
(seven had both initial serum and follow-up serum
tested but were receiving immunosuppressant med-
ication); none were positive. One or more non-
muscle autoantibodies were detected in 14 of the 23
patients (61%): gastric parietal cell antibody (six);
thyroid peroxidase antibody (six); thyroglobulin an-
tibody (three); GAD65 antibody (three); antinuclear
antibody (three); smooth muscle antibody (two) and
antimitochondrial antibody (one).

DISCUSSION

Our study group of 562 patients with adult-acquired
generalized MG was ascertained exclusively on the
basis of clinical and electrophysiological abnormali-
ties typical of acquired MG. Their mean onset age of
disease (�52 years) and the slight male predomi-
nance were likely due to exclusion of patients with
onset age before 17 years (early-onset MG is charac-
terized by female predominance and late-onset MG
by mild male predominance).20 We estimated the
seronegativity frequency to be less than 8.2%, pro-
vided that tests for AChR binding and AChR modu-
lating antibodies were performed before commence-
ment of immunosuppressant therapy, and were
repeated at 12 months after symptom onset if ini-
tially negative. The observed seroconversion rate of
15.2% at 12 months is essentially identical to the
15.8% seroconversion rate reported by Sanders et
al.35 among 95 patients initially seronegative for
AChR binding antibody when retested 6 or more
months after disease onset. It is remarkable that in
that study one patient seroconverted 9 years after
clinical onset of MG.

Immunosuppressant therapy is underappreci-
ated as a source of false seronegativity in patients
with MG. It is our experience that initiation of im-
munosuppressant therapy weeks or months before

serological evaluation can cause apparent seronega-
tivity.24 The Sanders et al.35 study reported that 9%
of 143 initially seropositive MG patients became se-
ronegative when retested in clinical remission follow-
ing treatment. Seronegativity was documented as
early as 1 month after initiating corticosteroid ther-
apy and 4 months after thymectomy. The interpre-
tation of a patient’s serological and clinical status
can be complicated further when characteristic find-
ings of MG are obscured by a superimposed steroid-
induced myopathy. This emphasizes the importance
of performing comprehensive serological evaluation
before initiating immunosuppressant therapy.

The diagnosis of MG in a seronegative patient
must be made by meticulous clinical and electromyo-
graphic criteria because other neuromuscular disor-
ders can mimic acquired MG, both clinically and in
certain electrophysiological characteristics, and
sometimes in response to immunomodulatory ther-
apies. Inadequate serological testing may miss the
diagnosis of truly seropositive MG, and hence delay
optimal therapy, including consideration of early
thymectomy. A false diagnosis of “seronegative” au-
toimmune MG may lead to unnecessary and poten-
tially harmful immunosuppressant therapy. The 38%
frequency of MuSK antibody in our patients who
were unambiguously seronegative for AChR antibod-
ies, as well as their clinical characteristics, accord
with the frequency and phenotype of MuSK anti-
body-positive MG reported by other investiga-
tors.11,36,38

We emphasize that the diagnosis of acquired MG
in all patients of this study was made on the basis of
compatible clinical features and electrophysiological
abnormalities. Detailed study by an experienced
EMG specialist is essential in the early stages of MG
when electromyographic abnormalities can mimic
early Lambert–Eaton syndrome or a congenital my-
asthenic syndrome.16 Serological testing facilitates
the diagnosis of acquired MG. Although muscle
AChR binding, AChR modulating, or striational an-
tibodies are positive in 13% of patients with classic
Lambert–Eaton syndrome (with or without can-
cer),28 patients with MG never have calcium channel
antibodies (except in rare nonthymomatous para-
neoplastic cases).13,25,41 Based on our laboratory’s 25
years of clinical–serological correlative experience,
we consider reproducible seropositivity for any skel-
etal muscle antibody (AChR binding, AChR modu-
lating, or striational) in the absence of a P/Q-type or
N-type calcium channel antibody to be an appropri-
ate serological criterion for confirming the diagnosis
of acquired MG in a nonimmunosuppressed patient
who has unambiguous clinical and electrophysiolog-
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ical findings supporting that diagnosis. However, if
standard electrophysiological evaluation does not
support a diagnosis of MG, other clinical associations
of muscle AChR binding, AChR modulating, and
striational antibodies must be considered. For exam-
ple, seropositivity is encountered in �35% of pa-
tients with autoimmune liver diseases, in �5% of
patients with a variety of autoimmune neurological
disorders with or without cancer,25 and in an un-
known percentage of patients with graft-versus-host
disease.5

Our study has revealed that the actual frequency
of seronegativity (i.e., undetectable muscle AChR or
MuSK antibodies) in adult-acquired generalized MG
is 5%. Among this small group of “seronegative” MG
patients, we documented a high prevalence of mis-
cellaneous autoantibodies, suggesting that those pa-
tients also may prove to have an autoimmune basis
for their disease. It is conceivable that some seroneg-
ative patients may have AChR or MuSK antibody of
high affinity but at a level too low to detect due to
adsorption to autoantigen in vivo. Alternatively, ad-
ditional rare motor endplate autoantibodies with
pathogenic potential may remain to be discovered.
Serological testing for other organ-specific and non-
organ-specific autoantibodies is a valuable ancillary
investigation in evaluating seronegative acquired
generalized MG of adult onset.24,25 Positive results
may justify a trial of immunosuppressant therapy.
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ABSTRACT: Surgical treatment of lateral femoral cutaneous neuropathy
(LFCN) is performed only after failure of conservative management. We
reexamined 167 cases (7 bilateral) of LFCN of various etiologies (idiopathic,
abdominal surgery, iliac crest bone grafting, trauma, and total hip arthro-
plasty) operated on between 1987 and 2003. Average follow-up was 98
months (20–212). The intervention was performed under local anesthesia in
139 cases (83%). Surgical release of the nerve was performed in 153 cases
(92%) and transection in 14 cases (8%). Surgical treatment of LFCN led to
improvement and patient satisfaction in 130 cases (78%). The results de-
pended on several factors, especially the underlying etiology, duration of
symptoms before intervention, and integrity of the nerve. Nerve release
remains the first-line surgical technique, improving painful symptoms in
many cases while preserving sensation of the thigh. It can be performed
under local anesthesia by an experienced surgeon.
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Meralgia paresthetica is a lateral femoral cutaneous
neuropathy (LFCN). This neuropathy may be idio-
pathic, traumatic, compressive (lumbar disk hernia,
pelvic tumor), metabolic, or immunological in etiol-
ogy. The lateral femoral cutaneous nerve is a sensory
nerve that arises from the second and third lumbar
roots, follows an intrapelvic course on the anteroin-
ternal face of the iliac muscle, and then becomes
vertical by circumventing the anterosuperior iliac
spine to pass under the inguinal ligament. It crosses
the fascia lata and divides into two or three terminal
branches. The nerve may be injured at any level, but
the most frequent site of compression is where it
emerges from the pelvis, because at this level it is
wedged into an inextensible narrow space under the
inguinal ligament and inside the anterosuperior iliac
spine. Bernhardt7 provided the first description of

this syndrome in 1878. Conservative management of
LFCN leads to satisfactory improvement in more
than 90% of cases,13,36 and involves analgesics, non-
steroidal anti-inflammatory drugs, gabapentin, and
local injection of anesthetics and anti-inflammatory
steroids that reduce or eliminate the aggravating
factors. Surgical treatment is performed only after
failure of conservative approaches. This study pre-
sents our experience with surgical treatment of
LFCN in 167 cases operated on between 1987 and
2003.

MATERIALS AND METHODS

This retrospective study included 187 patients (80
women and 107 men) operated on between 1987
and 2003 by the same surgeon. Of these patients, 160
(69 women and 91 men) were reexamined during
2005 by an independent specialist. Seven patients
were operated on bilaterally (making a total of 167
cases). The mean follow-up was 98 months (20–212
months). Mean age of the patients was 52 years
(17–80 years). Mean body mass index (BMI) was 27
(17–46; normal, lower than 25) and 50 patients
(31%) were considered obese (BMI �30). All pa-
tients were operated on after a failure of conservative
treatment, except 16 who were treated for recur-
rence after previous surgery.

Abbreviations: BMI, body mass index; EMG, electromyogram; LFCN, lateral
femoral cutaneous neuropathy; SNAP, sensitive nerve action potential;
SNCV, sensitive nerve conduction velocity
Key words: lateral femoral cutaneous nerve; meralgia paresthetica; nerve
entrapment; nerve release; nerve transection
Correspondence to: I. Benezis, CHU Pellegrin, Service du Professeur Du-
randeau, Place Amélie Raba Léon 33 000, Bordeaux, France; e-mail:
igorbenezis@hotmail.com
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Twelve cases of LFCN (7%) were secondary to
trauma and 22 (13%) were secondary to abdominal
surgery (3 parietal rupture repair, 11 inguinal her-
niorraphy, and 8 gynecological or urological surgery
by Pfannenstiel incision). Twenty cases (12%) were
secondary to an iliac bone graft harvest and 8 cases
to a total hip arthroplasty on the homolateral side.
Finally, 105 cases (62%) were considered to be idio-
pathic. All had electrodiagnostic studies that con-
firmed the diagnosis in 156 cases (93%), showing
attenuated sensory nerve action potential (SNAP)
amplitudes or reduced sensory nerve conduction
velocity (SNCV).24,31 In the 11 other cases, it did not
contribute to the diagnosis although the patients
had characteristic clinical signs. In 45 cases (27%),
spinal imaging studies had been performed because
the initial diagnosis of the referring physician was of
lumbar disease, but these were unhelpful.

The mean interval between the onset of clinical
disturbances and intervention was 46 months (1–311
months). The intervention was performed under
local anesthesia in 139 cases (83%). General anes-
thesia was necessary in 28 cases, including some
cases presumed difficult because of previous abdom-
inal surgery or harvesting of the iliac bone graft, and
was also required in some anxious or particularly
obese patients.

The procedure was performed on an outpatient
basis. It consisted in injection of about 15 ml of 1%
lidocaine two fingerwidths medial to and under the
anterosuperior iliac spine, corresponding to the lo-
cation of Tinel’s sign. After a 4-cm horizontal cuta-
neous section, the fat tissue was dissected to reach

the fascia lata, which at this level is the continuation
of the iliac fascia. Additional local anesthesia under
the fascia was given. Then the nerve was carefully
detached from the sartorius. Once located, it was
decompressed downwards by opening the fascia lata
and upwards by sectioning the inguinal ligament.
The nerve was then released in its pelvic course. The
subcutaneous tissue was sutured by resorbable
threads and the skin was closed by interrupted su-
tures without drainage. A 2-kg sand bag was placed
on the scar for 6 hours.

In 29 cases (17%), the nerve was in an abnormal
anatomical position (Fig. 1). In 7 cases (4%), the
nerve crossed the iliac crest behind the anterosupe-
rior iliac spine. In 9 cases (5%), the nerve passed
through a split in the inguinal ligament on its inser-
tion into the anterosuperior iliac spine. In 5 cases
(3%), the nerve was located medially under the in-
guinal ligament near the genitofemoral nerve. In 8
cases (5%), the nerve had already divided into two or
three branches during its passage under the inguinal
ligament. During surgery, we found 69 cases (41%)
with macroscopic changes of the nerve, including 48
cases of narrowing, 11 of apparent enlargement, and
10 neuromas.

The nerve was released 153 times (92%) and
transection was performed in 14 cases (3 cases after
failure of release, 10 because the nerve presented a
neuroma, and 1 because it presented considerable
narrowing). We operated on 16 cases of failed pre-
vious nerve decompression (9 idiopathic, 4 iliac
bone graft harvest, 2 post-traumatic, and 1 post-
inguinal herniorraphy). Nerve release was per-

a   b   c   d 

FIGURE 1. Anatomical variations in the inguinal portion of the lateral cutaneous nerve of the thigh in 167 cases. (a) The nerve crosses
the iliac crest behind the anterosuperior iliac spine (4%). (b) The nerve passes through a split in the inguinal ligament (5%). (c) The nerve
is very medial, near the genitofemoral nerve (3%). (d) The nerve divides into two or three branches during its passage under the inguinal
ligament (5%).
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formed again in 11 cases and the nerve was sectioned
in 5 cases.

For follow-up purposes, we drew up a simple and
reproducible questionnaire for all the patients. We
asked the patients whether they felt better or not and
whether they were satisfied with the outcome of their
surgery. Results were analyzed according to various
factors, especially the etiology of LFCN, the duration
of symptoms, the incidence of excess weight, and the
electrodiagnostic data. Statistical assessment was
done using the Mantel–Haenszel chi-square test.

RESULTS

Of our patients, 102 (61%) recovered fully and were
completely satisfied, and 28 (17%) experienced par-
tial improvement and were also satisfied. Thirty-
seven (22%) had no improvement and were some-
what (12%) or totally dissatisfied (10%). No patient
experienced worsening of symptoms. Results were
variable within etiologic groups (Table 1) and ac-
cording to the duration of symptoms (Table 2).

The average period until pain regressed was 53
days (range, 1–365 days). Improvement in cutaneous
sensitivity was obtained on average after 113 days
(1–365 days). Twenty-two patients (13%) improved
but their dysesthesias persisted, and 3 were dissatis-
fied with the outcome.

Nerve transection was performed in 14 cases
(8%). Five of these were improved or the patient was
satisfied and experienced no subsequent pain. Nine
patients were dissatisfied and experienced no or only

partial relief of symptoms, with persisting dysesthe-
sias and pain. Among the 16 cases of re-operation
(11 nerve releases and 5 transections), only 8 were
improved (4 total recovery and 4 partial). Dissatis-
faction was total in 5 patients in whom transection
was performed after failure of a previous decompres-
sion.

There were 12 postoperative complications
(7%): 8 hematomas requiring drainage and 4 wound
ruptures requiring re-intervention. Return to work
was possible within an average of 24 days following
surgery (1–180 days), but 14 patients (8.4%) were
not able to work again because of persisting and
disabling pain.

DISCUSSION

Nerve release gave good results, with 78% of our
patients indicating satisfaction. The outcome de-
pended on several factors, especially the etiology and
duration of symptoms.

Idiopathic meralgia paresthetica is comparable
to an entrapment syndrome of the lateral femoral
cutaneous nerve.3,14,26 The nerve is compressed in a
narrow fibrous space limited by the anterosuperior
iliac spine externally, the inguinal ligament above,
and the tendon of the sartorius muscle below. Open-
ing this channel relieves the pain due to nerve com-
pression.15,21,26 Surgical repair of an inguinal hernia
may increase the tension and even modify the direc-
tion of the inguinal ligament, leading to compres-
sion or stretching of the nerve. In five instances the
nerve was found to be wedged under an extraperi-
toneal prosthetic mesh, and once under a fixing
staple. Nerve release decreased parietal abdominal
tension and provided total recovery in 77% of pa-
tients having undergone abdominal surgery. Regard-
ing the Pfannenstiel incision, we believe that the
perioperative injury was due to the installation of
side valves that retracted the rectus abdominis mus-
cles and likely compressed the nerve against the iliac
crest.25,29,32

Table 1. Results of surgical treatment in 167 cases of LFCN.

Cause Number of cases Total recovery

Improvement

Partial None

Idiopathic 105 (63%) 67 (64%) 21 (20%) 17 (16%)
Abdominal surgery 22 (13%) 17 (77%) 2 (9%) 3 (14%)
Iliac bone graft 20 (12%) 8 (40%) 3 (15%) 9 (45%)
Trauma 12 (7%) 5 (42%) 2 (16%) 5 (42%)
Total hip arthroplasty 8 (5%) 5 (62.5%) 0 3 (37.5%)
Total 167 (100%) 102 (61%) 28 (17%) 37 (22%)

Table 2. Results of surgical treatment in 167 cases of LFCN.

Duration of
symptoms

Number of
cases

Total
recovery

Improvement

Partial None

�6 months 26 22 (85%) 1 (4%) 3 (12%)
6–12 months 20 13 (65%) 2 (10%) 5 (25%)
�12 months 121 67 (55%) 25 (21%) 29 (24%)
Total 167 102 (61%) 28 (17%) 37 (22%)
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Transient LFCN after iliac crest bone graft har-
vest occurs in approximately 30% of patients,27 but
the pain persists after 3 months in only 1%.4,30 The
nerve lesion is a direct injury due to excessive sam-
pling or harvesting too near the superoanterior iliac
spine. Concerning nerve injury after total hip arthro-
plasty, the main mechanism in our 8 patients was
probably incorrectly positioned anterior padded
supports on the anterosuperior iliac spine, as re-
ported by others.22,27 Another reported mechanism
is limb length discrepancy,19 but we did not identify
this as a cause in our patients.

Fifty cases (30%) were of iatrogenic origin. Pre-
vention of iatrogenic lesions requires special atten-
tion when positioning the patient for surgery and
good knowledge of the nerve course and its anatom-
ical variations.1,9,28 Trauma by compression against
the iliac crest is a well-known cause of LFCN.6,27,34

The anterosuperior iliac spine constitutes a solid
block on which the nerve may be compressed. The
nature of the trauma is variable but generally results
from a high-energy impact. However, it can also be
due to repeated microtrauma (e.g., from a belt or
brace worn too tightly).8,17,23

The results of surgical treatment of LFCN were
worse (P � 0.04) when the nerve had suffered a
direct injury. Forty cases were secondary to iliac bone
harvesting, trauma, and total hip arthroplasty. Only
18 of these patients (45%) fully recovered. Lagueny
et al.24 indicated that trauma and repeated trauma of
the lateral femoral cutaneous nerve may be respon-
sible for involvement of the unmyelinated fibers or
for stimulation of their activity, but also suspected
interference with the process of regeneration.

Sectioning the nerve is a significant cause of poor
results. Symptoms improved in 78% of cases with
surgical release of the nerve and only in 35% with
transection (P � 0.004), confirming our preference
for surgical release. Nevertheless, there is no consen-
sus on this issue. Benini5 obtained better results with
release in 36 cases, whereas Antoniadis et al.,2 in a
study of 29 cases, reported improvement in 82% of
cases with transection and 72% of cases with nerve
release. van Eerten et al.35 found similar results in 21
patients. These series were quite small, however, and
do not demonstrate with certainty the superiority of
transection. Whatever the technique used, failures
remain frequent and often unexplained. The diag-
nosis must therefore be made again by repeat clini-
cal examination and complementary tests in order to
seek another cause of symptoms.10,16,20,33

Obesity is frequently a causative factor of
LFCN.12,13,18,31 The weight of the abdominal belt
tends to lower the inguinal ligament, thereby nar-

rowing the nerve passage. In our series, obesity prob-
ably had an etiological role because its frequency
(30%) was higher than in the general population
(11% in France,11 P � 0.0009). However, obesity
does not seem to influence the results of surgical
treatment. Postoperative complications or poor re-
sults were not more numerous among obese pa-
tients; the surgical procedure was simply longer and
more difficult to perform. Revision surgery (16
cases) was difficult to perform and often gave poor
results, although 8 cases were improved after a new
nerve release. In the light of this series, our ap-
proach after failure of a correctly performed nerve
decompression is now surgical abstention.

Analysis of the electrophysiological data did not
allow any factors predictive of prognosis or surgical
response to be established. SNAP amplitude indi-
cates neither the severity of symptoms nor the quality
of recovery.24 However, electromyography (EMG) is
useful for diagnosing LFCN, and its specificity is
greater than 98% in the hands of experienced neu-
rophysiologists.31 In our series, EMG was performed
by 27 different neurophysiologists, which likely ac-
counts for our low specificity (93%) and the diffi-
culty of analyzing precisely our electrophysiological
data.

The duration of symptoms influences the prog-
nosis. Ecker and Woltman13 observed that the poten-
tial for cure was decreased by 50% if symptoms had
lasted more than 2 years. We also observed a signif-
icant decrease in total recovery in relation to the
duration of symptoms before surgical intervention.
Total recovery was 55% when patients were operated
1 year after the onset of pain, 65% when operated
within 6–12 months of onset, and 85% within 6
months (P � 0.0073).

Surgical treatment should be temporarily with-
held depending on the etiology of the LFCN. In
idiopathic cases, a delay of 6 months allows for ap-
propriate conservative management. For post-trau-
matic or post-surgical etiologies, this interval can be
shortened as determined on an individual basis. In
our opinion, surgical release of the nerve remains
the operative technique of choice because it im-
proved painful symptoms in 78% of cases while pre-
serving sensation of the thigh.
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ABSTRACT: This study was undertaken to evaluate collateral sprouting
capability in an end-to-side repair model with long regenerative distance.
Forty-five rats were used and divided into four groups, according to the
reparative procedure following peroneal nerve division: (A) “double” end-to-
side neurorrhaphy with a regenerative distance of 0.6 cm; (B) “double”
end-to-side neurorrhaphy with a regenerative distance of 1.2 cm; (C) end-
to-end neurorrhaphy; and (D) nerve stumps buried into neighboring mus-
cles. In all animals the contralateral healthy side served as a control.
Functional assessment of nerve regeneration was performed at intervals up
to 5 months using the Peroneal Function Index (PFI). Evaluation 150 days
after surgery included peroneal and tibial nerve histologic and morphometric
examination and wet weights of the tibialis anterior muscle. Functional
evaluation and axonal counting data demonstrated that there was no sta-
tistically significant difference between groups A and B, or between groups
A and C. There was no functional or histologic evidence of donor nerve
deterioration. In conclusion, the present study confirms that “double” end-
to-side neurorrhaphy may be useful for the repair of divided human nerves
with long gaps.
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Development in microsurgical techniques and in-
strumentation in combination with better under-
standing of the physiology of nerve injury and regen-
eration has led to the evolution of repair methods
for peripheral nerve injuries. However, direct recon-
struction of large nerve defects is not always possible.
Autologous nerve grafts remain the gold standard
for treating large peripheral nerve defects. Use of
autologous nerve grafts is bounded by the limited
amount of available tissue and the increased donor
site morbidity.16,30 The above-mentioned limitations
and the poor clinical results necessitate a further

search for alternative methods of nerve reconstruc-
tion.

Among others, a large number of conduits, with
or without addition of peptides, Schwann cells,
growth factors, or cytokines, have been used to in-
crease the maximum nerve gap distance successfully
bridged.10,13,15,20 Unfortunately, nerve regeneration
is not possible in acellular conduits with lengths
exceeding 40 mm,9,30,31 due to the limited migration
capacity of Schwann cells. Consequently, the length
of the natural or synthetic materials that are used to
bridge peripheral nerve defects is also limited.

In the last 15 years, end-to-side neurorrhaphy has
been added to the surgical options, although this
technique was described at the beginning of the last
century. End-to-side neurorrhaphy was first de-
scribed as an alternative approach for the treatment
of facial palsy,5 but the approach was neglected until
Viterbo et al.,23–26 beginning in 1992, reintroduced
end-to-side technique in studies in animals and af-
terwards in patients with facial nerve palsy. Since
then, several other investigators have carried out
experimental and clinical studies on end-to-side neu-
rorrhaphy.1,3,12,18,19,21,27,28,32,33 This study was con-
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tal print length; ETS, experimental toe spread; IT, intermediary toe spread;
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ducted to determine collateral sprouting capability in
an end-to-side repair model with long regenerative
distance between two end-to-side neurorrhaphies.

MATERIALS AND METHODS

The procedures for this investigation were per-
formed according to protocols approved nationally.
The experiment was carried out on 45 male Wistar
rats weighing 190–330 g. Before and after the oper-
ation the animals were kept in individual cages and
maintained on standard rat chow and water ad libi-
tum, with a 12-h light-dark cycle. The animals were
divided into four groups according to the operative
procedure: end-to-side repair with 0.6-cm long tibial
nerve bridge (group A; n � 12); end-to-side repair
with 1.2-cm long tibial nerve bridge (group B; n �
12); end-to-end nerve repair (group C; n � 12); and
segmentary resection (group D; n � 9).

Surgical Procedure. Just before the operation all
animals were given conditioning trials on an 8 � 62
cm walking track for comparison with normative
data.7 The animals were then weighed and operated
on under anesthesia with a single 5 mg/kg intraperi-
toneal ketamine injection (Narketan 10, 100 mg/ml;
Vetoquinolag, Belp-Bern, Switzerland). In all ani-
mals the right hindlimb was used as the experimen-
tal limb and the left hindlimb as the control limb.

The lateral aspect of the right thigh and hip were
shaved and washed with antiseptic solution. The
right sciatic, tibial, and peroneal nerves were ex-
posed and dissected through a semitendinosus–
biceps femoris muscle-splitting incision under mag-
nification with a Zeiss operating microscope (model
OP16-S; Zeiss, Munich, Germany). The common
peroneal nerve was transversely divided 2 mm dis-
tally to its emergence from the sciatic nerve trunk.
The distal and proximal stumps of the common
peroneal nerve were then immediately repaired ac-
cording to grouping.

In group A the proximal segment of the pero-
neal nerve was sutured end-to-side to the trunk of

the intact tibial nerve and the distal segment was
repaired by the same method 0.6 cm distal to the
first end-to-side neurorrhaphy (Fig. 1A). In group
B the proximal segment of the peroneal nerve was
sutured end-to-side to the trunk of the intact tibial
nerve, as in group A, but the distal segment was
sutured end-to-side to the tibial nerve 1.2 cm distal
to the first end-to-side neurorrhaphy (Fig. 1B). In
both groups A and B an epineural window was
made on the tibial trunk before each end-to-side
nerve coaptation took place. In group C the per-
oneal nerve was repaired in a classic end-to-end
fashion. In groups A, B, and C the neurorrhaphies
were performed under microscope magnification
using three epineural 10/0 nylon interrupted su-
tures with sharp cutting head, placed at 120° in-
tervals. In group D (control) both proximal and
distal nerve stumps were buried in the neighbor-
ing muscles and fixed with a single 8/0 nylon
suture. This was done to prevent regeneration of
the proximal stump from interference with the
final results. In all groups, wound closure was
achieved by 4/0 vicryl interrupted sutures for the
muscles and 3/0 nylon interrupted sutures for the
skin, and the animals were kept under the super-
vision of a veterinarian.

Walking Track Analysis. Walking track analysis was
first proposed by de Medinaceli et al.8 as an index for
the functional condition of rat sciatic nerve. Bain et
al.4 described three indexes for the evaluation of
complete sciatic (SFI; Sciatic Function Index), per-
oneal (PFI; Peroneal Function Index), and tibial
nerve (TFI; Tibial Function Index) lesions in the rat.
These indexes have a statistical basis and have be-
come reliable parameters for the functional evalua-
tion of peripheral nerve regeneration.

At 15, 30, 60, 90, and 150 days after the operation
all animals were given conditioning trials on an 8 �
62 cm walking track darkened at one end.8 The
paper strips containing the footprints were copied
with a high-resolution scanner. Afterwards, the digi-

FIGURE 1. Illustration of surgical procedures.
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tized footprints were analyzed in a computer using a
graphic software program, which automatically cal-
culates the PFI and TFI. The parameters measured
in the footprints were print length (PL), toe spread
(TS), and intermediary toe spread (IT) both in the
normal (NPL, NTS, and NIT, respectively) and ex-
perimental paw prints (EPL, ETS, and EIT, respec-
tively). At least three prints of each paw were mea-
sured for each animal. All measurements were made
by two observers blinded to the identity of the digi-
tized footprints at the end of the study according to
the formula of Bain et al.4:

PFI � 174.9
�EPL � NPL�

NPL

� 80.3
�ETS � NTS�

NTS
� 13.4

TFI � � 37.2
�EPL � NPL�

NPL
� 104.4

�ETS � NTS�

NTS

� 45.6
�EIT � NIT�

NIT
� 8.8

Morphometric Studies. On the 150th postoperative
day, all animals were anesthetized and prepared.
The experimental as well as unoperated control
sides were exposed through a posterolateral ap-
proach to the thigh and the nerves were dissected
and removed. The tibialis anterior muscle was har-
vested from the experimental and the control side
and the animals were killed with a lethal dose of
intraperitoneal sodium pentobarbital (100 mg/kg).

In groups A and B, sections 0.5 cm in length were
removed from: (1) the tibial nerve midway between
the proximal and the distal end-to-side nerve coap-
tation, for evaluation of axons in the outer
epineurium of the donor nerve; (2) the distal pero-
neal nerve segment with the site of distal end-to-side
repair; and (3) the tibial nerve distal to end-to-side
neurorrhaphies, to evaluate any potential damage to
the donor nerve resulting from the procedure. In
animals in group C, a section (0.5 cm long) was
removed distal to the site of end-to-end nerve repair.
In D, a segment (0.5-cm long) of the distal stump of
the peroneal nerve was harvested. In all animals
corresponding sections from the contralateral con-
trol sides were harvested.

All sections were immersed in a solution of 2.5%
glutaraldehyde buffered with cacodylate, washed in
sodium cacodylated buffer (0.2 mol/L, pH 7.4),
postfixed in 1% osmium tetroxide, dehydrated in an
ethyl alcohol solution of increasing concentrations

(50%, 70%, 95%, and 100%), and embedded in
epoxy resin for axonal counting. Cross-sections 1-�m
thick were cut using a Reichert-Jung ultracut E with
a diamond knife (Reichert-Jung, Weiss, Austria)
from the nerve segments, stained with toluidine
blue, and examined with a light microscope (Ax-
ioscop; Zeiss) connected to a computer using the
public domain software NIH Image (http://rsb.
info.nih.gov/nih-image/).

Initially, the entire fascicle image was captured
and the total fascicle area was measured. Quantita-
tive evaluation followed, with myelinated nerve fi-
bers counted in all nerve segments. The final results
were expressed as the ratio of the density of the
fibers in the experimental side to the contralateral
unoperated control side. Quantitative evaluation
also included the calculation of percent neural tissue
(100 � neural area/intrafascicular area), expressed
as the ratio of the experimental to control sides. All
measurements were done by a single blinded inves-
tigator.

Muscle Weights. On the 150th postoperative day,
tibialis anterior was harvested with its tendon from
the experimental and control sides. Wet muscle
weights were measured and reported as the ratio of
the experimental to the contralateral control side.
Afterwards, specimens from each muscle were im-
mersed in 10% formalin and embedded in paraffin
for histologic analysis.

Statistical Analysis. Peroneal function index, mus-
cle mass ratios, and nerve fiber density values were
analyzed using the nonparametric Kruskal–Wallis,
and Mann–Whitney U-tests. All tests were calculated
with use of the SPSS statistic package for personal
computers, v. 13.0 (SPSS, Chicago, Illinois). In all
instances P � 0.05 was regarded as statistically signif-
icant.

RESULTS

Walking Track Analysis. The preoperative PFI was
never 0, but oscillated between –22.15 and –7.57.
Before the surgical procedure no significant differ-
ence was noted between the four groups. On the
15th day after surgery, PFI values were not signifi-
cantly different between group A and group B, but a
difference was detected between groups A and B and
group C (P � 0.001), with group C revealing better
results (Table 1). During the second postoperative
evaluation on the 30th day, no significant difference
was recorded between groups A and B, or between
groups A and C. Group B and group C were different
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(P � 0.001) and remained so on day 60. At day 90 no
significant difference was detected between groups
A, B, and C. At the end of the study, on day 150,
differences between group A and group B, as well as
between group A and group C, remained insignifi-
cant. However, a significant difference was detected
between group B and group C (P � 0.037). More-
over, differences between experimental groups A, B,
and C and control group D were significant (P �
0.001).

At the end of the study the mean TFI was �14.88
and �11.51 in groups A and B, respectively. This
difference was not statistically significant (P � 0.77).
TFI for groups C and D were not calculated, since
the tibial nerve remained intact in these groups.

Morphometric Studies. At the end of the study the
ratios of peroneal nerve fiber density (axons/mm2)
for groups A, B, and C were estimated (Table 2).
Severe axonal degeneration was present in group D.
Morphometric evaluation was not performed in this
group. The results demonstrated that there was no
statistically significant difference between groups A,
B, and C.

The percentage neural tissue data are shown in
Table 3. The difference between the end-to-side neu-
rorrhaphy group with regenerative distance of 0.6
cm and the end-to-side neurorrhaphy group with
double regenerative distance (1.2 cm) was not sig-
nificant. Moreover, the ratio of percentage neural
tissue did not differ between the end-to-side neuror-

rhaphy group with a regenerative distance of 1.2 cm
and the end-to-end nerve repair group.

Microscopic examination of all nerve segments
was in accordance with quantitative histomorphom-
etry of nerves (Fig. 2). In groups A and B, examina-
tion of the bridging part of the tibial nerve revealed
a large number of small myelinated fibers with rela-
tively small calibers traveling in the outer
epineurium (Fig. 3).

In groups A and B there was no microscopic
evidence of donor nerve (tibial nerve) deterioration.
Furthermore, no significant difference was obtained
between groups A and B in either the percentage of
neural tissue data and the ratio of percentage neural
tissue in the tibial nerve distal to end-to-side neuror-
rhaphies.

Muscle Weights. Macroscopically, in groups A, B,
and C the muscle atrophy on the experimental side
was negligible (Fig. 4). However, in group D tibialis
anterior muscle atrophy was obvious on the experi-
mental side compared with the normal unoperated
side.

The tibialis anterior muscle weight data are
shown in Table 4. The differences between groups A
and B, as well as between groups A and C, were not
significant. However, there was a significant differ-
ence between groups B and C (P � 0.05). Further-
more, the difference between the three experimen-
tal groups and the control group, in which the

Table 1. Peroneal function index scores.

Group A Group B Group C Group D

Pre-op �16.62 � 3.56 �14.05 � 3.35 �14.33 � 2.69 �14.35 � 4.64
D 15 �44.02 � 5.29 �41.66 � 4.24 �35.41 � 2.12 �46.78 � 8.19
D 30 �33.19 � 5.59 �36.63 � 3.50 �28.41 � 4.16 �46.89 � 5.89
D 60 �24.12 � 4.73 �28.09 � 4.39 �22.92 � 3.62 �49.69 � 5.69
D 90 �18.89 � 4.50 �19.93 � 4.69 �18.01 � 2.49 �62.81 � 2.55
D 150 �16.09 � 2.79 �16.84 � 3.42 �13.94 � 2.68 �71.32 � 3.21

Average PFI scores in groups A, B, C, and D obtained at different postoperative intervals. All values are expressed as mean � standard deviation.

Table 2. Peroneal nerve fiber density.

Group Axon density (n/mm2) Ratio of axon density

A 13900 � 2900 (9400–18900) 1.73 � 0.35 (1.24–2.52)
B 13100 � 4200 (5700–19000) 1.57 � 0.62 (0.67–2.68)
C 13500 � 2600 (8800–17500) 1.95 � 0.46 (0.97–2.47)

No significant differences were noted between groups.
Average peroneal nerve fiber density and density ratio of the experimental
to contralateral side on postoperative day 150. All values are expressed as
mean � standard deviation.

Table 3. Neural tissue data and ratio of the experimental to
contralateral side of the peroneal nerve.

Group
Percentage neural tissue

(%) Ratio of neural tissue

A 38.44 � 4.69 (28.7–46.2)† 0.76 � 0.07 (0.60–0.85)
B 35.98 � 10.81 (19.7–52.3)* 0.72 � 0.17 (0.42–0.94)
C 48.86 � 5.48 (37.9–54.7)*† 0.83 � 0.05 (0.76–0.89)

*Significant differences between groups (P � 0.005).
†Significant differences between groups (P � 0.001).
All values are expressed as mean � standard deviation.
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peroneal nerve was transected and buried into the
neighboring muscles to prevent reinnervation, was
highly significant (P � 0.001). According to
Trumble,22 the relative loss of tibialis anterior mus-
cle weight closely reflects the degree of denervation.

Muscle Histology. The tibialis anterior muscles of
the experimental and the contralateral control side
were stained with hematoxylin-eosin and evaluated
histologically (Fig. 5). There was no significant dif-
ference between groups A, B, and C in the histologic
appearance of the muscles from the affected limbs.
Furthermore, muscles of the experimental side were
similar to muscles of the unoperated control side. In
these groups transverse sections of muscle fascicles
showed polygonal myofibers, with mostly subsar-
colemmal nuclei and little intervening endomysial
connective tissue (Fig. 5A2,B2,C2). However, histo-
logic examination of tibialis anterior muscles in con-
trol group D revealed small bundles of atrophic
fibers with small diameter and centrally placed nu-
clei mingled with connective and adipose tissue (Fig.
5D2).

DISCUSSION

Nerve regeneration after end-to-side neurorrhaphy
involves: (1) the induction of collateral sprouting;
(2) the ability of the growing axons to penetrate the
different layers; and (3) the readjustment of mo-
toneurons that have adopted new motor units.29

There is a limit to the distance that axons regenerate
spontaneously, which is less than 10 mm for rat
sciatic nerves.11 When the nerve gap is longer than
10 mm nerve regeneration will not occur, probably
due to the decrease of neurotropism from the distal

FIGURE 2. Transverse section of the distal part of the peroneal nerve 150 days postoperatively (toluidine blue, original magnification
�400). (A) In group A histologic sections revealed a high number of myelinated axons. (B) Histologic appearance of the operated side
in group B was similar to group A. (C) In end-to-end group (group C), a normal pattern of nerve regeneration was obtained. (D) In group
D Wallerian degeneration was present.

FIGURE 3. Transverse section of the bridging part of the tibial
nerve in group B (toluidine blue, original magnification �400).
Small myelinated fibers with relatively small calibers are traveling
in the outer epineurium.
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nerve segment as the gap increases.6,17 In order to
determine the capacity for spontaneous nerve regen-
eration in the rat model using histologic parameters,
Mackinnon et al.14 demonstrated a mean regenera-
tive distance of 20 mm.

The present study was conducted to determine
peripheral nerve regenerative capacity after end-to-
side neurorrhaphy. Functional and histologic evi-
dence showed that the intact tibial nerve functioned
as a bridge for regenerating axons not only for
group A, but also for group B. Notably, when the
distal segment of the peroneal nerve was sutured
end-to-side to the tibial nerve 1.2 cm distal to its
emergence from the sciatic nerve trunk, the growing
axons traveled in the outer epineurium of the tibial

nerve with approximately double the speed of that in
group A (half distance), based on the time that
functional recovery occurred among experimental
groups. In group B functional recovery of anterior
tibialis muscle was present 3 months postoperatively,
when PFI values were not significantly different from
preoperative values. The same duration was neces-
sary for functional recovery of anterior tibialis mus-
cle in groups A and C. Consequently, nerve gaps
could be bridged over a long distance using end-to-
side nerve coaptation. However, confirmation of the
present findings is required.

Histologic studies showed no evidence that the
end-to-side technique might have impaired tibial nerve
function in group A or B. In these two experimental
groups normal tibial nerve function permitted partial
weight-bearing on the experimental side as early as the
first postoperative functional evaluation. Over the next
weeks functional improvement was gradual, with the
imprint reaching a nearly normal appearance by the
90th day. At the end of the study there was no signifi-
cant difference in wet muscle weights between groups
A and B. This fact may indicate that adequate muscle
reinnervation is possible with a long regenerative dis-
tance using end-to-side neurorrhaphy.

FIGURE 4. Macroscopic appearance of the tibialis anterior muscles of control (left in each picture) and experimental (right in each picture)
limbs. There was minimal atrophy in muscles of the experimental limbs in groups A, B, and C. In contrast, in group D the atrophy was
evident.

Table 4. Average wet muscle weights.

Group Mean � SD Minimum Maximum

A 0.83 � 0.07 0.71 0.92
B 0.81 � 0.09 0.68 0.97
C 0.88 � 0.04 0.81 0.94
D 0.19 � 0.04 0.13 0.28

Average wet muscle weights reported as the ratio of the experimental to the
contralateral normal side on postoperative day 150.
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Viterbo et al.24 described the use of “double”
end-to-side neurorrhaphy. This technique stimulates
axonal growth by a supercharged effect compared
with end-to-end repair. We used “double” neuror-
rhaphy in end-to-side repair groups A and B. Using
this technique the distal peroneal nerve is believed
to be regenerated by axons that arise from the prox-
imal peroneal stump without any contamination
from the tibial nerve. An extra group where the
proximal stump of the peroneal nerve was not su-
tured in an end-to-side fashion to the tibial nerve

would determine the contribution from the tibial
nerve to distal repair. Retrograde labeling would be
necessary to know the source of regenerating axons
into the distal peroneal nerve. However, this was
beyond the purpose of the present study.

A significant variable affecting axonal regenera-
tion after end-to-side neurorrhaphy is the use of
epineurial rather than perineurial sutures.2 Peri-
neurial sutures are more likely to induce collateral
sprouting than epineurial sutures. However, it is pos-
sible that the better axonal regeneration seen in

FIGURE 5. Histologic appearance of the experimental tibialis anterior muscles in groups A (A2), B (B2), and C (C2) was similar
(hematoxylin-eosin, �100). In group D (D2) experimental tibialis anterior muscles were atrophic with small, angulated fibers. Tibialis
anterior muscles of unoperated limbs in groups A (A1), B (B1), C (C1), and D (D1) were used as controls.
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repairs with perineurial sutures might be due to a
greater degree of donor nerve damage. Lundborg et
al.12 noticed that end-to-side anastomosis through an
epineurial window results in a greater rate of axonal
regeneration. In our study, epineurotomy was made
by meticulous technique without damaging donor
nerve fascicles.

In conclusion, “double” end-to-side neuror-
rhaphy can provide satisfactory functional recovery
for the peroneal nerve, without any deterioration of
the tibial nerve function. Functional evaluation and
axonal counting demonstrated that nerve regenera-
tion can be supported by the use of an intact nerve
bridge technique with the same results for a distance
of 0.6 cm or 1.2 cm in a rat model. Consequently, a
“double” end-to-side technique may be a valuable
tool when end-to-end coaptation is not possible.
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ABSTRACT: Laminin �2 deficiency causes �50% of human congenital
muscular dystrophies. Muscle in the corresponding dy/dy mouse model has
reduced force but increased fatigue resistance during isometric contractions.
To determine whether a similar pattern of alterations is present during
isotonic contractions, dy/dy diaphragm was studied in vitro. During 20%
load, dystrophic diaphragm had significantly reduced shortening, shortening
velocity, work and power deficits, which persisted during the fatigue-inducing
stimulation. In contrast, during 40% load, isotonic contractile performance of
diseased muscle was impaired only mildly and only for some contractile
parameters. At both loads, rate of isotonic fatigue when expressed relative
to initial contractile values was similar for dystrophic and normal muscle, or
in some instances slightly higher for dystrophic muscle. Therefore, fatigue
resistance is considerably impaired during isotonic contractions relative to
that reported previously for isometric contractions. This has important impli-
cations for increased susceptibility to respiratory failure in laminin �2–
deficient muscular dystrophy.
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The muscular dystrophies are a heterogeneous
group of inherited disorders that are characterized
by abnormal muscle wasting and weakness.7,37 Vari-
ation in muscle-fiber size, necrosis, abnormal regen-
eration of muscle tissue, invasion of muscle by mac-
rophages, and replacement of muscle by connective
tissue and fat occur in most forms of muscular dys-
trophy.8 These physiological abnormalities result in
muscle weakness that can lead to severe respiratory
problems and death.3,7 Patients with congenital
forms of muscular dystrophy exhibit muscle weak-
ness at birth or shortly thereafter. Infants are de-
scribed as “floppy” and are unable to lift their limbs
and head.16 All motor development is delayed in
these children and many fail to walk. Among these
children, 50% are lacking the important muscle pro-
tein laminin �2 (also known as merosin).4

Laminin �2 is a component of the basal lamina
in muscle and peripheral nerves and is important in
maintaining muscle integrity because of its connec-
tions to the sarcolemmal cytoskeleton and basal lam-
ina. This muscle protein has roles in muscle cell
adhesion, differentiation, growth, shape, and migra-
tion, and its absence causes large-scale degeneration
of myofibrils.14 Absence of this protein results in the
classic form of congenital muscular dystrophy.19

Several rodent models are available for the study
of congenital muscular dystrophy, including the
laminin �2–deficient dy/dy mouse.4 These mice de-
velop muscle weakness several weeks after birth,
which worsens progressively, leading to a markedly
shortened lifespan.5 Variation in muscle-fiber size,
connective tissue proliferation, and muscle-fiber ne-
crosis also occur.5 Previous in vitro studies have sug-
gested that laminin �2–deficient dy/dy diaphragm
exhibits high resistance to fatigue during isometric
contractions, despite the muscle weakness associated
with this disease.13,32 Connolly et al.5 found similar
results (in forearm) using the intact animal and a
grip–pull protocol. Most of these studies attributed
increased fatigue resistance to changes in fiber type
composition of the laminin �2–deficient muscle
based on an increase in the proportion of slow-twitch
fibers and a decrease in fast-twitch fibers.13,32 These
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results are supported by histology of dy/dy muscle, as
well as myosin composition and gene expression
analysis.9,13,34 Gene expression array studies on dy/dy
diaphragm revealed other biological processes that
were affected by laminin �2 deficiency, such as cell
motility, development, defense/immune response,
and cell adhesion.34

Initial studies on muscles with laminin �2 defi-
ciency dealt with isometric contractions. The dia-
phragm functions by shortening and elongating dur-
ing breathing, and the magnitude of these length
changes is modulated by factors such as hypercapnia,
airway occlusion, and bronchoconstriction.6,22,28,29 It
is therefore important to study the isotonic contrac-
tile properties of the diaphragm to obtain a more
comprehensive understanding of the extent to
which laminin �2 deficiency affects the respiratory
muscle system. There are important differences be-
tween isometric and isotonic contractions, in that
more energy is consumed and heat generated dur-
ing isotonic contractions than isometric contrac-
tion.12,15,18,25,27 Laminin deficiency could cause more
impairment of shortening than isometric contrac-
tions because of the larger energy and mechanical
demands during the former. This could be caused by
disturbances in cell-to-cell adhesion as well as altered
metabolic and contractile properties resulting from
the fiber subtype shifts.10,11,25,26 Therefore, testing
dy/dy muscle using isotonic contractions is important
for better elucidating the contractile deficits of lami-
nin �2–deficient dy/dy skeletal muscle. We hypothe-
size that the isotonic contractile properties of dy/dy
dystrophic diaphragm muscle differ considerably
from that of wildtype muscle.

MATERIAL AND METHODS

We used male homozygous dy/dy dystrophic mice
(129P1/ReJ-Lama2dy; n � 11) and their phenotypi-
cally normal (�/?) controls (n � 13). Mice were
obtained from Jackson Laboratories (Bar Harbor,
Maine) and given free access to food and water.
Studies were conducted when mice were 7–9 weeks
old, at which time dystrophic mice were smaller than
normal (13.6 � 0.4 g vs. 24.1 � 0.4 g, P � 0.001).
The mice were anesthetized with an intraperitoneal
injection of rodent anesthetic cocktail (ketamine,
xylazine, and acepromazine). The diaphragm was
surgically removed and special care was taken to
keep intact the connective tissue at the margin of the
rib cage and the central tendon of the diaphragm.
Once removed, the diaphragm was kept in an aer-
ated bath of physiological Krebs solution. The dia-
phragm was cut into �3-mm-wide strips and surgical

thread was tied at both the rib and central tendon
ends. The muscle strips were mounted vertically in a
double-jacketed bath containing aerated (95% O2,
5% CO2) physiological solution kept at a constant
37°C. The physiological solution was comprised as
follows (in mM): 135 NaCl, 5 KCl, 2.5 CaCl2, 1
MgSO4, 1 NaH2PO4, 15 NaHCO3, and 11 glucose
with an adjusted pH of 7.35–7.45.

A dual-mode servo-controlled force transducer
was used to measure the performance of the muscle
(model 300B; Aurora Scientific, Ontario, Canada).
This force transducer measured both length and
force separately and was able to hold the force con-
stant while the length was measured. It had a re-
sponse time of 1.3 ms, and the sinusoidal frequency
response specification was 530 Hz at �3dB. The
muscle strip underwent supramaximal electrical
stimulation (0.2-ms duration) via parallel platinum
electrodes placed �4 mm apart with the muscle
situated in the middle. All muscle strips were stimu-
lated at optimal length (Lo), and isometric force (50
and 75 Hz) was determined both in absolute terms
and normalized for calculated cross-sectional areas
[muscle mass (g)/ Lo (cm) � muscle density]. The
absolute force values for each muscle sample formed
the basis for the maximal loads during subsequent
fatigue testing.

Muscle fatigue was assessed by repeatedly stimu-
lating the muscle strip over a 5-min period using
four protocols chosen based on the basis of previous
studies1,21,24,35: 50 Hz at 20% maximal load, 75 Hz at
20% maximal load, 50 Hz at 40% maximal load, and
75 Hz at 40% maximal load. The muscle was stimu-
lated every 3 s with a train duration of 333 ms (the
relatively long time between trains was necessary due
to limitations of the software that controlled and
collected data from the servo-controlled trans-
ducer), which is similar to other studies.13,21 Data
were relayed to a computer using the data acquisi-
tion and analysis program Dynamic Muscle Control
(Aurora Scientific). Muscle fatigue was evaluated by
measuring the maximum amount of shortening,
work, shortening velocity, and power. Shortening
velocity was measured beginning 10 ms after the first
detectable length change in the muscle strip and for
a duration of 20 ms.36 Work was calculated as the
product of the isotonic afterload (load against which
the muscle contracts under isotonic conditions) and
the amount of maximum shortening. Power was cal-
culated as the product of the isotonic afterload and
shortening velocity.35

Statistical analysis between two groups was done
using unpaired t-tests. Fatigue data were analyzed
using a two-way repeated-measures analysis of vari-
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ance (ANOVA). This was followed in cases of signif-
icance with the Tukey and Neuman–Keuls tests
(which gave identical results). Probability values of
P � 0.05 were considered statistically significant.
Data appear as mean � SE.

RESULTS

Isometric physical and contractile characteristics of
the muscle strips used in this study were significantly
different in dystrophic compared with normal mice.
The optimal length of dystrophic muscle was de-
creased by 11% when compared to normal (8.34 �
0.30 vs. 9.33 � 0.24 mm; P � 0.014). Compared with
normal mice, diaphragm of dystrophic mice gener-
ated 17% less twitch force (6.25 � 0.44 vs. 7.57 �
0.36 N/cm2; P � 0.028), 36% less force during 50-Hz
stimulation (9.74 � 1.40 vs. 15.18 � 1.21 N/cm2; P �
0.003), and 23% less force during 75-Hz stimulation
(14.13 � 0.91 vs. 18.40 � 1.11 N/cm2; P � 0.006).

At 20% load baseline values for maximum short-
ening were decreased for dy/dy muscle by �35% at
both stimulation frequencies, and work was de-
creased by 64% and 55% for 50 Hz and 75 Hz,
respectively (Table 1). Shortening velocity was de-
creased by 43% for 50 Hz and power was decreased
by 68% and 44% for 50 Hz and 75 Hz, respectively.
In contrast, at 40% load dystrophic muscle baseline
values differed only for power at 75 Hz when com-
pared with normal muscle (Supplementary Table 1).

Examples of isotonic contractions in normal and
dystrophic muscle strips during repetitive 50-Hz
stimulation at 20% load are shown in Figure 1. Dys-
trophic muscle did not perform as well as normal
muscle during the 5-min period, and there were
significant differences between normal and dystro-
phic muscle strips for all four indices of muscle
performance at both 50- and 75-Hz stimulation fre-
quencies (Fig. 2). Furthermore, there were signifi-
cant interactions between the presence or absence of
disease and time during repetitive stimulation. Dif-
ferences between the two groups were most highly
and consistently significant at early points during the

fatigue test. Differences between dystrophic and nor-
mal muscle persisted even when normalized relative
to smaller size of the muscles from dystrophic ani-
mals (Supplementary Fig. 1).

Data for muscle isotonic contractile performance
during repetitive contractions at 40% load are shown
in Figure 3. Both dystrophic and normal diaphragm
fatigued appreciably over the 5-min time period.
Repeated-measures ANOVA indicated there were no
significant differences in overall contractile perfor-
mance over time between normal and dystrophic
muscle strips at 40% load. However, in many in-
stances there were significant interactions between
the presence or absence of disease and time during
repetitive stimulation, so that early on during the
fatigue tests the contractile parameters differed be-
tween normal and dystrophic muscle. Generally sim-
ilar results were found for 20% and 40% load when
data were normalized to muscle size (Supplementary
Fig. 2).

To factor out the effects of differences in base-
line performance between dystrophic and normal
muscle, the rate of fatigue was determined by exam-
ining the normalized (% initial) values for the 20%
and 40% load protocols. In most cases, normal and
dystrophic muscle fatigued at the same rate during
the 20% load (Fig. 4). Significant differences were
present for maximum shortening and work for the
75-Hz 20% load. However, dystrophic muscle fa-

Table 1. Normalized baseline values for maximum shortening, work, shortening velocity, and power during 50- and 75-Hz stimulation at
20% load.

Measurements

50-Hz 20% load 75-Hz 20% load

Normal Dystrophic P-value Normal Dystrophic P-value

Maximum shortening (Lo) 0.30 � 0.02 0.19 � 0.02 �0.001 0.31 � 0.02 0.21 � 0.21 0.003
Work (joules/m2) 71.2 � 7.76 25.6 � 6.08 �0.001 97.0 � 14.2 43.49 � 8.43 0.006
Shortening velocity (Lo/s) 4.09 � 0.50 2.33 � 0.23 0.007 4.66 � 0.36 3.65 � 0.49 0.104
Power (watts/m2) 1007 � 161 322 � 64 0.001 1428 � 209 796 � 156 0.030

Values are means � SE.

FIGURE 1. Examples of length tracings from normal and laminin
�2-deficient dystrophic muscle strips at three timepoints (initial,
2.5 min, 5 min) during isotonic fatigue (50-HZ 40% load).
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tigued faster than normal muscle during these pro-
tocols. In contrast, there was no difference in the
rate of fatigue, and no interaction between the pres-
ence/absence of disease and time during the 40%
load protocols (Supplementary Fig. 3).

DISCUSSION

We found that laminin �2–deficient dy/dy muscle
had lower maximum shortening, work, shortening
velocity, and power baseline values than normal mus-
cle when stimulated at a 20% load. These decreases
were maintained to varying degrees during the 5-min
isotonic fatigue. In contrast, dy/dy tissue did not have
significantly lowered contractile performance at a
higher load (40%). Furthermore, there was no dif-
ference in fatigue during the 40% load, although
there were significant interactions between the pres-
ence or absence of disease and time during repeti-
tive stimulation. Nonetheless, increased isotonic fa-
tigue resistance was not a feature of dystrophic

muscle, irrespective of load or stimulation fre-
quency.

There have been several isometric experiments,
all of which have found increased fatigue resistance
in dy/dy muscle.13,31–33 In contrast, we did not find
increased fatigue resistance in laminin �2–deficient
dy/dy muscle during isotonic contractions. In fact, we
found two parameters (maximum shortening and
work during 75-Hz 20% load) for which dystrophic
muscle fatigued at a significantly higher rate. It is
unknown why there was no increased fatigue resis-
tance found in dystrophic muscle during isotonic
contractions. It is possible that the larger energy
demands placed on the shortening muscle exceed
the benefits that the increased slow-fiber composi-
tion could provide in muscle fibers that are already
severely impaired by the laminin �2 deficiency.

Several studies have examined isotonic contrac-
tile performance in another model of muscular dys-
trophy, dystrophin-deficient mdx muscle. Attal et al.2

FIGURE 2. Maximum shortening, work, shortening velocity, and power, in absolute terms, during 50- and 75-HZ stimulation at 20% load.
Values are means � SE. P-values indicate results of ANOVA testing differences between normal and dystrophic muscle; Pint values
indicate results of ANOVA testing interactions between disease and time. Asterisks indicate differences (P � 0.05) between normal and
dystrophic muscle strips at each timepoint.
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found decreases in shortening velocity (16%) and
power (66%) values in the sternohyoid muscle of
dystrophin-deficient mdx mice. Lynch et al.20 studied
the dystrophin-deficient mdx diaphragm and found a
54% decrease in power when compared to normal.
The present study found similar decreases in laminin
�2-deficient dy/dy shortening velocity as that found
in dystrophin-deficient mdx mice.

We are not aware of any isotonic fatigue studies
that have been done in any dystrophic model. How-
ever, Watchko et al.35 studied diaphragm isotonic
fatigue properties in a genetically modified mouse
model (CK�/�) that was deficient in the muscle
enzyme creatine kinase. The diaphragm from these
mice had significantly decreased maximum shorten-
ing, work, shortening velocity, and power values dur-
ing fatigue contractions. Furthermore, the isotonic
contractile values of the CK�/�-deficient diaphragm
strips declined to zero in �60% of the time that it
took the normal muscle. Watchko et al.35 performed

their experiments at the load that had the largest
maximal power (40% load) and a stimulation fre-
quency of 75 Hz. It would be interesting to see
whether the isotonic fatigue of CK�/�-deficient dia-
phragm is affected by changes in load to the same
degree as noted for dy/dy dystrophic muscle in the
present study.

Regarding mechanisms accounting for the al-
tered isotonic contractile properties in our study,
several previous investigations have examined the
effects of laminin-deficient muscular dystrophy on
myosin isoform or fiber subtype distributions. Hayes
and Williams13 found that dystrophic soleus muscle
compared with normal muscle had an increased pro-
portion of type I slow fibers and a decrease in IIa fast
fibers. Fitzsimons and Hoh9 examined the myosin
composition of dystrophic soleus, extensor digito-
rum longus (EDL), and gastrocnemius (the latter
has similar fiber type composition as the dia-
phragm). They found that dystrophic soleus had an

FIGURE 3. Maximum shortening, work, shortening velocity, and power, in absolute terms, during 50- and 75-HZ stimulation at 40% load.
Values are means � SE. P values indicate results of ANOVA testing differences between normal and dystrophic muscle; Pint values
indicate results of ANOVA testing interactions between disease and time. Asterisks indicate differences (P � 0.05) between normal and
dystrophic muscle strips at each timepoint.
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abnormally high percentage of slow myosin and a
decrease in intermediate myosin, dystrophic EDL
had increases in intermediate (which is normally not
found in EDL) and slow myosin, and dystrophic
gastrocnemius had increased proportions of slow
and intermediate myosin and decreased proportions
of fast myosins. The soleus and gastrocnemius had
decreased levels of type IIb fibers, whereas the type I
fibers were relatively spared and actually appeared in
greater numbers. Those authors also suggest that
there is selective atrophy in dystrophic muscle where
type II fibers are damaged and type I fibers remain
undamaged and in greater numbers. Diaphragm
strips from human patients with Fukuyama muscular
dystrophy, another form of congenital muscular dys-
trophy with deficient laminin levels, were analyzed
histologically. A type 1 fiber predominance was
found as well as a type IIb deficiency.23 Kihira and
Nonaka17 found similar results in biceps brachii,
quadriceps femoris, and gastrocnemius.

In addition to shifts among fiber types, genetic
deficiency of laminin �2 and other structural pro-
teins leads to a large number of other downstream
changes.30 For example, a gene expression array
study34 found 69 gene expression changes in dy/dy
mouse diaphragm, which were grouped into four
basic themes: cell motility, development, defense/
immune response, and cell adhesion. The cell mo-
tility (muscle contraction) theme had overexpres-
sion for contractile proteins and molecules that bind
to contractile proteins. The development (muscle)
theme included changes in morphogenesis, organo-
genesis, cell differentiation, and regulation of devel-
opment. Among these, Myog plays a role in regulat-
ing enzyme activity, favoring oxidative over glycolytic
metabolism, which likely impacts the component of
fatigue resistance that is related to energy supplies.
The fact that the disease-induced changes in myosin
isoform distributions and fiber subtype distributions
do not explain all of the contractile changes in the

FIGURE 4. Maximum shortening, work, shortening velocity, and power expressed as percentage initial values during 50- and 75-HZ

stimulation at 20% load. Values are means � SE. Asterisks indicate differences (P � 0.05) between normal and dystrophic muscle strips.
P values indicate results of ANOVA testing differences between normal and dystrophic muscle; Pint values indicate results of ANOVA
testing interactions between disease and time. Asterisks indicate differences (P � 0.05) between normal and dystrophic muscle strips at
each timepoint.
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present study suggests that these or other as yet
unidentified factors may also be playing a role in
modulating contractile properties.

Supported in part by National Institutes of Health (NIH) grant
HL-70697, as well as by funding from the research service of the
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ABSTRACT: The X-linked recessive disease phosphoglycerate kinase
(PGK) deficiency is caused by altered expression of the PGK1 enzyme,
which causes muscle stiffness, hemolytic anemia, and mental retardation. In
this study we characterized the PGK1 gene in a family of two brothers, two
sisters, and their parents. A single mutation in exon 6, which was associated
with the pattern of inheritance of PGK1 deficiency, was observed. This silent
G213G; c.639C�T mutation was localized to the conserved exon–intron
boundary. We have developed a method for quantification of PGK1 mRNA
and demonstrated a marked reduction in PGK1 mRNA in both brothers with
the disease. A smaller decrease in PGK1 expression was observed in one
sister with symptoms of PGK deficiency and in her mother. Only the normal
PGK1 allele was expressed in the two heterozygous women. Whereas most
known PGK1 mutations cause amino acid alterations, our study indicates
that inhibition of the transcription mechanism is the cause of PGK deficiency.
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Phosphoglycerate kinase 1 (PGK1) is a glycolytic
enzyme that plays an important role in glycolysis,
catalyzing the reversible conversion of 1,3-disphos-
phoglycerate to generate one molecule of adenosine
triphosphate. PGK1 deficiency is a rare genetic de-
fect that has variable clinical symptoms. According to
Sugie et al.,16 the clinical manifestations are hetero-
geneous and can be divided into two main types: one
is characterized by hemolytic anemia or mental re-
tardation, whereas myopathy dominates in the other.
Neurological symptoms consist mainly of variable
mental retardation,8 emotional instability, or epilep-
sy,7 and other symptoms include exercise-induced
muscle stiffness and cramping, often accompanied

by rhabdomyolysis and severe myoglobinuria and
sometimes followed by acute renal failure.7,11

Among known cases of PGK1 deficiency, hemo-
lytic anemia combined with central nervous system
defects is common. In some patients, myopathy is
observed exclusively, whereas all three major clinical
symptoms have been observed in only two cases.9,10

Based on the monomeric nature of the PGK1 en-
zyme, the wide variety of clinical symptoms is surpris-
ing. The enzyme is expressed in all somatic tissues,
and it seems likely that the biochemical properties of
individual PGK1 mutations may explain the distinct
features of individual patients.7

The diagnosis of PGK1 deficiency cannot be
made clinically. Enzymatic muscle tests are required
to distinguish this disorder from the many other
diseases in the glycolysis/glycogenolysis and fatty
acid metabolism pathways that present similar symp-
toms.1,5

A previous report by Aasly et al.1 described two
young brothers who experienced muscle pain,
cramps, and stiffness following heavy exercise. Both
had very low PGK1 levels in muscle (2%–3% of
controls), as well as in blood cells and fibroblasts.
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Since PGK1 deficiency is an X-linked trait, most
studies of PGK1 defects are performed on men. In
the family observed in the present study, a heterozy-
gous sister also showed clinical symptoms.

The purpose of our study was to find a molecular
explanation for the reduced PGK1 enzyme activity
observed in two brothers affected by PGK1 defi-
ciency. We initiated our study by searching for a
nucleotide change in the coding sequence and pro-
moter of the PGK1 gene and extended our investi-
gations to examine the level of PGK1 messenger
RNA (mRNA) expression.

MATERIALS AND METHODS

Family Material and Isolation of Nucleic Acids. Blood
samples were taken from the two brothers, their two
sisters, and their mother and father (Fig. 1). Both
brothers had suffered several episodes of severe mus-
cle stiffness and cramping induced by physical exer-
cise, sometimes accompanied by myoglobinuria.1
One of the sisters, D2, developed mild muscle stiff-
ness during hard physical exercise, but had no epi-
sodes of myoglobinuria. The other sister and parents
were asymptomatic.

Two unrelated individuals, one of each gender,
served as controls in all experiments, and 50 addi-
tional random controls from the same geographical
region were used to verify the findings. DNA was
isolated from blood with ethylenediaminetetraacetic
acid anticoagulant according to standard protocols
(QIAmp Blood Kit; Qiagen, Valencia, California).
Additional samples for mRNA analysis were taken
from the whole family (except from the father, who
did not have the silent mutation), and from two
controls, again one of each gender. Two PAXgene

Blood RNA Tubes (PreAnalytiX, Hombrechtikon,
Switzerland) were obtained from each individual
and RNA was isolated according to the protocol. The
concentration of RNA was normalized using the
NanoDrop spectrophotometer (NanoDrop Technol-
ogies, Wilmington, Delaware) and dilution in dieth-
ylpyrocarbonate-treated water.

Amplification and Sequencing of the Complete PGK1

Coding Sequences. Primers (1–24), described in
Supplementary Table 1, were used to amplify all 11
exons and the promoter region of the PGK1 gene.
Polymerase chain reactions (PCRs) were run in a
50-�l reaction containing 5 �l GeneAmp 10 � PCR
buffer (100 mM Tris-HCl, pH 8.3, 500 mM KCl), 2
mM MgCl2 (exon 6 with 3 mM and exon 9 with 8
mM MgCl2), 0.25 �M dNTP, 0.3 �M of each primer,
2.0 U AmpliTaq GoldDNA Polymerase (Applied Bio-
systems, Foster City, California) and 75 ng genomic
DNA. After a 10-min incubation at 94°C, 35 cycles of
PCR were run at 94°C for 30 s, 55°C for 30 s (exon
5 at 57°C and exon 1 at 59°C), and 72°C for 30 s,
followed by a 10-min elongation step at 72°C. Suc-
cessful PCR reactions were verified on agarose gel,
purified using QIAamp PCR Purification Kit (Qia-
gen), and sequenced using the Big Dye Terminator
Cycle Sequencing Reaction Kit v. 3.0 from Applied
Biosystems. Sequencing reactions were analyzed on
ABI 310 and ABI 3100 sequencers (Applied Biosys-
tems).

Amplification, Quantification, and Sequencing of PGK1

mRNA. Primers (25–31), described in Supplemen-
tary Table 1 online, were used to amplify and se-
quence the PGK1 mRNA. One-step reverse transcrip-
tase (RT)-PCR was performed with primers 27 and
28 in a 50-�l reaction mix containing 10 �l 5�
Qiagen One Step RT-PCR buffer (2.5 mM MgCl2
final concentration), 400 �M of each dNTP, 0.6 �M
of each gene-specific primer (27 and 28), 2.0 �l

FIGURE 1. Family tree illustrating the family unit evaluated in this
study. Among the four children, both sons (S1 and S2) are
affected, the father and one of the daughters (D1) are unaffected,
whereas the other daughter (D2) and the mother are carriers.
Females are indicated with a circle, males with a square. The
healthy individuals have clear symbols, the affected individuals
have black symbols, and the carriers have bull’s-eye symbols.

Table 1. Distribution of polymorphisms found in the PGK1 intron
5 and exon 6.

Intron 5 polymorphism
IVS5-24C�T

Exon 6 polymorphism
G213G; c.639C�T

Mother G/A C/T
Father G C
Daughter 1 G/A C/C
Daughter 2 G/G C/T
Son 1 G T
Son 2 G T
Control, female G/A C/C
Control, male G C
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Qiagen One Step RT-PCR enzyme mix, and 1 pg to
2 �g total RNA. PCR was performed using the fol-
lowing conditions: 50°C for 30 min, 95°C for 15 min,
35 cycles of PCR run at 94°C for 1 min, 63°C for 1
min, and 72°C for 1 min 45 s, followed by a 10-min
elongation step at 72°C.

Two-step RT-PCR was performed with primers 25
and 26. Reverse transcriptase was incubated in a
20-�l RT-reaction mix containing 4 �l 5� RT-PCR
buffer, 2.5 mM MgCl2, 250 �M of each dNTP, 10
mM DTT, 1.25 �M random hexamer, 10 U RNase
Inhibitor, 15 U MultiScribe reverse transcriptase
(Applied Biosystems) and �0.1 �g of DNase-treated
total RNA. The reaction mix was incubated at 25°C
for 10 min, followed by incubation at 42°C for 12
min. PCR was performed in a 50-�l reaction mix
containing 9.4 �l 5� RT-PCR buffer, 1.75 mM
MgCl2, 200 �M of each dNTP, 0.15 �l of each primer
(25 and 26), 2.5 U AmpliTaq Gold DNA polymerase
(Applied Biosystems), and 3 �l of the RT reaction.
After a 10-min incubation at 94°C, 43 cycles of PCR
were run at 94°C for 1 min, 55°C for 1 min, and 72°C
for 1 min, followed by a 10-min elongation step at
72°C.

Successful PCR reactions were verified on aga-
rose gel, purified using the QIAamp PCR Purifica-
tion Kit (Qiagen), and sequenced using the Big Dye
Terminator Cycle Sequencing reaction kit v. 3.0
from Applied Biosystems. Sequencing reactions were
analyzed on ABI 310 and ABI 3100 sequencers. Rel-
ative quantification of the mRNA was performed
using the Versadoc equipment (BioRad, Hercules,
California) with the VersaDoc Quantity One v. 4.4.1.
software, applying the global method.

RESULTS

PGK1 enzyme activity had previously been measured
in the two brothers, as described by Aasly et al.1 PGK
activity in muscle was deficient in both brothers,
being only 2%–3% of levels observed in mean con-
trols.1 Myopathy and myoglobinuria are the most
dominant clinical manifestations of PGK1 defi-
ciency, so enzyme measurements were performed in
muscle biopsies. The invasive nature of a muscle
biopsy and the young age of the daughters dictated
that it was not possible to collect muscle enzyme
measurements from these family members.

Sequencing of the complete coding regions and
the promoter of the PGK1 gene unveiled three poly-
morphisms/mutations in the family studied. One of
these alterations, a single base substitution in intron
6 (IVS6�28C�T), was found in all individuals
tested, including the two controls. This mutation

could represent an error in the published PGK1
sequence (Access. No. M11963) or a variation in our
Norwegian population. Two other mutations local-
ized to intron 5 and exon 6 were distributed as
shown in Table 1. For intron 5, the mutation located
24 bases prior to the beginning of exon 6 (IVS5-
24C�T) was not associated with the disease, and also
occurred in a significant number of the controls.
The third mutation, localized to the end of exon 6,
followed the expected inheritance of the disease
(Fig. 2). Fifty additional samples from unrelated in-
dividuals were tested and all were homozygous/
hemizygous for the normal allele. However, the
G213G; c.639C�T alteration does not cause any
amino acid alteration that could directly explain the
phenotype.

Based on these findings, new blood samples were
taken from which to isolate and quantify PGK1
mRNA. One-step RT-PCR using exon 1 F and exon
11 R primers (Supplementary Table 1) resulted in
the amplification of two fragments that were visual-
ized on agarose gels. Whereas the smaller fragment
had the expected length of PGK1 complementary
DNA (verified by sequencing), sequencing of the
longer fragment verified a sequence identical to the
PGK1P2 pseudogene (Fig. 3A; Access. No.
AC010422). This competitive PCR was used for
quantification of PGK1 mRNA as shown in Table 2.
For the two affected sons, the expression levels were
estimated to be 11% and 14% of the expression
estimated in individuals with a normal PGK1 se-
quence. The two heterozygous women (mother and
daughter 2) also showed significantly reduced PGK1
mRNA (32.5% and 38.2%, respectively). When com-
plementary DNA from these two women was ana-
lyzed the mutated sequence was not detected among
the PGK1 mRNA (Fig. 2A).

A second experiment was set up specifically to
amplify PGK1 mRNA with primers positioned in ar-
eas with low similarity to known pseudogenes (Prim-
ers 27 and 28 in Supplementary Table 1). A single
specific band was amplified (Fig. 3B). A very similar
expression profile was observed in this nonquantita-
tive experiment (Table 2, lower line), probably indi-
cating that the PCR was still in the exponential
phase.

DISCUSSION

Molecular analysis of a family with PGK1 deficiency1

revealed a silent mutation following the X-linked
mode of inheritance. We focused our search for
mutations in the PGK1 gene and examined the com-
plete coding sequence, splice donor and acceptor
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sites, as well as the promoter. Further investigations
into the levels of PGK1 mRNA expression revealed
marked changes in gene expression that correlated
with the decreased enzyme activity described in the
affected brothers and two heterozygous women (Ta-
ble 2). This observation is supported by previous
measurements of muscle enzyme activity conducted
on the two brothers,1 but enzyme studies could not
be performed on the heterozygous women.

Mutations that underlie a variety of genetic dis-
eases, including PGK1 deficiency, are often found to
modify amino acid sequences. These allelic variants
provide straightforward explanations for the func-
tional changes observed. Less obvious is the effect of
mutations within splice donor or splice acceptor sites
that do not directly alter the protein sequence. Se-
quencing of the amplified PGK1 complementary
DNA failed to verify the expression of the mutated
allele in the two heterozygous women. Since this
allele is expressed at a low level in hemizygous men,
low expression or a lack of expression could also
explain this negative observation in the women. Al-
ternatively, expression of PGK1 mRNA with altered

FIGURE 2. Exon-6 mutation localized between two triple-G se-
quences. (A) A normal C (GGGCGGG) was observed in the
father as well as in daughter 1 and all controls. (B) Heterozygous
N � C/T (GGGC/TGGG) sequence was observed in two carriers
(mother and daughter 2). (C) A hemizygous T (GGGTGGG)
variant was observed in both affected sons.

FIGURE 3. Quantitative PCR. Competitive PCR involving the
pseudogene PGK1P2 (A) and primer amplification of the PGK1
mRNA exclusively (B). (A) Based on sequencing, the largest
band of 1586 bp was shown to be the pseudogene, whereas the
shorter 1304-bp fragment represents the PGK1 transcript. (B)
PGK1 mRNA amplified with primers localized to exclude the
amplification of pseudogenes (primers 25–26; Supplementary
Table 1 online) resulting in an 1167-bp product. Lane 1: Marker
(0.15–2.1 kbp ladder consisting of pBR 328 DNA digested with
Bgl I and pBR 328 DNA digested with Hinf III from Boehringer
Mannheim, Germany); lane 2: mother; lane 3: daughter 1; lane 4:
daughter 2; lane 5: son 1; lane 6: son 2; lane 7: female control;
lane 8: male control.
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splicing may explain the clinical observation in the
daughter. However, we were not able to detect any
variant mRNA in our study. In a recent study by
Shirakawa et al.,13 an intronic mutation in the PGK1
gene resulted in two distinct mRNAs: one normal
and one longer fragment containing the 5� region of
intron 7. The adult patient displayed mental retar-
dation as well as myoglobinuria without hemolytic
anemia.

The mutation in our family with PGK1 defi-
ciency, G213G; c.639C�T in exon 6, is localized to
the exon–intron transition. Similar mutations are
found to affect splicing of mRNA, which often results
in the presence of alternative mRNAs producing
proteins with altered or no function.3 The lack of
alternative transcripts in our experiments might be
explained by a high sensitivity to degradation (non-
sense-mediated mRNA decay) or failure of the PCR
primers to amplify mRNA of alternative length.3 In a
comprehensive study evaluating conserved se-
quences within the exon–intron boundary, Cartegni
et al.4 published a significant number of sequences
that are of importance for obtaining normal exon
splicing. The normal GGGCGGG mRNA sequence
matches the transcriptional exonic splice enhancer
GGGCGGA with a value above threshold, and the
normal CGGAGCT matches the exonic splice en-
hancer CGGAGCT in a similar way. However, the
additional mismatch caused by the C-T transition
excludes binding of the specific serine/arginine-rich
proteins (SR2/ASF) in both cases (software available
at http://exon.cshl.edu/ESE/). In either case, we
might have a similar situation as PGK Antwerp with a
point mutation located at the end of exon 7.12

The PGK1 gene is localized on the X-chromo-
some and, consequently, a single allele is active in
each cell. X-inactivation occurs early in mammalian
female development, to transcriptionally turn off
one of the X chromosomes. Skewed inactivation,
however, may result in heterozygous females that
manifest X-linked diseases usually seen only in
males.2 When the same X chromosome is inactivated
in all somatic stem cells, the somatic cells of a female
will show the same phenotype as those in a female

homozygote or a male hemizygote. Clinical variation
within X-linked diseases is common in heterozygous
carriers, and can be extreme, ranging from a normal
expression to complete expression of the defect.
This is clearly demonstrated in PGK München,6 and
is also a putative explanation for the clinical symp-
toms observed in the heterozygous daughter in our
study, since her mother lacked obvious clinical symp-
toms. A selection for X-inactivation can vary between
tissues; in our study PGK1 mRNA levels were exam-
ined exclusively in blood lymphocytes.

Based on our findings, we propose that the exon
6 mutation alters PGK1 expression at the level of
transcription. Decreased PGK1 expression is clearly
seen in the two hemizygous brothers, and to a lesser
extent in the heterozygous carriers. The altered tran-
scription explains the distorted expression of PGK1
in leukocytes and the reduced activity of PGK1 in
muscle, leukocytes, and fibroblasts.1 We suggest that
one or two exonic splice enhancer sites are de-
stroyed, leading to a less efficient splicing of the
PGK1 mRNA transcript.
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ABSTRACT: In order to gain insight into intracellular mechanisms involved
in longitudinal growth of skeletal muscle, we determined gene expression of
ubiquitin-ligases (MAFbx/atrogin-1, E3 alpha, and MuRF-1) and deubiquiti-
nating enzymes (UBP45, UBP69, and USP28) at different time-points (24,
48, and 96 h) of continuous stretch of the soleus and tibialis anterior (TA)
muscles. In the soleus, real-time polymerase chain reaction (PCR) showed
that MAFbx/atrogin-1, E3 alpha, and MuRF-1 gene expression was down-
regulated, peaking at 24–48 h. Gene expression of all deubiquitinating
enzymes increased with continuous stretch of soleus. In the TA, gene
expression of the ubiquitin-ligases MAFbx/atrogin-1 and MuRF-1 was ele-
vated, whereas expression of UBP45 and UBP69 was downregulated.
Western blot analysis showed that the overall ubiquitination level decreased
in the soleus and increased in the TA during stretch. These results suggest
that ubiquitin-ligases and deubiquitinating enzymes are involved in longitu-
dinal growth induced by continuous muscle stretch.
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Skeletal muscles have a remarkable capacity to ad-
just their mass to different stimuli. Mechanical over-
load results in radial growth of skeletal muscle (par-
allel sarcomere addition),7,30 whereas stretch may
lead to serial sarcomere addition, resulting in longi-
tudinal growth, especially in more stretchable mus-
cles, such as the soleus, due to their anatomical
position.11 Radial growth depends upon a balance
between protein synthesis and degradation, and pro-
teolysis plays a major role in controlling muscle
mass.19 Mechanisms controlling protein levels dur-

ing longitudinal growth remain elusive. Information
on the control of longitudinal growth is therefore
important to better understand differential mecha-
nisms underlying the control of muscle mass.

Calpains13 and components of the proteasomal
pathway25 may play important roles in protein deg-
radation in skeletal muscle. Accordingly, the protea-
somal pathway, an adenosine triphosphate (ATP)–
dependent proteolytic complex, is a major regulator
of skeletal muscle wasting in several metabolic con-
ditions such as injury, uremia, glucocorticoid treat-
ment, sepsis, cancer, trauma, and aging.16 Decreased
mechanical load also activates the proteasomal path-
way, as observed in denervation models, joint immo-
bilization, and bed rest.3 In order to direct the pro-
tein to be degraded in the proteasomal complex, key
steps involve: (1) ubiquitin activation by the E1 fam-
ily of enzymes; (2) ubiquitin conjugation by the
ubiquitin conjugating (E2) family of enzymes; and
(3) ubiquitination, performed by the E3 family of
ubiquitin-ligases. E1 gene expression appears to be
unaffected by stimuli that increase activity of the
proteasomal pathway. It is speculated that upregula-

Abbreviations: ANOVA, analysis of variance; ATP, adenosine triphosphate;
Ct, cycle threshold; E1, enzyme ubiquitin activating; E3, enzyme ubiquitin
ligating; E3 alpha, N-end rule ligase; FOXO, forkhead transcription factor;
IGF-1, insulin-like growth factor-1; MAFbx, muscle atrophy F-box; MuRF-1,
muscle RING-finger 1; MyoD, myogenic differentiation factor; PCR, polymer-
ase chain reaction; PI3K-AKT, phosphatidylinositol-3-kinase–protein kinase
B; S6K1, ribosomal S6 kinase 1; TA, tibialis anterior; UBP, ubiquitin-binding
protease; USP, ubiquitin-specific proteases
Key words: deubiquitinating enzyme; muscle stretch; sarcomere; skeletal
muscle; ubiquitin-ligase
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tion may be unnecessary because E1 protein is con-
stitutively expressed at high levels and is not thought
to regulate pathway specificity. Multiple ubiquitin
molecules are conjugated with target proteins and
tagged by E3 enzymes in a substrate- and tissue-
specific manner.25 In contrast to E1 enzymes, gene
expression of E3 enzymes is highly modulated in
skeletal muscle under several conditions, especially
in disuse, sepsis, and starvation.17

Recent findings have highlighted an important
role for enzymes able to remove ubiquitin from ed-
ited proteins, the so-called UBPs (ubiquitin-binding
proteases).20 UBPs have been implicated in a num-
ber of biological processes such as cancer,4 neuronal
diseases, development, and genome integrity, al-
though the physiological functions of most of these
enzymes remain largely unknown.35 Deubiquitinat-
ing enzymes may be involved in ubiquitin removal
from substrates, sparing them from degradation.6
Deubiquitinating enzymes, such as UBP6,18 ubiq-
uitin C-terminal hydrolase,15 and Rpn11,32 are asso-
ciated with the 26S proteasome, corroborating with a
coordinated role in protein ubiquitin editing.

To our knowledge, only one study has been con-
ducted to address the role of UBPs in skeletal muscle
mass maintenance using catabolic models (fasting,
streptozotocin-induced diabetes, dexamethasone
treatment, and cancer)5 and no studies have ad-
dressed UBP gene expression in disuse models and
skeletal muscle stretch. Although the E3 family plays
a key role in skeletal muscle mass loss,3 the balance
between ubiquitination and deubiquitination is still
uncertain in skeletal muscle under mechanical stim-
uli, including overload and stretch. Therefore, the
present study was undertaken to determine gene
expression of ubiquitin-ligases and UBPs during skel-
etal muscle longitudinal growth induced by stretch-
ing. We focused on gene expression of the E3 en-
zymes MAFbx (muscle atrophy F-box)/atrogin-1, E3
alpha, and MuRF-1 (muscle RING-finger 1), which
are highly expressed in skeletal muscle and seem to
play important functional roles in skeletal muscle
growth regulation. MAFbx/atrogin-1 is robustly
overexpressed in atrophy models induced by meta-
bolic conditions such as food deprivation and ure-
mia.10 E3 alpha is clearly involved in skeletal muscle
catabolism in models of cancer–cachexia.14 MuRF-1
is related to degradation of master proteins involved
in skeletal muscle cellular specification.29 Consider-
ing that the regulation of deubiquitinating enzyme
gene expression is largely unknown in skeletal mus-
cle, we chose to study deubiquitinating genes that
are relatively well expressed in this tissue (UBP45,
UBP69, and USP28).22,31

MATERIALS AND METHODS

All protocols described in this study conformed to
the Ethical Principles in Animal Research followed
by the Brazilian College of Animal Experimentation
and were approved by our institutional review board.

Male Wistar rats (6–8 weeks old; 220 � 5 g body
weight) obtained from the animal breeding facility
at our institution were used for this study. The ani-
mals were divided into four groups at random and
housed in cages under a 12-h light–dark cycle with
food and water ad libitum.

Rats were anesthetized with ketamine and xyla-
zine (30 mg/kg and 10 mg/kg, respectively) during
the immobilization procedure. In order to study so-
leus and TA, different immobilization procedures
were performed. The first procedure involved fixing
the left hindlimb in total dorsiflexion and was
achieved by casting the limb. The soleus muscle was
kept immobilized for three different times (24, 48,
and 96 h). Intact animals were used as control and
represent the group at 0 h. The second procedure
involved casting the left hindlimb in total plantar
extension. Care was taken to ensure that the cast did
not cause ischemia.

Determination of Sarcomere Number and Length. At
24, 48, and 96 h after the beginning of the experi-
ments all animals were anesthetized and the soleus
and TA muscles were dissected free from surround-
ing tissue. The tendons of these muscles were
clamped with the ankle joint in a 90° position, which
was considered to be Lo (initial length). Then each
soleus and TA muscle was divided longitudinally into
two similar parts with a surgical knife: the medial
part was removed and used for gene expression anal-
ysis, whereas the lateral portion was fixed with glu-
taraldehyde in situ in order to determine sarcomere
measurements.

The method used to determine the number and
length of sarcomeres along a single muscle fiber was
developed by Williams and Goldspink.33 The muscle
was fixed for 3 h in 2.5% glutaraldehyde and then
removed, placed in 30% HNO3 for 2 days, and sub-
sequently stored in 50% glycerol.

Five single muscle fibers of each whole soleus and
TA muscle were teased out from tendon to tendon
and mounted in glycerin. Sarcomere number and
length along a 300-�m distance were quantified at
different points of the middle region of each single
fiber using a projection microscope. The total num-
ber of sarcomeres in each single muscle fiber was
determined by the correlation between the number
of sarcomeres identified along a distance of 300 �m
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and the total fiber length.34 There is a certain varia-
tion in the number and length of sarcomeres along
the muscle fiber, but in the present study it was
assumed that sarcomere length along the entire
length of the muscle fiber was homogeneous.21

Gene Expression Analysis. Muscles were quickly re-
moved, frozen in liquid nitrogen, and stored at
�70°C. Total RNA was isolated from soleus and TA
samples using Trizol (Invitrogen, Carlsbad, Califor-
nia) following the manufacturer’s recommenda-
tions. Concentrations of RNA were determined by
measuring absorbance at 260 nm. The purity of the
RNA was determined by calculating the absorbance
ratio at 260 nm and 280 nm, and by ethidium bro-
mide staining. Isolated RNA was stored at �70°C
until analysis by real-time polymerase chain reaction
(PCR).

For reverse transcription, 1 �g of total RNA was
typically used in a reaction containing oligo-dT (500
�g/ml), 10 mM of each dNTP, 5� first-strand
buffer, 0.1 M dithiothreitol, and 200 U of reverse
transcriptase (SuperScript II, Invitrogen). Reverse
transcription was performed at 70°C for 10 min,
followed by incubation at 42°C for 60 min and at
95°C for 10 min.

Primer sets for rat MAFbx/atrogin-1, E3 alpha,
UBP45, UBP69, and USP28 were designed using
Primer Express software v2.0 (Applied Biosystems,
Foster City, California). Primer sequences for
MuRF-1 were obtained from Wray et al.38 and tran-
scription factor IID (TFIID) from Stockholm et al.27

All primers were synthesized by IDT (Coralville,
Iowa) (Table 1).

For each sample, PCR was performed in dupli-
cate in a 25-�l reaction volume of 5–20 ng of cDNA,
12.5 �l Syber Green Master Mix (Applied Biosys-
tems), and 50–200 nM of each primer. PCR analyses
were carried out using the following cycle parame-
ters: 50°C for 2 min, 95°C for 10 min, followed by 40
cycles of 95°C for 15 s, and 60°C for 1 min. Fluores-

cence was quantified and analyses of amplification
plots were performed with the ABI Prism 5700 Se-
quence Detector System (Applied Biosystems). Re-
sults were expressed using the comparative cycle
threshold (Ct) method as described by the manufac-
turer. The �Ct values were calculated in every sam-
ple for each gene of interest as Ctgene of interest minus
Ctreporter gene; TFIID was the control gene. The cal-
culation of the relative changes in the expression
level of one specific gene (��Ct) was performed by
subtraction of the �Ct from the control group (0 h,
used as a calibrator) to the corresponding �Ct (at
different times) from the stretch groups (24, 48, and
96 h). The values and ranges given in Figures 1 and
2 were determined as follows: 2���Ct with ��Ct, and
the control levels were arbitrarily set to 1.

Western Blot Analysis. Soleus and TA muscles were
homogenized in RIPA buffer (0.625% Nonidet P-40,
0.625% sodium deoxycholate, 6.25 mM sodium
phosphate, and 1 mM ethylene-diamine tetraacetic
acid at pH 7.4) containing 10 �g/ml of protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, Mis-
souri). Homogenates were centrifuged at 12,000 g
for 10 min at 4°C, the supernatant was saved, and
protein concentration was determined by Bradford
assay (Bio-Rad, Hercules, California) with bovine se-
rum albumin as a reference.

Equal amounts of protein (100 �g) were run
on 7.5% sodium dodecylsulfate–polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred
to a polyvinylidene fluoride membrane (Immo-
bilon-P, Millipore, Bedford, Massachusetts). The
membranes were stained with Ponceau S to con-
firm the protein amount and then rinsed with
Tween Tris-buffered saline solution (0.5 M NaCl,
50 mM Tris-HCl at pH 7.4, and 0.1% Tween 20).
All membranes were incubated with Super Block
Buffer (Pierce, Rockford, Illinois) and 5% nonfat
dried milk for 2 h at 4°C. Membranes were then
incubated overnight with rabbit polyclonal anti-

Table 1. Primers used in real-time PCR.

Primers Forward Reverse

MAFbx/atrogin-1 TACTAAGGAGCGCCATGGATACT GTTGAATCTTCTGGAATCCAGGAT
MuRF-1 TGACCAAGGAAAACAGCCACCAG TCACTCCTTCTTCTCGTCCAGGATGG
E3 alpha AGCACAGTGCAGCATTTCAGTT TTGCACAATCCCTACAGGAATATGT
UBP45 CAGCATGCGTACCTCCTACACC ACTCTTTGAATTCTTGGCTTTGTTGA
UBP69 CCGGACACAGCCCATGAG GTAGCGGGACGATTCTGTATAGC
USP28 AAAGGCCAGTAATGGTGACATCA GTCGTGACTGGGCTCCTTAACT
TFIID ACGGACAACTGCGTTGATTTT ACTTAGCTGGGAAGCCCAAC

Accession codes for MAFbx/atrogin1, MuRF-1, E3alpha, UBP45, UBP69, USP28, and TFIID genes are AF441120, AY059627, AF061555, AF106658,
AF106659, XM_236240, and D01034, respectively.
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body against ubiquitin (BostonBiochem, Cam-
bridge, Massachusetts) at 4°C. The antibody was
diluted 1:1500 in 5% nonfat dried milk and 0.1%
Tween 20 in 0.1 M phosphate-buffered saline
(PBS, pH 7.4). After a 30-min wash in Tween
Tris-buffered saline solution, membranes were in-
cubated with horseradish peroxidase– conjugated
antibody against rabbit immunoglobulin G for 2 h
at room temperature and diluted 1:2000 in 5%
nonfat dried milk with Tween Tris-buffered saline.
Detection of the labeled proteins was done using
the enhanced chemiluminescence system (ECL,
Amersham, UK).

Statistical Analysis. One-way analysis of variance
(ANOVA) following Tukey’s multiple comparison or
Student–Newman–Keuls tests was used to compare
more than two groups. For all comparisons, P � 0.05
was considered statistically significant.

RESULTS

Sarcomere Number and Length in Stretched Muscles.

Soleus muscles immobilized in a lengthened posi-
tion for 48 and 96 h, but not 24 h, had their sarco-
mere number significantly increased compared with
control (�19% and �29%, respectively; P � 0.05;

FIGURE 1. Gene expression of MAFbx/atrogin-1 (A), E3� (B), and MuRF-1 (C) in the soleus and TA muscles, respectively, of control (0
h) and groups stretched for different periods (24, 48, and 96 h). Data are expressed as mean � SE; n � 5 per group; *P � 0.05 vs. control
(one-way ANOVA followed by Tukey’s procedure for multiple comparisons).
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Table 2). Sarcomere length was significantly reduced
in both the 48- and 96-h groups compared with
control (�15% and �21%, respectively; P � 0.05;
Table 2), whereas it was unchanged in the 24-h
group.

Sarcomere number and length in TA muscle
were unaltered at all times evaluated as compared
with control (Table 2).

Ubiquitin-Ligase Gene Expression. Our data show
that stretch substantially represses gene expression
of all three investigated components of the ubiquit-
in–proteasome system (MAFbx/atrogin-1, E3 alpha,
and MuRF-1) in the soleus muscle. MAFbx/atrogin-1
and E3 alpha mRNA levels decreased drastically after
24-h stretch (Fig. 1A and B). The expression of these
two genes in the soleus muscle was partially recov-
ered after 48- and 96-h stretch (Fig. 1A and B).
MuRF-1 mRNA levels also decreased after 24-h
stretch (Fig. 1C). Repression of MuRF-1 mRNA lev-
els remained around 60% up to 48 h and returned to
basal levels at 96-h stretch (Fig. 1C).

Gene expression of MAFbx/atrogin-1, E3 alpha,
and MuRF-1 was also determined in the TA muscle.
After continuous stretch for 48 h, MAFbx/atrogin-1
gene expression increased 3.2-fold compared with
control, returning to basal levels at 96 h (Fig. 1A). E3
alpha gene expression decreased after 24-h stretch
(Fig. 1B) and remained at 96 h (Fig. 1B). MuRF-1
gene expression in the TA muscle decreased to 46%
at 24 h and increased 2.7-fold at 48 h compared with
control (Fig. 1C). At the end of the stretch protocol,
MuRF-1 gene expression returned to basal levels
(Fig. 1C).

Deubiquitin Gene Expression. In addition to ubiq-
uitin-ligase gene expression we also addressed hall-

mark genes coding for proteins of the deubiquitin
family (UBP45, UBP69, and USP28).

UBP45 mRNA levels in the soleus muscle re-
mained unchanged after 24 h and, after 48 and 96 h
of stretch, these values increased 2.9- and 3.8-fold,
respectively (P � 0.05), compared with control (Fig.
2A). Interestingly, UBP69 mRNA levels in the soleus
followed the same tendency compared with UBP45
mRNA during stretch, although the increase in
mRNA levels was less pronounced (Fig. 2B). Forty-
eight hours of stretch resulted in a 1.8-fold increase
(P � 0.05) in UBP69 mRNA levels compared with
control (Fig. 2B) and remained at these levels at 96 h
of stretch (P � 0.05; Fig. 2B). USP28 mRNA levels in
the soleus muscle increased significantly during
stretch at all time-points addressed in this study,
although only modestly (Fig. 2C).

UBP45 gene expression in the TA muscle was
clearly reduced at all times of continuous stretch
(Fig. 2A). Similarly, UBP69 gene expression in the
TA decreased at all time-points evaluated (Fig. 2B).
Finally, USP28 gene expression was not altered
throughout continuous stretch in the TA (Fig. 2C).

Ubiquitin–Protein Conjugate Expression. We also de-
termined the expression of ubiquitinated proteins in
the soleus and TA muscles of control and stretch
groups by Western blot analysis (Fig. 3). The blots
showing ubiquitin–protein conjugates in the soleus
(Fig. 3B) and TA muscles (Fig. 3D) are displayed
next to the respective membranes stained with Pon-
ceau S (Fig. 3A and C). In this preparation, ubiqui-
tinated proteins are particularly visible at higher mo-
lecular weights as a smear (Fig. 3B and D). Our
results show that at 48- and 96-h stretch the ubiquit-
in–protein conjugate expression in the soleus mus-
cles decreased when compared with their controls
(Fig. 3B). Interestingly, the expression of ubiquitin–
protein conjugates in the TA muscles significantly
increased at 24 h and up to 48 h compared with
control (Fig. 3D).

DISCUSSION

The mechanical stimulus induced by stretching
drives rapid and significant muscle mass gain, result-
ing in sarcomere addition on preexisting myofibrils,
so-called longitudinal growth, particularly in more
stretchable muscles due to their anatomical position,
such as the soleus. Longitudinal growth does not
result in increased force but leads to augmented
joint range-of-motion. This is important in prevent-
ing osteoarticular injury, particularly in sports involv-
ing bouncing and jumping activities with a high

Table 2. Sarcomere number and length (�m) at different times of
continuous stretch of the soleus and TA muscles.

Muscles Groups
Sarcomere

number
Sarcomere
length (�m)

Soleus 0 h 6338 � 120.5 3.27 � 0.2
24 h 6858 � 590.8 3.23 � 0.3
48 h 7534 � 900.4* 2.79 � 0.4*
96 h 8174 � 740.7* 2.60 � 0.3*

TA 0 h 9013 � 260.8 2.17 � 0.07
24 h 9057 � 220.3 2.21 � 0.11
48 h 9146 � 150.6 2.19 � 0.07
96 h 9097 � 200.6 2.20 � 0.10

Values expressed as mean � SD; n � 6 or 7. TA, tibialis anterior muscle.
*P � 0.05 vs. matched control (one-way ANOVA followed by Tukey’s
procedure for multiple comparisons).
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intensity of stretch–shortening cycles, such as soc-
cer.37 Longitudinal growth is also important in the
reestablishment of functional status after certain in-
juries. Stretch strongly drives protein accumulation
and also increases expression of growth factors such
as insulin-like growth factor-1 (IGF-1).2,9 Inhibition
of mTOR (mammalian target of rapamycin) by rapa-
mycin significantly reduces longitudinal growth in-
duced by stretching.2 Nitric oxide plays a central role
in longitudinal growth induced by stretching.28

Other cellular and molecular mechanisms probably
also play important roles in longitudinal growth. The
proteasomal system is a good candidate, considering
that longitudinal growth is associated with protein

accumulation, and the proteasomal system is a major
regulator of protein degradation in skeletal muscle.
Understanding the cellular processes that control
protein accumulation in such circumstances is not
only important for understanding longitudinal
growth itself but also for clarifying the differential
mechanisms governing parallel and serial sarcomere
incorporation.

Our first goal in the present study was to test
whether the stretch procedure adopted was success-
ful in increasing sarcomere number in the soleus. As
expected, continuous stretch of the soleus muscle
resulted in an increase in sarcomere number as early
as 48 h after onset of the stretch procedure. Sarco-

FIGURE 2. Gene expression of UBP45 (A), UBP69 (B), and USP28 (C) in the soleus and TA muscles, respectively, of control (0 h) and
groups stretched for different periods (24, 48, and 96 h). Data are expressed as mean � SE; n � 5 per group; *P � 0.05 vs. control
(one-way ANOVA followed by Tukey’s procedure for multiple comparisons).
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mere number continued to increase for up to 96 h
after the onset of stretch compared with unstretched
controls (Table 2). Increase in sarcomere number
coincided with a decrease in sarcomere length be-
cause we observed a significant reduction in sarco-
mere length at 48 and 96 h after onset of the stretch
protocol (Table 2). Therefore, the stretch protocol
used in the present study is suitable to address the
effects of stretch on gene expression in the soleus.
We also studied the TA muscle, which is not maxi-
mally stretched due to its anatomical position. The
results show that neither sarcomere number nor
sarcomere length changed significantly with this
stretch protocol.

In the soleus, at least three ubiquitin-ligases have
their gene expression robustly and rapidly down-
regulated by stretch (MAFbx/atrogin-1, E3 alpha,
and MuRF-1). In addition, two deubiquitinating en-
zymes are significantly upregulated (UBP45 and
UBP69) in a similar time frame (gene expression of
ubiquitin-ligases is modulated slightly earlier than
deubiquitinating enzymes), raising the possibility
that these proteasome-associated proteins work in
coordination to accumulate protein in stretched
skeletal muscle. The decrease in ubiquitin-ligase

gene expression was transient (nadir occurs within
24 h after stretch) and preceded the increase in
sarcomere number (48–96 h after stretch), suggest-
ing an adaptive mechanism resulting in a pulse of
protein accumulation. However, the presence of
multiple proteasome-associated enzymes expressed
in the same tissue suggests that specific substrates
may be targeted selectively under various pathophys-
iological conditions. In fact, several muscle-specific
substrates have been recently identified for MAFbx/
atrogin-129 and MuRF-1.36

It is still unclear whether the E3 substrates iden-
tified in vitro occur in vivo and whether these sub-
strates can be ubiquitinated selectively. At present,
few substrates for E3s have been well characterized
functionally. For example, MyoD, a myogenic tran-
scription factor, can be spared from selective ubiq-
uitination when interacting with promoters located
in target genes. Therefore, in situations where
MyoD/DNA interactions decrease (i.e., disuse),
MyoD would be more vulnerable to degradation by
the proteasomal system.1 Similarly, selective ubiquiti-
nation regulates the activity of the transcription
factor NF-�B (nuclear factor–kappaB) in skeletal
muscle during disuse.12 Specific targets for deubiq-

FIGURE 3. Representative Western blots of ubiquitin–protein conjugates in control (0 h) and stretched soleus (B) and TA (D) muscles
at 24, 48, and 96 h are shown on the right, with respective membranes stained with Ponceau S on the left (A, C) for soleus and TA,
respectively. Muscle samples from control (0 h) and stretched groups (24, 48, and 96 h) are identified at the top of each membrane/blot.
Mw, molecular weight.
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uitinating enzymes and their biological significance
in skeletal muscle are even more elusive. To our
knowledge, the only example is an antagonistic role
of splice variants of UBP69 and UBP45 in myogen-
esis. Both myoblast fusion and myosin heavy-chain
accumulation are stimulated by the stable expression
of UBP69 and antagonized by forced expression of
UBP45, highlighting putative differential roles of
proteasome-related enzymes.22

Considering the limited knowledge of targets for
proteasome-related enzymes in vivo in skeletal mus-
cle, interpretations of the biological significance of
the observed changes in gene expression are limited.
The identification and characterization of sets of
proteins targeted by the proteasomal system in vivo
under different pathophysiological conditions would
help to increase knowledge of the molecular biology
of skeletal muscle.

Although it is currently uncertain how skeletal
muscle stretch may downregulate E3s and simulta-
neously upregulate most UBPs, IGF-1 is a good can-
didate as a regulatory factor. Continuous stretch
leads to a rapid and robust increase in local IGF-18

and, more recently, the effects of IGF-1 on muscle
growth have been attributed to activation of
the phosphatidylinositol-3-kinase–protein kinase B
(PI3K-AKT) pathway.23 This pathway is involved in
the phosphorylation of translation factors such as
S6K1 (ribosomal S6 kinase 1), driving increased pro-
tein synthesis and FOXO (forkhead transcription
factor) phosphorylation, inactivating its ability to
transactivate target genes such as MAFbx/atrogin-1
and MuRF-1.24,25 Thus, an important component of
protein accumulation in stretched skeletal muscle
may involve the transcriptional suppression of atro-
genes via IGF-1, decreasing the degradation of myo-
fibrillar proteins. It remains to be determined
whether the PI3K-AKT pathway also regulates gene
expression of UBPs.

In order to investigate whether stretch leads to
changes in the overall level of protein ubiquitination
in the stretched muscles addressed in this work, we
used an antibody specific for ubiquitinated proteins
in a Western blot approach. The results show a de-
crease in the level of ubiquitinated proteins in the
soleus, more easily identified at high molecular
weights (Fig. 3). Therefore, the coordinated modu-
lation of ubiquitin ligases and deubiquitinases in the
soleus leads to a net decrease in the level of ubiqui-
tinated proteins, which is likely involved in protein
accumulation during stretch.

When we analyzed ubiquitin and deubiquitin
gene expression in the stretched TA, ubiquitin li-
gases were mostly upregulated and deubiquitinases

were mostly downregulated, in contrast to the re-
sponses obtained in the soleus. These results, com-
bined with the observation that overall levels of ubi-
quitinated proteins in TA increased starting at 48 h
of stretch and that sarcomere number was unaltered
by the stretching protocol, suggest that the immobi-
lization effect overcomes the stretch effect in the TA,
likely due to differences in the nature of anatomical
characteristics of the musculoskeletal units crossing
the ankle joint.26 In fact, the results also suggest that
mechanical stress is the main factor for sustaining
longitudinal growth, although decreased neural in-
put into the immobilized muscles may also play a
role in limiting longitudinal growth.

This work was supported by FAPESP (Fundação de Amparo a
Pesquisa do Estado de Sao Paulo, Brazil).
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ABSTRACT: The reflex torque responses of the elbow and shoulder to
constant velocity angular extensions of the full comfortable range of the
spastic elbow were measured in 16 people with unilateral stroke and 6
neurologically intact controls in order to identify the interjoint reflex coupling
that occurs after stroke. The resulting responses showed a substantial reflex
torque at the elbow and shoulder in subjects with stroke, with 12 of the 16
subjects producing adduction of the shoulder in response to passive exten-
sion of the elbow. The presence of simultaneous shoulder flexion torque with
elbow flexion torque and with an identical waveform indicated an active role
of biarticular elbow/shoulder flexors, such as the biceps. As the biceps
muscle produces a shoulder abduction moment, shoulder adduction pro-
duced during elbow extension was thought to be associated with neural
rather than biomechanical coupling. These results suggest that spasticity in
people with stroke is more complex than its traditional perception as a
hyperexcitable stretch reflex, and includes potent heteronymous reflex path-
ways. The reflex coupling observed between the shoulder and elbow should
be considered in the diagnosis and clinical management of spasticity. The
potential impact of this reflex on the coordination of volitional arm move-
ments will be examined in future studies.
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The purpose of this study was to identify reflex
torque coupling of the shoulder to imposed move-
ments of the elbow in individuals who had had a
stroke. Clinical observations suggest that spasticity
is not necessarily a single joint phenomenon, with
imposed movements of a joint producing reflex
activity throughout the arm. As a result, we postu-
lated that reflex coupling of the elbow and shoul-
der, if it exists, could contribute to problems with
arm posture and movement in people after stroke.
Stretch reflex activation of muscles that cross the
elbow could produce joint torques at the shoulder
through biomechanical coupling of biarticular el-
bow/shoulder muscles21 or by neural coupling
through heteronymous reflex activation of shoul-

der muscles by elbow muscle afferents.20,29 We
postulated that imposed movements of the elbow
would produce shoulder torques consistent with
both biomechanical and neural coupling mecha-
nisms. These effects may have important conse-
quences in the quantification of spasticity and may
predict coupling of the elbow and shoulder during
functional movements of the arm.

Assessment of spasticity typically focuses on hom-
onymous, single-joint stretch reflexes. Specifically,
spasticity has been defined as a disorder of the sen-
sorimotor system characterized by a velocity-depen-
dent increase in tonic stretch reflexes with exagger-
ated tendon jerks.27 Consequently, clinical scales for
spasticity assess the resistance to a manually imposed
movement of the same joint.3 Biomechanical mea-
surements of spasticity expand on these concepts,
using a motor to impose a movement to the joint
while measuring the torque or electromyographic
(EMG) responses of the same joint.32,33 Although
hyperexcitability of the homonymous stretch re-
flexes has been documented, heteronymous reflex

Abbreviations: ANOVA, analysis of variance; EMG, electromyographic;
MANOVA, multivariate analysis of variance
Key words: joint torque; neural coupling; spasticity; stretch reflex; stroke
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effects on other joints have been measured infre-
quently in people after stroke. Heteronymous reflex
coupling of muscles that cross the elbow and shoul-
der could have important implications for voluntary
control of arm movements in people with stroke.

Coupled activation of muscles crossing different
joints is a phenomenon that is commonly associated
with volitional movements in people with chronic
stroke. Further, groupings of muscles into functional
units, often termed “muscle synergies,” can result in
abnormal muscle activation patterns during voli-
tional movements.9 The synergy relations of the el-
bow and shoulder have been measured in detail after
stroke6,8,11; most notably, volitional efforts to extend
the elbow result in activation of shoulder adductors
and, conversely, voluntary elbow flexion produces
synergistic shoulder abduction.14 Although the
mechanism of these couplings is unknown, proprio-
spinal pathways that integrate descending com-
mands and proprioceptive feedback may be in-
volved.30 These same pathways could produce
stretch reflex coupling of the elbow and shoulder.

In this study we hypothesized the presence of
heteronymous shoulder reflex responses to stretch
of the spastic elbow in persons with a spastic hemi-
paresis following stroke. This hypothesis was tested
by measuring the elbow and shoulder torque re-
sponses to motor-controlled, imposed movements of
the elbow. We anticipated that the reflex responses
to imposed elbow movements would be comprised
of both elbow and shoulder responses involving both
biomechanical coupling and heteronymous reflex
responses.

MATERIALS AND METHODS

Sixteen subjects with stroke, recruited through an
outpatient stroke clinic, and six neurologically intact
age-matched controls participated in this study.
Stroke subjects were tested between 1 and 18 years
after stroke, 10 had left hemiparesis, the Fugl–Meyer
scale16 for the upper extremity ranged from 9 to 47
(scale range is 0–66), and the Ashworth score3

ranged from 0 to 3. The stroke subject inclusion
criteria for participation in the study included at
least 21 years of age and a history of stroke resulting
in clinical spasticity of the upper extremity. Exclu-
sion criteria included the presence of fixed contrac-
tures or a history of tendon transfer in the affected
limb; inability to give informed consent; a diagnosis
of any other neuromuscular disease; use of amino-
glycoside antibiotics, curare-like agents, or other
agents that might interfere with neuromuscular
function; profound atrophy or excessive weakness of

the muscles of the arm; or the presence of a systemic
infection. Control subjects were required to have no
history of stroke or any other pathology of the upper
extremity. The study was initiated after informed
consent was obtained; it was conducted in accord
with the Helsinki Declaration of 1975 and approved
by our Institutional Review Board.

The experimental apparatus and subject prepa-
ration used in this study have been described previ-
ously.32,33,35 Briefly, displacements of elbow angle
were imposed at a constant angular velocity using a
Biodex Rehabilitation/Testing System 3 (Biodex
Medical Systems, Shirley, New York), hereafter re-
ferred to as Biodex. The affected hand and wrist of
the subject were clamped securely and comfortably
onto a manipulandum that extended from the Bio-
dex motor using a customized fixture. A six-axis load
cell (JR3, Woodland, California) was attached to the
manipulandum, which measured the corresponding
forces and moments along three principal axes. The
elbow axis of rotation was centered over the motor
and proper placement was verified visually by an
absence of upper arm translation during manual
movement of the manipulandum. The motor posi-
tion was adjusted to achieve a shoulder abduction of
80° and a shoulder flexion of 20°. The wrist was
strapped in a neutral position with a relaxed light
grip of the fingers. With full elbow extension defined
as 180°, the minimum and maximum range of mo-
tion of the elbow was between 55°–100° and 40°–
176°, respectively. Subjects were initially moved
through the full, comfortable range of motion of the
elbow, thus defining the range of elbow movement
that was to be used for each subsequent trial. Care
was taken to avoid translation or rotation of the
shoulder joint.

Each test consisted of 12 imposed movements of
the elbow. Each movement began with the elbow in
the flexed posture, and then a constant velocity ex-
tension movement was imposed at the elbow until
the elbow reached the predetermined extension pos-
ture. The elbow was then held in extension for 5 s
and returned to the flexed posture using a constant
velocity of the same magnitude. Movements were
conducted at four different test velocities: 6, 30, 60,
and 90°/s while the subject was instructed to relax.
The data gathered at the 6°/s test velocity were used
exclusively to measure the passive torque, since this
velocity did not produce a stretch reflex response, as
evidenced by an absence of detectable EMG signals.
A minimum of 1 min for rest was allowed between
movement trials. The different velocities were ap-
plied in a series of three epochs, with each epoch
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consisting of one trial at each velocity, in random
order.

Surface EMG recordings were made of the teres
major, medial deltoid, pectoralis major, biceps, and
lateral head of the triceps. Surface EMG electrodes
(Motion Lab Systems, Baton Rouge, Louisiana) were
placed over the muscle bellies on lightly abraded
skin and the signals were amplified (�10,000) and
low-pass filtered (500 Hz) prior to sampling. Load
cell, velocity, and position signals were low-pass fil-
tered with a customized hardware circuit at 250 Hz
and then all signals (including the EMGs) were dig-
itized at 1,000 samples/s using a personal computer
with an SCB-100 data acquisition board (National
Instruments, Austin, Texas) and customized Lab-
View software (National Instruments). EMG data
were used to confirm reflexive joint torque measure-
ments and for interpretation of the results.

Reflex torques at the elbow and shoulder joint
were calculated from the load cell measurements
and used as the primary measurement of the reflex
response to imposed elbow movements. The load
cell data consisted of forces and moments along the
three principal axes during the entire movement
cycle. The manipulandum, along with the load cell,
was tilted during forearm placement in order to
place subjects in a comfortable position. This offset
load cell angle (�off) was measured along with the
offset distance between the shoulder joint and the
center of the load cell denoted as loff (offset length).
The reflex torque was calculated only for the exten-
sion portion of the elbow perturbation. First, all load
cell signals were low-pass-filtered at 10 Hz using a
zero phase delay filter (the filtfilt function of Matlab,
MathWorks, Natick, Massachusetts). The active
stretch reflex torque was obtained by subtracting the
passive torque measured at slow velocity (6°/s) from
each signal obtained at the higher velocities (30, 60,
and 90°/s). This process accounts for artifacts result-
ing from the weight of the arm or from the nonvis-
cous passive properties of the joints. We then as-
sumed that the passive viscous elements were
negligible, which is considered a reasonable assump-
tion for the elbow.19

In order to obtain reflex torques from the load
cell data, we aligned the z axis with the elbow joint
and set the axis perpendicular to the lateral hu-
merus. As a result, the torque in the z direction was
a direct measure of elbow torque. The x and y axes
were defined to form an orthogonal axes system as
shown in Figure 1. The load cell data were then used
to calculate the shoulder torques for abduction, ex-
tension, and external rotation using the transforma-
tion matrix shown below, which was derived by math-

ematically translating the forces and moments
obtained at the load cell to the elbow and shoulder
joints.

��AB

�EXT

�EROT

���sin���loff � cos���loff lhum � cos��� � sin��� 0
cos(�)lhum sin���lhum 0 0 0 1
�cos���lhum � sin���lhum 0 � sin��� cos��� 0

��
Fx

Fy

Fz

�x

�y

�z

�
� � �e � �off

where �AB is shoulder abduction torque; �ext is shoul-
der extension torque; �erot is shoulder external rota-
tion torque; �e is elbow angle and �off is offset angle;
lhum is the length of the humerus; and loff � offset
length. Fx, Fy, Fz, �x, �y, and �z are the forces and
torques obtained from the load cell along the x, y,
and z axis, respectively.

The velocity dependence of the torque measure-
ments was then characterized by testing the correla-
tion of the peak reflex torques at the elbow and
shoulder to the test velocities (30, 60, and 90°/s) for
each subject. Linear regression was performed on
the peak reflex joint torques for each test velocity
(30, 60, and 90°/s) and for each subject (� � 0.05).
Further, to test velocity dependence the peak multi-
joint torque values were compared across all sub-
jects, trials, and test velocities using a multivariate
analysis of variance (MANOVA) (� � 0.05). Post-hoc
ANOVAs were used to test the effect of velocity on
each torque measurement (elbow flexion/exten-
sion, shoulder flexion/extension, shoulder abduc-
tion/adduction, and shoulder internal/external ro-
tation) (� � 0.05).

In order to determine whether the size of the
reflex torques at the shoulder correlated with the

FIGURE 1. Schematic for the torque calculations. Using the arm
length and elbow and shoulder angle measurements, the torques
produced at the shoulder were measured. Shoulder abduction/
adduction was defined along the y axis at the shoulder, flexion/
extension along the z axis, and internal/external rotation along
the x axis.
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size of the elbow stretch reflex, a linear regression of
the elbow torque and individual shoulder torques
was performed across the test group. Peak torque
was calculated for each of the test velocities (30, 60,
and 90°/s). The peak torques calculated for the
90°/s test velocity were used for subsequent analysis,
as they were more consistently produced across sub-
jects than the torques obtained at the other test
velocities (30 and 60°/s). The mean torques for the
90°/s trials were calculated for each subject and a
linear regression analysis of each peak shoulder
torque (flexion/extension, abduction/adduction,
and internal/external rotation) versus peak elbow
torque (� � 0.05) was conducted across the test
group.

Additional interpretation of the responses was
investigated by determining the relative delay of the
shoulder torques (abduction/adduction, flexion/
extension, and internal/external rotation) with re-
spect to the elbow torque using a cross-correlation
analysis with the data obtained at the test velocity of
90°/s. The start point for cross-correlation of the
elbow and each shoulder torque was taken as the
point immediately after the inertial artifact at the
beginning of the velocity profile and the endpoint
was taken as the point immediately before the iner-
tial artifact during the end of the velocity profile.
These points were selected using customized Matlab

code where the elbow torque response was plotted
along with the velocity profile to determine the ini-
tial and final artifacts. The mean delays between
each shoulder torque and the elbow torque were
then compared across the test group using a paired
t-test (� � 0.05) for the shoulder flexion/extension,
abduction/adduction, and internal/external rota-
tion.

RESULTS

The stretch reflex responses at the elbow and shoul-
der of 16 hemiparetic individuals with stroke were
evaluated by examining torque and EMG responses
to constant-velocity ramp stretches. The elbow reflex
torque response for a single trial at 90°/s is shown in
Figure 2, along with EMGs generated at the elbow
and shoulder muscles. A reflexive elbow flexion
torque was produced during the extension of the
elbow, and an extension torque was produced dur-
ing the flexion movement. The biceps and triceps
EMGs, representing elbow muscle activity in re-
sponse to the imposed movement of the elbow, were
found to be consistent with the torque resistance to
motion. Heteronymous activation of shoulder mus-
cles, which included the pectoralis major and medial
deltoid, was also observed despite the fact that these
muscles are not lengthened by the elbow perturba-

FIGURE 2. Torque and EMG responses to an imposed elbow movement. The elbow position, elbow flexion/extension torque, and EMGs
of the biceps, triceps, pectoralis, major and medial head of the deltoid are shown during a single test trial. The velocity of movement for
this trial was 90°/s. Note that the imposed elbow extension produced a reflex torque of the elbow in flexion, resisting the imposed
movement, with activation of the biceps. Conversely, imposed flexion activated the elbow extensors. Activation of the shoulder muscles
was also observed, suggesting a multijoint reflex response.
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tion. Specifically, the EMGs at the shoulder sug-
gested that elbow perturbation produced heterony-
mous reflex activity in the shoulder in subjects with
hemiparesis following stroke. Although reflex re-
sponses were produced during both elbow flexion
and extension, responses to elbow flexion were only
observed in 4 of our 16 subjects in this study and,
thus, only the reflex response to elbow extension was
used for subsequent analysis.

Elbow perturbations produced substantial reflex
torques at the shoulder that generally corresponded
with stretch reflex torque produced at the elbow. A
typical joint torque response to an imposed elbow
extension movement is shown in Figure 3 for a hemi-
paretic and control subject. In the control subjects
the reflex torques at the shoulder (abduction/ad-
duction, extension/flexion, and internal/external
rotation) and elbow (flexion/extension) were ab-
sent at all test velocities (30, 60, and 90°/s) as shown
in Figure 3B for a single trial at 90°/s. In subjects
with stroke, the stretch reflex response in the elbow
was generally accompanied by shoulder flexion and
adduction torques. The shoulder flexion reflex
torque was proportional to the elbow torque, consis-
tent with a two-joint action of the biceps (elbow and
shoulder flexion).2,5 In contrast, the shoulder adduc-
tion torque, when it occurred, often produced a
waveform slightly different from the elbow flexion
torque as shown in Figure 3A, with a rise that was
later than the elbow torque. In some cases (also
evidenced in Fig. 3A), shoulder adduction torque
magnitude exceeded the elbow flexion torque. A net
shoulder adduction was found to be more prevalent
than shoulder abduction, occurring in 12 of 16 test
subjects. In the four cases where shoulder abduction
was observed, it occurred simultaneously with elbow
flexion and had an identical waveform.

The reflex torques at both the elbow and shoulder
joints were velocity dependent. Peak torque responses
for each trial are shown in Figure 4 for a representative
subject. The magnitudes of the elbow and shoulder
flexion torques and their velocity dependence were
typically similar, consistent with a mechanical coupling
of the joint torques (e.g., by activation of a biarticular
muscle). Shoulder adduction/abduction torques also
increased with velocity, although the magnitude usu-
ally differed substantially from the elbow flexion
torque and the relative amount of shoulder adduction
torque varied by subject. The regression results for
each subject, for each torque, showed a significant
velocity dependence across all subjects, with mean r2

values of 0.80 for elbow flexion, 0.82 for shoulder
adduction/abduction, 0.75 for shoulder flexion, and
0.76 for shoulder external/internal rotation (P � 0.05

in each subject). Thus, the peak elbow and shoulder
torques across all subjects were found to significantly
depend on the test velocities of the imposed elbow
movement.

FIGURE 3. Reflex elbow and shoulder torques. The reflex
torques produced at the elbow and shoulder by an imposed
elbow extension at 90°/s are shown. (A) Reflex torques observed
in stroke subjects. The reflex response consisted of an elbow
flexion, which resisted the movement, along with a shoulder
adduction, shoulder flexion, and shoulder external rotation. This
response, shown for the same subject as in Figure 2, was typical
of the responses observed across most of the test group. Note
that the reflex responses at the shoulder showed a trend similar
to that of the elbow in that they generally increased in magnitude
with progressive extension. (B) Absence of reflex torques in a
normal control subject. The absence of response at both the
elbow and the shoulder is representative of similar absence of
reflex responses observed across all control subjects.
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Across the study group, the peak multijoint
torques depended on velocity of the imposed elbow
movement. The MANOVA for all subjects and test
velocities indicated that larger test velocities pro-
duced significantly greater reflex torque responses
across all subjects (P � 0.05). Post-hoc ANOVA tests
indicated significant effect of velocity (P � 0.0001)
on each of the torque measurements.

A strong linear relationship was found when cor-
relating peak elbow and peak shoulder flexion
torques across the population, but not for the elbow
flexion and shoulder abduction/adduction torques.
Specifically, shoulder flexion torque was found to be
strongly correlated with elbow flexion response (r2 �
0.94, P � 0.05), consistent with the shoulder re-
sponse being mediated by stretch reflex activation of
the biceps (Fig. 5A). The shoulder adduction/ab-
duction torque was not significantly correlated with
the elbow flexion torque response (r2 � 0.007, P �
0.755), likely because of the four abduction (nega-
tive torque) responses. Despite this lack of correla-
tion, it appeared that the magnitude of the shoulder
adduction increased with increasing elbow flexion
torque (Fig. 5B). The regression analysis was re-

peated in the 12 subjects demonstrating shoulder
adduction torque to investigate this possibility. The
resulting correlation was significant (r2 � 0.54, P �

FIGURE 4. Velocity dependence of the reflex torques. The peak
reflex torque for elbow flexion, shoulder adduction, shoulder flex-
ion, and shoulder external rotation are shown for each velocity,
for one subject (same as in Fig. 2). Similar results were observed
across all subjects tested. Linear regression lines are superim-
posed on the data points. All elbow and shoulder torque re-
sponses were significantly correlated to test velocity (r2 value was
0.80 for elbow flexion, 0.82 for shoulder adduction/abduction,
0.75 for shoulder flexion, and 0.76 for shoulder external/internal
rotation) (P � 0.05).

FIGURE 5. Results of the linear regression of shoulder and elbow
torques. A significant correlation was observed between each peak
shoulder torque and the peak elbow torque across the test group.
Each symbol represents the mean data from one subject and the
line calculated from the linear regression is shown. (A) The peak
shoulder flexion torque showed a tight linear correlation with peak
elbow torque (r2 � 0.94, P � 0.05). (B) The peak shoulder adduction
(filled symbols) and abduction (open symbols) were also correlated
with peak elbow flexion torque, although the deviation from the line
was larger (r2 � 0.48, P � 0.05). (C) The internal (filled symbols)
and external (open symbols) rotation torques were less consistent
across subjects, although a significant correlation was still observed
(r2 � 0.34, P � 0.05).
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0.01), indicating that the shoulder adduction reflex
response did not directly depend on elbow flexion
reflex response, but may be related to the overall
magnitude of the response (Fig. 5B). It was also
noted that one of the four subjects with shoulder
abduction demonstrated internal rotation, a torque
response inconsistent with activation of the biarticu-
lar elbow flexors (i.e., the biceps muscle produces
external rotation5). The rotation torques were not
significantly correlated to elbow flexion torque for
either internal rotation (n � 8, r2 � 0.49, P � 0.051)
or external rotation (n � 8, r2 � 0.3, P � 0.156) (Fig.
5C).

The analysis of the delay between the elbow
torque and shoulder torques, summarized in Figure
6, indicated that relative to the elbow torque, shoul-
der adduction torque had a larger delay than the
delay between the shoulder flexion and elbow flex-
ion torques. In fact, shoulder flexion torque ap-
peared to occur simultaneously with the elbow flex-
ion torque response, whereas the elbow torque
preceded shoulder adduction torque. The mean de-
lay between shoulder and elbow flexion was 0.1 ms,
mean delay between shoulder adduction and elbow
flexion was 25.28 ms, and mean delay between shoul-
der rotation and elbow flexion was 29.19 ms. Thus,
both shoulder adduction and shoulder rotation
torques were found to be significantly delayed with
respect to elbow flexion torque based on a paired
t-test (P � 0.0001).

The EMG measurements of the deltoid and pec-
toralis major muscle groups generally suggested a
pattern of coactivation at the shoulder. All 16 sub-
jects demonstrated detectable EMG activity in the

deltoid during elbow extension. Despite this obser-
vation, 12 subjects produced a net shoulder adduc-
tion torque. Conversely, activity in the pectoralis
major (a shoulder flexor, adductor, and internal
rotator) occurred in only six subjects during elbow
extension. Of these six subjects, three produced a
net shoulder adduction and three internal rotation.
Reliable recordings of signals from the teres major
were obtained in only one subject, who demon-
strated increases in EMG amplitude during elbow
extension. Note that EMG signals were not measured
in a number of other shoulder muscles that are likely
to have contributed to the reflexive shoulder torques
observed in this study.

In order to confirm that shoulder adduction was
not caused by a biarticular action of the biceps, the
biceps of two neurologically intact controls were
electrically activated using a 300-�s biphasic 50-Hz
pulse, with an intensity that elicited a strong contrac-
tion of the biceps. The arm was placed in the same
test position (elbow at 175–45° flexion). The data
showed no evidence of shoulder adduction torque
throughout the passive range of motion. Conversely,
electrical activation of the biceps produced shoulder
abduction torques, along with the expected shoulder
flexion.

There appeared to be no trends in the relation
between the measured shoulder torques and the
clinical measures of motor function (Fugl–Meyer
score) or spasticity (Ashworth score).

DISCUSSION

We concluded from this study that imposed stretch
perturbations of the elbow produce joint torques at
the shoulder including both biomechanically cou-
pled joint torques and heteronymous reflex cou-
pling of elbow and shoulder muscles. Specifically, a
shoulder flexion torque was observed that appeared
to be coincident with reflex activation of the elbow
flexors. This torque was consistent with activation of
the biceps muscle, which is a biarticular elbow/
shoulder flexor.5 Shoulder adduction was also seen
in 12 of 16 subjects in response to imposed elbow
movements and, based on differences in elbow flex-
ion and shoulder adduction waveforms, appeared to
be produced by a heteronymous reflex coupling to
the imposed elbow extension. All responses were
velocity-dependent, suggesting that velocity-sensitive
afferents (e.g., Ia muscle afferents) likely mediate
the reflex responses. The delay between shoulder
adduction and elbow reflex responses suggests that
shoulder adduction reflexes might involve interneu-
ronal or supraspinal pathways. Functionally, this

FIGURE 6. Delay of the shoulder torque responses with respect
to the elbow stretch reflex response. The delay of the shoulder
torque with respect to the elbow reflex response was calculated
using a cross-correlation of the two signals. Note that the delay
for the shoulder flexion torque was approximately zero across all
subjects tested. The other torque responses were delayed
slightly from the elbow torque response.
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raises the question whether heteronymous reflex
coupling might affect the coupling of elbow exten-
sion and shoulder adduction observed during voli-
tional movement tasks.

Mechanical Coupling of the Elbow and Shoulder. The
simultaneous presence of shoulder flexion and el-
bow flexion torques, illustrated by similar waveforms
of the two torque profiles, could be attributed to a
stretch reflex activation of the biceps. Both heads of
the biceps are biarticular muscles that cross the
shoulder and elbow and produce a flexion torque at
the shoulder.5 We confirmed the flexion moment of
the biceps using electrical stimulation, which pro-
duced comparable elbow and shoulder torques in a
similar ratio to those observed during elbow stretch
(Fig. 5A). There was also clear evidence of EMG
activity in the biceps during imposed stretch pertur-
bations that coincided with the shoulder flexion
torque production. Thus, the most likely explana-
tion for the presence of the shoulder flexion torque
during imposed elbow extension was activation of
the biarticular elbow/shoulder flexors. However, the
occurrence of shoulder adduction cannot be ex-
plained by the same mechanism.

Cadaver studies, with the shoulder placed in a
posture similar to the one used here, indicate that
biceps produces a small abduction moment at the
shoulder.5,28 This was confirmed using surface elec-
trical stimulation of the biceps in two neurologically
intact subjects. Biceps activation (EMG) has also
been observed during voluntary shoulder abduction
tasks31; however, activation appears to depend on
the nature of the task4,17 and under some circum-
stances the biceps does not appear to contribute to
abduction at all.17 Together, these results suggest
that stretch reflex activation of biarticular elbow flex-
ors could not have produced the observed shoulder
adduction torque. The shoulder adduction and
shoulder rotation observed in response to imposed
elbow extension are likely to be produced by muscles
that do not cross the elbow, presumably through
heteronymous reflex pathways.

Shoulder adduction torque could have been pro-
duced by a number of shoulder muscles including
the teres major, teres minor, and pectoralis ma-
jor.5,21 EMG activity was observed in the deltoids and
pectoralis major muscles, which were not stretched
by the imposed elbow extension (Fig. 2). This activity
could have contributed to the observed shoulder
torques. The pectoralis major acts as an adductor as
well as an internal rotator,5,21 and the posterior del-
toid also has the potential to produce shoulder ad-
duction, although this effect may be counteracted by

anterior deltoid action.5 EMG recordings from the
teres major were inconclusive; however, there was
substantial subcutaneous adipose tissue over the
muscle in almost all subjects and the skin recordings
may not have had sufficient sensitivity. The biceps,
which do cross the elbow, act as shoulder external
rotators5 and thus could not account for the internal
rotation observed in 8 of the 16 subjects. Overall, we
concluded that the shoulder adduction and shoul-
der internal rotation torques must be produced by
muscles that do not cross the elbow.

The shoulder internal/external rotation torque
responses also suggest that shoulder muscles that do
not cross the elbow were activated by the imposed
elbow extension movement. The pectoralis major
might have accounted for some of the internal rota-
tion moment in these subjects, as EMG activity was
commonly observed in this muscle, but detectable
pectoralis major activity was only observed in 3 of the
8 subjects that produced internal rotation. EMG
measurements were not made from a large number
of shoulder rotator muscles and, therefore, it is dif-
ficult to interpret the sources of the shoulder rota-
tion torques. Given the inconsistency of the shoulder
internal/external rotation response, coactivation of
the shoulder rotators was a likely response to the
imposed elbow extension, but this was not measured
directly.

Reflex Feedback from the Elbow onto the Shoulder

Muscles. The pattern of the shoulder reflex torque
throughout the elbow range of motion was generally
similar to the response commonly observed at the
elbow: a sigmoidal shape with a gradual rise with
stretch and a plateau at larger elbow angles.33,34 It
has been hypothesized that this leveling of the reflex
torque at larger joint angles could be related to an
additional reflex loop, possibly involving force-feed-
back inhibition.22 The magnitude of the adduction
response appeared to depend on the elbow re-
sponse, which in turn depended on stretch velocity;
therefore, the shoulder adduction response might
originate in the velocity-sensitive afferents of the
elbow or, alternatively, as a secondary response to
the elbow muscle activation.

One explanation for the shoulder reflex re-
sponse to imposed elbow movements is an enhanced
heteronymous reflex coupling of the muscles
throughout the arm after stroke. In individuals with
intact nervous systems, a monosynaptic coupling of
elbow and shoulder muscles has been described.29 In
addition, excitatory reflex connections between mus-
cle afferents throughout the arm and scapular mus-
cles have been observed.1 Normally, these reflex
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pathways are only observed under experimental con-
ditions and are not activated by slower, large-ampli-
tude perturbations of the arm joints. It is plausible
that an enhanced excitability of these heteronymous
stretch reflexes might coincide with increased hyper-
excitability of homonymous stretch reflexes that of-
ten accompany stroke.

Although volitional intervention at the shoulder
during the imposed elbow movement is unlikely, it
cannot be completely eliminated from consider-
ation. Subjects were instructed to relax during the
trial and all had substantial hemiparesis affecting the
arm. Further, the responses were repeatable and had
a consistent monotonically increasing response, sim-
ilar to those associated with reflex actions. Voluntary
interventions during large-amplitude stretch pertur-
bations can disrupt the torque recordings, but gen-
erally do not produce the type of repeatable, mono-
tonically increasing responses that we observed. In
addition, the responses we observed were correlated
to the velocity of perturbation and had a net delay
with respect to the elbow flexion torque.

Reflex Coupling as Part of a Motor Control Strategy.

Functionally, the observed shoulder activity may
have been a consequence of an exaggeration of nor-
mal stabilization of the shoulder that occurs during
volitional arm movements. During multijoint arm
movements, the nervous system anticipates and
plans for mechanical effects that arise from motion
of the linked segments, reflecting a shoulder-
centered pattern that stabilizes the joint.18 The
shoulder requires a stable base and a wide move-
ment range, which is maintained by various groups
of muscles including the teres major, pectoralis ma-
jor, and deltoid.15 Load perturbations to the elbow
in normal subjects produce multijoint responses that
have been attributed to activation of muscles acting
about the elbow and shoulder joints.26 The biceps, in
particular, may play an important role, since cadaver
studies suggest that it can provide stability to the
shoulder, particularly in the anterior direction.23,24

The shoulder thus plays an important role in provid-
ing the arm with a large range of motion and simul-
taneously providing a stable platform for arm move-
ments.

The shoulder muscles might demonstrate a hy-
persensitivity to reflex activation after stroke because
normal motor control of the shoulder relies more
strongly on stretch reflex pathways. For example,
stretch reflexes play a relatively larger role in posture
stabilization of the shoulder than the elbow.13 Fur-
ther, postural stabilization of the endpoint of the
arm incorporates a large multijoint control compo-

nent, which could be actualized either through biar-
ticular muscles or heteronymous reflexes.13 The re-
sults of our study could be the consequence of an
increased reflex gain at the shoulder, particularly
involving heteronymous reflexes for shoulder stabi-
lization. That is, the shoulder response to imposed
elbow extension could be a heteronymous reflex for
postural stabilization that is disinhibited by neural
damage associated with stroke.

Heteronymous reflex coupling of the elbow and
shoulder is consistent with a neural coupling of
monoarticular muscles at the elbow and shoulder,
which could compensate for limits in the biome-
chanical coupling created by biarticular muscles. For
example, postural tasks in primates suggest a neural
coupling of elbow flexors/shoulder extensors and of
elbow extensors/shoulder flexors that compensate
for the biomechanical coupling produced by biartic-
ular elbow/shoulder flexors (biceps) and elbow/
shoulder extensors (triceps long head).25 A similar
pattern may also occur in the elbow flexors/exten-
sors and shoulder abductors/adductors in humans
following stroke. The biceps acts to flex the elbow
and abduct the shoulder; therefore, the elbow flexor
activity could be neurally coupled with monoarticu-
lar shoulder adductors in order to compensate for
shoulder abduction produced by the biceps during
elbow flexion. Interestingly, the neural coupling that
we observed was produced by a reflex test, whereas
the coupling in primates is produced by a volitional
task,10 raising questions about the effects of the cor-
tical damage resulting from stroke, its effects on the
coupling of muscles crossing multiple joints, and the
neuroplastic adaptations that may occur during re-
habilitation.

The reflex coupling of the elbow and shoulder
may be a corollary to muscle synergies reported dur-
ing volitional movement after stroke. One of the
main components of “extensor synergy” observed in
individuals with spastic hemiparesis consists of exten-
sion of the elbow and adduction of shoulder, with a
strong influence on the pectoralis major. This syn-
ergy pattern is believed to disrupt multijoint reach-
ing movements after stroke.7,12,14 The muscle activity
patterns observed in response to imposed elbow ex-
tensions are consistent with a movement synergy,
rather than a synergy produced by volitional com-
mand. That is, stretch of the elbow produced activity
of the elbow flexors and shoulder adductors. This
result is opposite to the activation of elbow extensors
and shoulder adductors that is associated with voli-
tional synergy patterns. In contrast, shoulder adduc-
tion was produced during imposed elbow extension
movements. This observation suggests that synergis-
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tic patterns of muscle activity might result, at least in
part, from reflex coupling of the shoulder adductors
to stretch of the elbow flexors.
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SHORT REPORT ABSTRACT: We report a patient with autosomal-dominant amyotrophic
lateral sclerosis (ALS) and a sequence variation in the SOD1 promoter
region, located in the conserved TATA box motif (TATAAA3TGTAAA).
Functional promoter studies of this variant in an in vitro system showed
moderate reduction in transcriptional activity of SOD1. This variant was
present in only two of 301 individuals with sporadic amyotrophic lateral
sclerosis, was not detected in 396 matched controls, and was recently
reported in dbSNP (rs7277748). Our data suggest that this TATA box defect
is not a disease-causing mutation or susceptibility factor for ALS but rather
a rare polymorphism with a potential effect on SOD1 gene expression.
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Amyotrophic lateral sclerosis (ALS) is a clinically
and genetically heterogeneous group of neurode-
generative disorders primarily affecting motor neu-
rons in the brain, brainstem, and spinal cord.6,7,10

ALS is familial (FALS) in �10% of cases, mostly inher-
ited as an autosomal-dominant trait.6,7 Mutations in the
gene encoding Cu/Zn superoxide dismutase (SOD1)
account for �15%–20% of FALS cases and were also
found in some sporadic ALS (SALS) cases.9 SOD1 has
been highly conserved through evolution and is con-
stitutively expressed in all eukaryotic cells.

At least 117 different SOD1 mutations have been
identified in FALS and SALS. The vast majority of
these mutations are missense mutations occurring in
all five exons of the SOD1 coding region. Two exonic
deletions and three exonic insertions, resulting in
frameshift and premature termination of the pro-
tein, two in-frame exonic deletions, and two non-
sense mutations have been reported. In addition,
two intronic mutations have been demonstrated to

result in alternative splicing of the SOD1 transcript
(ALS online database, www.alsod.org).

Here we report an FALS patient carrying a ge-
netic defect in the highly conserved TATA-box motif
(TATAAA3TGTAAA) of the SOD1 promoter. This
variant results in decreased expression of SOD1 in an
in vitro system, but is unlikely to be the cause for ALS
in this patient. Our study yields new insight into
SOD1 gene regulation.

MATERIALS AND METHODS

Patient. The index case (marked by arrow) is from a
three-generation German family with autosomal-dom-
inant ALS (Fig. 1A). He first noted muscle cramps in
the legs and weakness in the left foot at the age of 42.
On physical examination at the age of 43, he had
weakness of the left foot and later of the right foot,
hyperreflexia of the legs, and fasciculations in all ex-
tremities. There were no other neurological abnormal-
ities. Electromyography at 43 years showed abnormal
spontaneous activity, large motor unit potentials, and a
reduced recruitment pattern in both lower limbs. He
then developed rapidly progressive disease with atro-
phy in all extremities, weakness of neck extension, and
dyspnea. Electromyographic findings at 46 years were
of abnormal spontaneous activity and a neurogenic
pattern in both upper limbs (biceps brachii) and in
both lower limbs (tibialis anterior). He was tetraplegic
and died at 47 years of age.

Abbreviations: ALS, amyotrophic lateral sclerosis; FALS, familial ALS; PCR,
polymerase chain reaction; SALS, sporadic ALS; SNP, single nucleotide poly-
morphism
Key words: amyotrophic lateral sclerosis; SOD1; superoxide dismutase;
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Family history revealed that all other affected
relatives had developed disease symptoms in the
fifth decade and had died a few years after disease
onset.

The SOD1 TATA box motif was assayed in (1) the
patient and another 80 FALS cases from Germany,
which proved negative for mutations in the coding
sequence of SOD1, and (2) 301 SALS cases from the
Unites States. All individuals tested were of Euro-
pean ancestry. In addition, 396 individuals without
any neurological disorder and from the same ethnic
background served as controls.

Genetic Analysis. DNA was extracted from periph-
eral blood with informed consent from all partic-
ipants. The SOD1 promoter region was amplified
by polymerase chain reaction (PCR) with the prim-
ers SOD1Ex1F-S (5�-TTCTCCACATTTCGGGGTTC-
3�), located at �261 to �242, and SOD1Ex1F-AS
(5�-GTGACTCAGCACTTGGCAC-3�), located at 198–
217 (corresponding to the SOD1 initiation codon;
GenBank Access. No. NT_011512). This was fol-
lowed by direct sequencing of both strands of PCR
products on an ABI-prism 3100 DNA sequencer (Ap-
plied Biosystems, Foster City, California) or a Beck-
man Coulter CEQ 8800 Genetic Analysis System se-
quencer (Beckman Coulter, Fullerton, California).
SOD1 exons 2–5 were analyzed by direct sequencing
of PCR products as described previously.8

Functional Studies. Approximately 2,200 bp of
SOD1 promoter sequence were amplified by PCR
using the following primers: 5�-AGGCTCGAG-
AGAATCACTTGAACCCAGCA-3� and 5�-CGTAAG-
CTTCGCCATAACTCGCTAGGCCACGC-3�. PCR
products were cloned into the pGL3-Enhancer Lu-
ciferase Reporter Vector (Promega, Madison, Wis-
consin) at XhoI and HindIII restriction enzyme
sites. A mutation corresponding to the TATA box
sequence variation in the index patient was cre-
ated using the Quick change site-directed mu-
tagenesis kit (Stratagene, La Jolla, California) and
was verified by sequence analysis.

HeLa cells were grown in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% fetal
calf serum. Cells were plated in 96-well plates at 30,000
cells/well and were cotransfected with 0.3 �g of either
the mutant or the wildtype SOD1 promoter pGL3 fire-
fly luciferase reporter construct and with 0.3 �g of the
pRL-TK renilla luciferase construct using lipo-
fectamine reagents according to the manufacturer’s
instructions (Invitrogen, Carlsbad, California). The
pRL-TK plasmid was used as an internal control to
assess transfection efficiency. Forty-eight hours after
transfection, cells were washed in phosphate-buffered
saline (PBS), lysed, and luciferase activity of cell ex-
tracts was determined with the Dual-Luciferase Re-
porter Assay System (Promega). Reporter firefly lumi-
nescence activities were normalized to control pRL-TK
renilla luciferase activities. The normalized activity of
the wildtype construct was set at 100% and the percent-
age luciferase activity of the mutant construct calcu-
lated accordingly. Data are reported as means and
standard deviation of an experiment performed in
replicates of 16.

FIGURE 1. (A) Pedigree structure of the family with the SOD1
promoter TATA box variant. The filled symbols denote the af-
fected individuals. The arrow indicates the proband; �/� indi-
cates heterozygous mutation. (B) Sequence of the promoter
region of the human SOD1 gene. The first base of the ATG start
codon is indicated as 1. The TATA box at nucleotide position
–110 to –105 (in relation to the start codon) is boxed. BC041449
is an mRNA adjacent to the 5� region of the SOD1 gene and
transcribed in the opposite direction. (C) Electropherograms of
SOD1 promoter region in a patient (bottom) and control (top).
Sequence analysis of PCR products reveals a heterozygous A to
G transition at nucleotide position –109 (in relation to the ATG
start codon) in the patient. The sequence variant is located at
nucleotide position 2 of the SOD1 TATA box, which is altered
from TATAAA to TGTAAA.

Short Reports MUSCLE & NERVE November 2007 705



RESULTS

Sequence analysis of the SOD1 promoter in the FALS
patient identified a heterozygous A to G transition at
nucleotide position –109 with respect to the adenine
of the ATG start codon numbered as 1 (Fig. 1C;
GenBank Access. No. NT_011512). This sequence
variation (TATAAA3TGTAAA) is located in the
TATA box motif, which is highly conserved in SOD1
among various species (Fig. 1B). No sequence vari-
ations were found in the coding region of SOD1
(exons 1–5) in this patient. The TATAAA3TGTAAA
variant was not detected in another 80 FALS cases
and 396 nonneurological controls, and was observed
in only two of 301 (0.003) SALS cases. The variant
was reported as a single nucleotide polymorphism
(SNP) rs7277748 at dbSNP, submitted as ss10979656
by the Baylor College of Medicine (Houston, Texas).
SNP rs7277748/ss10979656 was initially discovered
by alignment of sequence traces from a pool of eight
anonymous samples from healthy adult donors re-
cruited from the Baylor Polymorphism Resource.
This SNP was only detected in a single aligned seg-
ment, i.e., ascertained in two chromosomes, and was
therefore deposited as a nonvalidated SNP at db-
SNP. Subsequent to our study, this SNP was validated
by the submission of ss32469332 to the cluster
rs7277748 including genotype data obtained in a
panel of 89 individuals. The allele frequency of the
TATAAA3TGTAAA variant was reported as 0.022.

We evaluated the potential functional effect of
this variant by introducing the TATA box mutation
into an SOD1 promoter cloned upstream of a lucif-
erase reporter gene. Constructs carrying either the
mutant or normal allele and the pRL-TK control
plasmid were transiently transfected into HeLa cells.
In the presence of the TATAAA3TGTAAA muta-
tion, a decrease in luciferase activity was detected,
which was �67.8% compared to the activity re-
corded for the wildtype construct (data not shown).
This finding is in agreement with earlier studies
demonstrating that mutations within the TATA box
usually result in a decrease in gene expression.3

DISCUSSION

The index case from a family with autosomal-dominant
ALS presented here carries a heterozygous sequence
variation (A3G) in the promoter element of the SOD1
gene (TATAAA3TGTAAA). This variant lies in the
TATA box and replaces adenine, the second residue of
the TATA box element. Comparative sequence analy-
ses of eukaryotic promoter regions revealed that ade-
nine at position 2 is the most highly conserved residue
of the TATA box element.4,5 Mutagenesis studies have

shown that single base changes in the TATA box ele-
ment decrease transcription initiation and accuracy.
Loss of function due to reduced gene expression has
been demonstrated to be the mechanism of TATA box
mutations in very few Mendelian disorders.2,3 Conse-
quently, we investigated the functional impact of the
SOD1 TATA box variant in a transfection assay and
demonstrated that it resulted in reduced expression of
a reporter gene construct. Although our functional
studies indicate that this TATA box variant may de-
crease the transcription of SOD1, we believe it is un-
likely to be the cause of ALS in the reported patient but
rather represents one of the cited rare polymorphisms.

First, the variant is listed as a polymorphism
(rs7277748) at dbSNP, initially observed in the align-
ment of only two chromosomes (ss10979656). The
recent report of this SNP with an allele frequency of
0.022, and its absence in 792 control chromosomes
screened in this study, indicate that this variant is a
rare polymorphism.

Second, current evidence supports the concept that
mutations in SOD1 exert their deleterious effect through
a novel toxic property and not by loss or reduction of
SOD1 activity.7 Reduction of SOD1 activity has been
observed in some but not all SOD1 mutations. In addi-
tion, none of the 117 different hitherto reported SOD1
mutations associated with FALS are true null alleles,
which would be expected if loss of activity played a role
in the pathogenesis of the disease.1 Correspondingly,
hetero- or homozygous SOD1 knockout mice do not
develop an overt disease phenotype.

In conclusion, our results suggest that the A to G
transition in the SOD1 promoter element, although
located in the highly conserved TATA box, is not of
functional relevance in the patient described here. In
addition, the presence of the TATA box defect in only
two of 301 (0.003) SALS individuals does not indicate
that this variant acts as a susceptibility factor in ALS.
The variant rather represents a rare polymorphism, the
functional significance of which is uncertain. The ob-
served effect of this variant on gene expression, al-
though only moderate and detected in an in vitro
system, may give rise to the speculation that it could be
relevant in modifying the pathogenic process of other
disorders. However, there are currently no data to
substantiate this concept. Alternatively, one may hy-
pothesize that disruption of the TATA box is com-
pletely innocent and has little or no effect in mediating
transcription initiation in SOD1 in vivo. In fact, lack of
a TATA box and the presence of multiple transcription
start sites are characteristic features of most housekeep-
ing genes, a group to which SOD1 belongs. In support
of this hypothesis, clusters of SOD1 mRNAs with 5� ends
of different lengths have been reported, some of which
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even encompass the TATA box motif (e.g., GenBank
DB490082, DB453617, BF965365).
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SHORT REPORT ABSTRACT: Many patients with Duchenne muscular dystrophy (DMD) are
eventually diagnosed with sleep-disordered breathing (SDB). SDB is asso-
ciated with reduced ventilation, decreased arterial oxygen tension, and
increased respiratory muscle recruitment during sleep, factors that could be
especially detrimental to respiratory muscles in DMD. To assess whether
SDB impacts dystrophin-deficient respiratory muscle function and fibrosis,
diaphragm strength, and collagen content were evaluated in dystrophic mice
(Dmdmdx) exposed to experimental SDB. Diurnal exposure to episodic hyp-
oxia resulted in a 30% reduction in diaphragm strength without affecting
collagen content. Episodic hypoxia secondary to SDB can exacerbate re-
spiratory muscle dysfunction in DMD.
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Respiratory muscle failure is a leading cause of
death in Duchenne muscular dystrophy (DMD).
Since respiratory muscle weakness represents the
primary impairment of the respiratory system in
these patients,5,12,13,28 elucidating mechanisms that
contribute to diaphragm dysfunction is clinically im-
portant. Developing strategies for preserving respi-
ratory muscle function is critical for maximizing life
expectancy in DMD patients.

Sleep represents a vulnerable period for DMD
patients.4,6 Many DMD patients undergo nocturnal
arterial oxygen desaturations as a consequence of
their disorder. Smith et al.26 noted repeated night-
time oxygen desaturations from 95% saturation at
baseline to a nadir of 74% (range 58%–90%) in 9 of
14 DMD patients. In six clinically stable DMD pa-
tients, Barbe et al.3 reported that oxygen desatura-
tions were evident during 25% of total sleep time.
The severity of the sleep-related respiratory distur-
bances in DMD has been correlated with daytime
oxygen saturation levels and increasing age.3,15 Be-
cause of inherent membrane fragility attributed to
the absence of dystrophin, the respiratory muscles of

DMD patients may be especially at risk from SDB.
Despite the pervasiveness of SDB in this patient pop-
ulation, whether and to what extent nighttime oxy-
gen desaturations contribute to respiratory muscle
dysfunction has not been investigated.

The mutant Dmdmdx mouse lacks dystrophin and
its respiratory muscles exhibit alterations consistent
with DMD.2,8,9,16,19,27 To assess whether SDB impacts
dystrophin-deficient respiratory muscles, we evalu-
ated the effect of long-term diurnal (sleep phase)
exposure to episodic hypoxia on diaphragm func-
tion and fibrosis in Dmdmdx mice.

MATERIALS AND METHODS

Studies were conducted on 18 6-month-old male
dystrophic (Dmdmdx) mice purchased from Jackson
Laboratories (Bar Harbor, Maine). Animals were
randomly divided into two equal groups: (1) a room-
air (RA) control group, and (2) an experimental
SDB group, exposed to episodic hypoxia (EH) 8
h/day, 5–6 days/week for 12 weeks. During EH ex-
posure, chamber O2 levels (90-s cycle length) fluctu-
ated between 21% and 5%.22 Food and water were
available ad libitum. Studies were approved by our
Institutional Review Board.

At the end of the experimental period animals
were deeply anesthetized (ketamine/xylazine) and
the diaphragm was rapidly removed in toto and
placed in oxygenated Krebs solution at 37°C. Dia-
phragm samples were prepared for in vitro strength

Abbreviations: DMD, Duchenne muscular dystrophy; EH, episodic hypoxia;
RA, room air; SDB, sleep-disordered breathing
Key words: Dmdmdx mouse model; Duchenne muscular dystrophy; respira-
tory muscle function; sleep apnea; sleep-disordered breathing
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and collagen concentration measurements, assess-
ments of function, and fibrosis, respectively.

Functional Characteristics Isometric contractile
characteristics were measured in isolated diaphragm
segments.10,11 Force output was measured with a
FT03C force transducer (Grass Instruments, Quincy,
Massachusetts). Twitch characteristics and force–
frequency profile were determined at optimal
length. Maximal isometric force (Po) was deter-
mined and forces were normalized for cross-sec-
tional area and expressed in Newtons per square
centimeter (N/cm2).

Assessment of Fibrosis The concentration of hy-
droxyproline was measured by high-performance liq-
uid chromatography14 to assess diaphragm collagen
concentration.

Statistics Data from RA and EH groups were com-
pared using the t-test. A value of P � 0.05 was con-
sidered statistically significant. Results are presented
as means � SD.

RESULTS

Studies were initially carried out in 10 Dmdmdx mice
(five RA and five EH), and subsequently repeated in
a second age-matched cohort of eight Dmdmdx mice
(four RA and four EH). The results from both co-
horts revealed similar findings and were thus com-
bined. In total, nine Dmdmdx mice were exposed to
EH and nine Dmdmdx mice served as RA age-
matched controls.

Body weights of EH-exposed mice remained con-
stant during the experimental period, whereas RA
mice gained weight. At the end of the experimental
period RA mice weighed more than EH mice
(35.1 � 1.6 g vs. 28.8 � 4.1 g, P � 0.01). Failure of
animals to gain weight during EH exposure is con-
sistent with previous studies of EH.22

Diaphragm forces were significantly reduced
(range, 27%–31% decrease) in the EH-exposed
compared to the RA group across all stimulation
frequencies (Fig. 1). Maximal tetanic force (Po) was
11.9 � 1.4 and 8.6 � 2.4 N/cm2 (P � 0.01) in RA
and EH-treated Dmdmdx mice, respectively. By com-
parison, Po was 18.6 � 3.4 N/cm2 in five non-DMD
control mice (various ages and strains) used for dry
runs prior to collecting our experimental data.

Collagen content was measured in diaphragm
segments from the first test cohort of mice. Dia-
phragm collagen content was unaltered by EH expo-
sure (8.5 � 2.9 vs. 8.7 � 4.4 �g hydroxyproline/mg

dry weigh, RA and EH, respectively). Diaphragm
dry/wet ratio was also unaltered following EH expo-
sure (0.230 � 0.008 vs. 0.218 � 0.012, RA and EH
values, respectively).

DISCUSSION

In non-DMD rodent models, long-term EH exposure
fails to negatively impact diaphragm force.17,22 In
contrast, the current findings (Fig. 1) demonstrate
that EH exposure exacerbates diaphragm dysfunc-
tion in Dmdmdx mice. Reductions in force per unit
cross-sectional area can indicate that contractility is
compromised, or alternatively that infiltration by
connective tissue artificially reduces forces when cor-
rected for cross-sectional area. The absence of
change in collagen content and dry/wet ratio in
EH-exposed Dmdmdx mice suggest that the func-
tional force decline likely represents dysfunction of
myofibrillar contractility.

The mechanisms contributing to the observed
force decline are not known. Exposure to EH leads
to the enhanced recruitment of respiratory muscles
above resting levels. Due to inherent mechanical
fragility from the lack of dystrophin,19 increased re-
cruitment could cause sarcolemmal rupturing lead-
ing to muscle dysfunction.1,7,19 Inflammation or ab-
normal Ca�� levels in response to the muscle
injury/repair cycle could further contribute to mus-
cle necrosis and dysfunction.18,23,24 In addition, due
to the lack of nNOS in dystrophin-deficient muscles,
increased muscle activation during EH could result

FIGURE 1. Force–frequency profile of diaphragm from Dmdmdx

mice exposed to episodic hypoxia (MDX EH) and room air (MDX
RA). Note that at all stimulation frequencies, diaphragm forces
are reduced in EH-exposed mice compared to RA controls.
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in heightened oxidative stress and tissue ischemia,
factors that could also promote respiratory muscle
dysfunction in DMD patients with SDB.20,21,25

Nocturnal oxygen desaturations are often noted
in DMD patients presenting with normal daytime
pulmonary functions, indicating that early in the
course of the disease SDB will go undetected and
that some patients will fail to receive appropriate
interventions at a time that the putative effects of
nighttime episodic oxygen desaturation are being
manifest. Detecting SDB early in the course of the
disease combined with identifying key putative
mechanisms will provide therapeutic strategies to
minimize respiratory muscle dysfunction in DMD.
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SHORT REPORT ABSTRACT: Muscle cramps are difficult to study scientifically because of
their spontaneity and unpredictability. Various laboratory techniques to induce
muscle cramps have been explored but the best technique for inducing cramps
is unclear. Electrical stimulation appears to be the most reliable, but there is a
perception that it is extremely painful. Data to support this perception are
lacking. We hypothesized that electrical stimulation is a tolerable method of
inducing cramps with few side effects. We measured cramp frequency (HZ),
pain during electrical stimulation, and soreness before, at 5 s, and 30, 60, and
90 min after cramp induction using a 100-mm visual analog scale. Group 1
received tibial nerve stimulation on 5 consecutive days; Group 2 received it on
alternate days for five total treatments. Pain and soreness were mild. The
highest ratings occurred on Day 1 and decreased thereafter. Intersession
reliability was high. Our study showed that electrical stimulation causes little
pain or soreness and is a reliable method for inducing cramps.
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Muscle cramps are common, but despite their prev-
alence their cause is unknown. Most of what is
known about exercise-associated muscle cramps is
based on observations and anecdotes rather than
scientific research. Muscle cramps are difficult to
study scientifically because of their unpredictability
and spontaneity; thus, attempts have been made to
induce them in a laboratory setting.

The three main models for inducing cramps in a
laboratory are through exercise,8 magnetic stimula-
tion,3 and electrical stimulation.13 Exercise models are
only 50% effective8 and are associated with confound-
ing variables (e.g., hydration status, lactate accumula-
tion, electrolyte imbalances) that create confusion as to
whether the cramp was induced by exercise or these
other variables. Magnetic stimulation is reliable3 but
lacks precision regarding the focality of the magnetic
stimulus.4,11 Electrical stimulation is also highly reli-
able,13 but has been associated by some with extreme

pain, possibly due to increased sensory nerve activation
and higher current density.3 This appears to be the
greatest disadvantage for using electrical stimulation to
induce muscle cramps.

Pain or soreness associated with electrically in-
duced cramps has been described3,4 but not quanti-
fied. We hypothesized that electrical stimulation is a
reliable method for inducing muscle cramps and
does not cause great levels of pain or soreness.
Therefore, the purposes of this study were to deter-
mine: (1) the amount of pain and soreness experi-
enced with electrically induced cramps, (2) how
long soreness persists following the conclusion of the
protocol, (3) whether the technique can be altered
to reduce pain and soreness, (4) how long it takes
for the body to accommodate to the cramp thresh-
old frequency, and (5) whether a positive linear
relationship exists between pain and threshold fre-
quency or soreness and threshold frequency, and (6)
to replicate a prior muscle cramping reliability study.

MATERIALS AND METHODS

A 2 � 5 � 6 factorial design guided data collection.
The independent variables were: group (electrical
stimulation every day or on alternative days), day (1,
2, 3, 4, 5), and time (prestimulation, during electri-
cal stimulation, 5 s after stimulation, and 30, 60, 90

Abbreviations: EMG, electromyograph(y); ICC, interclass correlation coeffi-
cients
Key words: accommodation; reliability, threshold frequency; visual analog
scale
Correspondence to: K. C. Miller; e-mail: kevin_miller@byu.net
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min after cramp induction). The dependent vari-
ables were: pain, soreness, and threshold frequency
(i.e., the frequency in Hz at which two consecutive
cramps were elicited in the flexor hallicus brevis).
Pain was measured once (during electrical stimula-
tion) every day. Soreness was measured 5 times (pre-
stimulation, 5 s after stimulation, 30, 60, 90 min after
cramp induction) daily. Threshold frequency was
also recorded daily.

Subjects. Twenty-three healthy, college-aged stu-
dents (10 men, 13 women; mean age, 21.4 � 2.2
years; height, 174.2 � 10.6 cm; weight, 68.7 � 10.1
kg) were randomly assigned to one of two groups.
Exclusion criteria included: (1) pregnancy, (2) in-
jury to the dominant lower limb within the last 6
months, (3) prior experience with an electrically
induced muscle cramp protocol, and (4) neurolog-
ical, cardiovascular, or neuromuscular disease. The
procedures were approved by our university’s Insti-
tutional Review Board and subjects provided written
informed consent.

Instrumentation. The compound muscle action po-
tentials of the flexor hallicus brevis were sampled at
2,000 Hz for 15 s using the MP150 system and Acq-
Knowledge 3.7.3 software (Biopac Systems, Goleta,
California). Disposable, long-term measurement
electrodes (Biopac, EL502-10) were used to collect
electromyographic (EMG) data of the subjects’ dom-
inant limb. The total EMG recording consisted of
baseline (1 s), stimulation (2 s), and poststimulus
activity (12 s). A Grass S88 stimulator with SIU5
Stimulus Isolation Unit (Astro-Med, West Warwick,
Rhode Island) with an 8-mm Ag–AgCl shielded stim-
ulating electrode (Biopac, EL258S) was used to de-
liver the train of electrical stimuli.

Pain and soreness ratings were quantified using
an ungraduated 100-mm visual analog scale with
anchors marking the extremes of the scale (i.e., no
pain/soreness and worst pain/soreness experi-
enced).

Procedures. Subjects were randomly assigned to
one of two groups. Prior to each testing session,
subjects rated their soreness, which was defined as
distress, discomfort, or hurtful sensations experi-
enced in the medial ankle before or after stimula-
tion. Subjects lay supine with their ankle hanging off
the edge of a table. Standard EMG preparatory pro-
cedures13 were performed at the medial plantar as-
pect of the foot, area around the medial and lateral
malleoli, and ipsilateral tibial tuberosity. An 8-mm
stimulating electrode was placed slightly inferior to

the medial malleolus. The tibial nerve was submaxi-
mally stimulated 2–4 times with 1-ms electrical stim-
uli at 80 V to determine the site around the medial
malleolus that caused the greatest hallux flexion. An
8-cm square dispersive electrode was placed over the
lateral malleolus. Electrodes were secured with med-
ical tape and an elastic wrap at these locations. Two
EMG measurement electrodes were placed 2 cm
apart over the mid-belly of the flexor hallucis brevis
with a single ground measurement electrode over
the ipsilateral tibial tuberosity.

Stimulus intensity was initially set at 80 V and
increased by 10-V increments according to subject
tolerance. Subjects donned headphones and looked
at the ceiling to eliminate noise or distracting stimuli
and received two trains of electrical stimuli (one
train/s) beginning at a train frequency of 4 Hz
(eight total stimuli on the first trial). Immediately
following stimulation subjects rated their pain,
which was defined as distress, discomfort, or hurtful
sensations in their medial ankle during stimulation.
Subjects were instructed to rate the pain caused by
the stimulation, not by the cramp. Approximately 5 s
later, subjects rated soreness.

If a cramp did not occur at 4 Hz, subjects rested
for 1 min and train frequency was increased by 2 Hz.
This was repeated until the flexor hallucis brevis
cramped. A muscle cramp was defined as an invol-
untary, painful contraction of the flexor hallucis
brevis immediately following stimulation, and was
verified by involuntary, sustained great toe flexion
and an average EMG root mean square amplitude
greater than 2 SD above the 1-s baseline EMG aver-
age root mean square amplitude.13 The final stimu-
lus intensity and threshold frequency were recorded.

If a cramp failed to resolve spontaneously, the
great toe was stretched until the cramp was allevi-
ated. Following rest for 1 min the same stimulus
intensity and frequency was reapplied. If the subjects
cramped a second consecutive time, they rated their
pain and soreness and no further electrical stimula-
tion was applied that day. The location of the EMG
electrodes, stimulating electrode, and EMG sites
were then marked for future testing sessions. Sub-
jects lay on the table for 90 min, during which they
rated the amount of soreness in their medial ankle
every 30 min.

The same procedures were performed on subse-
quent testing sessions with the exception of finding
the threshold frequency and stimulus intensity. The
stimulus intensity and threshold frequency that elic-
ited a muscle cramp in the previous session was
applied and cramping was verified. If the subject did
not cramp, the procedures for eliciting cramp were
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repeated from the stimulus intensity and frequency
that induced the cramp previously. The same train
number (two) and duration (2 s) and pulse duration
(1 ms) were used for all subsequent testing sessions.

Statistical Analysis. Five-day mean threshold fre-
quencies, pain during the electrical stimuli, and
soreness before, at 5 s, and 30, 60, and 90 min
post-cramp induction were used for statistical analy-
sis (Number Cruncher Statistical Software 2001,
Kaysville, Utah). A mixed-model analysis of variance
was used to assess the effects of group, day, and time
and the interaction of these factors on pain, sore-
ness, and threshold frequency. Tukey–Kramer post-
hoc tests were used to determine within-subject
effects. Pearson correlation coefficients were com-
puted to describe the relationships between pain,
soreness, and threshold frequency. Interclass corre-
lation coefficients (ICC [3, 1]) estimated interses-
sion reliability. Significance was set at P � 0.05.

RESULTS

There were no significant differences in pain
(F1,21 � 0.53, P � 0.48), soreness (F1,21 � 0.83, P �
0.37), or threshold frequency (F1,21 � 0.0002, P �
0.95) between groups, nor were there significant
group by day interactions for pain (F4,84 � 0.17, P �
0.95) or threshold frequency (F4,84 � 0.48, P �
0.75). Therefore, the groups were condensed for
post-hoc analysis. There were significant differences
in threshold frequency over days (F4,88 � 11.6, P �
0.001), soreness over days (F4,88 � 7.4, P � 0.001),
time (F4,88 � 17.4, P � 0.001), and day by time
(F16,352 � 6.7; P � 0.001).

Pain was significantly greater on Day 1 than on
Days 2–5 (F4,88 � 6.7, P � 0.001, Table 1). Pain on
Days 2–5 were not significantly different.

Soreness was greater on Day 1, at 5 s post-cramp
induction than all other combinations of day and
time (P � 0.05, Table 1). Soreness returned to rest-
ing values within 30 min each day.

Threshold frequency was significantly lower on Day 1
than on Days 3–5 (P � 0.05, Fig. 1). Threshold frequency
on Day 2 was significantly lower than Days 4 and 5 (P �
0.05), but Days 3, 4, and 5 were not significantly different
from each other (P � 0.05, Fig. 1).

Pain and threshold frequency exhibited a weak,
negative correlation between days (r � �0.33, P �
0.13). Soreness immediately following electrical
stimulation and threshold frequency exhibited a
weak, negative correlation on Days 1 and 2 (r �
�0.25, P � 0.25), and a weak, positive correlation on
Days 3, 4, and 5 (r � 0.23, P � 0.29). Intersession
reliability was high (ICC [3,1] � 0.99).

DISCUSSION

The extreme pain purported to occur when induc-
ing muscle cramps with percutaneous electrical stim-
ulation3 did not occur. Our subjects’ highest pain
was less than other accepted laboratory techniques
in the health professions such as cryotherapy treat-
ments,7 intramuscular injections,1 and delayed-onset

Table 1. Visual analog scale pain and soreness ratings (mm on 100-mm scale) over 5 days.

Pain during
stimulation

Soreness Soreness post–cramp induction

Prestimulation 5 s 30 min 60 min 90 min

Day 1 13.5 � 15.2 0.0 � 0.0 8.5 � 11.9† 1.5 � 2.9 0.9 � 2.4 0.2 � 0.5
Day 2 6.8 � 9.7* 0.0 � 0.0 2.2 � 3.4 0.5 � 0.9 0.3 � .9 0.1 � 0.3
Day 3 6.5 � 8.7* 0.04 � 0.2 2.1 � 2.8 0.3 � 0.7 0.2 � 0.4 0.2 � 0.5
Day 4 6.4 � 7.5* 0.2 � 0.9 1.8 � 2.4 0.3 � 1.1 0.1 � 0.5 0.2 � 0.7
Day 5 5.8 � 7.2* 0.04 � 0.2 1.9�2.6 0.2 � 0.5 0.04 � 0.02 0.04 � 0.2

*Indicates a difference compared to Day 1 (P � 0.05).
†Indicates difference from all other days and times (P � 0.05).

FIGURE 1. Threshold frequency over time. *Significantly different
than Day 1 (P � 0.05). †Significantly different than Day 2 (P �

0.05).
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muscle soreness protocols6 (13.5 vs. 21–49 mm in
the literature). Moreover, in one study comparing
electrical stimulation and magnetic stimulation, a
technique considered not to be highly painful,3,4

pain during electrical stimulation was no more pain-
ful than magnetic stimulation in half of the patients.4

The immediate poststimulation reduction in
pain (50%, 13.5 to 6.5 mm) and soreness (74%, 8.5
to 2.2 mm) between Days 1 and 2 suggests a learning
effect or adaptation. Accommodation to stimulation
intensity can occur shortly after application,12 and
pain has been observed to decrease with repeated
electrical stimulation.5,9,10 Pain and soreness do not
appear to decrease significantly following the second
day of testing; thus, one testing session is sufficient
for pain and soreness accommodation.

Soreness appears to be less of a concern than
pain. Soreness immediately poststimulation on Day 1
was only 63% of the pain experienced, and returned
to baseline levels within 30 min on each day of
testing. This suggests any soreness due to stimulation
is short-lived and independent of pain. Subjects can
be assured that any discomfort they feel during the
electrical stimulation will dissipate within 30 min.
Also, the lack of a difference in pain or soreness
between sessions indicates that subjects may be
tested daily without fear of accumulating pain or
soreness.

Threshold frequency appears unrelated to the
amount of pain or soreness experienced. We began
testing at 4 Hz because others have observed cramp-
ing to occur at this low of a stimulation frequency.2
We believe starting stimulation at lower frequencies
ensures a more accurate threshold frequency and
decreases the likelihood of subject apprehension
and muscle guarding. If the goal is to study suscep-
tibility to muscle cramps, lower frequencies should
be used to detect changes in threshold frequencies.
However, if muscle cramp relief interventions are
the goal, higher starting stimulation frequencies may
be used without fear of causing great pain or sore-
ness. Moreover, our high intersession reliability over
5 days of testing replicates and extends the previous
report of changes in threshold frequency observed
over 3 days.13 Changes in threshold frequency are
unlikely due to measurement variability.

Finally, we believe it is good technique to induce
consecutive cramps to verify subjects’ true threshold
frequency. We allowed 1 min of rest before attempt-
ing to induce a second cramp, whereas others13 have
given 30 min of rest between cramps. As a result of
such a short rest period, we observed that the second

cramping episode was often less intense and of
shorter duration than the first cramp. Alpha motor
neuron inhibition or motor unit fatigue may explain
this. Activation of muscle receptors due to the pas-
sive stretch may have caused inhibition of the alpha
motor neuron, preventing a strong cramp within 1
min of stretching. Also, because the flexor hallicus
brevis is small, it is not unreasonable that most of the
motor units were activated during the first cramp,
and that motor unit fatigue may have inhibited some
motor units from inducing a second cramp so soon
after the first was initiated. One minute of rest may
not be long enough for these effects to dissipate.
Future research should explore how much time is
needed to prevent this inhibition.

We thank the Mary Lou Fulton Endowment for their generous
funding of this research project, Mitch Radigan for help with data
collection, and Dr. Marcus Stone for his advice, encouragement,
and guidance.
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CASE OF THE MONTH ABSTRACT: A progressive radial neuropathy of unknown etiology despite
1.5T magnetic resonance imaging (MRI) and surgical exploration was iden-
tified as an intraneural perineurioma by a localized Tinel’s sign, an enlarged
radial nerve at the spiral groove by 3.0T MRI, and a fascicular biopsy. The
distinction between the initial diagnoses of inflammatory, demyelinating
polyneuropathy and perineurioma was made by immunohistochemistry and
electron microscopy. A slowly progressing, localized mononeuropathy
should include perineurioma in the differential diagnosis.

Muscle Nerve 36: 715–720, 2007
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Perineurioma is a rare, benign, peripheral nerve
lesion with an indolent course.3,7,9,12 The literature
has classified two distinctive types based on localiza-
tion: intraneural and extraneural (soft tissue).2–5 In-
traneural perineurioma is composed of perineurial
cells that surround the nerve as a diffusion barrier
between blood and the nerve.14,21,25,26 The tumor
cells stain positively for vimentin, epithelial mem-
brane antigen (EMA), and glucose transporter pro-
tein 1.11,17–19 Electron microscope studies have fur-
ther characterized intraneural perineuriomas.17,20

The cells stain negatively for Schwann cells (S-100).18

Imaging studies to aid in the diagnosis of perineu-
riomas have included high-resolution sonography
and magnetic resonance imaging (MRI).2,3,19,22 Re-
cent studies have identified a chromosomal 22 dele-
tion associated with intraneural perineuriomas, sug-
gesting neoplasm rather than local compression or
trauma as the etiology.7 We describe a case of intra-
neural perineurioma involving the radial nerve diag-
nosed and confirmed by electromyography (EMG),
MRI, and fascicular biopsy.

CASE REPORT

A healthy, physically active 30-year-old cashier was
referred for a 4-year history of progressive right arm
weakness. Her symptoms started with right wrist pain
not attributable to injury or illness, without weakness
or sensory loss. The wrist pain continued for 6
months despite analgesics and physical therapy. An
EMG performed elsewhere suggested “right ulnar
blockage.” Over the next 6 months the pain subsided
and was replaced with gradual-onset weakness of
right thumb extension. Paresthesias were present on
the dorsum of her right thumb. For 2 years there was
no recurrence of pain, but she had slowly progressive
weakness of finger and wrist extension on the right,
with progressive radial distribution sensory loss for
pain and touch.

Twenty-one months after onset, a right-elbow
MRI was performed and showed atrophy of forearm
muscles innervated by the posterior interosseous
nerve. Two months later, radial nerve exploration in
the distal third of the arm and the elbow region
demonstrated no abnormality; neurolysis was per-
formed without a biopsy. Six months after the nerve
exploration an EMG and nerve conduction studies
(NCS) of the right arm performed at another insti-
tution were reported to show partial radial nerve
conduction block at the spiral groove. Her right
forearm extensor muscles showed reduced recruit-
ment, fibrillation potentials, and large motor unit
potentials (original report unavailable).

She was treated with intravenous immune globu-
lin 1.0 g/kg monthly for 9 months. The deficit con-

Abbreviations: CIDP, chronic inflammatory demyelinating polyneuropathy;
EM, electron microscopy; EMA, epithelial membrane antigen; EMG, electro-
myography; FSE, fast spin echo; FOV, field of view; H&E, hematoxylin and
eosin; MRI, magnetic resonance imaging; NCS, nerve conduction studies;
RF, radiofrequency
Key words: 3.0T MRI; chronic inflammatory demyelinating polyneuropathy;
perineurioma; radial neuropathy; Tinel’s sign
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tinued to progress slowly despite treatment. She was
given Rebif injections twice per week for 3 months,
with no improvement.

A second EMG was reported to suggest conduc-
tion block of the right median and ulnar nerves
(original report unavailable). Three months later a
cervical MRI revealed no abnormalities of neural
structures. Her tentative diagnosis was of multifocal
motor neuropathy.

For 3 months prior to our evaluation, she expe-
rienced generalized fatigue and exhaustion. She
complained of bilateral calf, forearm, and paraspinal
muscle aching that increased with activity and pro-
gressive cramps in her calves. She denied twitching,
tremor, or other abnormal movements. She did not
have weakness or sensory loss in the other limbs. She
had no difficulty in swallowing or shortness of
breath. She was referred for suspected amyotrophic
lateral sclerosis or focal motor neuron disease. A
review of her past medical history and family history
identified no systemic disorders clearly related to her
primary neurological problem. Her medications in-
cluded treatments for migraine, edema, hirsutism,
depression, and muscle and joint pain that appeared
unrelated to her right upper-extremity problem.
There were no other significant medical problems or
laboratory findings.

Neurological examination revealed severe right
forearm extensor weakness and atrophy with relative
sparing of extensor carpi radialis longus and brachi-
oradialis. Stretch reflexes were normal, although re-
inforcement was required for the quadriceps re-
flexes. Loss of superficial pain and temperature
sensation was limited to the dorsum of the right

hand. There was no other sensory disturbance. Pe-
ripheral nerve enlargement and fasciculation were
absent. Blood test studies, including heavy metal
testing, were normal.

Conduction studies of the right upper limb (Ta-
ble 1) showed a low-amplitude right radial com-
pound muscle action potential with a normal four-
point radial motor conduction studies. Right radial
sensory nerve action potential was absent. NCS were
normal for the rest of the right arm, right leg, and
left arm (Table 1). Needle EMG of right radial-
innervated muscles distal to the triceps and anco-
neus muscles revealed fibrillation potentials, re-
duced recruitment, and large motor unit potentials.
Needle EMG of the following muscles were normal:
right pronater teres, right first dorsal interosseous,
right deltoid, right biceps brachii, right triceps (long
head), right low cervical paraspinal, right vastus me-
dialis, right anterior tibial, right medial gastrocne-
mius, and left extensor digitorum communis. The
findings were those of a long-standing, severe right
radial neuropathy distal to the branches to the tri-
ceps and anconeus muscles.

MRI of the right elbow without contrast com-
pared to her previous MRI showed progressive atro-
phy of posterior interosseous forearm muscles. An
associated mild increase in T2 signal suggested both
chronic and subacute changes. No focal lesions or
abnormal neurovascular structures were seen. The
MR images were interpreted as showing posterior
interosseous neuropathy. Six months later an MRI of
the brachial plexus bilaterally showed only mild de-
generative changes in the right acromioclavicular
joint. Two weeks later the patient’s symptoms be-

Table 1. Nerve conduction studies.

Nerve Stimulus site Recording site Amplitude (mV/�V) Velocity (m/s)
Distal latency

(ms) F-wave latency (ms)

Sensory
L. radial Elbow Dorsal hand 33 (�20) — 2.5 (�2.9) —
R. radial Elbow Dorsal hand 0 — No response —
R. median Wrist Index finger 61 (�15) 62 (�56) 3.2 (�3.6) —
R. ulnar Wrist Fifth finger 48 (�10) 70 (�54) 2.3 (�3.1) —
R. sural 14 cm proximal

to ankle
Ankle 11 (�6) — 3.5 (�4.5) —

Motor
L. radial Elbow EDC 11.8 123 2.1 —
R. radial Elbow EDC 2.1 76 2.1 —
R. median Elbow APB 10.2 (�4.0) 53 (�48) 3.6 (�4.5) 25.8
R. ulnar Elbow ADM 10.9 (�6.0) 58 (�51) 2.7 (�3.6) 24.9
R. peroneal Ankle EDB 5.6 (�2.0) 45 (�41) 4.4 (�6.6) 47.4
R. tibial Ankle AH 12.2 (�4.0) 49 (�40) 5.6 (�6.1) 49.9

APB, abductor pollicis brevis; EDC, extensor digitorum communis; ADM, abductor digiti minimi; EDB, extensor digitorum brevis; AH, abductor hallucis.
Normal values are in parentheses.
Dashes indicate that no values were recorded.
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came progressively worse. Examination now revealed
percussion tenderness (Tinel’s sign) in the mid-arm
over the course of the radial nerve; 3T MRI of her
right humerus was performed. The MR images re-
vealed an enlarged radial nerve at the spiral groove
(Fig. 1).

Exploration of the radial nerve was performed at
a level proximal to the previous neurolysis. A focal
enlargement of the radial nerve was noted in the
mid-arm (Fig. 2); fascicular biopsy was performed of

a nonfunctioning portion of the nerve to determine
the nature of the abnormality. The procedure was
well tolerated without new deficit.

Hematoxylin-and-eosin (H&E) staining of the
fascicular nerve biopsy showed onion-bulb–like
structures made of whorls of spindle cells sur-
rounded by collagen. The spindle cells were charac-
terized by extended nuclei and bipolar, elongated,
eosinophilic cytoplasmic processes. The onion-bulb–
like structures were cellular rather than true,
Schwann cell onion-bulbs, such as are seen in hyper-
trophic neuropathies like chronic inflammatory de-
myelinating polyneuropathy (CIDP). Immunohisto-
chemical preparations showed antibody staining for
EMA but were negative for S-100 (Fig. 3). Electron
microscopy (EM) of the nerve demonstrated elon-
gated cytoplasmic processes with incomplete basal
lamina (Fig. 3). These findings confirmed the diag-
nosis of perineurioma with pseudo–onion-bulbs
rather than true onion-bulbs from Schwann cells.
Unlike perineuriomas, CIDP reacts negatively with
EMA and positively with S-100.15 A decision was
made to perform standard radial nerve tendon trans-
fers at a later stage. The outcome of tendon transfers
was more favorable and predictable than resection of
the lesion and nerve grafting given the relatively
long segment of abnormal nerve, the chronicity of
muscle denervation, and the potential for recur-
rence of perineurioma.

A year after the patient was referred to us and 5
years after onset of symptoms, she underwent recon-
struction with tendon transfers: pronater teres to
extensor carpi radialis brevis, palmaris longus to ex-
tensor pollicis longus, and flexor carpi radialis to
extensor digitorum communis. Three months after
the tendon transfers, the patient rated her right
upper extremity improvement at 80%. She was pain-
free, off medications, and able to perform all activi-
ties of daily living, except heavy lifting. She demon-
strated excellent right wrist, finger, and thumb
extension but continued physical therapy for 2 more
months to regain more strength. A 10-month fol-
low-up showed recovery of functional use of her
right hand with only limited independent function
of finger extension. She had no pain. She now works
as a clerk and uses her right arm effectively at work.
She is able to do all activities of daily living.

DISCUSSION

At least 72 intraneural perineurioma cases were
found by PubMed and Medline literature searches,
with involvement of hand and upper extremities
constituting 60% of cases; the radial nerve was af-

FIGURE 1. (A) T1-weighted fast spin echo axial 3.0T MR image
(TR � 950 ms, TE � 16) of right arm without contrast. All imaging
was performed using a custom-built receive-only extremity RF
coil. (B) T2-weighted fast spin echo axial 3.0T MR image of right
arm without contrast with fat suppression. Note the enlarged
radial nerve (arrow) at the level of the spiral groove. There is mild
artifact in both images related to respiratory motion of the adja-
cent chest wall.
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fected in 10% of those cases.5,15 The incidence of
perineurioma is further complicated by its many
synonyms: storiform perineurial fibroma, localized
hypertrophic neuropathy, or hypertrophic neuri-
tis.4,10,12

Focal or multifocal immune-based, inflammatory
neuropathies are the most common chronic monon-
europathies that have no apparent cause.1,16 Our
patient demonstrates that a perineurioma should be
part of the differential diagnosis for any patient pre-
senting with an idiopathic, indolent, localized
mononeuropathy. EMG and NCS can readily localize
and define the severity of a mononeuropathy. At
times the presence of dispersion can suggest an in-
flammatory demyelinating process, but differentia-
tion of pathologic entities can only be reliably made

FIGURE 3. Representative pictures from the targeted fascicular radial nerve biopsy. (A) A transverse epoxy section, stained with
methylene blue showing pseudo–onion-bulbs typical of perineurioma—they are densely compacted, circumferentially arranged profiles
that occasionally have a myelinated fiber in the center. (B) An electron micrograph of a myelinated fiber surrounded by the processes of
the perineurioma. (C) A paraffin transverse section that shows that the centers of the myelinated fibers react but that circumferential
processes do not react to S-100 (a Schwann cell marker) in contrast to (D), the EMA preparation (perineurial membranes) in which the
circumferential processes are reactive. These preparations demonstrate that the onion-bulb–like formations in this case are from a
perineurial origin (pseudo–onion-bulbs) and from a Schwann cell onion (real onion-bulbs.) These findings are diagnostic of perineurioma.

4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
FIGURE 2. (A) The mildly enlarged radial nerve can be seen at
the proximal extent of the surgical exposure (i.e., near the mid-
arm). Its fascicles are enlarged at that level. The nerve appears
normal more distally. (B) A single nonfunctioning fascicular
group, measuring �2 mm, was selected for biopsy (in vasoloop
labeled by the asterisk). This individual fascicle is abnormal, with
a tapered proximal portion and expanded distal portion.
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with biopsy. Fascicular biopsy is an effective mode of
diagnosis with limited risk of increased deficit.6,23,27

Fascicular biopsies require sufficient preopera-
tive localization that the surgeon can reliably deter-
mine where to perform the biopsy. A combination of
the findings on physical examination (including a
localized Tinel’s sign), EMG/NCS, and MRI is
needed for optimal guidance. Imaging of nerves is
finding increased value in patients with mononeu-
ropathies without a clear etiology. The power of a 3T
MRI scan early in the course of disease can expedite
the localization of the disease process and facilitate
the diagnosis of perineurioma. Tesla measures the
magnetic field strength of the scanner and 3.0T is
equivalent to roughly 30,000 times the earth’s mag-
netic field.24 The 3T MRI has twice the field strength
of conventional 1.5T MRI scanners, allowing for sig-
nificantly improved resolution in a clinically feasible
examination time due to the roughly double avail-
able signal-to-noise ratio.9 Because of improved
spatial resolution, small lesions can be accurately
localized and better characterized prospectively, es-
pecially when targeted based on clinical and EMG
findings. In this patient’s case, the 1.5T and 3T
examinations were performed using similar RF coils
(both custom-made at the Mayo Clinic with nearly
identical geometry so that coil differences were not
contributory). Identical pulse sequences were used
at both strengths (FSE T1 and FSE T2 with chemical
fat saturation). The difference lies in the in-plane
spatial resolution and slice thickness. The 3T exam-
ination was performed using a smaller 12-cm field of
view (FOV) with a larger imaging matrix (384 � 256,
pixel size �0.46 mm) and thinner sections (5 mm)
than the 1.5T examinations, which used a 16-cm
FOV with a matrix of 256 � 192 (pixel size �0.84
mm) and a slice thickness of 6 mm, leading to a
voxel size �3–4 times larger than at 3T. Identifica-
tion of this small (8 mm) lesion immediately adja-
cent to vessels (that confused the interpretation)
resulted from the higher spatial resolution, which
clearly showed the lesion margins and detail without
significant volume averaging even though patient
motion was present and slightly blurred some of the
images. In retrospect, the lesion is not identifiable
on the 1.5T study, which was performed in a very
appropriate and standard fashion.

The improved resolution not only allows narrow-
ing of differential diagnostic considerations but also
improves the accuracy of targeted fascicular biopsies
for definitive diagnosis. Earlier studies have relied
on the identification of peripheral nerve abnormal-
ities through the use of high-quality T2-weighted
imaging with robust fast suppression, which was the

technique used on both the 1.5T and 3T examina-
tions here.

The added value of high-field MRI has been sig-
nificant in the area of brain, spine, body, and mus-
culoskeletal imaging.9,24 The precise pathologic di-
agnosis of a focal nerve lesion, however, requires a
fascicular nerve biopsy. Biopsy allows histologic, im-
munohistochemical, and EM studies to confirm the
diagnosis of a perineurioma. A surgeon experienced
in peripheral nerve surgery facilitates the isolation
and removal of a nerve segment with limited loss of
sensory and motor function, and infrequent residual
pain.

In summary, the success in identifying this lesion
depended on a cooperative effort among specialists
which, through communication of a full knowledge
of the patient’s symptoms and suspected area of
involvement, led to a proper imaging study and then
to a favorable outcome.

The authors thank Dr. Kimberly K. Amrami for developing 3T
MRI scanning of the peripheral nerve, providing the images, and
writing parts of the article; Dr. Robert J. Spinner for performing
the fascicular nerve biopsy and editing the article; Dr. Joel P.
Felmlee for designing the custom coil and the protocol for 3T
upper arm imaging; and Ms. JaNean Engelstad for the histological
preparations. Material from this case report was presented at the
annual meeting of the American Academy of Neurology in April
2005 at Miami, Florida.
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CASE OF THE MONTH ABSTRACT: Inflammatory myopathies (IM) are a heterogeneous group of
diseases characterized by immune-mediated damage to skeletal muscle.
Sensory abnormalities are rare in patients with IM. We report two patients,
one with dermatomyositis and the other with inclusion-body myositis, who
presented with unexpected sensory abnormalities due to probable immune-
mediated damage to dorsal root ganglia. We emphasize the importance of
combined neuroimaging and neurophysiological assessment for proper di-
agnosis.
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Inflammatory myopathies (IM) are a heterogeneous
group of diseases characterized by immune-medi-
ated damage to skeletal muscle. Three major forms
of IM are now recognized: dermatomyositis (DM);
polymyositis (PM); and inclusion-body myositis
(IBM).1 DM is essentially a humorally mediated dis-
ease of endomysial capillaries, whereas PM and IBM
are related to cell-mediated damage to muscle fi-
bers.1 In IBM, autoimmune inflammatory and de-
generative features coexist and are found through-
out the course of the disease.2 Despite these
differences, proximal muscle weakness is the usual
initial complaint in all patients with IM. The tempo-
ral course is subacute in DM/PM and chronic in
IBM. In addition, a predilection for elderly patients
and therapeutic refractoriness are two distinctive fea-
tures of IBM.

Sensory assessment, both clinical and neurophys-
iological, in patients with IM is frequently normal.
However, there are a few reports of sensory abnor-
malities in IM,3–5 particularly IBM.4,5 These are
mainly supported by nerve conduction studies

(NCS) or pathological analyses of sural nerve speci-
mens, and clinical manifestations are generally mild.
We report two patients with IM who had unusual
sensory abnormalities and emphasize the impor-
tance of combined magnetic resonance imaging
(MRI) and neurophysiological assessment for
proper diagnosis. We also highlight some conditions
that must be included in the differential diagnosis
and discuss possible pathogenetic mechanisms.

CASE REPORTS

Case 1. A 71-year-old man was evaluated because of
slowly progressive lower-limb weakness and numb-
ness over the last 5 years. He was unable to climb
stairs and frequently fell while walking. His past med-
ical history was unremarkable and he had no history
of diabetes mellitus, thyroid dysfunction, alcohol
consumption, or long-term medication use.

On neurological examination, cognitive perfor-
mance was adequate for age and cranial nerves were
normal. He had symmetric weakness of finger flex-
ors and proximal lower-limb muscles, with marked
quadriceps wasting, global areflexia, and sensory im-
pairment of all modalities up to the knees and el-
bows.

Laboratory studies revealed a slightly increased
serum creatine kinase (CK) level (290 U/L), eryth-
rocyte sedimentation rate of 42 mm in the first hour,
and positive anti-nuclear antibodies at 1 in 160 (ho-
mogeneous pattern). Screening for Sjögren’s syn-
drome, which included anti-Ro and anti-La antibod-
ies, Schirmer’s test and parotid scintigraphy, and
human immunodeficiency virus (HIV) and human

Abbreviations: CK, creatine kinase; CMAP, compound muscle action po-
tential; COX, cytochrome c oxidase; CT, computerized tomography; DM,
dermatomyositis; DRG, dorsal root ganglia; EMG, electromyography; HIV,
human immunodeficiency virus; HTLV, human T-cell lymphotropic virus; IBM,
inclusion-body myositis; IM, inflammatory myopathy; MRI, magnetic reso-
nance imaging; MUAP, motor unit action potential; NCS, nerve conduction
studies; PM, polymyositis; SNAP, sensory nerve action potential; SND, sen-
sory neuron disease; SS, Sjögren’s syndrome
Key words: dermatomyositis; inclusion-body myositis; magnetic resonance
imaging; sensory neuronopathy; spinal cord
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T-cell lymphotropic virus (HTLV) serologies, were
negative. Thyroid function tests and blood cell
count, electrolytes, serum electrophoresis, fasting
blood glucose, serum vitamin B12, and venous lactate
were normal. Cerebrospinal fluid examination was
unrewarding, including tests for neurosyphilis (Ve-
nereal Disease Research Laboratory and Treponema
pallidum hemagglutination assay). The patient un-
derwent chest and abdominal computed tomogra-
phy, upper gastrointestinal endoscopy, and colonos-
copy to search for underlying neoplasia. Tumoral
markers (carcinoembryonic antigen, alpha-fetopro-
tein, prostate-specific antigen, and cancer antigen
19-9) were within normal limits.

Motor and sensory nerve conduction studies are
shown in Table 1. F-wave latencies in arms and legs
were within the normal range but tibial H reflex
could not be obtained on either side. At rest, needle
electromyography (EMG) showed positive sharp
waves and fibrillation potentials in proximal and
distal muscles in all limbs. There were frequent
short-duration, polyphasic, and small-amplitude mo-
tor unit action potentials (MUAPs) associated with a
few large-amplitude and long-duration MUAPs in
proximal muscles.

Quadriceps femoris biopsy showed mild endomy-
sial mononuclear inflammatory infiltrate without
perifascicular atrophy, some fibers with central nu-
clei, rimmed vacuoles (sometimes several per fiber),
and necrotic myofibers interspersed with regenera-
tive ones (Fig. 1A and B). There were several cyto-
chrome c (COX)–negative fibers but no ragged-red
fibers or type grouping. Blood vessels had normal
caliber and showed no infiltrates.

Spinal cord magnetic resonance imaging (MRI)
showed dorsal column (both gracile and cuneatus

fasciculi) hyperintense lesions on T2-weighted im-
ages extending from C2 to T1.

The patient was started on azathioprine (3
mg/kg daily) and followed on a regular basis. After
1 year, there was a slight reduction of serum CK
levels but no modification of motor strength. Al-
though sensory complaints improved, residual pro-
prioceptive, vibratory, and tactile dysfunction are
still present.

Case 2. A 41-year-old woman was referred for neu-
romuscular evaluation because of generalized weak-
ness, myalgia, and hand paresthesias evolving over 2
months. She had been healthy up to admission and
denied any relevant family history of neurological
disease.

There was proximal (grade 3 on the Medical
Research Council scale) and distal (grade 4) muscle
weakness associated with global areflexia when she
was first examined. Significant wasting and fascicu-
lations were not found. Sensory testing revealed
asymmetric areas of tactile and vibratory hypesthesia
in the upper and lower limbs. Cranial nerve nuclei
were not affected. Gottron’s sign and a heliotrope
rash were found.

Serum CK level was increased (2300 U/L), but a
panel of autoantibodies (including Jo-1, anti-Ro, and
anti-La), erythrocyte sedimentation rate, thyroid
function tests, and venous lactate were normal. Rose
Bengal staining of the cornea was normal as was
parotid gland scintigraphy. A systemic search for
underlying neoplasia that included computerized to-
mography (CT) of the chest, abdomen, and pelvis as
well as mammography was normal. Upper gastroin-
testinal endoscopy, colonoscopy, and tumor markers
were also normal.

Table 1. Motor and sensory nerve conduction studies in patients 1 and 2.

Normal Patient 1 Patient 2

SNAP (�V) NCV (m/s) SNAP (�V) NCV (m/s) SNAP (�V) NCV (m/s)

Sensory nerves
Radial �12 �44 NR NR NR NR
Ulnar �12 �44 NR NR NR NR
Sural �5 �38 NR NR NR NR

CMAP (mV) NCV (m/s) CMAP (mV) NCV (m/s) CMAP (mV) NCV (m/s)

Motor nerves
Median �4 �49 16.4 50.0 0.75 52.3
Ulnar �6 �49 13.1 56.2 0.97 50.1
Peroneal �2 �41 5.7 43.7 1.10 47.2
Posterior tibial �3 �41 6.8 44.8 0.72 47.8

SNAP, sensory nerve action potential; CMAP, compound muscle action potential; NR, no response obtained.
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Nerve conduction studies are detailed in Table 1.
Late responses (F waves and H reflex) were not
obtained. Repetitive stimulation at 3 and 20 Hz
showed no abnormalities. Needle EMG revealed
abundant positive sharp waves and fibrillation poten-
tials at rest and short, polyphasic MUAPs with early
recruitment during voluntary contraction. These
findings were present in all muscles examined (del-
toid, biceps brachii, flexor carpi ulnaris, rectus fem-
oris, tibialis anterior), but were most pronounced in
proximal muscles, especially deltoid and rectus fem-
oris.

A biceps brachii biopsy revealed perifascicular
atrophy, perivascular mononuclear cell infiltrates,
capillary abnormalities and depletion, and myofiber
necrosis and regeneration (Fig. 1C). As sensory ab-
normalities are not usually seen in dermatomyositis,
further neuroimaging investigations were under-
taken. Spinal cord T2-weighted images revealed hy-
perintense lesions in the posterior fasciculi (gracilis
and cuneatus) at the cervical and thoracic levels
(Fig. 2).

The patient was started on oral steroids (pred-
nisone 1 mg/kg daily) with gradual recovery of
strength and decline of serum CK levels. Although
she had almost complete motor recovery, she was
still unable to walk unassisted due to persistent pro-
prioceptive hypesthesia with sensory ataxia after 1
year. At that time, extensive screening for underlying
neoplasia was again negative. She was later lost to
follow-up.

DISCUSSION

The first patient had a slowly progressive myositis
with rimmed vacuoles and marked involvement of
finger flexors and quadriceps femoris, which are

FIGURE 1. Quadriceps femoris biopsy (patient 1). (A)
Lymphomononuclear infiltrate among the muscle fibers, variation
in fiber size and internal nuclei. Hematoxylin–eosin (H&E) stain;
original magnification �100. (B) A muscle fiber containing sev-
eral rimmed vacuoles. Biceps brachii biopsy (patient 2). (C) Se-
vere non-specific perivascular inflammatory infiltrate in perimi-
sium. Variation of fiber size and perifascicular atrophy. H&E stain;
original magnification �100.

FIGURE 2. Cervical spinal cord MRI of the second patient.T2-
weighted images showing hyperintense lesions in the dorsal
funiculi (arrow).
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typical findings of IBM.6 In the second patient, bi-
opsy and clinical features including classic cutaneous
signs were indicative of DM. Despite the distinct
subtypes of IM, sensory deficits had the same ana-
tomical substrate in both patients. NCS and spinal
cord MRI abnormalities indicated simultaneous
damage to central and peripheral sensory pathways,
suggesting the dorsal root ganglia as the major site of
the lesion.7 Diffuse areflexia in both patients and the
truncal sensory deficits found in the second case are
not typically found in axonopathies and indeed sup-
port a proximal lesion. On clinical grounds, overt
sensory ataxia was possibly overshadowed by motor
deficits at onset. In case 2, sensory ataxia was more
easily noticed at follow-up because of steroid-
induced motor improvement.

In the first patient, the dissociation of abnormal-
ities in motor and sensory NCS reinforces the possi-
bility of a sensory neuron disease (SND).8 We believe
the second patient also had SND despite the simul-
taneous abnormalities found in sensory and motor
NCS. In this individual, sensory impairment, mani-
fested by complete absence of SNAPs, diffuse
areflexia, and disabling sensory ataxia, would be bet-
ter explained by damage to DRGs than by an ax-
onopathy. However, low-amplitude CMAPs must also
be explained and three possibilities merit consider-
ation. Lambert–Eaton myasthenic syndrome is one
possibility but repetitive stimulation at 20 Hz did not
reveal significant increments in CMAP amplitudes. It
is more likely that a superimposed motor axonopa-
thy accounts for the low-amplitude CMAPs, but some
findings do not support this hypothesis. First, there
was marked and rapid clinical improvement on ste-
roids, which is unusual in axonal neuropathies. Sec-
ond, gracile and cuneate lesions were present and
cannot be explained by damage to distal peripheral
axons. Third, the motor NCS abnormalities may
have resulted from the myositis itself. Although un-
likely, low-amplitude CMAPs may eventually be
found in active forms of IM, especially in DM9,10 and
distal myopathies such as myotonic dystrophy type
1.11 Follow-up NCS would have been useful to sup-
port this hypothesis but unfortunately could not be
performed.

SNDs are a heterogeneous group of diseases
characterized by DRG involvement and subsequent
degeneration of both peripheral and central projec-
tions.7,12 The neurophysiological hallmark of these
conditions is a diffuse and non–length-dependent
axonal compromise of SNAPs with preserved motor
NCS and needle EMG.8 In some patients, there are
associated motor abnormalities. Diagnosis based
solely on NCS and clinical evaluation is challenging.

In such situations, spinal cord MRI has been em-
ployed as a useful adjunctive diagnostic tool13 to
show lesions in the dorsal fasciculi caused by degen-
eration of DRG central projections, as in our cases.

Some potentially treatable diseases have been
associated with SND. Sjögren’s syndrome is the most
frequent immune-mediated SND.7,12 In this situa-
tion, sensory deficits evolve rapidly but immunosup-
pressive therapy is effective.14 None of our patients
complained of dry mouth or eyes and an extensive
screening excluded Sjögren’s syndrome. In addition
to tropical spastic paraplegia, neurological manifes-
tations of HTLV infection may include SND and
myositis, namely IBM,1,15 as seen in the first patient.
His serological examinations for both HIV and
HTLV were negative. Paraneoplastic SND is a well-
characterized entity particularly associated with
bronchogenic carcinomas and non-Hodgkin lym-
phomas.7,12 In fact, SND was first described in 1948
by Denny-Brown in patients with lung cancer who
developed subacute myositis and a sensory neurop-
athy.16 Postmortem analysis revealed severe loss of
DRG cells and skeletal muscle inflammatory infil-
trates resembling DM. Understanding of paraneo-
plastic SND has since evolved and serum markers
have been identified, such as Hu and CMRP-5 anti-
bodies.17,18 In our patients, neoplasia was not found
even after extensive investigation. Two additional
features of the first patient that argue against para-
neoplastic syndrome are the IBM phenotype that has
a weak association with tumors19 and a long fol-
low-up period (�5 years) without malignancy. Neo-
plastic diseases are more frequently related to DM as
seen in the second patient. Paraneoplastic DM, how-
ever, usually affects individuals older than 50 years of
age.19 Screening for anti-Hu antibodies would have
been useful for the second patient, but she was lost
to follow-up.

Despite this, few studies focusing on the associa-
tion of SND and DM outside of an oncological con-
text have been published.3 Based on histological
findings of sural nerve biopsies, some investigators
have suggested that humoral immune activation and
vasculitis of the vasa nervorum may be the underly-
ing mechanism of axonal damage.10 As capillaries
supplying the DRG have a loose blood–nerve barrier,
pathogenic auto-antibodies could easily reach the
DRG, which would explain the deficits in patient 2.
We are unaware of any previous reports of an asso-
ciation between IBM and SND, such as occurred in
our first patient. Although a chance association can-
not be firmly excluded, our report further extends
the list of neuromuscular manifestations of IBM.20
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