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Abstract
The goals of this study were to investigate muscle fatigue in patients with multiple sclerosis (MS),
and to determine the relationships between muscle fatigue, clinical status, and perceived fatigue. The
fatigability of the anterior tibial muscle was quantitated in patients and controls during 9 min of
intermittent stimulation (used to eliminate central sources of muscle fatigue). During exercise, the
decline in tetanic force, phosphocreatine, and intracellular pH was greater in patients than in controls.
The compound muscle action potential amplitude did not decrease during exercise, indicating that
there was no failure of neuromuscular transmission during fatigue. Thus, the excessive fatigue in MS
developed from sources beyond the muscle memberane. Following exercise, the recovery of tetanic
force was delayed in patients (a pattern that suggests abnormal excitation-contraction coupling),
whereas the recovery of metabolites was complete in both groups. Muscular fatigue was correlated
with clinical disability but not with perceived fatigue. These results suggests that fatigue in MS has
both central (perception, upper motor neuron dysfunction) and peripheral (impaired metabolism and
excitation-contraction coupling) components.

Keywords
exercise; excitation-contraction coupling; metabolism; magnetic resonance spectroscopy

Fatigue is a common and frequently disabling symptom in patients with multiple sclerosis
(MS).11 However, the mechanisms of fatigue in MS remain unclear.5,28 Central sources of
fatigue might well be a factor for MS patients, and could involve at least two different
mechanisms. First, recruitment of alpha motor neurons is impaired because of lesions in
corticospinal pathways.33 Second, reaction times are delayed and cognitive activity is abnormal
in many patients with MS, suggesting that the processes involved in preparing for and initiating
motor responses are also affected.34,35

Previous studies have shown that peripheral sources of fatigue are also important in spastic
muscles.24,29 Lenman et al. suggested secondary changes in spastic muscles are similar to those
of immobilization and disuse.24 In another study of a small number of patients with various
types of spastic paraparesis, greater changes in energy metabolites accompanied the excessive
muscle fatigue observed in patients compared to controls, which suggested that intramuscular
factors may contribute to fatigue in spastic paraparesis.29 Recently, in patients with MS, we
have observed both reduced muscular oxidative capacity,19 and evidence of impaired activation
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during voluntary exercise.20 These recent results provide further evidence of intramuscular
dysfunction in MS.

Therefore, the main objective of this study was to investigate muscle fatigue in MS patients,
and to determine the extent to which muscle fatigue was related to clinical status and perceived
fatigue. We examined fatigue in a group of MS patients and in healthy control subjects by
measuring muscle force, activation, and energy metabolism during electrical stimulation of the
anterior tibial muscle. By using stimulated contractions to induce muscle fatigue, central factors
were eliminated and the peripheral factors associated with fatigue were quantitated. To assess
neuromuscular junction and muscle membrane function during fatigue, the evoked compound
muscle action potential was measured. To evaluate excitation-contraction coupling function,
the rates of tension development and relaxation and the pattern of force recovery were
measured.10,30 To evaluate changes in muscle metabolism during fatiguing exercise,

phosphocreatine (PCr), inorganic phosphate (Pi), monovalent inorganic phosphate ,
and intracellular pH were measured using magnetic resonance spectroscopy (MRS).28 Finally,
to determine the extent to which various components of peripheral muscle fatigue (activation,
metabolism) were associated with clinical symptoms of fatigue, we measured perceived fatigue
and clinical neurological dysfunction.

MATERIALS AND METHODS
Subjects

A total of 28 patients and 14 controls were studied. Each patient fulfilled clinical criteria for
definite MS.32 Twenty patients had a relapsing course and 8 patients had chronic progressive
disease with a mean duration of 10 years (range 2-26 years). Eight patients were ambulatory,
18 walked with a cane or a walker, and 2 were wheelchair-bound. Eighteen patients were taking
medication: baclofen (7), oxybutynin (7), amantadine (6), and amitriptyline (5). Informed
consent, approved by the Committee on Human Research and Experimentation at the
University of California at San Francisco and the California Pacific Medical Center was
obtained from patients and control subjects before enrollment in the study. Neurophysiological
studies were performed at California Pacific Medical Center on the anterior tibial muscle of
28 patients with MS (21 females, 7 males; mean age 44 years, range 24-60) and 14 control
subjects (6 females, 8 males; mean age 34 years, range 23-74). These studies were repeated on
the legs of 4 control subjects (2 females, 2 males; mean age 41, range 32-47 years) and 13
patients (10 females, 3 males; mean age 49, range 24-60 years) in the MRS system at the
Veteran’s Administration Medical Center, San Francisco.

Clinical Evaluation
Each patient was given a complete neurological examination and scored on Kurtzke’s
Expanded Disability Severity Scale (EDSS), ranging from 0 (normal) to 10 (death due to MS).
23 Spasticity was graded according to the Ashworth scale from 1 (normal muscle tone) to 5
(completely fixed).31 To evaluate central motor drive, the maximum number of rapid foot
tapping movements achieved in a 10-s period was recorded for each subject. To assess
perceived fatigue, each subject completed a 28-item fatigue questionnaire (Krupp fatigue
severity scale) and a 10-cm visual analogue fatigue scale.22

Neurophysiological Measurements
All studies were performed on the anterior tibial muscle. Subjects were comfortably seated
with the knee flexed and foot supported on a shoe-shaped platform and strapped in a position
of 120° ± 5° plantar flexion.29 Surface electrodes (circular discs 10 mm in diameter) with
conducting gel were taped to the skin over the belly and tendon of the anterior tibial muscle.
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A pair of stimulating electrodes was placed over the peroneal nerve just distal to the fibular
head. A ground plate was taped to the skin between the recording and stimulating electrodes.
An adjustable strap across the metatarsal heads held the plantar surface of the foot against the
platform. A force transducer secured beneath the foot platform was used to measure force and
fatigue (Gould Inc. Statham Instruments Division, Oxnard, CA). A Velcro strap across the
thigh was used to restrain the knees and prevent the thigh muscles from contributing to force
development during maximum voluntary contractions of the anterior tibial muscle.

Electrical Stimulation
Prior to all exercise studies, electrical stimulation of the peroneal nerve was used to evoke the
compound muscle action potential (CMAP), twitch tension, and tetanic force of the tibialis
anterior muscle. To assess changes in neuromuscular propagation during exercise,
supramaximal stimuli 0.2 ms in duration and 30% above that necessary to produce a maximum
CMAP were delivered via surface electrodes (NS6, Teca Corp., Pleasantville, NY). Three
patients were given fentanyl (2.5-5.0 μg/kg, intramuscularly) to lessen the discomfort of tetanic
stimuli. Two patients with excessive spasma induced by supramaximal nerve stimulation were
excluded from the study.

The CMAP from the anterior tibial muscle was amplified (Teca AA6MKII; bandpass filter 1.6
Hz to 16 kHz, sweep speed of 2 or 5 ms/cm) and recorded on photographic paper. For the single
evoked CMAP, amplitude was measured from the baseline to the negative peak; for the tetanus,
CMAP was measured from peak to peak of the first and last response in the tetanic train.
Changes in CMAP amplitude during exercise were expressed as percentage of the preexercise
CMAP.

Isometric Force Measurements
Two recordings of isometric twitch tension (TT) were obtained at optimal muscle length to
ensure reproducibility. The optimal muscle length was achieved by adjusting the ankle to 12°
± 5° plantar flexion, a position which evoked the maximum TT. Heel cord contractures (>100°)
were not present in any patient. Supramaximal stimulation of the peroneal nerve at 50 Hz for
240 ms was applied to the resting muscle and the resultant tetanic force (TF) was recorded on
photographic paper. The force of the meximum voluntary isometric contraction (MVC) was
determined by asking each subject to dorsiflex the foot maximally for 3 s. The signal from the
force transducer was amplified by a direct current amplifier (Teca AD6M), and fed into a
calibrated analogue voltmeter to provide visual feedback to the subject while being recorded
on photographic paper. Three recordings of MVC at 2-min intervals were obtained. The best
of three attempts with less than 10% variation was selected as the representative MVC. To
evaluate the degree of voluntary activation (“added force”), a supramaximal tetanic stimulus
(50 Hz for 240 ms) was delivered at the end of the third MVC.

The TT, TF, and MVC were measured from the baseline to the the peak of the respective
myogram and expressed in Newtons. The twitch contraction and half-relaxation times were
measured from the onset of the twitch to the peak, and from the peak to the half-maximal force
level, respectively. The meximum rate of rise of the TF was determined by direct measurement
of the myogram and expressed as a percentage of TF per second. Half-relaxation time of the
tetanic contraction was calculated from the time of the last stimulus to the time at which the
peak tension had decayed by half. During exercise, changes in force measurements (TT, TF,
rate of rise of TF) were expressed as a percentage of the preexercise values.

Metabolic Measurements
To determine the role of metabolism in fatigue in MS, the same exercise protocol was carried
out in a subgroup of 13 patients and in 4 controls in the MRS system. This system (2.0 T, 30-
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cm bore magnet; GE CSI spectrometer, Fremont, CA) was used to quantitate changes in
phosphorus energy metabolites and pH during and after exercise in 13 patients and 4 controls.
28,29 Gold-plated surface electrodes (10-mm diameter; Grass Medical Instruments, Quincy,
MA) were used to stimulate the peroneal nerve. A 3 × 5 cm oval surface coil was also taped
to the belly of the anterior tibial muscle. The leg was securely fixed in a lexan frame with the
knee slightly flexed, and the foot was fastened to an adjustable foot plate with the ankle plantar-
flexed to 120° ± 5°. The leg was then inserted into the magnet. TT, TF, and MVC were recorded
with a nonmagnetic force transducer (West Coast Research Corp., Los Angeles, CA) in the
same manner as described above.

Phosphorus spectra were collected at 34.6 MHz with a repetition time of 0.75 s. Before exercise,
a 4-min rest spectrum was collected. Subsequent spectra (1-min time resolution) were acquired
continulusly during the 9 min of intermittent tetanic stimulation and 15 min of recovery. To
calculate metabolic concentrations, it was assumed that the sum of PCr and Pi concentration
was constant and equal to 42.2 mmol/L.29,36 The chemical shift of Pi relative to that of PCr
was used to calculate intracellular pH.12

Exercise Protocoi
To examine muscle fatigue independent of central factors, supramaximal tetanic stimuli (50
Hz for 240 ms) were delivered at the peroneal nerve once every 3 s for a total of 9 min in
patients and controls. During exercise, the CMAP, the ratio of last of first CMAP of the tetanic
train, TF, and the rate of rise of TF were measured each minute. Immediately after the cessation
of the 9-min intermittent stimulation, and at 1, 5, 10, and 15 min of recovery, CMAP, TT, TF,
and rate of rise of TF were determined. The metabolic data was collected continuously
throughout exercise and recovery, with a time resolution of 1 min.

Statistical Analyses
Differences between patients and controls in force and metabolites at rest were tested by using
Student t-tests. ANOVA for repeated measures was used to analyze changes in TF, PCr,

, Pi, and pH during 9 min of intermittent, tetanic stimulation and 15 min recovery. A
Pearson’s product moment correlation was used to determine the correlations between the
muscle fatigue index (percentage fall of TF at the end of 9-min stimulation) and Ashworth
score, EDSS, rate of rapid foot taps, fatigue severity scale, and visual analogue scale. A
Pearson’s product moment correlation was also used to determine the correlations between
percentage change in TF during exercise (at 7, 8, and 9 min), recovery (at 10, 14, and 24 min),
and the corresponding changes in metabolites (PCr, , Pi, and pH). A P value >0.05 was
considered significant; the data were not adjusted for multiple comparisons.

RESULTS
Preexercise Studies

The means and ranges of the patients’ clinical scores were as follows: Ashworth score: 2.2
(2-4); EDSS: 5.1 (2-8), Krupp fatigue severity scale: 136 (68-177); visual analogue fatigue
scale; 6.5 (1.5-10); and rapid movements in 10 s: 21.2 (0-36). There were significant
correlations between the rate of rapid movements and both the Ashworth (r = 0.7, P > 0.01)
and the expanded disability severity scores (r = 0.6, P > 0.01), suggesting that these are
concordant clinical measures of impaired motor control. Moreover, there were significant
correlations between preexercise “added force” and both the rate of rapid movements (r = 0.5,
P > 0.01) and the Ashworth scores (r = 0.4, P > 0.05), suggesting that all three measures reflect
the central disorder of motor unit activation.
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The preexercise dynamic properties of the anterior tibial muscle are shown in Table 1. The
CMAP amplitude was reduced in the patients compared to controls, which suggests a reduction
in the number or size of muscle fibers in the MS patients.4 TT, TF, and MVC were also
significantly reduced in patients, which is consistent with the reduced CMAP and indicates
muscle weakness or reduced muscle size, or both. Relative to controls, the patients’ deficits in
maximal tetanic (39% lower than controls) and voluntary (38% lower) forces were
approximately the same, suggesting that much of the loss of muscular force was due to
peripheral rather than central alterations. However, the “added force” was higher in patients
than in controls, indicating that central activation failure in patients prior to exercise may have
contributed to some of the voluntary force deficit. The normal ized rate of rise of TF was lower
and the TF half-relaxation time higher in patients, suggesting slowed dynamic properties of
tetanic contraction in the patients prior to exercise. Twitch contraction and half-relaxation times
were similar in both groups. Prexercise PCr (38.8 ± 0.5 mmol/L for patients, 37.0 ± 0.6 mmol/
L for controls) and pH (7.06 ± 0.02 for patients, 7.06 ± 0.02 for controls) were also similar in
both groups.

Changes in Force during Exercise
Figure 1 shows the change in mean TF during exercise in patients and controls. The data for
the subgroups studied using MRS are included in Figure 1. During each of the 9 min of
intermittent stimulation, TF decreased more in the patients than controls, P > 0.01. In controls,
the decline in TF plateaued by the second minute of exercise, whereas in patients TF continued
to decline until the end of exercise. Overall, TF declined during exercise to 64.8 ± 3.6% of
initial in patients (n = 28) and to 86.1 ± 2.6% in controls (n = 14), P > 0.01. During the 15 min
following exercise, the recovery of TF was slower and less complete in patients compared to
controls (to 73.7 ± 3.1% vs. 95.9 ± 1.4%, P >0.01) (see Fig. 1). The change in TT during
fatiguing exercise also differed between the two groups (data not shown). During exercise,
potentiation of TT was greater in controls (to 164.2 ± 26.1%) than in patients (to 104.14 ±
7.7%, P > 0.01). In addition, there was a tendency for TT to recover more slowly in patients
(to 80.0 ± 6.8%) than in controls (to 103.7 ± 14.4%, P = 0.18). Delayed recovery of TF and
TT in the patients, as well as their reduced potentiation of TT, all suggest that impaired
excitation-contraction coupling may have contributed to the development of fatigue in MS.

Before exercise, during exercise, and during recovery, the normalized rate of rise of TF was
lower in patients than controls (data not shown), which suggests impaired speed of force
development in MS. Before exercise the rate of rise of TF was 896.1 ± 50.0% TF/s in patients
and 1017.3 ± 43.8% TF/s in controls, P > 0.05. At the end of exercise, the rate of TF was 722.8
± 36.8 TF/s in patients and 1086.5 ± 54.3% TF/s in controls, P > 0.05; and at the end of 15 min
of recovery it was 703.2 ± 42.4% TF/s in patients and 1235.0 ± 127% TF/s in controls, P >
0.05. Thus, the slowed force development observed prior to exercise in MS was further slowed
during fatigue, and failed to recover following exercise. These data are consistent with imparied
excitation-contraction coupling before and during fatigue in MS.

Changes in CMAP during Exercise
Exerciseinduced changes in the amplitude of the CMAP are shown for both groups in Figure
2. During exercise, the amplitude of the CMAP increased in patients to 112.6 ± 3.5% of initial
and decreased in controls to 98.5 ± 2.8%, P = 0.06. The finding that there was not a significant
fall in CMAP amplitude during exercise in either group suggests that there was no failure of
transmission at the neuromuscular junction or muscle membrane during exercise. At the end
of 15 min of recovery, CMAP amplitude was similar in patients (106.8 ± 2.8%) and controls
(96.7 ± 55%, P = 0.60). A comparison of the ratio of the amplitudes of the first and twelfth
potentials in each tetanic train disclosed enlargement (patients, 109.8 ± 2.0%; and controls,
103.7 ± 3.7% [P = 0.60]) rather than decrement (data not shown), during exercise and recovery.
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Thus, there was no overall decline of either the CMAP evoked by single stimuli or during a
train, suggesting that fatigue cannot be attributed to a neuromuscular junction defect.

There was no difference in the induced muscular fatigue (percentage fall in TF at the end of
exercise) between the 7 male (to 53.1 ± 3.6%) and 7 female (to 50.1 ± 8.8%) (P = 0.80) patients
matched for age and disability. Similarly, there was no difference in fatigue between the 4 male
(to 83.6 ± 3.9%) and 4 female (87.4 ± 2.9%) (P = 0.50) controls. Further, there was no
correlation between muscle fatigue and age for either patients (r = 0.2, P = 0.40) or control
(r = 0.1, P = 0.30). Thus, there was no effect of sex or age on the magnitude of fatigue for
either patients or controls.

Metabolic Changes during Exercise
To investigate the role of metabolism in muscle fatigue in MS, measurements of energy
phosphates and pH were made throughout exercise and recovery. The mean change in PCr,

, and pH for the subgroup of 13 patients and 4 controls studied using 31P-MRS are shown
in Figure 3A-C. As in the larger groups, the maximum decline in TF during 9 min of exercise
was greater in patients than in controls (P > 0.01, Fig. 1). During exercise, PCr declined to 16.2
± 2.7 mmol/L in patients compared with 25.3 ± 1.8 mmol/L in controls (P > 0.01) (Fig. 3A).
Following exercise, PCr recovery was initially slower in the patients, but was complete in both
groups after 15 min of recovery. During exercise,  increased to 14.9 ± 2.6 mmol/L in
patients and to 6.1 ± 0.9 mmol/L in controls (P > 0.05) (Fig. 3B). Pi also increased more in
patients (to 27.9 ± 3.8 mmol/L) than in controls (to 16.4 ± 1.8 mmol/L) (p > 0.05) (same shape
as Fig. 3B, data not shown). Both groups returned to normal levels after 15 min of recovery.
Finally, as shown in Figure 3C, intracellular pH also decreased more in patients (to 6.76 ±
0.07) than in controls (6.91 ± 0.05) (P > 0.05). After 15 min, recovery of pH was complete in
both groups. Thus, the patients demonstrated an exaggerated metabolic response to exercise
compared to controls, which suggests a role for metabolism in the excessive muscle fatigue in
MS.

Factors Associated with Muscle Fatigue in MS
Muscular fatigue (percentage fall in TF) was significantly correlated with two of the three
preexercise clinical assessments of neurological disability. The correlations between muscle
fatigue and the rate of rapid movements (r = 0.6, P > 0.01) and Ashworth score (r = 0.5, P >
0.05) were significant, while the correlation between muscle fatigue and EDSS (r = 0.3, P =
0.08) was not. The muscular fatigue index did not correlate with perceived fatigue (fatigue
severity scale: r = 0.2; visual analogue fatigue scale: r = 0.1). Perceived fatigue did not correlate
with clinical disability ratings. Thus, clinical assessments of disability were better associated
with fatigability than were measurements of perceived fatigue.

In the patients, muscular fatigue (percentage fall in TF at the end of exercise) was significantly
correlated with the changes in PCr (r = 0.6, P > 0.05),  (r = 0.8, P > 0.01), Pi (r = 0.6,
P > 0.05), and pH (r = 0.6, P > 0.05). During the first minutes of recovery, the changes in TF
correlated with the changes in  (r = 0.6, P > 0.05) and pH (r = 0.6, P > 0.05) but did not
correlate to changes in PCr (r = 0.4, P = 0.50) and Pi (r = 0.30, P = 0.50). Subsequently, there
was no correlation between the recovery of metabolites and TF. Thus, the data suggest a
metabolic component to the muscle fatigue (resulting from 9 min of intermittent tetanic
stimulation) and also in the early part of delayed recovery in MS.

DISCUSSION
The main findings of this study were: (1) there was excessive intramuscular fatigue and delayed
recovery of TF in patients with MS compared to healthy controls; and (2) muscular fatigue
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correlated with clinical evidence of upper motor neuron dysfunction and with metabolic
changes during exercise, but not with the perceived fatigue ratings of the patients. The excessive
decline in TF during peripheral nerve stimulation, along with the greater metabolic changes,
indicates that the source of this excessive fatigue in MS was peripheral rather than central. The
significant correlation of muscular fatigue with two clinical measures of abnormal central
motor control (Ashworth score and the rate of rapid foot movements) suggests that upper motor
neuron lesions may be associated with secondary changes in the muscle of patients with MS.
In contrast, subjective measures of perceived fatigue (fatigue severity scale questionnaire and
visual analogue fatigue scale) did not correlate either with muscular fatigue or with clinical
evidence of upper motor neuron dysfunction.

Preexercise Alterations in Muscle Properties
Prior to exercise, the MS group demonstrated reduced CMAP amplitude and greater weakness
compared to controls (Table 1), which is consistent with previous reports.24,29,33 Because both
CMAP and maximum force in part reflect muscle size, it is possible that the preexercise
reductions of CMAP amplitude, MVC, and stimulated force observed in the patients may have
been the result of differences in muscle size. Differences in muscle size between groups may
have been due to disuse atrophy in MS or difference in sex distribution between the two groups.
The fact that the patients’ relative force deficit was similar for voluntary and stimulated forces
supports the hypothesis that most of the alterations in force-producing capacity were located
beyond the peripheral nerve. To control for the preexercise differences between groups in
CMAP amplitude and maximum force, neuromuscular junction and muscle membrane function
during fatigue were evaluated by expressing the changes in CMAP amplitude and force as a
percent of the preexercise values.

The patients also demonstrated slowed muscle dynamics prior to exercise compared to controls
(Table 1), which is consistent with previous reports.24,29 Discue can have a significant effect
on dynamic properties of mammalian muscle.3,8,9,14,16,21,26,37,38

The effects of immobilization have been studied in relation to morphological,14,37 biochemical,
3 and physiological8,37 changes in animal and human muscle. Results from chronic spinal
transected cats revealed muscle atrophy, reduced Tf, a shift toward faster histochemical and
contractile properties, as well as increased fatigue in respose to an unfused tetanus.6 With
prolonged discuse, fatigue-resistant fibers appeared to become transformed into more fatigable
fibers6,9,15,18,25,27 and fibers of the soleus muscle in rats changed from slow twitch to fast
twitch fibers 1 year after cordotomy.18,25 Other investigators demonstrated a transition of
muscle toward faster, glycolytic metabolism in leg muscles of patients with complete spinal
cord injury.15,27 Studies of immobilization of rodent limbs documented a fall in both the rate
of rise of tension and rate of relaxation,16,38 as seen in our patients. The rate of tetanic tension
development and the speed of relaxation are a function of the rates of crossbridge cycling and
sarcoplasmic reticulum calcium pumping and the calcium saturation of parvalbumin.13

Immobilization of cat and rat muscle results in a reduced number and size of the sarcoplasmic
reticulum and mitochondria, decreasd rate of ATP production, increased leakage of calcium
from the sarcoplasmic reticulum, and decreased sarcoplasmic reticulum At-Pase activity.21 In
summary, these findings suggest that impairment of excitation—contraction coupling occurs
with disuse. The slowing of dynamic properties observed in the skeletal muscle of our MS
patients suggest some impairment of calcium kinetics prior to exercise in MS. This may be an
important factor in MS by contributing both to excessive muscle fatigue and delayed recovery.

Factors Associated with Muscle Fatigue
In the present study, fatigue was produced by intermittent, tetanic stimulation of the peripheral
nerve, thus central fatigue was not responsible for the excessive decline in TF in MS.

SHARMA et al. Page 7

Muscle Nerve. Author manuscript; available in PMC 2009 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Furthermore, the patients demonstrated an increase in CMAP amplitude during exercise and
recovery, which suggests that the origin of fatigue was not at the neuromuscular junction or
the muscle membrane. In the patients, the increase of the single evoked CMAP amplitude
during intermittent, tetanic stimulation may reflect increased activation of the Na-K pump in
MS.17 Likewise, this would explain the patients’ increase in the ratio of the last-to-first CMAP
amplitude of the tetanic train during exercise. In summary, it appears that neither central fatigue
nor an impairment of the myoneural junction were primary sources of the induced muscle
fatigue.

Two mechanisms appear to be important in the excessive decline in TF. First, the larger
metabolite changes in patients than in controls, as previously observed in a smaller group of
patients with spastic paraparesis,29 indicates that the excessive intramuscular fatigue may, in
part, be due to impaired muscle metabolism. This possibility is supported by the correlation
between the fatigue index and the excessive metabolic changes observed in patients.5,28

After fatiguing exercise was stopped, the metabolites recovered completely and were thus
dissociated from the delayed and incomplete recovery of force. This disparity between the
recovery of metabolites and TF is characteristic of the long-duration fatigue attributable to a
second mechanism, impaired excitation—contraction coupling.10,30 Three further
observations also suggest impaired excitation-contraction coupling. (1) During exercise, MS
patients had less potentiation of twitch tension than controls, which reflects either reduced
calcium released from the sarcoplasmic reticulum or decreased myosin light chain
phosphorylation and light chain kinase activity at low pH.2,30 (2) The half-relaxation time of
tetanic force in MS patints was longer than in controls, suggesting abnormal Ca++ pumping.
7,21 (3) The rate of rise of TF was slower in MS patients than in controls at rest, during fatiguing
exercise and during the delayed and incomplete recovery of TF. This slower rate of rise of TF
may also indicate impaired excitation-contraction coupling1,7,13,16,38 through a reduced
release of calcium from the sarcoplasmic reticulum. The fact that the normalized rising rate of
TF slowed even further during exercise, and failed to recover in the 15 min following exercise,
suggest that there may also be some role for impaired excitation-contraction coupling in the
development of muscle fatigue in MS. Some of these altered properties of resting and exercising
muscle may be due to deconditioning or disuse.

Conclusion
The present study demonstrates greater muscle fatigue and delayed force recovery in MS
patients compared to controls. This fatigue was not due to central fatigue, peripheral fatigue
of the motor nerve or myoneural junction, or from impaired excitability of the muscle
membrane. Hence, the site of impairment during intermittent tetanic stimulation apparently
lies within the muscle itself. Slowed rates of force development and greater decreases in PCr
and pH were observed in MS. Therefore, we conclude that the excessive peripheral muscular
fatigue observed in MS originated both from impaired excitation-contraction coupling and
abnormal energy metabolism. The correlation of clinical disability ratings to intramuscular
fatigue in MS suggests that individuals with upper motor neuron lesions have secondary
changes in muscle that may, at least in part, be due to deconditioning.
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FIGURE 1.
Tetanic force (TF) plotted as a function of time during 9-min intermittent, tetanic stimulation
and 15-min recovery. Each datapoint represents the mean ± SE for controls (closed circle),
patients (open circles), and the subgroups of controls (n = 4, closed squares) and patients (n =
13, open squares) studied using MRS. Note the significantly greater fatigue in patients
compared to controls.
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FIGURE 2.
Compound muscle action potential (CMAP) amplitude plotted as a function of time during
stimulation and recovery. Each datapoint represents the mean ± SE for patients (open circles)
and controls (closed circles).
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FIGURE 3.

(A-C) Mean change of phosphocreatine (PCr) monovalent inorganic phosphate ( ) and
pH during stimulation and recovery for MS and control groups. Each datapoint represents the
mean ± SE for each point. Note the significantly greater decrease in PCr and pH and the increase
in  in patients compared to controls.
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