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Abstract The purpose of this study was to estimate the
relative contributions of central and peripheral factors to
the development of human muscle fatigue. Nine healthy
subjects [five male, four female; age = 30 (2) years, mean
(SE)] sustained a maximum voluntary isometric con-
traction (MVC) of the ankle dorsiflexor muscles for 4
min. Fatigue was quantitated as the fall in MVC. Three
measures of central activation and one measure of pe-
ripheral activation (compound muscle action potential,
CMAP) were made using electromyography (EMG) and
electrical stimulation. Measures of intramuscular me-
tabolism were made using magnetic resonance spectros-
copy. After exercise, MVC and electrically stimulated
tetanic contraction (50 Hz, 500 ms) forces were 22.2
(3.7)% and 37.3 (7.1)% of pre-exercise values, respec-
tively. The measures of central activation suggested some
central fatigue during exercise: (1) the central activation
ratio [MVC/(MVC + superimposed tetanic force)] fell
from 0.94 (0.03) to 0.78 (0.09), (2) the MVC/tetanic force
ratio fell from 2.3 (0.7) to 1.3 (0.7), and (3) the integral of
the EMG (iEMGQG) signal decreased to 72.6 (9.1)% of the
initial value, while the CMAP amplitude was unchanged.
Intramuscular pH was associated by regression with the
decline in MVC force (and therefore fatigue) and iIEMG.
The results indicate that central factors, which were not
associated with altered peripheral excitability, con-
tributed approximately 20% to the muscle fatigue
developed, with the remainder being attributable to
intramuscular (i.e., metabolic) factors. The association
between pH and iIEMG is consistent with proton
concentration as a feedback mechanism for central mo-
tor drive during maximal effort.
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Introduction

Human muscle fatigue, defined as a loss of maximum
force-generating capacity, may develop for a variety of
reasons. Failure of force production may occur at the
various sites along the pathway from the central nervous
system through to the intramuscular contractile ma-
chinery. The contribution of impaired central motor
drive to muscle fatigue has been investigated, with some
researchers finding little or no central failure (Bigland-
Ritchie et al. 1986b; Merton 1954), and others reporting
significant central activation failure during fatiguing ex-
ercise (Bigland-Ritchie et al. 1978; McKenzie et al. 1992).

Peripheral factors in fatigue primarily include meta-
bolic inhibition of the contractile process and excitation-
contraction coupling failure (Baker et al. 1993; Cady
et al. 1989; Cooke et al. 1988; DeGroot et al. 1993;
Miller et al. 1987, 1988; Weiner et al. 1990; Wilson et al.
1988). Prolonged low-intensity exercise has been asso-
ciated with failure of excitation-contraction coupling
(Baker et al. 1993; Moussavi et al. 1989), which has a
very slow time course of recovery (Edwards et al. 1977).
Accumulation of intramuscular metabolites has been
implicated in the development of fatigue during high-
intensity exercise, although agreement on which me-
tabolite plays the most important role is still lacking
(Baker et al. 1993; Cady et al. 1989; Miller et al. 1988;
Weiner et al. 1990; Wilson et al. 1990). Reduced excit-
ability of neuromuscular transmission has been reported
to occur under some fatiguing conditions (Fuglevand et
al. 1993; Miller et al. 1987; Stephens and Taylor 1972),
however this does not appear to be a common occur-
rence, particularly during voluntary contractions.

Thus, although various sites along the pathway of
force production have been implicated in human skeletal
muscle fatigue, the relative roles of central and periph-
eral factors in the development of muscle fatigue remain
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unclear. Previous studies have generally focussed on one
or two sites along the pathway of force production,
which thereby precludes a complete understanding of
the mechanisms of fatigue. By combining existing tech-
nologies, methods are available for simultaneously
quantifying the relative roles of central and peripheral
factors in human muscle fatigue under a variety of
conditions.

Therefore, the purpose of the present study was to
quantitate the central and peripheral contributions to
the development of muscle fatigue in healthy human
volunteers during a sustained maximum voluntary iso-
metric contraction (MVC). To estimate the changes that
occur during fatigue at several sites along the pathway of
force production, simultanecous non-invasive measure-
ments of central activation, neuromuscular junction
(NMJ) and muscle membrane excitability, and intracel-
lular energy metabolites were made using electromyo-
graphy (EMG), electrical stimulation and magnetic
resonance spectroscopy (MRS) during ankle dorsiflex-
ion exercise. To examine further the factors involved in
fatigue, the relationships between the decline in force
production and measures of activation and metabolism
were determined.

Methods

Subjects

Nine (five male, four female) healthy subjects volunteered for this
study. The subjects’ physical characteristics were [mean (SE)]: age
30 (2) years, height 177.0 (3.7) cm, weight 68.5 (4.2) kg. The sub-
jects ranged in physical activity level from sedentary to recrea-
tionally active. All volunteers signed consent forms as approved by
the Committee on Human Research at the University of California,
San Francisco.

EMG and electrical stimulation

These techniques have been described previously (Kent-Braun and
LeBlanc 1996; Kent-Braun et al. 1993, 1994). All electrodes were
non-magnetic disks of 10 mm in diameter and were applied with
conducting gel. Two stimulating electrodes were taped longitudi-
nally over the peroneal nerve, 1 cm distal to the fibular head. The
recording electrode was taped to the belly of the tibialis anterior,
and the reference electrode was placed on the medial malleolus. To
reduce stimulus artifact, copper a ground plate was placed over the
calf midway between the stimulating and recording electrodes. All
electrodes were secured on the leg of the subject prior to posi-
tioning the leg in a Lexan exercise apparatus designed to hold the
leg stationary during voluntary and electrically stimulated con-
tractions of the dorsiflexor muscles (Kent-Braun and LeBlanc
1996).

Prior to and at the end of the exercise, the excitability of the
NMJ and muscle membrane was assessed by examining the com-
pound muscle action potential (CMAP). This was elicited by a
single supramaximal stimulus (0.1 ms duration). In order to ensure
that the stimulation was supramaximal throughout the experiment,
the stimulation voltage used was 25 V (approximately 10-15%)
above that necessary to produce a maximum-amplitude CMAP.
This voltage was then used for all subsequent stimuli. The ampli-
tude of the CMAP was measured as the peak-to-peak value and
expressed in mV, and the duration of the negative peak is reported
in ms.

To monitor changes in muscle electrical activity during the
development of fatigue, the surface EMG was recorded continu-
ously during exercise. The integral of the rectified EMG (IEMG)
was calculated from a 500-ms sample of data extracted every 2.5 s
during exercise. The change in iIEMG is expressed relative to that
obtained during the first 2.5 s of exercise.

Force measurements

MVC force was recorded before and continuously during exercise.
Electrically stimulated tetanic force (50 Hz, 500 ms) and twitch
tension were recorded before and at the end of exercise. Subjects
were comfortably seated and the leg was fixed in the exercise ap-
paratus. The foot was held firmly against a foot platform with an
adjustable Velcro strap across the metatarsal heads. Force output
was measured with a non-magnetic force transducer (West Coast
Research, Los Angeles, Calif, USA) that was attached beneath the
foot platform. The signal from the force transducer was amplified
(TECA electromyograph TE-4, White Plains, N.Y., USA), con-
verted to a digital signal and displayed using Labview software
(National Instruments, Austin, Tex., USA). Prior to the start of
exercise, three twitch responses, four MVCs (3-5 s each) and one
tetanus were obtained, in that order, each separated by 1 min of
rest. The highest force value for each type of measurement was
recorded as the pre-exercise value. Pre-exercise force data are re-
ported in Newtons (N).

Voluntary fatigue was quantitated as the change in force
(MVC) during exercise. The change in tetanic force was used as the
primary index of peripheral fatigue, with the change in twitch force
used as an additional marker. Twitch contraction time, the maxi-
mum rates of tetanic force development and relaxation, and the
half-relaxation time (¢,/,) of tetanic force were also calculated.

Central activation

Changes in central activation during exercise were measured in
three ways. The first method was to compare the change in the
central activation ratio (CAR) before and after exercise. The CAR
is defined as the peak MVC divided by the peak total force, where
total force is the sum of the MVC plus the force from a superim-
posed train (50 Hz, 500 ms) of stimuli (Kent-Braun and LeBlanc
1996). The CAR was quantitated before and during the last sec-
onds of exercise. The second method of measuring central fatigue
was to compare the decline in voluntary force (MVC) with the
decline in tetanic force (Bigland-Ritchie et al. 1978; Merton 1954)
by examining the change in the MVC/tetanic force ratio. A de-
crease in this ratio, reflecting a relatively greater reduction in vol-
untary force, indicates central activation failure. The third method
was to compare the change in the iIEMG signal during exercise with
the change in CMAP amplitude GEMG/CMAP ratio). The iEMG
is a measure of the total electrical signal sent from the central
nervous system to the muscle (Enoka 1994; Miller et al. 1987). The
CMAP amplitude is a measure of both the transmission of this
signal across the neuromuscular junction and the excitability of the
muscle membrane (Fuglevand et al. 1993; Garland and McComas
1990; Miller et al. 1987; Thomas et al. 1989; Woods et al. 1987). A
reduction in the iEMG without a reduction in CMAP amplitude
may be interpreted as central activation failure (Bigland-Ritchie
et al. 1983; Garland and McComas 1990; Stephens and Taylor
1972).

Metabolic measurements

In six of the nine subjects, 31-phosphorus MRS was used to
monitor changes in phosphocreatine (PCr), inorganic phosphate
(Pi), diprotonated inorganic phosphate (H,PO; ) and pH within the
muscle during exercise. These methods have been described previ-
ously (Kent-Braun et al. 1993a, b, 1994). After placement of the
EMG celectrodes, a 3 x 5-cm elliptical MRS surface coil was taped



directly over the belly of the tibialis anterior muscle, approximately
1 cm proximal to the EMG recording electrode. The subject’s leg
was secured in the exercise apparatus and inserted into the 30-cm
bore, 1.9-T Oxford magnet with GE-CSI spectrometer. The magnet
was shimmed using the proton signal, and phosphorus data were
subsequently acquired. The repetition time was 1.25 s, the nominal
pulse angle was 50, and the block size was 4000 Hz. The rest
spectrum was averaged over 4 min (192 acquisitions), and the
spectra obtained during exercise were averaged over 30 s (24 ac-
quisitions). Data were processed using NMR 1 software (New
Methods Research, East Syracuse, N.Y., USA) to fit the peaks for
phosphomonoesters, Pi, phosphodiesters, PCr and the three peaks
of adenosine triphosphate. By fitting all peaks in the spectrum, the
inaccurate estimation of metabolite concentrations due to over-
lapping peaks was avoided. The results were transferred to a
spreadsheet for calculations of millimolar concentrations and pH.
Intracellular pH was calculated from the chemical shift of Pi to
PCr, and H,PO, was calculated according to the equation of Cady
and coworkers (Cady et al. 1989).

Exercise protocol

After baseline measurements were made, the subjects performed a
sustained isometric MVC of the dorsiflexor muscles for 4 min.
Loud verbal encouragement was given to each subject throughout
the exercise protocol. “Extra effort was requested before and dur-
ing the superimposed tetanic stimulation at the end of the 4-min
period.

Statistics

Differences between pre- and post-exercise values for each measure
were assessed using the non-parametric Wilcoxon signed rank test.
The association between changes during exercise in force and pH
was determined using a Spearman rank order correlation. The as-
sociations between force and iEMG, and iEMG and pH were de-
termined using second-order (non-linear) regression analyses.
Significance for all statistical analyses was established when
P < 0.06, as assigned by the non-parametric analyses. All data are
presented as the mean (SE) (median, range).

Results
Force and CMAP

Prior to exercise, the mean MVC was 105.0 (11.6)N
(102.7 N, 63.6-168.2), the mean tetanic force was 66.6
(12.4)N (42.4 N, 17.8-132.4), and the mean twitch force
was 4.1 (1.2 )N (2.7 N, 1.4-12.2). At the end of exercise,
the MVC was 22.2 (3.7)% (23.1%, 2.0-39.6) of the pre-
exercise value, indicating the occurrence of severe mus-
cular fatigue in the subjects (Fig. 1A). At the end of
exercise, tetanic force was 37.3 (7.1)% (19.5%, 2.4-46.7)
of the pre-exercise value. There was a decrease in twitch
tension to 1.5 (0.3)N (1.2 N, 0.3-2.8), and a shortening
of the twitch contraction time from 85.2 (5.7) ms
(80.9 ms, 67.2-109.6) to 469 (9.6) ms (444 ms,
9.6-90.4). The shorter twitch contraction time is likely to
be a result of the markedly reduced twitch force. The
similar relative fall (=37%) of both tetanic (50 Hz) and
twitch tension (1 Hz) suggests that there was little or no
frequency specific (i.e., low-frequency) fatigue. There
were no significant changes in the maximum rate of
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Fig. 1A, B The change in force (A) and rectified, integrated surface
electromyograph (EMG) (B) in eight healthy subjects during an
isometric maximum voluntary contraction of the dorsiflexor
muscles, sustained for 4 min. Data are the means = SE

tetanic force development, the ¢, of force relaxation or
the maximum rate of force relaxation (data not shown).
There appeared to be no difference in the degree of fa-
tigue between the women (MVC fell to 22.5% of the pre-
exercise value) and the mean (MVC fell to 22.5% and
24.0% of the pre-exercise value, respectively). Due to a
technical problem, the time course data shown in Fig. 1
represent those of eight of the nine subjects.

The amplitude of the CMAP did not fall significantly
during exercise [from 10.6 (0.6) mV (9.8 mV, 8.7-13.5) to
10.3 (0.4) mV (9.8 mV, 4.3-11.9)]. There was an increase
in CMAP duration from 154 (0.6) ms (15.7 ms,
13.9-19.8) pre-exercise to 17.8 (1.0) ms (18.4, 12.4-22.0)
immediately following exercise. The CMAP data indi-
cate no significant failure of neuromuscular excitability
at the NMJ or muscle membrane during fatigue.

Central activation

During exercise, the CAR fell significantly from 0.94
(0.03) (1.0, 0.76-1.0) to 0.78 (0.09) (0.81, 0.11-1.0). A
comparison of the decline in MVC and tetanic force (to
22% vs 37% of the initial values, respectively) revealed
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that voluntary fatigue was greater than stimulated
fatigue. Consistent with this result was the decrease in
the MVC/tetanic force ratio observed during exercise,
from 2.34 (0.71) (1.60, 0.88-7.47) to 1.25 (0.69) (0.69,
0.04-6.36). There was a significant decrease in the IEMG
from the first 5 s of exercise to the last 5 s of exercise
(Fig. 1B). Overall, the iIEMG fell to 72.6 (9.1)% (71.5%,
39-117) of the pre-exercise value during exercise. The
lack of change in CMAP amplitude and the significant
decrease in iIEMG resulted in a fall of iIEMG/CMAP
from 3.29 (0.32) (3.60, 1.8—4.4) to 0.74 (0.09) (0.73, 0.5-
1.3). These results suggest that central factors contrib-
uted to the muscle fatigue that developed during this
exercise protocol.

Metabolites

Intracellular energy metabolites (n = 6) were signifi-
cantly altered during exercise (Fig. 2). PCr fell from 38.2

(0.5 mM, (38.4 mM, 36.3-39.5) to 8.7 (1.5 mM
(9.2 mM, 3.9-14.1), while Pi increased from 4.3
0.5 mM (42mM, 3.0-62) to 338 (1.5 mM

(33.3 mM, 28.4-38.6), and H,PO, increased from 1.5
02)mM (1.4mM, 1.0-2.1) to 214 (1.6) mM
(21.4 mM, 15.3-25.4). Intracellular pH fell from 7.01
(0.01) (7.01, 6.99-7.04) at rest to 6.49 (0.05) (6.44, 6.36—
6.66) at the end of the 4-min exercise protocol.

/Q”{}‘Q"‘@\q)‘@ Pi

IS S YA

Metabolite (mM)
n
o
1

PCr

6.8
pH

6.6

6.4 1

Time (min)

Fig. 2A, B The change in intramuscular metabolites and pH
during exercise in six healthy subjects: A Phosphocreatine (PCr; in
mM, closed circles), inorganic phosphate (P;, in mM, open circles),
and diprotonated inorganic phosphate (H,PO,; in mM, closed
triangles); B pH. Data are the means + SE

Factors associated with fatigue

Changes in force (MVC) and pH were linearly associ-
ated during exercise (rs = 0.95, Fig. 3A), while the re-
lationships between force and both Pi and H,PO, were
non-linear during this protocol (Fig. 3B, C). That is, as
force continued to fall during exercise, there was no
further increase in either Pi or H,PO, .

There was a strong, although non-linear, relationship
between the changes in force and iEMG during exercise
(r = 0.92, Fig. 4A), consistent with a role for dimin-
ished central motor drive in the development of muscle
fatigue. This effect can be attributed to central, rather
than peripheral activation failure because there was no
change in the amplitude of the CMAP during exercise.
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Fig. 3A—-C The associations between mean force and (A) pH, (B)
Pi and (C) H,PO, during exercise. The relationship between force
and pH was highly linear by Spearman rank order (non-
parametric) correlation analysis (r; = 0.95). Data are the means
+ SE



>

100 -

80

60 1

40 -

Force (% initial)

20 -

o ) T ] L] 1
05 06 07 08 09 10

IEMG (% initial)

1.0 1 ®
0.9 -
0.8 -

0.7 1 +

0.6

IEMG (% initial)

0-5 I 1 1 )
6.4 6.6 6.8 7.0
pH

Fig. 4A, B The associations between mean iEMG and force (A)
and pH (B) during exercise. Non-linear (second-order) regression
analysis indicated strong relationships between these variables
(r = 0.92 and 0.93, respectively) during fatiguing exercise. Data
are the means + SE

Finally, the iIEMG and pH were also associated by
second-order regression (r = 0.93, Fig. 4B), demon-
strating a link between the intramuscular milieu and
central motor drive.

Discussion

The results of this study indicate that central activation
failure plays a significant, although modest, role in the
development of muscle fatigue during an isometric MVC
sustained for 4 min. By examining both the net decrease
in CAR (16%) and the difference between tetanic and
voluntary fatigue (37% — 22% = 15%), it can be esti-
mated that 15-16% of the 78% fall in MVC was due to
central fatigue. Thus, approximately 20% of the fatigue
developed was due to central factors. Because the
CMAP data indicated no failure of neuromuscular
transmission, the remainder of the fatigue developed
(=80%) was apparently due to intramuscular sources,
primarily increased proton concentration ([H*]). The
associations between pH and both iEMG and the de-
cline in force are consistent with the presence of a
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feedback loop between intramuscular metabolism and
central motor drive during fatigue.

The decrease in CAR during exercise indicates that
there was a small degree of central activation failure
during the exercise protocol. This result is of a similar
magnitude (A = 0.13) to that from a different group of
healthy volunteers studied previously using the same
muscle group and exercise protocol (Kent-Braun et al.
1993). The CAR is a measure of the completeness of
central activation during a MVC. Prior to exercise, there
was a small (6%) degree of incomplete activation in
these subjects. In general, complete activation of the
dorsiflexors may be expected (Belanger and McComas
1981), but in some circumstances a small degree of in-
complete activation can be observed (Kent-Braun and
LeBlanc 1996). The superimposed train of stimuli em-
ployed in the present study has been shown to be more
sensitive in detecting central activation failure than that
of a single superimposed twitch (Kent-Braun and Le-
Blanc 1996). This may explain the discrepancy between
the results of this study and those of others examining
central activation during voluntary contractions (Bel-
anger and McComas 1981; Bigland-Ritchie et al. 1986b).

The significant decrease in MVC/tetanic force ob-
served in the present study also provides evidence of
central activation failure during this protocol. As de-
scribed previously, central fatigue can be detected by
comparing voluntary (MVC) with electrically-stimulated
(tetanus) force-generating capacity after fatiguing
exercise (Bigland-Ritchie et al. 1978; Merton 1954;
Vollestad et al. 1988); a fall in this ratio after exercise is
an indication of central activation failure (Bigland-
Ritchie et al. 1986b; Thomas et al. 1989). Some (Big-
land-Ritchie et al. 1978; Thomas et al. 1989), but not all
(Vollestad et al. 1988) previous studies that have used
this method have detected central fatigue during exer-
cise. The variability of results is likely to be due to dif-
ferences in the type of exercise performed and the muscle
studied, as well as the adequacy of the stimulated force
response. The observation that tetanic force does not
equal MVC is rather common. Tetanic force has been
reported to be 30% of MVC in the soleus (Bigland-
Ritchie et al. 1986b), 52% in the quadriceps (Bigland-
Ritichie et al. 1986b), and 75% in the triceps surae group
(Davies and White 1983). In the present study, pre-ex-
ercise tetanic force was approximately 65% of MVC,
most likely reflecting some inadvertent activation of the
plantar flexor muscles during stimulation of the peroneal
nerve. Thus, while experimental conditions in which te-
tanic force is less than MVC may not be optimal for
ruling out central activation failure, the observation of
activation failure in the present study suggests that te-
tanic force MVC 265% may be adequate for assessing
central activation using this method.

Finally, in order to examine separately central and
peripheral activation during exercise, the changes in
IEMG and CMAP amplitude were compared. The re-
sults indicate a significant reduction in iIEMG with no
decline in CMAP. Decreased iEMG during a sustained
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MVC may be attributed to a decrease in motor neuron
firing rates rather than a reduction in the extent of motor
unit recruitment (Bigland-Ritchie et al 1983, 1986a).
Others argue that a decrease in the number of motor
units recruited could also be responsible for a decrease in
IEMG (Stephens and Taylor 1972). In the present study,
the precise mechanism for the decrease in central acti-
vation cannot be ascertained.

The results of this study indicate a decrease in central
activation during exercise. However, the magnitude of
this activation failure was modest. In contrast, the
changes in peripheral factors, primarily energy metab-
olism, were striking.

There were significant changes in the intramuscular
energy metabolites during exercise (Fig. 2). In particu-
lar, the fall in pH was strongly correlated to the fall in
force (Fig. 3). The importance of intramuscular energy
metabolites in the development of muscle fatigue in
humans has been documented previously (Baker et al.
1993; DeGroot et al. 1993; Miller et al. 1988; Weiner et
al. 1990; Wilson et al. 1988). Pi, H,PO, and protons
(H™) have all been implicated as factors causing fatigue,
presumably acting by inhibition of the contractile pro-
cess, including calcium kinetics. In the present study, the
significant reduction in tetanic and twitch forces, par-
ticularly in light of the lack of peripheral activation
failure (no decrease in CMAP amplitude), suggests that
metabolic inhibition of the contractile process is likely to
have occurred during this protocol. Previous research
has indicated mainly that H,PO, and Pi are responsible
for muscle fatigue (Miller et al. 1988; De Groot et al.
1993; Weiner et al 1990; Wilson et al 1990), although
agreement on this point remains elusive (Cady et al.
1989).

The role of H* in muscle fatigue has sometimes been
considered to be a minor one. However, in both the
present study and in previous research by Cady et al.
(1989), [H"] was observed to be best related to the de-
cline in force. Likewise, Miller et al. (1988) observed a
linear relationship between [H "] and fatigue. Examina-
tion of Fig. 3 in the study reported here reveals that the
relationships between force and both Pi and H,PO,
were non-linear. As force fell below =60% of its pre-
exercise value, there was little further change in either Pi
or H,PO,, suggesting that these metabolites did not
influence the further development of muscle fatigue.

The differences between the present study and pre-
vious reports of Pi and H,PO, as mediators of muscle
fatigue may be attributable to differences in the muscle
groups or exercise protocols utilized. In addition, several
of these previous studies used the recovery from fa-
tiguing exercise to draw conclusions regarding the
mechansims of muscle fatigue. Given that H™ produc-
tion continues immediately after exercise as a result of
the resynthesis of PCr, it is not surprising that the re-
lationship between H™ and force is not linear during the
recovery period. It seems likely, therefore, that fatigue
and recovery from fatigue may involve distinct pro-
cesses, and that more than one metabolite may have a

controlling influence on the development of fatigue un-
der various conditions. Overall, then, the ability to
quantitate the relative role of intramuscular metabolism
in conjunction with the other sites along the pathway of
force production may prove more feasible than the as-
signment of a single metabolite as a cause of fatigue
under all conditions.

The strong association between fatigue and pH dur-
ing exercise provides support for the interpretation of a
dominant role for peripheral factors (=80%) in the fa-
tigue developed during this protocol. The associations
between force and iEMG, and pH and iEMG (Fig. 4),
are consistent with the role of pH in feedback to the
central nervous system and a subsequent alteration in
central motor drive during the development of fatigue
(Bigland-Ritchie et al. 1986a; Garland and McComas
1990; Miller et al. 1996; Woods et al. 1987). It is of note
that these latter associations, unlike that between fatigue
and pH, were best fit by a non-linear model.

The methods used in this study are a combination
and refinement of techniques developed by others for the
study of various aspects of human muscle fatigue. The
combination of metabolic and neurophysiologic mea-
sures provided by EMG and MRS allows assessment of
the various sites along the pathway of force production
during the development of muscle fatigue. Previous
studies have generally been limited to information from
only one or two sites along this pathway. Surface EMG
data are difficult to interpret without corresponding
CMAP data. Metabolic data are more fully interpretable
when information regarding muscle activation is avail-
able. Using these non-invasive methods, it is possible to
both separately and simultaneously quantitate the cen-
tral and peripheral causes of muscle fatigue.

In conclusion, we have shown that high-intensity
isometric exercise results in fatigue that is attributable to
both central and peripheral factors. The relative con-
tribution of these factors to fatigue may be estimated
using a combination of voluntary and electrically stim-
ulated force measures, EMG and measures of intra-
muscular energy metabolism by MRS. This approach
improves our understanding of the mechanisms of hu-
man muscle fatigue by simultaneously assessing function
at the various sites along the pathway of force produc-
tion. In the present study, central fatigue contributed
approximately 20% to the reduction in MVC, while the
intramuscular metabolic milieu ([H*]) was responsible
for the remainder of the fatigue. The strong association
between intramuscular metabolism and central motor
drive illustrates the link between central and peripheral
factors.

Acknowledgements The author would like to acknowledge the as-
sistance of Mr. Roland le Blanc in the acquisition and analysis of
the data. The author would also like to thank Christie Walker,
Tony Hill and Sean Steinman for technical assistance, Robert G.
Miller, M.D. and Alexander V. Ng, Ph.D. for their critical review
of the manuscript, and Michael W. Weiner, M.D. for use of the
Magnetic Resonance Unit. All experiments complied with the
current laws for human studies.



References

Baker AJ, Kostov KG, Miller RG, Weiner MW (1993) Slow force
recovery after long duration exercise: metabolic and activation
factors in muscle fatigue. J Appl Physiol 74:2294-2300

Belanger AY, McComas AJ (1981) Extent of motor unit activation
during effort. J Appl Physiol 51:1131-1135

Bigland-Ritchie B, Jones DA, Hosking GP, Edwards RHT (1978)
Central and peripheral fatigue in sustained maximum contrac-
tions of human quadriceps muscle. Clin Sci Mol Med 54:609—
614

Bigland-Ritchie B, Johansson R, Lippold O, Woods J (1983)
Contractile speed and EMG changes during fatigue of sustained
maximal voluntary contractions. J Neurophysiol 50:313-324

Bigland-Ritchie B, Dawson N, Johansson R, Lippold O (1986a)
Reflex origins for the slowing of motorneurone firing rates in
fatigue of human voluntary contractions. J Physiol (Lond)
379:451-459

Bigland-Ritchie B, Furbush F, Woods J (1986b) Fatigue of inter-
mittent submaximal voluntary contractions: central and pe-
ripheral factors. J Appl Physiol 61:421-429

Cady EB, Jones DA, Lynn J, Newham DJ (1989) Changes in force
and intracellular metabolites during fatigue of human skeletal
muscle. J Physiol (Lond) 418:311-325

Cooke R, Franks K, Luciani GB, Pate E (1988) The inhibition of
rabbit skeletal muscle contraction by hydrogen ions and phos-
phate. J Physiol (Lond) 395:77-97

Davies CTM, White MJ (1983) Contractile properties of elderly
human triceps surae. Gerontology 29:19-25

DeGroot M, Massie BM, Boska M, Gober J, Miller RG, Weiner
MW (1993) Dissociation of [H "] from fatigue in human muscle
detected by high time resolution *'P-NMR. Muscle Nerve
16:91-98

Edwards RHT, Hill DK, Jones DA, Merton PA (1977) Fatigue of
long duration in human skeletal muscle after exercise. J Physiol
(Lond) 272:769-778

Enoka R (1994) Neuromechanical basis of kinesiology, 2nd edn.
Human Kinetics, Champaigne IL

Fuglevand A, Zachowski K, Huey K, Enoka R (1993) Impair-
ment of neuromuscular propagation during human fatiguing
contractions at submaximal forces. J Physiol (Lond) 460:549—
572

Garland SJ, McComas AJ (1990) Reflex inhibition of human soleus
muscle during fatigue. J Physiol (Lond) 429:17-27

Kent-Braun JA, LeBlanc R (1996) Quantitating central activation
failure during maximal effort. Muscle Nerve 19:861-869

63

Kent-Braun JA, Miller RG, Weiner MW (1993a) Phases of me-
tabolism during progressive exercise to fatigue in human skel-
etal muscle. J Appl Physiol 75:573-580

Kent-Braun JA, Sharma KR, Massie B, Weiner MW, Miller RG
(1993b) Central basis of muscle fatigue in chronic fatigue syn-
drome. Neurology 43:125-131

Kent-Braun JA, Sharma KR, Weiner MW, Miller RG (1994) Ef-
fects of exercise on muscle activation and metabolism in mul-
tiple sclerosis. Muscle Nerve 17:1162-1169

McKenzie DK, Bigland-Ritchie B, Gorman RB, Gandevia SC
(1992) Central and peripheral fatigue of human diaphragm and
limb muscles assessed by twitch interpolation. J Physiol (Lond)
454:643-656

Merton PA (1954) Voluntary strength and fatigue. J Physiol
(Lond) 123:553-564

Miller RG, Giannini D, Milner-Brown HS, Layzer RB, Koretsky
AP, Hooper D, Weiner MW (1987) Effects of fatiguing exercise
on high-energy phosphates, force and EMG: evidence for three
phases of recovery. Muscle Nerve 10:810-821

Miller RG, Boska MD, Moussavi R, Carson P, Weiner MW (1988)
31P Nuclear magnetic resonance studies of high energy phop-
hates and pH in human muscle fatigue. J Clin Invest 81:1190—
1196

Miller KJ, Garland SJ, Ivanova T, Ohtsuki T (1996) Motor-unit
behavior in humans during fatiguing arm movements. J Neu-
rophysiol 75:1629-1636

Moussavi RS, Carson PJ, Boska MD, Weiner MW, Miller RG
(1989) Non-metabolic basis of fatigue in exercising human
muscle. Neurology 39:1222-1226

Stephens JA, Taylor A (1972) Fatigue of maintained voluntary
muscle contraction in man. J Physiol (London) 220:1-18

Thomas C, Woods J, Bigland-Ritchie B (1989) Impulse propaga-
tion and muscle activation in long maximal voluntary con-
tractions. J Appl Physiol 67:1835-1842

Vollestad N, Sejersted O, Bahr R, Woods J, Bigland-Ritchie B
(1988) Motor drive and metabolic responses during repeated
submaximal contractions in humans. J Appl Physiol 64:1421—
1427

Weiner MW, Moussavi R, Baker AJ, Boska M, Miller RG (1990)
Constant relationships between force, phosphate concentration,
and pH in muscles with differential fatigability Neurology
40:1888-1893

Wilson JR, McCully KK, Mancini DM, Boden B, Chance B (1988)
Relationship of muscular fatigue to pH and diprotonated Pi in
humans: a 31P-NMR study. J Appl Physiol 64:2333-2339

Woods JF, Furbush FH, Bigland-Ritchie B (1987) Evidence of a
fatigue-induced reflex inhibition of motorneuron firing rates.
J Neurophysiol 58:125-137



